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Background. Gene therapy has emerged as a fransformative biomedical approach, offering new therapeutic pos-
sibilities from many so far uncurable diseases through the introduction of recombinant nucleic acids info target cells.
Among non-viral delivery tfechniques, gene electrotransfer (GET) has become one of the frequently applied methods
in clinical trials. It is based on the application of short, high-intensity electric pulses that transiently permeabilize cell
membranes and enable the efficient fransfer of plasmid DNA or other types of recombinant nucleic acids info vari-
ous cell types. Beyond its role in gene delivery, GET can trigger complex cellular responses, as the infroduced DNA
interacts with intracellular DNA sensing pathways involved in innate immunity and inflammation. These responses can
influence the therapeutic outcome - either by enhancing antitumour and vaccine-related immune activation or
by reducing transfection efficiency when excessive inflalmmation or cell death occur. Our experimental findings in
tumour, muscle, and skin models have shown that even non-coding plasmid DNA delivered by GET can induce local
immune stimulation and tissue-specific inflammatory signaling, suggesting that the delivered DNA itself contributes to
therapeutic efficacy.

Conclusions. The dual nature of cellular responses following plasmid DNA GET represents both an opportunity and
a challenge. Controlled activation of innate immunity can be harnessed to amplify antitumour or vaccine efficacy,
while excessive responses may hinder applications requiring cell survival and sustained expression. Understanding
these mechanisms enables the rational optimization of GET parameters and plasmid vector design fo fully exploit the
adjuvant effect or reduce the off-target effect of DNA sensing after GET, based on the desired application.

Key words: gene electrotransfer; DNA sensors; gene therapy; immune response; plasmid DNA

Introduction ing from preclinical through pre-registration, with
oncology and rare diseases being the most target-
ed gene therapy areas. This report identifies 143

gene, cell and RNA therapies currently approved

Gene therapy offers groundbreaking new opportu-
nities for the treatment of various diseases. Several

gene therapy medicines were approved in the last
few years. Per the American Society for Gene and
Cell Therapy (ASGTC) Q2 2025 Quarterly Data
Report, 4,469 therapies are in development, rang-

Radiol Oncol 2025; 59(4): 467-476.

globally for clinical use.'? In oncology, gene thera-
py holds great promise in the treatment of cancer
and can also be used for specific anti-tumour vac-
cination purposes.3*

doi: 10.2478/raon-2025-0063
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In general, a recombinant gene is a stretch of
DNA that is created in the laboratory, bringing
together DNA from different sources. Different
methods can be used for the delivery of the recom-
binant genes. In vivo gene delivery methods are
broadly divided into viral and non-viral catego-
ries. Each delivery type has applications in gene
therapy, and each has associated problems. Viral
delivery is effective; however, there are still some
concerns, including the potential for insertional
mutagenesis or induction of specific immune re-
sponses.>® However, due to the gained knowledge
and evolvement of this technology, viral vectors
are now generally considered as a safe delivery
method.”® On the other hand, non-viral gene deliv-
ery is associated with low transfection efficiency,
so chemical or physical assistance is often used,
including lipid or polymer conjugation, particle-
mediated delivery, hydrodynamic delivery, ultra-
sound or electroporation.®!!

Gene electrotransfer (GET), one of the most es-
tablished non-viral methods for gene delivery, is
based on the application of short electric pulses,
which transiently permeabilize the cell mem-
brane.!? This enables the efficient uptake of re-
combinant nucleic acids, including plasmid DNA,
mRNA, and small interfering RNAs, into a wide
range of cell types. GET has been widely applied in
cancer gene therapy, partially for antiangiogenic
therapy, but primarily for delivering plasmids en-
coding cytokines, such as interleukin-12 (IL-12), to
stimulate strong antitumour immune responses,
with several clinical trials demonstrating effec-
tiveness of such approach.’>1> GET is also used in
DNA vaccination, where it significantly enhances
antigen expression and immune activation against
infectious diseases. It also plays a role in the devel-
opment of chimeric antigen receptor- T cell thera-
pies (CAR-T), where electroporation is used ex vivo
to insert genetic material, such as a construct or
genome-editing tools into T cells as a non-viral al-
ternative to viral vectors.!¢

Upon the delivery of the transgene product into
the cells using viral or non-viral delivery meth-
ods, we can expect the on-target action of the de-
livered transgene as well as off-target cell-specific
responses. These cellular responses evolved to
maintain organismal homeostasis in response to
the microbial infection. The innate immune sys-
tem utilizes numerous germ-line encoded recep-
tors termed pattern-recognition receptors (PRRs)
to detect various pathogen-associated molecular
patterns (PAMPs) and damage-associated molecu-
lar patterns (DAMPs)."18 Nucleic acids can act as

Radiol Oncol 2025; 59(4): 467-476.

PAMP or DAMP, depending on its composition,
origin or localization.’?® When PRRs sense DNA,
they are also called DNA sensors. The activation
of these pathways results in innate antiviral im-
mune responses in the form of proinflammatory
cytokines and type I interferons and can also lead
to cell death (Figure 1).22?2 On one hand, this acti-
vation can significantly impair the efficacy of gene
therapy. On the other hand, the activation of the
innate immune response can also be beneficial
when the gene therapy is delivered to boost the
anti-tumour immune response.?

In this review, we present the clinical applica-
tions of GET, outline the mechanisms underly-
ing DNA delivery into cells, and discuss how the
delivered DNA is recognized by cellular DNA-
sensing pathways. Building on these insights, we
further explore how such DNA sensing influences
the current challenges and future perspectives of
GET-based gene therapy.

Clinical applications of GET

In the last decade, non-clinical research of GET
has progressed into early human clinical trials,
especially in the field of cancer vaccines and im-
munotherapy, but also for the vaccination against
infectious disease. Numerous clinical trials, Phase
1-Phase 3, have been registered at ClinicalTrials
database (ClinicalTrials.gov) and numerous re-
ports already published in medical journals.

In cancer immunotherapy, intratumoral GET of
plasmid encoding IL-121424% in patients with mela-
noma is most studied gene therapy (NCT01502293,
NCT01502293, NCT05077033). IL-12 GET was safe,
with no grade 3-4 toxicities and showed tumour
necrosis, lymphocytic infiltration, and tumour
regression even in non-injected lesions, implying
a systemic immune stimulation and abscopal ef-
fect. IL-12 GET have also been combined with anti-
PD-1 inhibitors (NCT03132675, NCT02493361) and
studies suggested that adding intratumoral IL-12
GET may sensitize tumours to checkpoint inhibi-
tion by modifying the tumour microenvironment
to become more immunogenic.?*?” The safety and
effectiveness of combination treatment of IL-12
GET and pembrolizumab has also been proven
in triple negative breast cancer (NCT03567720)%,
however the treatment demonstrated ineffective
in metastatic head and neck squamous cell carci-
noma, leading to trial termination (NCT03823131).
IL-12 GET demonstrated favourable safety profile
and feasibility of therapeutic administration also
in basal cell carcinoma.!®
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Anti-angiogenic therapy using GET for cancer
treatment has been tested in clinical studies (NCT
01664273, NCT 01764009) with Antiangiogenic
MEtargidin Peptide plasmid (AMEP)">%, encoding
an integrin-binding protein that inhibits tumour
angiogenesis and proliferation. GET of plasmid
AMEP was demonstrated feasible, safe (in a small
cohort), and achieved local transfection of the plas-
mid. However, the trials were terminated due to
insufficient patient enrolment following EMA
approval of ipilimumab, as the inclusion criteria
assumes exhaustion of all available treatment op-
tions.

Recent clinical studies explored a range of GET-
delivered DNA-based cancer vaccines designed
to induce targeted immune responses against
tumour-associated antigens. For instance, the El-
porCEA vaccine (NCT01064375) targets colorectal
cancer using a plasmid DNA encoding carcinoem-
bryonic antigen (CEA) fused with a tetanus tox-
oid helper epitope, while GX-188E (NCT01634503)
and VGX-3100 (NCT03185013, NCT01304524) tar-
get HPV-16 and HPV-18 in cervical neoplasia.?*3
Similarly, INVAC-1 (NCT02301754)* encodes the
human telomerase reverse transcriptase (hTERT),
over-expressed in most cancers, and INO-5150
(NCT02514213) combines prostate-specific antigen
(PSA) and prostate-specific membrane antigen
(PSMA) sequences to elicit prostate cancer immu-
nity. Collectively, these trials demonstrate the ver-
satility of DNA vaccines delivered via GET in on-
cology, showing favourable safety, tolerability, and
immune activation across multiple tumour types.

GET is a promising method also for the deliv-
ery of DNA-based vaccines for infectious dis-
eases. Several clinical studies have demonstrat-
ed the safety and tolerability of GET-delivered
plasmids, encoding antigens, across infec-
tious diseases, including HIV (PENNVAX™.-B;
NCT01082692, NCT02431767), influenza (VGX-
3400X and H1/H5 formulations (NCT01142362,
NCT03721978, NCT01405885), Ebola (INO-
4201/4212, NCT02464670)*, and COVID-19 (INO-
4800; NCT04447781, NCT04336410).>* GET promot-
ed efficient antigen expression and robust immune
responses, including both antibody and T-cell ac-
tivation.

Mechanisms of DNA delivery into cells
via GET

The entry of DNA into mammalian cells during
GET is a complex, multistep process involving the
coordinated traversal of several biological barri-

Cytokine ’ -

Mammalian cell
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FIGURE 1. Delivery of DNA info the cells induces fransgene expression as well as
the activation of DNA sensing pathways, resulting in cytokine expression and cell
death. Created in BioRender. Cemazar, M. (2025) https://BioRender.com/jazpf7t

ers, the plasma membrane, cytoskeleton-rich cy-
toplasm, and nuclear envelope. The phenomenon
underlying GET which induced the permeabiliza-
tion of the first biological barrier, the plasma mem-
brane, was first observed in the early 1970s, when
short, high-intensity electric pulses were found to
transiently increase the permeability of vesicular
membranes.® The extent and duration of this per-
meabilization depend on the pulse amplitude, du-
ration, and frequency, allowing controlled deliv-
ery of nucleic acids into the cells.?** The first suc-
cessful demonstration of gene transfer by pulsed
electric fields was reported by Neumann ef al. in
1982, who introduced the herpes simplex thymi-
dine kinase gene into mouse lyoma cells.® Since
then, GET has been widely used in both in vitro
and in vivo applications for the transfer of various
nucleic acids.?”

The GET process proceeds through several key
stages: (1) plasma membrane electroporation, (2)
DNA-membrane interaction, (3) DNA transloca-
tion across the membrane, (4) intracellular migra-
tion toward the nucleus, and (5) gene expression.®
Efficient transfection requires that each of these
steps be successfully completed. Despite decades
of research, the precise mechanisms of DNA up-
take remain debated, particularly concerning the
mode of transmembrane DNA transport. Two
majors, not mutually exclusive, models have been
proposed: the pore theory and the endocytosis
theory. The pore theory posits that the applied
electric field induces transient, nanometre-scale
hydrophilic pores within the lipid bilayer, allow-
ing charged macromolecules such as nucleic acids
to pass into the cytosol.* Although direct visu-
alization of such pores has not yet been achieved,

Radiol Oncol 2025; 59(4): 467-476.
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15 min 4 h

FIGURE 2. Localization of plasmid DNA after gene electrotransfer (GET) into
C2C12 cell line, demonstrating DNA-membrane complexes after 15 min and
internalization and presence in the cytoplasm and nucleus after 4 h. Plasma
membrane is marked in red, nuclei in blue and plasmid DNA in green. Arrows
represent plasmid DNA foci.

their existence is supported by mathematical
modelling and the observed entry of otherwise
impermeable fluorescent markers.*#? Theoretical
estimates suggest that pore diameters reach from
22.8 to 419 nm, and their lifetime is exceedingly
short (on the order of 10 milliseconds) far shorter
than the minutes-long timescale of plasmid DNA
internalization.*** This discrepancy suggests that
DNA uptake cannot occur solely through passive
diffusion across transient pores. In contrast, the
endocytosis theory is now supported by multi-
ple experimental lines of evidence and proposes
that DNA uptake occurs primarily via endocytic
pathways. After application of electric pulses,
plasmid DNA molecules are electrophoretically
driven toward the plasma membrane, where they
form stable DNA-membrane complexes that sub-
sequently undergo internalization (Figure 2).4243
Pharmacological inhibition and RNA interference
studies have demonstrated that clathrin-mediated
and caveolin/raft-mediated endocytosis are major
contributors to plasmid DNA uptake, together ac-
counting for approximately 75% of internalized
DNA .# This theory was also demonstrated in vivo
in the mouse muscle tissue using an endocytosis
inhibitor, showing that endocytosis is the main
mechanism of entrance of DNA after GET, which
leads to the production of the transgene.*®
Following internalization, DNA must traverse
the cytoplasm to reach the nucleus (Figure2) a
journey hindered by the dense cytoskeletal net-
work. DNA aggregates were demonstrated to be
actively transported by the actin and the microtu-
bule networks.#4” An in vitro study has indicated

Radiol Oncol 2025; 59(4): 467-476.

that DNA delivered via GET uses the classical
endosomal trafficking pathways as plasmid DNA
trajectories were co-localized with the biomarkers
for endosomes.*®

The last and the most challenging barrier is
the nuclear membrane. The exact mechanism by
which plasmid DNA crosses the nuclear barrier
remains incompletely understood. The plasmid
DNA must first escape the endosomes to be re-
lease into the cytosol to be able to enter the nucleus
and be transcribed. Typically, macromolecules
traverse the nuclear envelope through nuclear
pore complexes (NPCs), which allow passive dif-
fusion of small molecules (<9 nm or ~40 kDa) and
active transport of larger molecules up to 39 nm
when equipped with nuclear localization signals
(NLSs).# However, plasmid DNA, with a radius of
gyration of approximately 100 nm, is far too large
for passive diffusion through NPCs and the pres-
ence of NLSs is not ensured in all DNA constructs.
Therefore, the most straightforward mechanism is
reached in dividing cells. During mitosis, the nu-
clear envelope breaks down and facilitates passive
nuclear entry of plasmid DNA during the forma-
tion of nuclear envelope in anaphase of mitosis,
which can be enhanced by synchronizing cells at
the G2-M phase before electroporation or transfec-
tion.>0

Taken together, these findings indicate that at
every stage of the GET process, plasmid DNA can
transiently reside within the cytoplasmic compart-
ment, where it may be detected by cellular DNA
sensors. Although the majority of DNA internali-
zation (~75%) proceeds via endocytic and endoso-
mal pathways that deliver the cargo close to the
perinuclear region, a significant proportion — ap-
proximately 25% —likely enters the cytosol through
alternative routes.*” Furthermore, even DNA inter-
nalized by endocytosis can become cytosol-acces-
sible following endosomal escape, a critical step
for efficient transgene expression. This transient
cytosolic presence of exogenous DNA provides the
molecular basis for its recognition by intracellular
DNA-sensing pathways.

Intracellular DNA sensors

The immune-stimulatory role of nucleic acids is
well established. Its immunogenicity was first
described in immune cells. The most well-charac-
terized DNA sensor is Toll-like receptor 9 (TLRY),
which is found predominantly in the endosomes
of immune cells and detects mainly CpG motif
DNA and RNA-DNA hybrids.>2 In contrast, other
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intracellular DNA sensors are nuclear or cytosolic,
are ubiquitous and present in virtually any mam-
malian cell, including tumour cells, and detect
various DNA motifs.17%

The DNA sensors are germline-encoded and
function in the detection of intracellular patho-
gens, including viruses. Although viral proteins
may trigger specific PRRs, the predominant vi-
ral components activating them are nucleic ac-
ids.>* Viruses, including viral vectors commonly
used for gene therapy applications, trigger these
pathways. For example, adenoviruses activate
multiple pattern recognition pathways®, while
adeno-associated viruses show significant, but re-
duced production type I interferon mRNA when
compared to adenovirus®, although the innate
immune responses can influence the outcome of
these gene therapies.” HIV1, upon which lentiviral
gene therapy vectors are based, inhibit the host’s
type I interferon response at several levels.®® These
host-directed viral activities reduce, but do not
completely reverse the production of inflamma-
tory molecules.

There are multiple DNA sensing pathways
identified, and the list of newly recognized DNA
sensors grows every year.?>%*6162 Their ligands and
signalling cascades are incompletely character-
ized; however, cytosolic DNA sensor binding is
known to control the production of pro-inflam-
matory cytokines and interferons.'”®2 Their activa-
tion can also lead to the induction of cell death that
elicits inflammation.?> DNA-dependent activator
of interferon regulator factor (ZBP1), was the first
intracellular DNA sensor described.®® The obser-
vation that ZBP1 deficient mice responded simi-
larly to DNA vaccination as wild type mice sug-
gested that redundant DNA sensors might exist.
Subsequently, several groups reported that DNA
binding to absent in melanoma 2 (AIM2) induces
caspase-1 activation, leading to the secretion of
interleukin-1 beta (IL-1f) and interleukin 18 (IL-
18).64%> DNA binding and activation of the AIM2-
like protein gamma-interferon-inducible protein
Ifi-16 (IFI16; mouse orthologue ifi204) mediates
interferon beta (IFNf) production, particularly in
myeloid cells.®® Several members of the DexD/H-
box helicases (DDX) family bind DNA ligands
and induce pro-inflammatory cytokine produc-
tion. DDX60 binds both RNA and DNA® and is re-
quired for RIG-1/DDX58 upregulation of Type I in-
terferon gene expression.® RIG-I can be activated
indirectly by cytosolic DNA when RNA polymer-
ase III transcribes DNA into its activator, dsSRNA
containing a 5 triphosphate.” Additional DNA

binding proteins putatively mediating inflam-
matory have been described. Binding of DNA to
Ku70, a component of DNA protein kinase induces
the production of Type III, not Type I interferon.”
IFNB is produced after DNA binding by cyclic
GMP-AMP synthase (cGAS).”" The synthesized
cGAMP acts as a second messenger required for
STING (stimulator of IFN genes)-dependent IFNf3
production. Recent literature highlights STING
as the central regulator of cytosolic DNA sensing
and downstream innate immune signalling, or-
chestrating the induction of type I interferons and
proinflammatory cytokines.”””> The readers can
find more extensive knowledge on DNA sensors in
other reviews.202262

Activation of DNA sensing after plasmid
DNA GET

Non-viral gene therapies induce cells to produce
inflammatory molecules, and this effect was ex-
tensively studied by our research group after plas-
mid DNA GET.”7 In our experiments, we found
that after GET of non-coding plasmid DNA, some
mouse melanoma 7>77% and sarcoma tumours®
completely regressed. Similar observations were
also made by other groups investigating in vivo
GET.82% Tumour regression required the presence
of both electric pulses and DNA, although inclu-
sion of a therapeutic gene was not essential. The
extent of regression correlated with the plasmid
DNA concentration and the specific electric pulse
parameters applied. Elevated levels of inflamma-
tory proteins were associated with this regression,
indicating that inflammation may play a contribu-
tory role.®

Because GET introduces DNA into both the
cytosol and endosomes of the cell, we wondered
whether the observed inflammation results from
activation of the well-established endosomal PRR
TLRY or from the more recently identified cyto-
solic DNA sensors in tumour cells. Because DNA
sensors are expressed across various cell types,
the profile of downstream regulated proteins
likely depends on the cellular composition of the
target tissue. We have demonstrated that, while
TLR9 mRNA levels were unchanged after DNA
GET, mRNA levels of specific DNA sensors (ZBP1,
ddx60 and ifi204) and IFNB1 were upregulated
in tumour cells, which could be the mechanism
behind the observed anti-tumour effects of DNA
GET.*7® We have demonstrated this observation
in WEHI164 fibrosarcoma cells, TS/A mammary
adenocarcinoma cells”® and in B16F10 melanoma
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sensors, specifically DDX41, DHX9, DHX36, Ku70,
MRE11, PQBP1 and cGAS, were detected in these

The ambivalent role of DNA sensing in GET

Adjuvant effect of GET Off-target effect of GET cells but not upregulated, while RIG-I and TLR9
were not detected. This mRNA upregulation was
c N CAR-T engineering also reflected in protein levels. An increase in IFNB

., ancer therapy o . .
( ; mRNA also occurred after delivery using another

T ) » method of non-viral delivery, a non-liposomal for-

~N ¢—gg~  Regenerative medicine mulation comprised of a lipid and a protein/poly-
Vaccination e/ e . . . .

' . cancer : amine mixture. This upregulation was paralleled

. c;')fecﬂous am Gene replacement by the upregulation of a similar repertoire of DNA
iseases . .
MI’NNUN therapy sensors mRNAs, supporting the concept that this

effect is not limited to GET and is universal after
gene delivery.” In myoblasts we also demonstrated
that upregulation of mRNAs and proteins do not
necessarily predict DNA detection and binding.

FIGURE 3. Ambivalent role of DNA sensing in plasmid DNA gene electrotransfer
(GET), acting as a positive or negative ally. Created in BioRender. Cemazar, M.
(2025) https://BioRender.com/zqbdsxi

cells”, spheroids® and tumours.”>”78088 B16F10
tumours respond to plasmid DNA GET with the
production of several pro-inflammatory cytokines
and chemokines and ifi204 mRNA upregulation.””

When comparing GET with an empty plasmid
to that with a plasmid encoding IL-12 in B16F10
and CT26 tumour cells, we observed that both
plasmids induced an increase in mRNA levels of
several DNA sensors, many of which are associ-
ated with cell death, most prominent among them
DDX60 and ZBP1.” However, cytokine profiling
showed that some cytokines were expressed only
after GET with the therapeutic IL-12 plasmid.”
This indicates that the cellular response to plas-
mid GET is multilayered, involving activation of
multiple signalling cascades. Importantly, IL-12
GET led to the induction of two inducible damage-
associated molecular patterns (iDAMPs), IL-6 and
TNEF-a. The presence of these iDAMPs suggests
that therapeutic GET provides a dual advantage:
not only are constitutive DAMPs released from dy-
ing cells, but tumour-resident antigen-presenting
cells such as dendritic cells and macrophages can
also be activated by iDAMPs, thereby promoting
efficient CD8* T-cell cross-priming within the tu-
mour microenvironment.*%!

Further, we were also interested in the applica-
tions of DNA GET in muscle or in the skin for ap-
plications of DNA vaccination. C2C12 myoblasts
reacted robustly to backbone plasmid DNA GET
and the effect was more pronounced as in tumour
cells. IFNP mRNA was upregulated four hours af-
ter GET and protein levels mirror this upregula-
tion, suggesting DNA sensor activation.” This cor-
related with significant increases in the mRNAs of
DNA sensors ZBP1, DDX60 and ifi204. Other DNA

Radiol Oncol 2025; 59(4): 467-476.

We revealed early events upon plasmid DNA en-
trance into the cell and identified ZBP1, ifi204, and
DHX9 as early plasmid DNA binding proteins.”
Since myoblasts in culture respond strongly to
plasmid DNA GET with the DNA sensor-depend-
ent production of pro-inflammatory proteins, it is
possible that this pathway is responsible for the in-
flammation observed after intramuscular delivery
in vivo. Inflammation associated with DNA GET
was demonstrated to increase vaccine therapeu-
tic efficacy and this effect was initially described
nearly 20 years ago.”>* The activation of the innate
immune response can therefore influence the vac-
cination efficiency and should be considered when
developing gene therapy drug products for vac-
cination purposes. This response is not limited to
DNA delivery by GET but is rather ubiquitous to
all types of viral and non-viral delivery methods
that deliver nucleic acids into the cell cytosol.
Building on these findings, we extended our in-
vestigation of DNA sensing to the skin as an organ
for DNA vaccination. The skin is the body’s largest
and one of its most immunologically active organs,
serving not only as a physical barrier but also as an
interface rich in innate and adaptive immune ele-
ments. Its complex cellular architecture compris-
ing keratinocytes, fibroblasts, and immune cells
makes it a particularly suitable site for GET, where
the delivery of plasmid DNA can trigger diverse
intracellular signalling pathways depending on
cell type. Our studies demonstrated that noncod-
ing plasmid DNA GET activates cytosolic DNA
sensing mechanisms in skin cells, similar to those
previously observed in muscle and tumour mod-
els. Specifically, qPCR analysis revealed the upreg-
ulation of DDX60, AIM2, ZBP1, ifi202, and ifi204
mRNAs in keratinocytes, and of DDX60, ZBP1, and
ifi204 in fibroblasts.”> These transcriptional chang-
es were accompanied by increased production of
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cytokines and chemokines, confirming a strong
innate immune activation following DNA GET. In
vivo experiments in mouse skin further supported
these results, showing elevated expression of DNA
sensor mRNA and pro-inflammatory cytokines
IFN-B1, TNFa and TI-18. IFN-B1 and TNFa were
immunohistologically detected in fibroblasts, ke-
ratinocytes and macrophages in skin which corre-
lated with our observed gene and protein expres-
sion in vitro and in vivo. In contrast, II-1p was de-
tected in keratinocytes and macrophages but not
in fibroblasts, which also correlated with in vitro
results. Thus, immunofluorescent staining identi-
fied keratinocytes, fibroblasts, and macrophages
as principal contributors to the local immune re-
sponse to plasmid DNA GET.

The ambivalent role of DNA sensing in
plasmid DNA GET

The widespread presence of DNA sensors across
mammalian cell types underscores the complex
and context-dependent nature of the innate im-
mune response to plasmid DNA GET. Tumour,
muscle, and skin cells each exhibit distinct tran-
scriptional and cytokine response profiles fol-
lowing DNA delivery, reflecting tissue-specific
engagement of cytosolic DNA sensing pathways.
This cellular diversity presents both an opportu-
nity and a challenge on one hand, it allows for the
exploitation of tissue-specific immunogenicity to
enhance therapeutic outcomes, while on the other,
it complicates the prediction of the in vivo respons-
es. Collectively, current evidence indicates that
the antitumour and immunostimulatory effects of
plasmid DNA GET are not entirely dependent on
the encoded therapeutic gene but can arise intrin-
sically from the introduction of nucleic acid itself.
This intrinsic immunogenicity, mediated through
activation of DNA sensors and subsequent cy-
tokine production, can be regarded as an adjuvant
effect that potentiates immune activation, leading
to more potent antitumour or vaccination effects
(Figure 3).

However, this activation not only triggers a
strong innate immune response but also leads
to various forms of cell death, depending on the
cell type and intensity of stimulation. While cell
death is highly advantageous in the context of an-
titumour therapy, where the release DAMPs and
cytokines enhance immune activation and tumour
clearance, it poses a significant limitation in ap-
plications where cell survival and functionality
are required, such as engineering of CAR-T cells,

regenerative medicine or gene replacement thera-
py (Figure 3).%¢ A notable example is CAR-T cell
therapy, in which efficient gene delivery must be
achieved without compromising T-cell viability,
proliferation, and effector function. In this setting,
excessive activation of DNA sensing pathways or
strong GET parameters can impair cell viability
and reduce therapeutic potency. Therefore, care-
ful optimization of both the vector design to mini-
mize immunostimulatory motifs and improve ex-
pression efficiency and the electric parameters to
balance membrane permeability and cell survival
is essential to ensure successful transfection while
preserving cell viability.

Conclusions

In summary, DNA sensing pathway activation
represents both an opportunity and a challenge in
GET-based applications. When harnessed appro-
priately, the resulting inflammation and cell death
can act as an intrinsic adjuvant effect, amplifying
the therapeutic outcome in cancer treatment and
DNA vaccination. Conversely, when gene delivery
aims to produce functional proteins in viable cells,
as in CAR-T cell engineering, gene replacement
therapy or regenerative medicine, such immune
activation and cytotoxicity may become detrimen-
tal. It is therefore critical to tailor gene delivery
strategies to the intended biological goal leverag-
ing the adjuvant properties of DNA sensing in
immunogenic applications, while minimizing off-
target effects and preserving cell viability in cases
requiring sustained cellular function.
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Background. Chronic cancer pain, especially in advanced stages, remains a significant clinical challenge, often
necessitating complex multimodal strategies. Although systemic opioids are standard therapy, many patients experi-
ence inadequate relief or adverse effects. Implantable intfrathecal drug delivery systems (IDDS) have emerged as a
promising alternative, enabling targeted analgesia with reduced opioid burden and improved quality of life. This nar-
rative review summarizes current evidence on the clinical application, efficacy, safety, and cost-effectiveness of IDDS
in cancer pain management. Literature sources include clinical frials, observational studies, health-economic evalu-
ations, and international guidelines published between 2002 and 2023. A Slovenian case report is included, detailing
the first national experience with IDDS implantation for refractory cancer pain. Clinical outcomes were assessed using
the Visual Analogue Scale (VAS), European Organization for the Research and Treatment of Cancer Quality of Life
Questionnaire (EORTC QLQ-C30), and the revised Edmonton Symptom Assessment System (r-ESAS).

Conclusions. Findings from the literature confirm that intrathecal pumps provide substantial and sustained pain relief,
often with a significant reduction in systemic opioid doses and associated side effects. Compared to conventional
pharmacotherapy, intrathecal delivery is associated with improved patient-reported outcomes, fewer hospitaliza-
tions, and lower long-term healthcare costs. In the Slovenian case, VAS scores decreased from > 8 to 3 shortly after
implantation, with parallel improvements in quality-of-life indices. IDDS represent a clinically effective and economi-
cally sustainable option for selected patients with complex cancer pain, particularly when systemic therapy proves
insufficient. Their infegration info multidisciplinary palliative care pathways supports personalized, safe, and compas-
sionate tfreatment approaches. By combining an evidence-based overview with real-world nafional experience, this
review underscores the therapeutic value of infrathecal drug delivery and calls for broader clinical awareness and
future research.

Key words: cancer pain; infrathecal drug delivery; implantable pumps; palliative care; opioid-sparing therapy

Introduction the clinical approach to cancer-related pain, shift-

ing the primary objective from short-term symp-
The increased survival rate among cancer patients  tom control to long-term management of chronic
over recent decades has significantly transformed  pain conditions.!? As cancer increasingly becomes
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a chronic illness for many, the burden of persistent
pain affects a substantial proportion of patients,
with direct implications for physical functioning,
psychological well-being, and overall quality of
life. This clinical evolution necessitates treatment
modalities that not only ensure sustained analge-
sia but also carry a minimal side-effect profile and
support the patient’s autonomy and daily func-
tioning.3

In this context, considerable attention has been
directed toward optimizing drug delivery sys-
tems to achieve more effective and tolerable pain
control. Alternative routes of administration have
been widely explored to enhance the therapeutic
ratio of analgesics, aiming to maintain efficacy
while reducing systemic toxicity and improving
patient comfort.*® These strategies are especially
critical in advanced or refractory cases where con-
ventional oral or transdermal analgesics fail to
provide sufficient relief or are associated with in-
tolerable side effects.

For patients with intractable or complex pain
syndromes, medications have traditionally been
administered via subcutaneous infusion or direct-
ly into the central nervous system, either into the
subarachnoid or epidural space. These approaches
involve the use of specialized catheters and exter-
nal infusion pumps designed to deliver analgesics
continuously or intermittently.® However, despite
their analgesic effectiveness, external pump sys-
tems often pose logistical challenges: frequent re-
placement of drug mixtures is typically required
due to high infusion volumes, necessitating re-
peated visits to the pharmacy and healthcare pro-
viders — on average every 5 to 7 days — which can
impose significant burdens on patients and car-
egivers alike.”8

In response to these limitations, implantable in-
trathecal pump systems have been introduced in
many developed countries, including the United
States, Canada, and nations in Western Europe.’
These systems involve the surgical implantation
of a programmable pump connected to a catheter
that delivers medication directly into the intrath-
ecal space. The delivery rate can be precisely ad-
justed using a physician-controlled programmer,
allowing individualized treatment regimens.?
Evidence supports the use of intrathecal analgesia
via implantable pumps as a safe and effective mo-
dality for managing chronic cancer pain, particu-
larly in patients with high opioid requirements or
intolerance to systemic routes.!

The advantages of this method over systemic
and epidural analgesia are considerable. These in-

Radiol Oncol 2025; 59(4): 477-487.

clude improved pain control with lower total drug
dosages, a reduction in systemic and neurotoxic
side effects, fewer complications related to catheter
management, lower infection rates, and decreased
need for maintenance procedures.’> Importantly,
intrathecal delivery also reduces systemic opioid
exposure, which may help mitigate the risk of opi-
oid-induced tumour progression, a phenomenon
thathas been associated with activation of p-opioid
receptors present on certain tumour cells.!3*

Cancer pain

Pain remains one of the most prevalent and dis-
tressing symptoms experienced by individuals
with cancer and is a leading cause of suffering in
this population. Its incidence and intensity tend to
increase as the disease advances, affecting an esti-
mated 60% to 90% of patients in the later stages of
illness.'? This high prevalence reflects the complex
and multifactorial nature of cancer pain, which of-
ten results from a combination of direct tumour-
related effects, treatment-induced injuries, and
systemic consequences of malignancy. Effective
management of cancer pain is not only essential
for alleviating physical discomfort but is also a
cornerstone of preserving patient dignity, emo-
tional well-being, and overall quality of life.?

Cancer pain is pathophysiologically heteroge-
neous, encompassing a broad spectrum of mecha-
nisms that frequently coexist in the same patient.
Nociceptive pain, one of the primary components,
arises from activation of pain receptors due to di-
rect tissue injury. This may result from tumor in-
filtration into bones, soft tissues, visceral organs or
tissue damage, caused by surgery or radiation.'? In
contrast, neuropathic pain stems from damage or
dysfunction of the peripheral or central nervous
system, often due to tumour compression of neural
structures, neurotoxic effects of chemotherapy, or
post-radiation nerve injury. Notably, many cancer
patients experience mixed pain —a complex combi-
nation of nociceptive and neuropathic components
— which complicates both diagnostic clarity and
therapeutic planning.

Beyond these direct mechanisms, several ad-
ditional factors modulate the perception and in-
tensity of cancer pain. Psychological distress — in-
cluding anxiety, depression, existential suffering,
and anticipatory fear — has a well-documented
capacity to amplify pain perception and reduce
patients’ coping ability. Furthermore, chronic in-
flammation, paraneoplastic syndromes, metabolic
derangements, and immunological changes asso-
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ciated with malignancy may further sensitize pain
pathways or lower the threshold for nociception.'?

The inherently dynamic and evolving nature of
cancer pain necessitates a personalized, multidis-
ciplinary approach to assessment and treatment.
Comprehensive pain management must integrate
not only pharmacological interventions tailored to
the underlying pathophysiology but also address
psychosocial and spiritual dimensions of the pa-
tient’s experience. Early recognition and proactive
treatment are therefore critical to prevent pain
chronification, maintain functional capacity, and
enhance the overall trajectory of care in oncology
patients.2

Recommendations on cancer pain
treatment

Managing chronic refractory cancer pain remains
one of the most persistent and complex challenges
in oncology and palliative care. Unlike many other
clinical symptoms, the severity of cancer-related
pain often does not exhibit a straightforward cor-
relation with tumour burden or anatomical pro-
gression, making both assessment and treatment
highly individualized and unpredictable. When
left inadequately controlled, cancer pain not only
impairs functional capacity and emotional re-
silience, but also negatively affects adherence to
anticancer treatments, potentially compromising
therapeutic outcomes and overall prognosis.

The World Health Organization (WHO) estab-
lished a foundational framework for cancer pain
management with its three-step analgesic ladder,
which proposes a progressive escalation of phar-
macological therapy based on pain severity: be-
ginning with non-opioid analgesics, advancing to
weak opioids for moderate pain, and strong opi-
oids for severe pain.''® More recently, this model
has been conceptually expanded with the addition
of a fourth step, encompassing interventional re-
gional techniques such as peripheral nerve blocks,
neuraxial analgesia, and implanted catheters
(Figure 1). These interventions are intended to sup-
plement each level of pharmacological treatment,
particularly in cases where conventional therapies
fail or are poorly tolerated.

However, despite the availability of this struc-
tured framework and its broad endorsement across
international guidelines, a substantial proportion
of cancer patients experience insufficient pain
control when treated solely according to the WHO
ladder.? Multimodal and individualized pain man-
agement strategies — integrating pharmacological,

Neurosurgical

procedures STEP 4
. Nerve block
el STEP3  Epidurals
Chronic pain witout cotrol
b : y Strong PCA pump
Acute crisis of chronic pain . )
opioids Neurolytic
STEP 2 Methadone  block therapy
Weak Oral Intrathecal
STEP 1 opioids administratian
Transdermal
NSAIDs patch
Acetaminophen

Adjuvants

FIGURE 1. Updated WHO analgesic ladder. Stepwise model
of cancer pain management, progressing from NSAIDs to
intrathecal and neurosurgical interventions.

IDDS = infrathecal drug delivery system; NRS = Numerical Rating
Scale; NSAIDs = nonsteroidal anti-inflammatory drugs; PCA = patient-
controlled analgesia; VAS = Visual Analogue Scale; WHO = World
Health Organization

interventional, and psychosocial modalities are
increasingly recognized as the gold standard, as
reflected in most European and global recommen-
dations.?® Indeed, clinical studies have revealed
that after four weeks of opioid-based treatment,
only about 25% of cancer patients report satisfac-
tory pain relief (VAS < 4).* Moreover, systemic ad-
ministration of opioids is frequently accompanied
by debilitating adverse effects, including nausea,
vomiting, constipation, confusion, and excessive
sedation, all of which can limit both adherence
and tolerability.>

A comprehensive and personalized assessment
of pain is essential for effective management. This
includes characterizing the intensity, location,
temporal pattern, and underlying mechanisms of
pain whether nociceptive, neuropathic, or mixed.
Standardized assessment tools such as the VAS or
the Numerical Rating Scale (NRS) allow quantifi-
able tracking of symptom severity over time. For
mild pain, first-line agents typically include non-
opioid analgesics such as acetaminophen or non-
steroidal anti-inflammatory drugs (NSAIDs). For
moderate to severe pain, strong opioids — such as
morphine, oxycodone, or transdermal fentanyl —
are indicated, in accordance with the WHO ladder
(Table 1). In cases involving neuropathic compo-
nents or inflammatory pain, adjuvant agents such
as antidepressants (e.g.,, duloxetine), anticonvul-
sants (e.g., gabapentin), or corticosteroids are com-
monly employed to enhance analgesic efficacy.

For patients with refractory or complex pain
syndromes, interventional strategies become nec-
essary. These may include neuraxial techniques
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TABLE 1. Pharmacological tfreatment according to the WHO
analgesic ladder

Mild pain Moderate pain Severe pain
Morphine
Fentanyl
NSAID Methadone
Paracetamol E%rggiioel Oxycodone
Metamizole Hydromorphone
Buprenorphine
Tapentadol

NSAIDs = nonsteroidal anti-inflammatory drugs; WHO = World Health
Organization

such as epidural or intrathecal administration of
analgesics, peripheral nerve blocks, or neuromod-
ulatory interventions like spinal cord stimulation.
In parallel, the integration of psychological sup-
port, structured palliative care involvement, and
family-based interventions is vital to address the
multifaceted emotional and existential dimen-
sions of cancer pain.

According to the European Society for Medical
Oncology (ESMO), the presence of persistent and
often disabling pain — particularly in advanced
disease — demands a systematic, patient-centered
management approach. As survival rates im-
prove due to advances in oncological therapies,
an increasing number of patients are living with
chronic pain resulting from the disease itself,
its treatments, or both. Despite access to clinical
guidelines and pharmacological resources, under-
treatment remains widespread, due to factors in-
cluding underreporting of symptoms, inadequate
assessment, opioid hesitancy among clinicians,
and systemic barriers to care.!'®

ESMO guidelines therefore strongly advocate
early and proactive involvement of palliative care
teams, even during the active phase of cancer treat-
ment. This interdisciplinary model promotes regu-
lar reassessment of pain control, titration of anal-
gesics, and aggressive management of side effects
such as opioid-induced constipation and sedation
— measures that significantly enhance both com-
pliance and therapeutic outcomes. Furthermore,
the guidelines highlight the critical importance of
ongoing education and training for healthcare pro-
fessionals to overcome clinical inertia and miscon-
ceptions surrounding opioid prescribing.!¢

Ultimately, the goal of cancer pain manage-
ment extends beyond mere symptom suppression.
It encompasses restoration of dignity, autonomy,
and engagement in life, regardless of prognosis.
Tailoring analgesic strategies to individual needs -
while addressing the physical, emotional, and psy-
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chosocial domains of suffering — is fundamental
to high-quality oncological and palliative care.l!¢

Breakthrough pain

Managing breakthrough pain (BTP) in cancer pa-
tients presents a distinct and complex therapeutic
challenge. Despite increasing clinical recognition
over the past decades, persistent inconsistencies
in the definition and classification of BTP con-
tinue to hinder timely diagnosis and appropriate
intervention.!® As a result, many patients endure
frequent and intense pain exacerbations, often for
prolonged periods and with inadequate symptom
relief, even after initial identification of the condi-
tion.!6

Breakthrough pain, first formally characterized
in the 1990s, refers to transient episodes of severe
pain that occur despite otherwise controlled base-
line pain achieved through around-the-clock opi-
oid therapy.” These episodes typically represent
acute exacerbations superimposed on a stable an-
algesic regimen and are frequently unpredictable
in onset. Epidemiological studies report that ap-
proximately 60% of patients with advanced cancer
experience severe breakthrough pain (VAS >7), and
a further 30% report episodes of moderate inten-
sity (VAS > 5).%7 The high prevalence and severity
of BTP underscore its significant impact on patient
well-being, daily functioning, and overall quality
of life.

According to Rudowska’s 2012 definition,
breakthrough pain is characterized by sudden-on-
set, high-intensity pain episodes — often described
as “flares” — which generally last around 30 min-
utes and occur in the same anatomical region as
the patient’s background pain.!”® These episodes
are typically rated between 7 and 10 on the VAS,
indicating severe intensity. Importantly, BTP is
not merely a transient discomfort but a profound
clinical event that significantly exacerbates physi-
cal suffering and psychological distress. Delays in
treatment initiation or insufficient rescue medica-
tion not only prolong pain duration but also impair
functional status, reduce treatment adherence, and
negatively influence the overall cancer care experi-
ence.”8?

Despite effective control of background pain,
breakthrough pain remains common, with up to
60% of patients in advanced stages of cancer report-
ing such episodes.’®!! The episodic and often un-
predictable nature of BTP necessitates rapid-onset,
short-acting analgesics, tailored to the individual
characteristics of each pain episode. Prompt recog-
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nition and intervention are therefore paramount.
In clinical practice, rescue medications — usually
fast-acting opioids — are administered at the onset
of a breakthrough episode to restore adequate an-
algesia. The choice of agent and route of adminis-
tration depends on the anticipated onset, intensity,
and duration of pain. Sublingual, buccal, or intra-
nasal fentanyl preparations are commonly pre-
ferred for their rapid absorption and onset of ac-
tion, making them suitable for short-lived, severe
pain episodes that demand immediate relief.!2151617
For episodes with a slower onset or prolonged du-
ration, oral morphine may be considered, although
it is generally less effective for managing the sud-
den peaks in pain characteristic of BTP. Regardless
of the pharmacological agent used, the timing of
administration is critical; delays can substantially
reduce efficacy and compound the patient’s suffer-
ing.

Overall, the management of breakthrough
pain requires not only appropriate pharmacologi-
cal strategies but also ongoing patient education,
routine monitoring, and anticipatory guidance.
Patients and caregivers should be equipped to
recognize early signs of BTP and initiate treat-
ment promptly, ideally within minutes of onset.
Integrating breakthrough pain protocols into
comprehensive cancer pain management plans
enhances therapeutic outcomes and aligns with
the overarching goals of maintaining dignity, au-
tonomy, and comfort throughout the cancer trajec-
tory.6—12/15—17

Multimodal approach to cancer pain
management

The management of chronic refractory cancer pain
remains one of the most intricate and demanding
aspects of oncological and palliative care. A cen-
tral challenge lies in the fact that pain severity in
cancer patients often does not correlate linearly
with objective indicators such as tumour size or
anatomical progression. This discordance compli-
cates clinical assessment and underscores the need
for individualized and dynamic treatment strate-
gies. Inadequate control of cancer pain — wheth-
er persistent or episodic — not only compromises
physical functioning and quality of life but also
contributes to psychological morbidity, reduced
adherence to anticancer therapies, and, ultimately,
poorer clinical outcomes."?

Contemporary evidence and international
guidelines strongly support the use of multimodal
approaches for the management of both persistent

and breakthrough cancer pain.'?® These strategies
aim to address the complex and multifactorial na-
ture of cancer-related pain by combining various
therapeutic modalities, each targeting different
components of the pain pathway. Effective multi-
modal pain management is not a one-size-fits-all
approach; rather, it requires tailoring interventions
to the patient’s individual clinical profile, taking
into account the underlying pathophysiology, psy-
chosocial context, and treatment goals.®

Central to the multimodal paradigm is the inte-
gration of neuromodulatory techniques — particu-
larly the intrathecal or epidural administration of
analgesics — which enable targeted drug delivery
directly into the central nervous system.*> These
methods offer potent analgesia with substantially
reduced systemic opioid exposure and are espe-
cially valuable in patients with refractory pain
who have not responded adequately to non-inva-
sive or systemic therapies. The use of implantable
pump systems for continuous intrathecal delivery
has demonstrated sustained efficacy in pain relief,
reduced side effects, and improved patient autono-
my and quality of life 6918

In parallel, less invasive and complementary
approaches such as acupuncture, physical therapy,
psychological support, and cognitive-behavioural
interventions play a crucial role in enhancing an-
algesic outcomes and supporting the emotional
and functional resilience of patients. The syner-
gistic effect of combining pharmacological, in-
terventional, and supportive therapies allows for
improved symptom control while minimizing reli-
ance on any single modality.?

The selection of an appropriate neuromodulato-
ry technique must be guided by a comprehensive
assessment of the patient’s clinical condition, in-
cluding pain characteristics, comorbidities, func-
tional status, psychosocial context, and patient
preferences.!® Factors such as age, cancer type and
stage, history of response to previous pain treat-
ments, and anticipated prognosis all inform the
therapeutic plan. Importantly, a thorough evalu-
ation should extend beyond somatic symptoms
to include emotional, cognitive, and spiritual do-
mains, recognizing the total pain experience as
defined in palliative medicine.

The multimodal approach places strong empha-
sis on personalized care, ongoing reassessment,
and interdisciplinary collaboration. Pain manage-
ment is most effective when delivered within a co-
ordinated framework involving oncologists, pal-
liative care specialists, anesthesiologists, psychol-
ogists, physiotherapists, and nursing staff. This
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integrative model ensures that treatment remains
aligned with evolving disease status and patient
priorities. Regular review of therapeutic efficacy,
tolerability, and emerging needs allows for timely
adjustments and optimal resource allocation.?”

Ultimately, the goal of multimodal cancer pain
management is not merely to reduce pain inten-
sity but to enhance the overall well-being, dignity,
and quality of life of patients at every stage of the
disease trajectory. When tailored to the unique
and dynamic needs of the individual, multimodal
strategies can transform the experience of pain
from a source of suffering to a domain of compas-
sionate and effective clinical care.®

Invasive techniques for cancer pain
treatment

Invasive techniques constitute a vital component
of cancer pain management, particularly for pa-
tients who are unable to tolerate oral medications
due to side effects such as persistent nausea, vom-
iting, or dysphagia, as well as for those suffering
from neuropathic pain unresponsive to systemic
therapies. These methods provide a targeted, of-
ten more effective approach to analgesia when
conventional pharmacological strategies prove
inadequate. Among these, intrathecal drug ad-
ministration is widely recognized for its superior
efficacy and safety profile, offering several advan-
tages over other invasive modalities, including the
use of significantly lower analgesic doses, reduced
systemic toxicity, fewer side effects, lower risk of
infection, and improved overall pain control.>61
Additionally, minimizing systemic opioid use
through intrathecal delivery may help attenuate
opioid-related adverse effects and mitigate con-
cerns about potential cancer progression driven by
opioid receptor activation.

Beyond intrathecal therapy, a range of interven-
tional pain management techniques plays a crucial
role in addressing refractory cancer pain. These in-
clude nerve blocks, spinal cord stimulation (SCS),
and neurolytic procedures, each offering distinct
benefits based on pain type and anatomical loca-
tion. Nerve blocks, administered using local an-
esthetics or neurolytic agents such as alcohol or
phenol, can provide profound and lasting relief
for well-localized cancer pain, such as that as-
sociated with pancreatic or pelvic malignancies.
For instance, celiac plexus blocks are commonly
employed in upper abdominal cancers, while su-
perior hypogastric plexus blocks are indicated for
pelvic tumours.>¢18
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Spinal cord stimulation, involving the implan-
tation of an electrode system to deliver electri-
cal impulses to the dorsal columns of the spinal
cord, is an effective treatment for selected cases
of chronic, refractory neuropathic pain, particu-
larly when pharmacological options have been
exhausted or poorly tolerated. It modulates pain
signal transmission without the systemic burdens
of opioid therapy and can significantly improve
quality of life in patients with intractable pain
syndromes.

Neurolytic procedures, aimed at ablating spe-
cific nerve pathways, are typically used for vis-
ceral pain in advanced cancer stages. Techniques
such as celiac plexus or hypogastric nerve ablation
are particularly effective for deep-seated abdomi-
nal or pelvic pain, offering sustained relief that
may last weeks to months, thereby reducing an-
algesic burden and improving patient comfort.>*18

The decision to implement invasive techniques
must be based on a comprehensive, multidiscipli-
nary evaluation, considering factors such as the
nature and mechanism of pain, expected prog-
nosis, existing comorbidities, patient preferences,
and overall functional and psychological status.
Pre-procedural assessments, including imag-
ing, functional testing, and temporary diagnostic
blocks, are essential to predict treatment response
and mitigate risks. The primary aim is not merely
analgesia but the preservation of functionality, en-
hancement of quality of life, and support for the
patient’s emotional and existential well-being.!®

Recent technological advances, including im-
age-guided interventions and programmable in-
trathecal pump systems, have further refined the
precision and efficacy of invasive pain control.
These innovations allow for tailored targeting
of pain generators and permit dynamic modula-
tion of analgesic delivery in response to clinical
changes. Integration of invasive procedures into a
broader multimodal pain management framework
ensures a holistic, patient-centered approach that
concurrently addresses the physical, psychologi-
cal, and spiritual dimensions of suffering.>6181

While invasive techniques are generally re-
served for patients with complex, refractory, or
advanced-stage pain, they have emerged as cor-
nerstones of modern cancer pain therapy. Their
success exemplifies the value of individualized,
evidence-based intervention, as well as the indis-
pensable role of ongoing research, innovation, and
interdisciplinary collaboration in optimizing out-
comes for cancer patients confronting intractable
pain_5/6/18,l9
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Implantable intrathecal pumps

Implantable intrathecal pump systems represent
a pivotal advancement in the field of cancer pain
management, offering targeted, sustained anal-
gesia for patients with refractory or complex pain
syndromes. First introduced in Western Europe
in 1984, these devices have progressively gained
acceptance as an integral component of neuro-
modulatory pain therapy. In Slovenia, their use
was initially established in 2001 for the treatment
of spasticity and was expanded to include cancer-
related analgesia in January 2024 at the Institute
of Oncology, Ljubljana.?’ These systems are now
recognized as a safe and effective modality for
delivering analgesics directly into the intrathecal
space, enabling significant reductions in drug dos-
age compared to systemic or parenteral adminis-
tration, with a corresponding decrease in adverse
effects.?

The implantation procedure involves the sur-
gical insertion of a catheter into the intrathecal
space, typically under general anesthesia, and the
subcutaneous placement of the pump reservoir.
The procedure is generally well tolerated and is
performed by specialized neurosurgeons or anes-
thesiologists with expertise in interventional pain
management. Once implanted, the system allows
precise control over drug delivery, with program-
mable infusion parameters that can be tailored to
the patient’s evolving clinical needs. Moreover,
many devices offer patient-controlled bolus func-
tionality, which enables the patient to self-admin-
ister additional doses in the event of breakthrough
pain, thus enhancing autonomy and responsive-
ness of care.

A major clinical advantage of intrathecal pump
therapy is the significant reduction in systemic
opioid-related side effects, particularly gastroin-
testinal toxicity. For example, constipation rates in
patients treated with intrathecal opioids are mark-
edly lower (7%) compared to those receiving sys-
temic opioids (43%).2 The reduced incidence of se-
dation, nausea, and cognitive impairment further
supports the preference for intrathecal delivery in
appropriate candidates. Additionally, due to the
high concentration and low volume of medication
required, the frequency of pump refills is substan-
tially reduced, decreasing the burden on patients
and caregivers and improving overall quality of
life.2!

The efficacy of intrathecal analgesia in can-
cer pain has been supported by clinical research.
Studies conducted by Dupoiron ef al. have demon-

strated the capacity of these systems to maintain
stable and long-lasting pain control while mini-
mizing systemic opioid use and associated toxici-
ties, thereby reinforcing their role in individual-
ized pain management protocols.?? Likewise, Likar
et al. have shown that incorporating intrathecal
pumps into palliative care pathways significantly
improves patient outcomes in advanced cancer,
where conventional pharmacotherapy frequently
fails to provide adequate relief.

Technological advancements have further en-
hanced the utility of intrathecal pump systems.
Programmable pumps now allow real-time adjust-
ment of infusion rates and regimens, offering flex-
ibility to respond to fluctuating pain intensities in
patients with complex or rapidly changing pain
profiles. In addition, multidrug infusions — such as
combinations of opioids with local anesthetics or
adjuvants like clonidine — provide synergistic an-
algesic effects, allowing for more comprehensive
pain modulation while minimizing single-agent
toxicity.?

Long-term management of intrathecal systems
requires ongoing interdisciplinary collaboration
among oncologists, anesthesiologists, palliative
care teams, and nursing staff. Regular monitor-
ing, periodic refills, and prompt troubleshooting
are essential for maintaining safety and efficacy.
Despite the need for consistent follow-up, pa-
tients typically report substantial improvements
in quality of life, increased mobility, and reduced
emotional distress — benefits that justify the proce-
dural and maintenance demands associated with
this modality.

In conclusion, implantable intrathecal pumps
are a cornerstone intervention within the multi-
modal framework of cancer pain management.
Their effectiveness, adaptability, and patient-
centered nature make them an indispensable
tool, particularly in advanced-stage disease. As
emphasized by Dupoiron?? and Likar.?’, contin-
ued clinical research is essential for refining the
indications, optimizing protocols, and expanding
the accessibility of these devices to broader patient
populations.

Cost-effectiveness of intrathecal
implantable pumps

Intrathecal implantable pumps represent a sophis-
ticated and clinically effective solution for deliver-
ing targeted analgesia in patients with severe, re-
fractory cancer pain, particularly within palliative
care and oncology settings. Although the initial
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costs associated with surgical implantation and
device acquisition are relatively high, a growing
body of evidence suggests that intrathecal therapy
is cost-effective over the long term, primarily due
to its ability to reduce medication requirements,
limit treatment-related complications, and de-
crease healthcare resource utilization.

Intrathecal drug delivery permits the direct ad-
ministration of opioids and adjuvants into the cere-
brospinal fluid, bypassing the systemic circulation
and enabling the use of substantially lower drug
doses compared to oral or parenteral routes.? This
pharmacokinetic advantage results in lower cu-
mulative costs for analgesics, especially in patients
requiring high-dose opioid therapy over extended
periods. Importantly, by reducing systemic expo-
sure, intrathecal administration also significantly
decreases the incidence and severity of opioid-
related side effects such as constipation, nausea,
sedation, and cognitive dysfunction, which are
common drivers of additional healthcare interven-
tions, hospital admissions, and patient distress.

Patients receiving intrathecal therapy demon-
strate improved symptom control, which trans-
lates into fewer emergency department visits,
unplanned hospitalizations, and reduced need
for supportive care associated with uncontrolled
pain.?® These factors not only alleviate the bur-
den on healthcare systems but also contribute to a
higher quality of life and functional preservation
for patients in advanced stages of disease. The ca-
pacity of intrathecal pumps to stabilize complex
pain syndromes with minimal systemic burden
makes them particularly valuable in resource-sen-
sitive environments focused on optimizing both
clinical outcomes and economic sustainability.

While the upfront investment in intrathecal
pump therapy - including surgical placement,
pump programming, and ongoing maintenance —
may appear cost-prohibitive at first glance, multi-
ple health economic evaluations have demonstrat-
ed long-term financial advantages. A landmark
study by Rauck et al. showed that patients treated
with intrathecal therapy incurred lower cumula-
tive healthcare costs after the first year of treat-
ment when compared with those managed with
systemic opioids. These savings were attributed
to reduced drug expenditures, fewer side-effect-
related interventions, and a marked decrease in
hospital resource consumption.??

In addition to economic benefits, the clinical
efficiency of intrathecal systems justifies their
integration into multimodal pain management
frameworks, particularly for patients with high
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analgesic requirements, complex pharmacological
profiles, or contraindications to systemic therapy.
The long-term sustainability of these systems is
further supported by advances in pump technol-
ogy, which allow for programmable dose modu-
lation, extended refill intervals, and combination
drug infusions — all of which improve therapeutic
precision and patient satisfaction.

In summary, although intrathecal implantable
pumps require initial capital investment, their
ability to reduce ongoing treatment costs, improve
patient outcomes, and decrease healthcare utiliza-
tion supports their use as a cost-effective solution
in the comprehensive management of cancer pain.
As healthcare systems increasingly prioritize val-
ue-based care, intrathecal therapy stands out as a
compelling option for addressing the dual impera-
tives of clinical efficacy and economic efficiency in
advanced oncologic pain management.?%

Decrease in opioid consumption with
intrathecal administration

A fundamental advantage of intrathecal opioid
administration lies in its ability to achieve potent
analgesia with a drastically lower total opioid dose
compared to systemic delivery — 100-fold or even
300-fold lower compared with oral administra-
tion.2#2627 This approach takes advantage of direct
access to the opioid receptors located in the dor-
sal horn of the spinal cord, allowing for highly
localized receptor activation. By bypassing first-
pass hepatic metabolism and systemic distribu-
tion, intrathecal administration ensures maximal
pharmacodynamic efficiency at the site of action
while minimizing peripheral drug exposure. This
substantial reduction in required opioid quantity
translates into a marked decline in the incidence
of opioid-related side effects, such as sedation,
nausea, vomiting, constipation, urinary retention,
and cognitive impairment, which are often dose-
dependent and can severely limit the tolerability
of systemic analgesic regimens.?

In addition to improving tolerability, lower opi-
oid exposure also reduces the likelihood of devel-
oping opioid tolerance, which necessitates escalat-
ing doses over time and contributes to a vicious cy-
cle of increasing toxicity and diminishing efficacy.
Intrathecal therapy helps interrupt this cycle by
stabilizing analgesic requirements and delaying or
preventing opioid-induced hyperalgesia — a para-
doxical condition in which opioids worsen rather
than relieve pain. Furthermore, by minimizing
systemic opioid load, intrathecal administration
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may lower the risk of physical dependence and iat-
rogenic addiction, especially in patients requiring
long-term therapy for chronic cancer pain or pal-
liative indications.?”

The reduction in opioid dose made possible
through intrathecal administration not only en-
hances clinical safety and effectiveness but also
contributes to cost savings by decreasing the need
for adjunctive medications used to manage side ef-
fects and by reducing hospitalization rates related
to opioid toxicity. The ability to deliver precisely
titrated, low-dose opioid regimens tailored to pa-
tient needs makes intrathecal therapy a particu-
larly attractive modality in complex or refractory
pain syndromes.

In conclusion, intrathecal opioid delivery pro-
vides a targeted, efficient, and safer alternative to
systemic opioid therapy. Its capacity to drastically
reduce opioid requirements while maintaining ef-
fective analgesia supports its expanding role in the
long-term management of severe cancer pain, par-
ticularly in patients for whom systemic therapy is
no longer viable or tolerable.2426-2

Our experiences with implantable
intrathecal pumps

In Slovenia, three implantable intrathecal pumps
have been successfully utilized to date. Here, we
present our first case experience.

The patient was a 71-year-old female diagnosed
with metastatic ocular malignant melanoma and
inoperable urothelial carcinoma. She suffered
from severe refractory nociceptive and neuro-
pathic pain, significant side effects from high-dose
opioid therapy, and a markedly reduced quality of
life. Her pain was attributed to osteolytic metasta-
ses in the spine, radiating to the abdomen, lower
extremities, and neurogenic bladder. Despite a
multimodal pain management approach — includ-
ing high-dose opioids, non-opioid analgesics, neu-
ropathic agents, and adjuvants administered via
various routes such as subcutaneous injections
— the pain remained intractable. Palliative radio-
therapy to metastatic sites was also provided.

Numerous modifications to her analgesic regi-
men yielded no significant relief, and her suffer-
ing became unbearable. Prior to intrathecal pump
implantation, the patient’s regimen included a
buprenorphine transdermal patch at 105 ug/hour,
oral morphine 40 mg up to four times daily for
breakthrough pain, paracetamol 1000 mg every 8
hours, and mirtazapine 30 mg. Despite this, her
pain intensity remained severe (VAS > 8), predom-

TABLE 2.
questionnaire

48S

Improvement in patients symptoms shown by EORTC QLQ-C30

Category Parameter (Boe_fl%roe) Aﬂe(roiflrgg)nihs

Symptoms Pain 83.3 50
Insomnia 100 3313

Appetite Loss 66.7 0
Constipation 100 66.7

Nausea and Vomiting 50 0

Functioning Physical 73.3 80
Role 66.7 100

Emotional 0 75

Cognitive 50 100

Social 50 100

EORTC QLQ-C30 = European Organization for the Research and Treatment of Cancer Quality

of Life Questionnarire

inantly localized to the lower abdomen and pelvic
region, with mild radiation to both lower limbs.
The pain was mixed in nature — somatic, visceral,
and neuropathic. She also reported burning sen-
sations during urination and frequent urinary ur-
gency with minimal urine output.

The implantable intrathecal pump was inserted
under general anesthesia by skilled neurosurgeons
at Celje General Hospital. Initially, the pump was
programmed to deliver 1 mg/day of morphine
and 6 mg/day of bupivacaine intrathecally. Within
three days, the patient experienced substantial
pain reduction, with her VAS score decreasing to
3. For breakthrough pain, sublingual fentanyl was
administered alongside continued peripheral an-
algesics. As the disease progressed, intrathecal
doses were gradually increased; clonidine (65 ug/
day) was added, and morphine and bupivacaine
doses were titrated to 2.6 mg/day and 19.5 mg/day,
respectively.

Pain and quality of life were assessed using the
VAS score, the EORTC QLQ-C30, and the revised
Edmonton Symptom Assessment System.3031:52
e EORTC QLrQ-C30 is a validated multidimen-

sional questionnaire designed to assess quality

of life in cancer patients. It evaluates functional
domains (physical, role, emotional, cognitive,
social), symptoms (fatigue, nausea/vomiting,
pain, insomnia, appetite loss, constipation), and
global health status/quality of life. Higher func-
tional scores indicate better functioning; higher
symptom scores indicate greater symptom bur-
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TABLE 3. Improvement in patients symptoms shown by r-ESAS
questionnaire. Each symptom is rated on a scale from 0 to 10,
with a higher value indicating a more severe symptom

Parameter ‘zsf%()* Aﬂer(o.‘s_ {?);:nihs
VAS (Pain) 5 0
Fatigue 3 0
Dizziness 3 0
Nausea 2 0
Inappetence 1 0
Dyspnoea 1 0
Depression 4 0
Anxiety 4 2
Overall Well-Being 4 2

r-ESAS = revised Edmonton Symptom Assessment System

den. Higher global health status scores repre-

sent better overall quality of life and health.>!

e r-ESAS is a widely used tool in palliative care for
monitoring nine core symptoms on a numerical
scale from 0 (none) to 10 (worst possible), plus
an optional patient-defined symptom. It assess-
es pain, tiredness, nausea, depression, anxiety,
drowsiness, appetite loss, well-being, and short-
ness of breath, enabling symptom tracking over
time and assessment of treatment efficacy.
Before pump implantation, the patient experi-

enced opioid-related adverse effects such as con-

stipation and dizziness due to high systemic opi-
oid doses. Transitioning to intrathecal delivery al-
lowed for a substantial opioid dose reduction and

a corresponding decrease in side effects.

Three months post-implantation, significant
improvements in quality of life were observed,
reflected in both questionnaires (Tables 2 and 3).
The EORTC QLQ-C30 showed improved symptom
burden and functional domains. As expected, the
global health status score did not improve due to
disease progression and the patient’s subsequent
death. Nevertheless, the primary goal — enhancing
quality of life — was achieved. The r-ESAS results
also indicated symptom improvement.

The patient’s condition gradually deteriorated
with disease progression, and she passed away six
months after pump implantation.

Discussion

Implantable intrathecal pumps represent a major
advancement in the field of cancer pain manage-
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ment, offering precise, individualized, and long-
term analgesia with a significantly improved
side-effect profile compared to conventional sys-
temic therapies. By delivering medication directly
into the cerebrospinal fluid, these systems enable
the use of substantially lower opioid doses, thus
minimizing systemic exposure and associated tox-
icities such as sedation, nausea, and constipation.
Furthermore, their programmable features and ca-
pacity for combination therapy allow for flexible,
patient-centered pain control, even in cases involv-
ing complex or mixed pain mechanisms.

Globally, the adoption of implantable intrathe-
cal pump therapy is reshaping standards in pal-
liative oncology, offering a more effective and
humane solution for both chronic baseline pain
and breakthrough pain in patients with advanced
disease. Our clinical experience — presented here
in the form of a case report — demonstrates that
intrathecal therapy can provide rapid, durable,
and meaningful symptom relief, significantly en-
hancing quality of life in a patient suffering from
refractory cancer pain. In this case, the introduc-
tion of intrathecal analgesia not only controlled
previously intractable symptoms but also reduced
opioid-related side effects and enabled improved
functional capacity in the final months of life.

Beyond individual patient benefit, intrathecal
pumps also offer systemic advantages for health-
care systems. Improved pain control reduces
emergency department visits, hospital admissions,
and the need for complex symptom management
interventions, thereby lowering the burden on
healthcare providers. Multiple cost-effectiveness
studies have confirmed that, despite higher initial
expenses for implantation and equipment, long-
term use of intrathecal pumps results in reduced
cumulative healthcare costs, particularly after the
first year of therapy, owing to decreased drug use
and resource utilization.

The successful implementation of the first in-
trathecal analgesia case in Slovenia marks a criti-
cal milestone in the integration of advanced pain
management strategies within standard palliative
care. This experience has laid the groundwork for
broader clinical application and has prompted the
development of a larger-scale study to system-
atically evaluate the clinical outcomes, safety, and
economic impact of intrathecal pump therapy in
cancer patients.

In conclusion, intrathecal therapy using im-
plantable pumps should be regarded not only as
an advanced technological intervention, but as a
compassionate and evidence-based tool in the ser-
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vice of alleviating suffering. As our healthcare sys-
tems evolve to meet the growing demands of ag-
ing and oncologic populations, the integration of
such therapies into routine care pathways is both
a clinical imperative and an ethical responsibility.
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Background. The presence of bone marrow involvement (BMI) in patients with diffuse large B-cell lymphoma
(DLBCL) has a significant impact on treatment plans and prognosis, but clinical diagnosis is difficult. The purpose of this
study was to evaluate the utility of PET/CT in the assessment of BMI and prognosis in newly diagnosed DLBCL.
Patients and methods. This retrospective study included 57 eligible DLBCL patients who underwent bone marrow
biopsy (BMB) and PET/CT prior to any treatment initiation. Increased FDG uptake in the bone marrow on PET/CT scans
was indicative of BMI positivity, with such instances not attributable fo benign findings. If BMB yielded positive results,
or if the marrow uptake resolved concurrently with other lymphoma lesions during PET/CT monitoring, the diagnosis of
BMI was established. The evaluation of bone marrow status via PET/CT involved both visual analysis and a quantitative
index, specifically the ratio of maximum standardized uptake values of bone marrow to liver (BLR). Factors associ-
ated with 2-year progression-free survival (PFS) was analyzed utilizing the Cox proportional hazards regression model.
Results. 34 patients were diagnosed with BMI. PET/CT demonstrated superior accuracy (93.0% vs. 75.4%) and sensi-
fivity (94.1% vs. 58.8%) compared to BMB. During the follow-up period, 15 patients experienced disease progression.
Survival analysis identified Eastern Cooperative Oncology Group performance status (ECOG PS), BLR, and PET/CT
bone marrow status as the sole independent predictors of PFS (p = 0.010, 0.002, and 0.015, respectively).
Conclusions. PET/CT played an important role in evaluating BMI and predicting PFS in newly diagnosed DLBCL.

Key words: PET/CT; DLBCL; bone marrow biopsy; bone marrow involvement

Introduction

Diffuse large B-cell lymphoma (DLBCL) rep-
resents a prevalent and aggressive form of lym-
phoma, constituting approximately 30% of all
non-Hodgkin lymphoma cases.! Bone marrow
involvement (BMI) serves as a critical prognostic
indicator for lymphoma patients, significantly im-
pacting disease staging and prognosis. Accurate
determination of BMI is therefore paramount.
Traditionally, bone marrow biopsy (BMB) has

Radiol Oncol 2025; 59(4): 488-497.

been regarded as the gold standard for assessing
BMI in DLBCL due to its ability to evaluate the
bone marrow (BM) status of lymphoma patients.
However, the advent and advancement of nuclear
imaging technology have posed a challenge to its
longstanding position in clinical practice. In pre-
vious literature reports, its conventional perfor-
mance has been controversial. BMB, as an invasive
procedure, carries the potential for patient anxi-
ety and the risk of bleeding. Moreover, it is prone
to yield false negative outcomes, particularly in
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cases where the true lesion is missed due to biop-
sy site limitations, notably with respect to distant
BM lesions from the iliac spine.?® Furthermore,
certain studies propose that routine BMB may
lack therapeutic relevance.*

BE-FDG positron emission tomography (PET)/
computed tomography (CT) is capable of accu-
rately depicting the glucose metabolism status
of tissues or lesions through the utilization of its
glucose analogues, offering vital physiological and
pathological insights for clinical utility. The height-
ened metabolic activity of malignant tumor cells
results in significant FDG uptake, rendering PET/
CT particularly advantageous for diagnostic pur-
poses, disease staging, treatment response assess-
ment, and surveillance of lymphoma recurrence.
Whole-body PET/CT imaging enables comprehen-
sive visualization of tumor location, morphology,
size, and extent, aligning with recommendations
from the European Society for Medical Oncology
guidelines as the preferred modality for evaluat-
ing systemic disease dissemination in DLBCL
patients.> Highlights that, in comparison to BMB,
PET/CT imaging allows for the assessment of BM
status throughout the entire body rather than at a
single anatomical site. In a recent study by Doma et
al. found that the sensitivity and accuracy of PET/
CT in diagnosing BMI were significantly higher
than BMB, at 88.4% vs. 41.9% and 96.5% vs. 61.5%,
respectively.® They advocated for PET/CT as a vi-
able alternative to BMB for evaluating BMI in pa-
tients with DLBCL. Nonetheless, the precise role of
BM FDG uptake in DLBCL patients remains a topic
of ongoing discussion.

In this study, we aim to assess the correlation
and prognostic significance of PET/CT and BMB
in BMI among newly diagnosed DLBCL patients,
providing clinical practitioners with diagnostic
insights and therapeutic considerations to aid in
treatment decision-making processes.

Patients and methods
Patients

A retrospective analysis was conducted on DLBCL
patients who underwent PET/CT scans between
2017 and 2024. These patients had not undergone
radiotherapy, chemotherapy, hematopoietic factor
therapy, or had a previous history of other ma-
lignancies prior to the PET/CT scans. Patient con-
fidentiality was maintained in compliance with
national regulations. The study was approved
by the Ethics Committee of the Second Affiliated

Hospital of Harbin Medical University (Approval
No. YJSKY2023-327, 2023-09-04).

Clinical data was sourced from institutional
information systems. A review was conducted on
the following clinical parameters: age, sex, Eastern
Cooperative Oncology Group performance status
(ECOG PS), B-symptoms, clinical manifestations
(pain, nosebleeds, loss of appetite, bloating, among
others), and extranodal involvement. The baseline
laboratory findings obtained within a 2-week
window before and after PET/CT imaging en-
compassed serum lactate dehydrogenase (LDH),
lymphocyte-to-monocyte ratio (LMR > 3), neutro-
phil-to-lymphocyte ratio (NLR > 2.5), leukopenia
(< 4x10°/L), anemia (hemoglobin < 120g/L), and
thrombocytopenia (platelet counts < 100x10°/L).
The International Prognostic Index (IPI) score was
based on these data. Following PET/CT scans, all
patients underwent first-line therapy. The study
cohort was derived according to the process de-
tailed in Supplementary Figure 1.

Acquisition of PET/CT images

Imaging was performed using a PET/CT system
(Biograph64 mCT, Siemens Healthcare, Berlin,
Germany) with a full-ring PET scanner. Patients
fasted for 6 hours and maintained blood glucose
levels below 11 mmol/L before the procedure.
After FDG injection (0.11 mCi/kg), patients rested
supine for 60 minutes. CT was performed with a
120 kV tube voltage and modulated tube current
(CARE Dose). PET acquisition was conducted at
1.6 mm/s, and images were reconstructed with the
TrueD algorithm for attenuation correction using
CT data. The PET matrix was 200x200 (voxel size:
4.07x4.07x3 mm), and the CT matrix was 512x512
(voxel size: 0.78x0.78x1 mm), with PET images re-
constructed using the TrueX + TOF method.

Evaluation of PET/CT images and
analysis of FDG uptake

Image interpretation was conducted through visu-
al and semi-quantitative analysis, utilizing glucose
activity in the normal liver as a reference to assess
the presence of BMI. In cases where BM lesions
were identified, they were classified as focal le-
sions (demonstrating elevated FDG uptake in one
or more localized regions) or diffuse lesions (ex-
hibiting a uniform increase in FDG uptake across
the entire marrow space). These lesions, with or
without associated bone destruction, were distin-
guished from benign findings based on standard
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CT images or medical history (e.g, fractures). In
such cases, BM positivity on PET/CT was ascer-
tained. The maximum standardized uptake value
(SUVmax) of the liver was measured in a 2-cm re-
gion of interest in the right lobe, while the highest
SUVmax for BM was assessed at lumbar vertebrae
1-5 in cases of diffuse uptake. The BM-to-liver
SUVmax ratio (BLR) was calculated to investigate
survival outcomes. Two experienced nuclear medi-
cine specialists, each possessing more than 5 years
of professional experience, independently inter-
preted the images, with discrepancies resolved by
consensus (Figure 1).

Bone marrow biopsy (BMB) and
pathological analysis

All patients underwent unilateral iliac BM core
needle biopsy and aspiration without imaging
guidance. BMB samples were collected within one
month before or after the PET/CT imaging and
evaluated by a senior hematologist.

Definition of the final diagnosis of bone
marrow involvement (BMI)

If BM uptake paralleled the uptake activity of oth-
er lymphoma lesions during follow-up with PET/
CT or was confirmed by BMB, the diagnosis of
BMI was confirmed.?’
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FIGURE 1. The initial PET maximume-intensity projection images, and lymph nodes pathology confirmed DLBCL with normal (A), focal increased in
the right humerus (B), diffuse increased (C, D).

Statistical analysis

Receiver operating characteristic (ROC) curve
analysis was employed to establish the optimal BLR
threshold for survival analysis. Progression-free
survival (PFS) was defined as the duration from
the definitive diagnosis to the first occurrence of
disease progression or relapse, all-cause mortality,
or the most recent follow-up. The Shapiro-Wilk test
was utilized for assessing the distribution of con-
tinuous variables in the baseline data. Continuous
variables were expressed as median and inter-
quartile range. Categorical data were presented as
patient counts and percentages. Disparities in vari-
ables between the two groups were assessed using
logistic regression analysis and the chi-square test.
Comparison of SUVmax and BLR was conducted
using the Kruskal-Wallis test and Dunn’s post-hoc
test. Cox proportional hazards regression models
were utilized to analyze the impact of factors such
as IPI and related components, BLR, and BM status
on survival outcomes. Survival analysis was per-
formed using Kaplan-Meier curves and log-rank
tests. Statistically significant variables (p < 0.05)
from the univariate analysis were entered into the
multivariate Cox regression. The resulting inde-
pendent prognostic factors were incorporated to
construct a prognostic nomogram. The model was
validated internally using bootstrap resampling
with 1,000 iterations. The discriminative ability of
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TABLE 1. Baseline characteristics at diagnosis
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PET/CT BMB
Characteristic p -value p-value
(-) (n=23) (+) (n=34) (-) (n=37) (*) (n=20)

Male, no. (%) 11 (47.83) 16 (47.06) 0.955 17 (45.95) 10 (50.00) 0.770
Leukopenia, no. (%) 2 (8.70) 6 (17.65) 0.571 2 (5.41) 6 (30.00) 0.031
Anaemia, no. (%) 4(17.39) 15 (44.12) 0.036 7 (18.92) 12 (60.00) 0.002
Thrombocytopenia, no. (%) 2 (8.70) 8 (23.53) 0.276 3(8.11) 7 (35.00) 0.029
LMR >3, no. (%) 15 (65.22) 20 (58.82) 0.627 26 (70.27) 9 (45.00) 0.061
NLR > 2.5, no. (%) 10 (43.5) 21 (61.8) 0.174 19 (51.40) 12 (60.00) 0.532
Age > 60 years, no. (%) 10 (43.48) 20 (58.82) 0.255 19 (51.35) 11 (55.00) 0.792
Stage lll/IV, no. (%) 19 (82.61) 29 (85.29) 1 28 (75.68) 20 (100) 0.043
ECOG PS 22, no. (%) 8 (34.78) 14 (41.18) 0.627 11 (29.73) 11 (55.00) 0.061
Clinical systemic symptoms, no. (%) 21 (91.30) 25 (73.53) 0.185 31 (83.78) 15 (75.00) 0.652
Biological systemic symptoms, no. (%) 11 (47.83) 20 (58.82) 0.413 18 (48.65) 13 (65.00) 0.237
LDH (+), no. (%) 8 (34.78) 18 (52.94) 0.177 15 (40.54) 11 (55.00) 0.296
IPI score > 2, no. (%) 8 (34.78) 18 (52.94) 0.177 12 (32.43) 14 (70.00) 0.007
Extranodal sites > 2 6 (26.09) 13 (38.24) 0.340 8 (21.62) 11 (55.00) 0.01
BMB (+), no. (%) 2 (8.70) 18 (52.94) <0.001 - - -
PET (+). no. (%) = = - 16 (43.24) 18 (90.00) <0.001
High level of BLR, no. (%) 0 27 (79.41) <0.001 10 (27.03) 17 (85.00) <0.001
BM SUVmax, median (P25, P75) 2.48 (2.12,3.02)  4.74 (3.42,9.43) 0.002 2.78 (2.28,3.55)  6.39 (4.47,11.73) 0.003

BLR = the ratio of the maximum standardized uptake values of bone marrow-to-liver; BMB = bone marrow biopsy; BM SUVmax = maximum standardized uptake value
of bone marrow; ECOG PS = Eastern Cooperative Oncology Group physical status score; IPI = international prognostic index; LDH = lactate dehydrogenase; LMR =

lymphocyte-to-monocyte ratio; NLR = neutrophil-to-lymphocyte ratio

the nomogram was quantified by the concordance
index (C-index), and its accuracy was visually as-
sessed with a calibration curve comparing pre-
dicted probabilities against observed frequencies.
Statistical analyses were performed using IBM
SPSS 27 and R 4.3.3 software.

Results
Clinical characteristics

In this study, a total of 57 DLBCL cases were an-
alyzed in Table 1. The cohort showed 27 males
(47.4%) and 30 females (52.6%), with a median age
of 61 years old (range: 28-81). Among 57 patients,
30 (52.6%) were aged 60 years or older.

The baseline characteristics of the patients de-
fined by the two diagnostic methods — (1) the
PET/CT-based cohort and (2) the BMB-based co-
hort — were compared. There were no significant
differences between the two groups in terms of
sex, age, LMR > 3, NLR > 2.5, clinical symptoms,
B-symptoms, LDH (+), ECOG PS 2 2, extranodal
sites > 2, or IPI score > 2. However, there were sta-

tistical differences in the anemia, BM SUVmax,
and BLR levels (all p <0.05).

PET/CT and BMB diagnostic performance

Out of the 34 patients detected as BMI positive by
PET/CT, 32 were confirmed as true positive cases
(20 confirmed via BMB, 12 through follow-up).
Among the 23 patients identified as BMI nega-
tive by PET/CT, 2 were verified as false negative
by BMB, while the remaining 21 were confirmed
as negative by BMB or follow-up assessments
(Table 2).

We identified 34 patients (59.6%) with BMI and
23 (40.4%) without BMI. Using the final clinical di-
agnosis as the reference standard, PET/CT correct-
ly identified 32 (56.1%) true positive cases, while
BMB correctly identified 20 (35.1%) true positive
cases. The diagnostic results from PET/CT and
BMB were consistent in 39 cases. Specifically, 18
(31.6%) demonstrated concordant positive findings
on both BMB and PET/CT tests, while 21 (36.8%)
displayed negative outcomes for BMB and PET/CT.
However, there were 18 (31.6%) cases where the
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FIGURE 2. Distribution of uptake according to bone marrow biopsy (BMB) and

PET/CT.

**, p =0.006;

**** p < 0.0001; BLR = the ratio of the maximum standardized uptake values of bone marrow-
to-liver; ns = statistically nonsignificant; SUVmax = maximum standardized uptake value of

bone marrow

diagnostic results between PET/CT and BMB were
inconsistent, including 16 (28.1%) that tested posi-
tive for PET/CT yet negative for BMB, and 2 (3.5%)
that tested negative for PET/CT but positive for
BMB (Table 3).

Table 4 compares the diagnostic performance
of PET/CT and BMB against the pre-defined BMI.
PET/CT demonstrated superior diagnostic effi-
cacy, with an accuracy of 93.0% and a sensitivity
of 94.1%. Its specificity, positive predictive value

TABLE 2. Comparison of bone marrow biopsy (BMB) and PET/
CT results with bone marrow involvement (BMI)

HBMI+ HBMI-
o -
>
.
-
G -
9
2
.
o
0% 20% 40% 60% 80% 100%
PET/CT BMB
+ - + -
H BMI+ 32 2 20 14
H BMI- 2 21 0 23

TABLE 3. Diagnostic performance in all diffuse large B-cell
lymphoma (DLBCL) patients

PET/CT
Total
(+) ()
(+) 18 2 20
BMB
(-) 16 21 37
Total 34 23 57

BMB = bone marrow biopsy

(PPV), and negative predictive value (NPV) were
91.3%, 94.1%, and 91.3%, respectively. The high
Youden index (0.854) and excellent agreement
with the reference standard (kappa = 0.854) fur-
ther confirm its robustness.

PET/CT characteristics

Utilizing the optimal cut-off value of BLR = 1.340
(AUC=0.755, p=0.004), patients were stratified into
high- and low-BLR groups. All 27 patients (100%)
in the high-BLR group were interpreted as posi-
tive by visual PET/CT assessment. In contrast, only
7 of the 30 patients (23.3%) in the low-BLR group
were PET/CT-positive. The agreement between the
quantitative (BLR-based) and visual PET/CT as-
sessments was excellent (p <0.001, kappa = 0.757).

Among all patients, the median SUVmax of 23
patients with normal BM uptake was 2.48 (2.12,

TABLE 4. Comparison of bone marrow biopsy (BMB) and PET/CT to detect bone marrow involvement (BMI)

Accuracy (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%) Yl kappa AUC
PET/CT ¢8.4 56.8 52.9 52.9 913
(BMB as standard) (95C1,769-100)  (95C1, 40.8-72.7)  (95CI, 36.2-69.7)  (95Cl, 36.2-69.7)  (95Cl, 79.8-100) ~ 0-468 0403~ 0.734
PET/CT 93.0 . 913 . 91.3
(BMI as standard) (95C1,92.8-93.2)  (95Cl,86.2-100)  95CI, 79.8-100)  95Cl, 86.2-100]  (95CI, 79.8-100) 0854 ~ 0854 0927
BMB 75.4 58.8 100 100 €2.2
(BMI as standard) (95CI, 74.8-76.1)  (95Cl,42.3-75.4)  (95CL100-100)  (95C1,100-100)  (95Cl46.5-77.8) ~ 0-588 0536 0794

AUC = area under ROC curve; Cl = confidence interval; NPV = negative predictive value; PPV = positive predictive value; YI = Youden index
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3.02), and the BLR was 0.80 (0.75, 0.87). In contrast,
the median SUVmax of 18 patients with focal BM
uptake was 9.36 (3.73, 13.30; p < 0.001), BLR was
3.49 (1.60, 4.67; p < 0.001), and the median SUVmax
of 16 patients with diffuse BM uptake was 4.04
(3.04, 5.86; p = 0.006), BLR was 1.48 (1.23, 1.81; p
< 0.001). The difference in SUVmax and BLR be-
tween focal and diffuse uptake groups was not
statistically significant (Figure2A and C). The
median SUVmax and BLR of 34 patients with in-
creased BM uptake were 1.77 (1.37, 3.68) and 4.74
(3.42, 9.43), respectively, with statistical differences
(both p < 0.001). Using BMB as the standard for
analysis, the median SUVmax and BLR of 37 cases
of BMB (-) were 2.78 (2.28, 3.55) and 0.79 (0.89,
1.44), while 20 cases of BMB (+) had higher median
SUVmax and BLR, which were 6.39 (447, 11.73; p
<0.001) and 1.89 (1.40, 3.78; p < 0.001), respectively.
The median SUVmax of focal and diffuse BM up-
take were 11.25 (8.25, 17.03) and 4.80 (3.35, 6.24),
respectively, and the median BLR were 3.72 (2.15,
5.70) and 1.42 (1.09, 1.86), respectively (Figure 2B
and D). The 18 patients who were positive on
both PET/CT and BMB exhibited significantly el-
evated median SUVmax and BLR compared to the
rest of the cohort: SUVmax 8.00 (4.20-12.45) vs.
292 (2.32-3.78), and BLR 192 (1.57-4.00) vs. 0.89
(0.78-1.39); all comparisons were statistically sig-
nificant (p <0.001).

PET/CT and BMB findings on staging

According to the Ann Arbor stage, PET/CT and
BMB were independently assessed. PET/CT clas-
sified 46 patients (80.7%) as stage IV, while BMB
classified 44 patients (77.2%) as stage IV. The final
clinical diagnosis, which integrated all available
data, led to the downstaging of two patients: one
from stage to I stage IV, and another from stage III
to stage IV. This demonstrates that PET/CT plays
a crucial role in preventing understaging, thereby
ensuring more accurate disease staging.

Survival analysis

All 57 patients were included in the survival anal-
ysis. The median survival time was not reached at
the time of analysis, with 15 patients experienc-
ing disease progression or death. 34 patients were
BMI (+), with a median PFS of 15 months and the
2-year PFS rate 47.9% =+ 10.7%. In visual analysis,
both a positive BMB (p = 0.016, Figure 3A) and a
positive PET/CT finding (p =0.012, Figure 3B) were
significantly associated with shorter PFS; In quan-
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(ECOG PS) (A), bone marrow biopsy (BMB) (B), PET/CT (C) and the ratio of the
maximum standardized uptake values of bone marrow-to-liver (BLR) groups (D).

titative analysis, high BLR levels (cut-off value,
1.340) were correlated with shorter PES (p < 0.001,
Figure 3C). The 2-year PFS rates were 92.6% + 5.0%
for the low-BLR group and 35.8% * 12.7% for the
high-BLR group.

Variables found to be significant in the uni-
variate Cox analysis for PFS are listed in Table 5.
Multivariate analysis confirmed that high BLR
levels and an ECOG PS > 2 were independent risk
factors for shorter PFS (Table 5). Kaplan-Meier sur-
vival plots visually corroborated the poor progno-
sis associated with a high BLR and an ECOG PS >
2 (Figure 3A and D).

Based on the results of the multivariate analy-
sis, we constructed a nomogram for predicting PFS
(Supplementary Figure 2). The nomogram demon-
strated good predictive accuracy for PFS, with a
C-index of 0.812. The calibration curve for PFS sur-
vival probabilities showed strong agreement be-
tween the actual observed probabilities and those
predicted by the nomogram (Supplementary
Figure 3).
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TABLE 5. Univariate and multivariate Cox analysis of risk factors for progression-free survival (PFS) in 57 patients with diffuse large B-cell lymphoma

(DLBCL)

Characteristics

Male

Leukopenia

Anaemia
Thrombocytopenia

LMR >3

NLR > 2.5

Age<60 years

Clinical systemic symptoms
Biological systemic symptoms
Stage lll or IV

ECOG PS>2

LDH (+)

Extranodal sites > 2

IPl score<2

BMB (+)

PET (+)

High level of BLR

BM SUVmax

Univariable Multivariable
HR (95%Cl) p-value HR (95%Cl) p-value

0.619 (0.220-1.747) 0.365

0.370 (0.049-2.821) 0.338

1.880 (0.680-5.199) 0.224

0.772 (0.174-3.429) 0.734

0.251 (0.085-0.737) 0.012

2.763 (0.877-8.708) 0.083

1.270 (0.458-3.521) 0.646

1.500 (0.338-6.656) 0.594

0.636 (0.217-1.866) 0.410

1.268 (0.286-5.624) 0.755

4.368 (1.479-12.896) 0.008 4.286 (1.422-12.919) 0.010
3.856 (1.227-12.122) 0.021

3.638 (1.292-10.245) 0.014

3.110 (1.055-9.163) 0.040

3.663 (1.267-10.415) 0.016
12.850 (1.678-98.407) 0.014
10.527 (2.340-47.364) 0.002 10.518 (2.305-47.98¢) 0.002
1.021 (0.954-1.093) 0.543

BMB = bone marrow biopsy; BLR = the rafio of the maximum standardized uptake values of bone marrow-to-liver; ECOG PS = Eastern Cooperative Oncology Group
performance status; Cl = confidence interval; ECOG PS = Eastern Cooperative Oncology Group physical status score; IPl = international prognostic index; LDH = lactate
dehydrogenase; LMR = lymphocyte-to-monocyte ratio; NLR = neutrophil-to-lymphocyte ratio

Discussion

In our retrospective study, we observed that PET/
CT scans exhibited superior diagnostic accuracy
compared to BMB, which was consistent with
findings from various other studies reporting the
heightened sensitivity of PET/CT over BMB.6812
Reviews and meta-analyses conducted further
supported these observations, highlighting the
superior performance of PET/CT in assessing BMI
in DLBCL patients, detecting additional marrow
infiltration missed by BMB, and affirming the
higher diagnostic value of FDG PET/CT results
over BMB.13-15

Numerous studies and reviews have highlight-
ed the notable sensitivity of PET/CT in evaluating
BM status in DLBCL patients.®®11617 For newly
diagnosed DLBCL patients, the detection of nega-
tive BM uptake on PET/CT imaging may obviate
the need for BMB, unless there are apprehensions
regarding potential oversight of low-grade lym-
phoma involvement by PET/CT. Nevertheless, it
has yet to be established that PET/CT can serve as

Radiol Oncol 2025; 59(4): 488-497.

a definitive substitute for BMB in clinical practice.
In our study, a total of 34 patients were assessed
as BMI through combined PET/CT monitoring and
follow-up, a proportion higher than that reported
in previous studies (11-50%).59181° This higher de-
tection rate may be attributed to the predominance
of advanced-stage patients (91.2%) in our cohort,
wherein PET/CT imaging and follow-up monitor-
ing could more effectively detect early metastatic
lymphoma infiltration in the BM. Furthermore,
following the detection of BMI via PET/CT, 2 pa-
tients (3.5%) in our cohort were reclassified with
advanced stage, aligning with findings from pre-
vious research. Berthet ef al. and Pelosi et al. re-
ported upstaging rates of 10% and 21%, respec-
tively, through PET/CT evaluations.!>?? PET/CT
demonstrates enhanced accuracy in staging and
BMI detection. Assessing infiltration in cases with
partially diffuse BM uptake can be challenging, as
it may result from inflammatory or proliferative
conditions. In our study, 8 out of 10 cases display-
ing diffusely increased BM uptake were confirmed
as DLBCL via BMB, mirroring the heightened BMI
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incidence in the diffuse BM uptake pattern investi-
gated through many studies.!12192122 There were 2
cases of diffuse FDG metabolic increase with BMB
(-), which may be caused by various factors, such
as active marrow hyperplasia, inflammation, or
infection, rather than malignant infiltration.?>* In
this study, the median SUVmax of BM in patients
with diffuse BM FDG uptake was higher than nor-
mal (4.04 vs. 2.48, p =0.006). A study conducted by
Lim et al. reported a notable disparity (p < 0.001)
in the visual evaluation of BM uptake between 64
patients diagnosed with DLBCL and the remaining
448 patients showing no elevation in BM uptake.?
Xiao-Xue et al. also reached a similar conclusion,
and their study showed that the median values
of SUVmax in the patients detected to have BMB
(+) were significantly higher than patients with
BMB () among subgroups of aggressive B-cell
lymphoma, marginal zone lymphoma, T cell non-
Hodgkin’s lymphoma (p < 0.05). Based on previ-
ous researches, we believe that the observed BM
uptake pattern should be considered an indicator
or high-risk factor for DLBCL BM infiltration, given
the relatively low rate of false positives in cases of
diffuse BM uptake on PET/CT. In this study, two
patients with negative PET/CT results were later
confirmed to have bone lesions upon histological
biopsy. However, due to the diverse morphologies
of tumor cells, the specific type of lymphoma could
not be definitively identified. This ambiguity may
be attributed to either a low tumor burden or small-
cell (discordant) BMI, which could potentially ex-
hibit limited FDG avidity, leading to potential over-
sight by PET/CT imaging.?** We recommend multi-
disciplinary review or next-generation sequencing
(NGS) to resolve PET/CT-BMB discordance.

In our study, univariate analysis identified
LMR > 3, ECOG PS 22, LDH (+), extranodal sites
> 2, IPI > 2, BMB (+), PET/CT (#), and high-BLR
group as factors associated with 2-year PFS, while
multivariate analysis found high-BLR group and
ECOG PS > 2 to be independent predictors. In the
study by Lim et al., elevated BM FDG uptake was
linked to patient prognosis in cases with positive
biopsy results (HR =2.79; p = 0.008), a correlation
that aligns with the outcomes of our research.? El
Karak ef al. similarly documented, in a study in-
volving 54 patients with DLBCL prior to treatment,
that PET held prognostic significance in BMI,
which was closely associated with PFS (HR =3.81,
p = 0.013) and overall survival (OS) (HR=4.12; p
= 0.03), while BMB did not.!® Similar finding was
reported by Berthet et al,, who conducted a study
comparing PFS and OS at the 2-year mark in 133

patients based on BMI as determined by BMB and
PET/CT.!2 Their research indicated that BM disease
detected on PET was an independent prognostic
indicator for both PFS and OS, a result consistent
with the prognostic value observed for BMI deter-
mined by BMB. Interestingly, other researchers re-
ported differing results, noting that BMI identified
on PET did not hold prognostic significance, with
only BMI identified by BMB serving as an inde-
pendent predictive factor.”??228 Chen-Liang et al.
noticed in their study that BMB (-) BMI (+) was
independently associated with shorter PFS (HR
= 3.6; p = 0.001), rather than PET/CT (-) BMI (+),
which contradicts our results.”® In addition, as a
quantitative indicator of BM uptake, we found that
BLR levels were independently associated with
PES in lymphoma patients. Chen et al. found PET
(+) to be of great significance for predicting PFS
and OS.? Interestingly, BLR (cut-off value, 1.50)
was significant for PFS and OS (p < 0.001 and p =
0.002), resonating well with our findings. It is note-
worthy to highlight that El Azony ef al,, in a study
encompassing 135 patients with newly diagnosed
DLBCL, concluded that the BLR served as a prog-
nostic factor for recurrence free survival (RFS)and
OS in patients with DLBCL (HR = 2.83, p = 0.030
and HR =2.38, p = 0.041).° Only a small number of
studies addressed and supported the idea that BLR
was associated with the prognosis of PFS and OS
in lymphoma patients, and was even an independ-
ent predictor.1323!

The variations observed in PES outcomes across
studies may be attributed to differences in pa-
tient demographics and the duration of follow-up.
Distinguishing our study from prior research, we
specifically assessed BMI in patients with DLBCL.
Currently, there is limited literature on the prog-
nostic value of BLR in B-cell lymphoma, especially
in the context of DLBCL. Our research findings
provide valuable references for future studies. In
addition, different methods between studies may
lead to differences in the determination of BM sta-
tus, as some rely solely on BMB, which may result
in false negative results.

We recognize the limitations inherent in our
research design. Our study is retrospective and
conducted at a single institution with a relatively
small cohort, potentially introducing selection and
information bias into the data. Additionally, one
of the criteria for diagnosing BMI involves the re-
duction or disappearance of intense focal uptake, a
condition that could lead to false positive results.
Prospective large-scale studies are needed to fur-
ther verify these results.
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Conclusions

In summary, our research findings indicate that
PET/CT and BMB are complementary in evaluat-
ing BMI and predicting prognosis in patients with
DLBCL. Additionally, high BLR levels are an inde-
pendent factor affecting PFS in patients.
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Background. This article compares the real-world performance and safety of the three transcatheter aortic valve
implantation (TAVI) platforms: Myval, Sapien, and Evolut in patients with severe symptomatic aortic stenosis and low
to moderate surgical risk.

Patients and methods. Between September 2019 and September 2023, 1053 TAVI procedures were performed in
the University Medical Centre Ljubljana, Slovenia. We used propensity-score match analysis to compare the Myval,
Sapien, and Evolut platforms. 180 patients were enrolled in the propensity-score matching study, 60 for each platform.
The study endpoints included haemodynamic outcomes compared to baseline, in-hospital clinical safety outcomes,
and all-cause mortality at 30 days and one year.

Results. Changes in peak aortic valve velocity, mean aortic gradient, effective orifice area, and left ventricular
ejection fraction were comparable between the platforms. After propensity score matching (tri-match), the rates of
stroke (3.4% vs. 3.4% vs. 0.0%, p = 0.548), life-threatening bleeding (1.7% vs. 1.7% vs. 1.7 %), periprocedural myocardial
infarction (3.3% vs. 0.0% vs. 0.0%, p = 0.330), postprocedural permanent pacemaker implantation rate (11.9% vs. 10.2%
vs. 15.0%, p = 0.719), all-cause mortality at 30 days (3.3% vs. 5.0% vs. 3.3%; p = 1.000) and at 1 year (8.3% vs. 8.3% vs.
10.0%, p = 0.934) were comparable between the Myval, Sapien, and Evolut series, respectively. 2 cases of moderate
paravalvular regurgitation were reported, one in Myval, and one in Sapien series.

Conclusions. The tri-match analysis of the real-world aortic stenosis patients with low to moderate surgical risk treated
with the Myval, Sapien, and Evolut series showed comparable performance, safety, efficacy, and survival.

Key words: tfranscatheter aortic valve implantation; aortic stenosis; real-world comparison

Introduction cations being supported by real-world data.* In

the elderly population, a longer life expectancy al-
Transcatheter aortic valve implantation (TAVI) has  ters how outcomes are evaluated. Once-acceptable
become the preferred treatment option for older rates of paravalvular regurgitation (PVR) or per-
patients with severe aortic stenosis (AS) in all risk =~ manent pacemaker implantation (PPI) may need
categories, with the expansion of therapeutic indi- improvement.’

Radiol Oncol 2025; 59(4): 498-509. doi: 10.2478/raon-2025-0046
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The growing range of transcatheter heart valves
(THVs) aims to limit the risks associated with TAVI
and thus improve clinical outcomes. The newly
developed TAVI devices limit the risks associated
with previous-generation devices, such as needing
a new permanent pacemaker or significant resid-
ual aortic regurgitation after TAVI.® However, as
we consider more and more variables and patient
characteristics, it is becoming clearer that real-life
direct comparisons are essential for the personal-
ised decision-making process.

Balloon-expandable valves (BEVs) and self-ex-
panding valves (SEVs) are widely used THVs in
clinical practice. Supra-annular SEVs have larger
effective orifice areas (EOA) and lower gradients.
SEVs can also be repositioned during implantation
to gain the best outcome. BEVs have a lower risk
of requiring permanent pacemaker implantation
(PPI) and paravalvular leaks comparable to SEVs.
The Myval THV (Meril Life Sciences, India) is a
novel BEV that enables precise anatomy-sizing of
the device with 1.5 mm diameter increments and 9
different valve sizes. The Sapien 3 THV (Edwards
Lifesciences, California, USA) has a cobalt-chromi-
um frame with bovine pericardial tissue leaflets
and an outer skirt. It is known for its low-profile
delivery system and has been accepted for AS
patients in all risk categories. Evolut THV series
(Medtronic, Minneapolis, USA) are SEVs with ni-
tinol frames and are approved for severe AS pa-
tients in all risk groups. Sapien and Evolut series
have consistently shown good clinical outcomes
and are a well-known treatment option for severe
symptomatic aortic stenosis.”® They have 10-year
performance that is comparable to SAVR.S The
Myval series has been shown to be safe and effec-
tive in clinical trials and real-life data. It provides
another option for people with aortic stenosis who
are at high or intermediate risk for traditional
severe AS surgery, but long-term durability still
must be proven.™!®> The Landmark trial showed
that the Myval THV series was non-inferior to the
Evolut and Sapien series for the primary compos-
ite endpoint at 30 days.* Although there are some
direct and indirect comparisons of Myval, Sapien,
and Evolut series valves in different combinations,
the amount of comparative data for all three plat-
forms is still limited.

In this study, we investigated haemodynamic
performance (maximal aortic blood velocity, re-
sidual gradient, EOA, and PVR), safety according
to the Valve Academic Research Consortium-3
(VARC-3) criteria’®, and 30-day and l-year all-
cause mortality of the Myval, Sapien, and Evolut

series in severe AS patients with low to moderate
surgical risk.

Patients and methods
Study design and population

Consecutive patients with severe AS on native aor-
tic valve, a previous TAVI prosthesis, or a surgi-
cally implanted aortic valve (SAVR) were included
in this study. They were at low to intermediate risk
and received one of three TAVI devices (Myval,
Sapien, or Evolut series) at the University Medical
Centre Ljubljana, Slovenia. The clinical data of all
patients who underwent TAVI between September
2019 and September 2023 were prospectively col-
lected in a registry database. All three devices
were available to the institution’s heart team, and
operators were free to choose which specific THVs
to use according to computer tomography angi-
ography (CTA) measurements and other patients’
characteristics.

The study was conducted in accordance with
the principles of Good Clinical Practice and tenets
of the Declaration of Helsinki and was approved
by the National Medical Ethics Committee of the
Republic of Slovenia (No.: 0120-315/2024-2711-3).

Study devices

From the Sapien platform only Sapien 3 devices
were used in this study. The device is a BEV. The
valve consists of a cobalt-chromium frame, three
bovine pericardium leaflets, and a polyethylene
terephthalate (PET) skirt to minimise PVR. The
valve is available in 20 mm, 23 mm, and 26 mm
sizes and is compatible with a 14Fr expandable
sheath, while the 29 mm size is compatible with
a 16Fr expandable sheath.’® The beneficial perfor-
mance of Sapien-3 has also been demonstrated in
the PARTNER clinical trials in intermediate and
low-risk patients.??

The Evolut is a series of SEVs with nitinol
frames. The design incorporates porcine pericar-
dial supra-annular leaflets and a porcine pericar-
dium fabric skirt. The available sizes include 23
mm, 26 mm, 29 mm, and the extra-large size 34
mm. The 23-29 mm sizes are implanted through a
14Fr-compatible delivery system or an 18Fr sheath;
the larger 34 mm prosthesis is implanted through
a 16Fr-compatible delivery system or a 20Fr sheath.
In our study, some patients in the Evolut group re-
ceived Evolut Pro and Evolut Pro+ valves, which
feature an updated design aimed at reducing PVR

Radiol Oncol 2025; 59(4): 498-509.
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TABLE 1. Summary of differences between Myval series, Sapien series, and Evolut series

Device Myval series Sapien series Evolut series
Nickel- Cobalt- -
cobalt alloy 1‘_\/ N SAA chromium ‘L . N 2 ) A )
frame ) 'A! frame N Y3 Nitinol !.‘ 1 A A R
2ot 5N 73 N “_"\f frame & ¥/ \ /‘
AntiCa 1 % /! { { A
treated e 1 . Bovine F N ’ : { Y/
bovine A\ /3 pericardial 3 cine { {Y Y I
pericardial { ? ! X g " tissue ) -\. 2 X ) I x \
Images tissue 2 > tissue (L7 n) e
g & 3 9 issuc ; Y
'4 i\
External PET buffing Y
PET outer skirt Evolut R Evolut Pro
Internal PET sealing cuff . .
Saplen 3 PET inner skirt
SUTg(o@! Nickel It all It-chromi I Nitinol (nickel-titanium) f
S ickel-cobalt alloy Cobalt-chromium alloy itinol (nickel-titanium) frame
Heterogeneous frame design that
53% open cells on the upper half and incorporates hexagons and diamonds. . .
Valve 47% closed cells on the lower half form Overall, the frame consists of 5 rungs Anri?iggffqugrf?,'gﬁqxep@ﬂﬂ'gg
structure the hexagonal frame for the hybrid and 12 open cells, where the upper PP

Conventional
sizes

Intermediate
sizes

Extra-large
sizes

Valve annulus
size range

Introducer
sheath

Deployment
technique

honeycomb cell design concept

cells are larger and the lower cells are

diamond cell configuration

smaller

20, 23, 26, 29 mm
21.5,24.5,27.5 mm
30.5, 32 mm

18.5-32.7 mm (area derived diameter)

20, 23, 26, 29 mm
Not available
Not available

18.6-29.5 mm (area derived diameter)

23, 26,29 mm
Not available
34 mm

17/18-30 mm (CT-derived diameters)

Evolut R & Evolut Pro: A 14F delivery
system or an 18F sheath for 23-29 mm;

14F Python introducer sheath for all
diameters (20-32 mm)
Full retrievability of the undeployed
Myval THV Series system

14F eSheath for 20-26mm
16F eSheath for 29mm
The Sapien THV system cannot be
retrieved once inside the patient

a 16F delivery system or a 20F sheath
for 34 mm.

Evolut Pro+: 14F InLine sheath for 23-29

mm and 18 Fr InLine sheath for 34 mm

The design generates a specific
“"zebra crossing” like pattern under
fluoroscopy. This is used for position

and deployment.

The design does not generate any
specific pattern. Positioning is at 50%
using balloon radiopague marker.

Can be retrieved before full
deployment

The design does not generate
any specific pattern. Positioning is
controlled by radiopaque markers.

TAVI = transcatheter aortic valve implantation; THV = transcatheter heart valve

(with the help of external tissue wrap on the frame
and other features). Evolut Pro is available in 23
mm, 26 mm, and 29 mm sizes.

The Myval series is a next-generation BEV ap-
proved by Conformité Européene. The frame
(nickel-cobalt) is made of continuous hexagons
arranged in a hybrid honeycomb fashion. Bovine
pericardium tissue with the anti-calcification
treatment (AntiCa) forms a tri-leaflet valve. The
lower frame cells are covered internally and exter-
nally with PET, minimising the potential for PVR.
The Myval series is manufactured in conventional
sizes (20 mm, 23 mm, 26 mm, and 29 mm), interme-
diate sizes (21.5 mm, 24.5 mm, and 27.5 mm), and
extra-large sizes (30.5 mm and 32 mm). All diam-
eters are compatible with a 14-Fr Python introduc-

Radiol Oncol 2025; 59(4): 498-509.

er sheath (Meril Life Sciences, India).l’ The safety
and efficacy of the Myval series in intermediate- to
high-risk patients have been demonstrated in sev-
eral studies.’®3 However, the present study focus-
es on low- to intermediate-surgical-risk patients.

A summary of the main differences between
these THVs is shown in Table 1.

Procedure

Procedures were performed in the hybrid operat-
ing room or in the catheterisation laboratory un-
der shallow sedation in the majority of cases with
local anaesthetic given at the puncture site or in
general anaesthesia. Unfractionated heparin was
given after all the vascular access sites were punc-


https://www.sciencedirect.com/topics/medicine-and-dentistry/fluorine-18
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TABLE 2. Baseline characteristics and medical history of unmatched and matched cohorts with severe aortic stenosis who underwent TAVI with
different THVs. Data availability is provided in the first row for each variable, n (%)

overall Unmatched cohorts Matched cohorts
BASELINE CHARACTERISTICS Cohort ~ Myval — Sapien  Evolut =, o e Myval — Sapien  Evolut g, 00
(n = 1053) series series series (Overull) series series series (Overqll)
(n=97) (n=400) (n=556) (n =60) (n =60) (n =60)
n=1053 n=297 n =400 n =556 0.682 n =60 n =60 n =60
100 100 100 100 ’ 100 100 100
Age (Years), mean * SD (100) (100) (100) (100) (100) (100) (100) 0.729
81.3+ 81.0+ 80.7 £ 81.5+ 81.3+ 80.5 % 81.5+
6.4 6.5 6.4 6.7 6.7 6.6 7.1
n=1053 n=297 n =400 n =556 n =60 n =60 n =60
Sex, n (%) (100) (100) (100) (100) (100) (100) (100)
542 209 311
Male, n (%) (51.5) 52 (53.6) (46.2) (55.9) 0.009 29 (48.3) 24 (40.0) 31 (51.7) 0419
511 243 245 ‘
Female, n (%) (48.5) 45 (46.4) (53.8) (44.1) 31 (51.7) 36 (60.0) 29 (48.3)
n=1001 n=297 n=2377 n=>527 n=60 n =60 n=460
BMI (kg/m2), mean * SD (73] (100) (94 (93] 0.003 (100) (100) (100) 0.885
d ! - 27.59 + 28.56 + 27.99 + 2712 ’ 28.06 + 27.62 + 27.83 ’
4.87 5.31 5.18 4.49 5.12 5.14 4.66
n =1001 n=297 n=2377 n =527 n =60 n =60 n =60
95 100 94 95 100 100 100
Body surface area (m2), mean * SD ®3) (100) (94) (%3] 0.041 (100) (100) (100) 0.134
1.83 1.87 £ 1.81 = 1.83 £ 1.85+ 1.78 + 1.82
0.21 0.22 0.21 0.2 0.22 0.18 0.21
- n = 1051 n=97 n =398 n=>556 n =60 n =60 n =60
Indication, n (%) (100) (100) (100) (100) (100) (100) (100)
. 1038 391 551 60 60
Stenosis (98.8) 96 (99.0) (98.2) (99.1) 0.445 (100.0) 59 (98.3) (100.0) 11000
Regurgitation 13(1.2)  1(1.0) 7(1.8) 5(0.9) 0(0.0) 1(1.7) 0(0.0)
n n =1050 n=97 n =399 n =554 n =60 n =60 n =60
Eticlogy. n (%) (100) (100) (100) (100) (100) (100) (100)
. 980 366 523
Degenerative (93.3) 91 (93.8) (91.7) (94.4) 0.414 55 (91.7) 53(88.3) 55(91.7) 0.004
Rheumatic 3(0.3) 0 (0.0) 1(0.3) 2 (0.4) 0 (0.0) 0 (0.0) 1(1.7)
ViV, n (%) 67 (6.4) 6(6.2) 32(8.0) 29(5.2) 5(8.3) 5(8.3) 0 (0.0)
n=995  n=97 n=368 n=530 n =60 n =60 n =60
Creatinine (umol/L), mean * SD %3) (100) (2] (%5) oo (100) (100) (100) %8
H ’ - 11195+ 10232+ 10500+ 118.55+ 94.58 + 10097+ 11113+
74.74 68.56 64.36 81.70 36.27 54.30 82.84
n =704 n=68 n =263 n=2373 n=48 n =50 n=>51
(67) (70) (66) (67) e (80) (83) (85) St
DVI, mean * SD
0.20+ 0.20+ 0.20+ 0.20+ 0.20+ 0.19 = 0.19 £
0.06 0.04 0.08 0.05 0.03 0.05 0.04
n =675 n =60 n =247 n =368 n=42 n =251 n=>53
Systolic pulmonary artery pressure (64) (62) (62) (66) 0.158 (70) (85) (88) 0.355
(mm Hg), mean * SD 429 + 40.6 + 423 % 43.7 £ ' 38.8+ 418+ 42.4 ’
13.3 14.3 13.3 13.1 12.8 12.38 13.3
n =920 n=296 n =321 n =503 n =60 n =60 n =60
(87) (99) (80) (91) (100) (100) (100)
Euroscore 2, mean * SD 0.384 0.307
6.17 = 5.41 6.05+ 6.40 + 4.74 + 6.40 + 57+
6.74 5.30 6.51 7.1 3.82 8.23 4.72
n =830 n=97 n =284 n =449 n =60 n =60 n =60
79 100 71 81 100 100 100
STS score, mean  SD (79) (100) 1) (&) 0.219 (100) (100) (100) 0.359
4.43 3.78+ 428 + 4.67 3.90+ 4.64 5.07 =
4.03 3.09 3.97 4.24 3.65 5.51 4.18
n =949 n=291 n =359 n = 499 n=>56 n =59 n =60
(90) (94) (90) (90) (93) (98) (100)
A | imet b *sD 0.871 0.407
nnular perimeter (mm), mean 80.2+ 79.5+ 79.6 + 80.8 + 791 + 773+ 79.0 +
5.5 7.2 31.3 41.0 6.8 10.2 7.2
n =968 n=292 n =368 n =508 n=257 n=>59 n =60
(92) (95) (92) (91) 0.293 (95) (98) (100) 0.774
Annular area (mm?2), mean % SD
464.5+ 476.7 + 459.6 + 465.9 + 473.6 £ 461.5 468.7
97.6 94.7 88.1 104.3 92.3 95.3 85.8
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overall Unmatched cohorts Matched cohorts
BASELINE CHARACTERISTICS Cohorl | eries  semes  seres  Pvale' (L er  eries  Povalver
=1053
(n ) (n=97) (n=400) (n=556 (Overal) (L6 (n=60) (n=s0) (Overall
n =994 n=97 n =367 n =530 n =60 n =60 n =60
et e b Loxcliois, W) (94) (100) (92) (95) (100) (100) (100)
I 22 (2.2) 4 (4.0) 9 (2.5) 9 (1.7) 0.471 3(5.0) 2 (3.3) 1(1.7)
2 s 17 (17.5) 75 (20.4) L 12(20.0)  15(25.0) 14 (23.3)
(20.¢) : ) (21.3) : ’ :
0.963
653 245 340
3 (65.7) 68 (70.1) (66.8) (64.2) 40 (66.7) 38(63.3) 41 (68.3)
4 ”]]]‘é) 8(8.2) 38(10.4) 68 (12.8) 5(83)  5(83  4(6.7)
. — n=918 n =84 n =333 n =501 n=>53 n =60 n =59
Aortic regurgitation before, n (%) (87) (87) 83) (90) 88) (100} (98)
284 101 152
None/trace (30.9) 31 (36.9) (30.3) (30.3) 0.300 21 (39.6) 11 (18.3) 12 (20.3)
. 522 194 288
Mild (56.9) 40 (47.6) (58.3) (57.5) 25 (47.2) 43 (71.7) 43 (72.9) 0.032
Moderate 90 (9.8) 12 (14.3) 27 (8.1) 51 (10.2) 7 (13.2) 5(8.3) 4(6.8)
Severe 22 (2.4) 1(1.2) 11 (3.3) 10 (2.0) 0 (0.0) 1(1.7) 0 (0.0)
. s n =882 n =282 n =327 n=473 n=252 n=>59 n=>58
Mitral regurgitation before, n (%) (84) (85) 82) (85) (87) (98) (97)
None/trace 11 (1.2) 17 (20.7)  35(10.7) 59 (12.5) 0.090 12 (23.1) 4 (6.8) 2 (3.4)
. 697 261 372
Mild (75.9) 64 (78.1) (79.8) (78.6) 40 (76.9) 50 (84.7) 50 (86.2) 0.002
Moderate 69 (7.5) 1(1.2) 29 (8.9) 39 (8.2) 0 (0.0) 5(8.5) 6 (10.3)
Severe 5(0.5) 0 (0.0) 2 (0.6) 3(0.6) 0 (0.0) 0 (0.0) 0 (0.0)
Medical history, n (%)
. . 878 327 463
Arterial hypertension (83.4) 88 (90.7) (81.8) (83.3) - 56 (93.3) 56 (93.3) 54 (90.0) -
. - . 179 104
Diabetes - oral antidiabetics (17.0) 12 (12.4) 63 (15.8) (18.7) - 5(8.3) 8 (13.3) 10 (16.7) -
Diabetes —insulin dependent 72 (6.8) 7 (7.2) 22 (5.5) 43 (7.7) - 6 (10.0) 6 (10.0) 5(8.3) -
Pulmonary disease “];92) 17 (17.5) 43 (10.8) 79 (14.2) - 9 (15.0) 9 (15.0) 11 (18.3) -
. ) 278 156
CKD (eGF < 60 mL/min/1.73 m? 28 (28.9) 94 (23.5) - 18 (30.0) 17(28.3) 13 (21.7) -
(26.4) (28.1)
CKD - dialysis 24 (2.3) 1(1.0) 5(1.3) 18 (3.2) - 0 (0.0) 1(1.7) 1(1.7) -
L . 300 107 162
Hyperlipidemia (28.5) 31 (32.0) (26.8) (29.1) - 18 (30.0) 23 (38.3) 19 (31.7) -
Cardiac history, n (%)
IHD (any type of revascularization, 254 149
proximal significant coronary 241 26 (26.8) 79 (19.8) 26.8 - 17 (28.3) 11 (18.3) 18 (30.0) -
stenosis) Pl (e
AV block | 94 (8.9) 8(8.2) 23 (5.8) 63 (11.3) - 3 (5.0) 4(6.7) 9 (15.0) -
AV block Il 8 (0.8) 0 (0.0) 0 (0.0) 8 (1.4) - 0 (0.0) 0 (0.0) 1(1.7) -
RBBB 72 (6.8) 8(8.2) 26 (6.5) 38 (6.8) - 7 (1.7) 3(5.0) 4(6.7) -
LBBB 89 (8.5) 10 (10.3) 33 (8.3) 46 (8.3) - 5(8.3) 9 (15.0) 5(8.3) -
Atrial fibrillation 15 (1.4) 1(1.03) 4 (1.00) 10 (1.8) - 1(1.67) 2 (3.3) 4(6.7) -
Atrial fibrillation - slow ventricular 242 129
response (23.0) 22 (22.7) 91 (22.8) (23.2) - 12 (20) 14 (23.3) 9 (15.0) -
Electrosystolic rhythm 66 (6.3) 3(3.1) 32 (8.0) 31 (5.6) - 1(1.67) 4(6.7) 4(6.7) -

AV = atrioventricular; BMI = body mass index; CKD = Chronic kidney disease; DVI = Doppler velocity index; eGFR = estimated glomerular filtration rate; IHD = Ischemic
heart disease; LBBB = Left bundle branch block; NYHA = New York Heart Association; RBBB = right bundle branch block; SD = standard deviation; STS = Society of Thoracic
Surgeons; THV = transcatheter heart valve; TAVI = franscatheter valve implantation; ViV = valve-in-valve.
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tured. A transfemoral approach (TF) was used in
all cases. THV implantation was done according
to the manufacturer’s guidelines. Femoral clo-
sure devices included ProGlide/ProStyle (Abbott
Vascular Devices, California, USA) and AngioSeal
(St. Jude Medical, Minnesota, USA) in various ra-
tios according to the operator’s discretion.

Ultrasound analysis

Transthoracic echocardiograms (TTE) were ob-
tained at baseline and at 30 days of follow-up,
and the measured parameters followed the rec-
ommendations of the European and American
guidelines.””!® The performance of each THV was
assessed by its maximum aortic blood velocity
(Vmax), mean aortic gradient, effective orifice area
(EOA), and left ventricular ejection fraction (LVEF).
TTE was done before hospital discharge and after
30 days after hospital discharge.

Outcomes

We looked at the following in-hospital cardiac
complications: cardiac tamponade, annular rup-
ture, valve embolisation, pericardial effusion, in-
correct valve position, switching to open-heart
surgery, periprocedural myocardial infarction
(MI), and spontaneous myocardial infarction (MI).
Other complications included access site complica-
tions, bleeding complications, and other compo-
nents of post-procedure safety assessment. All the
complications were assessed according to VARC-3
criteria.® The analysis also included haemody-
namic performance at 30 days as assessed by TTE
(Vmax, mean aortic gradient, EOA, and LVEF). We
compared the 30-day and 1-year all-cause mortal-
ity between the matched groups.

Statistical analysis

Baseline characteristics were presented with de-
scriptive statistics. Continuous variables were
shown as mean and standard deviation, while
nominal variables were presented as frequencies
and percentages. The between-group comparisons
were performed using an independent sample t-
test and ANOVA in the case of quantitative vari-
ables, as appropriate. A paired t-test was used for
the post-hoc analysis to evaluate the significant
differences between pre-procedure and post-pro-
cedure data within each group. The Chi-square/
Fisher’s exact test was used for qualitative vari-
ables, as appropriate. Propensity score matching

S03

‘ All the patients who underwent TAVI (n=1053)

4

‘ Patients in each cohort: Myval (n=97), Sapien (n=400), and Evolut (n=556) ‘

Patients were matched based on
age, sex, STS score, baseline
aortic mean gradient, AVA, LVEF,
BMI, BSA, NYHA functional class,
conductional abnormalities
(RBBB), atrial fibrillation, and
serum creatinine level

v

‘ Propensity score-matched analysis (n=180)

‘ Patients in each cohort: Myval (n=60), Sapien (n=60), Evolut (n=60) ‘

FIGURE 1. Flowchart of patient selection and propensity score matching in

transcatheter aortic valve implantation (TAVI) cohorts.

AVA = qgortic valve area; BMI = body mass index; BSA = body surface area; LVEF = left
ventricular ejection fraction; NYHA = New York Heart Association; RBBB = Right Bundle Branch

Block; STS = Society of Thoracic Surgeons

analysis was performed using the nearest neigh-
bour matching method to balance the study
groups based on key baseline characteristics.
Patients were matched based on their age, gender,
Society of Thoracic Surgeons (STS), LVEF, body
mass index (BMI), body surface area (BSA), New
York Heart Association (NYHA) functional class,
pre-procedural serum creatinine level, baseline
conduction abnormalities (Right Bundle Branch
Block, RBBB), and baseline atrial fibrillation at the
inclusion in the study. A P-value < 0.05 was con-
sidered statistically significant. Statistical analysis
was performed using R software.

Results

A total of 1053 patients who underwent TAVI were
included in the analysis. Out of 1053 TAVI pa-
tients, 97 patients received the Myval series, 400
patients received the Sapien series, and 556 pa-
tients received the Evolut series (Table 2, Figure 1).
The mean age of the cohort was 81.3 + 6.4 years,
and 51.5% of the patients were male. 878 (83.4%) of
the patients had arterial hypertension. The other
common comorbidities included diabetes (23.8%),
pulmonary disease (13.2%), chronic kidney disease
(CKD) (28.7%), ischaemic heart disease (24.1%), hy-
perlipidaemia (28.5%), and atrial fibrillation (24.4%)
(Table 2). In terms of the surgical risk in the cohort,

Radiol Oncol 2025; 59(4): 498-509.
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=20 mm

27.5 mm = 29 mm

Myval Series
m21.5mm =23 mm = 24.5 mm =26 mm

1,67%

®
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= 30.5 mm = 32 mm

Sapien Series

E23mm =26mm =29 mm

Evolut Series

® Evolut R, PRO & PRO+ 26 mm
» Evolut R, PRO & PRO+ 29 mm
= Evolut R, PRO & PRO+ 34 mm

55,00%

©

FIGURE 2. Sizes of implanted transcatheter heart valves — (A) Myval series, (B) Sapien series, (C) Evolut series.

Percentage of patients (%)

100%
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80%
70%
60%
50%
40%
30%
20%
10%

0%

11

Myval series (n=57)
® None/Trace

the mean EuroScore II score was 6.17 + 6.74% (n =
920) and the mean STS score was 4.43 + 4.03% (n =
830). (Table 2).

A total of 180 patients from the large cohort
were included in the propensity-score matching
analysis. The most important baseline param-
eters of this subpopulation were aligned with the
overall patient population. Three groups (60 for
each device) were formed using propensity score
matching to ensure equivalence by the essential
baseline characteristics and clinical assessments.
The baseline characteristics and confirmation of
the absence of significant differences between the
groups can be found in Table 2.

The study compared the three THV series in a
low- to intermediate-risk population of patients
with severe symptomatic AS. The mean STS score
was 3.90 + 3.65% in the Myval series, 4.64 + 5.51%

— o%

Evout series ( n=58)

1,75% 1,72%

Sapien series (n=58)

m Mild Moderate Severe

FIGURE 3. Paravalvular regurgitation after tfranscatheter implantation of Myval,
Sapien, and Evolut series.

Radiol Oncol 2025; 59(4): 498-509.

in the Sapien series, and 5.07 + 4.18% in the Evolut
series (p = 0.359). The mean EuroScore Il was 4.74 +
3.82 in the Myval series, 6.40 + 8.23 in the Sapien se-
ries, and 5.70 + 4.72 in the Evolut series (p = 0.307).
The groups did not differ significantly by NYHA
functional class before TAVI. Most patients were
in Class III (66.7% vs. 63.3% vs. 68.3%) or Class II
(20.0% wvs. 25.0% wvs. 23.3%) in the Myval, Sapien,
and Evolut series, respectively. Previous surgical
valve replacement was reported in five patients
(8.3%) in the Myval series, five patients (8.3%) in
the Sapien series, and none of the patients from the
Evolut series.

The study evaluated clinical outcomes in terms
of safety and performance of the device. Few pa-
tients required conversion from percutaneous to
surgical closure of access site: 3 (5.0%) in the Myval
series, 1 (1.7%) in the Sapien series, and 3 (5.0%) in
the Evolut series. The only series in which no pa-
tient received general anaesthesia was the Myval
series. Sizes of the implanted valves are illustrated
in Figure 2.

Pre-dilation was performed more frequently
in the Evolut series and Sapien series than in the
Myval series (39 [65.0%] vs. 58 [37.9%] vs. 2 [3.3%]).
Post-dilatation was more frequent in the Evolut
series (29.3%) than in the Myval series (5.0%) and
Sapien series (0.0%), respectively.

The groups did not vary significantly in terms
of cardiac complications such as periprocedural
myocardial infarction (MI) (less than 72 hours),
spontaneous MI (more than 72 hours), tamponade,
annular rupture, valve embolisation, improper
valve position, and new pericardial effusion. The
details are listed in Table 3. Regarding PVR after
TAVI, most patients in all groups fell into the none/
trace and mild categories (Figure 3). The new PPI
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S0S

TABLE 3. In-hospital cardiac complications in the propensity-score matched cohort. Data availability is provided in the first row for each variable,

n (%)
sapien p-value p-value p-value
n Myval series q Evolut series p-value Myval series  Myval series  Evolut series
Inshospitalisuicomesani(7) (n=60) (:e::;) (n=60) overall vs Evolut vs. Sapien vs. Sapien
series series series
X L n =59 (98) n =60 (100) n =59 (98)
Cardiac complications 0.390 1.000 0.491 0.272
3(5.1) 6 (10.0) 2 (3.4)
New pericardial effusion 0 (0.0) 1(1.7) 1(1.7) 1.000 1.000 1.000 1.000
Tamponade 0 (0.0) 4(6.7) 1(1.7) 0.129 1.000 0.119 0.364
Annular rupture 1(1.7) 1(1.7) 0 (0.0) 1.000 1.000 1.000 1.000
Valve embolization 0 (0.0) 0 (0.0) 0 (0.0) 1.000 1.000 1.000 1.000
Improper valve position 0 (0.0) 1(1.7) 0 (0.0) 1.000 1.000 1.000 1.000
Conversion to heart surgery 0 (0.0) 0 (0.0) 0 (0.0) 1.000 1.000 1.000 1.000
Periprocedural myocardial
infarction (< 72h) 2 (3.3) 0 (0.0) 0 (0.0) 0.330 0.496 0.496 1.000
Spontaneous myocardial
infarction (> 72h) 0 (0.0) 0 (0.0) 0 (0.0) 1.000 1.000 1.000 1.000
. L n =58 (97) n =58 (97) n =59 (98)
Neurological complications 0.534 0.364 1.000 0.619
3(5.2) 2 (3.4) 1(1.7)
Transient ischemic attack 1(1.7) 0 (0.0) 1(1.7) 1.000 1.000 1.000 1.000
lschemic cerebrovascular 2 (3.4) 2 (3.4) 0(0.0) 0.548 0.496 1.000 0.496
Hemorrhagie cerebrovascular 0(0.0) 0(0.0) 0(0.0) 1.000 1.000 1.000 1.000
Bleedin n=59(58)  n=59 (%)  n=60{100) 0.768 0.743 0.741 1.000
9 4(6.8) 6(10.2) 6 (10.0) : : : :
Bleeding - minor 3 (5.0) 1(1.7) 2 (3.3) 0.872 1.000 0.619 1.000
Bleeding - major 0 (0.0) 4 (6.7) 3 (5.0) 0.164 0.246 0.119 1.000
Bleeding - life-threatening 1(1.7) 1(1.7) 1(1.7) 1.000 1.000 1.000 1.000
Other complications
) . n =60 (100) n =60 (100) n =60 (100)
Acute kidney injury 0.350 0.364 0.207 1.000
1(1.7) 5(8.3) 4 (6.7)
n =60 (100) n =60 (100) n =60 (100)
New left bundle branch block 0.495 1.000 0.439 0.439
5(8.3) 2 (3.3) 5(8.3)
o n =60 (100) n =60 (100) n =60 (100)
New atrial fibrillation 1.000 1.000 1.000 1.000
2 (3.3) 2 (3.3) 1(1.7)
Permanent pacemaker n =60 (100) n =60 (100) n =60 (100)
implantation after TAVI 7 (11.9) 6 (10.0) 9 (15.0) 0.719 0.816 1.000 0.605
) n =60 (100) n =60 (100) n =60 (100)
30-day mortality 1.000 1.000 1.000 1.000
2 (3.3) 3 (5.0) 2 (3.3)
. n =60 (100) n =60 (100) n =60 (100)
1-year mortality 0.934 1.000 1.000 1.000
5(8.3) 5(8.3) 6 (10.0)

MI = myocardial infarction; TAVI = transcatheter aortic valve implantation

rate was numerically lower in the Myval (11.9%)
and Sapien (10.2%) series compared to the Evolut
series (15.0%), but the difference was not statisti-
cally significant (Table 3). Significant improve-
ment (between pre- and post-TAVI) in Vmax and
EOA was observed in all three groups. It is worth
noting that the proportion of valve-in-valve pro-
cedures was 8.3% in both the Myval and Sapien

series, while no ViV procedures were performed
in the Evolut group. Given that ViV procedures
are known to be associated with higher post-pro-
cedural transvalvular gradients, this difference
may have contributed to the slightly higher gra-
dients observed in the Myval and Sapien groups.
Significant improvement of LVEF was seen only in
the Sapien series (p = 0.023), while in the Myval (p =

Radiol Oncol 2025; 59(4): 498-509.
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FIGURE 4. Kaplan-M

eier survival curves of matched cohorts for 30 days (A) and

1 year (B) after franscatheter implantation of Myval, Sapien, and Evolut series in

patients with severe

symptomatic aortic stenosis.

0.061) and Evolut series (p = 0.057) did not reach the
level of significance. See Table 4 for further details.

In the matched cohort, there were two in-hospi-
tal deaths (both cardiac deaths) in the Myval series
(heart failure and severe retroperitoneal bleeding
after vascular complications); three in-hospital
deaths (one cardiac and two non-cardiac) in the

Radiol Oncol 2025; 59(4): 498-509.

Sapien 3 series group; and two in-hospital deaths
(one cardiac and one non-cardiac) in the Evolut se-
ries. Figures 4A and 4B display the Kaplan-Meier
survival curves for propensity-matched cohorts at
30 days and 1 year.

Discussion

This study was conducted to compare the real-
world performance and safety of the Myval series
with contemporary TAVI devices, including the
Sapien and Evolut platforms. All three Evolut R,
Evolut Pro, and Evolut Pro+ devices were used in
this study. A previous comparison of the Myval
series and the Sapien series has shown that the
Myval series was favourable in terms of safety,
haemodynamics, and PVR. The latter were evalu-
ated in blinded echocardiographic assessments.?

Our study also showed negligible or mild PVR
in the majority of cases and the absence of severe
PVR in all cases. Precise sizing may also play a
role in PVR reduction. The traditional diameters of
TAVI prostheses were 20, 23, 26, and 29 mm. This
limited-size matrix means that the nominal vol-
ume of the balloon needs to be changed so that the
prosthesis fits correctly around the patient’s area-
derived annulus diameter and the aortic root com-
plex is not damaged. The Myval series’ size matrix
with intermediate sizes might help to address this
important issue.

Several previous studies have compared the
Myval and Evolut series in patients with sympto-
matic severe AS. The early clinical performance
and safety of Myval and the Evolut R were com-
pared in a single-centre retrospective cohort study.
108 patients received the Evolut R THV, and 58
patients were treated with the Myval THV. The
Myval series provided comparable performance to
the Evolut series, and it was associated with lower
rates of PPI and > moderate PVR within 30 days
and 6 months after the procedure.”> A new study
using propensity score matching discovered that
the two valves were comparable in terms of safety
and effectiveness, with the Evolut series having a
higher PPI rate. Up to 1-year of follow-up, clinical
outcomes showed acceptable rates of stroke and
cardiac death for both valves.” In the EVAL reg-
istry, 2-year clinical and echocardiographic out-
comes of TAVI were compared between the Myval
and Evolut series. Both THVs showed similar
2-year clinical outcomes. Benefits from the Myval
series included decreased PVR incidence and in-
creased clinical effectiveness.’®
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TABLE 4. Comparison of haemodynamic parameters in a matched cohort. Data availability is provided in the first row for each variable, n (%)

Hemodynamic Outcomes in Matched Cohort

P value
Parameters Cohort Before procedure After procedure
Myval series n=56193) n=5897) <0.001
Vv | .
Y 4305 21£0.5
Evolut series n =59 (98) n=5450] <0.001
v | .
. v 43+0.6 1.8+0.4
Aortic Vmax (m/s), 58 (97) 55 (92)
mean * SD ) ) n= n=
<0.001
Sapien series 43£0.6 22404
p-value (Myval vs. Evolut) 0.780 <0.001
p-value (Myval vs. Sapien) 0.908 0.355
Myval series n=60{100) n =58 (97) <0.001
Vv | o
i 472 £13.1 11.1 +5.4
Evolut series n =60 (100) n =54 (90) <0.001
vV | o
. . v 46.6£15.3 6.7 £2.61
Aortic mean gradient 40 (100) 54 (90)
(mm Hg), mean + SD Sapi ; n= n= <0.001
apien series 473+ 14.8 10.8 £ 3.9 :
p-value (Myval vs. Evolut) 0.808 <0.001
p-value (Myval vs. Sapien) 0.958 0.684
Myval series n=460(100) n=>571(95) <0.001
\% | .
Y 0.7 £0.1 1.9+0.5
. n =60 (100) n =51 (85)
Evolut series 07401 18+05 <0.001
AVA and EOA (cm?2), '6(;(160) ) 5; ((’)3)
mean + SD ’ . n= n=
S <0.001
apien series 0.6+0.2 1.7£0.5
p-value (Myval vs. Evolut) 0.121 0.807
p-value (Myval vs. Sapien) 0.068 0.026
Myval series n =59 (98) n =52 (87) 0.061
% i d
Y 592+ 11.1 61.6£99
Evolut series n =60 (100) n =52 (87) 0.057
volu i d
+ +
ey et
mean + SD q ; n= n=
S 0.023
SR 56.1+15.8 58.3% 14.9
p-value (Myval vs. Evolut) 0.063 0.170
p-value (Myval vs. Sapien) 0.211 0.180

AVA = aortic valve area; EOA = effective orifice area; LVEF = left ventricular ejection fraction. All in-group differences were significant (p < 0.05 for all within-group

comparisons). Mean = SD = Mean values and standard deviation.

In examining the outcomes associated with
the Myval series, it is important to note that the
SAPIEN 3 Ultra (S3U) valve has demonstrated
comparable rates of death and other clinical out-
comes up to 30 days post-TAVI, with both devices
exhibiting remarkably low rates that align with
findings from larger series involving the SAPIEN
3 (S3) valve.>?02! Notably, the S3U valve was asso-
ciated with a significantly lower rate of mild PVR
compared to its predecessor, with rates of 43.0%
for the S3 versus 18.7% for the S3U. Interestingly,
there was no significant difference in the rates
of moderate or severe PVR, reported at 1.3% for
the S3 and 2.7% for the S3U.22 These findings un-

derscore the potential benefits of the S3U valve
in achieving improved outcomes related to mild
PVR, which is a critical consideration for future
studies comparing it to the Myval. Discussing
these comparisons may help inform best prac-
tices in valve selection and management of PVR
in TAVI procedures. In another study, Stinis ef al.
compared outcomes of the SAPIEN 3 Ultra Resilia
valve (S3UR) with its predecessors, the S3/S3U.
After propensity matching, 10312 patients were
included in each cohort. This fifth-generation BEV
demonstrated significantly better haemodynamic
performance compared to S3/S3U at discharge
and 30 days.?

Radiol Oncol 2025; 59(4): 498-509.
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Frangieh et al. (2017) described a standardised
minimalist approach for TF-TAVI using SAPIEN
3 devices through extensive operator experience
at a high-volume center. The approach consists of
10 structured steps executed under fluoroscopic
guidance, underscoring the importance of a col-
laborative heart-team strategy to optimise patient
outcomes. The key findings highlight a significant
reduction in intubation rates and intervention
times, alongside a marked decrease in PPI from
18% to 5.6% due to optimised valve positioning.
This structured framework is particularly advan-
tageous for operators, enhancing safety and effi-
cacy in TAVI procedures.?* In our study, the PPI
rate for Sapien 3 was comparably lower than this
study (10.17%). However, these rates can further be
reduced by utilising this technique.

Four different SEVs (Evolut, Acurate [Boston
Scientificc, USA], Portico [Abbott, USA], and
Allegra [NVT, Germany]) and one BEV (Sapien 3)
were compared in an Academic European registry
of 1131 consecutive patients with severe AS against
Myval. The comparison was based on conduction
disturbances. The results showed that Myval had
similar procedural and in-hospital outcomes to the
Sapien-3. It also had much lower early PPI rates
than SEVs like Evolut, Portico, and Allegra. A few
early conduction disruptions were associated with
the Myval THVs, while some SEV choices resulted
in significant variations in the PR and QRS wave-
lengths.? These findings are consistent with our
findings from the current study. The size range
of the Myval THV is wider than that of the Evolut
series and the Sapien 3 series. In our matched
groups, almost half of the patients used the inter-
mediate sizes of Myval THVs. Intermediate sizes
of the Evolut and Sapien series may also improve
conduction disturbances and PVR.

The LANDMARK trial was a prospective, ran-
domised, multinational, open-label non-inferior-
ity trial that demonstrated non-inferiority of the
Myval over Sapien and Evolut series for the pri-
mary combined safety and effectiveness endpoint
(25% wvs. 27%; risk difference: 2.3%, p-non-inferi-
ority < 0.0001) at 30 days in severe AS patients.
In a recent subset analysis, the LANDMARK trial
has demonstrated the non-inferiority of the Myval
over the Sapien and Evolut series individually.?
Myval series had a significantly better EOA than
Sapien and a comparable EOA with Evolut series
for similar THV sizes. In small aortic annuli pa-
tients, the Myval series had a comparable rate of
primary composite endpoint compared to the
Sapien and Evolut series.?

Radiol Oncol 2025; 59(4): 498-509.

Our study has several limitations. First, the data
were collected at a single centre as part of routine
clinical practice. Because of this observational
study design and the collection of data from real-
world practice, some echocardiographic examina-
tions and outcome assessments were not available
for some of the patients, and 1-year echocardio-
graphic data is not available. Echocardiography
was performed locally as per standard practice
at the study centre and not in a core echocardio-
graphic laboratory. Second, all-cause mortality
was the only outcome assessed at 1-year follow-up.
While mortality is a critical outcome, the absence
of longer-term follow-up data restricts a compre-
hensive evaluation of other important patient out-
comes and the sustainability of treatment effects.
Data would have been better with an echocardio-
graphic assessment and an assessment of clinical
outcomes at 1 year. Another limitation is the rela-
tively small sample size of 180 patients, divided
into three groups of 60 patients each in the propen-
sity score-matched group, which may limit the sta-
tistical power and generalisability of the findings.
Since this is a tri-match propensity score study, the
results would have been more robust if the sample
had been larger.
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Background. The study aimed to investigate cardiotoxicity among individuals undergoing anti- human epidermal
growth factor receptor 2 (HER2) therapy with a low-tfo-moderate risk of cardiovascular complications. Cardiac mag-
nefic resonance (CMR) imaging was employed in the investigation.

Patients and methods. HER2-positive breast cancer patients who underwent CMR examinations both before and
during therapy (first follow-up: 3-5 months; second follow-up: 6—12 months) between January 2021 and December
2022 were prospectively included. Each patient was evaluated for the risk of cardiovascular toxicity.

Results. Thirty-five HER2-positive breast cancer patients were included (48.86 + 10.34 years). Eighty-nine percent of
patients had low cardiovascular toxicity risk, and 11% had moderate cardiovascular toxicity risk. At follow-up CMR,
nine (25.71%) patients developed cardiac dysfunction. At follow-up 1, there was a notable decrease in left ventricular
ejection fraction, stroke volume index, cardiac output index, and absolute strain values, accompanied by higher T1
and T2 values as well as end-systolic volume index compared to baseline (p < 0.002). At follow-up 2, the T1 and T2
values recovered to near baseline. The cardiac oufput index exhibited a continuous decline (p = 0.022), while other
variables were similar (p > 0.05). Furthermore, at follow-up 1, the T1 value displayed a marked increase in patients with
1-3 points in cardiovascular toxicity risk factors compared to those with no risk factors (p < 0.043).

Conclusions. It is common for patients with low-to-moderate cardiovascular risk to experience early cardiotoxicity
during anti-HER2 therapy. T1 mapping was a valuable approach for quantifying the specific extent of subftle tissue
damage.

Key words: breast cancer; cardiotoxicity; cardiac magnetic resonance imaging; HER2; T1 mapping

Introduction

Advancements in breast cancer therapy, especially
with targeted treatments, have yielded promis-
ing results for individuals diagnosed with hu-
man epidermal growth factor receptor 2 (HER2)-

Radiol Oncol 2025; 59(4): 510-521.

positive breast cancer. While displaying remark-
able anticancer effects, the frequent incidence of
cardiotoxicity resulting from cancer treatments
hampers their clinical application and could com-
promise the quality of life for cancer survivors.!
The European Society of Cardiology Guidelines

doi: 10.2478/raon-2025-0043
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on cardio-oncology recommend a comprehensive
evaluation of cardiovascular toxicity risk prior to
initiating anticancer therapy, along with diligent
cardiovascular monitoring throughout the cancer
treatment journey.? Early detection of changes in
myocardial structure and function plays a piv-
otal role in preventing treatment disruptions and
maintaining cardiac function.>* However, in clini-
cal practice, cardiac surveillance during anticancer
therapies is often overlooked among breast cancer
patients without high cardiovascular toxicity risk
and among those who have received non-anthra-
cycline-based HER2-targeted therapy. Hence, clar-
ifying cardiac functional alterations in patients
with low-to-moderate cardiovascular toxicity risk
undergoing anti-HER2 therapy is crucial. This
clarification can assist in devising more practical
and cost-effective screening strategies.

Cardiac magnetic resonance (CMR) imaging
plays a crucial role in monitoring cancer therapy-
related cardiotoxicity in this scenario, as it enables
non-invasive identification of myocardial patholo-
gies such as diffuse fibrosis, oedema, and inflam-
mation using tissue characterization techniques.®
While CMR studies have highlighted cardiac sys-
tolic function changes during anti-HER2 therapy,
they have not assessed the cardiovascular toxicity
risk of HER2-positive breast cancer patients.®* Data
on CMR changes after anticancer therapy among
HER2-positive patients with low-to-moderate car-
diovascular toxicity risk are limited. Therefore,
this study aims to explore alterations in myocar-
dial structure and function among HER2-positive
breast cancer patients presenting a low-to-moder-
ate cardiovascular toxicity risk profile employing
CMR.

Patients and methods
Study participants

During the period spanning from January 2021 to
December 2022, we conducted prospective enrol-
ment of patients diagnosed with HER2-positive
breast cancer, all of whom were slated to undergo
anti-HER2 therapy. The oncologist exercised dis-
cretion in managing anticancer therapy. The anti-
HER?2 therapy regimen comprises two categories:
single-targeted therapy (trastuzumab) and dual-
targeted therapy (trastuzumab plus pertuzumab).
Within the dual-targeted therapy, there are further
subdivisions: one includes anthracycline-based
drugs (anthracycline chemotherapy followed by
taxane plus dual-targeted therapy), and the other

does not involve anthracycline-based drugs (tax-
ane plus carboplatin plus dual-targeted therapy).
The treatment lasts for a cycle of 21 days. The ex-
clusion criteria comprised a history of prior anti-
cancer therapy, pre-existing symptomatic cardiac
conditions, contraindications to undergo CMR,
and refusal to take part in the study.

Based on recent clinical study findings, most
instances of cancer therapy-related cardiac dys-
function (CTRCD) manifest within the initial 6
months’ treatment. Therefore, our study was in-
cluded three CMR examinations, conducted before
therapy (baseline), in the early stages after therapy
initiation (at 3~5 months for follow-up 1), and in
the mid-to-late stages (at 6~12 months for follow-
up 2). Those who underwent at least one follow-
up CMR examination were eligible for inclusion in
the study. The study obtained approval from the
hospital’s research ethics committee (Approval
No. NCC2020C-508) and all participants furnished
written consent with full understanding.

According to the HFA-ICOS (Heart Failure
Association—International Cardio-Oncology
Society) cardiovascular toxicity risk stratification,
a low-risk level is characterized by the absence of
risk factors or the presence of one moderate risk
factor, each of which is assigned 1 point, while a
moderate-risk level is defined as having moder-
ate risk factors totalling 2~4 points.2 The baseline
1-point cardiovascular toxicity risk factor includ-
ing elevated baseline cardiac biomarkers with an-
thracycline chemotherapy, hypertension, chronic
kidney disease, diabetes mellitus, anthracycline
before HER2-targeted therapy, previous exposure
to non-anthracycline chemotherapy, current smok-
er or significant smoking history, obesity (BMI > 30
kg/m?). The baseline 2-point cardiovascular toxici-
ty risk factors including previous arrhythmia with
HER2-targeted therapies, left ventricular ejection
fraction (LVEF) 50-54%, elevated baseline cardiac
biomarkers with HER2-targeted therapies, age
65-79 years, previous exposure to anthracycline,
previous exposure to radiotherapy to left chest or
mediastinum.

Symptomatic CTRCD indicates heart failure,
a clinical syndrome characterized by primary
symptoms like breathlessness, ankle swelling, and
fatigue. Asymptomatic CTRCD is categorized into
three levels: (1) mild, indicated by a LVEF of 50% or
higher, alongside a notable decrease in global lon-
gitudinal strain (GLS) exceeding 15%; (2) moder-
ate, indicated by a new decrease in LVEF of at least
10 percentage points resulting in an LVEF ranging
from 40-49%, or a decrease in LVEF of less than
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10 percentage points resulting in an LVEF ranging
from 40-49%, accompanied by a new decline in
GLS exceeding 15%; (3) severe, characterized by a
new reduction in LVEF to below 40%.21°

CMR protocols and image analysis

Scanning was conducted utilizing a 3.0 T scanner
(SIGNA Architect, GE Healthcare, Waukesha, WI,
USA). We acquired images by employing breath-
holding techniques. Cine images were acquired
in LV 2-chamber, 4-chamber, LV outflow tract and
multisection stacks of short-axis views to perform
LV function and volumes. Oedema evaluation
was conducted using T2-weighted dual inversion-
recovery imaging in the mid-LV short-axis orien-
tation. For T1 mapping, a modified look-locker
inversion-recovery sequence was employed, cap-
turing images in a 3(3)3(3)5 heartbeat pattern. To
conduct T2 mapping, a multi-echo fast spine echo
sequence utilizing double inversion-recovery was
utilized, featuring four distinct echo times: 10.8
ms, 32.4 ms, 54.0 ms, and 75.5 ms. Both T1 and T2
mapping sequences were acquired in the mid-LV
short-axis orientation.

CMR parameters were calculated with the CVI42
software, developed by Circle Cardiovascular
Imaging Inc. in Calgary, Canada, by a radiologist
with eight years of expertise in CMR. The radi-
ologist was blinded to patients’ clinical data dur-
ing the analysis process. LV volumes parameters
including LVEF, end-diastolic and end-systolic
volumes, cardiac output, stroke volume and my-
ocardial mass. Variables were adjusted for body
surface area and expressed as indexes. Parameters
(except for ejection fraction) were calibrated based
on body surface area and presented as indices.
We measured the T1 and T2 values at the mid-LV
septum in the short-axis plane. GLS was mainly
derived from LV 2-chamber and 4-chamber view.
Global radial strain (GRS) and global circumferen-
tial strain (GCS) were calculated using short-axis
imaging. For intraobserver reproducibility test, the
same radiologist re-examined measurements in
12 randomly sampled patients after a one-month
interval. For interobserver reproducibility test, a
second observer, unaware of the patients’ clinical
data, independently analysed scans from 12 ran-
domly chosen patients.

Statistical analysis

Continuous variables are displayed as means *
standard deviation. Categorical variables are dis-
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played as frequencies and percentages. The anal-
ysis encompassed comparing measurements at
two different time points, utilizing a paired test
for continuous variables demonstrating normal
distribution and employing the Wilcoxon signed-
rank test for variables without a normal distribu-
tion. Comparison between groups (patients with
and without risk factors and patients treated with
anthracycline-based and non-anthracycline-based
anti-HER2 therapies) were assessed using either
the unpaired t-test or the Mann-Whitney U test.
Statistical significance was established for p-val-
ues less than 0.05. Statistical analyses were con-
ducted using SPSS Statistics version 26 (IBM) and
Prism version 9.3.0 (GraphPad Software).

Results

Patient characteristics and cancer
therapy-related cardiac dysfunction
(CTRCD)

35 female patients diagnosed with HER2-positive
breast cancer were ultimately included (mean age
+ standard deviation, 48.86 years + 10.34). Of the
35 patients, 17 (48%) received taxane plus carbopl-
atin plus trastuzumab plus pertuzumab (TCbHP),
8 (23%) received taxane plus carboplatin plus tras-
tuzumab (TCbH) and 10 (29%) received anthra-
cycline chemotherapy followed by a taxane plus
trastuzumab plus pertuzumab (AC/EC-THP) treat-
ment (Figure 1). Five (14%) patients had hyperten-
sion, four were obese and two were above the age
of 65 at baseline. All patients underwent an elec-
trocardiogram examination before treatment, but
for young patients with no prior medical history,
cardiac biomarker tests were not performed. There
were no apparent abnormalities in the patient’s
baseline electrocardiogram. All patients were non-
smokers with no significant smoking history, and
none had chronic kidney disease. 89% of the pa-
tients exhibited a low-risk level for cardiovascu-
lar toxicity, while 11% presented a moderate-risk
level. Table 1 presents the foundational traits at the
study’s outset.

Thirty-two patients underwent cardiac MR
scans at follow-up 1, with a mean time interval of
102.22 + 20.58 days. Sixteen patients underwent
cardiac MR scans at follow-up 2, with a mean time
interval of 242.81 + 68.29 days. Thirteen patients
completed cardiac MR scans at both follow-up 1
and follow-up 2. For patients receiving both tar-
geted therapy and anthracycline drugs, targeted
therapy was administered sequentially after the
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HER2 positive breast cancer patients with planned anti-HER2
treatment and agreed to participate in this study, n=64

Contraindication for MRI (claustrophobia), n=2
Wound infection after left breast cancer surgery, n=1

Baseline scan, n=61

Refusal to undergo follow-up scan, =26

Follow-up scan, n=35
(visit 1, n=32; visit 2, n=16)

v v

trastuzumab plus pertuzumab trastuzumab therapy
therapy n=27 n=8
Copsl0 T =0 Anthracycline-based therapy!
N 3 A ¢ - S Non-anthracycline-based therapy !

FIGURE 1. Study flow diagram.

HER2 = human epidermal growth factor receptor 2

completion of anthracycline treatment, with no in-
stances of simultaneous usage.

We observed a significant increase in heart rate
at follow-up 1 compared to baseline. However, no
significant changes were detected in other vital
signs, such as blood pressure or respiratory rate,
during the same period.

A total of nine (25.71%) patients had experi-
enced CTRCD during the follow-up CMR scans.
Five of these patients showed no cardiovascular
toxicity risk factors, while four of them showed 1-3
points risk factors.

One patient developed symptomatic CTRCD
at follow-up 1, classified as New York Heart
Association functional class III, with fatigue and
dyspnoea as the primary symptoms. This was ac-
companied by a decrease in LVEF from 56% to 35%,
a reduction in GLS from -11.18 to -9.48, a decrease
in GRS from 18.65 to 15.78, a decrease in GCS from
-12.76 to -11.42, an increased in native T1 value
from 1239 msec to 1271 msec, and an increased in
T2 value from 4790 msec to 48.57 msec. The pa-
tient sought treatment at a hospital outside the
local area, where she was treated with the tradi-

tional Chinese medicine for heart failure and also

received antihypertensive therapy. Subsequently,
the patient discontinued breast cancer treatment
and did not return to our hospital for further fol-
low-up.

Seven out of the nine patients exhibited mild
asymptomatic CTRCD (six at follow-up 1 and one
at follow-up 2), while one patient demonstrated
moderate asymptomatic CTRCD at follow-up 2.
Among the nine patients with CTRCD, three re-
ceived anthracycline-based chemotherapy fol-
lowed by taxane and dual-targeted therapy. Four
received taxane in combination with carboplatin
and dual-targeted therapy, while two were treated
with taxane, carboplatin and trastuzumab. One
patient with mild asymptomatic CTRCD had a
history of hypertension for over 20 years and had
been on long-term telmisartan therapy. None of the
other patients received specific guideline-directed
medical therapy for heart failure, such as ACE in-
hibitors, beta-blockers, or mineralocorticoid recep-
tor antagonists, as recommended in the 2022 ESC
cardio-oncology guidelines. Two representative
clinical cases are shown in Figures 2 and 3.

Radiol Oncol 2025; 59(4): 510-521.




S14

Cheng SN et al. / Cardiotoxicity in cardiac magnetic resonance study patients, undergoing anti-HER2 therapy

TABLE 1. Clinical characteristics and treatment of the study
participants

Variable Value
No. of participants 35
Age, years* 48.86 £ 10.34
Height (cm)* 160.97 + 4.20
Weight (kg)* 62.61 £8.36
Body surface area (m?2)* 1.63£0.12
Hypertensiont 5 (14%)
Chronic kidney disease 0
C_urrent smoker or significant smoking 0
history
Obesity (BMI > 30 kg/m?) t 4 (11%)
Age 65-79 yearst 2 (6%)
Diabetes 0
Hyperlipidaemia 0
Prior cardiovascular disease 0
HFA-ICOS baseline cardiovascular
toxicity risk stratificationt
Iv\.oderofe risk (modefo’re risk factors 4 (1%)
with a fotal of 2-3 poinfts)

Low risk 31 (89%)
No risk factor 18 (52%)
oOfn]epng%ctierofe risk factor with a total 13 (37%)
Therapiest

(I:Efﬁ%g/g;ﬁed therapies without 25 (71%)
Trastuzumab 8 (23%)
Trastuzumab and pertuzumab 17 (48%)

Anthracycline chemotherapy
followed by a taxane plus 10 (29%)
trastuzumab plus pertuzumab

* Data are given as means * standard deviations. tData in parentheses
are percentages.

BMI = body mass index; HFA-ICOS = Heart Failure Association-
International Cardio-Oncology Society; HER2 = human epidermal
growth factor receptor 2

Differences in cardiac magnetic
resonance (CMR) results before
treatment and during the early stage
after treatment

At follow-up 1, the LV systolic function showed
a significant decrease compared to the baseline
measurement, including reductions in LVEF
(64.03% + 4.16 vs. 57.34% + 5.32; p < 0.001), stroke
volume index (43.36 mL/m?2 + 8.12 vs. 37.10 mL/m?
+6.43; p <0.001) and cardiac output index (3.23 L/
minxm? + 0.58 vs. 2.91 L/minxm? + 0.49; p = 0.002).
The decline in LV systolic function is primarily at-
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tributed to the increase in LV end-systolic volume
(24.53 mL/m? + 6.17 vs. 28.26 mL/m? + 9.15; p = 0.001),
with no significant changes observed in end-dias-
tolic volume (p =0.057). The LV mass index showed
no significant statistical difference (p = 0.369).

We observed significantly decreases in absolute
myocardial strain values: 33.59% + 7.31 vs. 28.81%
+ 6.37 for GRS, -18.86% + 2.41 vs. -17.38% + 2.31 for
GCS, and -16.12% * 1.55 vs. -15.09% * 1.85 for GLS;
all with a p-value of <0.001).

T2-weighted short-tau inversion-recovery imag-
ing did not reveal apparent myocardial oedema.
However, we noted significant increases in both
T1 (1231.16 msec + 46.49 vs. 1255.81 msec + 45.23;
p =0.001) and T2 values (47.86 msec + 2.17 vs. 49.43
msec + 2.71; p = 0.001) (Table 2).

Differences in cardiac magnetic
resonance (CMR) results before
treatment and during the mid-to-late
stage after treatment

Similarly to the aforementioned findings, there
were significant decreases observed in LVEEF,
stroke volume index, cardiac output index, and
absolute strain parameter values from baseline
to follow-up 2 (p < 0.05). Conversely, the LV end-
systolic volume index showed a notable increase (p
= 0.002). Noteworthy, no substantial changes were
detected in T1 and T2 values (p > 0.05) (Table 2,
Figure 4).

Differences in cardiac magnetic
resonance (CMR) results between two
subsequent follow-up scans

The average time span between the two subse-
quent follow-up CMR scans was 136.92 + 67.70
days. A notable decrease in cardiac output index
was observed (3.01 L/minxm? + 047 vs. 2.60 L/
minxm? * 0.54; p = 0.022). No statistically notable
differences were detected in the remaining vari-
ables (p > 0.05) (Table 3).

Differences in cardiac magnetic
resonance (CMR) results between
patients with and without risk factors at
the early stage after treatment

Thirty-two patients completed cardiac MR scans
at follow-up 1, 16 of whom had no cardiovascu-
lar toxicity risk factors and 16 of whom had 1-3
risk factors. Patients presenting with 1-3 risk fac-
tors exhibited significantly higher LV mass index
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TABLE 2. Cardiac magnetic resonance (CMR) parameter results at baseline and follow-up

Follow-up 1 (n = 32)

Follow-up 2 (n = 16)

Variable

Baseline 1 Follow-up 1 P Value Baseline 2 Follow-up 2 P Value
%;O)GJGC“O” fraction 64.03+4.16 57.34+5.32 <0.001 66.23+4.19 57.45+5.54 <0.001
LV end-diastolic
volume index 68.23 £ 12.41 65.63+12.97 >0.057 68.20 % 11.56 64.94+ 14.01 0.275
(mL/m?)
LV end-systolic
volume index 24.53 % 6.17 28.26 £9.15 0.001 2291+ 5.02 27.70 £ 7.60 0.002
(mL/m?)

. 3717 38.24

LV mass index (g/m?) (33.96, 43.69) (34.40, 41.45) 0.369 39.23 +6.31 40.03 £ 6.78 0.261
Stroke volume index 39.46
L) 43.36 £8.12 3710 + 6.43 <0.001 44.84£8.12 (30,13, 42.17) 0.002
Cardiac output index
(Lymirwrn?) 3.23+0.58 2.91 £0.49 0.002 3.19+0.38 2.65+0.51 0.001
Global radial strain 33.59 + 7.31 28.81 £ 6.37 0.001 37.16 £8.99 30.07 £ 6.18 <0.001
Global
el -18.86 + 2.41 -17.38 £ 2.31 <0.001 19.93 £ 2.81 -17.23 £2.34 <0.001
gr'git;q' longitudinal 16,12+ 1.55 -15.09 +1.85 0.001 16,67 +1.28 -14.88 % 1.60 0.004
T1 value (msec) 1231.16 46.49 1255.81 + 45.23 0.001 1222.00 + 40.89 1237.13 + 35.19 0.051
72 value (msec) 47.86 £2.17 49.43 £ 2.71 0.001 48.13+2.15 48.84+1.75 0.306
HEEL I G R 74.50 + 11.11 79.47 £13.40 0.048 72.50 £ 9.68 72.69 +12.28 0.928

scan (bpm)

Data are given as means * standard deviations or medians with interquartile ranges in parentheses. Baseline 1 and 2 were calculated separately for patients who

underwent follow-up exams 1 and 2.

bpm = beats per minute; LV = left ventricular

(37.07 g/m? + 6.68 vs. 43.03 g/m? + 8.86, p = 0.040)
and T1 value (1235.06 + 36.77 vs. 1276.56 msec +
44.25, p = 0.007) (Figure 5). However, no statisti-
cally significant disparity in LV mass index or T1
value was observed between these two groups
at baseline. The two groups also had similar LV
ejection fraction, volume index, cardiac output
index, strain parameters and T2 values (p > 0.05)
(Table 4).

Differences in cardiac magnetic
resonance (CMR) results between
patients with and without anthracycline
therapy at the early stage after
treatment

Ten patients were taking anthracycline-based
therapy and 22 patients were taking non-anthra-
cycline-based therapy at follow-up 1. The group
treated with anthracycline showed a notably el-
evated T1 value (1280.90 msec + 43.10 vs. 1244.41
msec + 42.29, p = 0.032). At baseline, the T1 value
did not show any significant variance between the
two groups. The two groups were similar in all
other variables (p > 0.05) (Table 5).

Discussion

In this research, our aim was to explore cardiotox-
icity among individuals undergoing anti-HER2
therapy with a low-to-moderate risk of cardio-
vascular complications. The main findings are as
follows: (1) Subclinical CTRCD was frequently ob-
served in low-to-moderate cardiovascular toxicity
risk patients with anti-HER2 therapy. (2) CTRCD
was detected as early as the third month of anti-
cancer therapy and persisted for at least approxi-
mately eight months. (3) After anticancer therapy,
patients with 1-3 cardiovascular toxicity risk
points, including those who underwent anthra-
cycline-based therapy, exhibited higher T1 values
compared to those without such risk factors, while
showing no notable differences in LVEF or myo-
cardial strain values.

Breast cancer patients categorized with low-to-
moderate cardiovascular toxicity risk demonstrate
an extended life expectancy relative to those with
high cardiovascular toxicity risk, potentially allow-
ing for the consideration of more aggressive target-
ed therapy and chemotherapy interventions.’ In
our study, 89% of breast cancer patients were at low

Radiol Oncol 2025; 59(4): 510-521.
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FIGURE 2. CMR imaging in a 44-year-old woman with human epidermal growth factor receptor 2 (HER2)-positive right-side
breast cancer. The top row images (A, B, C, D) represent the baseline. The middle row images (E, F, G, H) correspond to the
condition after 4 cycles of the TCbHP regimen (104 days after the baseline scan). The bottom row images (1, J, K, L) show the
status after 9 cycles of the TCbHP regimen (203 days after the baseline scan). In the axial breast enhancement scan images
(A, E, I), a decrease in the tumour size of the right breast is observed (arrow). The diastolic phase images of left ventricular
two-chamber plane (B, F, J) demonstrate a slight increase in left ventricular systolic volume. T1 mapping images (C, G, I) reveal
an increase in T1 value in the septum of the mid short-axis slice during follow-up 1, followed by a decrease during follow-up
2. The global radial, circumferential and longitudinal strain (GRS, GCS and GLS) curves before and after TCbHP treatment are
presented (D, H, L).

CMR = cardiac magnetic resonance; GCS = global circumferential strain; GLS = global longitudinal strain; GRS = global radial strain; HER2 = human
epidermal growth factor receptor 2; TCbHP = taxane plus carboplatin plus trastuzumab plus pertuzumab
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FIGURE 3. CMR imaging in a é8-year-old woman with HER2-positive right-side breast cancer. The upper images (A, B, C, D)
depict the baseline condition. The lower images (E, F, G, H) represent the status after 4 cycles of the TCbHP regimen (106 days
following the baseline scan). Axial breast enhancement scan images (A, E) exhibit a reduction in the tumour size of the right
breast. Short-axis cine images reveal an enlargement in the left ventricular diastolic diameter (B, F). T1 mapping images (C,
G) reveal an increase in T1 value in the septum of the mid short-axis slice during the follow-up. Strain curves demonstrate a
reduction in the absolute values of global radial, circumferential and longitudinal strain (GRS, GCS and GLS) before and after
tfreatment (D, H).

CMR = cardiac magnetic resonance; GCS = global circumferential strain; GLS = global longitudinal strain; GRS = global radial strain; HER2 = human
epidermal growth factor receptor 2; TCbHP = taxane plus carboplatin plus trastuzumab plus pertuzumab
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TABLE 3. Cardiac magnetic resonance (CMR) parameter results between follow-up 1 and follow-up 2 (n = 13)

Variable Follow-up 1 Follow-up 2 P Value
LV ejection fraction (%) 58.45+ 4.44 57.76 £ 5.53 0.545
LV end-diastolic volume index (mL/m?) 66.33+11.13 62.32 £ 14.02 0.055
LV end-systolic volume index (mL/m?) 27.59 £ 6.20 26.35+7.46 0.294
LV mass index (g/m?) 38.07 (36.22, 44.09) 39.13 (35.77, 43.31) 0.650
Stroke volume index (mL/m?) 39.37 (35.27, 43.55) 39.44 (27.44, 40.83) 0.101
Cardiac output index (L/minxm?) 3.01 £0.47 2.60+£0.54 0.022
Global radial strain 28.69 £8.12 29.70 + 6.48 0.670
Global circumferential strain -17.70 £ 2.52 -17.12+2.30 0.172
Global longitudinal strain -15.01 £ 1.46 -14.74 £1.70 0.647
T1 value (msec) 1245.31 +22.46 1236.77 £ 40.36 0.486
T2 value (msec) 49.67 £2.19 4911 £2.12 0.465
Heart rate during MR scan (bpm) 78.38 + 14.67 73.92 +13.09 0.189
Data are given as means + standard deviations or medians with interquartile ranges in parentheses.
bpm = beats per minute; CMR = cardiac magnetic resonance; LV = left ventricular
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FIGURE 4. Box plot show changes in cardiac magnetic resonance (CMR) variables between the baseline and follow-up CMR
examinations. The results of CMR variables at baseline (n = 35), follow-up 1 (n = 32) and follow-up 2 (n = 16) were shown in blue,
yellow and red box plot. Left ventricular ejection fraction (LVEF) decreased significantly at follow-up 1 and follow-up 2. T1 and
T2 value increased significantly at follow-up 1, but recovered to a level noft significantly different from the baseline. Global
longitudinal strain (GLS), global radial strain (GRS) and global circumferential strain (GCS) decreased significantly at follow-up
1 and follow-up 2.
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TABLE 4. Differences in CMR parameters at follow-up 1 between patients with and without baseline risk factors

Patients with no risk factor

Patients with 1-3 risk

Variable (n = 16) factors (n = 16) P Value
LV ejection fraction (%) 57.92 £3.43 56.75%6.79 0.543
LV end-diastolic volume index (mL/m?) 63.88 £ 10.89 67.39 £ 14.92 0.454
LV end-systolic volume index (mL/m?) 26.89 £ 5.66 29.63+11.70 0.406
LV mass index (g/m?) 37.07 + 6.68 43.03+8.86 0.040
Stroke volume index (mL/m?) 36.60 + 6.67 37.61 £ 6.36 0.665
Cardiac output index (L/minxm?) 2.84+0.48 2.99 +0.49 0.387
Global radial strain 30.56 +5.40 27.07 £ 6.94 0.123
Global circumferential strain -17.94 £2.16 -16.82 +£2.37 0.174
Global longitudinal strain -15.11 £ 1.85 -15.06 £ 1.90 0.938
T1 value (msec) 1235.06 £ 36.77 1276.56 + 44.25 0.007
T2 value (msec) 48.95+2.28 49.94 + 3.07 0.318
Heart rate during MR scan (bpm) 77.56 £11.28 81.38 £ 15.37 0.430

Data are given as means + standard deviations or medians with interquartile ranges in parentheses.

CMR = cardiac magnetic resonance; LV = left ventricular

TABLE 5. CMR parameter results between patients treated with anthracycline-based and non-anthracycline-based anti-
human epidermal growth factor receptor 2 (HER2) therapies at follow-up 1

Anthracycline-based

Non-anthracycline-based

Helifzloll therapy (n = 10) therapy (n = 22) Siellne
LV ejection fraction (%) 57.01 £3.68 57.49 £ 5.99 0.816
LV end-diastolic volume index (mL/m?) 67.51 £12.83 64.78 £13.24 0.590
LV end-systolic volume index (mL/m?) 28.88 + 6.01 27.98 +10.38 0.800
LV mass index (g/m?) 41.76 £ 7.91 39.28 +8.53 0.442
Stroke volume index (mL/m?) 38.58+7.78 36.43+5.80 0.389
Cardiac output index (L/minxm?) 3.13+0.49 2.82+0.46 0.094
Global radial strain 26.73 % 6.62 29.76 £ 6.16 0.218
Global circumferential strain -17.09 £1.92 -17.52 £ 2.49 0.637
Global longitudinal strain -15.36 (-16.56, -13.74) -15.07 £ 2.05 1.000
T1 value (msec) 1280.90 £ 43.10 1244.41 + 42.29 0.032
T2 value (msec) 49.65 (47.06, 53.10) 49.04+2.23 0.231
Heart rate during MR scan (bpm) 84.20 £ 18.44 77.32£10.20 0.182

Data are given as means + standard deviations or medians with interquartile ranges in parentheses.

CMR = cardiac magnetic resonance; LV = left ventricular

cardiovascular toxicity risk, and 52% had no risk
factors. As demonstrated in Table 4, the presence
of risk factors did not appear to significantly influ-
ence CMR parameters at follow-up 1. Patients with
1-3 risk factors exhibited higher LV mass index
and native T1 values, whereas other parameters,
such as LV ejection fraction, volume index, cardiac
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output index, strain parameters and T2 values, re-
mained comparable between groups. These find-
ings suggest that monitoring cardiac function dur-
ing anticancer therapy is equally important even in
patients with low cardiovascular toxicity risk.

In our study, 25.71% of patients developed
CTRCD during treatment, as monitored through
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CMR examinations. Among the CTRCD patients,
more than half had no risk factors before anti-
cancer treatment. Despite the relatively low-to-
moderate risk profile of our study population,
the determined rate of CTRCD aligned with the
ranges in earlier studies'!? and was similar to a re-
cent result.”® Thus, this is a critical group to moni-
tor for cardiac toxicity during anticancer therapy.
Regular evaluation of LV function, utilizing meas-
urements of LVEF and GLS, is advised before start-
ing HER2-targeted therapy and should continue
every three months during the treatment moni-
toring period.>* In the case of asymptomatic mild
CTRCD within this patient cohort, the guidelines
propose the consideration of cardioprotective ther-
apy (angiotensin-converting enzyme inhibitors,
angiotensin receptor blockers and beta-adrenergic
blockers). Additionally, it’s recommended to con-
tinue HER2-targeted treatment.?!*1® However, car-
diac surveillance is not always strictly performed
in real-world clinical practice. In a clinical study
encompassing 4,325 patients, it was observed that
just 46.2% of breast cancer patients receiving tras-
tuzumab underwent the suggested cardiac sur-
veillance.” Among low cardiovascular toxicity
risk patients, the frequency of cardiac surveillance
might be even less frequent in actual practice. For
low cardiovascular toxicity risk patients, monitor-
ing cardiac function during anticancer therapy
remains equally important, but perhaps the moni-
toring frequency could be appropriately reduced.
In our study, cardiac dysfunction was observed
at the third month of anticancer therapy, and this
significant decline persisted into the eighth month.
Cardiac motion function did not change signifi-
cantly between the third and eighth months.
Notably, there was a substantial rise in T1 and
T2 values noted at the early stage after treatment,
but by the mid-to-late stage after treatment, these
values had reverted to a level that did not show
significant variance compared to the baseline. In
essence, cardiotoxicity manifested as early as the
third month of anticancer therapy, but for the ma-
jority of patients, its progression did not continue
beyond approximately the eighth month. Our
study aligns with findings from prior research.
Houbois et al’s findings suggest a decrease in
both LVEF and strain values over the follow-up
duration, with the lowest point reached at three
months into trastuzumab therapy.” At both 6 and
12 months, Gong et al. observed noteworthy de-
clines in systolic function; however, these dispari-
ties ceased to be significant by the 18-month mark.
Recent analyses on real-world data demonstrated
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FIGURE 5. The comparison of Tl value between the
baseline and follow-up cardiac magnetic resonance (CMR)
examinations. Bars represent median T1 value. Blue dots
represent human epidermal growth factor receptor 2 (HER2)-
positive breast cancer patients with no cardiovascular
toxicity risk factor and orange dots represent patients with
1-3 risk factors.

that the time of onset of HER2 inhibitor-related
cardiotoxicity was 80.50~103.00 days.!®" This find-
ing holds significance, indicating that among in-
dividuals diagnosed with HER2-positive breast
cancer and presenting mild-to-moderate cardio-
vascular toxicity risk factors, conducting early and
less frequent cardiotoxicity screenings could po-
tentially improve cost-effectiveness.

Another significant observation from this study
was that HER2-positive breast cancer patients with
1-3 cardiovascular toxicity risk factors displayed a
minor yet statistically significant elevation in na-
tive T1 value following anticancer therapy, in com-
parison to those without any risk factors. However,
there were no notable variations found in terms of
statistical significance concerning LV ejection frac-
tion or myocardial strain values. Typically, a rise
in native T1 values correlates with myocardial
conditions such as oedema, inflammation, and fi-
brosis?, which is able to reflect subtle myocardial
histological changes. A previous clinical study has
demonstrated that early cardiac changes, there
was a progressive increase in native T1 and T2
values. Subsequently, as treatment progressed,
there was a normalization of T2 time, while non-
contrast T1 values remained persistently elevated,
indicating the presence of myocardial fibrosis.21
The detection rate of cardiac abnormalities after
cancer therapy was 87% based on T1 and T2 map-
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ping. In comparison, abnormalities based on GLS
and LVEF were found in 71% and 66% of patients
respectively.?! Therefore, in identifying myocardi-
al alterations among HER2-positive breast cancer
patients following anticancer therapy, T1 mapping
is a favoured method for precisely measuring the
particular degree of tissue damage. This specific
damage might not be easily identified through tra-
ditional cine sequences or strain analysis.

During the follow-up period, we noticed a no-
table increase in native T1 values among patients
who underwent anthracycline-based therapy com-
pared to those who underwent non-anthracycline-
based therapy. This difference may be attributed
to the potential of anthracycline chemotherapy to
induce acute, subacute, and chronic myocellular
injuries. Our findings align with a previous study,
demonstrating increased T1 value in individuals
with prior anthracycline chemotherapy exposure.??

There were several limitations acknowledged in
this study. Firstly, the sample size was compara-
tively limited. This prospective study aimed to
compare CMR parameters before and after anti-
cancer treatment, illustrating the temporal chang-
es in these parameters over time. Consequently,
only patients with at least two CMR scans were
included, underscoring the necessity for a study
with a larger sample size. Secondly, the follow-up
duration for CMR monitoring was short, which
hindered the assessment of the enduring cardiac
repercussions of anti-HER2 therapy. This area
requires further investigation in future research.
Thirdly, cardiac biomarkers included in patients’
haematological tests were not used for cardiovas-
cular toxicity risk stratification prior to treatment,
which may have introduced some bias. However,
most patients in our cohort did not receive anthra-
cycline-based chemotherapy and were relatively
young, without a history or symptoms of cardio-
vascular disease, making abnormal biomarker lev-
els unlikely. Therefore, the impact of this limitation
was expected to be minimal, although it would be
addressed more thoroughly in future studies.

In conclusion, asymptomatic cardiac dysfunc-
tion was common among HER2-positive breast
cancer patients with low-moderate cardiovascular
toxicity risk after cancer therapy. This subgroup
of patients can potentially benefit from early post-
anticancer therapy monitoring at longer intervals,
thus enhancing cost-effectiveness. T1 mapping is a
valuable approach for quantifying the specific ex-
tent of tissue damage, particularly in the presence
of subtle tissue changes. There’s a need for stud-

Radiol Oncol 2025; 59(4): 510-521.

ies that encompass larger cohorts and extended
follow-up durations.
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Background. Percutaneous nephrostomy displacement results in procedure failure, reducing quality of life in patients
with hydronephrosis. Scarce data about factors influencing displacement led to evaluation of our data in order to
give better insight into this fopic.

Patients and methods. Patients admitted for percutaneous nephrostomy (PCN) exchange between March 3 and
October 3 2023 were included in our prospective observational study aiming to determine possible factors influenc-
ing PCN displacement. Catheter type, number of sutures and patients’ age over 70 years were analyzed. Descripfive
statistics and Pearson’s chi-square test were used; value less than 0.05 was determined as statistically significant.
Results. We included 57 patients (35 males; mean age 71.4 years) in the study. Loop catheters with strings were
implanted 58 times and without strings 17 times. Fixation was achieved by 55 single and by 20 double sutures. 17 PCN
(22.7%) were displaced in designated period. The mean time from PCN implantation to exchange was 4.16 months.
Neither catheter type, number of sutures or patients’ age significantly influenced PCN displacement (chi-square 0.57,
0.34 and 0.61, respectively).

Conclusions. No significant difference in PCN displacement between two types of catheters and the number of
fixing sutures was detected. Elderly patients had similar rates of PCN displacements as younger ones. The most impor-
tant causes of PCN displacement remained probably patients’ activity and a care for PCN during months after the
implantation. Proper patients’ education and care of the PCN are possibly the keys for long-term success.

Key words: percutaneous nephrostomy; displacement; catheter type; suture number; age

Introduction

renal operations.? Catheter-based drainage is used
in malignant or benign obstructions as well as in

Percutaneous nephrostomy (PCN) has been an ef-
fective, minimally invasive method of renal col-
lecting system drainage for more than a half of
century.! PCN can be temporary or permanent,
guided by ultrasound (US), computed tomogra-
phy (CT), fluoroscopy or combination of methods.
Alternatively, catheters may be inserted during

Radiol Oncol 2025; 59(4): 522-525.

non-obstructed collective system in case of uri-
nary trauma with high success rates with minimal
or even without irradiation of patients.?

In patients with prolonged PCN, displacement
of catheter is described between 5.5% and 26.3%.%*
¢ Catheter displacement leads to obstructive urop-
athy, infections, electrolytic disbalance and addi-
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tional hospitalizations, influencing patients” well-
being and increasing healthcare costs.

Scarce literature available for the factors influ-
encing PCN displacement, as stated also in recent
meta-analysis’, as well as a lack of our own data
were decisive to review our series of patients. The
use of catheter type and the number of sutures,
fixing the PCN, is based on the decision of the
operator. The aim of our observational study was
to determine possible impact of catheter type, the
number of sutures fixing PCN to the skin as well
as patients’ age on displacement of the PCN at the
time of its exchange.

Patients and methods

Our prospective observational study included
consecutive patients, admitted for PCN exchange
during 7-month period (March 3rd to October 3rd
2023) in our Institute. Primary procedures were
performed by interventional radiologists using US
guidance. 18G needle was used for puncture and
after fluoroscopic confirmation of pyelocaliceal
system with iodine contrast media, 0.035 inches’
guidewire was introduced into renal collective
system. Dilator was used to facilitate catheter in-
sertion and PCN catheter was inserted into pyelon
through renal parenchyma. Two types of PCN
catheters were used, 8 Fr pigtail without locking
strings (Optimed Medical Instruments GMBH,
Ettlingen, Germany) or 8.5 Fr pigtail with lock-
ing strings (Cook Medical, Bloomington, USA).
After the PCN catheter insertion it was fixed to
skin by single or by two sutures, based on opera-
tors’ choice. Patients age above 70 years was also
evaluated as a potential factor, influencing PCN
displacement.

PCN exchange was performed under fluoro-
scopic guidance, confirming the PCN position
with contrast media. The 0.035 inches’ guidewire
was placed through PCN into renal pyelon, the
PCN was extracted and exchanged with a new
one. In case of displacement, guidewire and/or
dilator were inserted through the existing canal if
possible, otherwise new, US guided puncture was
performed and the procedure was repeated.

PCN exchange was planned in 6 months after
the initial procedure, however due to complica-
tions in certain patients’ (displacement, obstruc-
tion, bleeding etc.) in some patients PCN had to be
exchanged earlier.

Descriptive statistics was used to determine
percentages and ranges; Pearson’s chi-square test

was used to check independence of variables.
Value less than 0.05 was determined as statistically
significant.

All the patients signed informed consent for a
procedure. All procedures performed in present
study were in accordance with the ethical stand-
ards and with the 1964 Helsinki declaration and
its later amendments or comparable ethical stand-
ards.

Results

Between March 3rd to October 3rd 2023; 75 PCN
were exchanged 62 times in 57 patients. Majority of
patients were male (35 males; 22 female) with the
mean age 71.4 years (range 43-94). 52 patients were
admitted for PNS exchange once, three patients
were admitted twice and one was admitted three
times, latter always due to PNS displacement.
Majority of exchanged PCN catheters were loop
catheters with strings (58 PCN; 77.3%), while the
remaining 17 were loop catheters without strings.
55 catheters (73.3%) were primarily stabilized by
a single suture, while the remaining 20 were sta-
bilized by a double suture. At exchange, sutures
were not functional in 24 cases out of 95 sutures
made (25.6%) (Figures 1, 2, 3). The mean time from
PCN implantation to its exchange was 4.16 months
and in 17 pts (24.7%), 17 PCN (22.7%) were dis-
placed at the time of admission.

Out of 58 PCN with strings, 14 (24%) were dis-
placed at the time of admission, while 3 (17.7%) out
of 17 without strings were displaced at designated
period. The difference between different types of
PCN catheters was not statistically significant (chi-
square 0.57).

Also, double suturing did not prevent PCN dis-
placement, since in 55 PCN, fixed by a single su-
ture, 14 were displaced (25.4%) and out of 20, fixed
by double suture, 3 PCN (15%) were displaced at
the time of admission, chi-square 0.34.

Patient age above 70 years did not prove to be
significant for PCN displacement, since out of
27 PCN in patients with age less than 70 years, 7
(25.9%) were displaced and in 48 PCN in patients
older than 70 years, 10 PCN catheters (20.8%) were
displaced (chi-square 0.61).

Discussion

Catheter displacement is one of the most common
complications in long-term derivation of urine

Radiol Oncol 2025; 59(4): 522-525.
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FIGURE 1. Loop percutaneous nephrostomy (PCN) catheters with strings 6 months after implantation. (A) Single suture on the
left image is intact, while single suture on the other side (B) is not fixed fo the skin anymore.

by PCN and in the literature it can be as high as
26.3%.? Different types of catheters and skin su-
tures are used to overcome this problem. The aim
of our study was to determine PCN displacement
rate by the catheter type (with or without locking

strings) and by a number of sutures fixing PCN
(one or two sutures).

Perioperatively inserted catheters are often
larger and have different shape than minimally
invasive percutaneously implanted under imag-
ing guidance, as in our series. Based on that, the
procedure itself might result in different ranges of
displacement. The frequency of PCN displacement
in postoperative and completely percutaneous im-
plantation ranges from 5.5% to 26%.24° However,
comparing the rates of catheter displacement in pa-
tients with intraoperatively implanted PCN, when
large catheters are used (up to 30 Fr) and between
PCN catheters, implanted by minimally invasive,
image guided procedure, when 8-9 Fr catheters
are implanted, might not be objective.

The rate of PCN displacement in our series
(22.7%) is higher as in a study by Carrafiello ef
al*, reporting 14.4% of PCN displacement in pa-
tients with malignant disease. This study included
younger and malignant patients (mean age 65.7
years vs. 71.4 years in our series). Anyhow, our data
showed that the rate of PCN displacement is not
influenced by age (chi-square 0.61). One of the rea-
sons of higher displacement rates in our patients
might be the fact that our study included also
non-malignant patients, that are more active and
as such more prone to inadvertent PCN displace-
ment. More similar rates of PCN displacement to
our data were presented by Saad et al.®, reporting
26% PCN displacement in 6-months period in pa-
tients with malignant and benign obstruction.

Two types of catheters are used for PCN in our
Institute. Although catheter design with string-

FIGURE 2. Fluoroscopic image of the same patient. Catheter position is correct,
despite non-fixing suture on the right side.
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locking pig-tail would suggest less displacement,
the PCN catheter design showed no statistical
difference between both catheter types used in
our series (chi-square 0.57). Similar to our data,
Chuang ef al.® find no difference in displacement
of catheters with or without strings.

To our knowledge, the number of sutures fix-
ing PCN was not in the focus in any of the stud-
ies. Fixing PCN with two sutures is expected to
be more durable, however this was not confirmed
by our results. Additionally, there was a report of
custom-made solution in enhancing PCN fixation
to the skin that could reduce PCN displacement.’
However, to our knowledge, no data about meth-
ods’ success was published since.

We also want to emphasis drawbacks of our
study. The main is a relatively low number of
patients included as well as observational type
of the study. Larger series and randomized data
should confirm our results, as stated also by last
years’ meta-analysis.” There are also other factors
influencing PCN displacement, such as patients’
awareness of the importance of PCN as well as
post procedural care of the catheter, that were not
taken in consideration in a present study. One of
our patients, admitted three times in 7 months for
PCN exchange due to its displacement, points to-
wards the importance for post-procedural care of
the catheter itself.

PCN displacement is a common complication
limiting successful long-term drainage of pyelo-
caliceal collecting system by PCN inserted dur-
ing urological operation or by interventional radi-
ologists. It influences patients” quality of life and
increases the costs of the treatment. Our study
showed that no kind of catheter is resistant to dis-
placement and that double suturing is no guaran-
tee of solid PCN fixation. Also, in contrast to com-
mon belief, elderly patients had similar rates of
PCN displacements as younger ones.

The most important causes of PCN displace-
ment remains probably patients” activity and a care
for PCN during days and months after the implan-
tation. Proper patients’ education and explanation
about the importance of careful catheter handling
during daily activity as well as proper education of
nursing staff about the importance of meticulous
catheter care after the implantation are probably
the keys for long- term effective PCN function.
Standard discharge instructions should be a part
of discharge protocol for each patient and regular
training about catheter care and handling should
be provided to nursing staff, including family and
other persons, involved in patients’ care.
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Background. Anti-phase technology, a novel advancement in microwave antennas for percutaneous liver abla-
tions, forms more spherical ablation zones. This study aimed to evaluate the efficacy and safety of microwave abla-
tion (MWA) treatment for liver tumors using a microwave antenna equipped with anfi-phase technology.

Patients and methods. The study included 92 patients (133 lesions) treated with MWA for hepatocellular carci-
noma (HCC) or liver metastases. Of these, nine patients had HCC, and 83 had metastases (46 colorectal and 37
non-colorectal metastases). Retrospective analysis was conducted on patients’ age, sex, pre- and post-procedural
laboratory values (white blood cell count, neutrophil-to-lymphocyte ratio), fumor and ablation zone dimensions (pre-
procedure and post-procedure day 1 and months 1, 3, and 6), details of the single-shot MWA procedure (duration,
power output), procedure-related complications, and local progression/recurrence during follow-up.

Results. The technical success rate of MWA was 100%. Ablations were performed at a median power output of 80
watts (range: 50-100), and the mean ablation duration was 5.2 + 2.1 minutes. Follow-up imaging revealed an abla-
tion zone diameter-to-tumor diameter ratio of 1.63 + 0.3. Major complications occurred in three patients (3.2%) and
included liver abscess (n = 1/92), hemorrhage (n = 1/92), and pleural effusion (n = 1/92). Minor complications were
observed in 29 patients (31.5%). The median follow-up time of the patients was 33 (range 10-36) months. The median
disease-free survival time was 25 months (25% confidence interval: 21-27). During the 24-month follow-up, local tumor
progression occurred in 39 patients (42.4%). Tumor size was identified as an independent risk factor for local progres-
sion (p =0.012).

Conclusions. This study represents the longest follow-up duration and the largest patient cohort for the MWA treat-
ment of liver tumors using anti-phase technology. The results demonstrated high technical success and acceptable
local control and complication rates.

Key words: hepatocellular carcinoma; liver metastasis; thermal ablation; microwave ablation; ultraspherical ablation
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Introduction

Hepatocellular carcinoma (HCC) accounts for 85%
of primary liver malignancies and is the third lead-
ing cause of cancer-related organ-specific mortal-
ity globally. If left untreated, the five-year survival
rate is approximately 5-9%. The liver is also a com-
mon site for distant metastases, particularly from
the gastrointestinal system.? Surgical resection is
the standard treatment for early- and very early-
stage HCC or liver metastases. However, only 10—
20% of patients qualify for resection or transplan-
tation due to factors such as advanced cirrhosis,
insufficient liver function, multifocal or advanced
disease, tumor location, portal venous invasion,
and comorbidities. Surgical treatment is associated
with a 2-5% mortality rate and a 20% morbidity
rate.l3 For patients with HCC or metastatic liver
tumors who are unsuitable for surgery, interven-
tional treatments such as transarterial therapies
and thermal ablation (TA) methods are available.
Transarterial therapies involve selective delivery
of chemotherapeutic agents (transarterial chemo-
perfusion, chemoembolization, and embolization)
or radioactive materials (radioembolization) to the
liver. TA methods include radiofrequency ablation
(RFA), microwave ablation (MWA), laser-induced
interstitial thermotherapy, and cryoablation.?
These methods can be used as standalone treat-
ments or as bridging therapies before liver trans-
plantation.!

RFA and MWA are the most commonly used TA
techniques. Both aim to deliver heat to malignant
tissues, raising the temperature above 60°C to in-
duce coagulation necrosis. Like surgical margins,
complete ablation targets the tumor and a sur-
rounding 5-10 mm margin of healthy tissue.*?

RFA, which has been in use longer, generates
frictional heating by ionic agitation using alter-
nating current. However, RFA has two significant
limitations. The first is the boiling and charring
that occur in tissue at temperatures of 100°C and
above. The gas or charred tissue formed can ob-
struct heat conduction, creating unwanted insu-
lation. The second limitation is the “heat-sink”
effect, in which vascular structures near the abla-
tion zone dissipate the heat from this area. These
factors may prevent the tissue from reaching the
necessary temperature, leading to incomplete abla-
tion.> MWA, on the other hand, is a newer method
that relies on heating water molecules through an
electromagnetic field oscillating at frequencies of
900 or 2,450 MHz. This frictional heating increases
the temperature in all the tissue around the anten-

na to a different degree. Compared to RFA, MWA
offers several theoretical advantages due to using
electromagnetic fields instead of electrical energy.
Due to its physical principle, microwave ablation
(MWA) is less affected by the heat-sink effect and
tissue charring and, therefore, less influenced by
heat insulation caused by these factors.® As a re-
sult, it can achieve higher intratumoral tempera-
tures, leading to larger and more homogeneous
ablation zones in a shorter time.3” Furthermore,
multiple antennas can be used to create larger ab-
lation zones.® However, MWA presents specific
challenges, including difficulties achieving safe
and effective power distribution, larger antenna
diameters, and an increased risk of overheating
at the antenna tip and connecting cable.” Since its
coming into use, various innovations in technique
and device technology have been developed to en-
hance the efficacy of MWA.

A microwave antenna consists of a coaxial ca-
ble, which includes an inner conductor, dielectric
material, and an outer conductor. In microwave
antennas, leaking currents can result in backward
heating, which causes the ablation zone, ideally
shaped as ellipsoidal or spherical, to become com-
et-shaped. The tail of this comet shape represents
the ablation of normal tissue located behind the
active tip of the antenna. Technological develop-
ments have addressed this issue by incorporating
slots, chokes, or sleeves in the antenna, installing
cooling systems, optimizing the outer conductor
structure, or adjusting the electromagnetic energy
frequency. The recently introduced anti-phase
technology integrates these advancements by in-
corporating a mechanism within the antenna to
create opposing-phase microwave radiation. It
suppresses backward currents at the edge of the
ablation zone, preventing backward heating and
enabling more spherical (ultraspherical) ablation.
This microwave antenna technology has been ad-
dressed in limited ex-vivo, in-vivo preclinical, and
in-vivo clinical current studies."* To the best of
our knowledge, our study has the largest num-
ber of patients and lesions among in-vivo clinical
studies. This study aimed to investigate liver tu-
mor ablation’s success, efficacy, and safety using
microwave antennas equipped with anti-phase
technology.

Patients and methods

This retrospective, cross-sectional, single-center
study was conducted in compliance with the prin-
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TABLE 1. Inclusion and exclusion criteria of the study

Included

Excluded

Lesions not amenable to surgical freatment
Insufficient functional liver capacity after surgery
Patients unable to undergo general anesthesia due to comorbidities

Cases with the use of the particular antenna technology

Presence of extrahepatic metastases
Suspected pregnancy
Uncorrectable coagulopathy

Any other transarterial or percutaneous tfreatment

Patients with liver tumor
(n=109)

Excluded (n=17)
* Suitable for surgery (n=11)
* Presence of extrahepatic
metastases (n=6)

Y

\/

Microwave ablation
treatment
(n=92)

FIGURE 1. Flowchart of the patients.

FIGURE 2. (A-D) Radiological findings in a 48-year-old woman with ductal breast
carcinoma. PET-CT revealed a hypermetabolic metastasis in segment 6, (A)
(white arrow). Ultrasound showed a subcapsular hypoechoic lesion (B), which
was treated with percutaneous microwave ablation under ultrasound guidance.
Follow-up CT one day after ablafion demonstrated a lesion/ablation area ratio of
1.6 without contrast enhancement, (C) (black arrow). PET-CT at 36 months showed
no pathological FDG uptake in the liver (D).

Radiol Oncol 2025; 59(4): 526-534.

ciples of the Declaration of Helsinki after receiv-
ing ethical approval (number: E-71522473-050.04-
349246-63/26.03.2024). Patients who underwent
thermal liver ablation at our clinicbetween January
2019 and March 2024 were included (Figure 1). A
multidisciplinary tumor board made all decisions
regarding MWA treatment. The inclusion and ex-
clusion criteria are summarized in Table 1.

Retrospective analysis was conducted on pa-
tients’ age, sex, pre- and post-procedure laboratory
values (white blood cell count, neutrophil-to-lym-
phocyte ratio), tumor dimensions (pre-procedure
and post-procedure day 1 and months 1, 3, and 6),
details of the MWA procedure (duration, power
output), complications, and local progression or
recurrence during follow-up.

Procedures

An interventional radiologist with 12 years of ex-
perience in interventional oncology performed all
procedures. Prophylactic antibiotics were admin-
istered to all patients before the procedure. MWA
was performed under deep sedation and analgesia
under the supervision of an anesthesiologist. Local
anesthesia with 10 cc of prilocaine (Priloc 2%, Vem
Pharmaceuticals, Turkey) was applied to the sub-
cutaneous region and liver capsule under sterile
conditions.

Lesions were accessed under ultrasound guid-
ance using a convex probe (V8, Samsung, Republic
of Korea). For MWA, a 15-gauge Dophi™ M150E
antenna (Surgnova, China) was utilized, operating
at a frequency of 2.45 GHz with a power output
of 50-100 watts. This shaft-cooled antenna with
continuous energy transfer was equipped with
anti-phase technology (Figure 2A-D). Ablation pa-
rameters, including power and duration, were ad-
justed based on the manufacturer’s ablation chart
according to the lesion size. For 16 patients (17.4%),
additional hydrodissection with 5% dextrose so-
lution was performed for lesions within 5 mm of
bowel loops, the diaphragm, or major vessels.
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For all patients, the ratio of the post-procedure
ablation zone diameter to the pre-procedure tu-
mor diameter was calculated based on contrast-
enhanced CT images obtained the day after the
procedure (64-slice multidetector CT, Aquilion
64; Toshiba Medical Systems, USA). All measure-
ments were made manually based on the diameter
of the longest axes before the procedure and after
a single ablation session. Follow-up imaging was
performed every three months during the first
year and biannually thereafter, using CT, MRI, or
positron emission tomography-CT (PET-CT) scans.
Imaging findings were assessed using the modi-
fied Response Evaluation Criteria in Solid Tumors
to determine the response. During follow-up, local
tumor progression (LTP) was defined as detect-
ing nodular enhancement adjacent to the ablation
zone.

Definitions

The target ablation zone was defined as the ab-
lation of the tumor with a 10-mm safety margin
while preserving normal parenchyma and non-
target tissues. Technical success was defined as
complete ablation of the target lesion as confirmed
by contrast-enhanced CT one day after the proce-
dure. Complications were classified as minor or
major according to the Society of Interventional
Radiology reporting standards.’® Minor compli-
cations required only observation without treat-
ment or hospitalization, while major complications
necessitated prolonged hospitalization, an un-
planned increase in patient care level, or resulted
in squeal or death.

Statistical analysis

MedCalc (version 12, Ostend, Belgium) was used
for statistical analyses. Descriptive statistics were
presented as median (minimum-maximum) and
mean +standard deviation values. Categorical
variables were expressed as frequencies and per-
centages. Fisher, Pearson’s chi-squared, and Yates’
corrected version of Pearson’s chi-squared tests
were used to compare categorical variables. The
independent-sample t-test was used for the com-
parison of continuous variables with a normal dis-
tribution, and the Mann-Whitney U test was for
the data that did not conform to the normal distri-
bution according to the Kolmogorov-Smirnov test.
Univariate and multivariate Cox proportional haz-
ards models were utilized to identify risk factors
for LTP. The Kaplan-Meier analysis was used to

TABLE 2. Clinical and demographic characteristics of the patients

n

Sex (female/male)

Age

Age group (<65 /> 65 years)
White blood cell count

White blood cell count group (<8 x103/L / > 8 x103/L) 70

Neutrophil-to-lymphocyte ratio 2.
23 (25%)/69 (75%)
109 (81.9%)/24 (18.1%)

Neutrophil-to-lymphocyte ratio group (£2 /> 2)
Tumor location (favorable/unfavorable)
Tumor size

Tumor size group (£3cm />3 cm) 93

49 (53.3%)/43 (46.7%)

59.8+12.3

60 (65.2%)/32 (34.8%)

6.5 2.4 x103/L
(76.1%)/22 (23.9%)
6 (range: 1-10.4)

26.1 £13.4 mm
(69.9%)/40 (30.1%)

evaluate disease-free survival analysis. A p-value
of <0.05 was accepted as statistically significant.

Results

A total of 92 patients who underwent MWA treat-
ment for HCC or liver metastases were included
in the study. The procedure was performed on a
total of 133 lesions. The mean age of the patients
was 59.8 + 12.3 years; 49 were female (53.3%), while
43 were male (46.7%). The mean white blood cell
count was 6.5 + 2.4 x10%uL, and the median neu-
trophil-to-lymphocyte ratio was 2.6 (range: 1-10.4).
The mean tumor size was 26.1 + 13.4 mm. The clini-
cal and demographic characteristics of the patients
are summarized in Table 2.

Of the 92 patients, nine (9.8%) were diagnosed
with HCC, and 83 (90.2%) had metastases. Among
patients with metastases, 46 (55.4%) had colorectal
metastases, and 37 (44.6%) had non-colorectal me-
tastases (Table 3).

MWA achieved the targeted ablation zone in
all patients, resulting in a technical success rate of
100%. A median power of 80 watts (50-100 range)
was applied to the lesions, and the mean ablation
duration was 5.2 + 2.1 minutes. The mean ratio of
the ablation zone area to the tumor area was 1.63
£0.3.

Minor complications occurred in 29 patients
(31.5%), including post-procedural pain (n = 15),
subfebrile fever (n = 8), and fatigue (n = 6). All mi-
nor complications were resolved within 48 hours.

Radiol Oncol 2025; 59(4): 526-534.
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FIGURE 3. Analysis of disease-free survival (DFS) in patients who underwent
microwave ablation (MWA).

Major complications were observed in 3 patients
(3.2%). They included a liver abscess requiring
drainage (n = 1), hemorrhage necessitating embo-
lization eight hours after the procedure (n = 1), and
pleural effusion requiring drainage two hours af-
ter the procedure (n=1).

The median follow-up time of the patients was
33 (range 10-36) months. According to the Kaplan-
Meier analysis, the third-, sixth-, 12th-, and 24th-
month disease-free survival (DFS) rates were
95.6%, 82.6%, 72.8%, and 57.6%, respectively. The
median DFS time was 25 months (95% confidence

interval: 21-27) (Figure 3).

TABLE 4. Univariate analysis of factors associated with local tumor progression in

MWA-treated patients

Variables [o]

Sex (male vs. female) 0.372
Age (£ 65 vs. > 65 years) 0.415
White blood cell count (<8 x103/L vs. > 8 x103/L) 0.554
Neutrophil-to-lymphocyte ratio (€2 vs. > 2) 0.297
Primary tumor (HCC vs. metastasis) 0.624
Metastasis type (colorectal vs. non-colorectal) 0.198
Tumor location (favorable vs. unfavorable) 0.339
Tumor size (€3 cm vs. > 3 cm) 0.012

HCC = hepatocellular carcinoma; MWA = microwave ablation

Radiol Oncol 2025; 59(4): 526-534.

TABLE 3. Primary tumors of patients who underwent ablation
due to liver metastasis

n %

Colorectal

Colon 32 38.5

Rectum 14 16.9
Non-colorectal

Breast 14 16.9

Gastric 8 9.6

Pancreas 5 6

Ovarian 5 6

Lung 3 3.6

Endometrium 2 2.5

During the 24-month follow-up, local tumor
progression was observed in 39 patients (42.4%).
Univariate analysis identified tumor size as the
only independent risk factor for LTP (p = 0.012)
(Table 4). In a multivariate analysis, tumor size
was categorized as <3 ¢cm, 3-5 cm, and 25 cm. It
was determined to be an independent risk factor
for local tumor progression (LTP), with a hazard
ratio of 1.733 (95% CI: 1.541-2.873) and a p-value
of 0.037.

Discussion

The most notable feature of our study is its focus
on the use of an MWA antenna with anti-phase
technology offering ultraspherical ablation, mak-
ing it, to our knowledge, the second study in vivo
on humans and the largest to date, with the long-
est follow-up period. In addition, unlike the pre-
vious clinical study involving the same antenna,
the lesions treated in our research predominantly
included metastatic lesions, with a significant pro-
portion originating from colorectal cancer.

The principle underlying MWA involves the ap-
plication of an electromagnetic field at frequencies
ranging from 900 to 2,500 MHz to achieve lethal
temperatures within tissues, resulting in tissue de-
struction. Microwave energy is delivered to tissues
via an antenna, with heating concentrated around
the antenna’s periphery. Microwave energy can
propagate in environments with low thermal-
electrical conductivity or high impedance, such
as lung tissue, bone, and charred or desiccated
tissues. This characteristic allows microwave ab-
lation (MWA) to overcome the limitations of RFA,
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which has reduced efficacy in such tissue types.’
Furthermore, the simultaneous use of multiple
MWA antennas enables synergistic thermal effects
within the same lesion when placed proximally
or simultaneous ablation of separate lesions when
positioned distally.

The MWA system comprises three components:
the generator, the power delivery system, and an-
tennas. Unlike RFA, the power output from the
generator in MWA is unaffected mainly by tissue
type. In MWA, there is no significant reduction in
power output when operating in high-impedance
tissues. The energy generated in the MWA genera-
tor is transmitted to the antenna via coaxial cables.
However, while flexible and thin-caliber cables are
designed to enhance usability, they also introduce
disadvantages, such as heating and power loss.’
Antennas represent the final component of the
system, transferring microwave energy to the tis-
sue. Structurally, antennas consist of an inner con-
ductor, dielectric material, and an outer conductor.
The most basic antenna designs include dipole,
monopole, and slot antennas. The dipole antenna
differs from the monopole design by incorporating
a metal block at the distal end of the coaxial cable,
leaving a gap for electromagnetic energy emission.
The inner and outer conductors are soldered to-
gether in slot antennas at the coaxial cable’s end.
However, a gap is left near the soldered junction,
allowing electromagnetic waves to pass into the
tissue. A common challenge in all three antenna
designs is generating leaking currents from the an-
tenna back toward the generator.'” These currents
can cause unintended heating of tissues behind
the target area, leading to a comet-tail ablation
zone instead of the desired spherical or ellipsoidal
shape. Technological advancements have aimed to
address this issue.!?

Compared to RFA, MWA offers distinct advan-
tages due to its underlying physical principles,
including achieving larger, more homogeneous
ablation zones in a shorter time. However, MWA
also has disadvantages, such as less predictable ab-
lation zones, cable heating, the larger calibration of
probes, and the creation of elongated and narrow
ablation zones.!® The indications for MWA are sim-
ilar to those for other TA techniques and include
curative, debulking, or palliative treatments. For
colorectal metastases, MWA is recommended for
oligometastatic lesions (< 4 lesions) smaller than 3
cm.”” For HCC, it is indicated for very early-stage
(stage 0) and, in selected cases, early-stage (stage
A) disease based on the Barcelona Clinic Liver
Cancer staging system.'®

In a review including 11 studies (four rand-
omized and seven observational) and involving
2,169 patients, Spiliotis et al. compared the out-
comes of MWA and RFA. They reported no signifi-
cant difference between the two methods in terms
of LTP. However, a subgroup analysis of rand-
omized trials in patients with HCC demonstrated
lower LTP rates with MWA. No differences were
observed between the two techniques regarding
complete ablation rates, distant recurrence (DR), or
complication rates. The authors emphasized that
LTP was the most critical criterion for evaluating
the efficacy of ablation techniques.”

MWA has been shown to produce more spheri-
cal ablation zones, which correspond to larger treat-
ment volumes.?’ A more spherical ablation zone is
expected to ensure complete coverage of the target
lesion margin within the ablation area.?! Advances
in MWA probe design have aimed to achieve this
ideal shape. A study by Cazzato et al. demonstrated
that using multiple MWA antennas (e.g., two an-
tennas for tumors between 2-3 cm, three antennas
for tumors > 3 cm) facilitates the creation of ablation
zones closer to a spherical shape.?

In all ablation methods, including MWA, clini-
cal outcomes are evaluated using parameters such
as technical success, the efficacy of the ablation
(complete ablation or LTP/local recurrence [LR]
in the case of incomplete ablation), complications,
and survival (DFS and overall survival [OS]).1%%
In a retrospective study by Xu et al. involving 142
patients and 294 tumors, technical success was
95.2%, with LTP and DR rates of 15% and 68.3%,
respectively. The DFS rates at the first, third, and
fifth years were 76%, 33.1%, and 19.5%, respective-
ly, while the OS rates at the same time points were
97.2%, 75.4%, and 50.6%, respectively.?? Compared
to our study, our three-month DFS rate (95.6%) was
significantly better despite our higher LTP rate.
Furthermore, tumor sizes were larger in the study
by Xu et al. (31 + 13 vs. 26.1 + 13.4 mm).

Pathak ef al. systematically reviewed 13 studies
with 406 patients with colorectal metastases. The
OS rates in the first, third, and fifth 5 years were
73%, 30%, and 16%, respectively, while LR rates
ranged from 2% to 14%. The minor and major com-
plication rates were 6.7-90.5% and 0-19%, respec-
tively. The authors emphasized that survival rates
were higher in patients treated with MWA com-
pared to those receiving palliative chemotherapy
alone.?* Compared with this review, our patients
exhibited a higher recurrence rate (LTP), while the
minor and major complication rates were within
the range identified.

Radiol Oncol 2025; 59(4): 526-534.
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Leung et al. retrospectively analyzed 176 pa-
tients and 416 tumors, primarily colorectal me-
tastases (81%), and reported LTP and DR rates of
79% and 38%, respectively. The study also demon-
strated a significant relationship between tumor
size and perivascular location with LR, with the
LR rate reaching 33% in tumors larger than 3 cm.
In addition, it was emphasized that the LR rate
was higher for biliary carcinoma and non-colorec-
tal metastases. The four-year OS rate during the
follow-up was reported to be 58% for colorectal
metastases and 79% for other pathologies, but no
statistically significant differences were observed.®
In our study, tumor size was also identified as an
independent risk factor for LTP, although a similar
relationship between tumor pathology and LTP
was not demonstrated. While the cohort in the
study by Leung et al., mostly consisting of patients
with colorectal metastasis, shares similarities with
our study, the median tumor size was smaller than
ours (10 mm vs. 26.1 mm).

To our knowledge, the first clinical study utiliz-
ing the MWA antenna with anti-phase technology
for ultraspherical ablation was conducted by Blain
et al1?2 The authors performed ablation on 87 tu-
mors in 68 patients using the same MWA antenna
(Dophi™ M150E, Surgnova, China) as in our study:.
The lesions had a mean diameter of 17.8 + 79 mm,
and the ablation zone measured a maximum axis
of 35.6 + 11 mm. The mean follow-up duration was
10 months, during which local tumor control was
observed in 84.7% of the patients who underwent
ablation. In contrast, our study demonstrated a
DFS rate of 72.8% at 12 months, with a lower tumor
control rate than the previous study. Moreover,
complications were reported in only two patients
in that study (one case of stress ulcer and one of
subcapsular hematoma). However, there are sever-
al key differences between the two studies, includ-
ing the median follow-up period (10 months vs. 33
months), pre-procedure tumor sizes (median 17.8
cm vs. 26.1 cm), MWA procedural parameters (ab-
lation time of 8 + 4.5 minutes vs. 5.2 + 2.1 minutes),
and tumor types (more non-colorectal metastases
and an equal number of colorectal metastases and
HCC cases in the previous study).

In the prospective study of Zhang et al. cover-
ing 50 patients and 77 tumors, the majority of
tumors were primary lesions [primary: 52, meta-
static: 25 (colorectal: 19, non-colorectal: 6) lesions]."
Technical success (defined as primary technical
efficiency) was shown as 97.4%. Unlike our study,
the short and long axes of the ablation zone were
measured, and the ablation volume and spheric-
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ity index (SI = short axis/long axis) were calculated.
When the ablation zone diameters were compared
with the manufacturer’s ablation chart and the
ex-vivo study of Namakshenas ef al., it was de-
termined that the long diameters were parallel.
In contrast, the short diameters were measured
smaller.* It was thought that this situation may be
due to the complexity and variable nature of in-
vivo conditions. The parallelism of the ablation
zone volumes with the in-vivo study of Blain et
al. indicated that the antenna provided a predict-
able ablation zone. The SI value was shown as a
mean of 0.77 + 0.11, and SI was greater than 0.66
in the majority of lesions (86%). This result was
interpreted as the ablation zone being “relatively
well-rounded, though not perfectly spherical.” In
the study of Blain et al., where the same formula-
tion was used, the mean SI was 0.78 + 0.14, and the
rate of SI > 0.66 was 82%, showing parallelism.12
No relationship was shown between SI and power
and duration. As in our study, attention was paid
to lesion locations; factors such as subcapsular lo-
cation, proximity to the diaphragm and heart, and
proximity to major blood vessels or other organs
were considered. The clinical follow-up period
was short, and multiphasic MRI was performed at
6 weeks, and CT was used in patients with con-
traindications. The complication rate was stated as
10%, 4% of which were major (liver abscess in 1 pa-
tient and liver hemorrhage in 1 patient). The major
complication rate is similar to that of our study.
Namakshenas et al. investigated the performance
of the MWA system used in our study in ex-vivo liv-
er, lung, and kidney ablations." When the ablation
axis measurements were compared with the values
in the manufacturer’s chart, the values were gen-
erally consistent, especially in low-power settings
and single antenna use. Mean SI was 0.95, 0.79, and
0.9 for liver, lung, and kidney, respectively, in single
antenna use. It was observed that the SI value ap-
proached 1 for 75 W power settings and 10 minutes
of ablation in dual antenna use. It was concluded
that the ablation axes were predictable except for
the highest energy level ablations performed in the
lung. It was stated that an almost spherical ablation
zone was reached in a single antenna used for the
liver and kidney. It was stated that more homoge-
neous heat distribution was achieved in the tissue
in dual antenna use compared to a single antenna.
Habert et al. performed MWAs on pig liver (50
pieces) and lung (48 pieces) models under CT guid-
ance with the antenna we used in our study and
evaluated the ablation dimensions.* In the study,
they performed 3, 5, 8, 10 and 15-minute ablations
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with 50, 75 and 100 W power values. The ablation
zone was evaluated 3-dimensionally with contrast-
enhanced CT. SI values were determined to be be-
tween 0.50-0.80 for the liver and 0.40-0.69 for the
lung. Although sphericity was defined as equal to
1, the long and short axes were squared in the SI
calculation in this study, and the SI measurements
differed from the other studies we mentioned. As a
result of the study, it was determined that a shorter
ablation time provided better energy efficiency [ab-
lation zone volume (cm?)/applied energy (W)], and
the ablation zone was more predictable at a 10-min-
ute ablation time.

Our study has certain limitations. Firstly, it was
retrospective in design. Secondly, the patient co-
hort was relatively small and heterogeneous. Due
to this heterogeneity, OS data for the patients were
not included in the study. Thirdly, there is a nota-
ble difference between the HCC group (n = 9) and
the metastatic group (n = 83), which could impact
statistical analyses when examining subgroups.
Lastly, all patients were treated using the same
anti-phase technology antenna. While the litera-
ture has discussed the potential advantages of
this technology over conventional MWA systems,
this study did not include any direct comparisons.
Further large-scale, comparative, and prospective
studies could address these limitations.

The application of anti-phase technology in mi-
crowave ablation allows for the formation of more
spherical and predictable ablation zones, poten-
tially improving local tumor control and proce-
dural safety in clinical practice.

In conclusion, MWA is a current treatment
method for HCC and liver metastases, and tech-
nological advancements based on its physical
principles are being explored to enhance ablation
efficacy. Our study, including the longest follow-
up duration and the largest patient population ex-
amining the antenna technology for ultraspherical
ablation with anti-phase technology, demonstrat-
ed that this treatment had a high technical success
rate and acceptable local control and complication
rates.
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Background. Electroporation-based therapies are being explored in glioblastoma (GB) freatment, as means of en-
hancing drug delivery or achieving nonthermal ablation. Yet, little is known about how sublethal exposure affects the
invasive behaviour of GB tumour cells.

Materials and methods. Five patient-derived GB cell lines were initially screened for intrinsic invasive potential, and
two most invasive (NIB140 CORE and NIB216 CORE) were selected for further experiments with electroporation treat-
ment. Cells in suspension were exposed to bursts of high-frequency biphasic electric pulses resulting in electric field
strength of 1 kV/cm, which corresponded to conditions of reversible electroporation. Changes in cell invasion and
gene regulation were assessed 24 hours after electroporation using transwell assay and RNA franscriptome analysis,
respectively.

Results. Reversible electroporation at 1.0 kV/cm enhanced invasion in a cell ine-dependent manner. NIB140 CORE
showed a consistent and pronounced increase, with a median of 3.74-fold (274%) higher number of invading cells
compared to sham control. In contrast, NIB216 CORE exhibited only a modest increase in invasion (1.30-fold; 30%).
Transcriptomic profiling identified modulation of genes linked to extracellular matrix organization and ion channel
activity in NIB140 CORE, and cytoskeletal remodelling in NIB216 CORE, indicating the activation of invasion-related
pathways.

Conclusions. These findings highlight a potential risk of pro-invasive responses in GB cells. In tumour ablation with irre-
versible electroporation, this concern relates to cells in the peripheral zone that may experience only sublethal electric
fields, while in electrochemotherapy, a similar risk may arise if permeabilized cells are not effectively eliminated due
to insufficient local drug delivery. Nevertheless, the two tested cell lines responded differently, underscoring patient-
specific heterogeneity and the need for validation in more physiologically relevant models.

Key words: electroporation; high-frequency electric pulses; glioblastoma; patient-derived cells; invasion

Introduction brane. Depending on the extent of membrane dis-

ruption, cells may either restore homeostasis and
Electroporation is achieved by brief exposure of survive (reversible electroporation) or fail to re-
cells to high-intensity pulsed electric fields, creat-  cover, leading to cell death (irreversible electropo-
ing nanoscale defects (i.e., pores) in the cell mem- ration, IRE).! Clinically, electroporation has gained
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recognition as a versatile tool in oncology. IRE can
be used as a stand-alone, minimally invasive, non-
thermal ablation technique?®, whereas reversible
electroporation can be used to enhance the uptake
and cytotoxicity of chemotherapeutic drugs while
allowing for reduced drug dosages (electrochem-
otherapy; ECT).#®> Unlike thermal ablation, elec-
troporation spares major blood vessels and the ex-
tracellular matrix, making it especially well-suited
for tumours situated near vital or functionally
critical structures.? Moreover, by enhancing drug
delivery and promoting anti-tumour immune acti-
vation, electroporation has become recognized as
a key component of multimodal cancer therapy.

Glioblastoma (GB), a WHO grade IV astrocyto-
ma, is the most lethal and treatment-resistant pri-
mary brain tumour, with a median patient survival
of around 15 months and a five-year survival rate
below 10%.°® It is characterized by pronounced
cellular and molecular heterogeneity, aggressive
infiltration into surrounding brain tissue, and
the development of a highly immunosuppressive
microenvironment. Together, these biological fea-
tures present significant challenges to developing
effective treatments. The blood-brain barrier fur-
ther limits drug delivery, while therapy-resistant
GB stem cells and extensive genomic instability
drive inevitable recurrence.’ Despite the fact that
surgery, radiotherapy, and chemotherapy remain
the standard treatments for GB, emerging evi-
dence indicates that tumour cells surviving these
treatments may acquire an even more invasive
phenotype, further complicating disease manage-
ment.* This emphasizes the urgent need for novel,
multimodal strategies capable of addressing com-
plex tumour biology and preventing treatment-
induced adaptation.

Given these challenges, there is growing in-
terest in exploring alternative strategies for GB
treatment. Several animal studies have demon-
strated clinical potential of electroporation-based
treatments for brain tumours. In canine models,
research has primarily focused on IRE as a non-
thermal ablation method. First-generation IRE
protocols consisted of ninety 50-us-long mono-
phasic pulses at 4 Hz, producing well-controlled
ablation volumes with sharp submillimeter transi-
tion zones between treated and healthy tissue.!'13
A notable prospective study using the NanoKnife
system in seven dogs with spontaneous gliomas
demonstrated safety and feasibility of IRE for
brain tumour treatment. Individualized treat-
ment plans were developed based on magnetic
resonance image segmentation and computation-
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al optimization to ensure adequate electric field
coverage of tumour by a sufficiently high electric
field. Procedures involved craniotomy and stereo-
tactic pulse delivery under general anaesthesia.
Most adverse effects were mild to moderate and
resolved with minimal intervention; however, two
dogs experienced severe toxicity — one unrelated
to IRE, and the other linked to the highest energy
dose. Objective response was observed in four of
five dogs with measurable lesions, with one dog
remaining tumour-free for over five years.”® To ad-
dress limitations such as muscle contractions and
neuromuscular stimulation, second-generation
high-frequency IRE (H-FIRE) protocols have been
developed to minimize these undesired effects.’* A
pilot study in three dogs with spontaneous menin-
giomas confirmed effective tumour ablation near
critical vasculature with no major IRE-related side
effects.” In addition, the potential of ECT for GB
treatment was demonstrated in rodent studies.
In rats with induced gliomas, ECT with intrave-
nous bleomycin improved their survival'®, while
intratumoral bleomycin combined with a newly
designed electrode achieved complete tumour
elimination in 69% of treated animals.”” Another
study combining IRE and ECT with intravenous
cisplatin via monopolar electrode showed delayed
tumour growth and improved survival in glioma-
bearing rats.?’ These results led to a phase I clini-
cal trial (NCT01322100) investigating ECT for brain
metastases, which was however discontinued due
to low patient enrolment.?

Despite these encouraging findings, electropo-
ration has not yet been clinically established for
brain tumours. Treatment responses in preclinical
studies were variable, and complete tumour con-
trol was not achieved in all animals. The under-
lying causes of this heterogeneity remain unclear.
One contributing factor may be the inhomogene-
ous electric field distribution during treatment,
which creates a central region of IRE surrounded
by a narrow peripheral zone of reversibly elec-
troporated cells.??? In highly infiltrative tumours
like GB, some tumour cells are likely to be exposed
only to sublethal electric field strengths, i.e. revers-
ible electroporation, and survive the treatment. If
electroporation alters the behaviour of surviving
tumour cells, making them more invasive or ag-
gressive, this might pose a potential risk for recur-
rence. A similar concern may arise in ECT, if in-
sufficient drug delivery allows electroporated cells
to survive the treatment. Thus, there is need for a
deeper understanding of how reversible electropo-
ration affects GB cells behaviour. Additionally,
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further preclinical studies are warranted, as even
the most relevant animal models, such as sponta-
neous canine gliomas, still show important dis-
crepancies compared to human GB. While animal
gliomas can mimic human GB tumour heterogene-
ity and histological features, they include a lower
number of mutated genes and a different immune
cell response.??” Moreover, investigating the inva-
sive behaviour of cells within sublethal regions is
ethically and experimentally challenging in vivo,
which further highlights the importance of clini-
cally relevant in vitro models before progressing
towards clinical application.

To investigate electroporation-induced chang-
es in GB cell behaviour under clinically relevant
conditions, we employed patient-derived primary
cultures that more accurately reflect the genetic
background, heterogeneity and invasive proper-
ties of human tumours compared to commercially
available cell lines.”® This study was motivated by
increasing evidence that sublethal therapies may
promote a more aggressive phenotype in surviv-
ing tumour cells.®® Furthermore, our previous
study® revealed that reversible electroporation
activates Ca?*-activated potassium channels in
U-87 MG GB cell line, which are known to play a
key role in regulating GB invasion.?3 Therefore,
we focused specifically on evaluating how elec-
troporation affects the invasion of GB cells. We
began by characterizing the invasive potential of
five patient-derived GB cell lines and selected two
cultures with the highest invasive capacities for
further investigation. We then evaluated chang-
es in tumour cell invasion induced by reversible
electroporation. To ensure that we specifically
examined the response of reversibly electropo-
rated cells only, we employed a suspension-based
approach, which provides a controlled system
without the confounding effects of mixed revers-
ible and irreversible populations. To gain deeper
insight into how electroporation affects gene ex-
pression in surviving tumour cells, we addition-
ally performed RNA sequencing in treated and
non-treated samples. The findings presented here
provide important insights that may contribute to
the development of effective electroporation-based
strategies for GB therapy:.

Materials and methods
Cells

Experiments were performed using five differ-
ent cell lines obtained from Slovenian GlioBank

managed by the National Institute of Biology
(NIB).3* Patients or their authorized representa-
tives signed an informed consent in accordance
with the Declaration of Helsinki. Collection and
processing of tumour tissue material was ap-
proved by the National Medical Ethics Committee
of the Republic of Slovenia (numbers 92/06/12,
0120-190/2018-4, 0120-190/2018-26, 0120-190/2018-
32, and 0120-190/2018-35). Cell lines established
from tumours were labelled with internal code
numbers: NIB140 CORE, NIB216 CORE, NIB220
RIM, NIB237 CORE and NIB261 REC. CORE and
RIM indicate the anatomical tumour regions from
which the tumour cells were derived (the tumour
core and infiltrative rim, respectively), while REC
refers to cells isolated from a recurrent GB lesion.
All cell lines were grown in Dulbecco’s Modified
Eagle Medium (DMEM; Gibco, #41965039), sup-
plemented with 10% foetal bovine serum (Gibco,
#10500064) and antibiotics Penicillin-Streptomycin
(Sigma-Aldrich, Germany, #P0781), hereafter re-
ferred to as DMEMI0.

Cells were routinely passaged every 3 to 4 days
and were maintained in a humidified environ-
ment at 37°C with 5% CO,. For determining the cell
doubling time, 2x10° cells were seeded per well of a
6-well plate (TPP, Switzerland), incubated at 37°C,
5% CO,, and then trypsinized and counted at se-
lected times 20-100 hours after seeding. For elec-
troporation, cells were trypsinized, counted, and
centrifuged at 300 x g for 3 minutes. The resulting
pellet was resuspended in DMEM10 with 10 mM
HEPES, Sigma-Aldrich, #H0887 (hereafter referred
to as DMEMI10+) to achieve a final cell density of 1
x 106 cells/ml.

Electric pulse exposure

Cells were exposed to H-FIRE pulses, which were
previously used in GB investigations in vitro,** as
well as in vivo for the treatment of spontaneous
canine meningiomas” and in a study examin-
ing blood-brain barrier disruption mechanisms.*
Specifically, we applied 100 bursts of bipha-
sic pulses, with 2 us negative and 2 ps positive
phase, 5 ps interphase and 5 us interpulse delay,
25 pulses/burst, at 1 Hz burst repetition frequency
(Supplementary Figure S1). The pulse amplitude
was varied between 100-400 V, corresponding to
0.5-2 kV/cm. Pulses were delivered by a high-fre-
quency pulse generator L-POR (mPOR, Slovenia),
through 2 mm electroporation cuvettes (VWR,
#732-1136). The current and voltage were rou-
tinely monitored on an oscilloscope Wavesurfer
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422, 200 MHz, using high-voltage differential
probe ADP305 and current probe CP030 (all from
Teledyne LeCroy, USA). The electric field to which
the cells were exposed was estimated as the ratio
between the applied voltage and the interelectrode
distance.

We aimed to perform experiments at close-to-
physiological temperature, which is relevant to
in vivo tumour treatment. Thus, each cuvette was
first preheated in an incubator at 33°C for at least
15 minutes. Subsequently, the cell suspension was
added to the preheated cuvette, and placed back
into the incubator at 33°C. Following an additional
10-minute incubation period, electric pulses were
delivered to the cuvette inside the incubator. The
temperature of 33°C was chosen based on our pre-
vious findings in U-87 MG GB cells, where elec-
troporation at this temperature, but not at room
temperature (~25°C), triggered activation of Ca-
activated potassium channels that are associated
with membrane hyperpolarization and increased
invasive potential.* In addition, responses at 33°C
are expected to more closely approximate those
at physiological temperature (37°C) than at room
temperature, while maintaining a margin of safety
against heating, as the sample temperature in-
creased by > 8°C when the strongest electric pulses
were delivered.

Joule heating of the sample due to pulse de-
livery was measured using a fibre optic sensor
MPK-5 (OpSens Solutions, Canada). The sample
temperature increased by 1.3°C + 0.3°C at 200 V (1
kV/cm) and 8.3°C £ 0.7°C at 400 V (2 kV/cm), record-
ings shown in Supplementary Figure S2. This tem-
perature increase was measured at room tempera-
ture (24-26°C); the increase during pulse delivery
at 33°C is expected to be somewhat higher due to
lower heat dissipation in warmer atmosphere.

Permeabilization assay

Cell suspension (150 pl, 1 x 10° cells/ml) prepared
in DMEMI10+ was mixed with propidium iodide
(PL, Molecular probes, #P1304MP) in a final con-
centration of 100 pg/ml. PI is a nucleic acid stain
that selectively penetrates cells with compromised
membranes, where it binds to DNA and emits
fluorescence. When added to cell suspension be-
fore pulse delivery, it enables identification of elec-
troporated cells.®** 3 minutes after pulse applica-
tion, 350 pl of electroporation solution was added
to the cell suspension and the sample was removed
from the electroporation cuvette. The percentage
of Pl-stained cells was quantified by flow cytom-
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eter (Attune NxT, Carlsbad, CA, USA) using blue
laser excitation at 488 nm and detecting the emit-
ted fluorescence through a 574/26 nm band-pass
filter. 10,000 events representing individual cells
were obtained, and data were analysed using the
Attune Nxt software. Cells with fluorescence in-
tensity above a certain gate value, defined based
on fluorescence intensity histogram, were consid-
ered electroporated. Gating was set according to
sham control (0 V). Measurements for each data
point were repeated at least three times on three
different days.

Pl-based viability assay

Cell suspension (150 pL, 1 x 10¢ cells/mL) was pre-
pared in DMEMI10+ and transferred to an elec-
troporation cuvette. After pulse application and
additional 10-minute incubation at 33 °C, 850 pL of
DMEMI10+ was added to the cuvette. Afterwards,
100 uL of the treated cell suspension was plated
into 24-well plate (TPP, Switzerland) containing
1mL of DMEMIO, and the plate was incubated
at 37°C in a humidified atmosphere with 5% CO,
for 24 hours. PI was used to assess cell viability 24
hours after the electric pulse exposure. First, cells
were harvested (attached and unattached) and
centrifuged at 300 x g for 3 minutes. The cell pellet
was then resuspended in 150 pL of growth medi-
um together with Pl in a final concentration of 100
pg/ml, and cells were incubated at room tempera-
ture for 5 minutes. The number of all cells (N,
and the number of Pl-stained cells (N,,) in a fixed
sample volume was quantified by flow cytometer
(Attune NxT; Life Technologies, USA), using a 488
nm blue laser and 574/26 nm band-pass filter. The
percentage of viable cells was determined from
(Niota=Npp)/Niggay, e @S described in our previously
published protocol®, where N, represents the
total number of cells in sham control.

total,ctrl

MTS-based viability assay

Cells were prepared and exposed to electric pulses
in the same way as for the PI-based viability as-
say. 50 uL of the treated cell suspension was then
plated into 96-well plate (TPP) containing 50 pL
of DMEMIO0 and the plate was incubated at 37°C
and 5% CO,. MTS metabolic assay (CellTiter 96
AQueous One Solution Cell Proliferation Assay,
Promega, USA) was used to assess cell viability
24 hours after pulse exposure. Viable cells reduce
the MTS tetrazolium compound into a soluble
formazan product, the concentration of which cor-
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relates with the number of metabolically active
cells and is determined by absorbance measure-
ment. According to the manufacturer’s instruc-
tions, 20 uL of MTS tetrazolium compound was
added to the samples, and the 96-well plate was
returned to the incubator for 2 hours. The absorb-
ance of formazan was measured with a plate read-
er (Tecan Infinite M200, Tecan, Austria) at 490 nm.
The percentage of viable cells was calculated by
subtracting the background (absorbance in wells
with medium only) and normalizing the sample
absorbance to the absorbance of the sham control.

Transwell invasion assay

Transwell invasion assay was performed follow-
ing a previously published protocol®, as shown
in Figure 1. Transwell inserts containing mem-
branes with 8.0-um pores (Corning Life Sciences,
#353097), pre-coated with Matrigel (Corning,
#354234), were used to assess the invasive poten-
tial of the cell lines. A total of 25 uL of Matrigel
solution, diluted 1:3 in DMEM supplemented with
2% FBS, was added to each insert and incubated
at 37°C for 30 minutes to allow gelling. The lower
chambers of 24-well plates were filled with 500 uL
of DMEM10. To prevent premature polymeriza-
tion, Matrigel was handled on ice using pre-cooled
pipette tips throughout the procedure. For each in-
sert, 80 000 cells (pre-treated with pulse exposure
or not) were suspended in 100 uL of DMEM with
2% FBS and mixed with 50 uL of Matrigel diluted
in DMEM to achieve a final Matrigel concentration
of 0.5 mg/mL. After a 10-minute incubation at 37°C
in a humidified 5% CO, atmosphere, an additional
50 uL of DMEM with 2% FBS was added to each
insert, resulting in a final volume of 200 pL. The
inserts were then incubated for 24 hours.
Following incubation, non-invading cells and
remaining Matrigel were removed from the upper
surface of the membrane using a cotton swab. The
inserts were transferred to fresh wells containing
500 uL of DPBS (Gibco, #14190) and washed twice.
Cells on the underside of the membrane were
fixed with 4% paraformaldehyde (Sigma-Aldrich,
# 158127) for 15 minutes at room temperature, fol-
lowed by two DPBS washes. Membranes were
then incubated in DPBS containing 1% bovine
serum albumin (BSA; Sigma-Aldrich, #A2153 or
Fisher BioReagents, #BP’9702) and 0.1% Triton X-100
(Sigma-Aldrich, #T8787) for 30 minutes at room
temperature to block non-specific binding. For
proliferation assessment, Ki-67 FITC-conjugated
antibody (Miltenyi Biotec, #130-117-691) was added

at a 1:50 dilution in DPBS, and membranes were in-
cubated for 1 hour at room temperature. After one
PBS wash, cell nuclei were counterstained with
Hoechst 33342 (Thermo Fisher Scientific, #62249)
diluted 1:1000 in PBS and incubated for at least 5
minutes.

Transwell invasion and proliferation assays
were performed in five GB cell lines (NIB 140
CORE, NIB216 CORE, NIB220 RIM, NIB237 CORE
and NIB261 REC) and selected electroporated sam-
ples (NIB 140 CORE and NIB216 CORE) to evalu-
ate treatment-induced changes in GB cell behav-
iour. Tile-scan imaging of the entire membrane
undersurface with invading cells was carried out
using two fluorescence microscopy systems. For
characterizing baseline invasion in all five GB
cell lines, cells were imaged using the EVOS FL
Auto 7000 system (Thermo Fisher Scientific, USA),
which employed both brightfield and fluorescence
channels to visualize nuclei stained with Hoechst
and proliferating cells labelled with Ki-67 under
10x objective magnification. Imaging was per-
formed using excitation wavelengths of 395 nm for
Hoechst and 475 nm for Ki-67. For characterizing
invasion in electroporated cells and corresponding
sham control groups, the same fluorescence chan-
nels were used to image the samples on the Leica
Thunder Imaging System with DMi8 inverted epi-
fluorescence microscope and LEDS$ illumination
source controlled by Las X software (all from Leica
Microsystems, Germany) under 10x objective mag-
nification.

Image analysis was performed using Image]
Fiji.* Nuclei were first segmented based on Hoechst
staining (as presented in Figure 1), and the result-
ing regions of interest (ROIs) were applied to the
Ki-67 channel to extract signal intensity and deter-
mine proliferation status. Quantification of invad-
ing and proliferating cells was performed across at
least three independent experiments.

Statistical analysis

All results are presented as mean + standard devia-
tion (SD), based on a least of three independent ex-
periments performed on separate days. Statistical
analyses were conducted using SigmaPlot version
11.0 (Systat Software Inc., San Jose, CA, USA), with
analyses performed separately for each cell line.
Normality was assessed using the Shapiro-Wilk
test, and homogeneity of variance was evaluated
using Levene’s test. For datasets meeting assump-
tions of normality and equal variance, one-way
ANOVA was applied, followed by Holm-Sidak’s
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FIGURE 1. Overview of the experimental workflow for evaluating patient-derived glioblastoma (GB) cell behaviour before
and after electroporation. Created with BioRender.com. (A) Five patient-derived glioblastoma cell lines, including cells from
the tumour core (CORE), infiltrative rim (RIM), and a recurrent lesion (REC), were initially screened using a transwell invasion
assay. Cells were plated on Matrigel-coated inserts and incubated for 24 hours. Invading cells migrating to the lower surface
of the insert membrane were fixed, permeabilized, and stained with Hoechst (nuclei) and then immunostained for Ki-67 (a
proliferation marker). The cells were subsequently imaged to quantify the number of invading and proliferating cells. (B) NIB140
CORE and NIB216 CORE were selected for further experiments with electroporation based on their invasive behaviour. Electric
pulses of increasing electric field strength were applied to cells in electroporation cuvettes and the resulting membrane
permeabilization and survival were quantified to generate characteristic response curves. Additionally, we assessed the
metabolic activity of cells using MTS. Post-treatment invasion assay and fluorescence imaging was used to assess changes
in invasive potential, with image analysis performed in ImagelJ Fiji to quantify total and proliferating cell numbers based on
nuclear segmentation and Ki-67 expression.

post hoc test for multiple comparisons. When as- a Student’s t-test was used when normality and
sumptions were not met, nonparametric ANOVA  variance assumptions were satisfied; otherwise,
on ranks was used, followed by Dunn’s post hoc a Mann-Whitney U test was applied. A p-value <
test. For comparisons involving two groups only,  0.05 was considered statistically significant.
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RNA transcriptome analysis

Total RNA was extracted from GB cells (NIB140
CORE and NIB216 CORE) using the E.ZN.A®
Total RNA Kit I (Omega Bio-Tek, Norcross, GA,
USA; Cat. No. R6834). To replicate the condi-
tions used in the Transwell invasion assay, cells
were first exposed to an external electric field as
described in the section above. Ten minutes fol-
lowing pulse exposure, 850 uL of DMEM10+ was
added directly to the electroporation cuvette. The
full volume was then transferred to a single well
in 6-well plate, and an additional 2 mL of DMEM10
was added, bringing the total volume per well to 3
mL. Sham-treated control cells were handled iden-
tically but were not subjected to pulse exposure.
The total RNA was extracted 24 hours after the
pulse exposure.

Transcriptome analysis was performed by
NovoGene (Munich, Germany). Total RNA was
extracted from electroporated and sham control
samples and subjected to quality control using the
RNA Nano 6000 Assay Kit of the Bioanalyzer 2100
system (Agilent Technologies, CA, USA). mRNA
was purified from total RNA using poly-T oligo-
attached magnetic beads, fragmented, and reverse
transcribed into cDNA. After second-strand syn-
thesis and adaptor ligation, libraries containing
370-420 bp fragments were purified using the
AMPure XP system and subsequently amplified
by PCR. Following amplification, PCR products
were purified again. Library quality was assessed
using the Agilent Bioanalyzer 2100, and cluster-
ing was performed on a cBot Cluster Generation
System using the TruSeq PE Cluster Kit v3-cBot-
HS (CA, USA). The libraries were then sequenced
on an Illumina NovaSeq platform, generating 150
bp paired-end reads. Raw reads were processed
using fastp for adapter trimming and quality fil-
tering. Clean reads were aligned to the reference
genome using HISAT2 (v2.0.5), and transcript as-
sembly was performed with StringTie (v1.3.3b).
Gene-level read counts were generated with fea-
tureCounts (v1.5.0-p3), and gene expression was
quantified as fragments per kilobase of transcript
per million mapped reads (FPKM), which accounts
for both transcript length and sequencing depth.

Differential gene expression analysis was per-
formed in NovoMagic (https://eu-magic.novogene.
com/) using DESeq2 (v1.20.0), based on a negative
binomial model. Gene ontology (GO) enrichment
analysis was conducted using the clusterProfiler
R package, correcting for gene length bias. GO
terms with adjusted p < 0.05 were considered sig-
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FIGURE 2. Patient-derived glioblastoma (GB) cell lines display variable intrinsic
invasive potential. (A) Transwell invasion assay was performed with non-treated
cell lines to assess the intrinsic invasive potential of five GB cell lines derived from
different tumour regions. NIB140 CORE showed the highest number of invading
cells, followed by NIB216 CORE, whereas NIB220 RIM, NIB237 CORE, and NIB261
REC displayed significantly lower invasion. Stafistical analysis was performed
using ANOVA on ranks. Significant differences are indicated with asterisks (*);
p < 0.05. The number of Ki-67 positive (proliferating) cells, shown in black at the
base of each bar, was low in all tested cell lines (< 10 %). Data are presented
as mean = SD from at least 4-5 independent experiments. (B) Doubling ftimes
were determined based on cell growth curves plotted as log,(N/N;) versus time,
where N is the number of seeded cells af fime 0 h, and N is the number of cells
at selected time points (hours). Linear regression was applied to each cell line (R?
values shown), and doubling time was calculated from the slope of the fitted line.
NIB140 CORE and NIB216 CORE showed similar doubling fime (40-41 h).

nificantly enriched. For visualization, unadjusted
p-values (p < 0.05) were used in volcano plots to
highlight global transcriptional changes, whereas
adjusted p-values (Benjamini-Hochberg correc-
tion) were used in GO enrichment plots to account
for multiple testing and reduce false discovery.

The raw RNA-seq data are publicly available in
the Gene Expression Omnibus (GEO) repository
under accession number GSE305017.

Results

Selection of patient-derived GB cell lines
based on their invasive properties

To characterize heterogeneity in invasive behav-
iour among patient-derived GB cell lines, we per-
formed a standardized transwell invasion assay
(Figure 1) using five lines representing distinct
tumour regions. As shown in Figure 2, invasive
potential varied markedly across the cell lines.
NIB140 CORE and NIB216 CORE exhibited the
highest levels of invasion, while NIB220 RIM,
NIB237 CORE, and NIB261 REC displayed signifi-
cantly lower invasive activity compared to NIB140
CORE and NIB216 CORE (ANOVA on ranks, p <
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FIGURE 3. Permeabilization and survival of NIB140 CORE and NIB216 CORE
glioblastoma (GB) cell lines in response fo H-FIRE pulses resulting in different
electric field strengths. (A) The percentage of permeabilized cells was assessed
by propidium iodide (Pl) uptake 3 minutes after pulse delivery (presented as e).
The percentage of viable cells was assessed by Pl assay 24 hours after pulse
delivery (presented as A). (B) Cell survival was assessed by metabolic MTS assay
24 hours after pulse delivery. Data are presented as mean + SD from at least three
independent experiments. Solid lines are least-square fits to sigmoid curves.
Stafistically significant differences (p < 0.05) between cell lines atf specific electric
field strengths were tested using Student’s t-test and are indicated by asterisks (*).
Data for NIB140 CORE and NIB216 CORE are shown in blue and pink, respectively.

0.05). Based on their invasion profiles, NIB140
CORE and NIB216 CORE were selected for subse-
quent experiments to investigate electroporation
responses across the two GB subtypes represent-
ing the highest levels of invasion. After 24 hours,
the expression of the proliferation marker Ki-67
was low in all tested cell lines (< 10%), confirming
that the observed invasion was not driven by cell
proliferation, as shown in Figure 2A. The number
of proliferating cells is represented at the base of
each bar, illustrating that proliferation does not ac-
count for the observed invasive behaviour.

To further confirm that the observed invasion
was not driven by proliferation, we measured the
doubling time of each cell line. NIB140 CORE and
NIB216 CORE displayed doubling times of ~40 and
~41 hours, respectively. Representative growth
curves used for this estimation are shown in
Figure 2B, illustrating that the 24-hour post-treat-
ment time point falls well before either population
is expected to divide. This supports the interpre-
tation that the observed behaviour reflects actual
invasion properties rather than proliferative ex-
pansion.

Permeabilization and survival at
different electric field strengths

We next investigated how the selected NIB140
CORE and NIB216 CORE cell lines respond to
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pulses of increasing electric field intensities.
Membrane permeabilization was assessed 3 min-
utes after electroporation using propidium iodide
(PI) staining, while cell survival was evaluated 24
hours post-treatment using both PI staining and
the metabolic MTS assay. Both NIB140 CORE and
NIB216 CORE exhibited a characteristic sigmoidal
increase in the percentage of permeabilized cells
with increasing electric field strength, reaching
maximal values above 125kV/em (Figure 3A).
Survival determined by PI assay declined above
1 kV/cm (Figure 3A). These results align with pre-
vious H-FIRE studies demonstrating that glioma
cells can recover metabolic activity and prolifera-
tive capacity when exposed to sublethal electric
fields, whereas higher intensities induce irrevers-
ible membrane damage.>

NIB216 CORE displayed somewhat greater
permeabilization at intermediate electric field
strength and a more pronounced decrease in vi-
ability at higher field strengths compared to
NIB140 CORE, indicating greater sensitivity to
electroporation-induced stress. This was further
supported by MTS assay results (Figure 3B), which
showed a greater reduction in metabolic activity in
NIB216 CORE. Statistically significant differences
(Student’s t-test) between the two cell lines were
observed at 1 kV/cm for membrane permeabiliza-
tion (p=0.037), 1.75kV/cm for survival (p=0.001),
and 2 kV/cm for metabolic activity (p=0.024), with
significant differences indicated by asterisks
(Figure 3). Nevertheless, the differences between
the tested cell lines were relatively small, suggest-
ing that similar electric field strengths can be used
to treat different GB cell lines.

Reversible electroporation enhances
invasion of GB cells in a cell type-
dependent manner

Based on permeabilization and survival curves
(Figure 3), we chose an electric field strength of
1.0 kV/em to further assess whether sublethal elec-
troporation alters GB cell invasion. At this electric
field strength, both NIB140 CORE and NIB216
CORE cell lines reached > 80% permeabilization
while maintaining viability above 80% relative to
sham-treated control (0 kV/cm). The chosen electric
field strength mimics the conditions in reversibly
electroporated border zone surrounding the ab-
lated area, when using IRE for tumour treatment.
Also, these conditions of reversible electroporation

are in line with clinically relevant protocols used
for ECT.40
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Electroporation enhanced the invasion po-
tential of GB cells in a cell type-dependent man-
ner, as quantified 24 hours following exposure to
1.0 kV/em. Since the number of invading cells var-
ied from day to day, already in control samples,
we present results for each of the three biological
replicates separately, with 2-3 technical replicates
(transwell inserts) per one biological replicate. In
NIB140 CORE, the number of invading cells was
consistently and significantly higher in electropo-
rated samples compared to sham-treated controls
across all three biological replicates (Figure 4A;
Student’s t-test, p < 0.05; 2-3 technical replicates
per one biological replicate). In contrast, NIB216
CORE showed a more variable response, with sig-
nificance reached in one biological replicate only
(Figure 4B), indicating a modest and less consist-
ent effect. We then averaged the technical repli-
cates and normalized this averaged number of
invading cells in electroporated samples to the
corresponding number in sham-treated controls
for each biological replicate. The obtained fold-
increase in invading cells across biological rep-
licates is presented in the box plot in Figure 4C.
This analysis confirmed a consistent increase in
invasion in NIB140 CORE and only modest trend
in NIB216 CORE. Notably, NIB140 CORE exhibited
a significantly greater 3.74-fold increase compared
to just 1.30-fold in NIB216 CORE (Student’s t-test, p
< 0.05), potentially reflecting intrinsic differences
in these cell lines.

Enhanced cell invasion following sublethal
electroporation was further supported by analysis
of the proliferation marker Ki-67. The proportion
of Ki-67—positive cells remained below 10% across
all conditions (Figure 4D), with no significant dif-
ferences between electroporated and sham-treated
controls (Student’s t-test). These findings reinforce
the conclusion that proliferation did not contribute
considerably to the increased number of invading
cells following electroporation. An example of this
electroporation-induced increase in invasion po-
tential in NIB140 CORE cell line is illustrated in
Figure 4E, where representative images demon-
strate a higher number of invading cells after elec-
troporation at 1 kV/cm.

RNA transcriptome analysis corroborates
enhanced invasion of reversibly
electroporated GB cells

To gain insight into the molecular changes associ-
ated with electroporation, we performed RNA se-
quencing on NIB140 CORE and NIB216 CORE cells
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FIGURE 4. Electroporation enhances the invasion potential of patient-derived
glioblastoma (GB) cell lines in a cell type-dependent manner. Invasion was
assessed 24 hours after electroporation using H-FIRE pulses resulting in electric
field strength of 1 kV/cm. (A-B) Box-and-whisker plots showing the number of
invading cells in NIB140 CORE (A) and NIB216 CORE (B) in sham-treated (grey)
and electroporated samples (blue or pink). Each group represents a separate
biological replicate (REP1-REP3), with 2-3 technical replicates per biological
replicate. The horizontal line within each box represents the median, and
whiskers indicate the full range of values. (C) Relative increase in the number of
invading cells in electroporated samples compared to sham controls. Data are
presented as mean * SD from three biological replicates. (D) Percentage of Ki-67-
positive (proliferating) cells in sham-treated and electroporated samples. Values
remained below 10 % across all conditions, demonstrating that the observed
increase in invasion was not due to increased proliferafion. (E) Representative
masks obtained after thresholding images of Hoechst-stained NIB140 CORE
invading cells, showing increased invasion following electroporation.

harvested 24 hours after exposure to 1.0 kV/cm.
Gene expression level analysis in electroporated
(EP) and sham-treated (CTRL) samples, presented
through co-expression Venn diagrams (Figure 5A),
revealed 222 and 239 genes that were uniquely ex-
pressed in the electroporated NIB140 CORE and
NIB216 CORE samples, respectively. Differential
gene expression analysis, presented through vol-
cano plots (Figure 5B) further confirmed elec-
troporation-induced transcriptomic changes in the
two cell lines, with both significantly downregu-
lated and upregulated genes.

Additionally, comparison between the sham-
treated NIB140 CORE and NIB216 CORE revealed
that these cell lines considerably differ in their
baseline transcriptomic profiles. Co-expression

Radiol Oncol 2025; 59(4): 535-550.



S4a4

Blazic A et al. / Invasive properties of glioblastoma cells after reversible electroporation

@ NIB140 CORE NIB216 CORE NIB140 CORE NIB216 CORE
CTRL < EP CTRL ==
207 (11578 222 240 239
NIB140 CORE NIB216 CORE NIB140 CORE vs NIB216 CORE
EP vs CTRL EP vs CTRL CTRL vs CTRL
8 12 400
UP 284 UP 322
+ DOWN 236 + DOWN 399
NO 28829 NO 27359 sune
6 300
8 " UP 5443
.o ." + DOWN 5759
.3 NO 18357
R

[

0 5
log,FoldChange

5

0 0 10
log,FoldChange log,FoldChange

FIGURE 5. Transcriptomic differences between electroporated and sham-
tfreated NIB140 CORE and NIB216 CORE cell lines. RNA franscriptome analysis
was performed in cells harvested 24 hours after electroporation. (A) The gene
expression levels analysis is presented through co-expression Venn diagrams
showing the overlap in expressed genes between sham-treated (CTRL, 0 V) and

electroporated (EP,

1 kV/cm) samples of each cell line, and between sham-

freated NIB140 CORE and NIB216 CORE. (B) The differenfial gene expression
analysis is presented through volcano plots. Red and green points represent
significantly upregulated and downregulated genes, respectively (p <0.05),
while blue pointfs indicate non-significant changes. Genes were classified as
differentially expressed, if they met the threshold of |log,FoldChange| > 0.0.

Venn diagram (Figure 5A) showed 10,915 genes co-
expressed in both cell lines, with 870 and 825 genes
uniquely expressed in NIB140 CORE and NIB216
CORE, respectively. Volcano plot (Figure 5B) fur-
ther confirmed the large transcriptomic diver-
gence between the two cell lines. This divergence
indicates that the intrinsic transcriptomic differ-
ences between NIB140 CORE and NIB216 CORE
exceed the shifts induced by electroporation,
which may explain the different extents to which
electroporation changed the invasion of these two
cells lines (Figure 4).

To better understand the biological relevance
of the observed transcriptomic changes, we per-
formed gene ontology (GO) enrichment analysis
on significantly upregulated and downregulated
genes in NIB140 CORE and NIB216 CORE cells
following electroporation (Figure 6). In NIB140
CORE, differentially expressed genes were en-
riched in invasion-associated pathways, including
channel activity and extracellular matrix organi-
zation (Figure 6A), which aligned with the ob-
served increase in invasion (Figures 4A, C). In con-
trast, the transcriptional response in NIB216 CORE
lacked strong enrichment of motility-related path-
ways, consistent with the modest increase in inva-
sion (Figures 4B, C). However, several downregu-

Radiol Oncol 2025; 59(4): 535-550.

lated categories in NIB216 CORE—including actin
filament binding, actin cytoskeleton, extracellular
matrix, and focal adhesion—suggest cytoskeletal
remodelling and/or disruption. In addition, genes
associated with leading-edge membrane, cell pro-
jection membrane, and synaptic membrane were
upregulated. These differences underscore the
intertumoral variability in molecular responses
to electroporation and support a potential mecha-
nistic link between transcriptomic changes and
the significantly enhanced invasion observed in
the NIB140 CORE cell line, which would, howev-
er, need to be further supported at the functional
level.

Discussion

Our study investigated how sublethal exposure to
electroporation pulses affects the invasion of GB
tumour cells. After initial screening of five patient-
derived GB cells lines for their intrinsic invasive
potential, we selected the two most invasive cell
lines (NIB140 CORE and NIB216 CORE) for further
electroporation experiments. We characterized cell
permeabilization and survival after exposure to
H-FIRE pulses resulting in different electric field
strengths and found that 1 kV/em corresponds to
conditions of reversible electroporation in both
cell lines. At 1 kV/cm, the majority of cells became
permeabilized due to electroporation while still
retaining their viability 24 hours later. We then
assessed changes in their invasion behaviour 24
hours after electroporation. Electroporation en-
hanced invasion in a cell line-dependent manner:
NIB140 CORE consistently showed a pronounced
response with a median 3.74-fold higher number
of invading cells compared to sham-treated con-
trols. While the number of invading cells was
consistently higher in electroporated samples, we
observed a rather high variability across biological
replicates. This variability can be explained by the
use of patient-derived cells, which are expected to
respond more heterogeneously than established
cell lines that often fail to replicate key tumour
characteristics.26334  Unlike in NIB140 CORE,
electroporation induced only a modest increase
in the number of invading cells in NIB216 CORE
(1.30-fold). Moreover, NGS-based profiling includ-
ed in the clinical pathology report identified the
EGFRulII variant in NIB140 CORE cell line (but not
in NIB216 CORE), a mutation known to enhance
invasion and contribute to treatment resistance in
GB.#2
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FIGURE 6. Functional enrichment analysis of differentially expressed genes following electroporation. (A) Gene ontology (GO)
enrichment analysis of significantly upregulated (right) and downregulated (left) genes in NIB140 CORE cells 24 hours after
electroporation. (B) GO enrichment analysis for NIB216 CORE. Dot size reflects the number of genes contributing to each GO
term, while colour intensity indicates statistical significance (adjusted p-value, padj). The GeneRatio represents the proportion of
differentially expressed genes associated with each GO term relative to the total number of input genes. Selected invasion-relevant
categories are highlighted in bold. GO terms include biological processes, molecular functions, and cellular components.
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To better understand the molecular basis of in-
creased invasion after electroporation and the as-
sociated differences between the two tested cell
lines, we performed transcriptomic analysis. In
NIB140 CORE cells, we observed upregulation of
genes associated with the channel activity and pas-
sive transmembrane transport activity - CHRNE,
KCNMA1, KCNAB1, TRPC4, GJC3, GPR89A,
TTYH2, GRIN2A, RHCE, and GLRA3.% Notably,
ion channel-related genes such as KCNMA1I and
KCNABI, i.e. the alpha and beta subunits of the big
potassium K_, channel, were detected, supporting
their potential role in enhanced invasive behav-
iour in GB observed in previous studies.??? Genes
related to extracellular matrix (ECM) organiza-
tion (collagen containing ECM, ECM and exter-
nal encapsulating structure) were downregulated
(COL14A1,EFEMP1,ITGB4, COL8A1, P3H2, THBS2,
INHBE, MATN4, PTPRZ1, MMP9, ANGPTL5 and
COL5A2) indicating ECM remodelling.#4® In this
context, it is notable that MMP9, a metallopro-
teinase classically associated with invasion, was
downregulated in NIB140 CORE. This may ap-
pear counterintuitive given the observed increase
in invasion, but it is consistent with reports that
GB cells can compensate protease activity by other
protease families or proteases of the same fam-
ily, adopt protease-independent, ion channel- and
adhesion-driven or even adhesion-independent
migration strategies.*® Thus, while MMP9 itself
was not upregulated, ECM- and ion channel-re-
lated pathways were altered, supporting the idea
that alternative mechanisms may drive invasion
in this context.* In contrast, NIB216 CORE showed
downregulation of genes involved in cytoskeleton
remodelling and focal adhesion (COL11A1, CNNI,
ALPL, HAPLN1, TGFBI1I1, F3, IGFBP7, ADAM]IY,
COL4A1, POSTN, LOXL4, MXRA7, CCN2, LGALS],
COL4A2, GPC4, TFPI2, CD248, VASP, TAGLN,
TPM2, PDLIM7, PPP1R18, ARPC4, COROI1A,
ACTN1, FHDC1, PICK1, SPTBN2, ADSS1, MYOZ1,
TMEM201, MARCKSL1 and MYHY) suggesting
cytoskeletal disruption.*” Meanwhile, upregulated
response was linked to membrane dynamics -
leading edge membrane, cell projection membrane
and synaptic membrane (ANK1, DPP4, LAMPS,
EGFR, C2CD5 and PSD3) indicating changes in
membrane plasticity and intracellular commu-
nication.*® It should be noted that, based on our
data, we cannot determine whether the observed
effects arise directly from pulse-induced biophysi-
cal changes or indirectly through stress-mediated
signalling. Furthermore, this data should be inter-
preted with caution, as validation at the protein
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level (e.g.,, Western blot or ELISA) will be required
to confirm whether the observed gene expression
changes translate into functional effects.

A recent study by Wang et al® reported that
electroporation suppresses invasion of U-87 MG
GB cells. Similar to our study, cells in suspension
were electroporated and changes in invasion were
assessed 24 hours later using a transwell invasion
assay. The pulse parameters used for electropora-
tion was somewhat different from ours and con-
sisted of 4-8 bursts of 50 biphasic 2 us pulses with
0.2 ps interphase and 100 ps interpulse delay, 15
Hz burst repetition frequency, and 4 kV/cm electric
field strength. With 6 and 8 bursts, cell survival
dropped to ~73% and 42%, respectively, and this
decrease in the number of viable cells was expect-
edly reflected in lower number of invading cells.
Nevertheless, the number of invading cells de-
creased to ~56% of control also with 4 bursts, where
~90% cells survived the treatment. Decreased in-
vasion was associated with downregulation of
SIRT1 gene and SIRT2 genes and impaired mito-
chondrial function. In contrast, we observed in-
creased invasion and no significant changes in any
of SIRT1-7 genes (p=0.1; Benjamini-Hochberg cor-
rection) in our study. Furthermore, we observed a
trend of increased invasion even at higher electric
field strength of 2 kV/cm, after compensating for
the reduced number of surviving cells, although
this increase in invasion was not statistically sig-
nificantly different from control, results presented
in Supplementary Figure S3. The different results
obtained by us compared to Wang et al* could
stem from multiple reasons. Aside from differ-
ences in pulse parameters and sample temperature
during electroporation, we used patient-derived
GB cells lines. As shown by our transcriptomic
analysis, different GB cells lines have considerably
different gene expression profiles, which affects
their response to electroporation. This highlights
the value of patient-derived models in capturing
clinically relevant transcriptional responses and
treatment dynamics compared to immortalized
cell lines. The importance of using patient-derived
cells to better capture the biological complexity
and treatment responses of GB is further illus-
trated by comparing our results to the study by
Casciati et al.®® In this study, adherent U-87 MG
cells were exposed to five electric pulses, each
lasting 40 ps at 1 Hz and 30 kV/cm (0.3 MV/m).
While they also cultured neurospheres under
serum-free conditions to enrich for GB stem-like
cells, these were still derived from the U-87 MG
line, which lacks key features of primary tumours,
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including heterogeneity and true invasive behav-
iour.>! Notably, Casciati ef al. reported that pulse
exposure substantially influenced the fate of GB
neurospheres by differentially regulating genes
involved in hypoxia, inflammation, and p53/cell
cycle checkpoints, ultimately reducing their capac-
ity for neurosphere formation and transmigration
in vitro. Furthermore, pulse exposure also reduced
the ability to form new neurospheres and inhibit-
ed invasion. Importantly, exclusively in U-87 neu-
rospheres, pulse exposure altered the expression
of stemness- and differentiation-related genes.
While these findings are promising, the observed
inconsistency with our results—despite differenc-
es in pulse parameters—might reflect cell model-
specific differences in electroporation responses.
This highlights the need to validate such effects in
more physiologically relevant models. Given the
aggressive, therapy-resistant nature of GB stem-
like cells and their contribution to tumour pro-
gression and recurrence®, future electroporation
studies should consider the use of patient-derived
stem-like populations to more accurately reflect
clinically relevant outcomes.

While most preclinical studies of electropora-
tion-based brain tumour therapy have focused on
IRE as a non-thermal ablation method, particu-
larly in canine glioma models!"12%1%54 our find-
ings highlight the less-explored effects on tumour
cells located in the periphery of IRE-treated zones.
This raises an important consideration regarding
unintended effects in tumour margins that remain
viable after treatment—regions likely exposed to
sublethal electric fields due to the highly infiltra-
tive nature of GB. Our results demonstrate that tu-
mour cells surviving electroporation may acquire
enhanced invasive potential, a concern that arises
specifically when no cytotoxic agents are present.
However, a similar concern applies to ECT if in-
sufficient local drug concentrations are achieved,
since permeabilized cells might survive the treat-
ment. When adequate concentrations are ensured,
ECT directly addresses this risk by eliminating
reversibly permeabilized cells through enhanced
intracellular accumulation of cytotoxic agents,
such as bleomycin and cisplatin.’®'? Bleomycin in-
duces DNA strand breaks, while cisplatin causes
DNA crosslinking and apoptosis—mechanisms
that require cytosolic access and are otherwise
ineffective across intact membranes.>>-* Since the
primary effect of electroporation is to increase
membrane permeability, it provides a unique op-
portunity to deliver these otherwise impermeable
drugs efficiently. In addition, electroporation has

been shown in in vivo models to transiently disrupt
the blood-brain barrier, further highlighting its
potential for enhancing drug delivery to tumour
tissue within the central nervous system.3>”8
Moreover, studies in melanoma cells showed that
ECT does not affect the cells’ metastatic poten-
tial. % Taken together, our findings suggest that
ECT, by combining reversible electroporation with
sufficient concentrations of cytotoxic agents, may
offer a more effective and safer therapeutic strat-
egy for glioblastoma than IRE as a standalone
treatment. Furthermore, this approach may help
overcome some limitations of current chemother-
apy regimens, such as temozolomide, which has
been shown to expand the GB stem cell population
through conversion of differentiated tumour cells
both in vitro and in vivo.®!

While our results offer new insights into GB
cell responses to electroporation, this study has
several limitations. First, the use of suspension
cultures does not fully recapitulate the structural
complexity, cell-cell interactions, and diffusion
gradients present in vivo. These factors may in-
fluence electroporation-induced processes such
as membrane repair, intracellular signalling, and
invasion. Although patient-derived GB cells were
used, future studies should also examine cells
from spatially distinct tumour regions (e.g., core
vs. rim), which may exhibit different responses
due to intratumoral heterogeneity. In addition,
GB stem-like cells, known for their high invasion
potential and therapy resistance®%, were not spe-
cifically addressed here and represent a critical
subpopulation for further investigation. To better
approximate the tumour microenvironment, fu-
ture experiments should employ advanced in vitro
models such as multicellular spheroids or orga-
noids, which incorporate three-dimensional archi-
tecture and preserve key features of GB biology,
including heterogeneity, invasion, and treatment
resistance. Arroyo et al.%® have recently advanced
this field by developing a multicellular spheroid-
hydrogel platform, demonstrating that higher elec-
tric field strengths and longer pulse widths con-
strained migration and proliferation over several
days, underscoring the importance of 3D models
for validating electroporation responses. Finally,
this study focused on short-term transcriptional
and behavioural changes, with analysis limited to
the 24-hours timepoint following electroporation.
Long-term effects were not addressed here and
remain to be explored, particularly in the context
of combination therapies. Experiments were per-
formed at 33°C to build on prior findings of ion
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channel activation in GB cells®®, while also mini-
mizing the risk of thermal damage. Future studies
could further examine temperature dependence
alongside 3D models to better approximate physi-
ological conditions. Moreover, future work should
investigate how electroporation interacts with
established treatments, including radiation and
chemotherapeutic agents such as temozolomide,
cisplatin, or bleomycin, to better understand the
impact on cell viability and invasion.

Overall, our findings suggest that sublethal
electroporation can enhance GB cell invasion po-
tential in a cell line-dependent manner. A more
pronounced and consistent effect was observed
in NIB140 CORE cells (3.74-fold increase), while
NIB216 CORE showed only a modest increase
(1.30-fold) in the number of invading cells follow-
ing reversible electroporation. While our findings
suggest that combining reversible electroporation
with sufficient concentrations of cytotoxic agents
(ECT) may offer advantages over IRE alone, this re-
quires further validation in more physiologically
relevant models.
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Background. Glioblastoma stem-like cells (GSCs) contribute to the resistance of glioblastoma (GBM) fumors to stand-
ard therapies. The background of the resistance of GSCs to the chemotherapeutic agent temozolomide is not yet fully
understood in the context of cellular metabolism and the role of mitochondria. The aim of this study was to perform a
detailed ultrastructural characterization of the mitochondria of GSCs prior and post temozolomide exposure and to
compare it to differentiated GBM cells.

Materials and methods. Patient-derived and established GBM cell lines were used for the study. The ultrastructure of
the mitochondria of the examined cell lines was assessed by transmission electron microscopy. The microscopic analy-
sis was complemented and compared by an analysis of cell metabolism using Seahorse extracellular flux analysis.
Results. We found that the metabolic profile of GSCs is quiescent and aerobic. Their elongated mitochondria with
highly organized cristae are indicating increased biogenesis and mitochondrial fusion and corresponds to a more
oxidative phosphorylation (OXPHOS)-dependent metabolism. The metabolism of GSCs is dependent on OXPHOS
and there are no changes in defective mitochondria fraction after the treatment with temozolomide. In contrast,
differentiated GBM cells with fragmented mitochondria, which have less organized cristae, are more energetic and
glycolytic. Temozolomide freatment induced ultrastructural mitochondrial damage in differentiated GBM cells.
Conclusions. We demonstrated differences in mitochondrial ultrastructure and cellular metabolism between GSCs
and differentiated GBM cells in response to temozolomide, suggesting that mitochondria play an important role in
the resistance of GSCs to temozolomide. This study provides a basis for further studies addressing GSC chemotherapy
resistance in the context of mitochondrial structure and function.

Key words: glioblastoma; mitochondria ultrastructure; metabolism; chemotherapy resistance; stem cells
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Introduction

Glioblastoma (GBM), the most common primary
brain tumor in adults, remains one of the most
aggressive malignancies with median survival of
16 months after diagnosis' and so far, incurable.
Standard treatment includes maximal safe sur-
gical removal of tumor tissue, radiotherapy and
chemotherapy using the alkylating drug temozo-
lomide (TMZ).2 However, due to GBM heterogene-
ity, its invasive nature, and its resistance to chemo-
therapy and radiotherapy, the GBM almost always
reoccurs in a more aggressive form.!

An important general characteristic of GBM is
that it involves numerous heterogenous cell types
including the glioma stem-like cells (GSCs)** that
exhibit diverse metabolic profiles.>® A consequence
is enormous plasticity and adaptability to thera-
peutic interventions resulting in recurrence and re-
sistance to therapy. GSCs play a crucial role in ther-
apy resistance.® GSCs reside within specific niches
within tumors that are primarily hypoxic.*#”® The
hypoxic tumor microenvironment is important for
the maintenance of GSCs!®!! but requires specific
metabolic adaptations, with mitochondria playing
a crucial role in the maintenance of GSCs.!?

One of the common characteristics of cancer cell
metabolism is the Warburg effect, which desig-
nates that cancer cells often rely primarily on gly-
colysis to produce adenosine triphosphate (ATP)
even in the presence of oxygen. Dysfunctional mi-
tochondria in cancer cells were suggested as one
of the major culprits'*'°>, however, recent data sug-
gest that cancer cells and, in particularly cancer
stem cells'®, including GSCs>Y, often rather rely on
oxidative phosphorylation (OXPHOS) to produce
ATP¥2 The mitochondria are thus crucial in can-
cer cell biology through their direct involvement
in OXPHOS, besides other roles they play in cell
signalling, synthesis of macromolecules, oxida-
tive stress and apoptosis.?®® Mitochondrial fu-
sion and elongated mitochondria support efficient
OXPHOS especially during nutrient withdrawal,
whereas fragmented mitochondria are often as-
sociated with impaired OXPHOS and nutrient ex-
cess.? Cancer cells generally exhibit fragmented
mitochondria, associated with low OXPHOS activ-
ity and increased glycolysis.?>% Cancer stem cells,
however, exhibit increased biogenesis of mito-
chondria, consistent with increased OXPHOS?2,
however, their role in therapy response and resist-
ance is not well understood.

The ultrastructure of mitochondria in GBM cells
is very variable, but a consistent observation is the
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presence of abundant swollen and electron-lucent
mitochondria that display reduced and disorgan-
ized cristae.18193031 So far, most ultrastructural anal-
yses of GBM cells have been performed in tumor
biopsies®?* and tissue explants obtained from pa-
tients during tumor excision.* These studies pre-
dominately focus on the cells that form the bulk of
tumor mass and do not specifically address GSC
properties and their response to chemotherapy.
Given the importance of GSC in therapy resist-
ance, the aim of our study was to provide a de-
tailed ultrastructural characterization of untreated
cultured GSCs and the effects of exposure to the
chemotherapeutic TMZ and compare it to differ-
entiated GBM cells. The microscopic analysis was
complemented and compared with cellular me-
tabolism analysis using cell viability assay and ex-
tracellular flux analysis. A commonly used method
for measuring cellular metabolism is extracellular
flux (XF; also known as Seahorse) analysis. XF anal-
ysis measures extracellular acidification (ECAR)
and oxygen consumption (OCR) rates as markers
of glycolysis and mitochondrial OXPHOS, respec-
tively®>%¢, and was applied to evaluate cellular me-
tabolism in GSCs and differentiated GBM cells.
We provide novel insights into structural and
metabolic responses of GBM and GSC cells to
chemotherapy and lay foundation for further stud-
ies addressing GSC therapeutic resistance and the
effects of different treatment regimens on the mi-
tochondrial structure and function of GSCs.

Materials and methods

All methods were performed in accordance with
the relevant guidelines and regulations.

Cell cultures

Approval by the National Medical Ethics
Committee of the Republic of Slovenia was ob-
tained (number 0120-190/2018-2711-38) for col-
lecting and processing tumor tissue material and
performing research on patient’s material. Patients
or their authorized representatives signed the
informed consent form in accordance with the
Declaration of Helsinki.

In this study, two GSC lines (NCH644 and
NCH421k) and two differentiated GBM cell cultures
(U87 and NIB140) were included. Commercially
available GSCs NCH421k and NCH644 were pur-
chased from the Cell Lines Service (CLS) GmbH,
Eppelheim, Germany. Cells were grown in serum
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free conditions in Neurobasal Medium as de-
scribed before.” Cell line U87 MG was obtained
from the American Type Culture Collection (ATCC,
Manassas, VA, USA) and was cultured in low
glucose DMEM supplemented with 10% fetal bo-
vine serum (FBS; Gibco, Thermo Fisher Scientific,
Waltham, MA, USA), 2 mM L-glutamine and 1%
penicillin/streptomycin (both: Sigma Aldrich, St.
Louis, MO, USA). NIB140 are patient-derived cell
cultures from fresh GBM tissues and were estab-
lished as described before.38-40 NIB140 cells were
grown in Dulbecco’s modified Eagle’s medium
(DMEM) (Hyclone, GE Healthcare, Chicago, IL,
USA) supplemented with 10% FBS (Gibco), 2 mM
L-glutamine, and 1x penicillin/streptomycin (both:
Sigma Aldrich). Growing cells were detached with
a 0.25% trypsin EDTA solution (Gibco). NIB140
cells express GBM cell markers.®#! All cells were
cultured at 37°C, in the presence of 5% CO, and
95% humidity and checked for Mycoplasma us-
ing MycoAlert Mycoplasma Detection Kit (Lonza,
Basel, Switzerland). Authentication of cells was
performed by DNA fingerprinting using Amp-
FISTR Profiler Plus PCR Amplification Kit, as de-
scribed previously.*2

Real-time quantitative polymerase chain
reaction (RT-gPCR)

Total RNA was isolated using an AllPrep DNA/
RNA/Protein Mini Kit (Qiagen, Germantown, MD,
USA) according to the manufacturer’s instructions.
RT-gPCR was performed to determine the mRNA
levels of genes in our samples using fluorescent
dye -minor groove binder (FAM-MGB) probes
listed in Table 1, Fluidigm BioMark HD System
RT-PCR (Fluidigm Corporation, San Francisco,
CA, USA) and the 48.48 Dynamic Arrays IFC.
Visualization and analysis of RT-qPCR results
were performed using Biomark Data Collection
software, Fluidigm RT-qPCR analysis software
(both: Fluidigm Corporation), and quantGenius
software as described previously.*! Relative copy
numbers of cDNA were normalized to housekeep-
ing genes HPRT1 and GAPDH.

Cell viability assay

Viability of cells was determined after 48 h of
treatment with TMZ (Sigma-Aldrich) using the
3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazo-
lium-bromide; Sigma-Aldrich (MTT) reagent for
U87 and NIB140 cells and MTS (3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
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TABLE 1. List of TagMan gene expression assays fluorescent dye -minor groove

binder (FAM-MGB)

Gene

" Source Identifier Protein name
pROM] ~ NermoFisher 61609259 m1 Prominin -1; CD133 antigen
Scientific
Thermo Fisher Oligodendrocyte
oz Scientific RSO 7L il franscription factor 2
Thermo Fisher Neurogenic locus notch
NOTCHI Scientific Hs01062014_m1 homolog protein 1
Thermo Fisher SRY - Box transcription
Souily Scientific SOl factor 10
Thermo Fisher SRY - Box transcription
SOX2 Scientific Hs01053049_mi factor 2
Thermo Fisher .
TUBB3 Scientific Hs008013%0_s1 Tubulin beta 3 class Il
Thermo Fisher Hypoxanthine
HPRTI Scientific Hs02800695_mi phosphoribosyltransferase 1
GAPDH ~ TNEMOFISNer 100909233 m1  Glial fibrillary acidic protein
Scientific

sulfophenyl)-2H-tetrazolium; Promega, Madison,
WI, USA) (MTS) reagent for NCH cells. Assays
were performed according to the manufacturer’s
instructions. Briefly, cells were seeded into 96-well
plates (8000 cells/well) and grown overnight. Cells
were treated with different concentrations of
TMZ (25-400 pM). Stock solutions of TMZ were
prepared in dimethyl sulfoxide (DMSO, Sigma-
Aldrich). Control incubation media contained the
same amount of vehicle DMSO (0.9%, v/v). After 48
h, MTT or MTS was added and 3 h after incubation
at, absorbance was measured as the change in op-
tical density (AOD 570/690 nm) using a microplate
reader (Synergy™ HT, Bio Tek Instruments Inc,,
Winooski, VT, USA). Cell viability data were ana-
lyzed using GraphPad Prism software (GraphPad
Software, San Diego, CA, USA) and presented as %
of vehicle control.

Extracellular flux analysis

Extracellular flux (XF) analysis was performed
using Seahorse XFe24 Flux Analyzer (Agilent
Technologies, Santa Clara, CA, USA) to measure
the oxygen consumption rate (OCR) and extracellu-
lar acidification rate (ECAR) of live cells in a 24-well
plate format. GBM cells were grown in T25 flask
as controls (0.5% DMSO) or treated with 100 uM of
TMZ for 48 h. Before the XF experiment, cells were
harvested, 80,000 cells/well were seeded in poly-
d-Lysine (Poly-D-lysine hydrobromide, Sigma)-
coated XF24 cell culture microplates in Seahorse XF
DMEM medium (pH = 7.4 with 10 mM XF glucose, 1
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mM XF pyruvate and 2 mM XF glutamine) in dupli-
cates and centrifuged to allow the cells to attach to
the bottom of the plates. The cells were transferred
to a CO,-free incubator at 37°C for 20 min. During
this time, assays were prepared, and cartridges
loaded. XF Real-time ATP Rate Assay Kit (#103592;
Agilent), XF Glycolytic Rate Assay Kit (#103344;
Agilent) and XF Cell Mito Stress Test Kit (#103015;
Agilent) were applied according to manufacturer’s
instructions. Immediately after the run, the cells
were fixed with 4% paraformaldehyde (PFA; Sigma)
and incubated with Hoechst 33442 (Sigma) to count
the number of cells in each well for normalization
of the XF results. Hoechst signal was measured
using Cytation 5 Cell Imaging multi-mode reader
(Bio Tek) and cell counts were analyzed using Gen
5 software (Bio Tek). Flux rates were normalized to
cell counts in each well. Data were analyzed using
Wave software version 2.6.1 and an online software
version at the Agilent cloud (https://seahorseana-
lytics.agilent.com/). Statistically significant differ-
ences in metabolic rates and parameters between
different cells and between control and TMZ-
treated samples were analyzed using GraphPad
Prism software (GraphPad Software).

Transmission electron microscopy

Two series of experiments were conducted with
transmission electron microscopy. In the first se-
ries of experiments, a detailed ultrastructural
characterization of mitochondria in untreated
GBM cells was performed and ultrastructural dif-
ferences between mitochondria in GSCs and dif-
ferentiated GBM cells were determined. Samples
of cells from 5 biological replicates were analyzed
in this set of experiments. In the second series of
experiments the effect of TMZ treatment on the
mitochondrial ultrastructure in GSCs and differ-
entiated GBM cells was investigated. TMZ treated
cells and control, untreated cells from 2 biological
replicates were analyzed in this set of experiments.

Sample preparation

Cells used to investigate the effects of TMZ treat-
ment on mitochondrial ultrastructure were ex-
posed either to 100 uM TMZ (Sigma-Aldrich) or
0.9%, v/v DMSO (Sigma-Aldrich) (vehicle) for 48 h
prior to fixation. The cells were fixed using 2.5%
glutaraldehyde (SPI, West Chester, PA, USA) and
2% PFA (Sigma-Aldrich) in phosphate-buffered
saline (PBS) (Gibco). Following fixation, the cells
were rinsed in PBS and postfixed in 1% OsO, (SPI)

Radiol Oncol 2025; 59(4): 551-565.

in PBS (Gibco). Then, the cells were washed in PBS
(Gibco) and embedded in 2% low melting point
agarose (Sigma-Aldrich). The blocks of agarose
with embedded cells were solidified on ice and cut
into small pieces (<I mm in smallest dimension).
The pieces of agarose with cells were then dehy-
drated in graded series of ethanol (Honeywell,
Seelze, Germany) and acetone (Merck, Darmstadt,
Germany). Finally, the samples were embedded in
epoxy resin Agar 100 (Agar Scientific, Rotherham,
UK). The resin was polymerized for 24 h at 60°C
in embedding molds. Semithin and ultrathin sec-
tions were prepared with a Reichert Ultracut S
(Leica, Wetzlar, Germany) ultramicrotome, using
glass and diamond knives. The semithin sections
were stained with Azure II (Merck) — methylene
blue (Sigma-Aldrich) and examined with a light
microscope. The ultrathin sections were contrast-
ed with uranyl acetate (SPI) and lead citrate (SPI).

Imaging

Contrasted ultrathin sections were imaged with a
CM100 transmission electron microscope (Philips,
Eindhoven, The Netherlands). The electron mi-
crographs were acquired with an Orius 200 cam-
era (Gatan, Pleasanton, CA, USA) and Digital
Micrograph software (Gatan). Five cells were im-
aged for each biological replicate per cell line.
Numerous partly overlapping images were ac-
quired per cell at 3 different magnifications. The
acquired images were stitched together with FIJI*®
open-source software and TrakEM2* plugin to
obtain images with large field of view and high
resolution. Stitched images at lowest magnifica-
tion covered whole cells at sufficient resolution
to obtain a general overview of cell ultrastructure
and to perform stereological quantification of mi-
tochondrial and nuclear volume densities. Stitched
images at medium magnification covered large ar-
eas of cytoplasm with sufficient resolution to ob-
tain overall ultrastructural features of individual
cellular organelles and to perform measurements
of mitochondrial length and width. Stitched imag-
es at highest magnification covered small areas of
cytoplasm with sufficient resolution to distinguish
fine ultrastructural features of mitochondria, such
as the morphology of cristae.

Image analysis

We counted the number of mitochondrial cross-
sections on stitched images covering whole cells
using FIJI software with Cell counter plugin. For



Bogataj U et al. / Glioblastoma mitochondria in response to chemotherapy

the stereological quantification of mitochondrial
and nuclear volume density, an overlay of multi-
purpose grid of test points was made on stitched
images covering whole analyzed cells. We used
the multipurpose grid that is available as a macro
for Image]J/FIJI at: https://imagej.nih.gov/ij/macros/
Multipurpose_grid.txt. In the test grid parameters,
we set the density of test points to 1 point per 0.5
um?2. We counted the number of test points inside
mitochondria, cell nuclei and other areas of cyto-
plasm with aid of the Cell counter plugin. From
the obtained counts, we calculated the estimates
for the volume density (volume fraction) of mito-
chondria and the volume density of cell nuclei ac-
cording to the equation:

P(o)
V) =35>
where the V(o) is the volume density of organelle
in question, P(o) is the count of test points inside
the organelles in question and the P(t) is the total
count of points inside cells. To describe the gen-
eral morphology of the mitochondrial network
analyzed in GBM cell lines, we measured the aver-
age length and width of mitochondrial cross-sec-
tions in stitched images at medium magnification.
Then, we calculated the length:width ratio of mi-
tochondrial cross-sections. If this ratio was close
to 1, it indicated that the mitochondrial network
consisted primarily of round mitochondria and
was likely more fragmented. If this ratio was much
greater than 1, it indicated that the mitochondrial
network consisted of elongated mitochondria in a
more interconnected mitochondrial network.

To investigate the effect of TMZ treatment on
mitochondrial ultrastructure, features of mito-
chondria in 5 cells per biological replicate were
evaluated. Based on their ultrastructural features,
we classified the mitochondria into two following
types: normal and defective. Normal mitochondria
are defined as mitochondria with electron-dense
matrix with narrow cristae (a) and mitochondria
with electron-dense matrix with dilated cristae
(b). Defective mitochondria are defined as mito-
chondria with electron-lucent matrix and cristae
reduced in size and numbers (c) and mitochondria
with abnormal ultrastructural alterations (swollen
and containing membrane swirls) (d). The percent-
ages/fractions of mitochondrial types in each cell
were calculated from the total fraction of mito-
chondria with clearly visible ultrastructure at a
3400x magnification.

The TEM scoring was performed independently
by two experienced TEM analysts to avoid bias ob-
servations.

MitoTracker staining

U87 and NIB140 cells were cultured on poly-L-ly-
sine-coated coverslips in 24-well plates (Corning,
NY, USA) and NCH421k cells were dissociated be-
fore stained using MitoTracker® Orange CMTMRos
(Invitrogen, Thermo Fisher Scientific) according to
the manufacturer’s instructions. Stained cells were
fixed in 4% PFA in PBS. Following fixation, the
cells were rinsed in PBS and stained with Hoechst
33442 (Sigma) to visualize cell nuclei. Imaging was
performed with an Axiolmager Z.1 microscope
equipped with an AxioCam MRm camera using
Axiovision software (all from Zeiss, Oberkochen,
Germany).

Statistical analysis

To compare morphometric parameters between
the analyzed GBM cell lines (untreated cells),
quantitative measurements in 5 biological repli-
cates (n = 5) of each cell line were performed. For
each biological replicate we analyzed 5 cells. The
following morphometric parameters were inves-
tigated: the number of mitochondrial cross-sec-
tions, mitochondrial volume density, nuclear vol-
ume density and length/width ratio of mitochon-
dria. The statistical analyses were performed in
the R statistical software environment. To test for
statistically significant differences between cell
lines, the analysis of variance (ANOVA) followed
by Tukey’s test for pairwise comparisons was per-
formed. Before the ANOVA analysis, we prepared
Q-Q plots of residuals and performed a Shapiro-
Wilk test to check the normality of data. We also
performed Levene’s test to check the equality of
variances.

To compare fractions of different mitochon-
drial types and volume density of mitochondria
between TMZ-treated and non-treated cells, the
experiments were performed in two independent
repeats (n =2).

To compare metabolic profiles of GBM cells
and GSCs, Seahorse analysis experiments were
performed in 3 independent repeats (n = 3)
and the statistical analyses were performed in
GraphPad Prism software. Statistics were per-
formed using Tukey’s multiple comparisons test.
Differences in ATP production rates between
TMZ-treated and non-treated samples within
each cell line were statistically evaluated using
an unpaired t-test. Tukey’s multiple comparisons
test was used to compare all conditions after
treatment with TMZ.
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FIGURE 1. Relative mRNA expression of GSC (PROMI, OLIG2, NOTCH, SOX10, SOX2)
and differentiation (TUBB3) markers in GSCs and differentiated GBM cells based
on RT-gPCR analysis. (A) A heatmap of relative mRNA expression is shown for
each celllines. (B) Combined data are shown with mean values of relative mRNA

expression = SEM.

diff GBM = differentiated glioblastoma cell; GSC = glioblastoma stem-like cell; RT-gPCR = real-
time quantitative polymerase chain reaction; SEM = standard error of the mean

Results

GSCs express high levels of cancer stem-
like markers

Both types of GSCs, NCH421k and NCH644, ex-
pressed high gene expression levels of PROM]I,
OLIG2, NOTCH, SOX10 and SOX2 that are estab-
lished GSC markers.#¥74 Differentiation marker
tubulin beta-III (TUBB3) was expressed in the
highest levels in differentiated GBM cells NIB140
(Figure 1).

Overall cellular ultrastructure

Both types of GSCs, NCH421k and NCH644, con-
sisted of small cells of relatively homogeneous size
and shape that aggregated in culture in small clus-
ters. Both types of differentiated GBM cells, NIB140
and U87, were highly heterogeneous in terms of
size and shape. Our stereological quantification
of cell nuclear volume density indicated that the
cell nuclei in GSCs occupied a significantly larger
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portion of cell volume than nuclei in differentiated
GBM cells (Figure 2A). GSCs had oval cell nuclei
with abundant heterochromatin and a single nu-
cleolus (Supplementary Figures S1A, B). In differ-
entiated GBM cells the cell nuclei contained hardly
any heterochromatin and usually multiple nucleoli
(Supplementary Figures S1C, D). We observed that
the cisternae of the endoplasmic reticulum and
Golgi stacks were considerably more abundant in
differentiated GBM cells than in GSCs. The differ-
entiated GBM cells also contained abundant multi-
vesicular bodies and secondary lysosomes, which
were scarce in GSCs (Supplementary Figure S2).

Mitochondrial ultrastructure differs
between GBM cells

Quantification of mitochondrial cross-sections in-
dicated a significant difference in mitochondrial
numbers per cell between GSCs NCH421k and
differentiated GBM cells U87 (Figure 2B), with mi-
tochondria being more numerous in the U87 cells
than in the NCH421k GSCs. Stereological quanti-
fication of mitochondrial volume density showed
that the mitochondria in the differentiated GBM
cells NIB140 occupied a significantly smaller pro-
portion of cell cytoplasm than in both GSC lines
(Figure 2C). Mitochondria in the differentiated
GBM cells U87 occupied a significantly smaller
proportion of cell cytoplasm than in the GSCs
NCH421k. The quantification of ratio between mi-
tochondrial length and width showed that the mi-
tochondria in GSCs were more elongated than in
differentiated GBM cells (Figure 2D).

The GSCs contained in general a higher num-
ber of large mitochondria and fewer smaller mi-
tochondria, whereas differentiated GBM cells con-
tained larger numbers of smaller mitochondria. In
GSCs NCH644 and NCH421k, the most prevalent
morphological type of mitochondria was repre-
sented by elongated, electron-dense mitochondria
with narrow cristae which were oriented along
the longitudinal axis of mitochondria (Figures
3A, C). Occasionally we observed dilated cristae
(Figure 3B). In both types of GSCs, mitochondria
occasionally displayed deformed cristae with
swirled shape (Figure 3D).

In differentiated GBM cells U87 and NIB140, the
mitochondria were rounder than in GSC lines and
cristae were not organized, but rather oriented in
variable directions (Figure 4). The two most preva-
lent morphological types of mitochondria in dif-
ferentiated GBM cells were electron-lucent swollen
mitochondria with reduced numbers of narrow
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diff GBM = differentiated glioblastoma cell; GSC = glioblastoma stem-like cell; SEM = standard error of the mean

cristae (Figures 4A, C) and electron-dense mito-
chondria with numerous dilated cristae (Figures
4B, D). Quantification of these Figures are provid-
ed in Figure 2. In U87 cells, we frequently observed
electron-dense mitochondria with narrow cristae.
MitoTracker staining confirmed dense active mi-
tochondria in the cells (Supplementary Figure S3).

Temozolomide treatment affected
the mitochondrial ultrastructure but
not the quantity of mitochondria in
differentiated GBM cells

After exposure of GBM cells to 48 h treatment with
100 uM TMZ*, the ultrastructure of mitochondria

Radiol Oncol 2025; 59(4): 551-565.
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FIGURE 3. Mitochondriain GSCs have elongated mitochondria. (A) Electron-dense
mitochondria (M) with narrow cristae (arrow) oriented along the longitudinal axis
of mitochondria in the NCH421k glioblastoma stem-like cells (GSCs). (B) Electron-
dense mitochondria (M) with dilated cristae (arrow) in the NCH421k GSCs. (C)
Typical electron-dense mitochondria (M) with narrow cristae (arrow) oriented
along the longitudinal axis of mitochondria in the NCHé44 GSCs. (D) Deformed
cristae with swirled shape (arrow) in a mitochondrion of a NCHé44 cells.

FIGURE 4. Mitochondria in differentiated GBM cells are smaller and fragmented.
(A) Electron-lucent swollen mitochondria (M) with reduced cristae (arrow) in
NIB140 cells. (B) Condensed electron-dense mitochondria (M) with dilated
cristae (arrows) in NIB140 cells. (C) Electron-lucent swollen mitochondria (M) with
reduced cristae in U87 cells. (D) Condensed electron-dense mitochondria (M)
with dilated cristae (arrows) in U87 cells.
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was evaluated and quantified. Based on their ul-
trastructural features, we classified the mitochon-
dria into two following types: normal and defec-
tive (Figure 5A). TMZ treatment induced changes
in the fractions of mitochondrial types only in
differentiated GBM cells (Figures 5A, B). In both
types of differentiated GBM cells an increased
fraction of defective mitochondria was observed.
In contrast, there were no changes in fraction of
defective mitochondria in TMZ-treated GSCs.
Despite the effect of TMZ treatment on mitochon-
drial ultrastructure of differentiated GBM cells,
no effect on the volume density of mitochondria
was observed after TMZ treatment in any of cell
lines (Supplementary Figure S4). Structures in-
dicative of autophagy, such as autophagic vacuoles
and autophagosomes, were observed both in GSCs
and differentiated GBM cells exposed to TMZ
(Supplementary Figure S5).

GSCs are metabolically quiescent
and rely more on OXPHOS than
differentiated GBM cells

XF analysis was performed to evaluate mito-
chondrial OXPHOS and glycolysis rates in GSCs
NCH421k and NCH644 in comparison to differ-
entiated GBM cells U87 and NIB140 (Figures 6A,
B). Based on ATP production measurements, the
metabolic profile of GSCs was quiescent, as they
produced less ATP than differentiated GBM cells
(Figures 6C, E). GSCs rely more on OXPHOS than
glycolysis for ATP production as the ratio between
mitochondrial and glycolytic ATP production
rate was higher in GSCs than in differentiated
GBM cells (Figures 6D-E). Glycolysis rates were
the highest in differentiated GBM cells U87 and
NIB140 and patient-derived cells NIB140 displayed
the highest energy production (Figure 6C).

GSC metabolism relies on OXPHOS after
treatment with temozolomide

Cells were treated with 100 pM TMZ for 48 h and
after that cellular metabolism was examined. Cell
viability and total ATP production were not al-
tered after TMZ treatment, except for the 50% de-
crease in NCH644 cell viability when treated with
the highest concentration of TMZ (Supplementary
Figure S6). Furthermore, the glycolytic and mito-
chondrial ATP production was not altered in cells
after treatment with TMZ (Figure 7A). We observed
that GSCs rely on OXPHOS after TMZ treatment
since the ratio between mitochondrial and glyco-
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lytic ATP production was above 2 which was much
higher than in differentiated GBM cells (Figure 7B).
After treatment with TMZ the Glycolytic Rate
Assay Kit and Cell Mito Stress Test Kit were per-
formed in cells to evaluate glycolytic rate and mi-
tochondrial function, respectively. Differentiated
GBM cells retained high glycolytic ATP produc-
tion after TMZ treatment. NIB140 cells increased
the ECAR rate and compensatory glycolysis after
TMZ treatment. There was no change in glycoly-
sis rates in U87, NCH644 and NCH421k cells after
TMZ treatment (Supplementary Figure S7). There
were also no changes in the monitored parameters
of mitochondrial function in cells after treatment
with TMZ, except increased maximal respiration
in U87 cells after TMZ treatment. NIB140 cells
showed the highest proton leak among the cell cul-
tures used (Supplementary Figure S8).

Discussion

Results of our current study revealed that GSCs
have a more quiescent and aerobic metabolic pro-
file than differentiated GBM cells. This is support-
ed both by the microscopic observations of mito-
chondrial morphology and ultrastructure and by
the direct measurements of cellular metabolism by
XF analysis.

General ultrastructure showed that GSCs con-
tain less abundant rough endoplasmic reticulum
and less Golgi apparatus and that their cell nuclei
occupy a relatively large fraction of cytoplasm and
contain more heterochromatin in comparison to
the differentiated GBM cells. These observations
are in agreement with the dedifferentiated status
of GSCs and their metabolic quiescence which
is one of important factors in their resistance to
therapy.**#” The differentiated GBM cells contain
extensive rough endoplasmic reticulum and more
Golgi apparatus and nuclei with more euchro-
matin. This probably supports increased protein
synthesis necessary for the excessive growth and
proliferation of differentiated GBM cells. The re-
sults of the XF analysis support this, showing that
GSCs are more metabolically quiescent with a low-
er ATP production rate, while differentiated GBM
cells are more energetic, exhibiting a higher ATP
production rate. Similar results were reported by
Spehalski et al.*® in their study of GSCs and differ-
entiated GBM cells using XF analysis.

Despite their metabolically quiescent pheno-
type, we observed that the GSCs contained large,
elongated mitochondria that occupied a large frac-
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FIGURE 5. Mitochondrial ultrastructure and its quantification after exposure of
cells to 100 uM TMZ. (A) Mitochondria were classified into two following types:
normal and defective. Normal mitochondria are defined as mitochondria with
electron-dense matrix with narrow cristae indicating metabolism with a high
OXPHOS rate (a) and mitochondria with electron-dense matrix with dilated cristae
indicating metabolism with a lower OXPHOS rate (b). Defective mitochondria are
defined as mitochondria with electron-lucent matrix and cristae reduced in size
and numbers indicating metabolism without OXPHOS (c) and mitochondria with
abnormal ultrastructural alterations (swollen with membrane swirls) indicating
damage and stress in mitochondria (d). (B) Quantification of the 2 categories of
mitochondrial ultrastructure as fraction of all mitochondria. Experiments were
performed in two independent repeats.

diff GBM = differentiated glioblastoma cell; GSC = glioblastoma stem-like cell; OXPHOS =
oxidative phosphorylation; TMZ = temozolomide

tion of the cytoplasm. In contrast, the differenti-
ated GBM cells had small round mitochondria that
occupied a smaller portion of the cytoplasm. This
indicates enhanced biogenesis and fusion of mi-
tochondria in GSCs and a more fragmented mito-
chondrial network in differentiated GBM cells. Our
XF analysis has shown that the ratio between mito-
chondrial and glycolytic ATP production is higher
in GSCs than in the differentiated GBM cells. Taken
together, this shows on cellular and molecular
level that the GSCs have a more OXPHOS reliant
metabolism, whereas the differentiated GBM cells
are more glycolytic. Generally, highly fused mi-
tochondrial networks of elongated mitochondria
are associated with high OXPHOS activity par-
ticularly in conditions of nutrient withdrawal and
mild stress, whereas the fragmented mitochondria
indicate impaired OXPHOS and increased glycoly-
sis particularly in conditions of nutrient excess or

Radiol Oncol 2025; 59(4): 551-565.
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FIGURE 6. Metabolic profiles of GSCs and differentiated GBM cells as determined by extracellular flux analysis and XF Real-time
ATP Rate Assay Kit (Seahorse, Agilent). (A, B) Representative kinetic graphs of oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) in response to oligomycin and rofenone/antimycin A (Rot/AA) are shown. (C) Mitochondrial (mifo)
and glycolytic (glyco) ATP production rate in cells with respective statistics are shown in the table. Statistically significant
differences in ATP production are marked directly on the graph. (D) Ratio between mito ATP and glyco ATP production rates
in cells. (E) Metabolic profiles of cells that can be aerobic, energetic, quiescent and glycolytic. Values are shown as means *
SD (A, B) or SEM (C-E). Experiments were performed in 3 independent repeats (n = 3). Statistics were performed using Tukey's
multiple comparisons test.

ATP = adenosine triphosphate; diff GBM = differentiated glioblastoma cell; GSC = glioblastoma stem-like cell; SEM = standard error of the mean;
XF = extracellular flux; * p < 0.05; ** p <0.01; *** p < 0.001
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FIGURE 7. Metabolic profiles and their differences after treatment with 100 yuM TMZ in GSCs and differentiated GBM cells
and determined by extracellular flux analysis and XF Real-time ATP Rate Assay Kit (Seahorse, Agilent). (A) Changes in ATP
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compare all conditions after treatment with TMZ (B).

ATP = adenosine triphosphate; SEM = standard error of the mean; TMZ = temozolomide; XF = extracellular flux; * p < 0.05, ** p < 0.01, *** p < 0.001

severe stress that induce apoptosis.?#4>* Similar to
our findings on mitochondria networks in GSCs,
it has been shown that mitochondria in GBM cells
are connected via inter-mitochondrial junctions
for intracellular (or intermitochondrial) communi-
cation. Microtubule-dependent mitochondrial na-
notunnel-like bridges has been observed in GBM
cells and not in non-tumorous astrocytes.” These
different morphologies of mitochondrial networks
in cancer stem cells reflect the differences in tumor
microenvironment in which they reside, and the
different energetic states related to their differen-
tiation with more metabolically quiescent cells fa-
voring fused mitochondria and OXPHOS.16%652 [n
GBM, the heterogeneity of cell types is reflected in
the heterogeneity of their metabolic profiles.> The

results of our current study are in line with previ-
ous reports.>?

Observed differences in metabolic profiles be-
tween GSCs and differentiated GBM cells were
also evident in the ultrastructure of mitochondria,
particularly in the morphology of cristae. GSCs
contained structurally intact mitochondria. Most
of GSCs contained electron-dense mitochondria
with narrow cristae corresponding with high
OXPHOS activity. In a smaller subset of GSCs, the
mitochondria were electron-dense with dilated
cristae corresponding with reduced OXPHOS ac-
tivity. In contrast, the differentiated GBM cells con-
tained mitochondria with varying ultrastructural
features, with the two most common types being
electron-dense mitochondria with dilated cristae,

Radiol Oncol 2025; 59(4): 551-565.
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which corresponded with reduced OXPHOS ac-
tivity and the electron-lucent swollen mitochon-
dria with reduced cristae, which associated with
impaired OXPHOS activity. Previous reports on
brain tumor cell ultrastructure, including GBM
cells, also describe electron-dense mitochondria
with dilated cristae and electron-lucent swollen
mitochondria.?%*>* The electron-lucent swollen
mitochondria with reduced cristae generally asso-
ciate with the mitochondrial damage due to Ca?*
overload and excessive ROS production®* and
have impaired OXPHOS activity.!>*

Two important factors that affect the function-
ality and structural organization of mitochondria
are mitochondrial DNA (mtDNA) mutations® and
the mitochondrial epigenetic regulation.®® Some
mtDNA mutations appear to be important driver
mutations in cancer.®® The mutations in mtDNA
are known to be reflected in ultrastructural chang-
es and damage in mitochondria, often in the form
of electron lucent swollen mitochondria with re-
duced and onion-shaped cristae.®? The epigenetic
regulation of mitochondria is primarily mediated
by changes in the expression levels of nuclear-en-
coded mitochondrial genes due to methylation of
nuclear DNA and post-translational modifications
of histones, and certain mitochondrial metabolites
serve as substrates in these processes. The epige-
netic regulation of mitochondria is known to play
important roles in certain types of cancer.®® The
effects of epigenetics on mitochondrial ultrastruc-
ture are not well understood. It has been shown
that during the differentiation of neuroprogeni-
tor cells, the acetylation in promoter regions of
numerous nuclear DNA-encoded genes, includ-
ing those involved in metabolic processes and
mitochondrial homeostasis, promotes biogenesis
of mitochondria and ultrastructural changes, in-
cluding the elongation of mitochondria and cris-
tae remodeling toward tightly stacked and narrow
cristae.®* The mtDNA mutations and the epigenetic
regulation of mitochondpria in cells of glioblastoma
are two research fields that require further inves-
tigations and may provide important insights into
the GBM therapeutic resistance and the effects of
different treatment regimens on the mitochondrial
structure and function of GSCs.

Another interesting observation in our investi-
gation is the presence of cristae that are oriented
along the longitudinal axis of the mitochondria.
This was particularly prominent in GSCs, where
nearly all mitochondria exhibited this orienta-
tion of cristae. The important regulators of cris-
tae shape are the mitochondrial contact sites and
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cristae-organizing system (MICOS) complex, ATP
synthase complex, optic atrophy 1 (OPA1) protein
and lipid composition of the inner mitochondrial
membrane.®% In yeast, mutations in genes that
encode certain subunits of ATP synthase and
components of the MICOS complex result in mi-
tochondrial cristae oriented along the long axis of
mitochondria.®®% Thus, reduced or even absent
amounts of longitudinal oriented cristae in differ-
entiated GBM cell mitochondria may well indicate
that the GBM cells exhibit defects in their ATP syn-
thase or MICOS complex.

The observed high mitochondrial content, in-
tact ultrastructural integrity of mitochondria and
high ratio between mitochondrial and glycolytic
ATP production in GSCs are in agreement with
the findings of previous studies, which employed
various metabolic assays and have shown that
the GSC are less glycolytic than the differentiated
GBM cells.>'7 The GSCs are probably capable of
surviving in hypoxic microenvironment due to
their relatively quiescent state®%1%, which requires
a relatively low production of ATP. Dilated cristae
observed in mitochondria of differentiated GBM
cells are associated with increased ROS produc-
tion due to the less effective electron transport
chain.® The increased production of ROS is known
to induce certain signalling pathways that increase
proliferation and survival of cancer cells*1”270 and
are thus crucial in tumorigenesis. The relatively
low mitochondrial content, the fragmented shape
of the mitochondrial network and the presence of
swollen mitochondria indicate that the differenti-
ated GBM are heavily dependent on glycolysis. It is
known that numerous cancer cells rely on glycoly-
sis even in the presence of oxygen due to defective
mitochondria.’®® The glycolysis provides highly
proliferative cancer cells with high ATP produc-
tion under low oxygen conditions. Besides this, it
supplies the precursors for anabolic pathways and
abundant NADPH for reductive biosynthetic reac-
tions and antioxidant defenses.®2!2271

Our results indicate that treatment with chem-
otherapeutic TMZ that is used in standard treat-
ment procedures for GBM patients induces ultras-
tructural mitochondrial damage in the differenti-
ated GBM cells but has less effect on the ultras-
tructure of mitochondria in GSCs. However, the
observed ultrastructural mitochondrial damage
in the differentiated GBM cells after TMZ treat-
ment is not reflected in the metabolic profile or
cell viability. TMZ is a DNA alkylating agent. The
DNA damage caused by the TMZ has been shown
to induce increased ROS production in mitochon-
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dria which contributes to the apoptosis of suscep-
tible GBM cells.”>”® Apoptosis is in a large part me-
diated by mitochondria, including the increased
ROS generation in mitochondria, increased mi-
tochondrial membrane permeability and finally
the structural damage of mitochondria.”#”> The
mitochondria thus have a critical role in GBM re-
sistance to TMZ treatment.” It has been shown
that the TMZ-resistant GBM cells reorganize the
electron transport chain in their mitochondria to-
wards more efficient mitochondrial coupling and
decreased ROS production.”””® This may well ex-
plain the decreased ultrastructural mitochondrial
damage in GSCs in comparison to the differenti-
ated GBM cells observed in our study after TMZ
treatment.

Limitations of the present study are related to
the limited number of GBM cell lines since GBM is
a heterogeneous tumor on the genetic and cellular
levels. We are aware that the U87 cell line was mis-
identified in the past and does not fully recapitu-
late GBM biology.” Therefore, further experiments
will focus on a large cohort of primary GBM cell
cultures from tumor biopsies that will be moni-
tored for mitochondria structure and function. To
gain mechanistically insights into the role of mito-
chondria in TMZ treatment resistance, TMZ treat-
ment experiments in complex models with hetero-
typic cellular interactions, such as co-cultures and
organoids, where mitochondria transfer occurs,
will be designed. Screening of mitochondria-as-
sociated genes and proteins involved in mitochon-
drial-driven TMZ resistance will be performed us-
ing gene loss or gain of function experiments and
blockers of signalling pathways in cell cultures.

Conclusions

Taken together, we showed differences in mito-
chondria ultrastructure and cellular metabolism
between stem-like GSCs and differentiated GBM
cells in normal conditions and upon chemothera-
py- TMZ treatment induced ultrastructural mito-
chondrial damage in differentiated GBM cells and
had less effect on mitochondria in GSCs, indicat-
ing that the mitochondria play an important role
in GSC resistance to TMZ treatment. Although
further studies are required to fully understand
GBM therapeutic resistance and the effects of dif-
ferent treatment regimens on the mitochondrial
structure and function of GSCs, this study estab-
lishes a foundation for a deeper understanding of
the metabolic heterogeneity of glioblastoma cells,

including both stem and differentiated cells, and
their roles in therapy response and resistance.
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Background. Pharyngeal squamous cell carcinoma (PSCC) is a significant health concem, with human papillomavi-
rus 16 (HPV16) playing a key role in the etfiology of oropharyngeal squamous cell carcinoma (OPSCC). HPV16-related
OPSCC exhibits enhanced radiosensitivity compared to HPV1é-unrelated PSCC, yet the underlying mechanisms
remain poorly understood. As HPV16 oncoproteins E6 and E7 are known to interfere with innate immune signaling,
we investigated how modulation of cytosolic DNA sensing pathways and innate immune responses changes after
iradiation (IR) and whether this confributes fo enhanced radiosensitivity in HPV16-related OPSCC.

Materials and methods. Using HPV164-related and -unrelated PSCC models, we examined baseline expression
levels of DNA sensors and cytokines and assessed the effects of IR on double-stranded DNA (dsDNA) accumulation,
activation of cytosolic DNA sensors, cytokines, and immune cell infiliration both in vitro and in vivo. Analyses were
performed using real-fime quantitative polymerase chain reaction (RT-gPCR) and immunofluorescent staining.
Results. HPV1é-related OPSCC exhibited a distinct baseline expression profile of DNA sensors and cytokines, con-
sistent with suppression of the stimulator of interferon genes (STING) pathway. While IR-induced activation of DNA
sensors was dose- and fime-dependent across models, HPV1é-related OPSCC showed selective activation of cyclic
GMP-AMP synthase (cGAS) and STING without significant cytokine upregulation or immune activation. In contrast,
HPV1é-related and unrelated PSCCs displayed activation of multiple DNA sensors, increased cytokine expression, and
enhanced immune cell infilfration following IR.

Conclusions. The key finding was that the involvement of cytosolic DNA sensing pathways and innate immune sys-
tem do not increase radiosensitivity of HPV1é-related OPSCC. In PSCC models, DNA sensor and cytokine expression
varied depending on IR dose and fractionation.

Key words: cytosolic DNA sensing pathways; innate immune response; human papillomavirus type 16; pharyngeal
squamous cell carcinoma; radiation response
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Introduction

Head and neck squamous cell carcinomas
(HNSCCs) arise from the mucosal epithelium of
the upper aerodigestive tract and represent the
seventh most common cancer worldwide, with an
estimated 800,000 new cases and 400,000 deaths
in 2022.' HNSCCs are typically associated with
excessive alcohol and tobacco use, while oro-
pharyngeal squamous cell carcinoma (OPSCC) is
increasingly linked to infection with human pap-
illomavirus type 16 (HPV16).2®> HPV16 belongs to
the Papillomaviridae family and is classified as a
high-risk oncogenic type.* Epidemiological studies
have shown a decline in the incidence of HPV16-
unrelated HNSCC, whereas HPV16-related OPSCC
is on the rise.>® Standard treatments for HNSCCs
include surgery, radiotherapy (RT), and chemo-
therapy. The survival rate has seen modest im-
provements over the last three decades. Previous
studies have shown higher response rates to RT
and chemotherapy and consequently improved
survival for patients with HPV16-related OPSCC
compared to those with HPVI16-unrelated tu-
mors.”” However, the molecular and immunologi-
cal mechanisms underlying this enhanced radio-
sensitivity remain poorly understood.

The innate immune response to ionizing ra-
diation (IR) is emerging as a critical factor influ-
encing tumor radiosensitivity. IR-induced DNA
damage can lead to cytosolic accumulation of
double-stranded DNA (dsDNA), which activates
the cytosolic DNA sensing pathways such as cyclic
GMP-AMP synthase (cGAS). cGAS detects dsDNA
and produces cyclic GMP-AMP (cGAMP), a second
messenger that binds to and activates the stimula-
tor of interferon genes (STING). This leads to acti-
vation of downstream signaling pathways and ulti-
mately the production of type I interferons (IFN-I)
and other pro-inflammatory cytokines that drive
the innate immune response against damaged or
malignant cells. These pathways are also part of
the fundamental mechanism of host defense.!*13

There is increasing evidence that HPV16 onco-
proteins E6 and E7 disrupt host innate immune
signaling to facilitate immune evasion and pro-
mote carcinogenesis. Studies have shown that
these oncoproteins suppress several DNA sensors,
including retinoic acid-inducible gene I (RIG-I) and
Toll-like receptors (TLRs), and to directly inhibit
the cGAS-STING axis in HPV16-related OPSCC.141
This suppression impairs the production of IFN-I,
which may enable infected cells to escape immune
surveillance. The host immune response is a criti-

cal component of antitumor immunity. Therefore,
immune dysregulation by HPV16 may significant-
ly influence the efficacy of RT.1®

In this study, we investigated how the HPV16
oncoproteins E6 and E7 modulate the activation of
cytosolic DNA sensing pathways and innate im-
mune response following IR in pharyngeal squa-
mous cell carcinomas (PSCCs) models, and wheth-
er this modulation contributes to the enhanced ra-
diosensitivity observed in HPV16-related OPSCC.
Specifically, we assessed baseline expression and
IR-induced activation of cytosolic DNA sensors,
cytokine production, and innate immune cell in-
filtration in both tumor cells and the tumor mi-
croenvironment (TME), to better understand the
immune landscape underlying the differential ra-
diosensitivity of HPV16-related OPSCC.

Materials and methods
Cell lines

The in vitro experiments were performed with four
human PSCC cell lines: HPV16-related OPSCC
UPCLSCC090 (RRID:CVCL_1899; ATCC® CRL-
3239™, Manassas, VA, USA), HPVI16-unrelated
OPSCC UM-SCC-6 (RRID:CVCL_7773; Merck-
Millipore, Burlington, MA, USA), HPV16-related
hypopharyngeal = squamous cell carcinoma
(HPSCC) 2A3 (RRID:CVCL_0D71; ATCC® CRL-
3212™, ATCC), and HPV16-unrelated HPSCC FaDu
(RRID:CVCL_1218; ATCC® HTB-43™, ATCC). All
cell lines were cultured at 37°C in a humidified at-
mosphere containing 5% CO, and were used with-
in ten passages. UPCI:SCC090 and UM-SCC-6 cells
were maintained in Advanced Dulbecco’s Modified
Eagle’s Medium (ADMEM, Gibco, Thermo Fisher
Scientific, Waltham, MA, USA). FaDu cells were
cultured in Advanced Minimum Essential Medium
(AMEM, Gibco), and 2A3 cells in ADMEM supple-
mented with 0.2 mg/ml G418 disulfate salt solution
(Sigma-Aldrich LLC, St. Louis, MO, USA). All me-
dia were supplemented with 5% fetal bovine se-
rum (FBS; Thermo Fisher Scientific), 1% GlutaMAX
(Thermo Fisher Scientific), and 1% Penicillin-
Streptomycin (Merck). Cells were routinely tested
with MycoAlert™ PLUS Mycoplasma Detection Kit
(Lonza, Basel, Switzerland). All experiments were
performed with mycoplasma-free cells.

Experimental animals and tumor induction

In vivo experiments were performed on 8-week-old
female Athymic Nude mice (Charles River, Lecco,

Radiol Oncol 2025; 59(4): 566-578.

S67



S68

Levpuscek K et al. / DNA sensing pathways in pharyngeal carcinomas after irradiation

Italy), housed in sterile cages under a 12-hour light/
dark cycle with controlled temperature and hu-
midity, and provided water and food ad libitum.
All procedures were approved by the Ministry of
Agriculture, Forestry and Food of the Republic of
Slovenia (permission No. U34401-33/2019/9 and
U34401-35/2020/8) in accordance with EU direc-
tive 2010/63/EU. Subcutaneous tumors were estab-
lished by injecting 100 uL of 0.9% NaCl containing
5x10¢ viable UPCL:SCC090 cells, 10x106 UM-SCC-6
cells, or 2x106 FaDu or 2A3 cells into the dorsal
flank of mice. UM-SCC-6 tumor induction was
unsuccessful despite attempts with various cell
concentrations (1x106, 3x10° or 10x10°) and co-injec-
tion with basement membrane matrix (Corning®
Matrigel® Matrix, Corning, New York, USA). Once
tumors reached a volume of approximately 45-50
mm?3, mice were distributed into different treat-
ment groups.

Irradiation

IR was performed using a Gulmay CP225 X-Ray
Generator (Gulmay Medical Ltd., Byfleet, UK) at
200kV and 9.2 mA, with a dose rate of 1.96 Gy/min.
For in vitro experiments, cells were IR with 4 Gy,
8 Gy, or a fractionated dose of 3x8 Gy. For in vivo
studies, tumor-bearing mice were immobilized in
custom-designed lead holders with apertures al-
lowing localized tumor IR. Mice received either a
single dose of 8 Gy or a fractionated regimen of
3x8 Gy.

Cell viability assay

Post-IR cell viability was evaluated using a resa-
zurin-based assay (PrestoBlue™, Thermo Fisher
Scientific). Cells were seeded in 96-well plates
(VWR, Radnor, Pennsylvania, US) and allowed
to adhere overnight prior to IR. Viability was as-
sessed after four population doublings, accounting
for doubling times of 24 h (FaDu, 2A3, UM-SCC-6)
and four days (UPCL:SCC090). 10 pl PrestoBlue
reagent was added per well, followed by a 1-hour
incubation at 37°C in a humidified 5% CO, atmos-
phere. Fluorescence intensity was measured using
a microplate reader (GEN-ios, Tecan, Mannedorf,
Switzerland).

Tumor growth measurement

Mice were distributed in experimental groups of
6 animals: control group, group irradiated with 8
Gy, or 3x8 Gy. Tumors were measured three times
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per week using a Vernier caliper, and volumes
were calculated as V=a x b x ¢ x /6 (a, b, c rep-
resenting tumor diameters). Mice were humanely
euthanized when their tumor volumes reached
500 mm?®, a threshold established as a humane
endpoint for the Kaplan-Meier survival analysis.
Complete response was defined as the absence of
detectable tumors for 100 days

Tumor collection

Mice were euthanized 72 hours post-IR along-
side their respective control groups. Tumors were
excised. One-half of the tumor was fixed in 4%
paraformaldehyde for 12 hours, then immersed in
30% sucrose for 24 hours, embedded in Optimal
Cutting Temperature (OCT, VWR) compound, and
flash-frozen in liquid nitrogen for immunofluo-
rescence analysis. The other half was flash-frozen,
pulverized, and stored at —80°C for subsequent
RNA extraction.

Real-time quantitative polymerase chain
reaction (RT-qPCR)

For the in vitro study, cells were seeded in T25
flasks (Corning), allowed to adhere, and then ir-
radiated with 4, 8, or 3x8 Gy, except for the control
group, which was also used to determine base-
line expression of DNA sensing pathway genes.
RNA was extracted at 48- or 72-hours post-IR
using the peqGOLD Total RNA Kit (VWR, West
Chester, PA, USA), following the manufacturer’s
instructions. For tumor samples, TRIzol Reagent
(Thermo Fischer Scientific) was used for ho-
mogenization and extraction, followed by isola-
tion of RNA. SuperScript VILO cDNA Synthesis
Kit (Invitrogen, Thermo Fisher Scientific) was
used for reverse transcription. RT-qPCR was
performed on a QuantStudio 3 Real-Time PCR
System (Thermo Fisher Scientific). The sam-
ples were prepared using PowerUp SYBR Green
Master Mix (Thermo Fisher Scientific) and pre-
designed primers specific for human or mouse
DNA sensors and cytokines (IDT, IA, USA).
Mouse-specific primers enabled discrimina-
tion of TME components. Relative expression
was calculated using the ACq method: Cq (gene
of interest)- Cq (mean of housekeeping genes).
Fold changes were determined using the 2-AACt
method.” Non-determined (N.D.) values were de-
fined as Cq > 40. Detailed protocols and primer
sequences are listed in Supplementary materials
and Supplementary Table S1.
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Accumulation of cytosolic dsDNA

Cells were seeded overnight in 12-well chamber
slides (Ibidi, Grifelfing, Germany) and IR with
4, 8, or 3x8 Gy. Controls remained unirradiated.
After 48 or 72 hours, cells were stained with an-
tibodies. Immunofluorescence microscopy was
performed using an LSM 800 confocal microscope
(Carl Zeiss, Oberkochen, Germany), and images
were analyzed using Imaris software (Bitplane,
Zurich, Switzerland). Antibody details and proto-
cols are provided in Supplementary materials and
Supplementary Table S2.

Tumor immunofluorescence staining

Tumor sections were prepared using a Leica
CM1850 cryostat (Leica Biosystems, Wetzlar,
Germany), mounted on Superfrost Plus glass
slides (ThermoFisher Scientific), and stained with
antibodies (Supplementary Table S3). Imaging was
performed using an LSM 800 confocal microscope
(Carl Zeiss), and image analysis was carried out
using Imaris (Bitplane) and CellProfiler software
(Broad Institute, Cambridge, MA, USA). Antibodies
and staining protocols are listed in Supplementary
materials and Supplementary Table S3.

Statistical analysis

Statistical analyses and data visualization were
performed using GraphPad Prism version 9
(GraphPad Software, San Diego, CA, USA). All in
vitro experiments were repeated three times unless
otherwise stated. In vivo experiments were carried
out once following the principles of the 3Rs. Data
normality was assessed by the Shapiro-Wilk test.
A two-tailed Student’s t-test and One-way analy-
sis of variance (ANOVA) were used to evaluate the
statistical significance between different groups,
followed by post hoc test or non-parametric data,
the Kruskal-Wallis test with post hoc analysis was
used. Kaplan-Meier survival curves were ana-
lyzed using a Log-rank test. Statistical significance
was defined as p < 0.05.

Results

HPV16-related OPSCC exhibits enhanced
radiosensitivity

We evaluated the effect of IR on the survival of
various cell lines and mice bearing PSCC tumors.
Our in vitro findings showed that the HPV16-
related OPSCC cell line UPCI:SCC090 had a better
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FIGURE 1. The effect of irradiation (IR) on cell survival and tumor growth. (A)
Survival of cells after in vitro IR with 2, 4, 6, 8, and 10 Gy (n = 3). (B) Kaplan-Meier
survival curve for mice bearing pharyngeal squamous cell carcinoma (PSCC)
tfumors freated with either a single dose of 8 Gy or 3x8 Gy, complete response

(CR) (n=6).

Data are presented as mean * standard error of the mean (SEM); # = indicates p < 0.05 for
comparisons between UPCI:SCCO090 and other cell lines or tumor models; * = indicates p < 0.05
for comparisons between IR doses within the same cell line or tumor model.

response to IR than the HPV16-unrelated OPSCC
cell line UM-S5CC-6 and both HPSCC cell lines.
No notable differences in radiosensitivity were
detected among the other PSCC lines (Figure 1A).
We also examined the effect of IR on survival in
mice bearing different PSCC tumors. Mice with
UPCI:SCC090 tumors showed significantly better
survival after a single dose of 8 Gy compared to
the other two models. Notably, this group exhib-
ited one complete response, a phenomenon not
observed in the other models. In contrast, no dif-
ferences in survival were observed following irra-
diation with 3x8 Gy, as all groups showed high rate
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FIGURE 2. Baseline expression of cytosolic DNA sensors and cytokines in tumor cells and tumor microenvironment (TME)
of pharyngeal squamous cell carcinomas (PSCCs). (A) Relative gene expression of cytosolic DNA sensors in cells in vitro,
normalized to housekeeping genes (GUSB and B2M) (n = 3). (B) Relative gene expression of cytosolic DNA sensors in tumor cells
in vivo, normalized to housekeeping genes (GUSB and B2M) (n = 5). (C) Relative gene expression of cytosolic DNA sensors in TME,
normalized to housekeeping genes (BA and GADP) (n = 5). (D) Relative gene expression of cytokines in cells in vifro, normalized
to housekeeping genes (GUSB and B2M) (n = 3). (E) Relative gene expression of cytokines in fumor cells in vivo, normalized to
housekeeping genes (GUSB and B2M) (n = 5). (F) Relative gene expression of cytokines in TME, normalized to housekeeping
genes (BA and GADP) (n = 5). Data is represented as mean * standard error of the mean (SEM).

# = indicates p < 0.05 for comparisons between UPCI:SCC090 and other cell lines or tumor models; * = indicates p < 0.05 for comparisons between
irradiation (IR) doses within the same cell line or tumor model; o = indicates p < 0.05 for comparisons between FaDu and 2A3 models; + = indicates

p < 0.05 for comparisons between UM-SCC-6é and FabDu
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of tumor cures. All UPCI:SCC090-bearing mice
were cured, while in the FaDu and 2A3 models,
four out of six mice achieved complete response
(Figure 1B).

Distinct baseline expression patterns of
cytosolic DNA sensors and cytokines in
HPV16-related OPSCC

Our next step was to investigate the baseline ex-
pression of cytosolic DNA sensing pathways
in PSCC tumor cells, both in vitro and in vivo, as
well as in the TME. Baseline expression of cyto-
solic DNA sensors STING, DAI and DDX60 in
UPCI:SCC090 cells was significantly lower com-
pared to other PSCC cell lines, both in vitro and in
vivo (Figures 2A-B). In contrast, IFI16 expression
was elevated in UPCI:SCC090. When comparing
the HPSCC cell lines FaDu and 2A3 in vitro, dif-
ferences were observed in the expression levels of
DDX60 and RIG-I (Figure 2A), while in vivo mod-
els differed in cGAS and DAI expression in tumor
cells (Figure 2B). For the HPV16-unrelated cell lines
UM-SCC-6 and FaDu, significant differences were
detected in the expression of cGAS, IFI16, DAI,
DDX60, and RIG-I, except for STING (Figure 2A).
In the TME, baseline expression of cytosolic DNA
sensors did not differ significantly between tumor
models regardless of HPV16 status, except for cGas
(Figure 2C). Furthermore, the expression levels of

cytosolic DNA sensors in the TME were generally
lower than those in the tumor cells (Figure 2A-C).
Regarding cytokines, IL13 expression level was
significantly lower in UPCI:SCC090 both in vitro
and in vivo when compared to other PSCC models
(Figure 2D-E). In contrast, IFN{3 expression in tu-
mor cells was significantly higher in UPCI:SCC090.
The expression level of tumor necrosis factor
(TNF)a in UPCIL:SCC090 differed in in vitro com-
pared to in vivo experiments (Figure 2D-E). In the
TME of UPCI:SCCO090, all cytokine levels were sig-
nificantly lower compared to HPSCC tumor mod-
els (Figure 2F). No significant cytokine expres-
sion differences were observed between the two
HPSCC models in the TME (Figure 2F).

Limited activation of cytosolic DNA
sensors following irradiation in HPV16-
related OPSCC

We investigated how different PSCC cell lines
respond to IR in terms of cytosolic accumulation
of dsDNA. Our findings showed that dsDNA ac-
cumulation was both time- and dose-dependent,
with the highest number of dsDNA spots observed
72 hours after IR with a dose of 3x8 Gy in all test-
ed cell lines. The UPCL:SCC090 cell line exhib-
ited fewer dsDNA spots than the other cell lines
(Figure 3A-B, Supplementary Figure S1). Based
on this observation, we explored the effect of cy-
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tosolic dsDNA accumulation on the activation of
DNA sensors. In vitro, we found that the upregula-
tion of cytosolic DNA sensors in response to IR is
also dose- and time-dependent, following the pat-
tern of accumulation of dsDNA in the cytosol of
cells with the most significant alterations occurred
72 hours post-IR at a dose of 3x8 Gy (Figure 4,
Supplementary Figure S2-53). In UPCIL:SCC090

Radiol Oncol 2025; 59(4): 566-578.

cells, an upregulation was noted solely in the cGAS
and STING following exposure to IR at 3x8 Gy. In
the other PSCC cell lines, we observed a trend to-
ward increased expression of cGAS, STING, and
DDX60 after IR. More substantial fold changes
were seen in DAI and RIG-I, which showed moder-
ate upregulation across PSCC lines. Furthermore,
FaDu and UM-S5CC-6 cells lines differed in their
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# = indicates p < 0.05 for comparisons between UPCI:SCC090 and other cell lines or tumor
models; * = indicates p < 0.05 for comparisons between IR doses within the same cell line or
tumor model; o = indicates p < 0.05 for comparisons between FaDu and 2A3 models

activation of DAI and DDX60 (Figure 4A-C,
Supplementary Figure S3). We extended our anal-
ysis to in vivo studies, examining the activation
of cytosolic DNA sensors 72 hours after IR with
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doses of 8 or 3x8 Gy in both tumor cells and TME.
Statistically significant differences were observed
in the activation of cytosolic DNA sensors within
tumor cells between the UPCI:SCC090 and HPSCC
tumor models. In UPCIL:SCC090 tumor cells, cGAS
and STING were upregulated post-IR, consistent
with in vitro data, and their levels were significant-
ly higher than in HPSCC models (Figure 4D-E).
Conversely, such activation of Sting and cGas was
absent in the TME of UPCL:SCC090 (Figure 4G-H).
In HPSCC tumor cells, overall upregulation of
DNA sensors following IR was minimal, with no
significant differences observed between the 2A3
and FaDu models (Figure 4D-F, Supplementary
Figure S3). However, in the TME, we observed
differential expression of p204, DAI, and DDX60
between FaDu and 2A3 tumors (Figure 4G-I;
Supplementary Figure S3). Although the observed
fold changes were relatively small, this may be
partly due to high Ct values in the qPCR analysis,
which indicate low baseline expression of these
sensors in the tumor tissue.

Cytokine upregulation after irradiation is
absent in HPV16-positive OPSCC tumors
despite cGAS-STING activation

Following the observation that IR induces dsDNA
release in cytosol and activates DNA sensing path-
ways, we examined the expression of downstream
cytokines. We found that cytokine upregulation
after IR in vitro was dose- and time-dependent,
just like the upregulation of cytosolic DNA sen-
sors. Changes were predominantly observed
72 hours after a 3x8 Gy regimen (Figure 5A-C,
Supplementary Figure S4). The UPCL:SCC090 cell
line showed no upregulation in IL13 or IFNf gene
expression, regardless of the IR dose or time, com-
pared to other cell lines. Conversely, a significant
upregulation of the TNFa was observed 72 hours
post-IR with 3x8 Gy in this cell line (Figure 5B).
Next, we investigated cytokine gene expression
72 hours after IR with 8 or 3x8 Gy in both tumor
cells and the TME of PSCC tumors on mRNA
level (Figure 5D-I). Our findings indicated that in
UPCI:SCC090, there was no upregulation of any
cytokines in tumor cells after IR with 8 or 3x8 Gy.
However, HPSCC tumor models 2A3 and FaDu
showed significant upregulation of all three cy-
tokines in tumor cells. These models differed only
in IFNPB response (Figure 5F). No upregulation
of cytokine mRNA after IR was observed in the
TME of the UPCL:SCC090 tumor model. Similar
to tumor cells, statistically significant upregula-
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tion of all three cytokine mRNAs after IR was ob-
served for 2A3 and FaDu in the TME (Figure 5G-I).
Finally, we assessed cytokine production at the
protein level by immunofluorescent staining of
frozen tumor sections for IL1{3, IFNB, and TNFa.
A statistically significant difference in IL1 levels
was observed between UPCI:SCC090 and HPSCC
tumors in control samples but not following IR
with 3x8 Gy. HPSCC tumor models showed dif-
ferences in TNFa levels across all experimental
groups (Supplementary Figure S5).

Innate immune infiltration occurs
only in HPV16-unrelated tumors after
fractionated irradiation

Lastly, we investigated the cellular innate immune
system’s response to IR in different tumor mod-
els. Frozen tumor sections collected 72 hours after
IR with either 8 or 3x8 Gy were used for analy-
sis. Samples were immunofluorescently stained
for macrophages (F4/80 expression) and natural
killer cells (NK; NKp46 expression) (Figure 6A).
Our analysis demonstrated no statistically signifi-
cant differences in macrophages and NK cell in-
filtration among the tumor models, regardless of
whether they were control or IR-treated. However,
we observed increased infiltration of both mac-
rophages and NK cells in the FaDu model follow-
ing the fractionated IR regime of 3x8 Gy (Figure 6B
and C).

Discussion

This study explored why HPV16-related OPSCC
exhibits enhanced radiosensitivity, focusing on
cytosolic DNA sensing pathways across HPV16-
related and unrelated PSCC tumor models.
Although we initially hypothesized that modula-
tion of cytosolic DNA sensing pathways and in-
nate immune responses by HPV16 oncoproteins E6
and E7 could explain the enhanced radiosensitiv-
ity of HPV16-related OPSCC, our findings suggest
otherwise. We observed distinct baseline expres-
sions of cytosolic DNA sensors and cytokines in
HPV16-related OPSCC compared to other PSCCs,
with HPV16-related OPSCC model exhibiting
characteristics indicative of a suppressed STING
pathway. After IR, expression of cytosolic DNA
sensors and cytokines remained relatively un-
changed in HPV16-related OPSCC, except for
cGAS and STING sensors, whereas other PSCC
models showed a time- and dose-dependent in-

crease. The innate immune response to IR did not
differ significantly across tumor models. Thus, our
findings suggest cytosolic DNA sensing pathways
and the innate immune response do not enhance
radiosensitivity in HPV16-related OPSCC.

The response of cytosolic DNA sensing path-
ways to HPV16 infection is complex. We observed
lower baseline STING expression in HPV16-related
OPSCC tumor cells compared to other models, yet
its activator, cGAS, showed no such difference.
Previous studies demonstrated that HPV16 on-
coproteins E6 and E7 suppress the cGAS-STING
sensing pathway, aiding immune evasion.!$2
Despite this suppression, we observed higher
baseline expression levels of cytokines IFNf and
TNFa in tumor cells, indicating pathway activa-
tion. Previous research demonstrated that even
when IFN-inducing pathways, including cGAS-
STING, are inhibited, TNFa can independently
activate cGAS via mitochondrial DNA release.?"??
This explains why, despite the inhibition of E6 and
E7 oncoproteins, the baseline expression of cGAS is
not decreased in the HPV16-related OPSCC tumor
model. TNFa and IFNp are also released upon ac-
tivation of IFI16, which was elevated in the HPV16-
related OPSCC tumor model compared to other
models. Similarly, IFI16, like cGAS-STING, detects
viral DNA and triggers IFN induction and TNFa
release from macrophages.?? Our data indicate
TNFa expression is lower in vitro, but higher in vi-
vo, as macrophages are present there. Interestingly,
down regulation of IFI16 resulted in an increased
release of IL1{, crucial for innate immune defenses
and tumor radiation responses.?>?* Baseline IL13
expression was notably lower in both tumor cells
and TME of HPV16-related OPSCC compared to
other models, likely due to the activation of IFI16
by HPV16. Notable baseline differences in DNA
sensors and cytokines between HPV16-related
OPSCC and HPV16-related HPSCC, despite both
containing HPV16 E6 and E7, are intriguing. This
variance might stem from differences in the im-
mune cell composition between oropharyngeal
and hypopharyngeal tissues. However, the exact
mechanisms underlying the tissue-specific re-
sponse to HPV16 viral DNA in the pharynx are
still unclear and require further investigation.
Our data show differences in baseline expression
of cytosolic DNA sensors and cytokines between
HPV16-related OPSCC and other tumor models.

Cytosolic DNA sensing pathways play a key
role in pathogen defense and responses to cellu-
lar damage. IR has been shown to activate these
pathways by promoting the release of DNA into
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the cytosol. Vanpouille-Box ef al. demonstrated
that fractionated doses of 3x8 Gy optimally acti-
vate these pathways, while a single high dose (20
Gy) induces TREX1-mediated degradation of cy-
tosolic dsDNA, suppressing immunogenic signal-
ing.” In our previous study, we found that 8 Gy
induced the highest upregulation of DNA sensors
in vitro.?® Based on these findings, we selected 8 Gy
and 3x8 Gy to investigate DNA sensor activation
in PSCC models. Our results indicated IR-induced
upregulation of cytosolic DNA sensors and cy-
tokines was time- and dose-dependent. In HPV16-
related OPSCC, upregulation of sensors cGAS and
STING occurred only 72 hours after IR with 3x8
Gy, whereas expression of other DNA sensors re-
mained unchanged. As previously mentioned, the
STING sensor was initially suppressed by HPV16
E6 and E7 oncoproteins.’*? As demonstrated, this
inhibition was later disrupted by fractionated
IR doses. Previous studies showed IR causes an
increased expression of HPV16 E6 and E7 onco-
proteins, which in our case would mean that the
STING sensor would continue to be suppressed,
which is not the case.®-3 We hypothesize fraction-
ated IR disrupts HPV16 DNA rapid repair, result-
ing in suppressed expression of E6 and E7, leading
to STING sensor activation. Despite activating the
c¢GAS-STING pathway, cytokines IFNf and TNFa
mRNA levels remained unchanged in vivo, possi-
bly due to the inactive IFI16 sensor. Expression of
the cytokine IL1@ remained low in HPV16-related
OPSCC tumor cells. Previous studies have linked
overexpression of ILIB to radioresistance. In
HPV16-related OPSCC IL1p was downregulated,
which could be one reason for better radiosensi-
tivity of mentioned model.?3+3¢ In HPV16-related
OPSCC model, we did not observe a significant up-
regulation of DNA sensors or cytokines within the
TME, suggesting that the enhanced radiosensitiv-
ity of this model is not mediated by TME-related
factors. Conversely, other tumor models exhibited
increased DNA sensor and cytokine expression in
tumor cells and TME, irrespective of HPV16 status.

A notable difference between HPV16-related
OPSCC and other tumor models was the signifi-
cantly lower cytosolic dsDNA release after IR in
HPV16-related OPSCC model. This might result
from upregulation of the three prime repair exo-
nuclease (TREX1). Elevated TREX1 expression has
been observed in HPV-associated cervical cancer,
facilitating tumor proliferation and progression by
impeding p53 functionality.”” Furthermore, TREX1
also acts as a safeguard mechanism; under high
IR doses, it is activated to degrade cytosolic DNA
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and thereby preventing activation of cytosolic
DNA sensing pathway and subsequent immune
response.?3 We hypothesize that activation of cy-
tosolic DNA sensors in HPV16-related OPSCC is
influenced by both HPV16 oncoproteins E6 and E7
as well as TREX1. While the former pair initially
suppress immune recognition, TREX1, whose ex-
pression might also be elevated in HPV16-related
OPSCC, can be triggered even at lower IR doses.
These activation dynamics may contribute to the
muted response of cytosolic sensors in this tumor
model, consequently resulting in the absence of
cytokine release.

Activation of cytosolic DNA sensors usually
induces cytokine release, stimulating immune
responses to IR.¥“! Previous studies reported
differences in macrophage and NK cell levels
between HPV16-related OPSCC and HPV1e-
unrelated PSCC, which we did not observe in our
mouse xenograft model.*>#* Following 3x8 Gy IR,
increased infiltration of both macrophages and
NK cells occurred only in the HPV16-unrelated
HPSCC model. Activation of the innate immune
system partially occurred only in this model,
where we had also observed activation of both cy-
tosolic DNA sensors and cytokines. In contrast, no
similar effect occurred in HPV16-related HPSCC
tumor model, despite evident activation of cyto-
solic DNA sensing molecular pathways. This may
be due to HPV16 oncoproteins E6 and E7, which
still suppress immune system but not in the same
way as in HPV16-related OPSCC. Previous studies
have shown better IR response in HPV16-related
OPSCC than HPVI16-unnrelated PSCC, which
partially aligned with our findings.* In wvitro,
the HPV16-related OPSCC cell line was the most
radiosensitive, while no significant differences
were observed among other PSCC cell lines. The
HPV16-related OPSCC tumor group also showed
improved survival following a single 8 Gy IR dose
compared to the HPSCC group subjected to the
same IR regimen. However, no survival differ-
ences were noted among groups that received a
fractionated 3x8 Gy dose, possibly due to excessive
overall dose toxicity inducing tumor cures. Our
findings suggest that the absence of activation of
cytosolic DNA sensing pathways in HPV16-related
OPSCC leads to diminished innate immunity and
therefore does not play a role in its enhanced ra-
diosensitivity.

Despite an attempt to illuminate the role of cy-
tosolic DNA sensing pathways in response to IR
in PSCC tumor models, as comprehensively as
possible, we must address potential limitations
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of the present research. One limitation is the un-
successful engraftment of the UM-SCC-6 tumor
line, despite multiple attempts. Second, although
the 2A3 cell line is HPV16-related, it lacks the
complete viral genome and may not fully repre-
sent HPV16-associated biology. It was developed
by transfecting FaDu cells with HPV16 E6 and E7
oncogenes via the PA317 LXSN 16E6/E7 vector and
remains the only available human HPV16-related
HPSCC cell line. Another limitation is the use of a
single HPV16-related OPSCC cell line.®! Inclusion
of additional models would have strengthened
the study and improved our understanding of
the heterogeneity among HPV16-positive tumors.
Unfortunately, very few HPV16-related cell lines
of oropharyngeal origin are commercially avail-
able. Next, knockdown of ¢cGAS and STING in
tumor models would have been useful to directly
assess their functional impact. Furthermore, quan-
tification of cytokines using western blotting and
immune cell populations with flow cytometry
would provide further support to delineate the ef-
fects of DNA sensing pathways in context of im-
mune system activation. However, since the ac-
tivation of DNA sensors did not lead to cytokine
induction or immune response in our models, we
decided not to pursue this approach in the current
study. Finally, the adaptive immune system plays
a significant role in the response to IR. However,
immunocompromised mice that we used cannot
activate it due to the absence of a thymus, which
can lead to reduced radiosensitivity of specific tu-
mor models. On the other hand, this way we were
able to investigate how the innate immune system
itself contributes to sensitivity to IR.

The key finding of our research was that the in-
volvement of cytosolic DNA sensing pathways and
innate immune system do not increase radiosen-
sitivity of HPV16-related OPSCC. In PSCC mod-
els, DNA sensors and cytokine expression varied
depending on IR dose and fractionation, with
the most notable changes observed 72 hours after
fractionated 3x8 Gy. The HPV16-related OPSCC
tumor model showed upregulation of cGAS and
STING, without corresponding cytokine induc-
tion, suggesting potential for future studies using
STING agonists or antagonists to modulate tumor
response. In addition, we detected differences
in cytosolic accumulation of dsDNA across cell
lines, which may be influenced by TREX1 activity.
Furthermore, our results partially refute the notion
that the activation of cytosolic DNA sensing path-
ways depends on HPV16 status, as similar activa-
tion patterns were observed in both HPV16-related

and unrelated HPSCC tumor models. Additional
research exploring the interplay between adaptive
immunity and cytosolic DNA sensing pathways
could help clarify the mechanisms underlying
the enhanced radiotherapy responses observed in
patients with HPV16-related OPSCC. The recently
developed HPV16-positive murine model MOC-1
could be particularly valuable in this context, as it
enables the investigation of adaptive immune re-
sponses to IR.4
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Background. To test the hypothesis that clinical tumor response after a single cycle of induction chemotherapy
(ICT) can reliably differentiate between chemo-/radiosensitive and resistant fumors in the larynx preservation setfting.
Patients and methods. Treatment consisted of docetaxel/cisplatin/5-fluorouracil (TPF) ICT followed by concurrent
chemoradiotherapy (cCRT) with weekly cisplatin. The response of the primary tumor was assessed by transnasal en-
doscopy after the first ICT cycle.

Results. 37/39 (95%) patients with laryngeal (46%) or hypopharyngeal (54%) carcinoma responded to one cycle of
ICT, and two patients were referred for salvage surgery. Laryngectomy-free survival at 2 and 5 years was 87% and
75%, respectively. The corresponding rates for locoregional control (and also for disease-free survival) were 79% and
70% and for overall survival 92% and 82%.

Conclusions. Clinical assessment of tumor response to one cycle of TPF ICT serves as a valid and easy-to-use predic-
tor of tumor sensitivity to platinum-based cCRT.

Key words: induction chemotherapy; response; organ preservation; laryngeal cancer; hypopharyngeal cancer

Introduction hypopharyngeal cancer.? In this context, it should

be emphasized the importance of preserving the

Total laryngectomy with loss of natural voice
and permanent tracheostomy is one of the most
mutilating surgical procedures in the head and
neck region, leaving patients with significant
physical impairments and social stigmatization.!
Therefore, the development of non-surgical treat-
ment strategies that provide comparable survival
outcomes and allow preservation of the larynx in
almost 60% of cases is an important alternative
for patients with locally advanced laryngeal and

Radiol Oncol 2025; 59(4): 579-588.

larynx functionally and not just anatomically, in
order to enable natural speech, swallowing and
breathing without the need for permanent tube
feeding and/or tracheostomy. According to the
RTOG 91-11 trial, patients treated with concurrent
chemoradiotherapy (cCRT) with cisplatin have the
best chance of laryngeal preservation, albeit with
no improvement in survival compared to induc-
tion chemotherapy (ICT) followed by radiotherapy
(RT) or RT alone.3* However, the impact of the pri-
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mary tumor stage, including the mobility status
of the vocal cords, and the location of the primary
tumor (larynx vs. hypopharynx) must be consid-
ered when assessing the prospects for a favorable
treatment outcome.

Since not all tumors are equally sensitive to
chemotherapeutic agents and radiation, the abil-
ity to identify patients with resistant tumors early
in the course of non-surgical therapy who should
be treated with laryngectomy is crucial. Several
studies have confirmed that ICT is a reliable in
vivo assay for determining the chemo/bio/radio-
sensitivity of tumors.>® In routine clinical practice,
after a favorable response to ICT, patients are sub-
sequently treated with RT; the use of a sensitizer
concurrently with radiation should be considered
investigational.” The latter is due to the lack of
survival benefit observed in phase 3 clinical trials
comparing taxane-based ICT followed by aggres-
sive chemoradiation with chemoradiation alone.?
In addition, the toxicity of three cycles of taxane-
based induction chemotherapy is significant and
may seriously compromise the administration of
subsequent concurrent chemo/bio-RT.

To mitigate the negative effects of aggressive
ICT therapies on subsequent cCRT, the response to
a single test cycle of ICT has been proposed as a cri-
terion for selecting patients for non-surgical treat-
ment. Excellent survival results were achieved
with this approach, with the larynx being pre-
served in 66% of patients.!! In the present study,
we retrospectively analyzed the results of larynx-
preserving treatment in a prospective cohort of pa-
tients with laryngeal and hypopharyngeal cancer
who received a limited number of ICT cycles as a
chemotherapy response selection strategy prior to
platinum-based ¢cCRT. The hypothesis tested was
whether the clinical response of the tumor after a
single cycle of ICT can be used to differentiate be-
tween chemo-/radiosensitive and resistant tumors.

Patients and methods

The study was conducted in accordance with
the Declaration of Helsinki and approved by the
Protocol Review Committee of the Institute of
Oncology Ljubljana, Slovenia (ERIDNPVO-0036/
2020, 19.11.2020).

Patients
In 2016, a chemoselection program was introduced

based on clinical assessment of tumor response after

Radiol Oncol 2025; 59(4): 579-588.

a single cycle of ICT for patients with laryngeal and
hypopharyngeal cancer. At the Multidisciplinary
Tumor Board, all consecutive patients with newly
diagnosed squamous cell carcinoma of the larynx
or hypopharynx (cI2-4a, cNO-3resectable, M0)
who were suitable for total laryngectomy (with
or without partial hypopharyngectomy) as the
only possible surgical option were offered this
treatment option. Further inclusion criteria were
a WHO performance status of 0-1 and adequate
laboratory tests. Patients with tracheostomy, feed-
ing tube, recurrent pneumonia (requiring hospi-
talization within the last 12 months) suggestive of
laryngeal dysfunction, or patients with a medical
condition that would prevent safe delivery of the
planned therapies were considered ineligible.

Treatment protocol and response
evaluation

Prior to treatment, the stage of disease was deter-
mined by physical, endoscopic and radiologic (CT
and/or chest X-ray and/or abdominal US) examina-
tion of the upper aero-digestive tract, neck, chest
and abdomen. Other tests (PET-CT, bone scan)
were performed when clinically indicated.

ICT consisted of two cycles of docetaxel (75 mg/
m?, day 2), cisplatin (75 mg/m? day 2) and 5-fluo-
rouracil, 750 mg/m?/day, days 1-4 in 96-hour infu-
sion). The substitution of cisplatin with carbopl-
atin (AUC 5) and the dosing recommendations in
case of toxicity have been as described elsewhere.!?

Tumor response was assessed clinically and
was performed 3 weeks after the start of ICT by
transnasal endoscopy (local assessment) and pal-
pation (regional assessment). A complete response
(CR) was defined as the disappearance of all evalu-
able disease within the treatment field, and a par-
tial response (PR) was defined as a decrease of
no less than 50% and at least partial recovery of
laryngeal mobility (in the case of initial immobil-
ity). Patients with CR or PR of the primary tumor
received a second cycle of ICT followed by cCRT,
and non-responders were referred for surgery
(Figure 1). Patients with responding primary tu-
mors who were diagnosed with either T4a or less
than PR in the neck after the first ICT cycle were
planned for the 3rd cycle of ICT.

RT was scheduled to begin 3-4 weeks after the
start of the last cycle of ICT. All patients had CT-
based planning and were irradiated with a 6 MV
photon beam from a linear accelerator and a con-
comitant boost intensity modulated radiotherapy/
volumetric modulated arc therapy technique. A
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RECRUITMENT
(39 patients, 2016 — 2021)

!

ICT (1 cycle)
TPF: docetaxel, 75 mg/m?, day 2
cisplatin, 75 mg/m?, day 2
5-FU, 750 mg/m?, days 1-4

!

EVALUATION (clinical)

Locally:

CR/PR NR/PD —» SURGERY

TPF +1 cycle

T1-3 primary tumor
CR/PR regionally

TPF +2 cycles

T4a primary tumor
Less than PR regionally

!

cCRT (37 patients)
IMRT: 70 Gy in 7 weeks, 2 Gy/day
Cisplatin: 40 mg/m?/week

FIGURE 1. Treatment protocol.

CR = complete response; IMRT = intensity-modulated radiotherapy;
NR = no response; ICT = induction chemotherapy; PD = disease
progression; PR = partial response

dose of 70 Gy was delivered in 35 fractions over
7 weeks (1 fraction/day, 5 days/week) to the origi-
nal (i.e., pre-ICT) high-risk clinical target volumes
(CTV70), taking into account the anatomical barri-
ers to tumor spread. The low-risk CTV56 included
areas considered at risk for microscopic disease.
The primary tumor and nodal levels were delineat-
ed according to the guidelines.’*** An isotropic mar-
gin of 5 mm was added around the corresponding
CTVs to create the planning target volumes (PTVs).
During RT, cisplatin was administered intrave-
nously weekly at a dose of 40 mg/m?and replaced
by carboplatin (1.5 AUC) when creatinine clearance
decreased to < 60 mL/min and/or peripheral poly-
neuropathy or grade >1 hearing impairment was
detected. Tumor response was assessed clinically
and radiologically 8-14 weeks after cCRT accord-
ing to RECIST criteria: partial responders and non-
responders were referred for surgery if the residual
tumor was considered operable.

The acute toxicity of ICT was monitored every
3 weeks and weekly during cCRT. In the first two

years, patients were examined at 3-month inter-
vals and later every 4-6 months for toxicity and
possible recurrence of the disease or new primary
tumors. Toxicities were graded according to the
National Cancer Institute’s Common Terminology
Criteria or Adverse Events v5.0.

Statistics

To ensure a potential minimum follow-up period of
2 years, only patients treated between 2016 and 2021
were analyzed. Descriptive statistics were reported
with medians, ranges and IQRs for numeric vari-
ables and as percentages for categorical variables.
Survival curves were calculated using the Kaplan-
Meier method and the log-rank test was used to as-
sess the differences between survival curves. All
statistical tests were two-sided and a p-value of <
0.05 was considered statistically significant.

The primary study objective was 2-year laryn-
gectomy-free survival (LFS, event: laryngectomy
or death from any cause). Additional endpoints
were locoregional control (LRC, event: local and/
or regional recurrence or death from any cause
except distant metastases); disease-free survival
(DEFS, event: cancer recurrence or death from any
cause); overall survival (OS, event: death from any
cause); laryngo-esophageal dysfunction-free sur-
vival (leDFS, event: local recurrence, total or par-
tial laryngectomy, tracheostomy or feeding tube at
2 years or death) at 2 and 5 years; acute and late
toxicities. Survival times were calculated from
the first day of treatment. For patients who did
not respond to ICT or did not achieve local and/or
regional CR after completion of all therapies, the
time to event was set to zero months.

Results
Patients and treatment delivered

Between 2016 and 2021, 39 consecutive patients
with a median age of 60 years (range 39-72, in-
terquartile range [IQR] 56-64) were treated ac-
cording to the protocol. The majority (85%) were
male, without comorbidities (64%) and had stage
T3 primary tumors (72%), of which a comparable
proportion originated from the larynx (18, 46%) or
hypopharynx (21, 54%). At diagnosis, 14 patients
(36%) had vocal cord fixation and 23 (59%) had me-
tastases in the neck nodes. The clinical characteris-
tics of the patients and tumors are listed in Table 1.

The majority, 27 (69%) patients, received 2 cycles
of ICT. Five (13%) patients received only one cycle

Radiol Oncol 2025; 59(4): 579-588.
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TABLE 1. Patient, tfumor, and treatment characteristics

Sex (female/male) 6/33 (15%/85%)
60, 39-72 (IQR 56-64)
14 (36 %)

16 events in 10 patients

Age, in years”
Comorbidities

Cardiovascular

Diabetes mellitus, tpe 2 3 patients
Gastrointestinal 2 patients
Hypothireosis 1 patient
Depression 1 patient
WHO performance status
0 27 (69 %)
1 12 (31 %)
Smoking history
Non-smoker 1 (3%)
Former smokert 14 (36%)
pack-years” 23, 5-105 (IQR 15-70)
Active smoker 24 (61%)
pack-years” 43, 20-100 (IQR 30-175)

Primary tumor site

Larynx 18 (46%)

Hypopharynx 21 (54%
T-stage

T2 8 (20%)

T3 28 (72%)

T4A 3 (8%)
N-stage

NO 15 (38%)

N1 12 (31%)

N2 10 (26%)

N3 2 (5%)
Overall UICC-TNM stage

Stage llI 25 (64%)

Stage IVA 12 (31%)

Stage IVB 2 (5%)
Induction chemotherapy

1 cycle 53 (13%)

2 cycles 27 (69%)

3 cycles 7 (18%)
Radiotherapy, 70 Gy 39 (100%)
Concurrent chemotherapy (N = 37)*

Number of cycles” 5, 1-7 (IQR 5-6)

Interval ICT — cCRT, in days’

Duration of RT, in days”

26, 12-48 (IQR 21-28)
51, 47-55 (IQR 50-51)

Total duration of treatment,

in weeks" 14, 11-25 (IQR 13-15)

ICT=inductionchemotherapy; cCRT=concurrent chemoradiotherapy;
IQR = interquartile range; RT = radiotherapy; UICC = the Union for
International Cancer Conrol; WHO = World Health organization

“Median, range (interquartile range)
tStopped smoking > 6 months before diagnosis
Two patients were non-responders at primary tumor site

Radiol Oncol 2025; 59(4): 579-588.

of ICT. The reasons for this were an unresponsive
primary tumor (2), febrile neutropenia with sepsis
(2) and the patient’s refusal to undergo further ICT
after complete tumor disappearance (1). Three ICT
cycles were administered in 7 (18%) patients, as 3
patients had a cT4a tumor and 4 patients had less
than PR of neck metastases (Table 1).

The median interval between the first day of the
last ICT cycle and the start of cCRT was 26 days
(range 12-48, IQR 21-28) and the median duration
of RT course was 51 days (range 47-55, IQR 50-51).
Overall, depending on the number of adminis-
tered ICT cycles, the duration of treatment was
between 11 and 25 weeks (median 14, IQR 13-15).

Response to induction chemotherapy

After the first cycle of ICT, transnasal endoscopy
revealed CR and PR locally in 5 and 32 patients,
respectively (95% of patients in total) and two pa-
tients (5%) were identified as local non-responders
and sent for salvage surgery (Table 2). There was
no statistically significant difference in the pro-
portion of CR and/or PR between patients with
tumors of the larynx and hypopharynx. In 14 pa-
tients with initial vocal cord fixation, only partial
restoration of hemilarynx mobility was observed
in two patients and no change was observed in
the patient with transglottic (CT3NO) tumor. The
latter and the patient with a non-responding hy-
popharyngeal cI3N2b tumor were directed to sur-
gery. Regionally, 19 of 23 patients (83%) with cN+
disease responded to the first ICT cycle with at
least PR.

Response to concurrent chemotherapy

Tumor response after cCRT was assessed in 37 pa-
tients with CT (26), PET-CT (8) or both (3). The me-
dian time to assessment after completion of cCRT
was 13 weeks (range 7-26, IQR 11-17). Local CR
was achieved in all (100%) patients and regional
in 19 of 22 N+ patients (86%), resulting in a 92%
(34/37) CR rate above the clavicles (Table 2).

Salvage therapies and survival

The three patients with residual disease in the
neck underwent unilateral neck dissection.
Histopathologic report confirmed residual carci-
noma in all three cases. Two of them remained tu-
mor-free and the third patient was diagnosed with
local recurrence and lung metastases. Of the 34 pa-
tients with CR after cCRT, the disease progressed
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TABLE 2. Primary tumor response to induction chemotherapy and concurrent chemoradiotherapy

S83

Induction chemotherapy

Concurrent chemoradiotherapy

Primary ftumor response
Cycle 1

Cycle 2 Cycle 3

(N = 39) (N = 34) (N=7) (N7
Complete response 5 4 2 37
Larynx 1 0 0 17
Hypopharynx 4 4 2 20
Partial response 32 30 5 0
Larynx 16 16 2
Hypopharynx 16 14 3
Less than partial response 2 0 0 0
Larynx 1
Hypopharynx 1

N = number of patients

in three patients (Table 3). In seven patients (18%), a
new primary tumor developed 6 months to 5 years
(median 2.2 years) after treatment (6 non-small cell
lung carcinomas and uterine cervix carcinoma),
which was the cause of death in 5 of them.

On the study close-out date (February 29, 2024),
the median follow-up time was 3.8 years (range
1.5-8 years, IQR 3-6.2) and 4.5 years for patients
still alive (range 2-8 years, IQR 3.2-6.4). At the last
clinical visit, 29 patients were free of treated cancer
and one had lung metastases. Two patients died
from the treated malignancy (with locoregional
recurrence and distant metastases) and seven
patients died from intercurrent disease without
evidence of index malignancy (second cancer - 5,
pulmonary embolism, cardiac arrest). LFS at 2 and
5 years was 87% (95% CI 77-98) and 75% (95% CI
60-89), respectively, and the same rates apply to
1eDFS. The corresponding 2- and 5-year LRC rates
(and also DFS) were 79% (95% CI 67-92) and 70%
(95% CI 54-85) and for OS 92% (95% CI 84-100) and
82% (95% CI 69— 95), respectively. There were no
statistically significant differences in LFS or other

survival outcomes between patients with primary
tumors of the larynx and hypopharynx (Figure 2).

Toxicity

In three patients with a history of hearing impair-
ment and impaired renal function, ICT was modi-
fied from the outset by replacing cisplatin with
carboplatin, and in the second cycle two further
patients were switched to carboplatin due to wors-
ening of renal function. In 10 out of 34 patients,
the dose of chemotherapeutic agent(s) had to be re-
duced during the second cycle, and in 2 out of 7 pa-
tients during the third cycle. The median change
in body weight during ICT was positive (2.5% in-
crease, range -10.2-25.8, IQR 0-5.5). The acute tox-
icities of the treatment are listed in Table 4.
During cCRT, 5 (14%) patients received less than
5 cycles of chemotherapy due to hematotoxicity (4)
or patient refusal (1). Three patients (8%) started
concurrent carboplatin treatment (impaired hear-
ing or renal function, chest pain during ICT) and
nine (24%) patients were switched to carboplatin

TABLE 3. Disease progression after completion of study therapies

Sex/ No. Disease- . Outcome,
7 age Primary tumor site cTNM of ICT e ol el Salvage therapy after study
no. (yrs) cyles interval recurrence therpies
(mos)
1 M/52 Hypopharynx T4aNTMO 3 6 Larynx, neck Tracheostomy, palliative CT DOD, 1.5 yrs
2 M/70 Supraglottis T2N2bMO 3 22 Larynx, lungs Tracheotomy, PEG, CT — ICI AWD, 6.5 yrs
3 M/59 Hypopharynx T2NTMO 2 19 Neck, lungs SURG, RT+CT — ICI DOD, 6.8 yrs
4 M/53 Glottis T3NOMO 2 16 Larynx SURG NED, 3.4 yrs

AWD = alive with disease; CT = chemotherapy; DOD = death of disease; ICI = immune checkpoint inhibitor; ICT = induction chemotherapy; M = male; NED = no evidence
of disease; PEG = percutaneous endoscopic gastrostomy; PT = patient; SURG = surgery; — = followed by

Radiol Oncol 2025; 59(4): 579-588.
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FIGURE 2. Survival outcomes by primary tumor site.

DFS = disease-free survival; leDFS = laryngo-esophageal dysfunction-
free survival; LFS = laryngectomy-free survival; LRC = locoregional
control; OS = overall survival

— larynx, — hypopharynx
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during the course of cCRT due to renal toxicity (6),
paresthesia (2) and persistent nausea (1). During
the course of RT, eight patients (22%) developed
grade 3 radiomucositis and 2 patients (8%; in the
5th and 6th week of RT) had a nasogastric tube
placed; one of them remained tube-dependent.
The median weight loss during cCRT was 7.3%
(range 1.1-16.5, IQR 4.1-11.6) (Table 4).

Late treatment-related toxicities are listed in
Table 5. Of 32 patients who survived more than 6
months after therapy and had no active disease,
four (13%) experienced no treatment-related ad-
verse events and 16 patients (50%) experienced
grade > 2 toxicity. No grade 4 or 5 adverse event
was recorded. Twelve of these patients (38%) con-
tinued to smoke after stopping therapy.

Discussion

The results of the present study confirmed the
hypothesis that treatment selection based on re-
sponse to chemotherapy with clinical evaluation
of tumor response after a single cycle of TPF ICT
is a valid discriminator between chemo-/radio-
sensitive and resistant tumors. The proportion of
patients in whom laryngectomy was successfully
avoided in the long term (i.e. 5-year LFS) was en-
couraging and apparently higher than in the most
favorable cCRT arm of the pivotal RTOG 91-11 tri-
al, suggesting the superiority of the combination
of TPF ICT and platinum-based cCRT over cCRT
alone in the larynx preservation setting.*

When considering non-surgical treatment
options for locally advanced laryngeal and hy-
popharyngeal tumors, the imperative is to pre-
serve the functional organ without jeopardizing
survival. For this reason, the correct selection of
candidates is crucial. Any baseline dysfunction
of the larynx or major involvement of the laryn-
geal skeleton by a tumor reduces the possibility of
satisfactory restoration of laryngeal function after
treatment. Therefore, the selection of patients for
non-surgical treatment is usually limited to pa-
tients with T2 and T3 tumors who are not suitable
for partial surgical procedures, although some pa-
tients with T4a tumors can also breathe adequately
and swallow solid and liquid food safely and have
a usable voice.””® Our patients were only offered
larynx preservation after a thorough discussion of
all the advantages and disadvantages in the multi-
disciplinary tumor board. None of them were de-
pendent on a tracheostomy or feeding tube prior
to treatment, and 92% of the primary tumors were
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TABLE 4. Acute toxicities of induction chemotherapy and concurrent chemoradiotherapy

Toxicity grade

Toxicity Grade 1 Grade 2 Grade 3 Grade 4
No. %o No. Zo No. o No. Zo
Induction chemotherapy (N = 39, 80 cycles)
Anemia 28 72 4 10 0 0 0 0
Neutropenia 1 3 1 3 1 3 5 13
Thrombocytopenia 5 13 0 0 0 0 0 0
Febrile neutropenia - - - - 5 13 1 3
Vomiting 0 0 1 3 0 0 0 0
Diarrhea 0 0 3 8 4 10 0 0
Hearing impairment 0 0 1 3 0 0 0 0
Chest pain 0 0 0 0 1 3 - -
Weight loss 2 5 1 3 0 0 - -
m}y gf‘ggﬁgnetsv)em 32 82 10 26 8 2 5 13
Concurrent chemoradiotherapy (N=37)
Anemia 14 38 23 62 0 0 0 0
Neutropenia 8 22 8 22 6 16 1 3
Thrombocytopenia 23 62 8 22 2 5 0 0
Febrile neutropenia - - - - 1 3 0 0
Nausea 0 0 0 0 3 8 0 0
Dysphagia 13 &5 16 43 5 14 0 0
Weight loss 15 4] 11 30 0 0 0 0
Radiomucositis 6 16 23 62 8 22 0 0
Radiodermatitis 22 59 1 30 4 1 0 0
Any adverse event 36 97 35 95 21 57 1 3

(no. of patients)

stage T2 or T3. In addition, the relatively low me-
dian age and low comorbidity burden assured the
best possible adherence to the planned oncological
treatment.

Although a meta-analysis has confirmed the
association between poor response to ICT and
subsequent (cC)RT in larynx preservation trials,
the optimal number of ICT cycles to reliably iden-
tify tumors suitable for non-surgical treatment
scenarios is not known. According to the Larynx
Preservation Consensus Panel, assessment should
be performed after two cycles of ICT.** However,
Urba et al. showed in their phase II study that after
a single cycle of cisplatin/5FU ICT, 75% of laryn-
geal cancer patients achieved at least a partial re-
sponse at the primary site; after cCRT in respond-
ers or surgery in non-responders, DFS was 80%
and 78% after 2 and 3 years, respectively.® These
results compare favorably to the larynx preser-

vation trials, which used more than one cycle of
ICT, and underscore the prognostic importance of
tumor shrinkage dynamics during ICT.® Several
other authors later confirmed the prognostic value
of tumor shrinkage after the first cycle of ICT."%1
Furthermore, tumor assessment using flexible en-
doscopy appears to be reliable given the survival
results presented and the fact that it correlates well
with volumetric CT measurements but has a higher
interobserver reliability.!?* Moreover, it is easy to
perform even in the context of a busy clinical rou-
tine. Alternative methods of assessing tumor re-
sponse to ICT using modern imaging techniques,
blood biomarkers or a specific gene signature are
either much more complex or less validated, but do
not appear to be more reliable.?2

Since we used the TPF ICT regimen, the propor-
tion of responders in our series was, as expected,
higher (95%) than in the previously mentioned

Radiol Oncol 2025; 59(4): 579-588.
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TABLE 5. Late toxicities in 32 patients surviving > é months after therapy and without active disease (median observation fime

4.5 years, range 2-8, inferquartile range 3.5-6)

Toxicity grade

Toxicity Grade 1 Grade 2 Grade 3
No. A No. A No. %
Voice changes 15 47 1 3 0 0
Laryngeal edema 9 28 0 0 0 0
Dysphagia 4 13 2 6 0 0
Alteration of taste 2 6 1 3 0 0
Xerostomia 15 47 5 16 0 0
Skin fibrosis 9 28 2 6 1 3
Altered skin pigmentation 15 47 0 0 0 0
scehnrs?onrlyc neuropathy, 2 6 1 3 0 0
Thyroid dysfunction 1 3 15 47 0
Any adverse event (no. of patients) 26 81 16 50 1 3

study by Urba et al. (75%) or in other studies using
a platinum-based/5FU combination.>'° However, it
was comparable to the reported experience with
TPF ICT, although tumor response assessment
in these studies occurred later in the course of
ICT?>* Another observation in our study is that
both primary laryngeal and hypopharyngeal tu-
mors responded to TCF ICT, with no statistically
significant differences in the proportion of CRs
and PRs between the two groups. The reliability
of early assessment of tumor response during the
ICT phase of treatment, as applied in our study,
was confirmed by the low rate of local and/or re-
gional recurrence (in 4 patients, 10%), half of which
were cured after timely salvage surgery. Only two
patients died of the disease and the third is still
alive with the lung metastases 5.8 years after the
treatment. In addition, the 2- and especially the
5-year LFS (and 1eDFS) of 87% and 75%, respec-
tively, in our patients compares favorably with
the results of the RTOG 91-11 study, despite a sig-
nificant proportion of prognostically less favorable
hypopharyngeal primary tumors in our group.>*
Exactly the same applies to the comparison with
other prospective randomized trials and nonrand-
omized cohort studies that included patients with
both laryngeal and hypopharyngeal cancer.’7242
The encouraging results suggest the efficacy of the
approach tested and emphasize the importance of
treating such patients in an experienced multidis-
ciplinary team that provides a balanced assess-
ment of each case, therapeutic expertise, follow-
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up and timely surgical salvage.?® In addition, the
number of systemic progressions was low (2/39)
and most deaths were due to smoking-related me-
tachronous cancers (5/9 deaths). The latter reflects
the high proportion of smokers (97%) among our
patients, 62% of whom were active smokers at the
time of diagnosis and half of whom did not stop
smoking after treatment.

The majority of our patients received only two
cycles of ICT and the cumulative doses of chemo-
therapeutic agents were significantly lower than in
the pivotal TAX 323 and TAX 324 trials, in which
TPF was compared with the PF ICT regimen.?2
Still, toxicity was significant: the median interval
between the start of the last ICT cycle and the start
of cCRT was 26 days, and grade 3 and 4 adverse
events were observed in 21% and 13% of patients,
respectively, so that a second cycle could not be
performed in two (5%) patients. Furthermore, it is
questionable whether the third ICT cycle contrib-
uted to the efficacy of the treatment, as the dis-
ease recurred in 2 of these 7 patients. On the other
hand, all three responders who had received only
one ICT cycle were free of malignant disease at the
last follow-up. Considering the aggressiveness of
subsequent cCRT, it seems reasonable to limit ICT
to the smallest number of cycles that is still safe. In
fact, the proportion of patients with cCRT-related
toxicities of grade > 3 was 57%. Although this is
within the expected range, it requires optimiza-
tion of the induction phase of treatment.!? The role
of immune checkpoint inhibitors in the induction
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phase of larynx preservation therapy is currently
the subject of intensive clinical research.?

Despite the significant proportion (54%) of prog-
nostically unfavorable hypopharyngeal cancers in
our group, the calculated DFS and OS rates were
high, suggesting that treatment intensification by
combining ICT and c¢CRT is important in larynx
preservation setting. This has also been noted by
other authors.'®® However, the results of rand-
omized trials investigating the role of the addition
of TPF ICT to cCRT in head and neck cancers con-
tradict our observation of a positive contribution
of ICT to treatment efficacy.® The reason for this
could be the difference in tumor burden, which is
generally lower in the larynx preservation setting
than in the reported studies.

Our study has limitations primarily related to
the small sample size, the retrospective design,
and the inclusion of laryngeal and hypopharyn-
geal cancers, which differ significantly in terms
of prognosis.* However, in our group, no dif-
ference in survival was found between patients
with primary laryngeal and hypopharyngeal tu-
mors, and the same was found in the TREMPLIN
trial3! Furthermore, the study was not originally
designed to answer the question of the optimal
number of ICT cycles required for reliable identifi-
cation of chemo-/radiosensitive tumors, nor to test
the contribution of ICT to the efficacy of a particu-
lar treatment scenario. However, given the toxicity
of TPF ICT and the lack of a clear benefit of a third
ICT cycle for prognosis, two applications of ICT
appear to be sufficient. Whether a single “chem-
oselector” cycle of TPF ICT followed by platinum-
based cCRT would lead to an equally favorable
outcome remains to be determined.

We conclude that clinical assessment of tumor
response to one cycle of TPF ICT serves as a valid
and easy-to-use predictor of tumor sensitivity to
platinum-based cCRT. The tested combination of
two cycles of ICT and cCRT resulted in a favorable
larynx preservation rate and survival outcomes,
with no difference between laryngeal and hy-
popharyngeal primary tumors. However, due to
the toxicity of combination therapy, further de-in-
tensification of the ICT component to a single che-
moselector cycle with possible optimization of the
drug combination appears to be justified.
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Background. Periodontal disease (PD) is associated with more than 50 diseases and conditions, including colorectal
cancer. The study aimed fo investigate if periodontal freatment influences the blood levels of C-reactive protein (CRP)
in colorectal cancer patients. In addition, the aim was to isolate periodontal pathogenic bacteria Fusobacterium nu-
cleatum (FN) and Porphyromonas gingivalis (PG), which are most linked to colorectal cancer (CRC), from the mucosa
of the cancer-affected intestine.

Patients and methods. To assess the effect of periodontal treatment on colorectal cancer, we measured the CRP
levels in the blood during cancer therapy on the day of the initial examination by the oncological surgeon, two days
following surgery, and at the first follow-up appointment. We compared the CRP levels between two groups: the
group of subjects who underwent periodontal treatment and the patients who did not receive periodontal disease
treatment. An atfempt was made fo isolate the periodontal pathogenic bacteria FN and PG from the mucosa of the
cancerous tissue in the colon by using quantitative culture.

Results. We found no statistically significant difference between the groups in the initial CRP measurements before
starting cancer treatment. There was no statistically significant difference between the groups in the CRP measure-
ments taken 1st and 2nd day after surgery and at the follow-up appointment. We could not isolate periodontal patho-
genic bacteria FN and PG from cancer-altered intestine mucosa using the quantitative culture method.
Conclusions. Our study did not find any correlation between periodontal treatment and CRC.

Key words: periodontal disease; colorectal cancer; periodontal freatment; fusobacterium nucleatum; porphy-
romonas gingivalis; C-reactive protein

Introduction fers from severe periodontal disease, representing
more than 1 billion cases in individuals over the

Periodontal disease (PD) is a chronic multifactorial — age of 15.3
inflammatory disease triggered by dysbiosis in the Periodontal disease (PD) is associated with more
dental plaque biofilm and characterized by severe  than 50 diseases and conditions, such as cardiovas-
chronic inflammation, which leads to the progres-  cular diseases, Alzheimer’s disease, diabetes, rheu-
sive destruction of the tooth’s supporting tissue. = matoid arthritis, aspiration pneumonia, and cancer,
PD is a significant public health problem."? including colorectal cancer (CRC).* CRC is the third
According to the World Health Organization, most common type of cancer worldwide. In 2022,
approximately 19% of the global population suf- more than 1.9 million cases were diagnosed. CRC
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is the second most common cause of cancer-related
death, with more than 900,000 deaths annually.®

An increasing body of evidence has confirmed
that, in addition to smoking, obesity, aging, and
other risk factors, chronic inflammation also plays
a role in the development of CRC.® PD is one of
humans’ most common chronic inflammatory
diseases.” In 2010, PD was the 6th most common
health condition.?

Despite the anatomical distance between
the oral cavity and the intestine, studies have
shown that bacteria from the mouth can spread
to the intestine, especially in the presence of
PD. Periodontopathogenic bacteria, such as
Fusobacterium nucleatum (FN) and Porphyromonas
gingivalis (PG), can alter the composition of the
local microbiome in the colorectal region, which
subsequently leads to the development of gastro-
intestinal diseases.’

In a study by Li ef al., a systematic review of the
literature and meta-analysis investigated the po-
tential link between PD and CRC. They found that
there is a 44% increased risk of developing CRC
associated with PD. This connection could help
raise awareness of the importance of maintaining
periodontal health and, consequently, contribute
to reducing the burden of CRC.1°

The study aimed to investigate if periodontal
treatment influences the blood levels of C-reactive
protein (CRP) in colorectal cancer patients. In ad-
dition, the aim was to isolate periodontal patho-
genic bacteria Fusobacterium nucleatum (FN) and
Porphyromonas gingivalis (PG), which are most
linked to colorectal cancer (CRC), from the mucosa
of the cancer-affected intestine.

Patients and methods

The study was conducted at the Center of Oral
Diseases and Periodontology at the Dental
Clinic, University Medical Centre Ljubljana,
Slovenia, in collaboration with the Institute of
Oncology Ljubljana, Slovenia, from October 2023
to September 2024. The study was approved by
the Medical Ethics Committee of the Republic of
Slovenia (No. 0120-486/2021/6). ClinicalTrials.gov
Identifier: NCT06799182

Patients

The patients included in the study were divided
into two groups: the experimental group and the
control group. Due to ethical concerns, patients
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were not randomly assigned to the control group.
All patients newly diagnosed with CRC under-
went an oral cavity examination and received
periodontal treatment based on the examination
results. Samples were taken for microbiological
testing using quantitative culture for FN and PG.

Inclusion criteria for the experimental group

A new diagnosis of CRC, planned for surgical
treatment, and consent to participate in the study.

Exclusion criteria for the experimental group

The exclusion criteria were patient refusal to par-
ticipate in the study, age under 18, periodontal
treatment in the last 12 months, antibiotic therapy
3 months before the study, edentulism, advanced
cancer for which only palliative treatment was
planned, prior radiation of the intestines, and
chemotherapy before surgery that could alter the
composition of the intestinal microbiome.

Inclusion criteria for the control group

Patients who had started CRC therapy before the
beginning of our study in October 2023 were se-
lected. The study included patients who attended
a follow-up examination for CRC at the Institute
of Oncology Ljubljana surgical clinic between June
2024 and September 2024, met the inclusion crite-
ria, and consented to participate. Patients were re-
cruited through targeted questionnaires. Inclusion
criteria for the control group were: CRC primarily
treated surgically, consent to participate (comple-
tion of the questionnaire), blood tests for CRP as
part of cancer treatment at the first examination,
after surgery, and at the first follow-up, and age
over 18 years.

Exclusion criteria for the control group

The exclusion criteria were edentulism, non-coop-
eration, periodontal treatment 12 months before
surgery, advanced cancer for which only palliative
treatment was planned, and smokers (to match the
experimental group).

Oral clinical examination

All patients in the experimental group underwent
a comprehensive oral cavity examination, includ-
ing the mucosa, dental, and periodontal tissues.
Precise recordings of probing depths, gingival
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recession, and bleeding on probing at six sites
around each tooth, degree of tooth mobility, and
involvement of furcations in multi-rooted teeth
were made. Each patient also underwent radio-
graphic imaging (panoramic radiograph, with a
local radiograph performed later if needed). The
periodontal condition was diagnosed according
to the 2017 Classification of Periodontal and Peri-
implant Diseases and Conditions.

Periodontal treatment

All patients with diseased periodontal tissues un-
derwent non-surgical treatment for periodontal
disease. Treatment included the removal of su-
pragingival and subgingival plaque, root scaling
and planing at all sites with increased probing
depth (= 4 mm), and bleeding on probing. Tooth
extractions were performed for teeth with a hope-
less prognosis. We also provided oral hygiene in-
structions and demonstrated the use of tools for
maintaining thorough oral hygiene.

CRC diagnosis and CRP blood testing

From the medical records of the participants at
the Institute of Oncology Ljubljana, who were in-
cluded in the study, we obtained data on the CRC
diagnosis, histopathological type, disease stage,
and CRP values at the first examination after sur-
gery (2 consecutive measurements), and at the first
follow-up examination.

Microbiological testing

Samples for microbiological testing were taken
from both periodontal pockets and the mucosa of
cancer-altered intestines.

Samples from the periodontal pocket were
taken from the most inflamed spot. After remov-
ing supragingival plaque (if present) and relative
drying of the sampling area, we inserted a paper
point (0.3 mm diameter, Maillefer, Ballaigues,
Switzerland) into the periodontal pocket for 30
seconds. The paper point was placed in a transport
medium (RTF 1.5 ml) and delivered to the labora-
tory within 2 hours.

Samples of cancer-altered colon tissue were
taken at the Institute of Oncology Ljubljana during
CRC surgery. All tissue samples were obtained in
a manner that did not jeopardize further cancer di-
agnostics. After collection, the tissue samples were
placed in the transport medium (RTF 1.5 ml) and
delivered to the laboratory within 24 hours.

Microbiological testing - quantitative culture
for Fusobacterium nucleatum (FN) and
Porphyromonas gingivalis (PG)

Samples from periodontal pockets and the mu-
cosa of cancer-altered intestines were cultured at
the Laboratory for Bacteriological Diagnostics of
Respiratory Infections, Institute of Microbiology
and Immunology, Medical Faculty, Ljubljana, us-
ing standard procedures on non-selective anaero-
bic media. All samples were processed within 24
hours of collection. Before processing, the samples
were stored in an RTF transport medium at room
temperature.

The samples were first diluted 10-fold with PBS
solution (NaCl 8 g/I, KCl 2 g/l, Na3HPO4 *H20
1.15 g/1, KH2PO4 0.2 g/1). Then, 100 ul of each dilu-
tion was inoculated onto non-selective blood agar
(Oxoid No. 2; Oxoid, Basingstoke, UK) supplement-
ed with 5% horse blood, hemin (5 mg/l), where the
bacteria were cultured in anaerobic conditions (80%
N2, 10% H2, 10% CO2) at 37°C. After one week, all
grown colonies were counted, and the colonies of
EN and PG were identified and counted.

For the identification of bacterial colonies,
standard methods were used: recognition of col-
ony morphology, cell morphology (Gram stain-
ing), aerotolerance, catalase production, and mass
spectrometry (MALDI, Biotyper, Bruker Daltonics,
Germany)".

Statistical analysis

Descriptive statistics in tables and graphs were
used to analyze patients’ data and the results of
microbiological tests.

Statistical analysis was performed using IBM
SPSS Statistics for Windows, Version 29.0.2.0 (IBM
Corp., Armonk, NY: IBM Corp., 2023).

To determine the differences in CRP levels
during CRC treatment between the experimental
group with additional periodontal disease therapy
and the control group, we used the t-test for inde-
pendent samples. A p-value of <0.05 was consid-
ered statistically significant.

Results
Patient data

Experimental group

A total of ten patients were included in the ex-
perimental group, all of whom met the inclusion
criteria and agreed to participate in the study. The

Radiol Oncol 2025; 59(4): 589-596.
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TABLE 1. Patient data for the experimental group

Clinical diagnosis Histo- % .
Patient  Gender ( 'Z%?s) and location of pathological clq:s';'lf?’t\:aiion BMI* Oihdeirs;z;ssieesmlc Smoker
Y the CRC diagnosis

Transverse colon . High cholesterol, high

1 M 64 cancer Adenocarcinoma T3NO 28.3 blood pressure NO
Right colon . No systemic
2 F 60 i Adenocarcinoma T3N1bMO 25 i A NO
. Asthma,
3 F 87 Cecum cancer Adenocarcinoma T4AN3bMO 27.2 hypothyroidism NO
4 M 60 Slgimene celen Adenocarcinoma T2NOMO 30 ASINEL, NO
cancer hypothyroidism

Ascending colon . Type 2 diabetes, high

5 M 83 cancer Adenocarcinoma T3N1bMO 25.1 blood pressure NO
Tubular adenoma .
6 F 70 Colon polyp with low dysplasia / 25.4 High blood pressure NO
7 M 64 Ascending colon Non-Hodgkin T3N1EMO 28 No_sysTemlc NO
cancer lymphoma diseases

Transverse colon Squamous cell Rheumatoid arthritis, YES
5 I 2 cancer carcinoma Tai i = hypothyroidism 0-5/day
? F 57 Cecum cancer Adenocarcinoma T3bN1bMO 22.5 Hypothyroidism NO
10 F 53 Slglmale Adenocarcinoma pPT2NO 21 @ ssicie NO

colon cancer

diseases

*BMI = mody mass index;

**TNM classification: TO - tumor not present, Tl - invasion into submucosa, T2 - invasion intfo muscularis propria, T3 - invasion into subserosa, T4 - invasion through all layers
of the colon and into the visceral peritoneum or adjacent structures; N (lymph nodes): NO - no regional lymph nodes involved, N1 - 1-3 regional lymph nodes involved,
N2 - 4-6 regional lymph nodes involved, N3 - 7+ regional lymph nodes involved; M (metastasis): MO - no distant metastases, M1 - presence of distant metastases;

Ca = cancer; CRC = colorectal cancer; F = female; M = male

average age of the patients was 66.6 years, with six
female and four male participants. In the study,
nine patients were non-smokers, and 1 was an oc-
casional smoker who smoked 0-5 cigarettes daily.
Table 1 presents the patient data.

In the experimental group, a detailed exami-
nation of the periodontal tissues was performed,
and a diagnosis of periodontal disease was made
according to the 2017 classification of periodontal
diseases and conditions. Out of the ten patients,
four had generalized periodontal disease (stage
IV, grade B), five had localized periodontal disease
(stage III, grade B), and one had localized perio-
dontal disease (stage III, grade A). None of the pa-
tients had healthy periodontal tissues.

Control group

Ten patients completed the questionnaires. One
patient was excluded from the study due to hav-
ing undergone periodontal treatment in the year
before starting cancer treatment. The average age
of the remaining nine participants was 65.1 years.
The group consisted only of non-smokers, includ-
ing five males and four females. Table 2 presents
the patient data.

Radiol Oncol 2025; 59(4): 589-596.

No dental examination was performed for the
control group, and the status of periodontal tissues
was obtained through the questionnaires. Of the
nine participants, five did not report any issues
with their gums during cancer treatment, while 4
reported problems with their gums. Among them,
three had been diagnosed with periodontal dis-
ease and had lost one or more teeth as a result.

CRP levels

We found no statistically significant difference be-
tween the groups in the initial CRP measurements
before starting colorectal cancer (CRC) treatment
(p = 0.242; 95% CI [-3.9897; 14.7385]). There was
also no statistically significant difference between
the groups in the CRP measurements taken 1 day
after surgery for CRC (p = 0.592; 95% CI [-34.915;
59.2661]). Similarly, no statistically significant
difference was observed between the groups in
the second CRP measurement taken 2 days after
the surgery (p = 0.485; 95% CI [-77.409; 38.3646]).
Additionally, no statistically significant difference
was found when comparing the control CRP meas-
urements between the groups (p = 0.533; 95% CI
[-7.2638; 3.9083)).
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TABLE 2. Patient data from the control group

S93

e Clinical diagnosis Histo- TNM**
Patient  Gender ( e?:rs) and location pathological desdiieciien B*MI Other systemic diseases Smoker
Y of the CRC diagnosis
High blood pressure,
Cecum . heart rhythm disorders,
Ki M 72 carcinoma Adenocarcinoma T3N1 214 prostate cancer survivor, NO
hyper lipoproteinemia
Sigmoid colon " High blood pressure,
K2 M 58 pholvien Adenocarcinoma T2 26 high cholesterol NO
K3 M 52 Sigmoid colon Adenocarcinoma T3cN1a 37.2 High cholesfer_ol, NO
cancer hyperglycemia
Transverse colon . High blood pressure,
K4 M 86 pbsenafiod Adenocarcinoma T3N1 21.9 enlarged prostate NO
Sigmoid colon . . .
KS F 51 cancer Adenocarcinoma TIN1a 16.67 Herniated disc NO
Colorectal
Ké M 67 cancer (location Adenocarcinoma T3N1a 27 No systemic diseases NO
not specified)
High blood pressure,
Sigmoid colon . hyper-lipoproteinemia,
K7 F 72 cancer Adenocarcinoma T3bNO 28.4 mild heart failure, NO
ischemic heart disease
K8 F 60 Left colon cancer Adenocarcinoma TINO 21.5 No systemic diseases NO
. . High blood pressure,
K9 F 68 Sigmoid colon Adenocarcinoma T2NO 27.2 high cholesterol, NO

cancer

glaucoma

*BMI = mody mass index;

**TNM classification: TO - tumor not present, T1 - invasion into submucosa, T2 - invasion into muscularis propria, T3 - invasion into subserosa, T4 - invasion through all layers
of the colon and into the visceral peritoneum or adjacent structures; N (lymph nodes): NO - no regional lymph nodes involved, N1 - 1-3 regional lymph nodes involved,
N2 - 4-6 regional lymph nodes involved, N3 - 7+ regional lymph nodes involved; M (metastasis): MO - no distant metastases, M1 - presence of distant metastases;

Ca = cancer; CRC = colorectal cancer; F = female; M = male

Figure 1 schematically shows the movement of
CRP levels in the blood during cancer therapy for
the control and experimental groups.

Microbiological tests performed in the
experimental group

Isolation of Porphyromonas gingivalis (PG)

We successfully isolated the PG bacteria from peri-
odontal pockets in five out of ten patients (50%).
However, using the quantitative culture method,
we could not isolate the bacteria from any of the
colorectal cancer (CRC) tissue samples (0%).

Isolation of Fusobacterium nucleatum (FN)

We successfully isolated the FN bacteria from
the periodontal pockets in all the patients (100%).
However, using the quantitative culture method,
we could not isolate the bacteria from any of the
CRC tissue samples (0%).

100,00 6 99,96
83,42
80,00 2 s
o 80,43
< 60,00 71,24
1]
£
a.
o
G 40,00
20,00 7,13
% 1,76 1,83
0,00 L

<

3,51

FIGURE 1. Changes in the CRP levels in the serum of the experimental (blue line)

and control groups (orange line) during colorectal cancer therapy.

Discussion

In our study, using quantitative culture, we suc-
cessfully isolated FN from the periodontal pockets

Radiol Oncol 2025; 59(4): 589-596.
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of all patients (ten out of ten). In contrast PG was
isolated from the periodontal pockets of half the
patients (five out of ten). However, in the cancer-al-
tered mucosa of the colon, none of the tested peri-
odontal pathogenic bacteria were isolated.

Furthermore, we compared the impact of peri-
odontal treatment between the experimental
group, which had undergone non-surgical peri-
odontal therapy before the surgical phase of CRC
treatment, and the control group. Due to ethi-
cal concerns, we did not conduct a randomized
clinical trial. The patients in the control group
were recruited through directed questionnaires.
They were patients who had completed the active
phase of CRC therapy and were attending follow-
up appointments at the Institute of Oncology in
Ljubljana. Data on CRP levels were obtained retro-
spectively from their medical records. Our study
did not find statistically significant differences
between the groups regarding CRP measurements
before and during CRC therapy.

One potential mechanism linking PD and CRC
is the spread of periodontal pathogens, particu-
larly PG and EN, from the oral cavity to the intes-
tinal mucosa. In theory, there are two pathways
through which bacteria can spread from the oral
cavity to the intestine. The first is the hematoge-
nous route, where bacteria enter the bloodstream
through lesions in the oral cavity, like that of the
ulcerated epithelium of the periodontal pocket,
and reach the intestinal mucosa via the blood. The
second is the enteral route, where bacteria travel
through the stomach to the intestine. Although the
human body has defense mechanisms along this
path, such as neutralization by stomach acid and
a colonization barrier against foreign microorgan-
isms, there are cases where these defense mecha-
nisms are weakened.!?

In the study by Abed et al., the researchers aimed
to confirm the hypothesis that FN originates from
the oral cavity and that colonization of the intestine
by the bacteria is effective. They collected samples
from the oral cavity and adenocarcinoma during
resections. As in our study, FN was successfully
isolated in all saliva samples. Additionally, FN
DNA was confirmed in the adenocarcinoma sam-
ples using PCR, but live FN was only successfully
cultured from one sample. So, they attempted to
isolate FN from adenocarcinoma samples obtained
during colonoscopy, where antibiotic prophylaxis
is not required. They received numerous colonies
of FN from both biopsy samples and saliva sam-
ples, and genomic analysis indicated a high degree
of similarity between the strains isolated from the
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oral cavity and the adenocarcinoma of the same
patient. This suggested that the strains of FN in the
oral cavity might have migrated and proliferated
in the colorectal cancer tissue.!®

In contrast to Abed et al., our study did not iso-
late any live FN from colorectal cancer tissue (zero
out of nine) collected during resective surgery.
Like in the study of Abed et al., all our patients had
received preoperative antibiotics (cefazolin and
metronidazole), which may have hindered the iso-
lation of live bacteria from the cancerous tissue. We
tried to mitigate the effects of antibiotic treatment
and collected tissue samples during colonoscopy
from one patient who had not received antibiotics
preoperatively. However, FN was not isolated from
this sample either. We also attempted to isolate PG
from the cancerous colorectal mucosa but were un-
able to detect it in the colon in any of the patients,
but we were successful in isolating it from the peri-
odontal pocket in 50% of patients. Other studies
have used molecular methods like PCR to detect
PG in colorectal cancer tissue. Kerdreux ef al. used
PCR to detect PG in 6.2% of colorectal cancer tissue
samples¥, and Wang et al. used qPCR to find PG
in 10 out of 31 CRC tissue samples, with a statisti-
cally significant difference in the presence of PG
between cancerous and adjacent normal tissue.!®

Although culture methods remain the gold
standard, they have limitations, including difficul-
ties in culturing certain bacteria, imprecision in
counting microorganisms, and the costs involved.
This has led to developing more sensitive, accurate,
and cost-effective molecular methods for detecting
and quantifying bacteria in biofilms. In our study,
we could not isolate live PG and FN from colorec-
tal cancer tissue using quantitative cultures, and
this failure could be attributed to several factors.
These include the perioperative administration of
antibiotics, possible errors in sample collection,
storage, and transport, or the absence of these bac-
teria in the colorectal cancer tissue of our patients.

Some studies have focused on the other mecha-
nisms, inflammatory mediators, and molecules
that could serve as a link between PD and system-
ic diseases. Among these mediators is C-reactive
protein (CRP). CRP is an acute-phase inflamma-
tory mediator whose primary functions include
complement activation, phagocytosis promotion,
and immune response enhancement. CRP con-
centration in plasma directly indicates inflamma-
tion, and the liver stimulates its synthesis under
the influence of IL-1 and IL-6. The normal serum
concentration is below 5 mg/L, but it can increase
rapidly in response to inflammation (even up to
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1000 times), although it also decreases quickly af-
terward. Increased CRP levels are commonly as-
sociated with infections (including PD), inflamma-
tion, injuries, pregnancy, and cancer.®

Some studies have suggested that periodontal
treatment reduces CRP levels in serum. Kumar et
al. investigated the impact of periodontal therapy
on CRP in gingival crevicular fluid (GCF). They
collected samples before treatment (6.345 + 3.781)
as well as on the 15th (2.675 + 1.528) and 45th (0.587
+ 0.082) days after therapy. The study included pa-
tients diagnosed with generalized periodontitis,
probing depth >5 mm, radiographic bone loss, no
systemic disease, and satisfactory oral hygiene.
They found that CRP levels decreased by 57% on
day 15 and 90% on day 45 compared to baseline
measurements. This reduction was attributed to
the inflammation being resolved after non-sur-
gical periodontal treatment, which lowered CRP
levels.” D’Aiuto et al. also observed a reduction of
0.5 mg/L in CRP levels 6 months after periodontal
therapy, concluding that non-surgical treatment
of periodontal disease decreases serum mediators
and markers of acute inflammatory response.’®

It is also important to mention that non-surgical
periodontal treatment alone could cause a tran-
sient increase in CRP levels. In another study by
D’Aiuto et al., they measured the transient increase
in blood CRP levels following intensive periodon-
tal treatment (full mouth treatment in 6 hours).
Measurements were taken before the periodontal
therapy and on the 1st, 3rd, 5th, 7th, and 30th days.
They found a transient increase in CRP levels in the
blood. A significant increase in CRP was observed
on the first day after therapy and persisted from
the initial measurement on days 3, 5, and 7 post-
treatment. The CRP levels returned to pre-therapy
concentrations only after 1 month. The conclusion
was that the most intense rise in CRP occurs 2-5
hours after performing periodontal therapy. This
study demonstrates that even intensive periodon-
tal treatment alone leads to a transient increase
in CRP levels in the blood, which takes about one
month to return to pre-therapy levels. The cause
of this increase is the transient bacteremia and the
extent of surgical trauma.”” Graziani et al. demon-
strated that this can be avoided using less inten-
sive periodontal treatment approaches, such as
quadrant-based therapy.?’ In our study, the aver-
age time from non-surgical periodontal treatment
to the surgical procedure was 40.3 days, which, ac-
cording to research, should not impact the increase
in CRP levels after the cancer resection surgery.

The results of our study did not show a statis-
tically significant difference between the groups.
However, when observing the movement of aver-
age CRP levels throughout the therapy, we noticed
a considerable increase in CRP levels in the control
group on the second day after the surgical proce-
dure (the difference was 19.53 from the test group)
despite a lower baseline CRP level. Similarly, the
final average CRP level in the test group was lower
(1.83) than in the control group (3.51) despite high-
er initial values.

The key difference between our study and the
studies mentioned above is that our patients were
not systemically healthy individuals with peri-
odontal disease but already had at least one severe
systemic disease that influenced CRP levels. This
may explain why the differences observed after
periodontal therapy in a systemically healthy pop-
ulation did not manifest in our study. At the time
of this writing, no other studies have explored the
impact of periodontal therapy on CRP levels in pa-
tients undergoing CRC treatment.

A limitation of our study is the small sample
size and the lack of randomization in the control
group. Future studies with a larger cohort of CRC
patients, including a control group with healthy
periodontal tissues, would help better understand
periodontal therapy’s impact on CRP levels during
CRC treatment. Additionally, employing molecu-
lar methods for microbiological analysis would
provide more accurate and sensitive detection of
PG and FN in cancerous colorectal tissue.

In our study, with all its limitations, we did not
find any correlation between periodontal treat-
ment and CRC.
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Background. Prostate cancer (PCa) is @ common cancer in men in developed countries. PCa freatment depends
on the disease’s stage; focal therapy provides an infermediate approach, with lower toxicity compared to radical
prostatectomy, and better tumor control than active surveillance. We report the first retrospective analysis of prostate
cancer patients treated with ECT at our institution.

Patients and methods. A cohort of 144 men with prostate cancer who were ineligible for or refused standard
therapies were included and treated with ECT. Routine follow-up included PSA tests and MRI scans, as well as toxicity
and genitourinary function evaluation by means of standard questionnaires. Local response was evaluated with MRI
at 3 months after freatment, following the RECIST criteria for solid tumors.

Results. The procedure was technically successful in all patients and was well tolerated, with mild and temporary
adverse events. Urinary and erectile functions were mostly preserved. A complete response was observed in 75% of
evaluated patients, a partial response in 18%, stable disease in 5%, and disease progression in 2%. Short-term response
was associated with TNM stage (p < 0.05), Gleason score (p = 0.0066), and pre-ECT PSA levels (p = 0.0070). During
follow-up, 18 patients (13%) experienced disease progression; 1-year PFS was 88% (95% Cl: 80%—97%) and was found
to be significantly associated with tumor stage and pre-treatment PSA levels.

Conclusions. ECT is a feasible, safe, and effective treatment for prostate cancer, with extremely low toxicity and
side effects. Preliminary results suggest that it offers promising outcomes in terms of local disease control in early-stage
tumors, but also in locally advanced cases where other freatments may not be viable.

Key words: prostate cancer; focal therapy; electrochemotherapy; local therapy; local progression free survival

Introduction

Prostate cancer (PCa) is the second most com-
mon non-skin cancer in men and a major cause of
cancer-related mortality in developed countries.
In 2022, PCa occurred in an estimated 1.5 million
new cases and was responsible for approximately
397,000 deaths worldwide.!

Radiol Oncol 2025; 59(4): 597-606.

Two well-established risk factors for prostate
cancer are advanced age (over 65) and family his-
tory.2 While smoking, obesity, and certain dietary
factors are speculated to influence prostate cancer
risk, genetic susceptibility and Western African
ancestry are also significant contributors.?

Prostate cancer treatment depends on the stage
of the disease, with different approaches used for

doi: 10.2478/raon-2025-0061
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localized, locally advanced, and metastatic cases.
For localized disease, current treatment options
include active surveillance or watchful waiting for
low-risk PCa, and radical prostatectomy (RPE) or
radiation therapy (RT) for intermediate-risk and
high-risk PCa.* With a median PSA level of 15 ng/ml
for prostate cancer treated with RPE and radio-
therapy, there is a slight reduction in mortality, me-
tastases, and local progression. At the same time,
the incidence of adverse effects, such as urinary
incontinence and erectile dysfunction, remains
significant.® Locally advanced prostate cancer, de-
fined as PCa spreading outside the prostate but
not metastasized, is typically treated with a com-
bination of radiation and androgen deprivation
therapy (ADT).* In contrast, metastatic disease is
treated primarily with ADT, sometimes combined
with chemotherapy or androgen receptor-targeted
therapies. However, resistance to treatment of-
ten results in castration-resistant prostate cancer
(CRPC), which remains difficult to treat and has a
poor prognosis.®

Focal therapy (FT), including high-intensity fo-
cused ultrasound (HIFU), cryotherapy, radiofre-
quency ablation (RFA), irreversible electroporation
(IRE), and focal radiation, provide an intermediate
and innovative approach to PCa’, offering lower
toxicity compared to radical prostatectomy, while
providing better tumor control than active surveil-
lance” FT targets the tumor while sparing healthy
tissue, offering a less invasive option with a lower
risk of side effects such as incontinence and erec-
tile dysfunction. Until now, FT has been limited
to carefully selected patients with localized focal
disease.®” Balancing treatment efficacy, extent of
intervention, and quality of life remains a major
challenge at all stages of the disease.

Electrochemotherapy (ECT) is a localized, non-
thermal anticancer technique that combines re-
versible electroporation of tumor cells with concur-
rent, low-dose intravenous chemotherapy, usually
bleomycin. Reversible electroporation enhances
bleomycin efficacy by enabling it to reach its intra-
cellular target.’* ECT has been established as an ef-
fective treatment for superficial tumors, including
squamous cell carcinoma, basal cell carcinoma,
sarcoma, and cutaneous metastases of various his-
tological origin.! Additionally, ECT has been ap-
plied to deep-seated tumors such as hepatocellular
carcinoma, colorectal liver metastases, and bone
metastases.!>!> ECT strategies for deep-seated tu-
mors include open surgery, percutaneous, and
laparoscopic techniques.!>!%'” The major advantage
of ECT is its selective ability to kill dividing cancer
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cells while sparing non-dividing healthy cells and
surrounding anatomical structures.!®

To date, ECT in prostate cancer patients has
been described in one case report only, involving
locally advanced prostate cancer with infiltra-
tion of the external urethral sphincter, for which
radical prostatectomy or radiation therapy would
have most likely resulted in incontinence and im-
potence. ECT was effective with no sign of tumor
activity on MRI at 6 months follow-up, whilst fully
preserving sphincter function. The patient main-
tained continence and potency within the prior
scoring range, indicating that ECT for prostate
cancer is safe, feasible and can even be performed
in patients with PCas which are not organ-con-
fined.” In this first large cohort study, we report
the outcomes and safety profiles of prostate cancer
patients treated with ECT to confirm its feasibility,
efficacy, and impact on recurrence-free survival.

Patients and methods
Patients

Men with prostate cancer who were ineligible
for or refused standard therapies were included.
Inclusion criteria were: histological or radiologi-
cal diagnosis of prostate cancer at any stage, age
218 years, Eastern Cooperative Oncology Group
(ECOG) performance status < 2, and life expectan-
cy of at least three months. Exclusion criteria were:
previous allergic reactions to bleomycin or any
components required for anaesthesia, exceeding a
cumulative lifetime dose of 250 mg bleomycin/m?
body surface (400,000 IU bleomycin/m?) previously
exceeded, chronic renal dysfunction (serum creati-
nine > 150 umol/L), or acute lung dysfunction.

All patients were informed about the nature of
their disease, prognosis, standard treatment op-
tions according to the S3 guidelines for PCa issued
by the German Urological Society®, the experimen-
tal nature of the ECT treatment, and details of the
diagnostic work-up regarding tumor localization.
Patients signed informed consent for treatment,
which was personalized based on individual medi-
cal needs and preferences. Each treatment was
personalized according to the patient’s individual
needs and wishes (individual medical treatment).
Data collection was purely retrospective. No treat-
ment was adapted to suit scientific purposes. All
procedures performed in present study were in ac-
cordance with the ethical standards and with the
1964 Helsinki declaration and its later amendments
or comparable ethical standards.
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ECT treatment

All patients underwent multi-parametric magnet-
ic resonance imaging (mpMRI) at least once prior
to ECT. All but one patient had histopathological
confirmation of PCa.

The procedure was performed with the patient
in the lithotomy position, followed by disinfec-
tion and sterile covering of the pelvic floor area.
Urethral gel was instilled, and catheterization
(Charr. 16) with continuous bladder irrigation was
performed. Transrectal ultrasound was used to
visualize the insertion and final position of 5 to 8
electrodes (IGEA Spa, Carpi, Italy) depending on
the size and shape of the lesion, guided by preop-
erative MRI images. The electrodes were manually
inserted through the perineum under ultrasound
guidance. Electrode positioning was planned
based on MRI images ensuring that electrode cou-
ples to be activated were optimally placed max. 3
cm apart and a needle geometry covering the tar-
get volume was obtained. The catheter was then
retracted into the mid-urethra. The body-surface-
adjusted bleomycin dose was administered intra-
venously in a bolus. Eight minutes after intrave-
nous bleomycin administration, reversible elec-
troporation was performed by applying between
8 and 24 electric pulses of 1000 V/cm electric field
intensity per electrodes pair, with possible repo-
sitioning of electrodes at varying depths within
the organ to fully cover the lesion. After electrode
retraction, the bladder was re-catheterized with a
Charr. 16 transurethral catheter, and continuous
bladder irrigation was resumed. Periprostatic local
anaesthesia was administered with ropivacaine
(20-40 mg), and peri-interventional antibiotic
prophylaxis was performed. The whole procedure
was performed under general anaesthesia, and
patients were expected to stay in the hospital for
2 nights: admitted the day before treatment, they
underwent preparation with laxatives and anti-
biotic prophylaxis; after treatment, they stayed
overnight for observation and discharged the next
day. All treatments were performed using the
Cliniporator® (IGEA Spa, Italy).

Follow-up

Routine follow-up included PSA tests and MRI
scans, following protocols suggested for other local
treatments.?! PSA testing was recommended every
3 months during the first 2 years, then every 6
months. MRI was performed 1 day after treatment,
and at 3 and 9 months, then annually. Biochemical

recurrence was defined as a rise in PSA above
baseline 3 months post-treatment, confirmed by
mpMRI and, if necessary, additional biopsy or
prostate-specific membrane antigen (PSMA)-PET/
CT. Patients were also interviewed regarding ad-
verse events and their evolution over time.

Safety and toxicity

Acute toxicity was recorded intra- and post-oper-
atively until the removal of the bladder catheter.
All patients had an MRI 24 hours post-ECT to con-
firm the alignment of the treatment field with the
tumor extent and to assess any procedure-related
side effects, such as haemorrhage or rectal dam-
age.

Assessment of genitourinary function

All patients were asked to complete the
International Prostate Symptom Score (IPSS)
questionnaire to evaluate urinary toxicity before
and after ECT. The International Consultation on
Incontinence Questionnaire-Urinary Incontinence
(ICIQ-UI) was also used to assess continence sta-
tus pre- and post-treatment and during follow-up.
Erectile function was evaluated using the standard
International Index of Erectile Function (IIEE-5)
score before and after ECT.

Response evaluation

Local response was evaluated with MRI at 3
months after treatment, following the RECIST
criteria for solid tumors: complete response (CR)
was defined as disappearance of the target lesion;
partial response (PR) with at least 30% decrease
in the size of the target lesion. Progressive dis-
ease (PD) was defined as at least 20% increase in
the size of the target lesion and stable disease (SD)
with neither sufficient shrinkage to qualify for PR
or sufficient increase to qualify for PD. MRI and
PSA were used to evaluate treatment response
over time. PSMA-PET/CT and re-biopsy were per-
formed when either PSA or MRI indicated a new
suspicious lesion. Biochemical recurrence was de-
fined by three consecutive PSA increases (ASTRO
definition).?? MRI recurrence was assessed based
on PI-RADS v2 criteria.?® Cases with suspected re-
currences were discussed by a multidisciplinary
board of urologists, oncologists, and radiologists.
Re-biopsy was recommended for confirmed or
strongly suspected recurrences, with re-treatment
considered based on the patient’s preference.

Radiol Oncol 2025; 59(4): 597-606.
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TABLE 1. Descriptive characteristics of patients included

Mean St.Dev. Median Min Max
Age (yrs) 68 8 67 50 83
Height (cm) 180 7 180 156 196
Weight (kg) 81 1 82 51 110
PSA (ng/ml) 249 28.5 15.1 1.8 177.0
Prostate volume (ml) 44 18 40 6 17

Since most patients declined re-biopsy, PSMA-
PET/CT with Gallium 69 was used in addition to
MRI for local re-staging and whole-body re-stag-

mng.

Statistical analysis

Descriptive statistics, including mean, stand-
ard deviation, median, and range, were used for
continuous variables. Categorical variables were
described by absolute numbers and percentages.
Chi-square tests and contingency table analysis
were used for comparisons of categorical vari-
ables. The Wilcoxon-Mann-Whitney test assessed

TABLE 2. Patient cancer stage and grade

Gleason score N %
6 (3+3) + 7a (3+4) 52 36%
7b (4+3) 40 28%
8-10 (4+4/5+3/4+5/5+4/5+5) 51 35%
Not available (no biopsy) 1 1%

D’Amico risk classification

Low 2 1%
Intermediate 18 13%
High 124 86%
Stage N %
Tic ) 4%
T2a 16 1%
T2b 8 2%
T2c 25 18%
T3a 36 25%
T3b 26 18%
T4 32 22%
NO m 77%
N1 9 23%
MO 112 78%
M1 32 22%

Radiol Oncol 2025; 59(4): 597-606.

differences in paired continuous variables (e.g.,
questionnaire outcomes). Kaplan-Meier curves
were calculated for progression-free survival (PFS)
for the entire cohort and subgroups, with statisti-
cal significance set at p < 0.05. NCSS 9 software
(NCSS, LLC. Kaysville, Utah, USA) was used for
statistical analysis.

Results

A cohort of 144 patients with prostate cancer was
treated with electrochemotherapy (ECT) at the
VITUS Clinic Institute between January 2017 and
June 2024. The baseline characteristics of the pa-
tients are presented in Table 1.

Cancer stage and grade of the cohort are de-
scribed in Table 2. Patients with Gleason Score of 6
or 7a (3+4) have been specifically analysed as they
represent a low-intermediate-risk class of patients:
52 patients with mean age 67+7 yrs, mean PSA
16.8+10.4 ng/ml. Patients that received previous
treatments, as reported in Table 3.

Treatment

The procedure was technically successful in all
patients. Treatment coverage included the entire
prostate, with tumor volume extending beyond
the capsule in 133 patients (93%), half of the organ
in 6 cases (4%), focal treatment in 3 patients (2%),
whilst treatment was palliative without complete
tumor volume coverage in 2 patients (1%). The
mean duration of the procedure was 106 + 26 min-
utes (time in the operating theatre), and the mean
intravenous bleomycin dose administered was 29
+ 1 mg. The mean number of variable geometry
electrodes used during each treatment was 7 + 1,
ranging from 5 to 8 electrodes.

Toxicity

The treatment was well tolerated, with adverse
events being mild and temporary. These were pri-
marily characterized by intraprostatic oedema in
21 patients (14.5%) and anterior rectal wall irrita-
tion in 5 patients (3.4%).

Quality of life (QoL)

A total of 86 patients completed QoL question-
naires (ICIQ, IPSS, IIEF-5) before ECT, and 60 com-
pleted them after ECT. Data from pre- and post-
ECT questionnaires are available for 36 patients.
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TABLE 3. Previous treatments

Previous treatments

No 95 66%
Irreversible electroporation (IRE) 10 7%
Systemic therapy 8 6%
Radiotherapy/Radioligand 5 4%
Radical prostatectomy/TURP 3 2%
High-intensity focused ultrasound (HIFU) 2 1%
Thermoablation 2 1%
Multiple 19 13%

TURP = transurethral resection of the prostate

Urinary continence

In patients who were fully continent before ECT,
no urinary incontinence was observed during the
follow-up period. Nine percent of patients report-
ed severe incontinence (ICIQ > 10) prior to ECT;
this percentage remained similar (10%) during the
first year of follow-up and dropped to zero after
12 months.

In patients Gleason Score 6 or 7a, only 1 patient
out of 52 (2%) reported severe incontinence (ICIQ >
10) prior to ECT; this percentage slightly increased
(6%) during the first year of follow-up and dropped
to zero after 12 months.

Similar results were observed with the IPSS
score, where 5% of patients reported severe uri-
nary incontinence (IPSS 2 20) before ECT. This in-
creased slightly to 6% during the first 12 months of
follow-up but dropped to 0% after one year.

follow-up < 12 months follow-up > 12 months

p=0.015

-6,4

IIEF-5 score
© b VUdhbAbNAoO

-8,0

'
=
o

FIGURE 1. Mean International Index of Erectile Function
(IIEF-5) reduction at follow-up with respect to pre-ECT values,
during the first 12 months of follow-up and after 12 months
of follow-up.

In patients at low-intermediate-risk, only 1 of
the 52 patients (2%) reported severe urinary in-
continence (IPSS > 20) before ECT. At follow-up
no patients in this group reported sever urinary
incontinence.

Erectile function

Nine patients (6%) developed severe erectile dys-
function after ECT, as indicated by a decrease in
their IIEF-5 score from normal values before treat-
ment, to a score <7 afterwards, which persisted for
longer than one year in only one patient (0.7%).

Overall, 56% of patients had impaired erectile
function before ECT (defined as an IIEF-5 score <
22), of which 17% presented a severe erectile dys-
function. After treatment, a decrease of -8.0+9.4 is
observed during the first year, which significantly
reduces the gap to -6.4+8.0 after the first 12 months
(p =0.015) (Figure 1).

FIGURE 2. 61 years old patient with biopsy-confirmed Gleason é multifocal prostate cancer but based on tracer uptake on
prostate-specific membrane antigen (PSMA) PET and apparent diffusion coefficients (ADCs) on MRI, a higher-grade cancer.
(A) Gallium-68 PSMA PET CT scan of the prostate before treatment (left) and 3 months after ECT (right). (B) MRl images of the
prostate before treatment (left) and approximately 3 months after ECT (right).
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FIGURE 3. Progression free survival (PFS) curves for patients according to stage: (A) T1/T2 vs. T3/T4, (B) NO and MO vs. N1 or M1,

(C) Gleason score, (D) PSA value.

In the group of patients with Gleason Score of
6 or 7a, 10% suffered for severe erectile disfunc-
tion before ECT, but only 4% had impaired erectile
function after 12 months from ECT.

Short term response to ECT

Short-term response was evaluated at the 3-month
follow-up and defined as a reduction in PSA levels,
confirmed by a negative MRI performed within 1
month of the PSA evaluation. Short-term response
data are available for 117 patients (81%). A com-
plete response was observed in 88 patients (75%)
(Figure 2), a partial response in 21 patients (18%),
stable disease in 6 patients (5%), and disease pro-
gression in 2 patients (2%). Short-term response
was associated with the TNM stage of the disease,
the Gleason score, and pre-ECT PSA levels, as de-
tailed in Table 4.

Long term response
During the follow-up period, 18 patients (13%)

experienced disease progression. Among these,
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11 patients (8%) had local progression or recur-
rence within the prostate, 5 (3%) developed sys-
temic progression (involving lymph nodes, bones,
or distant metastases), and further 2 patients (1%)
experienced both conditions. The mean time to
progression was 15 + 6 months (median 16, range
3-25 months). Progression-free survival (PFS) was
calculated based on both local and systemic dis-
ease progression, and the 1-year PFS for the entire
cohort was 88% (95% CI: 80%-97%). This figure is
similar when considering only local progression
(1-year local progression-free survival [LPFS] of
92%, 95% CI: 84%—-99%).

PFS was found to be directly and significantly
associated with tumor stage and pre-treatment
PSA levels, as shown in Figure3 and Table 5.
However, it was not related to the Gleason score.

Patients under concomitant
immunotherapy

In this cohort of patients, 10 subjects who re-
ceived ECT were undergoing immunotherapy
(pembrolizumab). No increased toxicity was ob-
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served in these patients, as only two experienced
mild, temporary oedema after the ECT treatment.
Additionally, only one patient had a recurrence 9
months after the ECT session. This patient was a
young individual (55 years old) with high-risk dis-
ease, a Gleason score of 9, TAN1MI staging, and a
PSA level of 90 ng/ml. No cases of urinary or erec-
tile dysfunction were observed in any of these pa-
tients.

Discussion

Focal therapy is an option for treatment of PCa with
the aim of reducing known side effects of primary
whole-gland treatments such as radical prostatec-
tomy or radiotherapy and simultaneously provid-
ing sufficient oncological control. In the earlier
days, FT was only considered for low-risk patients.
During the past two decades however, there has
been a gradual shift in FT towards targeting larger
volumes and higher grades of PCa 242
Electrochemotherapy (ECT) is a minimally
invasive, local tumour ablation technique that
combines chemotherapy with transient permea-
bilization of the cell membrane by reversible elec-
troporation. The latter is achieved by applying a
series of short non-thermal electric pulses through
electrodes that are placed directly at the site of the
tumor. Potent chemotherapeutics which are poorly
permeant under normal conditions can thus easily
pass the membrane barrier and reach their intra-
cellular target. Cytotoxicity is thereby dramati-
cally increased: the effect of bleomycin, the most
utilized drug for ECT, is potentiated several hun-
dred times when combined with electroporation
in vitro.” At a preclinical level, a significant im-
provement of the anticancer activity of bleomycin
via reversible electroporation was also shown in
mice bearing human prostate cancer xenograft.
In this study, to our knowledge, the first obser-
vational cohort study on the use of ECT in the treat-
ment of prostate cancer, a cohort of 144 patients
with prostate cancer at various stages underwent
ECT. According to D’Amico Risk classification 86%
of the patients had high-risk, 13% intermediate
risk and only 1% low risk PCa. 34% of the patients
had previously received other treatments, such as
IRE, surgery, radiotherapy, or systemic therapies,
but experienced recurrence or progression, with
no further therapeutic options deemed feasible
or indicated; 66% of the patients received ECT as
a primary local treatment after having refused
standard therapies and aiming to obtain better tu-
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TABLE 4. Association between short term response and disease specific

characteristics

SHORT TERM RESPONSE P value
T Stage T1/72 T3/74

CR 92% 66%

PR 5% 25%

SD 3% 6%

PD 0% 3% 0.0190
N- M Stage NOand MO N1 or M1

CR 89% 43%

PR 9% 40%

SD 1% 14%

PD 1% 3% < 0.0001
Gleason score 6-7a 7b 8-10

CR 98% 68% 56%

PR 0% 26% 32%

SD 0% 3% 12%

PD 2% 3% 0% 0.0002
PSA level <10 ng/ml > 10 ng/ml

CR 94% 66%

PR 2% 26%

SD 2% 7%

PD 2% 1% 0.0070

CR = complete response; PD = progressive disease; PR = progressive disease; SD = stable

disease)

TABLE 5. One-year progression free survival in the analysis by subgroups

GROUPS 1-year PES C.l. 95% ot isk at P value
Whole cohort 88% 80%-97% 43
Stage

T1/12 100% 100% 15

T3/74 83% 71%-95% 28 0.0361

NO and MO 92% 84%—-100% 33

N1 or M1 79% 61%-98% 10 0.0007
Gleason score

6-7a 96% 89%—100% 19

7b 83% 66%-100% 13

8-10 83% 66%-100% 10 0.5368
PSA

<10 ng/ml 95% 86%—-100% 20

> 10 ng/ml 84% 72%—-96% 23 0.0417
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mor control than active surveillance while reduc-
ing toxicity compared to radical treatments.

Most patients underwent a technically success-
ful treatment, with ECT with coverage of the en-
tire tumor site. Tumor volume extended beyond
the prostate capsule in 133 patients (93%), involved
half of the organ in 6 cases (4%), and was focal in 3
patients (2%). Only in 2 patients was the tumor so
extensive that it could not be fully covered, result-
ing in palliative treatment.

The treatment was well tolerated, with only
mild adverse events observed, such as intrapro-
static oedema in 21 patients (14.5%) and anterior
rectal wall irritation in 5 patients (3.4%). The major
benefit of ECT lies in its selective capacity to de-
stroy dividing cancer cells while preserving non-
dividing healthy cells and surrounding anatomi-
cal structures'®!$, resulting in reduced toxicity and
fewer side effects post-treatment.

Urinary and erectile functions were indeed
preserved. Among patients with good urinary
functionality prior to treatment, no urinary in-
continence was observed post-ECT or during the
follow-up period. In those who experienced some
urinary incontinence before ECT, ranging from
5% to 9% depending on the evaluation question-
naire (ICIQ or IPSS), dysfunction persisted during
the first year of follow-up but resolved completely
after 12 months. This finding aligns with our pre-
vious study on patients who underwent irrevers-
ible electroporation (IRE)’ and is likely due to
treatment-induced reduction of benign cellular hy-
perplasia in the prostate’s transitional zone, whilst
non-cellular elements (primarily fibers) remained
in place and temporarily obstructed urinary out-
flow. In contrast, standard treatments for prostate
cancer have shown urinary incontinence rates
ranging from 36% to 49% after radical prostatec-
tomy?, and nocturia rates of 42% to 43% after ex-
ternal beam radiotherapy (eBRT) or brachytherapy
(BT), with urinary incontinence occurring in 1% to
10% of cases.?3!

In this cohort, 9 patients (6%) developed erec-
tile dysfunction post-ECT. Notably, 56% of patients
already had impaired erectile function prior to
treatment, with 17% experiencing severe erectile
dysfunction. After 12 months of follow-up, erectile
dysfunction persisted in only 1 of the 9 patients,
while the condition resolved in the remaining 8. As
anticipated, the rate of erectile dysfunction follow-
ing ECT is significantly lower compared to other
treatments: radical prostatectomy (80%—95%)>%,
eBRT (69%)%, high-intensity focused ultrasound
(HIFU) (36%)%, cryosurgery (27%)®, and radiofre-
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quency ablation (40%)%*, while being comparable to
IRE (11%)’.

Regarding treatment efficacy, a complete re-
sponse was observed in 88 patients (75%), a partial
response in 21 patients (18%), stable disease in 6
patients (5%), and disease progression in 2 patients
(2%). 98% of patients with a Gleason score of 6 or
7a achieved a complete response, while those with
PSA levels below 10 ng/ml had a 94% complete re-
sponse rate and an overall response (OR) rate of
96%. Patients with T1 or T2 stage disease showed
a complete response rate of 92% and an overall OR
rate of 97%. Significantly lower response rates were
observed in patients with more advanced or ag-
gressive disease (T3/T4, N1, or M1 stages, Gleason
score > 6, PSA > 10 ng/ml), which is expected, given
that 65% of patients in the cohort were classified as
T3-T4 stage, indicating locally advanced and non-
organ-confined disease. Furthermore, 28% had
a Gleason score of 7b, and 35% had scores of 8 to
10, i.e. high-risk tumors. Additionally, 34% of pa-
tients had previously been treated with standard
systemic or focal therapies but experienced recur-
rence or progression.

The preliminary results suggest that ECT yields
better outcomes in smaller, organ-confined, and
less aggressive tumors, which is consistent with
expectations for a local treatment.

As this is a preliminary study, the follow-up
period is limited, with a median duration of 9
months (range: 1 to 64 months), preventing the col-
lection of long-term survival data. The 1-year pro-
gression-free survival (PFS) rate for the overall co-
hort was 88% (95% CI: 80%-97%). For patients with
early-stage disease (T1 or T2), the 1-year PES rate
was 100%. Similarly, patients with a Gleason score
of 6 or 7a had a 96% 1-year PFS rate, while those
with a Gleason score of 7b had an 83% 1-year PFS
rate (95% CI: 66%-100%). For patients with Gleason
scores of 8 or higher, the 1-year PFS rate dropped
to 83% (95% CI: 66%-100%). These results are com-
parable to those from IRE data at 1 year, where
recurrence-free survival (RFS) rates are 100% for
Gleason 6, 96% for Gleason 7, and 88% for Gleason
> 79

In a subset of the cohort, 10 subjects received
ECT while undergoing immunotherapy. No in-
creased toxicity was observed in these patients,
and the results in terms of response and progres-
sion-free survival were favourable. Only one pa-
tient experienced a recurrence, 8.6 months after
ECT. This patient was a young individual (55 years
old) with high-risk disease, a Gleason score of 9,
T4ANIM1 staging, and a PSA of 90 ng/ml.
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This study has several limitations, including the
high variability and heterogeneity in the patients’
disease conditions, the relatively short follow-up
duration that precludes comparisons with other
studies on recurrence-free survival or overall sur-
vival, and the limited data on urinary and erectile
function, which should be confirmed in prospec-
tive studies with larger, more homogeneous co-
horts.

Despite these limitations, the study concludes
that ECT is a feasible, safe, and effective treatment
for prostate cancer, with extremely low toxicity
and side effects. Preliminary results suggest that it
offers promising outcomes in terms of local disease
control, especially in early-stage tumors, but also
in locally advanced cases where other treatments
may not be viable. Furthermore, ECT appears to be
compatible with immunotherapy without increas-
ing toxicity.
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Background. Diffuse large B-cell ymphoma (DLBCL) has variable prognosis, with only 50 to 60% of patients cured by
standard first line tfreatment. Identifying patients unlikely to benefit from standard first line therapy is therefore crucial.
Schmitz’'s study identified four molecular subtypes of DLBCL with differing prognoses: MCD, BN2, N1, and EZB, with BN2
and EZB showing more favorable outcomes. This study aimed to evaluate the effectiveness of the Archer FusionPlex
Lymphoma Assay in identifying the newly defined genetic subtypes of DLBCL, while also exploring the association
between immunohistochemical (IHC) and next-generation sequencing (NGS) methods for classifying the cell of origin
(COO) and assessing their predictive value for patient survival.

Materials and methods. We classified 131 DLBCL patients using Hans algorithm into GCB (germinal center B-cell-
like) and ABC (activated B-cell-ike) subtypes, and with NGS applying Archer FusionPlex lymphoma assay into ABC,
GCB, unclassified, and into Schmitz’s novel genetic subtypes. A mutational analysis of just 7 genes (MYD88%5, CD79B,
EZH2, NOTCHIT, NOTCH2, BCL2, and BCL6) was used for genetic classification. Various statistical models were applied
fo assess survival differences between subtypes. Finally, STRATOS analysis was conducted to validate our preliminary
statistical findings.

Results. 35.9% of patients were successfully classified into new genetic subtypes, with acceptable consistency be-
tween IHC and NGS method for COO determination. However, the new genetic subtype classification by NGS did not
correlate with overall survival, nor did the COO classifications by IHC or NGS. The inclusion of these classifications also
did not improve the predictive value of models compared o the basic model based on the International Prognostic
Index (IPI) only.

Conclusions. The Archer FusionPlex Lymphoma assay showed a somewhat lower detection rate of novel genetic
subtypes compared to reports based on exome sequencing, yet identified novel genetic subtypes in over one-third
of patients. However, an in-depth STRATOS statistical analysis did not confirm its predictive value for DLBCL prognosis,
likely due to factors like patient selection and sample size limitations.

Key words: diffuse large B-cell ymphoma; next generation sequencing; new genetic types; prognostic factors

Introduction mas (NHL), accounting for approximately 30% of

all NHL! It is a heterogeneous disease in terms
Diffuse large B-cell lymphoma (DLBCL) is the of clinical presentation, as well as in terms of its
most common subtype of non-Hodgkin’s lympho-  biological and pathological features. Diffuse large
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B-cell lymphoma, not otherwise specified (DLBCL,
NOQOS), is the most common subtype, representing
80-85% of all cases.! Still, even the DLBCL, NOS, is
not a homogeneous entity and can be subdivided
into several morphological, immunohistochemical
and molecular subgroups.!?

The addition of rituximab to standard chemo-
therapy CHOP (cyclophosphamide, doxorubicin,
vincristine and prednisone) has substantially im-
proved the outcomes of patients with the DLBCL,
yet to a variable extent among different patients.
Only between 50 to 60% of patients will be cured
with R-CHOP, while up to 10% will be refractory
to this treatment and another 30% will relapse af-
ter achieving their first complete remission.*® It is
therefore important to identify upfront those pa-
tients who will not be cured with R-CHOP in order
to tailor their individual first line treatment. One
of the widely accepted robust prognostic tools to
categorize the DLBCL patients in risk groups is the
International Prognostic Index (IPI), introduced
in the pre-rituximab era and validated also in the
rituximab era.®”

However, treatment outcomes can vary signifi-
cantly, even within the same IPI risk group, and
the IPI alone is not sufficient for the unequivocal
identification of patients who may not be cured
with R-CHOP. This outcome can be attributed to
the important genetic and molecular heterogene-
ity of DLBCL, NOS, highlighting the need for the
identification of additional prognostic markers.

Gene-expression profiling (GEP) studies have
identified different molecular subtypes (“germinal
center B-cell-like” — GCB, “activated B-cell-like”
- ABC (non-GCB), and non-classified types of
DLBCL) related to the cell of origin (COO), which
are supposed to be of prognostic significance.5!2
Immunohistochemical (IHC) algorithms, such as
the one proposed by Hans et al., have also been
introduced as rapid and inexpensive alternatives
to GEP that are readily available and have demon-
strated reasonable concordance to gene expression
profiling.®

Nonetheless, clinical interest extends to other
prognostic markers, including the determinants
of molecular heterogeneity in DLBCL, NOS, as
indicated by the new molecular subtypes intro-
duced by Schmitz et al.,, Chapuy ef al.,, and other
authors.*'” The study of Schmitz et al. identified
four molecular subtypes of DLBCL: MCD (based
on the co-occurrence of MYD88 and CD79B altera-
tions), BN2 (based on BCL6 fusions and NOTCH?2
mutation), N1 (based on NOTCHI mutation), and
EZB (based on EZH2 mutation and BCL2 translo-

Radiol Oncol 2025; 59(4): 607-616.

cations), that were determined to be of prognos-
tic significance. A more favorable prognosis has
been predicted for BN2 and EZB in comparison to
other two subtypes.* Chapuy et al., on the other
hand, identified five molecular subtypes showing
certain overlapping with subtypes identified by
Schmitz: C1 (resembling BN2), C2 (TP53 mutation
and TP53BP1 alteration), C3 (resembling EZB), C4
(RHOA mutations, TET2, ZFP36L1 alterations) and
C5 (resembling MCD). If the genetic driver could
not be identified, the DLBCL was categorized as
CO0.5 In the mentioned studies, in addition to ge-
netic changes useful for genetic classification, gene
expression signatures related to the tumor micro-
environment, rearrangements of BCL2 and MYC
and other markers (such as TP53 mutations, high
proliferative activity, CD5, and CD30 expression)
appear to play an important role in the prognosti-
cation process of high grade lymphomas.

To the best of our knowledge, there are cur-
rently no commercial gene panels available on the
market specifically designed to define the genetic
subtypes of DLBCL as determined in Schmitz’s or
Chapuy’s classification.

Our retrospective study aimed to evaluate the
effectiveness of the Archer FusionPlex Lymphoma
Kit in identifying the new genetic subtypes of
DLBCL as defined by Schmitz et al* Additionally,
we examined the association between the IHC
(Hans algorithm) and next generation sequencing
(NGS) methods for classifying the COO and as-
sessed their ability to predict survival.

Patients and methods
Patients

One hundred and thirty-one patients with DLBCL,
NOS, were enrolled in this retrospective clinical
study. The inclusion criteria were as followed: all
patients were older than 18 years, were diagnosed
with DLBCL at least 5 years prior to beginning of
this study, and were (except of one patient) treated
with R-CHOP/RCHOP-like therapy between 2011
and 2017 at the Institute of Oncology Ljubljana
(OIL), Slovenia. This study included only patients
with DLBCL, NOS, and excluded patients with tes-
ticular ymphoma, primary central nervous system
lymphoma or plasmablastic lymphoma. Patients
with HIV positive lymphomas were also excluded
from this study. All clinical data were obtained
from medical records available in hospital’s infor-
mation system (patients” age at diagnosis, clinical
stage of the disease, data for IPI score, treatment
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protocols applied and number of treatment cycles,
treatment outcomes - overall response rate [ORR],
progression-free survival [PFS], and overall sur-
vival [OS]). Survival data were retrieved from the
Cancer Registry of the Republic of Slovenia and
survival status was censored for all patients on 20t
of June, 2023.

The study was approved by the National
Medical Ethics Committee of the Republic of
Slovenia (Approval Number 0120-103/2020/4) and
by Institutional Review Board (Approval number
KSOPKR-0012/2020) as well as the Institutional
Medical Ethics Committee (Approval number EK-
0120-103/2020/4). The requirement for individual
informed consent was waived, as this was a ret-
rospective database analysis. Additionally, the
institutional informed consent form for treatment
included permission to use patients’ data, materi-
als, and/or test results for research purposes. The
study was conducted according to the Declaration
of Helsinki.

Pathological examination

For all patients included in the study, paraffin
blocks and corresponding hematoxylin and eosin-
stained slides were retrieved from the archive
of Department of Pathology of the Institute of
Oncology Ljubljana, and diagnoses were reviewed.
The tissue microarrays (TMA) were constructed
and IHC staining as well as interpretations were
performed as already described by Boltezar ef al.!®
to classify patients according to the Hans algo-
rithm into the GCB and ABC (non-GC) types.® At
the same time, material for genetic analysis was
cut from each paraffine block. The review, TMA
evaluations and the classification of patients ac-
cording to the Hans algorithm, were performed by
a skilled hematopathologist who was blinded to all
clinical data.

Next generation sequencing (NGS)

The Archer FusionPlex Lymphoma kit was select-
ed for the NGS procedure due to its commercial
availability and its targeting of 125 lymphoma-
related genes, which we considered potentially
advantageous for classifying samples into novel
genetic subtypes.

RNA was isolated using the MagMAX™ FFPE
DNA/RNA Ultra Kit (ThermoFisher, Waltham, MA,
USA). A total of 250 ng of RNA was reverse tran-
scribed into cDNA, and NGS was performed using
the Archer FusionPlex Lymphoma Kit, following

the manufacturer’s protocol (Invitae ArcherDX,
San Francisco, CA, USA). The quality of the start-
ing material was evaluated by assessing the quality
of the cDNA synthesized from the RNA. For this
purpose, the Archer PreSeq RNA QC assay was
employed (InvitaeArcherDX, San Francisco, CA,
USA). The library was quantified using the gPCR
Library Quantification Kit (KAPA Biosystems,
Wilmington, MA, USA) and sequenced on the
MiSegDx system (Illumina, San Diego, CA, USA).
Data were analyzed using the Archer Analysis ver-
sion 6.0.3.2. A genetic variant was considered true
positive if the allele fraction was at least 10% and
the coverage depth was at least 100x. Fusions were
considered true positive if covered by five or more
unique reads and represented over 10% of reads.
Variants listed in the GnomAD database were ex-
cluded as germline. Only previously identified
pathogenic variants were used for patient sub-
grouping. Variants were considered pathogenic if
listed in Schmitz et al.** Supplementary Table or the
OncoKB database as oncogenic.”” Variants of un-
certain significance and benign variants were ex-
cluded. CD79B gene amplification was considered
true positive when its relative expression exceeded
8 on a 0-9 scale calculated by the Archer analysis
software. Cases were classified by gene expres-
sion patterns into the ABC, GCB, and unclassified
subgroups according to the COO classification. We
used a simplified approach of mutational analysis
of just 7 genes, as alterations in MYD88%*, CD79B,
EZH?2, NOTCH1, NOTCH2, BCL2, and BCL6 were
employed for genetic classification into novel sub-
types. This decision was based on literature data
indicating that hallmark genetic alterations for
each subtype include MYDS88 (66.2% prevalence)
and CD79B (50.0% prevalence) for the MCD sub-
type; EZH2 (44.7% prevalence) and/or BCL2 (68.4%
prevalence) for the EZB subtype; BCL6 (72.8% prev-
alence) and/or NOTCH2 (41.8% prevalence) for the
BN2 subtype; and NOTCH1 (100% prevalence) for
the N1 subtype. Other alterations used by Chapuy
and Schmitz to define specific genetic subtypes
were mostly reported with a lower prevalence.51415
Cases with CD79B and MYDSS alterations were
therefore classified as “MCD,” with EZH2 and/
or BCL2 as “EZB,” with BCL6 and/or NOTCH?2 as
“BN2” and with NOTCH1 as “N1.” Remaining cas-
es were genetically unclassified.

Statistical analysis

The median age, stage at the time of diagno-
sis, bone marrow infiltration, IPI score, number
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TABLE 1. Pafients’ characteristics

N %
Number of patients: 131
Gender
Male 59 45.0%
Female 72 55.0%
Age
Age range 28-89 /
Median age 65 /
Stages (Ann Arbor):
Stage | 19 14.5%
Stage Il 25 19.0%
Stage I 21 16.0%
Stage IV 66 50.4%
Median stage: 4 (range 1-4)
Other characteristics
Bone marrow involvement 41 31.3%
Elevated LDH level 77 58.8%
B symptoms 65 49.6%
IPI group:
Low risk 32 24.4%
Low-intermediate risk 31 23.7%
High-intermediate risk 37 28.2%
High risk 31 23.7%
Median IPI value: 3 (range 0-5)
Treatment
R-CHOP/R-CHOP like 128 97.7%
R-COEP 2 1.5%
Palliative care 1 0.8%
Treatment response 130
CR 65 50.0%
PR 48 36.9%
SD 1 0.8%
PD 16 12.3%

CR = complete response; IPl = International Prognostic Index; PD =progressive disease; PR
= partial response; R-CHOP = rituximab, cyclophosphamide, doxorubicin, vincristine and
prednisone; R-CHOP like = R-CHOP +/- middle dose methotrexate; R-COEP = rituximab,
cyclophosphamide, etoposide, vincristine and prednisone; SD = stable disease

of treatment cycles, subtype by IHC (ABC and
GCB), subtype by NGS (ABC and GCB and non-
classified) and new genetic subtypes according
to Schmitz’s classification were determined. PFS
was defined as the time from the end of first sys-
temic treatment to disease progression or death
from any cause for patients achieving partial (PR)
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and complete response (CR). OS was defined as
the time from the date of diagnosis to the time of
death from any cause. The PFS and OS were esti-
mated using the Kaplan-Meier method and differ-
ences were compared using the log-rank test. The
IPI score was used as a categorical variable: low
(score of 0 or 1), low-intermediate (score 2), high-
intermediate (score 3) and high-risk group (score
of 4 or 5) for the purpose of survival analyses and
as a numeric variable for STRATOS initiative anal-
yses. P value <0.05 was considered to indicate a sta-
tistically significant difference. GraphPad Prism
software 9.0.0 (GraphPadSoftware, Boston, MA,
USA) was used for analyses. Additional statistical
analysis was performed — namely the STRATOS
analysis, to check our basic statistic. The analysis
was run in R (v4.3.2) in RStudio (v2023.12.1+402)
using the packages boot (v1.3.28.1), dplyr (v1.1.4),
forcats (v1.0.0), ggplot2 (v3.4.4), ggpubr (v0.6.0),
gridExtra(v2.3), gtsummary(v1.7.2), Hmisc (v5.1.1.),
kableExtra (v1.3.4), knitr (v1.45), lubridate (v1.9.3),
readxl (1.4.3), pacman (v0.5.1), purr (v1.0.2), readr
(v2.14), readax]l (v1.4.3), rio (v1.0.1), rms (v6.7.1),
rsample (v1.2.0), stringr (v1.5.1), survival (v3.5.7)
and survminer (v0.4.9), tibble (v3.2.1), tidyr (v1.3.0),
tidyverse (v2.0.0), timeROC (v0.4), webshot (v0.5.5)
and their dependencies. According to the guide-
lines of the STRATOS initiative, we also compared
the calibration, discrimination, Brier scores and
clinical utility of various tested Cox models in or-
der to test our model more profoundly.?-> Lacking
an additional dataset for external validation, we
validated our models using optimism-corrected
internal validation with bootstrapping.

Results
Demographic data

A total of 131 patients with DLBCL were included
in the study. The patients’ characteristics are sum-
marized in Table 1. There was a slight female pre-
dominance, median age was 65 years (range 28-89).
More than half of our group had stage IV disease
(50.4%) and elevated serum lactate dehydrogenase
level (LDH) (58.8%), while nearly half had B symp-
toms (49.6%). The highest percentage of patients
were in the high-intermediate risk group (28.2%
of patients), other three risk groups were quite
evenly distributed. All patients except one (130
patients - 99.2%) received first line systemic treat-
ment. Treatment regimen was R-CHOP (rituximab,
cyclophosphamide, doxorubicin, vincristine and
prednisolone) +/- middle dose of methotrexate (500
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mg/m?) in 128 patients (97.7%). Two patients (1.5%)
received R-COEP (rituximab, cyclophosphamide,
vincristine, etoposide and prednisolone) therapy
due to their cardiac conditions, while one patient
underwent just palliative treatment (and was ex-
cluded from cohort analysis). The median follow-
up time was 61 months (range 2-152 months).

For each patient, response to first line treatment
was defined as CR, PR, stable disease (SD) or pro-
gressive disease (PD) based on the revised criteria
of Cheson et al.”* The ORR for the entire group was
86.9% (with the CR at 50% and the PR at 36.9%).

Classification of diffuse large B-cell
lymphoma (DLBCL) according to the cell
of origin (COO)

According to the COO determined by IHC method,
54 patients (41.2%) were classified as ABC subtype
and 77 patients (58.8%) as GCB subtype. According
to the NGS, 42 patients (32.0%) were classified as
ABC subtype and 62 patients (47.3%) as GCB sub-
type, while 12 patients (9.2%) remained unclassi-
fied, and for 15 patients (11.5%) the NGS method
could not provide a clear result (QC failed). NGS
served as the reference method and concordance
between the determined COO subtypes accord-
ing to the IHC and the NGS method is presented
in Table 2. The overall concordance between NGS
determined COO and IHC determined COOQO in the
whole study group was 61.8% (81 of total 131 pa-
tients).

Genetic classification of diffuse large
B-cell lymphoma (DLBCL) by next
generation sequencing (NGS) according
to the Schmitz’s classification

Of the entire group of 131 patients, 47 patients
(35.9%) were successfully categorized into one of
the new genetic subtypes of DLBCL, 70 patients
remained unclassified (53.4%), while 14 patients
(10.7%) were categorized as QC failed. Among
those 47 patients, 17 patients had MCD (13%), none
had N1, 12 had BN2 (9.2%), and 18 patients had EZB
(13.7%) subtype. New genetic subtypes in the con-
text of COO groups ABC, GCB and unclassified
group are presented in Figures 1 and 2.

When focusing only on the QC failed (as deter-
mined by NGS) group of 15 patients of the entire
131 patient cohort, 1 patient was categorized with
the EZB subtype (6.7%). The remaining 14 patients
remained unclassified to the new genetic sub-

types.

TABLE 2. Concordance between the IHC and NGS method in determination of
the COO. The reference method was NGS. A pairwise comparison between the
results of both methods was performed for each patient. Each patient who was
subclassified info the same (ABC or GCB) subtype by both NGS and IHC was
considered concordant. Patients who were subclassified differently by IHC and
NGS were considered discordant

COO by NGS COO by IHC Concordance (%)
ABC subtype 42 31 73.8
GCB subtype 62 50 80.6

ABC = activated B-cell like; COO = cell of origin; GCB = germinal center B-cell like; IHC =
immunohistochemical determination; NGS = next generation sequencing

Overall response rate according to

the immunohistochemical (IHC) and
next generation sequencing (NGS)
determination of cell of origin (COO)
and NGS determination of new genetic
subtypes

According to the THC classification of COO into
ABC and GCB subtype, the ORR for ABC subtype
was 84.9 % and 88.3% for the GCB subtype. Based
on the NGS classification of COQO, the ORR for the
ABC subtype was 82.9%, 88.7% for the GCB sub-
type and 91.7 % for the unclassified group. The
ORR for MCD genetic subtype was 76.5%, for BN2
genetic subtype 91.7%, for EZB genetic subtype
94.4%, for unclassified group 87.1%, and for QC
failed group 85.7%. There was no association be-
tween the ORR and classification to the abovemen-
tioned subgroups regarding COO by IHC, COO by
NGS and classification to new genetic subtypes by
NGS (p =0.59, p=0.76, and p = 0.80, respectively).

ABC group N=42 GCB group N=62

m MCD mBN2 EZB EMCD mBN2 EZB unclassified

unclassified

FIGURE 1. New genetic subtypes in the context of COO groups ABC and GCB, as
deftermined by NGS (N1 group is not included in the Figure since there were no
patients with this subtype).

ABC = activated B-cell; COO = cell of origin; GCB = germinal center B-cell; NGS = next
generation sequencing
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Unclassified COO group N=12

FIGURE 2. New genetic
subtypesin the context
of COO unclassified
group, as determined
by NGS (N1 group is
not included in the
Figure since there were
no patients with this
subtype).

COO = cell of origin;
NGS = next generation

EMCD mBN2 ®EZB munclassified sequencing

Overall survival according to the
immunohistochemical (IHC) and

next generation sequencing (NGS)
determination of cell of origin (COO)
and NGS determination of new genetic
subtypes, and according to the
International Prognostic Index (IPl)

Five-year overall survival (OS) of the entire group
was 67.8% (Figure 3). According to the IHC clas-
sification of COO into ABC and GCB subtype, the
5-year OS for ABC subtype was 62.5% and 71.4%
for GCB subtype. Survival was not significantly
different between the two groups, (p = 0.27, HR
=1.36 [95% CI 0.76-2.42]) Supplementary Figure 1.
Based on the NGS classification, the five-year OS
for ABC subtype was 54.8% and 74.2% for GCB
subtype, 64.2 % for the unclassified group and
80% for the QC failed group, and, again, there
was no statistically significant difference between
groups (p = 0.06) — Supplementary Figure 2. The
5-year OS for patients diagnosed with the new
genetic subtypes according to the Schmitz’s clas-
sification was 66.7% for the BN2 subtype, 77.8%
for the EZB subtype, 64.7% for the MCD subtype,
78.6% in the QC failed group, and 63.9% for the
unclassified group (p = 0.61) - Supplementary
Figure 3. The 5-year OS was 87.5% in low risk IPI
group, 87.0% in low-intermediate risk IPI group,
70.3% in high-intermediate risk IPI group and
25.8% in high risk IPI group (p <0.0001, HR =0.117
[95% CI 0.06—-0.245]) (Figure 4).

Cox models

We are not giving the PFS data as we consider
them to be only of predictive and not of a prog-
nostic significance. Even though we are aware of
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the potential influence of subsequent therapies
to the OS, we chose to evaluate the prognostic
significance of the three classifications that had
been applied in the study — namely the COO by
IHC classification, COO by NGS classification and
the new genetic types by NGS classification. We
used the Cox proportional model to investigate
the association between the OS and the particu-
lar classification (COO by IHC, COO by NGS, and
new genetic types by NGS, respectively) as well as
the IPI score. The following Tables summarize the
four models used - Supplementary Tables 1, 2 and
3. The base model uses only IPI as an independ-
ent variable and the three classifications available
to IPI as a second independent variable. However,
when combining IPI score and any of classifica-
tions (COO by IHC, COO by NGS, and new ge-
netic types by NGS) into one model, none of the
classifications had a significant prognostic impact
on patients’ survival and only IPI remained prog-
nostic for OS. So, regardless of the classification
used, the survival of patients was not statistically
significantly different between the ABC and GCB
subtype (and unclassified subtype) or between the
new genetic subtypes in our data set.

STRATOS statistical analyses

The STRATOS initiative produced guidelines for
comparing Cox models. For technical reasons, IPI
isincluded as a numerical variable (i.e. the number
of risk factors present). As shown previously, re-
gardless of the model/classification used, only the
IPI remains statistically significantly associated
with survival.

Given that each individual classification (COO
by IHC, COO by NGS, and new genetic types by
NGS) was not associated with survival, we ex-
pected the subsequent analysis to show that inclu-
sion of any one of the classifications into the model
would not improve the quality of the model or its
clinical usefulness.

Discrimination and calibration

Corrected internal discriminations of the com-
pared models at a fixed time point 5 years after
diagnosis are given in Supplementary Table 4 and
calibrations at a fixed time point 5 years after di-
agnosis are given in Supplementary Table 5. The
addition of any classification did not improve the
quality of the model, which was expected, given
that none of them was significantly associated
with overall survival.
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Overall quality

The Brier score and the scaled Brier score (Index
of Prediction Accuracy, IPA) estimate the overall
model quality. Brier score estimates the average
difference between predicted and observed val-
ues at time t (and a lower value indicates a better
model). IPA improves the interpretability of the
score and estimates the reduction in Brier score
when using a more complex model compared to
the base model (a higher value therefore indicates
a better model). The Brier score and IPA are given
in Supplementary Table 6. We can conclude that
the additional information about the classifica-
tion does not improve the model quality (the ad-
dition of IPI compared to the null model improves
the Brier score by 20%, while the extended models
(with COO by IHC, COO by NGS and new genetic
subtypes by NGS) improve it by 17% to 19%).

Calibration, discrimination and overall qual-
ity were assessed using bootstrap (B = 1000) and
optimism corrected internal validation, since an
additional data source for external validation was
not available. As expected, we demonstrated that
the addition of any one of the available classifica-
tions did not improve the performance of the base
model that only included the IPI score.

Clinical usefulness

Discrimination and calibration are necessary to
assess the model quality or to compare different
models, but they are not enough to evaluate their
clinical usefulness. When an additional marker is
available (in this case the subtype classification,
whether histological or genetic), the evaluation
of clinical usefulness should tell us whether the
use of the additional marker leads to improved
clinical decision making. We assessed the clini-
cal usefulness of the extended models (with COO
by IHC, COO by NGS and new genetic subtypes
by NGS) compared to the base model at various
possible risk thresholds. We have shown that the
extended models do not improve the net benefit
to patients when used in clinical decision making,
regardless of the threshold or extended model
chosen (Supplementary Figure 4, Supplementary
Table 7).

Discussion

DLBCL is highly heterogeneous in its genetic char-
acteristics, making accurate sub-classification of
patients based on tumor genetic changes essen-
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FIGURE 3. Overall survival (Kaplan-Meier) of all patients (N = 131).

tial for optimal treatment approaches. The clas-
sifications proposed by Schmitz and Chapuy are
currently the most effective in grouping patients
according to disease prognosis and treatment out-
comes.*!> However, no commercial tool (gene pan-
el) is at present available that could classify patients
into the genetic groups proposed by these authors.
Therefore, the aim of our study was to evaluate
the utility of the Archer FusionPlex Lymphoma
Kit in classifying DLBCL into the groups outlined
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FIGURE 4. Overall survival (Kaplan-Meier) of patients according to International
Prognostic Index (IPI) risk groups; (p < 0.0001).
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by Schmitz et al* Furthermore, we specifically as-
sessed the impact of IHC classification of COO,
NGS classification of COO, and NGS classification
of new genetic subtypes based on Schmitz’s pro-
posal on overall survival in patients with diffuse
large B-cell lymphomas.

In fact, similar approaches for the genetic cat-
egorization of lymphomas have been used by oth-
er authors. Crotty et al. conducted a smaller study
involving 41 DLBCL patients using the Archer
FusionPlex Lymphoma platform to analyze a pan-
el of 125 lymphoma-related genes and evaluate its
concordance with the IHC Hans algorithm, ob-
serving an 80.5% concordance for COO.** Another
group, led by Scott, used the Lymph2Cx assay, to
test 20 genes and compare it to GEP by NanoString
to define the COO. This assay provided con-
cordant COO definitions in 96% of their cases.”
Multivariate analyses in their report showed that
COO defined by Lymph2Cx was independently
prognostic of survival, regardless of the IPI score.

However, in the present study, the overall con-
cordance between NGS determined COO and IHC
determined COO was lower, at only 61.8%, likely
because we did not exclude the QC-failed samples
and on account of the NGS determined unclassi-
fied group. Specifically, we observed a 73.8% con-
cordance in the ABC group and 80.6% in the GCB
group. In contrast, the study by Crotty et al. includ-
ed far fewer patients (41) compared to ours (131),
and while the proportions of ABC, GCB, and un-
classified subgroups in Crotty’s study were evenly
distributed, similar to our findings, they did not
report any failed results.*

Regarding Schmitz’s proposed classification
of the new genetic subtypes of DLBCL, we were
able to subclassify 35.9% of our patients using
the Archer FusionPlex Lymphoma kit. This rep-
resents a lower proportion of classified cases
compared to Schmitz’s study, where 46.6% of pa-
tients were categorized into the new genetic sub-
types.* Considering the fact that Schmitz’s study
performed exome and transcriptome sequenc-
ing, while we conducted a limited panel of RNA
sequencing, the difference in the proportion of
successfully classified cases is relatively small.
Our cohort included a larger number of samples
with mutations that were not helpful to classify
correctly patients into subgroups, suggested by
Schmitz. The clinical impact of these mutations is,
nevertheless, still unknown. Still, in other stud-
ies using a classification similar to Schmitz’s, the
proportion of successfully classified patients was
also less than 100%. Lacey performed a whole-ex-
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ome sequencing on tumor samples of 928 patients
(including primary central nervous system lym-
phomas and plasmablastic lymphomas), in a pan-
hematological malignancy panel of 293 genes, and
found some overlapping groups over Schmitz’s
and Chapuy’s classification. They identified 5
genomic clusters and had a 27% rate of “unclassi-
fied cases”® Wright and his colleagues created the
LymphGen algorithm that provided a probabilis-
tic classification of the tumor from an individual
patient into a genetic subtype and with a similar
methodology as Schmitz they managed to subclas-
sify 63.1% of patients."”

A closer comparison of our results with those
of other authors indicates that with our simplified
approach, we detected a relatively low proportion
of the EZB subtype — namely, 21.8% in Schmitz’s
study, 18.9% in Lacey’s study, and only 13.7% in our
study.*1® The EZB subgroup is primarily included
within the GCB cases. Since the GCB subgroup is
more prevalent in our study (58.8% of GCB by IHC
and 47.3% by NGS) compared to Schmitz’s study
(28.2% of GCB cases), the relatively low EZB detec-
tion rate in our study remains unexplained.*

Schmitz et al. reported the predicted 5-year over-
all survival rates for the MCD, BN2 and EZB sub-
types of 26%, 65%, and 68%, respectively, while in
our study they were numerically superior - 64.7%,
66.7%, and 77.8%. Lacey’s genomic cluster MYDSS,
which overlaps with the MCD subtype, showed a
5-year OS of 62.8% in R-CHOP treated population.!®
Their MYD88 group included testicular and prima-
ry CNS lymphomas, while in our study those pa-
tients were not included. Lacey’s BCL-2 cluster that
overlaps with EZB subtype, and whose 5-year OS
of 69.5% adjusts with the one reported in Schmitz’s
study, was, compared to the EZB survival of our
group, inferior.® But, as stated previously, the EZB
group was relatively weakly represented in our
study in comparison with other studies.

Furthermore, Schmitz’s study investigated the
survival data of only 119 patients (treated with
R-CHOP/CHOP like chemotherapy) diagnosed
with new genetic subtypes out of all 257 patients
classified into novel subgroups, so their survival
data deficiently cover only half of the new genetic
subtypes’ population.** To the contrary, our study
reports survival data of all included patients. In
Lacey’s study, only two thirds of patients were
treated with R-CHOP, however, they reported re-
sults of survival for patients treated with R-CHOP
separately.’® In some of the studies, genetic sub-
classification essentially had a prognostic impact
on survival of their patients.*1%1” Finally, Zhang
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et al. conducted a randomized phase II trial of
addition of a targeted therapy to R-CHOP in pa-
tients with DLBCL, driven after the first cycle of
R-CHOP by newly determined genetic subtypes.
Their study was not powered to show survival
differences, but it did meet its primary endpoint
by achieving higher complete response rates with
novel therapeutic approaches. This indicates that
the spectrum of possible future decisions in choos-
ing of an optimal first line therapy might have to
be based on gene expression analyses.?

The classification of the new genetic types by
NGS used in our study, however, was not associat-
ed with overall survival, as were also not the other
two classifications of COO determined by IHC or
by NGS. Similarly, the inclusion of any of the three
classifications (COO by IHC, COO by NGS and
new genetic types by NGS according to Schmitz’s
proposal) improved neither the calibration and the
discrimination nor the clinical utility of the tested
models, when compared to the basic model includ-
ing only IPI values.

One of the strengths of our study is the use
of advanced statistical methods,202122 as well as
the thorough histopathological evaluation of all
samples by a skilled hematopathologist who was
blinded to the clinical data. The STRATOS analysis
of Cox regression, a novel and advanced statisti-
cal method to analyse the potential differences be-
tween classifications, has, to the best of our knowl-
edge, never been done in the setting of the DLBCL.
This advanced methodology disclosed no differ-
ence in survival regardless of the classification
(COO Dby IHC, COO by NGS, and new genetic types
by NGS) used. Based on the data and subanalysis
of this study, the only factor with valid prognostic
significance for overall survival was IPI, which re-
mained significant regardless of the classification
method applied (COO by IHC, COO by NGS, or
new genetic subtypes by NGS per Schmitz’s pro-
posal). Schmitz ef al. and Chapuy et al. also showed
IPI's prognostic significance for overall survival
in a multivariate model.*!> However, their stud-
ies reported also significantly different survival
outcomes based on COO subtypes, which was not
confirmed in our study. Additionally, the prognos-
tic value of COO subtyping has been questioned in
a Hungarian study of 247 DLBCL patients, where
the COO subtype failed to predict prognosis.?”
Thus, the prognostic impact of COO subtypes ap-
pears more complex than initially suggested by
Hans et al.®

The disadvantages of this study are its retrospec-
tive nature, and when compared to the Schmitz’s,

Chapuy’s and Lacey’s study, a smaller number
of patients included (they included 574, 304 and
928 patients, respectively)."*'¢ Yet, the number is
still higher than in Crotty’s and Scott’s study.?#%
Another limitation of this study is the relatively
high number of samples that failed quality con-
trol (QC failed category). The sequencing quality
control likely failed for several reasons. The most
common issue was the contamination of sample
with DNA, as indicated by an imbalanced ratio of
RNA to DNA reads. In a few cases, the final library
concentration was low, leading to insufficient cov-
erage for meaningful analysis. On the other hand,
the limited number of just 7 genes analyzed in our
study can be either regarded as a limitation of the
study on classification capabilities into novel ge-
netic subtypes due to the reduced impact of altera-
tions in other genes (mutated in lymphoma) or as
the strength of the study by offering a simplified
approach to this classification in clinical practice.

Conclusions

The Archer FusionPlex Lymphoma assay tested
in our study showed a somewhat lower detec-
tion rate of novel genetic subtypes compared to
reports based on exome sequencing. An in-depth
statistical analysis of patients’ survival across the
groups defined by our approach did not confirm
its value in predicting outcome of DLBCL patients.
However, the difference in proportion of success-
fully categorized patients within novel genetic
subgroups, as proposed by Schmitz et al, with
Archer’s FusionPlex Lymphoma assay compared
to exome sequencing was relatively small, making
our simplified approach to classifying of DLBCL
patients potentially useful in everyday practice.
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Background. Anlofinib has shown encouraging therapeutic effect on various solid tumors. This study assessed the
efficacy and safety of anlotinib monotherapy in patients with recurrent or metastatic nasopharyngeal carcinoma
(rmNPC).

Patients and methods. This study retrospectively included 30 patients with rmNPC, most following at least one
previous line of systemic therapy. Patients underwent anlotinib monotherapy (12 or 10 mg/day). The primary endpoint
was objective response rate (ORR). The secondary endpoints included progression-free survival (PFS), overall survival
(OS), and toxicity.

Results. Thirteen patients (43.3%) had metastatic NPC, 10 (33.3%) had recurrent NPC, and 7 (23.3%) had both meta-
static and recurrent NPC. Twenty-two patients (73.3%) were platinum-refractory, and 23 (76.7%) received at least three
cycles of anlotinib therapy. The best overall response was partial response observed in four patients, stable disease
in 18, and progressive disease in eight. The ORR was 13.3% (95% Cl, 0.4-26.2%) and disease control rate was 73.3%
(95% Cl, 56.5-90.1%). The median OS and PFS were 11.5 months (95% ClI, 7.5-15.5) and 5.7 months (95% Cl, 4.7-6.7),
respectively. The relatively common grade 3 or higher adverse events were hand-foot syndrome (13.3%) and oral
mucositis (13.3%).

Conclusions. Anlotinib monotherapy demonstrated positive efficacy in patients with rmNPC. It was well tolerated by
these patients and had acceptable toxicity.

Key words: anlofinib; nasopharyngeal carcinoma; recurrent; metastasis; tyrosine kinase inhibitors (TKI)
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Introduction

Nasopharyngeal carcinoma (NPC) has a tremen-
dous heterogeneity in geographical distribution
and is highly prevalent in southern China. The
age-standardized rates in prevalence areas are
50-100 times higher than in non endemic areas
of the world.! About 70% of patients present with
locoregionally advanced disease at diagnosis, and
approximately 30% of these eventually develop lo-
coregional recurrence or distant metastasis, even
after radical chemoradiotherapy.>® The combina-
tion of gemcitabine and cisplatin chemotherapy
with or without PD-1 inhibitor-based immunother-
apy is the first-line therapy for recurrent or meta-
static nasopharyngeal carcinoma (rmNPC).*” No
commonly accepted second-line therapy is avail-
able for platinum-refractory patients.® Even with a
growing number of treatment choices for patients
with platinum-refractory rmNPC in recent clinical
studies, only modest improvement in survival has
been achieved, the median progression-free sur-
vival (PFS) being only 1.6-13.8 months.*!!

Angiogenesis induction has been considered as
one of the ten hallmarks of cancer.!> Recently, the
clinical application of tyrosine kinase inhibitors
(TKI) targeting proangiogenic receptors, particu-
larly the vascular endothelial growth factor recep-
tor (VEGFR) family, has significantly improved
the survival of several solid tumors, including
NPC.*7 Our previous study showed that apatinib,
a novel small-molecule VEGFR signaling pathway
inhibitor, achieved a high objective response rate
(ORR) of 36.4% in patients with rmNPC who had
experienced first-line treatment failure.” However,
apatinib tolerance in patients with rmNPC was
poor, with 57.6% of the patients required dose ad-
justment during treatment.!”

Anlotinib hydrochloride is a novel multi-target
TKI used to treat angiogenesis and proliferative
signaling of tumors, with high efficacy by inhib-
iting VEGFR-1-3, platelet-derived growth factor
receptor-a and f3, fibroblast growth factor recep-
tor-1-4, c-Kit, and Ret.”® The phase 3 ALTER0303 trial
showed that anlotinib monotherapy as third-line
treatment of advanced non-small cell lung cancer
can significantly prolong the median PFS from 1.4
months to 5.4 months and the median overall sur-
vival (OS) from 6.3 months to 9.6 months.”” Anlotinib
showed moderate efficacy and tolerable toxicity in
patients with platinum-refractory ovarian cancer.’
This data analysis was conducted in patients with
rmNPC who had failed prior platinum-based chem-
otherapy or were unwilling to undergo further
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chemotherapy, aiming to investigate the clinical ef-
ficacy and safety of anlotinib in these patients.

Patients and methods
Patients of the study

This study retrospectively included patients with
histopathologically diagnosed rmNPC from eight
centers in the Guangxi Zhuang Autonomous
Region, China, between January 1, 2019, and
September 30, 2021. Patients were eligible for an-
lotinib treatment due to the following reasons: 1)
no standard second-line treatment was available
for rmNPC; 2) further chemotherapy was con-
traindicated; 3) refusal of chemotherapy due to
toxicity from prior treatment. The inclusion crite-
ria were: 1) histologically and/or radiographically
confirmed rmNPC; 2) adequate hematological
and biochemical parameters (absolute neutrophil
count 2 1.5x10°/L; haemoglobin level > 90 g/L; total
bilirubin up to 1.5 times the upper limit of normal;
alanine aminotransferase, aspartate aminotrans-
ferase or alkaline phosphatase up to 2.5 times the
upper limit of normal; serum creatinine up to 1.5
times the upper limit of normal); 3) performance
status of 0-2 (Eastern Cooperative Oncology
Group [ECOG]); 4) measurable lesion according to
RECIST Version 1.1 criteria; and 5) disease progres-
sion after platinum-based chemotherapy (evaluat-
ed by RECIST Version 1.1) or refusal to receive fur-
ther chemotherapy. Exclusion criteria included: 1)
prior treatment with antiangiogenic drugs before
anlotinib therapy; 2) involvement or invasion of a
major vascular structure by the tumor; 3) serious
comorbidities that could potentially affect patient
survival; 4) pregnant or breastfeeding women.

This study was approved by the ethics commit-
tees of all eight participating centers and adhered
to the Declaration of Helsinki and Good Clinical
Practice guidelines. All patients provided writ-
ten informed consent before initiation of anlotinib
treatment, and confidentiality of their medical da-
ta was maintained.

Treatment

One cycle of oral anlotinib consisted of once-daily
administration on days 1-14 followed by a pause of
seven days.”” The initial anlotinib dose was 12 or
10 mg/day, based on the investigators’ assessment
and the patients’ general conditions. Dose modi-
fication to 10 or 8 mg/day was permitted based
on treatment-related toxicities. When > Grade 2
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adverse reactions occurred, anlotinib treatment
would be interrupted until the adverse reaction
recovered to < Grade 2. If tolerated, the patient
continued with the same anlotinib dosage; other-
wise, the dose was adjusted. Treatment was per-
manently discontinued if the patient experienced
persistent toxicities despite dose adjustments or if
progressive disease (PD) was documented.

Patient evaluation and follow-up

Objective treatment response was assessed ac-
cording to RECIST Version 1.1, based on imaging
examinations performed at baseline and every
two cycles of anlotinib treatment until treatment
discontinuation or disease progression. Adverse
events were recorded and graded according to the
Common Terminology Criteria for Adverse Events
(CTCAE, Version 5.0) during anlotinib treatment.
Physical examination and laboratory parameters
were recorded at baseline and at each follow-up
examination during treatment. Laboratory tests
and safety assessments were conducted within
one month after the last dose of anlotinib in pa-
tients who discontinued treatment.

Statistical analysis

The ORR was the primary endpoint, and second-
ary endpoints included disease control rate (DCR),
PFS, OS, and adverse events. ORR was calculated
as the proportion of patients with complete re-
sponse (CR) and partial response (PR) in the entire
cohort. DCR was calculated as the proportion of
patients with CR, PR, and stable disease (SD) in
the entire cohort. PFS was calculated from the start
of anlotinib treatment to the time of PD or death
from any cause. OS was defined as the time from
the start of anlotinib treatment to death from any
cause. Survival endpoints were censored at the
time of the last follow-up for patients who reached
the end of the study without progression or death.

The 95% confidence intervals (CI) of the ORR
and DCR were calculated using the Clopper-
Pearson method. Survival curves were estimated
using Kaplan-Meier method. Multivariable analy-
sis was performed using the Cox proportional
hazards analysis and backward stepwise selec-
tion. Adverse events were summarized by fre-
quency and percentage. Statistical significance
was defined as a two-sided P-value < 0.05. All sta-
tistical analyses were performed using IBM SPSS
Statistics for Windows, Version 24.0 (IBM Corp,
Armonk, NY, USA).

Results
Patient characteristics

A total of 30 eligible patients with rmNPC were
included. The median age of the participants was
55 years (range, 35-76 years). Table 1 summarizes
the baseline characteristics of all included patients.
Most patients (n = 28; 93.3%) were disease stage III
or IV at diagnosis. Among the included patients, 10
(33.3%) had locoregional recurrence (nasopharynx,
cervical lymph nodes, or both), 13 (43.3%) had dis-
tant metastatic disease (nine after chemoradiother-
apy and four at the time of diagnosis), and 7 (23.3%)
had both locoregional recurrence and distant me-
tastasis. The most common organ involved in me-
tastasis was the liver (11 patients; 36.7%). Anlotinib
was administered after one line of chemotherapy to
13 (43.3%) patients, while 9 (30.0%) received at least
two prior lines of systemic therapy before anlotinib
treatment. Sixteen patients (53.3%) had platinum-
refractory disease. Of the remaining 14 patients,
eight rejected chemotherapy and used anlotinib as
first-line treatment (two patients were older than 70
years; one patient had chronic renal insufficiency;
five patients refused chemotherapy due to hemato-
logical toxicity from previous chemoradiotherapy),
three could not continue chemotherapy due to tox-
icity from first-line platinum based chemotherapy,
and three did not receive a platinum-containing
regime as first-line treatment for personal reasons.

Treatment administration

The end of follow-up in this study was December
28,2021, at which time nine patients were still alive,
and four continued with the anlotinib treatment.
The median follow-up time was 18.3 months (range,
12.5-24.1 months). A total of 173 cycles of anlotinib
were administered to the 30 patients (median, 4
cycles; range, 1-21 cycles), with 23 (76.7%) patients
receiving more than three cycles and 6 (20.0%) re-
ceiving over ten cycles. The anlotinib starting dose
was 12 mg/day in 21 patients (70.0%) and 10 mg/day
in 9 (30.0%). Dose reductions were uncommon, oc-
curring in only 4 (13.3%) patients (from 12 mg/day
to 10 mg/day due to Grade 3 oral mucositis in two
patients, and from 10 mg/day to 8 mg/day due to
Grade 3 hand-foot syndrome [HEFS] in one patient
and Grade 2 hypothyroidism in another). Drug in-
terruption occurred in 8 patients (26.7%) to allevi-
ate adverse reactions (four for oral mucositis, two
for HFS, and two for nasal bleeding). Overall, 10
(33.3%) patients had dose reduction or discontinua-
tion of treatment due to toxicities (of these, two pa-
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TABLE 1. Baseline characteristics of 30 patients with recurrent or metastatic

nasopharyngeal carcinoma freated with anlotfinib monotherapy

Characteristics

No. of patients (%)

Qin JE et al. / Anlotinib monotherapy in recurrent or metastatic nasopharyngeal carcinoma

tients continued treatment with a reduced dose af-
ter treatment interruption). By the end of the study,
26 (86.7%) patients had discontinued therapy, 20
(66.7%) due to disease progression, and 6 (20.0%) for
other reasons, including unacceptable toxicity re-

Age (years)
Median (55) lated to anlotinib (n = 2), change to other treatment
Range (35-76) options (n = 2), voluntary termination of antitumor
Sex therapy (n = 1), and loss to follow-up for unknown
Male 25 (83.3) reason (n =1).
Female 5(16.6)
ECOG status Treatment efficacy
0-1 24 (80.0) A .
mong the 30 evaluable patients, the best overall
& S (L) response was categorized as follow: PR in 4 pa-
Disease stage® at diagnosis tients (13.3%), SD in 18 patients (60.0%), and PD
Stage I 2 (6.7) in 8 patients (26.7%). These results translated into
Stage I 9 (30.0) an ORR of 13.3% (95% CI, 0.4-26.2%) and a DCR
stage IV 19 (63.3) of 73.3% (95% CI, 56.5-90.1%; Figure 1A). Further
Disease status when starting anlotinib therapy analysis of .the patiegts Who aChie.Ve(.i IR revealed
Local recurence p— that 2 patients mamtrfuned remission for more
than three months, while the other 2 patients sus-
Metastatic disease® 13 (43.3) tained remission for over six months (Figure 1B).
Both 7(23.3) By the cutoff date, a total of 22 patients (73.3%)
Metastatic sites experienced PD, with 20 of them succumbing to
Liver 11 (36.7) the disease (66.7%). In terms of survival outcomes,
Lung 10 (33.3) the median PFS was 5.7 months (95% CI, 4.7-6.7
Bone 10 (33.3) months; Figure 2A), and the median OS was 11.5
Distant lymph node 8 (26.7] months (95% CI, 7.5-15.5 months; Figure 2B).
Number of prior systemic therapy lines
0 8 (26.7) Toxicity
1 13 (43.3) Toxicity data were collected and analyzed for the
>2 9 (30.0) 30 patients who received anlotinib. The most com-
Platinum-refractory diseasec mon drug-related adverse events included HFS (n
Yes 16 (53.3) = 15; 50.0%), hypertension (n = 12; 40.0%), oral mu-
No 14 (46.7) cositis (n =11; 36.7%), hypothyroidism (n = 9; 30.0%),
Anlofinib starfing dose and fatigue (n = §; 26.7%) (Table 2). Bleeding events
were observed in seven patients (23.3%), with four
12mg 21(70.0) (13.3%) exhibiting Grade 1 urinary occult blood and
10mg 7(30.0) three (10.0%) experiencing Grade 3 nasal bleeding.
RT for recurrent/metastatic lesions Other adverse events of > Grade 3 severity included
Yes 3(10.0) HFS (n = 4; 13.3%), oral mucositis (n = 4; 13.3%), hy-
No 27 (90.0) pertension (n = 1; 3.3%), and arthralgia (n = 1; 3.3%).
Surgical treatment for recurrent lesions All adverse elvents Were. de.emed tOI.erable and
Vs 2 (67] manageable with appropriate interventions.
No 28 (93.3)
Immunotherapy before anloftinib Discuss‘ion
Yes 3 (10.0)
No 27 (90.0) This study offers valuable insights into the efficacy

and safety of anlotinib monotherapy in patients
aAccording to the 8" American Joint Committee on Cancer Stage (AJCC) staging system. : CS :
°Includes patients with metastatic disease at diagnosis and those after radical treatment. with rmNPC, the ma]orlty of whom had received

cPatients with disease progression within 6 months after first-line chemotherapy with a at least one pI‘iOI‘ systemic treatment. The cohort

platinum-containing regimen. o o o
ECOG = Eastern Cooperative Oncology Group; RT = radiotherapy demonstrated an ORR of 13.3% (95 % CI, 0.4-26.2 A)),
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FIGURE 1. Treatment efficacy of anlotinib in patients with recurrent or metastatic nasopharyngeal carcinoma. (A) Waterfall plot
shows the maximum change in target lesion diameter relative to baseline in each patient, following RECIST criteria, Version 1.1.
(B) Swimmer's plot shows the duration of response for each patient.

a DCR of 73.3% (95% CI, 56.5-90.1%). The median
PFS was 5.7 months (95% CI, 4.7-6.7 months), and
median OS was 11.5 months (95% CI, 7.5-15.5
months). Grade 3 and 4 toxicities were relatively
infrequent, with 10 patients (33.3%) undergoing
dose reductions or discontinuation of treatment
due to adverse events. Overall, these findings in-
dicate that anlotinib may offer efficacy and a toler-
able safety profile in patients with rmNPC.
Patients with rmNPC typically experience
disease progression within 7.0 months follow-
ing chemotherapy.* Recent phase III clinical trials
have demonstrated that the combination of cispl-
atin, gemcitabine, and PD-1 monoclonal antibody
can significantly extend the median PFS to 9.7-11.7
months. However, most patients eventually devel-
oped disease progression, resulting in a 1-year PFS
of 45.8-49.4%.%¢ There is currently no standard sal-

vage treatment for patients whose platinum-con-
taining regimen. Previous studies have shown that
single-drug chemotherapy or PD-1 monoclonal an-
tibody monotherapy yields an ORR of 2.9-48%, a
median OS was 7.6-17.1 months and a median PFS
was 2.4-9.9 months.>®* Our results indicate that an-
lotinib has comparable efficacy to these treatments,
with a median PFS approaching six months.

The lack of a standardized treatment for plat-
inum-refractory patients has prompted several
clinical trials evaluating VEGF-VEGFR signaling
pathway inhibitors in heavily pretreated patients.
These studies have reported variable ORRs of
2.7-36.4% and median PFS of 1.8-5.0 months.?'»
For instance, sunitinib?® achieved an ORR of
71% and pazopanib??> achieved an ORR of 6.1%,
while sorafenib® demonstrated an ORR of 3.7%.
Apatinib, which showed an ORR of over 30%, re-

TABLE 2. Most common adverse reactions due fo anlotinib treatment (incidence > 5%)

All grades Grade 1 Grade 2 Grade 3 Grade 4
Adverse reaction
n (%)

Hand-foot syndrome 15 (50.0) 6 (20.0) 5(16.7) 4 (13.3) 0
Hypertension 12 (40.0) 8 (26.7) 3 (10.0) 1(3.3) 0
Oral mucositis 11 (36.7) 5(16.7) 2(6.7) 4 (13.3) 0
Hypothyroidism 9 (30.0) 7 (23.3) 2(6.7) 0 0
Fatigue 8 (26.7) 5(16.7) 3(10.0) 0 0
Proteinuria 5(16.7) 5(16.7) 0 0 0
Positive urinary occult blood 4 (13.3) 4 (13.3) 0 0 0
Leukopenia 3(10.0) 3(10.0) 0 0 0
Nasal bleeding 3 (10.0) 0 0 3 (10.0) 0
Arthralgia 2(6.7) 0 1(3.3) 1(3.3) 0
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FIGURE 2. Survival curves for the 30 patients under anlotinib monotherapy in this
study. (A) Progression-free survival and (B) overall survival.

quired dose modifications in over 40% of patients
due to intolerable toxicities.?* In comparison, anlo-
tinib exhibited a modest ORR and had relatively
acceptable toxicities in this study. This result is
consistent with another prospective phase II study,
in which anlotinib had an ORR of 20.5% and a me-
dian PFS of 5.7 months in 39 patients with rmNPC
treated with third line therapy.?®

The most common adverse reactions in this
study were consistent with those reported for
targeted therapies in solid tumors. Grade 3 or
higher adverse events included HFS (n = 4; 13.3%),
oral mucositis (n = 4; 13.3%), nasal bleeding (n = 3;
10.0%), hypertension (n = 1; 3.3%), and arthralgia (n
= 1; 3.3%). The relatively low toxicity of anlotinib
may be attributed to its low half-maximal inhibito-
ry concentration (IC,,).? Previous phase III clinical
trials have reported that the incidence of Grade 3
oral mucositis associated with anlotinib treatment
was as low as 1%." However, in this study, Grade
3 oral mucositis occurred at a higher rate and
emerged as the primary reason for dose reduc-
tion or discontinuation of anlotinib. Similar find-
ings were observed in a recent prospective phase
II study, which demonstrated that the incidence of
grade 3 oral mucositis during anlotinib treatment
for rmNPC was 21.1% (8 of 38 patients), with 6 pa-
tients requiring dose adjustment.”® These results
can be attributed to the widespread late radiation
toxicity in patients with NPC who previously re-
ceived high-dose radiotherapy, predisposing them
to oral mucositis when using antiangiogenic drugs.

One of the risks associated with the use of ty-
rosine kinase inhibitors is bleeding, particularly in
patients with recurrent NPC who have undergone
radiotherapy and chemotherapy.'** Both sunitinib
and pazopanib have been linked to fatal hemor-
rhagic events in patients with rmNPC.??2 Phase II
clinical studies reported a high bleeding risk for
patients with rmNPC under sunitinib therapy,
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with 9 (64%) of the patients experiencing such
events and 2 patients suffering from fatal bleed-
ing.?!' In a prospective study of 33 patients with rm-
NPC treated with pazopanib, one patient experi-
enced fatal bleeding.?> Adverse bleeding reactions
were rarely reported in previous studies on the use
of anlotinib in solid tumors.??® A recent prospec-
tive study did not identify any grade 3 bleeding
events caused by anlotinib in patients with rmN-
PC.% In our study, Grade 3 nasal bleeding caused
by anlotinib occurred in three patients (10%), two
of whom had nasopharynx recurrence and one
had liver and lung metastasis. No fatal hemor-
rhages or bleeding from other organs occurred in
our study. Vascular radiation injury and the result-
ing regression or necrosis of tumor-invading ves-
sels have been suggested as potential main cause
of these bleeding events.” Given the finding from
previous studies and this study, the occurrence of
bleeding events should be closely monitored dur-
ing the clinical application of antiangiogenesis
therapy in patients with rmNPC who have previ-
ously received radiotherapy, particularly in those
with nasopharynx recurrence.

The current study has several limitations that
should be acknowledged. First, the relatively small
sample size and the short duration of follow-up
may have introduced bias into the survival analy-
sis, potentially obscuring the true efficacy of anlo-
tinib. Second, the heterogeneous nature of the pa-
tient population, particularly the varying propor-
tions of patients with liver metastasis, could have
influenced the observed outcomes. Third, we were
unable to investigate potential biomarkers associ-
ated with anlotinib efficacy, such as VEGFR-2 ex-
pression. Future studies should focus on exploring
these biomarkers to better guide individualized
treatment strategies.

In conclusion, this study provides evidence sup-
porting the efficacy of anlotinib monotherapy in
patients with recurrent or metastatic nasopharyn-
geal carcinoma (rmNPC). The treatment was gen-
erally well-tolerated, with a manageable toxicity
profile. However, these findings require further
validation through larger-scale, prospective stud-
ies.
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Background. Low skeletal muscle mass has been increasingly recognized as a negative prognostic factor in oncol-
ogy. According to the European Working Group on Sarcopenia in Older People 2 (EWGSOP2), sarcopenia is defined
as a progressive and generalized skeletal muscle disorder characterized by the loss of muscle strength and muscle
mass, which can lead to impaired physical performance. This study aimed to investigate whether baseline low muscle
mass and dynamic changes in muscle mass during immunotherapy could predict treatment response and survival in
patients with metastatic renal cell carcinoma (mMRCC) treated with Nivolumab.

Patients and methods. This retrospective cohort study included 50 mRCC patients (35 men, 15 women; mean age
59.1 £10.2 years) who received Nivolumab between 2019 and 2022 and underwent abdominal computed tomogra-
phy (CT) before and during freatment. Muscle mass was assessed by calculating the skeletal muscle index (SMI) at the
third lumbar vertebra using standard Hounsfield unit thresholds (—29 to +150 HU). Treatment response was evaluated
according to immune Response Evaluation Criteria in Solid Tumors (iRECIST). Overall survival (OS) and progression-free
survival (PFS) were analyzed using Kaplan—-Meier curves and Cox regression models.

Results. Low muscle mass was identified in 60% of patients and was significantly associated with multiple organ
metastases (p = 0.003). Patients with baseline low muscle mass or a negative change in SMI during freatment demon-
strated poorer freatment response (p = 0.027 and p = 0.021, respectively). Both OS and PFS were significantly shorter
in patients with low muscle mass and those with declining muscle mass during freatment.

Conclusions. Pre-treatment low muscle mass and muscle mass decline during immunotherapy were independently
associated with inferior survival and treatment response in mRCC patients receiving Nivolumab. CT-based muscle
mass assessment may serve as an imaging-based prognostic biomarker in this population.

Keywords: renal cell carcinoma; low muscle mass; computed tomography; nivolumab
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Introduction

Kidney cancer accounts for approximately 5%
of all new cancer diagnoses in men and 3% in
women worldwide.! According to Global Cancer
Observatory (GLOBOCAN) 2020 estimates, renal
cell carcinoma (RCC) ranks as the 14" most com-
monly diagnosed cancer globally and represents
more than 85% of all primary renal malignan-
cies!? Furthermore, updated GLOBOCAN data
reveal that in 2022, approximately 20 million new
cancer cases and 9.7 million cancer-related deaths
occurred worldwide, reflecting the growing global
burden of malignancies.® At initial diagnosis, ap-
proximately 70% of patients have localized disease
in the kidney, while the remaining 30% present
with regional or distant organ metastases.* The
treatment of renal malignancies differs between
localized and metastatic disease; standard treat-
ments such as partial or radical nephrectomy are
applied for localized disease, whereas in advanced
or metastatic cases, in addition to cytoreduc-
tive nephrectomy, “targeted” therapies, cytokine
treatments, and immunotherapy can be utilized.
Significant advancements have been made in
the treatment of metastatic renal cell carcinoma
(mRCC), particularly in recent years. Tyrosine
kinase inhibitors targeting vascular endothelial
growth factor, platelet derived growth factor re-
ceptor, MET, AXL and immunotherapeutic agents
effective at immune checkpoint inhibition have
emerged as the most prominent treatment modali-
ties.> Nivolumab, an immunotherapeutic agent, is
the first immune checkpoint inhibitor approved
for the treatment of mRCC, developed against the
programmed death-1 (PD-1) antigen.® Nivolumab
prevents the programmed death ligand-1 molecule
on tumor cells from binding to the PD-1 molecule
on T cells, thus facilitating the activation of T cells
against tumor cells in RCC with single or multi-
ple metastases. However, as with many treatment
modalities, there are numerous factors influencing
the treatment response to Nivolumab. These fac-
tors include tumor burden, tumor subtype, type
of mutation, cancer stage, number and location of
metastatic organs, patient performance status, and
comorbidities.®

According to the European Working Group on
Sarcopenia in Older People 2 (EWGSOP2), sarco-
penia is defined as a progressive and generalized
skeletal muscle disorder characterized by the loss
of muscle strength and muscle mass, which can
lead to impaired physical performance.” Low mus-
cle strength is considered the most important and

primary indicator of sarcopenia, with ‘confirmed
sarcopenia’ diagnosed when low muscle strength
is accompanied by low muscle quantity or quality.”
However, in oncological research, CT-based as-
sessment of skeletal muscle mass has been widely
used as a surrogate marker for overall muscle sta-
tus due to its availability in routine clinical prac-
tice. Low skeletal muscle mass, as measured by CT,
represents a key component of cancer cachexia and
has been consistently associated with poor clinical
outcomes. The rate of sarcopenia in patients with
localized RCC is reported to be approximately
47%, while in mRCC patients, this rate has been in-
dicated to vary between 29% and 68%.3%1° The pres-
ence or absence of low muscle mass is considered
one of the prognostic factors in assessing treat-
ment response and tolerance in mRCC, as well as
in overall survival (OS) and progression-free sur-
vival (PFS).10

In the evaluation of low muscle mass in cancer
patients, computed tomography (CT) is considered
the gold standard imaging modality, as cross-sec-
tional muscle measurements, particularly at the
third lumbar vertebra (L3), provide validated sur-
rogate markers of total body muscle mass.” In pa-
tients with non-cancerous conditions or in healthy
populations, alternative methods such as bioel-
ectrical impedance analysis or dual-energy X-ray
absorptiometry are often preferred due to the high
radiation exposure associated with CT imaging.!!
The Skeletal Muscle Index (SMI), derived from the
ratio of the cross-sectional area of skeletal mus-
cle (SMA) measured from a single CT slice to the
square of the height in meters, is the most com-
monly used parameter in the assessment of muscle
mass.!?

While previous studies have established that
low muscle mass is associated with poor outcomes
in mRCC patients, several gaps remain in the lit-
erature. First, most studies have focused on base-
line muscle assessment without evaluating dy-
namic changes during treatment. Second, the use
of immune Response Evaluation Criteria in Solid
Tumors (IRECIST) for response evaluation in the
context of muscle mass assessment has been un-
derexplored. Third, the predictive value of mus-
cle mass changes specifically during nivolumab
therapy, as opposed to other systemic treatments,
requires further investigation given the unique
mechanisms of immunotherapy:.

The aim of this study is to conduct quantitative
muscle mass analyses based on CT examinations
obtained at baseline and during the 6th to 12th
weeks of Nivolumab treatment in patients with

Radiol Oncol 2025; 59(4): 624-634.
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Patient Selection Flow Chart

Pre-treatment abdominal CT
Follow-up CT (6-12 weeks)

1RECIST assessment
n =350 (35 men, 15 women)

Patients with Renal Cell Carcinoma
Histopathologically confirmed (2019-2022)
Retrospective analysis
Patients with mRCC
Received nivolumab treatment
n=70
Study Design: | Excluded '
Retrospective cohort study : n=13 '
Single-center analysis >‘ '
: Incomplete follow-up records '
' or naccessible medical files !
After First Exclusion
Patients remaining
n=57
Response Assessment: ' Excluded :
IRECIST criteria »: n=7 '
Abdominal CT imaging . CT images with significant artifacts '
] ]
! __interfering with quantitative analysis !
Final Study Cohort

FIGURE 1. Patfient selection flow chart for the retrospective analysis of nivolumab treatment in metastatic renal cell carcinoma.

mRCC. We aim to evaluate the effect of pre-treat-
ment low muscle mass on OS, PFS, and treatment
response. Additionally, we aimed to determine the
impact of dynamic changes in muscle mass during
the treatment process on OS, PFS, and treatment
response — an aspect that has received limited at-
tention in the immunotherapy literature.

The inclusion of patients treated with
Nivolumab, an immunotherapeutic agent, and the
use of “immune Response Evaluation Criteria in
Solid Tumours” (iRECIST) criteria for response
evaluation distinguish our study from similar
research in the literature.”® This methodological
choice is particularly important given the poten-
tial for pseudoprogression, a transient increase in
tumor burden caused by immune cell infiltration,
which is frequently observed during immuno-
therapy. In addition, the evaluation of changes in
SMI during treatment and their association with
both treatment response and survival represents
another key strength of our study.

Radiol Oncol 2025; 59(4): 624-634.

Patients and methods
Patients

The present retrospective cohort study received
approval from the Clinical Research Ethics
Committee of our hospital (Decision No: E1-22-
2532, April 6, 2022) prior to its initiation. Patients
diagnosed with RCC histopathologically at our
hospital between 2019 and 2022 were retrospec-
tively analyzed. Of those, 70 patients with mRCC
and received Nivolumab for mRCC were identi-
fied as eligible for the study. 13 patients with in-
complete follow-up records or inaccessible files
were excluded from the study group. 7 patients
whose CT images exhibited significant artifacts
that interfered with accurate interpretation and
caused errors in quantitative analysis were ex-
cluded from the study (Figure 1). Consequently,
50 patients (35 men, 15 women) who underwent
abdominal CT imaging prior to nivolumab treat-
ment and follow-up abdominal CT scans within
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FIGURE 2. Axial computed tomography images at the level of the third lumbar vertebra. (A) Unprocessed image used for
skeletal muscle area analysis. (B) Skeletal muscle areas (highlighted in orange) were manually segmented based on a
Hounsfield unit (HU) threshold range of -29 to +150 to quantify muscle tissue area.

6 to 12 weeks for response assessment based on
the iRECIST were included in the final cohort.
Demographic characteristics including age and
sex distribution were recorded for all patients.
Age data are reported as mean + standard devia-
tion, and categorical variables as frequencies and
percentages. Immunotherapy agents may elicit
unconventional tumour responses, such as pseu-
doprogression, which challenge standard assess-
ment criteria. The iRECIST guideline provides a
standardized framework to capture and classify
these atypical patterns, improving the accuracy
of response evaluation in immunotherapy trials.
Therefore, control CT scans obtained 6 to 12 weeks
after treatment were reviewed and patients’ re-
sponses to immunotherapy were assessed accord-
ing to iRECIST criteria. The patients’ sex, age at the
time of RCC initial diagnosis, method of diagnosis
(biopsy, nephrectomy), whether they underwent
surgery, stage at diagnosis, histopathological type
of RCC, Fuhrman grade, ‘International Metastatic
RCC Database Consortium’ (IMDC) score and risk
group, metastasis characteristics (lymph node me-
tastasis, distant organ metastasis, combination of
lymph node and distant organ metastases, etc.),
the date of initiation of Nivolumab treatment, and
whether progression occurred under nivolumab
were recorded. The OS and PFS outcomes of the
patients were calculated.

CT protocol and image analysis

Abdominal CT examinations were obtained us-
ing a 128-slice multidetector CT scanner (General
Electric Revolution Evo 128, Milwaukee, USA). The

technical parameters used in the scan protocol
in both CT scans of the patients were as follows:
2 mm collimation, 2 mm slice thickness, rotation
time: 0.6 seconds, pitch: 1, FOV: 40 cm, kV: 120, mA:
200-400. Two radiologists (15 and 5 years of ex-
perience with abdominal CT) evaluated the cases
independently and blinded to clinical notes and
laboratory and radiological reports in the picture
archiving and communication systems (PACS).
A specialized software program (Advantage
Workstation 4.7 Revolution, General Electric,
Milwaukee, USA) was used for the quantitative
assessment of muscle mass. In the abdominal CT
scans obtained before the initiation of nivolumab
treatment, skeletal muscles at the L3 vertebral level
(rectus abdominis, lateral and oblique abdominal
muscles, psoas major, quadratus lumborum, erec-
tor spinae, and multifidus muscles) were evaluated
from a single slice. To identify muscle structures, a
density range of (-29)/(150) Hounsfield unit, widely
accepted in the literature, was selected.! The area
of the muscle structures in the determined density
range at the L3 vertebral level was measured in
square centimeters (cm?) and the SMA value was
found (Figure 2). To normalize the measurements,
the SMA was divided by the square of the patient’s
height, resulting in the SMI expressed in cm?m?
SMI was considered a continuous variable and
was used as an indicator of total body muscle mass
based on studies indicating that the total cross-
sectional area of skeletal muscle at the L3 vertebral
level is linearly associated with total body muscle
mass.’>1® The cutoff values for SMI used to deter-
mine the presence or absence of low muscle mass
were derived from previous studies conducted in
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similar populations, with values below 52.4 cm?
m? in men and 38.5 cm?m? in women being con-
sidered as low muscle mass.'”’® In the follow-up
abdominal CT scans performed for treatment re-
sponse assessment, SMI values were re-measured
from the same anatomical slices, and changes in
muscle mass-related parameters were recorded
throughout the treatment period. Additionally, the
difference between pre-treatment SMI and post-
treatment SMI was evaluated to investigate its re-
lationship with patients” PES, OS, and objective re-
sponse. Furthermore, patients’ treatment respons-
es were assessed according to iRECIST criteria,
and the statistical relationship with muscle mass
was analyzed. Changes in SMI, denoted as ASMI,
were calculated by subtracting the SMI value
measured on CT scans obtained before the initia-
tion of Nivolumab treatment from the value meas-
ured on control CT scans performed for treatment
response evaluation. A positive ASMI indicated an
increase in muscle mass during treatment, where-
as a negative ASMI indicated a decrease.

Statistical analysis and statistical power
analysis

Statistical analysis was performed using SPSS 22
(Statistical Package for the Social Sciences Version
22.0 for Windows) (SPSS Inc., Chicago, IL, USA).
Sex distribution within muscle mass groups was
analyzed using Chi-square test. Age differences
between groups were compared using independ-
ent t-test for normally distributed data or Mann-
Whitney U test for non-normally distributed
data, with results reported as mean * standard
deviation or median (range) as appropriate. The
Chi-square test or Fisher’s exact test was used for
the comparison of categorical variables, as ap-
propriate. Univariate and multivariate analyses
for OS were conducted using the Cox regression
model. Survival analyses were performed using
the Kaplan-Meier method, and the results were
analyzed with the Log-rank test. OS was defined
as the time from the start of nivolumab treatment
to death or the last follow-up date for living pa-
tients. PFS was defined as the time from the start
of nivolumab treatment to progression.

To assess interobserver agreement for SMA
measurements, the intraclass correlation coef-
ficient (ICC) was calculated with 95% confidence
intervals. ICC values were interpreted as follows:
< 0.50 indicated poor agreement, 0.50-0.75 mod-
erate agreement, 0.75-0.90 good agreement, and
0.90-1.00 excellent agreement. Test-retest reli-

Radiol Oncol 2025; 59(4): 624-634.

ability was evaluated by calculating ICC between
measurements obtained from CT scans performed
at different time points, using the same interpreta-
tion criteria as interobserver agreement. Statistical
significance was set at p < 0.05 with 95% confi-
dence intervals.

Post hoc power analysis was conducted to eval-
uate the study’s ability to detect clinically mean-
ingful differences between groups. Power calcula-
tions were performed using G*Power 3.1.9.7 and R
software (version 4.3.0), based on observed effect
sizes, event rates, and sample sizes. For survival
endpoints, power was estimated using the log-
rank test and Cox proportional hazards models;
for categorical outcomes, Chi-square tests and
logistic regression models were used. All calcula-
tions assumed a two-sided alpha level of 0.05.

The study achieved adequate power (> 75%) for
the primary survival comparisons between low
muscle mass and normal muscle mass groups
(85.2% for overall survival; 78.6% for progression-
free survival). Multivariate Cox regression mod-
eling also demonstrated high power (89.6%) for de-
tecting combined effects of low muscle mass, ASMI,
and metastatic burden on overall survival. Power
for secondary endpoints, particularly treatment re-
sponse analyses, ranged between 68.9% and 74.3%,
which is considered acceptable for exploratory pur-
poses. Considering the retrospective design, no
prior sample size calculation was performed.

Results

Interobserver agreement for SMA measurements
was assessed using a two-way mixed-effects mod-
el with absolute agreement for single measure-
ments ICC(2,1). The analysis demonstrated excel-
lent agreement between the two radiologists (ICC
= 0.947, p < 0.001).

Characteristics of patients

The study included 50 patients (35 men [70%], 15
women [30%]) with a mean age of 59.1 + 10.2 years.
The mean age was 59.9 + 9.5 years in males and
571 + 11.8 years in females. Histopathologically,
only 4 patients (8%) had papillary type RCC, while
46 (92%) had clear cell type RCC. IMDC score of
5 patients could not be calculated due to missing
parameters. In 45 patients for whom IMDC data
were available, 36 patients (80%) were classified as
good risk, 5 patients (11%) as moderate risk and 4
patients (9%) as poor risk according to risk catego-
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TABLE 1. Comparison of clinical characteristics and survival outcomes by baseline muscle mass status

Low buscle mass present

Low muscle mass absent

Feature (n = 30) (n = 20) p-value
Patients, n (%) 30 (60) 20 (40) -
Age, mean £ SD 60£10.5 57.7£9.9 0.382
Sex (men / women) 25/5 10/10 0.013*
IMDC score (favorable / intermediate / poor) 23/2/2 13/3/2 0.541
Objective treatment response (Yes / No) 2/28 6/ 14 0.027*
Overall Survival, Months (95% Cl) 20 (8.1-31.9) NR <0.001*
Progression-Free Survival, Months (95% Cl) 8.8 (5.7-11.9) 30.2 (13.1-47.4) 0.004*

Statistically significant p-values are marked with an asterisk (*). Mann-Whitney U, Chi-square, and log-rank tests were used where appropriate.

Cl = confidence interval; HR = hazard ratio; IMDC = International Metastatic Renal Cell Carcinoma Database Consortium; ASMI = change in

skeletal muscle index

TABLE 2. Association of change in skeletal muscle index with clinical and survival outcomes

Variable ASN;:1 liezgsc;ﬁve ASIZ\J :c;ssi;ive p-value
Age, mean £ SD 61.0£10.1 571 +10.1 0.180
Sex (men/ women) 18/7 17 /8 0.758
IMDC score (favorable / intermediate / poor) 18/1/3 18/4/1 0.249
Presence of multiple metastases, n (%) 19 (76) 11 (44) 0.021*
Baseline low muscle mass, n (%) 19 (76) 11 (44) 0.021*
Objective treatment response (Yes / No) 1/24 7/18 0.021*
Overall survival, months (95% ClI) 15.8 (0-37.0) NR 0.027*
Progression-free survival, months (95% ClI) 8.1 (1.6-14.6) 30.2 (11.5-49.0) 0.005*

Low muscle mass defined as SMI < 52.4 cm2/ m2in men and < 38.5 cm2/m2in women . Statistically significant p-values are marked with an asterisk
(*). Mann-Whitney U, chi-square, and log-rank tests were used where appropriate.

Cl = confidence Interval; IMDC = International Metastatic Renal Cell Carcinoma Database Consortium; NR = not reached; ASMI = change in

skeletal muscle index

ries. At initial diagnosis, 20 patients (40%) had no
metastasis, while metastasis was present in 30 pa-
tients (60%). All patients received at least one line
of systemic therapy, including interferon, pazo-
panib, sunitinib or everolimus, prior to nivolum-
ab, and received nivolumab after failure of these
therapies. First-line treatments included interferon
in 27 patients (54%), sunitinib in 12 patients (24%),
and pazopanib in 11 patients (22%). Nivolumab
was administered as second-line therapy in 18 pa-
tients (36%), third-line therapy in 17 patients (34%),
fourth-line therapy in 12 patients (24%), and fifth-
line therapy in 3 patients (6%).

In the quantitative analyses obtained from
pre-treatment CT scans, low muscle mass was
present in 30 patients (60%) of the entire patient

group, whereas 20 patients (40%) had normal mus-
cle mass. Sex distribution showed a difference
between muscle mass groups: in the low muscle
mass group, 25 patients (83.3%) were male and 5
(16.7%) were female, while in the normal muscle
mass group, 10 patients (50%) were male and 10
(50%) were female (p = 0.013). The mean age in the
low muscle mass group was 60.0 + 10.5 years, while
the mean age in the normal muscle mass group
was 57.7 = 9.9 years, which was not a statistically
significant difference (p = 0.382).

When evaluated with respect to the organs in-
volved in metastasis, no statistically significant as-
sociation was found between low muscle mass and
specific metastasis locations. However, the pres-
ence of low muscle mass was found to be statisti-
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FIGURE 3. Kaplan-Meier survival curves illustrating overall survival (OS) and progression-free survival (PFS) in patients with
metastatic renal cell carcinoma strafified by muscle mass status and skeletal muscle index (SMI) change. (A) OS was
significantly shorter in patients with low muscle mass compared to those normal muscle mass group (HR: 35.00; 95% Cl: 3.22-
381.69; p =0.003). (B) PFS was significantly shorter in patients with low muscle mass than in normal muscle mass group (HR: 12.50;
95% Cl: 2.10-73.91; p = 0.004). (C) Patients with a negative ASMI had significantly reduced OS compared to those with a positive
ASMI (HR: 6.10; 95% Cl: 1.46-25.47; p = 0.013). (D) A negative ASMI was associated with significantly shorter PFS compared to a

positive ASMI (HR: 4.50; 95% CI: 1.15-17.65; p = 0.031)

Cl = confidence interval; HR = hazard ratio; HU = Hounsfield unit; OS = overall survival; PFS = progression-free survival; ASMI = change in skeletal

muscle index

cally significantly higher in patients with multiple
organ metastases (p = 0.003).

In the group with a negative change in SMI
(ASMI-negative), the mean age was 61.0 + 10.1 years,
while in the group with a positive change (ASMI-
positive), it was 57.1 + 10.1 years. The mean age was
higher in the ASMI-negative group, though this dif-
ference was not statistically significant (p = 0.180).
No significant association was observed between
sex and ASMI groups (p = 0.758). Additionally, no
significant statistical relationships were identified
with respect to IMDC categories, the type of or-
gans involved in metastasis, and histological sub-
types. When evaluating the number of metastatic
organs, the presence of multiple metastases was
significantly associated with a negative change in
ASM], similar to the association observed with low
muscle mass (p = 0.021).

Radiol Oncol 2025; 59(4): 624-634.

Evaluation of response to treatment

In the sarcopenic group, only 2 patients (7%) had
an objective response to treatment, while 28 pa-
tients (93%) had no response. In the normal muscle
masss group, 6 patients (30%) had an objective re-
sponse to treatment, while 14 patients (70%) had no
objective response. The objective response rate in
the normal muscle mass group was found to be sta-
tistically significant (p = 0.027). When evaluated in
terms of objective response, 24 patients (96%) in the
ASMI-negative group did not achieve an objective
response to treatment, whereas 18 patients (72%)
in the ASMI-positive group also did not achieve
an objective response (p = 0.021). The association
of the presence or absence of low muscle mass and
change in SMI with response to treatment is sum-
marized in Table 1 and Table 2.
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TABLE 3. Cox regression analysis for overall survival

631

Univariate HR Multivariate HR

Variable (95% CI) p-value (95% CI) p-value
Age 1.01 (0.96-1.05) 0.594 0.98 (0.92-1.05) 0.713
Sex (female vs. male) 0.89 (0.34-2.33) 0.818 0.86 (0.22-3.25) 0.825
Low muscle masss (present vs. absent) 17.50 (2.33-131.10) 0.005* 35.00 (3.22-381.69) 0.003*
ASMI (negative vs. positive) 2.72 (1.07-6.87) 0.034* 6.10 (1.46-25.47) 0.013*
IMDC score (intfermediate/poor vs. favorable) 0.67 (0.15-2.94) 0.600 1.57 (0.26-9.38) 0.621
Multiple metastases (present vs. absent) 3.11 (1.12-8.64) 0.029* 5.21 (1.00-27.10) 0.050*
Histologic subtype (non-clear cell vs. clear cell) 0.85 (0.11-6.40) 0.877 0.68 (0.04-9.56) 0.779
Lymph node metastasis (present vs. absent) 0.82 (0.34-1.98) 0.665 0.31 (0.07-1.22) 0.094
Lung metastasis (present vs. absent) 1.26 (0.51-3.09) 0.614 0.27 (0.05-1.39) 0.118
Liver metastasis (present vs. absent) 1.78 (0.71-4.49) 0.216 0.94 (0.24-3.67) 0.940

Statistically significant p-values are marked with an asterisk (*).

Cl = confidence interval; HR = hazard ratio; IMDC = International Metastatic Renal Cell Carcinoma Database Consortium; ASMI = change in skeletal muscle index

TABLE 4. Cox regression analysis for progression-free survival

Univariate HR Multivariate HR

Variable (95% CI) p-value (95% CI) p-value
Age 0.99 (0.96-1.03) 0.647 0.98 (0.93-1.03) 0.437
Sex (female vs. male) 0.87 (0.38-2.00) 0.739 1.00 (0.33-3.05) 0.994
Low muscle mass (present vs. absent) 417 (1.91-9.10) <0.001* 4.98 (1.99-12.42) <0.001*
ASMI (Negative vs. Positive) 3.52 (1.50-8.26) 0.004* 6.42 (2.18-18.91) 0.001*
IMDC score (infermediate/poor vs. favorable) 1.13 (0.33-3.84) 0.849 2.12 (0.48-9.30) 0.321
Multiple metastases (present vs. absent) 2.53 (1.07-5.97) 0.035* 1.97 (0.59-6.63) 0.267
Histologic subtype (non-clear cell vs. clear cell) 0.95 (0.18-5.01) 0.950 1.39 (0.15-12.92) 0.771
Lymph node metastasis (present vs. absent) 0.76 (0.34-1.70) 0.510 0.52 (0.17-1.63) 0.264
Lung metastasis (present vs. absent) 1.18 (0.52-2.67) 0.692 0.59 (0.18-1.89) 0.374
Liver metastasis (present vs. absent) 1.33 (0.62-2.88) 0.466 0.89 (0.30-2.66) 0.839

Statistically significant p-values are marked with an asterisk (*).

Cl = confidence interval; HR = hazard ratio; IMDC = International Metastatic Renal Cell Carcinoma Database Consortium; ASMI = change in skeletal muscle index

Survival analysis

The median OS for the entire group was 40.3
months (95% CI, 16.9-63.8), and the median PFS
was 12.8 months (95% CI, 6.9-18.6). While the me-
dian survival could not be reached in the normal
muscle mass group, the median OS in the low
muscle mass group was 20 months (p < 0.001)
(Figure 3A). The PFS for the low muscle mass
group was 8.8 months, while it was 30.2 months in
the normal muscle mass group, which was statis-
tically significantly higher (p = 0.004) (Figure 3B).

The association of low muscle mass with clinical
features and survival is summarized in Table 1.
Furthermore, OS and PFS were significantly higher
in the ASMI-positive group compared to the ASMI-
negative group (p =0.027 and p = 0.05, respectively)
(Figure 3C-D). The association of changes in mus-
cle mass with survival is summarized in Table 2.

Univariate and multivariate analysis

Univariate and multivariate analyses were per-
formed to assess the associations of OS and PFS
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632

Ozkan E et al. / Predictive value of low muscle mass in mRCC

with age, sex, histologic type, presence or absence
of low muscle mass, ASMI, IMDC risk group, num-
ber of metastases and metastasis site.

In the univariate Cox regression analysis, low
muscle mass prior to nivolumab treatment (hazard
ratio [HR]: 17.50; 95% CI: 2.53-121.03; p = 0.005), a
negative change in ASMI (HR: 2.72; 95% CI: 1.08-
6.88; p = 0.034), and the presence of multiple organ
metastases (HR: 3.11; 95% CI: 1.12-8.64; p = 0.029)
were found to be significant prognostic factors for
0s.

In the multivariate analysis, low muscle mass
remained an independent predictor of mortal-
ity, with affected patients exhibiting significantly
shorter OS compared to normal muscle mass indi-
viduals (HR: 35.00; 95% CI: 3.22-381.69; p = 0.003).
Likewise, a negative ASMI was associated with in-
creased mortality (HR: 6.10; 95% CI: 1.46-2547; p =
0.013), and multiorgan metastases showed a bor-
derline association with poorer OS (HR: 5.21; 95%
CI: 1.00-27.10; p = 0.050) (Table 3).

In the univariate analysis, low muscle mass
(HR: 5.80; 95% CI: 1.80-18.60; p = 0.003), negative
ASMI (HR: 3.40; 95% CI: 1.20-9.70; p = 0.027), and
multiple organ metastases (HR: 2.88; 95% CI: 1.05-
792; p = 0.038) were identified as significant pre-
dictors of shorter PFS.

Multivariate analysis revealed that low muscle
mass remained an independent predictor of dis-
ease progression (HR: 12.50; 95% CI: 2.10-73.91; p
= 0.004), as did negative ASMI (HR: 4.50; 95% CI:
1.15-17.65; p = 0.031). The association between mul-
tiorgan metastases and PFS remained borderline
significant (HR: 3.80; 95% CI: 0.98-14.80; p = 0.053)
(Table 4).

Discussion

This study demonstrated that both baseline low
muscle mass and negative change in SMI during
nivolumab therapy were strongly associated with
reduced treatment efficacy, shorter PFS and lower
OS in patients with mRCC. Additionally, both low
muscle mass and a negative ASMI were signifi-
cantly correlated with a higher incidence of multi-
organ metastases. These findings underscore the
prognostic importance of skeletal muscle status in
the context of immunotherapy.

While the association between low muscle mass
and poor outcomes in mRCC has been previously
established, our study provides several novel in-
sights. First, we demonstrate that dynamic chang-
es in muscle mass during nivolumab treatment
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(ASMI) serve as independent predictors of both
survival outcomes and treatment response, with
patients experiencing muscle mass decline show-
ing significantly worse outcomes even when base-
line muscle status is considered. This dynamic as-
sessment approach has been underexplored in the
immunotherapy literature. Second, our use of iRE-
CIST criteria for response evaluation in the context
of muscle mass assessment addresses the unique
challenges of immunotherapy response patterns,
including pseudoprogression, which may con-
found traditional response assessments. Third,
our findings specifically validate the prognostic
utility of muscle mass assessment in nivolumab-
treated patients, contributing to the growing evi-
dence base for precision medicine approaches in
immunotherapy selection and monitoring.

Our results are in line with a recent meta-anal-
ysis, which reported significantly worse OS in
sarcopenic patients compared to non-sarcopenic
individuals across both localized and mRCC pop-
ulations.”” While Herrmann et al. did not find a sta-
tistically significant OS difference, other studies
such as those by Fukushima ef al. and Sharma et al.
demonstrated that sarcopenia is an independent
predictor of poor survival.l%22! Qur cohort further
supports these findings, with significantly shorter
median OS in sarcopenic patients. Furthermore,
patients who developed a positive ASMI during
the course of treatment were found to have longer
OS compared to patients who experienced a de-
crease in muscle mass.

The PFS findings in our study are also consist-
ent with the existing literature. Ueki et al. reported
a median PFS of 8.3 months in sarcopenic patients
and 484 months in non-sarcopenic patients in
their study in mRCC patients using nivolumab.??
In our cohort, median PFS was similarly reduced
in sarcopenic patients and those with negative
ASMI, emphasizing the potential value of dynamic
muscle assessment during immunotherapy.

Another clinically important observation was
the significantly lower objective response rate in
sarcopenic patients and those with reduced SMIL
These findings echo those of Ishihara et al. who
reported reduced treatment response in patients
with progressive muscle wasting during targeted
therapy.?® While their study is relevant to suni-
tinib, the consistency in our nivolumab-treated
cohort suggests a broader association between low
muscle mass and therapeutic resistance.

Importantly, we observed that patients with
baseline low muscle mass were more likely to ex-
perience additional muscle loss during treatment.
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This observation, consistent with previous findings
in sunitinib-treated patients, may reflect a com-
pounding effect of pre-existing low muscle mass
and treatment-related catabolism. Additionally, pa-
tients with negative ASMI were significantly older,
suggesting that age-related sarcopenia and tumor-
related cachexia may exert synergistic effects in
promoting muscle degradation.?

Skeletal muscle acts as a dynamic endocrine and
immunomodulatory organ by releasing myokines
that influence immune responses, including the
activation and regulation of cytotoxic T lympho-
cytes.? Sarcopenia, compromises immune surveil-
lance and reduces therapeutic response to immune
checkpoint inhibitors.?>?¢ Furthermore, chronic
systemic inflammation, commonly observed in
sarcopenic individuals, contributes to the devel-
opment of an immunosuppressive tumor micro-
environment, further compromising treatment
efficacy.?”

Generally, sarcopenia has emerged as a prom-
ising imaging-derived biomarker reflecting host
physiology, immune competence and systemic in-
flammation.? Unlike molecular biomarkers such
as PD-L1 expression and tumor mutation burden,
which have shown limited predictive utility in
immunotherapy, muscle status provides a com-
prehensive, patient-level insight into biological
reserve and treatment tolerance. Several systemic
inflammatory markers such as C-reactive protein
and neutrophil/lymphocyte ratio have been inves-
tigated as prognostic indicators.?>?* However, these
are non-specific and are vulnerable to confound-
ing by infections or treatment-related toxicities.

Muscle mass can be objectively and reproduc-
ibly assessed by imaging modalities such as CT,
making it a practical tool for the assessment of
low muscle mass in oncology. However, although
CT-based quantitative muscle mass measurement
is a validated and reproducible method to assess
amount of muscle mass, it does not capture muscle
strength or physical performance. Accordingly, in-
tegrating imaging assessments with functional as-
sessments such as grip strength or walking speed
would improve the clinical relevance of measuring
sarcopenia.

Recent studies have emphasized the importance
of muscle quality, particularly skeletal muscle ra-
diodensity, as an additional determinant of treat-
ment outcomes. Low muscle attenuation values,
indicative of increased fat infiltration (myosteato-
sis), have been associated with worse clinical out-
comes in patients receiving immunotherapy.?*
However, variability in CT protocols, including

the use of intravenous contrast agents, may limit
the consistency of radiodensity measurements be-
tween centers.

This study has several limitations. First, its ret-
rospective and single-center design may affect the
generalizability of our findings. Second, while
our sample size (n = 50) is comparable to other
nivolumab studies, it limits the statistical power
for subgroup analyses. Additionally, it is impor-
tant to acknowledge that our study assessed only
muscle quantity (mass) through CT-based SMI
measurements, which represents only one compo-
nent of the comprehensive sarcopenia assessment
as defined by EWGSOP2. True sarcopenia diag-
nosis requires assessment of muscle strength and
potentially physical performance in addition to
muscle mass. Therefore, our findings specifically
relate to low muscle mass rather than confirmed
sarcopenia. While muscle mass serves as a prac-
tical and widely available imaging biomarker, fu-
ture studies incorporating functional assessments
would provide a more comprehensive evaluation
of muscle status and its relationship to treatment
outcomes.

Despite these limitations, the primary outcomes
in our study were robust, and both low muscle
mass and ASMI remained independent predic-
tors of OS and PFS in multivariate analyses. Our
findings support the integration of skeletal mus-
cle evaluation into routine oncologic assessment
for patients receiving immunotherapy. Future
prospective studies incorporating nutritional and
rehabilitative interventions are warranted to vali-
date and expand these observations.

Conclusions

This study demonstrates that both baseline low
muscle mass and treatment-related muscle mass
decline are associated with poorer treatment re-
sponse, shorter PES, and lower OS in mRCC pa-
tients receiving nivolumab. The dynamic assess-
ment of muscle mass changes during treatment
provides additional prognostic information be-
yond baseline measurements. Routine CT-based
assessment of muscle mass can serve as a practi-
cal imaging biomarker to complement existing
prognostic tools, though integration with func-
tional assessments would enhance its clinical util-
ity. Larger-scale prospective studies incorporating
both structural and functional muscle parameters
are needed to validate these findings and explore
interventional strategies.
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Med obrambo in dostavo. Odziv zaznavanja
DNA po genskemu elektroprenosu

Jesenko T, Omerzel M, Heller LC, CemaZar M

Izhodisca. Genska terapija se je uveljavila kot prelomni biomedicinski pristop, ki omogo&a nove te-
rapeviske moznosti za Stevilne doslej neozdravljive bolezni z vnosom rekombinantnin nukleinskih kislin v
tarcne celice. Med nevirusnimi tehnikami vnosa genov je genski elektroprenos (angl. gene electrotrans-
fer, GET) postal ena najpogosteje uporablienih metod v klini¢nih raziskavah. Temelji na uporabi kratkih,
visoko intenzivnih elekiri¢nih impulzov, ki zacasno povecajo prepustnost celicnin membran in omogocijo
uCinkovit prenos plazmidne DNA ali drugih vrst rekombinantnin nukleinskih kislin v razlicne tipe celic.
Poleg vioge pri dostavi genov lahko GET sprozi kompleksne celicne odzive, saj vhesena DNA interagira
z znotrajceliCnimi signalnimi potmi za zaznavanje DNA, ki sodelujejo v prirojeni imunosti in vnetju. Ti odzivi
lahko vplivajo na terapevtski izid — bodisi z okrepitvijo protitumorske ucinkovitosti in imunske aktfivacije po
ceplienju ali zzmanjsanjem ucinkovitosti transfekcije, kadar pride do pretiranega vnetja ali celicne smrti.
Nasi eksperimentalni izsledki v tumorskih, misicnih in koznih modelih so pokazali, da lahko tudi nekodiro-
joca plazmidna DNA, dostavljena z GET, sprozi lokalno imunsko stimulacijo in tkivno specificno vnetno

signalizacijo, kar nakazuje, da vnesena DNA sama prispeva k terapeviski uCinkovitosti.

Zakljuéki. Dvojna narava celicnih odzivov po GET plazmidne DNA predstavlja hkrati priloznost in izziv.
Nadzorovano akfivacijo prirojene imunosti lahko izkoristimo za okrepitev profitumorskega ucinka ali
imunske stimulacije po ceplienju, medtem ko lahko pretirani odzivi ovirajo delovanije fistih uCinkovin, kjer
sta kljucni prezivetje celic in dolgotrajna izrazanja gena. Razumevanje teh mehanizmov omogoca raci-
onalno optimizacijo parametrov GET in zasnove plazmidnih vektorjev, da bi se v celoti izkoristil adjuvantni
uCinek ali zmanjsal nezazeleni uCinek zaznavanja DNA po GET, glede na Zeleno uporabo.

Radiol Oncol 2025; 59(4): 1-XVI.
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Premagovanje bolecine. Zdravljenje z
implantibilno intratekalno crpalko je
prelomnica za obvladovanje bolecine pri
bolnikih z rakom

Potocnik I, Strazisar B, Lenasi H, Zupanc T

Izhodis¢a. Kroni¢na bolecina pri raku, zlasti v napredovalih stadijin, ostaja pomemben kiiniéni izziv, ki
pogosto zahteva kombinirane postopke. Ceprav so sistemski opioidi standardno zdravljenje, mnogi bol-
niki ne Cutijo zadostnega olajsanja aliimajo zdravila hude stranske ucinke. Implantibilni intratekalni sistemi
za dajanje zdravil (angl. implantable infrathecal drug delivery systems, IDDS) so se pojavili kot obetavna
moZna ozbira, ki omogoca cilino analgezijo z zmanjsanim bremenom opioidov in izboljsano kakovostjo
Zivljenja.

Bolniki in metode. V narativni pregled literature smo vkljucili slovensko porocilo o primeru, ki podrobno
opisuje prve nacionalne izkusnje z implantacijo IDDS za refraktorno bolecino pri raku. Klinicne raziskave
ocenjujejo ucinkovitost in varnost taksnega zdravljenja z vizualno analogno lestvico (VAS), vprasalnikom

Evropske organizacije za raziskave in zdravljenje raka o kakovosti Zivlienja (EORTC QLQ-C30) in z revidira-
nim sistemom za ocenjevanije simptomov po Edmontonu (r-ESAS).

Rezultati. Ugotovitve iz literature potriujejo, da intratekalne Erpalke zagotavijajo znatno in dolgotrajno
lajSanje bolecin, pogosto z znatnim zmanjSanjem sistemskin odmerkov opioidov in povezanih stranskih
uCinkov. V primerjavi s konvencionalno farmakoterapijo je intratekalna aplikacija zdravil povezana z
izboljsanimi izidi, o katerih porocajo bolniki, manj§im stevilom hospitalizacij in nizjimi dolgorocnimi stroski
zdravstvene oskrbe. V prikazanem primeru so se vrednosti v VAS kmalu po implantacijizmanjSale z> 8 na
3. hkrati pa so se izboljSali indeksi kakovosti zivijenja.

Zakljuéki. DDS predstavljgjo klinicno ucinkovito in ekonomsko vzdrzno moznost za izbrane bolnike s
kompleksno bolecino zaradiraka, zlasti kadar se sistemsko zdravljenje izkaze za nezadostno. Njihova vklju-
Citev v multidisciplinarne poti paliativne oskrbe podpira bolniku prilagojene, varne in soCutne pristope
zdravlienja. Zdruzevanjem pregleda literature s pridoblienimi nacionalnimi izkusnjomi pokaze dodatno
vrednost infratekalnega zdravlienja in spodbuja k Sirsi klinicni ozavescenosti in prihodnjim raziskavam.
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Uporabnost '8F-FDG PET/CT pri ocenjevanju
prizadetosti kosthega mozga in napoved poteka
bolezni pri novo diagnosticiranem difuznem
velikocelichem limfomu B

Yang C, Hong L, Duan F, Wang X, Li P, Wang D

Izhodisce. Prizadetost kostnega mozga pri bolnikih z difuznim velikoceliénim limfomom B pomembno
vpliva na nacrte zdravljenja in napoved poteka bolezni, Ceprav je klinicna diagnoza tezavna. Namen
raziskave je bil oceniti uporabnost PET/CT pri ocenjevanju prizadetosti kostnega mozga in napovedi po-
teka bolezni pri na novo diagnosticiranih bolnikih s to boleznijo.

Bolniki in metode. V retrospektivno raziskavo smo vklju&ili 57 bolnikov z difuznim velikoceliénim lim-
fomom B, ki smo jim pred zacetkom zdravlienja naredili biopsijo kosthega mozga in PET/CT. Povecan
privzem FDG v kosthem mozgu na PET/CT posnetkih je kazal na prizadetost kosthega mozga, kar ni bilo
moci pripisati benignim spremembam. Ce je bila biopsija kosthega mozga porzitivna ali &e se je privzem
v kostnem mozgu med PET/CT spremljanjem zmanjsal so¢asno kot v drugih limfomskih lezijah, smo poftrdili
diagnozo prizadetost kosthega mozga. Pri oceni stanja kostnega mozga s PET/CT smo upostevali tako
vizualno analizo kot kvantitativni indeks, natancneje, razmerje med najvedjimi standardiziranimi vrednost-
mi privzema v kostnem mozgu in jetrin. Dejavnike, povezane z 2-letnim prezivetiem brez napredovanja
bolezni, smo andlizirali z uporabo Coxovega regresijskega modela proporcionalnih tvegan;.

Rezultati. Prizadetost kostnega mozga smo diagnosticirali pri 34 bolnikih. PET/CT je pokazal ve&jo na-
tancnost (93,0 % v primerjavi s 75,4 %) in obcutljivost (94,1 % v primerjavi z 58,8 %) kot biopsija kosthega
mozga. Med obdobjem spremljanja je bolezen napredovala pri 15 bolnikih. Edini neodvisni napovedo-
valci prezivetja brez napredovanja bolezni so se pokazali stanje zmogljivosti po lestvici Vzhodne koope-
rativne onkoloske skupine (angl. Eastern Cooperative Oncology Group, ECOG), razmerje med najvedjimi
standardiziranimi vrednostmi privzema v kostnem mozgu in jetrih ter ocena kostnega mozga s PET/CT (p
=0,010; 0,002 ter 0,015).

Zakljucki. V raziskavi je imel PET/CT pomembno viogo pri ocenjevanju prizadetosti kosthnega mozga in
napovedovanju prezivetja brez napredovanja bolezni pri novo ugotovljenih bolnikih z difuznim velikoce-
licnim limfomom B.
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Primerjava perkutanih aortnih zaklopk Myval,
Sapien in Evolut pri simptomatskih bolnikih z
aortno stenozo in nizkim do zmernim kirurskim
tveganjem

Bunc M, Steblovnik K, Terseglav S, AmbroziC J, Bervar M, Dimitrovska L, Cercek M,
Kovac A, Pleskovic P, Kogoj P, Fras Z, Sustersic M, Vrtovec B

Izhodis¢a. V ¢lanku na podatkih iz vsakdanje klinicne prakse primerjamo ucinkovitost in varnost treh
vrst perkutanih bioloskih aortnih zaklopk: Myval, Sapien in Evolut pri bolnikih s hudo simptomatsko aortno
stenozo in nizkim do zmermnim kirurSkim tveganjem.

Bolniki in metode. Med septembrom 2019 in septembrom 2023 smo v Univerzitethem kliniéhem centru
Ljubljana opravili 1053 perkutanih vstavitev aortnih zaklopk (angl. transcatheter aortic valve implantation,
TAVI). Z analizo ujemanja rezultatov nagnjenosti smo primerjali tri vrste zaklopk: Myval, Sapien in Evolute.
V raziskavo smo vkljucili 180 bolnikov, 60 z vsako od razli¢nih zaklopk. Opazovali smo hemodinamske pa-
rametre, hospitalne zaplete zdravljenja ter mortaliteto po 30 dnehin 1 letu od posega.

Rezultati. Med vrstami zaklopk nismo ugotovili razlik v najvisji hitrosti pretoka preko aortne zaklopke,
srednjem gradientu preko aortne zaklopke, povrsini aortnega ustja in v iztisnem delezu levega prekata.
Po andalizi uiemanja rezultatov nagnjenosti prav tako nismo ugotavljali razlik med vrstami zaklopk Myval,
Sapien in Evolut v pojavnosti nezelenih ucinkov, kot so mozganska kap (3.4 % vs. 3,4 % vs. 0,0 %; p = 0,548),
Zivlienjsko ogrozujoca krvavitev (1.7% vs. 1.7% vs. 1.7 %), periproceduralni miokardni infarkt (3,3 % vs. 0,0
% vs. 0,0 %; p = 0,330), potreba po vstavitvi stalnega srénega spodbujevalnika (11,9 % vs. 10,2 % vs. 15,0
%, P = 0,719), smrtnost po 30 dneh (3.3 % vs. 50 % vs. 3,.3%; p = 1.000) in po enem letu (8,3 % vs. 8,3 %
vs. 10,0 %; p = 0,934). Zabelezili smo dva primera zmerne paravilvularne regurgitacije, enega pri uporabi
zaklopke Myval in enega pri zaklopki vrste Sapien. V ostalih primerih ni bilo paravalvularne regurgitacije
ali pa je bila najvec blaga.

Zakljuéki. Andaliza rezultatov iz vsakdanje kliniCne prakse pri simptomatskih bolnikih z aortno stenozo in
nizkim do zmernim kirurskim tveganjem je pokazala, da je uporaba bioloskin aortnih zaklopk vrst Myval,

Sapien ali Evolut podobno ucinkovita ter varna in s primerljivo smrtnostjo.
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Kardiotoksicnost pri bolnicah z nizkim do
zmernim kardiovaskularnim tveganjem, ki so
prejemale zdravila proti HER2. Prospektivna

raziskava s kardialno magnetno resonanco
Cheng S, Deng M, Qi L, Li F, Chen J, Cui S, Wang Y, Liu J, Fan Y, Xie L, Wang J
Izhodis¢a. Namen raziskave je bil ovrednotiti kardiotoksi¢nost pri bolnicah, ki smo jin zdravili z zdravili

proti HER2 in so imele nizko do zmerno tveganje za kardiovaskularne zaplete. Uporabili smo slikanje z
magnetno resonanco srca (CMR).

Bolniki in metode. Med januarjem 2021 in decembrom 2022 smo v prospektivno raziskavo vkljuil
bolnice s pozitivnim HER2 rakom dojke, pri katerih smo pred zdravljenjem in med njim naredili preiskavo
CMR. Sledili smo jih 3-5 meseceyv ter 6-12 mesecev po pricetku zdravljenja in pri vsaki bolnici na zacetku
zdravljenja ocenili tveganje za kardiovaskularno toksi¢nost.

Rezultati. Obravnavali smo 35 bolnic s pozitivnim HER2 rakom dojke (stare 48,86 + 10,34 let). Nizko
tveganje za kardiovaskularno toksi¢nost je imelo 89 %, zmerno pa 11 % bolnic. S konfrolno CMR smo pri
9 (25,71 %) bolnicah ugotovili, da se je pojavila motnja srcnega delovanja. Ob prvem sledenju so se v
primerjavi z izhodiscnim stanjem opazno zmanjsali iztisni delez levega prekata, indeks utripnega volumna
srca, indeks minutnega volumna srca in absolutne vrednosti deformacije, ki so jih spremljale visje vredno-
sti T1 in T2 fer indeks koncnega sistolicnega volumna (p < 0,002). Ob drugem sledenju so se vrednosti T1
in T2 vrnile skoraj na izhodis¢no vrednost. Pri indeksu minutnega volumna srca je bilo opaziti kontinuirano
upadanje (p =0,022), medtem ko so bile druge spremenljivke podobne (p > 0,05). Poleg tega je vrednost
T1 ob prvem sledenju pokazala izrazito povecanje pri bolnikih s stopnjo 1 do 3 dejavnikov tveganja za
srcno-zilno toksiCnost v primerjavi z bolnicah brez dejavnikov tveganja (p < 0,043).

Zakljucki. zgodnja kardiotoksi€¢nost med zdravljenjem z anti-HER2 se je pogosto pojavila pri bolnicah z
majhnim do zmermnim kardiovaskularnim tveganjem. Upostevanje spremembe vrednosti T1 lahko pomao-
ga pri vrednotenju specificnega obsega manjsih tkivnin poskodb.
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Vpliv vrste katetra, Stevila Sivov in starosti
bolnika na izpad perkutane nefrostome
Kuhelj D, Sustersi¢ A, Zdesar U

Izhodisca. Izpad katetra perkutane nefrostome onemogo&a uspesno drenazo urina ter tako poslabia
kakovost zivljenja bolnikov. Namen pricujoCe analize bolnikov je bil prispevati h razjasnitvi dejavnikov, ki
vplivajo na izpad katetra, sqj je takih podatkov v literature sorazmerno malo.

Bolniki in metode. V prospektvno raziskavo smo vklju&ili bolnike, ki so bili med 3. marcem in 3. okfo-
brom 2023 napoteni na Klini¢ni radioloski institut Univerzitetnega klinicnega centra Ljubljana zaradi zame-
njave perkutane nefrostome. Kot mozne dejavnike, ki bi lahko vplivali na izpad katetra, smo pregledali
vrsto katetra, Stevilo Sivov in starost bolnikov. Za analizo podatkov smo uporabili deskriptivno stafistiko ter
Pearsonov hi? test; statisti¢na pomembnost je bila dolo¢ena pri vrednosti pod 0,05.

Rezultati. V izoranem &asu smo nadomestili katetre pri 57 bolnikih (35 moskih, povpre&na starost vseh
bolnikov 71,4 let); uporabili smo 58 katetrov z zanko (angl. loop catheters), ki so imeli nitko in 17 katetrov
z zanko brez nitke; 55 katetrov je bilo pritrjenih z enim Sivom, 20 pa z dvema Sivoma. V opazovanem casu
je 17 perkutanih nefrostomskinh katetrov (22,7%) izpadlo; sredniji Cas od postavitve do menjave katetra je
bil 4,16 mesecev. Statisticno pomembnih razlik med vrsto katetra, stevilom Sivov in starostjo bolnikov, ki bi

prispevale h izpadu katetra, nismo zabelefzili (hi2 0,57; 0,34 in 0,61).

Zaklju(:ki. Raziskava ni pokazala vpliva vrste katetra, Stevila Sivov ali starosti bolnikov na pogostost
izpadanja katetrov. Najpogostejsi vzroki za izpadanje katetrov so najverjetneje bili vecja aktivnost bolni-
kov ter pomanikljiva nege katetrov v mesecih po vstavitvi. Ustrezna razlaga bolniku o skrbi za kateter ter
ustrezna nega katetra bi lahko povecala dolgoro€no uspesno drenazo.
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Ucéinkovitost in varnost perkutane
mikrovalovne ablacije jetrnih tumorjev ob
uporabi antene s protifazno tehnologijo, ki

omogoca ultrasferi¢no ablacijo

Arik E, Taydas O, Dertli T, Sevinc OF, Kara AB, Topaloglu OF, Ozdemir M, Senturk A,
Canturk AO, Hacibekiroglu I, Ozturk MH

Izhodisca. Protifazna tehnologija, ki je novost na podro&ju mikrovalovnin anten za perkutano ablacijo
jeter, omogoca oblikovanje bolj sferi¢nih ablacijskin podrocij. Namen raziskave je bil oceniti uCinkovitost
in varnost mikrovalovne ablacije pri zdravljenju jetrnin tumorjev z mikrovalovno anteno, ob uporabi pro-

tifazne tehnologije.

Bolniki in metode. V raziskavo smo vklju&ili 92 bolnikov (skupaj 133 lezij), ki smo jih zdravili z mikrova-
lovno ablacijo zaradi hepatocelularnega karcinoma ali zasevkov v jetrih. Med njimi je imelo 9 bolnikov
hepatocelularni karcinoma, 83 pa zasevke (46 kolorektalne in 37 nekolorektalne). Pri retrospektivni analizi
smo upostevali starost bolnikov, spol, laboratorijske vrednosti pred in po posegu (tevilo belih krvnih celic,
razmerje nevtrofilcev in limfocitov), dimenzijo tumorja in ablacijskega podrocja (1. dan pred posegom
ter 1., 3. in 6. mesec po posegu), podrobnosti izvedbe mikrovalovne ablacije z enim posegom (frajanje,
izhodna moc), zaplete, povezane s posegom, in lokalno napredovanje bolezni/ponovitev med spremlja-
njem bolnikov.

Rezultati. Tehnino smo uspeino izvedli mikrovalovno ablacijo100-odstotno. Uporabili smo srednjo
izhodno moc 80 vatov (razpon: 50-100), povprecna trajanje ablacije je bilo 5,2 + 2,1 minute. Nadaljnje
slikanje je pokazalo razmerje med premerom ablacijskega podrocja in premerom tumorja 1,63 + 0,3.
Vedji zapleti so se pojavili pri 3 bolnikih (3,2 %) in so vkljuCevali jetrni abces (n = 1/92), krvavitev (n = 1/92)
in plevralni izliv (n = 1/92). ManjSe zaplete smo zaznali pri 29 bolnikih (31,5 %). Srednji Cas spremljanja bol-
nikov je bil 33 mesecev (razpon 10-36). Srednji Cas prezivetja brez ponovitve bolezni je bil 25 mesecev
(95 % 1Z: 21-27 mesecev). Med 24-mesecnim spremljanjem smo pri 39 bolnikih (42,4 %) ugotovili lokalno
napredovanje fumorja. Velikost tumorja je bila neodvisni dejavnik tveganja za lokalno napredovanje
bolezni (p =0,012).

Zakljucki. Pricujoca raziskava predstavija najdaljse obdobje spremljanja in najvedjo skupino bolnikov
Z jetrnimi fumorii, ki so bili zdravljeni z mikrovalovno ablacijo ob uporabi protifazne tehnologije. Rezultafi

so pokazali visoko tehnicno uspesnost in sprejemljivo lokalno kontrolo ter sprejemljivo stopnjo zapletov.
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Spremembe invazivnih lastnosti primarnih
glioblastomskih celic po izpostavitvi

reverzibilni elektroporaciji
Blazic¢ A, Majc B, Novak M, Breznik B, Rems L

Izhodisca. Pri zdraviienju glioblastoma s pomocjo elektroporaciie raziskujemo ucinek zdravijenja na
dva nacina: kot postopek za izboljsanje vnosa zdravil v celice in/ali kot metodo za netermicno ablacijo
tfumorskega tkiva. Kljub obetavnim predkliniCnim rezultatom ostaja slabo raziskan vpliv reverzibilne elek-
froporacije na invazivne lastnosti glioblastomskih celic.

Materiali in metode. Pri petih glioblastomskih celi¢nih linijah, ki smo jih pridobili z odvzemom vzorcev
bolnikov, smo najprej ovrednaotili nihovo osnovno invazivno zmoznost. Za nadaljnje poskuse z elekiropo-
racijo smo izbrali dve najbolj invazivni celicni liniji (NIB140 CORE in NIB216 CORE). Celice v suspenziji smo
izpostavili visokofrekvencnim bifaznim elekiricnim pulzom, ki so ustvarili elekiricno polje jakosti 1 kV/cm in
povzrocili reverzibilno elekiroporacijo. Spremembe v invazivnosti in izrazanju genov smo analizirali 24 ur

po izpostavitvi celic elekiricnim pulzom z uporabo testa franswell in sekvenciranja RNK.

Rezultati. Reverzibilna elekiroporacija pri 1 kV/cm je povedala invazivno sposobnost pri obeh testiranih
celi¢nih linijah, vendar ne v enaki meri. Srednja vrednost Stevila invazivnih celic se je po izpostavitvi ele-
kfricnemu polju povecala za 3,74-krat (274 %) v celicni liniji NIB140 CORE in za 1,30-krat (30 %) v celi¢ni
liniji NIB216 CORE. Nadaljnja transkripcijska analiza je v celi¢ni liniji NIB140 CORE pokazala spremembe
Vv izrazanju genov, povezanih z organizacijo zunagjcelicnega matriksa in aktivnostjo ionskih kanalov, v
NIB216 CORE pa spremembe genov povezanih s citoskeletom, kar nakazuje na aktivacijo celi¢nih poti,
povezanih s procesom invazije.

Zaklju(:ki. Rezultati pricujoCe raziskave nakazujejo, da lahko glioblastomske celice, ki preZivijo izposta-
i

vitev elektroporaciji, pridobijo povecano invazivno sposobnost, spremembe pa so odvisne od tipa celic.
Pri ablaciji tumorjev z ireverzibilno elektroporacijo lahko taksne celice lezijo na obrobju izpostavijenega
obmocja. Pri elektrokemoterapiji pa se celice, ki prezivijo elektroporacijo, lahko pojavijo v primeru ne-

zadostne lokalne koncentracije kemoterapevtika. Raziskava tudi kaze potrebo po nadaljnji validaciji v
fiziolosko ustreznejsin modelih.
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Heterogena ultrastruktura mitohondrijev in
metabolizem cloveskih glioblastomskih celic.
Razlike med mati¢nimi in diferenciranimi

rakavimi celicami v odzivu na kemoterapijo
Bogataj U, Novak M, Galun SK, Fon Tacer K, Vittori M, Van Noorden CJF, Breznik B

Izhodis¢a. Glioblastomske mati¢ne celice prispevajo k odpornosti glioblastoma na standardno zdravije-
nje. Odpornost glioblastomskin mati¢nih celic na kemoterapevtik temozolomid Se ni povsem pojasnje-
na v povezavi celicnega metabolizma in vioge mitohondrijev. Cilj raziskave je bil podrobno opredeliti

mitohondrijsko ultrastrukturo glioblastomskih maticnih celic pred in po izpostavitvi temozolomidu ter jo
primerjati z diferenciranimi celicami glioblastoma.

Materiali in metode. Uporabili smo celi¢ne linije glioblastoma, pridobliene iz biopsij bolnikov, in trajne
celicne linije. Mitohondrijsko ultrastrukturo celi¢nih linij smo andalizirali s presevno elektronsko mikroskopijo.
Mikroskopsko analizo smo dopolniliin primerjali z analizo celi¢nega metabolizmna in pri tem uporabili ana-
lizo metabolne akfivnosti Zivih celic v realnem Casu Seahorse.

Rezultati. Ugotovili smo, da je metabolni vzorec glioblastomskih maticnin celic mirvjo& in aeroben.
Njihovi podolgovati mitohondriji z visoko organiziranimi kristami kazejo na povecano biogenezo in mi-
tohondrijsko fuzijo ter ustrezajo metabolizmu odvisnemu od oksidativne fosforilacije. Metabolizem glio-
blastomskih matic¢nih celic je odvisen od te oksidativne fosforilacije in po zdravijenju s tfemozolomidom
ni sprememb v delezu poskodovanih mitohondrijev teh celic. Nasprotno pa so diferencirane celice
glioblastoma z fragmentiranimi mitohondriji, ki imajo manj organiziranih krist, metabolno bolj aktivne in

glikoliticne. Zdravljenje z temozolomidom je povzrocilo ultrastrukturne poskodbe v mitohondrijih v diferen-
ciranih celicah glioblastoma.

Zakljucki. Pokazali smo razlike v mitohondrijski ulfrastrukturi in celiénem metabolizmmu med glioblastom-
skimi maticnimi celicami in diferenciranimi celicami glioblastoma ob odzivu na temozolomid. To kaze,
da mitohondriji igrajo pomembno viogo pri odpornosti glioblastomaskih maticnih celic na temozolomid.
Raziskava postavija temelje za nadaljnje raziskave odpornosti glioblastomaskih mati¢nih celic na kemo-
terapijo v povezavi z mitohondrijsko strukfuro in funkcijo.
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S humanim papilomavirusom povezan
ploscatoceli¢ni karcinom orofarinksa je

bolj radiosenzitiven kljub zavrti aktivaciji
molekularnih poti zaznavanja citosolne DNK in
prirojenega imunskega odgovora

Levpuicek K, Jesenko T, Komel T, Kranjc Brezar S, Sersa G, Cemazar M, Strojan P

Izhodisca. Plos¢atoceliéni karcinom Zrela predstavija pomemben zdravstveni problem, humani papi-
lomavirus tipa 16 (HPV16) pa ima kljuc¢no vlogo pri nastanku ploscatocelicnega karcinoma orofarinksa.
Ce je povezan s HPV14, je bolj radiosenzitiven v primerjavi s fistim, kjer povezave nismo odkrili. Mehanizmi,
ki to omogocajo, Se niso razjasnjeni. Znano je, da onkoproteina Eé in E7 HPV16 vplivata na signalne poti
zaznavanja citfosolne DNK in s tem na prirojen imunski odziv. Namen raziskave je bil preuciti, kako ob-
sevanje vpliva na aktivacijo citosolnih poti zaznavanja DNK in prirojenega imunskega odziva fer ali to
prispeva k povecani radiosenzitivnosti plos¢atocelicnega karcinoma orofarinksa, ki je povezan s HPV16.

Materiali in metode. V raziskavi smo uporabili modele s HPV16 povezanimi in nepovezanimi plo3¢a-
tocelicnimi karcinomi zrela. Dolocili smo izrazanje posameznih senzorjev DNK in citokinov ter ovrednofili
uCinek obsevanja na prisotnost dvoverizne DNK v citosolu, akfivacijo citosolnih senzorjev DNK, izrazanje
citokinov in infilfracijo imunskih celic tako in vifro kot in vivo. Analize smo izvedli z metodo kvantitativhe
polimerazne rekcije v realnem cas (angl. real-fime quantitative polymerase chain reaction, RT-gPCR) in
z imunofluorescentnim barvanjem.

Rezultati. S HPV16 povezani ploscatocelini karcinom orofarinksa se od preostalih plos&atoceliénih
karcinomov zrela razlikuje v izrazanju senzorjev DNK in citokinov, kar je posledica zaviranja poti genskega
stimulatorja interferona (angl. stimulator of interferon genes, STING). V drugih modelih smo po obsevanju
zaznali aktivacijo senzorjev DNK, ki je bila Casovno in dozno odvisna. Medfem ko je bila z obsevanjem
povezana aktivacija senzorjev DNK v vseh modelih odvisna od doze in ¢asa, smo pri s HPV16 povezo-
nim ploscatocelicnim karcinomom orofarinksa oparzili selektivno aktivacijo ciklicne GMP-AMP sintaze
(angl. cyclic GMP-AMP synthase, cGAS) in STING-a brez pomembnega povecanja izrazanja citokinov
ali akfivacije imunskega sistema. Nasprotno pa smo pri fako s HPV16 povezani kot nepovezani modeli
ploscatocelicnega karcinoma Zrela oparzili aktivacijo senzorjev DNK, povecano izrazanje citokinov in
vecjo infiltracijo imunskih celic po obsevanju.

Zakljucki. Kljuena ugotovitev raziskave je bila, da na pove&ano radiosenzitivnost s HPV 16 povezanega
ploscatocelicnega karcinoma orofarinksa ne vpliva aktivacija molekularnih poti zaznavanja citosolne
DNK in prirojenega imunskega odziva. Med modeli plos€atoceli€nega karcinoma zrela so bile razlike v

izrazanju senzorjev DNK in citokinov glede na dozo in frakcioniranje obsevanja.
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Indukcijska kemoterapija in so¢asna
kemoradioterapija za ohranitev grla pri raku

grla in hipofaringealnem raku
Strojan P, Plavc G, Sifrer R, Jereb S, Lani$nik B, Kokalj M, Gro3elj A, Grasi¢ Kuhar C

Izhodis¢a. Namen raziskave je bil preveriti hipotezo, da lahko klinicni odziv tumorja pri zdravijenju z
ohranitvijo grla zanesljivo razlikujemo med kemo-/radioterapevtsko obcutljivimi in rezistentnimi ftumoriji ze
po enem krogu indukcijske kemoterapije.

Bolniki in metode. Bolnike smo zdravili zindukcijsko kemoterapijo, ki je obsegala docetaksel/cisplatin/s-
-fluorouracil, sledila je socasna kemoradioterapija s tedenskimi aplikacijami cisplatina. Odgovor primar-
nega fumorja na zdravljenje smo ocenjevali s fransnazalno endoskopijo po prvem krogu indukcijske

kemoterapije.

Rezultati. Po enem krogu indukciiske kemoterapije smo odgovor ugotovili pri 37/39 (95 %) bolnikih z
laringealnim (46 %) oziroma hipofaringealnim (54 %) karcinomom, dva bolnika pa sta bila napotena na
resilno operacijo. Prezivetje brez laringektomije po 2 in 5 letih je bilo 87 % in 75 %. Stopniji lokoregionalnega
nadzora bolezni (in tudi prezivetji brez bolezni) sta bili pri obeh vrstah tumorja 79 % oziroma 70 %, celoku-

pni prezivetji pa 92 % oziroma 82 %.

Zakljucv:ki. Klinicna ocena odziva tumorja na zdravlienje po enem krogu indukcijske kemoterapije s
docetakselom/cisplatinom/5-fluorouracilom lahko sluzi kot veljaven in enostaven napovedovalec obcu-
tlivosti tumorja na socasno kemoradioterapijo na osnovi platine.
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Vpliv parodontalne bolezni in parodontalnega
zdravljenja na raka debelega crevesa in danke

Potocnik Rebersak U, Brecelj E, Schara R

Izhodisca. S parodontalno boleznijo povezujejo ved kot 50 bolezni in stanj, med njimi tudi z rakom debe-
lega Crevesa in danke. Namen raziskave je bil ugotoviti, ali zdravljenje parodontalne bolezni pred terapi-
jo raka vpliva na raven C-reaktivhega proteina (CRP) v krvi bolnikov. Iz sluznice rakavo spremenjenega
Crevesja smo zeleli izolirati bakteriji Fusobacterium nucleatum (FN) in Porphyromonas gingivalis (PG), ki ju
pogosto povezujejo z rakom debelega Crevesa in danke.

Bolniki in metode. Da bi ocenili u¢inek parodontalnega zdraviienja na rak debelega Erevesa in
danke, smo merili nivo CRP-ja v krvi bolnikov ob prvem obisku pri onkoloskem kirurgu, pred zacetkom
terapije raka, dva zaporedna dneva po operativnem posegu in ob prvem kontrolnem pregledu po ope-
raciji. Nivo CRP-ja smo primerjali med skupino, kateri smo opravili parodontalno zdravlienje in skupino, ki
parodontalnega zdravljenja ni prejela. Z metodo kvantitativne kulture smo poskusili izolirati parodonto
patogeni bakteriji FN in PG iz obzobnega zepa in sluznice rakavo spremenjenega Crevesja.

Rezultati. Med skupinama ni bilo statistiéno znacilne razlike v vrednosti CRP-ja pred za&etkom zdravije-
nja raka. Prav tako ni bilo statisticno pomembnih razlik med skupinama v meritvah CRP, opravljenih prvi
in drugi dan po operativnem posegu ter ob prvem kontrolnem pregledu. Z metodo kvantitativne kulture
nismo uspeli izolirati parodonto patogeni bakteriji FN in PG iz sluznice rakavo spremenjenega Crevesja.
Zakljucki. Nasa studija ni pokazala nobene korelaciie med parodontalnim zdraviienjem in rakom de-
belega Crevesja in danke.
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Zdravljenje raka prostate z
elektrokemoterapijo. Varnost, ucinkovitost in
klinicne izkusnje pri 144 bolnikih

Stevanovic M, Heringer M, Hjouj M, Zanasi A, de Terlizzi F, Stehling MK

Izhodisca. Rak prostate je pogost rak pri moskin v razvitih drzavah. Zdraviienje je odvisno od stadija
bolezni; fokalna terapija pa predstavlja vmesni obliko zdravljenja, ki ima manjSo toksiCnost v primerjavi z
radikalno prostatektomijo in boljSi nadzor bolezni kot aktivno spremljanje bolnika. Porocamo o prvi retro-

spektivni analizi bolnikov z rakom prostate, ki smo jin zdravili z elekirokemoterapijo v centru Vitus Prostate
Centre v Offenbachu.

Bolniki in metode. V raziskavo smo vkljucili 144 moskih z rakom prostate, ki niso bili primerni za stan-
dardna zdravljenja ali so jih zavrnili, in smo jih zdravili z elektrokemoterapijo. Bolnike smo spremljali s testi
prostaticnega specificnega antigena (PSA) in preiskavami MR ter ocenjevali toksicnost in genitourinarne
funkcije s pomocjo standardnih vprasalnikov. Lokalni odgovor na zdravljenje smo ocenjevaliz MR 3 me-

sece po zdravlienju, v skladu s kriteriji RECIST za solidne tumorje.

Rezultati. Postopek zdravijenja je bil tehnicno uspesen pri vseh bolnikih. Zdravijenje so dobro prenasali.
Pojavili so se zgolj blagi in zaCasni nezeleni uCinki. Uriniranje brez izrazitih motenj in erektiina funkcija sta
bila veCinoma ohranjena. Popoln odgovor na zdravljenje smo ugotovili pri 75 % ocenjevanih bolnikov,
delni odgovor pri 18 %, stabilno bolezen pri 5 % in napredovanje bolezni pri 2 %. Kratkoro&ni odziv je bil
povezan s stadijem bolezni TNM (p < 0,05), oceno stopnje bolezni po Gleasonu (p = 0,0066) in ravnijo PSA
pred elekfrokemoterapijo (p = 0,0070). Med spremljanjem smo pri 18 bolnikih (13 %) ugotovili napredova-
nje bolezni; 1-letno prezivetje brez napredovanja bolezni je bilo 88 % (95 % IZ 80-97 %) in je bil pomembno
povezano s stadijem bolezni in ravnijo PSA pred zdravljenjem.

Zakljuéki. Elektrokemoterapija je izvedljivo, varmno in ucinkovito zdravljenje raka prostate z izredno nizko
toksicnostjo in blagimi stranskimi ucinki. Predhodni izsledki nakazujejo, da ponuja obetavne rezultate v
smislu lokalnega nadzora bolezni v zgodnjih stadijin tumorjev, pa tudi v lokalno napredovalih primerih,

kier se druga zdravljenja ne kazejo izvedijiva.
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Ali obstajajo klinicno pomembni napovedni
dejavniki pri difuznem velikoceliénem limfomu
B poleg mednarodnega prognostichega indeksa?

Milica Miljkovi¢ M, Setraj¢i¢ Dragos V, Gasljevi¢ G, Novakovi¢ S, BoltezZar L,
Jezersek Novakovic¢ B

Izhodisca. Difuzni velikocelini limfom B (DVCLB) ima zelo raznoliko napoved poteka bolezni, saj s stan-
dardnim prvim zdravljenjem ozdravi le 50 do 60 % bolnikov. Zato je pomembno vnaprej opredeliti tiste
bolnike, ki se ne bodo dobro odzvali na prvo zdravljenje in bi morda potrebovali drugacno zacetno zdro-
vljenje. Raziskava Schmitza je opredelila stiri nove molekularne podtipe DVCLB z razli¢nimi napovedmi
poteka bolezni: MCD, BN2, N1 in EZB. Podtipa BN2 in EZB imata boljSo napoved. Namen pricujoCe raziska-
ve je bil oceniti uCinkovitost testa Archer FusionPlex Lymphoma pri prepoznavanju novo opredeljenih ge-
netskih podtipov DVCLB ter raziskati povezavo med imunohistokemicnimi (IHK) metodami in metodami
sekvenciranja naslednje generacije (angl. next-generation sequencing, NGS) za doloCanje celice izvora
(angl. cell of origin, COQ) ter njihovo napovedno vrednost za prezivetje bolnikov.

Bolniki in metode. V retrospektivno klini¢no raziskavo smo vkljucili 131 bolnikov z DVCLB, ki smo jih
razvrstili po Hansovem algoritmu v podtip B-celi¢ni profil germinalnega centra (angl. germinal center
B-cell-like, GCB) in podtip aktivirani B-celi¢ni profil (angl. activated B-cell-like, ABC) ter z metodo NGS
ob uporabi panela Archer FusionPlex Lymphoma v podtipe GCB, ABC in neklasificiran podtip. V skladu
s predlogom Schmitzove raziskave pa smo jih razvrstili v nove genetske podtipe. Za njihovo opredelitev
smo analizirali mutacije samo sedmih genov - MYD88265P CD79B, EZH2, NOTCH1, NOTCH2, BCL2 in BCL6.
Za primerjavo prezivetij med podtipoma ABC in GCB ter med novimi genetskimi podtipi smo uporabili
napredne statisticne modele in na koncu nase ugotovitve potrdili s analizo STRATOS.

Rezultati. Uspeino smo Klasificirali 35,9 % bolnikov v nove genetske podtipe, hkrati smo dosegli
tudi zadovoljivo skladnost pri dolocCitvi podtipa celice izvora z metodama IHK in NGS. Kljub temu pa
klasifikacija novih genetskih podtipov z NGS ni pokazala statisticno znacilne povezave s prezivetiem, prav
tako pa tudi ne ostali dve klasifikaciji glede na celico izvora ob uporabi IHK ali NGS. Kot edini napovedni
dejavnik smo opredelili le mednarodni prognosticni indeks (angl. International Prognostic Index, IPI).

Zakljucki. Panel Archer FusionPlex Lymphoma je bil nekoliko manj u&inkovit pri opredelitvi novih ge-
netskih podtipov v primerjavi z eksomskim sekvenciranjem v Schmitzovi raziskavi, vendar smo kljub temu
uspeli razvrstiti veC kot trefjino vzorcev z uporabo poenostavijenega modela oziroma analize le sedmih
genov. Poglobliena stafisticha analiza prezivetja bolnikov med skupinami, opredelienimi z nasim poe-
nostavljenim modelom, pa ni poftrdila njegove uporabnosti pri napovedovanju izida bolnikov z DVCLB,
verjetno zaradi dejavnikov, kot sta bila izbira bolnikov in omejena velikost vzorca.
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Monoterapija z anlotinibom pri ponavljajocem
se ali metastatskem karcinomu nazofarinksa.

Multicentri¢éna analiza skupine primerov

Qin GJ, Su YX, Liang Y, Zhang B, Pan YF, Lu JX, Xie YY, Dai JX, Chen KQ, Qin FF, Yang HY,
Kong XY, Xie Y, Ruan XL, Mo YY, Zhang RY, Zhang J, Jiang W

Izhodisca. Anlotinib je pokazal spodbuden terapeviski ucinek pri razlicnih solidnin tumorjin. Namen
pricujoCe raziskave je bil oceniti uCinkovitost in varnost monoterapije z anlofinibom pri bolnikih s pona-
vljgjocim ali metastatskim nazofaringealnim karcinomom.

Bolniki in metode. Retrospektivno smo v raziskavo vkljucili 30 bolnikov s ponavljajo&im ali metastatskim
nazofaringealnim karcinomom. Vecina bolnikov je predhodno prejela vsaj en red sistemskega zdravlje-
nja, vsi bolniki pa monoterapijo z anlotinibom (12 ali 10 mg/dan). Primarni opazovani dogodek je bil delez
objektivnih odgovorov na zdravlienje, sekundarni opazovani dogodki pa so vkljuCevali prezZivetie brez
napredovanja bolezni, celokupno preZivetje in toksi¢nost.

Rezultati. Metastatskim nazofaringealnim karcinomom je imelo 13 bolnikov (43,3 %), ponaviajodi
nazofaringealnim karcinomom 10 (33,3 %), obojega pa 7 (23.3 %) bolnikov. Neodzivnih na platino je bilo
22 (73,3 %) bolnikov, vsqj tri kroge zdravljenja z anlotinibom pa je prejelo 23 (76,7 %) bolnikov. Najboljsi
odgovor je bil delni odgovor pri 4 bolnikih, stabilna bolezni pri 18 in napredovanje bolezni pri 8 bolnikih.
Objektivni odgovorov na zdravljenje smo zabeleZili pri 13,3 % (95 % |12, 0,4-26,2 %) in nadzor pri 73,3 % (95 %
1Z, 56,5-90,1 %) bolnikih. Srednja vrednost celokupnega prezivetja in prezivetja brez napredovanja bolezni
sta bila 11,5 mesecev (95 % IZ, 7,5-15,5) ter 5,7 meseca (95 % IZ, 4,7-6,7). Relativnho pogosta nezelena

ucinka stopnje 3 ali vec sta bila sindrom roka-noga (13,3 %) in oralni mukozitis (13,3 %).
Zakljucki. Monoterapija z anlotinibom je bila v raziskavi ucinkovita pri bolnikih s ponavijajo&im ali

metastatskim nazofaringealnim karcinomom. Anlofinib so bolniki dobro prenasali in imel je sprejemljivo
toksicnost.
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Izhodiséne vrednosti in dinami¢ne spremembe
skeletne misiche mase kot napovedni bioloski
oznacevalci pri bolnikih z metastatskim

ledvicnim rakom, zdravljenim z nivolumabom
Ozkan E, Koksal M, Ece B, Koyun M, Kuzu OF, Acikgoz Y, Algin E

Izhodisca. Nizko skeletno misi¢no maso vse pogosteje prepoznavamo kot negativen napovedni dejav-
nik v onkologiji. Po definiciji Evropske delovne skupine za sarkopenijo pri starej§in (angl. European Working
Group on Sarcopenia in Older People 2, EWGSOP2) je sarkopenija progresivna in splosSha motnja skele-
tnih miSic, za katero sta znacilna izguba misicne moci in misSicne mase, kar lahko vodi v zmanjSano fele-
sno zmodgljivost. Namen raziskave je bil ugotoviti, ali lahko izhodis¢no nizka misi€na masa in dinamicne
spremembe misicne mase med imunoterapijo napovedujejo odziv na zdravijenje in prezivetje pri bolnikih
z metastatskim ledvi¢nim rakom, zdravljenih z nivolumabom.

Bolniki in metode. V retrospektivho kohortno raziskavo smo vklju&ili 50 bolnikov z metastatskim ledvié-
nim rakom (35 moskih, 15 Zensk; povprecna starost 59,1 £ 10,2 let), ki so med letoma 2019 in 2022 prejemali
Nivolumab ter so pred in med zdravljenjem opravili racunalnisko tomografijo (CT) trebuha. MisSicéno maso
smo ocenili zizracunom indeksa skeletninh misic (angl. skeletal muscle index, SMI) na ravni tretiega ledve-
nega vretenca z uporabo standardnih mejnih vrednosti Hounsfieldovih enot (=29 do +150 HU). Odgovor
na zdravljenje smo ocenili v skladu z imunoloskimi merili za oceno odgovora pri solidnih tumorjin (angl.
immune Response Evaluation Criteria in Solid Tumors, iRECIST). Celokupno prezZivetje in prezivetje brez
napredovanja bolezni smo analizirali z uporabo Kaplan-Meierjevih krivulj in Coxovih regresijskin modelov.

Rezultati. Nizko misic¢no maso smo ugotovili pri 60 % bolnikov in je bila statisti€no znadiino povezana z
metastazami v vec organih (p = 0,003). Bolniki z izhodis¢no nizko misi€¢no maso ali z negativno spremem-
bo SMI med zdravijenjem so kazali slabsi odziv na zdravijenje (p = 0,027 in p = 0,021). Tako celokupno

prezivetje kot prezivetje brez napredovanja bolezni sta bila statisticno znaciino krajSa pri bolnikih z nizko
misSicno maso in pri tistih z upadom misicne mase med zdravljenjem.

Zakljucki. Nizka migicna masa pred zagetkom zdraviienja in upad misiéne mase med imunoterapijo
sta bila neodvisno povezana s slabsim prezivetiem in odzivom na zdravljenje pri bolnikih z metastatskim
ledvicnim rakom, ki so prejemali nivolumab. Ocena miSicne mase s pomocjo slik CT-ja bi lahko sluzila kot
slikovno podprt napovedni bioloski oznacevalec pri tej skupini bolnikov.
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Pri bolnikih s HR+ HER2- zgodnjim rakom dojk s pozitivnimi
bezgavkami in z velikim tveganjem za ponovitev bolezni
Samo zdravilo Verzenios dokazano podaljsuje prezivetje
in zagotavlja dolgotrajno zascito pred ponovitvijo bolezni
z 2 leti zdravljenja.m

SKRAJSAN POVZETEK GLAVNIH ZNACILNOSTI ZDRAVILA

IME ZDRAVILA Verzenios 50 mg/100 mg/150 mg filmsko oblozene tablete KAKOVOSTNA IN KOLICINSKA SESTAVA Ena filmsko oblozena tableta vsebuje 50 mg/100 mg/150 mg abemacikliba. Ena filmsko
oblozena tableta vsebuje 14 mg/28 mg/42 mg laktoze (v obliki monohidrata). Terapevtske indikacije Zgodnji rak dojk Zdravilo Verzenios je v kombinaciji z endokrinim zdravljenjem indicirano za adjuvantno
zdravljenje odraslih bolnikov z na hormonske receptorje (HR) pozitivnim, na receptorje humanega epidermalnega rastnega faktorja 2 (HER2) negativnim zgodnjim rakom dojk s pozitivnimi bezgavkami, pri
katerih obstaja veliko tveganje za ponovitev. Pri zenskah v pred- ali perimenopavzi je treba endokrino zdravljenje z zaviralcem aromataze kombinirati z agonistom gonadoliberina LHRH - luteinizing hormone-
releasing hormone). Napredovali ali metastatski rak dojk Zdravilo Verzenios je indicirano za zdravljenje Zensk z lokalno napredovalim ali metastatskim, na hormonske receptorje (HR) pozitivnim in na receptorje
humanega epidermalnega rastnega faktorja 2 (HER2) negativnim rakom dojk v kombinaciji z zaviralcem aromataze ali s fulvestrantom kot zagetnim endokrinim zdravljenjem ali pri Zenskah, ki so prejele pred-
hodno endokrino zdravljenje. Pri zenskah v pred- ali perimenopavzi je treba endokrino zdravljenje kombinirati z agonistom LHRH. Odmerjanje in naéin uporabe Zdravljenje z zdravilom Verzenios mora uvesti
in nadzorovati zdravnik, ki ima izkusnje z uporabo zdravil za zdravljenje rakavih bolezni. Priporo¢eni odmerek abemacikliba je 150 mg dvakrat na dan, kadar se uporablja v kombinaciji z endokrinim zdravljenjem.
Zgodniji rak dojk Zdravilo Verzenios je treba jemati neprekinjeno dve leti, ali do ponovitve bolezni ali pojava nesprejemljive toksicnosti. Napredovali ali metastatski rak dojk Zdravilo Verzenios je treba jemati,
dokler ima bolnica od zdravljenja klini¢no korist ali do pojava nesprejemljive toksi¢nosti. Ce bolnica bruha ali izpusti odmerek zdravila Verzenios, ji je treba narociti, da naj naslednji odmerek vzame ob predvi-
denem ¢asu; dodatnega odmerka ne sme vzeti. Obvladovanje nekaterih nezelenih uéinkov lahko zahteva prekinitev in/ali zmanj$anje odmerka. Zdravljenje z abemaciklibom prekinite v primeru povisanja
vrednosti AST in/ali ALT >3 x ZMN SKUPAJ s celokupnim bilirubinom > 2,0 x ZMN v odsotnosti holestaze ter pri bolnicah z intersticijsko plju¢no boleznijo (ILD)/pnevmonitis stopnje 3 ali 4. Socasni uporabi
mo¢nih zaviralcev CYP3A4 se je treba izogibati. Ce se uporabi mo¢nih zaviralcev CYP3A4 ni mogoce izogniti, je treba odmerek abemacikliba znizati na 100 mg dvakrat na dan. Pri bolnicah, pri katerih je bil
odmerek znizan na 100 mg abemacikliba dvakrat na dan in pri katerih se so¢asnemu dajanju mo¢nega zaviralca CYP3A4 ni mogoce izogniti, je treba odmerek abemacikliba dodatno znizati na 50 mg dvakrat
na dan. Pri bolnicah, pri katerih je bil odmerek znizan na 50 mg abemacikliba dvakrat na dan in pri katerih se socasnemu dajanju mocnega zaviralca CYP3A4 ni mogoce izogniti, je mogoce z odmerkom abe-
macikliba nadaljevati ob natanénem spremljanju znakov toksi¢nosti. Alternativno je mogoce odmerek abemacikliba znizati na 50 mg enkrat na dan ali prekiniti dajanje abemacikliba. Ce je uporaba zaviralca
CYP3A4 prekinjena, je treba odmerek abemacikliba povecati na odmerek, kakrien je bil pred uvedbo zaviralca CYP3A4 (po 3-5 razpolovnih asih zaviralca CYP3A4). Prilagajanje odmerka glede na starost in
pri bolnicah z blago alizmerno ledvi¢no okvaro ter z blago (Child Pugh A) ali zmerno (Child Pugh B) jetrno okvaro ni potrebno. Pri dajanju abemacikliba bolnicam s hudo ledviéno okvaro sta potrebna previdnost
in skrbno spremljanje glede znakov toksi¢nosti. Nadin uporabe Zdravilo Verzenios je namenjeno za peroralno uporabo. Odmerek se lahko vzame s hrano ali brez nje. Zdravila se ne sme jemati z grenivko ali
grenivkinim sokom. Bolnice naj odmerke vzamejo vsak dan ob priblizno istem ¢asu. Tableto je treba pogoltniti celo (bolnice tablet pred zauzitiem ne smejo gristi, drobiti ali deliti). Kontraindikacije Preobcutljivost
na ucinkovino ali katero koli pomozno snov. Posebna opozorila in previdnostni ukrepi Pri bolnicah, ki so prejemale abemaciklib, so porocali o nevtropeniji, o vedji pogostnosti okuzb kot pri bolnicah, zdravljenih
s placebom in endokrinim zdravljenjem, o poveéanih vrednostih ALT in AST. Pri bolnicah, pri katerih se pojavi nevtropenija stopnje 3 ali 4, je priporocljivo prilagoditi odmerek. Do primerov nevtropeniéne sepse
s smrtnim izidom je prislo pri < 1 % bolnic z metastatskim rakom dojk. Bolnicam je treba narociti, naj o vsaki epizodi povi$ane telesne temperature porocajo zdravstvenemu delavcu. Bolnice je treba spremljati
za znake in simptome globoke venske tromboze (VTE) in pljuéne embolije ter jih zdraviti, kot je medicinsko utemeljeno. Glede na stopnjo VTE bo morda treba spremeniti odmerek abemacikliba. Pri bolnikih,
pri katerih se pojavi resni arterijski trombemboli¢ni dogodek (ATE), je treba oceniti koristi in tveganja nadaljnjega zdravljenja z abemaciklibom. Glede na poveéanje vrednosti ALT ali AST je mogoce potrebna
prilagoditev odmerka. Driska je najpogostejsi nezeleni u¢inek. Bolnice je treba ob prvem znaku tekocega blata zaceti zdraviti z antidiaroiki, kot je loperamid, povecati vnos peroralnih tekocin in obvestiti zdrav-
nika. Socasni uporabi induktorjev CYP3A4 se je treba izogibati zaradi tveganja za zmanj$ano ucinkovitost abemacikliba. Bolnice z redkimi dednimi motnjami, kot so intoleranca za galaktozo, popolno pomanj-
kanje laktaze ali malapsorpcija glukoze/galaktoze, tega zdravila ne smejo jemati. Bolnice je treba spremljati glede pljuénih simptomoy, ki kazejo na ILD/pnevmonitis, in jih ustrezno zdraviti. Glede na stopnjo ILD/
pnevmonitisa je morda potrebno prilagajanje odmerka abemacikliba. Medsebojno delovanje z drugimi zdravili in druge oblike interakcij Abemaciklib se primarno presnavlja s CYP3A4. Socasna uporaba
abemacikliba in zaviralcev CYP3A4 lahko poveéa plazemsko koncentracijo abemacikliba. Uporabi mo¢nih zaviralcev CYP3A4 socasno z abemaciklibom se je treba izogibati. Ce je moéne zaviralce CYP3A4
treba dajati so¢asno, je treba odmerek abemacikliba zmanjsati, nato pa bolnico skrbno spremljati glede toksi¢nosti. Pri bolnicah, zdravljenih z zmernimi ali Sibkimi zaviralci CYP3A4, ni potrebno prilagajanje
odmerka, vendar jih je treba skrbno spremljati za znake toksi¢nosti. So¢asni uporabi moénih induktorjev CYP3A4 (vkljuéno, vendar ne omejeno na: karbamazepin, fenitoin, rifampicin in $entjanzevko) se je treba
izogibati zaradi tveganja za zmanj$ano ucinkovitost abemacikliba. Abemaciklib in njegovi glavni aktivni presnovki zavirajo prenasalce v ledvicah, in sicer kationski organski prenasalec 2 (OCT2) ter prenasalca
MATE1. In vivo lahko pride do medsebojnega delovanja abemacikliba in kliniéno pomembnih substratov teh prenasalcev, kot je dofelitid ali kreatinin. Trenutno ni znano, ali lahko abemaciklib zmanjsa ucinko-
vitost sistemskih hormonskih kontraceptivoy, zato se Zzenskam, ki uporabljajo sistemske hormonske kontraceptive, svetuje, da hkrati uporabljajo tudi mehansko metodo. NeZeleni ucinki Najpogostejsi nezeleni
ucinki so driska, okuzbe, nevtropenija, levkopenija, anemija, utrujenost, navzea, bruhanje in zmanjsanje apetita. Zelo pogosti: okuzbe, nevtropenija, levkopenija, anemija, trombocitopenija, limfopenija, zmanjsa-
nje apetita, glavobol, disgevzija, omotica, driska, bruhanje, navzea, stomatitis, alopecija, pruritus, izpuscaj, pireksija, utrujenost, poveéana vrednost alanin-aminotransferaze, pove¢ana vrednost aspartat-ami-
notransferaze Pogosti: pove&ano solzenje, venska trombembolija, ILD/pnevmonitis, dispepsija, spremembe na nohtih, suha koza, misi¢na Sibkost Obcasni: febrilna nevtropenija, fotopsija, keratitis Rok uporab-
nosti 3 leta Posebna navodila za shranjevanje Za shranjevanje zdravila niso potrebna posebna navodila. Imetnik dovoljenja za promet z zdravilom: Eli Lilly Nederland B.V., Papendorpseweg 83, 3528BJ, Utrecht,
Nizozemska. Datum prve odobritve dovoljenja za promet: 27. september 2018 Datum zadnje revizije besedila: 18. 9. 2025 Rezim izdaje: Rp/Spec - Predpisovanje in izdaja zdravila je le na recept zdravnika
specialista ustreznega podrocja medicine ali od njega pooblas¢enega zdravnika.

Okrajsave: Al: zaviralec aromataze; CDK 4/6: od ciklina odvisne kinaze 4 in é; IZ: interval zaupanja; DRFS: prezivetje brez oddaljene ponovitve bolezni; HER2-: receptorjl humanega epidermalnega rastnega

faktorja 2-negativni; HR: razmerje ogrozenosti; HR+: hormonski receptorji-pozitivni; HT: hormonska terapija; IDFS: prezivetje brez invazivne bolezni; ITT: populacija, ki so jo nameravali zdraviti; OS: celokupno

prezivetje; ZRD: zgodniji rak dojk

Opombe:

TStatisti¢no znaéilna korist celokupnega prezivetja je opazena pri populaciji ITT. Po regulativnem posvetovanju pri primarni analizi IDFS je bil naért analize celokupnega prezivetja spremenjen, da bi se konéni
dogodki povecali s 390 na 650, da bi zagotovili = 5-letno spremljanje. Zdravilo Verzenios je odobreno za kohorto 1 (91 % populacije ITT); analiza celokupnega prezivetja v tej podpopulaciji ni bila statisti¢cno
mo¢na ali alfa-kontrolirana."2

Reference: 1. Johnston S, Martin M, O'Shaughnessy J, et al. Overall survival with abemaciclib in early breast cancer. Ann Oncol. 2025. DOI:10.1016/j.annonc.2025.10.005. 2. Rastogi P et al. J Clin Oncol.
2024;42(9):987-93. 3. Hortobagyi GN et al. Ann Oncol. 2025;36(2):149-57. 4. Zadnji odobreni Povzetek glavnih znadilnosti zdravila Verzenios.

Pomembno: Predpisovanje in izdaja zdravila je le na recept zdravnika specialista ustreznega podro¢ja medicine ali od njega pooblas¢enega zdravnika. Pred predpisovanjem
zdravila Verzenios si preberite zadnji veljavni Povzetek glavnih znadilnosti zdravil. Podrobne informacije o zdravilu so objavljene na spletni strani Evropske agencije za zdravila
http://www.ema.europa.eu

Eli Lilly farmacevtska druzba, d.o.o., Dunajska cesta 167, 1000 Ljubljana, telefon 01 /580 00 10
PP-AL-SI-0371, 5.11.2025, Samo za strokovno javnost. A MEDICINE COMPANY



Jaypirca je prvi in edini odobreni reverzibilni BTK inhibitor,
ki lahko ponovno vzpostavi odgovor pri odraslih bolnikih zMCL in KLL
potem ko kovalentni BTK inhibitor ni ve¢ opcija'?

Zdravilo Jaypirca je kot monoterapija indicirano za zdravljenje odraslih bolnikov s ponovitvijo limfoma plas¢nih celic (MCL - mantle cell ymphoma),
ali za na zdravljenje neodzivne oblike te bolezni, po predhodnem zdravljenju z zaviralcem Brutonove tirozin kinaze (BTK).

Zdravilo Jaypirca je kot monoterapija indicirano za zdravljenje odraslih bolnikov s ponovitvijo kroni¢ne limfocitne levkemije (KLL), ali za na zdravljenje
neodzivne oblike te bolezni, po predhodnem zdravljenju z zaviralcem BTK.

Skraj$an povzetek glavnih znacilnosti zdravila

Y Zato zdravilo se izvaja dodatno spremljanje varnosti. Tako bodo
hitreje na voljo nove informacije o njegovi varnosti. Zdravstvene
delavce naprosamo, da porocajo o katerem koli domnevnem
nezelenem ucinku zdravila.

Ime zdravila Jaypirca 50 mg filmsko obloZene tablete, Jaypirca

100 mg filmsko oblozene tablete. Kakovostna in koli¢inska sestava
Ena filmsko obloZena tableta vsebuje 50 mg/ 100 mg pirtobrutiniba.
Terapevtske indikacije Zdravilo Jaypirca je kot monoterapija
indicirano za zdravljenje odraslih bolnikov s ponovitvijo limfoma
plasénih celic (MCL - mantle cell lymphoma), ali za na zdravljenje
neodzivne oblike te bolezni, po predhodnem zdravljenju z zaviralcem
Brutonove tirozin kinaze (BTK). Zdravilo Jaypirca je kot monoterapija
indicirano za zdravljenje odraslih bolnikov s ponovitvijo kroni¢ne
limfocitne levkemije (KLL), ali za na zdravljenje neodzivne oblike te
bolezni, po predhodnem zdravljenju z zaviralcem BTK. Odmerjanje
in nacin uporabe Zdravljenje z zdravilom Jaypirca mora uvesti in
spremljati zdravnik, ki ima izkusnje z uporabo zdravil za zdravljenje
rakavih bolezni. Odmerjanje Priporo¢eni odmerek je 200 mg
pirtobrutiniba enkrat dnevno. Zdravljenje se mora nadaljevati do
napredovanja bolezni ali nesprejemljive toksi¢nosti. Prilagajanje
odmerka glede na starost, pri bolnikih z blago, zmerno ali hudo
okvaro ledvic ali pri bolnikih z blago, zmerno ali hudo okvaro jeter ni
potrebno. Nacin uporabe Zdravilo Jaypirca je namenjeno za peroralno
uporabo. Kontraindikacije Preob¢utljivost na u¢inkovino ali katero
koli pomozno snov. Posebna opozorila in previdnostni ukrepi Pri
bolnikih, zdravljenih z zdravilom Jaypirca, je prislo do resnih okuzb,

vkljuéno s smrtnimi primeri. OkuZzbe stopnje 3 ali vi$je, o katerih so
najpogosteje porocali, so bile pljuénica, covidna plju¢nica, covid-19in
sepsa. Pri bolnikih s pove¢anim tveganjem za oportunisti¢ne okuzbe
je treba razmisliti o profilaktiénem protimikrobnem zdravljenju. Na
podlagi stopnje okuzbe in morebitne pridruzene nevtropenije bo
morda potrebna prekinitev zdravljenja. Pri bolnikih, zdravljenih z
zdravilom Jaypirca, je prislo do krvavitev, vklju¢no s smrtnimi primeri,
s trombocitopenijo ali brez nje. Opazili so vegje krvavitve stopnje 3
invisje, vklju¢no z gastrointestinalno in intrakranialno krvavitvijo.
Bolnike je treba spremljati glede znakov in simptomov krvavitve. Pri
krvavitvah stopnje 3 ali 4 bo morda potrebna prekinitev zdravljenja.
Pri bolnikih, zdravljenih z zdravilom Jaypirca, je prislo do citopenij
stopnje 3 ali 4, vkljuéno z nevtropenijo, anemijo in trombocitopenijo.
Med zdravljenjem je treba spremljati celotno krvno sliko, kot je
medicinsko indicirano. Na podlagi stopnje citopenije bo morda
potrebna prekinitev zdravljenja. Pri bolnikih, zdravljenih z zdravilom
Jaypirca, so opazili atrijsko fibrilacijo in atrijsko undulacijo, zlasti

pri bolnikih z atrijsko fibrilacijo vanamnezi in/ali ve¢ pridruzenimi
sréno-zilnimi boleznimi. Bolnike je treba spremljati glede znakov

in simptomov atrijske fibrilacije in atrijske undulacije, potrebno

je posneti elektrokardiogram, kot je medicinsko indicirano. Na
podlagi stopnje atrijske fibrilacije/atrijske undulacije bo morda
potrebna prekinitev zdravljenja. Pri bolnikih, zdravljenih z zdravilom
Jaypirca, je pogosto prislo do drugih primarnih malignih bolezni,
najpogosteje nemelanomskih koznih rakov. Med zdravljenjem z
zdravilom Jaypirca so redko poro¢ali o sindromu tumorske lize (TLS

BTK=Brutonova tirozin kinaza; MCL=mantle cell ymphoma; KLL=kroni¢na limfocitna levkemija.

Referenci: 1. Povzetek glavnih znacilnosti zdravila Jaypirca, zadnja odobrena verzija. 2. Mato AR, Shah NN, Jurczak W,
etal. Pirtobrutinib in relapsed or refractory B-cell malignancies (BRUIN): a phase 1/2 study. Lancet. 021;397(10277):892-901.

Pomembno: Predpisovanije in izdaja zdravila je le na recept zdravnika specialista ustreznega podroc¢ja medicine ali od njega pooblas¢enega
zdravnika. Pred predpisovanjem zdravila Jaypirca si preberite zadnji veljavni Povzetek glavnih znacilnosti zdravil. Podrobne informacije o

zdravilu so objavljene na spletni strani Evropske agencije za zdravila http://www.ema.europa.eu
Eli Lilly farmacevtska druzba, d.o.o., Dunajska cesta 167, 1000 Ljubljana, telefon 01 / 580 00 10, faks 01 / 569 17 05

A MEDICINE COMPANY

PP-PT-SI-0089, 9.5.2025, Samo za strokovno javnost.

— tumour lysis syndrome). Bolniki z velikim tveganjem za TLS so tisti,
kiimajo pred zdravljenjem veliko tumorsko breme. Bolnike je treba
oceniti glede morebitnega tveganja za TLS in jih skrbno spremljati,
kot je klini¢no indicirano. Bolniki z redko dedno intoleranco za
galaktozo, odsotnostjo encima laktaze ali malabsorpcijo glukoze/
galaktoze ne smejo jemati tega zdravila. Medsebojno delovanje

z drugimi zdravili in druge oblike interakcij Pirtobrutinib se
presnavlja predvsem prek CYP3A4, UGT1A8 in UGT1A9. V klini¢ni
Studiji je itrakonazol, mocan zaviralec CYP3A4, povecal vrednost AUC
pirtobrutiniba za 48 %, vrednosti C,,.., pirtobrutiniba pa ni spremenil. V
klini¢ni Studiji je rifampin, mocan induktor CYP3A, zmanjsal vrednost
AUCin C,, pirtobrutiniba za 71 % oziroma 42 %. Pirtobrutinib je
zmeren zaviralec CYP2C8 in BCRP. Pirtobrutinib je Sibek zaviralec
P-gp,CYP2C19in CYP3A. Nezeleni ucinki Najpogostejsi nezeleni
ucinki katere koli stopnje so: utrujenost, nevtropenija, driska in
kontuzije. Zelo pogosti: pljuénica, okuzba zgornjih dihal, nevtropenija,
trombocitopenija, anemija, glavobol, krvavitev, podplutbe, kontuzije,
driska, bolecine v trebuhu, navzea, izpuscaj, artralgija, utrujenost,
periferni edem Pogosti: okuzba secil, limfocitoza, atrijska fibrilacija/
atrijska undulacija, hematurija, epistaksa, hematom, vezni¢na
krvavitev, petehije. i ljenja za pi z il

Eli Lilly Nederland B.V., Papendorpseweg 83, 3528 BJ Utrecht,
Nizozemska. Datum zadnje revizije besedila 28.03.2025. Rezim
izdaje Rp/Spec - Predpisovanije in izdaja zdravila je le na recept
zdravnika specialista ustreznega podroéja medicine ali od njega
pooblaséenega zdravnika. Samo za strokovno javnost.
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Bistvene informacije iz Povzetka glavnih znaéilnosti zdravila

Tantum Verde 1,5 mg/ml oralno prsilo, raztopina
Tantum Verde 3 mg/ml oralno prsilo, raztopina

Sestava: 1,5 mg/ml: 1 ml raztopine vsebuje 1,5 mg benzidaminijevega klorida, kar ustreza 1,34 mg benzidamina. V enem razprsku je 0,17 ml raztopine. En razprsek
vsebuje 0,255 mg benzidaminijevega klorida, kar ustreza 0,2278 mg benzidamina. Sestava 3 mg/ml: 1 ml raztopine vsebuje 3 mg benzidaminijevega klorida, kar ustreza
2,68 mg benzidamina. V enem razprsku je 0,17 ml raztopine. En razprSek vsebuje 0,51 mg benzidaminijevega klorida, kar ustreza 0,4556 mg benzidamina. Terapevtske
indikacije: Samozdravljenje: LajSanje bolecine in oteklin pri vnetju v ustni votlini in Zrelu, ki so lahko posledica okuzb in stanj po operaciji. Po nasvetu in navodilu zdravnika:
LajSanje bolecine in oteklin v ustni votlini in Zrelu, ki so posledica radiomukozitisa. Odmerjanje in naéin uporabe: Uporaba: 2- do 6-krat na dan (vsake 1,5 do 3 ure).
Odmerjanje 1,5 mg/ml: Odrasli: 4 do 8 razprskov 2- do 6-krat na dan. Pediatri¢éna populacija: Mladostniki, stari od 12 do 18 let: 4-8 razprsSkov 2- do 6-krat na dan. Otroci od
6 do 12 let: 4 razprski 2- do 6-krat na dan. Otroci, mlajsi od 6 let: 1 razpr8ek na 4 kg telesne mase; do najvec 4 razprske 2- do 6-krat na dan. Odmerjanje 3 mg/ml: Odrasli:
2 do 4 razprski 2- do 6-krat na dan. Pediatri¢na populacija: Mladostniki, stari od 12 do 18 let: 2 do 4 razprski 2- do 6-krat na dan. Otroci od 6 do 12 let: 2 razpr§ka 2- do 6-krat
na dan. Otroci, mlajsi od 6 let: 1 razprSek na 8 kg telesne mase; do najve¢ 2 razprska 2- do 6-krat na dan. Starej$i bolniki, bolniki z jetrno okvaro in bolniki z ledvié¢no okvaro:
niso potrebni posebni previdnostni ukrepi. Trajanje zdravljenja ne sme biti daljSe od 7 dni. Nagin uporabe: Za orofaringealno uporabo. Zdravilo se razprsi v usta in Zrelo.
Kontraindikacije: Preob¢utljivost na uc€inkovino ali katero koli pomozno snov. Posebna opozorila in previdnostni ukrepi: Pri nekaterih bolnikih lahko resne bolezni
povzrodijo ustne/zrelne ulceracije. Ce se simptomi v treh dneh ne izbolj$ajo, se mora bolnik posvetovati z zdravnikom ali zobozdravnikom, kot je primerno. Uporaba benzid-
amina ni priporogljiva za bolnike s preobcutljivostjo na salicilno kislino ali druga nesteroidna protivnetna zdravila. Pri bolnikih, ki imajo ali so imeli bronhialno astmo, lahko
pride do bronhospazma. Pri takih bolnikih je potrebna previdnost. To zdravilo vsebuje 13,6 mg alkohola (etanola) v enem razprsku (0,17 ml), kar ustreza manj kot 0,34 ml
piva oziroma 0,14 ml vina. Majhna koli¢ina alkohola v zdravilu ne bo imela nobenih opaznih u¢inkov. To zdravilo vsebuje metilparahidroksibenzoat (E218). Lahko povzroci
alergijske reakcije (lahko zapoznele). To zdravilo vsebuje manj kot 1 mmol (23 mg) natrija v enem razprsku (0,17 ml), kar v bistvu pomeni ‘brez natrija’. Zdravilo vsebuje
aromo poprove mete z benzilalkoholom, cinamilalkoholom, citralom, citronelolom, geraniolom, izoevgenolom, linalolom, evgenolom in D-limonen, ki lahko povzrocijo
alergijske reakcije. Zdravilo z jakostjo 3 mg/ml vsebuje makrogolglicerol hidroksistearat 40. Lahko povzroci Zelod¢ne tezave in drisko. Medsebojno delovanje z drugimi
zdravili in druge oblike interakcij: Studij medsebojnega delovanja niso izvedli. Noseénost in dojenje: O uporabi benzidamina pri noseénicah in dojeéih Zenskah ni
zadostnih podatkov. Uporaba zdravila med noseénostjo in dojenjem ni priporogljiva. Vpliv na sposobnost voznje in upravljanja strojev: Zdravilo v priporoéenem odmerku
nima vpliva na sposobnost voznje in upravljanja strojev. Nezeleni uéinki: Neznana pogostnost (ni mogoce oceniti iz razpolozljivih podatkov): anafilakti¢ne reakcije,
preobéutljivostne reakcije, odrevenelost, laringospazem, suha usta, navzea in bruhanje, oralna hipestezija, angioedem, fotosenzitivnost, peko¢ ob¢utek v ustih. Neposredno
po uporabi se lahko pojavi ob¢utek odrevenelosti v ustih in v Zrelu. Ta ucinek se pojavi zaradi nac¢ina delovanja zdravila in po kratkem ¢asu izgine. Na€in in rezim izdaje
zdravila: BRp-lzdaja zdravila je brez recepta v lekarnah in specializiranih prodajalnah. Imetnik dovoljenja za promet: Aziende Chimiche Riunite Angelini Francesco —
A.C.R.A.F. S.p.A,, Viale Amelia 70, 00181 Rim, ltalija Datum zadnje revizije besedila: 05. 04. 2022

Pred svetovanjem ali izdajo preberite celoten Povzetek glavnih znacilnosti zdravila.
Samo za strokovno javnost.

Datum priprave informacije: julij 2024 A

ANGELINI
Odgovoren za trzenje: Bonifar d.o.o.
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Razvrséeno na listo 2Z22S
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Zdrawlo IMFINZI je PRVA in EDINA imunoterapija, klje pr| LS SCLC pokazala

znacilno podaljsanje OS and PFS po zakljuceni cCRT v primerjavi s placebom'?
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. Cas od randomizacije (meseci)
Stevilo ogrozenih bolnikov
IMFINZI 264 261 248 236 223 207 189 183 172 162 141 MO 90 68 5l 39 27 19 11 5 1 0
po zakljuéeni cCRT
placebo 26 260 247 231 214 195 175 164 151 143 123 97 80 62 44 31 23 19 8 5 1 0

> Zdravilo IMFINZI je prva imunoterapija odobrena za zdravljenje obeh stadijev SCLC'

cCRT=socasna kemoradioterapija; IZ=interval zaupanja; ROg=razmerje oroZenosti; mMOS=mediano celokupno preZivetje; OS=celokupno preZivetje; PFS=preZivetje brez napredovanja bolezni; SCLC=drobnoceli¢ni plju¢ni rak

Imfinzi 50 mg/ml koncentrat za raztopino za infundiranje

SESTAVA: 1 ml koncenirata za raztopino za infundiranje vsebui 50 mg durvalumaba. Ena viala z 2,4 ml koncenirata vsebuig 120 mg durvalumaba. Ena viala z 10 ml koncentrata vsebuje 500 mg durvalumaba. INDIKACWE: Nedrobnoceicni piucni rak INSCLG) Zdravilo IMFINZ e v kombincii s kemoterapio na osnovi platine indicirano kot neoadjuvanino zaravienje in
nato kot samostojno adjuvantno zdraviienje pri odrasth z operabilnim nedrobnoceliénim pjucnim rakom (NSCLC - non-small celllung cancer), ki imajo veliko tveganje za ponovitev in nimajo mutacij EGFR al preureditev ALK. Zdravilo IMFINZ! je kot samostojno zdraviienje md\cwrano za zdraviienie lokalno pchnega vaka
INSCLC - non smal\ cel lung cancer) pri odrasth, ki imajo tumorie z > 1 % izrazenostio PD-L1 na tumorskih celicah in pri katerih bolezen ni napredovala po kemoradioterapii na osnovi platine. Zdvavﬂo IMFINZ! je v kombinacij s tremeimumabom in kemoterapijo na osnovi platine indicirano za prvo linfjo zdravlienja odrasth NSCLC brez
il EGFR al pozitivnih mutaci ALK. Drobnocei¢ni pfucni rak (SCLC) Zdravio IMFINZI e kot samostojno zdravfenje indicirano za zdravienje odraslih bolnikov z crobnoceliénim pijucnim rakom v omejenem stadiju (LS-SCLO - Imitea-stage smal cell lung cancer), pi katerih bolezen ni napredovala po kemoradioterapii na osnovi platine. Zoravio IMFINZ! je v komhmacm Z6f o
pozidom in bodisi karboplatinom bodisi cisplatinom indicirano za prvo linffo zdraviienja odraslih z razsejanim drobnoceliénim piucnim rakom (ES- SCLC - extensive stage small cell lung cancer). Rak biliarnega trakta (RBT) Zdravilo IMFINZI je v kombinacii z gemcitabinom in cisplatinom indicirano za prvo linffo zdravljenja: odrashh z neoperabilnim ali metas\a\sk\m rakom biliar-
nega trakta (RBT). Hepatocelulami karcinom (HCK) Zdravilo IMFINZ! je kot samostojno zdravlienje indicirano za prvo linifo zaravijenja odraslin di karcinomom (HCK). Zdravilo IMFINZ! je v kombinacii s tremelimumabom indicirano za prvo linfjo zdravlienja odrastih karcinomom
(HCK). Rak. endome\rua Zdravilo IMFINZ! je v kombinacii s karbop\atmnm in pakitaksglom indicirano za prvo Injo zaraviienja odrasiih s primarmo napredovalim ali ponovlienim rakom endometria, ki so kancidati za sistemsko zdravUenJe kateremu sledi vzdrzevaino zdraviienje z: # zdraviom IMFINZ! kot monoterapijo pri raku endome\ma z okvaro MMR v fumorju (MR -

Mismatch Repair Deficient) » zdraviom IMFINZI v kombinacij z olaparibom priraku endometria brez okvare MMR v tumoriu (pMMR - Mismaich Repar Proficient). Misicno invazivni rak setnega mehurja Zdravio IMFINZI v kombinacil z gemcitabinom in cisplatinom kot neoacjuvantno zravlienje, ki mu po radiikalni cistektomif sledi zaravio IMFINZI kot acjuvantno zdravlenje
v monoterapij, je indicirano za zdraviienje odrasth z operabﬂmm miiéno invazivnim rakom secnega menuria (VIBC). ODMERJANJE IN NACIN UPORABE: Zdravienje mora vest in nadzorovai zdvavmk kiima izkuSnje na podrocju zcravfienja raka. Ocmerjanje: Priporoceni odmerek zdravﬂa Imfinzi pri samostojnem zdravlienju pri lokalno napredovalem NSCLC je 10 mg/
kg na 2 tedna ali 1500 mg na 4 tedne do napredovanja bolezni, nesprejemijvih toksicnih ucinkov ali najveC 12 mesecey, pri LS-SCLC 1500 mg na 4 tedne do napredovanja bolezni, nesprejemijiih toksiénih ucinkov ali najve¢ 24 mesece, pri HCK 1500 mg na 4 tedne do napredovanja bolezni ali do nesprejemmwh toksiénih ucinkov. Priporogeni odmerek zdravila Imfinzi pri
kombiniranem zdravljenju za operabiini NSCLC je 1500 mg v kombinaci s kemoterapijo na osnovi platine na 3 tedne do 4 cikle pred operaciio, nato samostojno zdravlienje s 1500 mg na 4 tedne do 12 cikiov po operaciji. Trajanje zdraviienja v necadjuvantni fazi je do napredovanja bolezni, ki onemogoca definitivno operacio ali do nesprejemijivih toksicnih ucinkov, v adju-
vantnifazi pa do ponovitve bolezni, nesprejemijivin toksiénh ucinkov ali najvec 12 ckiov po operacij; za metastatski NSCLC je med kemoterapio s platino: 1500 mg v kombinaciji s 75 mg tremelimumaba in kemoterapio na osnovi platine na 3 tecne (21 ) 4 ckie (12 techov), po kematerapij s piatino: 1500 mg na 4 tedne kot monoterapia in vzdrzevelno zdraviienje s pe-
metreksedom (na podlagi histologie) na 4 tedne, peti odmerek 75 mg tremelimumaba je treba dati 16. teden skupaj z zdravilom Imfinzi. Trajanje zdraviienja je do napredovanja bolezni ali nesprejemijivin toksicnin ucinkov. Pri ES-SCLC je priporoceni odmerek zdravila Imfinzi 1500 mg v kombinacij s kemoterapio na 3 tedne (21 dni) 4 ckle in nato 1500 mg na 4 tedne kot
samostojno zdravlienje do napredovanja bolezni ali nesprejemijiih toksiénih ucinkov. Pn RBT je priporoceni odmerek zdravila Imfinzi 1500 mg v kombinaciji s kemoterapijo na 3 tedne (21 dni) do 8 clklov, nato po 1500 mg na 4 tedne kot samostojno zdraviienje do napredovanja bolezni ali nesprejemijvin toksicnin uéinkov. Pri HCK je priporoeni odmerek 1500 mg zdravila
Imfinzi v kombmacm 5300 mg tremefimumaba v enem odmerku 1. dan 1. cikla, nato zdravilo Imfinzi kot na 4 tedne do bo\ezm di toksicnin ucinkov. Pri raku endometma e priporoceni odmerek 1120 mg zdravﬂa Imfinzi v kombinacij s karboplatinom in pakitakselom na 3 tedne (21 dni) minimalno 4 cikle in najvec 6 cikiov, nato pa.
1500 mg zaravia Imfinzina 4 tedne kot monoterapija (oolnice z dMMR) ali v kombinacij s 300 mg olapariba cvekcat na dan (bolnice s pMMR) do napredovanja bolezni al nesprejemivih toksicnih ucinkov. Pri MIBC je priporoceni odmerek zdfravia Imfinzi 1500 mg v komb\nacm s kemoterapio na 3 tedne v 4 ckih pred operacio, nato pa 1500 mg na 4 tedne kot monoterapi-
ja do 8 ciklov po operacij. Trajanje zdvavUema Je v,neoadjuventni fazi do napredovanja bolezni, ki onemogoga definitimo operacio alf do nesprejemijvih toksicrih ucinkov, y adjuvant fazi pa do ponovitve bolezni, nesprejemijiin toksiénh ucinkov al naivec 8 ckiov po operacij; Nacin uporabe: Zaravio Imfinzije namenjen za intravensko uporabo. Dati ga e treba kot razto-
pino za intravengko infundiranje v obdobju 1 ure. Ce je zoravio Imfinzi uporablieno v kombinaci s kemoterapio, je treba dati zdravilo Imfinzi pred kemoterapio na isti dan. Ce je zdravilo Imfinzi uporablieno v kombinacij s tremeimumabom in kemmevapuo na osnovi platine, e treba najprej dati fremelimumab, ki mu v istem dnevu sledita zdravilo Imfinzi in nato kemoterapia na
osnovi patine. Ce je zgravilo Imfinzi uporabheno vkombinacij s petim odmerkom 1remehmumaba invzdrzevalnim zdraviienjem s pemetreksedom 16. teden, e treba najprej dati tremelimumab, ki mu v istem dnewy s\edna zdravilo Imfinziin potem vzdrzevano zdravlienje s Zdravio Imfinzi, in na osnovi platine je treba dati v loCenih
\mravensk\h mfuzw ah Ce Je zdravﬂo Imfinzi uporablieno v kombineci] s tremefimumabo, s treba za neoperabin HCK datl tremeiimumeb pred zaraviom Imfinz na sti den. Zdravio Imfinzi n tremelimumab je treba dati v lo¢en intravenski infuzjah. KONTRAINDIKACIJE: Preobéutiivost na ucinkovino (utinkoving) al katero koli pomozno snov. POSEBNA OPOZORILA
IN PRE domnevne imunsko pogojene nezelene utinke je treba opravti usirezno ovrednotenje za potraitev etiologie al izkjuCitev rughh etiologj. Giede na resnost nezelenega ucmka e treba uporabo zoravia Imifinzi al zdravﬂo Imifinzi v kombinacij s tremelimumabom prekiniial trajno ukinit. ZaCei e treba zdraviienie s kortkosteroidi ali endokrino
terapio. Pn dogodk\h N zahteva}o 2dravlienje s kortkosteroidi,in po izboliSanju na < 1. stopnjo, je treba zaCeti z zmanjSevanjem kortikosteroida in ga zmanjSevati v obdobju vsaj 1 meseca. Ge pride do poslabSanja ali pa e ni izoofSanja, je treba razmisiti o poveCanju odmerka kortkosteroidov in/ali o dodatni uporabi sistemskih imunosupresivov. Pri bolnikih, K so prejema-
li zdravilo Imfinzi, zclravilo Imfinzi v kombinacij s tremelimumabom ali zdravilo Imfinzi v kombinaciji s kemoterapijo na osnovi platine, ki mu sledi zdravilo Imfinzi v kombinacj z olaparibom ali v kombinacii s kemoterapijo, sta se pojavila imunsko pogojeni pnevmonitis aliintersticiska bolezen pfué. Pri bolnikih, zdraviienih z radioterapio pluc, je pogost radiaciski pnevmonttis in
Kiniéna sika pn@/monmsa in radiacijskega pnevmomt\se je zelo podobna. Bolnike je treba ljati glede znakov in simptomor di Pri bolnikih, ki so prejemali zdravilo Imfinzi ali zdravilo Imfinzi v kombinacij s tremelimumabom ali v kombinacij s kemoterapilo, se je pojavil \munsko pogojent hepatitis, imunsko pogojent koltis, imunsko
pogojene hipotiroidizem, hipertiroidizem in tiroiditis, imunsko pogojena adrenalna insuficienca, imunsko pogojena sladkorna bolezen tipa 1, imunsko pogojeni hipofizitis/hipopituitarizem, imunsko pogojeni nefritis, imunsko pogojeni izpuscaj, \munsko pogojeni miokaraitis, drugi \munsko pogojeni nezeleni ucinki (miastenia gravis, transverzni miels, miozits, polimiozis, rab-

domioliza, meningitis, encefaltis, Guillain Barréjev smdmm imunska trombocitopenia, imunsko pogojen artrits, uveits in neinfektivni cistis), z infundiranjem povezane reakcie. Pri bolniin, ki so prejemal Zdravio Imfinziv kombinacii s tremelimumabom in kemoterapio ali v kombinaci s kemoterapifo, s je pojavi imunsko pogojeni pankreatis. Pri bolnikin z e obstojeco
avtoimunsko boleznijo podatki iz opazovalnih $tud kazejo na povecano tveganje za imunsko pogojene nezelene ucinke po terapij z zaviralci imunske knnlro\ne totke v primerjavi z bolniki brez obstojece avtoimunske bolezni. Poleg tega so bili pogosti izoruhi osnovne obstojece avtmmunske bolezni, vendar je bila ve¢ina blagih in obviadijvih. Za bolezen specifiéni previdnostni
ukrepi (RBT): Bolnike z RBT (dasti tiste z bilamno oparnico) je treba natantno nadzorovat glede holangitisa ali okuzb bilamega trakta tako pred uvedbo zaravjenja kot redno med zdravlienjem. Za zdraviienje specificen previdnostni ukrep (zdravilo Imfinzi v kombinacjj z olaparibom pri reku endometrial: Hematotoksiénost: Med vzdrzeva\mm zdraviienem z olaparioom v
kombinacji z zdravilom Imfinzi, po zdravlienju z zdraviom Imfinzi v kombinaciji s kemoterapio na osnovi plaine so porogali o Cisti aplazi rde¢ih krvnih celic (PRCA - Pure Red Cell Aplasia) in avtoimunski hemoliticni anemiji (AIHA - Autoimmune Haemolytic Anemial. Ce je PRCA ali AHA potriena, je treba zdraviienje z zdravilom Imfinzi in olaparibom pveneha\\ Metastatski
ISCLC: Podatkov o starejsih bolnikin (> 75 let), zdravijenih z zdraviom Imfinzi v kombinaciji s tremelimumabom in kemoterapijo na osnovi platine, je malo. Morebitno korist/tveganie te sheme je pnporocmvo skrbno pretehtati za vsakega bolnka posebe). MEDSEBOJNO DELOVANJE Z DRUGIMI ZDRAVILI: Razen fizioloskih odmerkov sistemskih kortikosteroidov (< 10
mg na dan precnizona ali ekvivalenta) pred uvedbo durvalumaba ni priporoivo uporabljat sistemskh kortikosteroidov al \munosupreswov ker \ahko vplivajo na farmakodinamicno akﬂvnost in ucinkovitost durvalumaba. Vendar pa je mogoce ali druge uporabiti po zace\ku zdra\AJenJa 2 durvalumabom za zdravlienje imunsko pogojenh nezele-

nih uéinkov. Z niso izvedli formalnin iénih (PK) Stucj del dravil. Primarni p ba sta katabolizem befjakovin prek sistema oziroma tarcr i & 2dkavil. PLODNOST, NOSECNOST IN DOJENJE:
Zenske v rodni dobi morgjo med zdravinjem z durvalumabom i vsaj Se 3 mesece po zadnjem odmerku durvalumaba uporabhau ucinkovito kontracepcijo. Podatkov o uporabi durvalumaba pri nosecnicah ni. Glede na mehanizem delovanja durvalumab lahko vpliva na vzdrzevanje nosecnosti; v alogenskem modelu nosecnosti pri misih je bilo ugotoviieno, da moteno signa-

lizanje PD-L1 poveta izqubo plodov. Pri nosecnici uporabiieni durvlumab lafko Skoduje plodu in ga i priporociivo uporabliati med nosegnostio in pri zenskah v rodni dobi, K ne uporabliajo ucinkovite kontracepcie med zdraviienjem in vsaj Se 3 mesece po zadnjem odmerku. Ni znano, alf s¢ durvalumab pri Cloveku izioca v materinem mleku. Pri cloveku protitelesa lanko
prehajajo v materino mieko, a moznost absorpeije in $kode za novorojencka ni zpana. Toda  moznega tveganja za dojenega otroka ni mogoce izkjuciti. Ocliociti se je treba, ali ngj Zenska prekine z dojenjem ali ngj prekine zdravUenJe z durva\umabom oziroma sploh ne zacne zaravlienja z njim, pri Gemer je treba upotevati koristi dojenja za otroka in koristi zdraviienja za Zensko.
Podatkov 0 moznih vpivih durvalumaba na p\odnost pn cloveku al zvalih ni NEZELENI UCINKI: Ugotovitve 0 vamosti zcravia Imiinzi pri samostojnem zdravUenJu temeljio na kumulativnih podatk\h 4642 bolnkov z ve¢ vrslam\ fumoriev. Zdravilo Imfinzi so uporabljali v odmerku 10 mg/kg na 2 tedna, 20 mg/kg na 4 tedne ali 1500 mg/kg na 4 tedne. Najpogostej$i nezeleni
uéinki (> 10 “/n) 50 bili kaSelj/produkiven kasel] (18,1 %), driska (15,1 %), \zpuscaJ (15,0 %), artralgija (12,4 %), 2vi3ana telesna temperatura (12,5 %), bo\ecmevlvebuhu( 8 %), okuzbe zgornjih dinal (11,8 %), srbenje (11,1 %) in hipotiroidizem (11,6 %). Podatki o varnosti zdraviia Imfinzi v kombinacii s kemoterapijo temefiio na kumulativnih podatkih 1769 bolnikov iz 5
Studij (TOPAZ-1, CASPIAN, DUO-E, AEGEAN in NIAGARA). Najpogosteisi (> 1 )nezelem uéinki so b neviropenia (41,7 %), anemia (40,8 %), navzea (40,1 %), utruignost (39,6 %), zaprte (29,7 %), zmenjSanie apeita (22 2 %), trombocitopenia (21,5 %), alopecia (19,7 %), izpusCaj (19,7 %), driska (18,2 %), bruhanje (16,8 %), bole¢ine v trebuhu (16,7 %), perferna
nevropatua (1 63 %, levkopeni (14,8 %), zviSana telesna temperatura (14,0 %), prurius (13,0 %), hipoliroidizem (11,9 %), artralgia (11,5 “11) kaseu/produM\ven kaseU (11,0 %) in 2viSana aspartat-aminotransferaza/alanin- ammo\ransferaza (10,7 %). Izsledki o varmosti zcravila Imfinzi v kombinacij s 75 mg tremelimumaba in kemoterapijo temeljio na podatkih 330 bolnikov z
metastatskim NSCLC. Najpogostejsi (> 20 %) nezeleni ucinki so bii anemija (49,7 %), navzea (41,5 %), nevtropenia (41,2 %), utrujenost [36 %), iznuscaj (25,8 %), tvombocnopenua (24,5 %) in driska (21,5 %). lzsledki 0 vamosti zdravila Imfinzi v kombinacij z enkratnim odmerkom 300 mg lvemehmumaba temefjjo na zdruzenin podatkih 462 bolnikov s HCK iz Studie HMA-
LAYA1n 8 ene Studie pri bolnikih s HCK, &tudija 22. Najpogostef3i nezeleni ucinki (> 10 %) so billizouScaj (32,5 %), srbenje (25 5 %), driska (25,3 %), bolecine v trebuhu (19,7 %), zviSana aspartat aminotransferaza/zviSana alanin aminotransferaza (18,0 %), zvidana telesna temperatura (13,9 %), hipofiroidizem (13,0 %), kaSeljfproduktiven kadel (10,8 %), periferni edemi (10,4
%) in zviSana ipaza (10,0 %). Vernost zdravila Imfinzi v kombinecij s kemoterapio na osnowi platine, i sledi zcavio Imiinz v kombinacii s 300 mg olapariba dvekrat na dan, temelj na podatkih 238 bolnic z rakom endomefria. Najpogosteisi (> 20 %) nezeleni ucinki so b anemua (61,8 %), navzea (54,6 %), utrujenost (54,2 %), periferna newopatia (51,7 %), alopecia (50.8
%], nevtropenia (39,5 %), zaprtie (32,8 %), Irombocnopenua (29,8 %), driska (28,2 %), brunanje (25,6 %), artralgia (24,4 %), izpuscaj (23,5 %), bolecine v trebuhu (23,5 %, zmanjSan apefit (23,1 %) in levkopenija (20,2 %). VRSTA IN VSEBINA OVOJNINE: 2,4 i (skupno 120 mg durvalumaba) koncentrata v stekleni viali iz stekia tipa 1 z elastomernim zamaskom in sivo
snemno aluminisko zaporo. Pakiranje vseouje 1 vialo. 10 ml (skupno 500 mg durvalumaba) koncentrata v stekleni val iz stekia tipa 1z elastomerim zamaskom in belo snemno aluminisko zaporo. Pakiranje vsebue 1 vialo. NACIN [ZDAJANJA ZDRAVILA: H- Predpisovanie in izdeja zdravia je le na recept.
IMFINZI®

DATUM REVIZI.IA BESEDILA: 2. 7 2025 (S\ 3708) IMETNIK DOVOLJENJA ZA PROMET: AstraZeneca AB, S-151 85, Sodertal, Svedska

Pred predpisovanjem, prosimo, preberite celoten povzetek glavnih znacilnosti zdravila. Dodatne informaciie so na volio pri druzbi AstraZeneca UK Limited, Podruznica v Slovenij, Verovékova 55, Liubljana, telefon +386 151 35 600.

Samo za strokovno jawnost. Informacija pripraviiena avgust 2025, Ast ra Zenec a durvalumab
Reference: 1. Povzetek glavnih znaciinosti zaravila Imfinzi, julf 2025 2. Cheng Y, Spige! DR, Cho BC, et al. Durvalumab after chemoradlotherapy inlimited-stage small-cell lung cancer. N Engl J Meq. 2024;391(14):1313-1327 (Including Protacol.
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— trastuzumab derukstekan

REMIKAMO MEJE
DRAVLJENJA

UCINKOVITOSTJO,
1 PRESEGA PRICAKOVANJA

* Terapija izbora v smernicah za 2L

HER2+ raka dojk'*

* Prvo in edino zdravljenje proti HER2,

ki je u€inkovito tudi pri bolnikih z rakom
dojk z (zelo) nizkim izraZzanjem HER2*37

Ucinkovitost pri bolnikih s HER2+ razsejanim rakom dojk in mozganskimi metastazami ob izhodi$¢u zdravljenja®®

Cas do napredovanja bolezni DeleZ objektivnega odgovora v CZS
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Celotna populacija bolnikov z moZganskimi metastazami ob izhodis¢u zdravljenja Bolniki z merljivo boleznijo v CZS ob izhodi¢u zdravljenja (post-hoc analiza)

(analiza Kaplan-Meier)

Ob zdravljenju s trastuzumab derukstekanom je potrebno bolnike spremljati za pojav intersticijskega pnevmonitisa in ukrepati ob prvih simpotomih.

SKRAJSAN POVZETEK GLAVNIH ZNACILNOSTI ZDRAVILA

'V Za to zdravilo se izvaja dodatno spreml]anje varmnosti. Tako bodu hitreje na voljo nove informacije o njegovi varnosti. Zdravstvene delavce naprosamo, da porocajo o katerem koli domnevnem neZelenem utinku zdravila.
ENHERTU 100 mg prasek za t
SESTAVA: Ena viala praska za

ncentrat za razlopmo 2] |nfund|ran|e vsebuje 100 mg trastuzumab derukstekana. Po rekonstituciji ena viala s 5 ml raztopine vsebuje 20 mg/ml je konjugat protitelesa in zdravila, ki vsebuje humanizirano monoklonsko protitelo IgG1 proti
HER2 zistim j lin, kot ga ima Proizvajajo ga sesalske celice (ovarij kitajskega hrcka) i je prek razcepljivega veznika na tetrapeptidni bazi kovalentno vezan na DXd, ki je derivat eksatekana in zaviralec topoizomeraze |. Na vsako molekulo protitelesa je vezanih priblizno 8 molekul derukstekana.
Pomozne snovi: L-histidin, L-histidinijev klorid monohidrat, saharoza, polisorbat 80 (E433). TERAPEVTSKE INDIKACIJE: Rak dojk: HER2- -pozitiven rak dojk: Zdravilo Enhertu kot monoterapija je indicirano za zdravljenje odraslih bolnikov z ilnim ali HER2-pozitivnim rakom dojk, ki so pred tem Ze prejeli eno
alivet shem zdravijenja na podlagi anti-HER2. Rak dojk z nizkim statusom HER2 in zelo nizkim statusom HERZ: Tdravilo Enhertu kot monoterapija je indicirano za zdravljenje odraslih bolnikov z neresektabilnim ali metastatskim rakom dojk, pozitivnim na hormonske receptorje, z nizkim statusom HER2 ali zelo nizkim statusom HER2,
ki so pred tem prejeli vsaj eno endokrino terapijo v prisotnosti metastaz in ki ne veljajo za primerne za endokrino terapijo kot naslednjo linijo zdravljenja ter rakom dojk z nizkim statusom HER2, ki so pred tem Ze prejeli kemoterapijo v prisotnosti metastaz ali pa se je pri njih bolezen ponovila med adjuvantno kemoterapijo ali
znotraj 6 mesecev po njenem zakljucku. Nedrobnocelini rak plju¢ (NSCLC - non-small cell lung cancer): Zdravilo Enhertu kot monoterapija je indicirano za zdravijenje odraslih bolnikov  napredovalim NSCLC, ki imajo tumorje z aktivirajoco mutacijo HER2 (ERBB2) in potrebujejo sistemsko terapijo po kemoterapiji na podlagi
platine z imunoterapijo ali brez nje. Rak Zelodca: Zdravilo Enhertu v obliki monoterapije je indicirano za zdravljenje odraslih bolnikov z napredovalim HER2-pozitivnim adenokarcinomom Zelodca ali gastroezofagealnega prehoda, ki so pred tem 7e prejeli shemo na podlagi trastuzumaba. ODMERJANJE IN NACIN UPORABE:
Zdravilo Enhertu mora predpisati zdravnik in njegovo dajanje nadzorovati zdravstveni delavec, ki sta izkuSena v uporabi zdravil proti raku. Za preprecitev napak, povezanih z zdravili, je pomembno, da preverite nalepke na vialah in se prepricate, da je zdravilo, ki se pripravija in daje, res zdravilo Enhertu (trastuzumab derukste-
kan), in ne trastuzumab ali trastuzumab emtanzin. Zdravilo Enhertu se ne sme zamenjati s ali Bolniki, ki se zdravijo s trastuzumab derukstekanom zaradi HER2-pozitivnega raka dojk, raka Zelodca ali gastroezofagealnega prehoda, morajo imeti dokumentiran HER2pozitiven status tumorja,
ki je opredeljen kot ocena 3 + na podlagi imunohistokemije (IHC) ali razmerje > 2,0 na podlagi in situ hibridizacie (ISH) ali fluorescen¢ne in situ hibridizacije (FISH), ocenjeno z in vitro diagnosticnim (IVD) medicinskim pripomockom z oznako CE. Bolniki, ki se zdravijo s trastuzumab derukstekanom zaradi raka dojk z nizkim in zelo
nizkim statusom HERZ, morajo imeti dokumentiran nizek status HER2 tumorja, ki je opredeljen kot ocena IHC 1+ ali IHC 2+/ISH-, ali zelo nizek status HER2, opisan kot IHC 0 z obarvanjem membrane (IHC>0<1+) ocenjen z 1VD z oznako CE. Bolniki, ki se zdravijo s zaradi Jovalega NSCLC, morajo
imeti aktivirajoco mutacijo HER2 (ERBB2), odkrito z in vitro diagnosticnim (IVD) medicinskim pripomockom, oznacenim s CE. CeVDz0mako CEnina voljo, je treba status HER2 in status mutacije HER2 oceniti z drugim potrjenim testom. Odmerjanje: Rak dojk in NSCLC: Priporoceni odmerek zdravila Enhertu je 5,4 mg/kg, kise daje
zintravensko infuzijo enkrat vsake 3 tedne (21-dnevni cikel) do napredovanja bolezni ali nesprejemljive toksinosti. Rak Zelodca: Priporogeni odmerek zdravila Enhertu je 6,4 mg/kg, ki se daje z intravensko infuzijo enkrat vsake 3 tedne (21-dnevni cikel) do napredovanja bolezni ali nesprejemljive toksicnosti. Zacetni odmerek je
treba dati 2 90-minutno intravensko infuzijo. Ce bolnik prejsnjo infuzijo dobro prenaSa, se lahko naslednji odmerki zdravila Enhertu dajejo kot 30-minutne infuzie. Hitrost infundiranja zdravila Enhertu je treba zmanjSati ali infundiranje prekiniti, ce se pri bolniku razvijejo simptomi, povezani zinfuzijo. V primeru hudih reakcij
na infuzijo je treba zdravilo Enhertu trajno ukiniti. Premedikacija: Zdravilo Enhertu je emetogeno, kar vkljucuje zapoznelo navzeo in/ali bruhanje. Pred vsakim odmerkom zdravila Enhertu je treba bolnike premedicirati s kombiniranim rezimom dveh ali treh zdravil (npr. deksametazon z antagonistom receptorjev 5-HT3 in/ali
antagonistom receptorjev NK1 ter drugimi zdravili kot je indicirano) za preprecevanje navzee in bruhanja zaradi kemoterapie. Prilagajanje odmerka: Obvladovanje nezelenih ucinkov lahko zajema zacasno prekinitev uporabe, zmanjSanje odmerka ali ukinitev zdravijenja z zdravilom Enhertu, skladno s smernicami, podanimi v
povzetku glavnih znailnosti zdravila (preglednici 1 in 2). Po zmanjSanju odmerka zdravila Enhertu se odmerek ne sme vec ponovno povecati. Natrt zmanjSevanja odmerka: Priporoteni zacetni odmerek je 5,4 mg/kg pri raku dojk in NSCLC oz. 6,4 mg/kg pn raku Zelodca; prvo zmanjSanje odmerka (4,4 mg/kg oz. 5,4 mg/kg),
drugo zmanjanje udmerka (3,2 mg/kg oz. 4,4 mg/kg), pri potrebi po nadaljnjem zmanjSanju odmerka ukinite zdravijenje. Prosimo, glete celoten povzetek glavnih znacilnosti zdravila Enhertu 20 prilagajanje odmerka zaradi neZelenih ucinkov: intersticjska pljucna bolezen (0

(stopnja 1), I (slopma 2 alivisja)), nevtropenija (stopnja 3 (manj kot 1,0-0,5 x 10°/1), stopnja 4 (manj kot 0,5 x 10°/1)), febrilna nevtropenij (absolutno Stevilo nevlruﬂ(ev manj kot 1,0 x 10%/Iin telesna temperatura, visja od 38 3 "( ali telesna Iemperatura 38 °Calivisja, ki vztraja vet
kot eno uro), zmanjSanztsni delez levega prekata (LVEF) (LVEF vet kot 45 % in absolutno zmanjSane glede na izhodistno vrednostza 10 % do 20 %; LVEF 40 % do 45 %; LVEF manj kot 40 % ali absolutno zmanjanje glede na izhodigéno vrednost za vet kot 20 Y%; si cno k srtno popustanje). Zakasnjen ali izpuscen
odmerek: Ce se nacrtovani odmerek zakasni ali izpusti, ga je treba dati takoj, ko je mogoe, brez ¢akanja na naslednji nacrtovani cikel. Casovni naért dajanja je treba prilagoditi, da se ohrani 3-tedenski razmik med odmerki. Infuzijo je treba dati s hitrostjo in odmerkom, ki ga je bolnik prenasal pri zadnji infuziji. Posebne popu-
lacije: Starejsi: Pri bolnikih, starih 65 let ali starejSih, prilagajanje odmerka zdravila Enhertu ni potrebno. Podatki pri bolnikih, starih > 75 let, so omejeni. Okvara ledbvic: Prilagajanje odmerka pri bolnikih z blago (ocistek kreatinina [CLcr] 2 60 in < 90 mi/min) ali zmerno (CLer > 30 in < 60 ml/min) okvaro ledvic ni potrebno. More-
bitne potrebe po prilagajanju odmerka pri bolnikih s hudo okvaro ledvic ali konéno ledviéno odpovedjo ni mogoce opredeliti, ker je bila huda okvara ledvic v Kiiniénih Studijah izkljucitveni kriterij. Pri bolnikih 2 zmerno okvaro ledvic so opazili visjo pogostnost IPB stopnje 1 in 2/pnevmonitisa, ki sta vodila do zvecanja Stevila
prekinitev zdravljenja. Pri bolnikih z zmerno okvaro ledvic v izhodiscu, ki so prejemali zdravilo Enhertu 6,4 mg/kg, so ugotovili vecjo pogostnost resnih nezelenih ucinkov kot pri tistih 2 normalnim delovanjem ledvic. Bolnike z zmerno ali hudo okvaro ledvic je treba natan¢no spremljati glede neielenih ucinkov, vkljuéno z IPB/
pnevmonitisom. Okvara jeter: Pri bolnikih, ki imajo celokupni bilirubin < 1,5-kratnik zgornje meje normalnih vrednosti (ZMN), ne glede na vrednost aspartat transaminaze (AST), odmerka i treba prilagajati. Morebitne potrebe po prilagajanju odmerka pri bolnikih, ki imajo celokupni bilirubin > 1,5-kratnik ZMN, ne glede na
vrednost AST, ni mogoce opredelit zaradi omejenih podatkov. Zato je treba te bolnike natantno spremljati. Natin uporabe: Zdravilo Enhertu je za uporabo. i delavec ga mora ituirati in razredCiti. Treba ga je dati z intravenskim infundiranjem. Zdravilo Enhertu se ne sme dati kot hitro intravensko
injekcijo ali bolus. KONTRAINDIKACIJE: Preobtutljivost na ucinkovino ali katero koli pomozno snov. POSEBNA OPOZORILA IN PREVIDNOSTNI UKREPI: Intersticijska pljucna holezen/pnevmonitis: Pri zdravilu Enhertu so porocali o primerih intersticijske pljucne bolezni (IPB) in/ali pevmonitisa. Nekateri primeriso bili
smrtni. Bolnikom je treba naroiti, naj takoj porocajo o kaslju, dispneji, visani telesni temperaturi in/ali katerih koli novih dihalnih simptomih ali poslabSanju obstojecih. Bolnike je treba spremljati glede znakov in si 1PB, isa. Dokaze za IPB itis je treba takoj proutiti. Bolnike s sumom na IPB/
pnevmonitis je treba oceniti  radiografskimi posnetki, najbolje z racunalnisko tomografijo (CT). Treba je razmislit o posvetu s pulmologom. Nevtropenija: V klinicnih Studijah z zdravilom Enhertu so porocali o primerih nevtropenije, vkljucno s primeri febrilne nevtropenije s smrtnim izidom. Pred uvedbo zdravila Enhertu in pred
vsakim odmerkom ter vsakit, ko je Kinicno indicirano, je treba preveriti celotno krvno sliko. Morda bo treba zacasno prekiniti dajanje zdravila Enhertu ali zmanjSati odmerek, odvisno od tega, kako huda je nevtropenija. Okvara levega prekata: Pri zdravjenjih anti- HERZ 50 porocali o zmanjSanem iztisnem delezu levega prekata
(LVEF). Pred uvedbo zdravijenja z zdravilom Enhertu in v rednih intervalih med njim (v skladu s klinicnimi indikacijami) je treba izvesti standardne preiskave delovanja srca (ehokardiografija alislikanje MUGA) za oceno LVEF. jSanje LVEF je treba itvami zdravljenja. Zdravijenje z zdravilom Enhertu je
treba trajno ukiniti, ce se potrdi LVEF manj kot 40 % ali absolutno zmanjSanje glede na izhodiStno vrednost za ve¢ kot 20 %. Zdravilo Enhertu je treba trajno ukiniti pri bolnikih s simptomatskim kongestivnim srcnim popuscanjem. Embrio-fetalna toksicnost: Zdrawlo Enhertu lahko ima Skodljiv vpliv na plod, e se da nosetnici.
Pri Zenskah v rodni dobi je treba pred uvedbo zdravijenja z zdravilom Enhertu preveriti status nosecnosti. Bolnice je treba seznaniti zmoZnimi tveganjiza plod. Zenskam v rodni dobi je treba svetovat, da uporabijajo ucinkovito kontracepcijo med zdravijenjem in Se vsaj 7 mesecev po zadnjem odmerku zdravila Enhertu. Moskim
bolnikom s partnerkami v rodni dobi je treba svetovati, da uporabjajo uinkovito kontracepcijo med zdravljenjem 2 zdravilom Enhertu in Se vsaj 4 mesece po zadnjem odmerku zdravila Enhertu. : Zdravilo Enhertu je treba pri bolnikih zmerno in hudo okvaro jeter dajati previdno. MEDSE-
BOJNO DELOVANJE Z DRUGIMI ZDRAVILI IN DRUGE OBLIKE INTERAKCI): Pri socasnem dajanju trastuzumab derukstekana z zdravili, ki so zaviralci CYP3A ali OATP1B ali prenasalcev P-gp, odmerka ni treba prilagajati. PLODNOST, NOSECNOST IN DOJENJE: Nosecnost: Dajanje zdravila Enhertu nosecnicam se ne pripo-
roca. Bolnice je treba seznaniti z moznimi tveganjiza plod, preden zanosijo. Zenske, ki zanosijo, se morajo takoj obrniti na zdravnika. (e zenska zanosi med zdravljenjem z zdravilom Enhertu ali v obdobju 7 mesecev po zadnjem odmerku zdravila Enhertu, se priporota natantno spremljanje. Dojenje: Niznano, alise trastuzumab
derukstekan izloca v materino mleko. Humani IgG se izloca v materino mleko in potencial za absorpcijo in resne nezelene utinke na dojencka ni znan. Zato Zenske ne smejo dojiti med zdravljenjem z zdravilom Enhertu in $e 7 mesecev po zadnjem odmerku. Odlociti se je treba med prenehanjem dojenja in prenehanjem
adravljenja z zdravilom Enhertu, pri Cemer je treba pretehtati prednosti dojenja za otroka in prednosti zdravijenja za mater. Plodnost: Namenskih Studij plodnosti s trastuzumab derukstekanom niso izvedli. Ni znano, ali so trastuzumab derukstekan ali njegovi presnovki prisotni v semenski tekocini. Pred zatetkom zdravljenja je
treba moskim bolnikom svetovati, da se posvetujejo o moznosti shranjevanja semena. Moski bolniki v celotnem obdobju zdravljenja in $e najmanj 4 mesece po zadnjem odmerku zdravila Enhertu ne smejo zamrzniti ali darovati semena. NEZELENI UCINKI: Zdravilo Enhertu 5,4 mg/kg: Zdruzeno varnostno populacijo so ocenili
pri bolnikih, ki so v klini¢nih Studijah dobili vsaj en odmerek 5,4 mg/kg zdravila Enhertu (N = 2335) zaradi razlicnih vrst tumorjev. Mediani cas trajanja zdravljenja v tej zdruzeni populaciji je bil 9,0 meseca (razpon: 0,7-45,1 meseca). Zelo pogosti: okuzba zgornjih dihal, anemija, nevtropenija, trombocitopenija, levkopenija, hipo-
kaliemija, zmanj3an apetit, glavobol, intersticijska pljucna bolezen, kaelj, navzea, bruhanje, zaprtje, driska, bolecina v trebuhu, stomatitis, dispepsija, zvisane transaminaze, alopecija, misicno-skeletna bolecina, utrujenost, pireksija, zmanj3an iztisni delez, zmanjSanje telesne mase. Pogosti: pljucnica, limfopenija, febrilna nev-
tropenija, pancitopenija, dehidracija, omotica, disgevzija, suhe oci, zamegljen vid, dispneja, epistaksa, abdominalna distenzija, gastritis, flatulenca, izpuscaj, pruritus, hiperpigmentacija koze, perifermni edem, zvisana alkalna fosfataza v krvi, zvisan bilirubin v krvi, zvisan kreatinin v krvi, reakcije, povezane z infuzijo. Zdravilo
Enhertu 6,4 mg/kg: Idruzeno varnostno populacijo so ocenili za bolnike, ki so v Klinicnih Studijah dobili vsaj en odmerek 6,4 mg/kg zdravila Enhertu (N = 669) zaradi razlicnih vrst tumorjev. Mediani as trajanja zdravljenja v tej zdruzeni populaciji je bil 5,7 meseca (razpon: 0,7-41,0 meseca). Zelo pogosti: pljucnica, okuzba zgornjih
dihal, anemija, nevtropenija, trombocitopenija, levkopenija, limfopenija, hipokaliemija, zmanjsan apetit, glavobol, disgevzija, intersticijska pljucna bolezen, dispneja, kaselj, navzea, bruhanje, driska, zaprtje, bolecina v trebuhu, stomatitis, zvisane transaminaze, alopecija, misicno-skeletna bolecina, utrujenost, pireksija, peri-
fermni edem, zmanj3an iztisni deleZ, zmanjSanje telesne mase. Pogosti: febrilna nevtropenija, pancitopenija, dehidracija, omotica, suhe o€i, zamegljen vid, epistaksa, dispepsija, abdominalna distenzija, gastritis, flatulenca, izpuscaj, pruritus, hiperpigmentacija koZe, zvisana alkalna fosfataza v krvi, avisan bilirubin v krvi, visan
kreatinin v krvi, reakcije, povezane z infuzijo. IMETNIK DOVOLJENJA ZA PROMET Z ZDRAVILOM: Daiichi Sankyo Europe GmbH, Zielstattstrasse 48, 81379 Miinchen, Nemcija DATUM ZADNJE REVIZIJE BESEDILA: 31. marec 2025 (SI-5034) REZIM PREDPISOVANJA IN IZDAJE: H Prosimo, da pred predpisovanjem
preberete celoten povzetek glavnih znailnosti zdravila. Dodatne informacije so na voljo pri podjetju AstraZeneca UK Limited, Podruznica v Sloveniji, Verovskova 55, 1000 Ljubljana, telefon: 01/5135 600.
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*rak dojk z nizkim izrazanjem HER2 je definiran kor IHK1+ ali IHK2+/ISH-, # Pripisane vrednosti: pripisana je bila vrednost +20 %, ¢e deleza najboljSe spremembe ni bilo mogote izracunati zaradi manjkajocih podatkov v primerih, da je imel bolnik novo lezijo ali napredovanje neciljnih ali ciljnih lezij ali se je umaknil zaradi
napredovnja bolezni in pred tem ali ob napredovanju bolezni ni bilo podatkov za oceno odziva v ciljni leziji.
2L - drugi red, CZS - centralni Zivéni sistem, mPFS - srednji cas do napredovanja bolezni, IZ - interval zaupanja c
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MSD na zdravljenje raka.

VASIH BOLNIKOV

KEYTRUDA

(pembrolizumab, MSD)

KEYTRUDA?® je odobrena za zdravljenje vec kot 30 indikacij rakavih obolenj’

Referenca: 1. Povzetek glavnih znacilnosti zdravila KEYTRUDA

SKRAJSAN POVZETEK GLAVNIH ZNACILNOSTI ZDRAVILA - Pred predpisovanjem, prosimo, preberite celoten
glavnih éil ila! « Ime ila: KEYTRUDA 25 mg/ml koncentrat za raztopino za infundiranje

vsebuje pembrolizumab. « Terapevtske indikacije: Zdravilo KEYTRUDA je kot samostojno zdravljenje indicirano za
zdravljenje: odraslih in mladostnikov, starih 12 let ali ve¢, z napredovalim (neoperabilnim ali metastatskim) melanomom; za
adjuvantno zdravljenje odraslih in mladostnikov, starih 12 let ali ve¢, z melanomom v stadiju IIB, lIC ali Ill, in sicer po popolni
kirurski odstranitvi; za adjuvantno zdravljenje odraslih z nedrobnoceli¢nim plju¢nim rakom, ki imajo visoko tveganje za
ponovitev bolezni po popolni kirurki odstranitvi in kemoterapiji na osnovi platine; metastatskega nedrobnoceli¢nega
plju¢nega raka (NSCLC) v prvi liniji zdravljenja pri odraslih, ki imajo tumorje z = 50 % izrazenostjo PD-L1 (TPS) in brez
pozitivnih tumorskih mutacij EGFR ali ALK; lokalno napredovalega ali metastatskega NSCLC pri odraslih, ki imajo tumorje z
= 1 % izrazenostjo PD-L1 (TPS) in so bili predhodno zdravljeni z vsaj eno shemo kemoterapije, bolniki s pozitivnimi
tumorskimi mutacijami EGFR ali ALK so pred prejemom zdravila KEYTRUDA morali prejeti tudi taréno zdravljenje; odraslih
in pediatri¢nih bolnikov, starih 3 leta ali ve¢, s ponovljenim ali neodzivnim klasi¢nim Hodgkinovim limfomom (cHL), pri
katerih avtologna presaditev mati¢nih celic (ASCT) ni bila uspe3na, ali po najmanj dveh predhodnih zdravljenjih kadar ASCT
ne pride v postev kot moznost zdravljenja; lokalno napredovalega ali metastatskega urotelijskega raka prl odraslih,
predhodno zdravljenih s kemoterapijo, ki je vkljucevala platino; lokalno ds ali raka
pri odraslih, ki niso primerni za zdravljenje s kemoterapijo, ki vsebuje cisplatin in imajo tumorje z |zrazenost]o PD-L1 =10,
ocenjeno s kombinirano pozitivno oceno (CPS); ponovljenega ali metastatskega ploscatoceli¢nega raka glave in vratu
(HNSCC) pri odrasllh ki |majo tumorje z > 50 % izrazenostjo PD-L1 (TPS), in pri katerih je bolezen napredovala med
zd j 15 ker ijo, ki je vkljucevala platino; za adjuvantno zdravljenje odraslih z rakom
ledvi¢nih celic s povisanim tveganjem za ponovitev bolezni po nefrektomiji, ali po nefrektomiji in kirurski odstranitvi
metastatskih lezij, za zdravljenje odraslih z MSI-H (microsatellite instability-high) ali dMMR (mismatch repair deficient)
kolorektalnim rakom v naslednjih terapevtskih okolis¢inah: prva linija zdravljenja metastatskega kolorektalnega raka;
bill ali raka po predhodnem kombiniranem zdravljenju, ki je

temeljllo na ﬂuoroplnrmdlnu, in za zdravljenje MSI-H ali dMMR tumorjev pri odraslih z: napredovalim ali ponovljenim
rakom endometrija, pri katerih je bolezen napredovala med ali po predhodnem zdravljenju, ki je vliucevan platino, v

neoadjuvantnim zdravljenjem v kombinaciji s kemoterapijo, ne smejo prejeti zdravila KEYTRUDA kot samostojnega
zdravljenja za adjuvantno zdravljenje. Za lokalno napredovalega raka materni¢nega vratu morajo bolnice prejeti zdravilo
KEYTRUDA socasno s kemoradioterapijo, ¢emur sledi samostojno zdravljenje z zdravilom KEYTRUDA. Zdravilo KEYTRUDA
se lahko daje v odmerku 200 mg na 3 tedne ali 400 mg na 6 tednov do napredovanja bolezni, pojava nesprejemljivih
toksi¢nih ucinkov ali do 24 mesecev. Ce je aksitinib uporabljen v kombinaciji s pembrolizumabom, se lahko razmisli o
povecanju odmerka aksitiniba nad zacetnih 5 mg v presledkih 3est tednov ali ve¢. V primeru uporabe v kombinaciji z
lenvatinibom je treba zdravljenje z enim ali obema zdraviloma prekiniti, kot je primerno. Uporabo lenvatiniba je treba
zadrzati, odmerek zmanjsati ali prenehati z uporabo, v skladu z navodili v povzetku glavnih znacilnosti zdravila za
lenvatinib, in sicer za kombinacijo s pembrolizumabom. Pri bolnikih starih > 65 let, bolnikih z blago do zmerno okvaro
ledvic, bolnikih z blago ali zmerno okvaro jeter prilagoditev odmerka ni potrebna. OdloZitev odmerka ali ukinitev
zdravljenja: Zmanjsanje odmerka zdravila KEYTRUDA ni priporocljivo. Za obvladovanje nezelenih ucinkov je treba uporabo

zdravila KEYTRUDA zadrzati ali ukiniti, prosimo, glejte celoten Povzetek glavnih znacllnostl zdravlla Kontraindika:ije:
Preobc¢utljivost na u¢inkovino ali katero koli pomozno snov. «
interakcij in nezelenih u¢inkov: Imunsko pogojeni nezeleni ucinki (pnevmonitis, kolitis, hepatms, nefritis, endokrlnopatue,
nezeleni ucinki na koZo in drugi): Pri bolnikih, ki so prejemali pembrolizumab, so se pojavili imunsko pogojeni nezeleni
ucinki, vkljuéno s hudimi in smrtnimi primeri. Ve¢ina imunsko pogojenih nezelenih ucinkov, ki so se pojavili med
zdravljenjem s pembrolizumabom, je bila reverzibilnih in so jih obvladali s prekinitvami uporabe pembrolizumaba,
uporabo kortikosteroidov in/ali podporno oskrbo. Pojavijo se lahko tudi po zadnjem odmerku pembrolizumaba in hkrati
prizadanejo ve¢ organskih sistemov. V primeru suma na imunsko pogojene nezelene ucinke je treba poskrbeti za ustrezno
oceno za potrdltev etlologue ozuoma |zk|)uc|tev drug|h vzrokov. Glede na izrazitost nezelenega uc¢inka je treba zadrzati
uporabo pen kor - za natan¢na navodila, prosimo, glejte Povzetek glavnih znacilnosti
zdravila Keytruda. ZdravIJenJe s pembrollzumabom lahko poveca tveganje za zavrnitev pri prejemnikih presadkov ¢vrstih
organov. Pri bolnikih, ki so prejemali pembrollzurnab so poroali o hudih z infuzijo povezanih reakcijah, vklju¢no s
preob¢utljivostjo in se iz obtoka odstrani s katabolizmom, zato presnovnih medsebojnih
delovanj zdravil ni pri¢akovati. Uporabi si: kih kortik idov ali imunosupresivov pred uvedbo pembrolizumaba se
je treba izogibati, ker lahko vplivajo na farmakodinami¢no aktivnost in uiinkovi(ost pembrolizumaba. Vendar pa je
ik ide ali druge i|||u||L, presive mogoce uporabltl za zdravljenje imunsko pogojenih nezelenih uclnkov

). Peny

katerih koli terapevtskih okoli¢inah, in ki niso kandidati za kurativno operacijo ali ob: ilnim - ali
metastatskim rakom Zelodca, tankega ¢revesa ali biliarnega trakta, pri katerih je bolezen napredovala med ali po vsaj enem
predhodnem zdravljenju. Zdravilo KEYTRUDA je kot samostojno zdravljenje ali v kombinaciji s kemoterapijo s platino in
5-fluorouracilom (5-FU) indicirano za prvo linijo zdravlj ali neoperabilnega ponovljenega
ploscatoceli¢nega raka glave in vratu pri odraslih, ki imajo tumorje z izrazenostjo PD-L1 s CPS > 1. Zdravilo KEYTRUDA je v
kombinaciji s kemoterapijo, ki vklju¢uje platino, indicirano za neoadjuvantno zdravljenje, in v nadaljevanju kot samostojno
zdravljenje za adjuvantno zdravljenje odraslih z operabilnim nedrobnoceli¢nim plju¢nim rakom, ki imajo visoko tveganje
za ponovitev bolezni; v kombinaciji s pemetreksedom in kemoterapijo na osnovi platine je indicirano za prvo linijo
zdravljenja metastatskega neplos¢atoceliénega NSCLC pri odraslih, pri katerih tumorji nimajo pozitivnih mutacij EGFR ali

ALK; v kombinaciji s karboplatinom in bodisi bodisi nab-| jeindicirano za prvo linijo zdravljenja
metastatskega plos¢atoceli¢nega NSCLC pri odraslih; v kombinaciji s pemet in ker ijo na osnovi platine je
indicirano za prvo linijo zdravljenja pri odraslih z ilnim malignim r iomom plevre; v
kombinaciji z enfortumab vedotinom je indicirano za prvo linijo regaalin urotelij

raka pri odraslih; v kombinaciji z aksitinibom ali v kombinaciji z Ienvatlnlbom je indicirano za prvo Ilnuo zdravlJenJa
napredovalega raka ledvi¢nih celic (RCC) pri odraslih; v kombmacul s k ijo s platino in flu i
indicirano za prvo linijo zdravljenja lokalno nap i ali raka poz pri odrasllh
ki imajo tumorje z izrazenostjo PD-L1 s CPS = 10; v komblnacul s kemoterapijo za neoadjuvantno zdravljenje, in v
nadaljevanju kot samostojno adjuvantno zdravljenje po kirurskem posegu, je indicirano za zdravljenje odraslih z lokalno
napredovalim trojno negativnim rakom dojk ali trojno negativnim rakom dojk v zgodnjem stadiju z visokim tveganjem za
ponovitev bolezni; v kombinaciji s kemoterapijo je indicirano za zdravljenje lokalno ponovljenega neoperabilnega ali
metastatskega trojno negativnega raka dojk pri odraslih, ki imajo tumorje z izrazenostjo PD-L1 s CPS = 10 in predhodno
niso prejeli kemoterapije za metastatsko bolezen; v kombinaciji s karboplatinom in paklitakselom je indicirano za prvo
linijo zdravljenja primarno napredovalega ali ponovljenega raka endometrija (EC) pri odraslih, ki so kandidati za si: k

kor
Kortik Je je mogoce up: iti tudi kot pr Jikacijo, ¢e je pembrolizumab uporabljen v kombinaciji s k
kot antiemeti¢no profilakso in/ali za ublazitev nezelenih u¢inkov, povezanih s kemoterapijo. Zenske v rodni dobi moraJo
med zdravljenjem s pembrolizumabom in vsaj Se 4 mesece po zadnjem odmerku pembrolizumaba uporabljati u¢inkovito
kontracepcijo, med nose¢nostjo in dojenjem se ga ne sme t jati. Varnost p izumaba pri jnem
zdravljenju so v klini¢nih $tudijah ocenili pri 7631 bolnikih, ki so imeli razli¢ne vrste raka, s stirimi odmerki (2 mg/kg telesne
mase na 3 tedne, 200 mg na 3 tedne in 10 mg/kg telesne mase na 2 ali 3 tedne). V tej populaciji bolnikov je mediani ¢as
opazovanja znasal 8,5 meseca (v razponu od 1 dneva do 39 mesecev), najpogostejsi nezeleni ucinki zdravljenja s
pembrolizumabom pa so bili utrujenost (31 %), diareja (22 %) in navzea (20 %). Ve¢ina porocanih nezelenih uéinkov pri
samostojnem zdravljenju je bila po izrazitosti 1. ali 2. stopnje. Najresnejsi nezeleni ucinki so bili imunsko pogojeni nezeleni
ucinki in hude z infuzijo povezane reakcije. Pojavnost imunsko pogojenih nezelenih ucinkov pri uporabi pembrolizumaba
samega za adjuvantno zdravljenje je znasala 37 % za vse stopnje in 9 % od 3. do 5. stopnje, pri metastatski bolezni pa 25 %
za vse stopnje in 6 % od 3. do 5. stopnje. Pri adJuvantnem zdravljenju nlso zaznall nobenih novih imunsko pogojenih
nezelenih u¢inkov. Varnost pembrolizumaba pri 15 k bijo ali CRT so ocenili pri 6334
bolnikih z razli¢nimi vrstami raka, ki so v klini¢nih tudijah pre]emall pembrollzumab v odmerkih 200 mg, 2 mg/kg telesne
mase ali 10 mg/kg telesne mase na vsake 3 tedne. V tej populaciji bolnikov so bili najpogostejsi nezeleni ucinki naslednji:
navzea (52 %), anemija (51 %), utrujenost (36 %), diareja (35 %), zaprtost (32 %), bruhanje (28 %), zmanjsano Stevilo
r\evtroﬁlcev (27 %) |n zmanjsanje apetlta (27 %). Pojavnost nezelenih ucinkov 3. do 5. stopnje je pri bolnikih z NSCLC pri
s per bom znasala 69 % in pri zdravljenju samo s kemoterapijo 61 %, pri bolnikih s
HNSCC pri komblnlranem zdravljenju s pembrolizumabom 85 % in pri zdravljenju s kemoterapijo v kombinaciji s
cetuksimabom 84 %, pri bolnikih z rakom poziralnika pri kombiniranem zdravljenju s pembrolizumabom 86 % in pri
zdravljenju samo s kemoterapijo 83 %, pri bolnikih s TNBC pri kombiniranem zdravljenju s pembrolizumabom 80 % in pri
zdravljen)u samo s kemoterapuo 77 %, pri bolnicah z rakom materni¢nega vratu pri kombiniranem zdravljenju s
z ali brez bevacizumaba ali v kombinaciji s CRT) 77 % in pri zdravljenju s kemoterapijo z

zdravljenje; v kombinaciji z lenvatinibom je indicirano za zdravljenje napredovalega ali ponovljenega raka endometrija pri
odraslih z napredovalo boleznijo med ali po predhodnem zdravljenju s kemoterapuo lie kaJucevaIa platlno, v katenh leI
terapevtskih okolis¢inah, in ki niso kandidati za kurativno operacijo ali ob iji s
(zdravljenje z zunanjim obsevanjem, ki mu sledi brahiterapija) je indicirano za zdravlJenJe lokalno napredovalega raka
materni¢nega vratu v stadiju Ill - IVA po FIGO 2014 pri odraslih, ki niso prejeli predhodne definitivne terapije; v kombinaciji
s kemoterapijo, z bevacizumabom ali brez njega, je indicirano za zdravljenje persistentnega, ponovljenega ali
metastatskega raka materni¢nega vratu pri odraslih bolnicah, ki imajo tumorje zizrazenostjo PD-L1 s CPS > 1; v kombinaciji
s trastuzumabom, ﬂuoro irimidinom in kemoterapijo, ki vklju¢uje platino, je indicirano za prvo linijo zdravljenja lokalno
doval ali HER2-pozitivnega adenokarcinoma zelodca ali gastroezofagealnega
prehoda pri odraslih, ki imajo tumorje z izrazenostjo PD-L1 s CPS > 1; v kombinaciji s fluoropirimidinom in kemoterapijo, ki
vkljucuje platino, je indicirano za prvo linijo zdravljenja lokalno napredovalega neoperabilnega ali metastatskega HER2-
negativnega adenokarcinoma zelodca ali gastroezofagealnega prehoda pri odraslih, ki imajo tumorje z izrazenostjo PD-L1
s CPS = 1; v kombinaciji z gemcitabinom in cisplatinom je indicirano za prvo linijo zdravljenja lokalno napredovalega
neoperabilnega ali metastatskega raka biliarnega trakta pri odraslih. - Odmerjanje in nacin uporabe: Testiranje PD-L1: Ce
je navedeno v indikaciji, je treba izbiro bolnika za zdravljenje z zdravilom KEYTRUDA na podlagi izrazenosti PD-L1 tumorja
potrditi z validirano preiskavo. Testiranje MSI/MMR: Ce je navedeno v indikaciji, je treba izbiro bolnika za zdravljenje z
zdravilom KEYTRUDA na podlagi MSI-H/dMMR statusa tumorja potrditi z validirano preiskavo. Odmerjanje: Priporoceni
odmerek zdravila KEYTRUDA pri odraslih je bodisi 200 mg na 3 tedne ali 400 mg na 6 tednov, apliciran z intravensko infuzijo
v 30 minutah. Priporoceni odmerek zdravila KEYTRUDA za samostojno zdravljenje pri pediatri¢nih bolnikih s cHL, starih 3
leta ali ve, ali bolnikih z melanomom, starih 12 let ali ve¢, je 2 mg/kg telesne mase (do najvec 200 mg) na 3 tedne, apliciran
z intravensko infuzijo v 30 minutah. Za uporabo v kombinaciji glejte povzetke glavnih znacilnosti zdravil sotasno
uporabljenih zdravil. Ce se zdravilo KEYTRUDA uporablja kot del kombiniranega zdravljenja skupaj z intravensko
kemoterapijo, je treba zdravilo KEYTRUDA aplicirati prvo. Ce se zdravilo KEYTRUDA uporablja kot del kombiniranega
zdravljenja skupaj z enfortumab vedotinom, je treba zdravilo KEYTRUDA aplicirati po enfortumab vedotinu, kadar sta
uporabljena na isti dan. Bolnike je treba zdraviti do napredovanja bolezni ali nesprejemljivih toksi¢nih ucinkov (in do
maksimalnega trajanja zdravljenja, e je le to doloceno za indikacijo). Pri adjuvantnem zdravljenju melanoma, NSCLC ali
RCC je treba zdravilo uporabljati do ponovitve bolezni, pojava nesprejemljivih toksi¢nih ucinkov oziroma mora zdravljenje
trajati do enega leta. Za neoadjuvantno in adjuvantno zdravljenje operabilnega NSCLC morajo bolniki neoadjuvantno
prejeti zdravilo KEYTRUDA v kombinaciji s kemoterapijo, in sicer 4 odmerke po 200 mg na 3 tedne ali 2 odmerka po 400 mg
na 6 tednov ali do napredovanja bolezni, ki izklju¢uje definitivni kirurski poseg, ali do pojava nesprejemljivih toksi¢nih
ucinkov, ¢emur sledi adjuvantno zdravljenje z zdravilom KEYTRUDA kot samostojnim zdravljenjem, in sicer 13 odmerkov po
200 mg na 3 tedne ali 7 odmerkov po 400 mg na 6 tednov ali do ponovitve bolezni ali do pojava nesprejemljivih toksi¢nih
ucinkov. Bolniki, pri katerih pride do napredovanja bolezni, ki izklju¢uje definitivni kirurki poseg, ali do nesprejemljivih
toksi¢nih u¢inkov, povezanih z zdravilom KEYTRUDA kot neoadjuvantnim zdravljenjem v kombinaciji s kemoterapijo, ne
smejo prejeti zdravila KEYTRUDA kot samostojnega zdravljenja za adjuvantno zdravljenje. Za neoadjuvantno in adjuvantno
zdravljenje TNBC morajo bolniki neoadjuvantno prejeti zdravilo KEYTRUDA v kombinaciji s kemoterapijo, in sicer 8
odmerkov po 200 mg na 3 tedne ali 4 odmerke po 400 mg na 6 tednoy, ali do napredovanja bolezni, ki izklju¢uje definitivni
kirurski poseg, ali do pojava nesprejemljivih toksi¢nih ucinkov, cemur sledi adjuvantno zdravljenje z zdravilom KEYTRUDA
kot samostojnim zdravljenjem, in sicer 9 odmerkov po 200 mg na 3 tedne ali 5 odmerkov po 400 mg na 6 tednov ali do
ponovitve bolezni ali pojava nesprejemljivih toksi¢nih u¢inkov. Bolniki, pri katerih pride do napredovanja bolezni, ki
izklju¢uje definitivni kirurski poseg, ali do nesprejemljivih toksi¢nih ucinkov povezanih z zdravilom KEYTRUDA kot

aI| brez bevaclzumaba ali samostojno s CRT 71 %, pri bolnikih z rakom zelodca pri_kombiniranem zdravljenju s
pembrolizumabom (kerr ija z ali brez trastt 74%in prik inaciji z ali brez trastuzumaba 68
%, pri bolnikih z rakom biliarnega trakta pn kombmlranem zdravIJenJu s pembrollzumabom 85 % in pri samostojni
kemoterapiji 84 %, pri bolnicah z EC pri k dravljenju s pe li 'm=|'\nrn 59 %in pri jni kemoterapiji
46 %, in pri bolnikih z malignim I plevre pri izumabom 44 % in pri
samostojni kemoterapiji 30 %. Varnost pembrolizumaba v kombinaciji z aksmnlbom aI| Ienvatlnlbom pri napredovalem
RCC in v kombinaciji z lenvatinibom pri napredovalem EC so ocenili pri skupno 1456 bolnikih z napredovalim RCC ali
napredovalim EC, ki so v klini¢nih $tudijah prejemali 200 mg pembrolizumaba na 3 tedne skupaj s 5 mg aksitiniba dvakrat
na dan ali z 20 mg lenvatiniba enkrat na dan, kot je bilo ustrezno. V teh populacijah bolnikov so bili najpogostejsi nezeleni
ucinki diareja (58 %), hipertenzija (54 %), hipotiroidizem (46 %), utrujenost (41 %), zmanjsan apetit (40 %), navzea (40 %),
artralgija (30 %), bruhanje (28 %), zmanjsanje telesne mase (28 %), disfonija (28 %), bolecine v trebuhu (28 %), proteinurija
(27 %), sindrom palmarno-plantarne eritrodizestezije (26 %), izpu3¢aj (26 %), stomatitis (25 %), zaprtost (25 %), misi¢no-
skeletna bolecina (23 %), glavobol (23 %) in kaselj (21 %). NeZelenih ucinkov od 3. do 5. stopnje je bilo pri bolnikih z RCC
med uporabo pembrolizumaba v kombinaciji z aksitinibom ali lenvatinibom 80 % in med uporabo sunitiniba samega 71 %.
Pri bolnicah z EC je bilo neZelenih u¢inkov od 3. do 5. stopnje med uporabo pembrolizumaba v kombinaciji z lenvatinibom
89 % in med uporabo kemoterapije same 73 %. Varnost pembrolizumaba v kombinaciji z enfortumab vedotinom so ocenili
pri 564 bolnikih z neoperabilnim ali metastatskim urotelijskim rakom, ki so prejemali 200 mg pembrolizumaba 1. dan in
1,25 mg/kg enfortumab vedotina 1. in 8. dan vsakega 21-dnevnega ciklusa. Na splo3no so opazili, da je bila pojavnost
nezelenih ucinkov za pembrolizumab v kombinaciji z enfortumab vedotinom visja kot pri samostojnem zdravljenju s
pembrolizumabom, kar odraza prispevek enfortumab vedotina in daljsega trajanja kombiniranega zdravljenja. Nezeleni
ucinki so bili na splodno podobni nezelenim ucinkom, ki so jih opazili pri bolnikih, ki so prejemali pembrolizumab ali
enfortumab vedotin kot samostojno zdravljenje. Pojavnost makul loznega izpuscaja vseh stopen; je bila 36 % (10 %
od 3. do 4. stopnje), kar je visje, kot je bilo opaZeno pri zdravljenju s pembroli; 1. Na splo3no so bile
pogostnosti nezelenih ucinkov visje pri bolnikih, starih = 65 let, v primerjavi z bolniki, starimi < 65 let, predvsem za resne
nezelene ucinke (56,3 % pri bolnikih, starih > 65 let, in 35,3 % pri bolnikih, starih < 65 let) in u¢inke > 3. stopnje (80,3 % pri
bolnikih, starih > 65 let, in 64,2 % pri bolnikih, starih < 65 let), podobno kot opazanja pri primerjalni kemoterapiji. Za celoten
seznam nezelenih ucinkov, prosimo, glejte celoten Povzetek glavnih znacilnosti zdravila. Za dodatne informacije o varnosti
v primeru uporabe pembrolizumaba v kombinaciji glejte povzetke glavnih znacilnosti zdravila za posamezne komponente
kombiniranega zdravljenja. - Nacin in reZim izdaje zdravila: H - Predpisovanje in izdaja zdravila je le na recept, zdravilo se
uporablja samo v bolni3nicah. - Imetnik dovoljenja za promet z zdravilom: Merck Sharp & Dohme B.V., Waarderweg 39,

2031 BN Haarlem, Nizozemska.
e MSD Vse pravice pridrzane. Pripravljeno v Sloveniji, 04/2025; SI-KEY-00774

Copyright ©2025 Merck & Co., Inc,, Rahway, NJ, USA and its affiliates. All rights reserved.
Samo za strokovno javnost | H - Predpisovanje in izdaja zdravila je le na recept,
zdravilo pa se uporablja samo v bolniSnicah. Pred predpisovanjem, prosimo,
preberite celoten Povzetek glavnih znacilnosti zdravila Keytruda, ki je na voljo pri
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z_g) ENHERTU'

trastuzumab derukstekan

PRVO IN EDINO ZDRAVLJENJE,
USMERJENO V HER2 Z DOKAZANIM

PRI BOLNIKIH V 2L+ ZDRAVLJENJA,
L V PRIMERJAVI S KEMOTERAPIJO."?

' PREMIKAMO MEJE
| ZDRAVLJENJA

Smernice vklju€ujejo zdravilo ENHERTU
kot terapevtsko moznost za 2L HER2+
napredovalega adenokarcinoma Zelodca
in gastroezofagealnega prehoda.*

Zdravilo ENHERTU je zagotovilo skladne rezultate v dveh razlicnih klini€énih preskusanjih pri predhodno
zdravljenih bolnikih z napredovalim adenokarcinomom Zelodca ali gastroezofagealnega prehoda’->¢

DESTINY-Gastric01

potrjena ORR z
42 9 0/ potrjena ORR z Vv primerjavi z 1 2 5 0/ irinotekanom ali
0 zdravilom ENHERTU P <0,0001 4 0 paklitakselom
(n= 51/119 95-% 1Z: 33,8; 52,3) (n=7/56; 95-% 1Z: 5,2; 24,1)
1 2 meseca mOS z v primerjavi z 8 meseca z irinotekanom
zdravilom ENHERTU P<0,01 7 ali paklitakselom
(n=125; 95-% 1Z: 9,6; 14,3) HR = 0,59 (95-% 1Z: 0,39; 0,88) (n=62;95-%1Z:6,9; 10,7)
DESTINY-Gastric02
41 8 0/ potrjena ORR z 1 2 meseca mOS z
0 zdravilom ENHERTU zdravilom ENHERTU
(n= 33/79 95-% 1Z: 30,8; 53,4) (n=79; 95%|Z 9,4;15,4)
DESTINY-Gastric01: multicentri¢no, odprto, randomizirano preskusanje 2. faze na Japonskem/v Juzni Koreji pri 188 odraslih bolnikih s HER2+ lokalno napredovalim ali metastatskim adenokarcinomom Zelodca ali GEJ, pri katerih je bolezen napredovala

pri 22 predhodnih shemah, vkljuéno s trastuzumabom ter kemoterapevtsko shemo s fluoropirimidinom in platino. Bolniki v skupini z zdravilom ENHERTU so prejemali 6,4 mg/kg i.v. enkrat vsake 3 tedne do napredovanja bolezni, smrti, umika privolitve
ali nesprejemljive toksicnosti. Merilo primarnega izida u¢inkovitosti je bila ORR po oceni ICR na podlagi meril RECIST v1.1. Kljucni sekundarni opazovani dogodek je bilo 0S. Dodatna merila sekundarnega izida so bili PFS, DOR, potrjena ORR in varnost.!

DESTINY-Gastric02: multicentri¢no, odprto preskusanje 2. faze z eno skupino v Evropi/ZDA pri 79 odraslih bolnikih s HER2+ lokalno napredovalim ali metastatskim adenokarcinomom Zelodca ali GEJ, pri katerih je bolezen napredovala pri predhodni
shemi na osnovi HER2 ali po njej. Bolniki so prejemali zdravilo ENHERTU 6,4 mg/kg i.v. enkrat vsake 3 tedne do nesprejemljive toksicnosti ali napredovanja bolezni. Merilo primarnega izida ucinkovitosti je bila potrjena ORR po oceni ICR na podlagi meril
RECIST v1.1. Sekundarni opazovani dogodki so bili DOR, PFS, OS, varnost in izidi po navedbah bolnikov.*”

Primerjav med preskusanji ni mogoce opraviti. Pomembno je upostevati, da sta se Studiji razlikovali po zasnovi preskusanja, populaciji bolnikov in trajanju spremljanja.

ORR, objektivna stopnja odziva; 0, celokupno preivetje; mOS, mediana celokupnega preZivetja; PFS, prefivetje brez napredovanja bolezni; DOR, trajanje odziva; RECIST, merila za vrednotenje odziva pri solidnih tumorjih; ICR, neodvisni centralni
pregled; GEJ, gastroezofagealni prehod; HR, razmerje ogrozenosti; 1Z, interval zaupanja

Indikacija
Idravilo ENHERTU je indicirano za zdravljenje odraslih bolnikov z lokalno napredovalim ali metastatskim HER2-pozitivnim adenokarcinomom Zelodca ali gastroezofagealnega prehoda (GEJ), ki so pred tem Ze prejeli shemo na podlagi trastuzumaba.

Literatura: 1. Shitara K, Bang Y), Iwasa S, et al. Trastuzumab deruxtecan in previously treated HER2-positive gastric cancer. N Engl | Med. 2020;382(25):2419-2430. doi:10.1056/NEJM0a2004413 2. Curea FG, Hebbar M, Ilie SM, et al. Current tar-
geted therapies in HER2-positive gastric adenocarcinoma. Cancer Biother Radiopharm. 2017;32(10):351-363. doi:10.1089/chr.2017.2249 3. Zhao D, Klempner SJ, Chao ). Progress and challenges in HER2-positive gastroesophageal adenocarcinoma.
J Hematol Oncol. 2019;12(1):50. doi:10.1186/513045-019-0737-2 4. Lordick F, Carneiro F, Cascinu S, et al; on behalf of the ESMO Guidelines Committee. Gastric cancer: ESMO Clinical Practice Guideline for diagnosis, treatment and follow-up. Ann
Oncol. 2022;33(10):1005-1020. 5. Ku G, di Bartolomeo M, Smyth E, et al. Updated analysis of DESTINY-Gastric02: a Phase 2 single-arm trial of trastuzumab deruxtecan (T-DXd) in western patients with HER2-positive unresectable/metastatic gastric/
gastroesophageal junction (GEJ) cancer who progressed on or after trastuzumab-containing regimen. Predstavljeno na: letnem srecanju ESMO 2022; 9.-13. september 2022; Pariz, Francija. 6. Povzetek glavnih znacilnosti zdravila Enhertu, marec 2025.
7.DS-8201a in HER2-positive gastric cancer that cannot be surgically removed or has spread (DESTINY-Gastric02). Identifikator na ClinicalTrials.gov: NCT04014075. Dostopno na: https://clinicaltrials.gov/ct2/show/record/NCT04014075.
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SKRAJSAN POVZETEK GLAVNIH ZNACILNOSTI ZDRAVILA

'V Za to zdravilo se izvaja dodatno spremljanje varnosti. Tako bodo hitreje na voljo nove informacije o njegovi varnosti. Zdravstvene delavce naprosamo, da porocajo o katerem koli domnevnem nezelenem ucinku zdravila.

ENHERTU 100 mg praSek za koncentrat za raztopino za infundiranje

SESTAVA: Ena viala praska za koncentrat za raztopino za infundiranje vsebuje 100 mg trastuzumab derukstekana. Po rekonstituciji ena viala s 5 ml raztopine vsebuje 20 mg/ml trastuzumab derukstekana. Trastuzumab
derukstekan je konjugat protitelesa in zdravila, ki vsebuje humanizirano monoklonsko protitelo IgG1 proti HER2 z istim zaporedjem aminokislin, kot ga ima trastuzumab. Proizvajajo ga sesalske celice (ovarij kitajske-
ga hreka) in je prek razcepljivega veznika na tetrapeptidni bazi kovalentno vezan na DXd, ki je derivat eksatekana in zaviralec topoizomeraze |. Na vsako molekulo protitelesa je vezanih priblizno 8 molekul derukste-
kana. Pomozne snovi: L-histidin, L-histidinijev klorid monohidrat, saharoza, polisorbat 80 (E433). TERAPEVTSKE INDIKACIJE: Rak dojk: HER2-pozitiven rak dojk: Zdravilo Enhertu kot monoterapija je indicirano za
zdravljenje odraslih bolnikov z neresektabilnim ali metastatskim HER2-pozitivnim rakom dojk, ki so pred tem Ze prejeli eno ali vet shem zdravljenja na podlagi anti-HER2. Rak dojk z nizkim statusom HERZ in zelo nizkim
statusom HER2: Zdravilo Enhertu kot monoterapija je indicirano za zdravljenje odraslih bolnikov z neresektabilnim ali metastatskim rakom dojk, pozitivnim na hormonske receptorje, z nizkim statusom HER? ali zelo
nizkim statusom HER?, ki so pred tem prejeli vsaj eno endokrino terapijo v prisotnosti metastaz in ki ne veljajo za primerne za endokrino terapijo kot naslednjo linijo zdravljenja ter rakom dojk z nizkim statusom HER2,
ki so pred tem Ze prejeli kemoterapijo v prisotnosti metastaz ali pa se je pri njih bolezen ponovila med adjuvantno kemoterapijo ali znotraj 6 mesecev po njenem zakljucku. Nedrobnocelicni rak pljuc¢ (NSCLC - non-
small cell lung cancer): Zdravilo Enhertu kot monoterapija je indicirano za zdravljenje odraslih bolnikov z napredovalim NSCLC, ki imajo tumorje z aktivirajo¢o mutacijo HER2 (ERBB2) in potrebuijejo sistemsko terapi-
jo po kemoterapiji na podlagi platine zimunoterapijo ali brez nje. Rak Zelodca: Zdravilo Enhertu v obliki monoterapije je indicirano za zdravljenje odraslih bolnikov z napredovalim HER2-pozitivnim adenokarcinomom
Zelodca ali gastroezofagealnega prehoda, ki so pred tem Ze prejeli shemo na podlagi trastuzumaba. ODMERJANJE IN NACIN UPORABE: Zdravilo Enhertu mora predpisati zdravnik in njegovo dajanje nadzorovati
zdravstveni delavec, ki sta izkuSena v uporabi zdravil proti raku. Za preprecitev napak, povezanih z zdravili, je pomembno, da preverite nalepke na vialah in se prepricate, da je zdravilo, ki se pripravija in daje, res
zdravilo Enhertu (trastuzumab derukstekan), in ne trastuzumab ali trastuzumab emtanzin. Zdravilo Enhertu se ne sme zamenjati s trastuzumabom ali trastuzumab emtanzinom. Bolniki, ki se zdravijo s trastuzumab
derukstekanom zaradi HER2-pozitivnega raka dojk, raka Zelodca ali gastroezofagealnega prehoda, morajo imeti dokumentiran HER2pozitiven status tumorja, ki je opredeljen kot ocena 3 + na podlagi imunohistokemije
(IHC) ali razmerje > 2,0 na podlagi in situ hibridizacije (ISH) ali fluorescentne in situ hibridizacije (FISH), ocenjeno z in vitro diagnosticnim (IVD) medicinskim pripomockom z oznako CE. Bolniki, ki se zdravijo s trastuzu-
mab derukstekanom zaradi raka dojk z nizkim in zelo nizkim statusom HER2, morajo imeti dokumentiran nizek status HER2 tumorija, ki je opredeljen kot ocena IHC 1+ ali IHC 2+/ISH-, ali zelo nizek status HER2, opisan kot
IHC 0z obarvanjem membrane (IHC >0<1+) ocenjen z IVD z oznako CE. Bolniki, ki se zdravijo s trastuzumab derukstekanom zaradi napredovalega NSCLC, morajo imeti aktivirajo¢o mutacijo HER2 (ERBB2), odkrito z in
vitro diagnosticnim (IVD) medicinskim pripomotkom, oznacenim s CE. Ce IVD z oznako CE ni na voljo, je treba status HER2 in status mutacije HER2 oceniti z drugim potrjenim testom. Odmerjanje: Rak dojk in NSCLC:
Priporoceni odmerek zdravila Enhertu je 5,4 mg/kg, ki se daje z intravensko infuzijo enkrat vsake 3 tedne (21-dnevni cikel) do napredovanja bolezni ali nesprejemljive toksicnosti. Rak Zelodca: Priporoceni odmerek
zdravila Enhertu je 6,4 mg/kg, ki se daje z intravensko infuzijo enkrat vsake 3 tedne (21-dnevni cikel) do napredovanja bolezni ali nesprejemljive toksicnosti. Zacetni odmerek je treba dati z 90-minutno intravensko
infuzijo. Ce bolnik prejsnjo infuzijo dobro prenasa, se lahko naslednji odmerki zdravila Enhertu dajejo kot 30-minutne infuzie. Hitrost infundiranja zdravila Enhertu je treba zmanjati ali infundiranje prekiniti, ¢e se
pri bolniku razvijejo simptomi, povezani z infuzijo. V primeru hudih reakcij na infuzijo je treba zdravilo Enhertu trajno ukiniti. Premedikacija: Zdravilo Enhertu je emetogeno, kar vkljutuje zapoznelo navzeo in/ali
bruhanje. Pred vsakim odmerkom zdravila Enhertu je treba bolnike premedicirati s kombiniranim rezimom dveh ali treh zdravil (npr. deksametazon z antagonistom receptorjev 5-HT3 in/ali antagonistom receptorjev
NK1 ter drugimi zdravili, kot je indicirano) za preprecevanje navzee in bruhanja zaradi kemoterapije. Prilagajanje odmerka: Obvladovanje neZelenih utinkov lahko zajema zacasno prekinitev uporabe, zmanjsanje
odmerka ali ukinitev zdravljenja z zdravilom Enhertu, skladno s smernicami, podanimi v povzetku glavnih znailnosti zdravila (preglednici 1in 2). Po zmanjSanju odmerka zdravila Enhertu se odmerek ne sme ve¢
ponovno povecati. Nacrt zmanjSevanja odmerka: Priporoceni zacetni odmerek je 5,4 mg/kg pri raku dojk in NSCLC oz. 6,4 mg/kg pri raku Zelodca; prvo zmanjSanje odmerka (4,4 mg/kg oz. 5,4 mg/kg), drugo zmanj-
Sanje odmerka (3,2 mg/kg oz. 4,4 mg/kg), pri potrebi po nadaljnjem zmanjSanju odmerka ukinite zdravljenje. Prosimo, glejte celoten povzetek glavnih znacilnosti zdravila Enhertu za prilagajanje odmerka zaradi neZelenih
ucinkov: intersticijska pijucna bolezen (1PB)/pnevmonitis (asimptomatska IPB/asimptomatski pnevmonitis (stopnja 1), simptomatska IPB/simptomatski pnevmonitis (stopnja 2 ali visja)), nevtropenija (stopnja 3 (manj kot
1,0-0,5 % 10°/1), stopnja 4 (manj kot 0,5 x 10°/1)), febrilna neviropenija (absolutno Stevilo nevtrofilcev manj kot 1,0 x 10°/1in telesna temperatura, visja od 38,3 °C, ali telesna temperatura 38 °C ali viSja, ki vztraja ve¢
kot eno uro), zmanjSan iztisni deleZ levega prekata (LVEF) (LVEF vec kot 45 % in absolutno zmanjsanje glede na izhodiS¢no vrednost za 10 % do 20 %; LVEF 40 % do 45 %; LVEF manj kot 40 % ali absolutno zmanjsanje
glede na izhodistno vrednost za vet kot 20 %; simptomatiéno kongestivno sréno popusanje). Zakasnjen ali izpusten odmerek: Ce se natrtovani odmerek zakasni ali izpusti, ga je treba dati takoj, ko je mogote, brez
takanja na naslednji nacrtovani cikel. Casovni nacrt dajanja je treba prilagoditi, da se ohrani 3-tedenski razmik med odmerki. Infuzijo je treba dati s hitrostjo in odmerkom, ki ga je bolnik prenasal pri zadnji infuziji
Posebne populacije: Starejsi: Pri bolnikih, starih 65 let ali starejSih, prilagajanje odmerka zdravila Enhertu ni potrebno. Podatki pri bolnikih, starih > 75 let, so omejeni. Okvara ledvic: Prilagajanje odmerka pri bolnikih
2 blago (ocistek kreatinina [CLcr] 2 60 in <90 ml/min) ali zmerno (CLcr 2 30 in <60 ml/min) okvaro ledvic ni potrebno. Morebitne potrebe po prilagajanju odmerka pri bolnikih s hudo okvaro ledvic ali kon¢no ledvic-
no odpovedjo ni mogoce opredeliti, ker je bila huda okvara ledvic v klini¢nih Studijah izkljucitveni kriterij. Pri bolnikih zzmerno okvaro ledvic so opatzili visjo pogostnost IPB stopnje 1in 2/pnevmonitisa, ki sta vodila
do zvecanja Stevila prekinitev zdravljenja. Pri bolnikih z zmerno okvaro ledvic v izhodis¢u, ki so prejemali zdravilo Enhertu 6,4 mg/kg, so ugotovili vecjo pogostnost resnih nezelenih ucinkov kot pri tistih z normalnim
delovanjem ledvic. Bolnike z zmerno ali hudo okvaro ledvic je treba natancno spremljati glede neZelenih uinkov, vkljucno z IPB/pnevmonitisom. Okvara jeter: Pri bolnikih, ki imajo celokupni bilirubin < 1,5-kratnik
zgornje meje normalnih vrednosti (ZMN), ne glede na vrednost aspartat transaminaze (AST), odmerka ni treba prilagajati. Morebitne potrebe po prilagajanju odmerka pri bolnikih, ki imajo celokupni bilirubin
>1,5-kratnik ZMN, ne glede na vrednost AST, ni mogoce opredeliti zaradi omejenih podatkov. Zato je treba te bolnike natantno spremljati. Nacin uporabe: Zdravilo Enhertu je za intravensko uporabo. Zdravstveni
delavec ga mora rekonstituirati in razred(iti. Treba ga je dati z intravenskim infundiranjem. Zdravilo Enhertu se ne sme dati kot hitro intravensko injekcijo ali bolus. KONTRAINDIKACIJE: Preobcutljivost na ucinko-
vino ali katero koli pomoino snov. POSEBNA OPOZORILA IN PREVIDNOSTNI UKREPI: Intersticijska pljucna bolezen/pnevmonitis: Pri zdravilu Enhertu so porocali o primerih intersticijske plju¢ne bolezni (IPB) in/
ali pnevmonitisa. Nekateri primeri so bili smrtni. Bolnikom je treba naroiti, naj takoj poro¢ajo o kaslju, dispneji, zviSani telesni temperaturi in/ali katerih koli novih dihalnih simptomih ali poslabsanju obstojecih.
Bolnike je treba spremljati glede znakov in simptomov IPB/pnevmonitisa. Dokaze za IPB/pnevmonitis je treba takoj prouciti. Bolnike s sumom na IPB/pnevmonitis je treba oceniti z radiografskimi posnetki, najbolje
7 racunalnisko tomografijo (CT). Treba je razmisliti o posvetu s pulmologom. Nevtropenija: V klini¢nih Studijah z zdravilom Enhertu so porocali o primerih nevtropenije, vkljucno s primeri febrilne nevtropenije s
smrtnim izidom. Pred uvedbo zdravila Enhertu in pred vsakim odmerkom ter vsakic, ko je klinicno indicirano, je treba preveriti celotno krvno sliko. Morda bo treba zatasno prekiniti dajanje zdravila Enhertu ali
zmanjSati odmerek, odvisno od tega, kako huda je nevtropenija. Okvara levega prekata: Pri zdravljenjih anti-HER2 so porocali 0 zmanjSanem iztisnem delezu levega prekata (LVEF). Pred uvedbo zdravljenja z zdravilom
Enhertu in v rednih intervalih med njim (v skladu s klinicnimi indikacijami) je treba izvesti standardne preiskave delovanja srca (ehokardiografija ali slikanje MUGA) za oceno LVEF. ZmanjSanje LVEF je treba obvlado-
vati s prekinitvami zdravljenja. Zdravljenje z zdravilom Enhertu je treba trajno ukiniti, ce se potrdi LVEF manj kot 40 % ali absolutno zmanjSanje glede na izhodisno vrednost za vec kot 20 %. Zdravilo Enhertu je treba
trajno ukiniti pri bolnikih s simptomatskim kongestivnim srénim popuscanjem. Embrio-fetalna toksiénost: Zdravilo Enhertu lahko ima Skodljiv vpliv na plod, Ce se da nosecnici. Pri Zenskah v rodni dobi je treba pred
uvedbo zdravljenja z zdravilom Enhertu preveriti status nosecnosti. Bolnice je treba seznaniti z moznimi tveganji za plod. Zenskam v rodni dobi je treba svetovati, da uporabljajo ucinkovito kontracepcijo med zdravl-
jenjem in Se vsaj 7 mesecev po zadnjem odmerku zdravila Enhertu. Moskim bolnikom s partnerkami v rodni dobi je treba svetovati, da uporabljajo ucinkovito kontracepcijo med zdravljenjem z zdravilom Enhertu in
$e vsaj 4 mesece po zadnjem odmerku zdravila Enhertu. Bolniki z zmerno ali hudo okvaro jeter: Zdravilo Enhertu je treba pri bolnikih z zmerno in hudo okvaro jeter dajati previdno. MEDSEBOJNO DELOVANJE Z
DRUGIMI ZDRAVILI IN DRUGE OBLIKE INTERAKCIJ: Pri socasnem dajanju trastuzumab derukstekana z zdravili, ki so zaviralci CYP3A ali OATP1B ali prenaSalcev P-gp, odmerka ni treba prilagajati. PLODNOST,
NOSECNOST IN DOJENJE: Nose¢nost: Dajanje zdravila Enhertu noseénicam se ne priporota. Bolnice je treba seznaniti 2 moznimi tveganji za plod, preden zanosijo. Zenske, ki zanosijo, se morajo takoj obrniti na
zdravnika. Ce 7enska zanosi med zdravljenjem z zdravilom Enhertu ali v obdobju 7 mesecev po zadnjem odmerku zdravila Enhertu, se priporoca natancno spremljanje. Dojenje: Ni znano, ali se trastuzumab derukste-
kan izloca v materino mleko. Humani IgG se izlo¢a v materino mleko in potencial za absorpcijo in resne neZelene ucinke na dojencka ni znan. Zato Zenske ne smejo dojiti med zdravljenjem z zdravilom Enhertu in Se
7 mesecev po zadnjem odmerku. Odlociti se je treba med prenehanjem dojenja in prenehanjem zdravljenja z zdravilom Enhertu, pri cemer je treba pretehtati prednosti dojenja za otroka in prednosti zdravljenja za
mater. Plodnost: Namenskih Studij plodnosti s trastuzumab derukstekanom niso izvedli. Ni znano, ali so trastuzumab derukstekan ali njegovi presnovki prisotni v semenski tekocini. Pred zacetkom zdravljenja je treba
moskim bolnikom svetovati, da se posvetujejo 0 moznosti shranjevanja semena. Moski bolniki v celotnem obdobju zdravljenja in Se najmanj 4 mesece po zadnjem odmerku zdravila Enhertu ne smejo zamrzniti ali
darovati semena. NEZELENI UCINKI: Zdravilo Enhertu 5,4 mg/kg: Zdruzeno varnostno populacijo so ocenili pri bolnikih, ki so v klinicnih $tudijah dobili vsaj en odmerek 5,4 mg/kg zdravila Enhertu (N = 2335) zaradi
razlicnih vrst tumorjev. Mediani cas trajanja zdravljenja v tej zdruzeni populaciji je bil 9,0 meseca (razpon: 0,7-45,1 meseca). Zelo pogosti: okuzba zgornjih dihal, anemija, nevtropenija, trombocitopenija, levkopenija,
hipokaliemija, zmanjSan apetit, glavobol, intersticijska plju¢na bolezen, kaselj, navzea, bruhanje, zaprtje, driska, boletina v trebuhu, stomatitis, dispepsija, zviSane transaminaze, alopecija, miSicno-skeletna bolecina,
utrujenost, pireksija, zmanjSan iztisni delez, zmanjSanije telesne mase. Pogosti: pljucnica, limfopenija, febrilna nevtropenija, pancitopenija, dehidracija, omotica, disgevzija, suhe oi, zamegljen vid, dispneja, epistaksa,
abdominalna distenzija, gastritis, flatulenca, izpuscaj, pruritus, hiperpigmentacija koze, perifermni edem, zviSana alkalna fosfataza v krvi, zviSan bilirubin v krvi, zvisan kreatinin v krvi, reakcije, povezane z infuzijo.
Zdravilo Enhertu 6,4 mg/kg: Zdruzeno varnostno populacijo so ocenili za bolnike, ki so v klinicnih Studijah dobili vsaj en odmerek 6,4 mg/kg zdravila Enhertu (N = 669) zaradi razlicnih vrst tumorjev. Mediani Cas trajan-
ja zdravljenja v tej zdruZeni populaciji je bil 5,7 meseca (razpon: 0,7-41,0 meseca). Zelo pogosti: plju¢nica, okuzba zgornjih dihal, anemija, nevtropenija, trombocitopenija, levkopenija, limfopenija, hipokaliemija,
manjsan apetit, glavobol, disgevzija, intersticijska pljucna bolezen, dispneja, kaelj, navzea, bruhanje, driska, zaprtje, bolecina v trebuhu, stomatitis, zviSane transaminaze, alopecija, misicno-skeletna holecina,
utrujenost, pireksija, perifermni edem, zmanjan iztisni delez, zmanj3anje telesne mase. Pogosti: febrilna nevtropenija, pancitopenija, dehidracija, omotica, suhe oci, zamegljen vid, epistaksa, dispepsija, abdominal-
na distenzija, gastritis, flatulenca, izpuscaj, pruritus, hiperpigmentacija koze, zviSana alkalna fosfataza v krvi, zviSan bilirubin v krvi, zviSan kreatinin v krvi, reakcije, povezane z infuzijo. IMETNIK DOVOLJENJA ZA
PROMET Z ZDRAVILOM: Daiichi Sankyo Europe GmbH, Zielstattstrasse 48, 81379 Miinchen, Nemtija DATUM ZADNJE REVIZIJE BESEDILA: 31. marec 2025 (SI-5034) REZIM PREDPISOVANJA IN IZDAJE: H
Prosimo, da pred predpisovanjem preberete celoten povzetek glavnih znatilnosti zdravila. Dodatne informacije so na voljo pri podjetju AstraZeneca UK Limited, Podruznica v Sloveniji, Verovskova 55,
1000 Ljubljana, telefon: 01/51 35 600.
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YTECENTRIQ'

atezolizumab

DVE OBLIKI zdravila

Tecentriq (atezolizumab):’

PODKOZNA INJEKCIJA:

Tecentriq 1875 mq raztopina za injiciranje

INTRAVENSKA INFUZIJA: atezoliéumaba, [ahko preidejo na zdravilo

Tecentriq 840 mg koncentrat za raztopino za infundiranje,
Tecentriq 1200 mg koncentrat za raztopino za infundiranje.

Tecentriq v obliki raztopine za injiciranje
in obratno.

IDRAVILO TECENTRIQ JE INDICIRANO ZA ZDRAVLJENJE RAZLICNIH VRST RAKA:

<. NEDROBNOCELIENI
RAK PLIUC

UROTELIJSKI HEPATOCELULARNI
KARCINOM KARCINOM

DROBNOCELICNI TROINO NEGATIVNI ¢
RAK PLJUE = RAK DOJK T

Vir: 1. Povzetek glavnih znacilnosti zdravila Tecentrig: https://www.ema.europa.eu/sl/documents/product-information/tecentrig-epar-product-information_sL.pdf

SkrajSan povzetek glavnih znacilnosti zdravila Tecentrig

Ime zdravila: Tecentriq 840 mg koncentrat za raztopino za infundiranje, Tecentriq 1200 mg koncentrat za raztopino za infundiranje in Tecentriq 1875 mg raztopina za injiciranje. Kak in koli¢inska 840 mg i.v.: ena 14-ml viala s koncentratom
vsebuje 840 mg atezolizumaba. 1200 mg i.v.: ena 20-ml viala s koncentratom vsebuje 1200 mg atezolizumaba. Po redenju je konéna koncentracija razredéene raztopine med 3,2 mg/ml in 16,8 mg/ml. 1875 mg s.c.: ena viala s 15 ml raztopine za injiciranje vsebuje
1875 mg atezolizumaba. 1 ml raztopine vsebuje 125 mg atezolizumaba. Terapevtske indikacije: Urotelijski karcinom (UC): Zdravilo Tecentrig je kot monoterapija indicirano za zdravljenje odraslih bolnikov z lokalno napredovalim ali razsejanim UC, ki: so bili
predhodno zdravljeni s kemoterapijo na osnovi platine ali niso primerni za zdravljenje s cisplatinom in katerih tumorji izrazajo PD-L1v > 5 %. Zgodnji stadij nedrobnoceliénega raka plju¢ (NDRP): Zdravilo Tecentrig je kot monoterapija indicirano za adjuvantno
zdravljenje po popolni resekciji in kemoterapiji na osnovi platine za odrasle bolnike z NDRP in velikim tveganjem za ponovitev, katerih tumorji izrazajo PD-L1na > 50 % tumorskih celic (TC) in nimajo EGFR mutiranega ali ALK pozitivnega NDRP. Napredovali NDRP:
Zdravilo Tecentrig je v kombinaciji z bevacizumabom, paklitakselom in karboplatinom indicirano v prvi liniji zdravljenja odraslih bolnikov z razsejanim neplocatocelicnim NDRP. Pri bolnikih z EGFR mutiranim ali ALK pozitivnim NDRP je zdravilo Tecentrig v
kombinaciji z bevacizumabom, paklitakselom in karboplatinom indicirano le, ko so izérpana ustrezna tarcna zdravljenja. Zdravilo Tecentriq je v kombinaciji z nab-paklitakselom in karboplatinom indicirano v prvi liniji zdravljenja odraslih bolnikov z razsejanim
neploscatocelicnim NDRP, ki ni EGFR mutiran ali ALK pozitiven. Zdravilo Tecentrig je kot monoterapija indicirano v prvi liniji zdravljenja odraslih bolnikov z razsejanim NDRP, pri katerih je PD-L11izrazen na = 50 % TC ali > 10 % imunskih celic (IC), ki infiltrirajo
tumor, ter nimajo EGFR mutiranega ali ALK pozitivnega NDRP. Zdravilo Tecentrig je kot monoterapija indicirano v prvi liniji zdravljenja odraslih bolnikov z napredovalim NDRP, ki niso primerni za zdravljenje s kemoterapijo na osnovi platine. Zdravilo Tecentrig je
kot monoterapija indicirano za zdravljenje odraslih bolnikov z lokalno napredovalim ali razsejanim NDRP, ki so bili predhodno zdravljeni s kemoterapijo. Bolniki z EGFR mutiranim ali ALK pozitivnim NDRP morajo pred uvedbo zdravila Tecentriq prejeti tudi tar¢na
zdravljenja. Drobnocelicni rak plju€ (DRP): Zdravilo Tecentriq je v kombinaciji s karboplatinom in etopozidom indicirano v prvi liniji zdravljenja odraslih bolnikov z razsejanim DRP. Trojno negativni rak dojk (TNRD): Zdravilo Tecentrig je v kombinaciji z nab-
paklitakselom indicirano za zdravljenje odraslih bolnikov z inoperabilnim lokalno napredovalim ali razsejanim TNRD, katerih tumorji izrazajo PD-L1v =1 % in predhodno $e niso prejemali kemoterapije zaradi razsejane bolezni. Hepatocelularni karcinom (HCC):
Zdravilo Tecentrig je v kombinaciji z bevacizumabom indicirano za zdravljenje odraslih bolnikov z napredovalim ali neresektabilnim HCC, ki predhodno Se niso prejemali si: kega zdravljenja. 0dmerjanje in nacin uporabe: Zdravilo Tecentrig morajo uvesti
in nadzorovati zdravniki z izku$njami pri zdravljenju raka. Odmerjanje: 840 mg in 1200 mgq i.v.: priporoceni odmerek zdravila Tecentrig je 840 mg, danega intravensko na dva tedna, ali 1200 mg, danega intravensko na tri tedne, ali 1680 mg, danega intravensko
na tiri tedne. 1875 mg s.c.: priporoceni odmerek je 1875 mg, dan na tri tedne. Kadar zdravilo Tecentriq dajete v kombinaciji, glejte tudi celotne informacije za predpisovanje zdravil, ki se uporabljajo v kombinaciji. Prilagoditev odmerka med zdravijenjem: odmerkov
zdravila Tecentrig ni priporo¢ljivo zmanjsevati. Zapoznitev odmerka ali prenehanje uporabe glede na nezeleni ucinek je opisano v SmPC. Nacin uporabe: Pomembno je preveriti nalepke zdravila in se tako prepricati, da bo bolnik dobil pravo obliko zdravila
(intravensko ali subkutano), kot je predpisano. Intravenska oblika zdravila Tecentrig ni namenjena za subkutano uporabo in se jo sme injicirati le intravensko. Infuzij se ne sme dajati kot hiter intravenski odmerek ali bolus. Bolniki, ki trenutno prejemajo
intravensko obliko zdravila Tecentrig, lahko preidejo na prejemanje atezolizumaba v obliki raztopine za injiciranje ali obratno. Zagetni odmerek intravenske oblike zdravila Tecentrig je treba dati v 60 minutah. Ce bolnik prvo infuzijo dobro prenese, je mogoce
vse nadaljnje infuzije dati v 30 minutah.Zdravilo Tecentrig 1875 mg raztopina za injiciranje ni namenjeno za intravensko uporabo in se ga sme injicirati le subkutano (v priblizno 7 minutah v stegno). Kontraindikacije: Preobcutljivost na atezolizumab ali katero
koli pomozno snov. Posebna opozorila in previdnostni ukrepi: Sledljivost: Z namenom izboljSanja sledljivosti bioloskih zdravil je treba jasno zabeleziti ime in Stevilko serije uporabljenega zdravila. Imunsko pogojeni nezeleni uéinki: Vecina imunsko pogojenih
nezelenih u€inkov, ki so se pojavili med zdravljenjem, je bila po prekinitvi atezolizumaba in uvedbi kortikosteroidov in/ali podpornega zdravljenja reverzibilna. Imunsko pogojeni nezeleni ucinki, povezani z atezolizumabom, se lahko pojavijo po zadnjem odmerku
atezolizumaba. Pri sumu na imunsko pogojene neZelene ucinke je treba opraviti temeljito oceno za potrditev etiologije oziroma izkljucitev drugih vzrokov. Glede na izrazitost nezelenega ucinka je treba uporabo atezolizumaba odloZiti in uvesti kortikosteroide.
Atezolizumab je treba trajno prenehati uporabljati pri vseh imunsko pogojenih nezelenih ucinkih 3. stopnje, ki se ponovijo, in pri vseh imunsko pogojenih nezelenih ucinkih 4. stopnje, z izjemo endokrinopatij, ki jih je mogoce nadzorovati z nadomestnimi hormoni.
Podatki iz opazovalnih $tudij kaZejo, da imajo bolniki z obstojeco avtoimunsko boleznijo po zdravljenju z zaviralci imunskih kontrolnih tock lahko povecano tveganje imunsko pogojenih nezelenih uginkov v primerjavi z bolniki brez obstojece avtoimunske bolezni.
Bolnike je treba spremljati glede znakov in simptomov pnevmonitisa ter izkljuciti druge mozne vzroke. Bolnike je treba spremljati glede znakov in simptomov hepatitisa. Vrednosti AST, ALT in bilirubina je treba spremljati pred zacetkom zdravljenja z
atezolizumabom, redno med zdravljenjem in kot je potrebno glede na klini¢no oceno. Bolnike je treba spremljati glede znakov in simptomov kolitisa in endokrinopatij, meningitisa ali encefalitisa, motoricne in senzoricne nevropatije. Bolnike je treba nadzorovati
glede znakov in simptomov, ki kaZejo na mielitis, akutni pankreatitis, miokarditis, miozitis. Imunsko pogojeni nefritis: bolnike je treba nadzorovati glede sprememb v delovanju ledvic. Bolnike je treba spremljati glede sumov na hude koZne nezelene utinke in
izkljuciti druge vzroke. V primeru suma na hude kozne neZelene ucinke je treba bolnike napotiti k specialistu po nadaljnjo diagnozo in zdravljenje. Pri zdravljenju z atezolizumabom so opazali perikardialne motnje. Pri bolnikih, ki so prejemali atezolizumab, so
porocali o hemofagocitni limfohistiocitozi. Pri sumu na HLH je treba trajno prenehati zdravljenje z atezolizumabom in bolnike napotiti k specialistu po nadaljnjo diagnozo in zdravljenje. Z infundiranjem povezane reakcije: pri zdravljenju z atezolizumabom so
opazali z infundiranjem povezane reakcije, vkljucno z anafilaksijo. Pri bolnikih, ki imajo z infundiranjem povezane reakcije 1. ali 2. stopnje, je treba hitrost infundiranja/injiciranja zmanjsati ali zdravljenje/injiciranje prekiniti. Pri bolnikih, ki imajo z infundiranjem
povezane reakcije 3. ali 4. stopnje, je treba zdravljenje z atezoli bom trajno ukiniti. Kartica za bolnika: Zdravnik, ki predpise zdravilo, se mora z bolnikom pogovoriti o tveganjih zdravljenja z zdravilom Tecentrig. Bolniku je treba dati kartico za bolnika in mu
narociti, naj jo ima vedno pri sebi. Medsebojno delovanje z drugimi zdravili in druge oblike interakcij: Formalnih farmakokineticnih Studij medsebojnega delovanja z atezolizumabom niso izvedli. Ker se atezolizumab odstrani iz obtoka s katabolizmom, ni
pricakovati presnovnih medsebojnih delovanj med zdravili. Uporabi sistemskih kortikosteroidov ali imunosupresivov se je pred uvedbo atezolizumaba treba izogibati, ker lahko vplivajo na farmakodinamicno aktivnost in uéinkovitost atezolizumaba. Vendar pa
se sistemske kortikosteroide ali druge imunosupresive lahko uporabi po zacetku zdravljenja z atezolizumabom za zdravljenje imunsko pogojenih nezelenih ucinkov. Nezeleni uéinki: Informacije o varnosti atezolizumaba v monoterapiji: najpogostejsi nezeleni
uginki (>10 %) so bili utrujenost, zmanjsan apetit, izpustaj, navzea, kaselj, diareja, zvisana telesna temperatura, dispneja, artralgija, srbenje, astenija, bolecina v hrbtu, bruhanje, okuzba secil in glavabol. Varnost intravenske oblike atezolizumaba v kombinaciji z
drugimi ucinkovinami: najpogostejsi nezeleni ucinki (> 20 %) so bili anemija, nevtropenija, navzea, utrujenost, alopecija, izpuscaj, diareja, trombocitopenija, zaprtost, zmanj$an apetit in periferna nevropatija. Varnostni profil zdravila Tecentriq raztopina za
injiciranje je bil na splosno podoben znanemu varnostnemu profilu intravenske oblike; dodaten neZeleni ucinek so bile reakcije na mestu injiciranja. Porocanje o domnevnih neZelenih u€inkih: Poro¢anje o domnevnih nezelenih ucinkih zdravila po izdaji dovoljenja
za promet je pomembno. Omogoca namrec stalno spremljanje razmerja med koristmi in tveganji zdravila. Od zdravstvenih delavcev se zahteva, da porocajo o katerem koli domnevnem neZelenem ucinku zdravila na: Javna agencija Republike Slovenije za zdravila
in medicinske pripomocke, Sektor za farmakovigilanco, Nacionalni center za farmakovigilanco, Slovenceva ulica 22, SI-1000 Ljubljana, Tel: +386 (0)8 2000 500, Faks: +386 (0)8 2000 510, e-posta: h-farmakovigilanca@jazmp.si, spletna stran: www.jazmp.si. Za
zagotavljanje sledljivosti zdravila je pomembno, da pri izpolnjevanju obrazca o domnevnih nezelenih ucinkih zdravila navedete Stevilko serije bioloskega zdravila. Rezim izdaje zdravila: H. Imetnik dovoljenja za promet: Roche Registration GmbH, Emil-Barell-
Strasse 1, 79639 Grenzach-Wyhlen, Nemcija. Za podrobnejse informacije glejte celoten Povzetek glavnih znaCilnosti zdravila. Verzija: 2.0/25

DODATNE INFORMACIJE SO NAVOLJO PRI: Roche farmacevtska druzba d.o.0., Stegne 136, 1000 Ljubljana Samo za strokovno javnost.
Datum priprave informacije: september 2025 M-SI-00000349(v5.0)




~ Sjrimo obzorja v 3. liniji
zdravijenja metastatskega
kolorektalnega raka (mCRC)

VEC KOT 10-MESECNO CELOKUPNO PREZIVETJE

Lonsurf® v kombinaciji z bevacizumabom je pokazal edinstvene
rezultate prizdravljenju mCRC v 3. liniji, saj je bila prvi¢ dosezena
mediana celokupnega prezivetja (mOS) 10,8 meseca, s skoraj polovico
zivih bolnikov po enem letu in v dobri kondiciji za nadaljnje zdravljenje.!

\ . _—
o\ Lonsurf

trifluridin/tipiracil

Usmerjen v prihodnost

Literatura: 1. Prager GW et al. N Engl ) Med 2023;388:1657-67.
Druzba Servier ima licenco druzbe Taiho za zdravilo Lonsurf®. Pri globalnem razvoju zdravila sodelujeta obe druzbi in ga trzita na svojih dolocenih podrogjih.

SkrajSan povzetek glavnih znacilnosti zdravila: Lonsurf 15 mg/6,14 mg filmsko obloZene tablete in Lonsurf 20 mg/8,19 mg filmsko obloZene tablete

SESTAVA*: Lonsurf 15 mg/6,14 mg: Ena filmsko oblozena tableta vsebuje 15 mg trifluridina in 6,14 mg tipiracila (v obliki klorida). Lonsurf 20 mg/8,19 mg: Ena filmsko oblozena tableta vsebuje 20 mg trifluridina in
8,19 mg tipiracila (v obliki klorida). TERAPEVTSKE INDIKACIJE*: \ kombinaciji z bevacizumabom za zdravljenje odraslih bolnikov z metastatskim kolorektalnim rakom (KRR), ki so prejeli dva predhodna rezima zdravljenja
raka, vkljucno s kemoterapijo na osnovi fluoropirimidina, oksaliplatina in irinotekana, zdravljenje z zaviralci Zilnega endotelijskega rastnega dejavnika (VEGF — Vascular Endothelial Growth Factor) in/ali zaviralci receptorjev
za epidermalni rastni dejavnik (EGFR — Epidermal Growth Factor Receptor). V monoterapiji za zdravljenje odraslih bolnikov z metastatskim kolorektalnim rakom, ki so bili predhodno Ze zdravljeni ali niso primerni za zdravl-
jenja, ki so na voljo. Ta vkljucujejo kemoterapijo na osnovi fluoropirimidina, oksaliplatina in irinotekana, zdravijenje z zaviralci VEGF in zaviralci EGFR. V monoterapiji za zdravljenje odraslih bolnikov z metastatskim rakom
Zelodca, vkljuéno z adenokarcinomom gastro-ezofagealnega prehoda, ki so bili predhodno Ze zdravljeni z najmanj dvema sistemskima rezimoma zdravljenja za napredovalo bolezen. ODMERJANJE IN NACIN UPORABE*:
Priporoceni zacetni odmerek zdravila Lonsurf pri odraslih je 35 mg/m?odmerek peroralno dvakrat dnevno na 1. do 5. dan in 8. do 12. dan vsakega 28dnevnega cikla zdravljenja, najpozneje 1 uro po zakljucku jutranjega
in vecernega obroka (20 mg/m?/odmerek dvakrat dnevno pri bolnikih s hudo ledviéno okvaro). Odmerek, izracunan glede na telesno povrsino, ne sme preseci 80 mg/odmerek. Mozne prilagoditve odmerka glede na varnost
in prenaSanje zdravila pri posameznem bolniku: dovoljena so zmanj$anja odmerka na najmanjsi odmerek 20 mg/m? dvakrat dnevno (0z. 15 mg/m?/odmerek dvakrat dnevno pri bolnikih s hudo ledviéno okvaro). Potem ko
je bil odmerek zmanj$an, povecanje ni dovoljeno. Kadar se zdravilo Lonsurf uporablja v kombinaciji z bevacizumabom za zdravljenje metastatskega KRR, je odmerek bevacizumaba 5 mg/kg telesne mase enkrat na 2 ted-
na. KONTRAINDIKACIJE*: Preobéutljivost na ucinkovini ali katero koli pomozno snov. OPOZORILA IN PREVIDNOSTNI UKREPI*: Supresija kostnega mozga: Pred uvedbo zdravljenja in po potrebi za spremljanje toksi¢nos-
ti zdravila, najmanj pred vsakim ciklom zdravljenja, je treba pregledati celotno krvno sliko. Zdravijenja ne smete zaceti, e je absolutno Stevilo nevtrofilcev < 1,5 x 10%1, Ce je Stevilo trombocitov < 75 x 10%1 ali &e se je pri
bolniku zaradi predhodnih zdravijenj pojavila klinicno pomembna nehematoloska toksicnost 3. ali 4. stopnje, ki Se traja. Bolnike je treba skrbno spremljati zaradi morebitnih okuzb, uvesti je treba ustrezne ukrepe, kot je
kliniéno indicirano. Toksi¢nost za prebavila: Potrebna je uporaba antiemetikov, antidiaroikov ter drugih ukrepov, kot je kliniéno indicirano. Ge je potrebno, prilagodite odmerke. Ledvi¢na okvara: Uporaba zdravila ni priporo-
Cliiva pri bolnikih s kon¢no stopnjo ledvicne bolezni. Bolnike z ledviéno okvaro je potrebno med zdravljenjem skrbno spremljati; bolnike z zmerno ali hudo ledvicno okvaro je treba zaradi hematoloske toksicnosti bolj pogos-
to spremljati. Jetrna okvara: Uporaba zdravila Lonsurf pri bolnikih z obstojeco zmerno ali hudo jetrno okvaro ni priporocljiva. Proteinurija: Pred zaCetkom zdravljenja in med njim je priporocljivo spremljanje proteinurije z
urinskimi testnimi listici. PomoZne snovi: Zdravilo vsebuje laktozo. INTERAKCIJE*: Previdnost: Zdravila, ki medsebojno delujejo z nukleozidnimi prenaSalci CNT1, ENT1 in ENT2, zaviralci OCT2 ali MATET, substrati humane
timidin-kinaze (npr. zidovudin), hormonski kontraceptivi. PLODNOST*. Bolnikom, ki zefijo spoceti otroka, je treba svetovati, da se odlocijo za svetovanje o reprodukciji ter shranjevanje jajcnih celic oz. sperme z zamrzovan-
jem pred zacetkom zdravljenja z zdravilom Lonsurf. NOSECNOST IN DOJENJE*: Ni priporogljivo. KONTRACEPCIJA*: Zenske in moski morajo uporabljati zelo ucinkovite metode kontracegcue med zdravijenjem in do 6
mesecev po zakljugku zdravijenja. VPLIV NA SPOSOBNOST VOZNJE IN UPRAVLJANJA STROJEV*: Med zdravljenjem se lahko pojavijo utrujenost, omotica ali splogno slabo pocutje. NEZELENI UCINKI*: Zelo pogosti:
nevtropenija, levkopenija, anemija, trombocitopenija, zmanjSan apetit, diareja, navzea, bruhanje, utrujenost, stomatitis. Pogosti: okuzba spodnjih dihal, okuzba, febrilna nevtropenija, limfopenija, hipoalbuminemija, disgevzi-
ja, omotica, glavobol, hipertenzija, dispneja, bolecina v trebuhu, zaprtje, razjede v ustih, bolezni ustne votline, hiperbilirubinemija, izpu$caj, artralgija, mialgija, alopecija, pruritus, suha koza, proteinurija, pireksija, edem,
vnetje sluznice, splosno slabo pocutje, zvisanje jetrnih encimov, zviSanje alkalne fosfataze v krvi, zmanjSanje telesne mase. Obcasni: okuzba Zoléevoda, gripa, okuzba secil, gingivitis, herpes zoster, okuzba s kandido,
bakterijska okuzba, nevtropeni¢na sepsa, okuzba zgornjih dihal, konjunktivitis, bolecina zaradi raka, pancitopenija, monocitopenija, eritropenija, levkocitoza, monocitoza, dehidracija, hiperglikemija, hiperkaliemija, hipoka-
liemija, hipofosfatemija, hiponatriemija, hipokalciemija, anksioznost, nespecnost, periferna nevropatija, nevrotoksicnost, parestezija, letargija, vrtoglavica, angina pektoris, aritmija, palpitacije, hipotenzija, vrocinski oblivi,
pljuéna embolija, disfonija epistaksa izcedek iz nosu, kaselj, krvavitev v prebavilih ileus, kolitis, gastritis moteno praznjenje 7elodca abdominalna distenzija analno vnetje dispepsija, gastroezofagea\na refluksna bolezen

¢ina v okoncmah Iedwcna odpoved, motnje mlkcue hematurija, motnje menstruacije, poslabsanje splosnega zdravstvenega stanja bolecina, obcutek spremembe telesne temperature neugodje v okonclnah zwsanje
kreatinina v krvi, povecanje mednarodnega umerjenega razmerja (INR), zviSanje secnine v krvi, zviSanje laktatne dehidrogenaze v krvi, zvisanje C-reaktivnega proteina, zmanjSan hematokrit. Redki: infekcijski enteritis, tinea
pedis, septicni Sok, granulocitopenija, putika, hipernatriemija, peko¢ obCutek, disestezija, hiperestezija, hipoestezija, sinkopa, katarakta, suho oko, zamegljen vid, diplopija, zmanj$ana ostrina vida, neugodje v uSesu, em-
bolija, orofaringealna bolecina, plevralni izliv, ascites, akutni pankreatitis, subileus, slab zadah, bukalni polip, hemoragi¢ni enterokolitis, krvavitev dlesni, ezofagitis, parodontalna bolezen, proktalgija, refluksni gastritis,
razsiritev Zolénih vodov, mehur, eritem, preobcutljivostne reakcije na svetlobo, luscenje koZe, otekanje sklepov, neinfektivni cistitis, levkociturija, kseroza, podaljSanje aktiviranega parcialnega tromboplastinskega ¢asa,
podalj$anje intervala QT na elektrokardiogramu, znizanje celokupnih proteinov. Post-marketinske izkusnje: intersticijska bolezen pljuc. PREVELIKO ODMERJANJE*: NezZeleni ucinki, o katerih so porocali v povezavi s pre-
velikim odmerjanjem S0 bili v skladu z uveljavljemm varnostnim profilom Glavni priéakovani zaplet prevelikega odmerjanja je supresija kostnega mozga. FARMAKODINAMICNE LASTNOSTI* Farmakoterapev[ska skupi-
Po privzemu v rakave celice timidin- kmaza fosforilira tnﬂundm Ta se v cehcah nato presnovi v substrat deoksiribonukleinske kisline (DNA), ki se vgrad| neposredno v DNA ter tako preprecuje celicno prohferacuo Tsza
hitro razgradi trifluridin in njegova presnova po peroralni uporabi je hitra zaradi ucinka prvega prehoda, zato je v zdravilo vkljuCen zaviralec TPaze, tipiracilijev klorid. PAKIRANJE*: 20 filmsko oblozenih tablet. NACIN
PREDPISOVANJA IN IZDAJE ZDRAVILA: Rp/Spec - Predpisovanje in izdaja zdravila je le na recept zdravnika specialista ustreznega podrocja medicine ali od njega pooblasCenega zdravnika. Imetnik dovoljenja za
promet: Les Laboratoires Servier, 50, rue Carnot, 92284 Suresnes cedex, Francija. Stevilka dovoljenja za promet z zdravilom: EU/1/16/1096/001 (Lonsurf 15 mg/6,14 mg), EU/1/16/1096/004 (Lonsurf 20 mg/8,19 mg).
Datum zadnje revizije besedila: julij 2023. *Pred predpisovanjem preberite celoten povzetek glavnih znacilnosti zdravila. Celoten povzetek glavnih znacilnosti zdravila in podrobnej$e informacije so na

voljo pri: Servier Pharma d.o.0., Podmil$¢akova ulica 24, 1000 Ljubljana, www.servier.si.
SERVIER

LON AD1 C12025-26. Samo za strokovno javnost. Datum priprave informacije: september 2025. moved by you
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review articles, pertinent to oncologic imaging, interventional radiology, nuclear medicine, radiotherapy, clinical and experimental
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All articles are subject to 1500 EUR + VAT publication fee. Exceptionally, waiver of payment may be negotiated with editorial office,
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Preparation of manuscripts

Radiology and Oncology will consider manuscripts prepared according to the Uniform Requirements for Manuscripts Submitted to
Biomedical Journals by International Committee of Medical Journal Editors (www.icmje.org). The manuscript should be written in
grammatically and stylistically correct language. Abbreviations should be avoided. If their use is necessary, they should be explained
at the first time mentioned. The technical data should conform to the SI system. The manuscript, excluding the references, tables,
figures and figure legends, must not exceed 5000 words, and the number of figures and tables is limited to 8. Organize the text so that
it includes: Introduction, Materials and methods, Results and Discussion. Exceptionally, the results and discussion can be combined
in a single section. Start each section on a new page, and number each page consecutively with Arabic numerals. For ease of review,
manuscripts should be submitted as a single column, double-spaced text. The template for preparation of the manuscript is available
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The Title page should include a concise and informative title, followed by the full name(s) of the author(s); the institutional affiliation
of each author; the name and address of the corresponding author (including telephone, fax and E-mail), and an abbreviated title
(not exceeding 60 characters). This should be followed by the abstract page, summarizing in less than 250 words the reasons for the
study, experimental approach, the major findings (with specific data if possible), and the principal conclusions, and providing 3-6
key words for indexing purposes. Structured abstracts are required. Slovene authors are requested to provide title and the abstract
in Slovene language in a separate file. The text of the research article should then proceed as follows:

Introduction should summarize the rationale for the study or observation, citing only the essential references and stating the aim of
the study.

Materials and methods should provide enough information to enable experiments to be repeated. New methods should be described
in details.

Results should be presented clearly and concisely without repeating the data in the figures and tables. Emphasis should be on clear
and precise presentation of results and their significance in relation to the aim of the investigation.

Discussion should explain the results rather than simply repeating them and interpret their significance and draw conclusions. It
should discuss the results of the study in the light of previously published work.

Charts, Illustrations, Images and Tables

Charts, Illustrations, Images and Tables must be numbered and referred to in the text, with the appropriate location indicated. Charts,
Illustrations and Images, provided electronically, should be of appropriate quality for good reproduction. Illustrations and charts
must be vector image, created in CMYK color space, preferred font “Century Gothic”, and saved as .Al, .EPS or .PDF format. Color
charts, illustrations and Images are encouraged, and are published without additional charge. Image size must be 2.000 pixels on
the longer side and saved as .JPG (maximum quality) format. In Images, mask the identities of the patients. Tables should be typed
double-spaced, with a descriptive title and, if appropriate, units of numerical measurements included in the column heading. The
files with the figures and tables can be uploaded as separate files.
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