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MPUOPUTETHBIE
HAMPABAEHUS HAYYHbIX
WCCAEAOBAHUI B OBAACTH
TPAHCNAAHTOAOIUU

U UCKYCCTBEHHbIX OPTAHOB

AxmyanvHotl u HacywHou nompeo-
HOCMbIO Ce200HAWHEe20 OHS A815Aem-
Cs nogviuieHue pe3yibmamueHocmu
HAYYHBIX UCCIEO08AHUL OJisi YKpen-
JleHUs HAYUOHAILHOU Oe30nacHocmu
Hawiel cmpansvl i obecnedeHus: Hayy-
HO20 MUp0o8ozo nudepcmaa. /s ¢op-
MUposanust d¢hghekmusHol cucmemoi
ynpagienus YyHOaMeHMATbHbIMU, NO-
UCKOBLIMU, NPUKTAOHBIMU HAYYHBLMU
UCCIe008aHUAMU paA3PaAOOMaHvl Npo-
2pammol, 8 KOMopble 8KII0UEeHbl nep-
CHEeKMuUBHble HAYYHble HANPasieHUs 8
COOMBEMCMBYIOWUX 00NACTAX HAVKU.

B Ipoepamme ¢pynoamenmanvhvix
HAyuHbIX ucciedosanuil 8 Poccuiickoii
Dedepayuu na doneocpounviil nepuoo (202 1-2030 2o0wL,
ymeepoicoena pacnopsicenuem Ilpasumenvcmea Poc-
cuticroti @edepayuu om 31.12.2020 Ne 3684-p) cchopmy-
JUPOBAHDBL CledyIouyue Hanpasienus 6 001acmu mpaHc-
NJIGHMONO2ULU U UCKYCCIBEHHBIX OP2AHO8:

—  nepconuguyuposantvie COCoObL OUASHOCIMUKU U e~
YeHUsl KpUMU4eCKUxX COCMOosAHULL, 00 U NOCie MPAanc-
NIGHMAaYUU CONUOHBIX OP2AHO8;

—  MONEKVISAPHO-2eHeMUYeCKIe MEeXAHUIMbL Pe2yayuu
DYHKYUUOHUPOBAHUSA ALIOMPAHCIIAHMAMA COTUOHBIX
0p2aHos;

— nepghy3uonHvle MexHoI02UU U MONLEKYIAPHbIE Me-
XAHU3MbL COXPAHEHUS U PeBUMATU3AYUU OOHOPCKUX
0p2anos;

—  KOMNbIOMepHOe, MamemMamuyeckoe MoOeIuposanue
DyHKYUU cepOeuno-cOCYOUCTNON CUCTEMbI 83POCTbIX
u Oemell 8 YCLOBUAX BCHOMO2AMENbHO20 KPOBOOODA-
wenus;

— MexHOoI02UU NOJYYeHUs OIUMeNIbHO NPoIudepupy-
FOUUX NEYEHOUHBIX NPOSEHUMOPHBIX KIemOK Nymem
PENPOCPaMMUPOBAHUS 2eNaAMOYUMos 4enosexa 0
MPAHCIAHMAYUY NPU NEeYeHOUHOU HeOOCMAamou-
HOCmU;

(&

PRIORITY AREAS

OF SCIENTIFIC

RESEARCH IN THE FIELD
OF TRANSPLANTOLOGY
AND ARTIFICIAL ORGANS

Today, improving the effectiven-
ess of scientific research is crucial to
strengthening our nation’s national
security and maintaining global lea-
dership in science and innovation.
Programs that cover promising sci-
entific areas in the pertinent scientific
fields have been designed to provide
an efficient management structure for
fundamental, exploratory, and applied
scientific research.

The Program of Basic Scientific
Research in the Russian Federation
for the Long Term (2021-2030), ap-
proved on December 31, 2020 (Order No. 3684-r) by
the Government of the Russian Federation, formulated
the following areas in the field of transplantology and
artificial organs:

— individualized approaches to diagnosis and treatment
of critical conditions, both before and after solid or-
gan transplantation;

— molecular and genetic mechanisms of regulation of
solid organ allograft functioning;

— perfusion technologies and molecular mechanisms
for organ preservation and revitalization,

— computer, mathematical modeling of the functioning
of adult and pediatric cardiovascular systems under
assisted circulation;

— techniques for obtaining long-term proliferating
hepatic progenitor cells by reprogramming human
hepatocytes for transplantation in liver failure;

— technologies for growing bioequivalents in a biore-
actor or in a living organism for temporary or per-
manent replacement of damaged or lost organs and
tissues.



— MeXHON02UU BLIPAUUBAHUS 8 OUOpeaKmope Ul 8
AHCUBOM OpeaHU3Me OUOIKBUBANEHMOG OISl BPEMEH-
HOU UIU NOCMOAHHOU 3aMeHbL NOBPENHCOCHHBIX UNU
VIMPAUEHHBIX OP2AHO8 U KAHE.

Kpome moeco, cghopmyruposanvt nepcnexmugivie
Hanpasnienus noucka 8 001acmu KIuHU4ecKux u meou-
KO-OUON02UYECKUX UCCTe008AHUL MPAHCHAAHMAYUY CO-
JIUOHBIX OP2AHO8, KOMOPbLE KACAIOMCS INULEHETMULECKUX
abeppayuil 6 MexHoN02Uusx 300P08becOepex’cenus pelyu-
nuenmos, ananuza muxkpoPHK, 3nauumvix ons gpopmu-
POBANUS UMMYHHOU MOLEPAHMHOCIU U/UTU CHUINCEHUS
PUCKA Pa38UMUsL OMIMOPIHCEHUsL, MEXHON0UU KOPPEKYUuU
UMMYHOCYNPECCUlU, 6CROMO2aMenbHO20 Kpogoobpawye-
HUs, nepy3uu OOHOPCKUX OP2AHO8.

Koopounayuonnvim cosemom Mumnzopasa Poccuu no
UCCIe008AHUAM U pa3pabomkam ¢ obracmu MeOuyuH-
cKrotl Hayku ymeepocoenst (28.12.2023 2.) cnedyiowue
npuopumentvl UCCLe008anUll U paspadbomox 8 UHMepecax
MeOUYUHBL U 30PABOOXPAHEHUSL:

— duasHoCmuyecKue mecm-cucmemvl i Memoovl Heun-
BA3UBHOU U MATIOUHBAZUBHOU OUASHOCMUKU OCMPOU
U XPOHUHECKOU OUCHYHKYUU MPAHCHIAHMUPOBAHHBIX
opeanos;

— JleKapcmeeHnble npenapamol 0Jis nPedomepaueHus
U leYenust 0Cmpo2o U XPOHUUECKO20 OMMOPICEHUL
MPAHCNAAHMUPOBAHHBIX OPSAHOB;

— MeOUYUHCKUe U30eusl U 1eKapCmeeHHble nPenapambl
07151 ex vivo nep@yzuu u peabunumayuu OOHOPCKUX
0peanos Osi MPAaHCHIaHM AU,

— ycmpoiicmea 0Jist KpamKospeMeHHOU U ONUMeNbHOU
BCNOMO2AMENbHOL NOOOEPHCKU KPOBOOOPAUEHUSL Y
Odemell U 83POCAbIX,

— npoepammvl puzuueckol peadurumayuu nPUNCU3-
HEHHBIX 0OHOPO8 OP2AHO8 U PPACMEHMNO8 OP2AHO8 U
cpedcmea Ost UX OCYUu eCmeieHusl;

—  mexHon02UU UUUECKOU U NCUXOL0SUYECKOU peadu-
AUMayu peyunuenmos OOHOPCKUX OpPeanos, QKO-
yas penpoOyKmueHyr (OyHKYUr, eKaouas demetl-
PEYUNUEHINO08 PATUYHO20 B03DACTIA.

Pewenue nocmasnennvix 3a0ay obecnewum ynyyuie-
HUe Kauecmeda OKA3aHusi MeOUYUHCKO NoMowu 8 00-
Jacmu mpaHCnIaHmMayuu opeanos, O0CMyn epancoan
K CAMBIM COBPEMEHHbIM MEXHOI02ULECKUM PEUEeHUSIM,
BONNOWEHHBIM 8 KOHKPEMHOU MeOUYUHCKOU NPOOYKYUU.

C ysaoicenuenm,

axkaoemux PAH C.B. Iomwe /1(7

In addition, promising areas of search in the field of
clinical and biomedical research of solid organ trans-
plantation have been formulated. They include epigenetic
aberrations in recipient health-preserving technologies,
analysis of miRNAs, which are crucial for formation of
immune tolerance and/or reduction of organ rejection
risk, immunosuppression correction techniques, assisted
circulation, and organ perfusion.

On December 28, 2023, the Russian Ministry of
Health Coordinating Council for Medical Science Re-
search and Development adopted the following priori-
ties for medical and healthcare-related research and
development:

— diagnostic test systems and methods for non-invasive
and minimally invasive diagnostics for acute and
chronic transplant dysfunction;

— pharmaceuticals for prevention and treatment of acu-
te and chronic transplant rejection;

— medical devices and pharmaceuticals for ex vivo or-
gan perfusion and rehabilitation;

— devices for short-term and long-term assisted circu-
lation in children and adults,

— physical rehabilitation programs for living organ
donors and means for their implementation;

— technologies for physical and psychological rehabili-
tation of organ recipients, including their reproducti-
ve function, as well as pediatric recipients of various
ages.

Addressing the above tasks would enhance the stan-
dard of medical care in the field of organ transplantation,
grant access for citizens to cutting-edge tech solutions

embodied in specific medical products.

Sincerely,

Sergey Gautier,
N Fellow, Russian Academy of Sciences
Editor-in-chief, Russian Journal

of Transplantology and Artificial Organs
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CURRENT CONCEPTS OF VASCULAR COMPLICATIONS
FOLLOWING KIDNEY TRANSPLANTATION
(A LITERATURE REVIEW)
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Even with advancements in surgical techniques, vascular complications remain life-threatening conditions and
can lead to graft loss and sometimes recipient death. This paper examines the causes of vascular complications
following a kidney transplant (KT), as well as international experience in the application of methods for early

diagnosis, treatment and prevention of these complications.
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INTRODUCTION

Vascular complications are a significant concern in
kidney transplantation (KT), occurring in 3—15% of reci-
pients, with graft loss rates ranging from 12.6% to 66.7%
in affected patients [1-3].

Early vascular complications include arterial and ve-
nous thrombosis, arterial dissection, vascular damage
during the retrieval procedure (cuts and lacerations), ar-
teriovenous fistulas, pseudoaneurysms, and hematomas.
Later came stenosis or kinking of the renal artery and less
often of the renal vein, as well as external compression
due to the presence of fluid accumulations around the
graft [1, 3]. The most common complications are arterial
stenoses of the graft (3—12.5 %), followed by arterial and
venous thromboses (0.1-8.2%) and vascular wall dissec-
tion (0.1 %). Arteriovenous fistulas or pseudoaneurysms
occur less frequently [3].

RENAL ARTERY THROMBOSIS

Renal artery thrombosis (RAT) is the leading cause
of kidney transplant loss in the early post-transplant pe-
riod. It is a rare complication with a reported incidence
ranging from 0.2% to 3.5% [4, 5].

RAT most often develops within minutes to hours
post-transplant and can occur as a result of hyperacute
rejection, anastomosis occlusion, renal artery stenosis
(RAS), renal artery kinking, and blood hypercoagulable
state [6, 7]. In the first hours after surgery, RAT often
presents subtly, with sudden oliguria or anuria and a
rapid rise in plasma creatinine being the earliest signs
[5]. Other clinical signs of RAT include worsening hy-
pertension, pain at the graft site, which may occur as a
result of tissue edema [7].

Additional diagnostic methods are necessary for ear-
ly detection, such as color flow mapping, which helps
differentiate thrombosis from acute rejection or acute
tubular necrosis [8]. Catheter angiography and magnetic
resonance angiography are the primary techniques for
confirming the diagnosis by revealing reduced or absent
blood flow to the graft. However, in emergency situa-
tions, angiography may not always be feasible [7, 9].
Screening ultrasound with duplex scanning is considered
the standard method for assessing graft perfusion [10].

In cases of complete arterial occlusion due to throm-
bosis, graft loss can occur. However, if thrombosis is
limited to small distal branches and does not affect the
main renal artery, the outcome may still be favorable [11,
12]. If the inferior pole branch is involved, it may lead
to ischemia and subsequent necrosis of the ureter [13].

In cases of RAT, emergency surgery is the only viable
option to salvage the transplanted kidney [5, 7]. The
standard procedure typically involves thrombectomy
with anastomotic repair. While the role of interventional
treatment for graft artery thrombosis remains unclear,
there have been reports of successful cases using cathe-
ter-directed thrombolysis, with or without percutaneous
angioplasty and/or stent placement [4, 14—16].

Ayvazoglu et al. reported that among 8 RAT cases,
5 patients underwent thrombectomy with arterial anas-
tomotic reformation, and 3 patients underwent percuta-
neous transluminal angioplasty, thrombolysis and stent
placement [16].

Harraz et al. analyzed cases of vascular accidents —
renal artery thrombosis (19) and renal vein thrombosis
(4), which accounted for 23 (1%) vascular accidents
among 2208 cases of live donor kidney transplant (KT)
between 1976 and 2011. In 12 RAT patients (63%), the
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graft was salvaged by open revascularization. The most
important stages of their surgical strategy were ensu-
ring vascular control, revision of arterial anastomosis,
thrombus extraction and perfusion of the graft with pre-
serving solution, heparinized saline and vasodilators with
removal of perfusate through venotomy followed by
reanastomosis [15].

Aktas et al. reported 3 cases of salvage of renal grafts
with RAT by thrombectomy and formation of a new
anastomosis. Two other RAT patients underwent per-
cutaneous transluminal angioplasty, thrombolysis and
stent placement [4].

RENAL VEIN THROMBOSIS

Renal vein thrombosis (RVT) is one of the major vas-
cular complications after KT and one of the major causes
of immediate graft loss [27]. According to various re-
ports, the incidence of early post-transplant RVT ranges
from 0.1% to 5.5% [17], 0.3% to 4.2% [27], and 0.14%
[5]. RVT usually develops within the first 5 days after
surgery, with peak incidence within the first 48 hours,
although there are cases of delayed RV T occurring after
the first postoperative week [7].

Common causes of RVT are anatomical anomalies or
technical problems during surgery [27], including graft
vein kinking, vascular endothelial injury during surgical
manipulation or during graft pretreatment [18, 19]. Ex-
ternal compression caused by hematoma or lymphatic
fluid accumulation is also referred to as a direct cause
of RVT [6].

The short and thin-walled nature of the right renal
vein (RRV) often presents technical challenges during
right KT [17, 18]. However, Natour et al. reported that
the side of KT is not directly associated with RVT risk
[20]. To overcome these technical difficulties, lengthe-
ning the RRV by incorporating a segment of the inferior
vena cava or gonadal vein in deceased donor right KT
has proven effective. This approach facilitates venous
anastomosis and is likely a key factor in the currently
low incidence of RVT [21].

Higher doses of cyclosporine are also associated with
a higher incidence of venous thrombosis. Another impor-
tant reason is hypercoagulable states such as antithrom-
bin III, protein C or protein S deficiency [22].

Clinically, RVT usually presents with a significant in-
crease in the size and density of the graft, pain or discom-
fort in the graft area, increasing hematuria with rapidly
decreasing urine output, proteinuria, graft dysfunction,
oliguria, and/or complete anuria [23]. Indirect signs in-
clude ipsilateral lower extremity edema, subfebrile tem-
perature, and, in severe cases, massive retroperitoneal
hemorrhage.

Doppler ultrasound with color flow mapping is the
primary and first-line diagnostic method for detecting
RVT. They can detect absence of blood flow in the renal
vein, swollen graft, and abnormal arterial signal with

a plateau-like reverse diastolic flow [7, 8, 17]. Loss of
corticomedullary differentiation and paranephral fluid
can also be detected [7]. Magnetic resonance or com-
puted tomography venography is a more accurate but
less frequently used procedure as a routine assessment
method [17].

Surgical intervention is almost always required when
RVT is detected in a kidney transplant. According to
Cambou et al., venous thrombosis was the cause of graft
loss in 86.4% of cases, with only intraoperative throm-
bosis being associated with better graft survival (63.5%),
which is probably due to the possibility of immediate
intervention. In the case of surgical intervention, the graft
is subjected to new ischemia-reperfusion injury with
consequences in the form of delayed recovery of function
or eventually graft function may not recover at all [17].

In a study by Fathi et al., three out of seven grafts
with RVT were salvaged after open thrombectomy [24].
A study conducted by Haberal et al. reported that two
out of four grafts were salvaged after emergency revi-
sion venous thrombectomy with restoration of blood
flow. In two patients, treatment was unsuccessful and
graftectomy was performed [25], which was necessa-
ry to prevent progressive congestive edema and graft
rupture, which can lead to life-threatening bleeding and
patient death [26]. According to Harraz et al., two RVT
cases were resolved by percutaneous catheter-directed
thrombolytic therapy and one case by thrombectomy and
revascularization [15].

According to Lerman et al., immediate intervention
within 1 hour of the onset of thrombosis can salvage the
graft. Lerman et al. report a case in which the graft was
salvaged after open thrombectomy and reimplantation
of the kidney [27].

Early RVT has a poor prognosis. Evidence suggests
that intraoperative monitoring for vascular complications
is critical to the success of transplantation if intraoperati-
ve RVT occurs. In addition, screening for prothrombotic
conditions in potential kidney recipients with risk factors
for thrombosis and the justified use of perioperative an-
ticoagulant therapy are important strategies to prevent
thrombus formation [28].

RENAL ARTERY STENOSIS

The incidence of transplant RAS is reported to range
between 1% and 23% [33]. RAS is the most common
vascular complication following a KT [4, 6, 16]. The
wide range of incidence has been attributed to the lack
of uniformity in the definition of the condition and the
different imaging techniques used to make the diagnosis
[29]. Other reports suggest that RAS affects about 3%
of all renal transplants [7].

RAS is a potentially reversible cause of refractory
post-transplant hypertension, where narrowing of the
renal artery of the graft obstructs blood flow and leads
to renal hypoperfusion [30]. RAS is typically diagnosed
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between 3 months and 2 years after transplantation,
though earlier or later manifestations can occur [31].
This complication should be suspected in patients with
treatment-refractory arterial hypertension, worsening
condition, elevated creatinine levels, decreased graft
function, reduced urine output, or unexplained fluid re-
tention [7]. Occasionally, clinically asymptomatic ste-
noses are incidentally detected during routine ultrasound
surveillance of the recipient and graft [31].

Most RAS cases are prone to progression leading to
graft loss. Therefore, early and accurate diagnosis of this
condition is important [31]. Digital subtraction angiogra-
phy is widely considered the gold standard for imaging
RAS, but it is an invasive technique requiring the use
of nephrotoxic contrast agents. Computed tomographic
angiography and magnetic resonance angiography with
contrast are also commonly used imaging techniques
to diagnose RAS [31]. However, Doppler ultrasound
angiography is preferred as the initial imaging choice
because of its accessibility and non-invasiveness [9].
Signs of RAS are seen at the narrowing site and include
an elevated peak systolic velocity (PSV), an abnormal
ratio of PSV in the main renal artery compared to the
superior iliac artery, and an aliasing effect due to tur-
bulence. A PSV of 340-400 cm/s at the anastomosis
site is considered a reliable criterion for RAS, which,
however, should be considered in the context of other
parameters [7].

Once the diagnosis is established, various surgical
interventions are performed for hemodynamically signi-
ficant stenosis [32]. Endovascular techniques, including
percutaneous transluminal angioplasty and stent place-
ment, are the first-line therapy. In refractory cases or with
complex anatomical features, open surgical intervention
follows [7].

Earlier studies have shown that following an endova-
scular procedure, a significant majority of patients expe-
rienced improvement in their kidney function (85-93%)
and blood pressure (63—83%) to a more normal level. The
risk of recurrence ranged from 10% to 33%, but was lo-
wer when angioplasty was combined with stenting [33].

This is supported by a meta-analysis by Ngo et al.,
which noted higher patency rates with stent placement
for RAS compared to angioplasty alone (90.4% vs. 73%)
[34]. Drug-eluting balloons and stents have also been
successfully used to treat RAS [35]. A recent systematic
review further demonstrated that endovascular treatment
of RAS preserves graft function and hemodynamic pa-
rameters [35].

RISK FACTORS FOR THROMBOTIC
COMPLICATIONS
Risk factors for thrombotic complications can be

broadly categorized into three groups: donor-related,
recipient-related and those caused by to the peculiarities
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of the surgical intervention itself. Thrombosis may also
develop as a result of a technical error during anastomo-
sis, intima damage, decreased blood flow due to const-
riction or twisting of vessels, stasis, hypercoagulation, or
exceeding the target levels of immunosuppressive drugs
in the blood [3]. Other causes include acute rejection and
external compression by hematoma or lymphocele [5].

Donor risk factors for thrombotic
complications

Donor risk factors for thrombotic complications in-
clude advanced donor age, vascular anomalies in the
graft (such as multiple vessels), use of the right kidney
as a graft, deceased donor kidneys versus living related
donor kidneys, and prolonged warm and cold ischemia
times. A donor age older than 60 years [36], or in some
reports older than 50 years [6], is considered a significant
risk factor for renal graft thrombosis.

As the demand for kidney transplants surpasses donor
organ availability, medical professionals are increasingly
utilizing kidneys with multiple renal arteries (MRAs)
to expand the donor pool. While MRAs often require
vascular reconstruction during transplantation, which
was historically associated with a higher risk of early
post-transplant complications such as graft thrombosis
[37], recent studies suggest that this is no longer a signi-
ficant concern. Modern surgical techniques and improved
perioperative management have contributed to compa-
rable outcomes between grafts with MRAs and those
with single renal arteries, with no significant increase in
postoperative complications or adverse events [37—42].

Only one retrospective study from Iran reported
significantly higher surgical complication rates after
transplantation of renal allografts with multiple arteries
compared to cases that did not require vascular recon-
struction. The authors found vascular complications in
25.4% of patients with multiple arteries, compared to
8.2% in recipients of single-artery grafts [43]. The pre-
sence of multiple arteries has previously been identified
as an independent risk factor for bleeding [44], with
a nephrectomy rate of 22% in severe cases. This may
explain the findings of Salehipour et al. [43], where the
reported bleeding rate was 6.1%, compared to 1.9% in
the study by Osman et al.

There is no consensus on whether right renal grafts
increase the risk of thrombosis compared to left renal
grafts. One report suggests that the use of a right donor
kidney increases the risk of thrombosis [36]. The main
explanation proposed is that right KT may present tech-
nical difficulties because of the short and more ‘fragile’
right renal vein [18, 19].

These difficulties were partially addressed by Falla-
ni et al., who utilized cryopreserved vascular grafts to
lengthen renal vessels. Their study analyzed KT outco-
mes between 2012 and 2020, focusing on right kidney
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grafts, including those with abnormal vascularization
and cases requiring vessel lengthening. For grafts with
multiple vessels, vein lengthening resulted in shorter
warm ischemia and overall surgery times, making them
comparable to standard grafts. For right kidney grafts
using vessel lengthening, surgical times were similar to
those of left kidney grafts. The authors concluded that
the functional outcomes of these surgical approaches
were comparable [46].

In another study, researchers from Spain found no
significant difference in the use of right or left donor kid-
neys with respect to early posttransplant thrombosis. To
control for donor-related factors, they compared the out-
comes of contralateral kidney transplants from the same
donor (24 pairs of transplants). However, they observed
a striking discrepancy in the thrombosis rates based on
the side of transplantation: 21 thrombosed grafts on the
right (87.5%) compared to only three on the left [46].

An increased risk of thrombosis in deceased donor
kidneys compared with grafts from living related do-
nors has not been consistently observed in either earlier
studies [43, 47] or more recent research. A recent study
analyzing a cohort of 446 patients who received grafts
from both living and deceased donors found no signifi-
cant difference in renal artery thrombosis rates between
the two groups [48].

While early studies did not identify warm ischemia
time as a risk factor for thrombosis [44], a more recent
study from Tunisia highlighted prolonged warm ischemia
as a potential risk factor for vascular thrombosis [49]. An
increased incidence of thrombosis has been reported in
cases where cold ischemia time exceeded 24 hours [36].

Recipient-related risk factors for thrombotic
complications

Recipient-related factors are considered more cri-
tical for KT outcomes than donor-related factors [50].
Recipient-related risk factors include age, the underlying
disease leading to end-stage renal disease (ESRD), co-
morbidities, and the choice, order, and duration of renal
replacement therapy (RRT).

It is well established that recipients younger than
5 years and older than 50 years are more susceptible
to graft thrombosis [35]. However, KT is increasingly
being performed in older patients [51-54]. In the United
States, the proportion of patients aged 65—74 years on
the transplant waiting list has risen from 2% in the 1990s
to over 10% in 2012. Similarly, in Europe, the average
recipient age has increased by 10 years over the past two
decades. For example, in the Netherlands, the proportion
of kidney transplant recipients over 65 years of age grew
from 22.8% in 2005 to 39.8% in 2017 [53, 55].

The underlying disease that led to ESRD significantly
influences transplant outcomes. Individuals with diabetes
mellitus and diabetic nephropathy are at a significantly
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increased risk of thrombosis due to hyperactive platelets,
elevated prothrombotic clotting factors, and impaired fi-
brinolysis [56]. Diabetes accelerates the development of
atherosclerosis, further increasing the risk of thrombotic
complications. Cardiovascular disease and angiopathy
associated with atherosclerosis also contribute to a higher
likelihood of thrombosis in these patients [6].

Obesity (BMI >30 kg/m) has been associated with
an increased risk of thrombosis, as well as a paradoxi-
cal protective effect against postoperative bleeding [41,
64]. Given the global rise in obesity, more high-BMI
patients are undergoing KT [57]. While BMI likely in-
teracts with other patient-specific factors, it remains an
important consideration for transplant candidacy and
post-transplant outcomes [58].

The choice, order, and duration of RRT can influence
transplant outcomes significantly. A systematic review
analyzing 76 studies (1968-2019) found that preemptive
transplantation offers better long-term survival and a
lower risk of graft loss [59].

Preemptive transplantation — where a kidney trans-
plant is performed before the initiation of dialysis — has
been shown to significantly improve long-term survival
and reduce the risk of graft loss. A systematic review that
analyzed 76 studies from 1968 to 2019 confirmed these
benefits, highlighting the importance of early transplan-
tation in optimizing patient outcomes [59].

The selection, sequence, and duration of RRT play a
crucial role in transplant outcomes. A systematic review
of 76 studies (1968-2019) found that preemptive trans-
plantation significantly improves long-term survival and
reduces the risk of graft loss [59].

Several large-cohort studies have reported a sig-
nificantly higher incidence of thrombotic graft loss in
patients who underwent peritoneal dialysis (PD) befo-
re transplantation compared to those on hemodialysis
(HD) [60]. This increased risk is attributed to elevated
levels of procoagulant factors, such as apolipoprotein
A and coagulation factors 11, VII, VIII, IX, X, XI, and
XII, in PD patients, likely due to a moderate nonspecific
inflammatory response of the peritoneum to dialysate
exposure. However, other studies suggest that the type
of dialysis does not significantly influence the risk of
graft thrombosis [61].

PATHOPHYSIOLOGY OF HEMOSTATIC
CHANGES IN RENAL TRANSPLANT RECIPIENTS

In KT, all three components of Virchow’s triad —
endothelial damage, circulatory stasis, and a hyperco-
agulable state — are present [62, 63]. These factors can
contribute to thrombosis due to issues arising during
vascular anastomosis and reconstruction, vascular intima
damage, reduced blood flow from vessel constriction,
compression, or twisting, as well as graft congestion.
Additionally, the hypercoagulable state may result from
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the pathophysiology of chronic kidney disease (CKD)
itself or associated comorbidities [3].

Historically, patients with end-stage CKD were con-
sidered to be in a “hypocoagulant” state, meaning they
had an increased tendency to bleed rather than clot. In
the early 1980s, studies demonstrated that patients with
uremia often suffer from anemia, and their bleeding time
is strongly dependent on anemia. Correcting anemia to a
hematocrit level above 30% was found to significantly
reduce bleeding time and the severity of hemorrhagic
manifestations [64].

Recent studies have identified CKD as a risk factor
for thromboembolic complications. CKD is associated
with a prothrombotic state, marked by elevated tissue
factor activity, increased fibrinogen, and higher D-dimer
levels [65]. The disease also involves systemic inflam-
mation, oxidative stress, activation of the renin-angio-
tensin-aldosterone system, anemia, microalbuminuria,
hyperhomocysteinemia, hyperparathyroidism, and bone
and mineral metabolism disorders. Specific apolipopro-
tein isoforms and platelet hyperreactivity contribute to
a hypercoagulable state, increasing the risk of arterial
and venous thromboembolic events and accelerating the
progression of kidney failure [63, 66].

Paradoxically, while ESRD patients are at increased
risk for thrombosis, they also have a higher propensity
for bleeding, with a 4% incidence of postoperative blee-
ding after transplantation compared to 1% in general sur-
gery [67]. This may be attributed to profound imbalances
between procoagulant and anticoagulant mechanisms in
CKD patients.

PREVENTION OF THROMBOTIC
COMPLICATIONS IN KIDNEY
TRANSPLANTATION

Rapid identification of thrombotic complications is
crucial for successful prophylaxis in KT, as treatment
options are largely limited to emergency surgery and
thrombectomy. While perioperative prophylactic anti-
thrombotic therapy appears justified, no standardized
protocols currently exist [68]. Existing thrombosis pre-
vention guidelines primarily focus on venous thrombo-
embolism and do not specifically address thrombosis
at surgical sites [69]. Additionally, the European Asso-
ciation of Urology guidelines do not recommend rou-
tine postoperative prophylaxis with unfractionated or
low-molecular-weight heparin for low-risk living-donor
transplant recipients [70].

Patients with advanced CKD face a delicate balance
between thromboembolic risk and bleeding complica-
tions, making anticoagulant therapy particularly chal-
lenging. Due to hemostatic alterations and multiple co-
morbidities, CKD and ESRD patients are often excluded
from clinical trials evaluating anticoagulation therapy
[71, 72]. Consequently, there is limited evidence on the
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efficacy and safety of anticoagulants in this populati-
on, and no standardized risk assessment scale exists to
accurately determine individual thromboembolic and
hemorrhagic risk. Additionally, pharmacokinetic and
pharmacodynamic alterations related to impaired renal
function further complicate anticoagulation management
[63].

As a result, reliable data for establishing evidence-
based guidelines on perioperative antithrombotic therapy
remain limited [73]. Consequently, different medical
centers implement their own protocols for perioperative
anticoagulation and postoperative thromboprophylaxis
[68].

CONCLUSION

Advancements in surgical techniques, perioperative
management, and immunosuppressive therapy have si-
gnificantly improved KT outcomes and patient survival.
However, vascular complications remain a major chal-
lenge, posing risks to both the graft and the recipient.
A thorough analysis of these complications highlights
three key areas requiring special attention: the intrinsic
characteristics of the donor organ, recipient-associated
risk factors, and the complexity of the surgical procedu-
re —all of which underscore the importance of preventive
strategies.

The authors declare no conflict of interest.
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Bronchial stenosis (BS) is a persistent, breathing-independent narrowing of the bronchial lumen, primarily brought
on by scar and/or granulation tissue. BS occurring after lung transplantation tend to be recurrent, resulting in a
higher frequency of hospitalizations compared to the group of patients without this complication. Minimally inva-
sive endoscopic repair of the bronchial lumen is a generally recognized treatment for BS. This article demonstrates
the experience of using a combined technique for restoring the lumen and preventing recurrent stenosis using
thulium laser, balloon dilation, cryoablation, and stenting (hereinafter referred to as the combined technique).

Keywords: lung transplantation, airway complications, bronchial stenosis, thulium laser, endoscopic

balloon dilation, cryoablation, airway stenting.

INTRODUCTION

Bronchial stenosis (BS) is one of the most common
airway complications that occur after a lung transplant
(LT) [1-3]. According to medical literature, it typically
occurs between 3—6 months after an LT [4]. Balloon
dilation, bronchial bougienage, argon plasma coagula-
tion (APC), laser use, cryoablation, and stenting are all
endoscopic techniques used to restore bronchial lumen
and prevent a recurrence [5—6]. Among these, balloon
dilation, bougienage, APC, and laser therapy provide
immediate effects, while cryoablation has a delayed
therapeutic impact [7—8]. Airway stenting is a method
used to prevent recurrent bronchial stenosis. Despite
the availability of various endoscopic techniques for

Table 1
ISHLT classification of bronchial stenoses

a — anastomotic site

b — anastomotic and lobar/segmental
site

¢ — lobar/segmental site only

1 — 0% to 25% reduction
in cross-sectional area

2 —>25% to 50% reduction
in cross-sectional area

3 —>50% but <100% reduction
in cross-sectional area

4 — 100% obstruction

Location

Stenoses

Extent

bronchial lumen restoration and the use of stenting to
maintain bronchial patency, BS remains a frequently
recurring complication. This, in turn, leads to increased
hospitalizations and a reduced quality of life for lung
transplant recipients. This article presents the experience
of using a combined approach — incorporating thulium
laser, balloon dilation, cryoablation, and stenting — to
restore bronchial lumen and prevent recurrent stenosis
in lung transplant recipients at the Shumakov National
Medical Research Center of Transplantology and Artifi-
cial Organs (“Shumakov Transplant Center”).

MATERIALS AND METHODS

Between September 2014 and November 2024, a total
of 119 lung transplants were performed at the Shumakov
Transplant Center. The primary diagnostic methods for
detecting BS post-transplant included bronchoscopy and
chest computed tomography, while spirometry was used
at later stages to identify suspected cases. To classify
and assess the severity of BS, we applied the bronchial
complication classification proposed by the International
Society for Heart and Lung Transplantation (ISHLT)
(Table 1) [9].

The primary treatment methods for BS in lung trans-
plant recipients at the Shumakov Transplant Center in-
clude mechanical bougienage, balloon dilation, APC,
and stenting. However, in most cases, these approaches
provided only short-term relief, necessitating repeated
interventions.
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Since 2020, cryoablation has been introduced as an
independent treatment for BS. This technique has proven
effective, particularly in managing BS caused by granu-
lation tissue overgrowth [8].

Since 2021, the thulium laser has been used for scar
tissue dissection. When used for recanalizing scar steno-
ses, it demonstrated a reduced carbonization effect and
greater precision compared to APC.

The primary criterion for selecting patients for en-
doscopic bronchial lumen restoration using a combined
approach was the presence of grade 2—4 BS, as well
as recurrent BS despite previous airway recanalization
attempts.

Endoscopic procedures employing the combined
technique were performed in an operating room under
general anesthesia, with a preference for rigid intubation
and high-frequency mechanical ventilation. Following

Fig. 2. Balloon bronchoplasty stage

tracheal intubation, the tracheobronchial tree was tho-
roughly examined.

The first stage of the procedure involved the diss-
ection of scar tissue using a thulium laser. The pulse
energy was initially set at a minimum of 0.025 J with a
frequency of 240 Hz. When an increased intensity was
required, priority was given to adjusting the radiation fre-
quency rather than the energy level. To minimize tissue
carbonization, continuous irrigation and aspiration of a
0.9% sodium chloride solution were performed using a
catheter (Fig. 1).

Following scar dissection, the next stage involved
balloon dilatation using three-step balloons with incre-
mental diameter increases of 1 mm (6—7-8 mm, 89—
10 mm, 10-11-12 mm, 12—13.5-15 mm). The required
pressure inside the balloon was generated using a spe-
cialized blower (Fig. 2).
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To prevent recurrence, cryotherapy was applied to
the stenotic area. The cryoprobe was placed in direct
contact with the bronchial mucosa at the site of stenosis,
followed by freeze-thaw cycles lasting 30-45 seconds
each. Tissue thawing was allowed to complete before
the cryoprobe was detached from the mucosa. A total of
three freeze-thaw cycles were performed in each treat-
ment zone. The cryoprobe was then repositioned 5—6 mm
from the previous site, and the cryotherapy sessions were
repeated until the entire stenotic area was treated (Fig. 3).

In cases of impaired bronchial framework function,
stenting was performed using a self-expanding nitinol
stent (Fig. 4).

RESULTS

The combined technique for bronchial lumen restora-
tion was applied to seven lung transplant recipients with
BS. Among them, two patients (28.58%) were diagnosed
with intermediate BS, while five (71.42%) had multifocal
stenosis. Prior to undergoing the combined technique,
the patients had an average of 5.8 + 1.5 endoscopic re-
canalization attempts.

A total of 19 surgical interventions were performed
using the combined technique for 34 cases of stenosis,
averaging 2.71 procedures per patient. The key charac-
teristics of BS in this patient group are summarized in
Table 2 and illustrated in Figs. 5-7.

Fig. 3. Cryotherapy stage

Fig. 4. Bronchial stenting stage

Table 2

Number of surgical interventions according
to ISHLT stenosis classification

Types of stenosis Number of operations
Central airway stenosis 7
Distal airway stenosis 11
Combined airway stenosis 1

18

Repeated surgical interventions in lung transplant re-
cipients with BS who underwent endoscopic recanaliza-
tion using the combined technique were associated with
the following complications: recurrent narrowing of the
lumen at the proximal or distal edge of the nitinol stent

(5 cases, 14.7%) and stent migration during diagnostic
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3; 8.82%

M Grade 2
M Grade 3
B Grade 4

Fig. 5. Extent of bronchial stenosis according to ISHLT classification

T4 LB

RULB IB MLB RLLB LULB LLLB

Fig. 6. Location of bronchial stenosis for which recanalization was performed using a combined technique. RULB, right upper
lobe bronchus; IB, intermediate bronchus; MLB, middle lobe bronchus; RLLB, right lower lobe bronchus; LULB, left upper
lobe bronchus; LLLB, left lower lobe bronchus)

8; 23.53%

B Stenosis of one location
B Multifocal stenosis

265 76.47%

Fig. 7. Prevalence of bronchial stenosis

bronchoscopy (1 patient, 2.9%). There were no cases of CONCLUSION

bleeding and bronchial wall rupture in the study group. Despite advancements in surgical techniques for lung
The stent was removed in cases where no recurrent transplantation, improved postoperative management,
BS was detected for at least one year post-stenting. A and minimally invasive endoscopic interventions, the in-
persistent remission, with a recurrence-free period ex-  cidence of recurrent BS in lung recipients remains high.
ceeding one year, was achieved in six lung recipients  This highlights the need for developing new approaches
(85.71%). to endoscopic treatment for this patient cohort.
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The use of a combined technique — incorporating thu-
lium laser, balloon dilation, cryoablation, and stenting —
for bronchial lumen restoration and recurrent stenosis
prevention in lung recipients has proved to be effective
in lung transplant recipients. Notably, no significant com-
plications, such as bleeding or bronchial wall rupture,
were observed, further supporting the safety and efficacy
of this approach.

Recurrent BS when using the combined technique
was primarily attributed to lumen narrowing at the pro-
ximal and distal edges of the nitinol stent. In cases of re-
currence, repeat surgical intervention involving thulium
laser, balloon dilation, and cryoablation was performed.

According to several studies, the recurrence rate du-
ring stenting may be reduced by using Dumont silicone
stents [10—12]. However, the structural characteristics
of silicone stents — such as an average wall thickness of
1 mm and the presence of outer protrusions that prevent
migration — can narrow the bronchial lumen, making
them unsuitable for stenting in lobar and segmental
bronchi.

The development of alternative stent materials, inclu-
ding biodegradable options, integration of 3D printing
technology, and the use of drug-eluting stents, may offer
promising solutions for reducing recurrence rates in BS
treatment [13—15].

The authors declare no conflict of interest.
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This paper reviews the sources and generality of knowledge regarding the adverse effects of immunosuppressive
therapy, which play an important role in the full functioning of a transplant. The article regarding the importance
of the dynamic impact of immunosuppressant medications on transplant function and the need for reasonable
regimen and dosage selection of individual drugs or their combination to minimize adverse effects.
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Kidney disease has affected humans since time im-
memorial, but it is only in the last four decades that the
actual incidence has been documented and identified as
a global health problem [1]. Chronic kidney disease is
an important public health problem that places a signi-
ficant burden on patients, their families and health care
systems [2]. Kidney transplantation (KT) is the preferred
treatment for end-stage renal disease. Improvements in
surgical techniques and immunotherapy have changed
the field of KT. The 1-year and 5-year survival rates
of KT patients are 95% and 90%, respectively [3]. KT
provides better survival compared to dialysis but does
not fully improve quality of life. The overall risk of death
in transplant recipients is at least three times higher than
in the general population, and transplant recipients have
a significantly reduced quality of life even compared to
patients with other chronic diseases. Strategies such as
optimization of selection, cross-matching and surgical
techniques, improved perioperative care, effective antivi-
ral, antifungal and antibacterial therapy and chronic im-
munosuppression have led to improved patient outcomes
and increased allograft survival over the past decades.

The first successful human kidney transplant was per-
formed in 1954 by Dr. Joseph Murray between two gene-
tically identical twins. Decades later, KT has become the
standard care for patients with renal failure. Maintaining
graft preservation requires immunosuppressive therapy
(IST) or immune tolerance in genetically different in-
dividuals. To date, an understanding of immunological

principles has been critical to successful management
of KT patients [4].

After transplantation, a whole cascade of immu-
ne reactions of nonspecific (phagocytosis and cytoki-
ne release) and specific type (provided by T-cell and
B-humoral immunity) occurs in the recipient’s body.
Antigen-specific response is activated by a huge number
of potentially foreign antigens of the donor, including
human leukocyte antigens (HLA) [5, 6] and the ABO
system. Ischemia and reperfusion of the donor kidney are
major factors in the development of graft injury, causing
endothelial damage, free radical formation and induction
of apoptosis, which is described as ischemia/reperfusi-
on injury (IRI). Damage-associated molecular patterns
(DAMPs), released from damaged or dying cells, are
endogenous danger signals that activate the innate im-
mune system, leading to inflammation and the release of
anti-inflammatory cytokines like tumor necrosis factor,
type I interferons, chemokines, and interleukins (IL-1
and IL-6) [7, 8].

Allograft rejection is tissue damage caused by effec-
tor mechanisms of the alloimmune response, resulting
in impaired graft function. There are two main types
of rejection: T cell (or cellular rejection) and antibody-
mediated rejection. Both types of rejection may be early
or late, fulminant or sluggish, isolated or concomitant,
and may share pathomorphological features on biopsy
[9]. Kidney allograft biopsies are graded according to the
Banff classification, which helps clinicians to manage
various allograft pathologies [10].
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The success of KT is largely due to advances in IST
used in the induction and maintenance phases, as well
as for the treatment of acute rejection [4]. There are so
many foreign and domestic reports indicating the most
common and serious complications of chronic IST in
recipients, such as infectious diseases [11], malignant
tumors, hypertension, leukopenia and thrombocytopenia,
and others.

Cancer and infection appear to be the two most dan-
gerous complications of immunosuppression and are
often key research priorities for patients and clinicians
[12]. To date, the risks of atypical infections and cancer
remain high [13]. The cumulative incidence of de novo
cancer (incidence of new cancer cases) 10 years after KT
is about 40%, increasing to 60% after 20 years. The risk
of cancer-related death in kidney transplant recipients
is three times higher than in patients with cancer in the
general population [14].

Infections are also a serious problem and the lea-
ding causes of early posttransplant death (within the first
12 months after transplantation), especially in low- and
middle-income countries where prophylactic treatments
for viral and bacterial infections are not available to all.
The timing, severity and etiology of infections in recipi-
ents depend on the individual’s state of immunosuppres-
sion [15]. To date, there are just few studies describing
the adverse effects of immunosuppression directly on
the kidneys.

The aim of our work is to study the sources and sum-
marize the information on the adverse effects of immu-
nosuppression, which play an important role in the full
functioning of the transplant.

Currently, the main groups of immunosuppression
drugs for KT patients are calcineurin inhibitors (cyc-
losporine A and tacrolimus), mycophenolates, mam-
malian target of rapamycin (mTOR) inhibitors, corti-
costeroids, azathioprine, and biologic polyclonal and
monoclonal antibody preparations [4, 16—19].

IST protocols differ significantly in the immediate
and late posttransplant periods. There are different pro-
tocols for initial and maintenance immunosuppression,
variable in the number of drugs used (quadruple, triple
and double) and their dosage [20-23].

A six-month randomized trial conducted across
47 European countries demonstrated that modern im-
munosuppressive regimens significantly reduce the
incidence of acute rejection in KT recipients. This is
achieved by combining calcineurin inhibitors (CNI) such
as tacrolimus or cyclosporine with additional immuno-
suppressive agents like corticosteroids, mycophenolate
mofetil (MMF), or azathioprine [24].

Glucocorticoids (GCS) have been a cornerstone in
transplant immunosuppression for decades. Despite their
numerous side effects, they remain widely used, parti-
cularly in pregnant transplant recipients, although there
have been reports of fetal adrenal suppression. Among
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the abundance of widely known side effects of GCS, this
report focuses on renal effects. Among them are known
disorders of the hypothalamic-pituitary-adrenal (HPA)
axis and the renin-angiotensin-aldosterone (RAAS)
system — arterial hypertension, hypokalemia, increased
glomerular filtration rate (GFR), sodium retention and
diuretic resistance [25]. The advantage of using GCS is
that their use is not associated with increased cancer risk.
Most transplant centers advocate low maintenance doses,
since it has been shown that early GCS withdrawal was
associated with an increased risk of graft loss, especially
in sensitized patients [26].

CNIs — cyclosporine A and tacrolimus — are fat-solub-
le small molecules derived from fungi (mycotoxins) and
serve as the foundation of maintenance immunosuppres-
sion in organ transplantation [27]. The drugs selectively
inhibit immune response by specifically targeting helper
T cells, without affecting other immune cell functions,
such as neutrophil phagocytosis or bone marrow activity.
Target cells are inhibited but not killed (hence, the effects
are reversible when treatment is discontinued). Adminis-
tration of CNIs — cyclosporin A and later tacrolimus — in
the mid-1980s significantly improved short-term kidney
graft survival by reducing the incidence of acute rejec-
tion, but chronic nephrotoxicity was responsible for the
decline in graft function [28]. Cyclosporin A and tacro-
limus have similarities and differences in toxicity. But
the most common and unpleasant problem with CNIs is
nephrotoxicity [29]. Both drugs are nephrotoxic, cause
hyperkalemia, hyperuricemia, hypomagnesemia and hy-
pophosphatemia (secondary to urine loss), type 4 renal
tubular acidosis, and diuretic resistance.

CNI nephrotoxicity is a result of both reversible he-
modynamic effects and irreversible structural damage.
Cyclosporin A causes thrombotic microangiopathic va-
sculitis and intrarenal vasoconstriction. Reversible va-
soconstriction is caused by direct vascular effects and
activation of the renin-angiotensin system, endothelin,
thromboxane, and the sympathetic nervous system. Over
time, chronic renal injury, characterized by afferent ar-
terial hyalinosis and tubulointerstitial fibrosis, occurs,
presumably as a result of prolonged renal vasoconst-
riction with ischemia and direct tubular toxicity. In fe-
wer cases, CNIs can cause thrombotic microangiopathy
(TMA) leading to direct endothelial cell damage and
dysfunction [30].

CNI nephrotoxicity affects all histologic sections of
the transplanted kidney. Although not specific for CNI
toxicity, lesions include medial arteriolar hyalinosis, in-
terstitial fibrosis, global glomerulosclerosis, and tubular
microcalcification unrelated to other causes such as tubu-
lar necrosis and hyperparathyroidism. CNI-induced arte-
riolopathy is characterized by nodular hyaline deposits in
afferent arterioles sufficient to cause luminal narrowing.
Renal arteriolar hyalinosis is the most reliable diagnostic
marker of CNI nephrotoxicity. The diagnosis is valida-
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ted by excluding other causes such as donor hyalinosis
(which can be detected on a biopsy specimen), diabetes
mellitus, and hypertensive nephrosis [4, 30].

MMF is a prodrug of mycophenolic acid (MPA), an
inosine monophosphate dehydrogenase inhibitor and
provide lymphocyte-specific immunosuppression. MMF
or enteric-coated mycophenolate sodium (EC-MPS) are
potential components of immunosuppression regimens,
and are associated with the most successful outcomes
in kidney transplantation [31]. MMF is by far the most
commonly used immunosuppressive agent in transplan-
tology, primarily due to its high efficacy and relatively
acceptable side effect profile. It is usually used in combi-
nation with CNIs. This group of drugs is not nephrotoxic
(as does azathioprine), but has gastrointestinal toxicity,
suppresses bone marrow function and increases the risk
of infections, especially those of a viral nature [32].

mTOR inhibitors (sirolimus and everolimus) work by
inhibiting lymphocyte proliferation and differentiation.
Although they were originally used in drug regimens to
minimize exposure to CNIs with their known side effects,
mTOR inhibitors have been associated with their own set
of toxic properties that have prevented their widespread
use. A 2011 study comparing everolimus (EVR) and
mycophenolic acid (MPA/MMF) in kidney transplant
recipients did not show a clear superiority of EVR over
MMEF in terms of mean estimated GFR at 12 months
when both were used in combination with similar doses
oftacrolimus or cyclosporine A [33]. Many studies using
mTOR inhibitors instead of CNIs have found a higher
risk of renal allograft rejection with variable improve-
ment in kidney function [34, 35]. Studies have shown
that EVR with reduced-exposure CNIs has comparable
efficacy to MPA/MMF with standard CNI exposure in
KT recipients who have low to moderate immunologic
risk [36]. EVR in combination with reduced-exposure
CNI and low-dose steroids is an appropriate regimen for
preventing kidney graft rejection in most adult patients
with low to moderate immunologic risk when managed
individually [37].

Although mTOR inhibitors are not inherently neph-
rotoxic, they cause renal graft injury by several mecha-
nisms. When used in combination with a standard dose
of cyclosporin A (and probably tacrolimus), sirolimus
potentiates CNI-induced nephrotoxicity [36]. In pati-
ents with renal impairment, sirolimus is associated with
marked but potentially reversible proteinuria and wor-
sening of pre-existing proteinuria. Sirolimus may also
cause delayed recovery from acute tubular necrosis and
may be associated with podocyte injury, focal segmental
glomerulosclerosis.

Finally, cases of thrombotic microangiopathy have
been reported, and there is concern that higher doses of
sirolimus may inhibit endothelial cell growth. Interes-
tingly, sirolimus-based treatment regimens have been
associated with a reduced incidence of post-transplant
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malignancies. Sirolimus is often considered the prefer-
red immunosuppressant in post-transplant patients who
develop malignancy because mTOR inhibitors have
been shown to reduce the risk of malignancy [37, 38].
However, most data are limited to KT recipients with
squamous cell carcinoma of the skin. When mTOR in-
hibitors (sirolimus, everolimus) are used together with
CNIs (calcium inhibitors), there is a risk of synergistic
nephrotoxicity and other complications, including de-
layed recovery from acute tubular necrosis, proteinuria,
hypokalemia, and hypertension.

Biological agents in the form of polyclonal antibodies
and monoclonal antibodies (mAb) are often used in KT,
either as induction therapy or to treat rejection. Polyclo-
nal anti-lymphocytic agents are produced by immunizing
animals with human thymic lymphoid cells; they bind to
numerous elements on the surface of T cells and induce
rapid lymphocytopenia by several mechanisms including
complement-dependent cytolysis, cell-dependent phago-
cytosis, and apoptosis. Alemtuzumab is a humanized im-
munoglobulin G1 (IgG1) monoclonal antibody directed
against human CD52, a glycoprotein found in circulating
T and B cells, monocytes, macrophages, natural killer
cells and granulocytes. Anti-CD25 monoclonal antibo-
dies: the alpha subunit of the IL-2 receptor (CD25) is
activated by T cells and leads to the expression of highly
sensitive interleukin-2 (IL-2) receptors. Basiliximab is
a CD25-specific chimeric monoclonal antibody (mAb)
drug; it causes relatively mild immunosuppression and
is used as an inducer to prevent rejection but not to treat
established rejection. Rituximab (a monoclonal antibody
that attaches to CD20, a protein on the surface of B cells,
to destroy them) is an engineered chimeric mAb that
contains murine variegated heavy and light chain regions
and is directed against human IgG1 CD20. Rituximab is
used as induction therapy after desensitization therapy
for ABO blood group incompatibility and cross-over
kidney transplantation. A study of the pharmacokinetics
and pharmacodynamics of obinutuzumab, a novel type
II, humanized, CD20 mA, in highly sensitized patients
with kidney failure, demonstrated good tolerability and
effective B cell depletion [16, 19]. However, its effect
on reducing HLA alloantibody levels was inconsistent
and not clinically significant [39]. No reports of adverse
effects of biotechnological drugs on the kidneys were
found in available literature. We do not dwell on the side
effects of azathioprine because it is now rarely used and
there is no reported nephrotoxicity.

Costimulation blockade therapy is an alternative to
immunosuppression for KT recipients. Belatacept, a first-
in-class co-stimulation blocker, is a fusion protein that
binds to CD80 and CD86 to prevent T cell activation
and proliferation. The drug primarily affects the CD28
costimulation pathway, preventing T cell activation. On
renal biopsy, belatacept has been shown to improve renal
function in patients with chronic vascular lesions [40]. As
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early as 2003, a retrospective study of a scientific registry
of transplant recipients was conducted comparing the
outcomes of treatment with belatacept and tacrolimus.
This study found no No significant difference in long-
term graft survival between belatacept and tacrolimus,
but belatacept was associated with better renal function,
despite belatacept-treated patients having a higher inci-
dence of acute rejection [41]. Recent studies have shown
that belatacept attenuated acute rejection and increased
graft survival. The drug may be a good alternative to
CNI-based regimens after KT [42—45]. Nevertheless,
there is evidence that low-dose tacrolimus maintenance
therapy is often necessary when switching to belatacept
early after transplantation, especially in steroid-free re-
gimens, to reduce the risk of acute rejection [46].

Costimulators are still being investigated (CD28 re-
ceptor T cells in particular are of interest) [47]. Abata-
cept is another co-stimulator with proven efficacy [48].
Studies initiated several years ago indicated a potentially
high efficacy of the drug [49]. Specifically, there has been
a case series of 9 kidney transplant recipients who were
switched to abatacept as an emergency immunosuppres-
sive therapy due to CNI intolerance when belatacept was
unavailable. A retrospective review reported successful
allograft recovery and 100% patient and graft survival
(median follow-up: 115 months) in kidney transplant
recipients who were switched to abatacept. Patients who
switched to abatacept had stable long-term renal function
(median 82 months on abatacept). Further studies, con-
ducted for the first time in a large patient cohort, showed
that once-weekly abatacept administration is feasible and
safe for post-KT patients previously receiving belatacept
(and the efficacy is comparable) [50].

BK virus-associated nephropathy (BKVN) should
be considered as a renal side effect of immunosuppres-
sants. It was first reported in 1995 and is now conside-
red an important cause of kidney graft loss. BK virus
(also known as human polyomavirus 1) is a virus with
double-stranded DNA that affects 75% of the general po-
pulation. Primary infection with the virus occurs during
childhood, resulting in an indeterminate flu-like illness.
The route of transmission varies. The BK virus (BKV)
then persists in the urinary tract. The disease is more
severe in immunocompromised individuals, especially
in KT recipients, due to the effects of immunosuppres-
sants. In KT recipients, BKV disease has a wide range
of manifestations, including ureteral stenosis, tempora-
ry graft dysfunction, or irreversible allograft failure
secondary to BKVN. BKVN was first recognized as a
significant cause of kidney allograft dysfunction in KT
recipients approximately two decades ago. It presents
as progressive deterioration of graft function, associated
with histologically distinct allograft infection with BKV
[51]. This lesion has been detected in about 8% of KT
patients [52], and the incidence is increasing with better
diagnostic capabilities, such as detection of decoy cells
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in urine sediment and polymerase chain reaction (PCR)
tests. This may also be partly a result of the use of more
potent immunosuppressants and increased awareness
and improved diagnostic tools [53]. Definitive diagnosis
of BKVN requires allograft biopsy. BKVN in biopsy
specimens manifests as intranuclear inclusions in tubular
epithelial cells with enlarged nuclei.

Continued viral replication leads to an associated
inflammatory response with fibrosis and eventually tu-
bular atrophy. Infected cells are excreted in the urine.
Quantitative PCR for BKVN DNA in serum is the most
commonly used non-invasive test that has a sensitivity
of 100% and a specificity of 88% [52]. Antiviral treat-
ment with cidofovir may be effective, but it is potenti-
ally nephrotoxic and the benefit/harm ratio has not yet
been evaluated in randomized trials. It is believed that
everolimus-treated patients had a lower rate of BKV
infection [54].

Immunosuppression in pediatric KT patients is more
complex, and treatment regimens based on MMF in
combination with low-dose CNIs and corticosteroids
are preferred. In KT recipients with chronic allograft
dysfunction and excessive immunosuppression leading
to recurrent infections, MMF and corticosteroids repre-
sent the most appropriate therapy option. Studies have
shown that CNI-based immunosuppressive regimens,
when combined with MMF and corticosteroids, more
than 90% of all renal grafts are functional at 1 year, with
77% and 56% at 5 and 10 years, respectively [29].

Attention should be paid to the choice of therapy in
the older age group of patients: the relationship between
pharmacokinetics and immunological reactivity in elder-
ly and senile patients should be taken into account when
administering IST [55, 56].

Urine biomarkers have emerged as a non-invasive
and promising strategy for monitoring kidney allo-
graft status post-transplant. Since urine can be obtained
non-invasively and, in the case of KT, its production is
closely related to the function of the target organ. How-
ever, biomarkers related to immune function/hypoxia/
ferroptosis/epithelial-mesenchymal transformation are
of much greater interest in predicting allograft rejection.
Five diagnostic genes were identified, including CCRS,
CD86, CD8SA, ITGAM and PTPRC, which positively
correlated with allograft rejection after KT [57].

DISCUSSION

Over the past 40 years, immunosuppressive agents
have facilitated the development of allogeneic trans-
plantation, which has significantly improved graft sur-
vival. However, several problems remain, such as ne-
phrotoxicity (especially CNIs, which are the mainstay
of immunosuppressive regimens), and/or increased risk
of opportunistic infections and cancer. Most immuno-
suppressants target T cell activation and may not be ef-
fective enough to prevent alloimmunization in the long
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term. Many drugs have been tested in the last decade,
but very few have found clinical use. The most recent of
these is CTLA4-1g (belatacept), a costimulation blocking
molecule that targets a second T cell activation signal
and is associated with improved kidney function in the
long term compared to CNIs, and abatacept, which has
shown comparable efficacy to belatacept. Important-
ly, these drugs have no nephrotoxic properties and can
even improve graft function in the long term. Studies of
new long-acting immunosuppressive agents are aimed
at costimulation blocking. Agents that inhibit CD40-
CDA40-ligand interactions may provide good control of
both T cell and B cell responses. Anti-CD28 antibodies
can stimulate regulatory T cells. Drugs targeting these
costimulation pathways are being evaluated in clinical
trials. New drugs targeting antibody (imlifidase), B cell
and plasmablast depletion (anti-IL-6/IL-6R, anti-CD38)
and complement inhibition are being developed, but their
evaluation is still an unresolved challenge.

Monitoring of ongoing IST to prevent undesirable
effects due to cumulation, polyprogmasy, pharmacoki-
netic interactions, will help patients from different age
groups to better tolerate treatment regimens. A dynamic
urine clinical and biochemical study (sediment, leuko-
cyte count, trapped cells, microalbuminuria, protein-
creatinine ratio, and AKI/CKD biomarkers) will make
this therapy more traceable and safer.

Thus, summarizing the above, IST today is neces-
sary, and it is worth emphasizing the importance of the
dynamic effect of IST on transplant function, the need
for a reasonable selection of the scheme and dosage of a
particular drug or combination of drugs to minimize ne-
phrotoxic effects, the need to monitor the functions of the
transplanted kidney in during postoperative patient care.

The authors declare no conflict of interest.
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Background. Liver transplantation (LT) in children with low body weight using the left lateral segment from
a living donor is associated with large-for-size syndrome (LFSS). We present the first Russian clinical case of
laparoscopic living-donor hepatectomy to acquire an S2 graft. Materials and methods. A six-month-old child
who had biliary atresia-induced liver cirrhosis was prepared for transplantation. The child’s 20-year-old mother
was the donor. The left lateral segment had a volume of 426 mL (graft-to-recipient weight ratio, GRWR, was
5.9%). Indocyanine green fluorescence-guided laparoscopic intracorporeal reduction up to the S2 segment was
performed. Results. Donor operation time was 230 minutes, blood loss was 50 ml. The postoperative period was
uneventful; the donor was discharged on day 9. The recipient had no surgical complications; a rejection episode
was successfully managed. The child was discharged with a satisfactory graft function. Discussion. Fluorescence-
guided laparoscopic living-donor hepatectomy to acquire an S2 graft is effective and safe. The presented technique
may be an effective solution when performing monosegmental LT under the high-risk conditions of LFSS.

Keywords: monosegment liver transplantation, laparoscopic living-donor hepatectomy, pediatric

transplantation, indocyanine green.

INTRODUCTION

Pediatric liver transplantation (LT) has seen remar-
kable advancements over the years, leading to excellent
short-term and long-term survival rates [ 1-3]. For many
children with advanced liver disease, it is considered
the only curative treatment option, providing a defini-
tive solution to their end-stage liver condition [3, 4].
Certain pediatric cases present significant challenges in
transplantation, often carrying higher risks. For instance,
children weighing less than 7 kg face increased post-
operative mortality [5, 6], primarily due to their small
anthropometric parameters and the potential mismatch
between graft size and the recipient’s abdominal cavity.
In living donor liver transplantation, the left lateral seg-
ment (LLS) of the liver (Couinaud segments 2 and 3)
is commonly used. However, even the LLS may be too
large for the recipient, increasing the risk of large-for-
size syndrome [7, 8].

The graft-to-recipient weight ratio (GRWR) is a wi-
dely used and simple method to assess the suitability
of a living related donor for a LT, expressed as a per-
centage. A GRWR >4% is considered a significant risk
factor for developing over-sized graft syndrome [9].
This syndrome is characterized by the development of

respiratory failure against the background of diaphrag-
matic excursion disorders, insufficient visceral perfusion,
graft compression in the abdominal cavity, which may
eventually affect the function and survival of graft and
recipient [10—11].

Performing either an “anatomic” or “non-anatomic”
reduction of the LLS graft is a potential solution to ma-
nage excess graft material in LT [12-16]. Each method
has its own advantages and limitations. Non-anatomic
reduction may not always adequately address the issue
of excess graft thickness. On the other hand, anatomic
reduction, which involves removing one of the segments
to achieve monosegmental grafting, is considered tech-
nically more complex.

Over the past decade, minimally invasive surgery for
living donors has become increasingly common in major
transplant centers. While initially limited to a few cases
in the mid-2010s, by the early 2020s, this approach has
been widely recognized as the gold standard, particularly
for LLS sectionectomy in living donors [17—19]. Our
center adopted this technique in 2016, and it has since
become routine practice [20]. Given the need for graft
reduction in certain cases and our extensive experience
with laparoscopic liver surgery, we have integrated exis-
ting technologies and surgical techniques to perform
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laparoscopic liver resection in living donors to obtain
an S2 graft. Similar cases have already been reported in
global clinical practice [7, 21, 22].

Thus, we present a detailed description of our clinical
case, marking the first such intervention performed in
Russia.

CLINICAL CASE

The patient, a 6-month-old infant weighing 8 kg, was
admitted to our center with cirrhosis due to congenital
biliary tract malformation (biliary atresia). At the time
of admission, the calculated PELD score was 20. Fol-
lowing a thorough multisystem evaluation, the patient
was deemed eligible for a liver transplant, with no ab-
solute contraindications to surgery. Abdominal MSCT
revealed a Hiatt 3 variant arterial anatomy, where the
left hepatic lobe artery originated from the common he-
patic artery and the right hepatic lobe artery arose from

the superior mesenteric artery. The portal and hepatic
vein anatomy were found to be standard.

The recipient’s mother, a 20-year-old woman with
a body mass index of 24.4, was assessed as the sole
potential related liver donor. A thorough evaluation of
her health status, liver function, and parenchymal qua-
lity revealed no contraindications to donation. Bolus
contrast-enhanced abdominal MSCT was performed to
analyze her vascular anatomy. The arterial anatomy was
classified as Hiatt 4, where the left hepatic artery bifurca-
ted into branches supplying S4 and S3, while the artery to
S2 originated independently from the left gastric artery.
Portal vein anatomy followed the standard Nakamura
type A configuration, with sequential branching into S3
and S2. The S3 and S2 veins converged to form the left
hepatic vein, with all three hepatic veins draining sepa-
rately into the inferior vena cava (IVC) (Fig. 1).

Fig. 1. 3D reconstruction of contrast-enhanced CT images of the hepatic veins (blue) and portal vein branches (pink) 2D CT

images. a, whole liver; b, second segment

Fig. 2. Donor position and trocar placement on the operating
table

Magnetic resonance cholangiopancreatography
(MRCP) revealed no biliary tract anomalies. Computer
volumetry and 3D modeling estimated the left lateral
segment (LLS) volume at 426 mL, with a GRWR of 5.9%.
The maximum LLS thickness-to-recipient anteroposterior
abdominal dimension ratio was 1.08. The estimated S2
monosegmental volume was 206 mL, with a GRWR of
2.86%. Given these findings, the optimal approach was
an intracorporeal anatomic reduction of the donor'’s LLS
under fluorescence guidance to obtain an S2 graft.

SURGICAL TECHNIQUE
Surgery in the donor

The donor was positioned in reverse Trendelen-
burg (table tilted flat with legs down) with legs spread
to maintain the French position (Fig. 2). Four trocars
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were inserted into the abdomen (one 10 mm, two 12 mm,
and one 5 mm) as illustrated in Fig. 2. The procedure
was performed under an intra-abdominal pressure of
12 mmHg using 30-degree optics and a high-resolution
laparoscopic system with ICG mapping functionality
(Olympus, Japan,).

The liver left lobe was mobilized by transecting the
round and left triangular ligaments. The falciform liga-
ment was dissected down to the caval gate, exposing the
middle and left hepatic veins. The lesser omentum was
also divided, allowing for the isolation of the S2 artery
along its course. As an additional anatomical landmark,
the inferior pubic ligament was identified and transected
at the mouth of the left hepatic vein.

Subsequently, the LLS was rotated counterclockwise,
facilitating the isolation of key elements of the hepa-
toduodenal ligament, including the left hepatic artery

S

and the left branch of the portal vein. Parenchymal
transection was performed 5 mm lateral to the falciform
ligament using an ultrasonic dissector, bipolar coagu-
lation, and a harmonic scalpel. Tubular structures were
clipped and transected during the separation process.
Following parenchymal division, the left hepatic vein
was bypassed, leaving the LLS connected only by the
main afferent vessels and the umbilical plate, which con-
tains bile ducts and their vascular supply.

Next, the Glissonean pedicle of segment 3 (G3) was
isolated separately, and a bulldog vascular clamp was
applied. Indocyanine green (ICG) was then injected in-
travenously at a dose of 0.05 mg/kg body weight. Under
fluorescence navigation, the boundaries of segment 3
were clearly visualized, allowing for precise intracorpo-
real reduction of the left lateral segment (LLS) (Fig. 3).

Fig. 3. ICG guided liver resection: a—d, Boundaries of the S2 segment under ICG guidance; e, parenchyma transection line

between S2 and S3
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During parenchymal dissection, the S3 vein was care-
fully clipped and transected. In the final stage, segment
3 was completely separated from the future graft, and a
hem-o-lok clip was applied to the Glissonean pedicle to
ensure vascular control.

Next, a Pfannenstiel laparotomy was performed, and
a trocar was placed for the self-opening extraction bag.
Using fluorescence navigation, the confluence of the lo-
bular bile ducts was visualized, and the transection line
for the left lobular duct was outlined. After that, The
left lobular bile duct, aberrant artery to S2, and left
branch of the portal vein were sequentially clipped and
transected. The left hepatic vein was then divided using
a unilateral linear stapler. The S2 graft, along with the
separated S3, was placed in a container and extracted
through the prepared incision.

The graft was transferred to the dissecting table for
preservation and preparation for subsequent implanta-
tion. The final mass of the monosegment S2 graft was
180 g.

Surgery in the recipient

Transplantation of the S2 liver fragment was perfor-
med using a bisubcostal incision. Following hepatectomy
with IVC preservation, the graft was positioned in the
recipient’s abdominal cavity. The implantation technique
Jfollowed the standard protocol for LLS revascularization
used at the Center.

So, caval anastomosis was established between the
graft’s hepatic vein and the common confluence of the
recipient s three hepatic veins using a continuous twis-
ted suture with a 5/0 polydioxanone monofilament. The
portal vein was reconstructed with a 6/0 suture, adapting
the difference in vein diameters through longitudinal

Graft retrieval

ICG administration

Donor

Timeline (hours)

Recipient

Hepatectomy

dissection of the recipient’s portal vein, following the
Center's standard approach.

Arterial reconstruction was performed end-to-end
between the graft artery and the recipient’s right he-
patic artery using the parachute technique with a 7/0
Prolene suture. Biliary reconstruction was carried out
on a Roux-en-Y jejunal loop with a knot suture and an
external frame drainage. Notably, no bleeding or bile
leakage was observed along the graft reduction plane.

RESULTS

Operation on the donor lasted 230 minutes with
a blood loss of 50 mL. The postoperative period was
uneventful; the donor was discharged on postoperati-
ve day 9. A comprehensive outpatient examination one
month later showed no signs of liver dysfunction or any
deterioration in the donor’s health or quality of life.

The recipient experienced no surgical complications
postoperatively but developed an episode of graft rejec-
tion. This was successfully managed with glucocorticoid
pulse therapy and an adjustment of maintenance im-
munosuppression. The child was subsequently dischar-
ged with satisfactory graft function under outpatient
follow-up.

DISCUSSION

In this clinical case, we presented the first Russian
experience of using a laparoscopic approach for the re-
moval of a monosegmental graft for pediatric liver trans-
plantation. The combination of fluorescent navigation
and the Glissonean approach enabled the intracorporeal
separation of segment 3, allowing for the retrieval of a
viable segment 2 graft.

Back-table

Graft in the wound

r- Venous anastomosis

B Portal anastomosis
B Arterial anastomosis
- Biliary anastomosis

Reperfusion

Hemostasis
Drainage
Suturing

Fig. 4. Sequence of surgical steps of donor and recipient surgery
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Fig. 5. Dynamics of the main laboratory parameters of the donor in the first 8 days after surgery

LT in children with low body weight is often cons-
trained by the unavailability of an appropriately sized
liver fragment from a related donor. Large-for-size syn-
drome poses a significant risk, potentially leading to
complications such as impaired visceral perfusion, graft
compression, and restricted diaphragm excursion. Essen-
tially a variant of abdominal compartment syndrome, this
condition makes low-weight pediatric patients particu-
larly vulnerable. Anatomic reduction of the left lateral
segment of the donor liver is one of the key strategies to
mitigate these risks and improve transplant outcomes.

Laparoscopic removal of liver fragments for trans-
plantation is still considered a technically demanding
procedure, and is generally performed only at high-vo-
lume transplant centers by experienced surgeons [18, 19,
23]. To date, only four such operations using laparosco-
pic techniques have been reported, including our case
[21, 22, 24]. Interestingly, ICG fluorescence imaging
and in-situ separation technique were used in each of
them, while the Glissonean approach was used in only
two cases.

ICG navigation is becoming a prevalent tool in lapa-
roscopic liver surgery, particularly for intraoperative cho-
langiography, its ability to accumulate in certain tumors
and finally for mapping of anatomical fragments of the
liver as in our case. And this is by no means a complete
list of ways to use this dye [25, 26].

Thus, the presented technique offers several distinct
advantages. First, the laparoscopic approach has already
been widely recognized as an effective and safe method
for donor hepatectomy. According to multiple studies,

32

laparoscopic lateral sectionectomy in living donors is
increasingly regarded as the new standard for this pro-
cedure [19]. Second, the combination of ICG-negative
staining and the Glissonean approach enables precise
delineation of the perfusion zone, ensuring that only
viable parenchyma is preserved within the graft. Third,
performing in situ graft reduction minimizes ischemia
time compared to reduction on the dissecting table.
Additionally, when comparing in sifu reduction in the
donor versus in situ reduction in the recipient, donor-
stage reduction is preferable as it reduces both blood
loss and the surgical complexity for the recipient. Mo-
reover, meticulous preoperative surgical planning plays
a crucial role in optimizing outcomes for living donor
liver transplantation.

CONCLUSION

In this clinical case, we reported the first Russian
experience of laparoscopic liver resection in a living do-
nor to obtain an S2 graft under fluorescence navigation.
This technique minimized risks for both the donor and
recipient while ensuring high precision and safety. The
integration of laparoscopic methods with ICG fluores-
cence imaging for real-time navigation has significantly
enhanced outcomes in segmental liver transplantation for
young children with low body weight, a population for
whom conventional transplantation techniques may be
unsuitable. Our experience underscores the potential of
this approach and highlights the need for further research
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to establish fluorescence-guided laparoscopic resections
as a standard practice in pediatric liver transplantation.

The authors declare no conflict of interest.
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ANALYSIS OF THE PREVALENCE AND ROLE OF MALADAPTIVE
LEFT VENTRICULAR REMODELING IN THE RISK OF EARLY RENAL
GRAFT DYSFUNCTION

R.A. Ibadov, D.A. Chernov, S.Kh. Ibragimov, Z.U. Abdugafurov, Z.T. Matkarimov

Vakhidov Republican Specialized Research and Practical Medical Center of Surgery, Tashkent,
Uzbekistan

Objective: to study the prevalence of maladaptive left ventricular remodeling (MLVR) among kidney transplant
(KT) candidates and the role of MLVR in the development of early graft dysfunction (EGD). Materials and
methods. The study is based on a retrospective analysis of treatment outcomes in 650 patients who underwent a
living related KT. Transthoracic echocardiogram revealed different types of left ventricular (LV) remodeling, whose
prevalence was studied in the context of influence on the general population and specific “renal” risk factors. Two
patient groups were also identified: Group I had EGD (n = 82) and Group II had primary graft function (PGF)
(n=179). These groups were comparable in terms of demographics, clinical data, and laboratory results (p > 0.1).
The relative risk of developing EGD was calculated depending on whether maladaptive remodeling was present.
Results. Concentric LV hypertrophy (cLVH) was detected in 341 (52.46%), eccentric (¢eLVH) in 174 (26.77%)
patients. Concentric remodeling (CR) and normal LV geometry were detected in 86 (13.23%) and 49 (7.54%)
patients, respectively. MLVR (cLVH + eLVH) was more common in men (p = 0.003). Compared to patients in the
pre-dialysis stage, the risk of developing MLVR was 5.6 times higher for dialysis therapy durations up to 1 year,
8 times higher for durations 1 to 2 years, and 4.5 times higher for durations greater than 2 years (p < 0.05). The
likelihood of developing MLVR was 8-fold higher in those with a functioning arteriovenous fistula (p < 0.001).
As diuresis decreased, the odds of developing MLVR increased 4 to 15.8 times (p < 0.001). Depending on the
severity of their anemia, patients with anemia had 2.7—-13.8 times the chances of developing MLVR compared
to those without anemia (p < 0.05). According to comparative analysis, the EGD group had a high prevalence
of MLVR (p = 0.01). MLVR raised the risk of developing EGD in the post-transplant period by 8.5 times for
cLVH (p = 0.049) and 14.5 times for eLVH (p = 0.011). Conclusion. The presence of MLVR in a KT candidate
indicates the severity of cardiovascular disease brought on by progression of chronic kidney disease, and can also
be regarded as one of the risk factors for EGD.

Keywords: kidney transplantation, left ventricular hypertrophy, remodeling, early graft dysfunction.

INTRODUCTION
Today, kidney transplantation (KT) is widely consi-

quent dysfunction in the other organ. In this article, we
focus on CRS type 4, a condition where CKD leads to

dered the preferred method of replacement therapy for
end-stage renal disease” (ESRD). It provides signifi-
cantly better quality of life for patients and is considered
more cost-effective compared to dialysis as a treatment
for ESRD.

Cardiovascular health is a major determinant of life
expectancy both in patients with chronic kidney disease
(CKD) and in renal transplant recipients [1-3]. The di-
versity and close connection of pathological changes in
kidney and cardiovascular damage led to the formation
of the concept of cardiorenal syndrome (CRS), the de-
finition and classification of which were first proposed
by Ronco et al. in 2010 [4]. CRS is defined as a complex
of pathological interdependent conditions involving the
heart and kidneys, developing due to acute or chronic
dysfunction in one of the organs, which leads to subse-

significant cardiovascular dysfunction.

In ESRD patients, the high risk of adverse cardiova-
scular events — including decompensated heart failure,
arrhythmias, and acute coronary syndrome — is largely
attributed to structural remodeling of the left ventricular
(LV) myocardium. This remodeling results from incre-
ased LV mass, myocardial fibrosis, and geometric dis-
turbances. Left ventricular hypertrophy (LVH) initially
serves as a compensatory adaptation in early-stage CKD.
However, as CKD progresses, LVH transforms into a
pathological, maladaptive remodeling process [5].

In a clinical context, the progression from normal LV
geometry to concentric remodeling (CR), then to con-
centric LV hypertrophy (cLVH) and eccentric LV hyper-
trophy (eLVH), represents distinct stages of maladaptive
cardiac remodeling in CKD [6]. The high prevalence of
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cLVH in early CKD is primarily due to pressure over-
load, while the transition to eLVH at dialysis initiation is
driven by volume overload and anemia [7]. In addition
to hemodynamic causes, specific (renal) risk factors for
LVH are common in CKD patients, with anemia having
the greatest impact. Renal anemia in CKD primarily
results from a deficiency of erythropoietin due to kid-
ney damage. However, several additional factors worsen
anemia in CKD, including iron deficiency and chronic
inflammation.

LVH prevalence increases progressively from 16—
31% in stage 1-3 CKD patients, reaching nearly 90% in
dialysis-dependent patients. Meanwhile, CR is conside-
red an adaptive form of LV remodeling, whereas cLVH
and eLVH are classified as maladaptive left ventricu-
lar remodeling (MLVR) due to their strong association
with adverse cardiovascular events (ACEs) [3, 5-9]. In
a study by de Roij van Zuijdewijn CL et al. (2015), the
risk of sudden death among patients with eLVH was
5.2 times higher than in the group of patients with cLVH
and 10.2 times higher than in patients with normal LV
geometry [10].

MLVR before KT is a strong predictor of ACEs and
all-cause mortality in both the perioperative and long-
term postoperative periods [11, 12].

KT can significantly improve cardiac function in most
patients, but it takes time to trigger reverse remodeling
processes [13, 14]. An experimental study by Hagmayer
et al. (2023) demonstrated that KT in CKD rats led to
improved cardiac function, but LVH persisted in most
animals at 16 weeks post-transplant [15].

At the same time, decreased LV stroke volume, cir-
culatory minute volume, cardiac index, increased total
peripheral vascular resistance (PVR), arrhythmias, dia-
stolic and systolic dysfunction caused by MLVR may
have an adverse effect on kidney graft function in the
early post-transplant period.

Thus, LVH prevalence among KT candidates is a
crucial area of investigation due to its direct impact on
transplant outcomes, particularly the risk of early graft
dysfunction. We found no studies addressing this issue
in available scientific databases.

Objective: to investigate MLVR prevalence among
KT candidates, to determine its significance in the de-
velopment of early graft dysfunction (EGD).

MATERIALS AND METHODS

The study is based on a retrospective analysis of the
treatment outcomes of 650 patients with ESRD who un-
derwent a living-related kidney transplantation (LRKT)
at Vakhidov Republican Specialized Research and Practi-
cal Medical Center of Surgery from January 2018 to
August 2022.

Patients were included in the study using a continuous
method. Inclusion criteria for the study were stage 5
CKD and LRKT. The sample did not include patients
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who did not have a histocompatible donor or were not
allowed for transplantation due to chronic underlying
diseases in the decompensation stage.

The patients were examined at the outpatient and
hospital stage of preparation for KT surgery according
to the approved national protocol for examining KT can-
didates (Order of the Ministry of Health of the Republic
of Uzbekistan, No. 179 dated June 27, 2022, Appendix
No. 2 “List of tests for medical examination of a living
donor and recipient”).

A donor-recipient pair was selected taking into ac-
count histocompatibility on the basis of HLA I-II ana-
lysis; lymphocytotoxic test was also performed. Deter-
mination of markers of hepatitis B, C, HIV, TORCH
complex, biochemical and hematological studies were
performed at the laboratory of Vakhidov Republican
Specialized Research and Practical Medical Center of
Surgery in Tashkent, Uzbekistan, on automatic analyzers
BC-5300 (Mindray, China), Vitros-350 (G&G, USA),
and Maglumi-800 (China).

An echocardiogram was performed on ultrasound
scanners GE LOGIQ P6 (General Electric Health Care,
USA), Philips HD11 XE (Philips Healthcare, USA), and
Toshiba Xario 200 (Toshiba Medical Systems Corp.,
Japan) using 3—5 MHz phased array probes. A standard
transthoracic echocardiogram (TTE) was performed
according to the guidelines of the American Society of
Echocardiography [16]. In patients receiving hemodialy-
sis sessions, the study was performed mainly on the day
after hemodialysis procedure, thus leveling the factor of
volume overload associated with interdialysis increase
in the volume of extracellular fluid.

As aresult of measurements from parasternal, apical,
subcostal accesses, in M-, B-modes, structural-geometric
parameters, systolic heart function parameters, assess-
ment of the valve apparatus state (using pulsed-wave,
constant-wave Doppler mode) were determined.

Linear parameters were studied in M-mode accor-
ding to the standard Penn convention method, and the
following were determined: left ventricular end-diastolic
diameter (LVEDD, cm); left ventricular end-systolic dia-
meter (LVESD, cm); interventricular septum thickness
at systole and diastole (IVSs, IVSd, cm); left ventricular
posterior wall thickness at systole and diastole (LVPWs,
LVPWd, cm). The LV relative wall thickness (RWT) was
calculated using the formula:

RWT =2 x LVPWd/LVEDD.

Based on the obtained data, left ventricular myocar-
dial mass (LVMM) was calculated using the formula
developed by Devereux et al. (1986), recommended by
the American Society of Echocardiography (ASE), based
on linear measurements and the LV model as an elonga-
ted ellipsoid of revolution:
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LVMM = 0.8 x (1.04 x [(EDD + LVPWd + IVSd)® -
— (EDDY]) + 0.6 gr.

The result was weighed against body surface area
(BSA) in m* to obtain the LVMM. BSA was calculated
using the Gehan & George method in accordance with
European Renal Best Practice Guideline on kidney donor
and recipient evaluation and perioperative care [17]:

BSA (m?) = 0.0235 x growth (cm)**** x
X Welght (kg)0.51456.

An LVMM of more than 115 g/m* in men and 95 g/

m’ in women was considered as LVH criterion according
to ASE and European Association of Echocardiography
(EAE) guidelines. Types of LV hypertrophy and remo-
deling were determined depending on LVMM and RWT
according to the classification proposed by Antonello
Ganau (1992):
normal geometry (normal LVMM; RWT <0.42)
concentric remodeling (normal LVMM; RWT >0.42)
concentric hypertrophy (increased LVMM; RWT
>(.42)
eccentric hypertrophy (increased LVMM and RWT
<0.42).
Primary graft function (PGF) was observed in 539
(82.92%) patients. Delayed graft function (the need for
dialysis within the first 7 days after KT) was observed in
48 (7.38%) patients. Delayed graft function was deter-
mined by a 2-fold increase in plasma creatinine within
the first 5 days after operation, and was observed in 34
(5.23%) patients. Acute renal graft rejection was ob-
served in 9 (1.38%) cases, and infectious and surgical
complications leading to graft dysfunction or loss were
observed in 12 (1.85%) cases.

Patients with delayed graft function were grouped
into study group I (n = 82) with early graft dysfunction
(EGD). For comparison, group II (n = 79), comparable
in terms of clinical and demographic parameters, was
selected among patients with PGF (n = 539).

Statistical processing was carried out using paramet-
ric and nonparametric analysis methods. Accumulation,
adjustment, systematization of initial information and vi-
sualization of the obtained results were done in Microsoft
Office Excel 2016 spreadsheets. Statistical analysis was
performed using the IBM SPSS Statistics v.26 program
developed by IBM Corporation, USA.

Conformity of quantitative indicators to normal dis-
tribution was measured using the Kolmogorov—Smir-
nov test. In the case of describing the indicators having
normal distribution, the obtained data were presented
in the form of arithmetic mean (M) and standard devi-
ation (SD); for indicators that did not follow a normal
distribution, data were presented as median (Me) with
lower and upper quartiles (Q1; Q3). Nominal data were
described with absolute values and percentages.
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When comparing mean values in normally distributed
sets of quantitative data, the Student t-test was calcula-
ted; in cases of no signs of normal distribution, we used
Mann—Whitney U test.

Nominal data were compared using Pearson’s chi-
squared test; where the expected phenomenon was less
than 10, we calculated the chi-squared test with a Yates
correction to reduce the probability of type 1 error.

As a quantitative measure of effect when comparing
relative measures, we used the odds ratio (OR), defined
as the ratio of the probability of an event occurring in the
exposed group to the probability of the event occurring
in the control group. In order to project the obtained
OR values to the general population, we calculated the
boundaries of the 95% confidence interval (95% CI).
Statistical significance of differences was recognized at
a significance level of p < 0.05.

RESULTS

The median age of the study cohort was 33 (27-39)
years, with a predominance of young people (18—44 ye-
ars), n = 543 (83.54%). In terms of gender composition,
males predominated — 476 (73.23%) versus 174 (26.7%)
females. Body mass index (BMI) was calculated using
the formula: body weight (kg) / height (m?). Median
BMI was 22.7 kg/m? (20.2; 25.3). Renal replacement
therapy by long-term hemodialysis was received by 565
(86.92%) patients. Median duration of CKD was 24 (12;
50) months and median length of dialysis was 9 (5; 16)
months. Vascular access was via arteriovenous fistu-
la (AVF) (n = 507; 89.73%) or central venous catheter
(CVC) (n=58; 10.27%). In 85 (13.08%) cases, KT was
performed in the pre-dialysis stage of the disease.

The structure of clinical entities of renal diseases that
were the cause of ESRD in our study is presented in
Fig. 1. In most cases, the cause of ESRD in the studied
patient cohort was chronic glomerulonephritis (n = 554;
85.23%). Among other pathology: 3 (0.46%) cases each
of diabetic and gouty nephropathy; 2 (0.31%) cases each
of neurogenic bladder, interstitial nephritis in pregnancy,
lupus nephritis; one patient was diagnosed with Alport
syndrome, a rare hereditary pathology of basal membra-
nes, which is manifested by hematuria and progressive
decline in renal function.

When studying the prevalence of various forms of LV
remodeling in the studied patient cohort, it was revealed
that the most common form was cLVH, detected in 341
(52.46%) patients. It is also worth noting the relatively
high prevalence of the most unfavorable form of remo-
deling —eLVH (n=174;26.77%). Normal LV geometry
was detected only in 49 (7.54%) patients (Fig. 2).

Table 1 presents the results of analysis of the influ-
ence of traditional (gender, age, BMI) and renal (length
of dialysis therapy, type of vascular access, residual di-
uresis, renal anemia) risk factors on the prevalence of
maladaptive remodeling (cLVH + eLVH).
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= Glomerulonephritis, n = 554
= Urolithiasis, n =33 \
B Polycystic kidney disease, n =12 ‘

& Chronic pyelonephritis, n =11

B Congenital anomalies of kidney and urinary tract, n= 10
B Transplanted kidney disease, n=9
= Nephritis of unknown etiology, n =8

Others, n= 13

Fig. 1. Classification of kidney diseases

Table 1
Factor analysis of the prevalence of maladaptive left ventricular remodeling among kidney transplant
candidates
Patients with maladaptive remodeling (cLVH + eLVH) Normal geometry
n % o p OR 95% CI n %
Entire cohort (n = 650) 515 79.2 49 7.5
Sex
Male (n =476) 395 83 9.13 0.003 2.469 1.353-4.505 28 59
Female (n = 174) 120 69 21 12.1
Age
<20 years (n=37) 20 54.1 7 18.9
21-44 years (n = 524) 431 82.3 9.686 0.002 4.571 1.802-11.594 33 6.3
45-59 years (n ="70) 50 71.4 2.143 0.144 2917 0.872-9.756 6 8.6
6074 years (n=19) 14 73.7 0.072 0.789 1.633 0.359-7.432 3 15.8
BMI
BMI < 18.4 (n=86) 62 72.1 0.237 0.627 0.722 0.300-1.737 7 8.1
BMI 18.5-24.9 (n = 385) 319 | 829 26 6.8
BMI 25-29.9 (n = 139) 108 | 77.7 0.157 0.692 0.8 0.383-1.674 11 7.9
BMI >30 (n = 40) 26 65 1.757 0.186 0.424 0.150-1.196 5 12.5
Duration of dialysis
<12 months (n = 364) 308 | 84.6 23.473 0.001 5.600 2.717-11.543 22 6.0
1-2 years (n = 122) 100 82 16.215 0.001 8.000 | 2.747-23.301 5 4.1
>2 years (n=79) 67 84.8 7.896 0.005 4.467 1.616-12.347 6 7.6
Pre-dialysis (n = 85) 40 47.1 16 18.8
Vascular access
AVF (n=507) 440 | 86.8 38.223 0.001 8.000 3.891-16.448 22 43
CVC (n=58) 35 60.3 0.282 0.596 1.273 0.522-3.105 11 19.0
Residual urine output
Anuria (n =93) 86 92.5 21.575 0.001 15.809 | 3.617-69.101 2 22
<500 mL/day (n =304) 264 | 86.8 34.828 0.001 7.466 3.630-15.358 13 4.3
500-1500 mL/day (n = 129) 97 75.2 11.828 0.001 3.962 1.741-9.020 9 7.0
>1500 mL/day (n = 124) 68 54.8 25 20.2
Renal anemia
Mild (n =193) 138 | 71.5 7.276 0.007 2.684 1.288-5.595 19 9.8
Moderate (n = 255) 219 | 859 27.483 0.001 8.093 3.482-18.810 10 3.9
Severe (n=121) 112 | 92.6 21.866 0.001 13.797 | 3.857-49.350 3 2.5
No anemia (n = 81) 46 56.8 17 21.0

Note: cLVH, concentric left ventricular hypertrophy; ¢eLVH, eccentric left ventricular hypertrophy; BMI, body mass index;

AVF, arteriovenous fistula; CVC, central venous catheter.

38



CLINICAL TRANSPLANTOLOGY

26.77%

52.46%

B Normal geometry, n = 49

B Concentric remodeling, n = 86
Concentric LVH, n = 341
Eccentric LVH, n= 174

Fig. 2. Prevalence of left ventricular remodeling types

As shown in the presented table, male gender was
associated with a high chance of developing cLVH and
eLVH (OR 2.469; CI 95% 1.353-4.505; p = 0.003).
Patient age and weight had no significant effect. Renal
risk factors had a significant impact on the prevalence
of maladaptive remodeling. For example, the odds of
developing cLVH and eLVH were 5.6 times (p < 0.001)
higher for dialysis lasting for less than 1 year, 8 times
(p <0.001) for 1 to 2 years, and 4.5 times (p = 0.005)
for more than 2 years compared to pre-dialysis patients.
The presence of a functioning AVF was associated with

an 8-fold increase in the odds of developing cLVH and
eLVH (p < 0.001) compared to pre-dialysis patients,
where the influence of shunt blood flow was absent. We
also found that progressive decrease in diuresis signi-
ficantly increased the odds of maladaptive remodeling
by 4 to 16 times (p < 0.001) compared to patients with
preserved diuresis (>1500 mL/day). We consider renal
anemia as a specific renal risk factor, but it is worth
noting that anemia is also a risk factor for LVH in the ge-
neral population [8]. The chances of developing MLVR
in persons with anemia, depending on its degree, are 2.7
to 13.8 times (p < 0.001) higher than in the anemia-free
group.

For the next stage of the study, we selected a group
of PGF patients comparable in terms of the main clinical
and demographic parameters in comparison with the
EGD patient group; the obtained data are presented in
Table 2.

The absence of statistically significant differences in
the presented parameters allowed us to level their poten-
tial influence on the prevalence of various forms of remo-
deling and graft function between the study groups. This
condition was necessary to study the possible influence
of MLVR on the risk of early renal graft dysfunction.

A comparative analysis of transthoracic echocardi-
ogram results between the study groups is presented in
Table 3.

The presented results suggest that patients who de-
veloped EGD exhibited distinct cardiac abnormalities
on preoperative echocardiography (EchoCG), including
LV dilatation, reduced myocardial contractility, severe

Table 2
Comparative analysis by primary clinical and demographic indicators
Group I (n = 82) (EGD) Group II (n =79) (PGF) p
Age (Me; Q1; Q3) 32.5 27, 38 33 26; 37.5 0.907
Male (n/%) 66 80.49% 63 79.75% 0.908
Female (n/%) 16 19.51% 16 20.25% )
BMI (M + SD) 22.99 3.41 22.51 3.41 0.384
Duration of dialysis

Pre-dialysis (n/%) 6 7.32% 7 8.86%

<12 months (n/%) 51 62.20% 41 51.90% 0.741
12-24 months (n/%) 17 20.73% 15 18.99% 0.925
>24 months (n/%) 8 9.76% 16 20.25% 0.445

Residual urine output
Anuria (n, %) 18 21.95% 17 21.52% 0.964
<500 mL/day (n, %) 41 50.00% 34 43.04% 0.904
500-1500 mL/day (n, %) 15 18.29% 22 27.85% 0.455
>1500 mL/day (n, %) 8 9.76% 6 7.59%
Renal anemia

No anemia (n, %) 8 9.76% 10 12.66%

Mild (n, %) 22 26.83% 19 24.05% 0.713
Moderate (n, %) 26 31.71% 28 35.44% 0.786
Severe (n, %) 26 31.71% 22 27.85% 0.670

Note: EGD, early graft dysfunction; PGF, primary graft function; BMI, body mass index.
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left LVH, increased prevalence of mitral and tricuspid
regurgitation, and severe pulmonary hypertension.

The comparative prevalence of maladaptive remode-
ling in the study groups is presented in Fig. 3. Differences
between groups evaluated using Pearson’s chi-squared
test were statistically significant (> = 11.497; p=0.01),
which allowed us to conclude that cLVH and eLVH are
highly prevalent in the group of patients with EGD.

Quantitative analysis of the effect of MLVR on EGD
demonstrated that the presence of cLVH increased the
odds of EGD 8.5-fold (95% CI: 1.027-71.134; p =

0.049), while eLVH increased the odds 14.5-fold (95%
CI: 1.661-126.57; p = 0.011). In contrast, CR did not
have a statistically significant effect on EGD develop-
ment (Table 4).

DISCUSSION

Our study revealed that MLVR was highly preva-
lent (79.23%) among the study population, with cLVH
being the most common subtype (52.46%). These fin-
dings align with previously reported data, indicating that
LVH is present in 48—84% of patients with CKD at the

Table 3
Comparative analysis of transthoracic echocardiogram results in patients depending on kidney graft
function
Group I (n = 82) (EGD) Group II (n =79) (PGF) p
EDV, mL (M + SD) 170.74 41.97 154.51 44.76 0.016
ECV, mL (Me; Q1; Q3) 79 59; 99 64 46.5; 89 0.002
SV, mL (M £ SD) 87.77 23.42 84.70 21.82 0.362
EF % (M + SD) 51.35 10.45 56.05 8.08 0.002
IVSd, cm (Me; Q1; Q3) 1.5 1.3;1.8 1.4 1.2;1.6 0.060
LVPWd, cm (Me; Q1; Q3) 1.5 1.3;1.8 1.4 1.2;1.65 0.058
RWT (Me; Q1; Q3) 0.52 0.41;0.6 0.52 0.42; 0.62 0.450
LVMM (Me; Q1; Q3) 245.13 184.79; 325.33 197.28 150.49; 265.95 0.001
EDD (M + SD) 5.92 0.87 5.39 0.96 <0.001
ESD (Me; Q1; Q3) 4 3.5;4.5 3.7 3.3;4.2 0.009
MR II, I (n, %) 47 57.32% 28 35.44% 0.006
TR II, III (n, %) 41 50.00% 15 18.99% <0.001
ARII (n, %) 3 3.66% 1 1.27% 0.640
mPAP, mmHg (M + SD) 48.26 18.63 31.92 16.11 <0.001

Note: EDV, end-diastolic volume; ECV, end-systolic volume; SV, stroke volume; EF, ejection fraction; IVSd, interventricu-
lar septum thickness at diastole; LVPWd, left ventricular posterior wall thickness at diastole; RWT, relative wall thickness;
LVMM, left ventricular myocardial mass; EDD, end-diastolic diameter; ESD, end-systolic diameter; MR, mitral regurgitati-

on; TR, tricuspid regurgitation; AR, aortic regurgitation, mPAP, mean pulmonary artery pressure.

Group [ (EGD), n= 82

Group II (PGF),n=79

Fig. 3. Prevalence of left ventricular remodeling types in the study groups. NG, normal geometry; CR, concentric remode-
ling; cLVH, concentric LV hypertrophy; eLVH, eccentric LV hypertrophy; EGD, early graft dysfunction; PGF, primary graft

function
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Table 4
Risks of developing early allograft dysfunction depending on types of left ventricular remodeling
Group I (n=82) (EGD) | Group Il (n=79) (PGF) | p OR 95% CI
Normal LV geometry 1 (1.22%) 8 (10.13%)
Concentric remodeling 5 (6.1%) 11 (13.92%) 1.281 | 0.52 | 3.64 | 0.353-37.458
Concentric LV remodeling 47 (57.32%) 44 (55.7%) 3.89 | 0.049 | 8.55 | 1.027-71.134
Eccentric LV remodeling 29 (35.37%) 16 (20.25%) 6.615 | 0.011 | 14.50 | 1.661-126.570

Note: EGD, early graft dysfunction; PGF, primary graft function; OR, odds ratio; LV, left ventricular.

pre-dialysis stage and up to 90% of patients on long-term
hemodialysis [7-9].

Among the identified risk factors, male gender (p =
0.003), longer duration of dialysis therapy (p < 0.001),
presence of a functioning AVF (p < 0.001), decreased
diuresis (p < 0.001), and renal anemia (p < 0.001) were
significantly associated with a higher prevalence of
MLVR. Information about the influence of the above
factors on MLVR development according to reports is
contradictory, except for renal anemia, whose role in the
development of LVH has been confirmed by most studies
[5-9, 18, 19]. In addition, renal anemia is a modifiable
risk factor for MLVR, and its effective treatment may
significantly promote LVH regression [20]. Evidence
also suggests that in ESRD patients, anemia has a greater
influence on myocardial remodeling than blood pressu-
re [18].

We investigated the prevalence of various forms of
LV remodeling among KT candidates, particularly in
relation to their potential impact on transplant outcomes,
including the risk of EGD. Our findings indicate that the
likelihood of developing EGD is 8.5-fold higher in cLVH
and 14.5-fold higher in eLVH compared to patients with
normal LV geometry. These results suggest that patients
with MLVR should be considered at increased risk for
EGD.

KT eliminates the need for long-term dialysis and im-
proves renal function, which contributes to regression of
LVH and other structural cardiac changes. These impro-
vements ultimately enhance overall survival and quality
of life in transplant recipients. Despite advancements in
modern transplantology, EGD remains a concern, occur-
ring in approximately 15-30% of cadaveric transplants
and 5-10% of living donor transplants. Various donor-
and recipient-related risk factors for EGD are still under
investigation. Similarly, EGD significantly impacts long-
term graft survival in the postoperative period [21-23].

Based on both literature data and our own research
findings, this relationship underscores the critical im-
portance of eliminating modifiable risk factors for LVH,
particularly symptomatic hypertension and renal anemia.
Effective control of these factors can significantly reduce
the risk of MLVR development and progression, ulti-
mately leading to improved immediate post-transplant
renal outcomes. In addition, evidence suggests that op-
timizing dialysis therapy — specifically, achieving the
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patient’s dry weight and maintaining interdialytic weight
gain below 5% of body weight — can contribute to LVH
regression [19].

A promising area for further investigation is the role
of the endogenous cardiotonic steroid marinobufagenin
(MBG) in LVH development and progression in CKD
patients, including those who have undergone KT. A
study by Bolignano et al. demonstrated that MBG levels
in KT recipients are lower than those observed in hemo-
dialysis patients but remain elevated compared to healthy
individuals. MBG levels were found to directly correlate
with left ventricular myocardial mass and serve as a si-
gnificant predictor of post-KT cardiovascular and renal
complications. The authors proposed considering MBG
as a unifying factor in pathological cardiac remodeling
and kidney graft dysfunction. Its measurement holds
significant prognostic value in enhancing cardiorenal
risk assessment [24].

CONCLUSION

The identification of MLVR in KT candidates is a cru-
cial component of preoperative comorbidity assessment.
Early detection can help reduce the risk of postoperative
complications, including EGD. Further investigation into
the impact of MLVR on immediate KT outcomes neces-
sitates multicenter randomized clinical trials to provide
robust evidence.

The authors declare no conflict of interest.
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Kaposi’s sarcoma (KS) is a malignant tumor caused by human herpesvirus 8. Due to etiological and pathogenetic
factors, this type of tumor is common among patients with immunodeficiency of various genesis. Solid organ
recipients are at a high risk of developing malignant tumors in various locations due to the peculiarities of sub-
sequent drug immunosuppressive therapy. Because KS is so common in this patient cohort, methods for early
detection, efficient treatment, and prevention of the neoplastic process must be developed. This paper presents a
clinical case of a successful surgical treatment of KS of the aryepiglottic fold using an endoscopic electrosurgical

station with an argon complex.

Keywords: endoscopy, heart transplantation, heart recipients, Kaposis sarcoma.

INTRODUCTION

The number of solid organ transplants performed
globally has been increasing over the years. In 2022,
157,494 organ transplants were performed worldwide.
Kaposi sarcoma (KS) is a malignant poorly differentiated
vascular tumor and is directly linked to human herpes-
virus 8 (HHV-8). KS incidence is significantly higher in
solid organ transplant recipients receiving immunosup-
pressive therapy for vital indications than, ranging from
0.2-11% in transplant recipients, compared to rare cases
in the general population [2, 3].

KS has several distinct forms. The four main types
are:

Classical KS (idiopathic, sporadic, European KS);
Endemic KS (African KS);

Epidemic KS (AIDS-related KS);
Immunosuppressive KS (occurs in individuals on
chronic immunosuppressive therapy, including those
taking cytostatic drugs) [4, 5].

CLINICAL CASE

Patient B, a 40-year-old male, was diagnosed with
dilated cardiomyopathy prior to transplantation. In Au-
gust 2022, he underwent orthotopic heart transplanta-
tion using the biatrial technique. His post-transplant
immunosuppressive regimen included tacrolimus and
mycophenolate mofetil at tailored dosages.

In the fall of 2022, he developed an acute upper re-
spiratory infection (URTI), prompting a temporary ad-
Justment in immunosuppressive therapy —mycophenolate

mofetil was discontinued for three days before being
resumed. In the spring of 2023, he experienced another
episode of URTI, but no modifications were made to his
immunosuppressive regimen.

In June 2023, the patient developed conjunctivitis
accompanied by a low-grade fever. Laboratory tests
conducted in August 2023 detected no DNA from cyto-
megalovirus, Epstein—Barr virus, or human herpesvirus
types 1, 2, and 6, however, HHV-8 was positive.

During a routine esophagogastroduodenoscopy,
an epithelial tumor was identified in the projection of
the right aryepiglottic fold, measuring 30x10x15 mm
(Fig. 1). Consultation with an ENT specialist was ad-
vised. Laryngoscopy was subsequently performed, and
a tissue sample was obtained for morphological exami-
nation. The final diagnosis from the morphological study
confirmed a cavernous hemangioma.

The patient was invited again on an outpatient ba-
sis at Shumakov National Medical Research Center
of Transplantology and Artificial Organs for another
examination with taking material for histopathology.
Fibrolaryngoscopy was performed, biopsy was taken.
Histopathological findings: morphological picture is
characteristic of Kaposi's sarcoma (Fig. 2).

York et al. reported a clinical case of a heart recipient
with incidentally diagnosed KS localized in the upper
gastrointestinal tract [6]. The article demonstrates the
occurrence of profuse bleeding from the stomach, which
was the reason for endoscopic intervention for hemo-
static purposes. During the therapeutic and diagnostic
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endoscopic manipulation, an vascular epithelial for-
mation was visualized. Upon completion of endoscopic
hemostasis, a biopsy of the tumor was performed. His-
topathology carried out detected KS.

This clinical case highlights several key aspects re-
garding the development, progression, and diagnosis
of such tumors. Firstly, it underscores the absence of
clinical manifestations, making early detection challen-
ging. Secondly, it points to the lack of screening for KS,
which may delay diagnosis and treatment in transplant
recipients.

According to the available world literature, no endo-
scopic techniques for KS removal have been documen-
ted. Existing studies primarily focus on observational
endoscopy for generalized forms, utilizing gastroscopy
and colonoscopy for diagnostic purposes [7]. Cutane-
ous forms of KS in a kidney recipient have also been
reported.

To suppress active vascular proliferation, the immu-
nosuppressive regimen was modified: tacrolimus was
discontinued, and everolimus was introduced at a daily
dose of 3.5 mg, maintaining blood levels within 4-8 ng/

Fig. 2. Histologic picture of Kaposi’s sarcoma

44



CLINICAL TRANSPLANTOLOGY

mL. However, no positive response was observed. Due
to declining graft function, a transplantectomy was per-
formed, and immunosuppressive therapy was disconti-
nued. Chronic hemodialysis was resumed. Following
the withdrawal of immunosuppressive therapy, complete
regression of KS skin manifestations was achieved [§].

According to the 2020 clinical guidelines for the ma-
nagement of KS, isolated forms of the disease can be tre-
ated using electrosurgical methods or local cryotherapy.

In October 2023, the surgical intervention was per-
formed in the operating room under general anesthesia,
using a flexible endoscope of the OLYMPUS EXERA
111 190 PLUS endoscopic stand, using NBI and DUAL
FOCUS modes. KS was removed using ERBE VIO 300D
electrosurgical station with ERBE APC2 argon complex
in “CUT” and “COAG” modes (Fig. 3). There was no
bleeding.

FOLLOW-UP RESULTS

A follow-up diagnostic examination was conducted
three months after KS removal, revealing a whitish scar
at the excision site (Fig. 4). A biopsy taken from the scar

area for histopathological analysis showed no evidence
of recurrent KS.

Ten months post-removal, the surgical site was re-
evaluated using an OLYMPUS EVIS X1 endoscopic
system with a GIF-H290EC endocytoscope, utilizing
TXI, NBI, and magnification modes of 100% and 520 x
(Fig. 5). Staining with an aqueous methylene blue solu-
tion was performed, and the absence of dye uptake at the
surgical site indicated no pathological epithelial tissue.
At the time of writing, the follow-up period exceeded
10 months, with no signs of recurrence.

CONCLUSION

Endoscopic removal of localized KS is a relatively
safe and effective treatment option. The use of advanced
endoscopic equipment with various optical modes en-
hances the diagnosis of tumors in solid organ transplant
recipients in the late postoperative period. The integrati-
on of magnification technology, such as endocytoscopy,
provides a real-time method for identifying pathological
areas with greater accuracy.

Fig. 4. Kaposi’s sarcoma removal area 3 months after surgery: a, white light examination, a whitish scar is clearly visualized,;
b, narrow-band imaging (NBI) — no evidence of recurrence. The arrow indicates the postoperative scar area
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Fig. 5. Kaposi’s sarcoma removal area 10 months after surgery: a, examination in TXI mode, scar area; b, examination in
narrow-band imaging (NBI) mode at x100 magnification; ¢, examination at x520 magnification — no pathologic cellular struc-
tures were detected, no evidence of recurrence

Unlike other transplanted organs, discontinuation of

immunosuppressive therapy in heart transplant recipi-
ents is fatal. Therefore, endoscopic KS removal may
serve as a viable alternative to the standard practice of
withdrawing immunosuppressive treatment in transplant
patients.

The authors declare no conflict of interest.

REFERENCES

1.

2.

www.statista.com [Internet]. Estimated number of or-
gan transplantations worldwide in 2022 [cited October
2023]. Available from: http:// www.statista.com/statistics
/398645/global-estimation-of-organ-transplantations.
Munoz P, Alvarez P, de Ory F, Pozo F, Rivera M, Bou-
za E. Incidence and clinical characteristics of Ka-
posi sarcoma after solid organ transplantation in
Spain: importance of seroconversion against HHV-8.
Medicine (Baltimore). 2002; 81 (4): 293-304. doi:
10.1097/00005792-200207000-00005.

Gobitti C, De Vivo F, Franchin G, Minatel E, Innocen-
te R, Trovo MG. Kaposi’s sarcoma in a heart transplant
patient. Acta Oncol. 1998; 37 (7-8): 769-770. doi:
10.1080/028418698430188.

46

Esser S, Schofer H, Hoffmann C, Clafien J, Kreuter A,
Leiter U et al. S1 Guidelines for the Kaposi Sarcoma.
J Dtsch Dermatol Ges. 2022; 20 (6): 892-904. doi:
10.1111/ddg.14788.

Fu L, Tian T, Wang B, Lu Zh, Gao Y, Sun Y et al. Global
patterns and trends in Kaposi sarcoma incidence: a po-
pulation-based study. Lancet Glob Health.2023; 11 (10):
e1566—¢1575. doi: 10.1016/S2214-109X(23)00349-2.
York C, Stratton L, Hodges J, Lei Y, Doran A. S2598 Gas-
tric Kaposi Sarcoma Presenting as Acute Upper Gastro-
intestinal Hemorrhage in a Heart Transplant Patient. The
American Journal of Gastroenterology. 2022; 117 (10S):
e1723. doi: 10.14309/01.ajg.0000867032.40405.0a.
Weprin L, Zollinger R, Clausen K, Thomas FB. Kaposi’s
sarcoma: endoscopic observations of gastric and colon
involvement. J Clin Gastroenterol. 1982; 4 (4): 357-360.
Sapozhnikov AD, Perlina AD, Dymkov IN. Kaposi’s sar-
coma regression after long term treatment of m-TOR in-
hibitors and cancellation of immunosuppressive therapy
in patient after kidney transplantation. Russian Journal
of Transplantology and Artificial Organs. 2019; 21 (2):
121-124. (In Russ.). https://doi.org/10.15825/1995-
1191-2019-2-121-124.

The article was submitted to the journal on 22.07.2024



CLINICAL TRANSPLANTOLOGY

DOI: 10.15825/1995-1191-2025-1-55-62
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Objective: organ transplantation is a highly effective and often the only possible definitive treatment for termi-
nal diseases, significantly improving patient survival and quality of life. However, recipients have a higher risk
of developing cardiovascular and oncological diseases, and are susceptible to decompensation of pre-existing
diseases. Prevention and treatment of these conditions are becoming critical tasks in transplantology, requiring
multidisciplinary collaboration. Materials and methods. This article presents a clinical case of the treatment of
a patient with stage 5 chronic kidney disease, concomitant cardiologic pathologies and subsequently diagnosed
hepatocellular cancer on the background of hepatitis C-related liver cirrhosis. Competent interaction and bridge
therapy yielded successful consecutive kidney and liver transplantation with satisfactory outcomes. Conclusi-
on. Our treatment experience has shown the effectiveness and necessity of a multidisciplinary approach, early
diagnosis, therapy modification during transplantation and further treatment of patients with end-stage multiple

organ dysfunction.

Keywords: transplantation, chronic kidney disease, hepatocellular cancer, hemodialysis, bridge therapy.

INTRODUCTION

Transplantation is a highly effective treatment for
terminal diseases affecting various organ systems. Kid-
ney transplantation (KT) can double the five-year survi-
val rate of patients with stage 5 chronic kidney disease
(CKD) compared to other renal replacement therapies
(RRT) while significantly enhancing their quality of
life [1-3]. Similarly, liver transplantation (LT) remains
the only definitive treatment for many end-stage liver
diseases, offering excellent immediate and long-term
outcomes with no equally effective alternatives [4, 5].
Just over half a century ago, solid organ transplantati-
on was an experimental field, with only isolated cases
of clinical success. However, advancements in science,
technology, immunology, genetics, and surgical tech-
niques have transformed transplantation into a standard
clinical practice in many transplant centers worldwide.
Modern immunosuppressive therapy enables targeted
suppression of the alloimmune response without causing
severe immunodeficiency. While generally well tolerated
by recipients, it is associated with adverse effects [6—8].
Solid organ transplant recipients face an increased risk of
cardiovascular disease and cancer and are more suscepti-
ble to both the progression of preexisting conditions and

the development of new ones. Managing these risks is a
critical challenge in modern transplant medicine, requi-
ring a multidisciplinary approach. The presented clinical
case underscores the significance of these considerations.

MATERIALS AND METHODS

Patient B., a 65-year-old man, was admitted to the
cardiology ward at Botkin Hospital in Moscow on De-
cember 20, 2023, with complaints of irregular heart
function, general weakness, and recurrent episodes of
high blood pressure.

His medical history indicates that he has had arterial
hypertension since 2005, with blood pressure reaching
200/100 mmHg. In 2014, he began experiencing leg
swelling, progressive weakness, nausea, and vomiting.
An outpatient examination revealed an elevated creati-
nine level of 1300 umol/L, necessitating hospitalization
for urgent medical care. He was diagnosed with stage
5 CKD due to hypertensive arteriolar nephrosclerosis.

In August 2014, an arteriovenous fistula was created,
and chronic hemodialysis was initiated. The patient was
informed about the irreversible nature of his condition
and the advantages of kidney allotransplant over other
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RRTs. Following a comprehensive evaluation, he was
placed on the transplant waiting list.

During pre-transplant screening, the patient tested
positive for hepatitis C virus (HCV) RNA, though there
were no clinical, laboratory, or imaging signs of liver
damage.

On November 21, 2015, the patient underwent de-
ceased-donor kidney allotransplantation (DKAT) from
a brain-dead donor. The early postoperative period was
uneventful, with immediate and satisfactory graft func-
tion. The patient was discharged with a creatinine level
of 120 pmol/L.

For long-term follow-up, a triple-drug maintenance
immunosuppressive regimen was prescribed following
the standard protocol: prolonged-release tacrolimus
(target concentration 7—10 ng/mL), mycophenolic acid
(360 mg twice daily), and methylprednisolone (4 mg
once daily). Throughout follow-up, the patient showed
no signs of significant kidney graft dysfunction or acute
rejection.

The patient s medical history indicates that his blood
pressure remained within the target range (130—139/70-
79 mmHg) for an extended period while taking amlo-
dipine (5 mg twice daily) and doxazosin (4 mg twice
daily). In 2015, coronary angiography was performed
as part of the pre-transplant evaluation, revealing no
hemodynamically significant coronary artery stenoses.

Post-transplant diabetes mellitus was diagnosed in
2015, and the patient had been on vildagliptin for an
extended period. However, due to sustained glycemic
control, he discontinued anti-diabetic medication in
mid-2023. Given his history of secondary hyperpara-
thyroidism and electrolyte imbalances related to CKD
and ongoing immunosuppressive therapy, the patient
had also been on long-term supplementation, including
calcium (1000 mg/day), potassium (99 mg/day), mag-
nesium (500 mg/day), and vitamin D (10,000 IU every
other day).

Given the previously diagnosed dyslipidemia, the
patient has been on pitavastatin (4 mg daily) and ezeti-
mibe (10 mg daily) for cardiovascular risk prevention.
In 2017, routine outpatient biochemical testing revealed
elevated hepatic transaminases (up to 200 U/L) and total
bilirubin (56 mmol/L). Liver ultrasound findings were
suggestive of cirrhosis, and HCV replication was con-
firmed in the blood.

Following hepatology consultation, liver function
was deemed compensated with hepatoprotective thera-
py. An infectious disease specialist prescribed antiviral
therapy (AVT) with sofosbuvir and daclatasvir. After six
months of AVT, a sustained virological response was
achieved, with an HCV RNA test on February 1, 2018,
confirming viral clearance.
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Upon admission, the patient was in a moderate but
stable condition and fully conscious. His vital signs were
as follows: height 170 cm, weight 70 kg (BMI 24.2 kg/
m’), body temperature 36.7 °C, blood pressure (BP)
142/93 mmHg, and heart rate (HR) 62 beats per minute
with a regular pulse. Bilateral pedal edema was noted.
Auscultation revealed vesicular breath sounds and clear
heart tones.

Electrocardiogram (ECG) conducted on Decem-
ber 20, 2023, showed sinus rhythm with a heart rate of
66 beats per minute. There was a marked leftward de-
viation of the electrical axis, a blockade of the anterior
branch of the lefi bundle branch of His, and a first-degree
atrioventricular (AV) block. Additionally, a single atrial
extrasystole of the bigeminy type was observed.

Echocardiography conducted on December 20,
2023, revealed preserved global systolic function of the
left ventricle (Simpson ejection fraction: 67%) with no
local contractility impairments. Concentric left ventricu-
lar hypertrophy was observed (interventricular septum:
12 mm, posterior wall: 12 mm, LV mass index: 119 g/m’).
Diastolic dysfunction was noted, following the abnormal
relaxation pattern. Valve leaflets appeared thickened,
with calcification of the non-coronary aortic valve leaf-
let. Minor pulmonary, mitral, and tricuspid regurgitati-
on were present. The heart chambers were not dilated,
and signs of hypovolemia were noted. Pulmonary artery
pressure was within normal limits (systolic pulmonary
artery pressure: 28 mmHg). No pericardial or pleural
effusion was detected.

Daily blood pressure monitoring on December 21,
2023, revealed persistent systolic-diastolic arterial hy-
pertension throughout the day. The degree of nocturnal
BP decrease classified systolic BP as a “nightpeaker”
pattern and diastolic BP as a “dipper”. The 24-hour
average BP values were as follows: mean systolic BP —
156 mmHg, mean diastolic BP — 87 mmHg, and pulse
pressure — 69 mmHg (elevated). Given the presence of
uncontrolled hypertension, antihypertensive therapy was
adjusted as follows: amlodipine was replaced with ler-
canidipine 20 mg once daily, doxazosin 4 mg twice daily
was continued, and valsartan/sacubitril 50 mg twice
daily was introduced.

Holter ECG monitoring on December 22, 2023,
recorded a predominantly sinus rhythm with an ave-
rage HR of 54 beats/min (maximum 85 bpm at 13:17,
minimum 42 bpm at 06:25). Against this background,
213 polymorphic ventricular extrasystoles (two distinct
morphologies) were recorded, including 6 paired and
10 episodes of bigeminy. Additionally, 674 supraventri-
cular extrasystoles were observed, comprising 21 paired
and 7 short runs of supraventricular tachycardia (up to
9 complexes), with a maximum HR of 144 beats/min. At
4:17 and 5.:22, against the background of persistent first-
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degree AV block (PQ interval up to 0.25 sec), episodes
of third-degree AV block were recorded, characterized
by idioventricular rhythm lasting up to 5 complexes at a
[frequency of 40 beats/min with AV dissociation. No diag-
nostically significant ST segment changes were observed
during prolonged pauses. The maximum RR interval was
1.738 sec at 0:22.

Consultation with an arrhythmologist determined
that there were no current indications for pacemaker
implantation. However, it was recommended to conduct
a repeat Holter ECG monitoring before any surgical
intervention. If extensive surgical treatment is required,
the possibility of temporary pacemaker placement should
be considered based on indications. No antiarrhythmic
therapy was deemed necessary at this time.

Laboratory findings indicated elevated creatinine
(319 umol/L) and urea (29 mmol/L) levels. Tacrolimus
trough level on December 21, 2023, was 10.3 ng/mL.
Kidney graft ultrasound on the same date showed no
fluid accumulation in the transplant bed and no signifi-
cant enlargement of the pelvicalyceal system. The kidney
graft measured 99 x57 mm, with clear and even contours.
Doppler ultrasound revealed no signs of stenosis or
thrombosis in the renal artery and vein, though cortical
blood flow was somewhat reduced. The resistive index at
the segmental arteries was 0.9. 1o determine the cause
of graft dysfunction, a biopsy performed on December
21, 2023, confirmed acute tubular necrosis and signs
of chronic transplant nephropathy, with no evidence of
acute rejection. The findings suggested prerenal acute
kidney injury and calcineurin inhibitor nephrotoxicity.
Infusion therapy was initiated, and the tacrolimus dose
was reduced. By discharge on December 29, 2023, crea-
tinine and urea levels had improved to 146 umol/L and
13 mmol/L, respectively.

Lipid profile as of December 20, 2023, showed total
triglycerides at 0.86 mmol/L, HDL at 1.45 mmol/L, LDL
at 3.57 mmol/L, and total cholesterol at 5.11 mmol/L. De-
spite ongoing therapy with pitavastatin 4 mg and ezetimi-
be 10 mg, LDL cholesterol remained above target levels,
necessitating an adjustment in lipid-lowering treatment.
Considering the potential for drug interactions in a kid-
ney transplant recipient, inclisiran was identified as the
preferred therapeutic option.

Taking into account the history of post-transplant
diabetes mellitus and the increase in fasting glucose
levels to 7.9 mmol/L recorded during hospitalization, the
patient was evaluated by an endocrinologist. As a result,
dapagliflozin therapy at a dose of 10 mg once daily was
prescribed, along with recommendations for a balanced
diet with restricted intake of fast-digesting carbs.

A hepatology consultation was also conducted regar-
ding liver cirrhosis secondary to chronic hepatitis C. He-
patobiliary ultrasound on December 24, 2023, revealed

49

diffuse liver changes characteristic of cirrhosis, signs of
portal hypertension, liver asymmetry due to significant
reduction in the left lobe, and a volumetric formation in
segments 4-5, raising suspicion of hepatocellular car-
cinoma (HCC). Additionally, splenomegaly was noted.

An abdominal CT scan with intravenous contrast per-
formed on December 25, 2023, showed a liver of normal
size with an uneven, finely bumpy contour and normal
density (55-65 HU). In the left lobe of the liver, early
contrast enhancement of the portal vein branches was
observed, indicative of arteriovenous shunting due to fi-
brotic changes. An inhomogeneous formation in segment
5 measuring 52%61 mm was identified, showing weak
peripheral contrast uptake with washout in the delayed
phase. No dilation of intrahepatic or extrahepatic bile
ducts was noted. However, portogastric and portosplenal
collaterals, as well as esophageal vein dilation, were
present. The portal vein measured 19 mm (Fig. 1).

On December 26, 2023, the alpha-fetoprotein (AFP)
level was 67.02 ng/mL. Based on the presence of cirrho-
sis, a characteristic CT appearance, and elevated AFP
levels, a diagnosis of hepatocellular carcinoma (HCC)
was established. Given the clear radiological and bio-
chemical findings, a puncture biopsy was not indicated.

Laboratory tests on December 26, 2023, revealed
an elevated alpha-fetoprotein (AFP) level of 67.02 ng/
mL. Based on the presence of cirrhosis, a characteris-
tic CT appearance, and increased AFP levels, HCC of
the liver was diagnosed. A puncture biopsy was deemed
unnecessary.

Due to the newly detected malignant tumor, an onco-
logical consultation was held, and a PET/CT scan was
recommended to assess the presence of distant metas-

Fig. 1. Contrast-enhanced abdominal CT scan. Signs of liver
cirrhosis, hepatocellular carcinoma, portal hypertension
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tases. The PET/CT findings confirmed the absence of unstable runs of supraventricular tachycardia (up to

distant metastases.

According to current treatment guidelines for HCC,
surgical intervention is the preferred approach in eligible
patients. In cases of compensated liver cirrhosis (Child—
Turcotte—Pugh (CTP) class A), both surgical resection
and liver transplantation (LT) offer comparable long-
term oncological outcomes. However, given the tumors
localization, achieving an R0 resection (complete remo-
val with negative margins) would require extensive liver
resection, posing a high risk of complications due to the
underlying cirrhosis, potential liver decompensation,
and worsening portal hypertension.

Furthermore, the tumor size exceeds the “Milan crite-
ria”, which many transplant centers use as a benchmark
for LT eligibility [9]. Nevertheless, the Metroticket 2.0
prognostic model estimates a five-year post-LT survi-
val rate of 78.3%, which is considered an acceptable
outcome [10]. Additionally, LT is acknowledged as the
most suitable radical treatment of HCC for this patient
because lifelong de novo immunosuppressive therapy is
not required.

The patient was re-hospitalized on January 9, 2024,
at Botkin Hospital for evaluation as a candidate for or-
thotopic liver transplantation (OLT). Comprehensive
pre-transplant screening, including esophagogastro-
duodenoscopy, fibrocolonoscopy, and ultrasound of the
lower [imb veins, revealed no contraindications to OLT.

Given the patient s age and medical history — inclu-
ding stage 5 CKD, dyslipidemia, post-transplant diabetes
mellitus, long-term smoking, arterial hypertension, and
prolonged immunosuppressive therapy — a thorough car-
diovascular assessment was warranted. A bicycle stress
echocardiogram was performed, showing no initial signs
of impaired local contractility. The end-diastolic volume
was 95 mL, and the ejection fraction was 60%. At peak
exercise, arrhythmias were recorded on ECG, including

6 complexes), ventricular extrasystoles, and one short
(3-complex) unstable run of ventricular tachycardia.
Following rhythm restoration, two zones of impaired
local contractility were identified: hypokinesis of the
basal and middle posterolateral segments, which were
clinically painless.

Coronary angiography performed on January 1,
2024, revealed hemodynamically significant stenoses:
80% in the middle segment of the anterior descending
artery, 70% in the proximal third of the right coronary
artery, and a subtotal lesion of the posterior interven-
tricular branch (Fig. 2, a). Based on these findings, the
patient was diagnosed with coronary artery disease with
painless myocardial ischemia.

Based on coronary angiography and stress echo-
cardiography findings, a decision was made to proceed
with percutaneous coronary intervention. Transluminal
balloon angioplasty and stenting were performed on the
posterior descending artery (PDA) and right coronary
artery (RCA) using Promus Premier 2.25%28 mm and
Promus Premier 4.0%28 mm stents, respectively, with a
favorable angiographic outcome (Fig. 2, b).

To evaluate the functional significance of the athero-
sclerotic lesion in the anterior descending artery (ADA),
another stress echo was conducted, yielding a negative
result. No indications for additional revascularization
were identified at the time of assessment. The patient
was prescribed dual antiplatelet therapy (DAPT) for a
minimum of three months.

The prolonged waiting time for transplantation due to
coronary artery stenting and the need for DAPT posed a
risk of tumor progression and potentially poor oncologic
outcomes. Consequently, a decision was made to initiate
bridge therapy. Selective transarterial chemoemboliza-
tion (TACE) was chosen as the preferred method. The
procedure was performed on January 16, 2024, using

Fig. 2. Coronary angiogram: a, multilevel stenoses of RCA, PDA and ADA are detected; b, Promus Premier 2.25x28 mm and
Promus Premier 4.0x28 mm coronary stents were positioned and implanted in the area of PDA and RCA stenoses
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DC Bead microspheres (100—300 microns) loaded with
doxorubicin (50 mg) to target the liver tumor. The an-
giographic findings are presented in Fig. 3.

Three months after undergoing percutaneous coro-
nary intervention, the patient was placed on the active
LT waiting list. A multidisciplinary consultation with a
cardiologist, transplantologist, nephrologist, and he-
patologist was conducted, leading to adjustments in
the immunosuppressive therapy regimen, including the
withdrawal of mycophenolic acid preparations in prepa-
ration for extensive surgery. Kidney transplant function
was satisfactory.

Fig. 3. Selective transarterial chemoembolization of liver
tumor

Fig. 4. Dual hypothermic oxygenated machine perfusion
(DHOPE)

LIVER TRANSPLANTATION

On May 18, 2024, the transplant ward was notified of
a potential brain-dead donor. The donor was a 66-year-
old man, 180 cm tall and weighing 92 kg, who had died
from acute ischemic stroke. Laboratory parameters,
including aspartate transaminase (AST), alanine tran-
saminase (ALT), total bilirubin, creatinine, and urea
levels, were within normal limits. The donor had been
on mechanical ventilation for 72 hours.

During visual assessment at multi-organ retrieval,
the liver appeared medium-sized, with a smooth, shiny
surface and a yellowish trace upon palpation. Its con-
sistency was dense and elastic, and vascular anatomy
was standard (Michel's type 1). Instant histopathology
revealed macrovesicular steatosis of 40-50%. The or-
gan was deemed suitable for transplantation and was
immediately offered to the patient (Fig. 4).

Given the donor’s classification as suboptimal and
the borderline characteristics of the liver graft, indica-
tions were established for dual hypothermic oxygenated
perfusion (DHOPE) using a heart-lung machine upon
organ delivery to the transplant ward's operating room.
The total cold ischemia time was 5 hours and 13 minu-
tes, with the final 2 hours and 10 minutes dedicated to
DHOPE. Perfusate AST and ALT levels at 30 minutes
of perfusion were 934 U/L and 523 U/L, respectively.

During surgical planning, it was evident that com-
plete inferior vena cava (IVC) clamping, as required
in the classical OLT technique, could cause significant
hemodynamic instability in a patient with a complex
cardiac history. To mitigate this risk, a decision was
made to perform hepatectomy while preserving the IVC,
followed by caval reconstruction using the Belghiti tech-
nique (Fig. 5).

Hepatectomy was performed without technical dif-
ficulties. The graft was placed into the surgical field, and

Fig. 5. Liver transplantation: caval reconstruction using the
Belghiti technique
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sequential anastomoses of the IVC and portal vein were
completed. Following an intravenous injection of methyl-
prednisolone 500 mg, reperfusion was initiated. The liver
rapidly turned cherry-colored and exhibited satisfactory
turgor, with no signs of postreperfusion syndrome.

Arterial reconstruction was performed using an end-
to-end technique with ligation of the gastroduodenal
artery. Biliary reconstruction was completed via end-
to-end choledochoduodenostomy with interrupted PDS
6-0 sutures. The surgery lasted 5 hours and 38 minutes,
with a total blood loss of 900 mL. The early postope-
rative period was uneventful, and the patient stayed in
the intensive care unit for 48 hours. Peak AST and ALT
levels reached 1232 U/L and 1923 U/L, respectively,
indicating a moderate degree of ischemia-reperfusion
injury. No signs of early graft dysfunction were obser-
ved. Immunosuppressive therapy followed a standard
protocol, with basiliximab induction and reintroduction
of prolonged-release tacrolimus from postoperative day
3. The total hospital stay was 13 days, with both grafts
functioning satisfactorily.

Three weeks after wound healing, mTOR inhibitor
everolimus was introduced into the immunosuppressive
regimen, maintaining a target level of 4—6 ng/mL, while
the tacrolimus target level was reduced to 3—5 ng/mL.
Oral methylprednisolone therapy was continued at 4 mg
once daily.

RESULTS

At 3-month follow-up, the patient remained in stable
and satisfactory condition with no complaints. Despite
prior interventions and a complex comorbid background,
he maintains an active lifestyle. Liver and kidney trans-
plant functions were stable, with a creatinine level of
120 umol/L and an AFP level of 4 ng/mL. A contrast-
enhanced abdominal CT scan revealed no signs of re-
current HCC.

DISCUSSION

This clinical case illustrates the complex medical
journey of a patient whose prognosis would have been
extremely poor without comprehensive and well-coordi-
nated care. Long-standing uncontrolled hypertension led
to nephroangiosclerosis and, ultimately, end-stage CKD.
KT was the optimal treatment, allowing the patient to
regain a high quality of life for over eight years — an out-
come unlikely to be achieved with chronic hemodialysis.

However, prolonged immunosuppressive therapy,
despite adequate prophylaxis, contributed to the deve-
lopment of obstructive coronary artery disease (CAD),
diabetes mellitus, and the progression of chronic hepatitis
C to cirrhosis and HCC. During hospitalization for car-
diovascular pathology, the patient required a multidis-
ciplinary care from at least seven specialists, including
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a cardiologist, transplant surgeon, hepatologist, neph-
rologist, endocrinologist, oncologist, and interventional
radiologist. These specialists not only managed existing
conditions but also diagnosed two additional life-threate-
ning diseases: multivessel CAD with hemodynamically
significant stenoses and a malignant liver tumor.

LT was identified as the optimal treatment for cirrho-
sis and HCC, but proceeding without prior correction of
obstructive CAD would have posed a high risk of cardi-
ovascular complications. The use of minimally invasive
percutaneous coronary intervention provided effective
treatment and rapid rehabilitation. Moreover, bridge
therapy with TACE controlled tumor progression, al-
lowing LT to be performed within acceptable criteria and
ensuring favorable overall and recurrence-free survival.

Solid organ recipients face a heightened risk of spe-
cific complications, stemming both from their underly-
ing disease and the long-term immunosuppressive re-
gimen. In response, the global trend is shifting toward
integrating transplant programs within multidisciplinary
hospitals, where patients can receive comprehensive,
specialized care across multiple medical disciplines si-
multaneously [11].

Organ transplantation is no longer confined to isola-
ted, highly specialized institutions; it has evolved into a
high-tech yet accessible therapeutic option for patients.
However, availability of transplant care remains closely
tied to efficient organization of organ donation processes
and adoption of advanced technologies that maximize the
viability of each organ. In this case, the use of cold oxy-
genated perfusion played a crucial role in reducing the
risk of early graft dysfunction and primary non-function,
ensuring the successful transplantation of an organ from
a suboptimal donor.

CONCLUSION

Transplantation is a highly effective treatment for
end-stage diseases of various organ systems. However,
solid organ transplant recipients face an elevated risk of
complications due to both the underlying disease that ne-
cessitated the transplant and the lifelong need for immu-
nosuppressive medications. Prevention and management
of these complications represent a primary challenge that
requires a coordinated effort from a multidisciplinary
team of specialists.
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The structure of allograft dysfunction is heterogeneous, and the peculiarities of its course depend on the under-
lying pathological process as well as other factors that influence how quickly it progresses. The most significant
of these factors are the prevalence of interstitial fibrosis and tubular atrophy. Objective: to evaluate the factors
influencing the rate of nephropathy progression depending on the nature of dysfunction. Materials and methods.
The study included 189 kidney transplant recipients with morphologically verified renal graft dysfunction. Patients
were divided into five categories based on their morphological pictures: Group 1, acute tubular necrosis (ATN)
(n=20); Group 2, cellular rejection (CR) (n = 50); Group 3, antibody-mediated rejection (AMR) (n=61); Group 4,
interstitial fibrosis and tubular atrophy (IFTA) (n = 41); Group 5, recurrent or de novo glomerulonephritis (GN)
(n=17). Results. Even though graft function tended to improve with treatment, The CR and AMR groups had the
lowest long-term graft survival rates at 12 months, amounting to 64% and 54%, respectively, while the IFTA and
GN groups had the highest, 79% and 86%, respectively. ATN patients (94%) showed the best 1-year survival. In
the multivariate analysis performed in the Cox regression model, only two factors — creatinine level at the time of
biopsy and IFTA prevalence — were found to be independent predictors of prognosis, regardless of the underlying
mechanism of injury. A prognostic model that incorporates both characteristics demonstrated significantly higher
prognostic accuracy. A combination of creatinine level 2200 umol/L and an interstitial fibrosis prevalence >20%
of the parenchyma area showed the strongest correlation with prognosis. This model had a 91% sensitivity and a
28% specificity (p < 0.01 95% CI: 0.74-0.89). Conclusion. When assessing the risk of graft loss, it is necessary
to consider the entire set of potential prognostic factors, such as the nature of the underlying disease, severity of
graft dysfunction and prevalence of background interstitial fibrosis.

Keywords: kidney transplantation, renal graft pathology, graft survival, risk factors for graft loss.

INTRODUCTION

Allograft dysfunction is heterogeneous in its struc-
ture, and its development is determined by a number
of factors, the severity of which can vary significantly
depending on the immunosuppressive therapy (IST) used
and the course of the postoperative period. Thus, in the
pre-cyclosporine era, acute graft rejection was conside-
red the main cause of dysfunction. The widespread use
of calcineurin inhibitors as basic immunosuppressants
has significantly reduced acute rejection rates and seve-
rity of acute rejection and, consequently, has increased
in the relative proportion of pathology unrelated to im-
mune response activation in the structure of late kidney
transplant (KT) dysfunction. However, the results of the

acute or chronic rejection, with 57% showing evidence of
activation of humoral immune response (donor-specific
antibodies (DSA) or C4d complement fragment depo-
sition in peritubular capillaries) [1-4].

Subsequent studies confirm the ideas about antibody-
mediated rejection (AMR) as the main cause of graft loss.
Nevertheless, some of its variants are characterized by a
long subclinical course or slowly progressive dysfunc-
tion [5—7]. Thus, identifying factors associated with poor
prognosis in AMR remains a pressing issue.

The role of cell-mediated rejection in the develop-
ment of irreversible graft dysfunction is less pronounced,
as it typically occurs early after KT, is often responsive
to corticosteroid therapy, and has a limited impact on

DeKAF study, a multicenter study of the causes of late
graft dysfunction have again forced us to talk about the
decisive significance of rejection for the long-term fate
of the graft. This study found that more than half of all
patients with late graft dysfunction exhibited signs of

long-term graft survival [8, 9]. Nevertheless, there are
works indicating that even being reversible, cellular re-
jection (CR) can initiate processes that subsequently
lead to graft loss [10—12]. In particular, the role of CR
as a trigger for DSA synthesis and as a factor having a
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negative effect on the rate of AMR progression has been
demonstrated [13].

It is widely recognized that interstitial fibrosis resul-
ting from non-immune causes progresses slowly over
an extended period. It remains clinically silent until it
reaches a critical threshold, at which point it manifests as
progressive graft dysfunction, eventually leading to end-
stage renal disease (ESRD). However, the rate of pro-
gression of nephrosclerosis can vary widely depending
on the cause of nephrosclerosis and signs of persistent
activity of the underlying process, as well as individual
characteristics of the patient.

One of the main causes of interstitial fibrosis and
tubular atrophy (IFTA) is rejection [15—17]. Shimizu et
al. examined the characteristics of fibrosis in renal trans-
plants and identified signs of acute or chronic rejection
in 34% of cases. Conversely, according to Lefaucheur,
61% of patients who experienced CR show infiltration
in areas of sclerosis and tubulitis in atrophic tubules in
subsequent biopsies (i-IFTA). The 2017 Banff classifica-
tion categorized these changes as chronic cellular graft
rejection. However, in later stages, persistent interstitial
inflammation in the presence of interstitial fibrosis no
longer meets the CR criteria [18], yet it can still accele-
rate the progression of nephrosclerosis.

A strong correlation has been established between de
novo DSA production and subsequent sclerosis formation
in the context of AMR [19]. Conversely, IFTA presence
at the time of AMR diagnosis is the most significant
predictor of further disease progression [20].

Most studies examining the morphological patterns
of KT dysfunction have focused on a single primary
cause of graft dysfunction, and, consequently, its long-
term loss. Nevertheless, it is well established that in the
late post-transplant period, graft pathology often results
from the cumulative impact of multiple damaging fac-
tors over time. According to Van Loon, 25% of biopsies
revealed the presence of two or more coexisting patho-
logies, each potentially contributing to graft dysfunction.
At the same time, 33% of biopsies showed signs of both
acute and chronic process [21]. Thus, IFTA prevalence
and glomerulosclerosis may be both a consequence of
the underlying pathological process and the background
on which this process developed.

In the work of Naesens et al., it was shown that not
only the nature of the underlying pathological process,
but also the severity of the background nonspecific graft
injury determine its further fate [22—24]. The prognostic
influence of nonspecific interstitial fibrosis was also de-
monstrated according to the protocol biopsy data [25]. In
addition to the severity of nephrosclerosis, the extent of
graft injury at the onset of the pathological process also
holds prognostic significance. Traditionally, this is evalu-
ated using serum creatinine levels at the time of biopsy,
which many studies have identified as a key predictor
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of KT loss [26-30]. Other research has assessed inju-
ry severity through molecular profiling, specifically by
analyzing injury-repair response-associated transcripts
(IRRATs) [31-34]. Moreover, in the early post-transplant
period, this indicator correlated with the severity of acute
tubular necrosis (ATN) but had no significant impact on
long-term graft survival [33]. However, in later stages,
particularly in the presence of AMR or other specific
causes, it served as a predictor of accelerated disease
progression [20, 24, 34].

Thus, progression of renal graft dysfunction, leading
to nephrosclerosis, is influenced by various damaging
factors, which, with increasing prevalence, becomes the
main cause of graft loss.

MATERIALS AND METHODS

The retrospective study included 189 KT recipients
with morphologically verified allograft dysfunction,
who were monitored at Shumakov National Medical Re-
search Center of Transplantology and Artificial Organs
in Moscow. Graft biopsy was performed within 2 days
to 25 years from the time of KT (median 24.6 months).
Recipient mean age was 37.3 + 15.2 years. Male/female
ratio was 54/46. Most recipients received triple-drug
IST including tacrolimus (178 patients) or cyclosporine
(11 patients) in combination with corticosteroids and
mycophenolate.

In all patients, the indication for biopsy was allograft
dysfunction, characterized by increased serum creatinine
levels (averaging 287.1 +£218.9 umol/L), either in isola-
tion or in combination with proteinuria.

Morphological examination of biopsy specimens
included light microscopy on 3—4 um thick sections,
stained with hematoxylin and eosin, Masson’s trichrome,
and Schiff’s reagent. Inmunofluorescence analysis was
conducted on 4 pm frozen sections using monoclonal
FITC-labeled antibodies targeting IgG, IgM, IgA, and
complement component C3 (DAKO, Denmark). C4d
detection was performed on frozen sections by indirect
immunofluorescence, using FITC-labeled monoclonal
antibodies specific to the C4d complement fragment
(Quidel Corporation, San Diego, CA). Morphological
diagnosis was established according to the Banff clas-
sification.

In statistical data processing, variables with a normal
distribution were expressed as mean =+ standard devia-
tion (X £ o). For variables that did not follow a normal
distribution, the median and interquartile range were
calculated. Differences in means for normally distributed
variables were assessed using the Student’s t-test, while
the Mann—Whitney U test and Kruskal-Wallis test were
applied to variables that did not follow a normal distri-
bution. Results were considered statistically significant
at p < 0.05. Actuarial survival was analyzed using the
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Kaplan—Meier method. Data processing was conducted
with the SPSS statistical software package.

RESULTS

Depending on the features of morphological picture
and the main mechanism of nephropathy progression,
five groups of patients were identified. Group 1 included
20 patients with acute tubular epithelial injury and mor-
phological picture of ATN. Group 2 featured 50 patients
with CR. Most of them were cases of acute (n = 21)
and chronic (n = 5) cellular interstitial graft rejection,
19 patients had borderline changes, 5 experienced acute
vascular cellular graft rejection. Group 3 consisted of
61 patients with acute (n =34) or chronic (n=27) AMR.
In 13 of them, there were also signs of activation of cel-
lular immune response (mixed-type rejection). Group 4
included 41 IFTA cases without signs of immune re-
sponse activation. Group 5 included 17 patients with
recurrent or de novo GN, in most cases represented by

11%

B ATN PI

H Cellular rejection Mixed rejection
Acute antibody-mediated M Chronic antibody-mediated
rejection rejection
IFTA m GN

Fig. 1. Distribution of histological diagnosis of late allograft
dysfunction. ATN, acute tubular necrosis; IFTA, interstitial
fibrosis and tubular atrophy; BC, borderline changes; GN,
glomerulonephritis

IgA nephropathy (n = 12) and focal segmental glomeru-
losclerosis (n = 3) (Fig. 1).

Patients across the groups showed no significant dif-
ferences in terms of sex, age, or severity of dysfunction.
However, in the ATN group, the time after KT was the
shortest, while dysfunction severity was the highest com-
pared to all other groups.

Excluding ATN patients, the severity of azotemia at
the time of biopsy did not differ significantly between
groups. Tacrolimus levels were highest in ATN patients
(p < 0.05 compared to all other groups), whereas diffe-
rences in tacrolimus levels between the remaining groups
did not reach statistical significance (Table 1, Fig. 2).

When assessing the morphological findings IFTA pre-
valence and glomerulosclerosis severity were analyzed
separately from the characteristic manifestations of each
selected nosological category. This distinction was made
because nephrosclerosis in a renal graft can arise from
multiple injurious processes acting on the graft from the
time of transplantation to the time of biopsy.

The prevalence of IFTA and glomerulosclerosis was
minimal in the ATN group (p < 0.001 than in all other
groups) and maximal in nonspecific nephrosclerosis
of non-immune nature (p < 0.05 compared to all other
groups) (Fig. 3).

The subsequent trajectory of graft function varied
depending on the underlying mechanism of injury. For
instance, in ATN patients, creatinine levels significant-
ly decreased as ischemia-reperfusion injury resolved.
CR and AMR patients also exhibited improved graft
function following targeted treatment. Meanwhile, in
patients with nonspecific nephrosclerosis and glomerular
pathology, graft function remained stable throughout the
follow-up period (Fig. 4).

However, despite the tendency for graft function to
improve with treatment, long-term graft survival was
lowest in the AMR group, with a 45% survival rate at
3 years. In contrast, graft survival was 75% in the CR
group, 70% in the IFTA group, and 83% in the GN group.
The best 1-year survival rate was observed in ATN pa-
tients, reaching 94% (Fig. 5).

In order to identify factors associated with accelerated
progression of dysfunction, a comparative analysis of

Table 1
Clinical, laboratory and demographic data of patients included in the study
Group n | Male | Age (years) | Duration (months) | Baseline creatinine | End creatinine | Tac level
1 ATN 20 | 61% 35.4 0.95 488.2 236.6 8.3
2 CR 50 | 59% 35.0 12.6 186.0 160.1 7.6
3 AMR | 61 | 49% 40.3 32.9 247.0 173.0 5.6
4 IFTA | 41 | 51% 44.3 39.1 184.0 177.0 7.9
5 GN 17 | 67% 38.0 70.3 184.8 196.1 6.0

Note: Tac, tacrolimus; ATN, acute tubular necrosis; CR, cellular rejection; AMR, antibody-mediated rejection; IFTA, intersti-

tial fibrosis and tubular atrophy; GN, glomerulonephritis.
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clinical, demographic, laboratory, and morphological
characteristics was performed in patients with relapsed
ESRD and with a functioning graft (Table 2).

In a multivariate analysis performed in a Cox regres-
sion model, only two factors — creatinine level at the
time of biopsy and IFTA prevalence — were found to be
independent predictors of prognosis, regardless of the
underlying mechanism of injury (Table 3).

Moreover, no correlation was found between the
severity of azotemia at the time of biopsy and the pre-
valence of interstitial fibrosis. Additionally, the nature
of this relationship varied depending on the underlying
mechanism of injury, demonstrating a multidirectional
pattern across different patient groups (Fig. 6).

So, in ATN and AMR, there was an inverse relation-
ship between creatinine levels and severity of interstiti-
al fibrosis. Conversely, in other mechanisms of injury,

Group
1.0 h ~ ATN
.'ﬂ““'”"]ﬂ ~ CR
- ' AMR
0.8 T
bova | .11 : -~ J[FTA
. F-h!--l--o—h--v—-- GN
.‘;’ 0.6+ + ATN-censored
z + CR-censored
E + AMR-censored
B 0.4+ -+~ [FTA-censored
) GN-censored
0.2+
0.0+

T T T

10 20 30

O =

40

L] T

50 60

Months since biopsy

Fig. 5. Death-censored graft survival depending on the cause of dysfunction

Table 2
Clinical, laboratory and morphological features in patients with stabilized graft function
and relapse of ESRD
Age Time since KT | Baseline creatinine | Tac level IFTA Glomerulosclerosis
Preserved function | 37.1+154 | 42.8+51.7 262 +216.4 939+17.6 | 27.5+18.1 19.0+21.8
Relapse of ESRD | 88.7+15.8 459+ 60 427.6 £211.5 7.89+£10.5 | 40.6 +19.7 27.9+253
p 0.54 0.76 <0.001 0.66 <0.001 0.05

Note: ESRD, end-stage renal disease; KT, kidney transplant; Tac, tacrolimus; IFTA, interstitial fibrosis and tubular atrophy.

Table 3
Risk factors for graft loss (multivariate Cox regression model)

B SE Wald df Sig. Exp(B)
Duration (months) 0,006 0,005 1,696 1 0,193 1,006
Age (years) 0,018 0,018 0,968 1 0,325 1,018
Tac level (ng/mL) 0,304 0,094 10,461 1 0,001 0,738
Creatinine (umol/L) 0,007 0,001 29,648 1 0,000 1,007
IFTA (%) 0,058 0,017 11,355 1 0,001 1,060
Glomerulosclerosis (%) -0,005 0,010 0,263 1 0,608 0,995
Group 1 (reference) 3,016 4 0,555
Group 2 0,323 0,964 0,112 1 0,738 10,381
Group 3 0,005 0,875 0,000 1 0,995 10,005
Group 4 —0,972 1,221 0,633 1 0,426 0,378
Group 5 —0,615 1,401 0,193 1 0,661 0,541

Note: KT, kidney transplant; Tac, tacrolimus; IFTA, interstitial fibrosis and tubular atrophy.
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dysfunction severity correlated with interstitial fibrosis
prevalence, though a statistically significant association
(R*=0.545, p <0.01) was only found in the GN group.

Overall, graft survival differed significantly depen-
ding on severity of interstitial fibrosis at the time of bi-
opsy, being 95.3%, 72.5% and 54.2%, with a prevalence
of <25%, 25-50% and >50% respectively (p < 0.01).
A similar trend was observed for dysfunction severity
at biopsy, with survival rates of 97% 69% and 34% for
creatinine levels <200 pmol/L, 200-300 umol/L, and
>300 umol/L, respectively (Fig. 7).

ROC analysis was conducted to evaluate the prog-
nostic significance of creatinine levels and interstitial
fibrosis prevalence in predicting graft loss probability
(Fig. 8). The resulting ROC curve indicates that both
markers demonstrate strong predictive reliability, as re-
flected by the area under the curves (Table 4).

In order to predict graft loss probability on the basis
of these parameters, the predictive value of several po-
tential models including these parameters was analyzed.

Model 1: Pcr >150 IFTA >20 (AUC = 0.46).

Model 2: Pcr >200 IFTA >20 (AUC = 0.814).

Model 3: Pcr >200 IFTA >25 (AUC = 0.8).

Model 4: Pcr >300 IFTA >25 (AUC = 0.72).

Model 1 demonstrated the highest predictive value,
with 91% sensitivity and 28% specificity (p <0.01, 95%
CI: 0.74-0.89). Based on the findings, a combination of

azotemia >200 pmol/L at onset and IFTA prevalence
>20% is considered prognostically unfavorable for renal
graft survival.

DISCUSSION

In this study, as in the DeKAF study and numerous
other investigations, AMR patients had the worst prog-
nosis. However, the long-term prognosis for CR patients
was only slightly better. Despite initial improvements
with treatment, 14% of CR patients experienced a pro-
gressive decline in graft function, ultimately leading to
recurrent ESRD in 10% of cases. These findings align
with the understanding of CR as a trigger for other pa-
thological processes, including the accelerated progres-
sion of interstitial fibrosis. Similar results were reported
by Lefaucheur et al., who observed a high prevalence
of persistent infiltration in sclerotic areas, persisting in
61% of patients post-CR. This persistent inflammation
contributed to a reduced long-term graft survival rate of
70.8%, compared to 83.5% in patients without ongoing
interstitial inflammation [15].

IFTA prevalence and glomerulosclerosis can serve
both as consequences of the underlying pathological
process and as pre-existing conditions that contribute
to its development. Naesens et al. demonstrated that not
only the nature of the primary pathological process but
also the severity of background nonspecific graft inju-
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Fig. 6. Correlation between severity of dysfunction at the time of biopsy and prevalence of tubulointerstitial fibrosis (TIF):

a, overall; b, depending on morphological diagnosis

Table 4

Area under ROC-curve for prognosis of graft loss by the severity of dysfunction at the time of biopsy
and the degree of interstitial fibrosis

Test Result Variable(s) Area Std. Error | Asymptotic Sig. Asymptotic 95% Confidence Interval
Lower Bound Upper Bound
Creatinine 0.799 0.042 0.000 0.717 0.881
IFTA 0.744 0.048 0.000 0.649 0.838
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ry plays a crucial role in determining long-term graft
survival [22-24]. The prognostic impact of nonspecific
interstitial fibrosis was further supported by protocol
biopsy data [25].

Given these insights, our study assessed the signifi-
cance of these factors both in the entire sample, regard-
less of the underlying pathology, and within each group
separately.

In all groups, except for ATN, interstitial fibrosis of
varying severity was observed at the time of biopsy.
Its highest prevalence was found in nonspecific neph-
rosclerosis of non-immune origin (p < 0.05 compared
to all other groups). A possible explanation for this
phenomenon is that, in the absence of other damaging
mechanisms, the sclerosing process remains subclinical
for an extended period, only becoming apparent when
graft dysfunction emerges at the stage of widespread
nephrosclerosis. As in previous studies, IFTA prevalence
was identified as a significant independent predictor of
prognosis, alongside the severity of dysfunction at onset.

Traditionally, graft injury severity is assessed using
creatinine levels at the time of biopsy, which — consistent
with our findings — largely determines the probability of
KT loss [26-30]. However, other studies have evaluated
injury severity using molecular profiles, such as IRRATs
[31-34]. In the early post-KT period, IRRATs correlate
with ATN severity but have no impact on long-term sur-
vival [33]. However, in later stages, particularly in cases
of AMR, these markers serve as predictors of accelerated
disease progression [34].

In our study, creatinine levels and their subsequent
dynamics varied depending on the underlying patholo-
gical process, aligning with the findings of Famulski et
al. The multidirectional correlation between creatinine
levels and interstitial fibrosis severity further supports
this variability.

Thus, when estimating the risk of graft loss, it is es-
sential to consider a comprehensive set of prognostic
factors, including nature of the underlying disease, se-
verity of allograft dysfunction, and extent of background
interstitial fibrosis.

The authors declare no conflict of interest.
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Heart transplant (HT) is an effective treatment option for patients with end-stage chronic heart failure, as it can
restore their ability to work, facilitate physical and social rehabilitation, and significantly improve their long-term
survival. Objective: to evaluate the psychological and physical well-being of HT recipients using a comparative
analysis of the TxEQ, PTGI, and SF-36 questionnaires and the impact of the obtained results on the frequency of
visits to health care facilities. Materials and methods. The findings of the study were derived by analyzing the
data of recipients by random randomization, who were observed on an outpatient basis at Shumakov National
Medical Research Center of Transplantology and Artificial Organs. The TXEQ, SF-36, and PTGI questionnaires
were used to assess recipients’ psychological and physical well-being. For comparative analysis, HT recipients
were divided into three equal groups based on the total score obtained when assessing each factor in the TXEQ
questionnaire. Results. A comparative evaluation of factors from the TXEQ questionnaire and scores from the
SF-36 questionnaire revealed that recipients who scored poorly on a particular factor had better mental health
(p = 0.02). Recipients who are more eager to inform others about their surgery show better vitality (p = 0.019).
Analysis of the “Medication adherence” factor found that there was a significantly high compliance of recipi-
ents to taking their medications (p = 0.01). Subsequent data analysis showed that the total PTGI score strongly
correlated with the factors “Responsibility”, “New life perspectives”, “Disclosure” and “Medication adherence”
(p < 0.005). While analyzing factors from the TXEQ questionnaire and the frequency of recipients’ outpatient
visits to health care facilities, it was revealed that recipients who were more worried about their surgery and those
who exhibited high medication adherence during the follow-up year visited health care facilities more often (p <
0.005). Conclusion. Regularly assessing the quality of life in HT recipients is a key factor of outpatient follow-
up, which allows to significantly improve physical and psychological well-being, and ultimately preventing the
risk of negative health complications.

Keywords: heart transplantation, quality of life, SF-36 questionnaire, PTGI questionnaire,
TxEQ questionnaire, outpatient follow-up.

INTRODUCTION

For patients with end-stage chronic heart failure, a
heart transplant (HT) is widely considered the primary
and often only option for a radical treatment, significant-
ly improving their life expectancy [1]. However, not only

and diagnostic assessments must be complemented by
psychosocial evaluations, as disruptions in psychosocial
well-being can lead to poor treatment adherence, increa-
sed morbidity and mortality, and difficulties in post-trans-
plant adaptation [4]. As a result, the number of studies
assessing the physical and psychological health of HT

the life expectancy of HT recipients is important, but also
their quality of life, which depends on various factors
often not directly related to the general state of health
[2]. These include socio-demographic characteristics,
daily activity levels, comorbid conditions, frequency
of hospitalizations, medication side effects, and perso-
nal traits [3]. Given these complexities, regular clinical

recipients and analyzing their quality of life is steadily
increasing. However, there is no single internationally
recognized methodology for evaluating post-transplant
quality of life. Instead, a variety of standardized ques-
tionnaires are used, including the Transplant Effects
Questionnaire (TXEQ), Post-Traumatic Growth Inven-
tory (PTGI), and the Short Form Health Survey (SF-36).

Corresponding author: Nadezda Koloskova. Address: 1, Shchukinskaya str., Moscow, 123182, Russian Federation.

Phone: (926) 651-40-64. E-mail: nkrasotka@mail.ru



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXVII - N2 1-2025

These tools assess both physical and psycho-emotional
well-being, as well as patients’ satisfaction with their
functional status. Their use enables early identification
of potential risks in long-term follow-up, allowing for
timely interventions to enhance the quality of life for
HT recipients.

The objective of our study was to assess the psycho-
logical and physical well-being of HT recipients through
a comparative analysis of the TXEQ, PTGI, and SF-36
questionnaires and to evaluate how these results influ-
ence the frequency of healthcare visits.

MATERIALS AND METHODS

Study participants were randomly selected from HT
recipients receiving outpatient care at the Shumakov
National Medical Research Center of Transplantology
and Artificial Organs (“Shumakov Center”). Their health
status was monitored by cardiologists and psycholo-
gists at the Shumakov Center’s consulting and diagnostic
department, as well as by specialists at their place of
residence. Remote consultations were also conducted
via telemedicine.

All recipients received a standard immunosuppres-
sive regimen consisting of tacrolimus, mycophenolate
mofetil, and methylprednisolone. Routine postoperative
assessments included clinical evaluations, laboratory
tests (general and biochemical bloodwork, immunosup-
pressive drug levels), echocardiography, and annual co-
ronary angiography with endomyocardial biopsy.

Additionally, we collected data on recipients’ social
status (living conditions, marital status, and education),
as well as medical records and outpatient charts from
the Shumakov Center. All patients were treated in ac-
cordance with established clinical guidelines.

The TXxEQ (Transplant Effects Questionnaire) [5] was
used to assess the psychological status of HT recipients.
This questionnaire was translated and adapted for HT
recipients in collaboration with a psychologist from the
Shumakov Center. It consists of 26 items divided into
5 sections; each item is scored from 1 (completely dis-
agree) to 5 (completely agree). The sections are outlined
in Table 1.

The TxEQ evaluates key psychological aspects ex-
perienced by HT recipients, including concerns about

Table 1
Transplant Effects Questionnaire
|  Points
Factor 1: Worry about the transplant
I am worried about how reliable my new heart is 1-5
I feel like my heart is “fragile” 1-5
I hesitate to do certain activities for fear of harming my new heart 1-5
I wonder how long my new heart will last 1-5
I have started to take better care of myself since the transplant 1-5
I worry every time my doctor adjusts my medications 1-5
I find it hard to trust doctors 1-5
Factor 2: Disclosure
I avoid telling other people that I have a transplant 1-5
I feel uncomfortable when other people know that I have had a heart transplant 1-5
I find it hard to talk about the fact that I had a transplant 1-5
I am not ready to tell everyone that life after a transplant is just beginning 1-5
Factor 3: Medication adherence
Sometimes I deliberately do not take my medication 1-5
Sometimes I forget to take my medication 1-5
I might get distracted and forget to take my medication 1-5
Sometimes I think I can do without medication 1-5
I find it inconvenient for me to take my medication at the same time 1-5
I don’t always follow my doctor’s instructions 1-5
Factor 4: Responsibility
I feel a sense of duty to the doctors who performed my successful surgery 1-5
I feel a sense of duty to my family and other people close to me 1-5
I am sometimes haunted by guilt 1-5
[ usually try not to do things that could cause condemnation from my family and other close people. 1-5
Factor 4: New life perspectives after transplant
I have a sense of purpose in my life after the heart transplant 1-5
I have become more interested in playing sports after the transplant 1-5
I feel that my quality of life has improved after the transplant 1-5
I feel energized after the transplant to pursue my dreams 1-5
I have returned to my normal routine after the transplant 1-5
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the transplant, willingness to disclose their transplant

status (renamed “Disclosure” for clarity), adherence

to medication, and feelings of obligation toward fami-

ly, friends, and medical staff. Higher scores indicate a

stronger presence of the corresponding factor, except for

“Medication adherence” and “Disclosure”, which exhibit

a negative correlation.

All patients provided informed voluntary consent
before undergoing psychological assessment. For com-
parative analysis, recipients were divided into three equal
groups based on their total scores for each TxEQ factor.

The PTGI questionnaire [6] was used to assess posi-
tive psychological and emotional changes in individuals
following psychological trauma or stressful experiences.
It comprises 21 items divided into five domains: Relating
to Others (7 items), New Possibilities (5 items), Perso-
nal Strength (4 items), Existential and Spiritual Change
(2 items), and Appreciation of Life (3 items). Each item
is rated on a 6-point Likert scale, reflecting the extent
to which the respondent has experienced these changes
due to the trauma.

The SF-36 questionnaire was used to evaluate both
the physical and psychoemotional components of quality
of life. The results provide insights into overall well-
being and the level of satisfaction in health-dependent
aspects of daily life [7]. This questionnaire consists of
36 questions covering the following eight key health
domains:

1. Physical functioning. Measures limitations in daily
physical activities like self-care, walking, climbing
stairs, carrying heavy objects, etc. Lower score sig-
nifies greater limitations in daily physical activities
due to the disease.

. Role limitations due to physical health problems.
Measures how much a person’s physical health issu-
es interfere with their ability to perform their usual
roles and responsibilities in daily life, such as work,
household chores, or other activities.

. Role limitations due to emotional problems. Measures
how much a person’s daily activities and responsibili-
ties are restricted or impacted by their emotional state
(including more time, less work, lower quality, etc.).
A lower score signifies greater impact of emotional
problems on daily activities, indicating significant
impairment in work and role functioning.
Social functioning. Measures how physical and emo-
tional health problems affect a person’s ability to
engage in social activities (communication). Lower
score indicate restrictions in social interactions due
to physical or emotional health issues, potentially
indicating reduced level of communication.

. Bodily pain. Measures the intensity of pain and its im-
pact on daily activities, including housework. Lower
score signifies severe pain that significantly affects
daily function and work capacity.
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6. Vitality (energy or fatigue). Measures overall ener-
gy level and fatigue, essentially gauging how “worn
out” or “vigorous” they feel. Lower score suggests
experiencing more fatigue and exhaustion.

7. Mental health. Lower score suggests emotional dis-

tress, anxiety, or depressive symptoms.

General health perceptions. Measures an individual’s

current state of health and overall view of their health

status. Lower score suggests poor health perceptions.

The SF-36 questionnaire generates scores ranging

from 0 to 100, where a higher score indicates a better per-

ceived quality of life across the various health domains.

The data are presented as the arithmetic mean and
standard deviation (M + SD). Pearson’s chi-square test
was used to assess the statistical significance of relation-
ships between two categorical variables. For comparative
analysis, the one-way nonparametric Kruskal-Wallis test
was employed to evaluate variance. When significant
differences were identified, pairwise multiple compari-
sons were conducted using the least significant difference

(LSD) criterion test. Statistical analyses were performed

using IBM SPSS Statistics, with hypotheses tested at a

significance level of p < 0.005.

Cronbach’s alpha coefficient was calculated to mea-
sures the reliability of the TXEQ questionnaire.

RESULTS

A representative sample was drawn from patients
under outpatient follow-up at the Shumakov Center bet-
ween 2009 and 2022. A randomized selection process
identified a cohort of 607 recipients with a mean age of
46.74 £ 10.72 years, including 509 men (83.8%). The
study excluded cases of heart retransplantation, in-hos-
pital mortality, and recipients younger than 18 years. The
mean follow-up period was 9.4 + 3.5 years.

Cronbach’s alpha coefficient was calculated for each
section of the TXEQ questionnaire, with the results pre-
sented in Table 2.

Analysis of the results indicated that the Cronbach’s
alpha coefficient for each section of the TXEQ questi-
onnaire was satisfactory, confirming the questionnaire’s
reliability as an assessment tool.

Comparisons of TXEQ factors based on gender, mar-
ital status, and education level revealed statistically signi-

8.

Table 2

Calculation of Cronbach’s alpha for each section
of the TXEQ questionnaire

Factor Cronbach’s alpha

Worried about the heart transplant

0.766
performed
Disclosure 0.759
Adherence to immunosuppression 0.758
Responsibility 0.759
New life perspectives after transplant 0.794
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ficant trends. Married recipients exhibited greater anxiety
about their HT surgery, demonstrated higher adherence
to drug therapy, showed a stronger motivation to inform
others about their transplant, and felt a greater sense of
duty toward their family, friends, and physicians for the
success of their surgery.

Men reported greater concern about their surgical
treatment and displayed greater responsibility in adhe-
ring to drug therapy (p <0.005). Furthermore, recipients
who scored high on the factor “Worried about the heart
transplant performed” tended to have a higher level of
education than those with lower scores (p < 0.005).

COMPARATIVE EVALUATION OF THE TXEQ
QUESTIONNAIRE FACTORS AND SF-36
INDICATORS

Analysis using the TxEQ indicated that transplant
recipients who score lower on the “Worry about the
transplant” subscale tend to demonstrate a higher level
of mental health (p = 0.02). The results suggest that reci-
pients who exhibit less anxiety about their HT surgery are
also less prone to depressive and anxiety-related states.

Subsequently, the SF-36 questionnaire results were
analyzed in relation to the “Disclosure” factor to assess
its impact on quality of life. It was revealed that recipi-
ents who are more motivated to share their surgery expe-
rience have higher Vitality scores, as shown in Fig. 1. The
findings demonstrate that recipients who are able to talk
openly about their heart transplant surgery and related
experiences show better vitality (p = 0.019).

Analyzing the data obtained for the factor “Medica-
tion adherence”, a reliably high compliance of recipients
to taking prescribed medications was revealed. Fig. 2,
indicates a statistically significant negative relationship
between high medication adherence scores and lower
mental health scores (p =0.01).

Individuals with higher “Mental health” scores tend
to have lower adherence to therapy. The obtained result
indicates the presence of depressive, anxious feelings,
and mental distress, which reflects the instability of
psycho-emotional state due to irregular intake of medi-
cations and possible complications arising from the lack
of adequate drug treatment.

When evaluating the factor “Responsibility” from the
TxEQ questionnaire, a negative correlation was estab-
lished: as “Responsibility” scores increased, scores for
“Physical Functioning” (p = 0.008), “Role limitations
due to emotional problems” (p = 0.047) and “General
health perceptions” (p = 0.05) from the SF-36 questi-
onnaire decreased. Based on these findings, it can be
concluded that recipients who experience an increased
sense of responsibility for the success of their HT surge-
ry may face limitations in daily life due to a decline in
physical health, exacerbated by emotional distress and
psycho-emotional destabilization.

In further assessment of the factor “New life perspec-
tives after transplant”, individuals who score higher on
measures of “New life perspectives after transplant” tend
to exhibit higher “Physical functioning” scores compared
to those with lower (p = 0.004) or average (p = 0.007)
scores. This indicates the importance of forming a posi-
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Vitality

)
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Fig. 1. Comparative analysis of the factor “Disclosure” (TXEQ questionnaire) and the indicator “Vitality” (SF-36 question-

naire)
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tive image of the future and vision of new perspectives
within the framework of improving the general physical
condition (Fig. 3).

Further analysis assessed the impact of the total PTGI
score on TXEQ factors, revealing a significant positive
correlation between the PTGI total score and the fac-

tors “Responsibility” and “New life perspectives after
transplant”. These findings suggest that transplant reci-
pients undergo profound life changes, often marked by
an existential crisis, personalization of life and death
issues, internal conflict, and a search for new meaning
and redefinition of existence (p < 0.005).

100

80

Mental health

low (1-2 points)

medium (3 points)

high (4-5 points)

Medication adherence

Fig. 2. Comparative analysis of the factor “Medication adherence” (TXEQ questionnaire) and the indicator “Mental health”

(SF-36 questionnaire)

100

80

Physical function

80

low (1-2 points)

medium (3 points)

high (4-5 points)

New life perspectives

Fig. 3. Comparative analysis of the factor “New life perspectives” from the TXEQ questionnaire and the indicator “Physical

function” from the SF-36 questionnaire
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A comparison of “Medication adherence” with the to-
tal PTGI score indicated a statistically significant inverse
correlation, where recipients with higher adherence to
drug therapy tended to have lower PTGI scores, while
those with higher PTGI scores exhibited lower adherence
(p =0.017). Additionally, recipients who openly shared
their transplant experience demonstrated significantly
higher PTGI scores, highlighting the role of disclosure
in psychological growth after HT.

The analysis revealed a correlation between TxEQ
factors and the frequency of recipients’ outpatient visits
to medical facilities. Recipients who exhibited greater
anxiety about their HT surgery and demonstrated high
adherence to drug therapy during the first year of fol-
low-up were more likely to visit clinical and diagnostic
departments, both at the Shumakov Center and other
healthcare institutions.

Notably, the high frequency of outpatient visits was
not associated with adverse events but rather with incre-
ased patient vigilance regarding their health condition
(p <0.005).

DISCUSSION

This study is the first in Russian literature to provide
a detailed assessment of quality-of-life indicators in a
large cohort of HT recipients, utilizing a comparative
analysis of three standardized questionnaires — key tools
for evaluating treatment outcomes [7].

Our comparative evaluation of sex, marital status, and
TxEQ factors revealed that married men demonstrated
greater adherence to drug therapy. These findings align
with results from a study conducted by Jia-Rong Wu et
al. [8]. However, similar patterns were not confirmed in
the findings of other researchers [9, 10].

Our study provided compelling evidence that reci-
pients who exhibited greater concern about their HT
surgery demonstrated better mental health. This finding
is likely explained by the fact that these recipients more
frequently sought medical consultations, leading to grea-
ter awareness of their health status, which may positively
influence their mental well-being.

Similarly, Richard Klaghofer et al. [5] highlight the
importance of specialist consultations in assessing not
only the physical but also the mental health of recipients.
However, their study found that better mental health
was observed in patients who were less concerned about
their surgery.

Thus, early detection of psychological issues in trans-
plant recipients plays a crucial role in maintaining emoti-
onal stability and reducing the risk of complications [11].

A study conducted in Poland reported that recipients
who were more motivated to inform others about their
HT surgery demonstrated higher vitality scores [10].
These scores are linked to positive lifestyle changes and
improved quality of life post-transplant, findings that are
also supported by the results of our study.
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Further assessment of psycho-emotional status re-
vealed that recipients with lower medication adherence
exhibited greater emotional instability and were more
prone to depressive and anxious experiences. Similarly,
Brocks et al. [12] found that recipients who adhered
to their medication regimen had higher mental health
scores. Our study yielded comparable results, demonst-
rating a significant association between the “Medication
adherence” factor from the TXEQ questionnaire and the
“Mental health” indicator from the SF-36 questionnaire.

Our study also provided strong evidence that recipi-
ents who felt an increased sense of responsibility for the
success of their HT surgery — toward their family, relati-
ves, and physicians — experienced a decline in physical
health and psycho-emotional destabilization. However,
a study by Natalie Engelbrecht found that personal re-
sponsibility was not a predictor of quality of life [13].

When assessing the “New life perspectives after
transplant” factor from the TxEQ questionnaire, our
findings demonstrated that HT recipients experienced
improved quality of life and social adaptation, driven by
a positive perception of future prospects and life goals
post-transplant. These results are consistent with findings
from international studies [14, 15].

Further evaluation of the influence of total PTGI score
on TXEQ factors revealed that recipients with the highest
PTGI scores were those who were highly motivated to
inform others about their surgery, exhibited strong adhe-
rence to drug therapy, and demonstrated a high level of
personal responsibility. These findings align with results
from previous studies confirming the impact of the PTGI
score on TXEQ factors [9, 5, 16, 17].

Moreover, successful post-transplant recovery has
been shown to be directly linked to several key factors:
personal responsibility, adherence to prescribed therapy,
and a positive outlook. These elements play a crucial
role in facilitating significant cognitive and emotional
transformations following a major traumatic event such
as transplant surgery [18, 19].

A study by Samar Tharwat et al. found that patients
with high medication adherence had more frequent out-
patient visits compared to those with lower adherence to
therapy [20]. Our study similarly confirms that recipients
with higher adherence to prescribed treatments tend to
visit healthcare facilities more frequently for follow-ups
and monitoring.

CONCLUSION

Following HT, recipients experience significant im-
provements in both psychological and physical quality
of life, largely due to a personalized approach to outpa-
tient follow-up. Regular check-ups, continuous health
monitoring, and enhanced adherence to treatment play
a crucial role in improving mental and physical health
indicators while also reducing the risk of adverse events.
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Therefore, to maintain a high quality of life among

HT recipients, it is essential to provide consistent me-
dical supervision, conduct regular psycho-emotional
assessments, implement strategies to enhance social
adaptation.

The authors declare no conflict of interest.
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USE OF CRYOPRESERVED AORTIC HOMOGRAFT
FOR SUBCLAVIAN ARTERIAL CANNULATION DURING
EXTRACORPOREAL MEMBRANE OXYGENATION

G.B. Moroz, D.A. Sirota, A.V. Guseva, A.V. Fomichev, E.E. Kliver
Meshalkin National Medical Research Center, Novosibirsk, Russian Federation

Extracorporeal membrane oxygenation (ECMO) is a vital tool in the treatment of patients with severe cardiovascu-
lar failure during heart surgery. The femoral artery is the most common access for veno-arterial ECMO in adults.
Where there are contraindications to traditional cannulation techniques, the subclavian artery is an alternative
access site, despite its many peculiarities. This paper presents a clinical case where peripheral ECMO connection
with cannulation into the subclavian artery using a cryopreserved homovital abdominal aortic homograft was

performed in a patient.

Keywords: extracorporeal membrane oxygenation, cannulation, subclavian artery, homograft.

INTRODUCTION

Extracorporeal membrane oxygenation (ECMO) is
a life support system that temporarily takes over the
function of a patient’s heart and lungs by circulating
their blood through a machine that adds oxygen and re-
moves carbon dioxide, allowing the patient’s own organs
to rest and potentially recover from a reversible failu-
re. According to the latest ELSO (Extracorporeal Life
Support Organization) report, postcardiotomy syndrome
patients have survival rates ranging from 25% to 50%.
Additionally, 31% to 76% of patients are successfully
weaned off ECMO [1].

Femoral artery cannulation (FAC) remains the most
traditional and widely used approach for venoarterial
ECMO (VA-ECMO) in adults. However, is associated
with significant risks, such as arterial occlusion, limb
ischemia, reperfusion injury leading to compartment syn-
drome, thrombosis, embolism, bleeding and hematoma
formation [2]. In patients with peripheral artery disease,
the risks of these complications are significantly higher
and may be considered a contraindication to femoral
artery cannulation.

Subclavian artery cannulation (SAC) is a viable alter-
native to FAC in patients with contraindications. Howe-
ver, it has technical peculiarities and usually requires sur-
gical expertise [2]. Synthetic prostheses offer significant
advantages over direct cannulation of peripheral vessels
in VA-ECMO, particularly in reducing complications
like damage to the artery by the cannula, vessel dissec-
tion, limb ischemia, and the need for post-decannulation
arterial reconstruction. However, achieving hemostasis
with synthetic prostheses in ECMO patients is challen-

ging, especially in the setting of pronounced hypoco-
agulation. The porosity of synthetic grafts contributes to
persistent bleeding from suture lines and puncture sites,
leading to significant blood loss.

This article presents a clinical case in which ECMO
was initiated via peripheral cannulation using a homo-
vital cryopreserved abdominal aortic homograft. The
homograft was obtained from a brain-dead donor du-
ring a multi-organ retrieval procedure. The retrieval and
preservation technique ensured the absence of warm
ischemia and included a controlled freezing protocol,
preserving tissue viability, strength, and elasticity — cri-
tical factors for surgical manipulation [3]. According to
available reports, cannulation using a homograft has not
been previously performed.

CLINICAL CASE

Patient K., a 62-year-old man, underwent valve-
sparing aortic root replacement (David procedure), ra-
diofrequency ablation of atrial fibrillation zones, and
coronary artery bypass grafting (CABG) as indicated.
Following surgery, the patient was weaned from me-
chanical ventilation while receiving moderate doses of
norepinephrine, epinephrine, and dobutamine. After ex-
tubation, transesophageal echocardiography revealed
reduced contractility of both the left and right ventricular
myocardium.

The early postoperative period was marked by wor-
sening heart failure, a tendency toward hypotension,
severe acid-base imbalances that were difficult to correct
(metabolic acidosis, hypokalemia, hyperglycemia), and
decreased urine output. Given the clinical deteriorati-
on, ECG changes, and overall negative dynamics, the
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patient underwent urgent CABG evaluation. No further
deterioration was observed, and the coronary grafts re-
mained patent.

On the second postoperative day, the patient’s con-
dition deteriorated significantly, with worsening heart
failure, episodes of ventricular tachycardia, and an ele-
vated lactate level reaching 20 mmol/L. Despite the use
of inotropes at extremely high doses, hemodynamic insta-
bility persisted, necessitating VA-ECMO initiation. Due
to the small diameter of the common femoral arteries
and the presence of diffuse atherosclerosis, as confirmed
by ultrasound, FAC was deemed unsuitable. Instead, a
resternotomy was performed, with arterial cannulation
of the ascending aorta and venous cannulation guided
by ultrasound through the femoral vein. ECMO support
led to stabilization of the patient’s condition.

Given the anticipated need for prolonged mechanical
circulatory support and the increased risk of infectious
complications and bleeding associated with surgical dia-
stasis of the sternum, a decision was made on the second

Fig. 1. Cryopreserved homovital abdominal aortic homograft

3/8 — 1/4 connector
Homograft

Subclavian
artery

Arterial trunk

day of ECMO to close the chest and transition to peri-
pheral cannulation. Cannulation of the right subclavian
artery was performed using a cryopreserved homovital
abdominal aortic homograft, measuring 10 mm in dia-
meter and 40 mm in length (Fig. 1).

Cryopreserved grafts are stored at temperatures ran-
ging from —150 °C to —170 °C, requiring approximately
1.5 to 2 hours for thawing.

A 4 cm oblique incision provided access to the right
subclavian artery, which measured 7 mm in diameter.
The abdominal aortic homograft was prepared by su-
turing and clipping the lumbar branches. A proximal
end-to-side anastomosis was then formed between the
homograft and the subclavian artery using a continuous
locking stitch with a 6.0 suture.

To ensure structural integrity, the distal end of the
homograft was attached to a 3/8-3/8 connector, which
was reinforced with a Dacron vascular prosthesis to
prevent wall rupture. The connector was secured with
a lavsan thread (Figs. 2, 3). The volumetric perfusion
rate (VPR) achieved was 5.1 L/min, and activated clot-
ting time (ACT) during ECMO was maintained between
160—190 seconds.

By day 9 of ECMO, progressive renal failure and olig-
uria necessitated the initiation of continuous renal repla-
cement therapy (hemodialysis) via the ECMO circuit. By
day 14, the VPR was gradually reduced to 2.2—1 L/min.

An attempt was made to gradually discontinue ECMO,
but it was unsuccessful. Following ECMO cessation, the
patient exhibited hypotension (BP 80/40-70/30 mmHg),
paroxysmal atrial fibrillation, and required high-dose
inotropic support. Given these hemodynamic instabili-
ties, the decision was made to continue ECMO support.

On day 19 of ECMO, the arterial cannula became
dislodged from the anastomosis site between the homo-
graft and the subclavian artery. Immediate interventi-

Fig. 2. Scheme of subclavian arterial cannulation using a homograft
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on was required — a clamp was applied to the arterial
ECMO line, and the surgeon performed re-cannulation
into the homograft, securing it with a ligature knot. Du-
ring ECMO cessation, cardiopulmonary resuscitation
(CPR) was performed for 7 minutes before ECMO was
successfully resumed. The patient’s condition stabilized,
with VPR restored to 4.3 L/min. Consciousness was re-
gained, and treatment continued.

By day 27, mechanical circulatory support was redu-
ced in response to stable systemic hemodynamics, with
no signs of tissue hypoperfusion at a VPR of 1 L/min. A
decision was made to discontinue ECMO and proceed
with decannulation. The patient remained on ECMO for
a total of 27 days.

After ECMO was discontinued, the patient continued
to experience liver failure (blood bilirubin 261 mmol/L)
and renal dysfunction. In response, hemodialysis with
citrate anticoagulation was maintained. Despite the gra-

dual reduction in inotropic therapy, there was no worse-
ning of cardiovascular failure. The patient remained in
the intensive care unit, receiving mechanical ventilation
via tracheostomy.

1t should be noted that throughout the entire ECMO
support period, there were no complications related to
arterial cannula patency, graft function, or bleeding at
the cannulation site.

On day 14 after disconnection from ECMO, the pa-
tient succumbed to multiple organ failure.

Histological analysis of a fragment of the thawed
cryopreserved homovital graft revealed moderate in-
flammatory changes in the intimal layer (Fig. 4).

Immunohistochemistry (IHC) analysis of the endo-
thelial factor CD34, a well-known marker for blood ves-
sel progenitor cells and stromal tissues, demonstrated
a tendency for capacitive-type vessel formation in the
adventitial layer (Fig. 5). Additionally, IHC staining

Fig. 3. Intraoperative photo: a, connection between the arterial trunk and homograft sutured to the subclavian artery; b, anas-

tomosis between the subclavian artery and homograft

Fig. 4. Fragment of cryopreserved homograft. Inflammatory
changes in the intima. H&E staining. X400 magnification
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with an antibody to ASM revealed positive expression
of alpha-actin smooth muscle cells in the wall of the
cryopreserved homograft, with focal absence observed
in the middle layer.

DISCUSSION

ECMO plays a critical role in supporting patients with
severe cardiovascular failure, especially during or after
cardiac surgery [4, 5]. Cannulation in VA-ECMO can
be central, or it can be peripheral [4]. The central can-
nulation technique is associated with a higher bleeding
rate, increased need for blood transfusions, frequent re-
operations, and surgical sternal diastasis, which requires
delayed chest closure [6, 7]. When central cannulation
is used for ECMO, the possibility of patient activation
and mobilization is virtually nonexistent. According to
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Fig. 5. Fragment of a cryopreserved homograft; a, formation of capacitance-type vessels, expression (CD34) in the adventitial
layer; b, uneven positive actin expression (ASM). X400 magnification. Immunohistochemistry

a multicenter registry analysis of 781 patients on ECMO
and a meta-analysis, 30-day mortality was significantly
higher in central ECMO compared to peripheral ECMO
(72% vs. 61%, p = 0.004) [7].

Yes, peripheral VA-ECMO cannulation offers several
advantages over central VA-ECMO, including less sur-
gical trauma, quicker deployment, and greater potential
for patient mobilization.

Peripheral VA-ECMO cannulation technique is able
provides less surgical trauma, can be connected without
the involvement of a surgical team, and has greater po-
tential for patient mobilization [2]. At Meshalkin Nati-
onal Medical Research Center, over the past two years,
peripheral VA-ECMO cannulation was applied in 61%
of cases.

The common femoral artery and femoral vein are
the standard vascular access points for peripheral VA-
ECMO cannulation [2]. However, femoral cannulation
has a unique challenge: its retrograde flow direction can,
in some cases, increase left ventricular (LV) pressure,
worsen LV dysfunction, promote pulmonary edema, ele-
vate the risk of LV thrombosis, and significantly reduce
the likelihood of myocardial recovery [9]. This scenario
often necessitates additional interventions to unload the
LV [10]. Various LV unloading methods exist, but they
are generally invasive and may require supplementary
mechanical support devices, depending on the chosen
strategy [10].

When cannulating the subclavian artery, the most
common approach involves inserting the arterial can-
nula through a vascular prosthesis (graft) that has been
anastomosed to the artery. This technique preserves the
integrity of the arterial lumen compared to direct can-
nulation through the arterial wall. It also simplifies the
decannulation procedure, lowers the risk of limb ische-
mia, minimizes the chance of arterial dissection, and
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reduces the need for vascular wall grafting after ECMO
discontinuation [11].

When cannulating the subclavian artery, the majority
of nonpulsatile ECMO blood flow follows an antegrade
direction through the aortic arch into the descending
aorta. This approach is more physiologic and avoids in-
creasing LV afterload, unlike femoral cannulation, where
blood flow opposes the natural direction from the left
ventricle [9, 12].

We have presented a clinical case of ECMO applica-
tion in the peripheral venoarterial variant over 27 days,
utilizing cannulation through a cryopreserved abdominal
aortic homograft. The homograft was anastomosed to the
subclavian artery, marking the first known clinical appli-
cation of this technique. A review of literature databases
(PubMed, Google Scholar, eLIBRARY) revealed no pre-
viously reported cases of homograft use for subclavian
artery cannulation in ECMO procedures.

Cannulation into the homograft provided several ad-
vantages. First, it significantly reduced bleeding at the
arterial cannula insertion site, even under high pressure
(up to 250 mmHg) at the anastomosis level. This was due
to the vascular graft’s natural elasticity and the absence
of anastomosis deformation. In contrast, synthetic pros-
theses, with their rigid walls and porosity, often present
challenges in achieving satisfactory hemostasis — not
only along the anastomosis line but also at puncture sites
and due to prosthesis wall leakage. Second, the use of a
homograft improved the positional maneuverability of
the cannula.

The quality of a cryopreserved homogratft is directly
influenced by its preparation technique, with warm ische-
mia time before preservation being a critical factor. The
term “homovital” refers to the preservation of viability
in a significant portion of the endothelium, fibroblasts,
and interstitial structures even after graft preservation.
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It should be noted that the cryopreservation process its-
elf does not cause significant damage to intact tissue.
The strongest and most elastic graft walls are observed
in homografts retrieved from brain-dead donors during
multi-organ procurement, as these tissues experience no
warm ischemia. In contrast, grafts obtained from cada-
vers hours or days after biological death have a signifi-
cantly higher risk of structural failure and rupture due
to degradation of vascular integrity [3].

Studies have demonstrated that cellular metabo-
lism remains unchanged during cold ischemia for up to
24 hours and warm ischemia of no more than 12 hours.
However, Yankah and Hetzer (1987) found that only
24% of endothelial cells survive after 2 hours of warm
ischemia, and that prolonged warm ischemia of 12 hours
results in cell apoptosis. The histological findings in this
study align with previously published literature, con-
firming the preservation of a significant portion of the
morphological structures in a homovital cryopreserved
homogratft.

The primary drawback of the presented technique
is the inability to perform an emergency ECMO con-
nection, as the graft thawing process (approximately
1.5-2 hours) and anastomosis formation require a certain
amount of time. Additionally, in the context of organ
shortages, maintaining a consistent stock of homografts
with the required diameter may not always be feasible.
From a legal perspective, the use of a homograft cons-
titutes the transplantation of a “section of the vascular
bed”, necessitating compliance with all procedural and
documentation requirements, which may be challenging
to fulfill in enmergency cases.

CONCLUSION

The presented clinical case highlights the successful
use of a cryopreserved vascular homograft for peripheral
ECMO connection. Effective control of hemorrhagic
complications during prolonged mechanical support is
a crucial factor in achieving positive outcomes. This
underscores the importance of accumulating further cli-
nical experience with this technique to draw definitive
conclusions regarding its effectiveness.

The authors declare no conflict of interest.
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Bioengineered pancreatic constructs based on scaffolds made from decellularized tissues and pancreatic islets (PIs)
may be used to extend the functional activity of transplanted PIs in patients with type I diabetes. Objective: to
investigate in vitro the effect of decellularized porcine liver scaffold (DPLS) on the viability and insulin-producing
capacity of isolated human PIs. Materials and methods. The resulting DPLS was subjected to histological exa-
mination, DNA quantification, and cytotoxic effect testing. The PIs were isolated from human pancreas fragments
using the collagenase technique. Under standard conditions, PIs were cultured in three different environments:
monoculture (control group), with DPLS present (experimental group 1) or with decellularized human pancreas
scaffold (DHPS) present (experimental group 2). Vital fluorescent dyes were used to evaluate the viability of Pls.
Basal and glucose-loaded insulin concentrations were determined by enzyme immunoassay. Results. The basic
composition and structure of the extracellular matrix of liver tissue in DPLS samples were preserved thanks to
the selected decellularization procedure. The samples had no cytotoxic effect, and the residual amount of DNA
in the scaffold did not exceed 1.0%. PIs from the experimental groups showed no significant signs of degradati-
on and fragmentation during the 10-day incubation period compared to PIs from the control group. On day 10,
the viability of PIs from experimental group 1 was 64%, that of experimental group 2 was 72%, and that of the
control group was less than 20%. After the first day of culturing, insulin concentration were 29.0% higher in
experimental group 1 and 39.1% higher in experimental group 2 compared to the control group. On day 10 of the
experiment, insulin levels in experimental groups 1 and 2 differed by 124.8% and 150.9%, respectively, from the
control group. Under a glucose load, the insulin level in experimental group 1 was 1.7 times higher than in the
control group, whereas that of experimental group 2 was 2.2 times higher. Conclusion. The resulting DPLS has
a positive effect on the viability and insulin-producing capacity of PIs. When creating a bioengineered construct
of PIs, DPLS can be used as a component obtained in sufficient quantity from an available source.

Keywords: decellularization, porcine liver, scaffold, pancreatic islets.

INTRODUCTION

Transplantation of functionally active pancreatic is-
lets (PIs) is generally considered one of the safest and
least invasive transplantation methods for treating seve-
re cases of type I diabetes mellitus (T1D) [1]. A major
focus in cell therapy research in the treatment of T1D
is to maintain the viability and functional activity of
transplanted beta cells as long as possible. Several key
challenges impact islet graft survival, including hypoxia,
oxidative stress, partial portal vein thrombosis, and the
immediate blood-mediated inflammatory response. In
addition, the isolation process itself significantly com-
promises PI viability and function before transplantati-
on even occurs. Pls vascularization and innervation are
disturbed, and the signaling interaction between islet
cells and components of extracellular matrix (ECM) is
fundamentally changed.

Recent advances in tissue engineering have opened
new possibilities for improving the long-term survival
and function of transplanted PIs [2—4]. One of the most
promising strategies involves bioengineered endocrine
pancreas constructs that utilize decellularized scaffolds
recellularized with insulin-producing cells [5]. To obtain
scaffolds, organs or tissues undergo a decellularization
process to remove immunogenic cellular components,
while preserving the ECM (proteins and growth factors)
composition as much as possible [6, 7].

Three-dimensional (3D) scaffolds, purified from DNA
and retaining essential proteins, create a microenviron-
ment that supports functional cell survival and activity.
This allows optimizing conditions for their prolonged
viability [3]. In addition, decellularized tissue scaffolds
provide efficient repopulation by functional cells, as they
contain the appropriate 3D architecture and preserved
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spatial framework of ECM components to maintain cell
adhesion and functional activity.

Decellularized pancreas scaffolds (DPS) provide a
highly supportive environment for PIs by maintaining
their structural integrity, prolonging viability, and en-
hancing insulin secretion compared to standard culture
conditions. Research has demonstrated that culturing
islets in the presence of DPS prolonges survival and
functioning in vivo [10, 11].

The liver and pancreas are known to share a similar
embryonic developmental pathway (arising from the
same part of the foregut entoderm). The ECM of the liver
and pancreas share similar components, including type
I, ITI, and IV collagen, elastin, laminin, fibronectin, and
glycosaminoglycans [4, 7]. Given these similarities, a
decellularized liver scaffold (DLS) may serve as an alter-
native framework for bioengineered constructs, offering
a supportive environment for insulin-producing cells.

Furthermore, the transplantation of islets into the liver
parenchyma via the portal vein remains the primary cli-
nically approved site for islet transplantation [12, 13].
DLS have shown great potential in preserving both liver
cells [14, 15] and endocrine islet cells [16]. For instance,
studies have demonstrated that 3D scaffolds obtained
from decellularized whole mouse liver lobes significantly
enhance the survival and function of isolated mouse Pls
in vitro [17].

Goh et al. demonstrated that mouse DLS can be suc-
cessfully repopulated with insulin-producing cell ag-
gregates derived from differentiated pluripotent human
embryonic stem cells. The extensive vascular network
of DLS allowed for even distribution of cell aggregates,
unlike DPS, enabling efficient nutrient and oxygen sup-
ply to the insulin-producing cells during cultivation in a
bioreactor for nine days [18].

The potential of scaffolds from other decellularized
organs to prolong the function of Pls has also been de-
monstrated. In [19], it was shown that decellularized
rat spleen scaffolds can serve as a promising carrier for
beta-cell transplantation. When MING6 cells (a mouse in-
sulinoma beta-cell line) were seeded onto these scaffolds,
insulin production was significantly increased compa-
red to traditional 2D culture. Bioartificial PIs created
using decellularized pig lung scaffolds and human Pls
exhibited high viability and insulin production in vitro
comparable to freshly isolated islets. This makes them
a promising platform for real-time drug screening [20].

This strategy for creating a bioengineered pancreatic
construct is expected to find potential applications in pre-
clinical trials, drug development, and diabetes therapy.

When creating a bioengineered construct based on
functional human cells and decellularized allogeneic
scaffold, the problem of organ shortage cannot be avo-
ided, which makes it necessary to obtain scaffold from
xenogeneic material, for example, porcine. In additi-
on, implants derived from decellularized porcine tissu-
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es and organs, such as skin, bladder, heart valves, and
small intestine, have been successfully used in clinical
practice [21]. We also note that the exocrine activity of
the pancreas, and, accordingly, the possibility of self-
digestion of pancreatic tissue complicates the collection
and transportation of the xenogeneic organ. The liver is
devoid of this disadvantage, which makes it attractive
for pancreatic tissue engineering.

The objective of our work was to obtain decellula-
rized porcine liver scaffold (DPLS) and to study in vitro
its effect on the viability and insulin-producing function
of isolated human islets of Langerhans.

MATERIALS AND METHODS
Objects of research

Pancreatic tissue fragments obtained during pan-
creatic resection in patients were used to isolate Pls
and obtain a decellularized human pancreas scaffold
(DHPS). All manipulations were performed according
to the World Medical Association’s (WMA) Declarati-
on of Helsinki “Recommendations Guiding Physicians
in Biomedical Research Involving Human Subjects”,
adopted by the 18th World Medical Assembly, held in
Helsinki, Finland in 1964 according to the current re-
vised text. A report (dated March 16, 2018, Protocol No.
160318-1/1/1e) approving the experimental studies was
obtained from the Local Ethics Committee of Shumakov
National Medical Research Center of Transplantology
and Artificial Organs.

Pancreatic tissue fragments were placed in Hanks’
Balanced Salt solution (+4 °C) with antibiotic/anti-
mycotic and stored at +4 °C...+6 °C for no more than
10 hours before the islet isolation procedure.

DHPS obtained by decellularization of human pan-
creatic tissue fragments according to our previously
developed protocol [22] was used in the experiments.

DPLS was obtained using pig liver (weight 20 kg,
age 3 months, Promagro, Stary Oskol).

Obtaining and studying decellularized
porcine liver scaffold

Porcine liver was decellularized (Fig. 1) guided by
a protocol including treatment of mechanically chop-
ped tissue (fragment size no larger than 2x2x2x2 mm)
in three shifts (24 hours for each shift) of phosphate-
buffered saline (PBS) containing 0.1% sodium dodecyl
sulfate (SDS) and increasing concentrations of Triton
X-100 (1%, 2%, and 3%), and treatment with deoxy-
ribonuclease I (DNase I) (Sci-Store, Russia) [23]. Por-
cine liver fragments were processed at room tempera-
ture under continuous stirring on a magnetic stirrer at
a speed of 300 rpm. To achieve complete removal of
cellular components, measured by the residual amount
of DNA, DPLS was treated in a DNase I solution. Next,
DPLS were washed of residual surfactants for 72 hours
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by incubating the samples in PBS containing antibiotic/
antimycotic. DPLS samples were sterilized by gamma
irradiation with a dose of 1.5 Mrad.

Sterile DPLS samples were stored at —20 °C and,
immediately before the experiment, were crushed to a
particle size of 500 + 45 pum to reduce the degree of
microheterogeneity.

DNA content in the original and decellularized por-
cine liver tissue was determined. For this purpose, DNA
was isolated from the samples using DNeasy Blood
& Tissue Kit (QIAGEN, Germany) according to the
manufacturer’s instructions. For DNA quantification,
we used fluorescent dye Quant-iT PicoGreen (Thermo
Fisher Scientific, USA) and microplate reader Spark 10M
(Tecan Trading, Switzerland), which was used to analyze
the resulting thermionic emission at 520 nm wavelength.

For histological examination, the original tissue and
DPLS samples were fixed in 10% buffered formalin
(Biovitrum, Russia), washed in running water, dehyd-
rated in ethanol of ascending concentration (70%, 80%,
90% and 96%), incubated in a mixture of 96% ethanol
and chloroform and embedded in paraffin. Histological
sections were deparaffinized, rehydrated, and stained
with Mayer’s hematoxylin (Dako, Denmark) and 1%
eosin solution (Biovitrum, Russia) and according to
the Masson trichrome method for total collagen. The
stained sections were encapsulated in Bio Maunt balm
(Bio-Optica, Italy). The preparations were analyzed and
photographed using a Nikon Eclipse Ti inverted micro-
scope (Nikon, Japan).

In vitro cytotoxicity of the DPLS samples was eva-
luated by direct contact method in accordance with the

standard GOST ISO 10993-5-2011 [24] on a culture of
the NIH/3T3 mouse embryonic fibroblasts. Cells were
seeded into 24-well flat-bottom culture plates and incu-
bated at +37 °C under standard conditions until a mo-
nolayer with an 80-85% confluence was formed. The
tested samples were placed on the surface of the formed
cell monolayer. Cell morphology was evaluated after
24 hours of incubation. Complete growth medium for
NIH/3T3 cells served as a negative control, and a stan-
dard zinc solution in nitric acid (9.95 mg Zn in 1-2 wt.%
HNO,, dilution 1:200 with 0.9% NaCl solution for in-
jection) served as a positive control. The cell culture
was visually evaluated using a Nikon Eclipse Ti light
microscope (Nikon, Japan).

Isolation and identification of human
pancreatic islets

Islets were isolated by focusing on the collagenase
technique using collagenase NB1 (activity 20 PZ U/g
tissue) and neutral protease NP (activity 1.5 DMC U/g
tissue) (Serva, Germany) [9, 22].

Freshly isolated islets were identified using dithizone
staining (Sigma-Aldrich, USA), which labels zinc in
insulin granules. For this purpose, part of the suspen-
sion was mixed with the dye solution in a 2:1 ratio and
incubated for 20-30 min at +37 °C. Staining and islet
counting were performed using a Nikon Eclipse Ti light
microscope (Nikon, Japan). The resulting islet suspen-
sion was resuspended in complete growth medium and
used in the experiment within 24 hours of isolation.

Stage 3
Washing off of surfactants — 72 hours
PBS + antibiotic/antimycotic

Stage 1
Mechanical crushing of the liver
into 2x2x2 mm fragments

Stage 2

Decellularization of liver fragments
1. Surfactant solutions

Stage 4
Gamma irradiation
1.5 MRad

* PBS + 0.1% SDS + 2% Triton X-100

* PBS + 0.1% SDS + 1% Triton X-100
24 hours each

* PBS +0.1% SDS + 3% Triton X-100
2. DNase I — 48 hours

Created In BloRender.com bie

Fig. 1. Schematic representation of how a decellularized porcine liver scaffold (DPLS) is obtained
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Cultivation of human pancreatic islets
in monoculture and in the presence
of scaffolds

Approximately equal amounts of isolated islets (n =
250+ 10) were added to three 25 cm? culture vials (Grei-
ner bio-one, Germany). No scaffolds were added to the
first culture vial (control group). In the second culture
vial, 20.0 + 0.1 mg of DPLS was added (experimental
group 1). In the third culture vial, 20.0 = 0.1 mg DHPS
was added (experimental group 2). Islets from control
and experimental groups were cultured in complete
growth medium containing DMEM (1.0 g/L glucose)
(PanEco, Russia), 10% ETS (HyClone, USA), Hepes
(Gibco, USA), 2 mM L-glutamine (PanEco, Russia),
1% antibiotic/antimycotic (Gibco, USA). Islets were
cultured under standard conditions at +37 °C in a humi-
dified atmosphere containing 5% CO,, with daily visual
monitoring and photography using a Nikon Eclipse Ti
inverted microscope (Nikon, Japan) equipped with a
digital camera. The culture medium was changed at days
1, 3, 7, and 10 in order to collect samples for further
investigation of insulin content by enzyme-linked im-
munosorbent assay (ELISA).

Determination of pancreatic islet viability

To assess the viability of freshly isolated and cultured
human PIs, fluorescent staining was performed using the
LIVE/DEAD Cell Viability/Cytotoxicity Kit (Molecular
Probes, USA). A portion of the islet suspension (either
in monoculture or with scaffolds) was placed in a Petri
dish, mixed with the prepared working dye solution at a
2:1 ratio, and incubated in the dark for 15-30 minutes.
Viable islets, indicated by green fluorescence, were coun-
ted using a Nikon Eclipse 50i fluorescent microscope
(Nikon, Japan).

Determination of insulin-producing function
of pancreatic islets

The basal concentration of insulin in control and
experimental groups at day 1, 3, 7 and 10 was determi-
ned using the ELISA Kit for insulin Human CEA448
Hu-96 (Cloud-Clone Copr., USA) according to the
manufacturer’s instructions. For this purpose, growth
medium containing 2.8 mmol/L glucose was replaced
in culture vials. After 1 hour of incubation under the
same conditions (+37 °C, 5% CQO,), the culture medium
was sampled.

Changes in hormone levels under glucose loading
(up to 25 mmol/L) were assessed on the second day
of incubation. The growth medium was first replaced
with fresh medium containing a low glucose concent-
ration (2.8 mmol/L). After a 60-minute incubation un-
der standard conditions, culture medium samples were
collected and frozen at —23 °C. The growth medium
was then replaced with fresh medium containing a high
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glucose concentration (25 mmol/L), followed by another
60-minute incubation. Culture medium samples were
again collected (two per cultivation period) and frozen
at —23 °C for further ELISA analysis.

Quantification was performed by measuring optical
density using a Spark 10M microplate reader (Tecan
Trading, Switzerland) with Spark Control Magellan
V1.2.20 software. Readings were taken at wavelengths
of 450 nm and 550 nm to correct for optical defects in
the microplate. Statistical analysis was conducted using
Microsoft Office Excel (2016), with differences consi-
dered statistically significant at p < 0.05.

RESULTS AND DISCUSSION
Decellularized porcine liver scaffold

Decellularization of porcine liver fragments was
achieved using a combination of chemical (SDS and
Triton X-100) and enzymatic (DNAse I) treatments. This
process resulted in finely dispersed decellularized por-
cine liver scaffold (DPLS) with a residual DNA content
of no more than 10.3 £ 1.5 ng/mg — less than 1% of the
DNA present in native liver. Additionally, the fine fiber
structure and essential extracellular matrix (ECM) com-
ponents of the porcine liver were preserved.

Native porcine liver tissue is characterized by a pro-
nounced division of the parenchyma into lobules boun-
ded by connective tissue layers (Fig. 2, a). In Masson’s
trichrome stain, blue collagen fibers are well identified
in connective tissue strands (Fig. 2, b).

DPLS specimens are characterized by preserved fi-
brous structure with the presence of clearly distinguis-
hable thin ECM fibers. In the structure of the scaffold,
both interlobular and intralobular stroma are determined
(Fig. 2, c, d). At the same time, the samples are free of
cells and cellular detritus, which is also confirmed by
quantification of the content of preserved DNA.

In vitro evaluation confirms that the biocompatibility
of DPLS meets biosafety criteria regarding cytotoxicity.
Cytotoxicity results were assessed based on the degree
of cell response after incubation with the samples. Fib-
roblast morphology and viability remained unchanged
upon contact with DPLS samples, relative to the negative
control (response degree 0) (Fig. 2, e, f). These findings
indicate that the studied samples exhibit no cytotoxic
effects.

According to in vitro evaluation, the biocompatible
properties of DPLS meet the biosafety criteria for cyto-
toxicity. Cytotoxicity results were analyzed according to
the evaluation scale of the degree of cell response after
incubation with the samples. Upon contact with DPLS
samples, the morphology and viability of fibroblasts re-
lative to the negative control did not change (response
degree 0) (Fig. 2, e, f). Thus, the studied samples have
no cytotoxic effect.
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Freshly isolated human pancreatic islets

After isolation, we observed a significant number of
islets of various sizes with predominantly round shape
and smooth surface. Selective dithizone red-orange stai-
ning of B-cells allowed identification of Pls (Fig. 3, a).
LIVE/DEAD staining demonstrated green fluorescence
in 95-98% of freshly isolated islets (Fig. 3, b).

Viability of pancreatic islets

After isolation, most PIs in the control group retained
their shape and structural integrity during the first three
days of incubation, with only a few exhibiting signs of
fragmentation and degradation. Fluorescent microscopy
analysis revealed that 78% of PIs remained viable in the
control group after one day of culturing, decreasing to

Fig. 2. Native porcine liver (a, b) and DPLS (c, d): a, c — H&E staining; b, d — Masson trichrome staining. NIH/3T3 fibroblasts
cultured with DPLS: e, phase-contrast microscopy; f, LIVE/DEAD fluorescent staining. Scale bar 100 pum
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approximately 60% by day three (Fig. 4). However, by
the third day, noticeable morphological changes were
observed, including cavity formation, fragmentation,
and irregular surface contours in many Pls. By the end
of the first week, significant structural deterioration had
occurred, reducing PI viability to below 30%, and by
day 10, viability dropped to less than 20% (Fig. 5, a, b).

Isolated islets cultured with DPLS (experimental
group 1) and DHPS (experimental group 2) exhibited
no signs of destruction or fragmentation throughout the
10-day observation period. Most islets showed adhesi-
ve properties, attaching to the fibrous scaffold surface,
while those remaining in the culture medium continued
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to float. LIVE/DEAD staining on day 1 of incubation
confirmed the viability of most islets, with 83% viability
in experimental group 1 and 85% in experimental group
2. By day 3, islet viability was 77% and 82% for experi-
mental groups 1 and 2, respectively (Fig. 4). A gradual
decline in viability was observed by day 7, with 71% in
experimental group 1 and 78% in experimental group 2.
By day 10, islet viability decreased to 64% (Fig. 5, c, d)
and 72% (Fig. 5, e, 1), respectively. Notably, enhancing
viability may be achievable through the use of a perfu-
sion bioreactor, as the continuous circulation of culture
medium could optimize nutrient and gas exchange while
facilitating metabolic waste removal. This approach is

Fig. 3. Isolated human pancreatic islets: a, dithizone staining; b, LIVE/DEAD fluorescent staining. Scale bar 100 pm
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particularly relevant for PIs embedded within the scaf- and 10, estimating the basal concentration of insulin in
fold structure [25, 26]. the culture medium.

) . . . After the first day of culturing, insulin levels were
Com!:)arahve analysis of msglm:producmg significantly higher in both experimental groups com-
function of human pancreatic islets pared to the control. In experimental group 1, the insulin
in monoculture and in culture with scaffolds  evel increased by 29.0% (73.9 + 8.0 pg/mL), while in

The secretory capacity of human PIs in the control — experimental group 2, it rose by 39.1% (79.7 = 7.6 pg/
and experimental groups was determined at days 1, 3,7 mL), compared to the control group (57.3 = 6.1 pg/mL).

-

Fig. 5. Human pancreatic islets cultured in monoculture (a, b), with DPLS present (¢, d) and with DHPS present (e, f). 10 days
of culturing: a, c, e — inverted phase-contrast microscopy; b, d, f — LIVE/DEAD fluorescent staining. Scale bar 100 um

81



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXVII - N2 1-2025

By day 3 of incubation, insulin levels remained elevated,
with experimental group 1 showing a 49.0% increase
(62.0+ 7.4 pg/mL) and experimental group 2 exhibiting
a69.0% increase (70.3 += 7.0 pg/mL) relative to the con-
trol group (41.6 + 4.9 pg/mL). By day 7, the difference
in insulin levels between the experimental and control
groups became even more pronounced. Insulin concen-
tration in experimental group 1 (58.4 + 6.9 pg/mL) was
70.8% higher than in the control group (34.2 + 5.1 pg/
mL), while experimental group 2 (63.3 + 7.2 pg/mL)
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exhibited an 85.1% increase. At day 10, basal insulin
production in experimental groups 1 and 2 was 124.8%
and 150.9% higher than in the control group, respectively
(Fig. 6, a). This corresponds to insulin secretion levels
that were 2.25 and 2.51 times greater in experimental
groups 1 and 2 compared to the control group. Thus,
insulin secretion levels in experimental groups 1 and
2 were 2.25 and 2.51 times higher than in the control
group, respectively (Fig. 6, b).

10

Time, day

O Pancreatic islets + DPLS

Pancreatic islets + DPLS

O Pancreatic islets + DHPS

Pancreatic islets + DHPS
O Glucose level 25 mmol/L

Fig. 6. Comparative analysis of the secretory capacity (a) and functional activity under glucose stimulation (b) of human
pancreatic islets in monoculture (control group), cultured with DPLS (experimental group 1) and cultured with DHPS (expe-

rimental group 2)
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The analysis of culture medium samples collected on
day 2 of incubation, both before and after glucose sti-
mulation (25 mmol/L), confirmed the functional activity
of the cultured Pls. In the control group, insulin levels
increased by 36.6% following glucose stimulation (from
44,8+ 1.88t061.2+1.98 pg/mL). In experimental group
1, insulin secretion rose by 60.4% (from 68.1 +2.13 to
109.2 £2.53 pg/mL), which was 1.7 times higher than in
the control group. In experimental group 2, insulin levels
increased by 79.0% (from 72.5+2.07 to 129.8 +2.47 pg/
mL), which was 2.2 times higher than in the control
group and 1.2 times higher than in experimental group 1.

It is important to note that the relative basal insulin le-
vels in the studied culture systems on day 2 of incubation
were consistent with the values observed on days 1 and
3 when assessing islet secretory ability. This consistency
confirms the reliability of the results obtained.

A comparative analysis of human PI viability and
insulin secretion in the presence of DHPS or DPLS de-
monstrated that both scaffolds support PI survival and
insulin production under standard culture conditions for
10 days, outperforming monoculture. Although DPLS
had a slightly less pronounced effect on cultured Pls, its
advantage lies in its availability and the ease of obtai-
ning it in sufficient quantities compared to DHPS. The
use of both DHPS and DPLS scaffolds for in vitro islet
preservation may contribute to extending PI functionality
in vivo.

In the future, DPLS may serve as a source for deve-
loping new biomaterials, such as macroporous sponges
and hydrogels. The porous structure of these scaffolds
not only enhances nutrient and gas transport but also
promotes cellular colonization, vascular ingrowth, and
nerve integration [27-29]. One potential approach for
fabricating macroporous sponges with tailored mecha-
nical properties is cryostructuring of DPLS hydrolysis
products [30]. For instance, cryogenically structured
biopolymer substrates, such as sponge agarose cryogel
modified with gelatin, have demonstrated full biocompa-
tibility and effectively supported long-term insulin secre-
tion in cultured mouse islet cells [31, 32]. Additionally, a
DPLS-based hydrogel could enable the development of
injectable encapsulated cell-engineered constructs and
be applied in 3D bioprinting technologies [33].

CONCLUSION

DPLS exhibits slightly lower efficacy than DHPS in
supporting the viability, insulin secretion, and functional
activity of human PIs. However, in the development
of cell-engineered constructs, further studies exploring
the use of decellularized liver scaffold — an abundant
and readily available biomaterial — could contribute to
advancements in both bioartificial liver and bioartifi-
cial pancreas technologies. This could enhance beta-cell
maintenance and function in vitro and in vivo.

The authors declare no conflict of interest.
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CHEMICAL DECELLULARIZATION OF PORCINE LIVER

BY TWO-STAGE TREATMENT WITH SURFACTANTS

AND OSMOREGULATORS ENHANCES PRESERVATION OF LIVER
EXTRACELLULAR MATRIX STRUCTURE
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Objective: to develop and investigate a tissue-specific matrix obtained using a modified chemical porcine liver
decellularization regime in order to effectively increase preservation of extracellular matrix (ECM) structure, re-
duce decellularization time and improve purification of the ECM from cellular elements. Materials and methods.
Original porcine liver was minced to obtain tissue fragments. Five decellularization regimes were used, with the
concentrations and timing of surfactant treatments varied: 0.1% sodium dodecyl sulfate (SDS) and 0.1% or 1%
Triton X-100, without and in combination with phosphate-buffered saline (PBS). The glycosaminoglycan (GAG)
content of the resulting fragments was determined by lysing the samples for 12 hours in papain solution at +65 °C
and then incubating them in 1,9-dimethylmethylene blue. DNA quantification was carried out using DNeasy
Blood&Tissue Kit and Quant-iT PicoGreen dye. The morphology of the samples was studied using histological
staining techniques. Cytotoxicity of the samples in vitro was evaluated on an NIH/3T3 mouse fibroblast culture by
direct contact. Results. Treatment with 0.1% SDS for 2.5 hours with additional treatment with 1% Triton X-100
containing PBS for 21.5 hours (regime 4) increased GAG content to 11.66 = 0.61 ng/mg compared to 0.68 +
0.06 ng/mg (regime 5). The DNA content of samples obtained in regime 4 decreased from 99.75 + 3.93 ng/mg
to 14.93 + 4.91 ng/mg after additional treatment with type I DNase, indicating that cellular components were
effectively removed. This matrix showed no cytotoxicity. Conclusion. By optimizing the chemical decellulariza-
tion regime for porcine liver, we were able to improve preservation of ECM structures, shorten decellularization
time and effectively reduce the content of cellular elements. The modified decellularization protocol allowed to
obtain a non-cytotoxic tissue-specific matrix with a low potential immunogenicity and a more preserved ECM
structure and higher GAG content.

Keywords: porcine liver, decellularization, glycosaminoglycans, tissue engineering.

INTRODUCTION

Over the last decade, tissue engineering has advanced
significantly, with cell-free matrices obtained through
decellularization becoming a cornerstone among bio-
degradable materials used as cellular carriers in cell-en-
gineered constructs. Bioequivalents of liver tissue serve
as both a promising alternative to liver transplantation —
helping address the global donor organ shortage — and
as effective in vitro models for drug screening and per-
sonalized medicine.

The primary advantages of using matrices derived
from decellularized organs include: their ability to pre-
serve the native extracellular matrix (ECM) structure
and biochemistry, effectively providing a near-native
microenvironment for cells to repopulate and function
within; low immunogenicity achieved by removing cel-
lular components; high biocompatibility; potential for

xenogeneic organ utilization for decellularization [1,
2]. In this context, matrices derived from decellularized
tissues and organs serve not only as physical scaffolds
for cells but also actively support their proliferation and
function [3, 4]. A key objective in developing decellu-
larization protocols is the preservation of glycosamino-
glycans (GAGs), a major ECM component. GAGs are
essential for cell adhesion, proliferation, and differen-
tiation [5], largely due to their ability to interact with
cytokines, growth factors, enzymes, and proteins [6].

The choice of a decellularization method depends on
several factors, including the specific organ type, species
origin, tissue structure, and density. Decellularization
techniques are generally classified into physical, che-
mical, and enzymatic methods [7, 8].

Among chemical approaches, Triton X-100 and so-
dium dodecyl sulfate (SDS) are commonly used to dis-
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rupt cell membranes and denature proteins effectively.
Triton X-100, a non-ionic detergent, is considered less
aggressive toward collagen, elastin, and GAGs in ECM
compared to SDS [9, 10]. Due to its ionic nature, SDS
requires extensive washing to prevent cytotoxic residues
from remaining deep within the tissue, as their removal
can be challenging [11-13].

To enhance cell membrane permeability and improve
surfactant penetration deep into the tissue, decellulariza-
tion protocols often leverage a synergistic approach by
combining multiple methods [14, 15].

For instance, to enhance the efficiency of the decel-
lularization process in mouse liver tissue, Kobes et al.
combined surfactants with osmotic shock-inducing subs-
tances [16]. Osmotic shock, achieved through alternating
hypertonic and hypotonic solutions, promotes cell lysis
while minimally affecting the ECM and facilitates the re-
moval of cell debris post-lysis [17, 18]. Similarly, Suss et
al. employed an SDS solution supplemented with EDTA
and ultrasound to decellularize nervous tissue [19].

Previously, we proposed a protocol for generating a
tissue-specific microdispersed matrix from decellula-
rized liver using a prolonged (72-hour) treatment with
three surfactant solutions containing SDS and increasing
Triton X-100 concentrations, followed by DNase treat-
ment [20, 21]. This approach effectively removes cellu-
lar components while leveraging Triton X-100 to aid in
the removal of SDS residues [12]. However, drawbacks
include the extended duration of the decellularization
process and the use of a magnetic stirrer, which may
negatively impact the ECM’s composition and structural
integrity.

This study aimed to develop and evaluate a tissue-
specific matrix derived from porcine liver using a modi-
fied chemical decellularization protocol. The proposed
approach focuses on enhancing ECM preservation, shor-
tening decellularization time, and improving the removal
of cellular components from ECM.

MATERIALS AND METHODS
Object of study

For decellularization we used porcine liver obtained
at a slaughterhouse (PROMAGRO, Stary Oskol) after
slaughtering the healthy animals. The original tissue was
frozen at —20 °C. Before the experiments, the liver was

defrosted and mechanically minced using a scalpel and
scissors to obtain porcine liver fragments (PLF) no larger
than 1.5%1.5 mm.

PLF decellularization regimes

PLF were processed using 5 decellularization regimes
at +25 °C and constant stirring at 90 rpm using an ES-
20/60 incubator shaker (Biosan, Latvia). The decellula-
rization regimes are presented in Table.

In all protocols, the PLF underwent sequential treat-
ment with a surfactant-containing solution in distilled
water, followed by phosphate-buffered saline (PBS;
137 mM NacCl, 2.67 mM KCl, 1.47 mM KH,PO,,
8.1 mM Na,HPO,, pH 7.4) containing surfactant (low
ionic strength solution) for a specified duration.

PLF treatment with DNase

To achieve complete removal of cellular components,
as assessed by the residual DNA, after decellularization
of samples in regime 4, we included an additional PLF
treatment with a type I DNAase solution (SayStorLab,
Russia). Samples (0.5 ml) were placed in 1.0 mL of
10 mM Tris-HCI pH 7.6 solution containing 2.5 mM
MgCl,, 0.5 mMol CaCl,, and 50 U/mL DNAase I and
incubated for 48 hours at +37 °C.

Determination of glycosaminoglycan content
in native liver and decellularized PLF

For quantification of GAG content in native and de-
cellularized PLF (DPLF), samples were lyophilized at
—80 °C (FreeZone, Labconco, USA). After lyophiliza-
tion, 30 mg samples each (n = 3) were lysed in papain
solution (Sigma-Aldrich, USA) at +65 °C for 12 hours.
GAG concentration was measured using 1,9-dimethyl-
methylene blue (DMMB) dye (Sigma-Aldrich, USA) and
a Tecan Spark 10M tablet reader (Tecan Trading, Swit-
zerland), measuring absorbance at 525 nm wavelength.

Double-stranded DNA staining with DAPI dye
in native liver and DPLF

For preliminary assessment of DNA content in native
porcine liver (n = 3) and DPLF (n = 3), samples were
pre-frozen at —20 °C, embedded in freezing medium
(Leica, Germany), and sectioned into 10-pm-thick slices
using a Leica CM1900 UV cryostat microtome (Leica,

Table

Porcine liver decellularization regimes

Regime Stage |

Stage I

H,0 + SDS 0.1% — 2.5 hours

PBS + SDS 0.1% — 21.5 hours

H,O + Triton X-100 0.1% — 2.5 hours

PBS + Triton X-100 0.1% — 21.5 hours

H,O + Triton X-100 1% — 2.5 hours

PBS + Triton X-100 1% — 21.5 hours

H,O + SDS 0.1% — 2.5 hours

PBS + Triton X-100 1% — 21.5 hours

N[ |W|N|[—

H,O + Triton X-100 1% — 18 hours

PBS + SDS 0.1% — 6 hours

Note: SDS, sodium dodecyl sulfate; PBS, phosphate-buffered saline.
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Germany). The sections were then stained with the blue-
fluorescent DNA stain 4',6-diamidino-2-phenylindole
(DAPI) (Sigma-Aldrich, USA) at a concentration of
1 pg/mL. Each sample was visually examined for DNA
preservation using a Leica THUNDER Imager fluores-
cence microscope (Leica, Germany).

Quantification of DNA in native liver
and DPLF

To quantify DNA content in native liver and DPLF
samples, the DNeasy Blood & Tissue Kit (QIAGEN,
Germany) was used following the manufacturer’s inst-
ructions. A 10 mg sample of native liver (n =3) or DPLF
(n = 3) was processed for analysis. Double-stranded
DNA quantification was performed using the Quant-
iT PicoGreen dsDNA Assay Kit and dsDNA Reagents
(Invitrogen, USA) according to the manufacturer’s pro-
tocol. DNA content in the samples was measured using
a Tecan Spark 10M microplate reader (Tecan Trading
AG, Switzerland) at a wavelength of 520 nm.

Determination of in vitro cytotoxicity of DPLF

In vitro cytotoxicity of DPLF samples was assessed
following the interstate standard GOST ISO 10993-5-
2011 [22] using NIH/3T3 mouse fibroblasts (ATCC®
CRL-1658™, American Type Culture Collection) and
the direct contact method. Fibroblasts were cultured in
standard 25 cm? culture flasks (CELLSTAR Greiner Bio-
One, Germany) with complete growth medium (CGM)
containing DMEM (Dulbecco’s Modified Eagle’s Medi-
um) with high glucose (4.5 g/L, DMEM high glucose ¢
HEPES, PanEco, Russia), 10% calf serum (Biosera, Ger-
many), Anti-Anti antibiotic-antimycotic (Gibco, Thermo
Fisher Scientific, USA), and 2 mM glutamine (PanEco,
Russia). Cultures were maintained in a CO, incubator
at 37 °C under a humidified atmosphere with (5 = 1)%
CO,. Cells were detached using TrypLE Express Enzyme
dissociation reagent (Gibco, Thermo Fisher Scientific,
USA), and the initial cell count was determined using a
TC 20™ Automated Cell Counter (Bio-Rad Laboratories
Inc., USA). The initial cell count in the suspension was
determined using a TC 20™ Automated Cell Counter
(Bio-Rad Laboratories Inc., USA). To assess cytoto-
xic effects, fibroblasts were seeded into 96-well flat-
bottomed culture plates (CELLSTAR Greiner Bio-One,
Germany) at a concentration of 1-2 x 10° cells per well
and incubated in CGM under standard conditions until
an (80 £ 10)% monolayer was established. Test samples
(n = 8) were then introduced into wells containing the
fibroblast monolayer and incubated for 24 hours. Mor-
phological changes in fibroblasts were assessed using a
Nikon Eclipse TS100 microscope (Nikon, Japan).

To evaluate the effect of DPLF samples on NIH/3T3
cell viability, cells were stained using the LIVE/DEAD
Cell Viability/Cytotoxicity Kit (Molecular Probes by
Life Technologies, USA) following the manufacturer’s
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protocol. Fluorescence analysis was conducted using a
Nikon Eclipse Ti fluorescence microscope (Nikon, Ja-
pan).

As controls, nutrient medium DMEM with a high
glucose content of 4.5 g/LL (PanEco, Russia) served as
the negative control to establish baseline cellular res-
ponses, while a single-element aqueous zinc standard
(10,000 pg/mL, Sigma-Aldrich, USA) was used as the
positive control.

Histological examination of native liver
and DPLF

Samples of native liver tissue and DPLF were fixed in
a 10% formalin solution, washed in running water, and
dehydrated using a graded ethanol series. They were then
treated sequentially with an ethanol-chloroform mixture,
pure chloroform, and finally embedded in paraffin.

Histological sections were deparaffinized, rehydra-
ted, and stained using hematoxylin and eosin for gene-
ral tissue structure, Masson’s method for total collagen
content, and alcian blue for GAGs. The stained sections
were analyzed and photographed using a Nikon Eclipse
Ti inverted microscope (Nikon, Japan).

Statistical analysis of obtained results

Data analysis was performed using Microsoft Office
Excel (2021). Mean values and standard deviations were
calculated, and statistical significance was assessed using
Student’s t-test. A p-value of <0.05 was considered sta-
tistically significant.

RESULTS AND DISCUSSION

Fig. 1 illustrates the impact of different porcine liver
decellularization protocols (outlined in Table) on GAG
concentration in DPLF samples. For comparison, the fi-
gure also includes data from DPLF obtained using a pre-
viously developed protocol involving magnetic stirring
[20, 21]. It is known that GAG content in native porcine
liver tissue is lower (0.59 £ 0.03 pg/mg dry tissue) than
in decellularized samples, likely due to the high cellular
mass fraction in the liver (comprising up to 80% of the
organ’s total mass) [23].

When liver fragments were treated with 0.1% SDS
for 24 hours (regime 1), only a small amount of GAG
was retained (3.42 + 1.03 ug/mg dry tissue), which was
not significantly different from the previously developed
protocol (3.03 + 0.24 pg/mg dry tissue) [20, 21]. Notably,
several studies have also reported the detrimental effect
of SDS on GAG retention during decellularization of
various tissues and organs [24, 25]. An evaluation of
the effect of Triton X-100 at 0.1% (regime 2) and 1%
(regime 3) concentrations — used to enhance cell mem-
brane permeability and promote cell lysis — revealed no
significant difference in GAG retention, with values of
9.38 + 0.67 pg/mg dry tissue and 10.74 = 0.95 pg/mg
dry tissue, respectively.
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After decellularization under regimes 3 and 4, resi-
dual GAG content did not differ significantly (10.74 £+
0.95 pg/mg dry tissue and 11.66 £0.61 pg/mg dry tissue,
respectively). However, in regime 5 — where 1% Triton
X-100 was used in the first stage (18 hours) followed by
0.1% SDS in the second stage (6 hours) — GAG retention
was the lowest, at 0.68 + 0.06 pg/mg dry tissue.

Beyond maintaining ECM structure and key compo-
nents, effective decellularization requires the thorough
removal of cells and cellular debris. A key indicator of
successful decellularization is the absence of nuclear
material, as confirmed by DAPI staining. DAPI selec-
tively binds to double-stranded DNA, producing fluore-
scence that is twenty times more intense upon binding,
making it a reliable marker for residual nuclear content
(Fig. 2, a—e) [18].

As shown in Fig. 2, a, the characteristic fluorescence
of nuclei was clearly detected in the original porcine liver
tissue. In DPLF samples, the intensity of fluorescence
varied depending on the decellularization regime and the
effectiveness of cellular removal. In regime 1 (Fig. 2, b),
a moderate number of visible nuclei remained, indica-
ting partial decellularization. Similarly, regimes 2 and
3 (Fig. 2, ¢, d), which used only Triton X-100, resulted
in multiple observable nuclei, demonstrating that this
surfactant alone is insufficient for complete cellular re-
moval. In contrast, regime 4 (Fig. 2, ), which involved
sequential treatment with 0.1% SDS followed by 1%
Triton X-100, showed a significant reduction in nuc-
lear content. Notably, regime 5, which reversed the or-
der — starting with 1% Triton X-100 followed by 0.1%
SDS —resulted in the complete absence of visible nuclei,
indicating the most effective decellularization.

14
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Decellularization regimes

Application of all decellularization regimes signifi-
cantly reduced the DNA content in DPLF compared to
the original liver tissue (Fig. 2, g), an essential factor in
minimizing the potential immunogenicity of the matrix.
According to the criteria proposed by Crapo et al., a de-
cellularized matrix is considered adequately processed if
it contains no more than 50 ng of DNA per mg of tissue.
Triton X-100 and SDS are known to remove up to 90%
of DNA from tissue [18, 26].

In regime 1, where the sample was treated with 0.1%
SDS solution, the DNA content was reduced to 34.78 +
3.82 ng/mg dry tissue — just 2.18% of the DNA present
in the original liver tissue (1595.10 £ 96.80 ng/mg dry
tissue). The significant reduction in DNA observed with
regime 1 likely results from the synergistic effect of SDS-
induced changes in osmotic strength, which enhances
cell membrane destruction and promotes more efficient
cell lysis.

The use of other decellularization regimes did not
achieve the minimum DNA removal threshold of 50 ng/
mg tissue. This suggests that additional steps are needed
to improve the penetration of decellularizing agents deep
into the matrix, facilitating cell membrane destruction
and cell lysis.

It is worth noting that treating tissue with only 0.1%
or 1.0% Triton X-100 solutions is often insufficient for
complete cell removal. While these treatments preserve
high GAG content (9.38 + 0.67 ug/mg dry tissue and
10.74 + 0.95 pug/mg dry tissue, respectively), they fail
to eliminate sufficient amounts of genetically active
material. A similar trend was observed in decellulari-
zation regime 4, where sequential exposure to 0.1%
SDS and 1% Triton X-100 reduced DNA levels only to

0.68

Fig. 1. Effect of porcine liver decellularization regime on GAG content
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99.75 £3.93 ng/mg dry tissue — well above the required
threshold. However, this protocol retained the highest
GAG content (11.66 £ 0.61 pg/mg dry tissue).

Histological staining of DPLF samples was perfor-
med to validate the results obtained. Two samples were
selected for examination based on their distinct charac-
teristics: regime 1, which achieved the lowest residual
DNA content, ensuring effective cell removal, and re-
gime 4, which preserved the highest amount of GAG
within the DPLF-based matrix (Fig. 3).

When stained with hematoxylin and eosin, as well
as using the Masson method, the sample treated under
regime 1 exhibited polymorphic fragments of decellula-
rized liver with a well-preserved intra-lobular structure

and pronounced porosity (Fig. 3, a, b). This structural
integrity could positively impact DPLF recellularizati-
on, as high porosity facilitates nutrient diffusion to cells
within the matrix and supports neovascularization.

Additionally, no preserved cell nuclei or cellular
debris were observed in the sample, corroborating the
quantification of residual DNA, which indicated mini-
mal genetic material remaining post-decellularization.
However, GAG staining with alcian blue was very weak
(Fig. 3, c), aligning with the low quantified GAG content.
This suggests that regime 1 — while effective in DNA
removal — led to significant loss of GAG, a crucial ECM
component.
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Fig. 2. Effect of porcine liver decellularization regime on DNA content. DAPI staining: a, original porcine liver tissue; b,

regime 1; c, regime 2; d, regime 3; e, regime 4; f, regime 5. Scale bar, 100 um. g, quantitative DNA content in porcine liver
fragments
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DPLF treated under regime 4 (Fig. 3, d—f) exhibited
dense fiber arrangement with reduced porosity due to the
formation of liver fragment conglomerates. The sample
stained positively for total collagen (Masson’s method)
and GAG (Alcian blue) (Fig. 3, e, f). However, preserved
cellular detritus was observed.

Histological analysis aligned with DNA and GAG
quantification data, demonstrating high GAG retention
but insufficient DNA removal in DPLF obtained under
regime 4.

To address this, additional treatment with type I
DNAase solution was applied. Fig. 4 shows that this
further reduced DNA levels to 0.94% of the original
amount (14.93 = 4.91 ng/mg dry tissue from 1595.10 £
96.80 ng/mg dry tissue), significantly enhancing.

Based on these findings, decellularization regime 4
was selected as the optimal protocol due to its ability to
maximize ECM structure preservation, retain high GAG
content, and enhance cell and cellular debris removal.

.
73

! B

i

—

Fig. 3. Effect of porcine liver treatment regime on decellularization efficiency. H&E stain: a, regime 1; d, regime 4. Masson’s
trichrome stain: b, regime 1; e, regime 4. Alcian blue stain: ¢, regime 1; f, regime 4. Scale bar, 100 um

1800

1600 -

1400

1200

400

DNA content, ng/mg dry tissue

1595.10

200 -

Original tissue

99.75
4 4 + DNase

Decellularization regimes

Fig. 4. Effect of DNase treatment on porcine liver decellularization efficiency
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Cytotoxicity assessment of DPLF using the direct  viability. As shown in Fig. 5, a, the number of viab-
contact method on NIH/3T3 mouse fibroblast cultures le fibroblasts was comparable to the negative control
demonstrated no adverse effects on cell morphology or  (Fig. 5, ¢). A cytotoxic effect was observed in the positive
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Fig. 5. Degree of cytotoxicity of matrix based on decellularized porcine liver fragments (DPLF) obtained in regime 4, in vit-

ro. (a, b), test sample of DPLF; (c, d), negative control; (e, f), positive control. (a, c, e), phase-contrast microscopy; (b, d, f),
fluorescence microscopy with LIVE/DEAD vital dye. 40x magnification
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control sample, where cells exhibited a spherical shape,
indicating loss of viability (Fig. 5, e).

The absence of cytotoxicity in DPLF obtained via de-
cellularization regime 4 was further confirmed by LIVE/
DEAD staining (Fig. 5, b). A large number of viable cells,
forming a monolayer comparable to the negative control,
were observed in contact with the samples (Fig. 5, d).
The positive control (Fig. 5, e) exhibited dead cells with
red fluorescence.

Based on these findings, it was concluded that DPLF
has no cytotoxic effect in vitro.

CONCLUSION

Thus, our study revealed that SDS treatment nega-
tively affected preservation of GAG, a key component of
the natural ECM. However, optimization of the chemical
porcine liver decellularization regime — through a two-
stage application of surfactants and osmoregulators —
successfully reduced tissue processing time by nearly
half, enhanced ECM structure preservation, and reduced
cellular component content, ensuring low potential im-
munogenicity and eliminating cytotoxic effects.

The authors declare no conflict of interest.

REFERENCES

1. Dai Q, Jiang W, Huang F, Song F, Zhang J, Zhao H.
Recent advances in liver engineering with decellularized
scaffold. Front Bioeng Biotechnol. 2022; 10: 831477.
doi: 10.3389/fbioe.2022.831477.

Zhang X, Chen X, Hong H, Hu R, Liu J, Liu C. Decellu-
larized extracellular matrix scaffolds: Recent trends and
emerging strategies in tissue engineering. Bioact Mater.
2021; 10: 15-31. doi: 10.1016/j.bioactmat.2021.09.014.
Isaeva EV, Beketov EE, Arguchinskaya NV, Ivanov SA4,
Shegay PV, Kaprin AD. Decellularized Extracellu-
lar Matrix for Tissue Engineering (Review). Sovrem
Tekhnologii Med. 2022; 14 (3): 57-68. doi: 10.17691/
stm2022.14.3.07.

Garcia-Gareta E, Abduldaiem Y, Sawadkar P, Kyriaki-
dis C, Lali F, Greco KV. Decellularised scaffolds: just
a framework? Current knowledge and future direc-
tions. J Tissue Eng. 2020; 11: 2041731420942903. doi:
10.1177/2041731420942903.

Biomimetics of Extracellular Matrices for Cell and Tis-
sue Engineered Medical Products / Ed. V.I. Sevastianov,
Yu.B. Basok. Newcastle upon Tyne, UK: Cambridge
Scholars Publishing, 2023; 339.

Sodhi H, Panitch A. Glycosaminoglycans in tissue engi-
neering: a review. Biomolecules. 2020; 11 (1): 29. doi:
10.3390/biom11010029.

Huang 7, Godkin O, Schulze-Tanzil G. The challenge in
using mesenchymal stromal cells for recellularization of
decellularized cartilage. Stem Cell Rev Rep.2017; 13 (1):
50-67. doi: 10.1007/s12015-016-9699-8.

Neishabouri A, Soltani Khaboushan A, Daghigh F
Kajbafzadeh AM, Majidi Zolbin M. Decellularization
in tissue engineering and regenerative medicine: eva-
luation, modification, and application methods. Front

92

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Bioeng Biotechnol. 2022; 10: 805299. doi: 10.3389/
fbioe.2022.805299.

Jeong W, Kim MK, Kang HW. Effect of detergent type
on the performance of liver decellularized extracel-
lular matrix-based bio-inks. J Tissue Eng. 2021; 12:
2041731421997091. doi: 10.1177/2041731421997091.
Willemse J, Verstegen MMA, Vermeulen A, Schurink 1J,
Roest HP, van der Laan LJW, de Jonge J. Fast, robust
and effective decellularization of whole human livers
using mild detergents and pressure controlled perfusion.
Mater Sci Eng C Mater Biol Appl. 2020; 108: 110200.
doi: 10.1016/.msec.2019.110200.

Nemets EA, Malkova AP, Duhina GA, Lazhko AJe, Basok
YuB, Kirillova AD, Sevastianov VI. Effect of supercritical
carbon dioxide on the in vivo biocompatible and resorpti-
ve properties of tissue-specific scaffolds from decellula-
rized pig liver fragments. Promising materials. 2021; 11:
20-31. [In Russ, English abstract]. doi: 10.30791/1028-
978X-2021-11-20-31.

Gilpin A, Yang Y. Decellularization strategies for rege-
nerative medicine: from processing techniques to ap-
plications. Biomed Res Int. 2017; 2017: 9831534. doi:
10.1155/2017/9831534.

Syed O, Walters NJ, Day RM, Kim HW, Knowles JC.
Evaluation of decellularization protocols for production
of tubular small intestine submucosa scaffolds for use in
oesophageal tissue engineering. Acta Biomater. 2014; 10
(12): 5043-5054. doi: 10.1016/j.actbio.2014.08.024.
Sevastianov VI, Basok YuB, Grigoriev AM, Nemets EA,
Kirillova AD, Kirsanova LA et al. Decellularization of
cartilage microparticles: Effects of temperature, super-
critical carbon dioxide and ultrasound on biochemi-
cal, mechanical, and biological properties. J Biomed
Mater Res A. 2023; 111 (4): 543-555. doi: 10.1002/
jbm.a.37474.

Bakhtiar H, Rajabi S, Pezeshki-Modaress M, Ellini MR,
Panahinia M, Alijani S et al. Optimizing methods for bo-
vine dental pulp decellularization. J Endod. 2021; 47 (1):
62-68. doi: 10.1016/j.joen.2020.08.027.

Kobes JE, Georgiev GI, Louis AV, Calderon 14, Yoshi-
maru ES, Klemm LM et al. A comparison of iron oxide
particles and silica particles for tracking organ recellu-
larization. Mol Imaging. 2018; 17: 1536012118787322.
doi: 10.1177/1536012118787322.

Kim JK, Koh YD, Kim JO, Seo DH. Development of a
decellularization method to produce nerve allografts
using less invasive detergents and hyper/hypotonic so-
lutions. J Plast Reconstr Aesthet Surg. 2016; 69 (12):
1690-1696. doi: 10.1016/j.bjps.2016.08.016.

Crapo PM, Gilbert TW, Badylak SF. An overview of tis-
sue and whole organ decellularization processes. Bioma-
terials. 2011; 32 (12): 3233-3243. doi: 10.1016/j.bioma-
terials.2011.01.057.

Suss PH, Ribeiro VST, Motooka CE, de Melo LC,
Tuon FF. Comparative study of decellularization tech-
niques to obtain natural extracellular matrix scaffolds
of human peripheral-nerve allografts. Cell Tissue Bank.
2022; 23 (3): 511-520. doi: 10.1007/s10561-021-
09977-x.

Nemets EA, Kirsanova LA, Basok JB, Schagidulin MJ,
Volkova EA, Metelsky ST, Sevastianov VI. Technology



REGENERATIVE MEDICINE AND CELL TECHNOLOGIES

21.

22.

23.

features of decellularization of human liver fragments as
tissue-specific fine-grained matrix for cell-engineering
liver construction. Russian Journal of Transplantology
and Artificial Organs.2017; 19 (4): 70-77. [In Russ, Eng-
lish abstract]. doi: 10.15825/1995-1191-2017-4-70-77.
Kirillova AD, Basok YB, Lazhko AE, Grigoryev AM,
Kirsanova LA, Nemets EA, Sevastianov VI. Creating a
tissue-specific microdispersed matrix from a decellula-
rized porcine liver. Physics and Chemistry of Materials
Processing. 2020; 4: 41-50. [In Russ, English abstract].
doi: 10.30791/0015-3214-2020-4-41-50.

GOST ISO 10993-5-2011. Medical devices. Biological
evaluation of medical devices. Part 5. Tests for in vitro
cytotoxicity. M.: Standartinform, 2014; 9.

Gordillo M, Evans T, Gouon-Evans V. Orchestrating
liver development. Development. 2015; 142 (12): 2094—
2108. doi: 10.1242/dev.114215.

93

24.

25.

26.

Zhou J, Fritze O, Schleicher M, Wendel HP, Schenke-
Layland K, Harasztosi C et al. Impact of heart valve
decellularization on 3-D ultrastructure, immunogenicity
andthrombogenicity. Biomaterials. 2010; 31 (9): 2549—
2554. doi: 10.1016/j.biomaterials.2009.11.088.

O’Neill JD, Anfang R, Anandappa A, Costa J, Javidfar J,
Wobma HM et al. Decellularization of human and por-
cine lung tissues for pulmonary tissue engineering. Ann
Thorac Surg. 2013; 96 (3): 1046-1056. doi: 10.1016/j.
athoracsur.2013.04.022.

Sullivan DC, Mirmalek-Sani SH, Deegan DB, Baptis-
ta PM, Aboushwareb T, Atala A, Yoo JJ. Decellulariza-
tion methods of porcine kidneys for whole organ engi-
neering using a high-throughput system. Biomaterials.
2012; 33 (31): 7756-7764. doi: 10.1016/j.biomateri-
als.2012.07.023.

The article was submitted to the journal on 17.08.2024



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS Vol. XXVII - N2 1-2025

DOI: 10.15825/1995-1191-2025-1-114-134
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Organ transplantation continues to be the gold standard for saving the lives of patients with end-stage organ
diseases. Its goal is to help recipients live longer and better lives. However, despite advancements, organ trans-
plantation still faces serious challenges, such as organ shortage and the effects of chronic immunosuppression. In
this regard, there is ongoing vigorous search for therapeutic strategies that can improve the efficacy of allogeneic
organ transplantation. Mesenchymal stems cells (MSCs) can significantly enhance and accelerate regenerative
processes in damaged organs, can angiogenesis angiogenesis and inhibit cell apoptosis, inflammation and fibrosis
formation, and have immunomodulatory properties. Researchers and physicians are interested in MSCs because
of a set of unique properties that could be useful in solid organ transplantation. This review critically analyzes and
summarizes the actual clinical data related to the study of the therapeutic effects of MSCs in organ transplantation.
Electronic databases Medline/PubMed (www/ncbi.nlm.nih.gov/pubmed) and eLIBRARY/Russian Science Cita-
tion Index (https://www.elibrary.ru) were searched for relevant literature. Inclusion criteria were clinical use of
MSCs to improve the condition of kidney, liver, lung, heart and pancreas recipients, and to enhance graft quality.
Exclusion criteria for articles included the use of MSCs for the treatment of non-transplant patients, as well as
articles detailing the effects of MSCs products (exosomes, vesicles and conditioned media) and research studies
conducted in vitro and in vivo (without patient participation), conference proceedings, reviews and preprints of
articles. Thirty-one original articles in English and Russian languages were selected for literature review. The
prospects of MSCs in transplantology are also covered in the paper.

Keywords: mesenchymal stem cells, kidney transplantation, liver transplantation, lung transplantation,
ex vivo perfusion, regenerative medicine.

INTRODUCTION

Organ transplantation continues to be the gold stan-
dard treatment for end-stage organ diseases. It is aimed at
prolonging and improving the quality of life of recipients.

known to have immunomodulatory properties that make
their allogeneic transplantation possible [7]. In addition,
MSC:s are accessible and there are no ethical restrictions
in their use [8]. However, many researchers attribute

In 2022, the number of organ transplants in the Russian
Federation increased by 10.0% compared to 2021 [1].
While organ transplantation has significantly advanced
in medical technology, it still faces serious challenges,
such as organ shortage and the potentially harmful side
effects associated with long-term immunosuppressive
medications needed to prevent organ rejection in the
recipient’s body [2—5]. In this regard, the search for the-
rapeutic approaches that can improve the effectiveness
of allogeneic organ transplantation is actively pursued.

Mesenchymal stem/stromal cells (MSCs) have gar-
nered significant interest in research and clinical practice
because of their unique properties. By their nature, MSCs
can be directed to differentiate into various mesenchymal
tissues like cartilage, fat, and bone [6]. MSCs are also

the therapeutic potential of MSCs to the production of
numerous regulatory and growth-stimulating factors,
exosomes, microvesicles, lipoproteins, microRNAs, and
apoptotic cells into the surrounding environment, which
significantly enhance and accelerate tissue repair in da-
maged organs, stimulate angiogenesis, and prevent cell
apoptosis, inflammation, and fibrosis formation [9]. The
use of MSC:s for the treatment of a wide range of patho-
logies has been reported, including cardiovascular [10,
11], neurodegenerative [12, 13], autoimmune [14, 15],
lung [16], liver [17], kidney [18], orthopedic diseases
[19], and coronavirus infection COVID-19 [20].

These properties highlight the significant potential
of MSCs in solid organ transplantation. Incorporating
MSCs into machine perfusion systems can enhance do-
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nor organ viability and function by mitigating ischemia-
reperfusion injury (IRI) and promoting post-transplant
tissue recovery [21]. At the same time, MSCs may serve
as an adjunct immunosuppressive (immune-tolerizing)
therapy to reduce postoperative complications [22].

This systematic review critically evaluates and sum-
marizes the current clinical evidence on the therapeutic
effects of MSCs in organ transplantation. Data were
sourced from electronic databases, including Medline/
PubMed (www.ncbi.nlm.nih.gov/pubmed) and eLIB-
RARY/Russian Science Citation Index (https://www.
elibrary.ru).

DATABASES REVIEWED AND SEARCH RESULTS

The literature search was conducted in electronic da-
tabases Medline/PubMed (www/ncbi.nlm.nih.gov/pub-
med) and eLIBRARY/Russian Science Citation Index
(https://www.elibrary.ru).

The following terms were used as search query in
Medline/PubMed: mesenchym™*[ti] AND transpl*[ti]
AND organ*[ti] (search query 1); mesenchym™*[ti]
AND transpl*[ti] AND liver*[ti] (search query 2);
mesenchym*[ti] AND transpl*[ti] AND hepat*[ti]
(search query 3); mesenchym*[ti] AND transpl*[ti]
AND kidn*[ti] (search query 4); mesenchym®[ti]
AND transpl*[ti] AND renal*[ti] (search query 5);
mesenchym*[ti] AND transpl*[ti] AND heart*[ti]
(search query 6); mesenchym*[ti] AND transpl*[ti]
AND cardio*[ti] (search query 7); mesenchym™*[ti]
AND transpl*[ti] AND pancr*[ti] (search query 8);

mesenchym*[ti] AND transpl*[ti] AND lung*[ti] (search
query 9). Date of last search: 29.07.2024.

The following terms were used as search query in
eLIBRARY: mesenchym* transpl* organ* (search query
1); mesenxum™ Tpancur* opran® (search query 2); mes-
enchym® transpl* liver* (search query 3); mesenchym*
transpl* hepat* (search query 4); me3enxum™ Tpancmr*
neuen*® (search query 5); mesenchym* transpl* kidn*
(search query 6); mesenchym™* transpl* renal* (search
query 7); Mmezenxum* TpaHcmr* mou* (search query 8);
mesenchym* transpl* heart* (search query 9); mesen-
chym* transpl* cardio* (search query 10); me3enxum™
Tpancn® cepa* (search query 11); mesenchym*
transpl* pancr* (search query 12); mezeaxum™ Tpancrn™®
nomkenyn* (search query 13); mesenchym* transpl*
lung* (search query 14); me3enxum™ Tpancmr® jmerk™*
(search query 15). Date of last search: July 30, 2024.

The inclusion criteria for this analysis encompassed
clinical studies investigating the use of MSCs to impro-
ve outcomes in kidney, liver, lung, heart, and pancreas
transplant recipients, as well as to enhance graft quality.
Only full-text original articles published in English and
Russian were considered. Exclusion criteria included stu-
dies where MSCs were used for conditions unrelated to
organ transplantation, research focusing on MSC-derived
products (such as exosomes, vesicles, or conditioned
media), and in vitro or in vivo studies that did not involve
human patients. In addition, conference proceedings,
review articles, and preprints were excluded.

The flow chart of literature search process is shown
in Fig. 1.

Fig. 1. Literature search flow diagram employed for this review
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The initial search identified 885 publications. First,
articles were manually excluded if they focused on MSC
use in patients who had not undergone solid organ trans-
plantation. Additionally, studies examining the effects
of MSC-derived products, such as exosomes, vesicles,
and conditioned media, were removed. Next, literature
reviews and studies conducted under in vitro and in vivo
conditions were excluded. In the final stage, 16 duplica-
te publications found in both PubMed and eLIBRARY
databases were removed. As a result, 31 articles were
included in the study [23—53]. Among the selected stu-
dies, 24 articles focused on patients who underwent kid-
ney transplants [23—46], while 6 publications examined
the effects of MSC administration in liver transplants
[46-52]. One study explored the use of MSCs in lung
transplantation [53]. No clinical studies reporting the use
of MSCs in heart and pancreas transplants were found.

STUDY RESULTS

Findings from published studies indicate that both
autologous and allogeneic MSCs are safe and exert a
positive therapeutic effect in kidney, liver, and lung trans-
plantation (Table). However, the extent of this effect
varies among studies.

MSCs in kidney transplant

A key focus of many studies was evaluating whe-
ther immunosuppressive therapy could be safely redu-
ced post-transplantation. For instance, Bezstarosti et al.
reported that in the MSC-treated group, tacrolimus (Tac)
dose was reduced by 50% during the second infusion
of autologous MSCs and was completely discontinued
after one week, whereas the control group continued Tac
therapy. Two years post-transplant, renal function in the
MSC group remained comparable to the control group,
with no increase in rejection episodes [23].

Casiraghi et al. in a case report showed that infusion
of autologous bone marrow-derived (BM-) MSCs in a
living kidney transplant (KT) induces graft tolerance,
which makes it possible to completely dispense with
maintenance immunosuppressive drugs late after trans-
plantation [28].

In a one-year follow-up of a phase I-II open-label tri-
al involving 20 patients, Erpicum et al. demonstrated that
a single infusion of allogeneic BM-MSC:s after deceased-
donor KT was safe, increased regulatory T cell (Treg)
concentrations, and improved early allograft function.
Notably, 30% of MSC-treated recipients did not require
corticosteroids, compared to 40% in the control group
[29]. However, long-term effects, including potential
immunization against MSCs, remain to be investigated.

Dreyer et al. conducted a 12-month clinical study
involving 10 kidney recipients from living (unrelated)
donors. Their findings confirmed the safety of allo-
geneic BM-MSC infusion six months post-transplant in
combination with low tacrolimus (Tac) concentrations
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(1.5-3.0 ng/mL). Following MSC administration, all
recipients maintained stable kidney function, with no
reported graft rejection or adverse effects related to cell
therapy [44].

Peng et al. reported similar findings, demonstrating
that allogeneic BM-MSC infusion enabled a reduction
in Tac dosage from 0.077 £+ 0.005 mg/kg/day to 0.045 +
0.002 mg/kg/day in related donor kidney recipients. Im-
portantly, this reduction was achieved without immedi-
ate or long-term toxic side effects associated with MSC
administration. At 12 months of follow-up, only one
acute rejection occurred in the control group, while all
MSC-treated patients maintained stable kidney function
with a 100% survival rate [38].

In a larger cohort, Pan et al. showed that a combina-
tion of reduced-dose Tac (0.04 + 0.05 mg/kg/day) and
allogeneic MSCs was as effective as the standard Tac
regimen (0.07 + 0.08 mg/kg/day) in maintaining graft
survival for two years following living-related KT. No
significant differences were observed in acute rejection
rates, graft survival, serum creatinine levels, or glome-
rular filtration rate between the two groups [43]. These
findings suggest that MSC administration may facilitate
the use of lower doses of nephrotoxic calcineurin inhi-
bitors (CNIs) post-KT.

Vanikar et al. reported a clinical case in which co-
infusion of donor adipose-derived (AD-) MSCs and bone
marrow-derived hematopoietic stem cells (HSCs) was
administered before living-donor KT under nonmyeloa-
blative conditioning. This approach successfully induced
transplant tolerance, with stable kidney function main-
tained in the complete absence of immunosuppression
for up to three years post-transplant [41].

Building on these findings, the authors conducted
a prospective, open-blind randomized study involving
285 patients. Their results demonstrated the safety and
efficacy of co-infusion of autologous AD-MSCs and
bone marrow-derived HSCs into the portal circulation
prior to KT. This strategy, combined with nonmyeloab-
lative conditioning, effectively minimized the need for
immunosuppression [42].

Meucci et al. demonstrated that autologous BM-MSC
therapy, combined with complete Tac withdrawal, is a
promising strategy for KT recipients. This approach not
only effectively prevents graft rejection but also offers
potential cardioprotective benefits [45]. A combination
of MSC therapy with CNI withdrawal prevented progres-
sive left atrial enlargement and dysfunction six months
post-transplant [46].

In a study involving 53 patients, Wei et al. evaluated
the efficacy and safety of allogeneic BM-MSC adminis-
tration in kidney allograft recipients with chronic active
antibody-mediated rejection. No adverse events such as
fever, anaphylaxis, phlebitis, venous thrombosis, cardi-
ovascular complications, or malignancies were observed
following MSC therapy. The two-year allograft survival
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rate was significantly higher in patients who received
four doses of allogeneic BM-MSCs compared to the
control group (87.0% vs. 66.7%) [26].

Reinders et al. demonstrated the feasibility, safety,
and systemic immunosuppressive effects of two intrave-
nous infusions of autologous BM-MSCs in kidney trans-
plant recipients administered four weeks post-transplant.
These recipients exhibited signs of rejection and/or incre-
ased interstitial fibrosis and tubular atrophy, highlighting
the potential of MSCs in managing early post-transplant
complications [39].

Similarly, Ban et al. confirmed the safety of four intra-
venous injections of allogeneic BM-MSCs, administered
every two weeks, in two patients experiencing chronic
active antibody-mediated rejection after kidney trans-
plantation [27]. However, graft function deteriorated
within six months after the final MSC dose, suggesting
that MSC therapy may offer only short-term benefits in
cases of prolonged antibody-mediated rejection resistant
to conventional treatments.

Veceri¢-Haler et al. reported no positive effect of au-
tologous MSC therapy in a patient with late antibody-
mediated kidney rejection, occurring three years after
transplantation. Within two months of follow-up, the
patient experienced multiple complications, including
nausea, vomiting, blepharitis, diarrhea, ascites, spleno-
megaly, arterial hypertension, proteinuria, and pancyto-
penia. All symptoms resolved following the removal of
the damaged kidney [25]. The poor outcome was asso-
ciated with parvovirus B19 infection introduced via the
donor organ, underscoring the need to establish clear
contraindications for MSC therapy in antibody-mediated
kidney rejection.

Of particular interest is the clinical case reported by
Dave et al. A patient with type I diabetes mellitus and
end-stage renal disease received a combination therapy
of allogeneic undifferentiated AD-MSCs, insulin-produ-
cing cells differentiated from AD-MSCs, and hematopoi-
etic bone marrow cells one month before undergoing a
living-donor KT. Remarkably, the patient maintained
stable renal graft function for 13 months without signs
of rejection or deterioration of diabetic status, despite
continued administration of CNIs and steroids [40].

MSCs in liver transplant

Korotkov S.V. et al. reported a clinical case demons-
trating the feasibility of minimizing Tac doses in cases
of renal impairment associated with chronic liver trans-
plant rejection. Their findings suggested that reducing
Tac did not exacerbate immunological dysfunction and
emphasized the necessity of multiple MSCs infusions
to establish an adequate immunotolerant environment
in the recipient [47]. Similarly, Detry et al. success-
fully reduced Tac doses in liver transplant recipients
following allogeneic BM-MSCs infusion, without sig-
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nificant side effects or graft rejection, in contrast to the
control group [51].

Mora et al. described a clinical case where MSCs
were successfully used alongside cyclosporine and me-
thylprednisolone to regulate the immune response in an
liver transplant recipient experiencing graft-versus-host
disease [49]. The authors emphasized the importance of
considering individual patient factors such as disease
severity, overall health status, and comorbidities. They
also highlighted the necessity of continuous monitoring,
including liver function assessment, infection rates, and
potential complications, to enable timely adjustments
in therapy.

Zhang et al. conducted a study with 82 patients di-
agnosed with ischemic cholangiopathy after deceased-
donor liver transplant. The results showed that admi-
nistering human umbilical cord-derived (UC-) MSCs
to liver recipients was safe, with no significant MSC-
related adverse events. UC-MSC therapy improved liver
function, as indicated by decreased levels of total bili-
rubin, gamma-glutamyl transferase (yGT), and alkaline
phosphatase at week 20 post-treatment. The need for
interventional procedures (e.g., endoscopic retrogra-
de cholangiopancreatography, stenting, percutaneous
transhepatic cholangiostomy) was significantly lower in
the MSC group (33.3%) compared to the control group
(64.3%). Moreover, the 1- and 2-year graft survival rates
were higher in the MSC-treated group than in the control
group [52].

MSCs in lung transplant

Erasmus et al. found that the administration of allo-
geneic BM-MSCs may slow the decline in lung trans-
plant function in recipients experiencing chronic rejec-
tion [53].

Our analysis revealed that most of the included
studies (n = 23) utilized autologous or allogeneic BM-
MSCs, while only five studies used AD-MSCs and one
study used UC-MSCs; in two studies, the cell source was
unspecified. Autologous MSCs were used in 11 studies,
whereas allogeneic MSCs were used in 18 studies.

In one study, Kaundal et al. compared autologous
and allogeneic BM-MSC infusion one day before and
30 days after KT from a related donor. The study found
no dose-dependent toxicity from MSCs of different ori-
gins. Flow cytometric analysis showed an increase in B
regulatory lymphocyte populations and nonconventional
regulatory T cells (Tregs), along with a decrease in T
effector lymphocyte proportions in patients receiving
autologous MSCs. These preliminary findings suggest
that autologous MSCs may be a safer option for reducing
adverse immune responses, whereas allogeneic MSCs
may trigger specific cellular and humoral immune res-
ponses against donor antigens [24].

The optimal number of MSCs required to achieve
effective immunosuppression remains unknown, as do-
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sage selection in studies is largely empirical and requires
further investigation. The most commonly used MSC
dose ranges from 1.0 to 2.0 x 10° cells per kg of body
weight, while some studies have administered up to 5.0 x
10° cells per kg in a single infusion.

Of particular interest is the study by Mudrabettu et al.,
in which an initial lower dose of 0.21 x 10° cells per kg
was administered to the first two patients before incre-
asing to levels comparable to other studies. Regardless
of the administered cell dose, recipients demonstrated
an increase in Tregs populations and a decrease in T-cell
proliferation [31].

Determining the optimal timing for MSC administra-
tion is crucial for the success of MSC therapy. In a pilot
study involving two kidney recipients from a related
donor, Perico et al. suggested that pre-transplant infu-
sion of autologous BM-MSCs may be beneficial [36].
A subsequent study by the same authors demonstrated
that a single pre-transplant infusion of MSCs did not
negatively impact the kidney graft while maintaining the-
rapeutic immunomodulatory effects. They also observed
a correlation between Treg expansion and basiliximab
induction therapy [32].

In a long-term follow-up study with a larger patient
cohort, Perico et al. reported stable kidney graft function
for 5-7 years after a single infusion of autologous BM-
MSCs, alongside minimal maintenance immunosuppres-
sive therapy. Importantly, their findings indicated that
MSC infusion did not significantly increase susceptibility
to infections or tumor development over the long term
[30]. The main results of our study are summarized in
Table.

Fig. 2 presents the overall screening results of scho-
larly publications on the use of MSCs in organ trans-
plantation. The figure reflects the number of publications

1S

B Clinical study

B 1n vitro studies

identified in the initial search, followed by the exclusion
of studies focusing on conditioned media, vesicles, and
exosomes, which were not within the scope of this re-
view.

Fig. 2 highlights that the number of preclinical trials
(in vitro and in vivo) significantly surpasses that of clini-
cal trials by more than two times according to the Med-
line/PubMed search and over 1.5 times according to the
eLIBRARY search. It should be noted that although no
clinical cases of MSC use in heart transplantation have
been reported, approximately 20 studies have explored
this area. This suggests that MSCs in heart transplanta-
tion is an emerging field that is gradually progressing
toward clinical application. Additionally, the presence
of numerous literature reviews and commentaries in the
search results underscores the growing interest and sci-
entific focus on this evolving area of clinical research.

At first glance, the absence of publications on MSC
use in pancreas transplantation may seem surprising.
However, this can be explained by the successful appli-
cation of co-transplantation of MSCs with pancreatic
islets as an alternative approach to full pancreas trans-
plantation [54-56].

Allogeneic islet transplantation is considered a viable
treatment option for patients with type I diabetes mellitus
who have had the disease for over five years, are aged 18
to 65 years, experience recurrent severe hypoglycemic
episodes and/or glycemic instability, show lack of sen-
sitivity to hypoglycemic states, and have undetectable
C-peptide levels [57-61].

This alternative approach may explain the scarcity
of clinical studies specifically investigating the use of
MSCs in pancreas transplantation.

|
eLIBRARY !

91

44

B 7n vivo studies

- Reviews and comments

Fig. 2. Results of screening of scholarly publications covering the use of mesenchymal stems cells in organ transplantation in
the electronic databases Medline/PubMed (www/ncbi.nlm.nih.gov/pubmed) and eLIBRARY/Russian Science Citation Index

(https://www.elibrary.ru)
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Table
General characteristics and results of studies included in this review
Publica- | Pa- Type of Dose of | Administrati- | Immunosuppressi- Results
tion tient MSCs MSCs on route and ve therapy
group frequency
1 2 3 4 S5 6 7
Kidney transplant
Tacrolimus, eve-
rolimus, predniso-
lone. .
In the MSCs MSC .therapy promotes early tac.roh—
roup. tacroli- | MUs withdrawal in living donor kidney
%n us %ose was transplant recipients: 45% of patients
Bezsta- Autologous | 1.0-2.0 x 10° IV at weeks reduced to 50% receiving MSCs were able to continue
rosti, R 6 and 7 of . treatment without tacrolimus based on
70 | (source not | cells/kg body during the second . .
2023 stated) weight transplanta— infusion of MSCs everohm}ls and prednisolone. The au-
[23] tion and completel thors pointed out that more thorough
with dravfn aftgr research is necessary to establish
| week. whereas in precise criteria for prescribing MSCs
the 001’1 trol group as immunosuppressive therapy in KT
tacrolimus therapy
was continued
Autologous MSC infusion was found
to be safe and well tolerated by pati-
ents, and all recipients showed stable
IV 1 day graft function following rejection
Autologous . . .
. s | before trans- . episodes in a few cases. Differences
Kaundal, or allogeneic | 1.0-1.5 x 10 . Tacrolimus, myco- T .
plantation . in immunological responses were
2022 15 bone mar- | cells’kg body phenolate mofetil,
. : and 30 days . demonstrated regardless of the same
[24] row-derived weight f prednisolone in. isolati . o
MSCs after trans- origin, isolation, expansion conditions,
plantation and dosage of MSCs. The authors no-
ted the need for more in-depth studies
due to small sample size and lack of
functional assessment data
IVir?‘:ei\_/\glzek Lack of benefit after administration of
e || oo | 3,40 | Tk | Taolmus, myco-| obEeis MSCo i ptnt it
’ 1 . cells/kg body 1 week, phenolate mofetil, Y ney rej o
2021 row-derived weight 2 weeks) steroid The patient was also diagnosed with
[25] MSCs & 3 vears after parvovirus B19 acquired from donor
y KT organ
Calcineurin inhibi- . . .
e lognc | | Resimen': | oy mycophene. | nespresion sombind i
’ bone mar- ) 4 monthly IV | late mofetil with or S Y e
2021 53 row-derived cells/kg body Regimen 2: | without glucocorti- dec.ln}e in kldney allograft functhn in
[26] MSCs weight 4 weekl I\./ coids. methylpred- recipients with chronic active antibo-
y ﬁisolor}fep dy-mediated rejection
Multiple doses of MSCs have been
shown to be safe for treating chronic
active antibody-mediated rejection
Ban Allogeneic 1.0 x 10° Tacrolimus, myco- | in renal transplant recipients. Kidney
2OZi ) bone mar- cell.s ke bod 41V every | phenolate mofetil, | function was stable during treatment
row-derived 8 y 2 weeks low-dose corticos- | with MSCs, then deteriorated within
[27] weight
MSCs & teroid 6 months of the last MSCs infusion.
The authors pointed out the need for
more in-depth studies due to small
sample size
. Cyclosporine, . . .
Cot | et | 210 | i | macophenols | YSCinien ubled st vty
20g20’ ! row-derived cells/kg body | before trans- | - mofetil, methyl- pressants while maintaining optimre)ll
[28] MSCs weight plantation P ;i(eig;si(;lo(;rf’ long-term kidney allograft function
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Continuation table

1 2 3 4 5 6 7
One year after transplantation, 30% of
Cvelosporine MSC-treated patients did not require
. Allogeneic 6 IVon3 =+ yelosp ’ corticosteroids compared to 40% of
Erpicum, 2.0x10 tacrolimus, myco-
bone mar- 2 days after . the control group. It was shown that
2019 20 deri cells/kg body phenolate mofetil, X .
[29] row-derived weight transplanta— mycophenolic MSC mfus.lon was safe and that early
MSCs tion . . graft function improved. The authors
acid, azathioprine S
noted the need for longer-term recipi-
ent follow-up
Pre-transplant infusion of MSCs in

Perico, Autologous 20 % 10° IV 1 day Cyclosporine, kidney transplant recipients from a

bone mar- before trans- related donor under low-dose mainte-

2018 16 deri cells/kg body 1 . mycophenolate . e th )

30] row-derived weight plantationor | 2 o prednisone nance immunosuppressive therapy is

MSCs 7 days after ’ safe and does not cause serious side
effects even with long-term follow-up
First infusion:
0.35-2.1 x MSCs were showed to be safe for pa-
p . g
Mudra- Autologous 10 cells/kg IV 1 day . tients who have had living-donor KT.
body weight. Tacrolimus, myco- | MSC therapy expands regulatory T

bettu, bone mar- before trans- . . .

4 . Second . phenolate mofetil, | cells and reduces T cell proliferation.

2014 row-derived . . plantation or . .

[31] MSCs infusion: 30 days after prednisolone The authors emphasmed the neeq for
0.21-2.26 % larger randomized studies to validate
10° cells/kg the findings
body weight

Autologous A single pre-transplant infusion of

Perico, bone nglar— 2.0 x 10° IV 1 day Cyclosporine, MSCs in recipients of a kidney from a

2013 4 . cells/kg body | before trans- | mycophenolate | related donor has no adverse effect on

row-derived : . . ) . - .
[32] MSCs weight plantation | mofetil, prednisone | the graft, while providing a therapeutic
immunomodulatory effect
Allogencic Injection The safety and feasibility of injecting

Lee, bon egmar- 1.0 x 10° | into the bone | Calcineurin inhibi- | MSCs into the iliac bone of living-

2013 7 row-derived cells/kg body | marrow of | tor, mycophenolate | donor kidney recipients was confir-

[33] MSCs weight the right iliac | mofetil, steroids |med. No graft loss was detected. Three

bone recipients experienced acute rejection
0,
Standard or 80% When compared to IL-2 receptor
reduced dose of bodv induction th h ¢
Autologous calcineurin inhi- antibody induction therapy, the use o
Tan, 1.0-2.0 x 10° : . MSCs among related-donor kidney
bone mar- bitors (tacrolimus, S .
2012 159 . cells/kg body . transplant recipients resulted in lower
row-derived ; cyclosporine), L o
[34] weight incidence of acute rejection, reduced
MSCs mycophenolate . S .
: risk of opportunistic infection, and
mofetil, methyl- . X .
. improved kidney function at 1 year
prednisolone
. Allogeneic 5 . .
Saadi, bone mar- 0.4-0.7> 10 21V with Cyclosporine, MSC therapy facilitates successful
2013 3 . cells’kg body | a 1-week mycophenolate L .
row-derived ; . . . desensitization prior to a repeat KT
[35] MSCs weight interval | mofetil, prednisone
During MSC infusion, a kidney trans-
plant from a related donor was found
6 to be dysfunctional. The recipients

Perico, Autologous | 1.7 x 10 ?r IV 7 days Cyclosporine, were in good condition with stable

bone mar- 2.0x10 )

2011 2 . after trans- mycophenolate graft function at 360 and 180 days

row-derived | cells/kg body . . ) .
[36] ; plantation | mofetil, prednisone | after transplantation. The authors em-
MSCs weight .

phasized the need for more research

on the undesirable side effects of MSC
therapy

In the MSC + HSC group, 12% of
Infusion into recipients experienced acute rejection,

Vanikar, Allogeneic the omental Cyclosporine, 4% died, and there was no graft loss

2010 200 | adipose-de- - vein 9 days | prednisone, azathi- | at 18 months after living-donor KT.

[37] rived MSCs before trans- oprine In the HSC group, there was 18% of

plantation rejection episodes, 6% of graft loss

and 9% of patients died
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Continuation table

1 2 3 4 5 6 7
First infusion
First infusi- of MSCs
on: 5.0 x 10° | directly into .
P Allogeneic | cells/kg body | the renal Methylpredniso-
eng, b ) oht. So- ft art lone, tacrolimus, Tacroli d 1 ab
2013 12 one mar: weight. Se- | graft artery mycophenolate acrolimus dosage was lowered by
[38] row-derived | cond infusi- | during KT. mofetil. predniso- 50% thanks to MSC therapy
MSCs on: 2.0 x 10° Second l’orlie
cells/kg body | infusion of
weight MSCs IV
after 1 month
Rein- Autologous 1.0-2.0 x 10° | Twice IV at Ifredmsone, tacro- | It 1s'safe and .cl.mlcally' feamblq tg treat
ders, bone mar- . limus or cyclospo- |  kidney recipients with subclinical
6 . cells/kg body | 7-day inter- | . L . . .
2013 row-derived weight vals rine, mycophenola- | rejection and/or interstitial fibrosis/
[39] MSCs & te mofetil tubule atrophy with MSCs
1 month
prior to KT:
. 4+ | infusion into .
Dave, Al.logenelc 11> 10 the thymic Tacrolimus, MYCO™ 1 Stable kidney graft function, no rejec-
2013 1 adipose-de- | cells/kg body phenolate sodium, | ~. . . .
. : bloodstream . tion, no worsening of diabetic status
[40] rived MSCs weight . prednisolone
via femoral
catheteriza-
tion
. . . Achievement of graft tolerance with
Vanikar, Alllogenelc I"ortal infu- Methylprednisolo- | stable living-donor kidney graft func-
2013 1 adipose-de- - sion 16 days . . . . .
. ne, prednisone tion without immunosuppression at
[41] rived MSCs before KT .
6 months 3 years after transplantation
Patient survival at 7 years after living-
donor KT under nonmyeloablative
conditioning was 94.7% in the MSC +
Infusion of Tacrolimus, HSC group, 92.5% in the HSC group,
X X o
Vanikar, Allogencic 46 % 10° cellsinto | prednisolone. The and.78.4A) in the control group. Graft
. the omental | control group ad- |survival rates for the same period were
2014 285 | adipose-de- | cells/kg body | . iy . N 0 o .
[42] rived MSCs weioht vein 14 days | ditionally received | 94.6%, 86%, and 94.4%, respectively.
& before trans- | mycophenolate The MSC + HSC group had the
plantation sodium best outcomes, with the HSC group
experiencing fewer rejection events
and requiring less immunosuppression
than the control group
First infusion
First infu- .OfNIIS(.:S
sion: 5 % directly into . o
. 6 the renal Methylpredniso- | The combination of low-dose tacro-
Allogeneic | 10° cells/kg . . .
Pan, . allograft lone, tacrolimus, limus and MSC was as effective as
bone mar- | body weight. . . . S
2016 32 . . artery during | mycophenolate standard-dose tacrolimus in maintai-
row-derived | Second infu- . . . .
[43] o ¢ | KT. Second | mofetil, predniso- | ning graft survival for 2 years after
MSCs sion: 2 x 10° | . fusi £ 1 . .
cells/kg body infusion o one transplantation
: MSCs int-
weight
ravenously
1 month later
No acute rejection or graft loss was
observed after administration of
MSCs, renal function remained stable,
and there were no marked changes in
Dreyer, Allogeneic 1.0-2.0 x 10° Twice IV ' T- and .B—cell popu!atlor}s or plasma
bone mar- 6 months | Tacrolimus, evero- | cytokines. Administration of allo-
2020 10 deri cells/kg body f i dni . bi h1
[44] row-derived weight after trans- | limus, prednisone | geneic MSCS combined with low-dose
MSCs plantation tacrolimus 6 months after transplan-

tation is safe, at least for the first year
after KT. The authors noted the need
for further study of the efficacy of
allogeneic MSCs in KT
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Continuation table

7

Meucci,
2021
[45]

54

Autologous
bone mar-
row-derived
MSCs

1.0-2.0 x 10°
cells/kg body
weight

Twice week-
ly IV

Everolimus, pred-
nisolone, tacroli-
mus

In KT recipients, MSC therapy com-
bined with early tacrolimus withdra-
wal safely improves blood pressure
control compared with standard-dose
tacrolimus treatment 24 weeks after
transplantation and attenuates adverse
left ventricular remodeling characte-
rized by myocardial hypertrophy and
diastolic dysfunction. The authors
pointed out the need for further studies
to determine the impact of this promi-
sing immunosuppression regimen on
long-term cardiovascular outcomes

Meucci,
2022
[46]

54

Autologous
bone mar-
row-derived
MSCs

1.0-2.0 x 10°
cells/kg body
weight

Twice
weekly IV
at weeks 6
and 7 post
transplant

Everolimus, pred-
nisolone, tacroli-
mus

A combination of MSC therapy and
withdrawal of calcineurin inhibitors
prevents progressive left atrial enlar-
gement and dysfunction in the first
6 months after KT

Liver transplant

Korot-
kov,
2022
[47]

Allogeneic
adipose-de-
rived MSCs

2.0 x 10°
cells/kg body
weight

MSCs infu-
sion at days
392, 396,
400, 458 of
transplanta-
tion

Tacrolimus, myco-
phenolate mofetil,
medrol, certican

The efficacy of MSCs as an alternative
way of immunosuppressive therapy
was demonstrated, enabling to mini-

mize tacrolimus doses in the deve-
lopment of renal damage against the
background of chronic liver transplant
rejection without running the risk of
aggravating the severity of immunolo-
gical dysfunction. The authors noted
the need for further research on the
use of MSCs in the late period after
transplantation

Vander-
meulen,
2021
(48]

10

Allogeneic
bone mar-
row-derived
MSCs

1.5-3.0 x 10°
cells/kg body
weight

IVatday 3+
2 of trans-
plantation

Tacrolimus, myco-
phenolate mofetil

Infusion of MSCs did not cause infec-
tions or malignancies over 85 months
of follow-up of liver recipients. No
clear benefits for survival or graft
function were found in the groups
receiving and not receiving MSCs.
The authors underlined the need for
additional studies to better understand
the effects of MSCs on transplanted
organs

Mora,
2018
[49]

1.0 x 10°
cells/kg body
weight

MSCs
infusion on
day 35, 38,

42, and 47 of
transplanta-
tion

Basiliximab,
mycophenolate
mofetil, tacroli-

mus, everolimus,
methylprednisolo-
ne, cyclosporine

MSCs have demonstrated the potential
to modulate the immune response in
liver recipients against the background
of graft-versus-host disease, which
may lead to improved treatment out-
comes and reduced the side effects of
traditional immunosuppressive drugs.
The authors recommended additional
studies to better understand the mecha-
nisms of action of MSCs

Casi-
raghi,
2020

[50]

20

Allogeneic
bone mar-
row-derived
MSCs

1.0-2.0 x 10°
cells/kg body
weight

IV during
premedica-
tion

Tacrolimus, myco-

phenolate mofetil,

methylprednisolo-
ne, prednisone

MSC infusion is safe, well-tolerated
by liver recipients, does not cause
infections or malignancies at 1-year
follow-up, and promotes Tregs ex-
pansion. To validate the findings, the
authors pointed out that a study with
larger patient cohorts to confirm the
results

102



REGENERATIVE MEDICINE AND CELL TECHNOLOGIES

End of table
1 2 3 4 5 6 7
No serious side effects and graft rejec-
Allogeneic 5 tion were observed in liver recipients
Iz)oe iu%y, 20 bone mar- ieﬁs ?k(; >‘t<)olc?y gvo?ligai, Tacrolimus, myco- | after MSC infusion in contrast to the
[51] row-derived weight 2 days phenolate mofetil | control group. Additionally, MSCs
MSCs made it possible to safely lower tacro-
limus dosages
IV at weeks
Allogeneic 1,2,4,8, In liver recipients treated with MSCs,
Zhang, human 1.0 x 10° 12,and 16 the need for interventional therapies
2016 82 umbilical | cells’kg body | of diagnosis Not specified reduced to 33.3% (64.3% in the con-
[52] cord-derived weight of ischemic trol group) and graft survival increased
MSCs cholangio- at year 1 and 2 of follow-up
pathy
Lung transplant
Intravenous infusions of bone marrow-
derived MSCs are well tolerated by
Allogeneic Cyclosporine, lung transplant recipients with chronic
Erasmus, bone mar- 0.5-1.0 x 10° Single or mycophenolate | rejection. In some patients, low doses
2022 13 row-derived cells/kg body repeated TV mofetil, tacroli- of MSCs seem to halt the course
[53] MSCs weight mus, prednisolone, of chronic obstructive pulmonary
azathioprine disease. The authors noted the need for
more research to assess the efficacy of
MSCs

Note: 1V, intravenous infusion; MSCs, mesenchymal stem cells; KT, kidney transplant; LT, liver transplant; IL-2, interleu-

kin-2; HSCs, hematopoietic stem cells.

Thus, the analyzed publications confirm the safety
and therapeutic efficacy of MSC use in kidney, liver, and
lung transplantation. MSCs exhibit regulatory potential,
making them a promising tool for treating rejection reac-
tions and inducing immune tolerance. They effectively
suppress alloreactivity both before and after transplan-
tation and may be suitable for prophylactic use during
transplantation as well as for the treatment of rejection
episodes post-transplant.

PROSPECTS FOR THE USE OF MESENCHYMAL
STEM CELLS IN TRANSPLANTOLOGY

MSCs have shown promising potential in treating a
variety of diseases including disorders of the nervous
system and brain, liver cirrhosis, lung diseases, and car-
diovascular diseases; they are also used in autoimmu-
ne diseases, for wound healing, in plastic surgery, etc.,
which has been confirmed by a large volume of prec-
linical and clinical trials [17, 19, 62—67]. The number
of publications devoted to the use of MSCs for patient
treatment is increasing. According to literature, 1426 cli-
nical trials have been registered as of 2022, which is four
times more than in 2013 [68]. The accumulated data
revealed a number of potential mechanisms that explain
the therapeutic effects of MSCs and the interest in them.

MSCs are multipotent cells capable of differentia-
ting into multiple cell types, including osteoblasts (bone
cells), chondrocytes (cartilage cells) and adipocytes (fat
cells). In response to tissue injury signals and release of

pro-inflammatory cytokines, MSCs secrete a variety of
factors, including chemokines and cytokines, that promo-
te regeneration and modulate immune responses. These
include anti-apoptotic (STC-1, ECVs) and antifibrotic
factors (bFGF, HGF), which help limit tissue damage
and enhance healing, tissue precursor activators (TIMP-
1, TIMP-2, TSP2, ECVs) and growth factors (TGF-§,
VEGF, IGF1, HGF, KGF), which stimulate cell pro-
liferation and differentiation, chemoattractants, which
recruit endogenous precursors to the injury site, immune
modulators (PGE2, TSG-6, ECVs), which locally regu-
late immune responses by selectively inhibiting immune
cell proliferation (Fig. 3) [9, 69-71].

MSCs come from a variety of human tissue sources,
such as bone marrow, adipose tissue, dermis, skeletal
muscle, synovium, subcutaneous veins, dental pulp,
umbilical cord-derived Wharton’s jelly, amniotic fluid,
lung and liver [8, 72]. Due to the diversity of MSCs
sources, minimum criteria for identifying MSCs have
been proposed by the International Society for Cell &
Gene Therapy [6]: adhere to plastic when cultured un-
der standard conditions; they must express the surface
markers CD105, CD73 and CD90 and not express the
surface markers CD45, CD34, CD14 or CD11b, CD79a
or CD19 and HLA DR; MSCs must differentiate into
osteoblasts, adipocytes and chondroblasts in vitro.

To use MSC:s in clinical treatments, they need to be
expanded in a lab to reach a large enough quantity, but
this process of prolonged culturing can negatively impact
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their important characteristics like phenotype, ability to
differentiate into different cell types, and genetic stability,
which is why careful monitoring is crucial to ensure their
safety and effectiveness in therapy [73-75].

MSCs have been reported to have immunoregulatory
properties, meaning they can suppress the proliferation,
differentiation, maturation, and overall function of va-
rious immune cells [76—78]. MSCs have been shown to
have the capability to activate regulatory T cells (Tregs)
and regulatory B lymphocytes, which then function to
suppress the activity of other immune cells, particularly
effector and memory T cells [79]. In addition, MSCs have
the capability to inhibit the development and maturation
of dendritic cells (DCs), thereby significantly reducing
their ability to activate T lymphocytes [80]. MSCs can
induce tolerogenic DCs that produce interleukin-10 and
promote Treg expansion [81]. MSCs have the ability
to shift the phenotype of macrophages from a pro-in-
flammatory M1 state to an anti-inflammatory M2 state
[82]. MSCs have also been shown to inhibit IL-2 medi-
ated proliferation and cytotoxic activity of natural killer
(NK) cells [83]. MSCs also produce significant quanti-
ties of chemokines, which attract immune cells to their
location through a process called chemotaxis. Further,
MSCs secrete immunosuppressive factors that act on
migrating immune cells [84]. MSCs secrete a number of
anti-inflammatory factors, namely, transforming growth
factor (TGF-P), hepatocyte growth factor (HGF), nitric
oxide, hemoxygenase-1, indoleamine-2,3-dioxygenase

Inhibition of killer cell

and express inhibitory costimulatory molecules such
as, TRAIL and PD-L1 [85]. The activation of paracrine
signaling pathways in the body by MSCs is of particular
importance because isolated MSCs remain viable in the
recipient body for a short period of time [86]. A recent
study has revealed that when MSCs undergo program-
med cell death (apoptosis) after being administered, this
process is crucial in triggering immunosuppressive me-
chanisms within the body [87].

MSCs also have low immunogenicity, which allows
the use of allogeneic cells. This feature of MSCs is as-
sociated with low expression of MHC class [ molecules
and absence of MHC class 11, as well as costimulatory
molecules B7-1, B7-2, CD80, CD40, CD40L and Fas
ligand on the surface [88, 89].

Due to the above-mentioned properties of MSCs,
their use arouses the interest of transplantologists as a
means to develop a new therapeutic approach capable
of improving the efficacy of treatment of solid organ
recipients: MSCs possess immunomodulatory properties
and can promote graft regeneration by releasing various
bioactive molecules including exosomes, microvesicles,
and soluble factors like growth factors, cytokines, and
chemokines. There is strong evidence that MSCs have
the potential to mitigate the severity of ischemic and
reperfusion injury in multiple organs like heart, kidney,
liver, brain, and lung [90-95].

Several key challenges complicate the clinical ap-
plication of MSCs in organ transplantation. As shown
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in Table, MSCs from various sources have been used in
clinical settings, yet studies indicate that their properties
vary depending on their tissue of origin [96]. The hete-
rogeneity of properties of MSCs from different donors
remains an unresolved issue that may impact therapeutic
outcomes [97].

The donor’s age also influences MSC efficacy, as cells
from older donors exhibit lower proliferative potential
[98]. Furthermore, standardization of isolation and in
vitro expansion protocols is crucial for maintaining MSC
quality [99]. Current studies report significant variations
in cell dose, infusion timing, and administration proto-
cols, highlighting the need for standardized guidelines.
Addressing these challenges is essential to optimizing the
therapeutic efficacy of MSC therapy in transplantation.

Patients undergoing solid organ transplantation typi-
cally receive a combination of immunosuppressive drugs
(ISDs) such as CNIs, corticosteroids, and mTOR inhibi-
tors [100—102]. As discussed earlier, MSCs also exhibit
immunosuppressive properties and may help mitigate
the adverse effects of ISDs on the immune system [103].

Given these potential benefits, clinical trials have
explored the use of MSCs as an adjunct to ISDs to en-
hance transplant outcomes. However, the interaction
between MSCs and ISDs remains poorly understood,
making it a crucial area for further research. For instance,
Eggenhofer et al. demonstrated in a mouse model that
different combinations of cyclosporine, everolimus, and
mycophenolate mofetil with MSCs had varying effects
on heart transplant survival [104].

Machine perfusion technologies have ushered in a
new era in organ transplantation [105—108]. By preser-
ving organs under near-physiological conditions, these
technologies not only extend preservation time but also
enable more accurate assessments of organ function
[109]. Moreover, the ability to introduce drugs or cells
into the perfusion solution presents an opportunity for
targeted regeneration of ischemic organs.

This potential highlights the feasibility of integrating
regenerative medicine approaches, particularly MSCs,
into machine perfusion. MSCs offer therapeutic benefits
through their ability to stimulate tissue metabolism, pro-
mote cell proliferation, and exert immunomodulatory,
antiapoptotic, and antifibrotic effects. Several studies
have demonstrated promising outcomes with MSC ad-
ministration during machine perfusion of the kidney,
liver, and lung [110-112].

As research in this field progresses, standardized pro-
tocols for MSC dosing and timing in ex vivo machine
perfusion may be established, taking into account the
organ type, size, and extent of ischemia-reperfusion in-
jury [113].

Advancements in the use of MSC for transplantation
are increasingly linked to their pre-activation strategies,
one of which involves autophagy modulation [114]. Au-
tophagy plays a crucial role in regulating MSC stemness,
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viability, differentiation potential, immunomodulatory
properties, and pro-angiogenic activity. Enhancing MSC
function through autophagy modulation before adminis-
tration presents a promising approach to improving their
therapeutic efficacy in organ transplantation.

By activating MSCs via autophagy modulation, their
post-implantation survival can be extended, and the
secretion of regulatory molecules — including growth
factors, exosomes, microvesicles, lipoproteins, and
miRNAs — can be enhanced. These factors accelerate
tissue repair, promote angiogenesis, and mitigate apop-
tosis, inflammation, and fibrosis in transplanted organs
[115-117].

Another method for MSC activation involves the use
of scaffolds (carriers, matrices), which serve as biomi-
metic extracellular matrices. Scaffolds provide structu-
ral support that prolongs MSC viability and functional
efficacy, ensuring an optimized microenvironment for
them [118].

CONCLUSION

Areview of publications in electronic databases sug-
gests that MSC therapy holds promise for improving
outcomes in kidney, liver, and lung transplantation, as
well as enhancing graft quality. Studies have explored
various MSC sources, dosing regimens, and immunosup-
pressive protocols. The scarcity of clinical trials further
underscores the need for additional research to refine
therapeutic protocols.

The authors declare no conflict of interest.
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Objective: to study the composition and topology of the extracellular matrix (ECM) of bovine pericardium and
to identify the best tissue areas suitable for the fabrication of bioprosthetic heart valves (BHVs). Materials and
methods. The pericardium samples of healthy sexually mature bulls were studied; the native pericardium was divi-
ded into three experimental groups: core tissue (BP-CT group), heart base (BP-HB) and connective ligament base
(BP-CL). Scanning electron microscopy was used to examine the structure of the pericardial surfaces (p. serosum
and p. fibrosum), while differential histochemical analysis was used to study the topology of various pericardial
regions, with identification and quantification of the main constituents of the extracellular matrix (ECM) (colla-
gen, elastin, lipids, and glycosaminoglycans). Quantification was performed by bioimaging and digital analysis
of histological images using the ImageJ software. Results. The BP-CT group had the lowest cellular density and,
consequently, DNA content (369.75 + 23.12 ng/mg), in addition to having the most homogeneous, predominantly
collagenous (95.6 + 2.9%) matrix composition with minimal lipid (2.6 £ 1.5%), glycosaminoglycan (0.68 + 0.7%)
and elastin (3 £ 2.4%) content. The BP-CL group had the highest levels of elastin and glycosaminoglycans (27.8 &
3% and 17.5 £+ 0.6%, respectively), while the BP-HB group had the highest lipid content (21.2 +2.7%.). On the
p. serosum side, the ECM composition was noticeably homogeneous, while elastin fibers, glycosaminoglycans,
and lipid clusters were predominantly found on the p. fibrisum side, indicating the natural polarity of the material,
which should be considered when fabricating biomaterials. Conclusion. The findings in this study revealed that
bovine pericardial topology varied depending on the tissue area. Only the main pericardial tissue can be used to
create BHVs, as evidenced by the comparative homogeneity of ECM composition and relatively low cellular
density. The high content of elastin, glycosaminoglycans and lipids in specific pericardial tissue areas (the BP-HB
and BP-CL groups) suggests that either this layer needs to be removed more thoroughly during implant fabrication
(e.g., by selective purification techniques) or these pericardial tissue areas should be used where heterogeneity of
the composition is desired (e.g., in maxillofacial and orthopedic surgery).

Keywords: bovine xenopericardium, pericardial topology, extracellular matrix, bioprosthetic heart valves,
calcification.

INTRODUCTION gevity. Addressing this issue remains a critical priority
in reconstructive cardiovascular surgery [5-7].

At the same time, it is known that the composition
of the pericardial extracellular matrix (ECM) can influ-
ence the body’s general tissue and cellular response to
an implanted material [8, 9]. For example, it has been
shown that pericardial basal membrane proteins posi-
tively influence human aortic endothelial cell migrati-
on, adhesion, proliferation, inflammatory response, and
laminin production, which in turn contributes to one
cluding bioprosthetic heart valves (BHVs), venous and  of the most important indicators of BHV biointegrati-
arterial conduits, cardiovascular patches, and sutures  on — reendothelization. Moreover, emerging data suggest
[1, 3, 4]. However, a major challenge with BP-based  that the propensity of BHVs to calcification may also be
biomaterials is their susceptibility to calcification within  influenced by the composition of the pericardial ECM.
the recipient’s body, significantly limiting implant lon-  FElastin fibers, for instance, are well-known biomaterial

Xenogeneic serous membranes are increasingly used
as a base for developing a wide range of implantable
biomaterials [1]. Among them, bovine xenopericardium
(BP) — which undergoes fixation, decellularization, and
delipidization — is one of the most commonly used bio-
materials in modern cardiovascular surgery [2].

BP serves as the primary material for various bio-
prostheses and auxiliary cardiovascular implants, in-
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calcification sites [ 10, 11]. Elastin is a key structural pro-
tein that forms the framework of blood vessel walls (pri-
marily arteries), the dermis, and interalveolar septa of the
lungs. When damaged, it has been shown to accumulate
calcium salts, becoming a site for medial calcification
in several pathological conditions, including hyperphos-
phatemia (linked to kidney and endocrine disorders),
diabetes and atherosclerosis, pseudoxanthoma elasticum,
beta-thalassemia, monckeberg calcification, rheumatoid
arthritis, Singleton—Merten syndrome, secondary hyper-
parathyroidism, Kawasaki disease, vitamin K deficiency
(including warfarin-associated variant) and vitamin D
metabolic disorders [10, 12]. A number of studies have
also shown that degradation and fragmentation of elastin
fibers in heart and vascular valve grafts are major con-
tributors to aseptic calcification after implantation in the
recipient’s body [10-14].

Damaged (primarily sulfated) glycosaminoglycans
(GAGs) play a crucial role in biomaterial calcification
by acting as nucleation sites for calcium deposition in
biomaterials [12]. Furthermore, the destruction of pro-
teoglycans — which contain up to 95% GAGs and play
a crucial role in collagen fiber stabilization — leads to
the exposure of gap zones (H-zones) on collagen fibrils,
facilitating the deposition of calcium phosphates directly
within the ECM of biomaterials [15].

The significant role of these matrix components in
BHYV calcification is underscored by the ongoing de-
velopment of anticalcification treatments aimed at sta-
bilizing elastin and GAGs. Numerous studies have de-
monstrated that preserving GAGs and elastin effectively
reduces BHV calcification, highlighting their potential
as therapeutic targets [16—19].

In addition, cellular density is a key factor in donor
tissue selection for biomaterial manufacturing, as cell
membranes carry the primary antigens responsible for
implant rejection [20]. This is particularly critical for
BHVs, where, beyond immunological rejection, residual
lipids from cell membranes can trigger passive aseptic
calcification [21, 22].

Despite years of research into decellularization and
delipidization techniques, complete lipid removal re-
mains challenging. Achieving an optimal balance bet-
ween effective lipid extraction and preservation of the
biomaterial’s structural and mechanical integrity is cru-
cial [23].

Moreover, nuclear DNA, being one of the most resi-
lient biomolecules, poses additional challenges in com-
plete tissue clearance during decellularization. Residual
DNA not only remains difficult to degrade but also serves
as a phosphate source, further contributing to calcifica-
tion [24].
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Currently, there is an ongoing search for the optimal
pericardial sites best suited for biomaterial production
[2]. Studies have shown that BHV calcification patterns
depend significantly on the type of donor tissue used in
prosthesis fabrication [25]. In this context, it is essen-
tial to consider key donor tissue parameters — such as
elastin, GAG content, lipid composition, and cellular
density — when selecting pericardial tissue for BHV ma-
nufacturing. However, no such data currently exist for
BP, with most guidelines focusing primarily on physical
properties, such as biomechanical strength and elasticity,
which are influenced by anisotropy and fiber orientation.

Given the lack of scientific literature detailing the
histoarchitecture and biochemical composition of BP
using differential histochemistry methods, this study
conducted a comprehensive histochemical analysis of
native BP. The goal was to identify tissue regions with
the most homogeneous collagen composition, minimal
elastin, GAG, and lipid content, and the greatest potential
for use in BHV fabrication.

MATERIALS AND METHODS
Object of study

Pericardial samples were obtained from sexually ma-
ture, healthy bulls through the slaughterhouse of the Ka-
luga Niva APK meat processing plant (Torkotino village,
Kaluga Oblast). All collected tissue was immediately
placed in sterile 0.9% sodium chloride solution contai-
ning gentamicin (400 pg/mL) and fluconazole (50 pg/
mL) within 30 minutes post-slaughter and transported
to the laboratory in a thermocontainer maintained at
2-8 °C.

Upon arrival at the laboratory — no later than 4 hours
post-slaughter and extraction — the pericardium was
mechanically cleaned of adipose tissue and rinsed in
0.9% NacCl solution containing 5000 ED/100 mL hepa-
rin (Moscow Endocrine Plant, Russia) to remove blood
residues.

After cleansing and rinsing the pericardial fragments
free of heparin using sterile cold 0.9% sodium chlori-
de solution, the samples were divided into three study
groups based on tissue region (Fig. 1): the core tissue
(BP-CT group), the heart base (BP-HB group), and the
connective ligament base (BP-CL group).

Scanning electron microscopy

The surface structure of lyophilized BP fragments
(1 cm®) was then examined using scanning electron mi-
croscopy (SEM) (VEGA 111, Tescan, Czech Republic).
To ensure optimal surface preservation and prevent ma-
trix component degradation, a matrix-preserving lyophi-
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Fig. 1. Sampling areas of the studied fragments of the native
pericardium. BP-HB, vessel base zone; BP-CT, main part of
tissue; BP-CL, ligament base zone

lization process was employed. This included rapid deep
freezing of tissue fragments in a Kelvenator laboratory
freezer at —80 °C, reaching the conditional eutectic point
of =57 °C, and lyophilization for 24 hours in freeze-
drying flasks (FreeZone 2.5 Liter Benchtop Freeze Dry
System, Labconco, Canada) while keeping samples sus-
pended to prevent direct contact with flask surfaces.

After lyophilization, a conductive coating was applied
to the surface of the studied fragments by sputtering gold
particles using a vacuum atomizer Q150R ES (Quorum
Technologies, England). For all examined fragments, the
microrelief of both the serous (p. serosum) and fibrous
(p. fibrosum) surfaces was analyzed.

DNA quantification

To determine DNA content, 20 mg BP fragments were
selected (n > 5 per study group). Genomic DNA was
isolated using the DNA-EXTRAN-2 kit (Syntol, Rus-
sia) following the manufacturer’s instructions. The DNA
concentration in the extracted solutions was measured
using a NanoVue Plus spectrophotometer (Biochrom,
USA) at a wavelength of 260 nm.

Differential histologic analysis

To preserve the native structure of the BP extracellu-
lar matrix, cryotomy was employed to prepare histolo-
gic sections, preventing lipid washout, tissue shrinkage
from dehydration, and structural matrix alterations. For
this purpose: BP fragments were fixed in 10% buffered
neutral formalin at 22 + 2 °C for at least 24 hours, ex-
cess phosphates were removed by washing with running
water, samples were embedded in cryopreservation me-
dium (O.C.T. Compound Tissue Tek, Sakura, Japan).

Sections 9 pum thick were obtained using an MEV cryo-
tome (SLEE Medical GmbH, Germany).

Histological preparations were stained using a com-
bination of histological and differential histochemical
stains, including: hematoxylin-eosin, Sudan III (lipid
identification), Lilly trichrome (collagen detection), Ver-
hoeff—Van-Gieson (elastin identification), and periodic
acid-Schiff (PAS) & alcian blue (GAG detection) [26].

Micrographs and overview histotopograms of the
stained preparations were captured using a Nikon Ec-
lipse Ti-E microscopy station (Nikon, Tokyo, Japan).

Histomorphometric analysis

Inverted microscope system Nikon Eclipse Ti-E (Ni-
kon, Tokyo, Japan) was used in combination with the
splicing method to generate high-resolution histotopo-
grams of stained histological specimens. These images
were processed using NIS Elements AR4.13.05 software
(build 933, Nikon, Tokyo, Japan).

Histomorphometric analysis was conducted using
Imagel software (version 1.54h, NIH, Bethesda, MD,
USA). Each group included a minimum of four histo-
topograms, with each histotopogram representing an
average splice of 35 + 15 standard x4 magnified images.

Bioimaging of micrographs was performed by super-
imposing color masks onto the images and calculating
the area of the mask relative to the total sample slice
within the field of view (20002000 pm). The proportion
of collagen, elastin, lipids, and GAGs in each sample
was quantified as a percentage of the total evaluated
slice area.

Statistical analysis

The study results are expressed as mean + standard
deviation (M + SD). Each experiment was conducted
with at least four repetitions (n > 4), and 16 fields of
view per group (n = 16) were analyzed for microsco-
pic images. Statistical significance was assessed using
one-way analysis of variance (ANOVA), followed by
the Holm—Sidak multiple comparison test, with a sig-
nificance threshold of p < 0.05. Data processing was
performed using Python 3 (ver. 3.10.10) in the Spyder
development environment (v. 5.4.1), utilizing the Pan-
das (v. 1.5.2), NumPy (v. 1.24.2), SciPy (v. 1.5.2) and
SciPy (v. 1.10.0) libraries. Graphical representation of
results was done using Seaborn (v. 0.12.2) and Matplotlib
(v. 3.7.0).

RESULTS AND DISCUSSION

For all groups, the microrelief of the p. serosum and
p. fibrosum surfaces — critical structures of bioprosthetic
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tissue that absorb the hydraulic shock of systemic blood
flow — was thoroughly examined.

Thanks to the use of gentle lyophilization and cryo-
tomy methods, a delicate, syrup-like GAG layer was
observed on the surface of the collagen matrix in all study
groups (Fig. 2). Comparative analysis revealed that on
the p. serosum side, this layer was denser and smoother in
the BP-HB and BP-CL groups than in the BP-CT group.

The presence of an intact GAG layer, which envelops
collagen and elastin fibers susceptible to platelet aggre-
gation and calcification, is a crucial factor in enhancing
the durability and thromboresistance of BHVs.

No additional structural differences were observed
among the studied groups using SEM.

Histochemical analysis of BP-CT group samples re-
vealed that the primary pericardial matrix predominant-
ly comprised wave-like collagen fibers (Fig. 3, a). The
overall matrix architecture exhibited a porous structure
with numerous cavities, which play a vital physiological
role in maintaining biomechanical strength and turgor,

BP-CT

p. serosum

JESp U Sy
200 pm

p. fibrosum

| L | vEGA3 TESCAN VEGA3 TESCAN
200 pm 200 pm

BP-HB

allowing for physiological hypertrophy of cardiac tissue
during exercise.

Notably, the medial ECM region featured a collagen
matrix layer forming particularly large cavities, where
localized lipid inclusions were observed (Fig. 3, b). The
entire pericardial matrix was uniformly saturated with a
small amount of neutral glycosaminoglycans (GAGs).
However, acidic GAGs were detected exclusively within
the basal membrane structure on the p. serosum side of
the native pericardium (Fig. 3, c).

Differential elastin staining revealed a small number
of elastin fibrils penetrating the entire tissue thickness,
with the highest concentration observed on the p. fibro-
sum side (Fig. 3, d).

The ECM of BP-HB group samples exhibited a den-
ser and more compact arrangement of collagen fibers
compared to other groups (Fig. 3, a). Notably, extensive
fatty inclusions were identified primarily on the p. fibro-
sum side of the tissue (Fig. 3, b).

BP-CL

Lot 0| 111 |vecasTescan

200 pm

o

Fig. 2. Surface structure of the p. serosum and p. fibrosum of bovine pericardium in different tissue areas: core tissue area (BP-
CT group), pericardial region at the heart base (BP-HB group) and at the connective ligament base (BP-CL group). Scanning
electron microscopy
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In addition, the fibrous side showed a higher elastin
content, with elastin forming dense strands interwoven
between collagen fibers. Furthermore, neutral GAGs
were observed in close association with these elastin
fibrils (Fig. 3, c, d).

The BP-CL group exhibited a significantly higher
content of non-collagenous ECM components. A large
number of elastin structures were detected, primarily
on the fibrous side, where they were co-localized with
neutral GAGs (Fig. 3, ¢, d). These samples contained
abundant lipids within the tissue itself, along with large
lipid deposits observed on the surface of the p. fibrosum
(Fig. 3, b).

Histomorphometric analysis revealed that the BP-CT
zone had the most homogeneous and predominantly col-
lagenous composition, with a collagen content of 95.6 £
2.9% (Fig. 4).

BP-CT

BP-HB

BP-CL

The highest elastin and GAG content was observed
in the BP-CL group, at 27.8 +£3% and 17.5 + 0.6%, res-
pectively, while the BP-HB group exhibited the highest
lipid content, reaching 21.2 + 2.7%.

The lowest cellular density was found in the BP-CT
group (Fig. 5, a). DNA quantification further confirmed
this, with BP-CT tissue containing 369.75 + 23.12 ng/
mg DNA, which was 1.5 times lower than in the BP-
HB group and 2.5 times lower than in the BP-CL group
(Fig. 5, b).

Based on these findings, the main pericardial tissue
(BP-CT group) is the most suitable for decellularization
techniques, as it has the lowest cell and DNA content,
allowing for effective immunogenicity suppression while
preserving the ECM structure. In addition, the BP-CT
group exhibits the most homogeneous ECM compositi-

b H ~ L _.' A

ST e PR |

, T T
e

Fig. 3. Structure and composition of bovine pericardium matrix in different tissue areas: core tissue area (BP-CT group),
heart base area (BP-HB) and connective ligament base (BP-CL). Light microscopy: a, Lillie’s trichrome (collagen — green,
non-collagen components — red-brown); b, Sudan III (lipids — yellow-orange); ¢, Periodic Acid Schiff-Alcian Blue (acidic
GAGs —blue, neutral GAGs — pink); d, Verhoeff—Van Gieson (elastin — black, background — pink). Due to low cellular density
and the lowest elastin content in the ECM structure of preparations in the BP-CT group, enlarged fragments are presented for
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on, predominantly collagenous, with low lipid, elastin, Therefore, the main pericardial tissue (the BP-CT
and GAG content. This is crucial, as damage to these region) is the preferred and safest biomaterial source
components during preimplantation processing can trig-  for manufacturing BHVs and other auxiliary cardiovas-

ger calcification and inflammatory responses. cular materials, ensuring resistance to calcification and
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Fig. 4. Results of bioimaging and quantification of histological images of bovine xenopericardium in different topographic
areas: core tissue area (BP-CT group), pericardial area at the heart base (BP-HB), connective ligament base area (BP-CL): a,
diagrams demonstrating tissue composition; the total percentage of quantified ECM components exceeds 100% owing to the
overlap in the color mask areas of co-localized components; b, graphs demonstrating the ratio of components, n =16, p <0.01
(Holm-Sidak test)
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Fig. 5. Cellular composition of bovine pericardium in different tissue areas: core tissue area (BP-CT group), pericardial area
at the heart base (BP-HB), connective ligament base area (BP-CL): a, histological images, light microscopy, H&E stain (cell
nuclei — purple, matrix components — pink); b, graph showing quantitative DNA content, n > 5, p < 0.01 (Holm—Sidak test)

degeneration. Meanwhile, the heart base (BP-HB) and
connective ligament base (BP-CL), due to their hetero-
geneity and mineralization potential, are better suited for
manufacture of resorbable implants.

CONCLUSION

The study results highlight the heterogeneous to-
pology of BP across different tissue regions. The high
elastin, GAG, and lipid content in certain regions of the
pericardium (BP-HB and BP-CL groups) emphasizes
the importance of careful tissue selection for bioma-
terial fabrication, especially for BHVs, which require
immunogenic neutrality, calcification resistance, throm-
boresistance, biostability, biomechanical strength, and
re-endothelialization potential.

Given its high ECM homogeneity, stable microar-
chitecture, minimal immunogenic and proinflammatory
components (cells, lipid fractions, and debris), and well-
preserved basal lamina (p. serosum) — which enhances
thromboresistance and re-endothelialization — the xen-
opericardial core tissue (BP-CT) region is the preferred
choice for fabricating BHVs and all other biomaterials in
contact with blood and high pressure of systemic blood
flow.

Meanwhile, elastin-rich pericardial regions can be
repurposed for other reconstructive applications, such
as traumatology, orthopedics, and maxillofacial surgery,
where their thin, strong, and elastic properties make them
ideal for barrier membranes. Additionally, their calci-

fication potential could be leveraged for osteogenesis
induction in peri-implant beds.
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LAPAROSCOPIC AND ROBOTIC HEPATECTOMY
IN LIVING LIVER DONORS. CURRENT STATE AND PROSPECTS

K.O. Semash

National Children's Medical Center, Tashkent, Republic of Uzbekistan

Minimally invasive living-donor hepatectomy is a relatively new surgical technique that can improve donor safety
and expedite donor rehabilitation. Following an early stage of research where donor safety was not adequately
established, the minimally invasive approach nowadays yields better outcomes when carried out by experienced
surgeons. Important factors include donor selection criteria, hospital equipment, and surgeon’s learning curve.
This review describes the current status of laparoscopic and robotic living-donor hepatectomy, along with the
challenges facing the advancement of these surgical techniques.

Key words: liver transplantation, living donation, laparoscopic liver resection, robotic liver resection.

INTRODUCTION

Living-donor liver transplantation (LDLT) became a
viable alternative to deceased-donor liver transplantation
(DDLT) due to a series of surgical innovations developed
in the late 20th century. This was prompted by the rapidly
increasing number of liver transplant (LT) candidates in
cases of severe organ shortage. In children with end-stage
liver disease, especially in their first years of life, reduced
cadaveric grafts and split LT are not always feasible due
to organ size and technical challenges. In some countries,
including the Russian Federation, there are no specific
legal prerequisites or well-defined regulations for using
children as deceased organ donors [1-2]. Liver grafts
from living donors provide comparable or even superior
outcomes in terms of graft function and long-term survi-
val, particularly in pediatric recipients, when compared
to whole or split LT from deceased donors [3—5]. LDLT
offers significant advantages over DDLT, primarily due
to the predictable quality of the liver parenchyma by se-
lection and preparation of related donors, and the ability
to plan the surgery under optimal conditions. Advance-
ments in hepatobiliary surgery and organ preservation
techniques have significantly improved the quality of
LDLT grafts, minimizing ischemic and mechanical inju-
ry [6-7]. More than 50% of pediatric LT worldwide are
performed using LDLT, with relatives being the primary
donors [8].

Donor safety during liver donation surgery, specifi-
cally hepatectomy;, is a significant concern, with compli-
cations like biliary problems (bile duct damage, leaks),
infections, and vascular issues (bleeding) contributing to
donor morbidity. Other factors such as adhesive intes-
tinal obstruction, postoperative hernias and prolonged
stay in the operating room may also contribute to donor
morbidity [9].

Minimally invasive donor hepatectomy (MIDH) has
emerged as a promising technique to reduce donor mor-
bidity. Potential advantages inherent in the minimally
invasive technique are better cosmetic results, less post-
operative pain, faster recovery, and earlier return to daily
activities [10]. MIDH was first described in France by
Daniel Cherqui and colleagues, who performed a laparo-
scopic left lateral sectorectomy on a 27-year-old female
donor for transplantation into her child. This pioneering
case paved the way for its widespread adoption.

The purpose of this review is to describe the current
status of laparoscopic and robotic donor hepatectomy
and to identify the barriers to the spread of these surgical
techniques.

CURRENT CHALLENGES

In the United States, LDLT peaked in 2001, when it
accounted for approximately 10% of all LT [12]. How-
ever, following reports of donor complications, the
number of LDLT procedures dropped by nearly 40% in
subsequent years [12, 13]. As a result, in 2021, when a
record 9,234 LT were performed in the United States,
only 6.2% of recipients received a graft from a living
donor. Most of these were right-lobe grafts [14]. These
data contrast with the figures cited for kidney donation.
For example, in 2021, related kidney donations accoun-
ted for 31.1% of all living-donor kidney transplants in
the United States [15].

According to the International Registry of Organ
Donation and Transplantation, in Asian countries such
as South Korea, Turkey, and Saudi Arabia, living-donor
organ transplantation significantly exceeds deceased-
donor transplantation. Meanwhile, there is no difference
by donated organ [16].

Several meta-analyses and randomized controlled tri-
als have confirmed that minimally invasive laparoscopic
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donor nephrectomy offers lower risks of complications,
less postoperative pain, faster rehabilitation, and con-
sequently lower treatment costs [17-19]. Living-donor
nephrectomy (LDN) is generally not considered a par-
ticularly technically challenging procedure, primarily
because the kidney is removed intact, including its cap-
sule, vascular pedicle, and ureter, without needing to
transect the parenchyma. On the other hand, MIDH is
more technically demanding than living-donor nephrec-
tomy (LDN) because it requires parenchymal transec-
tion, and also liver resection is associated with individual
anatomical features of each donor [20]. These factors,
especially the anatomical complexity and the size (thick-
ness) of the parenchyma, have slowed down progress in
the development of this surgical field [21].

Donor safety and rapid postoperative rehabilitation
are the two main goals of minimally invasive living-
donor graft retrieval [22]. The risk of mortality and mor-
bidity after living-donor liver resection is influenced by
three key parameters: physiological status (e.g., comor-
bidities), volume of liver parenchyma removed, which is
directly related to the risk of postoperative liver failure,
and intraoperative blood loss and subsequent transfusion
need [23]. As a result, in order to minimize the number
of complications, surgical teams performing these ope-
rations should focus on high-quality donor selection and
refinement of surgical techniques. According to the 2021
International Consensus on Minimally Invasive Donor
Liver Resection, there is still debate over whether lapa-
roscopic and robotic techniques can fully achieve these
goals [21, 23].

However, systematic reviews on laparoscopic graft
retrieval in LDLT have provided growing evidence that
this technique is safe and effective, particularly when
performed by experienced surgeons. The reviews con-
clude that laparoscopic donor hepatectomy is associated
with fewer postoperative complications, lead to less in-
traoperative bleeding and ensures faster return to nor-
mal activities compared to open hepatectomy [24-26].
However, it should be noted that LDLT is fundamentally
different from traditional hepatectomy because the vas-
cular pedicles of the resected part must be preserved as
carefully as possible throughout [11].

The 2008 International Consensus Conference on
Laparoscopic Liver Resection in Louisville highlighted
significant concerns about MIDH, particularly regarding
donor safety and reproducibility [27]. At the Second
International Consensus Conference on Laparoscopic
Liver Resections held in Morioka in 2015, it was argued
that while MIDH was no longer inferior to open surgery
in terms of donor safety, it was not recommended as a
standard procedure due to insufficient long-term data
on postoperative complications [28]. After publications
and reports of positive outcomes, an expert consensus
was held in Seoul to make clear guideline for the safe
widespread implementation of this minimally invasive

technique in living liver donors [29]. The results showed
that MIDH yields superior outcomes compared to the
open approach when performed in high-volume trans-
plant centers by surgical teams with extensive experience
in both transplantation and laparoscopy. Moreover, data
from the United States show that donors are more willing
to accept surgery when offered a minimally invasive
procedure [30].

LAPAROSCOPIC LATERAL SECTIONECTOMY

While minimally invasive liver resection has evolved
with different options (hand-assisted laparoscopic sur-
gery, laparoscopic-assisted surgery, pure laparoscopic
laparoscopic hepatectomy), the procedure to remove
the left lateral sector (LLS) from a living donor was
initially demonstrated exclusively as a fully laparosco-
pic technique. All stages of the operation (mobilization,
vascular isolation, parenchymal transection) were perfor-
med laparoscopically without manual assistance, and the
graft was retrieved through a small suprapubic incision
(according to Pfannenstiel) [11]. According to French
surgeon Daniel Cherqui, LLS is an ideal structure for
fully laparoscopic resection because of its convenient
location in the abdominal cavity, high mobility relative
to the rest of the liver and few anatomical variations
[31]. Following the first successful demonstrations of
the feasibility of laparoscopic left lateral sectionectomy
(LLLS) in France, Belgium and South Korea, the safety
and reproducibility of the procedure were validated by
Olivier Scatton [11, 32-35]. In their paper, Scatton et al.
analyzed 70 LLLS and noted that after overcoming the
learning curve, the median hospital stay gradually de-
creased, blood loss on average remained around 50 mL,
and Clavien—Dindo grade II or higher complications
were less frequent. However, it was emphasized that this
procedure requires at least two experienced surgeons to
complete the necessary learning curve [35]. Soubrane et
al. compared not only surgical outcomes but also eco-
nomic outcomes and concluded that mini-invasive left
lateral sectionectomy provides at least equal short-term
outcomes compared to laparoscopic nephrectomy [32].

In the Russian Federation, the LLLS program was
launched in 2016 at the Shumakov National Medical Re-
search Center of Transplantology and Artificial Organs
(“Shumakov Center””) in Moscow. Gautier et al. reported
less blood loss and shorter hospital stay, but longer surge-
ry time with fully LLLS compared to the open approach
at the program formation stage [36]. However, as this
field developed, the operation time decreased significant-
ly, complications became less in comparison with open
surgery, and LLLS gradually became the gold standard
method for left lateral sectionectomy [37—43]. Similar
results have been reported by other authors worldwide
[44—406].
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LAPAROSCOPIC LEFT HEMIHEPATECTOMY

With regard to laparoscopic left hemihepatectomy
(LLH), no serious complications have been reported at
present, however, with limited experience in such surgi-
cal procedures, since the left lobe is a very specific graft
from the point of view of transplantation in adults, and
is used more in pediatric practice [26, 41, 47]. However,
Japanese researchers have reported series of left lobe
transplants in adults [48—49]. The authors note a lower
donor morbidity after these operations, which they at-
tribute mainly to fewer biliary and pulmonary compli-
cations. They also believe that the left lobe graft may be
a choice for adult patients where the graft-to-recipient
weight ratio (GRWR) is greater than 0.8% or between
0.6% and 0.8%, provided that the recipient’s MELD
(Model for End-Stage Liver Disease) score is less than
15. The main risk of these operations is small-for-size
syndrome, which ultimately leads to graft dysfunction
in the recipient. However, no high risks have been de-
scribed specifically for donors.

Similar results have been reported in a multinational
multicenter study (France, Japan, South Korea, Spain,
USA, Italy), where the authors compared the results of
minimally invasive right and left hemihepatectomies
[50]. No statistically significant difference in complica-
tions and outcomes between right and left lobe donors
was reported.

LAPAROSCOPIC RIGHT HEMIHEPATECTOMY

Fully laparoscopic right hemihepatectomy (LRH)
in a living donor was first performed in 2010 in South
Korea by Korean surgeon Han, but the outcomes were
not reported until 2014. This delay in publication led to
the general belief that the first documented LRH was
performed by French surgeon Olivier Soubrane in 2013
[23]. Nevertheless, LRH in living donors has been suc-
cessfully developed and implemented primarily in Asian
countries like Japan and South Korea, where LDLT is
more common than DDLT [26, 51, 52]. However, de-
spite its success, there is significant variation in surgi-
cal techniques between hospitals, particularly in trocar
placement and the sequence of surgical steps [53, 54].

Although the right lobe of the liver provides an ade-
quate parenchyma volume for the recipient, this approach
raises serious concerns about donor safety. Abecassis
et al. reported postoperative complication rates of up
to 40% [9]. The laparoscopic approach has been ad-
vocated in many transplant centers to minimize these
complications. Minimally invasive right lobe resection
is technically more demanding than left lobe resection
due to the deep subdiaphragmatic location of the right
lobe and the need for extensive mobilization. [55]. These
technical difficulties have slowed the development and
widespread adoption of fully LRH for living donors. In
its infancy, hybrid techniques (with manual assistance)

were used [26, 27, 53]. Even now, experienced surgeons
recommend for many centers to use hybrid approaches
before moving to fully laparoscopic right lobe resection
[27]. Importantly, if the anatomic integrity of the graft is
jeopardized, the most appropriate decision is to go for
the open option (conversion).

Nevertheless, in Asia, especially in South Korea,
performing laparascopic hemihepatectomies in donors
is quite common. For example, in 2018, a paper was
published reporting the outcomes of 172 right lobe re-
sections in living donors performed in hospitals in South
Korea between 2013 and 2017 [56]. In 2021, an article
was published reporting 255 completely laparoscopic
right lobe resections in a single center [57]. At the same
time, the studies compared open and laparoscopic liver
resections and demonstrated the high efficiency of mi-
nimally invasive techniques in terms of postoperative
complications, intraoperative blood loss and length of
postoperative hospital stay.

In Russia, Voskanyan et al. were the first to report on
the performance of such a surgical operation [54], with
the greatest cumulative experience of donor right hemi-
hepatectomies accumulated at Shumakov Center. As of
2022, Monakhov et al. reported 276 laparoscopic donor
liver hepatectomies, including 11 cases of completely
laparoscopic right lobe resections [41].

DONOR SELECTION

Careful donor selection is considered to be of utmost
importance in preparation for MIDH. Preoperative eva-
luation includes a thorough physical examination. Of
particular importance are any concomitant cardiovascu-
lar, renal, pulmonary, coagulation-related disorders, and
infectious diseases. Many centers exclude patients with
arterial hypertension and psychiatric disorders despite
the possibility of conservative correction [7, 58, 59]. In
addition, standard liver function tests, serologic tests for
hepatitis B and C, and chest and abdominal examinations
are always used. A contrast-enhanced triple-phase liver
CT scan is a critical part of preoperative evaluation for
MIDH. It provides essential information for volumetric
analysis and vascular assessment of the donor liver.

Magnetic resonance cholangiopancreatography
(MRCPG) provides a non-invasive, high-resolution
view of the biliary tree, helping to identify anatomical
variations and determine the optimal bile duct division
point (see Table 1). Misinterpretation of biliary anatomy
may require intraoperative cholangiography, but it requi-
res experience, additional costs, and prolongs operative
time [60].

Nevertheless, in recent years, indocyanine green
fluorescence imaging has been actively used. It helps
to visualize bile ducts in more detail when performing
laparoscopic liver resection [26, 61]. Methods of using
methylene blue to control bile flow have also been re-
ported [46].
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Surgeons from different centers define different ana-
tomical criteria for selecting a potential liver donor. For
example, Kim et al. considered only donors who had one
long right hepatic duct, one artery, and standard portal
vein anatomy (Table 1) [62]. They also excluded donors
whose right lobe mass exceeded 650 g. Gautier et al. con-
sidered the separation of the 2nd and 3rd segment veins
as a contraindication for LLS retrieval, as it could cause
difficulties during suturing and lead to intraoperative
bleeding; however, this ceased to be a contraindication
with the accumulation of experience [36, 39]. Rotellar
et al. believe that the right lobe graft should have one
artery, one portal vein and one bile duct, but, at the same
time, variations are acceptable, and each donor should
be assessed individually [63].

Anatomical variations of the portal vein (Table 1)
were once considered a contraindication for MIDH.
However, recent reports suggest that experienced sur-
gical teams can achieve safe and successful outcomes,
even in donors with portal vein anomalies [57, 64].

BLOOD LOSS

A strong obstacle in the development of the minimally
invasive approach in donor liver surgery has been the dif-
ficulty and limitations in approaches when intraoperative
bleeding develops. With improvement in technology and
surgical technique in the last three decades, it has been
possible to significantly reduce blood loss and decrease
the frequency of blood transfusion during laparoscopic
liver hepatectomies [22, 74, 75].

Gentle parenchymal transection and the pneumope-
ritoneum effect (i.e., the tamponade effect on the dissec-
ted surface due to increased intra-abdominal pressure)
play a critical role in reducing blood loss during MIDH.

Table 1

Anatomical variation of the bile ducts
and portal vein

Anatomical variation of the bile ducts

A | Standard bifurcation (57%)
Trifurcation (12%)
Right anterior (C1, 16%) or right posterior (C2, 4%)
ducts draining into the common hepatic duct
Right posterior (D1, 5%) or right anterior (D2, 1%)
duct draining into the left hepatic duct
No hepatic duct confluence (3%)
Right posterior duct draining into the cystic duct (2%)

Anatomical variation of the portal vein
Standard bifurcation
I | Trifurcation
I Right po§terior branch as the first branch of the main
portal vein
Segment VII branch arising as a separate branch from
the right portal vein
Segment VI branch arising as a separate branch from
the right portal vein

w

(@)

n[m] o

p—

v

These factors help mitigate venous backflow, which is
the primary source of intraoperative bleeding [35]. For
instance, Olivier Scatton suggests temporarily increasing
the pneumoperitoneum pressure to 14-16 mmHg in order
to control and minimize bleeding [35]. The greatest risk
of intraoperative bleeding occurs during parenchymal
transection. In the minimally invasive approach, this
step is performed very precisely and under magnifica-
tion. Transecting the hepatic vein is also crucial because
slippage of the vascular clamp or a defect in the vascular
stapler can lead to massive bleeding [39, 76].

Comparative studies have consistently shown that
MIDH results in lower [36, 45, 71, 77] or equal [30,
57, 64, 69] blood loss compared to the traditional open
approach. However, the studies emphasized that the lack
of a statistically significant difference in blood loss was
due to small sample sizes [30]. Hence, another advantage
of the minimally invasive method can be considered less
blood loss compared to the traditional approach.

CONVERSIONS

Any incident that may jeopardize donor safety or graft
integrity is an indication for conversion to open surgery.
Conversion itself is not a complication but implies that
some adverse event occurred during the procedure. The
most frequently described reasons for conversion to open
access were difficulty in differentiating the anatomy of
the bile ducts or porta hepatis and vascular injury resul-
ting in significant bleeding. Also, cases of poor visuali-
zation in overweight donors were reported, which also
required conversion [50].

Scatton et al. reported 4 conversions (6%) out of
70 operations, of which 69 were LLS retrieval and 1
was left lobe retrieval. The reasons for conversion were
injury to the left branch of the portal vein, poor exposure,
and uncertainty about biliary tract anatomy. None of the
conversions was associated with acute or uncontrolled
bleeding or the need for blood transfusion, and all do-
nors recovered without complications [35]. Monakhov
et al. reported two conversions (1.2%) out of 164 LLS
retrieval surgeries; the conversion cases were associated
with occlusion of the left branch of the portal vein by a
clip and longitudinal rupture of the left hepatic vein; all
donors were also discharged without complications. The
outcomes in the recipients were also uneventful [39].

Choi et al. reported a 6.7% conversion rate (4 out
of 60 cases) when performing hand-assisted right lobe
resections in living liver donors. The primary reasons
for conversion were right hepatic vein injury and adrenal
vein injury [65].

Soubrane et al. reported a conversion rate of 4.1%
(17 out of 412 cases) in MIDH. The primary reasons for
conversion were portal vein injury, difficulty mobilizing
the porta hepatis and identifying structures in the hepa-
toduodenal ligament [50].
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Rhu reported a 5.0% conversion due to portal vein
injury, donor liver steatosis detected during intraopera-
tive biopsy and inferior vena cava injury [57].

LEARNING CURVE AND OPERATIVE TIME

The major obstacle to the global spread of the laparo-
scopic technique in liver donation is that, apart from tech-
nical equipment, it requires considerable experience in
both liver surgery and laparoscopic surgery. A multinati-
onal study showed that 65.6% of surgeons had performed
>50 non-donor laparoscopic hepatectomies and 43.8%
had performed >50 open donor hepatectomies before
their first minimally invasive donor liver resection [29].
The learning curve for MIDH is primarily influenced by
a surgeon’s ability to carefully divide liver parenchyma
and control intraoperative bleeding. It is also believed
that the surgeon spends the most time learning to dissect
and mobilize vascular structures [59]. Several reports
have emphasized that a minimum of 15-60 procedures
are required to achieve optimal outcomes, depending
on the liver fragment to be resected [39, 86]. For ex-
ample, Scatton et al. showed that at least 20 procedures
are required to achieve optimal hemostasis and shorten
operative time [35]. A similar result was demonstrated
by Monakhov et al. in their study [39].

MIDH tends to take longer, especially during the
training period of surgeons [39, 45, 62, 69]. Baker et al.
found an association between higher body mass index
and longer operative time, while Rhu et al. emphasized
that after the first 100 operations, surgical time decreased
regardless of donor body weight [30, 77].

However, it should be noted that defining a learning
criterion for a single surgeon is not possible because
experience and outcomes vary between different sur-
gical teams. Rhu et al. reported no change in surgical
time from the first to the second quartile over time, but
reported a significant decrease from the second to the
third quartile and from the third to the fourth quartile.
His team was able to meaningfully reduce surgical time
after 50 laparoscopic surgeries [77]. To determine the
learning curve, Korean surgeon Lee used two variab-
les — intraoperative blood loss and operative time. The
learning period was determined based on when these
two factors reached a plateau, indicating surgeons had
gained proficiency. Significant improvement in surgical
outcomes (less blood loss, reduced operative time) was
observed after the 15th operation, marking the transition
into the “experience accumulation phase” [87].

COMPLICATIONS

As mentioned above, donor safety is the main criteri-
on for living-donor hepatectomies. According to a study
conducted at Oxford University, a 30-day postoperative
outpatient follow-up is not sufficient; such follow-up
underestimates the morbidity of donors after liver re-
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section. A 90-day outpatient follow-up is recommended
for donors [66].

The Clavien—Dindo classification, although widely
used, tends to consider only the most severe complica-
tions and does not consider other less severe complica-
tions in the same patient [67]. The new Comprehensive
Complication Index method developed on the basis of
the Clavien—Dindo classification summarizes all post-
operative complications and is the most sensitive tool
for assessing the real severity of postoperative compli-
cations [68].

The incidence of complications in minimally invasive
living-donor hepatectomies ranges from 0 to 40%, with
most studies reporting it in the range of 10-26% [50,
57,69, 70]. The most common complications are wound
complications, pleural effusion, biliary effusion or biliary
stricture (Table 2).

Most studies comparing MIDH with open hepate-
ctomy found no statistically significant difference in
complication rates. However, this lack of statistical si-
gnificance is likely due to small sample sizes in many
studies. Rhu et al. noted an interesting finding that com-
plications were significantly higher in the first quartile of
surgeries, suggesting surgeon inexperience during early
cases contributes to more complications [57]. Broering
also reported that the complication rate decreased from
26.7% t0 9.7% after developing appropriate surgical skill
[45]. The complication rates did not differ significantly
between right and left lobe donors [50]. Also, the com-
plication rate in donors was comparable when comparing
surgical outcomes in donors with variant and standard
portal vein anatomy [57].

Biliary complications are among the most serious
complications following MIDH. Takahara et al. repor-
ted three cases of bile leaks even though each bile duct
stump was clipped twice and at the end of the operation
looked quite normal and there were no signs of biliary
leak [71]. The authors suggest that the clips fell off due
to necrosis of the bile duct stump with subsequent de-
velopment of bile leak.

Table 2
Reported complications of minimally invasive
living donor hepatectomy
(Clavien—Dindo classification)

Fever, gastroenteritis, gastric ulcer, occipital alope-
cia, pneumothorax without drainage, wound infec-
tion, suprapubic hematoma, ileus, arm neuropraxia,
atelectasis, transient neutropenia

Gastroparesis, pulmonary infection, segment IV
infarction, bile duct stenosis, pancreatitis, cystitis,
incisional port-size hernia

Biliary leakage, fluid collection, bladder injury, por-
tal vein thrombosis or stenosis

Abdominal abscess, intra-abdominal bleeding
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Regarding wound complications, open resection (es-
pecially right lobe resection) in the donor requires a large
incision with extensive muscle incision, resulting in pain
for several days and discomfort for several weeks [11].
During this incision, sensitive nerve endings (ventral
branches of intercostal nerves T8 and T9) are transec-
ted, which may result in loss of sensation of the anterior
abdominal wall. In contrast, suprapubic incisions are
usually well tolerated without sequelae, and postope-
rative hernias are rare. In addition, they are virtually
inconspicuous if located low enough in the pubic hair
region [11]. Care must be taken when suturing the ab-
dominal wall closure, as bladder injury may occur [20].
MIDH involves small incisions for trocar placement,
which can lead to local ischemia and wound infections.
However, these complications occur less frequently in
MIDH compared to the open approach [72].

Theoretically, there is a risk of gas embolism due
to pneumoperitoneum. However, pneumoperitoneum
is created by insufflation of carbon dioxide, a gas with
a higher solubility than nitrogen. Several experimental
studies have established that absorption of carbon di-
oxide into systemic circulation is not associated with
hemodynamic instability [27].

PAIN SYNDROME

In their works separate and joint studies, Monakhov
et. al. and Syomash used an analog scale for pain assess-
ment in donors after open and laparoscopic hepatecto-
mies and reported lower pain syndrome in donors who
underwent laparoscopic graft retrieval [26, 39] Kurosaki
et al. used less additional analgesia in donors operated
mini-invasively compared to patients who underwent
open hepatectomy [78]. Reduced dosage or shorter du-
ration of analgesic use has also been shown in a series
of studies in donors who underwent minimally invasive
hepatectomy [45, 62, 65, 69].

LENGTH OF HOSPITAL STAY AND COST
OF TREATMENT

The length of postoperative stay depends largely on
the policies of the institution and the health care system.
In eastern countries such as Japan and South Korea, the
policy is for donors to be hospitalized until they can
return to normal daily activities [59]. In addition, some
eastern national health care systems do not require pati-
ents to be discharged even after they have recovered from
surgery [57, 76, 79]. Western countries seem to have an
extended recovery protocol. Several reports show no
statistically significant decrease in length of stay bet-
ween the minimally invasive and open approach [30,
80]. However, in most centers, the length of stay was
shorter in the minimally invasive graft retrieval group
[39, 45, 57].

In terms of treatment costs, the material costs of per-
forming an MIDH were higher. Baker reports that des-

pite the high costs of the surgery itself, these costs were
offset by lower costs associated with length of hospital
stay [30]. Chinese colleagues report opposite results. In
their observational series, MIDH was significantly more
expensive than the open procedure [69].

OUTCOMES IN RECIPIENTS

It should be noted that surgical outcomes in donors
should not be assessed separately from those in recipi-
ents. For example, Troppmann et al. found that laparo-
scopic donor nephrectomy was associated with delayed
graft function and increased acute rejection rates. The
reasons for this finding are unclear, but hemodynamic
compromise in the renal vasculature due to pneumope-
ritoneum pressure may be a possible factor [73]. On the
other hand, in almost all studies comparing laparoscopic
graft retrieval with open donor resection, the authors
found no difference between the minimally invasive and
conventional approach in terms of vascular and biliary
complications, graft survival, and overall recipient survi-
val [26, 36, 39, 45, 46, 63, 94]. The minimally invasive
technique did not increase the risks to the recipient even
in cases of variant portal vein anatomy [57]. Hong et al.
were the only team that observed a higher rate of biliary
complications in recipients of grafts from MIDH proce-
dures. The authors believe that most likely this was due
to longer warm ischemia time and multiple bile ducts in
the graft [64].

ROBOTIC HEPATECTOMY IN LIVING LIVER
DONORS

Robotic hepatectomy in living donors is much less
common than laparoscopic hepatectomy, but it is con-
sidered safe and feasible in the hands of experienced
professionals. The first robotic graft retrieval was per-
formed by Italian surgeon Giulianotti and colleagues in
2012. The operation was performed using the da Vinci
Robotic Surgical System on a 53-year-old man, from
whom the right liver lobe was removed for subsequent
transplantation to his 61-year-old brother [26, 81].

Compared to the laparoscopic approach, evolution of
the robotic approach has been slow. Potential advantages
include an expanded and more stable view as well as
better precision of movements. The Da Vinci surgical
system can rotate in all directions, allowing a wider range
of motion compared to the human hand. This allows ma-
nipulation and suturing in the subhepatic space at angles
that are not possible with conventional instruments. On
the downside, the surgeon has no haptic feedback. Also,
the success of the operation depends on the level of trai-
ning of the assistant who changes the robotic instruments
during parenchymal transection [82].

Recent studies have shown that robotic liver resection
is feasible and produces similar short-term outcomes
as the laparoscopic procedure, but with higher costs,
as health insurance does not usually cover such high-
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tech surgeries [70]. Another obstacle to the spread of Two studies comparing robotic living-donor hepate-
this technique is the need for high specialization of the = ctomy with open hepatectomy found the robot-assisted
medical center and surgical instruments, since only ultra-  approach to be just as effective in terms of complications
sonic scalpels, hem-o-lok clips and staplers can be used  and intraoperative blood loss [83, 84].

during robotic liver surgery; cavitron ultrasonic surgical Currently, there are no data to suggest that the robotic
aspirators cannot be used [83]. Nevertheless, not only  technique is superior to the open or laparoscopic ap-
robot-assisted donor resection but also robot-assisted  proach. Troisi et al. did not find any superior outcome to

graft implantation has been reported [91]. justify the higher cost of the robotic approach compared
Table 3
Results of laparoscopic hepatectomy at different transplant centers
Author Number | Retrieved | Operation Blood loss | Conver- | Learning | Complications | Hospital
of opera- | liver frag- | time (minu- | (milliliters) | sions (n, curve (C-D, number) | stay (days,
tions (n) ment tes, range) %) (number of range)
operations)
Soubrane 1 10t as- =)
gza]l., 2006 16 LLS 320 £ 67 18.7+44.2 (6.25%) sessed b — 1 11.0+2.7
Kim et al., not as-
2011 [34] 11 LLS 330 £68 396 £ 72 0 sessed 0 69+03
Yu et al., not as-
2012 [88] 15 LLS 331.3+£63 | 410.0£71.2 0 sessed 0 7.1+0.8
-9
Scatton
LLS - 69 308 50 o m-2
f; ;‘]1 2015 70 LL-1 | (180-555) | (10-500) | 4(6%0) 20 Illa — 4 4
Ib — 1
Soubrane -6
308 50 faster ope-
etal., 2015 124 LLS 4 (3.2%) Y m-15 6.3 (2-18)
[20] (180-555) (10-500) ration time a6
Broering
293 100 o ITandI1-3
c[aéttsa]l., 2018 72 LLS (192-420) (50-600) 3 (4.8%) 15 Mla— 1 41+133
Gautier faster ope-
etal., 2018 37 LLS 2779+163| 96.8+16.5 0 LT op b — 1 4+04
ration time
[37]
faster ope- =1
Semash [26] 100 LLS 262 + 60 85+ 68 1 (1%) LT op Mla—1 45+1.6
ration time
b — 1
Ie\;[(;?al;}(l)(; 164 LLS 2273 >0 2 (1.2%) 37 Iga_—ZZ 5(2-14)
3] (140-400) | (20-400) b 1
RL-41 ITandI1-9
Kwon et al. 436 300
’ 54 ERL - 10 4 (7.4%) 20 Ila—6 10 (7-27)
2018 [56] LL-3 (294-684) (10-850) b — 3
Takahara land -6
etal., 2017 54 RL 45493 +85 | 81.07 £52.78 | 1 (1.9%) 40 8.43 +1.65
[71] Ila —4
Park et | Tand I -2
; 91 RL 345+ 225 300+200 | 5(5.5%) 30 IMa— 11 10+3
2019 [89]
Ib -3
1-7
Rhu et al., 261 200 o not as- Ir-20
2021 [57] 255 RL 1 230325) | (150-300) | @7 | sessed Ma-11 |387%3.00
IIIb — 4
Soubrane
tal, 2022 | 412 | groue | oa0ss0) | (10.3550) | @.1%) | asion time | M and Tv - 3 | 10250
[50] - (240-850) (10-3550) (4.1%) | ration time | Il and IV —
Seo et al., not de- | faster ope- ITand II- 10
2022 [90] 376 RL 1260966112578+ 194.6| i cd | ration time | Ila and TTb— 19| 224

Note: LLS, left lateral sector; LL, left lobe; RL, right lobe; ERL, extended right lobe; C—D, Clavien—Dindo classification.
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Table 4
Results of robot-assisted living-donor hepatectomy at different transplant centers
Author | Number | Retrie- | Operation | Blood loss (mil-| Conver- | Learning cur- | Complications | Hospital
of opera- | ved liver | time (minu- liliters) sions (n, | ve (number | (C-D, number) | stay (days,
tions (n) | fragment | tes, range) %) of operations) range)
Chen et al., 596 169
2016 [92] 16 RL 1 (3532753) | (50-500) 0 15 [a —1 7(6-8)
Broering 250
et al., 2020 35 RL 504 +73.5 0 15 TandII-2 |5.3(3-12)
[83] (100-800)
}238‘2“(’)J [egt;]‘l" 51 RL  [536.8+73.4(53039+22272| 0 |notdescribed | notdescribed | 8.27+3.0
Rho et al., faster operati-| Tand Il —8
2020 32 RL 493.6 109.8 2 (3.8%) on time [ITa and I1Ib — 2
Broering LLS-61 424 138.1
etal., 2020 175 LL-34 (177-693) (20_1(')00) 2 (1.14%) | notassessed | lTand II—12 |4.3 (2-22)
[95] RL - 80
Troisi et al.,
2021 [85] 25 LLS 290 100 0 15 0 3+0.3

Note: LLS, left lateral sector; LL, left lobe; RL, right lobe; ERL, extended right lobe; C—D, Clavien—Dindo classification.

with the laparoscopic method [85]. They also empha-
sized that conversion in robotic resection takes longer
than in the laparoscopic approach. Therefore, it is crucial
to apply all laparoscopic techniques to stop unexpected
bleeding before conversion.

Regarding the learning curve in robotic donor surgery,
Broering et al. argue that robotic hemihepatectomy takes
a short learning curve, with the mastery phase reached
in 15 procedures [83]. Chen et al. took a more measu-
red approach to learning and divided the learning curve
into three phases — novice surgeon (1-15 procedures),
trained surgeon (15-25 procedures), and experienced
surgeon (25-52 procedures). The effect of training was
demonstrated by a reduction in surgery time and donor
hospital stay after phase 1 of training. Blood loss de-
creased after phase 2 of training. The authors also note
that the presence of dual robot control consoles offers a
safe form of training, as the supervisor (instructor) can
assist the surgeon during surgery and take over control
if necessary [84, 92].

The most extensive experience with robot-assisted
living-donor hepatectomy is currently available at the
King Faisal Specialist Hospital & Research Centre (KFS-
HRC) in Saudi Arabia. Surgeons at this hospital reported
retrieval of 61 LLS, 34 left lobes and 80 right lobes [95].
The cumulative worldwide experience is summarized
in Table 4.

In any case, the robotic method is still very limited
in geographic distribution and requires much more ex-
perience than laparoscopy. The upcoming introduction
of new robotic systems that support haptic feedback or
cavitron ultrasound-guided surgical dissectors will faci-
litate further spread of robotic living-donor hepatectomy.

PROSPECTS FOR FURTHER DEVELOPMENT

The main obstacles to the development and wides-
pread adoption of minimally invasive living-donor sur-
gery include lack of material and technical resorces at
hospitals, surgical skill gap and institutional barriers and
resistance. Also, there is no uniform and standardized
surgical protocol, each transplant center follows a diffe-
rent approach [53]. Establishing an international registry
for minimally invasive living-donor hepatectomies and
implementing standardized surgical techniques will help
in training surgeons worldwide.

Also, new techniques are constantly being introduced
into medicine. One of the new technologies that are al-
ready beginning to be applied in laparoscopic surgery, in-
cluding hepatobiliary surgery, is augmented reality (AR)
technology. The surgeon, using special AR spectacles,
can see in the monitor not only the operating field, but
also vascular structures that are loaded using multislice
CT scan data and virtual reality technology. Prototypes
already exist and are being tested [96-98].

CONCLUSION

Living donation contributes significantly to the ex-
pansion of the organ donor pool. Minimally invasive
hepatectomies have the potential to increase the number
of transplants from living donors due to a number of ad-
vantages. These advantages include lower intraoperative
blood loss, less pain, faster rehabilitation, and minimized
complications. In the hands of experienced surgeons,
this approach is safe not only for donors, but also for
recipients, as graft quality does not become worse af-
ter the procedure. This direction is promising, but not
all transplant centers can perform such operations. The
main obstacles to the development of minimally inva-
sive living-donor hepatectomies are lack of advanced
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equipment and resources, as well as conservatism among
surgeons. When launching a minimally invasive hepate-
ctomy program, ensuring surgeon expertise and proper
mentorship is critical for safety and success.

The authors declare no conflict of interest.
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PRIMARY ARTERIOVENOUS FISTULA FAILURE IN PATIENTS
ON MAINTENANCE HEMODIALYSIS: PREVALENCE,
RISK FACTORS, AND IMPACT ON LONG-TERM OUTCOMES
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Objective: to assess the prevalence of primary arteriovenous fistula (AVF) failure in patients commencing chronic
hemodialysis, to evaluate the relationship between primary failure and long-term outcomes, and to identify risk
factors for its development. Materials and methods. This retrospective cohort study reports the outcomes of
1595 adult patients starting chronic hemodialysis treatment for the first time. Results. Primary failure was noted
in 369 patients (23.1%), whereas in 1,226 patients (76.9%), the AVF matured normally and was accessible to
puncture without additional interventions. Follow-up by a nephrologist, preoperative evaluation by a surgeon, and
ultrasound were linked to a lower risk of primary failure: RR = 0.624 [95% CI 0.523; 0.746], p < 0.001; 0.648
[0.469; 0.894], p = 0.005; and 0.606 [0.471; 0.78], p < 0.001 (when ultrasound was performed by or in the pre-
sence of a surgeon 0.372 [0.24; 0.577], p < 0.001), respectively. The risk of primary failure increased if AVF was
created in two weeks and one week before, and during the first and second weeks after hemodialysis initiation. In
single-factor analysis, primary failure was linked to a higher risk of all-cause mortality (HR = 1.54 [1.20; 1.97],
p <0.001), but not after adjustment for age and comorbidity (HR = 1.11 [0.85; 1.44], p=0.761). Primary failure
was associated with poorer secondary patency (HR = 1.79 [1.28; 2.51] p <0.001) and increased need for recon-
structive interventions (IRR = 2.199 [1.985; 2.434], p < 0.001). Conclusion. Risk reduction factors for primary
failure include follow-up by a nephrologist, preliminary examination by a surgeon, supplemented by ultrasound
scan. Primary failure is not linked to decreased patient survival (after adjustment for comorbid background and
age), but to decreased secondary patency of vascular access.

Keywords: arteriovenous fistula, hemodialysis, failure, synthetic vascular graft, primary patency, secondary
patency.

INTRODUCTION

Arteriovenous fistula (AVF) is widely considered the
optimal type of vascular access for patients on chronic
hemodialysis (HD) [1]. For obvious reasons, after AVF
creation, time is needed for its maturation, during which
volumetric blood flow rate increases in order to ensure
a reliable required blood flow into the extracorporeal
circuit. In this case, the diameter of the vein and artery
increases, the vein wall is transformed, etc. [2] An AVF
should typically be ready for successful routine punc-
tures within 4—-6 weeks [3] and remain functional for at
least 6 months after creation [4]. If it does not mature
within this timeframe, it is considered dysfunctional or
slow-maturing. Approximately 20% [5] to 30% [6] of
patients have primary AVF dysfunction.

Primary dysfunction of an AVF, i.e., issues arising
during its maturation process before it can be used for
dialysis, often leads to complications like requiring a
central venous catheter (CVC) for access, which can
result in increased hospital stays and higher treatment
costs.

However, the impact of primary dysfunction on long-
term outcomes has not been determined. The fact that
primary AVF failure is associated with worse long-term
outcomes may be due to other reasons, namely the fact
that patients with poorer overall health are more likely
to experience primary dysfunction, which determines
long-term outcome.

Objective: To assess the prevalence of primary AVF
failure in patients commencing chronic HD for the first
time, to evaluate the relationship between PF and long-
term outcomes, and to identify risk factors for its deve-
lopment.

MATERIALS AND METHODS
Study Design

This retrospective cohort study analyzed treatment
outcomes in 1,595 patients who underwent AVF creation
between June 2018 and February 2024. Inclusion criteria

included age over 18 years, initiation of renal replace-
ment therapy (RRT) for the first time, and availability of
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comprehensive medical history (to the required extent)
and follow-up data.

Primary dysfunction (failure) was defined as either
thrombosis before the first use of the AVF or unsuc-
cessful puncture three months post-creation (delayed
maturation).

Our approach prioritized the formation of native
AVFs on the lower third of the forearm of the non-do-
minant upper limb. When native vessels were unsuita-
ble, a synthetic vascular graft (SVG) was used. In the
absence of ultrasound data, the access type was selected
based on clinical examination. The use of SVG as an
alternative to native AVF was intended to improve the
likelihood of establishing functional vascular access or
shorten maturation time.

The study considered the type of vascular access (na-
tive AVF or SVG), the level of creation (lower third of
the forearm or other), and the outcomes of only the first
intervention for permanent vascular access formation.

Ethical approval was obtained from the independent
local ethics committee at Vladimirsky Moscow Regional
Research and Clinical Institute under protocol No. 5,
dated May 25, 2018.

Data source

The database was compiled using systematized infor-
mation from the Medical Information System Everest,
the Unified Medical Information and Analytical System
of the Moscow Oblast, and data from outpatient dialysis
centers.

Statistical analysis

Quantile plots and frequency diagrams were used to
visually assess whether the quantitative characteristics
(and residuals of regression models) followed a normal
distribution. Since the distributions showed no signifi-
cant deviations from normality, data are presented as
mean and standard deviation (reported in parentheses).
Qualitative variables are described using absolute num-
bers and percentages.

For comparisons between quantitative variables and
binary qualitative factors, Student’s or Welch’s t-test
was applied. When qualitative factors had more than two
levels, one-way analysis of variance (ANOVA) was used
as an omnibus test, followed by Tukey’s criterion for
post-hoc pairwise comparisons. For the joint distribution
of qualitative variables, Fisher’s exact test was applied
for 2x2 tables, while the Fisher—Freeman—Halton exact
test was used for larger contingency tables. Effect sizes
were expressed as risk ratio (RR) and odds ratio (OR)
with 95% confidence intervals (95% CI), reported in
square brackets.

The association between primary dysfunction and the
frequency of CVC use over time was quantified using
the incidence rate ratio (IRR), interpreted as relative risk.
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Unadjusted patient survival and secondary AVF pa-
tency were assessed using the Kaplan—Meier method,
with survival curves plotted and asymmetric 95% CI
calculated. Differences in survival were evaluated using
the log-rank test. Type I right-censoring was applied in
survival analysis. Effect size was expressed as hazard
ratio (HR) with 95% CI.

Adjusted survival analysis was conducted using the
Cox proportional hazards regression model with the
adjustedCurves::adjustedsurv() package. The proportio-
nal hazards assumption was verified through Schoenfeld
residuals analysis, while the linearity between predictors
and the log-risk function was examined using martingale
residuals. These residual plots were also analyzed for
influential observations, supplemented by DFBETAs
analysis to identify influential observations. Predictor
multicollinearity was assessed using the correlation ma-
trix and variance inflation factor.

Sample size was not pre-calculated but was deter-
mined by the available data. Statistical analysis was
conducted using R 4.4.1 within the RStudio Desktop
2024.04.2 environment, along with relevant libraries. All
tests were two-tailed, and p-values less than 0.05 were
considered statistically significant.

RESULTS
Prevalence

Primary failure was observed in 369 patients (23.1%
of 1,595), while AVF maturation occurred successfully
in 1,226 patients (76.9%) without the need for repeat
surgical interventions.

Among patients with primary AVF failure, 127
(34.4% of 369; 8.0% of 1,595) had delayed AVF matu-
ration, while 242 (65.6% of 369; 15.2% of 1,595) deve-
loped thrombosis.

A summary of patient characteristics is presented in
Table 1.

Despite all efforts, a functional AVF could not be
formed in 41 patients (2.6% of 1,595, 11.1% of 369),
and there was a conversion of vascular access to CVC
(14 patients, 34.1% of 41) or RRT modality from he-
modialysis to peritoneal dialysis (27 patients, 65.9%
of 41). Among these patients, PF presented as delayed
maturation in 7 cases (17.1% of 41) and thrombosis in
34 cases (82.9% of 41). None of these patients underwent
a single HD session using AVF.

As shown in Fig. 1, the proportion of patients who
required conversion of vascular access or RRT modality
remained relatively consistent across all stages. This
observation is further supported by the absence of sig-
nificant differences in the mean number of days between
AVF creation and HD initiation among patients who
underwent access or modality conversion versus those
without dysfunction: —63.5 (52) days (range: —183 to 49)
and —67.7 (55.5) days (range: —201 to 125), respectively
(P=0.881).
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Additionally, in patients with dysfunction, AVF was
generally created closer to the time of HD initiation
(—53.4 [53.9] days, range: —194 to 101) compared to
those without dysfunction (P < 0.001).

Risk factors

Potential risk factors for primary AVF dysfunction,
along with descriptive statistics for the entire cohort, are

summarized in Tables 1 and 2. Patients with dysfunction
were more likely to be female and had a higher mean
age compared to those without dysfunction. Additionally,
while small, statistically significant differences were ob-
served in body mass index (BMI), with slightly higher
mean values in patients with dysfunction. However, as
shown in Table 1, despite formal statistical significance,

Table 1

Potential risk factors for primary AVF failure: demographics and comorbid background. Fisher’s exact

test (also called the Fisher—Freeman—Halton test) and Student’s t-test (Welch’s t-test) were used

Characteristics Total, n= 1595 Primary failure P value
Yes, n =369 No, n=1226
Age, years 49.1 (8.6) 54.3 (8.6) 47.5 (8.0) <0.001
Female 720 (45.1%) 204 (55.3%) 516 (42.1%) <0.001
Body mass index, kg/m? 28.4 (3.7) 28.8 (4.0) 28.3 (3.5) 0.029
Persistent hypotension 99 (6.2%) 45 (12.2%) 54 (4.4%) <0.001
Diabetes mellitus 342 (21.4%) 103 (27.9%) 239 (19.5%) <0.001
Polycystic kidney disease 133 (8.3%) 85 (23.0%) 48 (3.9%) <0.001
Systemic processes’ 53 (3.3%) 41 (11.1%) 12 (1.0%) <0.001
Body weight:
Malnutrition 11 (0.7%) 3 (0.8%) 8 (0.7%)
Undernutrition 10 (0.6%) 3 (0.8%) 7 (0.6%)
Normal 377 (23.6%) 79 (21.4%) 298 (24.3%)
High nutrition 315 (19.7%) 67 (18.2%) 248 (20.2%) 0.048
Grade I obesity 467 (29.3%) 98 (26.6%) 369 (30.1%)
Grade II obesity 388 (24.3%) 108 (29.3%) 280 (22.8%)
Grade I1I obesity 27 (1.7%) 11 (3.0%) 16 (1.3%)
Nature of deviation of body mass index
Underweight 21 (1.3%) 6 (1.6%) 15 (1.2%)
Normal body weight 377 (23.6%) 79 (21.4%) 298 (24.3%) 0.420
Overweight 1197 (75.0%) 284 (77.0%) 913 (74.5%)

Note: ' Vasculitis, myeloma, HIV-associated nephropathy, kidney tumors, history of drug abuse/addiction, etc.

100 -
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Fig. 1. Frequency of primary AVF failure
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the distribution of patients across BMI categories remai-
ned relatively uniform.

Although most patients had at least one nephrology
consultation six months or more before HD initiation,
fewer than 10% were evaluated by a surgeon before AVF
creation (excluding the day of the procedure). Preopera-
tive ultrasound was performed in approximately one in
five patients, while Doppler ultrasound was conducted in
about one in seven. Notably, patients without dysfunction
were more likely to have been seen by a nephrologist
and/or surgeon before AVF creation and had undergone
preoperative ultrasound (with or without Doppler ultra-
sound); see Table 2.

Among patients who underwent a preoperative sur-
gical evaluation, the interval between consultation and
AVF creation, as well as between AVF creation and HD
initiation, was shorter in patients with dysfunction com-
pared to those without. Additionally, patients with dys-
function were significantly less likely to have undergone
preoperative ultrasound performed by or in the presence
of the operating surgeon.

While all quantitative risk factors in Table 1 showed
statistically significant associations with primary AVF
failure, their clinical relevance varied. For example, the

mean age difference between patients with and without
dysfunction was 6.8 [95% CI 5.8, 7.7] years, whereas
the mean BMI difference was only 0.47 [95% CI 0.02,
0.93] kg/m* with higher values in PF patients. Similarly,
the mean time between surgical consultation and AVF
creation was 10.3 [95%DI —16.4; —4.1] days shorter in
patients with dysfunction.

Since these indicators are measured in different units,
Fig. 2 presents standardized mean differences to facili-
tate comparison of their relative impact on primary AVF
dysfunction.

When evaluating the association between primary
AVF dysfunction and qualitative factors, systemic pro-
cesses and polycystic kidney disease emerged as the most
significant contributors (Table 3). However, no statisti-
cally significant association was found between primary
AVF dysfunction and abnormal BMI (either decreased
or increased relative to normal).

Regarding the impact of preoperative follow-up fac-
tors, all analyzed variables were linked to a reduced risk
of primary AVF failure (Table 4).

As demonstrated above, the proportion of patients
experiencing primary AVF failure increased significantly

Table 2

Potential common risk factors for primary AVF failure: features of preoperative follow-up. Fisher’s exact
test (also called the Fisher—Freeman—Halton test) and Student’s t-test (Welch’s t-test) were used

Characteristics Total, n= 1595 Primary failure P value
Yes,n=369 | No,n=1226

Follow-up by a nephrologist' 1106 (69.3%%) | 216 (58.5%°) | 890 (72.6%") | <0.001
Follow-up by a surgeon’ 203 (12.7%) 19 (5.1%°) | 184 (15.0%%) | 0.005
Time between surgeon’s visit and AVF creation, days* 28.4 (12.2) 19.6 (11.7) 29.8 (11.6) 0.001
Ultrasound before AVF creation 387 (24.3%%) | 60 (16.3%°) | 327 (26.7%’) | <0.001
Doppler ultrasound before AVF creation 264 (16.6%°) | 42 (11.4%°) | 222 (18.1%°) | 0.002
Ultrasound performed by or in the presence of an operating 203 (12.7%, 19 (5.1%°, | 184 (15.0%", <0.001
surgeon 44.4%°) 50.0%°) 72.7%°) ’
Time between AVF creation and the beginning of HD, days —64.6 (55.3) | —54.5(53.7) | —67.7(55.5) | <0.001

Note: ' At least one visit to a nephrologist 6 months or more before starting HD; * At least one visit to a surgeon before AVF
creation; * Percentage of total patient count in this category; * Only among patients who were examined by a surgeon prior to
AVF creation (not on the day of formation); * Percentage of patients who underwent preoperative ultrasound scanning.

Strength of association of the risk of primary AVF failure with qualitative attributes:
demographics and comorbid background

Table 3

Characteristics RR [95% CI] OR [95% CI]
Female 1.503 [1.255; 1.799] 1.701 [1.346; 2.151]
Persistent hypotension 2.099 [1.657; 2.658] 3.014 [1.992; 4.562]
Diabetes mellitus 1.419 [1.169; 1.722] 1.599 [1.223; 2.09]

Polycystic kidney disease

3.29[2.79; 3.88]

7.345[5.039; 10.71]

Systemic processes'

3.637 [3.055; 4.33]

12.65 [6.57; 24.34]

Low body mass index’

1.363 [0.674; 2.757]

1.529[0.522; 3.937]

High body mass index’

1.1320.908; 1.412]

1.172[0.888; 1.561]

Note: ' Vasculitis, myeloma, HIV-associated nephropathy, kidney tumors, history of drug abuse/addiction; > Relative to nor-

mal, P = 0.415; ° Relative to normal, P = 0.266.
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when AVF was created closer to the onset of HD (see
Fig. 1).

As shown in Fig. 3, the relative risk of primary dys-
function was statistically significantly increased in the
case where AVF was created two and one week before
HD onset (RR =2.44[95% CI 1.66; 3.59], P<0.001 and
RR=3.06[95% CI2.31;4.05], P<0.001, respectively),
and in the case of AVF creation during the first and se-
cond weeks after HD onset (RR = 2.78 [95% CI 1.93;
4.02],P<0.001 and RR =2.47[95% CI 1.55; 3.96], P=
0.001, respectively).

Impact on long-term outcomes

In the univariate analysis, we identified statistically
significant differences in patient survival based on pri-
mary AVF failure; see Fig. 4.

The starting time point for survival analysis was the
onset of chronic HD.

Censoring criteria: Patients were censored in cases
of conversion to another RRT modality or death. Thus,
survival among PF-free patients was 95.4% [95% CI

Standardized mean difference, 95% CI

Age

94.1; 96.6], 87.0% [95% CI 84.9; 89.2], 78.4% [95%
CI 75.7; 81.3], and among PF patients, 92.7% [95% CI
90.1; 95.4], 80.3% [95% CI 76.1; 84.7], 68.1% [95% CI
62.9; 73.8] at 12, 36, and 60 months, respectively. HR =
1.54 [95% CI 1.20; 1.97], P < 0.001.

As expected, the risk of primary dysfunction was
associated with several factors that were also linked to
mortality risk. However, after adjusting for comorbi-
dities and age, the association between primary AVF
dysfunction and mortality risk was no longer statistically
significant (Fig. 5). Adjusted survival among patients
without primary dysfunction was 95.0% [95% CI 93.8;
96.2], 85.5% [95% CI 83.4; 87.6], 76.8% [95% CI 74.0;
79.7], and among patients with primary dysfunction was
94.5% [95% CI1 93.0; 96.0], 84.1% [95% C1 80.7; 87.5],
74.7% [95% CI 69.9; 79.6] at 12, 36, and 60 months,
respectively. HR = 1.11 [95% C1 0.85; 1.44], P=10.761.

In cases where a functional AVF was achieved in a
patient, PF was associated with decreased secondary
patency. In patients with primary AVF failure, secondary
patency at 12, 36, and 60 months was 91.7% [95% CI

1 .
Time between visit to a surgeon
and AVF creation

!
BMI

Fig. 2. Standardized difference of quantitative mean scores. Value in patients with primary AVF failure — value in patients

without failure

Table 4
Strength of association of the risk of primary AVF failure with qualitative attributes:
preoperative follow-up features
Characteristics RR [95% CI] OR [95% CI]

Follow-up by a nephrologist'

0.624 [0.523; 0.746] 0.53310.418; 0.679]

Follow-up by a surgeon’

0.648 [0.469; 0.894] 0.582[0.396; 0.857]

Ultrasound before AVF creation

0.606 [0.471; 0.78] 0.534[0.394; 0.724]

Doppler ultrasound before AVF creation

0.648 [0.483; 0.868] 0.581 [0.408; 0.826]

Ultrasound performed by or in the presence of an operating surgeon

0.372[0.24; 0.577] 0.307[0.189; 0.501]

Note: ' At least one visit to a nephrologist 6 months or more before starting HD; > At least one visit to a surgeon before the

day of AVF creation.
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88.7;94.91,79.7% [95% C1 73.8; 86.1], and 64.7% [95%
CI 54.9; 76.2], respectively; in PF-free patients, it was
95.8% [95% C194.6; 97.1], 88.4% [95% CI 85.8; 91.1],
and 82.9% [95% CI 79.1; 87.0], respectively. Thus, pri-
mary AVF failure was associated with a greater than 1.5-
fold increase in total loss of function (analyzed period,
60 months after the start of AVF use): HR = 1.79 [95%
CI1.28,2.51], P<0.001.

Moreover, primary patency was slightly greater in
patients in whom we observed PF: 89.3% [95% CI 85.9;
92.8], 67.5% [95% CI 60.9; 74.8] and 51.4% [95% CI
42.6;62.1] at 12, 36, and 60 months, respectively; in PF-
free patients, 85.9% [95% CI 83.7; 88.2], 60.0% [95% CI

20

55.8; 64.6] and 44.6% [95% CI1 39.1; 50.9], respectively,
HR =0.76 [95% CI 0.60, 0.97], P =0.029. These para-
doxical differences can be explained by the fact that in PF
cases, the subsequent vascular access used for HD was
typically formed more proximally compared to patients
whose initial access matured successfully.

In patients without dysfunction, the first vascular ac-
cess became functional within the first three months after
its formation. The type and localization of these accesses
are detailed in Table 5.

Notably, at the time of formation, the distribution
of vascular access types and their localization differed
significantly between patients with and without PF. Spe-

15 4
10 -

-r-r-T“I‘TT

RR, [95% CI]

0.-
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-

HD onset

T e
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The weeks to the first AVF creation attem

Fig. 3. Relative risk of primary AVF failure depending on the timing of creation and HD onset. When computing estimates,
the number of patients at each stage was correlated with the number of patients at earlier (for cases where AVF was created
before HD onset) or — later (for cases where AVF was created after HD onset) stages
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Fig. 4. Unadjusted patient survival (patients who died within 90 days of HD onset were excluded). Kaplan—Meier estimates.
Fill indicates 95% CI limits, + — censoring. HD onset served as the baseline time point. In case of HD conversion to other RRT

modalities or death, the patient was censored
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Fig. 5. Comorbidity-adjusted (CCI score) and age-adjusted patient survival at the time of first AVF creation (patients who died
within 90 days of HD onset were excluded). Cox proportional hazards regression model. Fill indicates 95% CI limits, +— cen-
soring. HD onset served as the baseline time point. In case of HD conversion to other renal replacement therapy modalities or

death, the patient was censored

Table 5
Type and localization of vascular access in the groups at the time of creation
and at the time of first puncture
Access type No primary Primary failure
failure, n = 1226 At the time of first At the time of first puncture
creation, n = 328 on HD, n =328
Native AVF, lower third of the forearm 1064 (86.8%) 308 (93.9%) 0
Native AVF of other localization 98 (8.0%) 13 (4.0%) 239 (79.0%)
Synthetic vascular graft 64 (5.2%) 7 (2.1%) 69 (21.0%)

cifically, in PF patients, the proportion of SVG and AVF
created outside the lower third of the forearm was ap-
proximately half that observed in PF-free patients (P <
0.001).

PF patients underwent one to six reconstructive sur-
geries. PF was associated with an increased need for
reconstructive interventions (excluding the first attempt
at AVF creation): IRR = 2.199 [95% CI 1.985; 2.434],
P <0.001 (1.740 [95% CI 1.609; 1.879] per 10 patient-
months / 0.791 [95% CI 0.741; 0.845]).

As aresult, as shown in Table 5, at the time of the first
puncture, 21% of patients had a vascular access formed
as an SVG or AVF proximal to the lower third of the
forearm (including operations with vein transposition).

Also, primary AVF dysfunction was associated with
a significant increase in the need for CVC implantation:
IRR = 2.151 [95% CI 1.911; 2.419], P < 0.001 (1.302
[95% CI 1.189; 1.424] per 10 patient-months / 0.606
[95% CI1 0.561; 0.652]).

The mean duration of catheterization in PF pati-
ents was 13.7 catheter-days [95% CI 12.5; 14.9] per
100 patient-months of follow-up, and in PF-free patients

it was 5.2 catheter-days [95% CI 4.8; 5.7] per 100 pati-
ent-months of follow-up, IRR =2.615 [95% CI 2.319;
2.947], P <0.001. The greater need for CVC use in PF
patients naturally resulted in a higher incidence of central
vein stenosis (CVS) compared to PF-free patients: HR =
3.706 [95% CI 1.571; 8.739], P=10.003 (actual incidence
of CVS at 60 months 7.3% [95% CI 2.3; 12.0] / 2.1%
[95% CI 0.5; 3.7]). In total, CVS developed in 21 pati-
ents (11 PF patients and 10 PF-free patients). In case of
subclavian, brachiocephalic, or superior vena cava vein
lesions, endovascular intervention was performed.

DISCUSSION

Currently, there is no universally accepted timeframe
after which a AVF is considered primarily dysfunctional.
The European Society for Vascular Surgery (ESVS) Cli-
nical Practice Guidelines [7], recommend assessing AVF
readiness for needle puncture 46 weeks post-creation.
If successful puncture is not possible, further diagnostic
and therapeutic interventions should be considered to
restore AVF function. The European Society of Neph-
rology holds a similar opinion [3].
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The National Kidney Foundation Kidney Disease
Outcomes Quality Initiative (NKF KDOQI) guidelines
[4] define primary AVF dysfunction as an access that
remains non-functional for dialysis within 6 months of
creation, despite radiologic or surgical interventions (en-
dovascular or open surgical procedures).

For this study, we adopted a three-month threshold,
as it aligns more closely with domestic clinical practices,
particularly regarding preoperative follow-up and patient
routing. This timeframe was chosen based on the obser-
vation that the mean time between AVF creation and HD
onset was just over two months (see Table 2).

Studies assessing the prevalence and risk factors of
primary AVF dysfunction, as well as the time required
to establish a stable functional access, often focus pri-
marily on delayed maturation, without considering AVF
thrombosis.

From our perspective, when planning a patient’s long-
term vascular access strategy — including the timing and
type of initial access formation and possibly even the
choice of RRT modality — it is more appropriate to as-
sess PF as a whole, rather than differentiating between
thrombosis and delayed maturation.

However, such differentiation remains relevant in
the context of evaluating the efficacy of therapeutic or
surgical interventions aimed at preventing specific types
of PF, a topic that falls outside the scope of this study.

The risk factors for primary AVF dysfunction (PF)
presented in Table 3 are well-documented in the lite-
rature, reinforcing their significance and aligning with
findings from other studies [8—11]. Given that an incre-
ased risk of PF is associated with a longer time required
to establish a stable vascular access, it is reasonable to
suggest that vascular access formation should be planned
earlier in patients with these risk factors.

However, in current clinical practice, this is not rou-
tinely implemented. Patients with high PF risk typically
undergo vascular access formation following the same
standard protocol as the general population initiating
chronic HD.

In our sample, only 69% of patients had seen a neph-
rologist at least six months before starting HD and only
13.5% had a preoperative consultation with a surgeon
before the day of AVF creation.

This highlights the need for improved CKD screening
in high-risk groups and modifications to patient routing
protocols to enhance vascular access planning and reduce
PF incidence. In addition, as shown in Table 4, preope-
rative ultrasound performed by or in the presence of
the operating surgeon plays a crucial role in improving
AVF outcomes.

A previous study with a smaller sample size [12]
reported that primary AVF dysfunction was associated
with an increased risk of all-cause mortality. However,
our analysis yielded a different result: after adjusting for
comorbid background (using the Charlson Comorbidi-

ty Index) and age, the association became statistically
insignificant.

The difference in findings can be attributed to several
key factors: the previous study assessed individual co-
morbid conditions, whereas we employed an integrated
assessment of comorbidity; we excluded patients who
died within 90 days of HD onset, as mortality during this
period is more likely influenced by acute clinical factors
unrelated to PF, and this we believe is the major cause
of the main difference in findings.

This suggests that while an association between PF
and mortality may exist, it is unlikely to be causal —
rather, it reflects the complex interplay of multiple health
factors affecting patient survival.

The association between PF and both increased pri-
mary obstruction (functional vascular access) and de-
creased secondary obstruction can be attributed to two
key factors. First, as shown in Table 5, a significantly
higher proportion of PF patients had AVFs created more
proximally to the lower third of the forearm (compared to
PF-free patients). Proximal AVF location is linked to gre-
ater primary patency [5, 13, 14]. However, repeated dys-
functions and reconstructions in these patients exhaust
vascular resources, leading to faster complete access
failure. Furthermore, primary dysfunction was associa-
ted with a significantly increased need for SVG, which
may contribute to poorer secondary patency compared
to native AVF [15]. While proximal AVFs and SVGs
demonstrate a lower incidence of primary dysfunction
[16, 17], we recommend considering these options only
for patients with risk factors for AVF dysfunction in the
lower third of the forearm.

Based on our findings, all patients should undergo
a comprehensive preoperative evaluation, including a
mandatory surgical consultation before vascular access
formation, complemented by ultrasound assessment.

The prevalence of PF in our study (23.1%) aligns
with estimates from earlier research [5, 6]. A 2004 meta-
analysis [ 18] reported a PF incidence of 15.3% (95% CI:
12.7-18.3%) with a 95% range of 6—-34%, while a 2014
meta-analysis [ 13] found an incidence of 23% (18-28%).
Despite numerous proposed initiatives [19], PF rates
have not significantly declined — and may have even
slightly increased — over the past two decades.

Most studies identify similar sets of significant risk
factors, yet the persistent incidence of PF suggests that
improving vascular access outcomes in chronic HD pa-
tients requires not just repeated hypothesis testing, but
the effective application of existing knowledge, tailored
to local clinical practices and systemic organizational
changes.

Limitations of the study. This study is retrospective,
which comes with inherent methodological limitations.

We did not account for the surgeon’s experience or
the number of procedures performed per year. Howe-
ver, evidence suggests that surgeon expertise may sig-
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nificantly influence vascular access outcomes [20, 21].
In our setting, we believe this factor can be reasonably
disregarded, as all participating surgeons had over eight
years of experience and performed more than 200 pro-
cedures annually.

Additionally, we did not incorporate ultrasound fin-
dings in our analysis. This aspect warrants a dedicated
investigation, which we plan to publish separately.

CONCLUSION

Factors that reduce PF risk include nephrologist
follow-up within six months before HD, preoperative
evaluation by a surgeon, and ultrasound examination.
While PF is not linked to decreased patient survival after
adjusting for comorbid background and age, it is associ-
ated with poorer secondary patency of vascular access.

The authors declare no conflict of interest.
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FEATURES OF POLYURETHANE AND XENOPERICARDIAL
PATCH REMODELING USING A LARGE ANIMAL MODEL
AS AN EXAMPLE

E.A. Senokosova, E.S. Prokudina, R.A. Mukhamadiyarov, E.A. Velikanova, E.O. Krivkina,
A.V. Mironov, E.S. Sardin, L.V. Antonova
Research Institute for Complex Issues of Cardiovascular Diseases, Kemerovo, Russian Federation

Objective: to compare the remodeling features of polyurethane (PU) and bovine pericardium (BP) patches that
have been implanted in a sheep carotid artery for 6 months. Materials and methods. Synthetic matrices were
fabricated from a 12% PU solution in chloroform by electrospinning on a Nanon-01A machine (MECC, Japan).
Biological matrices made from commercially produced PU (Kem-Periplas Neo, CJSC Neocor, Russia) were used
for comparison. The matrices were implanted as vascular patches into sheep carotid arteries (n = 3). Implantation
period was 6 months. Via ultrasound scan, the patency of arteries bearing the implanted vascular prostheses was
evaluated. After removal, the matrix samples were studied by histological examination, scanning electron micro-
scopy and confocal microscopy. Prior to this, they had been stained with specific fluorescently labeled antibodies.
The GraphPad Prism 8 application was used to process statistical data. Results. The sheep carotid artery wall
was completely patent, with no aneurysmal dilatations, significant stenoses, and hematomas six months after the
PU and BP matrices were implanted. The PU matrix was distinguished by a less pronounced connective-tissue
capsule and no neointima hyperplasia; the thickness of the remodeled PU wall was 731.2 (711.5; 751.3) um. At
the same time, there was BP neointimal hyperplasia with a thickness of 627 (538; 817) um and a remodeled wall
thickness of 1723 (1693; 1772) um. In comparison to BP, the PU matrix exhibited greater endothelialization and
structural integrity. Conclusion. An in vivo study on sheep demonstrated the potential of PU matrix, a novel and
effective material for vascular reconstruction, to maintain harmonious remodeling, bioinertness and structural
integrity when in contact with blood. Due to its excellent elastic qualities and durability, PU is interesting both as
a monocomponent and as a component of a composite material that can be used to create products for the needs
of cardiovascular surgery.

Keywords: polyurethane, arterial patch, vascular prosthesis, xenopericardium, electrospinning, carotid
artery.

INTRODUCTION

Cardiovascular diseases are the leading cause of death

material for patches due to their complete biocompati-
bility, absence of immune response, and resistance to

globally, and they also cause significant disability [1].
Atherosclerosis is a common disease that can affect the
carotid arteries, leading to carotid artery stenosis of dif-
ferent degrees [2—5]. Angioplasty is the gold standard
surgical treatment for hemodynamically significant caro-
tid artery stenosis. It involves excision of the vessel area
with atherosclerotic plaque and closure of the incision
with primary sutures or a vascular patch. Autologous
vessels and commercial flaps, such as decellularized bo-
vine pericardium, porcine small intestinal submucosa
(SIS), polytetrafluoroethylene (PTFE), and polyethylene
terephthalate (Dacron), are commonly used as patches.
However, these materials have several drawbacks, often
failing to provide a long-term solution and necessitating
repeated surgeries for patch replacement.

Autologous vessels, such as the great saphenous vein
and superior thyroid artery, are considered the optimal

thrombosis and restenosis. However, their use requires
additional surgical intervention and may be restricted by
vascular diseases or the limited availability of suitable
implantation sites [6, 7].

Despite the widespread use of xenopericardial flaps,
they have a significant drawback — the use of cytotoxic
glutaraldehyde as a stabilizing cross-linking agent during
material processing. Even with extensive washing pro-
tocols, complete removal of this toxic substance cannot
be guaranteed. Additionally, glutaraldehyde has been
linked to increased calcification, further compromising
long-term graft viability [8].

As aresult, various methods for processing and pre-
serving xenomaterials are being developed to improve
their safety and effectiveness [9—-10]. Clinical trials of
SIS as a patch have demonstrated minimal bleeding du-
ring implantation. However, pseudoaneurysm formation
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was observed after six months, suggesting an imbalan-
ce between patch degradation and newly formed tissue
synthesis, which could unpredictably affect SIS integ-
rity [11].

Polymeric patches offer several advantages. Expan-
ded PTFE has a porous structure, low thrombogenicity,
and the ability to support endothelialization. Dacron is
known for its high strength and resistance to overstret-
ching [7]. However, PTFE implantation has been associ-
ated with prolonged hemostasis time, and long-term stu-
dies have reported cases of hemodynamically significant
complications and ipsilateral strokes [12, 13]. Similarly,
the use of Dacron patches carries risks of inflammato-
ry reactions, infections, perioperative strokes, transient
ischemic attacks, and restenosis [14—16].

The development of a novel material for angioplasty
that ensures long-term patency of reconstructed blood
vessels while minimizing the risks of restenosis, aneu-
rysms, destructive changes, and inflammatory reactions
remains a critical challenge. Tissue engineering approa-
ches enable the creation of biomimetic materials using
both natural and synthetic components.

For this purpose, we selected medical-grade polyure-
thane (PU) (TecoFlex) as the base material. PU exhibits
several properties essential for vascular applications, in-
cluding high tensile strength, elasticity, wear resistance,
a small bend radius for tubular structures, and resistance
to microbial attack and hydrolysis. Additionally, PU is
biocompatible and hemocompatible, making it suitable
for implantation [17].

PU has already been widely used in the manufacture
of medical device components and implantable products
[18, 19]. In vitro and in vivo studies have demonstrated
its stability, showing no signs of biodegradation [20-22].
This resistance to degradation is expected to provide
structural stability to the PU matrix during vascular re-
modeling, reducing the likelihood of aneurysm formation
and ensuring long-term functionality within the vascular
system.

According to the literature, sheep are considered the
optimal large animal model for preclinical testing of
tissue-engineered products for cardiovascular surgery,
as they allow for the evaluation of key parameters such
as patency, endothelialization, thromboresistance, and
aneurysm formation at the implantation site [23].

In this study, a 3D porous non-woven matrix based on
12% PU was implanted into the carotid artery of sheep
as a long-term vascular patch. The study duration was
six months, during which the patency and remodeling of
the PU matrix were assessed. As a comparison, a com-
mercial bovine pericardial (BP) flap, routinely used in
angioplasty at our medical center, was included in the
evaluation.

This study will help to establish the suitability of PU
for cardiovascular surgical products.

The study aims to assess the remodeling characte-
ristics of synthetic PU vascular patches and compare
them with BP patches following implantation in a sheep
carotid artery over a six-month period.

MATERIALS AND METHODS

Fabrication of matrices

Synthetic PU matrices were fabricated using a 12%
solution of Tecoflex EG-80A (Lubrizol Advanced Mate-
rials, USA) in chloroform (Vecton, Russia) via electro-
spinning on a Nanon-01A apparatus (MECC, Japan). The
electrospinning parameters were set as follows: voltage
20 kV, manifold rotation speed 200 rpm, solution feed
rate 0.5 mL/hour, and needle cleaning time 30 seconds.
For comparison, biological matrices were obtained from
commercially produced BP (Kem-Periplas Neo, CJISC
“Neocor”, Russia).

Matrix implantation into a sheep carotid
artery

Surgical implantation of synthetic and biological ma-
trices as vascular patches was performed on female Edil-
bay sheep, each weighing approximately 42—45 kg. The
procedures were conducted sequentially in compliance
with regulatory guidelines, including Order No. 1179
of the USSR Ministry of Health (October 10, 1993) and
Order No. 267 of the Russian Ministry of Health (June
19, 2003), which outline the “Rules for conducting work
using experimental animals”. The study also adhered to
the principles of the European Convention (Strasbourg,
1986) and the Helsinki Declaration of the World Medical
Association (1996) on the humane treatment of animals.
Ethical approval for the study was granted by the local
ethics committee of the Research Institute for Complex
Issues of Cardiovascular Diseases (protocol No. 6, dated
May 4, 2023).

PU and BP matrices were implanted into a sheep ca-
rotid artery for a period of 6 months (n = 3, one sample
for each patch type). The implanted patches measured
4x40 mm.

The surgical procedures were performed under ge-
neral anesthesia, with anesthesia, intraoperative drug
management, and postoperative drug support following
previously established protocols [24]. Throughout the
intervention, vital parameters were continuously mo-
nitored, including blood pressure, heart rate, and SpO.,.
Mechanical ventilation was maintained with a respiratory
rate of 12—15 breaths per minute, positive end-expiratory
pressure (PEEP) of 7-9 mbar, tidal volume of 6—8 mL/
kg, and an inspired oxygen fraction (FiO,) of 40-60%.

The implantation procedure involved gaining access
to the carotid artery, followed by systemic administration
of 5000 U of heparin intravenously. The carotid artery
was then clamped, and a longitudinal arteriotomy of up
to 40.0 mm in length was performed.
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Matrices measuring 40.0x4.0 mm were sutured into
the arteriotomy defect using interrupted sutures with
Prolene 6/0 thread (Ethicon, USA). Blood flow was res-
tored according to the standard air embolism prevention
protocol. The surgical wound was closed with Vicryl 2.0
thread (Ethicon, USA) and treated with BF glue. Addi-
tionally, 4000 anti-Xa IU/0.4 mL of enoxaparin sodium
was administered subcutaneously, and the animal was
subsequently extubated.

Assessment of patency of vessels with
implanted matrices

The patency of carotid arteries with implanted ma-
trices in sheep was assessed using ultrasound scanning
with a portable, premium-class color Doppler system
(M7, Mindray, China). Evaluations were conducted on
postoperative days 1 and 5, followed by bi-monthly
assessments until the planned endpoint of the study at
6 months.

Scanning electron microscopy

The explanted PU and BP matrix specimens, along
with adjacent carotid artery sections, were fixed in 10%
aqueous formalin (pH 7.4, BioVitrum, Russia). Post-
fixation, dehydration with alcohols, and staining with
uranyl acetate were performed as per a previously de-
scribed technique [25]. The stained patch samples were
embedded in Epon epoxy resin (Electron Microscopy
Science, USA). The epoxy blocks were then ground and
polished using a TegraPol-11 machine (Struers, USA),
followed by contrast staining with Reynolds lead citrate.
A carbon layer (1015 nm) was sputtered using a vacuum
sputtering system (EM ACE200, Leica). The surface
structure of the samples was examined in backscattered
electron mode using a Hitachi-S-3400N scanning elect-
ron microscope (Hitachi, Japan) in BSECOMP mode at
an accelerating voltage of 10 kV.

Histological examination of samples

The preparation of explanted PU and BP matrix sam-
ples for histological examination followed a previously
described procedure [26]. After deparaffinization, se-
lected sections were stained with Harris hematoxylin
(BioVitrum, Russia, Novosibirsk) and eosin (BioVitrum,
Russia, Novosibirsk), followed by washing in running
water, fixation in 96% alcohol, and clarification in o-
xylene. Collagenization of the samples was assessed
using Van Gieson stain, which involved sequential stai-
ning with Weigert’s hematoxylin (BioVitrum, Russia,
Novosibirsk) and picrofuchsin (BioVitrum, Russia,
Novosibirsk). Calcium presence was identified using
alizarin red S (Khimservice, Russia) and DAPI nuclear
dye (Sigma-Aldrich, USA). The stained sections were
mounted with Vitrogel (BioVitrum, Russia, Novosibirsk)
and examined under an AXIO Imager A1 microscope
(Carl Zeiss, Germany) at 100x and 200x magnification.
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Confocal microscopy

For immunofluorescence analysis, slices were prepa-
red from frozen explanted specimens using a cryotome
(Microm HM 525, Thermo Scientific). These slices were
fixed in 4% paraformaldehyde for 10 minutes and per-
meabilized with Triton-X100 solution (Sigma-Aldrich,
USA) for 15 minutes. The sections were then stained
with specific primary antibodies: rabbit anti-CD31
(Abcam, UK), mouse anti-alpha-smooth muscle actin
(ACTA2) (Abcam, UK), rabbit anti-von Willebrand Fac-
tor (VWF, Abcam, UK), rabbit anti-collagen IV (Abcam,
UK), mouse anti-collagen I (Abcam, UK), and rabbit
anti-collagen III (Novus Biologicals, USA).

Following overnight incubation at 4 °C with the pri-
mary antibodies, the sections were treated with secon-
dary antibodies for 1 hour at room temperature: donkey
anti-rabbit IgG conjugated with Alexa Fluor 488 (Ther-
mo Fisher Scientific, USA) and donkey anti-mouse IgG
conjugated with Alexa Fluor 555 (Thermo Fisher Sci-
entific, USA). At all staining stages, phosphate-buffered
saline supplemented with 0.1% Tween (Sigma-Aldrich,
USA) was used for washing. Autofluorescence was eli-
minated using an Autofluorescence Eliminator Reagent
(Millipore, USA) according to the manufacturer’s inst-
ructions. Cell nuclei were stained with DAPI (10 pg/mL,
Sigma-Aldrich, USA) for 30 minutes.

The prepared samples were examined using a con-
focal laser scanning microscope LSM 700 (Carl Zeiss,
Germany).

Statistical data analysis

Statistical data analysis was conducted using Graph-
Pad Prism 8 software (GraphPad Software, USA). The
distribution of the data was assessed using the Kolmo-
gorov—Smirnov test. Results were presented as median
(Me) with interquartile range (Q1; Q3). To compare dif-
ferences between two independent groups, the Mann—
Whitney U test was applied. Differences were considered
statistically significant at a significance level of p <0.05.

RESULTS

Results of PU matrix implantation in a sheep
carotid artery

Ultrasound results at 6 months post-implantation of
the PU matrix showed complete patency of the carotid
artery. No significant aneurysmal dilatations, stenoses,
or hematomas were detected (Fig. 1, a, b). Blood flow
velocity in the patched vessel was measured at 75 cm/s
(Fig. 1, b).

Upon visual inspection during access to the sheep
carotid artery, the implanted PU matrix appeared consis-
tent with ultrasound findings. The implantation site was
moderately surrounded by a connective tissue capsule
without signs of inflammation (Fig. 1, a). The PU patch
exhibited no significant structural changes or aneurys-
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mal dilations. Macroscopically, the PU matrix closely
resembled the native carotid artery wall due to complete
integration and remodeling (Fig. 1, a—c). The explant
was soft and elastic.

In the transverse section of the carotid artery with the
implanted patch, the PU matrix maintained a circular
lumen alongside the vascular wall (Fig. 1, d). The matrix
wall showed no neointimal hyperplasia and matched the
thickness of the carotid artery wall (Fig. 1, d).

Histological examination revealed that the PU ma-
trix maintained its structural integrity without signs of
inflammation or calcification, both within the patch and
in the surrounding tissues, indicating a low resorption
rate and high biocompatibility (Fig. 2, a—d).

The PU matrix had a thickness of 343.3 (331.3;361.2)
pum. A neointima formed on the inner surface of the ves-
sel at the site of the implanted patch, measuring 191.4
(164.3; 289.2) um in thickness. Externally, the patch was
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Fig. 1. PU matrix: a, view of the PU matrix 6 months after implantation in a sheep carotid artery; b, ultrasound scan image
of the carotid artery 6 months after PU matrix implantation; c, explanted PU matrix with neighboring sections of the sheep
carotid artery; d, cross section of the carotid artery with the implanted PU matrix

Fig. 2. Results of histological examination and scanning electron microscopy of the PU matrix 6 months after implantation
into a sheep carotid artery (white and black arrows indicate neointima of the vessel): a, general view of the explanted PU
matrix, H&E stain, x50 magnification; b, general view of the PU matrix, Van Gieson’s stain, x50 magnification; c, general
view of the PU matrix, alizarin red S stain, x50 magnification; d, general view of the PU matrix, DAPI-stained fluorescence
image, x50 magnification; e, general view of the matrix, x100 magnification; f, neointima, x1000 magnification; g, area of
junction between vessel neointima and PU matrix, x1000 magnification; h, single foreign-body giant cells with PU fibers in
the cytoplasm in the area of contact between the neoadventitia and the matrix, 500 magnification
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covered by newly formed adventitia with a thickness of
192.2 (164.0; 289.2) pm.

For comparison, the native sheep carotid artery had
the following parameters: intima (20.14 (16.32; 22.70)
um; medial 530.1 (517.2; 547.7) um; adventitia 202.6
(190.6; 212.7) um).

Thus, remodeling of the implanted PU matrix un-
der blood flow conditions led to the formation of both
neointima and neoadventitia. The total thickness of the
patched vascular wall after 6 months of implantation
was 731.2 (711.5; 751.3) um, which did not significantly
differ from the native wall thickness of the sheep carotid
artery (766.8 (740.4; 791.2) um).

SEM analysis of the explanted PU matrix corrobo-
rated the histological findings, revealing no evidence of
neointimal hyperplasia, inflammation, or calcification
(Fig. 2, e-h). The inner vascular surface of the implanted
patch was covered by a continuous layer of endothelium-
like cells (Fig. 2, f). At the neointima-patch interface,
macrophages were observed, with some demonstrating
the ability to migrate into the matrix (Fig. 2, g).

The outer surface of the matrix was enveloped by
neoadventitia, which contained histological elements
characteristic of the carotid adventitial sheath, inclu-
ding newly formed vasa vasorum (Fig. 2, a, h). Signs
of partial bioresorption were observed on the side of
the implanted patch facing the neoadventitia, where the
matrix was surrounded by clusters of multinucleated
foreign-body giant cells (FBGCs) with isolated PU fi-
bers detected within their cytoplasm (Fig. 2, h). Overall,
monocytic-macrophage cells and multinucleated FBGCs
were primarily localized in the superficial layers of the
patch, while only a sparse number of cellular elements
were present within the deeper regions of the PU matrix
(Fig. 2, g, h).

Immunofluorescence analysis followed by confocal
microscopy confirmed the presence of a-actin-producing
smooth muscle-like cells within the neointima (Fig. 3, a).
The inner vascular surface of the implanted PU matrix
was lined by a monolayer of mature endothelial cells

CD31/0-actin

vWF

actively synthesizing von Willebrand factor (Fig. 3, b).
Collagen III and IV were detected throughout all lay-
ers of the examined sections, including the PU matrix,
neointima, and neoadventitia. However, the most intense
fluorescence of these proteins was observed in the en-
dothelial layer (Fig. 3, ¢, d). Cellular infiltration within
the PU matrix remained low.

Consequently, the remodeling of the PU matrix im-
planted into a sheep carotid artery over a 6-month period
led to the development of a three-layer structure resemb-
ling the native vascular wall. The absence of premature
material degradation, calcification, inflammation, an-
eurysmal formation, or stenotic changes highlights the
high biocompatibility of PU as a vascular patch material.

Results of BP matrix implantation in a sheep
carotid artery

Ultrasound evaluation at 6 months post-implantation
of the BP matrix in a sheep carotid artery confirmed
vessel patency, with no evidence of aneurysmal dila-
tation, stenosis, or significant hematomas. The blood
flow velocity at the site of the implanted patch averaged
67 cm/s (Fig. 4, a, b).

Upon visual inspection during access to the sheep ca-
rotid artery, no significant structural changes, aneurysmal
dilatations, or hematomas were observed at the BP matrix
implantation site (Fig. 4, a). A vascularized connective
tissue capsule uniformly enveloped the implanted BP
matrix (Fig. 4, a, ¢). The explant remained elastic with
a dense structure.

A transverse section of the carotid artery confirmed
that the BP matrix maintained a circular lumen in com-
bination with the vascular wall (Fig. 4, d). However, the
implanted patch site appeared thicker than the native
carotid artery wall, which may indicate neointimal hy-
perplasia (Fig. 4, d).

Histological analysis of the explanted BP matrix con-
firmed that its structural integrity was largely preserved
after 6 months of implantation (Fig. 5, a—d). However,
minor areas of delamination were observed within the

Col IIT Col IV/Col 1

Fig. 3. Results of immunofluorescence study of PU matrix 6 months after implantation in a sheep carotid artery, 200 magni-
fication, scale bar 50 um: a, endothelium on the inner surface (CD31, green glow), alpha actin-containing cells (red glow); b,
von Willebrand factor (vWF, green glow); c, collagen type III (Col III, green glow); d, collagen type IV (Col IV, green glow),
collagen type I (Col I, red glow), DAPI-stained cell nuclei (blue glow)
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patch, though these did not significantly affect its overall
architecture (Fig. 5, a—d). No signs of calcification or
inflammation were detected.

By the end of the 6-month implantation period, re-
modeling of the BP matrix led to the formation of a
neointima with a thickness of 627 (538; 817) um and
a neoadventitia with an average thickness of 540 (504;
540) um. The total vascular wall thickness at the im-
plantation site measured 1723 (1693; 1772) wm, nearly
twice the thickness of the intact carotid artery wall (869

(833; 875) um), indicating the presence of neointimal
hyperplasia in the patched region.

A detailed examination of the explanted BP matrix
confirmed the absence of inflammation and calcification
(Fig. 5, e-h). The inner vascular surface was lined with a
loose layer of endothelial-like cells (Fig. 5, e—g). Single
areas of delamination were observed at the BP matrix im-
plantation site, but these did not compromise the overall
structural integrity of the patch (Fig. 5, e—f). The neoin-
tima exhibited a tendency to thicken, both centrally and

50 60 70 80 90 100 110

Fig. 4. BP matrix: a, view of the BP matrix 6 months after implantation in a sheep carotid artery; b, ultrasound scan of the
carotid artery 6 months after implantation of the BP matrix; c, explanted section of the carotid artery with the implanted BP
matrix; d, cross section of the carotid artery with the implanted BP matrix

100 pm

Fig. 5. Results of histologic examination and scanning electron microscopy of the BP matrix 6 months after implantation into
a sheep carotid artery: a, general view of the BP matrix, H&E stain, x50 magnification; b, general view of the BP matrix, Van
Gieson’s stain, x50 magnification; ¢, general view of the BP matrix, alizarin red C color, x50 magnification; d, general view
of the BP matrix, DAPI-stained fluorescence image, X100 magnification; e, general view of the matrix, x75 magnification; f,
area of anastomosis, X200 magnification; g, vessel neointima, magnification x1000; h, single foreign-body giant cells in the
area of contact between the neoadventitia and the matrix, x1000 magnification
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Fig. 6. Results of immunofluorescence study of the BP matrix 6 months after implantation in a sheep carotid artery, x200 mag-
nification, scale bar 50 um: a, endothelium on the inner surface (CD31, green glow), alpha actin-containing cells (red glow); b,
von Willebrand factor (vVWF, green glow); ¢, collagen type III (Col 111, green glow); d, collagen type IV (Col 1V, green glow),
collagen type I (Col I, red glow), DAPI-stained cell nuclei (blue glow)

in the anastomotic regions (Fig. 5, e—f). The implanted
xenopericardial flap retained the fibrous structure cha-
racteristic of bovine pericardium (Fig. 5, e). While the
cellularity of the patch was low, single multinucleated
foreign-body giant cells (FBGCs) were detected at the
interface with the neoadventitia (Fig. 5, h).

Immunofluorescence analysis of the explanted BP
matrix revealed the presence of squamous alpha-actin-
producing cells within the neointima (Fig. 6, a). The en-
dothelial layer lining the inner vascular surface appeared
loose and discontinuous, with weak expression of von
Willebrand factor (Fig. 6, b). Collagen I1I fibers were de-
tected throughout all layers of the sample, including the
neointima, matrix, and neoadventitia (Fig. 6, ¢). Collagen
IV was present in all layers, with individual brightly
stained secreting cells scattered throughout (Fig. 6, d).

Thus, remodeling of the BP matrix implanted in a
sheep carotid artery followed the process of forming
a tissue analog of the vascular wall, comprising both
neointima and neoadventitia. A key distinguishing fea-
ture of the biological patch was the presence of localized
delamination, indicative of material degradation. Additi-
onally, the pronounced neointimal hyperplasia observed
after six months of implantation highlights structural and
functional differences between the implanted BP matrix
and the native carotid artery wall.

DISCUSSION

Commercial grafts used for vascular reconstruction
present several unresolved challenges, including throm-
bosis, calcification, neointimal hyperplasia, and aneu-
rysm formation [27, 28]. Beyond these issues, xenope-
ricardial grafts are particularly susceptible to structural
degeneration, especially in younger individuals [29, 30].
Materials such as PTFE and Dacron have also been asso-
ciated with calcium deposition, not only within the graft
itself but also in adjacent vascular structures, including
the adventitia, media, and intima [31].

Neointimal hyperplasia remains a critical concern in
vascular surgery, as it significantly impacts the long-term

success of both surgical and endovascular procedures
[32]. In our previous in vitro studies, we demonstrated
that a PU material exhibited favorable physical and me-
chanical properties, with the potential to mitigate neoin-
timal hyperplasia. Notably, PU showed lower stiffness
compared to xenopericardium [33].

Our in-house study on a novel vascular patch material
composed of 12% electrospun PU in a long-term sheep
carotid artery implantation model demonstrated several
advantages over commercial BP.

A key distinction between the two materials was
observed visually at the time of explantation. The con-
nective tissue capsule surrounding the BP patch was
denser compared to PU. Cross-sectional analysis further
revealed a seamless integration of PU with the arterial
wall, whereas BP exhibited pronounced thickening, in-
dicating structural disparity.

Secondly, histological evaluation confirmed the ab-
sence of neointimal hyperplasia in the PU matrix and
a closer resemblance to the native artery. The total
thickness of the remodeled PU vascular wall was 731.2
(711.5; 751.3) pm, aligning well with the native carotid
artery. In contrast, BP demonstrated significant neointi-
mal hyperplasia (627 (538; 817) um thick), resulting in
an overall vascular wall thickness of 1723 (1693; 1772)
pum after six months of implantation.

Thirdly, the endothelial lining on the PU matrix was
more continuous and functionally active compared to
the less-developed endothelialization observed in BP.

Fourthly, the structural integrity of PU was higher
than that of BP. While multinucleated FBGCs were
present at the neoadventitia border in both materials,
the location of these cells in BP was the same, but the
material was stratified.

Despite both materials supporting 100% patency of
the reconstructed carotid arteries and maintaining phy-
siological blood flow over the six-month implantation
period without aneurysm formation, the PU-based mat-
rix demonstrated superior remodeling capabilities under
hemodynamic conditions. Given these advantages, PU
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shows strong potential for use as a standalone component
or as part of a composite structure to enhance elasticity
and durability in vascular reconstruction applications.

CONCLUSION

The implantation of a PU matrix as a vascular patch
demonstrated harmonious remodeling and preservation
of the polymer framework under physiological blood
flow conditions in a sheep model. Its high elasticity and
durability make PU a promising material for cardiovas-
cular surgical applications, either as a standalone com-
ponent or as part of a composite structure designed to
enhance vascular reconstruction outcomes.

This research was conducted as part of the funda-
mental theme of the Research Institute for Complex Is-
sues of Cardiovascular Diseases, No. 0419-2022-0001:
“Molecular, cellular, and biomechanical mechanisms
of the pathogenesis of cardiovascular diseases in the
development of new treatment methods for cardiovas-
cular diseases based on personalized pharmacotherapy,
minimally invasive medical devices, biomaterials, and
tissue-engineered implants”.
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PATHOMORPHOLOGICAL AND MICROBIOLOGICAL ANALYSIS
OF AN EPOXY-TREATED BIOPROSTHETIC HEART VALVE
FUNCTIONING FOR 25 YEARS IN A PATIENT WITH RHEUMATIC
HEART DISEASE: A CASE REPORT

A.E. Kostyunin, T.V. Glushkova, T.N. Akentyeva, E.A. Ovcharenko
Research Institute for Complex Issues of Cardiovascular Diseases, Kemerovo, Russian Federation

Bioprosthetic heart valves (BHVs) rarely last longer than 20 years due to the development of degenerative changes
in their leaflets. We present a detailed pathomorphological description of KemCor, an epoxy-treated BHV that
was removed from the mitral position 25 years after implantation. Literature review shows that this is the longest

recorded lifespan of an epoxy-treated implant.

Keywords: bioprosthetic heart valves, structural valve degeneration, histology, clinical case.

INTRODUCTION

Limited lifespan is a major drawback of bioprosthetic
heart valves (BHVs). On average, these medical devices
function for 10—15 years before requiring replacement
due to structural degeneration (SD) of their biological
component [1]. Morphologically and histologically, SD
is an irreversible process of fatigue-induced destruction
and calcification of the collagen base of the leaflet ap-
paratus of BHVs [1]. Degenerative changes in the leaf-
lets become the cause of hemodynamic dysfunction of
BHVs, leading to valve stenosis and/or insufficiency [1].

Several papers have described in detail the histopa-
thological pattern of SD, characteristic of foreign BHVs
[2, 3]. It is important to note that the latter differ from
some Russian-made models by the method of treatment:
in their manufacture they use animal biomaterial treated
with glutaraldehyde (GA), whereas in Russia a unique
technology of biotissue stabilization with diglycidyl
ether of ethylene glycol is widespread [4]. The durabi-
lity of BHVs treated with diepoxy compounds is similar
to that of foreign BHVs [4]; however, the histopatholo-
gical features of SD are poorly studied for this type of
implants [5, 6].

In the present article, we present a morphological and
histological description of a KemCor BHV (NeoCor,
Russia), which was removed 25 years after implantation
due to dysfunction. Our hospital records and literature
review show that the studied sample is the longest re-
corded lifespan of an epoxy-treated BHV.

CLINICAL CASE DESCRIPTION
AND CHARACTERISTICS OF THE EXPLANTED
BIOPROSTHETIC HEART VALVE

A man born in 1960, suffering from rheumatic heart
disease and mitral valve stenosis, was implanted with
KemCor BHV (NeoCor, Russia) in 1995. The valve was
replaced in 2020 (after 25 years) due to grade IV pros-
thetic valve dysfunction. No history of hypertension,
diabetes mellitus, dyslipidemia or kidney failure was
noted in the patient’s history.

The BHYV retrieved during prosthetic replacement
was sent to the laboratory for study. Macroscopic ana-
lysis revealed the presence of numerous perforations in
the dome of the leaflets (Fig. 1, a). Two leaflets were
characterized by extensive intraleaflet hemorrhages,
while the leaflet apparatus retained elasticity and had
no visible calcifications. There were no vegetations on
the surface of the leaflets, the frame struts were covered
with connective tissue without signs of calcification.
Pannus was present on the BHV on the exit site, but it
was poorly developed: connective tissue slightly fixed
the leaflets adjacent to each other in the commissure zone
on one frame strut.

For microscopic analysis, BHV leaflets were separa-
ted from the framework and cryosections were prepared
on an HM525 microtome cryostat (Thermo Fisher Scien-
tific, USA) using Neg-50 rapid tissue freezing medium
(6502, Thermo Fisher Scientific, USA). Examination of
slices stained with hematoxylin (05-06004, Bio-Optica,
Italy) and eosin (HK-EV-A500, Biovitrum, Russia)
showed pronounced stratification and fragmentation of
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the biomaterial. Due to significant tissue damage, the
slices were often not monolithic, but were arranged as se-
parate fragments on a glass slide (Fig. 1, b). Alizarin red
S staining (ab142980, Abcam, UK) showed the presence
of single small (up to 1 mm) calcifications (Fig. 1, c),
while Gram staining (ab150672, Abcam, UK) revealed
bacterial colonies at the free edge of one of the leaflets
(Fig. 1, d). Histological examination of the microorga-
nisms showed Gram-positive cocci and Gram-negative
bacilliform bacteria (Fig. 2, a), however, attempts at ta-
xonomic identification of bacteria by PCR using OneStep
test systems (Litech, Russia) did not yield results (we
used kits for detection of the main pathogens of infective
endocarditis (IE) from the genera: Enterobacter, Entero-
coccus, Escherichia, Proteus, Serratia, Staphylococcus
and Streptococcus).

Among other things, the leaflet apparatus of the BHV
in question was characterized by moderate cell infilt-
ration. The cells were located singly or formed small

clusters (not more than 30 cells) localized on the sur-
face of the leaflets, in the thickness of loosened areas of
the biomaterial and near calcifications. Cell typing was
performed by immunohistochemical reaction using a
commercial kit Novolink Polymer Detection Systems
(RE7150-CE, Leica Biosystems, USA) and antibodies
to pan-leukocyte marker CD45 (ab10558, Abcam, UK),
macrophage marker CD68 (ab955, Abcam, UK), T cell
marker CD3 (ab16669, Abcam, UK), B-lymphocyte
CD19 (MAS5-32544, Invitrogen, USA) and neutrophil
marker MPO (ab208670, Abcam, UK). Examination of
the cellular infiltrates showed that they consisted exclusi-
vely of leukocytes (CD45+), represented predominantly
by macrophages (CD68+), and single T cells (CD3+)
and neutrophils (MPO+) (Fig. 2, b). Oil Red O staining
of slices allowed to reveal accumulations of foam cells

and large lipid droplets in the biomaterial (Fig. 2, b, ¢).

snmrda B L il *
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Fig. 1. Results of macro- and microscopic analysis of the studied bioprosthetic heart valve: a, an image of the sample, (left
and right — inflow and outflow sections, respectively; black arrows indicate leaflet perforations, red indicate intravalvular
hemorrhages, green shows pannus buildup areas); b, histological slice of the leaflet stained with hematoxylin and eosin (ar-
rows indicate areas of delamination and ruptures of extracellular matrix); c, slice stained with alizarin red S (arrows indicate
microcalcifications); d, slice stained by Gram staining (arrows indicate colonies of microorganisms)

151



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS Vol. XXVII - N2 1-2025

Fig. 2. Results of histological and immunohistochemical staining of the bioprosthetic valve leaflets: a, Gram-stained bacterial
colonies composed of Gram-positive cocci and Gram-negative bacilli (arrows indicate recipient cells colocalized with micro-
organisms); b, cell typing results (arrows indicate positively stained cells; immunohistochemistry and oil red O staining); c,
visualization of lipid droplets in the bioprosthetic valve leaflet (on the left is the leaflet dome, on the right is the free edge of
the leaflet; oil red O staining)

DISCUSSION 15 years on average) durability of these medical devices

BHVs with a functional lifespan exceeding 20 years ~ and the use of BHVs mainly in patients older than 65 ye-
are rarely available for histopathological examination. ars of age [7]. In the latter case, failed BHVs are usually
This situation is related to both the relatively short (10—  unavailable for study due to natural death of recipients
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or impossibility of retrieval due to transcatheter valve-
to-valve replacement method [7]. Consequently, there
is little data on BHVs that functioned 20-25 years after
implantation [8, 9].

The biomaterial of the leaflets of the BHV in question
was characterized by extreme stratification and fragmen-
tation of collagen fibers, which is obviously associated
with the duration of exposure of the valve to cyclic loads
(over 25 years, the BHV performed about 1 billion cycles
of opening and closing). At the same time, calcification
of the BHV was negligible. This picture differs from
the known cases of long-term (>20 years) functioning
of GA-treated BHVs, which are characterized by pro-
nounced calcification of the leaflet apparatus [8, 9]. The
obtained data indirectly confirm the opinion of experts,
according to which epoxy-treated BHVs are considered
to be more resistant to calcification than the GA-treated
ones [4]. However, due to lack of a sample, it is still
impossible to make a final conclusion about the influ-
ence of the tissue preservation method on the nature of
degenerative changes in BHVs during their extremely
long-term functioning.

Detection of microorganisms in the biomaterial of
the BHV was unexpected, although the results of mac-
roscopic analysis, blood cultures and patient intake did
not reveal any signs of infective endocarditis (IE) in the
patient. It is important to emphasize that the pattern of
localization of bacterial agents was not characteristic
of classical IE, in the development of which bacteria
populate microthrombi on the surface of the flaps with
subsequent formation of vegetations. In the case un-
der consideration, bacterial clusters were located in the
thickness of the leaflet apparatus in the areas with severe
tissue damage. Apparently, the observed picture is due
to the entrapment of microorganisms from blood by the
network of loosened collagen fibers that form the basis
of the biomaterial of the leaflet.

In addition to bacterial agents, the BHV was infil-
trated by different types of leukocytes penetrating the
thickness of the biomaterial. Apparently, like bacterial
contamination, cellular invasion of the flaps is associa-
ted with trapping of circulating immune cells from the
bloodstream by the loosened tissue. The predominance
of macrophages and foam cells in the infiltrates indica-
tes chronic inflammation, which is consistent with the
results of previous studies [2, 3, 6]. At the same time, the
presence of single T cells and neutrophils may be due to
the development of latent IE.

CONCLUSION

In this paper, we reported an epoxy-treated BHV that
was removed 25 years after mitral valve replacement.

Literature review showed that this is the longest reported
lifespan of a BHV treated with ethylene glycol diglycidyl
ether. Identification and description of similar cases in
the future will help to study the mechanisms of structural
degeneration of these medical devices in more detail (in
particular, to assess the resistance of an epoxy-treated
biomaterial to calcification in a recipient’s body com-
pared to a GA-stabilized biomaterial in long-term BHV
functioning).

The study was carried out within the framework of the
fundamental theme of the Research Institute for Complex
Issues of Cardiovascular Diseases, No. 0419-2022-0001

“Molecular, Cellular and Biomechanical Mechanisms
of the Pathogenesis of Cardiovascular Diseases in the
Development of New Methods of Treatment of Cardiova-
scular Diseases based on Personalized Pharmacothera-
py, Introduction of Minimally Invasive Medical Devices,
Biomaterials and Tissue-engineered Implants”.

The study was conducted in accordance with the prin-
ciples of the Good Clinical Practice and Declaration
of Helsinki of the World Medical Association, and was
approved by the local ethics committee of the Research
Institute for Complex Issues of Cardiovascular Diseases
(report #19 dated November 6, 2018). The patient signed
a written informed consent.

The authors declare no conflict of interest.
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TRANSCUTANEOUS PERMEATION ENHANCER COMPLEX
FOR POLYMER-BASED TRANSDERMAL PATCHES
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Selecting a permeation enhancer complex (PEC) for inclusion in a matrix-type transdermal patch (TP) is a primary
task in creating a new dosage form with percutaneous administration. Objective: to develop a biologically safe
PEC capable of regulating percutaneous diffusion of low-molecular-weight drugs from the polyacrylate matrix
of'a TP and without causing adverse skin reactions. Materials and methods. The PEC contained apricot kernel
oil, dioctyl sodium sulfosuccinate, dihydroquercetin and alpha-tocopherol acetate — substances that have a good
impact on the functional properties of polymer-based TPs. Low-molecular alcohol-soluble drugs (chlorpropamide,
caffeine and sodium benzoate and lidocaine hydrochloride) used to treat diseases of various etiologies were used
as active ingredients. /n vitro studies of percutaneous drug delivery were carried out on male Chinchilla rabbits in
Franz glass diffusion cells using a drug diffusion analyzer. Using spectrophotometry and high-performance liquid
chromatography, concentrations of drugs in aqueous solutions and in the blood plasma of the laboratory animals
were measured. The irritant effect of the lidocaine-loaded transdermal polymeric matrix was tested on sexually
mature young male New Zealand White rabbits. Results. When PEC was introduced into the polymer matrix
film, percutaneous diffusion of the drugs increased significantly from 2.1 & 0.4 to 9.2 + 1.4 mg over 24 hours of
experiment for the chlorpropamide-loaded TP and from 9.2 £ 1.2 to 35.2 £ 7.5 mg for the caffeine-loaded TP.
Additionally, there was a 1.7- and 2.9-fold decrease and a 2.3- and 2.7-fold increase in the time to reach a con-
stant drug concentration in blood for the chlorpropamide- and caffeine-containing TPs, respectively. Using the
lidocaine- and chlorpropamide-loaded TPs, it was shown that the presence of PEC in the polymer matrix film
causes no skin irritation and that the shelf life of the transdermal form increases from 1 to 3 years. Conclusion.
Introduction of the proposed PEC into the polymeric matrixes of TPs enhanced percutaneous diffusion of the
drugs, reduced skin irritation from the TP components, and increased the shelf life of the finished dosage forms.

Keywords: transdermal patches, polymer matrix film, transcutaneous permeation enhancers,
chlorpropamide, caffeine and sodium benzoate, lidocaine hydrochloride.

INTRODUCTION

Transdermal patches (TPs) are an external dosage
form designed for the controlled delivery of active sub-
stances into the systemic circulation by passive diffusion
through intact skin [1]. They are widely used in modern
medicine, particularly for managing chronic conditions.
Their ease of application and the straightforward manu-
facturing process of polymeric matrix systems — espe-
cially the drug-in-adhesive subtype — make them a pre-
ferred choice for both manufacturers and consumers [2].

lene, and acrylic polymers [3]. Among acrylic adhesi-
ves, DURO-TAK and GELVA, manufactured by Henkel
(Germany) [6], are the most widely used.

In addition to form-forming components, permeation
enhancers are incorporated into the TP matrix to facili-
tate drug penetration through the skin. These enhancers
include various chemical compounds such as alcohols,
monoterpenes, sulfoxides, phospholipids, fatty acids and
their esters, surfactants [7-9]. All excipients used in a
TP must be carefully selected to minimize the risk of
toxicity, irritation, allergic reactions, or interactions with

The composition of a TP is carefully designed to
maintain a therapeutic drug concentration in the blood-
stream throughout its duration of action [3—5]. Most
commercially available TPs utilize polymeric adhesive
matrices, which not only ensure skin contact but also
serve as a reservoir for the active drug and excipients.
The polymer matrix must be biocompatible, avoiding
local irritation or allergic reactions. The most suitable
adhesives include polysiloxane polymers, polyisobuty-

the active drug.

When developing TP formulations, multiple exci-
pients are often combined to enhance and complement
each other’s effects. This approach helps maintain the
stability and functionality of the active drug over exten-
ded storage periods while also reducing potential skin
irritation caused by the TP components [8].

This study aimed to develop a biologically safe per-
meation enhancer complex (PEC) that effectively regu-
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lates percutaneous diffusion of low-molecular-weight
drugs from the polyacrylate matrix of a TP while mini-
mizing the risk of adverse skin reactions.

MATERIALS AND METHODS
Materials

The following drug substances were used as active
substances in the TP: hypoglycemic agent chlorpropa-
mide (MM 276.74) (Dipharma Francis, Spain), psycho-
stimulant caffeine and sodium benzoate (MM 338.29)
(Shandong Xinhua Pharmaceutical Co. Ltd., China), and
local anesthetic lidocaine hydrochloride (MM 234.34)
(Peptek, Russia).

For the manufacture of laboratory samples of TPs,
we used the acrylic adhesive Duro-Tak 87-4287 (Henkel
Chemical Company, Germany). This adhesive forms a
strong bond with the skin, facilitates drug release, and
can be easily removed after application. Its low shear
resistance eliminates the need for plasticizers, and it has
a viscosity of 8000 mPa-s [10].

To enhance the functional properties of the polymeric
TP, a complex of excipients was incorporated into the po-
lymer matrix, including apricot kernel oil (Desert Whale
Jojoba Company Ltd., USA), alpha-tocopherol acetate
(BASF SE, Germany), dihydroquercetin (Research and

Table 1

Composition of the polymer matrix film
of transdermal patches

S/N Matrix components Mass, %
1 | Alpha-tocopherol acetate 0.02-0.1
2 | Dihydroquercetin 0.04-0.14
3 | Dioctyl sodium sulfosuccinate 0.06-0.14
4 | Apricot kernel oil 4.0-9.6
5 |Acrylic adhesive <100%

Production Company ‘FLAVIT’), and dioctyl sodium
sulfosuccinate (Sigma, USA).

Table 1 shows the ranges of variation of the content of
permeation enhancers in the polymer matrix film of TP.

Drug substances intended for incorporation into the
polymer matrix film were pre-dissolved in 95% ethyl
alcohol (RFK, Russia) to ensure uniform distribution.
Laboratory samples of TPs loaded with chlorpropami-
de, caffeine, and lidocaine were fabricated using high-
quality film materials: Cotran 9715 film (3M, USA) as
the substrate and Scotchpack 1022 PET film (3M, USA)
as the protective layer. For primary packaging, sachets
from Proflex (Russia) were utilized.

Equipment

Quantification of drug concentrations in aqueous
solutions and blood plasma of laboratory animals was
performed using spectrophotometric analysis (UV-2600
spectrophotometer, Shimadzu, Japan) and high-perfor-
mance liquid chromatography (HPLC) on an Agilent
1260 Infinity chromatograph (Agilent Technologies,
USA). The HPLC system was equipped with a G1311A
pump, a G1314B diode array detector, a column thermo-
stat, and ChemStation software (Agilent, USA).

Drug diffusion studies were conducted using a HDT
1000 diffusion analyzer (Copley Scientific Ltd., UK).
Additional laboratory equipment included an Elmaso-
nic S 60 H ultrasonic bath (Elma, Germany), GH-200
analytical scales (AND, Japan), a Rotina 38R centrifuge
(Hettich, Germany), and a Simplicity water purification
system (Millipore, Germany).

Research algorithm

The paper presents and experimentally validates an
algorithm for developing safe and effective polymeric
TPs incorporating a complex of low-molecular-weight
drug permeation enhancers (Fig.). The proposed algo-

Selection of the matrix composition for TP

* Studying the properties of excipients
* Selecting the amount of excipients

In vitro evaluation of TP

* Study of percutan
unpreserved skin

eous diffusion of drugs through

* Quantification of drug in TP

In vivo evaluation of TP

* Pharmacokinetic evaluation of percutaneous
B administration of drugs
% + Examination of local irritant effect of TP

Fig. Algorithm for creating transdermal patches with a permeation enhancer complex. TP, transdermal patch
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rithm consists of three key stages: theoretical analysis, in
vitro studies, and in vivo evaluations. A comprehensive
laboratory study was conducted for each drug substance.

Laboratory animals

The studies were conducted on male Chinchilla rab-
bits (3.5-4.0 kg) and New Zealand White rabbits (2.0—
3.7 kg), obtained from the laboratory animal nursery
of Krollnfo LLC. The producer provided a veterinary
certificate confirming the animals’ health status. All ex-
perimental animals were specifically bred for research
purposes and had not previously participated in any stu-
dies.

All procedures were designed to minimize discomfort
and adhered to ethical guidelines, including the European
Convention for the Protection of Vertebrate Animals
Used for Experimental and Other Scientific Purposes
(ETS 123, Strasbourg, 1986). The study was also con-
ducted in compliance with Russian regulations: GOST
33215-2014 (Guidelines for the Maintenance and Care of
Laboratory Animals, Rules for Equipping Premises and
Organizing Procedures) and GOST 33216-2014 (Guide-
lines for Housing and Care of Laboratory Animals, Rules
for the Maintenance and Care of Laboratory Rodents
and Rabbits).

In vitro studies of transdermal drug delivery

The diffusion of drugs through unpreserved rabbit
skin from a TP with a polymer matrix containing a PEC
and a control TP without enhancers was studied using
glass Franz diffusion cells and a drug diffusion analyzer.
The receiving chamber of the diffusion cells was filled
with degassed 0.9% sodium chloride solution, which
was prepared using an ultrasonic bath. After 24 hours
of incubation at 32 °C, samples were collected from the
receiving chamber and analyzed.

Quantification of chlorpropamide in aqueous solu-
tions was performed using HPLC under the following
conditions: column NF28948 (150 mm length, 4.6 mm
inner diameter 5 um grain size), mobile phase acetonitri-
le : water : trifluoroacetic acid 250 : 750 : 1, isocratic elu-
tion mode, mobile phase flow rate 0.8 mL/min, column
thermostat temperature 25 °C, sample volume 5 pL,
detection wavelength 240 nm, retention time 2.3 min.

The optical density of aqueous caffeine solutions was
determined using spectrophotometric analysis at a wave-
length of 273 + 2 nm, corresponding to the maximum
absorption of the substance.

Quantification of lidocaine in aqueous solutions was
performed using HPLC under the following conditions:
Column: Hypersil BDS-C18 (length 150 mm, inner dia-
meter 4.6 mm, grain size 5 pm), mobile phase: acetoni-
trile : (water + 0.05 M KH,PO, + trifluoroacetic acid)
30 : 70, isocratic elution mode, mobile phase flow rate
1 mL/min, column thermostat temperature 25 °C, sample

volume 20 puL, detection wavelength: 254 nm, retention
time 3.8 min.

Determination of drug concentration
in blood plasma of laboratory animals
in transdermal administration in vivo

The concentration of drugs released from the TP into
blood plasma was evaluated in male Chinchilla rabbits.
The animals were divided into two groups of three each.
The first group received a PEC-containing TP applied
to a shaved area on the back near the neck for 24 hours,
while the second group received a PEC-free TP under
the same conditions.

Blood samples were collected from the marginal ear
vein into tubes containing 3.8% sodium citrate solution
(RENAM, Russia) before TP application and at speci-
fic time points: 1, 2, 4, 6, 12, 15, 18, 20, and 24 hours
after application. Blood plasma was obtained by centri-
fugation at 1500 rpm for 10 minutes. Before chroma-
tographic analysis, the samples were filtered through a
polytetrafluoroethylene membrane with a 0.45 pm pore
size (Supelco, USA).

Drug concentrations in rabbit blood plasma were de-
termined using HPLC.

Quantitative analysis of chlorpropamide in plasma
was performed under the following conditions: a Dia-
bond C16T column (Elsico, Russia) was used, with a mo-
bile phase consisting of acetonitrile (Merck, Germany)
and a 0.03% aqueous phosphoric acid solution (Merck,
Germany) in a gradient elution mode. The mobile phase
flow rate was set at 1 mL/min, with the column thermos-
tat maintained at 25 °C. The injection volume was 5 L,
and detection was carried out at a wavelength of 240 nm.
The retention time for chlorpropamide was 2.3 minutes.

Quantification of caffeine and sodium benzoate
(CSB) in rabbit blood plasma during TP application was
performed using HPLC under the following conditions:
a Hypersil ODS C18 column (Elsico, Russia) was used
with a mobile phase consisting of acetonitrile (Merck,
Germany) and a 0.03% aqueous phosphoric acid so-
lution (Merck, Germany) in a gradient elution mode.
The mobile phase flow rate was set at 1 mL/min, and
the column thermostat was maintained at 25 °C. The
injection volume was 5 pL, with detection carried out at
a wavelength of 254 nm.

Assessment of local irritant effect when using
a transdermal patch

The local irritant effect of a lidocaine-loaded TP was
assessed in accordance with GOST ISO 1099-10-2011
Medical Devices — Evaluation of the Biological Action
of Medical Devices, Part 10: Studies of Irritant and Sen-
sitizing Effects.

Rabbits were divided into two groups of three animals
each. A lidocaine-loaded TP (2.5 x 4.0 cm?) with a po-
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lymer matrix was applied to a shaved skin area on both
sides of the back and secured with a bandage. The first
group received a PEC-containing TP, while the second
received a PEC-free TP. After 24 hours, the patches were
removed, and skin condition was evaluated at 1, 24, 48,
and 72 hours post-exposure.

Quantification of drug content in laboratory
samples of transdermal patches

To determine the chlorpropamide content in the do-
sage form, TP samples (without protective and covering
layers) were placed in a conical flask containing 200 mL
of 0.01 N hydrochloric acid solution. The flask was main-
tained in a boiling water bath for 1 hour. The resulting
solution was then filtered through a paper filter into a
2000 mL volumetric flask. This extraction process was
repeated four additional times under the same conditions.

Chlorpropamide concentration was quantified using
spectrophotometric analysis by measuring the optical
density of the solution at a wavelength of 231 +2 nm. A
0.01 N hydrochloric acid solution served as the reference.

The content of chlorpropamide in TP in grams (X)
was calculated according to the formula:

Dy m-2000-5 2D,-m
Dy - 100-50 Dy

where D, is the optical density of the test solution; D,

is optical density of chlorpropamide standard sample

solution; m is the weight (in grams) of chlorpropamide
taken for preparation of the standard sample solution.

The experiment was repeated six times, and the ave-
rage result calculated.

2

Statistical data processing

Significance of differences was determined using
Student’s t-test (standard software package Microsoft
Excel 2010). Differences were considered statistically
significant at p < 0.05.

RESULTS AND DISCUSSION

Characteristics of substances included
in the permeation enhancer complex

The developed polymer matrix for the TP consisted
of an acrylic adhesive combined with a PEC containing
apricot kernel oil, dioctyl sodium sulfosuccinate, dihyd-
roquercetin, and alpha-tocopherol acetate [11]. The PEC
composition was carefully selected based on an analysis
of the individual properties of each excipient incorpora-
ted into the matrix.

Alpha-tocopherol acetate and dihydroquercetin, key
components of the PEC, are well known for their potent
antioxidant properties [12, 13]. These substances possess
unique characteristics that mitigate potential adverse
effects of the polymer composition on the skin during
TP application. Alpha-tocopherol acetate (vitamin E),
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for instance, enhances the skin’s water-binding capacity
when applied topically. It optimizes nutrient delivery
to the dermis and epidermis, facilitates detoxification,
promotes tissue healing and regeneration, and improves
microcirculation in the skin [14].

Dihydroquercetin exhibits a range of beneficial ef-
fects, including angioprotective, regenerative, detoxi-
fying, anti-edematous, antibiotic, radioprotective, and
immunomodulatory properties [13].

In the PEC formulation, alpha-tocopherol acetate and
apricot kernel oil interact synergistically to preserve each
other’s functional properties while providing protection
against oxidation. Vegetable oils play a crucial role in
replenishing lost epidermal lipids, restoring the skin’s
barrier function, and stimulating lipid metabolism [15].
Due to its high oleic acid content, apricot kernel oil is
readily absorbed into the skin, facilitating the penet-
ration of other active ingredients and enhancing their
bioavailability [16].

Dioctyl sodium sulfosuccinate (DSS) is a synthetic
surfactant with both lipophilic and hydrophilic proper-
ties, making it structurally similar to phospholipids. This
anionic surfactant readily forms micelles in aqueous and
organic media, adapting its spatial orientation based on
solvent polarity [17]. The ability of micelles to trans-
port drugs through the stratum corneum is attributed to
their hydrophobic outer surface, which facilitates pe-
netration. As micelles diffuse through the hydrophilic
dermis, sodium docusate molecules gradually reorient
their hydrophilic groups toward the surrounding envi-
ronment, enabling the controlled release of drugs, which
then diffuse into the bloodstream through capillary walls
[17]. Previous studies have demonstrated that DSS signi-
ficantly enhances the percutaneous diffusion of bromo-
caine in emulsion-based TPs [18]. Subsequent research
has explored its use in microemulsions for transdermal
delivery of essential amino acids [19, 20]. In this study,
DSS was incorporated into the PEC to improve drug
diffusion from the polymer matrix.

Study of transdermal diffusion of drugs
through unpreserved skin in vitro

from polymer matrices of different
compositions

In preliminary studies, the optimal composition of
the PEC for chlorpropamide-loaded, caffeine-loaded,
and lidocaine-loaded TPs was determined to achieve
the desired transdermal diffusion rate for a dosage form
with an area of 10 cm’.

Tables 2 and 3 present the in vitro results of the 24-
hour transdermal diffusion study of chlorpropamide and
caffeine from TPs. PEC components are indicated with
an asterisk (¥).

Tables 2 and 3 demonstrate a significant enhancement
(p < 0.05) in transdermal drug diffusion from a TP in-
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corporating a PEC-containing polymer matrix. Diffusion
of chlorpropamide increased from 2.1 £ 0.4 mgto 9.2 +
1.4 mg, while caffeine diffusion rose from 9.2 + 1.2 mg
to 35.2 &£ 7.5 mg over 24 hours.

A similar improvement in drug diffusion through un-
preserved rabbit skin in vitro was observed for lidocaine-
loaded TPs with a PEC-containing polymer matrix, as
shown in Table 4.

It is important to note that when developing a TP for
a specific drug, the ratio of PEC components must be
carefully optimized based on the drug’s properties and
the target therapeutic concentration in the blood.

Effect of the permeation enhancer complex
on drug concentration in blood during
transdermal administration to laboratory
animals

Table 5 presents the in vivo results of PEC’s effect on
drug concentration in rabbit blood during for chlorpropa-

mide-loaded TP (15 mg drug, 10 cm?). PEC components
are indicated with *.

Table 6 summarizes the time required to achieve a
steady-state blood concentration of caffeine and sodium
benzoate (CSB), as well as the duration for which this
concentration was maintained, during application of both
PEC-containing and PEC-free TPs (50 mg drug, 10 cm?).
PEC components are indicated with *.

As shown in Tables 5 and 6, incorporating PEC into
the polymeric TP reduces the time required to reach
a steady-state drug concentration in the blood — by
1.7 times for chlorpropamide-loaded TP and 2.9 times
for caffeine-loaded TP — while also increasing the achie-
ved concentration — by 2.3 times for chlorpropamide TP
and 2.7 times for caffeine TP.

Calculations indicate that to achieve the target drug
concentration in rabbit blood, a PEC-free chlorpropami-
de-loaded TP would require a contact area of 23 cm” —
2.3 times larger than the PEC-containing formulation.
Similarly, a PEC-free caffeine-loaded TP would require

Table 2

Effect of the permeation enhancer complex on percutaneous diffusion of chlorpropamide
from the transdermal patch (15 mg, 10 cm?)

S/N| Polymer matrix composition Quantity Quantity | Mass of the drug that passed | Release of drug
in the matrix, mass % | in the TP, g | through the skin, mg, n = 20 from TP, %

Acrylic adhesive 95.88
Apricot kernel oil* 4.0
Alpha-tocopherol acetate™ 0.02 0.155

1 |Dioctyl sodium sulfosuccinate* 0.06 92+14 61.3
Dihydroquercetin® 0.04
Ethanol 0.100
Chlorpropamide 0.015
Acrylic adhesive 100 0.155

2 |Ethanol 0.100 2.1+04 14.0
Chlorpropamide 0.015

Note: TP, transdermal patch.
Table 3

Effect of the permeation enhancer complex on percutaneous diffusion of caffeine
from the transdermal patch (50 mg, 10 cm?)

S/N| Polymer matrix composition Quantity Quantity | Mass of the drug that passed | Release of drug
in the matrix, mass % | in the TP, g | through the skin, mg, n =15 from TP, %

Acrylic adhesive 90.02
Apricot kernel oil* 9.6
Alpha-tocopherol acetate* 0.10 0.12

1 |Dioctyl sodium sulfosuccinate™ 0.14 352+7.5 70.4
Dihydroquercetin* 0.14
Ethanol 0.10
Caffeine 0.05
Acrylic adhesive 100 0.12

2 | Ethanol 0.10 92+12 18.4
Caffeine 0.05

Note: TP, transdermal patch.
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a 27 cm’ contact area, which is 2.7 times larger than its
PEC-containing counterpart. These findings highlight
the effectiveness of PEC in significantly reducing the

required TP contact area.

Pharmacokinetic studies of the lidocaine-containing
TP revealed that drug concentrations in the blood of labo-

ratory animals were near the HPLC detection limit, con-

sistent with the characteristics of topical formulations.

Table 4
Effect of the permeation enhancer complex on percutaneous diffusion of lidocaine
from the transdermal patch (50 mg, 10 cm?)
S/N| Polymer matrix composition Quantity Quantity | Mass of the drug that passed | Release of drug
in the matrix, mass % | in the TP, g | through the skin, mg, n = 15 from TP, %
Acrylic adhesive 94.76
Apricot kernel oil* 5.0
Alpha-tocopherol acetate* 0.1 0.12
1 |Dioctyl sodium sulfosuccinate™ 0.06 21.8+3.0 43.6
Dihydroquercetin* 0.08
Ethanol 0.10
Lidocaine 0.05
Acrylic adhesive 100 0.12
2 | Ethanol 0.10 9.1+£0.2 18.2
Lidocaine 0.05
Note: TP, transdermal patch.
Table 5

Results of the study of chlorpropamide content in the blood of laboratory animals in vivo

S/N | Polymer matrix composition | Quantity in the | Quantity | Time (h) to reach a cons- | Constant concentration
matrix, mass % | in the TP, g| tant concentration,n=3 | (ug/mL) in blood, n=3
Acrylic adhesive 95.88
Apricot kernel oil* 4.0
Alpha-tocopherol acetate* 0.02 0.155
1 |Dioctyl sodium sulfosuccinate™® 0.06 44405 1.73+0.16
Dihydroquercetin® 0.04
Ethanol 0.100
Chlorpropamide 0.015
Acrylic adhesive 100 0.155
2 |Ethanol 0.100 73+0.3 0.75+0.11
Chlorpropamide 0.015
Note: TP, transdermal patch.
Table 6

Results of the study of caffeine and sodium benzoate content in the blood of laboratory animals in vivo

S/N'| Polymer matrix composition | Quantity in the | Quantity in | Time (h) to reach a cons- | Constant concentration
matrix, mass % | the TP, g | tant concentration,n=3 | (ug/mL) in blood, n=3
Acrylic adhesive 90.02
Apricot kernel oil* 9.6
Alpha-tocopherol acetate* 0.10 0.12
1 | Dioctyl sodium sulfosuccinate* 0.14 22+04 2.63+0.15
Dihydroquercetin® 0.14
Ethanol 0.10
Caffeine and sodium benzoate 0.05
Acrylic adhesive 100 0.12
2 | Ethanol 0.10 6.3+09 0.96 £0.10
Caffeine and sodium benzoate 0.05

Note: TP, transdermal patch.
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Table 7
Extent of skin reaction in rabbits to the lidocaine-containing transdermal patch
TP composition Rabbit no. Time after detachment of TP
I hr 24 hr 48 hr 72 hr
Polymer matrix with PEC: 1 0 0 0 0 0 0 0 0
— Apricot kernel oil, 5.0% 2 0 0 0 0 0 0 0 0
— Alpha-tocopherol acetate, 0.1%
— Dioctyl sodium sulfosuccinate, 0.06% 3 0 0 0 0 0 0 0 0
— Dihydroquercetin, 0.08%
1 1 1 0 0 0 0 0 0
Polymer matrix without PEC 2 1 1 1 1 0 0 0 0
3 1 1 1 1 0 0 0 0

Note: 0, no irritation; 1, faint erythema; TP, transdermal patch;

PEC, permeation enhancer complex.

Table 8
Quantity of chlorpropamide in the transdermal patch at different storage periods
TP composition Quantity of chlorpropamide in the TP, g
Immediately after After 1 year, g After 2 years, g After 3 years, g
production, g (n = 6) (n=16) (n=106) (n=06)

Polymer matrix with PEC:
— Apricot kernel oil, 5.0%
— Alpha-tocopherol acetate, 0.1% 0.0151 +0.0006 0.0148 £ 0.0009 | 0.0148 +£0.0006 | 0.0146 +0.0003
— Dioctyl sodium sulfosuccinate, 0.06%
— Dihydroquercetin, 0.08%
Polymer matrix without PEC 0.0150 +0.0010 0.0148 +£0.0006 | 0.0142+0.0003 | 0.0120 + 0.0008

Note: TP, transdermal patch; PEC, permeation enhancer complex.

Effect of infroducing the permeation
enhancer complex in the matrix

on the possibility of local irritant effect
of a transdermal patch

An assessment of the possibility of skin irritation
from polymeric TPs was conducted using laboratory
samples of lidocaine-loaded TP (50 mg, 10 cm?) as a
topical agent. The extent of skin reaction in rabbits fol-
lowing TP application is summarized in Table 7.

Table 6 indicates that in all three rabbits from the
second group, mild erythema was observed at both ap-
plication sites one hour after removing the lidocaine-
loaded TP with a PEC-free polymer matrix. This ery-
thema persisted for 24 hours in two rabbits but resolved
completely within the next 24 hours. In contrast, no signs
of irritation were observed at the application site in the
group of animals that received the lidocaine-loaded TP
with a PEC-containing polymer matrix throughout the
study period. Similar findings of reduced local irrita-
tion were noted in the studies of caffeine-loaded and
chlorpropamide-loaded TP.

Effect of the permeation enhancer complex
in the polymer matrix on the shelf life
of transdermal patches

To demonstrate the effect of PEC in the polymer ma-
trix composition on the shelf life of the TP, Table 8 pre-

sents the results of a three-year study on the quantitative
content of chlorpropamide in the TP.

According to the 15th edition of the State Pharmaco-
poeia of the Russian Federation, deviation in the active
substance content of a TP should not exceed 15% [1].
Therefore, chlorpropamide content in a single TP must
not be lower than 0.0150 = 0.00225 g. The study results
indicate that the shelf life of a chlorpropamide-loaded
TP with a PEC-containing polymer matrix extends up
to three years, whereas a similar TP without PEC has a
shelf life of only one year.

Similar studies have demonstrated that incorporating
PEC into caffeine-loaded and lidocaine-loaded TPs also
enhances their shelf life.

CONCLUSION

The findings of this study demonstrate that incorpo-
rating the proposed PEC — comprising of apricot kernel
oil, dioctyl sodium sulfosuccinate, dihydroquercetin, and
alpha-tocopherol acetate — into polyacrylate TP matrices
significantly enhances the functional properties of these
dosage forms. Specifically, the PEC:

— Increases transdermal drug diffusion, enabling a sub-
stantial reduction in the required contact area of the
dosage form.

— Shortens the time needed to reach a stable equilibrium
drug concentration in the bloodstream compared to
PEC-free formulations.
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— Reduces the risk of skin irritation at the application

site.

— Extends the shelf life of the dosage form.

The authors declare no conflict of interest.

REFERENCES

1.

10.

General Pharmacopoeia Article “Transdermal Patches”
OFS.1.4.1.0016 State Pharmacopoeia of the Russian Fe-
deration XV edition.

Losenkova SO, Tunina ED, Pavluchenkova NA, Losen-
kov PV, Emelyanov AA, Machotina MV. Modern range of
transdermal dosage forms in the pharmaceutical market
of russia. Vestnik of the Smolensk State Medical Acade-
my. 2022; 21 (1): 152—159. [In Russ, English abstract].
doi: 10.37903/vsgma.2022.1.20.

Basok YuB, Kuznetsova EG, Kuryleva OM, Perova NV,
Ryzhikova VA, Salomatina LA et al. Transdermal thera-
peutic systems / Ed. V.I. Sevastyanov, E.G. Kuznetsova.
SPb.: Science-intensive technologies, 2023; 276. [In
Rus].

Phatale V, Vaiphei KK, Jha S, Patil D, Agrawal M, Ale-
xander A. Overcoming skin barriers through advanced
transdermal drug delivery approaches. J Control Releas.
2022;351:361-380. doi: 10.1016/j.jconrel.2022.09.025.
PMID: 36169040.

Sevastyanov VI, Salomatina LA, Kuznetsova EG, Seregi-
na MV, Basok YuB. Transdermal dosage form of acyzol —
carbon monoxide antidote. Perspective materials. 2008;
6: 55-59. [In Rus].

Maciejewski B, Dlabiszewska J, Mikolaszek B, Szni-
towska M. The Impact of Liquid Components on Al-
teration of the Adhesion of Polyacrylate and Silicone
Patches. Polymers (Basel). 2023; 15 (22): 4355. doi:
10.3390/polym15224355. PMID: 38006080. PMCID:
PMC10674843.

Kuznetsova EG, Ryzhikova VA, Salomatina LA, Sevas-
tianov VI Transdermal drug delivery and methods to
enhance it. Russian Journal of Transplantology and Ar-
tificial Organs. 2016; 18 (2): 152—-162. [In Russ, English
abstract]. doi: 10.15825/1995-1191-2016-2-152-162.
Kovacik A, Kopecna M, Vavrova K. Permeation en-
hancers in transdermal drug delivery: benefits and li-
mitations. Expert Opin Drug Deliv. 2020; 17 (2): 145—
155. doi: 10.1080/17425247.2020.1713087. PMID:
31910342.

Vasyuchenko EP, Orekhov PS, Armeev GA, Bozdagany-
an ME. CPE-DB: An Open Database of Chemical Pene-
tration Enhancers. Pharmaceutics. 2021; 13 (1): 66. doi:
10.3390/pharmaceutics13010066. PMID: 33430205.
PMCID: PMC7825720.

Henkel-adhesives.com [Internet]. Product selection guid.
Henkel. DURO-TAK and GELVA Transdermal Pressure
Sensitive Adhesives [cited 2022 March 21]. Available

162

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

from: https://www.henkel-adhesives.com/content/dam/
uai/AlH/master/images/drug-delivery-polymers/duro-
tak-gelva-production-guide-US-4pager-160920.pdf.
Sevastyanov VI, Kuznetsova EG, Salomatina LA, Kury-
leva OM, Basok YuB, Gautier SV. Patent RU2812184C]1.
Matrix based on acrylic adhesive with complex of trans-
dermal transfer activators for transdermal therapeutic
systems. Published 24.01.2024.

Gavrilov AS. Pharmaceutical technology. Manufacturing
of medicinal products (study guide). Chapter 5. Exci-
pients / Ed. A.S. Gavrilov. Moscow: GEOTAR-Media,
2010; 624. [In Rus].

Tutelyan VA, Kravchenko LV, Avrenyeva LI, Morozov SV.
Evaluation of antioxidant and antitoxic efficiency of na-
tural flavonoid dihydroquercetin. Toxicological Bulletin.
2005; 1: 14-20. [In Rus].

Tsoureli-Nikita E, Hercogova J, Lotti T, Menchini G.
Evaluation of dietary intake of vitamin E in the treatment
of atopic dermatitis: a study of the clinical course and
evaluation of the immunoglobulin E serum levels. /nt J
Dermatol. 2002; 41 (3): 146-150. doi: 10.1046/1.1365-
4362.2002.01423.x. PMID: 12010339.

Bykova SE, Davidenko EK, Efimenko SG. Prospects for
the development of the raw material base for the produc-
tion of new types of edible vegetable oils. Oils and fats.
2014; 1: 20-24. [In Rus].

Lin T-K, Zhong L, Santiago JL. Anti-Inflammatory and
Skin Barrier Repair Effects of Topical Application of
Some Plant Oils. Int J Mol Sci. 2017; 19 (1): 70. doi:
10.3390/ijms19010070. PMID: 29280987.

Sevastianov VI. Biomaterials, drug delivery systems, and
bioengineering. Russian Journal of Transplantology and
Artificial Organs. 2009; 11 (3): 69—-80. [In Russ, English
abstract].  https://doi.org/10.15825/1995-1191-2009-3-
69-80.

Ryzhikova VA, Tikhobayeva AA, Salomatina LA, Kursa-
kov SV, Kuznetsova EG, Kuryleva OM, Sevastianov VI.
Effect of the Transfer Activator on Functional Properties
of the Bromocain Matrix Transdermal Therapeutic Sys-
tems. Inorganic Materials: Applied Research. 2014; 5
(5): 498-503. doi: 10.1134/S2075113314050177.
Sautina NV, Rybakova AI, Gubaidullin AT, Galyamet-
dinov YuG. Liquid crystal mesophase of the water /
AOT / isopropylmiristat system in the processes of
transdermal delivery of amino acids. Liquid crystals and
their application. 2020; 20 (2): 91-99. doi: 10.18083/
LCAppl.2020.2.91. [In Russ, English abstract].

Sautina NV, Rybakova AI, Galyametdinov YuG. Kinetics
of I-lysine mass transfer in reverse microemulsions, sta-
bilized by AOT. Liquid crystals and their application.
2019; 19 (1): 26-32. doi: 10.18083/LCAppl.2019.1.26.
[In Russ, English abstract].

The article was submitted to the journal on 27.08.2024



RELATED DISCIPLINES

DOI: 10.15825/1995-1191-2025-1-198-208

EFFECT OF MEDIASTINAL RADIOTHERAPY
ON 30-DAY MORTALITY AFTER CARDIAC SURGERY

M.N. Sorkomov, S.I. Babenko, D.A. Titov, A.S. Sachkov, M.I. Terekhov, R.A. Serov,
R.M. Muratov
Bakulev National Medical Research Center for Cardiovascular Surgery, Moscow, Russian Federation

Late complications affecting the cardiovascular system depend on the extent of the capture of cardiac structures
in the radiation field and the cumulative dose of exposure. They are characterized by polymorphism in clinical
manifestations. Objective: to identify the predictors influencing in-hospital mortality (IHM) in order to optimize
the treatment of patients with radiation-induced heart disease. Materials and methods. This is a single-patient
cohort study that was retrospective from 2004 to 2018 and prospective from 2018. Death after 30 days following
heart valve surgery (HVS) under artificial circulation was taken as the end point of the study. The study included
86 patients (mean age 59 + 13 years, 81.4% female) who underwent HVS. They were split into 2 groups (extensive,
tangential) depending on the cause of cancer. Results. In the postoperative period, the group with extensive irra-
diation had statistically significant differences in the need for prolonged ventilation, OR 5.17 (C1 95% 1.7-15.7),
more frequent exudative pleurisy OR 3.4 (CI 95% 1.1-10.8), and acute renal failure OR 1.2 (CI 95% 1.05-1.37).
Regardless of postoperative complications, the length of hospital stay did not differ statistically across the groups,
with a median of 10.5 (CI 7.25:16.75) vs. 11 (C1 9:15.25) days, respectively. Overall IHM was 14 (16.27%) pati-
ents. Multiple organ failure (MOF) was the cause of death in 9 cases. Multivariate analysis revealed that extensive
irradiation for lymphogranulomatosis increased IHM risk by 5.099 times, and an increase in the EuroSCORE I1
score by every “1” increased IHM risk by 1.19 times. Conclusion. Patients with post-radiation damage to heart
valves and coronary arteries with a history of tangential irradiation can be successfully operated on. Extensive
irradiation in anamnesis is associated with a high risk of heart failure and MOF in the early postoperative period.

Keywords: radiation therapy, cardiac surgery, in-hospital mortality.

INTRODUCTION

Radiation therapy (RT) is widely used in the treatment
of chest tumors, but its late cardiovascular complications
depend on the extent of cardiac exposure and the cumu-
lative radiation dose. These complications exhibit poly-
morphic clinical manifestations, with their development
following a time-dependent pattern [1-3].

The earliest manifestation of radiation-induced car-
diac damage is often coronary heart disease, which can
become as significant as cancer itself within the first five
years post-RT [4]. In contrast, radiation-induced valvu-
lar disease emerges later and follows a linear-quadratic
progression model [5, 6]. Over time, radiation-induced
heart injury advances and frequently presents as a com-
plex syndrome, involving multiple cardiac structures
alongside extracardiac complications.

Objective: to identify the predictors influencing in-
hospital mortality (IHM) in order to optimize the treat-
ment of patients with radiation-induced heart disease.

MATERIAL AND METHODS

Place and time of study

The study included patients treated at the Department
of Emergency Surgery for Acquired Heart Defects, Ba-

kulev National Medical Research Center for Cardiova-
scular Surgery in Moscow (Department headed by Prof.
R.M. Muratov from 2002 to 2023, and by D.A. Titov
from 2023 to the present), and it covered the period from
June 2004 to May 2023.

Study population

The main inclusion criteria for the study were a do-
cumented history of RT, a minimum interval of 9 years
from RT to the development of cardiac pathology, pre-
sence of valvular disease requiring surgical intervention,
and clinical group 3 status (complete cancer remission)
at the time of hospitalization for valvular surgery. Based
on these criteria, the study included 86 patients who had
previously undergone RT for breast cancer (tangential
field) or Hodgkin’s lymphoma (extensive field exposure).

Study Design

This single-cohort study was conducted retrospec-
tively from 2004 to 2018 and prospectively from 2018
onward. The primary objective was to identify predic-
tors of IHM in patients with radiation-induced cardiac
lesions.
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The study endpoint was mortality within 30 days
following cardiopulmonary bypass surgery for radiation-
induced valvular disease.

Methods

All patients underwent clinical, laboratory, and instru-
mental examinations following standard cardiac surgical
care protocols. The diagnostic criteria for stenosis and
regurgitation were based on the 2021 guidelines of the
European Society of Cardiology (ESC) and the European
Association for Cardio-Thoracic Surgery (EACTS) for
managing valvular heart disease [7].

To assess mitral stenosis severity, echocardiographic
evaluation included leaflet mobility, leaflet thickness,
degree of subvalvular structure involvement, and annulus
fibrosus calcification. Each parameter was scored from
1 to 4, with a maximum Wilkins score of 16 [8]. For
patients with echocardiographic signs of mitral annular
calcification, the severity was further evaluated using
Rajesh Movva et al.’s criteria [9], with annulus fibrosus
scoring and summation.

Coronary angiography was performed following the
ESC/EACTS guidelines for myocardial revascularizati-
on [10]. For patients with extensive radiation exposure,
diagnostic coronary angiography was conducted more
broadly in the presence of clinical signs of coronary heart
disease. To objectively assess the complexity of coronary
artery lesions, the study used the SYNTAX Score (Sy-
nergy Between PCI With Taxus and Cardiac Surgery),
a widely accepted anatomic classification system [11].

A chest CT scan was performed to assess the severity
of calcification in cardiac structures and the presence of
pneumofibrosis. Calcium deposits in the aortic valve,
ascending aorta, and coronary arteries were measured
using the Agatston method (1990) [12]. For Agatston
score calculation, a 130 HU attenuation threshold was
applied (130-199 corresponds to 1 point, 200299 to
2 points, 300-399 to 3 points, 400 and above to 4 points).
Each calcified area was assigned a score based on its
attenuation value, then multiplied by the lesion area,
with all values summed. The final total calcium score
was calculated for the mitral annulus fibrosus, coronary
arteries, and ascending aorta.

Pneumofibrosis was assessed using a semi-quantita-
tive method, modifying the radiologic criteria for pneu-
mofibrosis on a 03 scale for each lung lobe, where 0 =
absent, 1 = linear streaks, 2 = moderate fibrosis, and 3 =
severe fibrosis with bronchiectasis. The total pneumofi-
brosis score was obtained by summing the scores across
all lung lobes [13].

For risk stratification based on the nature of surge-
ry, the following logistic scoring systems were used to
estimate 30-day mortality: EuroSCORE, EuroSCORE
II, and STS PROM.

Statistical analysis

Normality of distribution was tested using the Kolmo-
gorov—Smirnov test. Quantitative variables with normal
distribution were processed using descriptive statistics,
calculating mean + standard deviation. On the contrary,
variables with other type of distribution were evaluated
by calculating the median and interquartile range (1st
and 3rd quartiles). Qualitative variables were presented
as absolute frequencies and percentages. When com-
paring groups with normal distribution, the data were
analyzed using a parametric method (Student’s t-test for
independent samples), the rest of the data were analyzed
using a non-parametric method (Mann—Whitney U test).
A binary logistic regression model was used to identify
IHM predictors (outcome: dead/alive). Previous preope-
rative RT, clinical and instrumental data were used as
independent variables. A significance level of 0.05 was
adopted for all statistical results.

Clinical material

The mean age of patients included in the study was
58.85 £ 12.71 years. The most widely represented age
group were old patients from 60 to 74 years old; they
made up 42 (48.84%) patients. Middle-aged patients
(45-59 years old) were 15 in number (17.44%), while
young patients (18—44 years old) were 23 (26.74%).
The smallest group was the very old group according to
the WHO classification (75-90 years), represented by 6
(6.98%) patients. Females prevailed over males, accoun-
ting for 70 (81.4%) patients. According to the etiology
of the oncological disease, the patients were distributed
as follows: Hodgkin’s lymphoma (HL), 41 (46.67%)
patients, and breast cancer (BC), 45 (53.33%) (Fig. 1).

3;3.49%

Distribution of patients by etiology
of oncological disease

B Hodgkin lymphoma
M Bilateral breast cancer
B [eft-sided breast cancer

W Right-sided breast cancer

Fig. 1. Structure of oncological diseases
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To evaluate demographic indicators, risk factors of
cardiovascular diseases, comorbid pathology, combined
diseases reflecting the severity of cardiovascular condi-
tions and symptoms of circulatory failure and functional
status depending on tumor type and direction of ionizing
radiation in relation to the mediastinum, patients were
divided into two conditional groups: extensive irradiation
and tangential irradiation (Table 1).

RESULTS

Analysis of preoperative data revealed significant
differences between the groups. The extensive irradiation
group was notably younger. While the absolute values of
coronary artery lesions were comparable, the number of
combined lesions was significantly higher in this group.
Additionally, coronary artery lesions in the extensive
irradiation group were predominantly proximal.

Pearson’s correlation analysis showed a significant
inverse relationship between the year of RT and the time
of cardiac pathology occurrence (r =—0.897, p <0.001).

As shown in Table 2, hemodynamic parameters did
not differ significantly. Most patients had aortic steno-
sis, with an average peak gradient of 80 + 28 mmHg.
The primary differences between the groups were in
the morphofunctional parameters of the left ventricle.

Indexed myocardial mass was significantly lower in the
extensive irradiation group compared to the tangentially
irradiated group (122 vs. 156 g/m?, respectively). Addi-
tionally, a significantly higher proportion of patients in
the extensive irradiation group had concentric hypertro-
phy (84.1% vs. 46.5%, p < 0.001). This phenomenon,
known as ‘immobilizing interstitial myocardial fibrosis,’
is characterized by disruption of the endomysium and
perimysium structure, leading to gradual mechanical
compression and immobilization of the myocardium.
Analysis of the mean fiber shortening fraction revealed a
slight decrease in the tangential irradiation group, while
the fraction remained preserved in the extensive irradiati-
on group, possibly due to the high proportion of patients
with arterial hypertension.

An integrated assessment of global longitudinal left
ventricular (LV) strain parameters showed a significant
decrease in the extensive irradiation cohort (11.1 £ 9%)
and a moderate decrease in the tangential irradiation
group (14.5 +3.2%). Despite volume overload in patients
with mitral and aortic regurgitation, the proportion of
those with eccentric hypertrophy remained low — 13.6%
in the tangential irradiation group and 18.2% in the ex-
tensive irradiation group. These findings suggest that
the observed changes can be interpreted in the context

Table 1
Clinical characteristics of patients

Tangential (n =45) | Extensive (n=41) | General (n=86) | P value
Age (years) 67 +7 49+ 11 59+ 13 0.000
BMI (kg/m?) 29 +£5.06 26.33 £ 4.56 27.8+5 0.07
BSA (m?) 1.87+0.15 1.87£0.22 1.87+0.19 0.910
Interva} between RT and surgical treatment 2349 2749 2549 0.044
of cardiac pathology (years)
Age at the time of RT (years) 44.67 +9.29 22.37+9.8 34.03 + 14.63 0.000
Female 45 (100) 26 (60.9) 70 (81.4) 0.000
Combination chemotherapy, n (%) 27(61.4) 36 (87.8) 63 (74.1) 0.005
NYHA functional class III and IV, n (%) 44 (53) 39 (47) 82 (95.34) 0.503
Pacemaker, n (%) 1 (25) 3 (75) 4 (4.6) 0.262
Arterial hypertension, n (%) 37 (62) 23 (38) 60 0.08
Atrial fibrillation, n (%) 6 (60) 4 (40) 10 (11.83) 0.605
CHD, n (%) 5(26) 14 (74) 19 (22.09) 0.010
Diabetes mellitus, n (%) 13 (93) 1(7) 14 (16.27) 0.001

11 19 30
COPD FEV, <50-80% 2 3 5 0.006
FEV, <49-39% 36.6 63.4 34.88
40 60 5.8

SYNTAX Score 12 [8-16] 10 [3-16.5] 10.5[4.7-16.2] | 0.218
EuroSCORE 1 6.35[3.5-8.4] 3.89[2.1-6.9] 4.9 [3.2-7.8] 0.008
EuroSCORE 11 2.3 [1.6-4.9] 2.4[1.5-4.4] 2.4[1.6-4.7] 0.619
STS PROM 4.9[3.4-6.2] 4.211.9-6.8] 4.712.5-6.9] 0.308
Creatinine clearance (CKD-EPI) 67 [54-78] 82 [66-104] 72 [57-89] 0.001

Note: BMI, body mass index; BSA, body surface area; RT, radiation therapy; NYHA, New York Heart Association; CHD, co-
ronary heart disease; COPD, chronic obstructive pulmonary disease; FEV |, forced expiratory volume in 1 second; SYNTAX
Score, Synergy Between PCI With TAXUS and Cardiac Surgery Systematic Coronary Risk Evaluation; EuroSCORE I and
EuroSCORE II, European System for Cardiac Operative Risk Evaluation; STS, Society of Thoracic Surgeons.
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of myocardial fibrosis resulting from radiation exposure
to the LV myocardium.

Echocardiographic assessment (Table 2) revealed a
high incidence of mitral annular calcification in patients
who RT for breast cancer. However, a semiquantitative
analysis of calcification using Movva’s criteria showed
no significant differences between the groups.

While calcium deposition in cardiac structures was
prevalent, there was no statistically significant variation
between groups. Notably, extensive irradiation resulted
in significant lung tissue exposure, leading to widespread
pulmonary parenchymal fibrosis, which was markedly
more severe in the extensive irradiation group (Table 2).

All patients underwent surgery with artificial circula-
tion (Table 3). Although median cardiopulmonary bypass
time differed between groups — 137 minutes (105-205)
in the tangential group vs. 177 minutes (130-220) in
the extensive group (p = 0.084) — the difference was
not statistically significant. However, aortic clamping
time was significantly longer in the extensive irradiation
group (103 minutes [77—-124] vs. 78 minutes [63—109],

p <0.018), likely due to the greater surgical volume. In
most cases, the procedure was limited to a single-valve
intervention, with aortic valve replacement performed
in 51.7% of patients.

Due to post-RT skin changes preventing median ster-
notomy (Fig. 2), alternative surgical access was used in
20.98% of cases (n = 18), including J-shaped minister-
notomy along the 4th intercostal space and, in one case,
bipleural access.

Prolonged ventilation (PV) was required in 22 pa-
tients (25.58%), most commonly due to heart failure,
which developed in 17 patients. Intra-aortic balloon
counterpulsation was used in 7 patients, while extracor-
poreal membrane oxygenation (ECMO) was required
in 4 cases. Acute renal failure developed in 5 patients
(Fig. 3).

In the postoperative period, there were statistically
significant differences in the need for PV (OR 5.17, CI
95% 1.7-15.7), more frequent exudative pleurisy (OR
3.4, CI95% 1.1-10.8), and acute renal failure (OR 1.2,
CI95% 1.05—-1.37) in the extensive radiation group. Re-

Table 2
Findings from instrumental diagnostic methods
| Tangential | Extensive | P value
Electrocardiographic parameters
Preoperative HR (beats/min) 78.5+13.4 8439+ 11.1 0.033
QT interval (sec) 0.397 + 0.05 0.404 +0.05 0.547
QRS (sec) 0.10.09-0.12] 0.108 [0.008-0.120] 0.336
Echocardiographic findings
Left atrium, cm 5.1+1 4.2 +0.809 0.118
LV end-diastolic volume (cm) 122 +£35.1 127+41.4 0.522
LV ejection fraction (%) 64+ 10.3 62+ 11.5 0.425
LV fractional shortening (%) 36 £8.05 34 +8.03 0.473
LV relative wall thickness 0.55+0.13 0.47+0.2 0.016
Mean circumferential fiber shortening fraction, % 12.5+3.16 14.29 +3.1 0.019
Indexed myocardial mass, gr/ 156 £ 67.1 122 +64.2 0.006
Mitral stenosis (n) 9 10 0.374
Peak diastolic gradient across MV, mmHg. 10 [7.5-13] 11[9.7-13.5] 0.787
Annular calcification (n) 29 12 0.024
Calcification total score 7.38 [6.31-8.47] 6.7 [5.15-8.39] 0.802
Wilkins score 8.9 [7-10.7] 8.37[7-9.7] 0.454
MYV regurgitation > grade 2 (n) 13 22 0.020
Aortic stenosis >40 mmHg (n) 36 27 0.716
Aortic valve annulus size, mm 21.91 £2.44 21.7+2.08 0.695
Aortic valve peak gradient, mmHg. 83 [73-93] 75 [65-85] 0.266
AV regurgitation > grade 2 (n) 8 8 0.916
LV systolic pressure, mmHg 38 +£23 46 +£17.2 0.189
Computer tomography

Coronary artery calcification 681 [204-1158] 857 [442—1273] 0.334
Ascending aorta calcification 3018 [1649—4387] 2136 [1113-3159] 0.785
Aortic valve calcification 3945 [2227-5663] 2802 [1473-4132] 0.895
Mitral annular calcification 3872 [1596—6148] 2974 [881-5067] 0.9

Pulmonary fibrosis level 3.35[2.45-4.25] 7.15[5.9-8.41] 0.0001

Note: HR, heart rate; LV, left ventricular; MV, mitral valve; AV, aortic valve.
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gardless of postoperative complications, the length of
hospital stay was not statistically different between the
groups, with a median of 10.5 (CI1 7.25:16.75) vs. 11 (CI
9:15.25) days, respectively.

Overall, IHM was 16.27% (n = 14). Multiple organ
dysfunction syndrome (MODS) was the leading cause
of death in 9 cases. Among these, MODS resulted from
acute cerebrovascular insufficiency in one case, respi-
ratory failure in two cases, and acute heart failure in
four cases during the postperfusion period. In these four
cases, ECMO was required due to the ineffectiveness of
intra-aortic balloon pump (IABP) in stabilizing hemo-

dynamics. In two additional cases, IABP was initiated
in the intensive care unit due to worsening heart failure.

In five cases, the immediate cause of death was acute
heart failure. In two patients, heart failure resulted from
ventricular fibrillation — one occurring on day 3 post-aor-
tic prosthesis and mammary-coronary artery bypass of
the anterior interventricular artery, and the other on day 9
after aortic valve replacement and coronary artery bypass
grafting (CABQG) in a patient with multivessel coronary
artery disease, poor peripheral circulation, and aortic ste-
nosis. Additionally, one case involved iatrogenic injury
to the left coronary artery trunk due to massive arterial

Table 3
Scope of surgical intervention
| Tangential | Extensive | z
Single-valve intervention (n = 47)
AV replacement 30 (66.7%) 14 (34.14%) 44
MV repair 1 (2.2%) 0 1
MYV replacement 0 2 (4.9%) 2
Two-valve intervention (n = 26)
MYV and TV repair 1 (2.2%) 0 1
AV replacement and TV repair 1 (2.2%) 0 1
AV and MV replacement 3 (6.7%) 8 (19.5%) 11
MV and TV replacement 1 (2.2%) 0 1
AV replacement and MV repair 2 (4.4%) 3 (7.3%) 5
MV replacement and TV repair 1 (2.2%) 6 (14.6%) 7
Three-valve intervention (n = 13)
AV, MV and TV replacement 0 1 (2.2%) 1
AV and MV replacement, and TV repair 4 (8.9%) 5 (12.2%) 9
AV replacement and atrioventricular valve repair 1 (2.2%) 2 (4.9%) 3
Additional procedures
Jatene ventriculoplasty 0 1 1
Myocardial revascularization 5 14 19
Annulus fibrosus decalcification with repair 3 2 5
AV annulus fibrosus boring 0 1 1
Reoperation 2 1 3
Pericardiectomy 0 2 2

Note: AV, aortic valve; MV, mitral valve; TV, tricuspid valve.

Fig. 2. Radiation injury to the chest skin
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calcification. In one case, early prosthetic endocarditis
developed on day 16 after two-valve replacement, neces-
sitating repeat surgery. However, this was complicated
by acute heart failure in the postperfusion period. Ano-
ther case of acute heart failure occurred during cardiac
recovery following aortic and mitral valve replacement,
tricuspid valve repair, and CABG of the anterior inter-
ventricular artery. Intra-aortic balloon counterpulsation
failed to stabilize hemodynamics, and ECMO could not
be initiated due to a high risk of bleeding.

Pathological and morphological examinations were
performed on 11 patients. Histological analysis of the
heart revealed interstitial and perivascular spaces repla-
ced by collagen fibers (Fig. 4). Qualitative assessment of
the micropreparations showed that cardiomyocyte repla-
cement by collagen fibers averaged 33.1 + 5.6%. Among
patients who underwent mantle irradiation, interstitial
fibrosis measured 32 + 3.09%, while in the tangential
irradiation group, it was 37 + 7%.

Table 4
Multivariate analysis results
Beta P OR | 95% confidence
regression | value interval for OR
coefficient Lower | Upper
Extensive RT| 1.510 ]0.033 [4.526| 1.130 | 18.129
EuroScore I1 0.170 0.016 | 1.185| 1.032 | 1.361
Constant —3.282 | 0.000 | 0.038

Note: OR, odds ratio; RT, radiation therapy; EuroSCORE II,
European System for Cardiac Operative Risk Evaluation II.
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Multivariate analysis using the stepwise exclusion
method identified a predictive model with two significant
factors influencing IHM (Table 4). Extensive chest irra-
diation for lymphogranulomatosis increased the risk of
IHM by 5.099 times, while each 1-point increase in the
EuroSCORE II scale raised the risk by 1.19 times. This
model demonstrated satisfactory predictive accuracy,
with an AUC of 75% (CI: 63-87%) (Fig. 5).

DISCUSSION

Advances in anticancer therapy have significantly
reduced mortality for certain types of cancer. However,
in the long term, treatment-related side effects and sub-
sequent development of cardiovascular complications
remain critical concerns for early detection and manage-
ment. To mitigate these risks, baseline risk assessment
for cardiac toxicity (Class I, Level of Evidence B) is
recommended before initiating cancer treatment.

Stratifying risk levels for late complications can help
identify patients at higher risk for unfavorable cardi-
ovascular outcomes. However, many quality-of-care
improvements, including guideline recommendations,
were not introduced until the early 21st century. As a
result, the ESC guidelines on cardio-oncology — deve-
loped in collaboration with the European Hematology
Association (EHA), the European Society for Radio-
therapy and Oncology (ESTRO), and the International
Cardio-Oncology Society (ICOS) — were only published
on August 26, 2022.

Treatment standards for this patient population have
not yet been established, as no randomized trials exist

Prolonged ventilation 5
Pleurisy 3
Pacemaker 4
Pericarditis 6
Tracheostomy 1
Respiratory failure 1
Acute kidney injury 0
Stroke 1
In-hospital mortality 4
ECMO 3
IABP 3
Acute heart failure 6
5 10

15 20

Tangential group

Fig. 3. Postoperative complications and in-hospital mortality. ECMO, extracorporeal membrane oxygenation; IABP, intra-

aortic balloon counterpulsation
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Fig. 5. ROC curve of the predictive model for the develop-
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due to the limited number of cases (competing secondary
malignancies) and the unclear effects of prior treatments.
Therefore, a multidisciplinary team approach is recom-
mended to evaluate and determine surgical treatment
options (Class I, Level of Evidence C).

The treatment principles for cardiac pathology in pa-
tients with prior radiotherapy (RT) generally align with
conventional methods. However, the correction of val-
vular disease due to radiation exposure presents unique

challenges. The 2017 ESC/EACTS guidelines provide
limited guidance on RT-related valvular dysfunction,
primarily recommending against conventional surgical
treatment for aortic stenosis (Class I) in favor of trans-
catheter aortic valve replacement (TAVR), based on the
heart team’s discretion. The latest guidelines do not offer
clear recommendations regarding RT-related valvular
disease. However, the 2022 ESC cardio-oncology gui-
delines suggest that for patients at intermediate risk of
complications, an alternative to TAVR (Class Ila, Level
B) may be considered if severe aortic stenosis has resol-
ved following radiotherapy [14].

Correlation analysis revealed an inverse relationship
(r=-0.897, p < 0.001) between the year of RT and the
interval before the development of cardiac pathology.
However, this correlation is purely statistical and not a
direct causal link to modern RT techniques. Instead, it
reflects multiple contributing factors, particularly im-
proved post-cancer therapy surveillance in high-risk
survivors. For patients who underwent high-risk cancer
therapy in childhood, echocardiographic screening is
recommended every two years (Class Ila, Level B). In
adults, annual risk stratification (class I, level B) is ad-
vised, with echocardiography at 1, 3, and 5 years after
treatment (Class Ila, Level C).

With growing attention to cancer treatment-related
complications, current guidelines emphasize risk strati-
fication for late effects. In our study, we specifically ana-
lyzed a cohort with extensive irradiation. The evidence
linking RT to heart failure is dose-dependent and follows
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a linear model for late complication development. A mul-
ticenter, retrospective case-control study demonstrated a
high risk of heart failure in individuals exposed to high
mean doses of left ventricular irradiation [15].

An EBCTCG study examined estimated cardiac radi-
ation doses and their association with adverse cardiovas-
cular events in 30,000 women over a 20-year follow-up.
The analysis revealed a 3% increase in the risk of death
from heart disease per Gy of average cardiac dose [16].

Additionally, Brown et al. compared extensive and
tangential exposure groups, demonstrating that patients
with tangential or minimal exposure had a lower risk of
death compared to those with extensive irradiation (OR
0.6, 95% CI: 0.35-1.02, p = 0.060) [17].

Our meta-analysis demonstrated a 4.98-fold (95%
CI 1.86-13.12; p < 0.001) increase in IHM risk in pa-
tients with a history of RT compared to a control group
without RT [18].

The study also found that the extensive irradiation
group was significantly younger, aligning with the fin-
dings of Chang et al., where the mean age in the tangen-
tial and extensive groups was 72 + 8.8 vs. 51 &+ 13 years,
respectively (p <0.001) [19]. Despite their younger age,
patients in the extensive irradiation group experienced
severe circulatory disorders due to the combined nature
of the lesions and concomitant diseases.

Our data indirectly confirm that high-dose irradiation
induces significant changes in all cardiac structures and is
a key factor in the development of in-hospital mortality
(IHM). In our study, IHM was 16.4%, whereas Ejifor
reported rates of 3.8% for primary interventions and
17.4% for repeat procedures.

A potential explanation for this elevated IHM could
be the extensive radiation exposure, leading to a high cu-
mulative left ventricular radiation dose. However, these
findings should be interpreted with caution. One major
limitation is that the exact radiation dose to mediastinal
structures was only available for a subset of patients due
to the long history of prior radiotherapy.

Our data indirectly confirm that high-dose irradiation
induces significant changes in all cardiac structures and
is a key factor in the development of IHM. In our study,
IHM was 16.4%, whereas Ejifor reported rates of 3.8%
for primary interventions and 17.4% for repeat procedu-
res [20]. A potential explanation for this elevated IHM
could be the extensive radiation exposure, leading to a
high cumulative left ventricular radiation dose. Howe-
ver, these findings should be interpreted with caution.
One major limitation is that the exact radiation dose to
mediastinal structures was only available for a subset of
patients due to the long history of prior RT.

Secondly, during the treatment of breast cancer in the
1970s—1980s, RT targeting the internal mammary lymph
node chain was commonly used to improve tumor control
in internal quadrant lesions. Indirect signs of such irra-
diation, such as skin manifestations, can be observed in

Fig. 2. This historical treatment approach likely explains
the absence of significant differences in calcification of
cardiac and ascending aortic structures. However, our
findings highlight the critical role of myocardial inter-
stitial fibrosis as a key predictor of [HM.

CONCLUSION

The degree of calcification in cardiac structures, the
presence of pulmonary fibrosis, and the extent of cardiac
surgery were not significant factors influencing IHM.
Patients with post-radiation damage to heart valves and
coronary arteries following tangential irradiation can
successfully undergo surgery with artificial circulation.
However, a history of extensive irradiation is associated
with a high risk of cardiac and multiple organ failure in
the early postoperative period. To reduce IHM, a more
comprehensive assessment of both cardiac and non-car-
diac complications from prior RT is essential.

The authors declare no conflict of interest.
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