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ADVANCING
TRANSPLANTOLOGY IN RUSSIA:
INNOVATION PATHWAYS

AND REGIONAL DEPLOYMENT

Dear colleagues,

On June 3, the National Research
and Development Conference titled
“Experience of the First Five-Year
Plan” was held in Volzhsky, Volgograd
Oblast. This marked the 5th anniversa-
ry of the Volzhsky Branch of Shumakov
National Medical Research Center of
Transplantology and Artificial Organs.
The event stands as a landmark not
only for the staff of the Shumakov Cen-
ter and its regional branch, but also for
the entire field of national transplan-
tology — and perhaps, for the broader
Russian healthcare system.

The Conference was opened with
welcoming remarks from the Minister
of Health of the Russian Federation,
Mikhail Murashko, along with authorities from the regi-
onal government and the medical community. The event
brought together specialists from numerous regions ac-
ross the country. The conference program featured a con-
ceptual session titled “Organ Transplantation: Vectors
of Development”, which addressed key issues including
the organization and implementation of kidney, liver,
heart, and lung transplant programs, organ donation
strategies, and advances in pediatric transplantation.

In June 2020, on Medical Workers Day in Russia’s
Southern Federal District, a branch of the Shumakov
Center was inaugurated on the left bank of the Akhtu-
ba River, a tributary of the Volga River. The ceremony
was attended by the Minister of Health of the Russian
Federation Mikhail Murashko, the Governor of Volgo-
grad Oblast Andrey Bocharov, a Hero of the Russian
Federation. In a significant gesture, the staff was greeted
by the President of Russia Viladimir Putin via a video-
conference. The Shumakov Center branch is a modern
multifunctional medical facility. Now, five years since its
opening, we can reflect on its achievements and the im-
pact it has had on regional and national transplantology.

The solid experience garnered by the Shumakov Na-
tional Medical Research Center of Transplantology and
Artificial Organs in advancing the principles and oppor-
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tunities of transplantology has played a crucial role in
expanding these practices across Russia. This expertise
enabled the successful mobilization of donor resources
in Volgograd Oblast within a short period, achieved
through close collaboration with regional authorities
and the medical community.

Thanks to modern medical equipment and high pro-
fessionalism among specialists, the branch has perfor-
med about 11,000 surgical procedures to date. These
include some of the most complex and even unique ope-
rations, with over 300 life-saving organ transplants —
kidney, liver, and heart — carried out on both adult and
pediatric patients.

Today, our national transplantology is a high-tech
health care that is accessible to the population across
Russia. It is also a multidisciplinary field of research that
translates scientific advances into clinical practice, while
simultaneously driving technological innovation through
development of medical devices and systems designed
to replace or restore the function of damaged organs.

The activity of Shumakov Center serves as a com-
pelling example of the implementation of the Russian
Ministry of Health s objectives under the federal project
“Development of the Network of National Medical Re-
search Centers and Introduction of Innovative Medical
Technologies”, part of the national project “Health-
care”. This initiative is focused on expanding access to
high-tech medical care and facilitating the transfer of
cutting-edge medical advancements to the regions of the
Russian Federation.

Sincerely,

Sergey Gautier,

’\ Fellow, Russian Academy of Sciences
‘ Editor-in-chief, Russian Journal
of Transplantology and Artificial Organs
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COMBINED SEQUENTIAL HYPOTHERMIC OXYGENATED
AND NORMOTHERMIC MACHINE PERFUSION

FOR LIVER TRANSPLANT FROM AN EXPANDED CRITERIA
DONOR: FIRST CLINICAL APPLICATION IN RUSSIA
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Objective: to analyze a clinical case series and evaluate the safety and efficacy of a sequential machine perfusion
protocol combining dual hypothermic oxygenated perfusion (D-HOPE) and normothermic machine perfusion
(NMP) for conditioning and viability assessment of liver grafts retrieved from expanded criteria donors (ECD) in
routine clinical practice. Materials and methods. Between November and December 2024, two sessions of com-
bined D-HOPE followed by NMP were conducted at Shumakov National Medical Research Center of Transplan-
tology and Artificial Organs (“Shumakov Research Center”) using liver allografts obtained from ECD after brain
death. Following an initial period of static cold storage (SCS), machine perfusion was initiated using a circulatory
assist device. A histidine-tryptophan-ketoglutarate (HTK)-based perfusate was used during the D-HOPE phase,
while a red blood cell (RBC) suspension was used during the NMP stage. Throughout perfusion, temperature and
hemodynamic parameters were continuously monitored and maintained. Laboratory parameters were assessed
at designated intervals, in accordance with the institutional protocol developed at Shumakov Research Center.
Results. Allograft #1 was deemed non-viable due to elevated lactate levels after 3 hours of perfusion and lack
of glucose metabolism. The preservation times were as follows: SCS — 424 minutes, D-HOPE — 120 minutes,
NMP — 300 minutes, totaling 844 minutes. Allograft #2 met the viability criteria and was successfully transplan-
ted. Preservation times were: SCS — 260 minutes, D-HOPE — 124 minutes, NMP — 480 minutes, with a total
preservation time of 884 minutes. Post-transplant peak levels of AST, ALT, and total bilirubin in the recipient
were 922.5 U/L, 613 U/L, and 63.3 umol/L, respectively. The only postoperative complication was acute kidney
injury, managed with two sessions of hemodialysis. The patient was discharged after 14 days of hospitalization
without need for readmission. At the time of writing, the patient is alive and complication-free, with a follow-up
period of 3 months. Conclusions. Combined machine perfusion of liver grafts appears to be a safe and effective
strategy to mitigate ischemia-reperfusion and preservation-related injury in liver transplantation. It also facilitates
viability assessment of marginal liver grafts, reduces potential recipient complications, and expands the donor
pool through the use of allografts from ECD.

Keywords: ex vivo perfusion, liver transplantation, machine perfusion.

INTRODUCTION

One of the most pressing and unresolved challenges
in modern clinical transplantology is the significant mis-
match between the number of patients on waiting lists
and the availability of donor organs [1-3]. According to
the Scientific Registry of Transplant Recipients (SRTR),
at the end of 2022, there were 10,548 patients awaiting
a liver transplant (LT) in the United States. During the
same period, 12,862 patients were added to the waiting
list, 13,638 were removed, and a total 0of 9,527 LTs were
performed [3]. One of the primary strategies to expand

the donor pool under these circumstances is the broa-
der acceptance of organs from expanded criteria donors
(ECDs), including those with significant steatosis, ol-
der donors, hemodynamically unstable donors, those in
intensive care units for prolonged periods, and donors
after circulatory death [4, 5]. However, such “marginal”
organs have historically been associated with less fa-
vorable outcomes, including poorer recipient and graft
survival rates [6-8, 26]. For example, severe macrove-
sicular steatosis of the allograft (>60%) has been shown
to significantly increase the risk of primary nonfunction
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(p = 0.002), acute kidney injury (p = 0.040), and the
need for retransplantation (p = 0.012) [9]. The risk of
graft loss (HR 2.3, 95% CI 1.7-3.0) and recipient death
(HR 2.0, 95% CI 1.4-2.8) is approximately twice as high
following transplantation of an organ from a donor after
circulatory death (DCD), with biliary causes of graft loss
occurring more frequently in the DCD group compared
to the standard group (6% vs 1%, p = 0.04) [10]. It is
increasingly clear that static cold storage (SCS), which
has been the gold standard for donor organ preservation
for over three decades, is no longer sufficient in the era
of expanded donor eligibility. It does not provide an
adequate level of protection against preservation-related
injury for marginal allografts. For instance, one of the
few randomized controlled trials on machine perfusion
(MP) demonstrated that MP, compared to SCS, reduced
the incidence of early allograft dysfunction by 14% (26%
vs 40%; OR 0.61, 95% CI 0.39-0.96) and significant-
ly decreased the occurrence of non-anastomotic biliary
strictures by 12% (OR 0.36; 95% C10.14-0.94; p=0.03)
[14]. Dynamic or machine perfusion preservation not
only protects marginal liver allografts from the delete-
rious effects of ischemia-reperfusion-preservation injury
(IRPI) but also enables outcomes comparable to those
achieved with standard donor organs, potentially incre-
asing the number of usable organs for transplantation by
20% or more [11-14, 52].

Combined sequential machine perfusion is an ac-
tively developing method of perfusion conditioning for
liver allografts [11, 23, 24]. This approach leverages
hypothermic oxygenated machine perfusion (HOPE)
to restore cellular ATP stores and minimize energy de-
mands under hypothermic conditions, while clearing
anaerobic metabolic byproducts such as succinate and
NADH+. Following this, controlled oxygenated rewar-
ming (COR) provides gradual, stepwise warming of the
allograft under continuous oxygenated perfusion, further
optimizing graft condition before proceeding to direct
viability assessment during normothermic machine per-
fusion (NMP) [18, 11, 23]. Although the current evidence
base remains limited, combined sequential perfusion is
increasingly viewed as a highly promising development
in machine perfusion and is steadily gaining a firm place
in clinical transplantation practice.

The program for machine perfusion of liver trans-
plants from ECDs has been actively developed at Shu-
makov National Medical Research Center of Transplan-
tology and Artificial Organs since 2024. In this article,
we present the first Russian clinical experience with the
use of NMP as part of a combined HOPE-NMP protocol.
In the first case, it was decided to abandon the use of the
organ due to failure to meet viability criteria, while in the
second case, the organ, having successfully met viability
criteria, was transplanted into the recipient.

MATERIALS AND METHODS
Liver transplant

In all cases, liver allografts were used from ECDs as
defined by Eurotransplant [25], with modifications by
Shumakov National Medical Research Center of Trans-
plantology and Artificial Organs (requiring the presence
of one or more criteria):

— Donor age >65 years;

— Non-heart-beating donation (donation after circula-
tory death, DCD);

— Macrovesicular steatosis >40% (based on biopsy or
visual assessment);

— Body mass index (BMI) >30;

— Donor blood sodium level >165 mmol/L;

— Intensive care unit (ICU) stay or mechanical ventila-
tion (MV) duration >7 days;

— Predicted cold ischemia time >13 hours;

— AST>99 U/L;

— ALT>105U/L;

— Total bilirubin >51 mmol/L;

— Need for adrenaline;

— Massive vasopressor support (norepinephrine
>500 ng/kg/min);

— Periods of hypotension (mean arterial pressure
<60 mmHg for 10 minutes or more);

— History of alcohol abuse or admission to ICU under
the influence of alcohol,

— Donor risk index (DRI) >1.7 [26];

— Balance of Risk (BAR) score >18 [27].

Transplants from brain-dead donors were used in all
cases. Multi-organ liver explantation from the donor
was performed according to the standard technique in
the Russian Federation [28]. No violations were identi-
fied during organ retrieval, transportation, or subsequent
storage.

Pre-transplant preparation of the allograft was carried
out according to a modified protocol. Initially, the portal
vein was isolated, ligated, and cannulated using a 26 Fr
cannula. Following portal vein cannulation, HOPE was
initiated.

Given the requirement for subsequent NMP — which
necessitates cannulation of both the portal vein and hepa-
tic artery — HOPE was performed in dual mode (D-HO-
PE), perfusing through both vessels. It is important to
note that while the immediate protective advantage of
D-HOPE over standard HOPE at the hypothermic stage
remains under investigation, we opted for dual cannula-
tion to ensure readiness for NMP, which mandates both
arterial and portal perfusion [29, 30].

The hepatic artery of the graft was isolated and can-
nulated with a 10 Fr cannula. Perfusion through the he-
patic artery was initiated. Upon completion of the HOPE
session, the graft was placed in a separate basin with
ice chips and perfusion solution until it was ready for
connection to the NMP. During this time, cannulation of
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the biliary tract was performed using a 6 Fr probe, and
the subhepatic section of the inferior vena cava (IVC)
was cannulated with a 32 Fr cannula. The suprahepatic
portion of the IVC was either clamped or tightly sutured.
All allografts exhibited standard vascular anatomy;
however, in cases where an aberrant hepatic artery was
present, a temporary or permanent anastomosis was crea-
ted with the main artery to ensure adequate perfusion.
The grafts were weighed before perfusion, after com-
pleting the HOPE phase, and again after completing the
NMP phase. Biopsies were taken before perfusion, after
HOPE session, after the NMP session, and at the end of

surgery.

Combined perfusion preservation

It should be noted that, at present, there is no uni-
versally accepted, validated algorithm for selecting the
optimal method of perfusion preservation for liver al-
lografts [31].

For perfusion, a standard set of consumables and
equipment typically used for cardiopulmonary bypass
during cardiac surgery was used. The material and tech-
nical support included the following: heart-lung machine
Sorin Stockert S5 (LivaNova, UK), thermostatic regu-
lating device Stockert 3T (LivaNova, UK), oxygenator
Affinity NT (Medtronic, USA), thermoregulation and
trunk line set.

The design of the perfusion circuit for “seamless”
machine perfusion — meaning it does not require replace-
ment of the tubing set when transitioning from D-HOPE
to NMP — is an in-house development by Shumakov
National Medical Research Center of Transplantology
and Artificial Organs.

The circuit includes lines for perfusate supply to the
portal vein and hepatic artery, a perfusate drainage line
from the [VC of'the graft, A drainage line from the organ
container, and a cardiotomy reservoir.

During both stages, perfusion was conducted with
flow adjustments to maintain appropriate perfusion pres-
sures.

The first stage of combined machine perfusion
consisted of a 2-hour D-HOPE session. The perfusate
comprised 3 liters of HTK solution, supplemented with
150 mL of 25% human albumin to ensure adequate col-
loid osmotic pressure, and 2100 mg of the antioxidant
acetylcysteine. Continuous recirculation of the perfusa-
te was maintained at a flow rate of 1 liter per minute.
Perfusate acid-base status (pH, pCO,, pO,, bicarbonate)
was monitored every 30 minutes. Standard biochemical
analysis of the perfusate was also performed at 30-minute
intervals. A general view of the allograft during D-HOPE
is presented in Fig. 1.

After the D-HOPE session, the allograft was discon-
nected from the perfusion circuit. The perfusion lines
were then flushed with a 5% dextrose solution to remove
residual perfusate. Following drainage of the dextrose
solution, the circuit was refilled with the perfusate pre-
pared for the NMP session. Recommended perfusion
parameters are shown in Table.

After initiation of perfusate recirculation and achie-
vement of the target temperature within the circuit, per-
fusate composition was adjusted based on the results of
the initial acid-base analysis. Following this adjustment,
the NMP session was commenced with a planned dura-
tion of at least 4 hours. Continuous infusion of heparin
(1000 units/hour) and alprostadil (5—10 ug/hour) was
maintained throughout the NMP session. The general
appearance of the liver allograft during NMP is shown
in Fig. 2, and bile secretion during NMP is illustrated
in Fig. 3.

Thereafter, the acid-base sample was performed every
30 minutes throughout the perfusion. Standard biochemi-
cal analysis of the perfusate and acid-base analysis of bile
were conducted 30 minutes after the start of perfusion

Fig. 1. Liver allografts during hypothermic oxygenated machine perfusion: (a) Case #1 — non-viable and subsequently rejec-
ted; (b) Case #2 — met viability criteria and was successfully transplanted

10
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and subsequently every hour. Perfusion parameters — in-
cluding flow rates, pressures, pump revolutions per mi-
nute, allograft temperature, graft consistency, perfusion
homogeneity, oxygenation levels, and volume and cha-
racteristics of bile output — were continuously monitored,
with data recorded every 30 minutes. All perfusion data
were systematically entered into the perfusion protocol

Table

Recommended perfusion parameters
for hypothermic oxygenated and normothermic
machine perfusion of liver allografts

Parameter HOPE NMP
[20, 63, 40] | [23, 28, 40]
Perfusate temperature (°C) 8-10 36-38
Oxygenation level (pO,, mmHg) | 400-600 90-200
Flow, hepatic artery (mL/min) 40-70 >150-300
Flow, portal vein (mL/min) (Sr?(t)(:‘;%(())) >500
Pressure, hepatic artery (mmHg)| 20-25 60-70
Pressure, portal vein (mmHg) 3-5 10-13

card developed at Shumakov National Medical Research
Center of Transplantology and Artificial Organs.

Viability criteria

Assessment of liver allograft viability during the
D-HOPE phase was not performed, as the determinati-
on of flavin mononucleotide (FMN) in the perfusate re-
mains a promising but still investigational area requiring
further precision studies [32, 33, 34]. The use of classical
metabolic indicators (such as lactate, glucose, and pH)
and markers of organ injury (LDH, AST, ALT) during
hypothermic perfusion also remains under investigation
and is not currently recognized as a validated method for
viability assessment [34].

It should be emphasized that no universally accepted
and validated criteria for viability assessment during
NMP exist at present. Consequently, each group either
develops their own criteria or relies on previously pro-
posed standards [35, 36]. After a thorough review of
the available literature, we adopted the VITTAL criteria
developed and validated in the VITTAL study (Birming-

Fig. 2. Liver allografts during normothermic machine perfusion: (a) Case #1 — non-viable and subsequently rejected;
(b) Case #2 — met viability criteria and was successfully transplanted

Fig. 3. Bile secretion by allograft in Case #1 during normo-
thermic machine perfusion

11

ham, UK) [20]. These criteria were modified to include
mandatory qualitative bile analysis, based on the work
of van Leeuwen and Matton [11, 37].

Assessment of hepatocellular allograft
link
Mandatory criterion: perfusate lactate level
<2.5 mmol/L after 4 hours of perfusion; alternatively,
a stable decrease in lactate was acceptable (lactate
<2.5 mmol/L after 5 hours or <2.0 mmol/L after 6 hours).
Presence of two or more of the following additional
criteria:
— Bile production totaling at least 5 mL, with 4 mL or
more produced during the final hour of perfusion, and
ideally exceeding 10 mL per hour;
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Perfusate pH >7.3 without the need for continuous
infusion or boluses of sodium bicarbonate;
Evidence of glucose metabolism (progressive reduc-
tion in glucose concentration, response to glucose
boluses, and insulin infusion);

Stable portal and arterial flow rates (>500 mL/min
and >150 mL/min, respectively);

Uniform parenchymal perfusion with soft organ con-
sistency.

Evaluation of the cholangiocellular link
of the allograft

Viability assessment of the cholangiocellular link was
based on the presence of two or more of the following
criteria:

Bile pH >7.48, with a pH difference between bile and
perfusate >0.05;

Bicarbonate (HCO;) concentration in bile
>18 mmol/L, with a HCO;™ difference between bile
and perfusate >3.0 mmol/L;

Glucose concentration in bile <16 mmol/L, with
a glucose difference between bile and perfusate
<-3.0 mmol/L, or a bile-to-perfusate glucose ratio
<0.67;

If the allograft failed to meet the viability criteria,
perfusion was discontinued and the organ was used for
research or discarded. If viability criteria were achieved,
perfusion was continued with ongoing monitoring of all
parameters. In parallel, the recipient was prepared and
brought to the operating room, where standard anesthetic
management was provided, followed by hepatectomy.
Upon retrieval of the recipient’s native liver, perfusion
of the donor graft was stopped, the graft was cooled with
ice chips, and flushed with Custodiol solution through
the portal vein and hepatic artery (3 and 2 liters, respec-
tively), after which it was transferred for implantation.

Liver transplantation and postoperative
period

Liver transplantation was performed using the tech-
nique of hepatectomy with either preservation or replace-
ment of the recipient’s own IVC, depending on intraope-
rative and anatomical considerations. The postoperative
period included a 1-day stay in the ICU, followed by
transfer to a specialized transplant ward.

Induction immunosuppression was initiated with a
pulse dose of methylprednisolone, followed by rapid
tapering over the next 4 days. Tacrolimus, as the main
component of maintenance immunosuppression, was
started on postoperative days 2—3, with a target blood
level of 7-8 ng/mL. Mycophenolic acid or mycopheno-
late mofetil was introduced after normalization of the
complete blood count.

Comprehensive laboratory and instrumental monito-
ring was conducted daily during the first 7 postoperative
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days, and then every other day during the second week
after transplantation.

Acute graft rejection was suspected based on labo-
ratory abnormalities (elevations in total bilirubin, ami-
notransferases, and cholestasis markers) after excluding
other causes (including vascular complications) and was
confirmed by percutaneous liver biopsy.

Acute kidney injury (AKI) was diagnosed according
to the following KDIGO criteria [39].

1. Rise in serum creatinine of >0.3 mg/dL within
48 hours;

Rise in serum creatinine to >1.5 times (>50%) the
baseline, which is known or presumed to have oc-
curred within the prior 7 days;

. Urine output <0.5 mL/kg/hour for 6 hours.

Early allograft dysfunction (EAD) was recorded ac-
cording to the criteria proposed by K. Olthoff et al. [38]:
1. Total bilirubin >171 umol/L on postoperative day 7;
2. International normalized ratio (INR) >1.6 on post-

operative day 7;

. AST or ALT >2000 U/L within the first 7 postopera-
tive days.

Primary nonfunction (PNF) was diagnosed according
to the UNOS criteria [40]:

Death or retransplantation within the first 7 postope-
rative days, associated with AST >3000 U/L and at least
one of the following:

1. INR >2.5;
2. Acidosis (arterial pH <7.30, venous pH <7.25) or
lactate >4 mmol/L.

The diagnosis of ischemic non-anastomotic cholan-
giopathy (NAC) of the liver graft was established using
a combination of clinical, laboratory, and instrumental
evaluation methods. Clinical signs included pruritus and
jaundice, while laboratory indicators focused on eleva-
ted markers of cholestasis, specifically gamma-glutamyl
transpeptidase (GGT) and alkaline phosphatase (ALP).

In patients presenting with clinical or laboratory
abnormalities suggestive of NAC, magnetic resonance
cholangiopancreatography (MRCP) was performed to
confirm or exclude the diagnosis.

In cases where MRCP findings indicated NAC wit-
hout corresponding clinical or laboratory signs, the con-
dition was classified as asymptomatic NAC.

2.

Donors

Liver allografts from ECDs who were brain-dead
were used. These organs had been previously declined
by all transplant centers and were subsequently included
in the machine perfusion preservation program. A brief
description of the donors is provided below.

Case #1. Donor G. Male, 58 years old. BMI 34.3.
Cause of death: hemorrhagic stroke (subarachnoid he-
morrhage). Time in hospital and ICU: 1 day. Laboratory
parameters: creatinine: 102 mmol/L, AST: 60 U/L, ALT:
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45 U/L, total bilirubin: 20 umol/L, plasma sodium level:
139 mEq/L. The liver allograft exhibited dense consis-
tency and pronounced steatosis, with visual assessment
indicating more than 60% involvement. Histological ex-
amination confirmed macrovesicular steatosis ranging
between 65—70%. The weight of the liver allograft prior
to perfusion was 3090 grams. Static cold preservation
time upon arrival at Shumakov National Medical Re-
search Center of Transplantology and Artificial Organs
was 424 minutes.

Case #2. Donor N., female, 59 years old, BMI 45.8.
Cause of death: hemorrhagic stroke (subarachnoid he-
morrhage). Effective circulatory arrest lasted 15 minu-
tes at the prehospital stage. Time in hospital and ICU:
3 days. Laboratory parameters: creatinine 90 pmol/L,
AST 26 U/L, ALT 28 U/L, total bilirubin 9.9 pmol/L,
plasma sodium level 136 mEq/L. The liver allograft
demonstrated dense consistency and moderate steato-
sis upon visual inspection, with steatosis estimated at
more than 30%. However, pathomorphological eva-
luation revealed a discrepancy: macrovesicular stea-
tosis was 5-10%, while microvesicular steatosis was
55-60%. Weight of liver allograft prior to perfusion was
1910 grams. Static cold storage time at the moment of
organ admission to the clinic was 260 minutes.

Recipient

In Case #2, the graft was transplanted to a recipient
with an identical ABO blood group and compatible an-
thropometric indices. The recipient was a 53-year-old
patient suffering from liver cirrhosis due to chronic HBV
and HDV infection, with a MELD 3.0 score of 21 points.
It is important to note that the patient experienced recur-
rent diuretic-resistant hydrothorax and ascites, requiring
intensive diuretic therapy (spironolactone 300 mg/day,
torasemide 40 mg/day) and frequent hospitalizations at
Shumakov National Medical Research Center of Trans-
plantology and Artificial Organs for laparocentesis and
thoracocentesis procedures.

Perfusion parameters and viability
assessment

Viability assessment of the liver allograft at the
D-HOPE phase was not performed. NMP parameters
are presented in Fig. 4.

Case #1. During the D-HOPE session, significant
cytolysis was observed at 30 minutes into perfusion
(ALT: 1500 U/L, AST: 1600 U/L) and further increa-
sed at 60 minutes (ALT: 3260 U/L, AST: 6440 U/L).
Perfusate lactate at 60 minutes was 3.8 mmol/L, while
perfusate glucose was 9.6 mmol/L. The pO, difference
between inflow and outflow was 269 mmHg (inflow pO,:
448 mmHg; outflow pO,: 179 mmHg). It should be no-
ted that these data were collected purely for subsequent
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retrospective analysis and did not influence real-time
management decisions.

During the NMP phase, although a decrease in perfu-
sate lactate was initially observed — reaching a minimum
of 2.1 mmol/L at 180 minutes — a subsequent rise to
4.4 mmol/L occurred at 4 hours of perfusion. In additi-
on, despite continuous infusion and periodic boluses of
insulin, perfusate glucose level remained high, indica-
ting impaired glucose metabolism and poor hormonal
responsiveness in the allograft — a recognized indicator
of non-viability [41, 42].

Bile production peaked early at 30 minutes of per-
fusion (4 mL) but subsequently declined and failed to
meet the target values. Other hepatocellular viability
parameters remained within normal limits. However,
persistent high levels of cytolysis enzymes (max AST:
4650 U/L, ALT: 1950 U/L) — a factor considered in via-
bility assessment by several groups [43] — raised additi-
onal concerns. Notably, the cholangiocellular viability
parameters remained within normal limits.

The weight of the organ at the end of perfusion was
practically unchanged, measuring 3067 g (compared to
3090 g pre-perfusion).

So, based on comprehensive assessment using the vi-
ability criteria of Shumakov National Medical Research
Center of Transplantology and Artificial Organs, it was
decided to abandon the use of the organ.

The D-HOPE and NMP time was 120 minutes and
300 minutes, respectively. Total machine perfusion time
was 420 minutes, while total organ preservation time
measured 844 minutes.

Case #2. The D-HOPE session demonstrated modera-
te cytolysis at 30 minutes (ALT: 645 U/L, AST: 890 U/L)
and at 60 minutes (ALT: 799 U/L, AST: 1095 U/L). Per-
fusate lactate at 60 minutes measured 2.3 mmol/L, per-
fusate glucose was 8.2 mmol/L, and the pO, difference
between inflow and outflow was 207 mmHg (inflow pO,:
452 mmHg; outflow pO,: 245 mmHg).

During the NMP phase, a slower pH normalizati-
on was noted compared to Case #1, although this did
not require sodium bicarbonate boluses. Following an
initial episode of hyperglycemia, glucose metabolism
improved, with perfusate glucose levels stabilizing near
physiologic values (8§—12 mmol/L).

Lactate levels remained relatively elevated initially
but showed a sharp decline at 4 hours of perfusion, re-
aching 2.6 mmol/L. Per protocol, due to the positive
trend in lactate clearance, observation was continued.
At 6 hours, lactate level further decreased to 2.3 mmol/L,
and by 8 hours, it had reached 0.5 mmol/L, meeting
viability criteria.

A consistently low level of cytolysis was also no-
ted. Other hepatocellular and cholangiocellular viability
parameters remained within normal limits throughout
perfusion. Allograft weight after perfusion was 2000 g,
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Fig. 4. Perfusion parameters of liver allografts in Case #1 (non-viable) and Case #2 (transplanted)

virtually unchanged from the pre-perfusion weight of
1910 g.

Based on these findings, the liver allograft was
deemed viable. The D-HOPE time was 124 minutes, and
the NMP time was 480 minutes. Total machine perfusion
time was 604 minutes.

Liver transplantation

In Case #2, the LT operation lasted 290 minutes.
Secondary warm ischemia time measured 20 minutes.
Biliary ischemia time was 40 minutes, while total organ
preservation time 884 minutes. After venous reperfusion
of the graft, postreperfusion syndrome [44] did not de-
velop. Moreover, there was no hemodynamic reaction
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to initiation of venous blood flow. Intraoperative blood
loss was 200 mL, and transfusion included one unit of
red blood cell mass.

Postoperative period

A schematic representation of the laboratory parame-
ter dynamics during the postoperative period is shown
in Fig. 5.

The peak AST level (922.5 U/mL) and ALT level
(613 U/mL) were observed on postoperative day 1.
The highest INR value (1.68) and total bilirubin level
(63.3 umol/L) were also recorded on postoperative
day 1, followed by steady improvement. AKI develo-
ped on postoperative days 2—3, with peak creatinine of
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400 umol/L and urea of 29.2 umol/L, requiring renal — In case #1, the preperfusion (a) biopsy revealed, as
replacement therapy (RRT) via hemodialysis (two ses- previously noted, macrovesicular steatosis involving
sions). Following treatment, renal function fully reco-
vered.

The total legnth of hospital stay was 14 days. During
this period, due to the development of significant hyd-

65-70% of hepatocytes, hepatic fibrosis (stage F1
on the METAVIR scale), and diffuse, focal, mode-
rate granular protein dystrophy of hepatocytes. The

rothorax, pleural puncture and drainage were performed postperfusion (b) biopsy showed severe ischemia-
on the right side (postoperative day 1) and the left side reperfusion injury (IRI), characterized by diffuse
(postoperative day 2). After adjustment of diuretic the- focal hepatocyte necrosis within the parenchyma,
rapy, the hydrothorax regressed. predominantly in zones 1 and 3 of the hepatic aci-

At the time of writing, the follow-up period was
3 months. The patient remains alive, has not been re-
hospitalized, and shows normal laboratory and instru-
mental parameters. It is noteworthy that IRPI was mild,

and there were no signs of EAD, PNF, vascular or biliary
complications. patocytes involving 5-10%, diffuse focal moderate

nus, accompanied by hemorrhages. Representative
microphotographs are shown in Fig. 6.

— Incase #2, the preperfusion (a) biopsy demonstrated
diffuse focal large-droplet fatty degeneration of he-

granular protein dystrophy of hepatocytes, and hepa-
tic fibrosis corresponding to stage F1-F2 on the ME-
TAVIR scale. The postperfusion (b) biopsy revealed

Pathomorphologic study of liver allografts

In all cases, microscopic (using light microscopy)
examination of allograft biopsies was mandatory at three
stages: before perfusion, after completion of NMP, and
before closure of the recipient’s postoperative wound.

moderate IRI of the liver. Similarly, the postreperfu-
sion (c) biopsy pattern was consistent with moderate

Biopsies were obtained via an incisional method from the IR, featuring subcapsular hepatocyte necrosis, most
edge of both liver lobes, fixed in buffered 10% formalin, likely of compressive origin. Representative micro-
and submitted for pathomorphologic analysis. photographs are presented in Fig. 7.
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3
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|
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Fig. 5. Laboratory dynamics during the postoperative period in the liver recipient (Case #2)
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Fig. 6. Microphotographs of liver allograft biopsy in Case #1

gical description provided in the main text

DISCUSSION

Machine perfusion is gaining prominence as a new
gold standard for preserving liver allografts, especially
those from ECDs. However, the isolated use of the main
liver machine perfusion techniques — HOPE and NMP —
despite their individual advantages, still presents a num-
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Fig. 7. Microphotographs of liver allograft biopsies in Case
#2: (a) before machine perfusion, (b) after machine perfu-
sion, and (c) after reperfusion in the recipient. Detailed de-
scriptions are provided in the text

ber of limitations [13—16]. For instance, assessment of
liver graft viability during HOPE is restricted primarily
to the measurement of a single validated marker, the
concentration of FMN in the perfusate [17]. Moreover,
the technical complexity of HOPE and the need for spe-
cialized equipment limit its availability to many centers,
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thereby hindering broader adoption. While NMP offers
extensive opportunities for comprehensive viability as-
sessment, it does not fully eliminate IRPI due to normo-
thermic reperfusion, although the injury is milder in an
ex vivo setting [18-20].

Combined perfusion is a promising new direction in
the development of liver allograft preservation, offering
the opportunity to integrate the advantages of several ma-
chine perfusion techniques [11, 18, 23]. For instance, van
Leeuwen et al., in a study involving combined perfusion
of 54 allografts from high-risk donors (mean DRI 2.84,
IQR 2.52-3.11), reported successful transplantation of
63% of organs, with 1-year graft and recipient survival
rates of 94% and 100%, respectively. No cases of PNF
were observed, and non-anastomotic biliary strictures
developed in only one patient (3%). Two retransplanta-
tions were required due to chronic rejection (3%) and
venous obstruction (3%) [11].

A sudden change in graft temperature from hypo-
thermic (~4 °C) to normothermic (37 °C) conditions can
induce “rewarming injury” or thermal injury, leading to
further damage to the allograft [18, 21, 22]. To address
this, the COR technique has been increasingly incorpo-
rated into combined perfusion protocols and has shown
effectiveness when used as a standalone approach [21].
D. Hoyer, for example, reported a 50% reduction in peak
AST levels (a surrogate marker for graft injury) in the
COR group compared to the SCS group (AST 563.5 U/L
vs 1204 U/L, P=0.023) [22]. Nevertheless, there are no
precise data on the efficacy of COR as part of combined
protocols. Therefore, in the present cases, the combined
perfusion protocol included only the “classical” HOPE
and NMP stages.

At present, there is no universally accepted and vali-
dated algorithm for choosing the best perfusion strategy
(isolated or combined, with various combinations) for
each specific liver allograft [31]. This issue appears to
be particularly pressing, as the routine application of
“advanced” dynamic preservation techniques, including
normothermic perfusion, to all organs meeting even a
single expanded criteria donor (ECD) factor would be re-
dundant and economically inefficient. On the other hand,
the isolated use of hypothermic oxygenated perfusion
for high-risk allografts (those presenting multiple risk
factors) may be insufficient and could naturally lead to
a higher incidence of complications. At Shumakov Na-
tional Medical Research Center of Transplantology and
Artificial Organs, the choice of perfusion method is made
individually for each case, based on a comprehensive
analysis of both donor and recipient factors. Continued
experience accumulation and strengthened intercenter
collaboration are expected to facilitate the development
of more precise and standardized strategies for perfusion
method selection in the future.
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Assessment of liver graft viability remains a criti-
cal focus of contemporary research. In our work, we
employed one of the most widely recognized viability
assessment protocols, which demonstrated its effective-
ness in the large VITTAL study [12, 20]. It is important
to note that excessively stringent criteria may reduce
the ability to identify potentially viable grafts, whereas
overly liberal criteria increase the risk of post-transplant
complications [35, 36]. For example, Panconesi et al.
showed that using lactate clearance assessment at the
sixth hour of NMP, only 13 (6.1%) of 213 allografts
were classified as non-viable. In contrast, applying the
Groningen or Brisbane criteria would have resulted in
higher non-viability rates — 14.6% and 11.2%, respec-
tively. The authors also highlighted that outcomes with
so-called “lactate-high” allografts were comparable to
those with lower lactate levels [51].

At the same time, as previously mentioned, studies by
Mergental et al. revealed that the absence of mandatory
qualitative bile assessment during viability evaluation led
to ischemic cholangiopathy in four recipients [12, 20].
Retrospective analysis showed that, in three cases, non-
anastomotic biliary strictures developed in recipients of
DCD livers, where the bile produced during perfusion
had low pH (<7.65) and low bicarbonate concentrations
(<25 mmol/L) [12].

Based on these findings and a comprehensive review
of the available literature, we modified the basic VITTAL
protocol by incorporating mandatory assessment of bili-
ary tree viability. It should be emphasized that, to date,
there are no universally accepted criteria for liver graft
viability assessment, and this remains an important area
for further research and standardization.

We presented the machine perfusion of two liver
grafts that had been rejected by all transplant centers
due to their high degree of “marginality”. Despite ex-
vivo viability testing, the first allograft was ultimately
deemed unsuitable for transplantation. The second graft
met the viability criteria established by our center and
was successfully transplanted into the recipient. This
experience highlights the subjective nature of donor liver
evaluation when based solely on initial clinical data.

The recipient’s postoperative period was uneventful
overall, despite the development of AKI, which may
have been partially attributable to the patient’s initially
compromised condition and the use of high-dose diure-
tics prior to transplantation. Nevertheless, AKI resolved
following two RRT sessions, and the total length of stay
in the hospital was 14 days, which is consistent with the
average in our center.

According to available data, the combined perfusion
approach described here — particularly the application
of the normothermic phase — is the first such experience
in clinical practice in Russia. Thus, our observations
demonstrate the high efficacy, safety, and reproducibili-
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ty of the combined machine perfusion method for liver
allografts obtained from ECDs.

The authors declare no conflict of interest.
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Introduction. Treatment and kidney transplantation (KT) for patients with autosomal dominant polycystic kidney
disease (ADPKD) are associated with increased risks, particularly due to the potential for infection of polycystic
kidney (PK) cysts. Currently, no standardized guidelines exist for the surgical management and pre-transplant
preparation of these patients. Objective: to analyze the 15-year experience at a transplant center managing KT
recipients with end-stage chronic kidney disease (eCKD) due to ADPKD. Materials and methods. A retrospec-
tive and prospective analysis was conducted on 132 ADPKD patients who underwent staged surgical treatment
between 2008 and 2023. In the first stage, outcomes of 155 PK nephrectomies performed via laparoscopic and
open approaches were evaluated. In the second stage, KT outcomes were assessed in 63 ADPKD recipients, com-
paring those with preserved native kidneys to those who had undergone nephrectomy. Additionally, as a control
group, KT outcomes in 129 patients with eCKD of other etiologies from 2013 to 2023 were analyzed. Results.
The study revealed significant advantages of laparoscopic access for PK nephrectomy, including a shorter length
of stay in both intensive care and the hospital, as well as a lower complication rate (47.8% for laparotomy and
lumbotomy approaches, and 12.8% for laparoscopic access). However, patients who underwent KT with preser-
ved PK exhibited a higher incidence of infectious complications (26.9%), primarily due to cyst infections and
resistance to standard antibiotic prophylaxis. Long-term graft survival was notably lower in this group, with a
ten-year survival rate of 46.2%, compared to 73.1% in patients who had undergone nephrectomy and 74.1% in
the comparison group. Conclusion. The integration of laparoscopic surgery for polycystic kidney disease into
clinical practice has the potential to significantly reduce surgical complications and broaden the indications for
PK nephrectomy. Among ADPKD patients who underwent nephrectomy, the post-transplant period was more
favorable, with outcomes comparable to those of KT recipients with eCKD of other etiologies.

Keywords: autosomal dominant polycystic kidney disease, kidney transplantation, polycystic kidneys,
laparoscopic access, nephrectomy.

INTRODUCTION

Autosomal dominant polycystic kidney disease (AD-
PKD) is a progressive disorder characterized by multiple
bilateral cysts within the renal parenchyma, ultimately
leading to impaired kidney function and, in many cases,
the need for renal replacement therapy (RRT) [1-3].
By age 60, a significant portion of individuals with
ADPKD experience end-stage chronic kidney disease

tions. Due to the large size of polycystic kidneys (PK),
many centers perform nephrectomy using laparotomy
or lumbotomy approaches. These surgical interventions
are associated with a high complication rate (up to 38%)
and a mortality rate of up to 3% [1, 6].

Cyst infection is a serious complication of ADPKD,
accounting for approximately 11% of hospitalizations in
patients with this condition. In ADPKD patients, 30-50%
experience kidney infections during their lifetime, and

(eCKD), and approximately 10—15% of those receiving
maintenance dialysis via peritoneal dialysis fall into this
category [2, 5].

In approximately 20% of individuals with polycystic
kidney disease (PKD), kidney removal (nephrectomy) is
considered due to clinical manifestations and complica-

over 50% report one or more symptomatic infection epi-
sodes [7-9].

Laparoscopic nephrectomy for PKD was first per-
formed in 1996, and is now widely used, offering the
benefits associated with a minimally invasive procedure
[2, 10].
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We have previously demonstrated that PKD has a
high infection rate of 80%. The asymptomatic nature
of ADPKD does not preclude the presence of infected
small-diameter cysts [11]. The diagnostic capabilities of
standard imaging modalities, such as spiral computed
tomography and ultrasound remain limited in this con-
text. Infection of renal cysts in PKD patients can worsen
the prognosis of future kidney transplantation (KT). The
presence of a non-sanitized focus of infection, combined
with modern immunosuppressive therapy regimens, can
lead to the development of a systemic inflammatory re-
sponse and sepsis. Removal of polycystic kidneys to
sanitize an active infection focus carries a high risk of
complications and mortality [11-12].

To date, there are various approaches to the need for
pre-transplant nephrectomy [13—19]. Our center uses a
previously developed diagnostic and surgical preparation
algorithm for KT in patients with ADPKD (Fig. 1), which
is based on clinical presentation and comprehensive pa-
tient evaluation [20].

MATERIALS AND METHODS

The study is based on the results of the analysis of
staged surgical treatment of 132 patients with PKD in the
period from 2008 to 2023. The 15-year experience of the
Center’s work with this patient cohort was summarized
and analyzed. Surgical preparation for transplantation
from 2013 was performed according to the previously
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developed algorithm based assessment of clinical picture
and maximum PKD size (Fig. 1).

For comparison, we analyzed KT outcomes in a con-
trol group of 129 patients with eCKD of other etiologies,
treated between 2013 and 2023. Given the high risk of
specific complications, patients with diabetes mellitus,
repeat transplants, or rare genetic disorders were exclu-
ded from the study.

Between 2008 and 2023, a total of 155 nephrectomies
were performed in 106 individuals as part of pre-trans-
plant preparation or for clinical indications. Of these,
46 surgeries were carried out in 39 patients using either
lumbotomy (for unilateral nephrectomy) or laparotomy
(for bilateral nephrectomy). The remaining 67 patients
underwent laparoscopic procedures, accounting for
109 nephrectomies in total. All laparoscopic interven-
tions were unilateral.

Laparoscopic nephrectomies have been routinely per-
formed since 2013, while the majority of open surgeries
occurred prior to this period, due to their well-documen-
ted advantages. Surgical indications included preparation
for KT and management of clinical symptoms of PKD
such as hematuria, frequent recurrent pyelonephritis,
and chronic pain.

The clinical characteristics of the patient cohorts
and the outcomes of surgical treatment are presented
in Table 1.

Between 2008 and 2023, 63 ADPKD patients under-
went KT. Depending on whether native kidneys were
preserved or removed, two groups of patients were di-
stinguished:

Group 1 (n = 26), patients who had preserved PKD
at the time of transplantation.

Group 2 (n = 37), patients who underwent nephrec-
tomy before transplantation.

As a comparison group, we analyzed kidney trans-
plant outcomes between 2013 and 2023 in 129 patients
with eCKD of non-ADPKD etiology. All transplants
were performed using immunologically compatible
kidneys from brain-dead donors, following standard
matching criteria. Baseline characteristics between the
ADPKD and comparison groups showed no statistically
significant differences (Table 2).

RESULTS

The outcomes of nephrectomy in patients with poly-
cystic kidney disease are presented in Table 1. Notably,
the laparoscopic approach was associated with a more
favorable perioperative course. Although laparoscopic
surgeries had a longer operative time, both intensive care

Table 1
Outcomes of polycystic kidney nephrectomy
Indicator Nephrectomy (laparotomy, Laparoscopic P
lumbotomy), n = 46 nephrectomy, n = 109
Mean patient age (years) 53.2+8.7 54.5+8.1 p=0.41
Patient gender n=239 n=67
— Male 21 (53.8%) 35 (52.2%) p>0.05
— Female 18 (46.2%) 32 (47.8%) '
Mean time to receive RRT by hemodialysis before surgery 306+ 193 3854337 p=0.141
(months)
Indications for surgical treatment
— Clinical indications . 31 (67.4%) 44 (40.4%) p = 0.003
— Pre-transplant preparation 15 (32.6%) 65 (59.6%)
Average surgery time (minutes) 118 +36.8 147.5+57.5 p =0.003
ICU length of stay (days) 2-3 days (2.9 £ 1.4) 1-2 days (1.1 £0.47) | p=0.001
Bed-days spent in hospital (days) 14-16 (14.2 +£5.7) 7-8 (8.5+7.9) p <0.001
Surgical complication rate 47.8% (22) 12.8% (14) p <0.001
Arteriovenous fistula thrombosis 4.3% (2) 3.6% (4) p=1.000
SIRS, sepsis 10.8% (5) 3.6% (4) p=0.126
Intestinal paresis 10.8% (5) - p = 0.002
Wound suppuration 8.6% (4) 1.8% (2) p=0.064
Bleeding with hemqtoma formation in the postoperative 8.6% (4) 2.7% (3) p=0.196
wound and retroperitoneal space
Additional surgical interventions 10.8% (5) 3.6% (4) p=0.126
Mesenteric thrombosis 0.0% 0.9% (1) p=1.000
Eventration 4.3% (2) 0.0% p =0.086
Access conversion — 5.5% (6)
Mortality 8.6% (4) 1.83% (2) p=0.064

Note: RRT, renal replacement therapy; ICU, intensive care unit; SIRS, systemic inflammatory response syndrome.
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Table 2
Main characteristics and outcomes of kidney transplantation
Indicator Group 1, Group 2, Comparison P
n=26 n=37 group, n = 129
Mean patient age (years) 498+9.2 | 51.2+10.5 478+9.8 |p>0.05
Patient gender
— Male 15 (57.7%) | 21 (56.8%) | 61 (47.3%) p>0.05
— Female 11 (42.3%) | 16 (43.2%) | 68 (52.7%) '
Mean time to receive RRT by hemodialysis before surgery (months) |31.8 +27.6| 41.8+31.6 | 353+284 |p>0.05
Donor characteristics
Average age 51.24+9.7 | 52.4+£10.1 494+92 |p>0.05
Average creatinine level (umol/L) 96.3+12.1[103.5+11.3| 98.7+94 |p>0.05
Average number of HLA matches 41+£1.2 43+0.9 39+ 1.1 p>0.05
Kidney transplant outcomes
Graft function:
— Immediate 14 (53.8%) | 22 (59.4%) | 76 (58.9%) p>0.05
— Delayed 12 (46.2%) | 15 (40.6%) | 53 (41.1%) '
Early complications (within 1 month of transplantation)
Primary non-function 1 (3.8%) 0.0% 3 (2.3%) p>0.05
Acute transplant rejection 1 (3.8%) 1 (2.7%) 3(2.3%) p>0.05
Infectious complications of various localizations 7(26.9%) | 2(5.4%) 8 (6.2%) p <0.05
Nephrectomy due to infected cysts 2 (7.6%) — - -
Late complications
Transplant rejection 2 (7.6%) 3 (8.1%) 9 (6.9%) p>0.05
Pyelonephritis, episodes of hematuria, leukocyturia 1.9£0.71 | 021011 | 023£0.15 |p<0.05
(number of cases per year)
Post-transplant nephrectomy according to clinical indications 4 (15.4%) - -

Note: RRT, renal replacement therapy.

unit (ICU) and overall hospital stays were significant-
ly shorter compared to open surgery. The incidence of
postoperative complications in the laparoscopic group
remained low, not exceeding 13%.

Transplant outcomes in the analyzed groups are pre-
sented in Table 2.

Infectious complications of various localizations
included pneumonia, sepsis, graft pyelonephritis, post-
operative wound suppuration, and infection of cysts in
preserved native kidneys. A notable increase in the fre-
quency of complications was observed in patients with
preserved polycystic kidneys (PK), primarily due to cyst
infections and the presence of pathogens resistant to stan-
dard antibiotic prophylaxis. For group 1, the incidence
of infectious complications was 26.9%, p = 0.028 when
comparing group 1 and group 2, and p = 0.004 when
comparing group 1 and comparison group. Additionally,
Group 1 showed a significantly higher frequency of leu-
kocyturia (more than 20 leukocytes per field of view)
and hematuria (more than 20 red blood cells per field
of view). In seven cases, nephrectomy of native kid-
neys was required post-transplant due to PKD-related
complications. Overall, among all ADPKD patients who
underwent KT, the native kidney was removed in 69.8%
(44 cases), predominantly due to infectious complica-
tions.
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Ten-year kidney graft and recipient survival rates are
shown in Figs. 2 and 3. Notably, 10-year graft survival
was 46.2% in group 1, compared to 73.1% and 74.1% in
group 2 and comparison group, respectively.

DISCUSSION

The high infection rate of 80% in PKD does warrant
the expansion of indications for nephrectomy during
the pre-transplantation preparation stage [11]. Effective
treatment of non-sanitized infections during pre-trans-
plant preparation is challenging. This makes managing
infections both before and after transplantation more
difficult. Simultaneous nephrectomy with kidney trans-
plantation for PKD patients is a common procedure to-
day. In our opinion, this practice is doubtful, as the large
volume of surgery and high risk of infectious complica-
tions jeopardize the fate of the graft and the life of the
recipient [21-23].

The use of laparoscopic technologies in PKD surgery
has significantly broadened the indications for pre-trans-
plant nephrectomy by reducing the risks associated with
surgical intervention. Native kidney removal is required
in 69.8% of ADPKD patients for various clinical reasons.
In 21.7% of cases, nephrectomy became necessary after
transplantation due to PKD-related complications that
developed under immunosuppressive therapy.
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The use of laparoscopic techniques for polycystic
kidneys in ADPKD has allowed for safer pre-transplant
nephrectomies by minimizing the risks of surgical in-
tervention. Removal of native kidneys for various re-
asons was required in 69.8% of patients with ADPKD.
In 21.7% of cases, nephrectomy was performed post-
transplantation due to PKD-related complications while
the patients were on immunosuppressive therapy.

Bilateral nephrectomy should be considered in select
cases. At our center, conversion to an alternative surgical
approach was necessary in cases involving a horseshoe
kidney or insufficient “working space” in the abdominal
cavity due to the giant size of the kidneys.

Patients with ADPKD have a significantly higher
frequency of various cardiovascular pathologies com-
pared to the general population of patients with eCKD.
Preparation of each patient in this group should include
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a comprehensive cardiological examination. In cases
where concomitant cardiovascular pathology is detected,
nephrectomy under low-pressure carboxyperitoneum is
available [24].

Notably, after 10 years, only 46.2% of grafts in pati-
ents with preserved PKD remained functional, and the
mortality rate in this group reached 15.4%. In contrast,
PKD patients who underwent pre-transplant nephrec-
tomy had a more favorable postoperative course, with
significantly lower rates of leukocyturia, bacteriuria, and
hematuria.

At the same time, total native nephrectomy of all
kidneys with cystic changes should be excluded. Ma-
ximum kidney length (MKL) measured by spiral com-
puted tomography (SCT) serves as a reliable threshold.
Mathematically, this parameter is a strong predictor of
complications and the need for nephrectomy, offering
a straightforward and easily calculable metric via SCT.
According to earlier studies, an MKL of 170 mm is con-
sidered the optimal threshold for nephrectomy in cases
of asymptomatic disease progression [25]. At the same
time, in the presence of pain syndrome or signs of kidney
and urinary tract infection, PKD size is not a determining
factor, and laparoscopic nephrectomy is indicated [25].

CONCLUSION

Laparoscopic techniques can broaden indications and
minimize surgical risks in the treatment and pre-trans-
plant preparation of ADPKD patients on the KT waiting
list. KT outcomes in ADPKD patients are comparable to
those in patients with eCKD from non-ADPKD causes.
Patients who had polycystic kidney removed had a more
favorable post-transplant period due to a lower incidence
of infectious complications. Given the necessity of reno-
privation in ADPKD patients, they should be prioritized
in the selection of KT recipients.

The authors declare no conflict of interest.
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INDOCYANINE GREEN FLUORESCENCE IMAGING

OF THE COMMON BILE DUCT BLOOD SUPPLY

IN THE PREVENTION OF BILIARY COMPLICATIONS IN LIVER
TRANSPLANTATION: RATIONALE AND RESULTS
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Objective: to enhance liver transplant (LT) outcomes by developing and implementing intraoperative fluorescence
imaging of common bile duct (CBD) blood supply using indocyanine green (ICG). Material and methods. The
study analyzed treatment outcomes in 203 recipients who received a whole liver from deceased donors. In the
first stage, the incidence and potential risk factors of biliary complications were assessed in Group I, comprising
138 patients. The median follow-up period was 35.6 months (IQR: 25—-68 months). Group II consisted of 65 cases,
with a median follow-up of 7.2 months (IQR: 6.5—13). In this group, intraoperative ICG fluorescence imaging
was employed to assess CBD blood supply. Following cholecystectomy, a 5 mL intravenous injection of ICG
solution (2.5 mg/mL) was administered. Near-infrared fluorescence imaging was then performed by overlaying
near-infrared light onto white light to visualize ICG fluorescence in CBD tissues. In cases where fluorescence
imaging indicated hypoperfusion of the distal part of the graft’s CBD, the affected segment was excised within
the boundaries of well-perfused tissue. In all cases, the resected CBD portions were sent for histological exami-
nation. Results. In Group I, biliary anastomosis complications were recorded in 13 out of 138 cases (9.4%), all of
which were strictures. Analysis of potential risk factors on both the recipient and donor sides did not reveal any
statistically significant associations (p > 0.05). Comparison of intraoperative fluorescence imaging results with
postoperative histological examination demonstrated a sensitivity of 87% and a specificity of 92% for detecting
ischemic changes in CBD. In groups with comparable baseline characteristics (p > 0.05), the incidence of biliary
anastomotic strictures (BAS) was significantly lower in the ICG imaging group: 9.4% in Group I versus 1.5%
in Group II (p = 0.04). Conclusion. The use of fluorescence imaging to assess the blood supply of the CBD in
LT is an effective method for preventing biliary complications. This technique enables the formation of biliary
anastomosis within a well-perfused tissue, significantly reducing the risk of BAS.

Keywords: common bile duct, biliary complications, liver transplantation, fluorescence.

INTRODUCTION

Biliary complications have long been regarded as the
“Achilles’ heel” of liver transplantation (LT). These in-
clude biliary anastomotic failure, anastomotic strictures
(AS), and non-anastomotic strictures (NAS) of the bile
ducts. NAS typically encompasses ischemic cholangio-
pathy resulting from inadequate arterial blood supply
to the bile ducts, post-transplant cholangiopathy caused
by severe ischemia-reperfusion injury to the graft and
its biliary system, and recurrent autoimmune diseases

primary contributing factors are conditions that predis-
pose the anastomosis to ischemia, including excessive
tension, suture line compromise, and over-reliance on
electrocoagulation to control bleeding from the donor
and recipient bile duct stumps. Hepatic artery thrombosis
is a serious complication that can lead to necrosis of the
donor bile duct segment.

An anastomotic stricture (AS) is a localized narrowing
at the site of a biliary anastomosis, typically solitary and
short, often diagnosed within the first year after LT [3—4].
AS occurs in 7-12% of patients and accounts for up to

affecting the bile ducts in the transplanted liver [1-2].
In most cases, complications arising from the chole-
dochal anastomosis are primarily attributed to technical
peculiarities of biliary reconstruction.

Biliary anastomotic failure typically occurs in the
early postoperative period with a 5-10% incidence. The

86% of all post-transplant biliary strictures. Ischemia
and subsequent fibrosis of the bile ducts, often resulting
from suboptimal surgical technique or early postopera-
tive complications, are considered primary contributors
to AS pathogenesis [5]. Key predisposing factors include
small bile duct diameter, prolonged biliary ischemia,
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donor-recipient duct size mismatch, inappropriate suture
material, excessive anastomotic tension, redundant donor
duct, and overuse of electrocoagulation. Studies have
linked prolonged cold ischemia time, cytomegalovirus
(CMV) and Epstein-Barr virus (EBV) infections, and
acute and chronic cellular rejection to the development
of complications [6].

According to current literature, local ischemia plays
a key role in the development of biliary anastomotic
complications. Due to the bile duct’s blood supply ana-
tomy, the distal segment of the donor common bile duct
is particularly vulnerable to inadequate perfusion. Nu-
merous studies in abdominal surgery have demonstrated
the efficacy of indocyanine green (ICG) fluorescence
imaging in assessing tissue perfusion; however, its ap-
plication in LT remains limited. In this study, we present
preliminary results on the use of ICG fluorescence ima-
ging to evaluate blood supply in the donor segment of
the ductus hepaticocholedochus (bile duct), with the aim
of preventing biliary anastomosis-related complications.

MATERIALS AND METHODS

This retrospective study analyzed the treatment out-
comes of 203 recipients who underwent whole LT from
deceased donors at Botkin Hospital between 2018 and
2023. Recipients who died or required retransplantati-
on within 1 year post-transplant were excluded from
the analysis. In all cases, duct-to-duct anastomosis was
performed using a knotted PDS 6-0 suture.

In the first phase of the study, we analyzed the inci-
dence and potential risk factors associated with the deve-
lopment of anastomotic biliary complications in 138 pa-
tients operated on between 2018 and 2022 (Group I,
control). The cohort included 82 males (59.4%) and
56 females (40.6%). The median recipient age was 48 ye-
ars (IQR: 36-58), with a median BMI of 26 kg/m* (IQR:
22-27) and a median MELD score of 16 (IQR: 12-18).
The median donor age was 48 years (IQR: 40-55), with
a median BMI of 25.5 kg/m* (IQR: 23.0-29.5). Donors
met extended criteria in 34 cases (24.6%), while the
remaining donors were classified as standard. Median
cold ischemia time was 5.6 hours (IQR: 5.2-7.4), and
secondary warm ischemia time was 35 minutes (IQR:
35-45). Surgery lasted for 7.4 hours (IQR: 5.5-8.5),
with a biliary ischemia time of 40 minutes (IQR: 45-50).
Median intraoperative blood loss was 1,400 mL (IQR:
1,000—4,200). The recipients were followed up for a
median duration of 35.6 months (IQR: 25-68). Detailed
characteristics of Group I are presented in Table 3.

Group II included 65 recipients who underwent LT
between 2022 and 2023 with the use of ICG fluores-
cence imaging. The group comprised 35 males (53.8%)
and 30 females (46.2%). The median recipient age was
47 years (IQR: 35-62), with a median BMI of 25 kg/m’
(IQR: 21-29) and a MELD score of 18 (IQR: 13-25).
Donor characteristics included a median age of 52 years
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(IQR: 32-64) and a median BMI of 27.2 kg/m* (IQR:
23.0-32.0). Donors met extended criteria in 21 cases
(32.3%), while the remaining observations were stan-
dard. Median cold ischemia time was 5.7 hours (IQR:
4.5-6.5), and the median secondary warm ischemia time
was 35 minutes (IQR: 30—45). Median operative time
was 6.5 hours (IQR: 5.0-7.5), with a biliary ischemia
time of 35 minutes (IQR: 35-45). Intraoperative blood
loss was 1,250 mL (IQR: 1,000-3,200). The recipients
were followed up for a median duration of 7.2 months
(IQR: 3.5-11). Detailed characteristics of Group II are
presented in Table 3.

Methodology of ICG fluorescence
imaging for assessment of ductus
hepaticocholedochus perfusion in liver
transplantation

Following cholecystectomy and during the prepara-
tion of the graft choledochus for biliary reconstruction,
5 mL of ICG solution was administered intravenously
by an anesthesiologist at a concentration of 2.5 mg/mL.
Fluorescence imaging was then performed using the Karl
Storz visualization system, which superimposes near-
infrared light on white light to detect ICG fluorescence
in the bile duct tissues (Fig. 1).

In cases where uniform fluorescence of the entire
length of the donor ductus hepaticocholedochus was
observed (interpreted as a negative result indicating good
perfusion, Fig. 1), the excess length of the graft bile duct
was excised, and a standard end-to-end anastomosis was
created with the recipient’s bile duct. A positive result
(Fig. 2) was defined as the presence of hypoperfusion
in the distal portion of the donor choledochus. In these
cases, the bile duct was transected within the boundaries
of adequately perfused tissue.

If the residual length of the donor choledochus was
insufficient to create a tension-free anastomosis, the
recipient’s bile duct was mobilized from surrounding
tissues — carefully avoiding skeletonization. Perfusion

Fig. 1. Intraoperative indocyanine green fluorescence ima-
ging of blood supply of a donor common bile duct (CBD).
Satisfactory perfusion of the CBD throughout the whole
length
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of the recipient’s choledochus was also confirmed using
ICG fluorescence imaging.

In two cases, additional mobilization of the duode-
num was performed using the Kocher maneuver to incre-
ase the mobility of the recipient’s bile duct and facilitate
a tension-free end-to-end anastomosis.

Resected sections of the donor common bile ducts
from all cases were submitted for histological examinati-
on to assess the severity of ischemic changes in both the
proximal and distal segments. To evaluate the diagnostic
performance of the fluorescence imaging technique in
identifying choledochal ischemia, a comparative analysis
was conducted between the intraoperative fluorescence
findings and histopathological assessment results.

Statistical analysis

Statistical analysis was performed using SPSS Statis-
tics for Windows, Version 26.0 (IBM Corp., USA). Due
to the relatively small sample size, the Mann-Whitney
U test was used to compare two groups of quantitative
variables, irrespective of distribution. Categorical vari-
ables were compared using Pearson’s chi-squared test
or Fisher’s exact test, as appropriate. Differences were
considered statistically significant at p < 0.05.

RESULTS

Analysis of the frequency and risk factors
of anastomotic biliary complications

In the cohort of 138 recipients, biliary anastomotic
complications were observed in 13 cases (9.4%), all of
which presented as bile duct strictures. The median time
from transplantation to the onset of complications was
6.5 months (IQR: 1.0-12.5). Additionally, two cases of
non-anastomotic biliary strictures were recorded; one of
these was associated with hepatic artery stenosis.

The occurrence of anastomotic biliary strictures
(ABS) showed no statistically significant association
with early liver graft dysfunction. The incidence among

patients with early graft dysfunction was 4 out of 45
(8.9%), compared to 9 out of 93 (9.7%) among recipi-
ents with initially satisfactory graft function (p=0.415).
Recipient-related variables, including age, sex, BMI, and
MELD score, did not demonstrate a statistically signi-
ficant correlation with ABS (p > 0.05). Similarly, donor
characteristics and perioperative parameters were not si-
gnificantly associated with stricture formation (p > 0.05).
Detailed results are presented in Table 1.

Results of the study on the sensitivity

and specificity of ICG fluorescence Imaging
for detecting ischemia in the distal donor
choledochus

ICG fluorescence imaging was performed intraopera-
tively during biliary reconstruction in all recipients from
the prospective group II (n = 65). A positive fluorescence
result — indicating hypoperfusion of the distal portion of
the donor choledochus — was recorded in 39 cases (60%).
In the remaining observations, perfusion was deemed
satisfactory along the entire length of the bile duct.

Histological analysis confirmed more pronounced
ischemic changes in the distal part of the donor choledo-
chus compared to the proximal part in 36 cases (55.3%).
An example of histological preparation comparing the
proximal and distal segments of the bile duct graft is
presented in Fig. 3.

The sensitivity and specificity of the method for de-
tecting ischemia, as confirmed by histological exami-
nation, were 87% and 92%, respectively. The positive
predictive value was 88.1%, and the negative predictive
value was 98.1% (Table 2).

Clinical outcomes of ICG fluorescence
imaging in the assessment of ductus
hepaticocholedochus blood supply

Comparison of recipient characteristics between the
two study groups revealed no statistically significant

Fig. 2. Intraoperative indocyanine green fluorescence imaging of blood supply of a donor common bile duct (CBD). Poor
perfusion of the distal part of the donor CBD (yellow arrow): a, standard mode; b, near infrared light overlay mode
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Table 1
Risk factors for biliary anastomotic strictures
Indicator AS-free, n =125 AS,n=13 Significance
point (p value)
Recipient risk factors
Recipient age (years) 43 4 0.23
(IQR: 35-51) (IQR: 32-58)
Recipient male gender 75 (60%) 7 (53.8%) 0.77
Recipient BMI (kg/m?) 25 (IQR: 22-27) 25 (IQR: 23-29) 0.52
MELD 16 (IQR: 14-23) 18 (IQR: 15-26) 0.18
Donor risk factors

Donor age (years) 46 (IQR: 39-56) 44 (IQR: 32-66) 0.4
Donor BMI (kg/m?) 26 (IQR: 23-29) 27 (IQR: 22-32) 0.48
Macrosteatosis >40% 22 (17.6%) 4 (30.8%) 0.27
Norepinephrine dose >1000 ng/kg/mL or presence 16 (12.8%) 3(23.1%) 039

of two vasopressors

Duration of donor’s stay in intensive care (hours) 48 (IQR: 41-56) 48 (IQR: 24-72) 0.36
Expanded criteria donor (as defined by Eurotransplant) 27 (21.6%) 4 (30.8%) 0.49

Perioperative risk factors

Static cold preservation time (hours) 5.5 (IQR: 4.5-6.5) 6.0 (IQR: 4.0-7.0) 0.62
Secondary warm ischemia time (minutes) 40 (IQR: 35-40) 40 (IQR: 35-40) 0.83
Biliary ischemia time (minutes) 40 (IQR: 40-50) 45 (IQR: 40-55) 0.24
Intraoperative blood loss (mL) 1500 (IQR: 800-2500) | 1600 (IQR: 1000-2500) 0.6
Cell saver blood reinfusion (mL) 300 (IQR: 250—400) 350 (IQR: 150-550) 0.53
Fresh frozen plasma transfusion (doses) 2 (IQR: 1-3) 2 (IQR: 1-5) 0.1
Erythrocyte suspension transfusion (doses) 1 (IQR: 0-2) 1 (IQR: 0-4) 0.38

Note: AS, anastomotic stricture.

Fig. 3. Morphological examination of the proximal and distal sections of the donor’s common bile duct: a, distal section (po-
sitive result) — more pronounced inflammation, fibrosis, vascular paresis, irregular blood flow, edema, leukostasis are noted;
b, proximal section (negative result): less pronounced inflammation, more pronounced vascular congestion with perivascular
hemorrhages

Table 2
Sensitivity and specificity of ICG fluorescence
imaging of common bile duct blood supply
in relation to ischemia

differences in age, sex, BMI, or MELD score (p = 0.25,
p=0.453,p=0.36, and p=0.091, respectively). Donor
characteristics and perioperative parameters were also
comparable between the groups (p > 0.05). The median

Histological ICG imaging Se, | Sp, | PPV, | NPV, |  follow-up was significantly longer in group I (p <0.001).
examination | Positive | Negative | % | % | % | % No significant difference was observed in recipient length
Positive 34 2 of stay in the ICU (p = 0.921); however, the total length
Negative 5 24 87192 | 88.1 | 98.1 |  ofstay in the hospital was significantly shorter in group II
Total 39 26 (fluorescence-guided group) (p = 0.012). The incidence
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Table 3
Comparative characteristics of the groups and clinical results
Indicator Group I (Without Group II (ICG imaging), | Significance
ICG imaging), n = 138 n=065 point (p-value)
Recipient characteristics
Recipient age (years) 48 (IQR: 36-58) 47 (IQR: 35-62) 0.25
Recipient male gender 82 (59.4%) 35 (53.8%) 0.453
Recipient BMI (kg/m?) 26 (IQR: 22-27) 25 (IQR: 21-29) 0.36
MELD 16 (IQR: 12-18) 18 (IQR: 13-25) 0.091
Donor characteristics
Donor age (years) 48 (IQR: 40-55) 52 (IQR: 32-64) 0.39
Duration of donor’s stay in intensive care (hours) 52 (IQR: 36.0-70.0) 58 (IQR: 36.0-72.0) 0.052
Donor BMI (kg/m?) 25.5 (IQR: 23.0-29.5) 27.2 (IQR: 23-32.0) 0.08
Norepinephrine dose 0>1000 ng/kg/mL 19 (13.7%) 11(16.9%) 0.534
or two vasopressors (%)
Na (mmol/L) 143 (IQR: 136-146) 145 (IQR: 134-156) 0.823
AST (U/L) 31.0 (IQR: 22.0-45.0) 37.5 (IQR: 28.0-58.0) 0.061
ALT (U/L) 33.0 (IQR: 26.0-51.5) 28.0 (IQR: 25.0-57.5) 0.236
Macrosteatosis >40% 26 (18.8%) 17 (26.2%) 0.234
Expanded criteria donor (n, %) 34 (24.6%) 21 (32.3%) 0.251
Perioperative risk factors
Static cold preservation time (hours) 5.6 (IQR: 5.2-7.4) 5.7 (IQR: 4.5-6.5) 0.842
Operation time (minutes) 7.4 (IQR: 5.5-8.5) 6.5 (IQR: 5.0-7.5) 0.063
Secondary warm ischemia time (minutes) 35 (IQR: 35-45) 35 (IQR: 30-45) 0.92
Biliary ischemia time (minutes) 40 (IQR: 45-50) 35 (IQR: 35-45) 0.32
Blood loss (mL) 1400 (IQR: 1000-4200) | 1250 (IQR: 1000-3200) 0.12
Reinfusion (mL) 350 (IQR: 50-1000) 200 (IQR: 50-700) 0.461
Fresh frozen plasma transfusion (doses) 2 (IQR: 2-6) 3 (IQR: 2-4) 0.61
Erythrocyte suspension transfusion (doses) 1 (IQR: 0-3) 0 (IQR: 0-2) 0.74
Results
Length of stay in intensive care unit (days) 3 (IQR: 1-4) 3 (IQR: 1-4) 0.921
Length of stay in the hospital (days) 18 (IQR: 15-34) 13 (IQR: 9-25) 0.012
Early allograft dysfunction (n, %) 45 (32.6%) 16 (24.6%) 0.246
Median follow-up of recipients (months) 35.6 (IQR: 25-68) 7.2 (IQR: 6.5-13) <0.001
Biliary anastomotic stricture (n, %) 13 (9.4%) 1 (1.5%) 0.04

of early graft dysfunction did not differ significantly
between the groups — 45 cases (32.6%) in group I versus
16 cases (24.6%) in group II (p = 0.246).

Importantly, no cases of biliary anastomosis failure
were recorded in either group (p = 1). The incidence of
biliary anastomotic strictures was significantly lower in
the fluorescence imaging group — 1 case (1.5%) versus
13 cases (9.4%) in the control group (p = 0.04).

No adverse events were associated with the adminis-
tration of ICG in any of the patients. Detailed clinical
outcomes are summarized in Table 3.

DISCUSSION

LT remains the only definitive and highly effective
treatment for end-stage liver disease, offering excellent
long-term survival outcomes. However, it is associated
with a range of specific complications, particularly invol-
ving the biliary anastomosis, which can lead to repeated
hospitalizations and increased treatment costs. While
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advancements in surgery and suture materials have si-
gnificantly decreased biliary anastomotic failure risk,
challenges persist. In our series of 203 liver transplan-
tations, no cases of anastomotic failure were observed.
Nonetheless, the incidence of biliary anastomotic stric-
tures (BAS) remained relatively high (9.4%), prompting
an in-depth analysis of associated risk factors and the
development of strategies for their prevention.

Most authors emphasize that technical challenges
during biliary reconstruction are a central cause and risk
factor for BAS. These challenges can lead to localized
disruption of the bile duct’s blood supply and subsequent
scar formation at the anastomotic site. In our study, none
of the analyzed recipient, donor, or perioperative para-
meters showed a statistically significant association with
the occurrence of this complication (p > 0.05), which
indirectly supports the predominant influence of surgical
technique. Accordingly, the most effective strategy for
preventing anastomotic strictures is the precision cons-
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truction of the biliary anastomosis within well-perfused
tissue of the ductus hepaticocholedochus. Traditionally,
assessment of blood supply to the graft bile duct relies
on the surgeon’s subjective evaluation of the intensity
of bleeding from the duct stump, a method that lacks
precision. Fig. 2, a, illustrates an intraoperative view in
which visual inspection suggests uniform perfusion of
both proximal and distal segments of the choledochus.
However, as demonstrated in Fig. 2, b, intraoperative
ICG fluorescence imaging reveals a clear hypoperfusi-
on area in the distal segment, which should be excised
before forming a biliary anastomosis.

Intraoperative use of ICG fluorescence imaging for
assessing tissue perfusion is well-established and used
in various abdominal surgerie [7]; however, its applica-
tion in LT remains limited. To date, we have identified
only two published studies specifically addressing the
use of this technique for evaluating bile duct perfusion
during LT. The first report, by Coubeau Laurent et al.
(2017) from a clinical university in Belgium, described
a successful case of ICG fluorescence imaging in a liver
transplant from a donor after cardiac arrest. Despite the
macroscopic appearance suggesting adequate perfusi-
on of the distal bile duct, intraoperative fluorescence
imaging revealed hypoperfusion at the distal segment
of the donor choledochus. Histological analysis of the
resected portion confirmed ischemic injury, including
epithelial destruction and separation of epithelial and
subepithelial layers. The patient remained free of biliary
complications during a 10-month follow-up. The second
study, conducted by Panaro et al. (2018) at the University
of Montpellier in France, included six clinical cases,
although donor type was not specified. In two of these
cases, fluorescence imaging prompted the resection of
non-perfused segments that were initially deemed viable
by visual inspection alone. During a 12-month follow-up,
none of the patients developed BAS.

In our larger cohort of 65 recipients, the use of intra-
operative fluorescence imaging proved to be an effective
method for detecting choledochal ischemia, as confirmed
by histological analysis. The technique demonstrated
a sensitivity of 87% and a specificity of 92% in iden-
tifying ischemic segments. Formation of biliary anasto-
mosis within well-perfused tissue significantly reduced
the incidence of anastomotic strictures from 9.3% to
1.5% in groups matched for key clinical characteristics
(p =0.04).

Limitations

The main limitations of this study include its retro-
spective nature and relatively small sample size. It is
possible that some contributing factors to biliary com-
plications were not fully accounted for in the analysis.
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In assition, the median follow-up period in Group II was
significantly shorter than that of the control group. How-
ever, since the median time to detection of anastomotic
stricture identified in the first phase of the study was
relatively short, we believe the differences in follow-up
duration are not clinically significant.

CONCLUSION

The use of fluorescence imaging to assess bile duct
blood supply during LT is a safe and effective method
for preventing biliary complications. By ensuring biliary
anastomoses occur in well-perfused tissue, this technique
significantly reduced anastomotic strictures across key
clinical parameters, as demonstrated by statistically si-
gnificant results in comparable patient groups.

The authors declare no conflict of interest.
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Introduction. Living-donor liver transplantation (LT) is a viable and effective treatment option for patients with
end-stage liver disease. Cachexia is widely recognized in medical literature as a risk factor affecting patient sur-
vival after LT. However, there are relatively few reports on LT in adult patients with critically low body weight.
Materials and methods. The clinical case of successful LT in a critically underweight patient (BMI 12.9 kg/m?)
is presented. Results. The patient’s pre-transplant preparation included intensified enteral and parenteral nutri-
tion, albumin and fresh frozen plasma transfusions, diuretic therapy, multivitamins, symptomatic treatment, and
structured exercise. At the time of transplantation, the recipient’s MELD (Model for End-Stage Liver Disease)
score was 22. In the postoperative period, the patient had multiple complications, reflected by a comprehensive
complication index (Comprehensive Comprehensive) score of 99. Multicomponent rehabilitation was implemented.
The patient was discharged 30 days after LT. During a 17-month follow-up, graft function remained satisfactory.
Conclusion. Our experience, supported by literature data, indicates that cachexia in liver transplant recipients
is associated with a higher overall complication rate after LT. Patients with low body weight require careful
pre-transplant preparation, including intensive nutritional support and exercise programs. Successful treatment
of such patients is feasible only in a multidisciplinary hospital or a transplant center with extensive expertise in

managing complex cases.

Keywords: liver transplantation, related liver transplantation, underweight, cachexia, complications,

rehabilitation.

INTRODUCTION

Living-donor liver transplantation (LT) is an effective
treatment method for end-stage liver disease. Patients
with liver cirrhosis are known to often develop meta-
bolic complications [1]. Studies suggest that body mass
index (BMI) can impact survival rates after LT [2—6].
At the same time, the majority of works on this topic
are devoted to obese patients, and only a small part — to
underweight and/or cachexic patients [7-9]. A low BMI
(less than 18.5 kg/m?) is generally associated with poorer
surgical outcomes, and emaciated patients should be ca-
refully prepared for upcoming surgical intervention [10].
LT is characterized by prolonged operative duration,
significant surgical and anesthetic risks, and extensive
surgical trauma, all of which significantly impact the
course of the postoperative period in patients [11]. Below
we present a clinical case of a successful LT in a critically
underweight patient (with a body mass index of 12.9 kg/
m®): the peculiarities of the patient’s pre-transplant pre-
paration, as well as the peculiarities of the postoperative
course and treatment of complications in this patient.

CLINICAL CASE

Patient H., 55 years old (Case No. 6729/2022), pre-
sented to our center on September 15, 2022, with comp-
laints of jaundice, abdominal distension, lower extremity
edema, severe weakness, and a 30-kg weight loss over
the past year. He was unable to move independently or
care for himself.

On initial examination, his height was 189 cm and
weight 51 kg, corresponding to a BMI of 14.3 kg/m’ (see
Fig. 1). Diagnostic evaluation — including ultrasound,
whole-body CT with intravenous contrast, and serologic
testing — revealed decompensated liver cirrhosis, clas-
sified as Child—Pugh Class C with a MELD-Na score of
25. The cirrhosis was attributed to chronic hepatitis B
and D coinfection in the active replication phase (HBV
8 x 10° copies/mL, HDV 3 x 10 copies/mL, confirmed
by PCR). No signs of malignancy were detected.

The patient underwent a comprehensive work-up in
accordance with the center s standard protocol [12, 13],
which confirmed portal hypertension syndrome and as-
sociated complications, including ascites, splenomega-

ly, grade 2 esophageal varices, and thrombocytopenia
(platelets 37 % 10°/L).
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Initial treatment involved antiviral therapy with ten-
ofovir 25 mg daily for HBV. A stable virologic response
was achieved after 35 days of therapy.

The patient was admitted to our center to prepare for
LT. At the time of admission, the MELD-Na score was 26.
In addition to ongoing antiviral therapy, pre-transplant
management included transfusions of albumin and fresh
frozen plasma (FFP), diuretics, ursodeoxycholic acid,
gastroprotective therapy (esomeprazole and a combi-
nation of algeldrate with magnesium hydroxide), and
vitamin supplementation.

Nutritional support consisted of a high-protein, high-
carbohydrate diet, along with parenteral nutrition com-
prising amino acids, fats, carbohydrates, and electrolytes
(total volume: 1920 mL/day), providing an estimated
caloric intake of approximately 3,500 kcal/day. The pa-
tient also received supervised rehabilitation therapy,
including therapeutic physical exercises.

As a result of comprehensive treatment, ascites resol-
ved completely and lower limb edema subsided. How-
ever, due to fluid loss, the patient s weight decreased to
46 kg after one month (BMI 12.9 kg/m’). Despite the
weight loss, the patient reported increased energy, re-
gained independent mobility, and was able to participate
in physical therapy. At the time of transplantation, the
MELD-Na score had improved to 22.

In parallel, following the standard protocol at our
ward [12], the patients 35-year-old son was evaluated
as a living related donor of the right liver lobe. No abso-
lute contraindications to liver donation were identified.

On November 23, 2022, the patient underwent a right
lobe LT from his son. The graft weighed 900 grams, re-
sulting in a grafi-to-recipient weight ratio (GRWR) of
2.0%. Surgical technique details have been described in
previous publications [13, 14].

Intraoperatively, hepatectomy was technically
uneventful; however, blood loss occurred during inferi-
or vena cava mobilization, necessitating intraoperative
autologous blood reinfusion. Cold ischemia time was
93 minutes. The right lobe graft included an additional
substantial inferior right hepatic vein (11 mm in dia-
meter), requiring a second caval anastomosis. Warm
ischemia time was 31 minutes.

Induction immunosuppression consisted of methyl-
prednisolone 500 mg and basiliximab 20 mg. Arterial
anastomosis was performed using interrupted sutures.
The splenic artery was ligated to modulate portal blood
flow and prevent steal syndrome [14, 15].

Biliary reconstruction presented technical challenges
due to the patients anthropometric features. Although
the graft had a single bile duct, its deep location in the
right subdiaphragmatic space precluded biliary-biliary
anastomosis. Additionally, the short jejunal mesentery
created tension during construction of the biliodigestive
anastomosis. Nonetheless, stent placement and bile duct
drainage were successfully completed.

The total operation time was 570 minutes, with an
estimated blood loss of 1300 mL. Intraoperative Doppler
sonography confirmed satisfactory vascular anastomo-
ses with no abnormalities detected.

Fig. 1. Patient’s appearance: a, on first examination: BMI was 14.3 kg/m?*; b, on day 17 after liver transplantation: BMI was
12.9 kg/m?; ¢, 10 months after transplantation: BMI was 21.8 kg/m’

35



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXVII - N2 2-2025

The recipient was initially managed in the intensi-
ve care unit (ICU), where extubation was performed
uneventfully 12 hours after surgery. The standard immu-
nosuppressive regimen included low-dose methylpredni-
solone and tacrolimus. On postoperative day 3, the pati-
ent developed febrile fever (up to 39 °C). In response, the
antibacterial therapy was adjusted, and immunosuppres-
sive treatment was temporarily discontinued. Ultrasound
on postoperative day 4 revealed fluid accumulation in
the right subdiaphragmatic region, diagnostic puncture
confirmed the presence of bile, indicating a biloma.

Despite percutaneous drainage, adequate cavity sa-
nitation could not be achieved. The patient continued to
experience febrile episodes, and inflammatory markers
rose sharply (C-reactive protein: 152 mg/L; procalcito-
nin: 20 ng/mL). This clinical deterioration necessitated
relaparotomy with abdominal cavity sanitation and re-
drainage on postoperative day 6.

Following surgery, the patient demonstrated clinical
improvement, marked by a decline in inflammatory mar-
kers. He was transferred from the ICU to the surgical
ward on postoperative day 9 (day 3 after relaparotomy).

On postoperative day 10, in the evening, the patient
vomited the food he had eaten and and subsequently
aspirated during sleep, leading to a sharp drop in oxy-
gen saturation to 30%. No circulatory arrest occurred.
The patient was urgently transferred to the ICU, where
he was intubated and placed on mechanical ventilation.

Emergency fibrobronchoscopy revealed and cleared a
substantial amount of aspirated food material (porridge)
from both lungs. Due to the severity of the aspiration
event, the patient required prolonged ventilatory support.
Daily sanitation fibrobronchoscopies were performed
twice daily.

He received comprehensive care, including broad-
spectrum antibacterial and antiviral therapy, gastropro-
tective agents, albumin and FFP transfusions, inhalation
therapy, and symptomatic treatment. In light of ongoing
aspiration pneumonia, persistent subfebrile and febrile
episodes, and elevated inflammatory markers, immuno-
suppressive therapy was withheld. Despite the compli-
cations, liver graft function remained stable throughout,
as shown in Fig. 2.

The patient also developed recurrent bilateral pleu-
risy, necessitating repeated thoracenteses and eventual
pleural drainage. Given his severe malnutrition and
cachexia, a naso-intestinal feeding tube was placed en-
doscopically. Nutritional support included both enteral
feeding and parenteral nutrition with amino acid, fat,
carbohydrate, and electrolyte solutions.

Importantly, the patient was not sedated during the
extended period of ventilation. He was maintained in a
sitting position and engaged in twice-daily physical the-
rapy sessions under the supervision of a physiotherapist.

Against the background of comprehensive therapy,
the patient showed positive clinical progress. The septic
condition resolved, and extubation was successfully per-
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Fig. 2. Laboratory dynamics of liver graft function. Asterisk indicates days when tacrolimus was administered. Cross indicates
the days when immunosuppressive therapy was completely discontinued
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Table

Complications in the patient

Complication Clavien—Dindo grade
Need for parenteral nutrition 2
Biloma (puncture) 3a
Right-sided pleurisy, puncture 3a
Left-sided pleurisy, puncture 3a
Right-sided pleurisy, drainage (%2) 3a
Left-sided pleurisy, drainage 3a
Malnutrition, insertion of nasointestinal tube 3a
Aspiration pneumonia, need for daily bronchoscopies (x11) 3a
Peritonitis (relaparotomy) 3b
Aspiration 4a
Sepsis 4a
Calculation of Comprehensive Complication Index (CCI) score 99

formed on postoperative day 17 (day 7 after aspiration).
The patient was subsequently transferred to the surgical
ward for continued care.

Immunosuppression was maintained with tacroli-
mus monotherapy, targeting serum levels of 6—9 ng/mlL.
In addition to ongoing medical management, the patient
received daily massage therapy and continued rehabi-
litation with physiotherapists. Liver graft function fully
normalized.

The enteral feeding tube was removed on postoperati-
ve day 24, coinciding with the discontinuation of paren-
teral nutrition. The patient was successfully transitioned
to full oral nutrition.

Spontaneous resolution of bile leakage occurred by
postoperative day 26, and the safety drain from the bile
leak site, placed earlier, had already been removed on
postoperative day 2. A summary of the patient s compli-
cations is presented in Table.

The patient was discharged in satisfactory condi-
tion on postoperative day 30, with stable graft function.
He continues to be followed on an outpatient basis and
remains alive 17 months post-transplant, with consistent-
ly stable liver graft function. His weight increased to
78 kg, corresponding to a BMI of 21.8 kg/m’ (Fig. 1).

DISCUSSION

Sarcopenia is a well-documented complication of
cirrhosis [1, 3]. Nevertheless, according to literature re-
view, there are significantly more overweight patients
(BMI >30 kg/m*) who are LT candidates than critically
underweight patients [2]. In addition, most studies have
focused on managing obese liver recipients [4—6]. For
example, according to an analysis of the UNOS data-
base over a 22-year period, among 73,538 adult liver
transplant recipients, less than 1% of patients had a BMI
of less than 18.5 kg/m* [7]. Meanwhile, the impact of
cachexia on the survival of LT recipients has been ex-
tensively studied. Underweight status in LT recipients
has been identified as an independent risk factor that
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significantly impairs post-transplant survival. Analyses
conducted across different decades consistently show
that low BMI is a significant predictor of reduced survi-
val. Specifically, the three-year survival rate for patients
with a BMI below 18.5 kg/m* was 68%.

Also, according to other studies, an interesting cor-
relation was obtained when low BMI in recipients was
adjusted for MELD [8, 9]. Patients with low body weight
and a MELD score of either <20 or >26 had increased
mortality rates. However, the authors failed to show any
significant relationships between other patient factors
(e.g., comorbidities), donor factors (graft quality) and
post-transplant mortality in patients with low BMI and
MELD score.

Notably, liver recipients with critically low body
weight face a markedly increased risk of infectious
complications. Compared to individuals with normal or
slightly elevated BMI, those with a BMI under 16 kg/
m® had a tenfold higher risk of developing severe infec-
tions, including pneumonia, abscesses, intra-abdominal
infections, and sepsis [4]. Interestingly, despite this
heightened vulnerability to systemic infections, cachectic
patients were found to have a lower incidence of wound
infections than their normal or overweight counterparts.

Our clinical case reinforces the above findings. A cri-
tically underweight patient with decompensated cirrhosis
(Child—Pugh class C) required specific preparation for
LT. In addition to antiviral therapy and management of
cirrhosis-related complications, particular emphasis was
placed on comprehensive nutritional support [10, 16].
Malnutrition in patients with cirrhosis is a known factor
associated with poorer survival outcomes — not only
compared to individuals with normal weight but also
to those with obesity. A large cohort study investigated
whether optimizing nutritional status prior to LT could
improve outcomes. The authors demonstrated that each
unit increase in BMI resulted in a 2% decrease in morta-
lity rate [ 16]. However, this study did not account for the
patient’s dry weight in the calculations. In our case, des-
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pite comprehensive therapy for cirrhosis complications
and adequate nutritional support through enteral and
parenteral methods, the patient’s body weight decreased
due to removal of excess fluid, ultimately achieving the
patient’s dry weight. Nevertheless, this reduction was
accompanied by an improvement in the patient’s overall
condition, allowing for independent movement, partial
self-care, and engagement in physical exercises.

Postoperative complications were assessed using the
Clavien—Dindo classification. However, this system does
not account for the cumulative burden of multiple com-
plications in a single patient. Therefore, we also utilized
the Comprehensive Complication Index (CCI), which
offers a more nuanced evaluation by integrating all post-
operative complications into a single score. In this case,
the patient’s CCI was 99 — approaching the maximum
score of 100, which corresponds to patient death — indi-
cating the extreme severity of the postoperative course
[17].

Regarding the postoperative complications observed
in our recipient, we believe cachexia was a significant
contributing factor. The development of bile leakage
was primarily influenced by the patient’s anthropome-
tric characteristics, which created technical challenges
in the formation of the biliodigestive anastomosis. Bi-
liary stenting subsequently necessitated percutaneous
drainage of the resulting biloma and ultimately led to
relaparotomy. Aspiration pneumonia, followed by sepsis,
further complicated the clinical course.

Cachexia is known to be an independent risk factor
for aspiration and aspiration-related complications [18].
In this case, daily tracheobronchial drainage and com-
prehensive antibacterial therapy facilitated resolution of
the pneumonia and a return to spontaneous breathing.

Despite intensified nutritional support and albumin
supplementation, ongoing protein-energy malnutrition,
combined with multiple infectious complications, re-
sulted in the development of bilateral pleural effusions,
which required thoracentesis and subsequent pleural
drainage.

Akey component of successful rehabilitation in such
patients, in addition to nutritional support, is early and
sustained physical activation [10]. Notably, the patient
was not sedated even during prolonged mechanical
ventilation and engaged in passive and active physical
exercises in lying and sitting positions. Physical the-
rapists and massage specialists were actively involved
in the rehabilitation process. It was only through this
comprehensive, multidisciplinary approach that we were
able to save the patient and discharge him in satisfactory
condition.

CONCLUSION

Our experience, supported by literature data, indicates
that cachexia in liver transplant recipients is associated
with a higher overall complication rate after LT. Pati-
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ents with low body weight require careful pre-transplant
preparation, including intensive nutritional support and
exercise programs. Successful treatment of such pati-
ents is feasible only in a multidisciplinary hospital or a
transplant center with extensive expertise in managing
complex cases.

The authors declare no conflict of interest.
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KIDNEY TRANSPLANT PROGRAM IN IRKUTSK REGION
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Introduction. Kidney transplantation (KT) is often considered the best option for renal replacement therapy
(RRT), significantly improving patient outcomes. Post-transplant, life expectancy doubles, and mortality decre-
ases more than 4-fold compared to other RRT modalities. This article presents KT outcomes in Irkutsk Region
from 2018 to 2023. All procedures were performed at a single center — the Irkutsk Regional Clinical Hospital.
Objective: to analyze the immediate and long-term outcomes of KT in Irkutsk Region. Material and methods.
A retrospective analysis was conducted on the treatment outcomes of 125 patients with kidney failure (KF).
Among them, 74 were men with a median age of 42 (35-49) years, and 51 were women with a median age of
46 (37-55) years. The median transplant waitlist time was 15.5 (range: 6—32) months. The leading cause of KF
was chronic glomerulonephritis, observed in 60 patients (48%). There were no HLA matches in 36 patients
(28.8%), while 38 patients (30.4%) had one match. Arterial anastomosis was primarily performed end-to-end
with the external iliac artery in 121 cases (96.8%), while in 3 cases (2.4%), the internal iliac artery was used due
to external iliac artery spasm. Cold ischemia time was 222 minutes (range: 162—360), and warm ischemia time
was 39 minutes (range: 30—46). Results. Length of hospital stay was 16 (range: 13—25) bed days. Primary renal
function was achieved in 95 patients (77%), while 25 patients (20%) experienced delayed graft function. Blood
tacrolimus reached target levels by postoperative days 9—12. Creatinine level at discharge was 120 umol/L (range:
97-165). Surgical complications occurred in 24 patients (19.2%), while urinary tract infections were observed
in 36 patients (28.8%), with 17 cases (13.6%) presenting clinical symptoms. Immunosuppressive therapy was
initiated in 124 patients (99.2%) using a standard triple-drug regimen (calcineurin inhibitors, mycophenolates,
and glucocorticoids). One patient (0.8%) succumbed to complications from COVID-19. One-year graft survival
was 94.1%. Conclusion. The immediate outcomes align with national averages. There is a consistent upward
trend in the number of kidney transplants performed. Further development of the regional transplant program will
enhance access to this high-tech medical service, meeting the needs of the local population.

Keywords: chronic kidney disease, kidney transplantation, donor resource, kidney transplant complications,
Irkutsk Oblast.

INTRODUCTION

Transplantation of human organs and tissues is a
rapidly advancing, high-tech, and resource-intensive
clinical field aimed at saving lives and restoring health
in patients at the end stages of certain diseases [1, 2].
Kidney transplantation (KT) is considered the most favo-
rable form of renal replacement therapy (RRT). In cont-
rast, chronic hemodialysis (or peritoneal dialysis) should
be regarded as a temporary bridge to transplantation,
as KT has been shown to double life expectancy and
reduce mortality by more than four times compared to
other RRT modalities. Moreover, transplantation enables
optimal social rehabilitation, evidenced by a significant
improvement in quality of life and a marked increase in
the recipient’s ability to work within a relatively short
period after surgery [3—6].

The average annual cost of post-transplant medical
care per patient is about four times lower than that of
chronic hemodialysis. However, the primary hurdle to
expanding KT for end-stage chronic kidney disease

(CKD) is the shortage and inefficient use of available
donor organs [7, 8].

Irkutsk Oblast is the second-largest region in Siberian
Federal District by area but has a low population density
(3.03 people per square kilometer). As of 2024, the total
population is 2,330,537, with approximately 1.804 mil-
lion residing in large cities. The Irkutsk agglomeration,
defined by a 2-3-hour transport radius, includes around
1.082 million people [9].

In 2024, 1,024 patients in the region received main-
tenance hemodialysis. Each year, about 50 individuals
are placed on the waiting list for deceased-donor KT,
while the estimated annual need is about 60 transplant
procedures.

The KT program in Irkutsk Oblast began in 2003
at Irkutsk Regional Clinical Hospital (IOCH), with the
region’s first living-related transplant. In 2008, the region
developed and implemented protocols for brain death
certification. However, over the following decade, kid-
ney transplant procedures remained sporadic and limited
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in number, highlighting the urgent need to reorganize the
regional donation and transplantation system.

To address this, a collaboration agreement was sig-
ned in 2018 between Shumakov National Medical Re-
search Center of Transplantology and Artificial Organs,
the region’s Ministry of Health, and IOCH. As part of
this initiative, a roadmap for the development of organ
donation and transplantation in Irkutsk Oblast was es-
tablished. This included updates to regulatory and legal
frameworks, creation of an independent structural unit
within IOCB — the Organ Donation Coordination De-
partment — and implementation of specialized personnel
training.

These measures significantly increased the number
of effective donors and the total number of transplant
procedures, particularly kidney transplants.

Over the past 20 years, over 263 transplantations,
including procedures for patients with diabetic nephro-
pathy, have been performed. Additionally, one simultane-
ous liver—kidney transplantation was carried out (Fig. 1).

Since 2019, the number of transplantations has in-
creased, primarily due to improved organization of the

regional organ donation coordination service (Fig. 2).
However, the number of procedures remains below tar-
get levels, reaching only 16.9 per 1 million population
in 2023.

The objective of this study is to analyze both the im-
mediate and long-term outcomes of KT in Irkutsk Oblast.

MATERIALS AND METHODS

A retrospective analysis was conducted using me-
dical records of patients who received inpatient care at
IRCH between 2018 and 2023. A total of 125 recipients —
74 men and 51 women — with end-stage CKD underwent
KT during this period.

Statistical data processing

Statistical analysis was performed using the software
package Statistica for Windows, version 10.0. Numerical
data are presented as medians (Me) with interquartile
ranges (25%-75%).

The overall median age of recipients was 44 years
(35-51); 46 years (37-55) for women, and 42 years
(35-49) for men (Table 1). The median time on the KT

Table 1  waiting list was 15.5 months (6-32).
Patient distribution by age The underlying causes of CKD were as follows: glo-
Age (years) Number % merulonephritis in 60 patients (48%), tubulointerstitial
20-29 18 14.4 nephritis in 4 (3.2%), hypertension in 7 (5.6%), congeni-
30-39 33 26.4 tal anomalies of the kidney and urinary tract in 12 (9.6%),
40-49 42 33.6 diabetes mellitus in 10 (8%), polycystic kidney disease
50-59 26 20.8 in 5 (4%), other causes in 16 (12.8%), and unspecified
60-69 6 4.8 etiology in 11 patients (8.8%).
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Fig. 1. Trends in the total number of kidney transplants (2003—-2023)
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Comorbid conditions included anemia in 80 patients
(64%), hypoparathyroidism in 14 (11.2%), hyperpara-
thyroidism in 13 (10.4%), type 2 diabetes mellitus in 2
(1.6%), hepatitis C in 3 (2.4%), and epilepsy in 1 patient
(0.8%). Nine patients (7.2%) were on peritoneal dialysis
at the time of transplantation.

Actotal of 114 kidneys were transplanted from 57 de-
ceased donors, with each donor contributing two kidneys.
In 7 cases, only one kidney was retrieved. Three trans-
plants were performed using organs from living related
donors. The median age of deceased donors was 50 years
(interquartile range: 41-59), with the youngest donor
aged 22 and the oldest aged 71. Data on HLA (human
leukocyte antigen) matching are presented in Table 2.

Cold ischemia time was 222 minutes (IQR: 162-360),
which can be attributed to the fact that, in most cases,

13
11 10 11
7 7
5
alaalllllllllll

organ retrieval was performed at IRCH in an operating
room adjacent to the transplant suite. Warm ischemia
time was 39 minutes (30—46). Intraoperative blood loss
was minimal — 100 ml (20—100).

The graft was most frequently implanted in the right
iliac fossa. Arterial anastomosis was performed predo-
minantly end-to-side with the external iliac artery (EIA)
in 121 cases (96.8%). In three cases (2.4%), anastomosis
was performed with the internal iliac artery due to EIA
spasm. One case (0.8%) involved anastomosis with the
common iliac artery following two previous failed trans-
plant attempts in the iliac fossa, necessitating kidney
implantation into the abdominal cavity.

A single arterial anastomosis was performed in
122 patients (97.6%), while two were required in 3 ca-
ses (2.4%). Venous anastomosis was performed once in

Covid-19

l

Program
restart
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Fig. 2. Trends in the total number of effective donors (2003—-2023)

Table 2
Number of HLA matches

HLA match Number

36 (28.8%)

38 (30.4%)

24 (19.2%)

IV N |—|O

27 (21.6%)

Table 3
Postoperative hemodialysis

Number of sessions Number of patients

1 4

2-3 14

>3 19
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124 patients (99.2%) and twice in 1 case (0.8%). To mini-
mize the number of anastomoses, standard angiosurgical
techniques such as single-site suturing and side-to-side
angioplasty were used.

RESULTS

Hospitalization lasted for 16 days (IQR: 13-25), in-
cluding 3 days (IQR: 1-4) spent in the intensive care unit
(ICU). Surgical drainages were typically removed on day
5 (IQR: 4-8), and urethral catheter on day 7 (IQR: 6-8).

Primary renal function was observed in 83 patients
(66.4%). In 37 cases (29.6%), RRT was initially required,
followed by recovery of graft function (Table 3) [there
was a mistake]. Graft removal was necessary in 4 pa-
tients (3%) during the early postoperative period. One
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patient (0.8%) experienced primary non-function of the
graft, which did not necessitate nephrectomy.

Target blood tacrolimus levels were achieved between
postoperative days 9 and 12 (Fig. 3).

Serum creatinine levels decreased significantly by
day 10, reaching 120 pmol/L (IQR: 97—-165) at the time
of discharge (Fig. 4).

The dynamics of serum urea reduction during the
postoperative period are illustrated in Fig. 5.

Surgical complications occurred in 24 patients
(19.2%). In 4 cases (3.2%), graft removal was required
due to the following causes: renal vein thrombosis (1 pa-
tient, 0.8%), postoperative infection (1 patient, 0.8%),
non-functional arterial anastomosis (initial pathology of

the vessel wall, graft removal during the first operation)
(1 patient, 0.8%), and graft rupture due to superacute
rejection (1 patient, 0.8%).

Repeat surgery was performed in 8 patients (6.4%)
due to bleeding in 5 cases (4%), vesicoureteral anastomo-
sis failure in 2 cases (1.6%), and paranephric hematoma
in 1 case (0.8%).

Complications requiring minimally invasive interven-
tion occurred in 8 patients (6.4%). X-ray endovascular
stenting for arterial anastomosis stenosis was performed
in 4 (3.2%) observations, ultrasound-guided lymphocele
drainage in 3 cases (2.4%), and nephrostomy due to ure-
teral anastomosis stricture in 1 case (0.8%).
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Ischemia of the graft pole, confirmed by Doppler
ultrasound and angiography, was identified in 2 patients
(1.6%) (Fig. 6). However, no surgical or interventional
correction was necessary in these cases.

One patient (0.8%) died as a result of COVID-19.
Urinary tract infections were diagnosed in 36 patients
(28.8%), of which 17 (13.6%) presented with clinical

symptoms and 19 (15.2%) were asymptomatic. The pri-
mary causative agents are illustrated in Fig. 7.

Immunosuppressive therapy was initiated using a
standard triple-drug regimen — calcineurin inhibitors,
mycophenolates, and glucocorticoids — in 124 patients
(99.2%). One patient (0.8%) received azathioprine
instead of tacrolimus due to drug intolerance.
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Acute humoral rejection occurred in 4 patients
(3.2%), necessitating graft removal in 2 of these cases
(1.6%). Acute cellular rejection, managed successfully
with conservative treatment, was observed in 3 patients
(2.4%).

The one-year graft survival rate was 94.1%.

DISCUSSION

KT outcomes depend on many factors, one of the
most critical being organ preservation time. In our series,
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the median cold ischemia time was about 220 minutes.
This relatively short duration was achieved due to the
organizational structure of the transplantation process:
the majority of donor organ retrievals and subsequent
transplantations were performed within a single insti-
tution — IRCH. This logistical advantage significantly
minimized anoxic time and contributed to improved
immediate postoperative outcomes.

Primary graft function was observed in 66.4% of re-
cipients, while delayed graft function was seen in others
and typically resolved after 2—3 sessions of hemodialysis.

Most postoperative complications were addressed
promptly. Graft removal was necessary in 6 cases (4.8%),
including 2 due to vascular complications (1.6%), 3 due
to immune-mediated rejection (2.4%), and 1 due to post-
operative infection (0.8%). One graft was removed int-
raoperatively during the initial transplant procedure and
was therefore excluded from the graft survival analysis.

Interestingly, in two cases, ischemia affecting a seg-
ment of the graft — confirmed via imaging — did not
lead to functional impairment and did not require any
corrective intervention.

In most urinary infection cases, asymptomatic bac-
teriuria was detected and managed with targeted anti-
bacterial therapy. These findings underscore the critical
importance of rigorous infection surveillance, particu-
larly in the early postoperative period.

One patient (0.8%) died; however, this was unrelated
to the surgical procedure; it was attributed to COVID-19.

The timely prevention and management of both early
and late post-transplant complications play a decisive
role in graft function and long-term survival. Therefore,
continuous monitoring of the recipient’s clinical status
and graft function is essential — not only during the inpa-
tient period but also throughout the outpatient follow-up.

CONCLUSION

Thus, the current need for KT in Irkutsk Oblast is only
partially met, primarily due to inefficient use of available
donor pool and the absence of a well-structured system
for forming and managing the waiting list.

The immediate KT outcomes in the region align with
national averages. There is a steady upward trend in
transplant numbers. Continued development of the re-
gional transplant program will will enable the healthcare
system to better meet the growing demand for this high-
tech medical service in the region.

The authors declare no conflict of interest.
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ASSESSMENT OF LIVER GRAFT HYPOXIA VIA "®F-FMISO PET-CT
IMAGING
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Objective: drawing on existing literature and the clinical use of radiopharmaceutical (RFP) "*F-FMISO in on-
cology, this pilot study aims to assess the feasibility of using non-invasive PET-CT imaging to detect hypoxia in
liver grafts resulting from ischemia-reperfusion injury. Materials and methods. "*F-FMISO uptake in tumors, as
visualized by PET-CT, enables the generation of quantitative maps of tissue hypoxia, a technique that is increa-
singly being explored to guide radiation therapy planning. As part of refining the study methodology, the research
team successfully obtained the first PET-CT images demonstrating '*F-FMISO uptake in the liver of a patient
at a late postoperative stage following liver transplantation. Results. A positive indication of transplant hypoxia
was defined as an increase in both the mean and maximum standardized uptake values (SUVs) when measured
at 180 minutes post-intravenous injection of the radiopharmaceutical, compared to measurements at 90 minutes.
Two imaging series — CT and PET — were acquired. Diffuse uptake of the radiopharmaceutical was observed in the
liver, with greater tracer retention relative to background at 180 minutes compared to 90 minutes post-injection.
Conclusion. The findings suggest the presence of transplant hypoxia despite the absence of biochemical abnor-
malities. This technique shows promise as a non-invasive diagnostic tool for detecting hypoxic changes in liver

grafts. However, further optimization and validation of the technique are necessary.

Keywords: "*F-FMISO, radiopharmaceutical, liver transplant, PET-CT, ischemia-reperfusion injury.

INTRODUCTION

Ischemia-reperfusion injury (IRI) after liver trans-
plantation (LT) is a significant complication, contributing
to the development of biliary complications and graft
fibrosis. IRI is mediated by multiple mechanisms, in-
cluding activation of toll-like receptor (TLR) signaling
pathways, changes in microRNA expression, produc-
tion of reactive oxygen species (ROS), modulation of
autophagy, and activation of hypoxia-inducible factors.
These processes involve a variety of cell types such as
sinusoidal endothelial cells, hepatocytes, Kupffer cells,
neutrophils, and platelets. Recognized risk factors for IRI
in LT include donor liver steatosis, prolonged ischemic
time, advanced donor age, and coagulopathies in both
the donor and recipient [1].

Liver ischemia-reperfusion injury (IRI) is initiated by
hemodynamic alterations and begins during the early sta-
ges of organ retrieval and preservation. During warm and
cold ischemia, hypoxia-induced metabolic dysfunction
develops, leading to damage of hepatocytes, cholangio-
cytes, and sinusoidal endothelial cells [2]. Restoration of
blood flow (reperfusion) exacerbates this injury through
transient portal hypertension and hyperdynamic stress.
Transient portal hypertension serves as the primary event
triggering endothelial damage. Following reperfusion,
portal vein pressure can rise sharply from 30-35 cm

H,0 to 60—70 cm H,O [3]. The abrupt surge in blood
volume causes direct injury to sinusoidal endothelial
cells and exposes the vessel walls to circulating plate-
lets and leukocytes. Platelet aggregation subsequently
narrows the venules, and the activated platelets release
large amounts of cytokines, chemokines, and vasoactive
molecules [4, 5].

The imbalance between vasoconstrictive and vasodi-
latory factors further aggravates microcirculatory disor-
ders. Levels of the vasoconstrictor peptide endothelin-1
were found to increase 1.6-fold, whereas endothelial
nitric oxide synthase, which produces nitric oxide, was
found to decrease by 17.4 umol/L [3]. Disruption of mi-
crocirculation exacerbates hyperdynamic stress, which
may lead to sinusoidal occlusion and collapse of the
space of Disse between endothelial cells and hepatocytes,
thereby prolonging tissue hypoxia. Reperfusion injury
becomes more devastating due to the massive produc-
tion of reactive oxygen species, primarily generated by
intrahepatic neutrophils and Kupffer cells. In neointimal
grafts, mitochondrial dysfunction is more pronounced
and multifactorial in nature. Oxidative stress reaches its
peak approximately 2—6 hours after reperfusion. As a
result of extensive cellular damage, molecular structures
are released into the circulation, further activating the
innate immune response [6].
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Unfortunately, IRI remains an inevitable consequence
of LT and continues to pose a significant challenge due to
the associated risks of early graft dysfunction and graft
loss. Although the molecular mechanisms underlying
IRI are gradually being elucidated, effective preventive
and therapeutic strategies are still lacking. Early injury
to the graft is driven by disruptions in microcirculatory
regulation, impaired redox homeostasis, and mitochon-
drial dysfunction, which collectively initiate the immune
cascade. Both innate and adaptive immune responses
contribute to the progression of graft injury through ad-
hesion and recruitment of macrophages, neutrophils, and
dendritic cells, as well as activation of lymphoid cells,
natural killer cells, and cytotoxic T lymphocytes.

Recent studies have identified several new biomar-
kers that may better predict early graft injury following
LT. One such biomarker is lactate. Elevated lactate le-
vels in the liver and systemic circulation are observed
during IRI as a result of increased glycolysis following
impaired microcirculation and prolonged hypoxia. Given
that hepatocytes are responsible for metabolizing more
than 70% of circulating lactate, an increase in blood or
graft lactate levels, or a decrease in lactate clearance,
likely reflects graft dysfunction. An arterial blood lactate
level greater than 5 mmol/L has been proposed as an IRI
biomarker, with a positive predictive value of 35.5% [7].
The reported sensitivity and specificity were 0.39 and
0.83, respectively. However, because lactate levels are
highly dynamic and lactate can be produced by any tissue
experiencing hypoperfusion, relying solely on arterial
lactate as a biomarker may be insufficient for accurately
predicting early IRI.

In the later postoperative period, persistent graft
ischemia may be maintained by inadequate perfusion and
redistribution of hepatic blood flow. Prolonged ischemia
can contribute to the formation of non-anastomotic bili-
ary strictures and the development of secondary biliary
cirrhosis.

An angiographic study combined with fluorometry
is currently required to diagnose hypoperfusion of the
liver transplant, as noninvasive diagnostic methods such
as ultrasound and multislice computed tomography may
not reliably detect perfusion disorders [8]. However,
angiographic studies are invasive, performed in hospital
settings, and carry a risk of complications. The search for
noninvasive diagnostic alternatives has led researchers
to explore the use of positron emission tomography-
computed tomography (PET-CT) in outpatient settings
with the injection of the isotope '*F-fluoromisonidazole
("*F-FMISO). Given the isotope’s mechanism of marking
hypoxic areas, it is hypothesized that *F-FMISO PET-
CT may be applicable for assessing both early ischemia-
reperfusion complications and ineffective arterial blood
supply in the later stages after LT. To date, such studies
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have not been conducted in the Russian Federation.
A prospective study is planned to evaluate patients with
liver transplant perfusion disorders at different postope-
rative periods.

F-FMISO marks hypoxia in solid tumor tissues, and
considerable experience has been accumulated regarding
its application in oncology. The radiopharmaceutical
contains a nitroimidazole molecule labeled with fluori-
ne-18 [9, 10]. After administration, the nitroimidazole
enters cells via the bloodstream and can undergo oxi-
dation-reduction reactions mediated by xanthine oxi-
dase. In normoxic (oxygenated) cells, the reduced nitro
group can be reoxidized to its original form by molecular
oxygen (O,), enabling the radiopharmaceutical to exit
the cells. In contrast, in hypoxic cells, the reduced nitro
group cannot be reoxidized due to the lack of oxygen,
resulting in stable binding of the radiopharmaceutical
to the cells.

The accumulation of "*F-FMISO in tissues is inver-
sely proportional to the local oxygen levels. The dis-
tribution of hypoxic tissue can then be quantitatively
visualized using PET [11, 12]. In oncology, "*F-FMISO
uptake provides a quantitative hypoxia map that can
guide strategies such as radiation dose escalation. Se-
veral methods have been developed for quantifying and
delineating hypoxic tumor volumes, including the tumor-
to-blood ratio (TBR), tumor-to-normal ratio (TNR), and
compartmental modeling approaches [13].

Large-scale clinical trials using "*F-FMISO have not
yet been conducted; however, evidence from small, early
imaging studies suggests that FMISO-based hypoxia
assessment may predict survival outcomes and certain
locoregional parameters in patients with head and neck
cancer and other malignancies. The use of hypoxia ima-
ging to guide radiotherapy remains an area of active
investigation [14].

Despite its ability to detect hypoxic regions in tumor
tissues, the specificity and sensitivity of "*F-FMISO ima-
ging remain subjects of ongoing debate [15]. In addition
to oncological applications, there is growing scientific
interest in using FMISO for cardiac hypoxia imaging.
However, experience in this field is limited, partly due
to the minimal contrast between target and background,
as well as delayed imaging times required because of the
radiotracer’s slow blood clearance [16].

We present a clinical case demonstrating the diag-
nostic potential of PET-CT with '"*F-FMISO for detecting
ischemic injury in a liver transplant. This experience was
obtained for the first time during the refinement of liver
imaging techniques using this method.

CLINICAL CASE

Patient O., born in 1962, underwent LT on May 6,
2022, at the Russian Research Center of Radiology and
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Surgical Technologies in St. Petersburg. The indication
for LT was a combination of primary biliary cholangitis
and primary sclerosing cholangitis, resulting in decom-
pensated biliary cirrhosis (MELD-Na score of 20).

In the early postoperative period, on postoperative
day 13, hemodynamically significant stenosis of the in-
ferior vena cava (IVC) was identified, requiring endo-
vascular stenting. Despite this intervention, angiogra-
phy revealed persistent signs of hepatic artery stenosis.
On postoperative day 20, splenic artery embolization
was performed to optimize hepatic arterial blood flow.
Post-embolization, the patient developed fever and sys-
temic inflammatory response due to splenic infarcts, ne-
cessitating intensive infusion and antibacterial therapy.

The patient was discharged on postoperative day 38
with a functioning liver graft for outpatient follow-up.
During the long-term postoperative period, complica-
tions arose, including the development of common bile
duct (CBD) stricture, requiring multiple hospitalizations
for interventional procedures such as drainage, balloon
plasty, and CBD stenting.

A control angiogram detected no IVC stenosis. How-
ever, the patient continued to experience recurrent episo-
des of cholangitis, requiring periodic courses of antibac-
terial therapy. Immunosuppressive therapy consisted of
a two-drug regimen: prolonged-release tacrolimus and
mycophenolic acid.

At the time of PET-CT with "*F-FMISO (27 months
after LT), laboratory parameters reflecting liver function
remained within normal ranges. No special preparation
was required prior to the study. The radiopharmaceutical
SE-FMISO was administered intravenously at a dose of
3.7 MBq per kilogram of body weight.
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Imaging was performed using a Siemens mCT40
PET/CT scanner (Siemens, Germany). Two sequential
scans were conducted. 90 and 180 min after administra-
tion of the radiopharmaceutical. The first scan covered
the region from the top of the head to the thighs (whole-
body protocol), while the second scan focused solely on
the abdominal region. Each scan included a topogram,
a non-contrast-enhanced CT performed during free
breathing, and PET acquisition. The first scan required
approximately 20 minutes, while the second scan took
about 10 minutes.

Image processing was performed using an AW Volu-
me Share 7 workstation (GE Healthcare, USA).

Each series of images was reconstructed in three ana-
tomical planes: axial, coronal, and sagittal, as well as in
a three-dimensional (3D) format. In addition, PET and
CT image series were fused (Figs. 1-3).

"SF-FMISO uptake in the liver was assessed in both
studies using visual analysis and a semi-quantitative
method based on the standardized uptake value (SUV).
For each PET series, the maximum and mean SUV values
across the entire liver volume were measured.

An increase in mean and maximum SUV at 180 minu-
tes compared to 90 minutes was interpreted as a positive
result, indicating the presence of graft hypoxia. Each
imaging session generated two series: CT and PET.

Since such a study had not been previously performed,
interpretation of the results posed a significant challenge.
Nevertheless, given the patient’s clinical history, there
was sufficient reason to suspect ongoing hypoxia in the
graft despite satisfactory liver function tests.

As shown in the presented images (Figs. 1-3), there
was a noticeable increase in the uptake of the radiophar-
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Fig. 1. 3D PET images (maximum intensity projection) with "*F-FMISO: (a) at 90 minutes post-injection; (b) at 180 minutes
post-injection. Diffuse tracer uptake is evident in the liver, with higher tracer retention relative to background at 180 minutes
compared to 90 minutes. Physiological uptake of "F-FMISO is also noted in the renal pelvis and calyces, along the colon
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Fig. 2. Coronal fused PET/CT images with "*F-FMISO (native CT): (a) at 90 minutes post-injection; (b) at 180 minutes
post-injection. Diffuse tracer uptake is evident in the liver, with higher tracer retention relative to background at 180 minutes
compared to 90 minutes. Physiological uptake of "*F-FMISO along the colon is also observed

e

Fig. 3. Axial fused PET/CT images with "*F-FMISO (native CT): (a) at 90 minutes post-injection; (b) at 180 minutes post-
injection. Diffuse tracer uptake is evident in the liver, with higher tracer retention relative to background at 180 minutes

compared to 90 minutes

maceutical at 180 minutes after injection compared to
90 minutes, supporting the presence of hypoxic changes
in the liver grafft.

CONCLUSION

Based on the obtained data confirming the presence of
hypoxia in the liver graft 27 months after transplantation,
the authors consider this method promising for the diag-
nosis of perfusion-related changes in the liver transplant
leading to hypoxia. However, further refinement of the
technique and accumulation of additional clinical cases
are necessary to validate its effectiveness, both in the
early and late post-transplant periods.

The authors declare no conflict of interest.
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The Fontan procedure is a surgical technique used for hemodynamic correction of complex congenital heart
defects (CHDs), and is used when radical correction of CHDs is anatomically impossible. In the long term —
from 10 to 20 years — Fontan circulation can lead to “failing Fontan” characterized by heart failure symptoms,
requiring adjustments to medical treatment and potentially surgical interventions, including heart transplantation
(HT). Foreign studies indicate that HT is an effective method for prolonging life in patients with failing Fontan
circulation. It stabilizes the patient’s condition. This paper presents the first documented case of HT in a child

following a Fontan procedure in the Russian Federation.

Keywords: heart transplantation, Fontan procedure, protein-losing enteropathy.

INTRODUCTION

The Fontan procedure is a hemodynamic, palliative
surgical procedure designed to direct systemic venous
blood flow to the pulmonary arteries bypassing the ven-
tricle. It is typically performed for a range of complex
congenital heart defects [1]. While the procedure often
yields satisfactory medium- and long-term outcomes,
it remains inherently palliative [2, 3]. Establishing uni-
ventricular circulation can significantly extend life ex-
pectancy; however, patients remain at lifelong risk for
serious complications, including systemic ventricular
dysfunction, arrhythmias, chronic hypoxia, thromboem-
bolic events, protein-losing enteropathy (PLE), and plas-
tic bronchitis. These complications can impair central
hemodynamics, culminating in the development of the
so-called “Failing Fontan” syndrome [4, 5]. According
to published data, the incidence of heart failure after a
Fontan procedure is 7% at 20 years, rising to 38% by
the age of 40 [6].

Treatment strategies vary and include pharmacologi-
cal management, endovascular interventions, and surgi-
cal procedures [7, 8]. Among the most advanced surgical
options are left ventricular assist device implantation as a
bridge to transplantation and orthotopic heart transplan-
tation (HT). With improvements in surgical techniques
for congenital heart defects, the number of people living
with Fontan physiology has steadily increased, making
the issue of failing Fontan increasingly relevant and ur-
gent [9, 10].

However, HT in this patient population poses unique
technical and clinical challenges, largely due to the com-

plex surgical interventions performed before Fontan
hemodynamic correction. Despite these complexities,
numerous case series and observational studies in the
international literature report encouraging outcomes in
such patients. A meta-analysis of 426 Fontan patients
who underwent HT revealed 1- and 5-year post-HT sur-
vival rates of 79.9% and 76.7%, respectively. The analy-
sis encompassed studies conducted over a 22-year peri-
od, indicating that HT is a viable and effective treatment
for this patient cohort, offering acceptable risk profiles
and survival outcomes [11].

To date, no cases of HT for failing Fontan have been
registered in Russia. Therefore, the present clinical case
represents the first documented experience in the country.

OBJECTIVE

To present the first documented case of HT following
apreviously performed Fontan procedure in the Russian
Federation.

CLINICAL REVIEW
Patient background

Patient P, a 14-year-old male, has been seen by a
cardiologist at his place of residence since birth. He was
initially evaluated and followed at Bakulev National
Medical Research Center for Cardiovascular Surgery in
Moscow for congenital heart disease: common atrioven-
tricular canal, double outlet right ventricle, hypoplastic
left heart syndrome, ventricular septal defect, and left
pulmonary artery hypoplasia (Fig. 1).
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Beginning in 2010, the patient underwent multiple
staged palliative surgical interventions, including: mo-
dified Blalock—Taussig subclavian-to-pulmonary anasto-
mosis on the left using a PTFE (polytetrafluoroethylene)
graft, bidirectional cavopulmonary anastomosis on the
right side; pulmonary artery branch plasty and ligation
of the main pulmonary artery under cardiopulmonary by-
pass (CPB); transluminal balloon angioplasty of the left
pulmonary artery, embolization of major aortopulmona-
ry collaterals (MAPCAs), left pulmonary artery stenting
(Fig. 2); MAPCAs embolization. The Fontan procedure,
representing the final stage of this palliative strategy, was
performed subsequently. In February 2019, the patient
underwent cardiac catheterization with intravascular
ultrasound of the stent in the left pulmonary artery.

A decision was made to perform a hybrid surgical
intervention under intensive care unit (ICU) conditions:
Fontan procedure with extracardiac conduit modifica-
tion, combined with transluminal balloon angioplasty of
the left pulmonary artery stent.

In the early postoperative period, the patient develo-
ped signs of cardiopulmonary insufficiency, as well as
prolonged transudation through the drainage systems,
which required intensive pharmacological support.

Following discharge, the child remained under close
surveillance by local cardiologists and specialists at
Bakulev National Medical Research Center for Cardi-
ovascular Surgery.

About 3 years after the Fontan procedure, the patient
began to exhibit signs consistent with the failing Fontan
syndrome, including: frequent watery stools (3—4 times
daily for over one month), abdominal pain, and intermit-
tent episodes of vomiting. The patient was hospitalized
at the Russian Children's Clinical Hospital in response
to these symptoms. Physical examination and diagnostic
workup revealed: hepatomegaly (+2 cm below the costal
margin), peripheral edema (notably in the shin), Signs
of ascites, laboratory PLE (total serum protein — 42 g/L,
serum albumin — 23 g/L), elevated fecal alpha-1-anti-
trypsin — >2250 mg/L, fecal calprotectin — 789 mg/kg
(Fig. 3). Symptomatic therapy was administered. Due to

Fig. 1. Assessment of anatomy at the time of admission at Shumakov National Medical Research Center of Transplantology

and Artificial Organs

Fig. 2. Stent in the left pulmonary artery
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the progressive accumulation of ascitic fluid, the patient
underwent laparocentesis.

During inpatient treatment, two episodes of gastroin-
testinal bleeding were observed. These were attributed
to hemostatic dysfunction, likely secondary to PLE. The
bleeding episodes led to a critical drop in hemoglobin
levels to 29 g/l. Management included multiple trans-
fusions of erythrocyte suspensions, which contributed
to clinical stabilization. Following improvement, the
patient was discharged home, but recurrent symptoms
necessitated readmission at Sukhanov Federal Center
for Cardiovascular Surgery in Perm. There, cardiac
catheterization was performed to assess Fontan circuit
function. Based on the findings, it was decided to per-
form the following: stenting of the Fontan fenestration,
and transluminal balloon angioplasty of the previously
placed left pulmonary artery stent. The intervention was
successful, and the patient was discharged in stable con-
dition with positive clinical dynamics.

About six months later, the patient s condition deteri-
orated, with increasing weakness and dyspnea. He was
hospitalized in Rostov-on-Don due to signs of worse-
ning cardiovascular insufficiency. Clinical evaluation
revealed severe hypoproteinemia and hypoalbuminemia,
hemostatic abnormalities, and acid-base and electrolyte
imbalance.

Due to unstable hemodynamics, arterial hypotension,
and progressive edematous syndrome, the patient was
transferred to the ICU, where cardiotonic therapy was
initiated. Given the absence of viable options for further
surgical correction, a decision was made to transfer the
child to Shumakov National Medical Research Center of
Transplantology and Artificial Organs. Upon admission
to the ICU at Shumakov Center, the following diagnosis
was confirmed: PLE following Fontan surgery with signs
of decompensation, consistent with the failing Fontan
clinical syndrome.

Echocardiographic findings on admission revealed
moderately reduced ejection fraction (35—40%) of the
single functioning ventricle, despite ongoing inotropic
support.

A multidisciplinary council concluded that due to
the prolonged course of PLE with signs of progressive
decompensation and refractoriness to medical manage-
ment, the patient was indicated for HT. He was subse-
quently placed on the emergency HT waiting list.

Heart transplantation and postoperative
period

On June 8, 2024, the patient (initial weight: 40 kg,
height: 160 cm) underwent orthotopic HT using the
bicaval technique. The donor was a 27-year-old male
with a weight of 90 kg. The cause of brain death was
hemorrhagic stroke. The optimal donor was identified on
day 3 following inclusion on the emergency transplant
waiting list.

Graft ischemia time was 252 minutes, while CPB
lasted for 177 minutes. Preoperative imaging and exa-
mination revealed two potential risk factors for periope-
rative and postoperative complications: tight adhesion
of the aorta to the posterior surface of the sternum and
narrowing of the left main bronchus, secondary to the
presence of a stent in the pulmonary artery, respectively
(see Fig. 4, Fig. 5, Fig. 6).

Despite the posterior position of the aorta, rester-
notomy proceeded without complications. However,
pronounced adhesions in the mediastinum made surgi-
cal dissection challenging. The left innominate vein, in
particular, was firmly adherent to the posterior sternal
wall, making it difficult to isolate. Due to elevated venous
pressure and thinning of the vessel wall, even minor
trauma to the vein resulted in significant bleeding. One
such major injury led to profuse hemorrhage, which was
successfully controlled without the need for peripheral
CPB initiation.

After prolonged cardiolysis, cannulation of the aorta,
superior vena cava, and inferior vena cava was achie-
ved, and CPB was initiated. Further cardiolysis in the
region of the pulmonary artery branches and aorta was
performed after establishing CPB.

Once aortic clamping was feasible, the recipient heart
was explanted. Despite a history of MAPCA closure and
no significant recanalization or MAPCA development

Fig. 3. Severe ascites
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on preoperative CT, there was substantial pulmonary
venous return, which complicated cardiac excision. The
extracardiac conduit was then severed from the inferior
surface of the right pulmonary artery, and the superior
cavopulmonary anastomosis was also divided.

The resulting defects were combined into a single
defect, which was then repaired using a xenopericardial

WL: 79 WW: 1642

patch. This stage was further complicated by pronounced
blood return from the pulmonary arteries. Given the pro-
longed ischemia time and the stable, optimal positioning
of the stent in the left pulmonary artery, the decision was
made not to explant the stent, despite the potential for

postoperative compression of the left main bronchus.

L-R: -3.3° S-1: 76.6° Roll: -153.5°

Fig. 6. 3D model of left main bronchus stenosis before transplantation
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Graft implantation proceeded in the following se-
quence: left atrium, pulmonary artery, inferior vena
cava, superior vena cava, and aorta. After aortic clamp
removal, transesophageal echocardiography confirmed
good graft function. The sternum was sutured immedia-
tely. The total duration from skin incision to skin closure
was 6 hours.

In the immediate postoperative period, inotropic sup-
port with dobutamine was initiated at 2 mcg/kg/min,
with gradual tapering as myocardial function stabilized
and signs of graft insufficiency resolved. Basiliximab
was administered as induction therapy in accordance
with current guidelines for the management of patients
following HT.

Given the presence of preoperative risk factors, the
patient underwent fibrobronchoscopy prior to tracheal
extubation, which revealed narrowing of the left main
bronchus with a pulsating structure along the anterior
bronchial wall (Fig. 7). The most likely cause of this

e

Fig. 8. Pneumonography immediately after extubation

finding was the presence of a stent in the left pulmonary

artery. The total duration of mechanical ventilation was
26 hours. Following extubation, the patient developed
dyspnea and worsening respiratory insufficiency, parti-
cularly in the supine position (Fig. 8).

Due to the clinical signs of respiratory failure, the
radiographic evidence of atelectasis, and the broncho-
scopic confirmation of bronchial narrowing, a CT scan
was performed to assess the extent of bronchial stenosis
and determine the feasibility of stent placement in the
left main bronchus (Fig. 9).

Following the imaging assessment, endoscopic
stenting of the left main bronchus was successfully
performed using a nitinol stent with an 8§ mm diameter
(Fig. 10). The patient was transferred to the cardiotho-
racic department on postoperative day 10 for continued
monitoring and treatment.

At the time of transfer, echocardiography revealed
satisfactory global systolic function of the left ventricle,

Fig. 9. Computed tomography assessing bronchial narrowing
and feasibility of stenting
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with a left ventricular ejection fraction (LVEF) of 64%.
Dobutamine inotropic support was discontinued on post-
operative day 5 in the ICU.

A triple-drug immunosuppressive maintenance regi-
men was initiated, consisting of a calcineurin inhibitor
(tacrolimus), an antimetabolite (mycophenolate mofetil),
and corticosteroids (methylprednisolone).

To monitor for cardiac graft rejection and evaluate
for donor-transmitted coronary artery disease, both co-
ronary angiography and endomyocardial biopsy were
performed. It revealed no signs of acute cellular or
antibody-mediated rejection of the cardiac graft. Ad-
ditionally, coronary angiography showed no stenotic
lesions in the coronary arteries of the transplanted heart.

D: 5620412024

21,06 2026 [11:12:44)
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During postoperative week 1, serum levels of total
protein and albumin normalized, and diarrheal episodes
resolved. However, 10 days after transfer to the general
ward, there was a decline in total protein and albumin
levels (to 34 g/L and 19 g/L, respectively), along with
reappearance of loose stools. This clinical presentation
was regarded as recurrent PLE.

A comprehensive evaluation was conducted to exclu-
de alternative causes of the recurrent PLE. Symptomatic
therapy and a fat-free diet were initiated. During hospi-
talization, serial assessments were performed to monitor
the bronchial stent position and presence of granulations
in the left main bronchus.

At three months post-stenting, a scheduled removal
of the stent from the left main bronchus was successfully

Fig. 10. Pneumonography after stenting of the left main bronchus

Fig. 11. Pneumonography after stent retrieval from the left
main bronchus

performed (Fig. 11). Postoperative bronchoscopy re-
vealed that the structural patency of the left main bron-
chus was preserved. In the context of ongoing therapy for
PLE and adherence to a fat-free diet, albumin infusions
were discontinued on day 174 post-transplant due to
stable laboratory values of total protein and albumin.
However, subsequent monitoring showed a moderate
decline in these parameters.

At the time of discharge (on day 201 post-transplant)
from Shumakov National Medical Research Center of
Transplantology and Artificial Organs, the patient de-
monstrated no clinical or echocardiographic evidence
of cardiac graft dysfunction. Final laboratory values at
discharge were: total protein — 57.2 g/L, and albumin —
35.5 g/L.

DISCUSSION

Patients with failing Fontan can be broadly catego-
rized into two groups based on the underlying cause:
reduced ventricular function (RVF), and impaired Fon-
tan hemodynamics (IFH). RVF is typically defined as a
single ventricular ejection fraction less than 30%. On the
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other hand, IFH refers to a constellation of clinical and
hemodynamic abnormalities despite preserved ventri-
cular function. Conditions that suggest [FH include se-
vere growth retardation, impaired systolic function with
evidence of low cardiac output, PLE, plastic bronchitis;
Fontan-associated liver disease, and pulmonary arte-
riovenous malformations [12, 13]. PLE is specifically
defined as hypoalbuminemia (albumin <30 g/L) lasting
more than 3 months, accompanied by clinical signs or
symptoms like ascites, pleural effusion, edema, diarrhea,
or abdominal pain, persisting for more than 3 months
[14]. In our case, the primary indication for HT was the
development of severe PLE. The interval between the
Fontan procedure and the onset of PLE was 3 years,
6 months, and 5 days.

A review of several multicenter studies involving
patients with failing Fontan who underwent HT revealed
in-hospital and early mortality rates ranging from 15% to
23% in cohorts of over 70 patients [ 15—-18]. However, our
single case report does not permit definitive conclusions
regarding these outcomes.

According to a 2006 multicenter study, more than
60% of patients with failing Fontan underwent HT within
6 months of clinical deterioration. In our observation, the
waiting list duration was only 3 days. Following trans-
plantation, albumin levels normalized within 30 days,
consistent with previous findings in PLE patients [16].

In our observation, normalization of total protein and
albumin levels, as well as cessation of diarrhea, occurred
during the first week following HT. However, 10 days
after transfer to the ward, there was a decline in total
protein and albumin levels (to 34 g/L and 19 g/L, respec-
tively), accompanied by reappearance of liquid stools.
This clinical presentation was regarded as a recurrent
PLE.

According to a study involving 7 individuals who
experienced recurrent PLE after HT, the primary cau-
ses identified included acute or chronic rejection, graft
dysfunction, anastomotic site stenosis, vascular thrombo-
sis, infectious complications (including cytomegalovirus
enteritis), and post-transplant lymphoproliferative disor-
ders [19]. All possible causes of the recurrent PLE were
excluded. Symptomatic therapy and a fat-free diet were
initiated. At present, the patient demonstrates positive
clinical dynamics, evidenced by a gradual increase in
total protein and albumin levels.

Some studies have reported an association between
shorter waiting list times and more rapid normalization
of protein and albumin levels, suggesting that a shorter
time on the transplant waiting list may be linked to faster
recovery of these parameters post-transplant [ 14]. In our
case, however, despite the exceptionally short waiting
period (3 days), normalization of protein and albumin
levels after relapse required more than 6 months, indi-
cating a prolonged recovery.
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It is important to note that this patient cohort — alt-
hough quite common — often lacks early diagnosis, which
can delay listing for transplantation. In our observation,
about 5 months after transplantation, echocardiography
confirmed satisfactory graft function, with an LVEF of
64%, and no episodes of pulmonary hypertension were
observed. No episodes of rejection were recorded in the
patient during the 7-month follow-up period.

Two studies assessing 1- and 5-year survival rates
after HT in patients with failing Fontan were reviewed.
The first study, covering the period from 1990 to 2002,
demonstrated lower survival rates in the Fontan group
compared to those without prior Fontan surgery: 1-year
survival was 71% in the Fontan group versus 83% in
the non-Fontan group, while 5-year survival was 60%
versus 74%, respectively. In contrast, a more recent study
spanning 22 years reported improved outcomes, with
1-year and 5-year survival rates of 79.9% and 76.7%,
respectively, in patients who underwent HT for a failing
Fontan [11, 15]. These data suggest that careful patient
selection, early referral for surgical intervention prior to
the onset of irreversible target organ damage, and the use
of lower-intensity initial immunosuppressive regimens
may significantly enhance post-transplant survival in this
high-risk population [11, 14, 15, 20].

CONCLUSION

Our clinical case shows the feasibility and potential
success of HT in patients with a failing Fontan, even
in the presence of significant technical challenges and
frequent preoperative decompensation. However, it is
important to recognize that the resolution of associated
complications, such as PLE, may be prolonged — even in
the absence of identifiable precipitating factors.

The authors declare no conflict of interest.
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Objective: to analyze the impact of MHC mismatches, considering recipient nationality and age, on the develop-
ment of rejection crisis. Material and methods. A retrospective study was conducted, including 264 recipients
and their 264 matched donors. HLA typing was performed by serological and molecular genetic (SSP) methods.
Mismatches in the following MHC class I and II genes were assessed: HLA-A, HLA-B, HLA-DRBI1, HLA-
DQBI. Recipient age and nationality were also considered in the analysis. Results. MHC Class [ mismatches
(HLA-A, HLA-B) did not significantly impact the occurrence of acute rejection crises. MHC Class Il mismatches
(HLA-DRB1, HLA-DQBI1) significantly increased the risk of acute rejection (x* = 6.790; df = 1; p = 0.009),
with an odds ratio (OR) of 5.69 (95% CI: 1.32-24.50). Recipient age had a significant effect on acute rejection
(o = 8.200; df = 1; p = 0.004). Recipients under 45 years experienced rejection in 34.8% of cases, 18.9% more
than those aged 45 and older, with an OR of 2.30 (95% CI: 1.29-4.10). Donor-recipient nationality mismatch
significantly influenced acute rejection (y* = 4.660; df = 1; p = 0.031), with an OR of 2.00 (95% CI: 1.06-3.79).
The analysis, considering all three above-mentioned factors, confirmed that MHC mismatches significantly in-
fluence the development of acute graft rejection in Belarusian recipients under 45 years old (y* = 4.068; df = 1;
p = 0.044) and in recipients of other nationalities (Russians, Israelis, Georgians, Armenians, Uzbeks, Kazakhs,
Azerbaijanis, Ukrainians) under 45 years old (y* = 4.342; df = 1; p = 0.037). Among Belarusian recipients, no
cases of rejection were observed with 0—1 MHC mismatches, while rejection occurred in 35.4% of cases with
2—4 mismatches (OR 9.44, CI 0.51-173.61). Similarly, in recipients of other nationalities, acute rejection did not
develop with 0—1 mismatches, but occurred in 50.0% of cases with 2—4 mismatches (OR 11.00, CI 0.56-217.69).
Conclusion. It has been reliably established that MHC class Il mismatches, donor-recipient nationality differences,
and recipient age under 45 years significantly increase the risk of acute rejection crisis in the postoperative period.

Keywords: heart transplantation, HLA typing, HLA mismatch, graft rejection.

INTRODUCTION

In organ transplantation, the recipient’s immune sys-
tem can recognize the donor organ as foreign due to
differences in antigens, leading to a rejection response.
This response can manifest as immediate-type hyper-
sensitivity or delayed-type hypersensitivity. While op-
timal antigen matching between donor and recipient is
the goal, in clinical practice, solid organ transplants are

myocardium is magnetic resonance imaging. However,
the current gold standard in clinical practice remains
endomyocardial biopsy. Despite its diagnostic accuracy,
this technique is invasive and carries risks of serious
complications, including hemopericardium, cardiac tam-
ponade, pneumothorax, and infections. In some cases,
these complications may result in fatal outcomes. These
significant limitations underscore the urgent need for

often carried out despite varying degrees of antigenic
mismatch [1, 2].

As a result, antigen mismatches — regardless of the
immune response pathway — increase the risk of trans-
plant rejection. In the case of heart transplants, this re-
jection leads to graft dysfunction and progression of
secondary heart failure (HF) [3].

Currently, there are no clear clinical signs that relia-
bly indicate the onset of graft rejection. One diagnostic
method capable of identifying structural changes in the

further research and the development of non-invasive
approaches to improve the diagnosis and prediction of
allograft rejection [2-5].

One of the key targets for modern non-invasive me-
thods in predicting graft rejection is the assessment of
human leukocyte antigens (HLA). These molecules are
referred to as HLA because they were initially identified
through antigenic differences observed in human white
blood cells [4, 5]. HLAs are categorized into two main
groups: major histocompatibility complex (MHC) an-
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tigens and minor histocompatibility antigens (miHAs).

miHAs, which are encoded by histocompatibility genes

(HCGQG), play a relatively limited role in the immune re-

sponse leading to transplant rejection. In contrast, anti-

gens encoded by MHC loci are responsible for eliciting

the most significant allograft rejection response [6].
MHC genes are indeed located on the short arm

(6p) of chromosome 6. Their primary role is to present

antigenic peptides on the surface of cells, allowing T-

lymphocytes to identify and target cells that are either

infected or have undergone changes [4, 7].

MHC structure:

1. MHC Class I molecules (HLA-A, HLA-B, and HLA-
C) are expressed on the surface of all nucleated cells.
Their primary role is to present endogenously derived
antigens (e.g., viral or intracellular pathogenic pepti-
des) to cytotoxic T-lymphocytes (CD8" T cells), the-
reby mediating a targeted cellular immune response
against infected or abnormal cells.

2. MHC Class I molecules (HLA-DM, HLA-DO, HLA-
DP, HLA-DQ, and HLA-DR) are expressed primarily
on professional antigen-presenting cells, including
dendritic cells, macrophages, and B lymphocytes.
These molecules present exogenous antigens (e.g.,
bacterial proteins or environmental peptides) to hel-
per T-lymphocytes (CD4" T cells), triggering humoral
immune response and promoting activation of other
immune effector cells.

3. MHC Class III encompasses a diverse group of mole-
cules involved in broader aspects of immune regula-
tion, such as components of the complement cascade
and certain pro-inflammatory cytokines, including
tumor necrosis factor (TNF) family members. Alt-
hough Class III molecules in graft rejection is less
significant, they play important functions in the regu-
lation of inflammation and cellular immune activity
[3,4,8,9].

Structure of the HLA class I molecule:

— a-~chain (heavy chain): encoded by HLA genes, has
a molecular mass of 44—47 kDa.

— B2-microglobulin: a non-HLA encoded subunit with
a molecular mass of 12 kDa.

— the a-chain consists of three domains: a1 and a2 form
the peptide-binding groove, while the a3 domain is a
highly conserved immunoglobulin-like structure that
interacts with CD8" T-lymphocytes.

— It binds peptides that are 8—10 amino acids in length.

— Peptide anchoring is achieved through a network of
hydrogen bonds between a-chain residues and the
carboxyl terminus of the peptide.

— The groove accounts for the high polymorphism of
HLA class I molecules, leading to variations in elec-
trostatic charge, hydrophobicity, and shape, all of
which influence peptide binding affinity [10—14].

Structure of the HLA class II molecule:

— o-chain: molecular mass of 32—34 kDa.

— B-chain: molecular mass of 29-32 kDa.

— Both chains are encoded by HLA genes and consist
of two domains each.

— 02 and B2 domains: are highly conserved immuno-
globulin-like structures that interact with CD4" T-
lymphocytes.

— al and B1 domains: come together to form the pep-
tide-binding groove.

— Unlike HLA class I, this groove is open at both ends,
enabling the binding of longer peptides — typically
12—24 amino acids, though sometimes even longer.

— Peptides bind in an extended conformation, exposing
about one-third of their surface area for interaction
with T-cell receptors (TCRs).

— The terminus of the peptides are not rigidly ancho-
red within the groove and may protrude beyond its
boundaries [12, 15].

Class I and class II HLA molecules play a central
role in T cell-mediated adaptive immune responses. Du-
ring maturation in the thymus, T lymphocytes develop
tolerance to self-HLA molecules, a process crucial for
distinguishing self from non-self, even when peptides
are bound within the HLA binding groove.

The antigen recognition process involves four key
steps: peptide generation or uptake, typical for antigen-
presenting cells; peptide processing and HLA binding to
HLA molecules; transport to the cell surface; the final
step is analysis, direct interaction with (TCRs). In this
case, there is a dual recognition of the antigen and the
HLA molecule. As mentioned above, a mismatch in
HLA molecules disrupts this recognition process and is
the primary trigger for T cell activation, involving both
immunoregulatory CD4" T cells and cytotoxic CD8" T
cells [3, 16].

The effector functions of CD8" and CD4" T-lympho-
cytes are different, as CD8" T-cells exhibit a cytotoxic ac-
tivity, enabling them to directly destroy cells presenting
foreign peptides in the context of HLA class I molecules.
These target cells may include virus-infected cells, tumor
cells, or allogeneic donor cells that express mismatched
or foreign HLA molecules.

CD4" T-lymphocytes act as central regulators of im-
mune function and are often referred to as “helper” cells.
Their effector functions are diverse and depend on their
subtype, with three major subsets playing critical roles:
Th1 cells that secrete interferon gamma (IFN-y), which
promotes activation and proliferation of CD8" cytotoxic
T cells and enhances macrophage activity; Th2 cells
which produce interleukins IL-4 and those that produce
IL-5, supporting B-lymphocyte proliferation and syn-
thesis of IgG antibodies. The type of allograft rejec-
tion — T-cell-mediated rejection (mediated by CD8" T
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cells) or antibody-mediated rejection (mediated by B
cells and antibodies) — depends on both the pathway of
alloantigen recognition and the duration of exposure to
the donor tissue [3, 16].

Acute rejection (AR) of a donor organ is most com-
monly driven by cellular immune response. However,
antibody-mediated rejection (AMR), can also play a
pivotal role in graft failure.

Antibodies targeting histocompatibility antigens
(HLA molecules) may be present prior to transplantation
or develop postoperatively. Based on their antigen spe-
cificity, these antibodies are generally classified into two
main categories: donor-specific antibodies (DSA) — these
are directed specifically against the donor’s HLA anti-
gens; non-donor-specific antibodies (non-DSA) — they
may arise from prior blood transfusions or pregnancies.

Two other anti-HLA antibodies merit special atten-
tion: natural anti-HLA antibodies, which may be pre-
sent innately and infection-induced anti-HL A antibodies,
which can be triggered by diseases.

Having outlined the mechanisms of action associated
with HLA molecules and their critical role in the reco-
gnition and destruction of donor cells (as foreign to the
recipient), it is important to highlight the two primary
methods currently used to predict AR risk: HLA typing
and the crossmatch test. HLA typing enables the iden-
tification of mismatches between donor and recipient
HLA alleles, and its predictive value has been well-docu-
mented in the transplantation of solid organs such as the
kidney, liver, and lungs [17-20]. The crossmatch test as-
sesses the recipient’s immunologic risk by detecting the
presence of pre-formed antibodies against donor-specific
antigens. However, these methods are not universally
applicable and require further research and refinement,
including integration with other methods [21].

Another significant risk factor in transplantation is the
age of the recipient. Studies have shown that younger
recipients are at higher risk of death from AR, cardiac
allograft vasculopathy, and graft failure [22, 23].

Race can also be a contributing factor. HLA hap-
lotypes are strongly associated with racial and ethnic
background, adding complexity to achieving optimal
donor-recipient matching. On average, HLA polymor-
phism is highest among African American populations
and lowest among Caucasians, with Asian, Caucasian,
and Hispanic groups exhibiting intermediate variability.
This genetic diversity is reflected in clinical outcomes,
as recipients of African American, Hispanic, Asian, and
Caucasian descent show varying levels of predisposition
to AR episodes [24].

Considering these demographic and immunogenetic
factors enables the identification of patients at increased
risk of rejection. This, in turn, supports the development
of personalized monitoring strategies, optimization of
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immunosuppressive therapy targets post-transplant, and
ultimately reducing transplant-related morbidity and
mortality.

Objective: to investigate the impact of mismatches
in MHC antigens (HLA), while accounting for recipient
age and ethnicity, on the likelihood of developing AR.
In addition, to evaluate the potential of HLA typing as a
predictive tool for immunologic risk assessment during
donor—recipient selection.

MATERIAL AND METHODS OF RESEARCH

A retrospective analysis was conducted using inpa-
tient medical records and protocols of heart transplants
performed from 2009 to 2023 at the Republican Scien-
tific and Practical Center “Cardiology” (“Cardiology
Center”). All patients included in the study underwent
orthotopic heart transplantation, either via the classical
biatrial technique or the bicaval technique.

HLA typing was performed for a total of 1,054 sam-
ples, comprising 527 recipient—donor pairs. Typing was
conducted using both serological and molecular genetic
methods (sequence-specific primers, SSP). Peripheral
venous blood samples were collected from recipients
by clinical personnel at Cardiology Center” and from
donors at the respective institutions where the donor
heart was procured.

The primary antigens selected for evaluation were
those most commonly implicated in transplant immu-
nogenicity, including MHC class I antigens (HLA-A,
HLA-B) and MHC class Il antigens (HLA-DRB1, HLA-
DQBI1). Typing for HLA-DQA1 was not conducted du-
ring the study period, as this antigen was not included
in the standard transplantation protocol at our center.
HLA-C and HLA-DRB3 were also excluded from ana-
lysis, based on literature suggesting limited relevance to
transplant outcomes [25].

The following recipients were excluded from the
study:

1) Individuals with incomplete HLA typing for HLA-A,
HLA-B, HLA-DRBI, or HLA-DQBI;

2) Patients under 18 years of age;

3) Cases involving heart retransplantation;

4) Patients who underwent combined heart-lung trans-
plantation;

5) Recipients who developed an AR crisis verified by
endomyocardial biopsy within 7 days after reduction
of immunosuppressive therapy due to an infectious
complication;

6) Recipients for whom AR diagnosis was inconclusive
due to critical clinical condition and subsequent in-
hospital mortality.

The final analysis included 264 recipients and
264 matched donors. To ensure adequate sample sizes
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for statistical analysis of key parameters, the study po-

pulation was stratified as follows:

1) By overall mismatch level for each MHC class: sub-
groups were formed based on the number of mismat-
ches — 0-1 and 2-4.

2) By mismatch in class IT antigens (DRB1 and DQB1):
subgroups were divided into those with 0 mismatches
and those with 1-2 mismatches.

3) By recipient age: the cohort was divided into two
subgroups — recipients <45 years of age and those
>45.

4) By nationality: recipients were grouped into those of
Belarusian nationality and those of other nationali-
ties (Russian, Jewish, Georgian, Armenian, Uzbek,
Kazakh, Azerbaijani, and Ukrainian).

5) By clinical outcome: two outcome categories were
defined — recipients who experienced an AR crisis
and those who did not.

Statistical data processing was done using the JA-
MOVI software package. The chi-square test (°) was
used to assess the statistical significance of differences
between the groups studied. The odds ratio (OR) with a
95% confidence interval (CI) was calculated to evaluate
the strength of associations.

RESULTS

Of the 264 recipients included in the final analysis,
207 (78.4%) were of Belarusian nationality, while 57
(21.6%) represented other nationalities.

Analysis revealed that for MHC class I, a mismatch
of 0—1 with the donor was observed in only 5 recipients
(1.9%), while 259 recipients (98.1%) had 2—4 mismat-
ches.

For MHC class 11, 33 recipients (12.5%) had 0—1 mis-
matches, whereas 231 recipients (87.5%) had 2—4 mis-
matches.

100 A
%
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50 A 0
1
25 1
0 -
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Regarding specific HLA class II antigens, 0 mismat-
ches for HLA-DRB1 were found in 14 recipients (5.3%),
and for HLA-DQBI, in 39 recipients (14.8%).

The remaining recipients — 250 (94.7%) for DRB1
and 225 (85.2%) for DQB1 — had 1-2 mismatches with
their donors.

In the group of recipients of Belarusian nationality,
there were 178 men (86.0%) and 29 women (14.0%).
Median age of male recipients was 54.00 years (95%
CI: 52.20-55.80), while median age of female recipients
was 50.00 years (95% CI: 40.90-59.10).

Among recipients of other ethnicities, 50 were male
(87.7%) and 7 female (12.3%). The median age of males
in this group was 40.00 years (95% CI: 34.00—46.00),
and for females, 49.00 years (95% CI: 31.60-66.40).

AR were documented in 64 out of 264 recipients
(24.2%). Median age of patients who experienced AR
was 47.00 years (95% CI: 41.20-52.80), compared to
53.50 years (95% CI: 52.10-54.90) among those who
did not.

An analysis of the association between MHC class
mismatches and AR incidence yielded the following re-
sults: mismatches in MHC class I did not significantly
influence the occurrence of AR episodes (x> = 0.0499;
df = 1; p = 0.823). In contrast, MHC class II mismat-
ches were found to have a statistically significant im-
pact, increasing the likelihood of AR (y* = 6.790; df = 1;
p=0.009). AR incidence rose from 6.1% in patients with
0—1 mismatches to 26.8% in those with 2—4 mismatches.
The odds ratio (OR) for AR in the presence of MHC
class II mismatches was 5.69 (95% CI: 1.32-24.50)
(Figs. 1, 2).

An analysis of individual MHC class II antigens and
their association with AR revealed that mismatches in
HLA-DRBI (y° = 2.350; df = 1; p = 0.125) and HLA-
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Fig. 1. Distribution of outcomes depending on the number of ~ Fig. 2. Distribution of outcomes depending on the number of

MHC class I mismatches
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MHC class II mismatches
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DQBI (x> = 3.250; df = 1; p = 0.071) did not reach
statistical significance. However, graphical analysis de-
monstrated a clear trend toward increased rejection rates
with the presence of mismatches: from 7.14% to 25.23%
for HLA-DRBI1 and from 12.81% to 25.22% for HLA-
DQBI, respectively (Figs. 3 and 4).

An analysis of the influence of recipient nationality
on the incidence of AR revealed a statistically significant
difference (> = 4.660; df = 1; p = 0.031). Specifically,
heart transplant from a Belarusian donor to a recipient
of other nationality (Russian, Jewish, Georgian, Arme-
nian, Uzbek, Kazakh, Azerbaijani, and Ukrainian) was
associated with a 2.00-fold increased risk of developing
an AR (95% CI: 1.06-3.79). The corresponding increase
in incidence rose from 21.3% to 35.1% (Fig. 5).

When analyzing age as a risk factor for AR, it was
found that recipients under 45 years of age experienced
rejection in 34.8% of cases, which is 18.9% higher com-

100 1
%
751
Rejection
50 1 o
1
25 1
0 -

0.0 12

Fig. 3. Distribution of outcomes depending on HLA-DRB1
antigen mismatches
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Fig. 5. Distribution of outcomes by nationality

pared to recipients aged 45 and above. This difference
was statistically significant (y* = 8.200; df = 1; p =0.004),
with an OR of 2.30 (95% CI: 1.29-4.10) (Fig. 6).

When analyzing the combined effect of MHC class 11
mismatches and recipient age, a statistically significant
association was observed in the subgroup of recipients
under 45 years of age (x° = 8.690; df = 1; p = 0.004).
In this group, AR incidence was 0% with 0—1 mismat-
ches, compared to 40.8% with 2—4 mismatches, yielding
an OR of 18.69 (95% CI: 1.07-326.1). In contrast, no
significant association between MHC class II mismat-
ches and rejection was found in recipients aged 45 and
older (Fig. 7).

When evaluating the combined influence of MHC
class II antigen mismatches and recipient nationality, it
was found that mismatches did not significantly affect
AR incidence among Belarusian recipients (y~ = 3.560;
df=1; p=0.059). Similarly, no statistically significant
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difference was observed in the subgroup of recipients
of other nationalities (y* = 3.620; df = 1; p = 0.057).
However, graphical analysis revealed a notable trend: in
recipients of non-Belarusian nationality, the incidence of
rejection increased from 0% to 39.2% in the presence of
2—-4 mismatches, whereas among Belarusian recipients,
the increase was from 7.4% to 23.3% (Fig. 8).

An analysis incorporating all three factors — MHC
class II mismatches, recipient age, and nationality —
revealed that mismatches significantly influenced the
incidence of acute graft rejection in recipients under
45 years of age, both among those of Belarusian natio-
nality (i = 4.068; df = 1; p = 0.044) and of other nati-
onalities (y* = 4.342; df = 1; p = 0.037). In Belarusian
recipients under 45 years old, no cases of acute rejection
were observed in the 0—1 mismatch subgroup, while the
rejection rate increased to 35.4% with 2—4 mismatches
(OR =9.44; 95% CI: 0.51-173.61). Similarly, in recipi-

ents of other nationalities under 45, no rejection occur-
red with 0—1 mismatches, while the incidence reached
50.0% in the 2—4 mismatch group (OR = 11.00; 95% CI:
0.56-217.69) (Fig. 9).

When analyzing HLA-DRBI1 antigen mismatches
across all subgroups, no statistically significant asso-
ciations with AR were observed. However, analysis of
the HLA-DQBI antigen revealed a significant associa-
tion between mismatches and development of AR in the
subgroup of recipients of other nationalities (y* = 4.342;
df=1; p=0.037), with an OR of 11.00 (95% CI: 0.56—
217.69) (Figs. 10 and 11).

DISCUSSION

The results of our study demonstrate that recipients
with a higher number of MHC class II mismatches (spe-
cifically HLA-DQB1 and HLA-DRB1), particularly in
the range of 2—4 mismatches, are at an increased risk of
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developing an AR in the postoperative period. In con-
trast, the role of MHC class I mismatches (HLA-A,
HLA-B) in the onset of AR could not be conclusively
confirmed.

Our findings are consistent with those reported by
Johan Nilsson et al. in a 2019 publication in the Journal
of the American Heart Association. That study showed
that a high number of mismatches in HLA-A, HLA-
B, and HLA-DR significantly reduced graft survival
(P<0.001). Conversely, the number of HLA-A/B/C mis-
matches was not associated with graft loss (P = 0.584),
unlike mismatches in HLA-DR/DQ (P = 0.025). Specifi-
cally, recipients with more than four mismatched HLA-
A/B/C alleles had an unadjusted OR for graft loss of
1.08 (95% CI: 0.99-1.19; P = 0.099), while those with
four mismatched HLA-DR/DQ alleles had an OR of 1.13
(95% CI: 1.03—-1.23; P=0.009) [26].

A retrospective study conducted by Nitta et al. found
that the number of HLA-DR mismatches was significant-
ly associated with AR (p =0.029). In their univariate ana-
lysis, having two HLA-DR mismatches was identified
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as the only independent risk factor for the development
of AR episodes (p = 0.017). While our findings do not
align with those of Nitta et al., this discrepancy may be
attributed to the smaller sample size in our study, where
the number of recipients with 0 HLA-DRB1 mismatches
was limited. This issue warrants further investigation.
Regarding the HLA-DQB1 antigen, there is a lack
of major studies investigating its impact on adult re-
cipients. However, in 2024, Wright et al. published a
study examining HLA-DQB1 mismatches in pediatric
transplantation. Their results showed that recurrence-free
survival at 5 years was higher in children with 0 DQB1
mismatches (68%) compared to those with 1 (62%) or
2 (63%) mismatches (p = 0.08 for both comparisons).
Interestingly, rejection was most frequently observed in
children with darker skin tones. In our study, recipients
under 18 years of age were excluded due to specific
study parameters, making direct comparison with the
pediatric study less valid. Nevertheless, the findings by
Wright et al., along with the limited adult-focused stu-
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dies, highlight the need for further investigation into the
role of this antigen.

In our study, recipient age (<45 years) and nationality
were identified as additional independent risk factors for
heart transplant, each significantly increasing the odds of
developing an AR — 2.00-fold (CI 95% 1.06 to 3.79) for
nationality and 2.30-fold (CI 95% 1.29 to 4.10) for age.
These findings are consistent with results from several
international studies and systematic reviews [22-24].

When analyzing the combined influence of risk fac-
tors, with MHC class Il mismatches as the primary factor
and recipient age and nationality as secondary factors,
we were able to reliably identify the groups at the highest
risk for AR. Notably, when considering the combination
of HLA-DQB1 mismatches, age, and nationality, a signi-
ficant effect was observed in recipients of other nationa-
lities under 45 years old. This highlights the importance
of further research into the roles of both HLA-DRB1 and
HLA-DQBI antigens in predicting AR risk.
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CONCLUSION

1) It was reliably established that MHC class I mis-
matches, donor-recipient nationality differences, and
younger recipient age (<45 years) are all significant
risk factors for AR following transplantation.

2) Two groups were identified as most at risk for AR:

recipients of Belarusian nationality under 45 years

old, and recipients of other nationalities younger than

45 years old. In the presence of 0—1 MHC class 11

incompatibility, the rejection rate was 0% in both

groups. However, with 2—4 mismatches, the rejection
rate increased to 35.40% for Belarusian recipients and

50.00% for recipients of other nationalities.

The HLA-DQBI1 antigen was found to contribute

most to the development of AR in non-Belarusian

3)
recipients.

The authors declare no conflict of interest.
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BENCH STUDIES OF A SMALL AXIAL PUMP FOR IMPLANTATION
IN PATIENTS WITH LOW ANTHROPOMETRY
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Objective: to conduct bench tests and determine the working range of the pump speed for an implanted left ven-
tricular bypass system aimed at diagnosing and treating patients with low anthropometric status. Materials and
methods. The axial pump was investigated using a custom-developed hydrodynamic test bench simulating the
cardiovascular system. The bench included systems for pressure and flow measurement and registration, along
with software for processing both technical and biomedical parameters. Results. The operating range of the rotor
speed for the STREAM CARDIO pump required to achieve a flow rate of 2.5 + 0.5 L/min at a pressure drop of
80 + 5 mm Hg is 8000 + 1000 rpm, with a power consumption of 6.5 + 1 W.

Keywords: heart failure, left ventricular bypass, hydrodynamic bench, pump flow rate, pump head, axial pump.

INTRODUCTION

Heart transplantation remains the gold standard treat-
ment for patients with end-stage heart failure (HF) [1].
However, a critical shortage of organs continues to pose
a major challenge. Despite efforts to expand donor eli-
gibility, many patients die while waiting for a suitable
heart [2].

Over the past decade, significant progress has been
made in the use of mechanical circulatory support (MCS)
systems for managing HF [3]. MCS, including first-,
second-, and third-generation left ventricular assist de-
vices (LVADs), is increasingly being adopted as a viable
treatment option for end-stage HF [4-7].

First-generation devices include pneumatically driven
systems such as the Thoratec (Thoratec Laboratories
Corporation, USA) and EXCOR (Berlin Heart, Germa-
ny) ventricular assist devices, which are used in both
adult and pediatric patients. However, these systems are
associated with some limitations, including the extracor-
poreal placement of artificial ventricles and the bulky
size of external actuators. Additionally, these devices
had a limited lifespan and relatively low reliability [8].

Second-generation devices include low-pulsatile flow
rotary pumps, such as the HeartAssist (MicroMed Car-
diovascular, Houston), Jarvik 2000 FlowMaker (Jarvik
Heart, Inc., New York), HeartMate II (Thoratec Corpo-
ration, Pleasanton, CA), AVK-N (Russia), and Stream
Cardio (Dona-M, Russia). These systems are small in
size and weight, silent, relatively inexpensive, have en-
hanced reliability and service life [9-11].

Third-generation devices consist of pumps equipped
with electromagnetic drives. Notable systems in this ca-
tegory include the Incor axial pump (Berlin Heart AEG),
HeartWare HVAD centrifugal pump (HeartWare, Inc.,
Miami Lakes, FL), HeartMate III (Thoratec Inc., Ple-
asanton, CA), EvaHeart LVAS (Sun Medical Technolo-
gy Research Corporation, Nagano, Japan), and Terumo
DuraHeart (Terumo Heart Inc., Ann Arbor, MI) [12—14].

In many cardiology centers, implanted MCS has be-
come one of the primary treatment modalities for adult
patients with end-stage chronic heart failure (CHF).
However, in children and patients with small anthro-
pometric measurements, the implantation of circulatory
support systems is often constrained by limited body
surface area, low body weight, and an insufficiently sized
thoracic cavity to accommodate the device.

As Russian-made pediatric pump systems remain
under development, and the HeartMate 111 is primarily
used for patients with a low body mass index, we propo-
se considering the use of the compact axial-flow pump
Stream Cardio (LLC “DONA-M”, Russia). Although
originally designed for patients with a high body mass
index, this device can also function effectively at reduced
blood flow rates (2 = 0.5 L/min).

The operational control of implanted MCS systems
is typically based on maintaining a preset pump rotor
speed (PS), which ensures the required blood flow to
sustain vital organ function [15]. This RS is established
intraoperatively and subsequently adjusted throughout
the phases of postoperative care and patient rehabilita-
tion [16].
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Alternatively, rotor speed, pressure differential ac-
ross the pump, blood flow, and power consumption can
be estimated indirectly by analyzing the pump’s flow-
pressure curve (FPC) [17-20]. These FPC data can be
obtained both during isolated pump operation and in
conjunction with a ventricular assist device.

The present study presents bench testing of the Stream
Cardio axial rotary pump, focusing on its flow-pressure,
energy, and hemodynamic characteristics. These data
help determine the optimal operating speed ranges of
the pump for use in clinical settings, particularly for
patients with low body mass index (BMI) requiring left
ventricular bypass (LVB).

MATERIALS AND METHODS

Stream Cardio is a compact axial-flow blood pump
with an outer diameter of 28 mm, a length of 60 mm,
a weight of 120 grams, and operates at speeds between
5000 and 10000 rpm. It can deliver up to 10 liters of
blood per minute and is powered by a control unit with a
single rechargeable battery and AC adapter. Since 2020,
it has been implanted in Russian patients either as a long-
term support or for bridge-to-transplant use, effectively
replacing left ventricular function in patients with HF.
The device is implanted via the apex of the left ventric-
le, with its outlet connected to either the ascending or
descending aorta.

The core component of the axial flow pump is the
impeller with vanes, which generates rotational ener-
gy and imparts it to the blood, initiating and directing
flow (Fig. 1). The impeller is mounted on bearings at
both ends, ensuring stable rotation. Downstream of the
impeller is a flow straightener — a stationary blade as-
sembly oriented opposite to the direction of impeller
rotation. This component induces a “reverse spinning”
effect, which transforms the kinetic energy of the rotating
blood into pressure-based potential energy [21].

The pump’s DC motor stator is integrated directly into
the pump casing, while permanent magnets are embed-
ded within the impeller.

In the initial stage of the study, FPCs were obtained
using a hydrodynamic bench setup to determine the ope-

Fig. 1. 3D model of axial pump: 1, pump impeller; 2, bea-
ring; 3, flow straightener; 4, electric motor stator
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rating range of pump speeds at low blood flow rates and
axial pump power (Fig. 2).

The hydrodynamic bench (HB) comprises a 400 mL
CAPIOX reservoir (Terumo), 10 mm diameter Tygon
tubing (Saint-Gobain, France), a variable hydraulic re-
sistance, and integrated pressure and flow sensors. Pump
inlet and outlet pressures of the HB were measured using
Edwards pressure transducers (Life Sciences), while flow
rates were recorded with a Transonic TS402 ultrasonic
flow sensor (Transonic Systems Inc., USA) positioned
on the bench outlet line.

Pressure and flow measurements were monitored
via a multichannel Angioton module (Biosoft-M, Rus-
sia) and visualized in real-time using Pumpax software
(Biosoft-M, Russia). The pump’s rotor speed was ad-
justed systematically, and at each set speed, the corre-
sponding pressure drop vs. flow rate curve was plotted
by varying the inlet and outlet pressures.

(T} CTPUM KAPOWMO

Fig. 2. Mock circulation loop. 1, axial pump; 2, tank; 3, fluid
flow sensor; 4-5, pressure sensors at the pump inlet and out-
let; 6, hydraulic resistance
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In the second stage of the study, hemodynamic para-
meters of the axial flow pump at low blood flow condi-
tions were evaluated within a LVB configuration, using
a hydrodynamic bench designed to simulate the cardio-
vascular system (CVS) [22].

The CVS model incorporated key physiological cha-
racteristics, including arterial compliance (pliability/
elasticity), inertia, total hydraulic resistance, a program-
mable heart ventricle simulator, replicating left ventri-
cular contractility, including parameters such as heart
rate, systole/diastole ratio, and corresponding pressure
and flow profiles.

HF conditions were simulated by adjusting pressure
in the artificial heart ventricle using the Sinus IS con-
trol system (Russia) and modifying peripheral resistan-
ces, while aortic capacitance remained unchanged. The
system was initially set to reflect HF hemodynamics
with the following baseline parameters: mean aor-
tic flow 1 £ 0.3 L/min, mean arterial pressure (MAP)
65 + 5 mmHg, mean left atrial pressure 20 + 1 mmHg.

Following this, the pump was activated in LVB mode,
leading to the restoration of hemodynamics flow rate
2.5 £ 1 L/min, MAP 80 + 5 mm Hg, and mean atrial
pressure 5 = 1 mm Hg.

The obtained data were processed and summarized
in Table.

RESULTS

The performance of the circulatory assist pump is
inherently linked to cardiac hemodynamics. During each

cardiac cycle, the contractility of the heart fluctuates in
response to varying physiological conditions, particu-
larly changes in preload and afterload, which lead to
changes in pump parameters, namely pump power and
fluid flow through the pump.

Fig. 4 presents the hydrodynamic parameters recor-
ded on the HB across a range of pump speeds from 5000
to 10000 rpm.

Analysis of the obtained differential pressure and flow
curves indicates that, to achieve a target flow rate of
2.5+0.5 L/min, the rotational speed of the Stream Cardio
axial flow pump must be maintained within the range
of 8000 £ 1000 rpm. The Stream Cardio pump exhibits
a relatively steep FPC, indicating that its output is less
sensitive to variations in pressure differential.

The pressure difference across the pump can be ap-
proximated by the gradient between left ventricular pres-
sure and aortic pressure. Consequently, the pump flow
is inversely proportional to this pressure difference, as
illustrated in Fig. 5.

This flow behavior is observed throughout each car-
diac cycle: during diastole, as the pressure difference
across the pump increases, flow rate decreases; conver-
sely, during systole, when the pressure gradient narrows,
flow rate increases.

Pump power — a function of the voltage and current
supplied to the pump motor — serves as a direct indicator
of mechanical load and system performance. Power out-
put fluctuates in response to hemodynamic variations or
pathophysiological changes. For instance, pump power

Fig. 3. Mock circulation loop. 1, arterial reservoir; 2, aortic flow sensor; 3, arterial pressure measurement sensor; 4, systemic
hydraulic resistance; 5, venous reservoir; 6, reservoir simulating the “pulmonary veins, left atrium” system; 7, atrial pressure
measurement sensor; 8, cardiac ventricle simulator simulating the left ventricle of the heart during a left ventricular bypass;

9, test pump
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may rise in the presence of reduced blood viscosity or  load and afterload conditions, and the sensitivity of this
onset of rotor thrombosis, with such changes occurring  relationship is modulated by the pump’s set rotational

either gradually or abruptly. Power also varies with pre-  speed (see Fig. 6).
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Fig. 4. Flow-pressure curve of the Stream Cardio left ventricular assist device
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The design constraints of the axial flow pump inhe-
rently limit its speed and flow rate. To achieve a target
flow 0f 2.5+ 0.5 L/min, the Stream Cardio pump requires
a rotational speed of about 8000 + 1000 rpm, with an
associated power consumption of 6.5 £ 1 W.

This low power requirement is a key advantage, as
it contributes to reduction in size and weight of critical

system components — namely, the control unit and battery
pack. Consequently, this enhances autonomous operation
time, extending the period between battery replacements.

Fig. 7 presents the hemodynamic parameters of CVS
under HF conditions and during Stream Cardio operation

in LVB mode. Flow during LVB was provided by pump
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Table

Hemodynamic parameters of the Stream Cardio
pump at different rotor speeds under conditions
of left ventricular bypass

Rotor speed | P,, (mmHg) | P, , (mmHg) | Q, (L/min)

(rpm)

6900 90/75/65 5 1.5
7300 91/75/61 4 2.0
7800 95/75/59 3 2.5
8100 95/75/60 5 3.0
7000 95/80/69 4 1.5
7500 95/80/70 4 2.0
8100 100/80/65 6 2.5
8400 100/80/64 4 3.0
7400 103/85/73 4 1.5
7900 102/85/71 5 2.0
8400 104/85/69 3 2.5
8700 105/85/71 4 3.0
7700 110/90/76 3 1.5
8100 107/90/75 4 2.0
8600 109/90/73 4 2.5
8900 110/90/73 3 3.0

Note. P, aortic pressure; P, ,, mean left atrial pressure; Q
aortic flow.

a0

speed 8100 £ 50 rpm, MAP at 80 +£ 2 mm Hg, and mean
aortic flow of 2.5 + 0.1 L/min.

Table presents the summarized results of key hemo-
dynamic parameters, including various combinations of
aortic flow and MAP, measured at specific pump speeds
in the LVB configuration.

According to the data in Table, achieving a target
flow rate of 2.5 + 0.5 L/min at a pressure gradient of
80 + 5 mmHg requires a pump speed of approximately
8000 + 1000 rpm for the Stream Cardio device.

These experimentally derived values of pump speed
under both hydrodynamic and hemodynamic testing
conditions at defined MAP levels provide an indirect
estimation of the blood flow needed to sustain vital organ
function.

The in vitro data obtained on pump speed and power
consumption of the Stream Cardio pump at low flow
conditions offer valuable guidance for defining optimal
operating modes during left ventricular bypass procedu-
res, particularly in patients with low BMI. This enables
precise adjustment of pump speed during both intraope-
rative support and the rehabilitation phase.

DISCUSSION

The Stream Cardio pump operates on a relatively
steep FPC curve, which makes it less sensitive to changes
in the pressure differential that are typical for axial flow
pumps. Despite its compact size, the pump is capable of
providing sufficient power to achieve a pressure drop of
80 £ 5 mm Hg at a flow rate of 2.5 £ 0.5 L/min.
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In LVB mode, at a flow rate of 2.5 + 0.5 L/min,
the rotor speed of the Stream Cardio pump is set at
8000 £ 1000 rpm, which is similar to the rotor speed
of the HeartMate II pump. The HeartMate II has been
FDA approved since April 2008 and has been implan-
ted over 27,000 times [23], including in four adolescent
patients aged 12 to 15 years, with body surface areas
ranging from 1.5 m* to 1.7 m? [24]. The primary goal
of these pumps is to enhance systemic cardiac output
and reduce ventricular loading throughout the cardiac
cycle, while minimizing the risk of significant biological
or hematologic complications. The hydrodynamic and
hemodynamic characteristics of the Stream Cardio pump
at low blood flow rates, combined with the encouraging
clinical outcomes observed with the HeartMate I pump
in adolescent patients, suggest that the Stream Cardio
pump holds significant potential for clinical application
in patients with small anthropometric indices, for accu-
rate assessment, diagnosis and treatment of such patients
during left ventricular bypass procedures.

CONCLUSION

In today’s rapidly evolving medical landscape, it is
crucial for the medical community to evaluate and integ-
rate emerging technologies effectively. Programs aimed
at supporting patients with drug-naive heart failure must
consider a range of devices that can meet the diverse cli-
nical needs and body sizes of patients. A more thorough
understanding of the pressure-drop and flow relationship
in LVADs will be instrumental in optimizing hemocom-
patibility and hydraulic efficiency during pump design.

Looking ahead, future research will focus on testing
the Stream Cardio pump at low blood flow rates to eva-
luate potential blood element injury. Besides, a series of
animal experiments will be conducted to assess and rule
out thrombosis in the pump.

The authors declare no conflict of interest.
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EVOLUTION, PRESENT MILESTONES, AND FUTURE DIRECTIONS
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Objective: to examine the historical evolution, current advancements, and future prospects of long-term mecha-
nical circulatory support (LT-MCS) devices in the management of end-stage heart failure. Materials and me-
thods. An analysis was conducted on clinical studies (MOMENTUM 3, INTERMACS, EUROMACS), historical
records, and technological progress in the field of LT-MCS. The review covered three generations of devices:
pulsatile pumps (first generation), axial-flow pumps (second generation), and centrifugal pumps with magnetic
levitation (third generation). Key outcomes evaluated included survival rates, complication rates (thrombosis,
infections, right ventricular failure), and developments within national technology. Results. The HeartMate 111
third-generation device has a 2-year survival rate of 82% with a pump thrombosis risk of less than 1%. However,
complications remain, including driveline infections (10—15%), right ventricular failure (20-40%), and bleeding
events (15-20%). Domestic systems (Stream Cardio) are comparable to second-generation devices but lag in
terms of miniaturization and clinical trials. Emerging technologies like the Leviticus FiVAD wireless energy
transfer system and the Carmat Aeson fully implantable artificial heart are opening up promising new directions
for the future of mechanical circulatory support. Conclusion. Modern LT-MCS systems have emerged as a via-
ble alternative to heart transplantation (HT), particularly for patients who are not candidates for HT. Key areas
of ongoing development include device miniaturization, wireless energy transfer technologies, and integration
of artificial intelligence. The future of LT-MCS will largely depend on overcoming current system limitations,
notably the risks of infection and right ventricular failure.

Keywords: long-term mechanical circulatory support, heart failure, thrombosis, right ventricular failure,
miniaturization, artificial intelligence.

INTRODUCTION

Heart failure (HF) remains one of the most pressing
global health challenges. According to the World Health
Organization (WHO), more than 26 million people
worldwide are affected, with a five-year mortality rate
exceeding 50% — a figure comparable to that of many on-
cologic diseases [1, 2]. While heart transplantation (HT)
is considered the gold standard for treating end-stage
chronic heart failure (CHF), its widespread application
is severely limited by a critical organ shortage, with only
slightly above 5,000 transplants performed globally each
year [2, 3]. In this context, mechanical circulatory sup-
port (MCS) has emerged not merely as an alternative, but
as an essential life-saving option, particularly for patients
with refractory HF and cardiogenic shock.

Modern long-term mechanical circulatory support
(LT-MCS) devices, such as HeartMate I1I and HeartWare
HVAD, have demonstrated revolutionary clinical outco-
mes. According to the MOMENTUM 3 trial, the 1-year
and 2-year survival rates following the implantation of
this left ventricular assist device (LVAD) were 86.6%

and 79%, respectively [4]. In the ELEVATE registry, the
2-year survival rate was even higher, reaching 83.4%
[5]—afigure comparable to survival rates observed after
HT [6, 7].

EVOLUTION OF MECHANICAL CIRCULATORY
SUPPORT TECHNOLOGIES

As early as the first half of the 20th century, it beca-
me evident that even with the breakthroughs in cardiac
surgery — particularly the advent of cardiopulmonary
bypass — conservative therapies and traditional surgical
interventions often failed to fully restore the heart’s pum-
ping function. This realization spurred an active search
for methods of temporary or permanent MCS.

In 1952, Michael DeBakey proposed the concept
of MCS, and in 1963, together with Domingo Liotta,
successfully implanted the first mechanical pump for
temporary left ventricular support — a key milestone in
the development of MCS technologies [8]. Just six years
later, in 1969, American cardiac surgeon Denton Cooley
implanted the first total artificial heart (TAH) [8]. These
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groundbreaking achievements, combined with the persis-
tent shortage of donor organs, catalyzed the emergence
of MCS as a promising and technologically sophisticated
approach to treating HF.

Today, a wide range of devices has been developed
to support either the entire heart or individual ventricles.
The evolution of MCS technologies is generally divided
into three main generations, each characterized by revo-
lutionary advances that have led to clinical outcomes for
end-stage CHF comparable to those of HT.

First generation: pulsatile pumps

The development of first-generation MCS devices
began in the 1960s. Initially, these systems were ext-
racorporeal (e.g., Novacor, HeartMate XVE) and later
evolved into fully implantable devices (e.g., Jarvik 7,
SynCardia TAH), utilizing membrane chambers in which
pressure differentials — created by external pneumatic
or hydraulic actuators — enabled blood pumping [9, 10].
These devices mimicked the natural cardiac cycle by
generating a pulsatile blood flow.

The primary purpose of first-generation devices was
to serve as a “bridge to transplantation” (BTT), and the
latest models of this era generally fulfilled this role ef-
fectively for durations ranging from weeks to several
months. However, the were associated with a number
of limitations.

Due to their heavy weight and reliance on external ac-
tuators, patient mobility was severely restricted, despite
the devices’ ability to achieve high cardiac outputs (up to
10 L/min). Their large size necessitated the creation of
relatively large cavities for implantation, increasing the
contact area between foreign materials and host tissues
and thereby raising the risk of infectious complications.
Additionally, the wide diameter of the percutaneous dri-
veline (6—10 mm) further increased infection risks.

The design incorporated mechanical valves and was
prone to blood stasis within the pump chambers, con-
tributing to a high incidence of thromboembolic events
(10-15%). Furthermore, mechanical wear and diaphragm
fatigue significantly reduced the long-term reliability of
these pumps, generally limiting their functional lifespan
to 12—18 months [10-12].

Second generation: axial pumps

In response to the limitations of first-generation de-
vices, a major breakthrough occurred in the field of MCS.
Numerous studies demonstrated that, in most cases, pros-
thetic support of the left ventricle alone was sufficient to
maintain effective cardiac output.

Second-generation devices — fully implantable
LVADs such as the DeBakey VAD, HeartMate II, and
Jarvik 2000 — were developed during the 1990s and
2000s. These devices operate based on the principle of
continuous axial blood flow and represent a significant
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advancement over their predecessors in terms of both
size and performance [11-14].

They weigh between 150 and 300 grams and measu-
re less than 10 cm in length. Their compact axial rotor
design efficiently unloads the left ventricle and provides
continuous blood flow with outputs reaching up to 10 L/
min. This ensures uninterrupted perfusion of vital organs
and significantly reduces the risk of thrombus formation,
thus making them applicable to a wider range of patients
[7, 11-16].

A study by Miller et al. (2007) demonstrated a 75%
survival rate at six months among patients implanted
with the HeartMate 11 device, along with significant
improvements in functional status and quality of life,
further validating the efficacy of axial-flow pumps [17].

Thanks to several fundamental advantages over first-
generation devices — including a longer service life of
5 to 7 years — second-generation pumps expanded the
therapeutic scope of MCS from the initial “bridge to
transplantation” (BTT) concept to include “bridge to
recovery” (BTR) and “destination therapy” (DT) [7,
17-19]. Notably, the HeartMate II became the first im-
plantable LVAD approved for lifelong implantation in
2010, and it remains one of the most widely used MCS
devices worldwide.

However, continuous blood flow, while ensuring
reliable organ perfusion, is non-physiological for the
vascular endothelium. This unnatural flow pattern can
lead to endothelial dysfunction, impair baroreceptor ac-
tivity, disrupt blood pressure regulation, and contribute
to the formation of arteriovenous malformations. As a
result, bleeding complications, particularly in the gast-
rointestinal (GI) tract, are relatively common in patients
supported by continuous-flow devices [20].

The presence of mechanical bearings in the design,
axial nature of blood flow, and high rotor speed contribu-
te to thrombus formation in 10-14% of cases within two
years following implantation [21]. Additionally, right
ventricular failure is a characteristic complication associ-
ated with second-generation devices. High pump output
can cause malpositioning or rightward displacement of
the interventricular septum (IVS), negatively impacting
the septum’s contribution to right ventricular (RV) stro-
ke volume. This impairment can lead to significant RV
dysfunction, necessitating either the implantation of a
right ventricular assist device or proceeding to HT [13,
20-23, 36].

Third generation: centrifugal pumps
with magnetic levitation

Although second-generation devices offered clear
advantages over their predecessors, complications such
as pump thrombosis and neurologic events continued to
drive research toward further improvements in LVADs.
Development and testing of third-generation pumps
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began around 2012, involving approximately 10 diffe-
rent prototypes. This research culminated in a major
breakthrough in the treatment of end-stage HF with the
introduction of technologies that eliminated mechanical
contact within the pump.

The pioneer among third-generation devices was the
HeartMate III (Abbott), approved in 2017 [21, 24]. Its
key innovation lies in the fully magnetically levitated
(FML) rotor, suspended entirely by magnetic fields, the-
reby eliminating friction, reducing shear stress, and mini-
mizing blood cell damage [4, 21]. This achievement was
confirmed in the MOMENTUM 3 clinical trial, where
the HeartMate I1I demonstrated unprecedented levels of
safety [4, 21, 25, 26].

The third generation also included the Medtronic
HVAD, which used fluid dynamic bearings. Despite
its centrifugal flow and compact design, the HVAD’s
classification as a full third-generation device remai-
ned controversial. Although developed in the 2010s as
an advanced model, the use of fluid bearings involving
microcontacts contributed to a higher risk of thrombosis
(12%) and stroke (15%), ultimately leading to its recall in
2021 [4, 21, 24, 28]. This experience underscored that the
gold standard for third-generation LVADs is specifically
full magnetic levitation.

Modern third-generation LVADs, such as the Heart-
Mate III, rely on centrifugal flow combined with full
magnetic levitation. In this system, a rotor suspended
entirely by magnetic fields rotates at speeds of 5,500—
6,000 rpm, producing blood flows of up to 10 liters per
minute. The elimination of mechanical contact between
pump components prevents hemolysis and thrombosis,
contributing to an expected device lifespan of up to
10 years [4, 21, 27]. By contrast, the HVAD employed
a hybrid suspension system, where passive magnetic
levitation was combined with hydrodynamic bearings.
Although a thin blood layer reduced friction, it did not
completely eliminate mechanical contact [7, 28, 30].

According to the INTERMACS 2023 registry, third-
generation devices now dominate clinical practice, with
the HeartMate 111 representing approximately 85% of all
implantations in the United States. The 2-year survival
rate for patients supported by this device reaches 82%,
approximately 6% higher than that achieved with earlier
technologies and comparable to outcomes following HT
[31-33]. In Europe, data from the EUROMACS 2022
report indicate a 1-year survival rate exceeding 80%,
with thromboembolic events reduced to just 1-2% [34].

Among the clear advantages of the HeartMate 11 is
its exceptional safety profile. Owing to the FML tech-
nology, the risk of pump thrombosis with HeartMate I11
is less than 1% — a significant improvement over earlier
generations [4, 21, 26, 27, 32, 35]. The device’s high
durability, driven by the absence of mechanical wear,
further positions third-generation LVADs a step above
their predecessors. According to M.R. Mehra, HeartMa-
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te III does not require replacement for at least 5 years,
providing strong justification for considering it a cor-
nerstone in the evolution of destination therapy [37, 40].

Patient quality of life has also improved markedly.
Studies have demonstrated that following implantation,
patients experience sustained enhancements in functional
capacity and overall well-being. Moreover, the reduction
in operational noise — from approximately 40 dB in the
HeartMate II to 25-30 dB in the HeartMate I1I — along-
side the compact design of the device and its external
components, enables greater patient mobility and pro-
motes better social integration [4, 21, 40].

Despite the clear advantages of third-generation
LVAD:s, these devices are not without limitations. While
patients often experience marked improvements in phy-
sical activity, reduced dyspnea, and overall functional
status, several challenges remain associated with long-
term LVAD use.

Firstly, the need to continuously wear an external
controller and power source can cause discomfort and
restrict mobility, particularly in active patients. Secondly,
although the risk of thrombosis has been significantly
reduced compared to second-generation devices, the th-
reat of ischemic and hemorrhagic complications — such
as stroke and gastrointestinal bleeding — persists [4, 21,
26, 29, 35, 40]. For example, the ENDURANCE trial
demonstrated a 29.7% stroke rate among patients with
HVAD, which was notably higher than that observed in
HeartMate II recipients [41].

Another persistent concern is infection at the driveli-
ne exit site. Despite advancements in materials and anti-
microbial coatings, driveline infections remain one of the
leading causes of hospitalization among LVAD patients,
with an incidence of 10-15% [40, 43—45]. Furthermore,
the anticoagulation therapy necessary to prevent throm-
bosis substantially increases the risk of major bleeding
events (15-20%), necessitating continuous clinical mo-
nitoring [21, 27, 40].

Thus, although third-generation LVADs represent a
major technological advancement, they are not a defi-
nitive solution to end-stage HF but rather an important
bridge to transplantation or a means of long-term sup-
port.

Prospects of LT-MCS devices
as a “bridge to recovery” (BTR)

The reverse myocardial remodeling observed in pa-
tients with end-stage HF following LVAD implantation
has become a cornerstone argument supporting the BTR
strategy. Mechanical left ventricular unloading leads to a
significant reduction in ventricular volumes: end-diasto-
lic volume (EDV) decreases by 20-30%, and myocardial
wall thickness is reduced by 15-20%, contributing to
partial restoration of normal cardiac geometry [46, 47].
For instance, in patients implanted with the HeartMa-
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te 111, left ventricular ejection fraction (LVEF) improved
from an average of 15% to 35-40% in approximately
30% of cases, a result attributed to improved hemodyna-
mics and a reduced neurohormonal load [21, 27, 40, 45].

The effectiveness of this process is closely linked to
the technological generation of the LVAD used. First-
generation devices (e.g., HeartMate XVE) employing
pulsatile flow demonstrated reverse remodeling in only
10-15% of patients; however, complications such as
thrombosis often negated these benefits [46, 48—50].
With the advent of second-generation axial flow pumps,
the incidence of reverse remodeling improved to 25—
30%. Nonetheless, a significant complication — de novo
aortic regurgitation — emerged in about 40% of patients,
compromising the durability of myocardial recovery [7,
15-20, 47].

A breakthrough was achieved with third-generation
centrifugal pumps using full magnetic levitation techno-
logy. Devices like the HeartMate 111 enabled a 28-32%
reduction in left ventricular volumes in 35-40% of pati-
ents, with a concomitant risk of pump thrombosis drop-
ping to 1%, thereby offering a much more stable platform
for ventricular recovery [7, 21, 27].

Despite significant progress, sustained long-term
recovery of cardiac function following LVAD support
remains relatively rare. Only 15-20% of patients main-
tain improved cardiac function for 1-2 years after device
explantation. The success rate of LVAD removal with
second-generation devices such as the HeartMate 11 was
modest, approximately 12%. However, more recent data
regarding the third-generation HeartMate III indicate
higher myocardial recovery and retrieval rates, ranging
from 18% to 22% [4, 7, 21, 27, 40, 50]. Importantly,
younger patients without significant myocardial fibrosis
demonstrate the highest likelihood of sustained myocar-
dial recovery [32-34, 41-43, 45].

Thus, while third-generation LT-MCS devices not
only extend survival but also foster myocardial recovery,
the transition from a BTT paradigm to a true BTR strate-
gy remains a major clinical and technological challenge.
Achieving this transition will require solving issues re-
lated to the long-term durability of myocardial remode-
ling and improving the accessibility and affordability of
advanced device technologies.

Development prospects: from miniaturization
to bioartificial systems

The leading directions of innovation in MCS are fo-
cused on device miniaturization — including pediatric-
specific solutions — the introduction of wireless power
transmission technologies to reduce infectious risks, and
development of fully implantable systems aimed at ma-
Ximizing autonomy and patient safety [51].

First and foremost, the trend toward miniaturization is
particularly crucial in pediatric practice. The use of bulky
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circulatory support systems in newborns and infants is
severely limited by anatomical constraints and a heigh-
tened risk of complications. In response, recent years
have seen the widespread adoption of compact devices
with tailored hydrodynamic characteristics. A notable
example is the Berlin Heart EXCOR Pediatric system,
a pneumatic extracorporeal device featuring chamber
volumes from 10 to 60 mL, widely utilized in patients
weighing less than 20 kg. Parallel to this, implantable
solutions are under active development, including the
Jarvik Infant 2015 VAD and the Penn State Infant VAD,
designed for children weighing as little as 4 kg. These
devices are characterized by continuous blood flow, high
reliability, and reduced thrombogenicity.

Particular attention is also being directed toward the
PediaFlow VAD system, a magneto-hydrodynamic mini-
pump with a thickness of less than 1 cm, capable of de-
livering effective circulatory support in newborns while
minimizing hemolysis. Thus, the advancement of minia-
turized VADs is significantly expanding the indications
for long-term MCS in pediatric populations [54—-56].

Currently, there is active advancement in the imple-
mentation of wireless energy transfer technologies, ai-
med primarily at eliminating percutaneous cables. This
innovation significantly reduces the risk of infectious
complications and improves both functional and aest-
hetic outcomes of therapy.

Among these systems, special attention is given to
the Leviticus FiVAD, which employs the principle of
coplanar energy transfer (CET) — allowing electromag-
netic power transmission through the skin without phy-
sical contact with the external environment. A similar
concept is realized in the experimental FREE-D system.
Another notable development is the ICOMS Flowmaker
(FineHeart, France) — a fully intraventricular, wireless
LVAD synchronized with native heartbeats. This device
integrates transcutaneous energy transfer (TET) with
intelligent blood flow adaptation to physiological load,
offering a new standard in circulatory support [57-61].

The next major milestone in LT-MCS technology has
been the development of fully implantable mechanical
support systems. A striking example is the aforementi-
oned ICOMS Flowmaker, in which all components —
including the controller, battery, and pump — are housed
entirely within the body. The Leviticus FiVAD system
is also capable of operating in a fully implantable mode,
using an internal battery.

Total artificial heart (TAH) systems also deserve spe-
cial mention, with the most innovative example being the
CARMAT Aeson — a bioprosthetic heart that mimics the
function of both ventricles, featuring pulsatile ejection
and biocompatible materials. The device is fully im-
planted within the patient’s thoracic cavity and utilizes
a transcutaneous energy transfer (TET) system, thereby
eliminating the need for external components. In addition
to its advanced pump mechanism, CARMAT is equipped
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with an autonomous blood flow adaptation system that
responds dynamically to changes in the patient’s physical
activity. Clinical trials conducted within the framework
of the European EFICAS program have demonstrated
improved survival rates and enhanced quality of life in
non-urgent transplant candidates [62—66].

By the end of 2024, the company had achieved
100 implantations of its device, with the number of sur-
geries doubling within just one year — a clear indication
of growing medical confidence and renewed hope for
thousands of patients facing an acute shortage of donor
hearts [67].

The current trajectory of MCS development is
profoundly multidisciplinary, combining advances in
bioengineering, electronics, and materials science. Mi-
niaturization is expanding the application of these tech-
nologies to pediatric populations, while wireless energy
transmission significantly enhances safety and mobility.
Fully implantable systems, meanwhile, are elevating cir-
culatory support to an unprecedented level of autonomy.
Together, these innovations are laying the groundwork
for the next generation of devices capable of replacing
or sustaining cardiac function with minimal disruption
to patients’ daily lives.

RUSSIAN INNOVATIONS IN THE FIELD
OF MECHANICAL CIRCULATORY SUPPORT

Alongside global advancements in MCS systems,
Russia has established its own scientific and technolo-
gical base, marked by both historical achievements and
current trends. Since the Soviet era, Russian innovations
have demonstrated notable advancements in miniaturiza-
tion, digital integration, and functional design, although
they continue to face systemic challenges, particularly
in terms of funding, clinical scalability, and integration
into international research networks [7, 15, 16, 70-74].

Historical foundation: Poisk-10M

A landmark development in the Soviet Union’s con-
tribution to MCS technology was the creation of the
Poisk-10M, an all-artificial heart designed in the 1980s
under the leadership of Prof. Valery Shumakov. This pul-
satile, pneumatic-type device, weighing approximately
900 grams and featuring a chamber volume of 60—80 mL,
was intended to provide temporary heart replacement
for patients awaiting transplantation. Its clinical appli-
cation included 17 implantations, including 4 operations
in Poland, underscoring early global interest in Soviet
cardiovascular innovations. Preclinical testing on calves
demonstrated survival periods of up to 102 days, vali-
dating the device’s fundamental viability. However, the
system’s large size, susceptibility to mechanical wear,
and the economic crisis of the 1990s ultimately led to the
discontinuation of the project. Despite these limitations,
the Poisk-10M laid the foundation for further research,
proving the feasibility of two-stage HT [68—69, 76—79].
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Evolution of technology:
fransition to axial flow pumps

The next stage in the development of Russian MCS
systems was marked by a transition to axial flow pumps,
aligning Russian innovations with the second and third
generations of international MCS technologies. A pivotal
point in this evolution was the initiation of clinical trials
in 2012 for the AVK-N axial pump, a second-generation
LVAD designed for long-term support of patients with
end-stage HF. The AVK-N demonstrated technical and
clinical performance comparable to international coun-
terparts, such as the HeartMate 11, while offering a key
advantage — compatibility with domestically sourced ma-
terials. The device has been successfully applied in clini-
cal practice under both BTT and DT strategies, showing
outcomes similar to those of established Western models
of'its generation [70, 7476, 80].

Among current domestic technologies, the most so-
phisticated innovation is arguably the Stream Cardio
system — a universal axial-flow MCS device engineered
to support both the left and right ventricles. The pump
operates within a wide flow range of 3—7 L/min for the
left ventricle and a pressure range of 20—60 mmHg for
right ventricular support, making it adaptable for patients
with a minimum body surface area (BSA) of 0.9 m’.
What sets Stream Cardio apart is its integration of digital
technologies. The system includes wireless control via
a mobile interface, autonomous power supply for up to
12—14 hours, real-time monitoring through a graphical
interface and artificial intelligence (Al) algorithms capa-
ble of predicting complications. An additional innovati-
on is its multimedia training module, which includes a
surgical video archive, significantly enhancing surgeon
training and system usability.

Despite these advancements, Stream Cardio has li-
mitations. Notably, the high cost of disposable modules
and the inapplicability for pediatric patients with a BSA
<0.9 m’ restrict its universal use [81-83].

Systemic challenges and prospects

A critical analysis of Russian MCS innovations re-
veals several structural challenges. One of the foremost
barriers is the dependence on imported critical compo-
nents, particularly rare-earth magnets and high-precision
sensors. This reliance on foreign suppliers undermines
the autonomy of production. Secondly, the limited scale
and duration of clinical trials significantly delay the regu-
latory approval and broad clinical implementation of in-
novative devices. For instance, although the Stream Car-
dio system has already been introduced in select cardiac
surgery centers, other promising developments — such
as DON-3 — remain in the experimental phase. A third
critical limitation is the technological gap between Rus-
sian and leading international MCS platforms. Devices
such as the HeartMate 11 and Carmat demonstrate higher
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reliability and miniaturization, corresponding to third to
fifth generation of MCS systems.

Despite these constraints, Russian MCS projects have
significant potential. The focus on biventricular support
in Stream Cardio aligns with the global paradigm shift
toward universal MCS systems. Digitalization, including
Al integration and telemedicine capabilities, opens up
opportunities for a personalized approach and reduced
risk of complications.

Realizing this potential requires strategic investments
in clinical research, localization of production of critical
components and international certification.

Russian MCS developments have progressed from
bulky pulsatile systems to compact, digital solutions,
reflecting a gradual but evident convergence with glo-
bal technological standards. Despite this progress, the
future of Russian MCS devices hinges on elimination of
systemic constraints — particularly those of a financial,
technological, and regulatory nature. Projects such as
Stream Cardio can strengthen Russia’s position in the
domestic market and also create prerequisites for techno-
logy export, which is especially important in the context
of global competition in the field of medical innovations.

CONCLUSION

The increasing use of LT-MCS devices as destination
therapy reflects a significant global shift in cardiology,
driven by a persistent shortage of donor hearts and en-
hanced device reliability. Modern systems — such as the
HeartMate 11l and advanced domestic technologies —
have demonstrated long-term survival exceeding five
years, making them a viable alternative to transplantation
for patients who are not candidates for donor organs. The
expansion of clinical indications, ongoing miniaturiza-
tion of devices, and a marked reduction in complication
rates (including right ventricular failure, thrombosis, and
infection) collectively reinforce the growing role of LT-
MCS as a definitive treatment option for end-stage HF.

These advances, however, represent only the initial
phase of a new evolutionary wave in mechanical circu-
latory support systems. The industry’s prospects lie in
personalized therapy, integration of Al, and development
of hybrid systems that combine mechanical support with
myocardial regeneration. As M.R. Mehra, lead inves-
tigator of the MOMENTUM 3 trial, aptly stated, “We
are on the cusp of an era where LVADs will become not
just a temporary bridge, but a definitive treatment option
for millions of patients.” This vision underscores the
transformative potential of current and emerging MCS
technologies in addressing the global burden of HF.
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Objective: to investigate the biodegradation of natural silk-based tissue scaffolds (NS-TS) under in vitro and
in vivo conditions, assessing their potential for tissue engineering applications. Materials and methods. Two
types of NS-TS, Fibroplen-Atlas and Fibroplen-Gas, along with their modified versions, were analyzed. In vitro
biodegradation was assessed in Fenton’s solution, while in vivo studies were conducted on rats, with histological
and morphometric analysis of the implants at 4, 14, and 56 days post-implantation. Results. /n vitro biodegrada-
tion studies showed that Fibroplen-Gas completely degraded in <15 days, whereas Fibroplen-Atlas persisted for
up to 45 days. In vivo analysis showed gradual resorption of all scaffolds, with Fibroplen-Gas exhibiting more
pronounced degradation. Histological examination revealed a macrophage response, formation of foreign-body
giant cells, and signs of implant vascularization. Morphometry confirmed a reduction in filament cross-sectional
area, particularly in modified samples. Conclusion. Modifications of NS-TS influence their biodegradation rate,

inflammatory response, and vascularization.

Keywords: silk, biodegradation, tissue engineering.

INTRODUCTION

The development of biodegradable materials for
wound treatment and tissue defect replacement is a key
challenge in modern medicine and bioengineering. Tradi-
tional methods, such as using autologous grafts, present
several limitations, including limited availability of do-
nor material, risk of complications at donor site, potential
graft rejection, and inability to fully restore the complex
anatomy of damaged tissues [1, 2]. Effective tissue repair
requires not only innovative techniques but also creation
of new biomaterials that meet the specific requirements
of clinical applications. Over recent decades, biomate-
rials, particularly those of natural origin, have garnered
increasing attention due to their unique properties, such
as biocompatibility, biodegradability, and the potenti-
al for modification to suit individual patient needs [3].
Among these biomaterials, silk has received special at-
tention because of its outstanding physicochemical and
biological properties, making it a promising foundation
for the manufacture of medical devices [4].

Silk, obtained from the cocoons of Bombyx mori
silkworms, is a natural protein polymer primarily com-
posed of two key proteins: fibroin and sericin. Fibroin,
in particular, possesses unique mechanical properties,
such as high tensile strength and elasticity, making it
highly attractive for medical applications [5, 6]. Silk

is also noted for its high biocompatibility, which helps
minimize the body’s immune response, and its cont-
rolled biodegradability, a crucial factor for development
of implantable materials designed for long-term use [7].
These properties make silk an ideal candidate for creating
materials for tissue engineering and wound care [8].

In recent years, silk has been extensively researched
as a foundation for the development of various medical
devices. Notably, biodegradable materials based on silk
fibroin have been developed for bone replacement [9,
10]. These materials, which incorporate silk fibroin, cal-
cium phosphates, and other bioactive components, have
shown promising biological performance and potential
for use in bone engineering, particularly in bone defect
repair. Silk is also being explored for the creation of
scaffolds — three-dimensional structures that support cell
growth and differentiation. Such scaffolds can be used
to regenerate various tissues, including bone, cartilage,
skin, nerve tissue [11-13], and even corneal tissue [14].
This approach represents a promising alternative to tra-
ditional tissue repair methods.

One of the key advantages of silk is its high flexi-
bility in modifying its properties according to the spe-
cific requirements of a given application. By adjusting
the processing conditions, it is possible to regulate the
material’s biodegradation rate, mechanical properties,
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and cell interaction, which opens up significant poten-
tial for creating personalized medical devices that can
be tailored to the unique needs of individual patients
[15, 16]. In addition, silk has low immunogenicity, re-
ducing the risk of implant rejection and inflammation.
This property is particularly crucial for the development
of materials intended for long-term implantation [17,
18]. This makes silk especially valuable in the creation
of products for treating chronic diseases and repairing
damaged tissues.

Despite the clear advantages of silk, its use in medi-
cine comes with several challenges. The production and
processing of silk must be carefully controlled to ensure
the stability of the material’s properties and its safety
for the patient. Even minor changes in the production
process can significantly alter the mechanical, biological,
and chemical properties of the material, necessitating
stringent standards and additional research to confirm
its effectiveness over the long term.

Thus, while silk shows considerable promise as a
biomaterial, its application in medical technologies re-
quires further investigation. The development of new
methods for modifying and optimizing the properties of
silk-based materials will open new opportunities for their
successful integration into clinical practice and their use
in various medical fields, including tissue engineering
and tissue repair. This article explores the properties of
tissue scaffolds made from natural silk, their potential for
medical applications, and possible ways to to optimize
their properties.

MATERIALS AND METHODS

Preparation of Fibroplen-Gas 0
and Fibroplen-Atlas 0 samples

For the fabrication of biodegradable fabric scaffolds,
natural silk fabrics composed solely of silk fibers and free
from extraneous impurities were used (EAC Declaration
of Conformity, No. RU D-CN.PA09.B.91575/23, Tianjin
Textile Industrial Supply And Sale Co., Ltd, China). Two
types of silk fabrics with differing densities — 15 g/m’
and 155 g/m? — were selected for this study. The prepa-
ration process for the fabric samples followed previous-
ly described protocols [19]. Initially, the fabrics were
boiled in a sodium bicarbonate solution in a water bath
for 40 minutes, followed by thorough rinsing in distilled
water and a second boiling for 30 minutes. This cycle
was repeated three times after which the scaffolds were
air-dried at room temperature. The resulting samples
were designated as “Fibroplen-Gas 0” (lower-density
fabric) and “Fibroplen-Atlas 0” (higher-density fabric).

Preparation of modified Fibroplen-Gas 80
and Fibroplen-Atlas 80 samples

To obtain modified scaffold variants, the previously
prepared Fibroplen-Gas 0 and Fibroplen-Atlas 0 samples

86

were subjected to controlled degradation in a water-alco-
hol solution of calcium chloride, using a molar ratio of
1:2: 8. Incubation was carried out at 46 °C for 352 mi-
nutes for Fibroplen-Gas 0 samples and 216 minutes for
Fibroplen-Atlas 0 samples — corresponding to 80% of
the total degradation time for each fabric type. Following
incubation, the samples were thoroughly rinsed with
distilled water and then air-dried at room temperature.
The resulting samples are hereinafter designated as “Fi-
broplen-Gas 80” and “Fibroplen-Atlas 807, respectively.

In vitro biodegradation study

In vitro biodegradation of samples was evaluated in
accordance with GOST 10993-13-2009 (“Assessment
of biological effect of medical devices”). Samples were
incubated in 40 mL of Fenton’s reagent, composed of
100 uM FeSO, and 1 mM H,0,, at a temperature of
37 °C. The oxidative medium was renewed every 3 days.
At the end of incubation, the samples were rinsed with
40 mL of distilled water, dried in a thermostat at 37 °C
for 48 hours, and subsequently placed in a Binder VD-54
vacuum desiccator (Germany) at a residual pressure of
10-20 mmHg for 24 hours.

Biodegradation was assessed gravimetrically using
a Sartorius CPA-225D analytical scale (Germany), by
measuring the change in the sample mass before and
after the incubation period.

In vivo biodegradation study

In vivo biodegradation experiment was carried out
on male Wistar rats weighing 250-300 g, obtained from
the Krolinfo laboratory animal nursery (Vysokovo, Ore-
khovo-Zuyevsky urban district, Russia). Prior to the ex-
periment, the animals were acclimatized to the housing
conditions for a period of 7 days. Throughout the study,
the rats were kept isolated in single cages, they were pro-
vided with standard laboratory feed and had ad libitum
access to water. Vivarium temperature was maintained
at 22 4+ 2 °C, relative humidity at 55-65%, and a 12-hour
light/dark cycle.

Before surgery, general anesthesia was induced using
Zoletil® 100 (Virbac, France) at a dose of 15 mg/kg body
weight administered intramuscularly. For antiseptic pre-
paration, a 0.05% chlorhexidine solution was applied to
the skin in the interscapular region. To prevent mecha-
nical irritation and minimize the risk of postoperative
infection, the surgical site was shaved using electric
clippers prior to intervention.

Following skin antisepsis, a subcutaneous pocket
was created using sterile surgical scissors and a scal-
pel. A 1x1 cm silk scaffold sample was inserted into the
prepared cavity and secured in place with four knotted
sutures using Prolene 4/0 monofilament polypropyle-
ne surgical thread (Ethicon, USA). The sutures ensured
close adherence of the implant to the surrounding sub-
cutaneous tissue, thereby preventing displacement. After
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implantation, the incision was closed using additional
knotted sutures.

The experimental durations were set at 4, 14, and
56 days. Upon completion of each time point, the animals
were euthanized. Following confirmation of biological
death, the implanted materials along with surrounding
tissue were explanted for subsequent histological exa-
mination.

Histological study

After explantation, tissue samples were fixed in 10%
buffered formalin solution for at least 24 hours. Standard
histological processing was performed, including dehyd-
ration through a graded ethanol series (50%, 60%, 70%,
80%, and 96%), paraffin embedding, and sectioning at a
thickness of 5—6 pm using a RM2245 microtome (Leica,
Germany).

Histological staining was performed using the fol-
lowing methods:

— Mayer’s hematoxylin and eosin (BioVitrum, Rus-
sia) — to evaluate the overall tissue structure;

— Masson’s trichrome stain (BioVitrum, Russia) — to
detect total collagen.

The preparations were examined using an Eclipse
501 optical microscope (Nikon, Japan) equipped with a
digital camera.

The histological evaluation focused on the following
parameters:

Cellular response (presence of macrophages, foreign-
body giant cells, lymphocytes, and granulocytes);
Vascularization (capillary formation);

Formation of connective tissue capsules;

Degree of material bioresorption.

Morphometric analysis

Morphometric evaluation of the filament cross-sectio-
nal area was conducted using ImagelJ software (version
1.49v, National Institutes of Health, USA). For each
filament type, 40 cross-sections with clearly defined con-
tours and free from overlapping neighboring structures
were selected for analysis.

Statistical data processing

Statistical analysis was performed using IBM SPSS
Statistics version 26. Data distribution was assessed
using the Kolmogorov—Smirnov test. The following
statistical tests were applied:

Mann—Whitney U test — for comparison between two
independent groups;

Kruskal-Wallis test — for comparison among three or
more independent groups;

Tukey’s test — for post hoc multiple comparisons.
Differences were considered statistically significant
at p <0.05. For variables with non-normal distribution,
data are presented as median (Me) and interquartile range

(Q1-Q3).
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RESULTS AND DISCUSSION

In vitro biodegradation studies

The Fibroplen-Atlas silk samples with different
pretreatments showed varying rates of biodegradation
(Table 1). For Fibroplen-Atlas 0 samples, slow degrada-
tion was observed on day 15, with a weight loss of 5%.
By day 30, degradation accelerated, reaching a mass loss
of 44%, and by day 45, the total weight loss amounted
to 79%. In contrast, Fibroplen-Gas samples underwent
complete degradation in less than 15 days. For each time
point, five samples of each type were analyzed.

Table 1
Effect of pretreatment on silk degradation profile
15 days| 30 days/ 45 days /
A 15-30 days | A 3045 days
Fibroplen-Atlas 0 5% 44% / 39% 79% / 35%
Fibroplen-Atlas 80| 5% 49% / 44% 86% / 37%
. All samples were completely
Fibroplen-Gas degraded in less than 15 days

The results obtained indicate that pretreatment of silk
has an effect on its biodegradation in vitro biodegradation
rate. Therefore, the choice of material treatment may play
a critical role in developing materials with the required
degradation rate for various biomedical applications.

In vivo biodegradation studies
(morphologic analysis)

Implantation at day 4 (unmodified samples)
Fibroplen-Gas 0

On day 4 following implantation of the control Fib-
roplen-Gas 0 sample, histological examination revealed
a large fragment of transverse striated muscle tissue,
surrounded by a thin fibrous layer and loose connective
tissue (Fig. 1, a). Within this area, implant fragments
were identified as homogeneous filaments observed in
both transverse and longitudinal sections. These fila-
ments showed a delicate cream coloration with hema-
toxylin and eosin staining and appeared pale pink with
Masson’s trichrome stain.

A moderate cellular response to the implant was ob-
served, characterized by the presence of macrophages,
foreign-body giant cells (FBGCs), a few lymphocytes,
and occasional granulocytes. Only faint signs of macro-
phage-mediated resorption of the implant material was
noted. No signs of inflammation were detected in the sur-
rounding muscle tissue. Overall, inflammatory response
was mild and primarily lymphoid-macrophage in nature.

Fibroplen-Atlas 0

Fig. 1, b presents the histological image of the control
sample “Fibroplen-Atlas 0”, demonstrating a fragment
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of transverse striated muscle tissue adjacent to a fibrous
layer and loose connective tissue, within which the im-
plant was identified. Surrounding the implant, there is
loose connective tissue with pronounced hypercellulari-
ty, characterized by a high concentration of fibroblasts,
histiocytes, and lymphocytes, as well as numerous full-
blooded capillaries. This morphological pattern is indi-
cative of active granulation tissue formation.

The content of FBGCs was very low, with only oc-
casional individual cells detected. While granulocytes
were generally scarce in the surrounding tissue, a loca-
lized area of intense cellular infiltration was identified,
suggesting the presence of a residual acute inflammatory
response. There were virtually no signs of bioresorption.

Implantation at day 14 (unmodified samples)

Fibroplen-Gas 0

The examined sample contains adipose tissue,
within which the Fibroplen-Gas 0 implant was located

e SR SR )
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(Fig. 2, a). The implant fragments were surrounded by
thin connective tissue strands, interspersed with thin-
walled, full-blood blood vessels, indicating ongoing pro-
cesses of encapsulation and vascularization. Numerous
macrophages and FBGCs were observed in close proxi-
mity to the implant strands, along with clear signs of bio-
resorption. In addition, few lymphocytes and occasional
granulocytes were detected. The inflammatory response
was predominantly macrophage-mediated.

Fibroplen-Atlas 0

The implant is surrounded by loose connective tissue
along its perimeter (Fig. 2, b). In close proximity to the
implant, thin connective tissue strands oriented parallel
to its long axis were observed, which likely indicate early
stages of capsule formation. Connective tissue fibers
and thin-walled blood vessels were seen infiltrating the
implant. Numerous macrophages, FBGCs, and epithe-
lioid cells were present around the implant filaments.

Fig. 1. Samples at 4 days post-implantation: a, Fibroplen-Gas 0, H&E stain; b, Fibroplen-Atlas 0, H&E stain. Arrows indicate

implant fragments. 200x
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Fig. 2. Samples at 14 days post-implantation: a, Fibroplen-Gas 0, H&E stain; b, Fibroplen-Atlas 0, Masson’s trichrome stain.
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However, signs of bioresorption were minimal, with the
majority of the implant material remaining structurally
intact. Overall, the inflammatory response was predomi-
nantly macrophage-mediated, with small admixture of
lymphocytes and occasional granulocytes.

Implantation at day 56 (unmodified samples)
Fibroplen-Gas 0

The implant is embedded in a layer of loose con-
nective tissue, adjacent to fragments of transverse stri-
ated muscle tissue (Fig. 3, a). A sustained macrophage
response is evident, including the presence of FBGCs,
accompanied by partial resorption of the implant mate-
rial. Vascularization persists, with thin-walled capillaries
noted in the surrounding tissue. A thin connective tissue
capsule has formed along the implant perimeter, and
in some areas, it is penetrated by capillaries. Besides,
individual filaments of the implant are enveloped by
collagen fibers. Compared to the 14-day observation
period, both the signs of bioresorption and encapsulation
of the implant threads appear more pronounced.

Fibroplen-Atlas 0

The implant is surrounded by loose connective and
adipose tissue (Fig. 3, b). The inflammatory response
remains mild and predominantly macrophage-mediated.
FBGC:s are scarce and primarily located in the periphe-
ral zone of the implant adjacent to surrounding tissues.
A substantial portion of the implant material appears
structurally intact, showing minimal signs of resorption.
Vascularization is evident, with full-blooded capillaries
observed among the implant filaments. A thin connective
tissue capsule has formed around the implant, with occa-
sional capillary penetration. Besides, individual strands
of the implant are encapsulated by collagen fibers.

Implantation at day 4 (modified samples)
Fibroplen-Gas 80

The histological profile is characterized by transverse
striated muscle tissue adjacent to a broad layer of loose
connective tissue exhibiting signs of inflammatory in-
filtration (Fig. 4, a). The infiltrate includes granulocy-
tes, lymphocytes, mast cells, macrophages, numerous
full-blooded capillaries, and fibroblasts — indicative of
active granulation tissue formation. Single FBGCs are
locally present. Notably, in comparison to the unmodi-
fied Fibroplen-Gas 0 samples at the same time point,
inflammatory response in the modified samples is more
pronounced and polymorphic, whereas the unmodified
implants evoked a milder, predominantly lymphoid-
macrophage reaction.

Fibroplen-Atlas 80

In the examined sample, the histological profile con-
sists of transverse striated muscle tissue bordered by a
thin fibrous layer and a layer of loose connective tissue.
Along the boundary, numerous implant fragments are
identified, primarily as transverse and, less frequently,
longitudinal sections of filaments (Fig. 4, b). Inflammato-
ry response is characterized by abundant macrophages,
the presence of FBGCs, and lymphocytes. Granulocytes
are sparse and predominantly localized within the lumens
of capillaries in the loose connective tissue. Evidence of
implant resorption is present, mediated by both FBGCs
and individual macrophages infiltrating between implant
threads. Thin-walled blood vessels containing erythro-
cytes are observed within the implant structure. The ad-
jacent muscle tissue appears unaltered.

It should be noted that at the same observation period,
unmodified Fibroplen-Atlas 0 samples displayed features
of an incomplete acute inflammatory phase, while the

Fig. 3. Samples at 56 days post-implantation: a, Fibroplen-Gas 0, H&E stain; b, Fibroplen-Atlas 0, Masson’s trichrome stain.

200x

&9



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXVII - N2 2-2025

response in Fibroplen-Atlas 80 samples shifted toward a

more organized lymphoid-macrophage pattern.

The histological evaluation of the modified samples
at the 4-day observation point revealed the following
key features:

a) In Fibroplen-Gas 80 samples, characteristic signs
of the acute phase of inflammatory response were
observed, whereas the Fibroplen-Atlas 80 samples
exhibited a predominantly lymphoid-macrophage
type of inflammation.

b) All samples showed evidence of partial bioresorption
of the implanted material. Notably, in the Fibroplen-
Atlas 80 group, the implant exhibited good structural
preservation, with the majority of the material remai-
ning intact.

¢) Signs of vascularization were identified only in one
of the presented samples — Fibroplen-Atlas 80.

d) Fibroplen-Gas 80 samples exhibited moderate inflam-
mation in the tissues surrounding the implant.

Implantation at day 14 (modified samples)
Fibroplen-Gas 80

In the examined specimen, the implant was surroun-
ded by loose connective tissue (Fig. 5, a). A macrophage
response to the implant was noted, accompanied by the
formation of numerous FBGCs and partial resorption of
the implant. The inflammatory infiltrate also contained
single lymphocytes and granulocytes. Evidence of vas-
cularization was noted within the implant, represented
by the presence of'isolated capillaries. Encapsulation was
generally poorly developed; however, intensive ingrowth
of connective tissue fibers into the implant structure was
evident. The surrounding loose connective tissue showed
no visible changes.

200x

Fig. 5. Samples at 14 days post-implantation: a, Fibroplen-Gas 80, H&E stain; b, Fibroplen-Atlas 80, Masson’s trichrome
stain. 200%
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Comparable results were observed in the unmodified
Fibroplen-Gas 0 samples at the same time point. These
included a predominantly macrophage-driven inflamm-
atory response, ingrowth of connective tissue strands
into the implant, as well as signs of bioresorption and
vascularization.

Fibroplen-Atlas 80

The histological examination shows the implant sur-
rounded by loose connective tissue (Fig. 5, b). A loo-
se, unevenly thick connective tissue capsule is present
around the implant’s perimeter. A lymphoid-macrophage
inflammatory response involving FBGCs is noted. Com-
pared to Fibroplen-Gas 80 samples, a slightly higher
number of lymphocytes is observed. Evidence of partial
resorption of the implant is also present. Signs of vascu-
larization and ingrowth of connective tissue strands into
the implant are apparent. The adjacent loose connective
tissue contains full-blooded capillaries, increased num-
ber of lymphocytes and macrophages (relative to previ-
ous samples), as well as isolated plasmocytes.

The overall morphologic picture is generally consis-
tent with that observed in the experiment using unmo-
dified Fibroplen-Atlas samples at the same time point.
However, it should be noted that the degree of fibrosis,
vascularization, and bioresorption is greater in the modi-
fied samples compared to their unmodified counterparts.
In addition, differences were observed in the compositi-
on of the inflammatory infiltrate: specifically, a slightly
higher number of lymphocytes was recorded in the mo-
dified samples, and the inflammatory response exhibited
a more pronounced lymphoid-macrophage character.

The histological features observed in the modified
Fibroplen-Gas 80 and Fibroplen-Atlas 80 samples at
14 days post-implantation can be summarized as follows:
a) A predominance of the gigantocellular component

in the inflammatory infiltrate, most notably in the

Fibroplen-Gas 80 sample.
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b) Formation of a connective tissue capsule around the
implant, with the least pronounced capsule observed
in the Fibroplen-Gas 80 group.

¢) Ingrowth of connective tissue fibers into the implant,
partially replacing the original material.

d) Evidence of implant vascularization.

e) Partial resorption of implant material.

Implantation at day 56 (modified samples)
Fibroplen-Gas 80

In the examined specimen, the Fibroplen-Gas 80 im-
plant was localized within a layer of loose connective
tissue (Fig. 6, a). A macrophage-dominated inflammatory
response was observed, with the presence of FBGCs
and signs of ongoing resorption of the implant material.
Vascularization within the implant was minimal, with
only isolated capillaries identified. There was no formed
connective tissue capsule encasing the implant; instead,
encapsulation was limited to individual threads and/or
fibers. The adjacent loose connective tissue showed no
apparent changes.

It is worth noting that these findings partially resem-
ble those seen in the control group (Fibroplen-Gas 0),
particularly regarding the macrophage-driven inflamm-
atory response and limited vascularization. However,
unlike the modified samples, the control group showed
the formation of a continuous encapsulating capsule
around the implant, along with more pronounced signs
of bioresorption.

Fibroplen-Atlas 80

The histological picture reveals the implant sur-
rounded by loose connective tissue and a fragment of
adjacent transverse striated muscle tissue (Fig. 6, b).
A macrophage-dominated inflammatory response is evi-
dent, including the presence of FBGCs, accompanied by
ongoing resorption of the implant material. Vasculari-
zation within the implant is minimal, with only isolated
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Fig. 6. Samples at 56 days post-implantation: a, Fibroplen-Gas 80, H&E stain; b, Fibroplen-Atlas 80, H&E stain. 200x
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Table 2

Cross-sectional areas of Fibroplen-Gas and Fibroplen-Atlas filaments at different implantation dates

Description

Cross-sectional area, pm’

Statistical significance

4 days

14 days

56 days (p)

Fibroplen-Gas 0 132.5 (111.8-157.6)

86.3 (68.4-102.9)

Pyis <0.05*
Pass < 0.05%*
Piass < 0.05%*

56.7 (42.1-71.0)

Fibroplen-Gas 80 84.6 (60.6-102.9)

47.5 (25.5-66.8)

Ps1s < 0.05%
Pase < 0.05*
Piase > 0.05

54.2 (41.0-71.5)

Fibroplen-Atlas 0 121.8 (101.3-134.7)

111.3 (102.6-120.2)

Psis>0.05
Pass < 0.05%
Piass > 0.05

97.5 (81.2-117.3)

Fibroplen-Atlas 80 48.1 (40.8-62.0)

44.4 (31.5-52.8)

Psys>0.05
Pase > 0.05*
Prase > 0.05*

31.6 (22.7-41.7)

* sample differences are statistically significant at p < 0.05.

capillaries observed. No continuous connective tissue

capsule around the implant; however, encapsulation of

individual implant strands by collagen fibers is noted.

No pathological alterations were identified in the tissue

adjacent to the implant.

In the control samples (Fibroplen-Atlas 0) examined
at the same time point, a similar macrophage response
was observed, though it appeared less intense. Moreo-
ver, a greater portion of the implant material remained
intact, showing no signs of bioresorption. Besides, a thin
but continuous connective tissue capsule was observed
around the implant in the control group.

The morphological study of Fibroplen-Gas and Fibro-
plen-Atlas samples with varying degrees of modification
at 56 days post-implantation revealed the following:

a) A macrophage response to the implant, involving
FBGCs and partial resorption of the material, persis-
ted. However, compared to the previous observation
period, the intensity of the cellular response was no-
tably reduced.

b) Vascularization within the implant was minimal ac-
ross all samples, though it was more pronounced in
the Fibroplen-Atlas 80 group compared to Fibroplen-
Gas 80.

¢) No organized, restrictive fibrous capsule was obser-
ved around the perimeter of the implant.

Morphometric analysis of filament
cross-sectional area

To assess the biodegradation of silk filaments in Fi-
broplen-Gas and Fibroplen-Atlas samples with varying
levels of modification, the cross-sectional areas of the
filaments were measured. The results are presented as
medians and interquartile ranges (Q1-Q3) in Table 2.

The data obtained indicate that for the control Fibro-
plen-Gas 0 samples, the median values of filament cross-
sectional areas significantly decreased (p < 0.05) throug-
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hout the study period. For Fibroplen-Gas 80 filaments,
a significant reduction in the filament cross-sectional
area occurred between 4 and 14 days of implantation.
However, from 14 to 56 days of implantation, there was
no significant change in the size of the filaments.

The table also reveals that in both Fibroplen-Atlas 0
and Fibroplen-Atlas 80 samples, there was a significant
decrease in filament cross-sectional area between 4 and
56 days of implantation.

CONCLUSION

The conducted studies showed varying degrees of
biodegradation of the Fibroplen-Gas and Fibroplen-Atlas
silk materials in both in vitro and in vivo experiments.

In the in vitro studies, it was observed that Fibroplen-
Gas silk samples underwent complete degradation in less
than 15 days. In contrast, all Fibroplen-Atlas samples
exhibited slow degradation in the early stages of the ex-
periment. However, by 30 days of incubation in Fenton’s
solution, the rate of mass loss accelerated significantly,
continuing at an increased pace until 45 days. The total
mass loss reached 76-86%. Based on experimental data,
it can be concluded that the choice of pretreatment me-
thod significantly influences the degradation rate in vitro,
with Fibroplen-Gas samples showing a notably faster
degradation compared to the Fibroplen-Atlas 0 samples.

As a result of the conducted morphological study,
it was found that for the control Fibroplen-Gas 0 sam-
ples (implantation period of 4 days), the degree of in-
flammatory reaction was less pronounced and exhibited
a lymphoid-macrophage character. This was in contrast
to the modified samples, where signs of the acute phase
of the inflammatory reaction were observed at the same
experimental time point.

In the control Fibroplen-Atlas 0 samples, some signs
of incomplete acute phase of the inflammatory process
persisted. However, in the modified Fibroplen-Atlas 80
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samples, inflammatory response was characterized as
lymphoid-macrophagic at this stage.

In the control samples (Fibroplen-Atlas 0), biore-
sorption signs were weakly expressed and not clearly
visible. In contrast, in the modified samples, particularly
Fibroplen-Atlas 80, the first signs of bioresorption and
vascularization were already evident at this observation
period. At the 14-day observation period, the morpholo-
gical study of all Fibroplen-Gas samples yielded similar
results: inflammatory reaction was primarily macropha-
ge-driven, with connective tissue strands detected within
the implant. Signs of partial bioresorption and vascula-
rization of the implant were also noted.

In contrast, at the same observation period for all Fi-
broplen-Atlas samples, the morphological picture shared
common features: signs of bioresorption, vascularization
of the implant, and growth of connective tissue fibers
both on the surface and within the implant were noted.
However, the degree of vascularization and fibrosis was
more pronounced in the modified samples compared to
the control (unmodified) samples. Additionally, some
differences were observed in the inflammatory infiltrate
composition. The Fibroplen-Atlas 80 samples showed
a slightly higher lymphocyte content, and the reaction
had a lymphoid-macrophage character. In comparison,
the Fibroplen-Atlas 0 samples displayed a macrophage-
driven inflammatory response.

At the 56-day observation period, histological ex-
amination of both unmodified and modified samples
revealed the following features: in all samples, there
was a continuation of the macrophage reaction to the
implant, with the involvement of FBGCs and partial
bioresorption of the material. The largest proportion of
intact material was preserved in the Fibroplen-Atlas 0
sample. Compared to the 14-day period, the degree of
cellular reaction was significantly reduced, most notably
in the Fibroplen-Atlas 0 sample.

Vascularization was minimal across all samples,
though it was more noticeable in the Fibroplen-Atlas
samples. An organized restrictive connective tissue cap-
sule around the perimeter of the implant was observed
only in the Fibroplen-Atlas 0 and Fibroplen-Gas 0 sam-
ples. In all the samples, there were episodes of encap-
sulation of individual threads of the implant material by
collagen fibers.

In the morphometric analysis of the histological
samples, conducted using the ImageJ program, it was
found that the cross-sectional areas of the Fibroplen-
Gas 0 filaments significantly decreased throughout the
study. For the Fibroplen-Gas 80 filaments, a significant
decrease in cross-sectional area occurred from day 4 to
day 14 of implantation. In the Fibroplen-Atlas 0 and
Fibroplen-Atlas 80 samples, the filament areas signifi-
cantly decreased from day 4 to day 56 of implantation.
In the Fibroplen-Atlas 80 samples, a significant decrease
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in the cross-sectional area of the filaments was also noted
from day 14 to day 56 of implantation.

FINDINGS

The following conclusions can be drawn based on
the results of the conducted research:

1. Pretreatment influences the degradation rate in vitro.

The degradation rate for modified Fibroplen-Atlas

samples was higher compared to the unmodified sam-

ples. Notably, Fibroplen-Gas samples were comple-
tely degraded in less than 15 days.

Results of morphological study:

a) Fibroplen-Atlas 0 samples had the largest pro-
portion of intact material after 56 days.

b) Signs of incomplete acute-phase inflammation
were observed at the 4-day period in the Fibrop-
len-Gas 80 and Fibroplen-Atlas 0 samples. From
the 14-day observation onward, inflammatory
response in the Fibroplen-Atlas 80 sample was
lymphoid-macrophage in character, while the
Fibroplen-Gas and Fibroplen-Atlas 0 samples
exhibited a macrophage-type reaction. By the
56-day observation period, all studied samples
exhibited a macrophage-driven (predominantly
gigantocellular) reaction.
Partial bioresorption was observed as early as the
4-day period in the modified Fibroplen-Gas and
Fibroplen-Atlas samples, involving FBGCs and
single macrophages. In contrast, bioresorption
was not visible in the unmodified samples at this
time. Starting from day 14, bioresorption was no-
ted in all the studied samples.
d) Vascularization was only observed at the 4-day
period in the Fibroplen-Atlas 80 sample. In all
other samples, signs of vascularization were evi-
dent from the 14-day observation period onward.
Signs of formation of a restrictive capsule along
the perimeter of the implant were seen by the 14-
day period in most of the samples. However, by
day 56, a thin connective tissue capsule was ob-
served only in the control samples Fibroplen-At-
las 0 and Fibroplen-Gas 0. All samples, regard-
less of modification, exhibited signs of fibrosis,
including the growth of connective tissue fibers
deep into the implant and episodes of encapsu-
lation of individual implant threads by collagen
fibers.

3. Morphometric analysis of histological specimens
showed that the cross-sectional area of Fibroplen-
Gas 0 filaments significantly decreased throughout
the entire study period. For Fibroplen-Gas 80, a sig-
nificant decrease was observed between days 4 and
14, with no further significant changes up to day 56.
In contrast, both Fibroplen-Atlas 0 and Fibroplen-
Atlas 80 samples showed a significant decrease in
filament area from day 4 to day 56. Notably, in Fib-
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roplen-Atlas 80, there was an additional significant
reduction between days 14 and 56.
These findings confirm that modification of silk-based

scaffolds enables targeted tuning of their biodegradation
rate, inflammatory response, and vascularization profile.
The ability to regulate these parameters provides valuab-
le flexibility for tailoring biomaterials to specific clinical
needs — such as wound healing and the development of
biodegradable implants.

The authors declare no conflict of interest.
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Bone defect repair is an interdisciplinary research field encompassing surgical orthopedics, regenerative medici-
ne, tissue engineering, immunology (addressing biocompatibility challenges), materials science and technology
(including additive manufacturing, porosity, and mechanical strength), and nanotechnology for developing bio-
compatible matrices that enhance bone regeneration. This literature review highlights recent advancements in
bone tissue engineering, focusing on the application of autologous biomaterials in combination with biocompatible

matrices to improve bone regeneration outcomes.
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INTRODUCTION

Bone has the unique ability to fully restore its integrity
after damage without fibrous tissue formation, retaining
its original shape, size, and mechanical strength [1, 2].
Age-related pathology, immunodeficiency states, large
areas of damage, and infectious complications can signi-
ficantly reduce the regenerative potential of bone tissue.
In such cases, bone restoration requires specialized me-
thods and surgical techniques, along with a prolonged
postoperative rehabilitation period [3]. Bone grafting
(using autografts, allografts, and xenografts), along with
biocompatible matrices (natural or synthetic) and metal/
polymer implants, are currently standard approaches in
surgical orthopedics for bone defect repair [3, 4]. World-
wide, approximately 2 million bone grafting procedures
are performed annually, making bone tissue the second
most frequently transplanted tissue after blood transfu-
sion. Bone autografting is widely regarded as the gold
standard for bone defect replacement [5]. However, this
procedure has significant limitations, especially when
dealing with large or multiple bone defects: limited donor
site availability, increased surgical time & anesthesia
requirements, and postoperative pain at the donor site
[6]. An alternative strategy to traditional bone grafting
is the application of regenerative medicine technologies,
which use autologous cells and tissues combined with

tissue engineering methods [7, 8]. This review explores
the potential sources of autologous biomaterials that can
be harvested in a hospital setting — bone tissue, bone
marrow, peripheral blood, and adipose tissue — and ex-
amines their integration with biocompatible matrices to
create in situ tissue-engineered constructs for bone defect
replacement [7, 9].

TISSUE-ENGINEERED BONE CONSTRUCTS

The use of tissue-engineered constructs based on au-
tologous biomaterials in combination with biocompatib-
le matrices can serve as both a supplement to standard
techniques and an independent method for bone defect
replacement [9, 10].

A tissue-engineered construct for bone defect replace-
ment is a triad that integrates three essential components
for stimulating osteogenesis and new bone tissue forma-
tion: biocompatible matrix, growth factors, osteogenic
cell populations (Fig. 1) [1, 9].

To fully restore bone tissue at the defect site, a tissue-
engineered construct must exhibit the following key cha-
racteristics [1, 9]:

1. Osteoinduction — growth factor-mediated recruitment,
proliferation, and differentiation of mesenchymal
stem cells (MSCs) into osteogenic cell lines.
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Fig. 1. Bone tissue engineering triad optimal for de novo
bone formation

Osteogenesis — the process of de novo bone formation

by osteogenic cells.

. Osteoconduction — the ability to support bone forma-
tion across the entire construct surface by providing
mechanical support for cell attachment and migration.

. Osteointegration — the ability to bind seamlessly to

adjacent bone without triggering aseptic inflamma-

tion or fibrous tissue formation.

AUTOLOGOUS BIOMATERIALS OBTAINED
IN A CLINICAL HOSPITAL SETTING

Bone tissue

Bone tissue for autotransplantation is typically har-
vested from the iliac crest, long tubular bones, skull bo-
nes, or mandible [11]. Trabecular bone is known for its
ideal osteoconductive characteristics and contains MSCs
with high osteogenic potential [12]. The large surface
area, due to its spongy structure, ensures high metabolic
activity, facilitating the exchange of nutrients, biomo-
lecules, and gases. This structural advantage enables
rapid revascularization of the graft, typically occurring
within 48 hours [13]. A cortical bone graft exhibits lower
osteoconductive, osteoinductive, and osteogenic proper-
ties, but it compensates for this with higher mechani-
cal strength [14]. A dense matrix in cortical bone grafts
slows down revascularization, extending the process up
to two months [15]. Vascularized bone grafts are among
the most effective methods for bone defect replacement
[16]. The material for transplantation in the form of a
bone flap is typically harvested from the fibula, distal
metaepiphysis of the femur, or distal metaepiphysis of
the radius. The survival rate of these grafts is close to
100% [17, 18]. The difficulty of routine application of
vascularized bone grafts arises from the need for micro-
surgical techniques, which require an operating micro-
scope and special instruments [19, 20], as well as the
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duration of the operation and the high traumatization of
the donor site [21].

Bone marrow

Numerous studies and clinical trials have demonst-
rated the safety and efficacy of using autologous bone
marrow (BM) aspirate as a component of tissue-engi-
neered constructs for bone tissue defect replacement
[22]. BM-derived MSCs (BM-MSCs) have been shown
to stimulate bone tissue regeneration [23]. BM-MSCs
secrete growth factors that regulate chemotaxis, diffe-
rentiation, proliferation, and secretory activity of bone
cells, ultimately controlling physiological remodeling
and healing of bone defects [24]. Thus, Bone marrow
aspirate is an accessible and abundant source of cells that
can be used in self-donor technologies for bone defect
replacement [25].

Peripheral blood

Peripheral (venous) blood (PB) is used to isolate pla-
telet-rich plasma (PRP) [26, 27]. PRP is rich in growth
factors that can accelerate bone tissue regeneration [28,
29].

According to the classification proposed in 2009, pla-
telet concentrates are divided into four main types based
on their biological properties and mechanisms of action,
which are determined by the concentration of platelets,
leukocytes, and fibrin and, therefore, have different in-
dications for clinical use. These types are:
pure platelet-rich plasma (P-PRP);
leukocyte- and platelet-rich plasma (L-PRP);
pure platelet-rich fibrin (P-PRF);
leukocyte- and platelet-rich fibrin (L-PRF) [30].

Pure platelet-rich plasma

In clinical practice, P-PRP can be used as either a
liquid (injectable) form or a gel (fibrin glue) directly
applied to the injury site [31]. Platelet lysate (PL) is
derived from P-PRP through a process that involves suc-
cessive cycles of freezing at —80 °C and rapid thawing at
+37 °C. This process causes the destruction of platelet
a-granules, which results in the release of numerous
growth factors [32]. PL contains all known components
found in human venous blood, promotes proliferation
and migration of stem and progenitor cells due to the
high content of platelet-derived growth factor (PDGF),
epidermal growth factor (EGF), fibroblast growth fac-
tor (FGF), transforming growth factor-beta 1 (TGF-$1),
vascular endothelial growth factor (VEGF), and several
other and other bioactive substances (stromal cell fac-
tor-1/SDF-1, thrombospondin, P-selectin) [33]. PL has
been shown to significantly enhance the proliferative
activity of MSCs) and promote their differentiation
into osteoblasts. The angiogenic factors released from
PL stimulate the formation of new blood vessels [34].
PL can be stored at low temperatures for long periods
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(up to 9 months), with full retention of its activity after
thawing [35].

Leukocyte- and platelet-rich plasma

L-PRP, like P-PRP, can be prepared in either liquid
form or as a gel [36]. L-PRP is widely used in cardiac
surgery, operative gynecology, reconstructive surgery
[37], traumatology and orthopedics, and sports medicine
[38]. L-PRP has been shown to possess antibacterial pro-
perties, which can significantly accelerate wound healing
[40]. Experimental studies, both in vitro and in vivo,
have demonstrated that L-PRP promotes angiogenesis
and osteogenesis at the site of bone tissue damage [41].

Pure platelet-rich fibrin

P-PRF is a fibrin-based biomaterial derived from
whole blood without the addition of anticoagulants [42].
P-PRF has a dense consistency, and consists of two visi-
ble parts: yellow portion (main body with fibrin) and red
portion (red blood cells) [43]. P-PRF contains numerous
fibrin strands and is an ideal matrix for promoting the
growth and differentiation of osteoblasts osteoblasts,
fibroblasts and endothelial cells (Fig. 2) [44].

Concentrated P-PRF (C-PRF) exhibits a high osteo-
genic potential. C-PRF is an advanced form of P-PRF;
the resulting fibrin clot is significantly larger, denser,
and richer in growth factors compared to P-PRF [45].

Leukocyte- and platelet-rich fibrin

L-PRF has unique biological and mechanical proper-
ties, characterized by a dense fibrin network, enmeshed
with platelets and leukocytes, which allows it to be used
as a carrier for other cell types [46]. The L-PRF clot,
when compressed between two layers of sterile gauze,
forms a strong and resilient membrane that can be im-
mediately used intraoperatively as a barrier membrane
in bone defect repair [47, 48].

The combined use of PRP and various biocompatible
matrices offers a safe, simple, and effective alternative to
traditional autologous bone grafts in bone defect repair
[49].

Adipose tissue

Adipose tissue is primarily composed of mature adi-
pocytes making up over 90% of'its volume, and a smaller
heterogeneous fraction of cells collectively known as the
stromal-vascular fraction (SVF) [50, 51]. The SVF con-
tains various cell populations including preadipocytes,
fibroblasts, immunocompetent cells, vascular smooth
muscle cells, endothelial cells, and adipose tissue-deri-
ved MSCs (AD-MSCs) [52]. AD-MSCs secrete growth
factors like FGF-2, VEGF, IGF-1, TGF-B1, PDGF, and
BMP-2, which allows using these cells for in situ bone
repair [53]. The safety and efficacy of AD-MSCs for
bone tissue defect repair have been validated through
numerous preclinical studies and clinical trials [54, 55].

EXAMPLES OF COMBINATION

OF AUTOLOGOUS BIOMATERIALS
WITH BIOCOMPATIBLE MATRICES

FOR RESTORING BONE TISSUE DEFECTS
(ANIMAL MODELS, CLINICAL USE)

Preclinical studies using animal models (in vivo)
(Table 1) are essential for validating the effectiveness
of bone tissue defect repair methods based on tissue
engineering technologies [56].

An ideal animal model should closely mimic human
physiology, biology, and biomechanics [88, 89]. Nu-
merous studies have shown that small laboratory ani-
mals like mice, rats, and rabbits present challenges in
adequately modeling extensive bone defects and their
restoration in humans [89]. These models only partially
reflect the diversity of processes involved in bone tissue

Fig. 2. Structure of fibrin clot (P-PRF): a, yellow part — main body with fibrin, red part — erythrocytes; b, microphotograph of
fibrin filaments in the main body, hanging drop method, phase-contrast microscopy of native material, 100x magnification.

Photographs from the authors’s personal archive
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regeneration in humans, making them less suitable for
translational medicine research [56]. The advantage of
large animals is that their immune systems are more
similar to that of humans, which is particularly impor-
tant when studying the role of immune factors in bone
regeneration [90]. Large animals have a body mass and
bone structure comparable to humans, allowing for the
creation of large bone defects, the fixation of implants
or prostheses, and the performance of surgical interven-
tions that closely mimic real clinical conditions for bone
integrity restoration in humans [91].

Currently, some methods for restoring damaged bone
tissue using autologous biomaterials in combination with
various biocompatible matrices are being introduced into
clinical practice (Fig. 3) [92, 93].

The clinical results obtained confirm the efficacy of
these methods, but scientific publications on this topic
are limited to reports of single cases or cases with small
groups of patients (Table 2) [93].

PROSPECTS FOR THE USE OF SKELETAL BONES
IN COMBAT-RELATED TRAUMATIC INJURY

The enormous kinetic energy of modern munitions
causes multiple extensive tissue and organ damage [115].
Studies indicate that limb injuries in approximately 75%
of the wounded are the result of mine blast wounds
(Fig. 4) [116].

Bone injuries in such wounds are characterized by
multiple comminuted fractures, often with the formation
of extensive defects (Fig. 5) [116, 118].

Treating military personnel with combat injuries,
especially those involving skeletal bones, is a critical
and urgent task for the military medical service of the
Russian Armed Forces [115, 119, 120]. The Ilizarov
compression-distraction osteosynthesis method has tra-
ditionally been the only effective treatment for extensive
bone defects [121]. However, Russian researchers have
proposed an innovative alternative involving intrame-
dullary osteosynthesis using transplantation combined

Table 1

Preclinical in vivo animal models of bone defects

Animal
models

Anatomical localization of bone defects — composition of tissue-engineered construct — animal count

Rat

cranial vault - BM-MSCs (*xenogeneic, human) + poly-L-lactic acid (PLLA) — 9 individuals [57]

cranial vault — BM-MSCs + chitosan + alginate + hydroxyapatite (Hap) — 6 individuals [58].

cranial vault — BM-MSCs + B-tricalcium phosphate (B-TCP) — 9 individuals [59]

cranial vault - BM-MSCs + alginate + PLLA — 8 individuals [60]

cranial vault — BM-MSCs (*xenogeneic, murine) + PRP + polyvinyl alcohol (PVA) + chitosan + silk fibroin +
polycaprolactone (PCL) + B-TCF — 12 individuals [61]

cranial vault - BM-MSCs + nano-HAp (nHAp) + gelatin — 5 individuals [62]

femur — BM-MSCs (*allogeneic, rat) + (70% PLA + 30% PCL) — 8 individuals [63]

Rabbit

femur — BM-MSCs + PRF + biphasic calcium phosphate (BCP/80% B-TCP + 20% HAp) — 6 individuals [64]
femur — PRF + DPC (40% B-TCP and 60% HAp) — 6 individuals [65]

radius — BM-MSCs (*allogeneic, rabbit) + PRF + BCP (40% B-TCP + 60% HAp) + PVA — 9 individuals [66]
radius — BM-MSCs + PLA + HAp — 9 individuals [67]

tibia — BM-MSCs + HAp — 4 individuals [69]

Sheep |tibia — PRP + PCL + B-TCP — 8 individuals [72]

mandible — L-PRF + PLGA — 6 individuals [73]

tibia — BM-MSCs (*allogeneic, sheep) + PCL + HAp — 8 individuals [68]

tibia — BM-MSCs + (20% PLLA + 80% PCL) — 4 individuals [70]
tibia — BM-MSCs (*allogeneic, sheep) + PCL — 8 individuals [71]

femur — carbon nanotubes + HAp + LPRF — 4 individuals [74]
femur — AD-MSCs + B-TCP — 4 individuals (castrated rams) [75]
metatarsus — AD-MSCs + autologous bone + nHAp — 6 individuals [76]

Goat tibia — BM-MSCs + B-TCP — 6 individuals [77]

Pig

mandible — AD-MSCs (*allogeneic, porcine) + B-TCP + PLGA — 7 individuals [78]
femur — PRF + BCP (40% B-TCP + 60% HAp) — 4 individuals [79]

tibia — BM-MSCs + PRP + a-TCP — 8 individuals [80]

tibia — AD-MSCs (*xenogeneic, human) + TCP — | individual [81]

Dog

femur — PRP + BCP (40% B-TCP + 60% HAp) — 8 individuals [82]
mandible — AD-MSCs + PCL + 3-TCP — 3 individuals [83]
mandible — BM-MSCs + PCL + 3-TCP — 3 individuals [83]

Monkey | femur — BM-MSCs + B-TCP — 7 individuals [84]

* —use of xenogeneic and allogeneic biomaterial as an alternative source. BM-MSCs, bone marrow-derived mesenchymal
stem cell; nano-HAp or nHAp, nano-hydroxyapatite; PRF, pure platelet-rich fibrin; P-PRF, pure platelet-rich fibrin; L-PRF,
leucocyte and platelet-rich fibrin; PRP, platelet-rich plasma; PLGA, poly(lactic-co-glycolic acid); AD-MSCs, adipose-derived

mesenchymal stem cells.
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with the transplantation of autologous bone tissue and  enables the successful reconstruction of bone defects up
a collagen-based biocompatible matrix. This approach  to 12 cm in length and offers significant improvements

Fig. 3. SEM micrographs of some of the most commonly used biocompatible porous matrices in clinical practice. a, porous
polylactide (PLA) matrix, obtained by electrospinning with the formation of a system of open and interconnected pores (ave-
rage fiber diameter 800 nm, average pore diameter in the fiber 70 nm); b, matrix based on B-TCP, B-TCP granules contain
multiple micropores with sizes ranging from 100 to 400 um, total matrix porosity 75%

Table 2
Use of autologous biomaterials in combination with biocompatible matrices in clinical practice
Anatomical Composition of tissue-engineered construct Patient | Literature
localization count | source
of bone defects
Autologous bone + AD-MSCs + P-PRP (gel) 1 [94]
Cranial vault AD-MSCs + B-TCP 2 [95]
BM-MSCs (*allogeneic, donor) + B-TCP + PLLA mesh membrane 3 [96]
Autologous bone + BCP (40% B-TCP + 60% HAp) 27 [97]
AD-MSCs + B-TCP 1 [98]
Maxilla BM-MSCs + B-TCP 3 [99]
AD-MSCs + PRF + *Allogeneic bone 1 [100]
AD-MSCs + carbonate apatite (CO;Ap) 10 [101]
AD-MSCs + B-TCP 23 [102]
Mandible BM-MSCs + BCP (80% B-TCP + 20% HAp) 11 [103]
Autologous bone + L-PRF 22 [104]
Mandible and maxilla |PRF + bioactive glass 45S5 (45% SiO,, 24.5% Na,0, 24.5% CaO, 6% P,0;) 20 [105]
Humerus BM-MSCs + B-TCP + collagen sponge 1 [106]
Femur BM-MSCs + B-TCP 9 [107]
Personalized 3D printed tubular mesh structures consisting of PCL (80%) +
B-TCP (20%) filled with autologous bone in combination with HAp (40%) + 4 [108]
Femur and tibia calcium sulfate (60%) + gentamicin sulfate.
Autologous bone + bioactive glass S53P4 (53% SiO,, 23% NaO, 20% CaO, 13 109
4% P,0,) [109]
BM-MSCs + B-TCP 16 [110]
Tibia Autologous bone + B-TCP 1 [111]
Autologous bone + P-PRF (fibrin clot) 1 [112]
. Bone marrow aspirate + HAp (27 patients
EZEES:;E:: of various Bone marrow asgirate + collgg(en spponge () 12 patients) 39 [113]
BM-MSCs + B-TCP 42 [114]

* — use as an alternative source of allogeneic biomaterial. BM-MSCs, bone marrow-derived mesenchymal stem cell; HAp,
truthydroxyapatite; PRF, pure platelet-rich fibrin; P-PRF, pure platelet-rich fibrin; L-PRF, leucocyte and platelet-rich fibrin;
P-PRP, pure platelet-rich plasma; AD-MSCs, adipose-derived mesenchymal stem cells.
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in both anatomical and functional outcomes, while also
reducing the incidence of complications compared to the
classical Ilizarov technique [9].The induced membrane
(IM) method, proposed by French orthopedic surgeon
Alain-Charles Masquelet in 2000 (Masquelet method),
has become widespread and is actively used in clinical
practice [122]. Bone defect repair using this method is
performed in two stages. In the first stage, a cylindrical
spacer made of polymethylmethacrylate is implanted

Open Closed
Shoulder 5% 3.3%
Forearm 13.1% 1.7%
Hand 13.1% 3.4%
Thigh 16.4% 10.1%
Tibia 27.9% 45.8%
Foot 24.5% 35.6%

Fig. 4. Anatomical localization of skeletal injuries in an ex-
plosion [117]

into the defect site. This spacer mechanically isolates
the defect from surrounding tissues, preserves a cavity
for the subsequent placement of osteogenic biomaterials,
and prevents fibrous tissue formation. Outside, a cap-
sule of granulation tissue (the result of reaction to the
foreign body) is formed around the spacer — this is the
IM, which contains numerous collagen fibers, blood ves-
sels, osteoprogenitor cells, immune cells (macrophages,
lymphocytes), multinucleated foreign-body giant cells,
osteoclasts. In the second stage, the spacer is removed,
and the encapsulated space is filled with autologous bone
graft or a biocompatible matrix. Within this space deli-
mited by IM, revascularization of the graft and new bone
formation occur [123]. The average interval between
the two stages is approximately 22 months, while bone
regeneration at the graft site typically takes 8—10 months.
This technique allows for the restoration of bone defects
ranging from 4 to 25 cm in length [124, 125].

The IM technique does not require complex equip-
ment or advanced microsurgical skills, as is necessary
with vascularized bone grafts. Its relative simplicity ma-
kes it especially valuable in military orthopedic surgery,
particularly in scenarios involving active combat and
limited medical resources [125].

It should be noted that there is no universal method
that would be suitable for all wounded patients with bone
defects. Each case requires an individualized treatment
approach tailored to the specific clinical circumstances
[126]. Servicemen with combat-related skeletal injuries
represent a valuable human resource for our country’s

A 30931 [D]

Fig. 5. Bone defects in mine blast injuries: a, right diaphyseal tibial defect, fracture of the right fibula in the upper third with
displacement of the fragments, fixed with an external fixation device (EFD); b, soft tissue defect and left humerus defect in
the middle third, fixed with an EFD device. Photographs from the authors’s personal archive
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Armed Forces. Successful treatment and rehabilitation
of these individuals enable the return of experienced and
battle-tested soldiers to active duty [127].

CONCLUSION

Methods utilizing autologous biomaterials with mini-
mal ex vivo manipulation, combined with biocompatible
matrices, have demonstrated effectiveness in restoring
bone tissue defects across various fields, including or-
thopedics, traumatology, and dentistry. However, despite
significant scientific and technical advancements and
promising preclinical research, few of these approaches
have transitioned into routine clinical practice. This gap
between extensive research and real-world application
highlights key challenges, including the scalability and
cost-effectiveness of biocompatible matrices, as well
as the need for standardized protocols for autologous
biomaterial production.

The work was carried out within the framework of the
State assignment National Research Centre “Kurchatov
Institute” and Supported by the Ministry of Science and
Higher Education of the Russian Federation (Agreement
075-10-2021-093).

The authors declare no conflict of interest.
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Currently, there are no highly effective small-diameter (<4 mm) grafts on the market for cardiovascular surgery.
Tissue-engineered, functionally active vascular grafts with prolonged resorption and regeneration capacity have
the potential to serve as alternatives to traditional arterial grafts. These bioengineered grafts could eliminate the
need for repeated surgical interventions to replace failed grafts. The accuracy of assessing the risks of failure in
biodegradable small-diameter vascular grafts (SDVGs) during preclinical trials is highly dependent on the choice
of animal model. This article presents the results of comprehensive preclinical trials conducted on an SDVG
developed at the Research Institute for Complex Issues of Cardiovascular Diseases. Based on these findings, the
study evaluates the effectiveness and feasibility of different animal models for testing biodegradable SDVGs.

Keywords: tissue engineering, small-diameter vascular graft, preclinical trials.

INTRODUCTION

At present, the field of application of artificial subs-
titutes for some parts of organs and systems of the hu-
man body has a trend towards serious growth with the
medical devices market expanding annually. However,
the use of synthetic materials is associated with various
complications, which the global scientific and medical
community continues to address through ongoing re-
search and innovation [1].

Despite the extensive availability of products for car-
diovascular surgery, effective small-diameter (<4 mm)
vascular grafts (SDVGs) have yet to be developed [2].
Meanwhile, the annual demand for SDVGs in the Rus-
sian Federation alone is estimated at approximately
80,000, driven by the high number of surgical interven-
tions on small-caliber arteries [3].

Tissue-engineered, functionally active vascular grafts
(VGs) with prolonged resorption and regenerative po-
tential offer a promising alternative to synthetic vascular
prostheses. These grafts could eliminate the need for
repeated surgeries to replace failed vascular implants.
The integration of tissue engineering into the develop-
ment of medical devices is increasingly relevant, as its
approaches are designed to closely mimic the biocom-
patibility of native tissues, enhancing their long-term
clinical success [4, 5].

There are two widely adopted approaches to fabrica-
ting tissue-engineered VGs [6]. The first involves crea-
ting a cell-populated prosthesis in vitro under simulated
blood flow conditions, ideally using the patient’s own
cells and proteins [7-9]. The second approach focuses
on in vivo vascular graft development, utilizing a func-
tionally active, highly porous scaffold that guides the
recruitment and differentiation of vascular cells toward
the formation of fully functional vascular tissue [10—-12].
Ideally, this scaffold should be completely resorbed over
time [13, 14].

Various bioactive components are incorporated into
VGs to enhance their functionality and promote full re-
modeling, with proteins exhibiting high proangiogenic
activity being particularly favored [1, 15]. Understan-
ding the synergy of interactions between these bioactive
components is crucial to the success of the prosthesis.

SDVGs are classified as high-risk medical devices,
falling into the third class (Class I1I) [16]. Consequently,
they must meet the highest standards of biocompatibi-
lity and long-term effectiveness. Once in vitro testing
demonstrates that the product meets the necessary safety
and biocompatibility requirements, the next step involves
preclinical testing using animal models. These preclini-
cal trials are essential, as they provide insights into the
prosthesis’s performance in the complex environment
of a living organism. The reliability of preclinical re-
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sults in predicting the success of a prosthesis is heavily
influenced by the choice of the animal model used in
these tests.

A biodegradable SDVG with a prolonged resorption
period was developed at the Research Institute for Com-
plex Issues of Cardiovascular Diseases. The prosthesis
incorporates proangiogenic factors — VEGF, bFGF, and
SDF-1a — layer by layer into its wall during the elect-
rospinning process. VEGF plays a key role in vascula-
rization by activating and supporting endothelial cell
migration, proliferation, survival, and differentiation.
It also enhances nitric oxide production and increases
vascular permeability [ 17]. Basic fibroblast growth factor
(bFGF) promotes endothelial and smooth muscle cell
migration, proliferation, and survival, ultimately contri-
buting to the maturation of blood vessels [18]. SDF-1a
acts as a chemoattractant for endothelial cells, stimulates
the formation of long and branched capillary networks,
and enhances the migration of bone marrow-derived
mesenchymal stem cells, which can differentiate into
smooth muscle cells within the vascular wall [19, 20].

After extensive in vitro testing and confirmation of
the’ biocompatibility, functional efficacy, and acceptable
physical, mechanical, and structural properties of the
prostheses, we proceeded to the stage of preclinical tri-
als on laboratory animals. Preclinical testing is crucial,
as it allows for the assessment of biocompatibility and
effectiveness of the developed prosthesis within a living
organism.

However, highly contradictory results were obser-
ved across different animal models. This inconsistency
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highlighted the need to reassess not only the fabrication
technology of the prosthesis but also the choice of the
most appropriate animal model for final preclinical eva-
luations.

EFFECTIVENESS OF THE RAT MODEL
IN PRECLINICAL TESTING OF SMALL-DIAMETER
VASCULAR GRAFTS

The rat model is one of the most widely used and
accessible options for preclinical testing of SDVGs.
Implantation is typically performed in the abdominal
aorta, particularly for prostheses with a diameter of 2 mm
or less, making it the standard approach for evaluating
SDVGs [21-23].

In our study, VGs composed of polycaprolactone and
polyhydroxybutyrate/valerate, incorporating proangio-
genic factors, were implanted into the abdominal aorta
of rats for 12 months. The prostheses had a diameter
ranging from 1.5 to 2 mm. Remarkably, the patency rate
after 12 months was nearly 100%, even in the absence
of postoperative antiplatelet therapy (Fig. 1) [24-26].

Cell population within the porous walls of the biode-
gradable prosthesis after implantation into the vascular
system occurred naturally through implant remodeling,
ultimately forming a three-layered vascular tissue struc-
ture resembling that of a native vessel wall [25, 26].
However, in the control group (grafts without proangio-
genic factors), moderate chronic granulomatous inflam-
mation was observed in some cases.

A well-documented characteristic of rats is their rapid
endothelialization, along with the technical limitation of
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Fig. 1. Results of morphological study of PHBV|PCL vascular grafts with and without a proangiogenic factor complex

(GFmix) implanted in rat aorta for 12 months [26]
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implanting prostheses longer than 1 cm. This combinati-
on often results in a favorable long-term outcome regard-
less of the prosthesis material used [27]. Consequently,
preclinical testing in a rat model has limitations — it does
not fully reveal all potential risks of prosthesis failure
nor reliably predict the efficacy of the device in human
applications.

That said, the rat model remains a valuable tool for
assessing the risk of vascular graft calcification (Fig. 2)
[24].

The extent of calcification observed in VGs serves
as an indirect indicator of their functional integrity.
Comparative analysis of calcification in our developed
grafts provided indirect evidence that incorporating a
complex of proangiogenic factors helped synchronize
tissue formation, prevent cell apoptosis, and significantly
reduce prosthesis wall calcification. This reduction in
calcification contributes to the long-term effectiveness of
prostheses, provided their patency is maintained (Fig. 2).

It was also revealed that the presence and controlled
release of proangiogenic factors in biodegradable VGs
were found to lower the incidence of both granulomatous
inflammation and prosthesis calcification [24]. In the rat
model, it was discovered that in the absence of blood
flow, such as in thrombosed biodegradable prostheses,
no wall calcification occurred. This finding suggests that
blood, as a biologically aggressive medium, and pulsa-
tile flow play a crucial role in triggering calcification
mechanisms in patent VGs [24].

These promising results encouraged further preclini-
cal testing of the VGs on large laboratory animal models.

EFFECTIVENESS OF THE SHEEP MODEL
IN PRECLINICAL TESTING OF SMALL-DIAMETER
VASCULAR GRAFTS

The sheep model was chosen as a large laboratory
animal model for testing biodegradable SDVGs. Sheep
are widely recognized as an optimal model for asses-
sing vascular graft growth, patency, endothelialization,
thromboresistance, and postimplantation imaging. One
key advantage of using sheep is that they reach their
maximum size relatively quickly and do not continue to

PHBV/PCL

grow, making them particularly suitable for long-term
graft implantation. The anatomical structure of sheep
provides practical benefits for surgical procedures. Their
long neck and easily accessible carotid artery facilita-
te the implantation of longer prostheses. Furthermore,
sheep are known for their increased tendency toward
thrombosis and vascular calcification, making them an
ideal choice for worst-case modeling [28-30]. These
characteristics enable the most rigorous in vivo testing
of VGs for assessment of their potential degeneration.

The results obtained from the two animal models
(rats and sheep) were so divergent and unexpected that
it became necessary to significantly modify the prosthe-
sis manufacturing technology. In addition, a thorough
investigation of the hemostasiology profile of sheep
was required, comparing it with that of patients with
cardiovascular pathology to optimize pre-, intra-, and
postoperative anticoagulant and antiplatelet therapy.

In pilot studies using sheep, a high incidence of early
postoperative thrombosis was observed in 4-mm-diame-
ter PHBV/PCL/GFmix biodegradable VGs implanted in
the carotid artery. The primary cause of thrombosis was
linked to the porosity of the inner prosthesis surface,
which was confirmed through ultrasound and angiogra-
phic assessments of prosthesis patency immediately after
blood flow initiation. These imaging studies clearly cap-
tured the moment of thrombus formation, characterized
by rapid imbibition of the prosthesis walls with blood
components, thickening of the walls, and subsequent
rapid narrowing of the prosthesis lumen along its entire
length (Fig. 3).

This finding necessitated enhancing the thrombore-
sistance of the prostheses, which was achieved by deve-
loping a hydrogel-based antithrombotic drug coating for
PHBV/PCL/GFmix prostheses. This coating effectively
protected the graft surface from thrombosis for up to
20 days post-implantation [31].

Additionally, investigations were conducted to de-
termine the specific aspects of sheep hemostasis that
contributed to their pronounced thrombogenic response
[32]. It was discovered that sheep platelets exhibited
an increased response to adenosine diphosphate (ADP)
induction but showed minimal reactivity to adrenaline.

PHBV/PCL/GFmix

Fig. 2. Light (a) and fluorescence (b) microscopy of slices of PHBV/PCL and PHBV/PCL/GFmix vascular grafts retrieved:
staining with alizarin red S (bright red color of Ca crystals) and Dapi (blue color of cell nuclei), 100x
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The coagulation system of sheep was characterized by in-
creased activity of prothrombin complex and a shortened
thrombin time, while activated partial thromboplastin
time (aPTT) and fibrinogen levels were comparable. Me-
anwhile, sheep exhibited a significant reduction in the
activity of both the antiserum and fibrinolytic systems
compared to coronary heart disease (CHD) patients. Eva-
luation of clot formation dynamics in animals revealed a
faster initiation phase and higher clot density compared
to patients [32]. Based on these findings, we adjusted
the pre-, intra-, and postoperative antiplatelet and antico-
agulant therapy as follows: preoperative phase —a single
loading dose of clopidogrel administered the day before
surgery; intraoperative phase — mmntravenous adminis-
tration of unfractionated heparin before carotid artery
clamping and anastomosis, followed by an additional
dose after blood flow restoration; postoperative phase
(for 30 days post-implantation, provided the prostheses
remained patent) — subcutaneous administration of low-
molecular-weight heparin, following the manufacturer’s
dosage guidelines, oral administration of clopidogrel at a
standard dosage, in accordance with the manufacturer’s
instructions. Nevertheless, the addition of an atrombo-
genic drug coating to the prostheses, combined with the
adjusted anticoagulant therapy, improved vascular graft
patency rates from 0% to 50% after 18 months of implan-

Intubated sheep

PHBV/PCL/GFmix graft
before implantation

tation in the carotid arteries of sheep [33]. However, this
patency rate remains unconvincing for clinicians. A 50%
thrombosis rate limits the potential clinical applicability
of these prostheses, despite the fact that vascular surgery
itself in sheep has been shown to induce thrombosis, as
evidenced by previous studies on autoarterial implanta-
tion of the sheep carotid artery [34].

Given the high thrombotic tendency observed in
sheep, it became crucial to investigate the patency out-
comes of widely used synthetic VGs implanted in sheep
carotid arteries.

To investigate this further, six animals underwent
implantation of synthetic Gore-Tex® VGs (4 mm in dia-
meter) into their carotid arteries — prostheses that are
widely and successfully used in clinical practice. Howe-
ver, all Gore-Tex" grafts thrombosed within 24 hours of
implantation. Despite the immediate loss of patency, it
was decided to retrieve the thrombosed prostheses after
6 months to assess the response of surrounding tissues
and potential calcific formation.

It was revealed that after 6 months, the walls of the
thrombosed Gore-Tex" grafts exhibited massive calci-
fication, despite the absence of blood flow. This calci-
fication is presumed to result from insufficient biocom-
patibility of the material, which may have triggered a
pathological reaction in the surrounding tissues. The

PHBV/PCL/GFmix graft
after implantation

Fig. 3. Pilot preclinical trials of PHBV/PCL/GFmix vascular grafts in a sheep model
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response likely involved apoptosis and the death of
monocytic-macrophage and fibroblastic cells capable
of penetrating the prosthesis wall from the adventitia
side during the remodeling process [33, 35]. Despite
the known aggressiveness of the sheep model regarding
calcification, the drug-coated PHBV/PCL/GFmix grafts
we developed exhibited minimal calcification. Only one
retrieved patent graft showed small calcium deposits
1.5 years post-implantation, with a composition con-
sistent with mature calcifications found in biological
tissues [33, 35].

The second unexpected finding was the extremely
rapid resorption of the polymeric scaffold, leading to an-
eurysm formation in all patent grafts. The onset of aneu-
rysm development was observed as early as 1.5 months
post-implantation, reaching its peak at 6 months, when
the diameter of the VGs expanded from 4.0 mm to
2.2 cm. This dilation remained unchanged for the re-
mainder of the 18-month implantation period [33, 35].

Morphological analysis of the retrieved prosthesis
samples confirmed complete endothelialization of the in-
ner surface, formation of new vascular tissue (neointima
and adventitia) replacing the resorbed tubular scaffold,
and minimal wall calcification. However, a critical limi-
tation was identified — the absence of elastic fibers and
true smooth muscle cells within the remodeled prosthesis
walls (Fig. 4) [33, 35].

It should be noted that major publications on the
testing of biodegradable SDVGs in sheep models have
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emerged since 2020. These studies have also reported

early aneurysm formation in the walls of prostheses made

from biodegradable polymers such as polycaprolactone,

polylactide, and thermoplastic polyurethane [36, 37].
However, some authors have presented very impres-

sive results, demonstrating the successful implantation

of 4-mm biodegradable vascular grafts reinforced with

a nitinol microframework into the coronary arteries of

sheep. The incorporation of this microframework effec-

tively prevented aneurysm formation [38].

Thus, the sheep model revealed an additional risk of
prosthesis failure — early aneurysm formation — caused
by accelerated resorption of biodegradable prosthetic
frameworks. This resorption rate was significantly higher
than that observed in the rat model. Moreover, the ab-
sence of elastin and true smooth muscle cells, combined
with the rapid degradation of the polymeric framework,
underscored the urgent need to modify the vascular graft
fabrication process to incorporate aneurysmal protection.

To address this challenge, we explored three distinct
approaches to prevent aneurysmal expansion of biode-
gradable vascular prosthesis walls:

1. Reinforcement of the outer contour of the prosthesis
with extruded polymer spiral.

2. Creation of a reinforcing layer of polymer — synthetic
elastomer with a low rate of bioresorption — on the
outer surface of the prosthesis by electrospinning.

3. Introduction of synthetic elastomer with low biosorp-
tion rate into the tubular biodegradable framework

Drug-eluting PHBV/PCL/GFmix graft

Van Gieson

Fig. 4. Comparative histological picture of sheep carotid artery and drug-eluting PHBV/PCL/GFmix vascular graft at
18 months of implantation into a sheep carotid artery. Scale bar 100 um
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in the process of vascular prosthesis fabrication by

electrospinning.

The first approach led to excessive weight gain and
impaired surgical handling, making anastomosis more
challenging. The second approach failed to establish a
strong bond between the biodegradable prosthesis frame-
work and the synthetic polymer outer layer, resulting in
prosthesis delamination both before and during implanta-
tion, which triggered thrombosis. Therefore, the third ap-
proach — integrating a synthetic elastomer into the main
polymer framework during electrospinning — proved to
be the most effective. This method produced a cohesive,
structurally stable prosthesis while preserving functional
activity through controlled release of incorporated pro-
angiogenic factors, and complete remodeling potential
via the porous structure and partial biodegradation of the
polymeric framework.

EFFECTIVENESS OF A PRIMATE MODEL
IN PRECLINICAL TRIALS OF SMALL-DIAMETER
VASCULAR GRAFTS

A primate model was selected for the final preclinical
trials, as it closely resembles humans and provides the
most reliable assessment of potential risks associated
with biodegradable vascular grafts. Baboons were cho-
sen as the largest primates available for experimental use
from Russian research nurseries.

The similarities between baboons and humans in
terms of metabolism, diet, body structure, and blood
coagulation function were expected to minimize the spe-
cies-specific limitations encountered in the sheep model.
A thorough review of literature on vascular anatomy and
structure of baboons was conducted [39, 40].

As a result, the femoral artery was identified as the
optimal implantation site for <4 mm grafts. This selec-
tion minimized the risk of global limb ischemia in the
event of graft thrombosis.

It is important to note that in adult male baboons aged
9 to 17 years and weighing 18 to 38 kg, femoral artery
diameters do not exceed 3.2 mm. To ensure optimal graft
performance, baboons were preselected, and ultrasound
measurements were conducted to determine the diameter
of each femoral artery.

To minimize the risk of thrombosis due to graft/ar-
tery diameter mismatch, custom-fabricated VGs were
designed for each baboon, ensuring an exact fit with the
native artery during implantation.

VGs with diameters of 3.0-3.5 mm and lengths of
3.0-4.5 cm were implanted into the femoral arteries of
6 adult male baboons for a period of 6 months (Fig. 5).
The pre-, intra-, and postoperative antiplatelet therapy
regimen mirrored that used in the sheep model.

No delamination of the prosthetic walls was obser-
ved during implantation or after 6 months. Ultrasound
assessments confirmed a final prosthesis patency rate of
83.3%. Early thrombosis occurred in one case, attributed
to concomitant pathology (excessive body weight twice
the age norm, respiratory insufficiency, and arrhythmia).

Histological and immunofluorescence analyses of
retrieved graft samples demonstrated complete endo-
thelization of the internal surface, a neointima without
signs of hyperplasia, and a neoadventitia containing all
typical structural elements. Additionally, cell migration
into the prosthesis walls was observed (Fig. 6). There
were no signs of inflammation or calcification.

A significant advantage was the interchangeability
of staining with human fluorescent antibodies for im-

Fig. 5. Preclinical trials of small-diameter vascular grafts on a primate model: a, ultrasound assessment of femoral artery dia-
meter; b, view of the implanted vascular graft in the femoral artery of a baboon; c, ultrasound confirmation of implanted graft
patency; d, vascular graft implantation procedure
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munofluorescence studies of retrieved prosthetic speci-
mens. This proved highly convenient, as primate-specific
primary antibodies are scarcely available on the market.
The compatibility of human-specific antibodies with
primate antibodies allowed for a more comprehensive
morphological analysis, leveraging the broader range of
available human antibody panels compared to those for
other animal models.

All baboons in the experiment were adult, age-mat-
ched males. Given that the average lifespan of baboons
in the wild is around 30 years — but significantly lower
in captivity — the experimental group already exhibited
a premorbid background typical for age-matched indi-
viduals.

For instance, thrombosis of one prosthesis occurred
in a 15-year-old male with obesity, arrhythmia, and res-
piratory failure. In addition, the oldest baboon (17 years
old) exhibited hypertrophy of the femoral artery wall
throughout and a discontinuous endothelial layer.

When comparing the quality of endothelization in
the vascular graft implanted in this baboon with that
of its intact contralateral femoral artery, it was found
that the graft exhibited superior endothelization. This
finding indirectly confirmed the efficacy and activity of
the proangiogenic factors incorporated into the prosthesis

(Fig. 7).

CONCLUSION

1. The accuracy of identifying failure risks in biode-
gradable SDVGs during preclinical testing is highly
dependent on the choice of the animal model.

2. The rat model does not accurately predict long-term
patency of VGs due to its rapid endothelialization,
inability to implant long prostheses into the rat aorta,
and its incompatibility with human physiology. How-
ever, it remains useful for evaluating the calcification
potential of VGs.

3. The sheep model exhibits an excessively high su-
sceptibility to thrombosis, necessitating modifications
in the manufacturing process to enhance the throm-
boresistance of the medical device. Consequently,
the hemocompatibility of the device may be tailored
more to the hemostasiologic profile of a laboratory
animal rather than humans. However, a significant
advantage of this model is its ability to reveal the
accelerated biodegradation of polymers, which led
to aneurysm formation throughout the entire length
of the prosthesis. Moreover, according to various li-
terature sources, polymers used in VGs should not
undergo resorption before three years. In addition, the
sheep model is highly prone to calcification, making
the low calcification rates observed in the developed
prostheses an indicator of their biocompatibility.
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Fig. 6. Results of morphological analysis of small-diameter vascular grafts at 6 months post-implantation in the femoral arte-
ries of baboons: a, spectroscopy of a cross-section of the retrieved graft (10x); b, hematoxylin-eosin staining (100x); ¢, Van

Gieson’s staining (100x)
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Intact femoral artery of baboon

Biodegradable vascular graft

Endothelium

Biodegradable vascular graft

Fig. 7. Immunofluorescence results of a retrieved small-diameter vascular graft and a contralateral intact femoral artery of a

baboon. Scale bar 50 pm
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Current research focuses on exploring strategies to stimulate the regenerative capacity of pancreatic beta cells
as a potential therapeutic approach for diabetes mellitus (DM). Objective: this study aims to perform a compa-
rative histological analysis of the islet apparatus in rats with streptozotocin (STZ)-induced DM following the
implantation of a pancreatic cell-engineered construct (PCEC). The PCEC consists of isolated allogeneic islets
of Langerhans embedded within a scaffold derived from decellularized human pancreatic fragments. Materials
and methods. The pancreases of rats from the control group (n = 4; untreated type 1 DM — T1DM), experimental
group 1 (n = 4; intraperitoneal injection of pancreatic islets), and experimental group 2 (n = 4; intraperitoneal
injection of PCEC) underwent histological analysis. Immunohistochemical staining for insulin and glucagon
was performed using specific antibodies and an imaging system. Results. In the pancreatic islets of the control
group, insulin-immunopositive beta cells were either absent or detected as isolated cells, with alpha cells pre-
dominating. In the pancreases of experimental group 1 rats, beta cells were observed in most islets and within
the surrounding exocrine parenchyma, albeit in low numbers (1-2 per field of view), while alpha cells remained
the dominant population. A significant increase in insulin-positive cells was observed in the pancreas of rats in
experimental group 2, along with a reduction in glucagon-positive cell numbers. Conclusion. Morphological
examination of the pancreatic islet apparatus in the experimental animals revealed that implantation of the PCEC
had a beneficial effect on restoration of the recipient’s pool of functionally active beta cells, serving as a trigger
for the regenerative process.

Keywords: diabetes mellitus, pancreas, pancreatic islets, regeneration.

INTRODUCTION

Restoring insulin-producing B-cells lost in type 1
diabetes mellitus (T1DM) is a major challenge. The
regenerative capacity of pancreatic islet is inherently
limited [1]. Consequently, current research efforts are
increasingly focused on strategies aimed at stimulating
B-cell formation from alternative pancreatic cell popu-
lations [2], as well as generating B-cells from stem cells
of various origins [3].

Presently, considerable attention is being directed
toward understanding the mechanisms of -cell regene-
ration within the pancreas and elucidating the molecular
pathways involved in this process. The insights gained
from such studies may facilitate the development of no-
vel, effective, and safe therapeutic approaches for the
treatment of diabetes mellitus (DM) [4, 5].

Restoration of the B-cell pool involves several mecha-
nisms, including limited B-cell proliferation, hypertro-
phy, and transdifferentiation of other pancreatic cell types
such as ductal epithelial cells, acinar cells, and other

insulocytes [5—8]. Recent research shows that various
pancreatic cells possess significant plasticity, meaning
they can change their identity and adopt characteristics
of other cell types within the pancreas [5]. In murine
models, when B-cells are injured or destroyed, a small
percentage of glucagon-producing a-cells and somato-
statin-producing 8-cells can begin to express insulin [9].

Remedi et al. further revealed that multiple pancrea-
tic cell types, including ductal cells, centroacinar cells,
a-cells [10], and 6-cells [11], can transdifferentiate into
functional B-cells, thereby compensating for impaired
insulin secretion, a key factor in maintaining normo-
glycemia. The regeneration process involving ductal
cells appears to mimic key aspects of embryonic -cell
differentiation, underscoring the plasticity of pancreatic
tissue [12, 13]. Supporting this, W.-C. Li et al. demons-
trated that B-cell regeneration can dedifferentiate to a
precursor-like state, and then redifferentiate through spe-
cific signaling pathways that parallel those active during
embryonic development [14].
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Given that acinar cells constitute the most abundant
cell population in the pancreas, they have emerged as a
promising source for generating new B-cells [15-19].
In a landmark study, Q. Zhou et al. demonstrated that dif-
ferentiated acinar cells in adult mice possess the capacity
to transdifferentiate into B-cells phenotypically similar
to endogenous islet insulin-producing cells, capable of
expressing insulin and alleviating hyperglycemia [20].

The concept of restoring lost cell populations by sti-
mulating intrinsic adaptive plasticity in sifu presents a
compelling therapeutic avenue for the treatment of dege-
nerative diseases [21]. However, it remains unclear whe-
ther human pancreatic cells exhibit a comparable degree
of plasticity, particularly under diabetic conditions. This
uncertainty stems from potential differences in the signa-
ling pathways and molecular mediators — such as glucose
levels, hormones, and growth factors — that govern B-cell
regeneration in humans compared to animal models [9].

One of the strategies for cell replacement therapy in
patients with TIDM is pancreatic islet transplantation.
This approach not only ensures physiological insulin
delivery but may also exert a stimulatory effect on en-
dogenous B-cell regeneration. Jorns et al. support the
concept that long-term normoglycemia maintained by
insulin-producing grafts provides an optimal environ-
ment for B-cell regeneration and replication within the
pancreas [22]. This regenerative stimulation is likely
mediated by the paracrine effects of transplanted endo-
crine cells, which secrete bioactive polypeptides such as
C-peptide and amylin, each with distinct physiological
roles [23]. Supporting this concept, studies have shown
that islet transplantation following partial pancreatecto-
my in mice enhances the regeneration and preservation
of'endogenous B-cells, resulting in increased B-cell mass
and improved glycemic stability [24].

Previously, we showed a more pronounced reduction
in glycemia levels in TIDM rats following intraperi-
toneal administration of a pancreatic cell-engineered
construct (PCEC). This construct was based on isolated
allogeneic islets of Langerhans and a scaffold derived
from decellularized human pancreatic tissue fragments
[25]. Morphological changes in the pancreas indicative
of B-cell regeneration were also observed.

The objective of the present study was to conduct a
comparative histological analysis of the islet apparatus
between control and experimental animal groups.

MATERIALS AND METHODS

Composition of pancreatic cell-engineered
construct (PCEC)

The PCEC was composed of two main components:
viable insulin-producing rat pancreatic islets (PIs), cul-
tured for 24 hours under standard conditions (37 °C,
5% CO,), and a tissue-specific, fine-dispersed scaffold
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derived from decellularized human pancreatic fragments
(dHPF scaffold) [26-28].

Each PCEC sample contained 2000 islets immo-
bilized within 10.0 = 0.1 mg of sterile dHPF scaffold,
suspended in 100 pL of Hanks’ balanced salt solution.

Islet viability within the PCEC was assessed using
vital fluorescent dyes — acridine orange and propidium
iodide (AO/PI) (PanEco, Russia).

The prepared PCEC samples were administered int-
raperitoneally to rats with streptozotocin (STZ)-induced
T1DM using a 23G syringe needle.

In vivo experiment design

A T1DM model was induced in male Wistar rats
(300380 g) by fractional intraperitoneal administration
of STZ (Biorbyt, India) at a dose of 15 mg/kg/day every
5 days. To confirm the stability of the T1DM model and
exclude spontaneous reversion, glycemia levels were
assessed 14 days after the final STZ dose. Only animals
with fasting blood glucose levels exceeding 20.0 mmol/L
were included in subsequent experiments.

The selected diabetic rats (n = 12) were randomly
allocated into three groups: control group (n = 4; no
treatment), experimental group 1 (n = 4; received intrape-
ritoneal injection of 2000 isolated PIs) and experimental
group 2 (n = 4; intraperitoneal injection of PCEC).

Fasting capillary blood glucose levels were measured
weekly for 10 weeks. At the end of the experimental pe-
riod, animals were euthanized, and pancreatic tissue was
harvested for morphological and histological analysis.

Histologic study

A histologic examination of the pancreas was perfor-
med in control and experimental groups to identify mor-
phological features of the islet apparatus. The excised
pancreas samples were fixed in 10% buffered formalin
for 24 hours. Dehydration was carried out using a graded
ethanol series (50%, 60%, 70%, 80%, 95%), followed
by sequential incubation in a mixture of ethanol and
chloroform, pure chloroform, and a chloroform-paraffin
mixture at +37 °C. Tissues were embedded in paraffin
(Paraplast” X-tra™, Leica, Germany), and 4-5 um sec-
tions were prepared using a rotary microtome (RM2245,
Leica, Germany).

The paraffin sections were stained with hematoxylin
and eosin. To identify the main islet cell types, immu-
nohistochemical (IHC) staining for insulin and gluca-
gon was performed using specific primary anti-insulin
antibody (Abcam, UK) and anti-glucagon antibody
(Merck, Germany). Visualization of immunoreactivity
was carried out using the Rabbit Specific HRP/DAB
(ABC) Detection IHC kit (Abcam, UK) according to the
manufacturer’s protocol.
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RESULTS
Pancreatic cell-engineered construct (PCEC)

PCEC was formed immediately prior to intraperito-
neal administration in rats with experimentally induced
T1DM. Pls, pre-cultured for 24 hours, exhibited adhe-
sive properties, attaching effectively to the surface of
the decellularized pancreatic scaffold (Fig. 1, a). Only a
few isolated islets remained free-floating in the culture
medium.

Viability of the islets within PCEC was assessed using
acridine orange and propidium iodide (AO/PI) vital stai-
ning. The staining results confirmed high islet viability
within the construct, which was found to be 95 + 2%
(Fig. 1, b).

Comparative evaluation of functional
efficiency of PCEC and PIs in rats
with streptozotocin-induced diabetes mellitus

The study showed that intraperitoneal administration
of PCEC in rats of experimental group 2 led to a sig-
nificant reduction in blood glucose levels — by an ave-
rage of 19.5 + 3.9 mmol/L (from 25.8 + 5.1 mmol/L to
6.3 +£2.7 mmol/L). By week 10 of observation, glycemia
levels were reduced to less than half of their baseline
values.

In contrast, administration of a suspension of PIs in
rats from experimental group 1 resulted in a mean glucose
reduction of 14.8 + 3.4 mmol/L (from 28.2 + 4.2 mmol/L
to 13.4 = 2.6 mmol/L). However, this glycemic control
was transient, lasting approximately 7 weeks, after which
glucose levels began to rise and, in some cases, approa-
ched baseline values.

Thus, the administration of PCEC in T1DM rats de-
monstrated a more pronounced and sustained hypogly-

cemic effect compared to administration of a suspension
of PIs alone [25, 29].

Morphologic changes in the islet apparatus
of diabetic rats after intraperitoneal injection
of pancreatic islets or PCEC

In healthy rats, the pancreas is characterized by dif-
fuse structure with well-defined lobularity of the exocrine
parenchyma interspersed with discrete Pls. These islets
typically appear as spherical or oval clusters with shar-
ply defined borders. Within the islets, insulocyte cells
are arranged uniformly and display pale, fine-granular
cytoplasm and rounded nuclei containing one to two
prominent nucleoli (Fig. 2, a). The main endocrine cell
types in rat islets exhibit a distinct spatial distribution:
insulin-positive B-cells are primarily located in the cen-
tral zone of the islet (Fig. 2, b), while glucagon-positive
a-cells are arranged along the periphery, forming the
characteristic “mantle” structure (Fig. 2, c).

The administration of STZ, which selectively tar-
gets insulin-producing p-cells in pancreatic islets, led to
notable morphological alterations in the islet architec-
ture. In pancreatic tissue samples from control group
rats (10 weeks post-induction without treatment), islets
appeared irregular in shape, with uneven contours and
small protrusions extending into the surrounding exocri-
ne parenchyma (Fig. 3, a). The cytotoxic effect of STZ
culminated in B-cell death, predominantly affecting the
central zone of the islets. This was evidenced by the
presence of hypertrophied cells, necrotic cells exhibi-
ting karyolysis, vacuolated cells, and areas of cellular
debris. Additionally, islet cytoarchitecture was disrupted,
with regions of hypercellularity emerging — these areas
displayed a strong immunopositive signal for glucagon
(Fig. 3, ¢). The observed hypercellularity likely reflected
compensatory a-cell proliferation triggered by chronic

Fig. 1. Pancreatic cell-engineered construct (PCEC) composed of rat Pancreatic islets and a tissue-specific scaffold derived
from decellularized human pancreas (DHP scaffold). (a) Inverted phase-contrast microscopy; (b) Acridine Orange/Propidium
lIodide (AO/PI) fluorescence staining. Scale bar: 100 um

119



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXVII - N2 2-2025

hyperglycemia and altered paracrine signaling due to
B-cell loss. Consequently, a-cells became the dominant
islet population. In contrast, insulin-positive cells were
absent in most islets or detected only as isolated cells
(Fig. 3, b).

By the end of the 10-week experiment, histologi-
cal examination of the pancreatic tissue in rats from
experimental group 1 (injected with PIs) revealed no
substantial morphological improvement compared to
the control group. The islets retained an irregular sha-
pe and contours, with evident vacuolized and necrotic
cells, as well as zones of hypercellularity (Fig. 4, a).
IHC staining demonstrated the presence of B-cells, al-
beit in very small numbers (typically 1-2 cells per field

of view), both within the islets and occasionally in the
surrounding exocrine parenchyma (Fig. 4, b). However,
the limited number of these cells likely rendered them
insufficient to significantly impact glycemic regulation.
Notably, a-cells continued to represent the predominant
islet population (Fig. 4, ¢). These findings suggest that
the observed reduction in blood glucose levels in this
group was primarily mediated by the exogenous insulin
secreted by the transplanted islets rather than endogenous
B-cell regeneration.

Intraperitoneal injection of PCEC induced certain
morphological changes in the islet apparatus of rats in
experimental group 2. In addition to islets exhibiting
hypercellularity and necrotic alterations, distinctive is-
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Fig. 2. Histological appearance of the pancreas in a healthy rat. (a) Hematoxylin and eosin (H&E) staining; (b) Immunohisto-
chemical (IHC) staining for insulin; (¢) IHC staining for glucagon. Blue arrows indicate pancreatic islets. Scale bar: 100 pm

Fig. 3. Histological appearance of the pancreas in a control group rat with experimental T1DM (10 weeks without treatment).
(a) Hematoxylin and eosin (H&E) staining; (b) Immunohistochemical (IHC) staining for insulin; (c) IHC staining for gluca-
gon. Blue arrows indicate pancreatic islets. Scale bar: 100 pm

Fig. 4. Histological appearance of the pancreas in a rat from experimental group 1 with experimental TIDM after intraperi-
toneal injection of pancreatic islets (10 weeks post-treatment). (a) Hematoxylin and eosin (H&E) staining; (b) Immunohisto-
chemical (IHC) staining for insulin; (c) IHC staining for glucagon. Blue arrows indicate pancreatic islets. Scale bar: 100 pm

120



REGENERATIVE MEDICINE AND CELL TECHNOLOGIES

lets with irregular morphology and branching structures  atypical islets lacked zones of hypercellularity and dis-
extending into the adjacent exocrine parenchyma were played a relatively uniform distribution of insulocytes
observed in half of the animals (n = 2) (Fig. 5, a). These  (Fig. 5, b). A marked increase in the number of insulin-

Fig. 5. Histological appearance of the pancreas in rats from experimental group 2 with T1DM after intraperitoneal injection of
pancreatic cell-engineered construct (10 weeks post-treatment). (a, b) Hematoxylin and eosin (H&E) staining; (c, e, g) Immu-
nohistochemical (IHC) staining for insulin; (d, f, h) IHC staining for glucagon. Blue arrows indicate pancreatic islets; green
arrows indicate insulin-positive cells in the acinus; yellow arrows indicate glucagon-positive cells in the acinus; red arrows
indicate acino-insular complexes. Scale bar: 100 um
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immunopositive B-cells was detected in these islets, re-
aching several dozen per islet — substantially exceeding
the levels observed in control specimens (Fig. 5, c).
Glucagon-positive a-cells no longer constituted the do-
minant islet cell population (Fig. 5, d).

At the same time, light-colored cells with no apical-
basal polarity, fine-grained cytoplasm and large, well-
structured nucleus were detected in the neighboring
acinus, directly in the lining. Their number ranged from
one to several per acinus. IHC staining revealed that a
subset of these cells expressed either insulin (Fig. 5, e)
or glucagon (Fig. 5, f), hormones characteristic of 3- and
a-cells, respectively.

It is noteworthy that the described structures, known
as acino-insular complexes (Fig. 5, b), are typically ob-
served in the developing pancreas of certain animal spe-
cies during intrauterine life and are considered to play
a significant role in the ontogeny of the islet apparatus
[30-32]. Standard-shaped islets in other animals (n = 2)
from experimental group 2 also showed a more promi-
nent replenishment of insulin-positive -cells compared
to those receiving only Pls suspensions (Fig. 5, f). Con-
currently, a reduction in the number of glucagon-posi-
tive a-cells was observed relative to the control group
(Fig. 5, g). Such islets were observed in other rats (n = 2)
of experimental group 2.

These findings suggest that the observed replenish-
ment of the B-cell population likely resulted from indu-
ced reprogramming and transdifferentiation processes
involving both acinar epithelial cells and certain islet-
resident insulocytes. This regenerative activity may re-
present a compensatory mechanism. We believe that the
most significant reduction in glycemia observed in the
experiment was due not only to the sustained insulin
secretion from the implanted PCECs, but also to endo-
genous insulin production by the regenerated population
of the recipient’s own p-cells.

Thus, our findings support the current understanding
of pancreatic cell plasticity, suggesting that -cell rege-
neration can occur not only from other insulocyte types
but also from the exocrine components of the pancre-
as [7, 21, 33]. These results highlight the relevance of
further research to explore and elucidate this regenerative
potential.

Partial restoration of the endogenous B-cell pool was
observed following the intraperitoneal implantation of a
pancreatic tissue-engineered construct composed of floa-
ting islet-like cultures derived from the Pls of newborn
rabbits and a collagen-containing hydrogel [34].

Identifying and harnessing factors that induce -cell
regenerative capacity could provide novel therapeutic
avenues for diabetes treatment. However, further inves-
tigation is needed to elucidate the mechanisms, regula-
tory pathways, and specific cell types involved in B-cell
regeneration under both physiological and pathological
conditions [21].

CONCLUSION

Based on the presented data, it can be concluded that
PCEC implantation in rats with STZ-induced T1DM
not only compensates for lost -cell function and exerts
a direct antidiabetic effect, but also serves as a cata-
lyst for regenerative processes, potentially restoring the
recipient’s insulinocyte pool.

Therefore, the use of PCEC for stimulating B-cell
regeneration represents a promising therapeutic strate-
gy in the treatment of diabetes characterized by B-cell
deficiency.

The authors declare no conflict of interest.
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MODERN STRATEGIES FOR THE PREVENTION AND TREATMENT
OF POST-BURN SCARS (A SYSTEMATIC REVIEW)

A.S. Umnikov, I.1. Glazko, E.I. Balakin, A.S. Samoilov, V.I. Pustovoit
Burnazyan Federal Medical and Biophysical Center, Moscow, Russian Federation

Despite advancements in modern reconstructive surgery, preventing the formation of thick scar tissue that impairs
limb function or causes cosmetic defects remains a critical challenge. Equally important is the effective correction
of existing scars to optimize both functional and aesthetic outcomes. Severe functional impairment of the upper
limbs can result in disability. A combination of surgical and nonsurgical interventions is essential to enhance
functionality while minimizing the risk of scar recurrence. Platelet-rich plasma injections, stem cell therapy, adi-
pose tissue transplantation, and a combination of negative pressure wound therapy (NPWT) with traditional flap
reconstruction and other transplantation methods are gaining popularity in modern reconstructive surgery. NPWT
plays a crucial role in preparing the wound bed for subsequent tissue reconstruction and serves as an effective
alternative to traditional dressings. The vacuum created over the wound after closure with a skin autograft helps
prevent inflammation at the graft base, reduces excessive granulation tissue formation, and minimizes the risk of
rough scar development in the long term. The mechanisms of formation of hypertrophic scar and keloids have not
yet been completely understood. However, research indicates that bone marrow-derived cells, including fibrocytes
and keratinocyte-like cells, contribute to the inflammatory cell infiltrate during wound healing, and can play a
role in cutaneous fibrosis, especially in cases of impaired healing. Several pathophysiological and biochemical
processes involved in the repair of extensive and deep wounds have been established. Additionally, the role of
keratinocytes within hair follicle bulbs in promoting epithelialization of post-burn wound surfaces, particularly
in areas with preserved skin appendages, has been recognized. Studies indicate that stromal-vascular fraction of
adipose tissue plays a positive role in various stages of wound healing, including keloid and hypertrophic scar
formation. Adipose-derived stem cells can be used in combination with hydrogel. The hydrogel base of dressings
maintains a moist environment in both burn wounds and wound surfaces following tangential or radical excision
of burn scab. This promotes faster wound healing, reduces the risk of scar hyperplasia, and enhances the sustained
release and effectiveness of medications applied to the hydrogel base. Prompt surgical intervention, including early
excision and grafting, along with modern treatment methods in the early postoperative period for deep burns, can
significantly reduce the risk of hypertrophic and keloid scar formation.

Keywords: burns, scars, cell technologies, biomedical cell products.

INTRODUCTION

Advancements in surgical techniques, resuscitation
protocols, and the overall management of deep burns
have led to significant improvements in survival rate of
patients with acute thermal injuries. However, it should
be emphasized that research into the long-term functional
outcomes for burn survivors remains an ongoing area
of study.

Patients with severe post-burn scarring, particularly
in the upper extremities, often experience a substantial
reduction in functional capacity [1].

The type of surgical intervention significantly impacts
the likelihood of contracture development. In this con-
text, the preference for reconstructive surgery aims to
improve limb function and reduce the risk of contracture
recurrence [2]. Ongoing research focuses on improving
long-term surgical outcomes by integrating time-tested
technologies with established surgical techniques. der-

mal tissue substitutes and platelet-rich plasma (PRP) are
gaining traction as promising regenerative therapies for
tissue repair and functional restoration.

The application of autologous PRP therapy, stem
cells, adipose tissue autotransplantation, negative pres-
sure wound therapy (NPWT), traditional flap reconstruc-
tion, and other transplantation techniques is becoming in-
creasingly common in burn treatment. Dermal scaffolds
and split-thickness skin grafts (STSG) are among the
options that enhance skin quality, flexibility, and overall
patient quality of life.

NPWT plays a crucial role in improving graft fixa-
tion by minimizing displacement and reducing the risk
of complications. It also stimulates granulation tissue
formation, accelerates revascularization, and supports
successful graft integration into the wound bed. NPWT
has been shown to effectively enhance the engraftment
of both split-thickness and full-thickness skin grafts
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(FTSGs) [3-7]. This technique provides an almost ideal
interface between the graft and the recipient site [8, 9],
preventing the accumulation of seromas and hematomas,
as well as the onset of infections — key contributors to
graft loss during the early postoperative period [10].

Acellular dermal matrix (ADM) is a single-layer
dermal component composed of bovine collagen and
hydrolyzed elastin. This material transforms into a highly
viable neoderm, both functionally and morphologically,
facilitating adhesion between the skin epidermis and
underlying bone tissue [11]. A one-stage ADM grafting
procedure, combined with overlapping skin grafts of
varying thicknesses (STSG), has been reported in cli-
nical practice. After a few weeks following surgery, an
ADM integrates into the recipient’s tissue, developing
vascular and nerve connections, effectively functioning
as the patient’s own tissue. This unique characteristic of
ADM contributes to complete assimilation of the graft.
The minimally invasive procedure has yielded results
that are either excellent or comparable to those achieved
with more complex skin or skin-fascial flaps, without
resulting in donor site morbidity [1, 11].

PRP is an autologous blood-derived product where
plasma, rich in platelets, growth factors, and cytokines,
is concentrated. Since the 1970s, PRP has been used for
tissue repair [12]. PRP injections, stem cell injections,
and NPWT all promote tissue regeneration and enhance
integration within the recipient skin area.

According to Karakol and Bozkurt [1], the combined
use of surgical techniques with advanced approaches —
such as ADM, PRP therapy, and NPWT for wound ma-
nagement — has been shown to be effective in achieving
both functional and aesthetic outcomes for patients suf-
fering from severe burn contractures.

In each of the aforementioned therapeutic approaches
and disease prevention strategies, biotechnologies play a
central role, with a focus on stimulating the body’s natu-
ral recovery processes. The research methods discussed
for both autologous and xenobiomaterials can be applied
in the development and implementation of biomedical
cellular products aimed at preventing post-burn scars.
This direction holds significant promise and is supported
by scientific justification and potential.

RESEARCH METHODS

A literature review was conducted using specialized
scientific databases, including MEDLINE, Google Scho-
lar, EMBASE, and PubMed. The efficiency in selecting
relevant scientific papers was enhanced by using targeted
keywords and phrases in search queries, such as “burns,”
“scars,” “post-burn scars,” and “post-burn scar preven-
tion techniques”. The inclusion criteria for publications
in the review involved an initial screening of titles and
abstracts to assess their relevance to the research topic.
Additionally, a supplementary search method was em-
ployed, where the reference lists of the selected papers
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were reviewed to identify other significant sources. The
final step involved a comprehensive full-text analysis and
systematic evaluation of the chosen studies, enabling the
extraction of key information for incorporation into the
preparation of this research article.

An information search using the outlined strategy
yielded a dataset of 2,335 scientific articles. During the
initial screening, in which irrelevant materials were ex-
cluded, the number of articles was reduced to 238. A sub-
sequent detailed full-text analysis identified 152 articles
that did not meet the established criteria. Consequently,
the final selection consisted of 86 articles that fully met
the search parameters.

RESULTS

Factors causing hypertrophic and keloid
scars

While research continues, the exact biological me-
chanisms behind the formation of hypertrophic and ke-
loid scars are not fully understood. However, studies
by Curran and Ghahary have identified a link between
delayed re-epithelialization and enhanced extracellu-
lar matrix production. Recent research indicates that
bone marrow-derived cells, especially fibrocytes and
keratinocyte-like cells (KLCs), may contribute to the
inflammatory infiltrate during wound healing [13, 14].
These findings underscore the potential role of these
cells in the re-epithelialization process and their critical
role in stimulating skin fibrosis when healing is impaired
[14, 15].

Fibrocytes and KL.Cs are products of transdifferenti-
ation from CD14" adherent monocytes, a specific subset
of mononuclear stem cells found in peripheral blood [15,
16]. This process allows CD14" monocytes to transform
not only into myofibroblasts [17], but also into osteo-
blasts, skeletal myoblasts, chondrocytes, adipocytes [18],
and cardiomyocytes [19], depending on the surrounding
environmental conditions. This discovery highlights the
remarkable plasticity and potential of peripheral blood
monocytes in regenerative processes and tissue repair.
Fibrocytes were first described in 1994 by Richard Bu-
cala and colleagues [16], who identified a large number
of adhesive, fibroblast-like, spindle-shaped cells that
infiltrated wound cavities shortly after implantation, ser-
ving as a model for tissue reparative reactions in vivo.
These cells, which exhibit adhesive properties and the
ability to migrate to sites of tissue damage, exhibit unique
characteristics, including expression of collagens I and
111, vimentin, and CD34. These markers suggest their
multipotent stem cell potential and their ability to diffe-
rentiate into various mesenchymal cell types depending
on local conditions [ 16]. Over time, as fibrocytes mature,
a loss of CD34 expression is observed, which may serve
as a marker of their differentiation into mature cellular
forms during tissue repair and regeneration [20].
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Transformation of CD14" monocytes into fibrocytes
in vitro can be induced by cultivating them in a specia-
lized fibroblast culture medium [13, 21].

In vivo, fibrocytes can be found in areas of injured
tissue by day 4 after injury, appearing simultaneously
with the influx of inflammatory cells. Fibrocyte migra-
tion is believed to be driven by the activation of CCR7
chemokine receptors on their surface, enabling them to
interact with chemokines present in lymphoid tissues.
Accumulation of fibrocytes in the wound area continues
until the day 9 or 10 after injury [22, 23].

Exposure of CD14" monocytes to a specialized kerati-
nocyte-enriched culture medium or to bone morphogenic
protein-4 (BMP-4) can initiate their transdifferentiation
into KLCs after about 7 days in culture [14, 24]. These
KLCs morphologically resemble native keratinocytes,
characterized by enlarged elliptical nuclei, and express
specific keratinocyte markers such as stratifin, keratin-5,
and 14-3-3c protein [14, 15]. While “keratinocyte-like
cells” was coined by the research teams of Curran and
Ghabhary, other labs refer to them as bone marrow-deri-
ved keratinocyte precursors, obtained through transdiffe-
rentiation protocols from various stem cell populations.

Curran and Ghahary’s research demonstrated that,
in addition to the previously understood pathway from
CD14" monocytes, KLCs can also be directly derived
from CD34" bone marrow cells, bypassing the need for
CD14" intermediates [17, 24, 25]. Identifying keratino-
cyte-like differentiation involves two key indicators: che-
cking for the expression of keratin-14, and the absence of
CD45, a marker specific to hematopoietic lineage cells.

The recruitment of mononuclear cells, including
CD14" monocytes, from peripheral blood to sites of tis-
sue injury is mediated by fibroblast-derived chemokines
and cytokines like CXCLS5 and fibroblast growth factor
beta [26]. Resident keratinocytes also actively contri-
bute to directed migration of mesenchymal stem cells
(MSCs) by releasing the secondary lymphoid chemokine
(CCL21), which interacts with CCR7 receptors on these
stem cells, enhancing their movement [24].

While fibrocytes constitute a small fraction (about
0.5%) of circulating leukocytes, they can make up a
significant portion (up to 10%) of cells within subcu-
taneous implantation chambers in mice, highlighting
their crucial role in tissue healing and regeneration [16].
Fibrocytes can also act as antigen-presenting cells by
expressing class I[I MHC molecules, costimulatory mo-
lecules (CD80, CD86), and adhesion molecules (CD11a,
CD54, CD58) [27], unlike mature fibroblasts that require
interferon-y stimulation to achieve similar levels of an-
tigen expression. The transdifferentiation of CD14" mo-
nocytes into dendritic-related (DR) fibrocytes appears to
be dependent on the presence of CD14" cells and can be
induced by conditioned medium, even in their absence.
However, this process is inhibited by antibodies against
transforming growth factor-B1 (TGF-B1), underscoring

the pivotal role of TGF-B1 in promoting this transdiffe-
rentiation [29]. In burn patients, elevated serum levels
of TGF-B1 are correlated with a higher number of fib-
rocytes observed in their peripheral blood mononuclear
cell (PBMC) cultures compared to healthy controls [29].

The plasticity of fibrocytes is evidenced by their
ability to adapt fibrogenic activity in response to envi-
ronmental cues. These cells play an active role in the
regulating and transmiting genetic information, pro-
ducing substantial amounts of mRNA required for the
synthesis of key fibrogenic growth factors, particularly
platelet-derived growth factor A (PDGF-A) and trans-
forming growth factor-p1 (TGF-B1). Beyond their role
in fibrogenesis, fibrocytes contribute to hematopoiesis
and immune responses by producing mRNA for mac-
rophage colony-stimulating factors (M-CSF) and pro-
inflammatory mediators like macrophage inflammatory
protein-1a (MIP-1a) and related chemokines [22]. Even
at low levels, interleukin-1a (IL-10a) and tumor necrosis
factor-a (TNF-a) cytokines play a crucial role in main-
taining a regulated inflammatory response.

Fibrocytes, derived from PBMCs, can influence fi-
broproliferative activity by modulating matrix metallo-
proteinase-1 (MMP-1) expression, even in the absence
of TGF-f signaling [14, 15, 27]. This suggests that they
may not always contribute to pathological scar formation
but can also participate in matrix remodeling under cer-
tain conditions. Collectively, these findings support the
hypothesis that fibrocytes, when activated at an injury
site, transform functionally and collaborate with other
cell types to perform diverse roles in tissue repair and
remodeling.

To test this hypothesis, Medina and Ghahary [13]
injected bone marrow-derived stem and progenitor cells
into rat inguinal fascial-fat flaps. Some of these flaps
treated to inhibit TGF-P signaling using an antibody
targeting the TGF-P type II receptor, aiming to induce
immunological resistance to the transplanted cells. Flaps
with mock cells and untreated bone marrow exhibited
increased density, weight, and stronger fibrotic adhesi-
on compared to flaps treated with a TGF-f antagonist.
Histological analysis further revealed that flaps treated
with synthetic or bone marrow-derived cells exhibited si-
gnificantly higher collagen deposition compared to those
treated with a TGF-f3 inhibitor. The collagen architecture
in the TGF-B-exposed group closely resembled that of
native fascial-fatty tissue harvested from the contralateral
thigh of the rat.

Evidence suggests that an overpopulation of fibrocy-
tes in the wound bed can lead to excessive tissue repair
and fibrotic outcomes like hypertrophic scarring and
keloid formation [13, 16, 30]. Fibrocytes, which mi-
grate to injury sites alongside inflammatory cells, are
highly responsive to the local inflammatory environ-
ment, influencing their function. /n vitro studies show
that interleukin-1p (IL-1p), a key mediator in tissue re-
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generation, suppresses the synthesis of type I collagen
[31]. Concurrently, IL-1p, stimulates the production of
various pro-inflammatory and pro-fibrotic cytokines, in-
cluding macrophage inflammatory protein-1a (MIP-1a),
MIP-1f, monocyte chemoattractant protein-1 (MCP-1),
interleukin-8 (IL-8), oncogene-related growth factor-a,
interleukin-6 (IL-6), macrophage colony-stimulating
factors, TGF-B1, and TNF-a. These mediators further
amplify the inflammatory response and may contribute
to dysregulated wound healing and fibrosis.

Patients with extensive burns exhibit increased fibro-
cyte differentiation compared to non-injured individuals,
which contributes to the sustained presence of these cells
at the injury site and perpetuates the inflammatory res-
ponse [32]. This prolonged inflammation, a characteristic
of severe burn injuries, promotes greater fibrocyte diffe-
rentiation and retention within the wound area. In PBMC
cultures, burn patients exhibit a higher proportion of
collagen-producing fibrocytes compared to healthy cont-
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Fig. 1. Fibrocyte count (immunofluorescence staining) in
cryosections of a hypertrophic scar, mature scar, and nor-
mal skin collected from 10 burn patients. The number of
double-labeled fibrocytes per high-power field (HPF) in the
dermis was compared using one-way analysis of variance
(ANOVA). (* P<0.5)
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rols [29]. Moreover, inflammatory microenvironment si-
gnificantly impacts fibrocytes, altering their morphology
and gene expression, which in turn influences their be-
havior and function [16, 22]. Leukocyte-specific protein
1 (LSP-1), a protein highly expressed in fibrocytes and
associated with type I procollagen, has been identified
as a reliable biomarker for detecting and characterizing
fibrocytes [33]. Elevated LSP-1 expression in fibrocytes
suggests an adhesive phenotype, differentiating them
from surrounding leukocytes in inflamed tissue, and per-
sistent inflammation promotes fibrotic activity, with fib-
rocytes abundant in hypertrophic scar tissue after burns
compared to non-hypertrophic scar tissue (Fig. 1) [33].

Consequently, unchecked expansion of fibrocytes
contributes significantly to hypertrophic scar develop-
ment and persistence by differentiating into collagen-pro-
ducing fibroblasts and stimulating collagen synthesis in
resident fibroblasts through paracrine signaling [19, 33].

In a wound scenario, PBMC (specifically CD34"
cells) migrate to the injury site and are stimulated to
differentiate into KLCs through interaction with the
chemokine ligand CCL27, which attracts skin T-cells
and whose activation occurs in the tissue affected by
the wound, as well as through binding to the CCR10
receptor [25].

Bone marrow-derived keratinocyte precursors (CD34~
cells) migrate to injury sites, in part, via interaction with
the chemokine CCL21, which is typically expressed in
secondary lymphoid tissues [24, 25]. In parallel, CD14"
monocytes have also demonstrated the capacity to trans-
differentiate into KLCs when exposed to a specialized
microenvironment enriched with keratinocyte-specific
factors [23, 24]. The cellular environment conditioned by
these KLCs influences dermal fibroblast activity through
the secretion of exosomes, which in turn enhance the
production of matrix proteins. This environment pro-
motes increased synthesis of matrix metalloproteina-
se-1 (MMP-1) compared to that observed in fibroblasts
cultured with keratinocyte-conditioned medium alone
(Fig. 2) [15].
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MP-1 / B-actin ratio
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Fig. 2. Matrix metalloproteinase-1 (MP-1) expression in dermal fibroblasts treated with keratinocyte-like cell (KLC)-condi-
tioned medium. a, showed MP-1 expression in dermal fibroblasts after 24 hours in each case: 1 = KLC-conditioned medium
from day 28 of cell transdifferentiation, 2 = Dulbecco’s modified Eagle medium + 2% fetal bovine serum (FBS; negative
control), 3 = blank, 4 = dermal fibroblasts treated with recombinant stratifin (positive control); b, densitometric analysis of

MP-1/B-actin ratio. (n = 4)
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It was found that decreased levels of 14-3-3 proteins
under these conditions lead to a decrease in the described
effect, indicating the critical role of these proteins in mo-
dulating the antifibrotic response when interacting with
dermal fibroblasts [15]. In addition, it has been found that
keratinocytes from hair follicles are able to migrate to
wound areas, actively contributing to re-epithelialization,
especially between days 2 and 4 after injury [11]. These
data are supported by the observation that wounds where
hair follicles have been destroyed heal significantly slo-
wer, confirming the crucial role of keratinocytes within
follicles in the healing process [34].

Recent advancements show that bone marrow, pe-
ripheral blood, and umbilical cord blood sources are
increasingly used in local skin wound treatments, parti-
cularly for accelerating healing and converting chronic
wounds to acute ones [35-37]. These materials stimula-
te the healing response by modulating cellular activity,
including fibrocytes and KLCs, which are specialized
subsets of stem cells derived from these sources. This sti-
mulation leads to the chemotaxis of PBMCs to the injury
site, where chemokines in the wound bed activate the
transdifferentiation of CD14" mononuclear cells into fib-
rocytes or KL.Cs. The outcome of this transdifferentiation
is heavily influenced by the local environment, which
can fluctuate, particularly in burn wounds with varying
depth and lesion area. Although the precise mechanisms
remain incompletely understood, it is known that these
cell subpopulations are more prominent in hypertrophic
scars than in normotrophic scars, suggesting they may
play a role in modulating fibrosis in affected tissues.
Further research is needed to fully determine the role of
these cells in wound healing.

Application of stromal-vascular fraction
of adipose tissue

One of the emerging trends in the treatment of burns,
post-burn scars, and other complex wounds is the use of
adipose tissue. Adipose-derived stem cells (ADSCs) are
increasingly used for regenerative purposes. These cells
possess the ability to differentiate into various tissue
types, including adipose, bone, cartilage, and muscle,
with potential for even broader tissue differentiation.
ADSC s are also rich sources of regenerative and me-
tabolic factors, secreting growth factors like epidermal
growth factor (EGF), TGF-p, hepatocyte growth factor
(HGF), platelet-derived growth factor (PDGF), and basic
fibroblast growth factor (bFGF). Adipose tissue, har-
vested via liposuction, can be processed using physical
or chemical methods to separate its components (like
stromal vascular fraction) either at the point of care or
in a lab [38-44].

The Coleman technique is widely burn in the treat-
ment of burn injuries, involving cyclic injections at inter-
vals of two to four weeks until the wound is completely
healed or a specific medical procedure, such as wound

closure, skin grafting, or skin flap placement, is perfor-
med. For ongoing scar management, injections are ad-
ministered under the scar every three months, following
the Coleman’s procedure [45-48].

Fat grafting, used as an adjunct in treating acute and
subacute burn wounds, and chronic vascular wounds
(e.g., venous insufficiency or diabetic arterial disease),
harnesses the regenerative and metabolic properties of fat
tissue to enhance vascularization and accelerate tissue re-
generation. When used in repeated sessions (15-21 days
apart), autologous fat grafting can promote healing and
aid in wound recovery [48-50].

The primary goals of burn scar therapy are to reduce
tissue hypertrophy (fibrosis), decrease scar thickness,
and increase scar elasticity. Therapeutic techniques aim
not only to improve the appearance of the affected area
but also to address functional impairments caused by
excessive fibrotic activity. These methods are also widely
applied in treating fibrosis that arises in the joint area
after trauma or surgery, as well as in preventing the for-
mation of adhesions following tendon surgeries [S1-54].

For open wounds, injections are typically administe-
red under general anesthesia at intervals of 15 to 21 days.
In patients with hypertrophic scars after burn healing
or keloids of any origin, repeated injections (up to four
injections in total) are administered at intervals of § to
12 weeks.

Fat is most commonly harvested from the abdomen,
thighs, or lateral surfaces of the upper buttocks, with
shaving of the pubic area or proximal thigh performed in
the operating room if necessary just before the procedu-
re. For liposuction cannula insertion, puncture incisions
are typically made along the midline in the suprapubic
crease, medial to the femoral artery pulse, in the inguinal
crease, or along the mid-axillary line, extending towards
the superior border of the iliac spin

While previously viewed as a passive energy storage
and insulation tissue, contemporary science recognizes
adipose tissue as a significant endocrine organ, playing
a crucial role in regulating various physiological proces-
ses. Adipose tissue contains a diverse range of cellular
components, offering promising opportunities in rege-
nerative medicine. Adipose tissue, while primarily com-
posed of adipocytes (one-third of the tissue’s volume),
also contains a complex stromal-vascular fraction (SVF)
including preadipocytes, fibroblasts, MSCs, endothelial
cells, and immune cells, forming a complex network
[47]. The enzymatic breakdown of adipose tissue yields a
cellular precipitate, the SVF, containing a heterogeneous
population of progenitor cells.

The International Federation of Adipose Therapy and
Science (IFATS) and the International Society for Cellu-
lar Therapy (ISCT) have defined the cellular composition
of adipose tissue’s SVF as a mixture of cells including
stromal cells (15-30%), endothelial cells (10-20%), lym-
phocytes (10-15%), granulocytes (10—-15%), monocytes

128



REGENERATIVE MEDICINE AND CELL TECHNOLOGIES

(5-15%), pericytes (3—5%), and stem and progenitor
cells (<0.1%) [55]. This diverse cellular population of
adipose tissue-derived SVF has garnered significant in-
terest for its potential therapeutic applications in rege-
nerative medicine. More specifically, MSCs within the
SVF, also known as adipose-derived stem cells (ASCs),
have been identified as a key cell type responsible for the
therapeutic effects of SVF. In vitro studies demonstrate
that ASCs enhance human skin fibroblast proliferation,
migration, and collagen production through both direct
cell-to-cell contact and paracrine signaling [56]. Howe-
ver, it remains to be determined whether these beneficial
effects can be harnessed for the development of effective
therapies for chronic and non-healing wounds.

Adipose tissue is classically categorized into two ty-
pes: white adipose tissue (WAT) and brown adipose tissue
(BAT) [57]. WAT primarily functions in energy storage,
storing triglycerides, and providing thermal insulation
and physical cushioning for the body. In contrast, BAT
is specialized for energy dissipation by generating heat
[58]. WAT is the dominant form of adipose tissue in
humans, while BAT is less abundant, typically found in
specific areas such as the supraclavicular, periadrenal,
and paravertebral regions of the body [47].

Fibroblasts at the dermis-hypodermis interface play
a crucial role in wound healing due to their unique cha-
racteristics, differing from adipogenic stem cells derived
from adipose tissue and fibroblasts from the papillary and
reticular dermis. These cells contribute to tissue repair
in distinct ways. While adipose tissue plays a role in re-
generation, obesity significantly impairs natural healing
processes. This is primarily due to alterations in adipose
tissue metabolism, including hypertrophy and hyper-
plasia of adipocytes, making them less functional [58].
These changes disrupt angiogenesis, as the rate of new
vessel formation becomes mismatched with the increa-
sed demand from the growing adipocytes, resulting in
hypoxia and delayed healing [59]. Moreover, obesity is
linked to reduced adiponectin levels, a cytokine produ-

ced by fat cells, and this reduction can complicate tissue
regeneration [42].

Adiponectin, a key mediator, plays an essential role
in skin damage repair by promoting the growth and mi-
gration of keratinocytes in a concentration-dependent
manner, as observed in mouse cell cultures. This effect
occurs through activation of the extracellular signal-
regulated kinase (ERK) pathway, as confirmed by vari-
ous studies [60]. These findings highlight the importance
of understanding the role of adiponectin in skin repair
mechanisms, which is crucial for developing more ef-
fective treatments aimed at minimizing side effects and
complications.

Table summarizes the paracrine factors produced by
adipose tissue stem cells that stimulate the functional
activities of dermal fibroblasts.

While research into the regenerative potential of
adipose stem cells is ongoing, pioneers of autologous
adipose tissue transfer have demonstrated the significant
therapeutic potential of this technique. Adipose tissue
transplantation has shown promise in improving both
the appearance and function of scars, particularly in
areas with abnormal healing and scarring. Concurrent
laboratory studies using in vitro cultures suggest that
adipose-derived stem cells (ASCs) play a crucial role in
the therapeutic effects observed.

Application of hydrogel dressings
in the treatment of burn wounds and scars

In burn treatment, ASCs are often combined with
hydrogels containing hyaluronic acid, Aloe vera extract,
and other beneficial components. Skin repair is typically
sufficient when the intensity of the injury is within the
skin’s regenerative capacity. The healing process invol-
ves three main interrelated phases: the inflammation,
proliferation, and extracellular matrix (ECM) reconst-
ruction [66]. However, when the damage surpasses the
skin’s regenerative threshold, the healing process beco-
mes more complicated. The final stage, which is parti-
cularly crucial, involves fibroblast activation, collagen

Table
Regulation of dermal fibroblast activity by adipocyte stem cell secretion: significance for effective wound
healing
Stimulatory effect of ASC secretion on dermal fibroblast Paracrine factors secreted by ASCs References
function
Fibroblast growth factor (FGF-2) [37, 59, 60]
Increased proliferation Hep atocyteég;?)\:;ilnl::ctor (HGF) [ 6[26’ 16]3]
Microvesicles [64]
FGF-2 [4, 37]
Increased migration Exosomes [4, 62, 63]
Microvesicles [64]
Matrix remodeling (increased production of collagen I Adiponectin [65]
and III, TGFpB, FGF2 and MMP1) Exosomes [62, 63]
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deposition, and new blood vessel formation. In response
to critical injuries, macrophages release cytokines like
fibroblast growth factor-2 (FGF-2), transforming growth
factor-p (TGF-B), and insulin-like growth factor, which
subsequently stimulate fibroblast migration, prolifera-
tion, and intensive collagen production. The formed
collagen undergoes further reconstruction for up to two
years. In addition, the regeneration process involves a
complex interplay of a variety of components, including
cellular elements, growth factors, cytokines, and ECM.
An imbalance in this process can lead to uncontrolled
repair and hypertrophic scarring.

Hypertrophic scars, resulting from increased fibro-
blast proliferation and excessive collagen production, are
characterized by a range of properties that distinguish
them from healthy skin. These include visible thickening,
loss of elasticity, a firm texture upon palpation, and a
color change to an abnormal purple-red hue. In the early
stages (4—8 weeks), these scars are often accompanied
by intense pain and itching. Over time, they gradually
mature, transforming into atrophic scars over a period
of weeks to two years, which can significantly impact
both the physical and psychological well-being of pati-
ents. In industrialized countries, approximately 4 million
individuals suffer from hypertrophic scarring annually,
with the numbers in developing countries reaching up to
5 million, highlighting the need for effective treatment
methods. Contemporary treatments for hypertrophic
scars include surgery, laser therapy, and drug treatments,
but challenges persist with large scars, where complete
wound healing after surgical intervention or closing skin
defects can be difficult, limiting easy suture closure [68].

Alongside other leading techniques, carbon dioxide
laser therapy is widely employed in burn treatment cen-
ters alongside other leading techniques to address hyper-
trophic scars. This method effectively induces fibroblast
apoptosis and eliminates excess collagen, making it a
highly targeted and efficient treatment. In addition, cor-
ticosteroids are commonly used to enhance therapeutic
outcomes in scar management [69, 70].

Beyond the direct application of medications to the
affected area, scar healing can also be facilitated through
the use of drugs incorporated into hydrogels. Hydrogels
are an innovative type of wound dressing that has gained
popularity due to their exceptional ability to absorb mois-
ture and deliver pharmacological agents directly to the
wound site. Hiwatashi et al. developed collagen-gelatin
matrices saturated with basic fibroblast growth factor,
demonstrating the ability to reduce the accumulation of
dense collagen and having a positive therapeutic effect
on vocal cord scars [71]. Le Wang et al. created a PCL/
gelatin scaffold by electrospinning, saturated with small
molecule inhibitors of TGF-B1 signaling, which inhibits
the growth of fibroblasts, the main cells contributing to
scar formation, and effectively prevents hypertrophic
scars in wound healing [70]. Bu et al. successfully de-

veloped a nanoliposomal gel with 5-aminolevulinic acid
applied by photodynamic delivery, which changes the
structure of collagen fibers and accelerates the apopto-
sis of fibroblasts in scar tissue [71]. The introduction of
skin grafts and their substitutes has had an encouraging
effect on the healing process, but also comes with po-
tential difficulties in the field of dermal restoration, for
example, increasing the size of the graft correlates with
the duration of re-epithelialization, which may promote
scar formation [72]. This suggests the need to develop
new strategies for the prevention of hypertrophic scars
characterized by minimal side effects.

Papain, a cysteine protease derived from the imma-
ture milk of Carica papaya, is known for its high enzy-
matic activity, excellent heat stability, and safety profile,
making it widely used in medical applications [73]. This
proteolytic enzyme plays a crucial role in preventing
the formation of granulation tissue (GR) during wound
healing by affecting various cell types involved in tissue
regeneration. Papain exerts anti-inflammatory, antibac-
terial, and antioxidant functions while also degrading
proteins and collagen [73-75].

For example, papain strongly inhibits the angioge-
nic effects induced by vascular endothelial growth fac-
tor (VEGF) in human umbilical vein endothelial cells
(HUVEC:S) by blocking AKT, MEK1/2, and SAPK/INK
phosphorylation. Moreover, papain is known to degrade
proteins involved in tight junctions, including ZO-1,
claudin-4, and occludin, in keratinocytes [76]. It has also
been observed that papain effectively suppresses mono-
cyte activation, particularly that induced by monocyte-
derived pro-inflammatory cytokines (MPAs), by inhibi-
ting the MAPK and PI3K/Akt signaling pathways [77].
Even papain pretreatment at a concentration of 10 mg/
mL also inhibits T-lymphocyte activation induced by
islet allografts [78].

Papain actively suppresses the expression of TGF-B1
protein and the phosphorylation of Smad-3, key compo-
nents of the TGF-P signaling pathway. This suppression
effectively controls cell proliferation, cell-cell interac-
tions, and ECM remodeling by modulating the TGF-p/
Smad signaling cascade. It also contributes to reducing
collagen and keratin formation in the dermal layer [79].
In scar tissue compared to healthy skin, elevated NF-
KB p65 protein levels contribute to excessive fibroblast
activity, leading to uncontrolled collagen production and
abnormal ECM accumulation. Papain significantly lo-
wers NF-kB p65 levels, thereby promoting the healing
of hyperplastic scars by regulating the NF-xB pathway.
However, topical papain application in vivo faces chal-
lenges due to difficulties in maintaining consistent con-
tact with the wound, potentially limiting its therapeutic
benefits.

Hydrogels offer a promising alternative for phar-
maceutical delivery, enabling precise and controlled
release of active ingredients. Chitosan, a natural bio-
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polymer derived from chitin through deacetylation, is
widely used in this context due to its biocompatibility,
non-toxicity, and biodegradability. This polysaccharide
is known for its enhanced bioactivity, stability in vivo,
and affordability, and it is obtained from renewable na-
tural sources. As a result, it has extensive applications
in the medical field, particularly in the development of
hydrogels for various therapeutic purposes when com-
bined with other natural or synthetic polymers [80]. For
instance, hydrogels containing poly (y-glutamic acid)
and chito-oligosaccharide, enriched with the enzyme pa-
pain (G/C/P hydrogels), show potential in regulating skin
repair and preventing formation of hypertrophic scars.

Hydrogels are increasingly used for local and trans-
dermal drug delivery of bioactive molecules, as well
as effective wound dressings because of their ability to
create an optimal microenvironment that promotes cell
growth and differentiation [80]. Specifically, chitosan-
based hydrogels have demonstrated unique therapeutic
properties: they activate macrophages and gradually
degrade to release N-acetyl-B-D-glucosamine. This
metabolite stimulates fibroblast proliferation, promotes
angiogenesis, normalizes collagen deposition, and en-
hances natural hyaluronic acid synthesis at the wound
site, thereby accelerating healing and reducing scar for-
mation [81, 82].

Furthermore, hydrogel bases are widely used to pro-
long the therapeutic effects of the drugs they deliver. This
property is particularly valuable in applications like hy-
drogel-based antibacterial dressings for burn treatment,
enabling controlled, sustained release of antimicrobial
agents directly into the wound, improving efficacy and
reducing dressing changes [83].

An innovative, multifunctional macroporous antimi-
crobial hydrogel has been developed to combat bacterial
infections and promote skin regeneration by modulating
cytokine production from the body’s own stem cells. This
advanced hydrogel is created using a cryogenic gelation
technique, forming a hyaluronic acid-based cryogel with
a macroporous architecture. The surface of the cryogel
is then functionalized via dopamine oxidative polyme-
rization, enabling the immobilization of the antimicro-
bial peptide DP7, resulting in the DA7CG construct.
Placenta-derived MSCs are subsequently introduced into
this cryogel (DA7CG@C).

The DA7CG@C hydrogel, according to in vitro and
clinical trial data, exhibits stage-specific actions during
wound healing, with DP7, during the inflammatory pha-
se, suppressing infection and modulating the inflamm-
atory response. In the proliferation phase, the presence
of placenta-derived MSCs supports the regeneration of
skin, vasculature, and hair follicles. In the remodeling
phase, DP7 enhances paracrine secretion of stem cells,
facilitating extracellular matrix remodeling and promo-
ting scar-free healing.
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Due to its multifunctional properties, this hydrogel
presents a promising alternative to traditional dressings
for the treatment of burn wounds [84].

Hydrogel dressings provide optimal wound hydration
for both burn injuries and wounds following the removal
of necrotic burn tissue via tangential or full-thickness
excision. This moist environment facilitates accelerated
re-epithelialization and significantly reduces the risk of
hypertrophic scar formation [84].

Despite their proven efficacy in wound management,
hydrogel dressings may not be suitable during certain
healing phases. Their limited absorbency makes them
unsuitable for wounds with heavy exudate, as they can
reduce effectiveness. Furthermore, a common challenge
with hydrogel drug delivery systems is the rapid release
of incorporated drugs, with a large portion of the active
compounds being released within the first few hours
post-application. This can increase the risk of local to-
xicity and reduce sustained therapeutic efficacy. In con-
trast, advanced hydrogels and xerogels incorporating
nanocomponents offer enhanced wound healing potenti-
al. Their mesoporous architecture enables better control
over the release of bioactive substances, making them
potentially more preferable in certain clinical scenarios
[8].

In modern wound care, two primary types of hydrogel
dressings are used, each with distinct structural and func-
tional characteristics. The first type comprises hydrogels
with a stable three-dimensional macroscopic structure
formed through molecular cross-linking. These dressings
typically appear as elastic, transparent sheets of variable
thickness. They maintain their structural integrity during
exudate absorption, although they may swell as fluid is
absorbed. This swelling continues until the gel reaches its
saturation point, achieving equilibrium with the wound
microenvironment.

The second type includes amorphous hydrogels,
which lack a fixed structure and adapt dynamically to
the wound surface upon contact with moisture. These
hydrogels fill all irregularities and contours of the wound
bed, conforming to its shape. As they absorb increasing
volumes of exudate, their viscosity decreases, eventually
transforming into a more fluid-like solution that becomes
fully integrated into the wound environment. The most
advanced developments in this field are third-generation
hydrogel dressings, which provide an optimal moisture
environment for wound healing. These dressings actively
absorb exudate while preventing fluid accumulation
through their evaporative properties. In addition, they
promote the formation of a natural protective protein
layer — rich in endogenously produced growth factors —
on the wound surface, a critical factor in accelerating
tissue regeneration [47, 85].

Silicone-based formulations, particularly siloxane
polymers, are a widely recommended, non-invasive first-
line treatment for preventing and treating hypertrophic
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and keloid scars. These agents are considered among
the most effective nonsurgical interventions available,
with their efficacy well supported by extensive scientific
research [86].

CONCLUSION

The formation of hypertrophic and keloid scars fol-
lowing deep burns and severe skin trauma remains a
complex and not fully understood process. Emerging
evidence suggests that bone marrow-derived cells, like
fibrocytes and keratinocyte-like cells, may contribute
significantly to skin regeneration and potentially to the
development of fibrotic responses during aberrant wound
healing. Recent research has identified specific patho-
physiological and biochemical mechanisms that become
activated in tissues during the healing of extensive and
deep wounds. In particular, hair follicle keratinocytes
have been shown to play a critical role in promoting epi-
thelialization of wound surfaces following burn injuries.

In the early post-injury phase, negative pressure
wound therapy (NPWT) has been shown to significant-
ly reduce infection risk, promote granulation tissue,
and prepare the injury site for reconstruction, whether
through autologous skin grafting or transplantation of
composite tissue flaps. Incorporating pharmacologi-
cal agents into hydrogel dressings at specific stages of
healing creates a microenvironment that promotes tissue
regeneration. This therapeutic approach supports repair
in both open wounds and beneath the “living protective
layer” formed by repositioned skin flaps.

Adipose tissue has emerged as a promising therapy
for burn wound healing, scar reduction, and complex
wound management. The therapeutic efficacy of adipose-
derived stromal-vascular fraction (SVF) has been valida-
ted through numerous animal studies and is increasingly
used clinically.

Adipose-derived SVF is a heterogeneous mix of cells
capable of differentiating into various tissues including
adipose, bone, cartilage, and muscle. These cells also
play a vital role in tissue repair and metabolic regulati-
on, primarily through secretion of growth factors. Re-
cognized as one of the body’s highly active endocrine
organs, adipose tissue is a readily available source of
regenerative cells, with wide-ranging applications in
both regenerative medicine and aesthetic dermatology.
Unlike mesenchymal stem cells, the clinical use of SVF
is already supported by an established regulatory frame-
work and is facilitated by relatively simple and accessible
extraction and processing methods. Burnazyan Federal
Medical and Biophysical Center is actively developing
innovative methods for targeted delivery of regenerative
cells to injury sites, including intra-articular injections.
A key focus of this research is the long-term preservation
of cell functionality through the use of hydrogels and
other high-viscosity carriers with enhanced adhesive
properties. This integrated approach holds significant

promise for advancing the development of next-genera-
tion biomedical cell-based therapies specifically tailored
for burn treatment.

The accumulated medical knowledge and clinical
experience enable the integrated treatment of patients
with burns and wounds, including the restoration of skin
defects. Optimizing the healing process and enhancing
the quality of scar tissue formation, along with preven-
ting scar contractures in areas near joints, ultimately
contributes to improved long-term quality of life for the
burn victims.

The authors declare no conflict of interest.
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LYMPHOCYTIC RNA STIMULATES PHYSIOLOGICAL
REGENERATION AND ENHANCES MICROCIRCULATION
IN THE THYROID GLAND
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South Ural State Medical University, Chelyabinsk, Russian Federation

Objective: to investigate the regulatory effects of exogenous lymphocyte RNA on thyroid gland regeneration.
Materials and methods. The study was conducted on 18 male Wistar rats (310-350 g), divided into three groups
(n = 6 per group). Group 1 — intact rats; group 2 — control rats (subjected to 6 weeks of physical activity), group
3 — experimental rats (subjected to 6 weeks of physical activity + RNA injection). Total RNA, isolated from the
spleen of a 30-day-old pig, was administered four times at a dose of 30 pg/100 g body weight, once per week.
Follicular epithelium and vascular structures were analyzed using morphometry, VEGF content was quantified
via immunohistochemistry with specific antibodies, and thyroid microvascular function was assessed using laser
flowmetry. Results. Following RNA administration, the relative thyroid gland mass increased by 16%, the folli-
cular epithelium area expanded 1.5-fold, and the vasculature area doubled. Additionally, VEGF content increased
2.5-fold compared to intact rats, while microcirculation intensity rose by 64%, and vascular resistance decrea-
sed by 21%. Conclusion. Administration of morphogenetically active total RNA under conditions of increased
oxygen demand promotes regenerative hypertrophy of the glandular epithelium and enhances microcirculation

in the thyroid gland.

Keywords: RNA, regeneration, microcirculation, thyroid gland.

INTRODUCTION

Regenerative thyroidology focuses on the ability of
thyroid tissue to renew itself and recover after injury or
resection, and experimental evidence demonstrating the
induction of thyrocyte proliferation and differentiation in
vitro. However, the underlying mechanisms of thyroid
regeneration remain poorly understood. In murine mo-
dels, a distinct cluster of cells expressing the transcrip-
tion factor NKX2-1 — a key regulator of thyroid growth,
development, and functional maintenance — has been
identified within the thyroid gland [1]. These NKX2-
1-positive cells are assumed to represent precursor po-
pulations that, through differentiation and maturation,
give rise to the follicular architecture of the thyroid [2].
Notably, thyroid tissue retains a lifelong potential for
hypertrophic and hyperplastic regeneration, a process
that may be activated in response to increased thyroid-
stimulating hormone secretion from the adenohypophy-
sis during physiological stress or intense physical activity
[3, 4]. During physical activity, the body enters a distinct
hormonal state in which the thyroid gland enhances the
secretion and release of thyroxine and triiodothyronine
into the bloodstream. This increased hormonal output
leads to a reduction in the colloid content within thyroid
follicles. It has been shown that after a single session of
intensive physical exercise, there is a rapid decrease in
follicle size. Moreover, with sustained daily physical

training over a 35-day period, adaptive and compensa-
tory responses are reinitiated within the thyroid gland.
These changes are characterized by a marked increase
in the proliferative activity of the thyroid epithelium [5].

In mammals, tissue growth and development are re-
gulated, in part, by tissue-specific clones of T-lympho-
cytes. Early studies identified T cells within the lymph
nodes of Wistar rats that began to proliferate robustly
upon contact with thyrocytes or after addition of rat thy-
roglobulin to the culture medium [6]. Cloning of these
thyroid-specific T-lymphocytes revealed that all clones
exhibited a CD4"CD8" phenotype. Of the 23 T-cell clo-
nes analyzed, 7 showed selective proliferation in the
presence of thyrocytes alone, while the remainder pro-
liferated in response to both thyrocytes and thymic cells
[7]. Further investigations of T-lymphocytes isolated
directly from the thyroid gland identified the presence of
both CD4" T-helper cells and CD8" cytotoxic T cells, all
expressing of T-cell receptors [8]. CD4" T-helper cells
were found to localize predominantly in the centers of
thyroid lymphoid follicles, whereas CD8" T cells were
primarily distributed along the follicular periphery [9].
Under physiological conditions, both CD4" T-helper cells
and cytotoxic T lymphocytes contribute to thyrocyte hy-
perplasia and proliferation through production of tumor
necrosis factor-alpha (TNF-a). In experimental models,
mice lacking T-helper cells exhibited signs of thyroid
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fibrosis when exposed to the activity of cytotoxic T lym-
phocytes alone [10].

To date, compelling evidence has shown that not only
lymphoid cells themselves, but also total RNA isola-
ted from these cells, can stimulate tissue regeneration
and enhance cell—cell interactions in rapidly renewing
tissues. For example, erythroid cells and bone marrow
macrophages are known to actively form new eryth-
roblastic islets, not only in response to erythropoietin
and macrophage colony-stimulating factor [11], but also
following the administration of exogenous lymphocytic
RNA in experimental animals [12]. Based on this, the
present study aimed to explore the regulatory role of
morphogenetically active exogenous RNA on cellular
processes in a slowly renewing secretory organ — the
thyroid gland — under conditions of enhanced tissue re-
spiration induced by regular physical exercise.

MATERIALS AND METHODS

The study was conducted on 18 male Wistar rats
weighing 310-350 g. All experimental procedures ad-
hered to the principles of humane treatment outlined
in the European Union Directive 86/609/EEC, the De-
claration of Helsinki, and the Order of the Ministry of
Health of the Russian Federation No. 199N dated April
1, 2016, “On the Approval of the Rules of Good Labo-
ratory Practice”. Animals were housed in standard cages
(n =6 per cage) with ad libitum access to food and water,
maintained at an ambient temperature of +24 + 2 °C in
accordance with sanitary regulations SP 2.2.1.3218.

The animals received a daily diet of specialized pel-
leted feed that met international standards for nutrient,
vitamin, and mineral content, in accordance with GOST
R 50258-92 (“Complete feeds for laboratory animals™).
All procedures involving potential pain or distress were
performed under general anesthesia, and euthanasia was
carried out in a designated room, separate from the ani-
mal housing area, using ether anesthesia followed by
cervical dislocation.

The experimental animals were randomly divided
into 3 groups, with 6 rats per group: Group 1 consisted
of intact (non-exercised, untreated) rats; Group 2 inclu-
ded control rats subjected to a 6-week exercise protocol;
Group 3 consisted of rats undergoing the same 6-week
exercise regimen and receiving additional injections of
total RNA.

The training regimen involved swimming exercises
performed in a 200-liter tank filled with water to a depth
of 0.5 meters, maintained at a temperature of +22-23 °C.
The rats swam 3 times per week, with the duration of
each session gradually increasing from 30 minutes to
55 minutes, in 5-minute increments each week.

Lymphocytes, the source of morphogenetically acti-
ve RNA, were isolated from the spleen of a 30-day-old
piglet. The tissue was homogenized in a glass homoge-
nizer, filtered through a capron mesh, and subjected to

3 rounds of centrifugation in sterile 0.9% NaCl solution
to collect the cells. Total RNA was extracted using the
guanidine thiocyanate—phenol—chloroform method. RNA
concentration was determined spectrophotometrically
by measuring optical density at 260 nm. The extracted
RNA was lyophilized and stored in sterile vials at +5 °C.
Stability tests confirmed that the RNA quantity remained
unchanged after lyophilization.

Before injection, lyophilized RNA was dissolved in
sterile 0.9% NaCl, filtered using sterile syringe filters
with a pore size of 0.22 pum, and administered intrape-
ritoneally. Each rat in Group 3 received a total of four
injections, administered once weekly, at a dose of 30 ug
RNA per 100 g body weight in a total volume of 0.5 mL
per injection.

Six weeks after the start of the experiment, the micro-
circulatory status of the thyroid gland was assessed in all
animals using laser Doppler flowmetry with the LAKK-
OP analyzer (NPO “LAZMA”, Russia). The procedure
was performed under general anesthesia (Zoletil, 10 mg/
kg, intramuscularly; VIRBAC, France). After careful
dissection of the skin and adjacent tissues, the device’s
sensor was placed directly on the thyroid tissue and secu-
rely fixed to the lateral skin margins using adhesive tape.

The Doppler flowmetry data were analyzed using
proprietary software from NPO “LAZMA”, focusing
on the following parameters: microcirculation Index —
the arithmetic mean value of perfusion, expressed in
perfusion units (p.u.); shunt coefficient (Sc) calculated
as: Sc = An/Am, where An — is the largest amplitude of
perfusion fluctuations in the neurogenic range (p.u.),
Am — is the largest amplitude of perfusion fluctuations
in the myogenic range (p.u.); the resistance coefficient
of the microcirculatory channel was calculated using the
formula: Rc = (AHF + ACF)/c where is the amplitude
of fast (respiratory) fluxmotion waves (p.u.), ACF is the
amplitude of cardiac (pulse) fluxmotion waves (p.u.), ¢
is the standard deviation of the amplitude of blood flow
fluctuations from the mean microcirculation index. The
amplitude-frequency spectra of perfusion oscillations
were assessed within specific frequency ranges:

— Endothelial oscillations (A(E)): 0.007-0.017 Hz
— Neurogenic oscillations (A(H)): 0.023-0.046 Hz
— Myogenic oscillations (A(M)): 0.06—0.15 Hz

— Respiratory rhythm (A(D)): 0.21-0.6 Hz

— Cardiac rhythm (A(C)): 0.7-1.6 Hz

The amplitudes were then normalized to the stan-
dard deviation () and mean microcirculation index (M),
enabling the assessment of the functional contribution
of each regulatory mechanism to modulation of micro-
circulatory flow. The following normalized parameters
were calculated:

— Endothelial activity (E) = A(E)/3c
— Neurogenic activity (H) = A(H)/3c
— Myogenic activity (M) = A(M)/3c
— Respiratory rhythm (D) = A(D)/3c

137



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXVII - N2 2-2025

— Cardiac rhythm (C) = A(C)/30

These normalized parameters were automatically
computed by the system after identifying the maximum
amplitude (Amax) within the corresponding frequency
range [13].

After measurement of microcirculation parameters,
the animals were euthanized. Thyroid tissue samples
were fixed in 10% neutral buffered formalin. Standard
histological processing was performed, including paraf-
fin embedding, sectioning, and staining with hematoxylin
and eosin.

Histological evaluation was conducted using a LEI-
CA DMRXA microscope (Germany) equipped with a
LEICA DFC 290 digital video camera and connected
to a personal computer. Microstructural images were
captured in *TIFF format within the RGB color space.
Quantitative analysis was performed using the licensed
ImageScope-M image analysis software (Russia),
measuring the following parameters: total follicle area,

Fig. 1. Follicular apparatus of the thyroid gland. Group 1 (in-
tact rats). H&E stain; 400x; oil immersion

follicular and vascular lumen area, thyrocyte nuclear
area, epithelial height, and vascular wall thickness. The
relative vascular area was calculated as the percentage
ratio of vessel area to total tissue section area.

Vascular endothelial growth factor (VEGF) expressi-
on was assessed immunohistochemically using specific
anti-VEGF antibodies (Biorbyt, USA) and a biotin-strep-
tavidin-peroxidase detection system (DakoCytomation,
Denmark). Integral VEGF index was calculated as the
product of the stained area (relative) and staining inten-
sity (scored), with results expressed in arbitrary units.

Data were analyzed using licensed versions of Mi-
crosoft Excel 2020 and PAST software (version 4.03).
The nonparametric Mann—Whitney U test was applied
to evaluate significance of differences between groups.
Comparative analysis of morphometric data sets was
performed using Wald’s sequential probability ratio test
[14]. Results are presented as arithmetic mean + standard
error of mean (M = m). A p-value of <0.05 was conside-
red statistically significant.

RESULTS

Histological analysis of thyroid tissue in rats from
Group 2 (Fig. 2), which underwent regular physical
exercise, revealed a reduction in follicle size, decrea-
sed colloid content, and morphological changes in the
follicular epithelium, which adopted a cuboidal shape
compared to the intact animals (Fig. 1). In Group 3 ani-
mals, which were exposed to the same physical exercise
regimen but also received total RNA (Fig. 3), a similar
decrease in follicle size and colloid volume was ob-
served. However, the follicular epithelium exhibited a
highly prismatic structure with pronounced papillary
proliferation. This histological pattern is recognized as
indicative of enhanced hormone-producing activity of
the thyroid gland [15]. These findings suggest that total
RNA administration enhanced the functional activity

Fig. 2. Follicular apparatus of the thyroid gland. Group 2
(physical activity). H&E stain; 400%; oil immersion

Fig. 3. Follicular apparatus of the thyroid gland. Group 3
(physical activity + RNA). H&E stain; 400x%; oil immersion
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of the glandular epithelium, thereby supporting an ade-
quate supply of thyroid hormones required to meet the
increased physiological demands associated with regular
physical exertion.

Morphometric analysis revealed that, in the control
group rats subjected to several days of physical activity,
thyroid gland mass did not differ significantly from that
of intact animals (Table 1). However, in rats exposed
to the same physical activity regimen but additionally
administered lymphocytic RNA, both the absolute and
relative mass of the thyroid gland were increased com-
pared to the intact group. Specifically, the relative gland
mass in group 3 was 16.7% higher than in group 1 and
15% higher than in group 2. A marked and statistically
significant increase in the area occupied by follicular
epithelium cells was also observed in group 3 — 1.5 times
greater than in intact animals and 1.4 times greater than
in the control group. These structural alterations were
corroborated by morphometric findings: epithelial cell
height in group 3 animals was 33% greater, while the fol-
licular cavity area was 39% less compared to intact rats.

Morphometric analysis of arterioles and venules in
the thyroid tissue revealed a pronounced reorganization
of the microcirculatory bed in response to exogenous
RNA administration. In group 3 animals, a significant
increase in the thickness of arteriole and venule walls
was observed compared to both intact rats and the control
group. Additionally, the relative area of the vascular bed
was doubled. This expansion of the microcirculatory
network likely resulted from the formation of new capil-
laries, as the luminal area of arterioles and venules remai-
ned unchanged. Supporting the evidence of angiogenic
activation, a marked elevation in VEGF content was
detected in the thyroid tissue gland of animals subjected
to prolonged physical exercise. While VEGF levels in
group 2 animals increased by 1.9-fold relative to intact
controls, group 3 rats, which received exogenous RNA

in conjunction with regular physical activity, exhibited
a 2.5-fold increase in VEGF content.

Previous studies have demonstrated that the angio-
protective effects of lymphoid cells may be attributed
to their elevated expression of hypoxia-inducible factor
1-alpha (HIF-1a), a key regulator that promotes VEGF
synthesis under hypoxic conditions [16]. A dual role
of T-lymphocytes in regulating angiogenesis and cell
proliferation has been documented in renal tissue [17].
It was shown that T-lymphocytes migrating to areas of
tissue injury exerted a pronounced proangiogenic and
proregenerative effect during reparative regeneration.
Conversely, in conditions leading to fibrosis, their role
shifted toward a predominantly proinflammatory profile.
These findings highlight the remarkable functional plas-
ticity of T-cells in morphogenetic processes, a capacity
that remains both underrecognized and poorly explored
in the context of tissue regeneration.

Using laser Doppler flowmetry combined with spec-
tral amplitude-frequency wavelet analysis of blood flow
oscillations in microvessels, we assessed the functional
changes in the thyroid microcirculatory bed induced by
morphogenetically active exogenous RNA (Table 2).
Regular physical activity in rats of group 2 led to a 38%
increase in the microcirculation index compared to intact
controls. Notably, administration of exogenous RNA in
rats subjected to identical physical exertion (group 3)
resulted in a 64% increase in this index. The vascular
shunt coefficient within the microcirculatory network
remained stable across groups. However, a 21% decrease
in the resistance coefficient was observed in group 3 ani-
mals, indicating improved vascular wall elasticity. This
suggests optimal blood supply to the follicular apparatus
of the thyroid gland in animals that received total RNA.

Changes in the normalized parameters of amplitu-
de-spectral analysis (Fig. 4) further indicated enhanced
engagement of both local and systemic regulatory me-

Table 1
Thyroid morphometry
Indicators Intact rats (group 1), Physical activity (Swimming)
n==6 Control (group 2), n =6 | RNA injection (group 3),n =06
Absolute thyroid mass (g) 0.245 + 0.009 0.255 +0.009 0.286 £ 0.012*
Relative thyroid mass (ug/g) 0.74 £0.03 0.75+£0.05 0.86 = 0.04*4
Follicular epithelium area (um?) 1242.1 £ 56.6 1358.4+44.3 1871.7 +40.5%4
Follicular epithelium height (um) 7.6+0.4 89+0.6 10.1 +£0.3%4
Follicle cavity area (um?) 3645.5+99.8 3162.2 +31.4% 2236 +£22.2%4
Thyrocyte nuclei area (um?) 13.2+0.7 13.1+£0.6 12.7+0.7
Arteriole wall thickness (um) 7.6+£0.3 79+0.3 8.7+ 0.3%4
Arteriole lumen area (um®) 121.3+18.8 123.3+14.6 127.8 +£16.2
Venule wall thickness (um) 42+0.1 44+0.3 5.1+0.2%
Venule lumen area (um?) 218.2+16.5 193.2£13.7 191.9+£11.9
Relative vasculature area (%) 42+0.2 4.8+0.3 8.4 +0.2%4
Vascular endothelial growth factor (c.u.) 4.7+0.2 8.9+0.2% 11.9+£0.5%4

Notes: * — differences between groups 2, 3 and group 1 (p < 0.05); * — differences between group 2 and group 3 (p < 0.05).
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chanisms in the thyroid microvasculature of rats that
received exogenous RNA. It is well established that
rhythmic variability of microvascular blood flow is
influenced by several active regulatory components —
myogenic (M), neurogenic (N), and endothelial (E) — as
well as passive components associated with cardiac (C)
and respiratory (D) thythms. The spectral characteristics
of these oscillatory processes not only permitted quan-
tification of the contribution of each of the regulatory
mechanisms but also allowed identification of specific
features in the adaptive responses of the thyroid micro-
circulatory network. Notably, during physical exercise,
the myogenic component remained largely unchanged,
suggesting a stable muscle tone in thyroid precapillaries,
which play a critical role in modulating nutrient blood
flow. At the same time, the endothelial component — re-

flecting the influence of vasodilatory substances such as
nitric oxide, ADP, and VEGF, as well as passive effects
from respiratory and pulse wave modulation — was sig-
nificantly elevated in the thyroid microcirculatory bed
following prolonged physical exercise. In animals that
underwent physical activity and received injections of
morphogenetically active RNA (group 3), the endothelial
component was four times higher than in the control
group. Additionally, the cardiac and respiratory compo-
nents were elevated by twofold and threefold, respec-
tively, compared to rats in the control group.

It is known that stable adaptation and maintenance
of structural and hemodynamic homeostasis in microva-
scular networks at a new functional level are achieved
through the coordinated and balanced involvement of
all regulatory mechanisms. This is characterized by a

Table 2
Amplitude-spectral analysis of the thyroid microvasculature (standard indicators)
Indicators Intact rats (group 1), Physical activity (Swimming)
n=>6 Control (group 2), | RNA injection (group 3),
n==6 n==6
Microcirculation index (p.u.) 143409 19.8 +0.7* 23.54+0.3%4
Shunt coefficient in the microvasculature (c.u.) 0.87 £0.04 1.0 £0.04 1.05+0.12
Microcirculatory resistance coefficient (c.u.) 0.88 £0.01 0.9+0.01 0.69 £ 0.02%4

Notes: * — differences between groups 2, 3 and group 1 (p < 0.05); * — differences between group 2 and group 3 (p < 0.05).

e Group 1 (intact control)

em=s Group 2 (physical activity)
Group 3 (physical activity + RNA)

Fig. 4. Amplitude-spectral analysis of the thyroid microva-
sculature (normalized indicators): endothelial component
(E), neurogenic component (N), myogenic component (M),
respiratory component (R), cardiac component (C). * — diffe-
rences between groups 2, 3 and group 1 (p < 0.05); * — diffe-
rences between group 2 and group 3 (p < 0.05)

uniform increase in amplitude parameters without the
dominance of oscillations in any frequency range [18,
19]. Such a regulatory pattern is referred to as multi-
channel or multistable regulation. In the present study,
exogenous RNA administration in combination with
regular physical activity resulted in the development of
a clearly defined multistable variant of microvascular
blood flow regulation.

CONCLUSION

The administration of morphogenetically active total
RNA, under conditions of increased oxygen demand,
induces regenerative hypertrophy of the thyroid glandu-
lar epithelium and enhances microcirculation within the
organ. This results in a significant increase in both the
absolute and relative mass of the thyroid gland, as well
as in the size of thyrocytes, the number of capillaries,
and the intensity of blood flow in the microcirculatory
channel. Exogenous RNA also leads to marked changes
in the regulatory parameters of tissue blood flow in the
thyroid gland during periods of intensified functional
activity. These changes are associated with a notable
reduction in vascular wall stiffness and an improved
adaptive capacity of the microcirculatory network in the
thyroid gland of rats in group 3.

The authors declare no conflict of interest.
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Recent advances in molecular diagnostics have opened new avenues for integrating genetic and epigenetic bio-
markers into clinical practice. Areas such as gene expression profiling, extracellular DNA quantification, and
microRNA expression analysis have seen significant development in recent years. The diagnostic value of mo-
lecular genetic biomarkers has been demonstrated across a range of pathological conditions. Emerging clinical
data now support the use of molecular diagnostics to detect post-transplant complications in recipients of solid
organ transplants. In heart transplant recipients, a comprehensive assessment that includes molecular genetics,
epigenetic, and clinical parameters is essential for personalized selection of immunosuppressive therapy and for
prevention of graft dysfunction and vasculopathy. This review highlights the current state of molecular diagnostics
in cardiac allograft rejection and explores its potential for clinical application.

Keywords: heart transplantation, gene expression profiling, extracellular DNA, miRNA, graft rejection,

personalization.

INTRODUCTION

A heart transplant (HT) is generally considered the
only definitive treatment option for patients with end-
stage chronic heart failure that does not respond to medi-
cation. In 2023, 388 HTs were performed in the Russian
Federation [1]. While advances in surgical techniques,
postoperative care, and immunosuppressive protocols
have significantly improved patient outcomes, the 5-year
survival rate is still around 72%, and the median survival
for those who survive the first year is about 13 years [2].

Acute graft rejection, both T cell-mediated rejection
(TCMR) or antibody-mediated rejection (AMR), is a
major hurdle to long-term survival after HT. Both types
of rejection crises are directly linked to an increased
risk of graft dysfunction and the development of cardiac
allograft vasculopathy (CAV) [3]. To prevent TCMR,
lifelong immunosuppressive therapy is required for
all transplant recipients, guided by standard treatment
protocols. However, a mismatch between standard drug
dosages and individual patient needs can lead to adverse
outcomes — insufficient dosing may result in graft rejec-
tion, while overdosing increases the risk of infections
and drug toxicity.

The integration of non-invasive molecular diagnostic
methods in post-transplant monitoring holds promise
for enabling personalized immunosuppressive therapy,
tailored to the individual characteristics of each patient.

This approach may significantly reduce the incidence
of post-transplant complications and prolong the heart
graft function.

Posttranslational biomarkers, such as cardiac tropo-
nins T and I and brain natriuretic peptides (BNP and
NT-proBNP), have shown their diagnostic value in a
variety of cardiovascular diseases. Cardiac troponins, in
particular, are recognized as highly sensitive and specific
indicators of myocardial injury.

However, multiple studies have demonstrated that
cardiac troponins lack diagnostic effectiveness in de-
tecting acute transplant rejection in HT recipients [4].
Similarly, natriuretic peptides, including BNP and NT-
proBNP, have also been found to possess insufficient
sensitivity and specificity for reliable detection of post-
transplant complications in this patient population [5].

In recent years, molecular genetic methods have
emerged as promising tools for the diagnosis of various
pathological conditions, offering the potential. Among
these methods, gene expression profiling, extracellular
DNA (exDNA) quantification, and microRNA (miRNA)
expression analysis have shown particular diagnostic
relevance.

Gene expression profiling allows identifying genes
with altered expression patterns in specific disease states.
Several studies have delineated distinct gene signatures
associated with the development of cancers and immune-
mediated disorders [6, 7]. Meanwhile, exDNA, which
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results from cellular damage and apoptosis, can be found
in various body fluids including plasma, serum, urine,
cerebrospinal fluid, and saliva. Elevated levels of exD-
NA have been reported in patients with cardiovascular
conditions, including arterial hypertension, myocardial
infarction, and heart failure [8].

Among the diverse group of circulating non-coding
RNAs, miRNAs have gained significant attention due
to their ability to regulate gene expression. Altered ex-
pression profiles of specific miRNAs have been linked
to numerous diseases. Certain circulating miRNAs are
elevated in the plasma of patients with coronary artery
disease and acute coronary syndrome, distinguishing
compared to healthy individuals [9].

The aim of this review is to examine recent advances
in molecular diagnostic methods for the detection of acu-
te transplant rejection in HT recipients, with a focus on
their diagnostic effectiveness and clinical applicability.

GENE EXPRESSION PROFILING

Gene expression profiling (GEP) refers to the simul-
taneous measurement of the activity of a large number
of genes in biological samples like blood, tissue, or cell
cultures [10]. GEP of peripheral blood leukocytes can be
used as a noninvasive diagnostic tool for detecting acute
rejection episodes, particularly in the months following
HT [11].

In a study by Horwitz et al., it was first demonstrated
that GEP could be effectively used to diagnose transplant
rejection in HT recipients, with results showing a strong
correlation with endomyocardial biopsy findings [12].
Building on this discovery, a composite GEP test was
developed, which analyzes the expression of 20 specific
genes to estimate the risk of acute TCMR. This risk is
quantified on a scale from 0 to 40, where a score of 34
or higher is associated with a low probability of rejection
[13, 14].

This diagnostic tool is notable for its high negative
predictive value (NPV >90%), making it a reliable no-
ninvasive method to rule out acute TCMR in HT patients.
However, the test has certain limitations, including a low
positive predictive value (about 10%) and inability to
detect acute AMR [15].

In a study by Shannon et al., a panel of nine mRNA
transcripts was developed using high-throughput
transcriptomic analysis to diagnose acute cellular rejec-
tion in HT recipients. A key advantage of this test is its
high sensitivity in the early post-transplant period, with
reliable detection as early as 55 days after transplanta-
tion [16].

GEP analysis of peripheral blood mononuclear cells
and endomyocardial biopsy samples allowed us to iden-
tify gene signatures associated with AMR. These include
four distinct gene sets involved in endothelial function,
macrophage activity, natural killer (NK) cell activation,
and interferon-y signaling. These profiles have shown
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diagnostic value in identifying AMR in HT recipients
[17,18].

An emerging area of interest is the analysis of mito-
chondrial gene expression during transplant rejection.
Tarazon et al. sequenced 112 mitochondrial-related genes
in a cohort of 40 HT patients and found that expression
of several mitochondrial genes was significantly eleva-
ted during episodes of acute TCMR [19]. This aligns
with earlier studies suggesting that mitochondrial gene
expression is upregulated during immune activation, im-
plicating these genes not only as biomarkers but also as
potential mediators of rejection [20, 21].

EXTRACELLULAR DNA

Extracellular DNA (cfDNA, cell-free DNA) is re-
leased into the bloodstream during cell apoptosis and
necrosis and is a promising biomarker of organ injury
[22]. In solid organ transplantation, graft injury resulting
from acute TCMR or AMR leads to the release of donor-
derived cell-free DNA (dd-cfDNA) into the recipient’s
blood [23].

Early detection methods for dd-cfDNA relied on ge-
netic differences between donor and recipient, such as
sex mismatch, human leukocyte antigen (HLA) diffe-
rences, and single nucleotide polymorphisms (SNPs)
[24, 25]. Later, digital droplet polymerase chain reaction
(PCR) [26] and whole-genome sequencing [27] were
used for more precise quantification of dd-cfDNA.

De Vlaminck I. et al. demonstrated a significant rise
in dd-cfDNA levels in the blood of HT recipients du-
ring acute rejection episodes, with levels decreasing fol-
lowing appropriate treatment. In addition, dd-cfDNA
levels increased even prior to the appearance of characte-
ristic morphological changes in endomyocardial biopsy,
indicating its potential for early detection of rejection and
timely adjustment of immunosuppressive therapy [28].

A prospective multicenter study established a
threshold value of 0.2% for the ratio of dd-cfDNA to total
recipient cfDNA. This threshold enabled the differentia-
tion between patients with and without acute rejection,
achieving a specificity of 80%, sensitivity of 44%, and
a negative predictive value of 97.1% [23].

A study by Agbor-Enoh et al. demonstrated that ele-
vated levels of dd-cfDNA in cardiac transplant recipients
correlate with the severity of both TCMR and AMR, as
well as with the extent of echocardiographic changes.
The authors noted that the proportion of circulating dd-
cfDNA was significantly higher in patients with acute
AMR compared to those with acute TCMR of the heart
graft [27].

Moreover, recent findings have shown increased dd-
cfDNA levels in recipients without signs of acute rejec-
tion and with verified graft vasculopathy [29].

Beyond its diagnostic value in detecting acute and
chronic rejection, elevated dd-cfDNA has also been as-
sociated with the formation of donor-specific antibodies
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(DSA), suggesting that subclinical graft injury may pre-
dispose to DSA formation, revealing a potential unique
risk factor for sensitization [30].

MIRNAS

MicroRNAs (miRNAs, miR) are short (19-25 nu-
cleotides), single-stranded, non-coding RNA molecu-
les. The human genome encodes about 2,200 distinct
miRs. MiRs can suppress protein synthesis by blocking
translation of matrix RNA into proteins or accelerating
their degradation. Because each miRNA typically cont-
rols multiple transcripts, they operate in interconnected
“miR networks” that modulate entire biological pa-
thways. Many miRs are organ- and tissue-specific, and
their circulating levels are stable. These features make
circulating miRNAs attractive non-invasive biomarkers
for tracking post-transplant complications in solid-organ
recipients [31].

Novakova T. et al. examined 11 miRNAs in biopsy
samples and found that miR-144, miR-589, and miR-182
were significantly dysregulated in patients with verified
acute TCMR compared with those without rejection [32].

In our previous studies, plasma levels of miR-101 and
miR-27 were strong predictors of acute TCMR. Expres-
sion below the preset threshold conferred a relative risk
(RR) of 1.77 £ 0.16 for miR-101 (95% CI 1.30-2.42;
p =0.0003) and RR = 1.59 + 0.18 for miR-27 (95% CI
1.11-2.26; p=0.011) [33].

Elevated plasma levels of miR-27 and miR-339 were
associated with post-transplant myocardial fibrosis, with
RR of 1.50 £ 0.16 (95% CI 1.10-2.04; p = 0.009) and
1.31+0.13 (95% CI 1.02—1.69; p = 0.036), respectively
[34].

Combining miRNA profiling with protein biomarkers
such as ST2 and galectin-3 markedly enhanced overall
diagnostic performance [35].

Analysis of 26 circulating microRNAs in HT recipi-
ents has shown that serum miR-144 levels rise in parallel
with episodes of acute cellular rejection, including mild
rejection graded 1R by the 2004 ISHLT criteria [36].
Diagnostic performance improves further when miR-144
is combined with miR-652, outperforming either marker
alone for identifying acute cellular rejection [37].

Recent studies showing successful targeted inhibiti-
on of specific microRNAs suggest that these molecules
could become therapeutic targets for slowing or preven-
ting graft pathology in solid-organ transplant recipients.

In a porcine model of ischemia—reperfusion injury,
Hinkel R. et al. demonstrated that intracoronary delivery
of an antimiR-21 oligonucleotide markedly improved
cardiac function while attenuating myocardial fibrosis
and hypertrophy. RNA-sequencing and histological
analyses confirmed lowered miR-21 expression and a
reduced macrophage and fibroblast burden within the
injured myocardium [38].

In a murine HT model, Lu J. et al. used an an-
ti-miR-146a oligonucleotide to silence miR-146a. This
intervention boosted autophagy in regulatory T cells,
thereby strengthening their suppression of CD4" T cells
and dendritic cells and, collectively, significantly ame-
liorated acute allograft rejection [39].

OTHER DIRECTIONS
Anti-HLA antibodies

Major histocompatibility complex molecules HLA
class I (A, B and C) are expressed on all nucleated cells,
while class II molecules (DPA1, DPB1, DQA1, DQBI,
DRA, and DRB1) are primarily found on antigen-pre-
senting cells, B cells, and endothelial cells. Among these,
HLA-A, HLA-B, and HLA-DR are the most relevant
for donor-recipient matching in organ transplantation.

Prior organ transplants, blood transfusions, implanta-
tion of circulatory assist devices, or pregnancy can lead
to the formation of anti-HL A antibodies. The presence
and level of these antibodies in transplant candidates
are commonly assessed using panel-reactive antibody
(PRA) testing. Elevated pre-transplant PRA levels are
associated with an increased risk of adverse transplant
outcomes [40].

The study by Sciaccaluga C. et al. evaluated the pro-
gnostic value of anti-HLA antibody detection in relation
to acute graft rejection and graft vasculopathy in HT
recipients. It was found that the presence of circulating
anti-HL A antibodies was associated with early, mild graft
dysfunction — even in the absence of verified antibody-
mediated rejection or verified graft vasculopathy [41].

Donor-specific antibodies

Donor-specific antibodies (DSAs) are proteins pro-
duced by the recipient’s immune system that specifi-
cally recognize and bind to donor antigens, triggering
complement activation and leading to graft injury. The
de novo formation of DSAs following heart transplan-
tation is considered a major risk factor for the onset of
antibody-mediated rejection (AMR) and is associated
with poor clinical outcomes. Circulating DSAs are fre-
quently detected in heart recipients experiencing AMR,
with higher antibody titers correlating with more severe
forms of rejection [42].

Moreno J.D. et al. showed elevated titers of antibo-
dies against angiotensin Il type 1 receptor (AT1R-Ab) in
HT recipients with graft dysfunction. The study suggests
that combining standard immunosuppressive therapy
with angiotensin receptor blockers may enhance treat-
ment efficacy in cases of AMR [43].

In the early post-transplant period, the presence of
anti-endothelial cell antibodies (AECAS) has been asso-
ciated with an increased risk of acute allograft rejection
in cardiac recipients. Furthermore, studies have shown
a correlation between the presence of antibodies targe-
ting endothelial cytoskeletal proteins — such as vimentin,
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actin, and tubulin — and a heightened risk of rejection
episodes. Notably, HT recipients with diagnosed graft va-
sculopathy within the first five years post-transplantation
exhibited significantly elevated anti-vimentin antibody
titers [44].

Extracellular vesicles

Extracellular vesicles (EVs) are small (typically up to
1000 nm), spherical, membrane-bound particles released
into the extracellular environment, facilitating intercel-
lular communication under both physiological and pa-
thological conditions — including immune activation and
inflammation. Due to their presence in various biological
fluids and their cargo of nucleic acids, proteins, and lipids
that mirror the molecular state of their parent cells, EVs
have emerged as promising noninvasive biomarkers [45].

A study by Castellani C. et al. showed a significant
increase in EV levels, along with a decrease in their
diameter in HT recipients with acute TCMR and AMR
compared to patients without signs of rejection. The au-
thors identified specific surface markers on EVs that were
characteristic of different types of rejection. For acute
TCMR, markers included CD3, CD2, ROR1, SSEA-4,
HLA-I, and CD41b, while EVs associated with AMR
expressed HLA-II, CD326,CD19, CD25, CD20, RORI,
SSEA-4, HLA-I, and CD41b [46].

In a study by Hu R.W. et al., donor-derived extra-
cellular vesicles were isolated from the blood of heart
recipients using antibodies targeting donor HLA class I
molecules. The study found that during episodes of acute
AMR, these donor EVs exhibited surface expression of
the complement protein C4d — a hallmark of antibody-
mediated injury. Expression of C4d on donor EVs sub-
sided following successful treatment of the rejection
episode [47].

Another study analyzed the concentration of EVs
expressing tetraspanin, platelet, and endothelial markers
in the plasma of HT recipients in the long-term post-
transplant period (more than three years). It was found
that the level of CD90" microvesicles was significant-
ly higher in recipients without signs of acute rejection
compared to those with biopsy-confirmed evidence of
transplant rejection [48].

CONCLUSION

In recent years, numerous studies have demonstrated
the effectiveness of novel molecular diagnostic approa-
ches in verifying and predicting rejection episodes in
HT recipients. These methods include the assessment
of genomic, transcriptomic, and proteomic biomarkers.
Implementation of such molecular diagnostics holds the
potential to significantly improve long-term outcomes
by enabling early detection of post-transplant compli-
cations [49].

However, despite the growing body of research in the
field of noninvasive diagnostics for HT rejection, only a

limited number of molecular tests have been integrated
into clinical practice. This is largely due to the absence of
standardized protocols and methodological limitations,
such as small patient cohorts. To ensure the reproduci-
bility, standardization, and clinical relevance of these
diagnostic tools, large-scale, randomized multicenter
studies are needed [50].

The study of molecular diagnostic methods for HT re-
jection not only enhances diagnostic accuracy and redu-
ces reliance on invasive procedures, but also deepens our
understanding of the regulatory mechanisms involved in
acute TCMR and AMR. This, in turn, may pave the way
for the development of novel therapeutic strategies [51].

Based on these findings, the creation of multimodal
diagnostic panels appears particularly promising. These
panels could integrate multiple noninvasive techniques —
such as gene expression profiling, measurement of donor-
derived cell-free DNA, and circulating microRNAs — to
improve the detection of post-transplant complications
in heart recipients [52]. Furthermore, the personalized
selection of immunosuppressive therapy based on a com-
bination of molecular-genetic, epigenetic, and clinical
parameters has the potential to significantly enhance both
the duration and quality of life in HT patients.

The authors declare no conflict of interest.
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Objective: to investigate the association between plasma TGF-B1 levels in pediatric liver transplant (LT) recipi-
ents, both pre- and post-transplantation, and the polymorphic alleles and haplotypes at rs1800469 and rs1800470
loci of the TGFBI gene. Materials and methods. The study cohort comprised 135 pediatric LT recipients, aged
3 to 98.4 months (mean age 8.2 years, median 8§ months). The control group consisted of 77 healthy individuals,
aged 30.3 + 5.2 years. Plasma TGF-B1 levels were quantified using ELISA. Genomic DNA from participants was
analyzed for the polymorphic loci rs1800469 and rs1800470 of the TGFBI gene using real-time polymerase chain
reaction PCR with TagMan probes. Results. Blood TGF-B1 level in pediatric LT recipients pre-transplant was
4.6 (1.1-9.5) ng/mL. One month post-transplant, cytokine level increased to 6.3 (1.7—15.0) ng/mL (p = 0.008),
and after one year, it rose further to 7.0 (1.9-13.5) ng/mL (p = 0.0001). Healthy adults had significantly higher
TGF-B1 levels, with a median of 11.7 (6.4-16.9) ng/mL (p = 0.0000), compared to pediatric recipients. The
distribution frequencies of the rs1800469 and rs1800470 polymorphic alleles in pediatric LT recipients did not
significantly differ from those in healthy individuals. However, the occurrence of rare haplotypes (T-T and C-C)
was significantly higher in pediatric recipients. Before transplantation and 1 month after the procedure, TGF-1
levels in pediatric recipients were not associated with the carriage of the studied alleles or haplotypes. However,
at 1-year post-transplant, higher TGF-B1 levels in pediatric recipients were significantly associated with the
major alleles (C/C + C/T) of rs1800469 and the rs1800470 T/T genotype, as well as with the T-T haplotype.
In healthy individuals, TGF-B1 levels were not influenced by the rs1800469 and rs1800470 alleles individually,
but high cytokine levels were associated with the C-C haplotype. Conclusion. In pediatric LT recipients, eleva-
ted TGF-B1 levels at 1-year post-transplant are associated with the presence of the major alleles C (rs1800469)
and T (rs1800470), as well as the T-T haplotype of the TGFBI gene. This suggests that these polymorphic loci
may influence the development of post-transplant complications and could potentially serve as biomarkers for
predicting clinical outcomes in LT.

Keywords: single nucleotide polymorphism, profibrogenic cytokine, congenital liver diseases, biliary atresia
and hypoplasia/

INTRODUCTION of TGF-B1 has been associated with graft dysfunction,
infectious complications, and variations in the immuno-
suppression regimen in pediatric liver transplant (LT) re-
cipients, making it a potential biomarker for monitoring
the clinical status of these patients [3—5].

TGF-B1 is synthesized in almost all tissues, and its
effects vary depending on its concentration and the cell
type involved. Low levels of TGF-B1 are believed to
promote inflammation, whereas high levels can lead to
can be achieved through the use of minimally invasive  {issue fibrosis [6, 7]. Regulation of this cytokine is in-
molecular genetic markers. fluenced by multiple factors and interactions, including

One promising candidate is transforming growth fac-  the cellular TGF- signaling pathway, which comprises
tor B1 (TGF-B1), a multifunctional cytokine with immu-  a family of ligands and their transmembrane receptors
nosuppressive and profibrogenic properties. The level  and interacts with other cellular pathways such as SMAD

Liver transplantation is generally considered the only
effective treatment for young children with end-stage
liver failure, whether caused by congenital or acquired
liver diseases. Overall posttransplant survival currently
exceeds 85% at 5 years [1, 2]. To further improve treat-
ment outcomes, it is crucial to enhance the prediction
and diagnosis of post-transplant complications, which
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and Notch [8, 9]. Additionally, TGF-B1 secretion may
be influenced by polymorphisms in the TGFBI gene.
To date, eight single nucleotide polymorphisms (SNPs)
have been identified that may affect TGF-B1 production
and have been associated with various diseases, inclu-
ding liver diseases [10, 11].

Areview of the literature suggests that two polymor-
phic loci, rs1800469 and rs1800470, are of particular
significance in liver diseases [12—16]. The rs1800469 po-
lymorphism involves a cytosine-to-thymine substitution
(=509C>T) in the promoter region of the TGFBI gene,
while the rs1800470 variant results from a thymine-to-
cytosine substitution (+869T>C), leading to an amino
acid change from leucine to proline in the TGF-B1 pro-
tein [17, 18].

To date, there is no definitive consensus regarding the
effect of these loci on TGF-B1 production. It is sugge-
sted that the —509C>T substitution may either increase
TGF-B1 levels or have no significant effect, while the
+869T>C substitution is generally believed to enhance
its secretion [19, 20]. In vitro experiments using HeLa
cell cultures infected with various vectors showed incre-
ased TGF-B1 production when cells were infected with
a construct carrying the minor C allele of rs1800470
[20]. However, it is known that regulation of TGF-f1
secretion in cancer cells differs substantially from that
in normal cells [6-9].

Studies investigating the association between TGFB1
genetic polymorphisms and plasma TGF-B1 levels in
patients with liver disease have predominantly focused
on adults with cirrhosis secondary to chronic hepatitis
B or C infections and hepatic steatosis [21-24]. Plasma
TGF-B1 concentrations in patients with liver disease are
generally higher than in healthy individuals; however,
findings regarding the relationship between TGF-B1 le-
vels and specific polymorphic alleles have been inconsis-
tent. For example, Mohy et al. [22], de Brito et al. [23],
and Felicidade et al. [24] reported that elevated TGF-B1
levels were associated with the minor homozygous TT
genotype of rs1800469, whereas Wang et al. [21] found
that higher TGF-B1 levels correlated with the major al-
leles C (rs1800469) and T (rs1800470).

In young children with terminal liver failure caused
by congenital or acquired liver diseases, TGF-f1 levels
differ from those observed in healthy children and may
correlate with the severity of liver fibrosis [3-5, 25].
However, no data are currently available regarding the
extent to which blood cytokine levels are influenced
by TGFBI gene polymorphisms. Our previous studies
showed that distribution of the polymorphic alleles
rs1800469, rs1800470, and rs1800471 of the TGFBI
gene in young children with liver diseases did not differ
significantly from that in healthy controls. However,

the frequency of rare haplotypes at these loci was sig-
nificantly higher in the group of pediatric patients listed
for LT [26].

The aim of the present study was to assess the asso-
ciation between plasma TGF-B1 levels in pediatric LT
candidates, both before and after transplantation, and
the carriage of polymorphic alleles and haplotypes at
the rs1800469 and rs1800470 loci of the TGFBI gene.

MATERIALS AND METHODS

The study included 135 children (59 boys and 76 girls)
who underwent LT, aged between 3 and 98.4 months
(mean age: 8.2 months; median: 8§ months).

To evaluate the association between blood TGF-B1 le-
vels and TGFB1 gene polymorphisms in healthy indivi-
duals, a comparison group consisting of 77 healthy adults
(35 boys and 42 girls) with a mean age of 30.3 £ 5.2 ye-
ars was used. Although cytokine levels are generally
considered to be independent of age, the limited number
of studies addressing this relationship report ambiguous
results [3-5].

The indication for LT in the children was the end stage
of liver disease resulting from various conditions, inclu-
ding biliary atresia (n = 74), biliary hypoplasia (n = 10),
Alagille syndrome (n =9), Caroli’s disease (n=10), and
Byler’s disease (n = 6). Additionally, 26 children had
other rare liver disorders such as Crigler—Najjar syndro-
me, von Gierke disease, alpha-1 antitrypsin deficiency,
tyrosinemia, fulminant hepatitis, autoimmune hepatitis,
cryptogenic cirrhosis, and others.

Following transplantation, recipients received immu-
nosuppressive therapy consisting of two or three agents:
tacrolimus, mycophenolate, and corticosteroids. Exami-
nation and treatment protocols adhered to the clinical
guidelines of the Russian Transplant Society and the
protocols established by the Shumakov National Me-
dical Research Center of Transplantology and Artificial
Organs.

TGF-B1 levels in blood plasma was measured by
quantitative enzyme-linked immunosorbent assay (ELI-
SA) with a reagent kit from Bender MedSystems (Aus-
tria), following the manufacturer’s instructions. Optical
density was measured in microplate wells using a Zenyth
340r spectrophotometer (Biochrom Anthos, UK) at a
wavelength of 450 nm. Cytokine levels were assessed
at three time points: before transplantation, one month
after transplantation, and one year after transplantation.

Polymorphic loci rs1800469 and rs1800470 of the
TGFBI1 gene were identified in genomic DNA using
real-time polymerase chain reaction (PCR) with Taq-
Man probes (Applied Biosystems, USA) on a CFX96™
real-time PCR system (Bio-Rad, USA), following the
manufacturer’s instructions. The TagMan probes used
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for genotyping were C_8708473 10 for rs1800469 and
C 22272997 10 for rs1800470. Genomic DNA was ex-
tracted from venous blood samples using the QIAamp
DNA Blood Mini Kit (Qiagen, Germany) and the QIA-
cube™ automated analyzer (Qiagen, Germany), in ac-
cordance with the manufacturers’ protocols.

Data were collected and initially processed using Mi-
crosoft Excel. Statistical analyses were performed using
the STATISTICA software package (StatSoft Inc., USA).
Quantitative variables are presented as mean + standard
deviation for parametric data, or as median and interquar-
tile range (Q1—Q3) for nonparametric variables (with
range excluding outliers shown in the graphs). Compa-
risons between two dependent groups were conducted
using the Wilcoxon signed-rank test, while comparisons
between two independent groups employed the Mann—
Whitney U test. For comparisons among multiple inde-
pendent groups, the Kruskal-Wallis test was used. Ge-
notype and haplotype frequencies were analyzed using
Fisher’s exact test (p-value) via the SNPstats software.
Differences were considered statistically significant at
a p-value <0.05.

The study was approved by the Local Ethics Com-
mittee, Shumakov National Medical Research Center of
Transplantology and Artificial Organs. Informed consent
was obtained from all participants or their legal guardians
and documented in the patients’ medical records.

RESULTS

The median plasma TGF-B1 levels in pediatric LT
recipients prior to transplantation was 4.6 ng/mL (in-
terquartile range [IQR]: 1.1-9.5 ng/mL). One month
after transplantation, the median TGF-B1 level sig-
nificantly increased to 6.3 ng/mL (IQR: 1.7-15.0 ng/
mL; p = 0.008). One year after transplantation, plasma
TGF-B1 levels remained significantly higher compa-
red to pre-transplant levels, reaching 7.0 ng/mL (IQR:
1.9-13.5 ng/mL; p = 0.0001) (Fig. 1).

The results of DNA genotyping for polymorphic al-
leles rs1800469 and rs1800470 of the TGFB1 gene in
pediatric LT recipients are presented in Fig. 2, showing
the distribution frequencies of different genotypes.

The frequency of occurrence of these SNP alleles in
pediatric recipients did not differ significantly from that
observed in healthy controls. In healthy adults, the geno-
type frequencies were as follows: for rs1800469 — 40%
C/C, 44% C/T, and 16% T/T; for rs1800470 —43% T/T,
40% T/C, and 17% C/C. Notably, plasma TGF-B1 level
in healthy adults was 11.7 ng/mL (IQR: 6.4-16.9 ng/
mL), which was significantly higher than the levels ob-
served in pediatric liver recipients both before and after
transplantation (p = 0.0000).
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Fig. 1. Plasma TGF-B1 levels in pediatric liver transplant
recipients measured before transplantation, one month after,
and one year after transplantation
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Fig. 2. Frequencies of polymorphic variants rs1800469 and
rs1800470 of the TGFB1 gene in pediatric liver recipients

A comparative analysis of plasma TGF-B1 levels
was conducted in pediatric recipients and healthy in-
dividuals across different genotypes of the rs1800469
polymorphism, considering the main genetic models of
allelic interaction: codominant, dominant, recessive, and
over dominant models. In pediatric recipients, TGF-B1
levels were assessed at three time points: before liver
transplantation, one month post-transplant, and one year
post-transplant. The results are illustrated in Fig. 3, using
box plots showing the median, interquartile ranges (2nd—
3rd quartiles), and the data range excluding outliers.

The results showed that plasma TGF-$1 levels in pe-
diatric liver transplant recipients (PLTRs) with different
genotypes of the rs1800469 polymorphic locus of the
TGFBI1 gene did not differ significantly either before or
one month after LT. However, one year after transplan-
tation, under the recessive model of allelic interaction,
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carriers of the homozygous minor allele (T/T genotype)
exhibited significantly lower TGF-B1 levels compared
to carriers of the C/T and C/C genotypes (p = 0.045).
In healthy individuals, TGF-B1 levels were found to be
independent of the rs1800469 genotype (p > 0.05 in all
comparisons).

Similarly, the TGF-B1 content in PLTRs with different
genotypes of another TGFB1 polymorphism, rs1800470,
was analyzed based on models of allelic gene interaction.
The results are presented in Fig. 4.

Fig. 4 shows that TGF-1 levels in the blood of
PLTRs with different rs1800470 genotypes did not dif-
fer significantly before or one month after LT, similar
to the findings for rs1800469. However, one year after
transplantation, under the dominant model of allelic in-
teraction, carriers of the homozygous major allele (T/T
genotype) exhibited significantly higher TGF-B1 levels
compared to carriers of the T/C and C/C genotypes
(p =0.039). In healthy individuals, TGF-B1 levels were

Recipients

Pre-LT month post-LT

independent of the rs1800470 genotype (p > 0.05 in all
comparisons).

Fig. 5 presents the frequencies of haplotypes formed
by the rs1800469 and rs1800470 polymorphic variants
in PLTRs and healthy adult subjects

In both PLTRs and healthy adults, four haplotype
variants were identified, with the most common being
the C-T haplotype, which consists of the major alleles
of both polymorphic loci. The second most frequent ha-
plotype in healthy individuals was T-C, containing two
minor alleles. The frequencies of the most common hap-
lotypes did not differ significantly between recipients and
healthy individuals. However, the occurrence of the T-T
and C-C haplotypes was significantly higher in PLTRs
compared to healthy adults (p = 0.007 and p = 0.021,
respectively).

The results of the comparative analysis of TGF-B1
levels based on carriage of different haplotypes of the
rs1800469 and rs1800470 polymorphic alleles in pedia-
tric recipients and healthy adults are presented in Fig. 6.
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151



RUSSIAN JOURNAL OF TRANSPLANTOLOGY AND ARTIFICIAL ORGANS

Vol. XXVII - N2 2-2025

The results showed that TGF-B1 levels in the blood
of PLTRs carrying different haplotypes did not differ
significantly before LT or one month after LT. Howe-

% 6.3%
16.1%

C-C

uT-T

uT-C

mC-T

Pediatric recipients

Healthy adults

Fig. 5. Haplotype frequencies of the rs1800469 and rs 1800470
polymorphic variants of the TGFBI1 gene in pediatric liver
transplant recipients and healthy adults. p < 0.05

ver, one year after LT, recipients carrying the haplotype
consisting of two minor alleles (T-C) showed the lowest
cytokine levels, which were significantly lower compa-
red to recipients carrying the haplotype composed of a
minor and a major allele (T-T) (p = 0.019).

In contrast, among healthy individuals, the lowest
TGF-B1 levels were observed in carriers of the T-T ha-
plotype, while the highest levels were found in carriers
of the C-C haplotype (p = 0.03).

DISCUSSION

In PLTRs, TGF-B1 levels can vary significantly de-
pending on the underlying disease etiology, degree of
liver fibrosis, presence of post-transplant complications,
immunosuppressive therapy regimen, and other factors
[3-5]. However, the causal mechanisms underlying this
variability remain poorly understood. In this study, we
evaluated the extent to which plasma TGF-$1 levels may
be associated with carriage of polymorphic loci and hap-
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Fig. 4. Comparison of plasma TGF-B1 levels in pediatric liver transplant (LT) recipients measured before transplantation, one
month after, and one year after transplantation, and in healthy adults, stratified by genotypes of the rs1800470 polymorphic
allele of the TGFBI1 gene, analyzed using allelic interaction models. p < 0.05
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lotypes (rs1800469 and rs1800470) of the TGFB1 gene
in PLTRs.

LT was associated with a significant increase in
TGF-B1 levels in pediatric recipients; however, cytokine
concentrations did not reach those observed in healthy
adults or, as shown previously, in healthy children of the
same age group [5]. The distribution of the rs1800469
and rs1800470 polymorphic loci and their most common
haplotypes (C-T and T-C) did not differ significantly
between PLTRs and healthy individuals. In contrast, the
rare haplotypes T-T and C-C were significantly more
frequent among PLTRs than among healthy controls,
corroborating previous findings [26] and suggesting a
potential association between these rare haplotypes and
the development of liver disease in PLTRs.

Comparison of TGF-B1 blood levels in PLTRs carry-
ing different genotypes of the studied polymorphic loci
and their haplotypes revealed no significant differences
before or one month after LT. However, one year after LT,
significant associations were observed: for rs1800469,
carriage of the major allele (C/C + C/T) was associated
with higher TGF-B1 levels, whereas carriers of the homo-
zygous minor genotype (T/T) exhibited lower cytokine
levels. Similarly, for rs1800470, the homozygous major
genotype (T/T) was associated with higher, and carria-
ge of the minor allele (T/C + C/C) with lower TGF-p1
levels.

Among pediatric recipients, carriers of the T-T hap-
lotype (combining the minor allele of rs1800469 and the
major allele of rs1800470) had higher TGF-B1 levels,
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while carriers of the T-C haplotype (both minor alleles)
exhibited the lowest cytokine levels.

In healthy individuals, TGF-B1 levels did not dif-
fer significantly based on the individual carriage of
rs1800469 or rs1800470 genotypes. However, differen-
ces emerged when rare haplotypes were analyzed: the
C-C haplotype (major allele of rs1800469 and minor
allele of rs1800470) was associated with higher, and the
T-T haplotype with lower TGF-B1 levels — the opposite
pattern compared to pediatric recipients.

These findings suggest that the T allele of rs1800469
may reduce, while the C allele of rs1800470 may enhan-
ce TGF-B1 production. The opposing effects of these po-
lymorphisms may explain the relatively higher frequency
of the T-C haplotype among healthy individuals, where
the influence of the two variants appears to compensate
each other, resulting in normal cytokine levels compa-
rable to those associated with the major alleles.

The absence of differences in TGF-B1 levels in recipi-
ents before or one month after surgery can be attributed
to the disruption of normal regulatory processes during
these periods, which may be influenced by disease-re-
lated complications or drug therapies. It is also possi-
ble that, one year post-surgery, the patients’ condition
stabilizes, leading to partial normalization of TGF-B1
production regulation, despite the ongoing influence of
immunosuppressive therapy. In healthy adults, cytokine
regulation may differ significantly from that in pediat-
ric recipients. For example, under normal conditions,
TGF-B1 is produced by liver stellate cells at a basal le-
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vel, with production increasing in response to activating
factors [28].

Thus, our findings suggest that blood TGF-p1 le-
vels in PLTRs may be influenced by the carriage of spe-
cific loci and haplotypes of the TGFBI gene, namely
rs1800469 and rs1800470.

As mentioned in the introduction, no other studies
have specifically examined the association between
TGF-B1 levels and TGFB1 genetic polymorphism in
PLTRs. When compared to data from adults with liver
disease, our findings align with those of Chinese resear-
chers [21] but differ from results observed in Brazilian
and Egyptian populations [22-24]. Additionally, there
are studies that did not find a significant association bet-
ween cytokine levels and its gene polymorphism [12].

Interestingly, studies investigating the relationship
between TGF-B1 levels and TGFB1 genetic polymor-
phism in other diseases also present mixed results. These
studies can be divided into two groups: one group asso-
ciates higher cytokine levels with the major alleles (C
rs1800469 or T rs1800470) in diseases such as human
papillomavirus infection [31], systemic lupus erythema-
tosus [32], gastric adenocarcinoma [33], and rheumatoid
arthritis [34], while the other group finds higher levels
associated with the minor alleles (T rs1800469 and C
rs1800470) in conditions like breast cancer [20, 29] and
coronary artery ectasia [30].

The contradictory findings in these studies can be at-
tributed to the pleiotropic nature of TGF-B1 cytokine, its
complex regulation, variations in experimental designs,
or differences in the ethnic backgrounds of the study
populations. However, given the significant number of
studies that have found an association between prote-
in levels and gene polymorphisms, and the consistent
division of results into two opposing trends (with high
TGF-B1 levels being associated either with major or
minor alleles), it is reasonable to assume that such an
association exists. Yet, depending on various factors, this
association could be either direct or inverse.

One such factor could be the stage of disease progres-
sion when TGF-B1 levels are measured. For example,
cytokine levels may fluctuate significantly depending on
the severity of liver fibrosis [5, 23]. An initially low or
high cytokine production, which may contribute to the
disease pathogenesis, could either increase or decrease
over time, potentially reflecting the progression of the di-
sease rather than causing it. Therefore, while the studies
reviewed suggest an association between TGF-B1 levels
and its gene polymorphism, they do not conclusively
answer the question of causal relationships.

The retrospective nature of this study, its reliance on
the case-control method, and the genetic heterogeneity
of the sample may present certain limitations to the con-

clusions drawn. Most phenotypic traits are influenced
by numerous genetic loci, making it challenging to iso-
late the contribution of a single locus. Additionally, the
haplotype occurrence analysis performed in this study
is approximate, as precise haplotype determination for
heterozygous variants requires sequencing. Further re-
search is necessary to confirm the findings presented
here.

Despite these limitations, the results of this study
suggest a potential association between blood TGF-p1
levels and carriage of polymorphic loci and haplotypes
rs1800469 and rs1800470 of the TGFBI1 gene. As a cri-
tical regulator of fibrosis and immune response, TGF-B1
may play a significant role in the regulation of protein
levels in PLTRs. These findings open up new avenues
for understanding protein regulation and may position
the studied variants as potential prognostic markers for
complications in PLTRs.

CONCLUSION

Elevated TGF-B1 levels in the blood of PLTRs one
year after LT are associated with carriage of the major
alleles — C rs1800469 and T rs1800470, as well as the T-T
haplotype of the TGFB1 gene. This finding suggests that
these polymorphic loci may influence the development
of post-transplant complications, highlighting their po-
tential use as predictive markers for transplant outcomes.

The authors declare no conflict of interest.
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Despite significant advancements in the field of liver transplantation (LT) over the last 30 years, the gold standard
for allograft preservation — static cold storage with pharmacological agents — has remained largely unchanged. The
growing disparity between demand for liver transplants and shortage of donor livers, along with a high waiting
list mortality rate (potentially up to 20%), has forced transplant teams to broaden donor eligibility criteria. This
expansion, however, has inevitably impacted both the immediate and long-term LT outcomes. Dynamic preservation
of liver allografts has shown consistently positive outcomes, particularly among expanded criteria donors, inclu-
ding those classified as high-risk donors” Over the past decade, several perfusion techniques, integrating various
temperature conditions, have been developed and are under active investigation. A significant advancement in
this area is the emergence of combined sequential ex vivo machine perfusion, which integrates multiple perfusion
strategies. This approach leverages the strengths of each method while mitigating their individual limitations. This
paper reviews current experience with combined sequential ex vivo perfusion of liver grafts, providing a concise

overview of the key stages encompassed within this protocol.

Keywords: ex vivo perfusion, liver perfusion, liver transplantation.

INTRODUCTION

Liver transplantation, a definitive treatment for va-
rious end-stage and focal liver diseases, has evolved
significantly since its inception, becoming a routine pro-
cedure in many medical centers. While the expansion
of liver transplant (LT) indications has allowed more
patients to be treated, it also results in a growing pool
of potential recipients on the waiting list each year [1,
2]. However, the relatively static donor pool limits the
availability of liver transplants, prompting the global
transplant community to broaden the criteria for liver
allograft suitability, despite potential risks associated
with such a step [3-5].

MP (MP) has emerged as a leading strategy for impro-
ving LT outcomes, particularly when using organs from
expanded criteria donors (ECDs). Beyond conditioning
and direct “recovery-rehabilitation” of the organ — no-
tably of mitochondrial function — after a period of cold
ischemia during hypothermic oxygenated perfusion
(HOPE), MP significantly increases the number of usa-
ble organs by enabling ex vivo viability testing of both
hepatocellular and cholangiocellular components du-
ring the normothermic machine perfusion (NMP) phase.
However, NMP’s protective capacity against ischemia-
reperfusion-conservation injury remains relatively mo-
dest compared to HOPE [6-8]. Controlled oxygenated

rewarming (COR) further optimizes graft preservation by
minimizing “rewarming injury” [9] when transitioning
from hypothermic to physiological perfusion conditions.
The combination of all three MP approaches maximizes
the protective and predictive capabilities of the method
by harnessing the strengths of each. For example, com-
bined perfusion protocols have achieved excellent out-
comes with grafts from donation after circulatory death
(DCD) — the highest-risk group — historically associated
with poorer outcomes compared to donation after brain
death (DBD), largely due to an initial period of warm
ischemia.

STATIC COLD STORAGE

Static cold storage (SCS), due to its simplicity and
affordability, has been the gold standard for solid or-
gan preservation in transplantation for decades [10—12].
However, the use of isolated SCS in ECDs leads to severe
ischemia-reperfusion-preservation injury (IRPI) affec-
ting various components of the liver allograft [13, 14].
Hepatocellular injury manifests as graft dysfunction or
primary nonfunction, driven by extensive hepatocyte
dysfunction and necrosis [15, 16]. Early allograft dys-
function (EAD) can occur in up to 53.6% of recipients
and significantly impacts transplant outcomes: analysis
of 1,950 liver transplants showed that 1-year and 5-year
graft survival rates were markedly lower in recipients
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with EAD compared to those without (84.1% vs 92.7%
and 73.4% vs 83.9%, respectively), as were patient survi-
val rates (86.8% vs 95.2% and 67.9% vs 79.6%; p <0.01)
[17,18].

The most significant consequence of biliary IRPI is
the development of diffuse fibrosis and ischemic non-
anastomotic strictures, a condition termed non-anasto-
motic ischemic cholangiopathy (NAIC), which adversely
affects graft survival, recipient quality of life, and overall
treatment costs, including the need for retransplantation
[19, 20]. In a 29-year analysis of asystolic donor expe-
rience by the University of Wisconsin group, a signifi-
cantly higher rate of biliary complications was observed
among recipients of non-heart-beating (NHB) donor
grafts (51% vs 33.4% in the DBD group; p < 0.01), as
well as a markedly higher risk of retransplantation due
to ischemic cholangiopathy (13.9% vs 0.2% in the DBD
group; p <0.01).

A cost analysis by Jay et al. revealed a 53% increase
in treatment costs at 1 year for patients who developed
NAIC (p < 0.01), and a 107% increase (p < 0.001) if
retransplantation was required due to disease progres-
sion [21]. LT recipients generally experience a higher
incidence of NAIC when receiving grafts from DCD
donors compared to those from DBD donors (44% vs
1.6%, p <0.001).

The aforementioned complications reach their peak
when using DCD allografts, primarily due to the una-
voidable period of primary warm ischemia. This signifi-
cantly limits the utilization of marginal allografts unless
supplemented by additional protective strategies.

MP, being a long-established organ preservation tech-
nique, has consistently demonstrated excellent outcomes
in high-risk allograft cases, achieving outcomes compa-
rable to transplants from optimal donors [22, 23].

HYPOTHERMIC OXYGENATED PERFUSION

HOPE facilitates the restoration of electron flow
through the mitochondrial electron transport chain
(ETC), promoting ATP resynthesis while simultaneously
minimizing consumption under hypothermic conditions.
It actively clears ischemic metabolites such as succinate
and NAD+, thereby preventing excessive formation of
reactive oxygen species during subsequent rewarming
and averting damage to critical ETC components, parti-
cularly complex I [24-26].

HOPE helps maintain cellular energy by effectively
reprogramming mitochondria, the cell’s energy hubs,
to function under extremely low metabolic conditions.
This “reprogramming” allows cells to thrive even when
their energy production is 10—15 times lower than during
typical SCS.

HOPE offers the advantage of relative technical sim-
plicity: a short-term session (1-2 hours) conducted at
the end of SCS — the so-called end-ischemic or back-
to-base approach — is sufficient to achieve meaningful

graft protection [24]. The perfusate used is typically a
standard preservation solution (used routinely in SCS) or
a modified variant such as the University of Wisconsin-
Belzer Machine Perfusion Solution (UW-Belzer MPS),
actively oxygenated to achieve a partial oxygen pressure
(pO,) of 400—600 mmHg under hypothermic conditions
(8-12 °C) [25]. The standard HOPE protocol is detailed
in Table 3. This technique does not require the addition
of oxygen carriers to the perfusate, and the use of hy-
pothermic temperatures reduces the risk of rewarming
injury in the event of device malfunction.

Perfusion can also be initiated directly at the donor
site (upfront approach); however, this method is limited
by the need for specialized portable perfusion devices.
Moreover, the absence of active oxygenation in many
such systems often results in suboptimal oxygen deli-
very to the allograft [25]. Nonetheless, several studies
have shown promising outcomes with this approach. For
instance, Guarrera et al. reported a statistically signifi-
cant reduction in biliary complications (4 vs 13 cases,
p = 0.016) and shorter hospital stays (3.64 = 10.9 vs
20.14 £ 11.12 days, p = 0.001) in the perfusion group
compared to standard preservation [27, 28]. Results
from the PILOT study indicated a significant reduction
in the risk of irreversible graft dysfunction (IQR 3.4%
[2.4-6.5] vs 4.5% [2.9-9.4], p = 0.024). However, dif-
ferences between the MP and SCS groups in rates of
primary nonfunction (0% vs 2.2%, p = 0.10) and biliary
complications (6.3% vs 16.4%, p = 0.18) did not reach
statistical significance [29].

HOPE can significantly enhance LT outcomes when
using grafts from ECDs, especially those from DCD
donors (Table 1), enabling the use of allografts from both
optimal and marginal donors, particularly NHB donors.
One of the largest randomized trials conducted by the
Groningen group confirmed the strong protective capaci-
ty of a brief end-ischemic dual HOPE (D-HOPE) session:
NAIC occurred in only 6% of the HOPE group versus
18% in the control group (OR 0.36; 95% CI, 0.14-0.94;
p=10.03). Similarly, EAD was observed in 26% of the D-
HOPE group compared to 40% in the control group (OR
0.61; 95% CI, 0.39-0.96) [30]. However, the specific
additional benefit of D-HOPE over single HOPE (mono-
HOPE) during the hypothermic phase of MP remains
under investigation [31, 32]. For example, Koch et al., in
an analysis of 183 liver transplants preserved with either
mono-HOPE (n = 90) or D-HOPE (n = 93), reported no
significant difference in the incidence of NAIC (10.96%
vs 8.22%, p=0.574) or graft survival (91.2% vs 93.3%,
p = 0.893) between the two groups [31].

NORMOTHERMIC MACHINE PERFUSION

Normothermic machine perfusion (NMP) is a more
technically demanding and complex method of liver allo-
graft preservation. Operating at normal body temperature
(3637 °C), NMP maintains the organ in a near-normal
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metabolic state, necessitating precise and continuous
monitoring of perfusion parameters. Any technical fai-
lure during this process may result in significant graft
injury and potentially require a return to SCS [33, 34].
The standard NMP protocol is summarized in Table 3.
This procedure requires the use of an oxygen-carrying
perfusate, most commonly red blood cell (RBC) con-
centrates, due to their hemoglobin content. However, the
limited organ availability, along with their unsuitability
for hypothermic conditions due to increased membrane
fragility and cold-induced agglutination, has prompted
efforts to develop alternatives.

In this context, hemoglobin-based oxygen carriers
(HBOCs) have emerged as a promising substitute. Van
Leeuwen et al. reported comparable graft preservation
outcomes between HBOC- and RBC-based perfusates
(Table 1). A key advantage of HBOCs is their versatility:
unlike RBCs, they are compatible across all MP pha-
ses — HOPE, COR, and NMP — allowing for seamless,
uninterrupted perfusion protocols without the need to
change the perfusate [35].

Conducting NMP sessions in both “upfront” and
“end-ischemic” modes results in IRPI, although typi-
cally to a lesser degree than observed in the recipient
organism, due to the absence of the effector component
of the recipient’s immune response [36—38]. In the VIT-
TAL study, Mergental et al. reported a 18.2% incidence
of NAIC, which was comparable to controls (p =0.063),
and a 31.8% incidence of EAD, which was higher than
in controls (n = 4, p = 0.034) [33]. Similarly, Nasralla
et al., in their analysis of 220 liver transplants, found no
statistically significant differences between the NMP and
SCS groups regarding biliary complications, including
NAIC, despite a 74% reduction in the incidence of EAD
in the NMP group (p <0.001) [39]. These findings sup-
port the notion that NMP has limited protective capacity
against IRPI.

Nevertheless, as a standalone technique, NMP re-
mains an effective method for preserving liver grafts
obtained from ECDs, showing superior outcomes com-
pared to SCS, as confirmed by multiple studies (Table 1),
though generally less effective than HOPE [6]. A key
advantage of NMP — beyond organ reconditioning — is
the ability to assess liver graft viability prior to trans-
plantation. This pre-implantation assessment enables
the rejection of organs that would likely result in severe
post-transplant complications, such as ischemic chol-
angiopathy, EAD, or primary non-function (PNF) [40].

On the other hand, considering the largely subjective
nature of macroscopic organ assessment by transplant
surgeons, the ability to reassess initially “rejected” or-
gans based on objective viability criteria offers a pro-
mising opportunity to significantly expand the donor
pool. This is especially relevant in light of projections
indicating that by 2030, only 44% of liver allografts will
be utilized — down from 78% in 2010 — which would

translate to approximately 2,230 fewer liver transplants
annually [41]. Viability assessment thus emerges as a
key strategy to address the growing gap between organ
demand and availability. Notably, several studies have
included grafts that had been declined by all transplant
centers, yet achieved successful transplantation in 30%
to 91% of these cases [33, 40], resulting in a donor organ
utilization increase of 20% or more.

CONTROLLED OXYGENATED REWARMING
(COR)

One of the critical challenges of static cold preser-
vation of liver allografts — besides the accumulation of
anaerobic metabolic byproducts and subsequent oxida-
tive damage during warm reperfusion — is the so-called
“rewarming injury”. This injury is associated with the
rapid rise in graft temperature to physiological levels
(3637 °C) [9, 42—44]. The underlying pathophysiology
involves a progressive loss of mitochondrial transmemb-
rane potential during cold ischemia. Upon rewarming —
either in the recipient or during NMP — this dysfunction
manifests as severe mitochondrial injury due to the mas-
sive opening of mitochondrial permeability transition
pores, calcium ion leakage, apoptosis, free radical forma-
tion, and disintegration of the mitochondrial respiratory
chain. Collectively, these processes are recognized as key
components of ischemia-reperfusion-conservation inju-
ry. Interestingly, such thermal damage is not observed in
isolated hepatocyte cultures preserved at temperatures
above 16 °C [9, 43].

A potential solution to rewarming injury has been pro-
posed by a group of researchers from University Hospital
Essen. To minimize thermal damage, they advocate for
a brief session of highly oxygenated MP with a gradual
increase in temperature to 20 °C, performed in an “end-
ischemic” format. The standard COR protocol is detailed
in Table 3. In the first clinical validation of this approach,
Hoyer et al. evaluated 6 LT recipients and reported a
statistically significant reduction in peak transaminase
levels — used as surrogate markers of IRPI —in the COR
group (AST 563.5 vs 1204 U/L, p = 0.023) compared to
a control group that underwent SCS (n = 106). Impro-
vements in coagulation parameters were also observed,
with a lower international normalized ratio (INR) in the
COR group (1.48 vs 1.86, p = 0.07), reflecting better
synthetic liver function postoperatively. Furthermore, the
incidence of EAD and PNF was lower in the COR group
(0% vs 35.9%, p = 0.07 and 0% vs 2.8%, p = 0.68, res-
pectively). Graft survival in the COR group was 100%,
compared to 80.9% in the SCS group (p = 0.24) [9, 43].
However, not all outcome differences reached statistical
significance.

A subsequent randomized controlled trial involving
40 LT recipients, randomized to receive either COR
(n = 20) or SCS (n = 20) for graft preservation, further
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supported the potential benefits of COR. Improved graft
function was demonstrated by a higher 13C-methacetin
clearance (LiIMAX test, 294 £ 106 vs 187 = 121 ng/kg/
hour, p = 0.006) and increased synthesis of coagulation
factor V on postoperative day 1 (103 + 34 vs 66 £ 26,
p = 0.001) [45]. However, the study did not meet its
primary endpoint, as the difference in peak AST levels
between the groups was not statistically significant
(767 £ 1157 vs 1371 £2871 U/L, p = 0.273).

In summary, COR shows promise as a supplementary
MP strategy for liver graft preservation. Nonetheless, its
clinical efficacy requires confirmation through larger-
scale studies and direct comparisons with other estab-
lished techniques such as HOPE.

Despite the current absence of established practice for
assessing allograft viability at the COR stage — owing
to its inherently end-ischemic application — Hoyer et al.
reported a strong correlation between AST levels measu-
red at 120 minutes of COR perfusion at 20 °C and peak
AST levels observed in the postoperative period. The
coefficient of determination was R* = 0.90, p < 0.001).
In comparison, similar correlations observed during
HOPE were associated with lower predictive accuracy
(R*=0.73) [46].

COMBINED SEQUENTIAL MACHINE
PERFUSION

With the development and introduction of HOPE and
NMP into routine clinical practice, several researchers
have attempted to compare the two techniques [6]. The
results of a meta-analysis of 7 randomized trials and
1017 patients included demonstrate a statistically signifi-
cant reduction in the incidence of EAD with both HOPE
and NMP (NMP vs SCS, OR 0.50, 95% CI 0.30-0.86,
p =0.01, 12 = 39%; HOPE vs SCS: OR 0.48, 95% CI
0.35-0.65, p < 0.00001, I2 = 5%). At the same time, a
greater protective potential of HOPE has been noted,
consisting of a reduction in serious complications (Cla-
vien—Dindo >IIIb, HOPE vs SCS: OR 0.76, 95% CI
0.63-0.93, p = 0.006, 12 = 0%), retransplantation rate
(HOPE vs SCS: OR 0.21, 95% CI 0.04-0.96, p = 0.04;
12 =0%) and graft loss (HOPE vs SCS: OR 0.40, 95% CI
0.17-0.95, p=0.04; 12 = 0%). Both techniques also had
apositive effect on the incidence of biliary complications
and non-anastomotic strictures. Over time, the view on
the use of MP has changed toward the use of combined
protocols that include sequential HOPE and NMP [35,
47]. At the D-HOPE stage, the previously described re-
conditioning of mitochondria of the liver allograft is
performed, which allows approaching the period of warm
reperfusion in an optimal energetic and metabolic state.
Thus, in an experimental study, Boteon et al. report a 1.8-
fold increase in ATP levels during HOPE and decreased
expression of markers of oxidative stress and inflam-
mation (p = 0.008 and p = 0.02) during the NMP stage

in the combined perfusion group compared to isolated
NMP, with 100% of organs achieving viability criteria
in the combined perfusion group compared to 40% in
the isolated perfusion group [48].

In more recent studies, the combined perfusion pro-
tocol has evolved to incorporate the COR stage as a
transitional link between hypothermic and normothermic
perfusion phases. By enabling a gradual, stepwise rewar-
ming of the organ under conditions of high oxygenation,
COR mitigates the abrupt thermal shift associated with
direct transitions from hypothermic to normothermic
perfusion. Although definitive clinical evidence de-
monstrating the superiority of this integrated approach
is still lacking, the strong pathophysiological rationale
and promising outcomes observed with isolated COR
have led several researchers to adopt it as part of their
combined perfusion strategies [35, 49]. Following the
COR phase, D-HOPE is succeeded by NMP, allowing
not only continued graft reconditioning through restora-
tion and maintenance of ATP reserves but also real-time
assessment of organ viability under near-physiological
conditions. Once the graft meets established viability
criteria — identical to those used in isolated NMP — it is
deemed suitable for transplantation and can be success-
fully implanted into the recipient [49-51].

The choice of perfusate in the combined perfusion
protocol warrants careful reconsideration. The use of
oxygen carrier-free perfusate during the normothermic
phase is inadequate due to the high metabolic demand of
the liver graft and the limited oxygen-carrying capacity
of such solutions. Conversely, the most commonly em-
ployed perfusate in NMP — based on red cell mass — is
unsuitable for hypothermic conditions due to increa-
sed fragility of erythrocyte membranes, a heightened
risk of hemolysis, and cold-induced RBC agglutinati-
on. According to van Leeuwen et al. [35], two primary
strategies have been proposed to address this limitation.
The first involves replacing the perfusate following the
HOPE phase with a RBC-based solution and initiating
the subsequent perfusion at a starting temperature of
20 °C. This approach avoids erythrocyte damage while
enabling effective oxygen delivery during the COR and
NMP phases. Importantly, the perfusate exchange ty-
pically requires no more than 20-30 minutes and does
not significantly affect overall perfusion outcomes. The
second approach employs HBOCs throughout all stages
of the combined perfusion protocol. This method has
demonstrated safety and efficacy in comparison to both
RBC-based perfusates during NMP and conventional
UW-MPS during HOPE [35, 49, 50]. However, the cli-
nical application of HBOCs remains limited, primarily
due to the absence of regulatory approvals for use in
perfusion preservation in the United States and European
Union. Nevertheless, given the constrained availability
of donor red cell mass, HBOC-based perfusion is a pro-
mising area for future research.
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The main outcomes of the combined MP protocol are
presented in Table 1. It is important to note the relatively
small number of studies, the limited patient cohorts, and
the near-complete absence of direct comparisons bet-
ween combined and isolated protocols, which currently
makes it difficult to draw definitive conclusions about

the advantages of combined perfusion. However, several
ongoing clinical trials — particularly the DHOPE-COR-
NMP study led by the Groningen group — are expected
to provide deeper insights into the potential benefits of

integrating multiple perfusion techniques [52].

Table 1

Outcomes of hypothermic oxygenated perfusion (HOPE) and normothermic machine perfusion (NMP)
in liver transplantation (Adapted from Jakubauskas et al. [66] and Banker et al. [8], with additions)
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etal. [71] D-HOPE DBD mized study, | 25 and 31408 hours device, UW-MP | severe postreperfusion syndrome are
. and SCS case-matched | 50 ' ’ solution (Belzer |significantly lower in the D-HOPE
2019
1:2 MPS) group
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Continuation of Table 1

1 2 3 4 5 6 7 8
Prospective
study, case-
matched . .
Schlegel 1:1:1 Liver Assist Significant increase in graft survival
etal. [72] HOPE "} DCD and (HOPE-DCD 50 and 2(1.6-2.4) device, UW glu- in the HOPE-DCD group compared
and SCS DBD 50 hours conate solution
2019 and SCS- (Belzer MPS) to the DCD-SCS group
DCD and clze
brain-dead
SCS donor
Ravaioli Non-rando- Center-developed
etal. [73] HOPE DBD mized study, | 10 and 2.2 (1-3.5) | perfusion device, | Mean AST at postoperative day 7 si-
. and SCS case-matched | 30 hours UW-MP solution | gnificantly lower in the HOPE group
2020
1:3 (Belzer MPS)
Non-rando- Liver Assist . .
Rayar HOPE mized study, | 25and | 2(1.3-42) | device, Uw-mp | Mcan leant of stay in the hospital
DBD . and in ICU significantly lower in the
etal. [74] | and SCS case-matched | 69 hours solution (Belzer HOPE erou
1:3 MPS) s
Multicenter Liver Assist
Van Riin rospective device, UW glu- | In HOPE group: significant reduction
et al [g 0] D-HOPE DCD fan dl;mize d 78 and 2.2(2-2.5) conate solution | in symptomatic non-anastomotic
2021' and SCS controlled 78 hours (Belzer MPS) | stricture (NAS), EAD, incidence of
. and glutathione | postreperfusion syndrome
clinical study
3 mmol/L
. Prospective, Liver Assist .
Czigany HOPE randomized | 23 and device, UW glu- In HOPE group. decreased peak ALT
et al. [75] DBD - - levels, along with shorter ICU stays
2021 and SCS controlled 23 conate solution and overall hospitalization time
study (Belzer MPS) P
NMP
Ravikumar Non-rando- OrganOx metra - ssllllrl:/lil\ilarllm-day patient and graft
et al. [76] Nl\gggnd D]C)];gnd g;z?iztzﬁza 204:2)nd 93 (}?(.)51;818.5) colloidal solution | 2. Significant reduction in peak AST
2016 (Gelofusine) levels within the first 7 days in the
1:2
NMP
OrganOx metra, | 1. Similar 30-day recipient and graft
Selzner Pilot stud dextran-based survival
etal. [77] NMP and | DCD and case-match}; q 10 and 8 (5.7-9.7) perfusate (Steen | 2. No cases of graft loss
201 6 SCS DBD 13 30 hours solution), red cell | 3. Similar postoperative graft func-
' mass (RCM), tion, hospitalization duration, and
albumin ICU stay between groups
9 and 1. Similar 30-day and 6-month graft
27 OrganOx metra, . .
Non-rando- (inen- erfusate based and patient survival
Braletal. | NMPand | DCD and | mized study, tion- 11.5(3.3-22.5) I()) 1 ervthrocyte 2. Hospitalization and ICU stays sig-
[78] SCS DBD | case-matched hours Y e . nificantly longer in the NMP group
12 to-treat RCM and colloi- 3. Similar postoperative eraft func-
' 10 and dal solution - >imuar postoperative gra ¢
tion
30)
1. In NMP group: lower incidence of
EAD, less organ injury (by 50%,
Multicenter, based on peak transaminase le-
Nasralla randomized OrganOx metra, vels), lower rate of postreperfusion
NMP and | DCD and 120 and | 9.1 (6.2-11.8) | colloidal solution >
et al. [39] controlled . syndrome
SCS DBD 101 hours (Gelofusine),
2018 study, case- RCM 2. Increased number of allografts
matched 1 : 2 transplanted
3. Similar 1-year recipient and graft
survival
Similar 6-month patient and graft
. . Liver Assist, survival
Ghinolf NMP and DBD do- | Single-center 121 and| 4.2 (3.3-4.7) | colloidal solution | Similar complication rates and length
ctal. [28] SCS nors aged | - controlled 101 hours (Gelofusine) of hospitalization in both groups
2019 >70years |  study ’ P group

albumin, RCM

Less organ injury in the NMP group
according to histological analysis
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Continuation of Table 1

1 2 3 4 5 6 7 8
1.71% of organs (n = 22) reached
viability criteria and were success-
fully transplanted
2.90-day graft survival was 100%
3. Ischemic strictures requiring
retransplantation occurred in 18%
of patients (n = 4, mean follow-
up 542 days), comparable to
Mergental . 2.3% (n=1) in the control group
etal. [33, Sggﬂer:fgfr OrganOx metra, | (p=0.063)
79] 2020, NMP DCD and mized study, 3] 587 (450-705) | colloidal solution | 4. No cases of PNF
2024 — the DBD ’ minutes (Gelofusine), |5.EAD in 31.8% of cases (n = 7),
VITTAL case-lrrT a2tched RCM more frequent than in the control
trial ' group (n=4, p=10.034)
6. 1-year graft and recipient survival
of 86.4% and 100% (compara-
ble to control group: 86.4% and
95.5%)
7. 5-year graft and recipient survival:
72% and 82%
8. All deceased recipients had a func-
tioning graft
Custom-built
Non-rando- perfusion device;
sk | NP [ DCDan | mids | 20nd | | P g ol EAD ek LT
[80] 2020 SCS DBD case-matched 84 ’
-4 frozen plasma, | NMP group
RCM, and albu-
min.
NMP
of liver
Quintini allografts Non-rando- . Ability to rehabilitate and successful-
etal. [81] | declined D(]:)DBEHd mized clini- 21 10 ;;ﬁgurs p;?j:?;ﬁ_gs\lie ly transplant 15 of 21 organs initially
2022 by other cal study ' deemed unsuitable
transplant
centers
1. In NMP group: reduced incidence
Transmedics of EAD, ischemic biliary compli-
. Organ Care Sys- cations . . . .
Markmann NMP and | DCD and Prospec-uve 153 and tems, albumin- 2. Decreas‘.sd intensity of 1sc.hf':m1a-
et al. [82] randomized 2.0-5.5 hours reperfusion-preservation injury
SCS DBD 147 based perfusate . . .
2022 study . (according to histologic study)
(Steen solution), -

RCM 3. Increased number of utlhz.ed
organs from DCD donors in the
group where NMP was used

Combined ex-vivo machine perfusion protocols
Birmingham (Mergental, 2016)
criteria were used to assess allo-
Liver Assist graft viability at the NMP stage (see
device, perfusate: | Table 2)
Prospective fN}ﬁl}irsngmﬁl)) hemoglobin- 1.60% (n = 3) in the NMP group and
Boteon NMP and DCD and cohort study, 2 hours H OPE based oxygen 100% (n = 6) in the HOPE-NMP
et al. [48] HOPE- case-matched | 5 and 5 carrier (HBOC) group were deemed viable and
DBD . and 4 hours . .
2018 NMP 1:1 (pilot NMP (HOPE- with albumin (for successfully. transplantejd
study) NMP group) NMP); UW-MP | 2. In the combined perfusion group:

solution (Belzer
MPS) for HOPE

statistically reduced expression of
oxidative stress markers (4-hydro-
xynonenal, CD14), inflammatory
markers (CD11b, VCAM)
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Continuation of Table 1

1 2 3 4 5 6 7 8
The Groningen (van Leeuwen, 2019)
Liver Assist criteria were used to assess allo-
. graft viability at the NMP stage (see
. device, perfusa-
de Vries | DHOPE- Prospective 283-517 mi- | te: HBOC with | 142¢ %)
etal. [49] COR- DCD sin lg-cen e 7 tes aibumin used 1.5 out of 7 liver grafts used
2019 NMP & throuchout all 2. No cases of EAD
erfusﬁ)n stames 3. No cases of PNF
P & 4. 3-month graft and recipient survi-
val — 100%
Total perfu-
sion time is The Groningen (van Leeuwen, 2019)
not specified. criteria were used to assess allo-
Standard pro- graft viability at the NMP stage (see
tocol: 1 hour Table 2)
D-HOPE, 1. 69% of organs (n = 11) were
. 1 hour COR, Liver Assist deemed viable and were transplan-
Prospective 150 minutes device, perfusa- ted
van Leeu- | DHOPE- (stage 1), NMP. Ifthe | te: HBOC with |2.Recipient and graft survival at 3, 6,
wen et al. COR- DCD retrospective 16 . .
graft is deemed | albumin used and 12 months was 100%
[58]12019 NMP cohort study . . .
(stage 2) viable, prolong | throughout all | 3.1 case (9%) of ischemic cholun-
& perfusion until | perfusion stages giopathy (4 months post-trans-
ready for im- plant)
plantation. 4. No cases of PNF
Total preserva- 6. Transplant activity increased by
tion time: 868 20% following implementation of
(IQR 805-924) the protocol
min
The Groningen (van Leeuwen, 2019)
criteria were used to assess allo-
Total perfu- graft viability at the NMP stage (see
sion time is Liver Assist Table 2)
not specified. | device, perfusa- | 1.63% of organs (n = 34) were
Standard pro- | te: HBOC with deemed viable and successfully
tocol: 1 hour | albumin (n=12) transplanted
- - 1 0,
van Leeu- | DHOPE- DCD and Prospective D-HOPE, usefi for all 2. 1-year .sqrvwal rates were 100%
DBD . 1 hour COR, | perfusion stages; for recipients and 94% for grafts
wen et al. COR- observational 54 . . .
[35] 2022 NMP (2%, cohort stud 150 minutes or UW-MPS for | 3. Non-anastomotic cholangiopathy
n=1) Y NMP. If the HOPE and red developed in 3% of cases (n=1)
graft is deemed | blood cell mass |4. Comparable results when using
viable, prolong | with albumin for HBOC and RCM in the perfusate
perfusion COR-NMP stages | 5. No cases of PNF
until ready for (n=22) 6. Two retransplantations for reasons
implantation unrelated to perfusion (venous
outflow obstruction and chronic
rejection)
The Quintini et al. (2022) criteria
was used to assess allograft viability
at the NMP stage (see Table 2)
1.76.5% of organs (n = 13) were
Perfusion device: deemed viable and successfully
transplanted
center-developed . .
. . 2. Graft and recipient survival rates
Prospective, 1-2 hours at | custom perfusion were 100% (follow-up period
Liu et al. HOPE- | DCD and | observatio- 17 NOPE stage system. 6-13 mont(ils) PP
[82] 2023 NMP DBD nal, single- and 4-9 hours | UW-MPS (HOPE . .
3. EAD occurred in 5 patients (35%)
center at NMP stage | stage) and RCM- . .
4. Non-anastomotic ischemic cholan-
based perfusate iopathy developed in 2 patients
(NMP stage) glopatity p p

(15%)

5. No statistically significant diffe-
rences in post-transplant outcomes
when compared to the retrospecti-
ve NMP group without HOPE
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End of Table 1

1 2 3 4 5 6 7 8
The Groningen (van Leeuwen, 2019)
Total per- criteria were used to assess allo-
fusion rt)ime graft viability at the NMP stage (see
not specified. . . Table 2) _
Standard pro- Liver Assist de- | 1. 70% of allografts (n = 35) were
tocol: 1 hr())ur vice, RCM- and deemed viable and successfully
Prospective D-H OPE albumin-based transplanted
Thorne DHOPE- b P i ” 1 hour C 017:{ perfusate (for | 2. Recipient and graft survival
etal.[83] | COR- pcp | ovservano 55 OUr MU | NMPand COR | (death-censored): 97% and 94%,
nal, single- 150 minutes
2023 NMP > stages), UW-MP respectively
center NMP. If the . . .
caft is deemed solution (Belzer | 3. Two retransplantations were requi-
%iable colon MPS) (for D- red (due to chronic rejection and
erhl:sion £ HOPE) hepatic artery thrombosis)
unfil ready for 4. One patient death occurred (due to
im lantai/ion interstitial lung disease)
P 5. One case of ischemic cholangiopa-
thy was reported
The “traffic light” criteria developed
by the Groningen group were used to
90 minutes D- assess allograft viability at the NMP
HOPE stage, modified (by excluding biliary
NMP time: 427 tree viability assessment due to logi-
. .- Liver Assist stical and laboratory limitations) in
- Retrospecti- (260-559) in . . 4
Magistri D- DCD and | ve. observati- the viable allo- device, PerLife | the center (see Table 4)
et al. [84] HOPE — DBD or’lal sinole- 33 caft oroun and (Aferetica) 1.48.5% (n = 16) of grafts were
2025 NMP c’enterg % 40 (gl ) 0_p3 75) RCM-based per- deemed viable and successfully
i1 the non- fusate (NMP) transplanted
viable allocraft 2. One case of EAD (with the patient
o g surviving 30 months post-trans-
group plant) and one case of PNF (resul-
ting in death on postoperative day
46)

Note: HMP, hypothermic machine perfusion; SCS, static cold storage; HOPE, hypothermic oxygenated perfusion; D-HOPE,
dual hypothermic oxygenated perfusion; NMP, normothermic machine perfusion; COR, controlled oxygenated rewarming;

AST, Aspartate Transaminase; ALT, Alanine Transaminase.

VIABILITY ASSESSMENT

Assessment of liver allograft viability is a critical
aspect of machine perfusion: identifying and discardi-
ng non-viable allografts during preservation can pre-
vent most complications associated with transplanting
anon-viable organ. The main methods used for viability
assessment are summarized in Table 2.

The ability to evaluate viability during hypothermic
perfusion is considerably limited due to the considerably
reduced allograft metabolism. Although several studies
have described correlations between various perfusate
parameters (such as glucose, lactate, AST, and ALT) du-
ring HOPE and post-transplant outcomes [53], the only
validated marker for viability assessment is the measu-
rement of flavin mononucleotide (FMN, a component
of mitochondrial complex I) levels in the perfusate at
30 minutes of perfusion [31, 72].

A multicenter, cross-national study analyzing
473 HOPE/D-HOPE perfusate samples confirmed the
strong predictive value of FMN levels for graft loss
(due to NAIC or PNF), showing ROC values between
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0.7733 and 0.8418 depending on the determination
method (p < 0.0001), for NAIC (ROC 0.7456-0.7686,
p <0.0001), and for the risk of acute kidney injury (ROC
0.7616-0.7144, p < 0.0001 and p < 0.0014) [54].

However, FMN assessment requires mass spectrome-
try or fluorometry, necessitating specialized equipment
and limiting the widespread adoption of this method.
The role of FMN measurement in combined perfusion
protocols remains undefined. Of particular interest is the
combined perfusion protocol developed at the Zurich
clinic, where a decision to proceed with or abandon sub-
sequent NMP is guided by FMN levels: NMP is withheld
for severely damaged allografts with high FMN values,
whereas optimal allografts with elevated FMN levels
proceed to NMP. [55].

A comprehensive and detailed assessment of organ
viability becomes possible during the normothermic per-
fusion stage. As previously mentioned, by recreating
near-physiological conditions during normothermic per-
fusion, it is feasible to evaluate key metabolic parameters
and identify signs of dysfunction or injury, which may
indicate organ non-viability or future graft dysfunction.
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Table 2

Assessment of liver graft viability during hypothermic oxygenated perfusion (HOPE) and normothermic
machine perfusion (NMP): current criteria and practical outcomes (adapted from Groen et al. [56]
and Jeddou et al. [40], with additions). Criteria related to cholangiocellular viability are italicized

— A glucose (bile — perfusate) <-5.0

in the NMP section
3
~ 8
RN B 51
> g 2 2 g 5
Z SEv a 5 S 5 £
2 ° 5 2 A 2 S 3 S
) 5o A = B7) B =
R 2 2 = 5 o
5 8 8 S S A
275
3
S
1 2 3 4 5 6 7
HOPE, D-HOPE
1-year graft survival: 89%
Primary non-function
. . (PNF): 7 cases
) Flavin mononucleotide (FMN) at ECOPS, . .
Eden et al. P ‘“’if(‘;is:iég"t Not in- |30 minutes HOPE (<6000 A.U.) Liver U(\}g/;\/I;S ISChe‘gE’;l}‘iliﬁi‘S’pathy
[85](2023) dicated | NADH at 30 minutes HOPE Assist, “ - .
Transplanted: 158 . MPS) Anastomotic strictures
(<8000 A.U.) VitaSmart
(AS): 53 cases
Biliary congestion (BC):
9 cases
Perfused: 50 . .
Patrono Transplanted: 50 Perfusate during HOPE: lactate, AST, le.er UW-MPS Graft loss: 1 case .
et al. [53] 100% utilization 0/50 ALT. LDH. elucose. pH Assist (Belzer | Early allograft dysfunction
(2020) R el P device | MPS) (EAD): 13 cases
Schlegel Perfused: 50 Perfusgte, hv_er parenchyma and mito- Liver | UW-MPS .
Transplanted: 50 chondria during HOPE: . Graft loss (unspecified
et al. [26] e 32/18 . Assist (Belzer
(2020) 100% utilization FMN at 30 minutes (<8000 A.U.) device MPS) causes): 7 cases
rate NADH (<10000 A.U.)
Muller et al Tr};ﬁ;ﬁ;:itj.‘g 4 Liver | UW-MPS Graft loss: 7 cases
s ’ nspa ) 35/19 | FMN at 30 minutes HOPE Assist (Belzer PNF: 4 cases
[86] (2019) Utilization rate: . .
100% device MPS) IC: 1 case
NMP
Within the first 2 Hours of NMP:
— Perfusate lactate <2.2 mmol/L
— Hepatic artery (HA) flow >100 mL/
min and portal vein (PV) flow
>500 mL/min
Olumba Perfused: 22 Plus gt least two of the followm_g: OrganOx | Red cell PNF: none
Transplanted: 16 — Evidence of glucose metabolism Graft-related death: none
et al. [87] . ) 10/12 . . metra mass . .
(2023) Utilization rate: — Perfusate pH >7.25, with sodium device (RCM) Non-anastomotic stricture
72.7% bicarbonate requirement <70 mL (NAS): none
— Evidence of bile production
— Perfusate AST <10,000 U/L and
ALT <7,000 U/L
— Homogeneous parenchymal perfu-
sion and soft allograft consistency
After 2.5 hours of NMP :
Cases
— Perfusate lactate <1.7 mmol/L I8
— Perfusate pH 7.35-7.45 without )
repeated bicarbonate administration hemoglo-
Perfused: 54 h . . . bin-based | 1-year graft survival: 94%
van Leeu- — Bile output >10 mL, with >4 mL in Liver
Transplanted: 34 . oxygen NAS: 1 case
wen et al. e 53/1 the last hour assist ;
[35] (2022) Utilization rate: _ Bile pH >7 45 device carrier AS: 12 cases
63% pe =t (HBOC), Bile leaks: 4 cases
— ApH (bile — perfusate) >0.10
. . Cases
— Abicarbonate (bile — perfusate) .
=50 19-54:
: RCM
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Continuation of Table 2

1 2 3 4 5 6 7
— Normalization or >50% reduction
of lactate by the end of perfusion RCM,
Seidita et al. Perfused: 19 316 | Perfusate pH >7.3 without repeated | Not indi- fresh 1-year graft survival: 94%
[88] (2022 Transplanted: 17 sodium bicarbonate infusions cated frozen EAD: 1 case
P
— Evidence of bile production plasma
— HA and PV flows
Within 6 hours of NMP — at least two
of the following criteria:
— Perfusate lactate <4.5 mmol/L or
Perfused: 21 60% reduction from peak value EAD: 7 cases
Quintini Trans lanté 415 within the first 4 hours OrganOx Ischemic strictures: 1 case
et al. [80] UtilizI:ation rz;te' 13/8 |- Bile output >2 mL/hour metra RCM (due to biliary wall obst-
(2022) 719% ’ — Stable perfusion flows: HA device ruction)
’ >0.05 mL/min/g and PV >0.4 mL/ PNF: none
min/g
— Homogeneous parenchymal perfu-
sion and soft allograft consistency
Within the first 4 hours of NMP:
Perfused: 4 a Per.fusate lacte}te <25 mrpol/L RCM 6-month graft survival:
— Evidence of bile production . leukore-
Transplanted: 4 . Liver 100%
Zhang et al. . — Stable HA and PV perfusion flows . duced, ]
(retrospective) 3/1 . . Assist EAD: 1 case
[89] (2020) o (>150 mL/min and >500 mL/min) . washed
Utilization rate: . device 1 AS
o — Perfusate pH >7.3 without a need red blood .
100% . . PNF or NAS: none
for repeated sodium bicarbonate cells
infusions
After 4 hours of NMP:
— Perfusate lactate <2 mmol/L within
the first 2 hours 6-month graft survival:
— Glucose metabolism trending 100%
Perfused: 10 downward within 4 hours OreanOx EAD: 5 cases
Reiling et al. | Transplanted: 10 550 | Physiologic perfusate pH without n%etra RCM AS: 1 case
[90] (2020) Utilization rate: need for continuous sodium bicar- . Bile leaks: 1 case (origi-
device £
100% bonate infusion nating from the biliary
— Stable HA and PV flows anastomosis)
— Homogeneous parenchymal perfu- PNF or NAS: none
sion and soft allograft consistency
— Evidence of bile production
Within the first 4 hours of NMP:
— Perfusate lactate <2.5 mmol/L
Plus at least two of the following
Mergental criteria:
et al. [33, — Evidence of bile production 1-year graft survival: 86.4%
78] —the Perfused: 31 — Perfusate pH >7.3 without a need OreanOx EAD: 7 cases
modified Transplanted: 22 14/17 for repeated sodium bicarbonate n%etra RCM NAS (requiring retransplan-
Birming- Utilization rate: injections device tation): 4 cases
ham 71% — Evidence of glucose metabolism AS: 2 cases
criteria — Stable PV and HA perfusion flows PNF: none
(2020-2024) (=150 mL/min and >500 mL/min,
respectively)
— Homogeneous parenchymal perfu-
sion and soft allograft consistency
After 2 hours of NMP
— Rapid decrease and sustained
low lactate levels during the first
2 hours of perfusion -
Perfused: 34 — Continued bile production, bile pH OreanOx 20-month 8%3/& survival:
Cardini et al. | Transplanted: 25 — Maintenance of physiologic & ’
s 4/30 . metra RCM AS: 7 cases
[91] (2020) Utilization rate: perfusate pH without the need for device Bile leaks: 3 cases

73%

continuous sodium bicarbonate
infusion

— “Danger signals”: Exceptionally
high and rapidly rising levels of
AST, ALT, LDH

PNF or NAS: none
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Continuation of Table 2

100%

— Perfusate transaminase levels

1 2 3 4 5 6 7
After 2.5 hours NMP:
van — Lactate clearance to <1.7 mmol/L
Lecuwen Perfused: 16 - Pgrfusate pH betweel? 7.35.—7.45, .
without repeated sodium bicarbo- Liver
et al. [58] Transplanted: 11 . . . PNF: none
e 16/0 nate infusions Assist HBOC
(2019) —the | Utilization rate: . . . . NAS: 1 case
Groningen 69% — Total bile production >10 mL, with | Device
. at least 4 mL produced in the last
criteria
hour
— Bile pH >7.45
— Lactate level at the start of perfusi- 3-month graft survival:
Perfused: 46 on
OrganOx 100%
Bral et al. Transplanted: 43 — Lactate clearance
S 10/33 . . . metra RCM EAD: 11 cases
[92] (2019) | Utilization rate: — Need for pH correction with sodi- .
. device NAS: 2 cases
93% um bicarbonate AS: 6 cases
— Hourly bile production )
Preclinical study: After 2.5 hours of NMP:
23 uay: — Lactate clearance to <1.7 mmol/L
Modified Clinical study: — Perfusate pH between 7.35-7.45, Liver
Groningen 4/6 uay: 6/0 without repeated sodium bicarbo- assist HBOC PNF or NAS: none
criteria e nate infusions device
Utilization rate: . .
66% — Total bile production >10 mL
— Bile pH >7.48
Within the first 4 hours of NMP:
— Lactate clearance
Perfused: 34 — Glucose metabolism OrganOx
Ceresa et al. | Transplanted: 31 — Maintenance of pH without repea- .
[93] (2019) Utilization rate: 823 ted sodium bicarbonate infusions crlzxe/tirczle RCM PNF or NAS: none
91% — Evidence of bile production
— Perfusate transaminase levels
— HA and PV perfusion flows
After 2.5 hours of NMP:
Perfused: 7 — Lactate clearance to <1.7 mmol/L
De Vries Trans lanté 45 — Perfusate pH between 7.35-7.45, Liver PNF: none
et al. [49] L ) 7/0 without repeated sodium bicarbo- Assist HBOC )
Utilization rate: . : . NAS: 1 case
(2019) 719 nate infusions Device
’ — Bile output >10 mL total
— Bile pH >7.45
Within the first 2 hours of perfusion:
— Maximal decrease in lactate level
>4.4 mmol/L/kg/hour
— ALT at 2 hours: <600 U/L
— Perfusate pH >7.2, while so-
dium bicarbonate requirement
RCM
Watson et al. Perfused: 47 <30 mmol/L leukore-
[94] — the Trans l;an té 422 — Maximal bile pH >7.5 OrganOx du ced PNF: 1 case
Cambridge- nspia ) 35/12 |- Bile glucose: <3 mmol/L, or at least| Metra ueed, NAS: 4 cases
L Utilization rate: . washed
criteria 10 mmol/L lower than perfusate device EAD: 1 case
47% red blood
(2018) glucose cells
— Decrease in glucose levels after
2 hours of perfusion, or perfusate
glucose <10 mmol/L with further
decrease following administration
of 2.5 g of glucose
— ALT perfusate <6000 U/L
Perfused: 12 : Iﬁ:flgsznzleﬁ?see level OrganOx
Watson et al. | Transplanted: 12 . & . & PNF: 1 case
s 9/3 |- Maintenance of pH without repea- metra RCM
[84] (2017) Utilization rate: . . . . . NAS: 3 cases
ted sodium bicarbonate infusions device
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End of Table 2
1 2 3 4 5 6 7
Within the first 3 hours of NMP: 1-5 al-
Lactate clearance <2.5 mmol/L OR lografts:
bile production plus at least two of Liver
Perfused: 6 the following criteria: assist .
Birmingham | Transplanted: 5 — Perfusate pH >7.3 without repeated | device PNF or NAS: none .
criteria Utilization rate: 41 sodium bicarbonate injections 6 allo- RCM Transplaqt rel.ated compli-
83% — Perfusion flow >150 mL/min for grafts: cations: none
HA and >500 mL/min for PV OrganOx
— Homogeneous parenchymal perfu- Metra
sion and soft allograft consistency device

Note: HMP, hypothermic machine perfusion; SCS, static cold storage; HOPE, hypothermic oxygenated perfusion; D-HOPE,
dual hypothermic oxygenated perfusion; NMP, normothermic machine perfusion; AST, Aspartate Transaminase; ALT, Alani-

ne Transaminase; LDH, lactate dehydrogenase.

Table 3

Recommended perfusion protocols for hypothermic oxygenated perfusion (HOPE), normothermic
machine perfusion (NMP), and controlled oxygenated rewarming (COR)

Parameter HOPE [20, 63, 40] | NMP [23, 28, 40] COR [9, 42, 46]
8-10 °C (start)
12 °C (30 min)
16 °C (45 min)
o 20 °C (60 min
Perfusate temperature (°C) 8-10 36-38 Sustained perfusion gt 20 °C) for functional
assessment for up to 90 minutes, then flush
with 1 L of preservative solution to reduce
the temperature to 4—16 °C before implantation
Oxygenation level (pO,, mmHg) 400-600 90-200 500
Flow — hepatic artery (mL/min) 40-70 >150-300 Not indicated
Flow — portal vein (mL/min) 300400 (<500) >500 Not indicated
Pressure — hepatic artery (mmHg) 20-25 60-70 25
Pressure — portal vein (mmHg) 3-5 10-13 4

Research groups worldwide have long employed va-
rious combinations of parameters to assess the viability
of both the hepatocellular and cholangiocellular com-
partments of the allograft [40, 56]. The main viability
criteria currently used by different centers are summa-
rized in Table 2.

A universal marker of hepatocellular viability is the
measurement of perfusate lactate levels and their dyna-
mics over the course of perfusion. Notably, current trends
favor assessing the trend of lactate clearance rather than
relying on absolute lactate values at fixed time points.
Relying solely on static thresholds may lead to unneces-
sary rejection of potentially viable allografts. For examp-
le, in their study, Panconesi et al. demonstrated that when
applying a lactate clearance criterion at 6 hours of NMP,
only 13 (6.1%) out of 213 allografts were classified as
non-viable. However, when the same cohort was evalu-
ated using viability criteria from other centers, 14.6%
of grafts would have been deemed non-viable based on
the Groningen criteria and 11.2% based on the Brisbane
criteria. The authors also highlighted comparable results
among so-called “lactate-high” allografts [57].

An interesting observation was reported by Mergental
et al.: in three allografts, lactate levels, although initially
reaching the target threshold of less than 2.5 mmol/L,
began to rise after 2 hours of perfusion. Two of these or-
gans were subsequently classified as non-viable based on
elevated lactate levels, while the third was transplanted
due to a hepatectomy having already been performed.
Notably, the recipient of this graft was alive at the time
of reporting, despite experiencing EAD (ALT 2,074 U/L
and AST 3,031 U/L) [33]. This case illustrates that, while
lactate clearance is a key marker of viability, the crite-
ria for interpreting lactate dynamics still require further
refinement.

Assessment of bile parameters provides valuable in-
sight into the viability of the biliary tree. It is important to
distinguish that bile production primarily reflects hepa-
tocyte function, whereas bile composition is determined
by the activity of the biliary epithelium. Under normal
conditions, cholangiocytes reabsorb glucose from bile
and secrete bicarbonate anions into the ductal lumen,
forming a protective layer known as the “bicarbonate
umbrella” along the bile ducts [49]. Elevated bile glucose
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Table 4

The Groningen group liver transplant viability criteria (van Leeuwen, 2022), based on the “traffic light”
system. The criteria are divided into green, yellow, and red zones. In the yellow zone, the liver
is borderline viable, meaning the organ might still be used depending on other indicators. In the green
zone, the liver is considered optimal for transplantation with high viability, and the organ is ready for use.
The red zone signifies that the liver does not meet essential viability criteria and is considered unsuitable
for transplantation

Parameter Green zone Yellow zone | Red zone
(viable) (borderline) | (unviable)
. . >10 total (>4 mL
. — Bile production (mL) i e Dt i) 5-10 <5
cpatocellular fin Perfusate lactate (mmol/L) <1.7 1.7-4 >4
Perfusate pH 7.35-7.45 7.25-7.35 <7.25
Bile pH >7.45 7.40-7.45 <7.40
. . ApH (bile — perfusate) >0.10 0.05-0.10 <0.05
Cholangiocellular link 7Yy e6 =0T ovny >5.0 3.0.5.0 <3.0
AGlucose (bile — perfusate) (mmol/L) <-5.0 -3.0...-5.0 >-3.0

and lactate levels, alongside decreased pH and bicarbo-
nate concentrations, indicate biliary epithelial damage
and a high risk of subsequent ischemic complications.
Similar to lactate assessment, viability evaluation should
focus not on absolute parameter values but rather on
their relationship to corresponding perfusate parame-
ters. For instance, van Leeuwen et al. reported a case
in which a patient developed NAIC four months after
liver transplantation, despite the bile pH reaching the
cholangiocellular viability threshold (bile pH 7.45) [58].

In a retrospective analysis, the authors noted that the
perfusate pH was 7.46. This finding led them to modify
their viability criteria to include the calculation of the pH
difference between bile and perfusate (Table 4). In seve-
ral protocols, bile composition was not assessed, which,
for example, resulted in cholangiopathy and the need
for retransplantation in 4 recipients in the VITTAL stu-
dy [33, 59]. Retrospective analysis further showed that
3 cases of non-anastomotic biliary strictures occurred in
recipients of asystolic donor livers, where the bile was
characterized by a low pH (<7.65) and low bicarbonate
concentration (<25 mmol/L) [33]. In their study, Mate-
on et al. highlighted the critical role of bile analysis in
preventing biliary complications. Based on perfusion
analysis of 23 allografts and subsequent histological eva-
luation of bile ducts, the authors concluded that bile bi-
carbonate levels >18 mmol/L (p =0.002), bile pH >7.48
(p = 0.019), bile glucose <16 mmol/L (p = 0.013), and
a bile-to-perfusate glucose ratio <0.67 (p = 0.013) were
associated with reduced bile duct injury. The use of the-
se parameters as criteria for cholangiocellular viability
could help prevent NAIC [60].

ISCHEMIC-FREE IMPLANTATION

A critical concern with normothermic preservation
methods has been the need for re-cooling the organ via
SCS following the completion of NMP. This re-cooling
process results in repeated IRPI, which theoretically

could exacerbate organ damage. Various strategies
have been proposed to mitigate this risk by avoiding
re-cooling altogether (“non-recooling”), allowing im-
plantation of the allograft during ongoing NMP [61, 62].
However, the limited available data — based on small
sample sizes (n =1 and n =7) and the lack of statistically
significant differences between standard implantation
and non-recooling groups (p = 0.462) — do not support
a definitive recommendation for either approach. These
findings may also suggest that the impact of re-cooling
on overall preservation-related injury is relatively minor.

CONCLUSION

Despite its relatively recent introduction into routi-
ne clinical practice, MP of liver transplants is steadily
emerging as the preferred method for preserving allo-
grafts from ECDs. According to UNOS data from 2016
to 2023, of 52,626 deceased liver donors, only 1,799
(3.5%) underwent MP. However, the use of MP has incre-
ased markedly, from 0.3% in 2016 to 15.5% in 2023 [63].

The currently available outcomes show that perfu-
sion preservation of high-risk liver grafts yields results
comparable to those achieved with standard-risk organs,
significantly expanding the donor pool without a corre-
sponding increase in complications or a decline in graft
and recipient survival. For instance, in the United States,
half of all allografts from DCD donors in 2023 were pre-
served using MP, demonstrating improved graft survival
rates (HR 0.50, 95% CI 0.35-0.70, p < 0.001) [63, 64].

Nevertheless, most current studies evaluating MP are
limited by relatively small sample sizes and lower levels
of evidence. Future research is focused on multicenter
randomized controlled trials, which are expected to es-
tablish perfusion preservation as the new gold standard
for marginal allografts.

Choosing the optimal perfusion method for each
specific allograft remains a pressing challenge. In most
centers, the choice is restricted to a single type of MP,
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meaning that comparisons are typically made between
one perfusion modality and SCS, with few studies di-
rectly comparing different perfusion techniques.

The “upfront” use of MP, initiated at the donor site,
has not demonstrated clear benefits over standard cold
ischemia protocols and remains a complex, logistically
demanding process. HOPE and D-HOPE, in contrast, are
relatively easy to implement, safe, and have demonstra-
ted excellent outcomes across multiple studies, including
randomized controlled trials. While viability assessment
during hypothermic perfusion has been advanced by
the introduction of FMN measurement in the perfusate,
the role of this biomarker within the broader context of
perfusion preservation remains to be fully determined.

NMP alone does not offer sufficient protection against
IRPI, but it enables detailed viability assessment. Impor-
tantly, studies comparing upfront and end-ischemic NMP
approaches have not demonstrated significant differences
in outcomes [65].

Controlled oxygenated rewarming (COR), although
less widely adopted, is a physiologically sound method.
When used in an end-ischemic setting, COR has been
associated with improved LT outcomes, although the
supporting evidence is limited by small sample sizes and
single-center study designs.

Viability assessment during NMP stage has become
the focus of extensive research within the field of MP.
Emerging evidence suggests that the path toward esta-
blishing “ideal” viability criteria lies not in relying on
isolated absolute values of individual parameters, but
rather in evaluating the dynamics of their changes and
the relationships between them — for example, compa-
ring bile pH and glucose levels relative to those of the
perfusate. Importantly, evaluation of cholangiocellular
viability must be an integral part of viability assessment
to reduce the risk of biliary complications. There is a
clear need for the development of standardized, universal
viability criteria, a goal that can only be achieved through
large-scale, multicenter collaborative studies.

By combining the main perfusion techniques, the
individual limitations of each method are effectively
counterbalanced, making combined machine perfusion
an especially promising approach for organ preservati-
on. The excellent outcomes achieved with the DHOPE-
COR-NMP protocol offer significant potential for further
research, particularly in the use of marginal allografts.
Integrating sequential MP into protocols for prolonged
perfusion (lasting more than 12-24 hours) aimed at or-
gan rehabilitation may further expand the donor pool by
enabling the transplantation of initially severely damaged
organs that demonstrate viability after several days of
perfusion [55]. The transplant community eagerly awaits
more data on the indications, broader applications, and
long-term outcomes of combined perfusion strategies.

The authors declare no conflict of interest.
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