
ВЕСТНИК
ТРАНСПЛАНТОЛОГИИ  
И ИСКУССТВЕННЫХ

ОРГАНОВ

Vestnik
transplantologii  
i  iskusstvennykh  organov

Russian Journal
of  transplantology  
and  artificial  organs

Учредитель:  ОБЩЕРОССИЙСКАЯ  ОБЩЕСТВЕННАЯ  
ОРГАНИЗАЦИЯ  ТРАНСПЛАНТОЛОГОВ  

«РОССИЙСКОЕ  ТРАНСПЛАНТОЛОГИЧЕСКОЕ  ОБЩЕСТВО»

The  Official  Journal  of  ALL-RUSSIAN  PUBLIC  
ORGANIZATION  OF  TRANSPLANTOLOGISTS

“RUSSIAN  TRANSPLANT  SOCIETY”

2025. Том XXVII. № 4 2025. Vol. XXVII. № 4

Научно-практический журнал основан в 1999 г.
Регистр. № 018616

Scientific and Practical Journal was founded in 1999  
Reg. № 018616

Главный редактор – С.В. Готье 
(Москва, Россия), академик РАН, д. м. н., 
профессор (редактор раздела «Организация 
трансплантологической помощи»)
Заместитель главного редактора – О.П. Шевченко 
(Москва, Россия), д. м. н., профессор
(редактор раздела «Трансплантомика»)
Ответственный секретарь – Е.А. Стаханова 
(Москва, Россия), к. б. н. 
E-mail: stahanova.ekaterina@mail.ru
Заведующая редакцией – Н.Ш. Бегмуродова 
(Москва, Россия).  
E-mail: edr.begmurodova@gmail.com

Editor-in-Chief – S.V. Gautier 
(Moscow, Russia), MD, PhD, professor, member 
of Russian Academy of Sciences (editor of the section 
“Organization of transplant care”)
Deputy Chief Editor – O.P. Shevchenko 
(Moscow, Russia), MD, PhD, professor 
(editor of the section “Transplantomics”)
Scientific Editor – E.A. Stakhanova  
(Moscow, Russia), PhD. 
E-mail: stahanova.ekaterina@mail.ru
Managing Editor – N.Sh. Begmurodova 
(Moscow, Russia).  
E-mail: edr.begmurodova@gmail.com

РЕДАКЦИОННЫЙ  СОВЕТ Editorial  COuNcil
С.Ф. Багненко (Санкт-Петербург, Россия) – 
академик РАН, д. м. н., профессор
А.В. Васильев (Москва, Россия) – 
член‑корреспондент РАН, д. б. н., профессор
Д.А. Гранов (Санкт-Петербург, Россия) – академик РАН, 
д. м. н., профессор
С.И. Исмаилов (Ташкент, Республика Узбекистан) – 
д. м. н., профессор
А.В. Колсанов (Самара, Россия) – член-корреспондент 
РАН, д. м. н., профессор
Б.Н. Котив (Санкт-Петербург, Россия) – д. м. н., профессор
Ю.П. Островский (Минск, Республика Беларусь) – 
академик НАНБ, д. м. н., профессор
Е.Н. Паровичникова (Москва, Россия) – 
член‑корреспондент РАН, д. м. н., профессор
В.А. Порханов (Краснодар, Россия) – академик РАН, 
д. м. н., профессор
Л.М. Рошаль (Москва, Россия) – д. м. н., профессор
О.О. Руммо (Минск, Республика Беларусь) – 
академик НАНБ, д. м. н., профессор
В.И. Стародубов (Москва, Россия) – академик РАН, 
д. м. н., профессор
Г.Т. Сухих (Москва, Россия) – академик РАН, д. м. н., 
профессор
В.А. Ткачук (Москва, Россия) – академик РАН, д. б. н., 
профессор
М.Ш. Хубутия (Москва, Россия) – академик РАН, д. м. н., 
профессор
В.П. Чехонин (Москва, Россия) – академик РАН, д. м. н., 
профессор
К.В. Шаталов (Москва, Россия) – д. м. н., профессор
Е.В. Шляхто (Санкт-Петербург, Россия) – академик РАН, 
д. м. н., профессор
П.К. Яблонский (Санкт-Петербург, Россия) – д. м. н., 
профессор

S.F. Bagnenko (Saint Petersburg, Russia) – MD, PhD, 
professor, member of Russian Academy of Sciences
A.V. Vasiliev (Moscow, Russia) – PhD, professor, 
corresponding member of Russian Academy of Sciences
D.A. Granov (Saint Petersburg, Russia) – MD, PhD, 
professor, member of Russian Academy of Sciences
S.I. Ismailov (Tashkent, Uzbekistan) – MD, PhD, 
professor
A.V. Kolsanov (Samara, Russia) – MD, PhD, 
corresponding member of Russian Academy of Sciences
B.N. Kotiv (Saint Petersburg, Russia) – MD, PhD, professor
Yu.P. Ostrovsky (Minsk, Belarus) – MD, PhD, professor, 
member of National Academy of Sciences of Belarus
E.N. Parovichnikova (Moscow, Russia) – MD, PhD, 
corresponding member of Russian Academy of Sciences
V.A. Porkhanov (Krasnodar, Russia) – MD, PhD, professor, 
member of Russian Academy of Sciences
L.M. Roshal (Moscow, Russia) – MD, PhD, professor
O.O. Rummo (Minsk, Belarus) – MD, PhD, professor, 
member of National Academy of Sciences of Belarus
V.I. Starodubov (Moscow, Russia) – MD, PhD, professor, 
member of Russian Academy of Sciences
G.T. Sukhih (Moscow, Russia) – MD, PhD, professor, 
member of Russian Academy of Sciences
V.A. Tkachuk (Moscow, Russia) – PhD, professor, member 
of Russian Academy of Sciences
M.Sh. Khubutiya (Moscow, Russia) – MD, PhD, professor, 
member of Russian Academy of Sciences
V.P. Chekhonin (Moscow, Russia) – MD, PhD, professor, 
member of Russian Academy of Sciences
K.V. Shatalov (Moscow, Russia) – MD, PhD, professor
E.V. Shlyakhto (Saint Petersburg, Russia) – MD, PhD, 
professor, member of Russian Academy of Sciences
P.K. Yablonsky (Saint Petersburg, Russia) – MD, PhD, 
professor



2

РЕДАКЦИОННАЯ  КОЛЛЕГИЯ EDIToriAL  BOARD

Ю.Б. Басок (Москва, Россия) – д. б. н. 
(редактор раздела «Регенеративная медицина 
и клеточные технологии»)
В.К. Богданов (Москва, Россия) – к. м. н. (редактор 
раздела «Экспериментальные исследования»)
С.А. Борзенок (Москва, Россия) – д. м. н., профессор
А.В. Ватазин (Москва, Россия) – д. м. н., профессор
Д.А. Великий (Москва, Россия) – д. м. н.
Ш.Р. Галеев (Москва, Россия) – д. м. н.
Н.В. Грудинин (Москва, Россия) – к. м. н.
Zh. Guo (Гуанчжоу, Гуандун, Китай) – д. м. н.
В.М. Захаревич (Москва, Россия) – д. м. н.
О.Н. Котенко (Москва, Россия) – д. м. н.
M. Malagò (Эр-Рияд, Королевство Саудовская Аравия) – 
д. м. н., профессор
П.И. Макаревич (Москва, Россия) – д. м. н.
М.Г. Минина (Москва, Россия) – д. м. н., 
профессор РАН  
(редактор раздела «Донорство органов»)
Б.Л. Миронков (Москва, Россия) – д. м. н., профессор 
(редактор раздела «Смежные дисциплины»)
А.Р. Монахов (Москва, Россия) – к. м. н.
И.В. Пашков (Москва, Россия) – к. м. н.
Я.Л. Поз (Москва, Россия) – к. м. н. (редактор 
раздела «Заместительная почечная терапия»)
Т.А. Халилулин (Москва, Россия) – д. м. н.
С.М. Хомяков (Москва, Россия) – к. м. н.
О.М. Цирульникова (Москва, Россия) – 
д. м. н., профессор (редактор раздела 
«Клиническая трансплантология»)
Н.В. Чеботарева (Москва, Россия) – д. м. н., 
профессор
М.Ю. Шагидулин (Москва, Россия) – д. м. н.
А.О. Шевченко (Москва, Россия) – член-корреспондент 
РАН, д. м. н., профессор (редактор раздела 
«Трансплантация сердца и вспомогательное 
кровообращение»)
А.Е. Щерба (Минск, Республика Беларусь) – д. м. н., 
профессор

Yu.B. Basok (Moscow, Russia) – PhD 
(editor of the section “Regenerative medicine 
and cellular technology”)
V.K. Bogdanov (Moscow, Russia) – MD, PhD 
(editor of the section “Experimental research”)
C.A. Borzenok (Moscow, Russia) – MD, PhD, professor
A.V. Vatazin (Moscow, Russia) – MD, PhD, professor
D.A. Velikiy (Moscow, Russia) – MD, PhD
Sh.R. Galeev (Moscow, Russia) – MD, PhD
N.V. Grudinin (Moscow, Russia) – MD, PhD
Zh. Guo (Guangzhou, Guangdong, China) – MD, PhD
V.M. Zakharevich (Moscow, Russia) – MD, PhD
O.N. Kotenko (Moscow, Russia) – MD, PhD
M. Malagò (Riyadh, Kingdom of Saudi Arabia) – MD, PhD, 
professor
P.I. Makarevich (Moscow, Russia) – MD, PhD
M.G. Minina (Moscow, Russia) – MD, PhD, 
professor of Russian Academy of Sciences 
(editor of the section “Organ donation”)
B.L. Mironkov (Moscow, Russia), MD, PhD, professor 
(editor of the section “Related disciplines”)
A.R. Monakhov (Moscow, Russia) – MD, PhD
I.V. Pashkov (Moscow, Russia) – MD, PhD
I.L. Poz (Moscow, Russia), MD, PhD 
(editor of the section “Renal replacement therapy”)
T.A. Khalilulin (Moscow, Russia) – MD, PhD
S.M. Khomyakov (Moscow, Russia) – MD, PhD
O.M. Tsirulnikova (Moscow, Russia) – 
MD, PhD, professor (editor of the section 
“Clinical transplantology”)
N.V. Chebotareva (Moscow, Russia) – MD, PhD, 
professor
M.Yu. Shagidulin (Moscow, Russia) – MD, PhD
A.O. Shevchenko (Moscow, Russia) – MD, PhD, professor, 
corresponding member of Russian Academy of Sciences 
(editor of the section “Heart transplantation and assisted 
circulation”)
A.E. Shcherba (Minsk, Belarus) – MD, PhD, professor

Журнал «Вестник трансплантологии и искусственных органов» 
включен ВАК РФ в перечень российских рецензируемых научных 
изданий, в которых должны быть опубликованы результаты 
диссертационных работ

“Russian Journal of Transplantology and Artificial Organs” is included 
in the list of leading peer-reviewed scientific publication editions, 
produced in the Russian Federation and is recommended 
for publication of primary results of dissertation research

Журнал «Вестник трансплантологии и искусственных органов» 
включен ФГБУ «НМИЦ ТИО им. ак. В.И. Шумакова» Минздрава 
России в перечень российских рецензируемых научных изданий, 
в которых должны быть опубликованы основные результаты 
исследований в рамках диссертаций, представляемых к защите 
в диссертационный совет ФГБУ «НМИЦ ТИО им. ак. В.И. Шумакова» 
Минздрава России

“Russian Journal of transplantology and artificial organs” is included 
by the Federal State Budgetary Institution “Shumakov National 
Medical Research Center of Transplantology and Artificial Organs” 
of the Ministry of Health of Russia in the list of Russian peer-reviewed 
scientific publications in which the main results of research should be 
published within the framework of dissertations submitted for defense 
to the dissertation council of Shumakov National Medical Research 
Center of Transplantology and Artificial Organs

Журнал «Вестник трансплантологии и искусственных органов» 
индексируется в Scopus и размещен на платформе  
Web of Science Core Collection: Emerging Sсience Citation Index

“Russian Journal of Transplantology and Artificial Organs” is indexed 
in Scopus and in the Emerging Science Citation Index of the Web 
of Science Core Collection

ISSN 1995-1191

Адрес для корреспонденции:

Россия, 123182, Москва, ул. Щукинская, 1
Тел./факс +7 (499) 193 87 62

E-mail: vestniktranspl@gmail.com
Интернет-сайт журнала: https://journal.transpl.ru

Научная электронная библиотека: https://elibrary.ru

Address for correspondence:

1, Shchukinskaya st., Moscow 123182, Russia
Tel./Fax +7 (499) 193 87 62
E-mail: vestniktranspl@gmail.com
Journal's web site: https://journal.transpl.ru
Scientific eLibrary: https://elibrary.ru



3

Содержание Contents
СТРАНИЦА ГЛАВНОГО РЕДАКТОРА EDITORIAL
Векторы научного поиска и прорывные технологии 
в области трансплантологии обсуждали 
на  заседании президиума РАН
С.В. Готье

6 Frontiers of transplantation science and breakthrough 
innovations: discussion at the Presidium 
of  the Russian  Academy of Sciences
S.V. Gautier

Клиническая трансплантология Clinical transplantology
Комбинированная машинная перфузия 
и безышемическая имплантация печени 
от доноров высокого риска: первый опыт 
применения в России
М.А. Болдырев, А.Р. Монахов, Н.В. Грудинин, 
В.К. Богданов, С.И. Зубенко, В.Р. Салимов, 
Д.М. Бондаренко, Н.П. Можейко, Н.М. Юсуф, 
М.Г. Минина, О.М. Цирульникова, C.В. Готье

8 Combined machine perfusion and ischemia‑free 
implantation of livers from high-risk donors: 
first experience in Russia
M.A. Boldyrev, A.R. Monakhov, N.V. Grudinin, 
V.K. Bogdanov, S.I. Zubenko, V.R. Salimov, 
D.M. Bondarenko, N.P. Mozheiko, N.M. Yusuf, 
M.G. Minina, O.M. Tsirulnikova, S.V. Gautier

Рациональный выбор поддерживающей 
иммуносупрессивной терапии 
после  трансплантации печени
О.А. Герасимова, Н.В. Марченко, И.И. Тилеубергенов, 
В.Н. Жуйков

22 Optimizing maintenance immunosuppressive therapy 
after liver transplantation
O.A. Gerasimova, N.V. Marchenko, I.I. Tileubergenov, 
V.N. Zhuykov

Влияние вида диализной терапии 
перед  трансплантацией почки на первые два года 
посттрансплантационного периода
В.А. Бердинский, Е.С. Иванова, В.Е. Виноградов, 
Н.Ф. Фролова, О.Н. Котенко, Л.Ю. Артюхина, 
И.В. Дмитриев, П.А. Дроздов

27 Effect of pre-transplant dialysis modality on outcomes 
in the first two years after kidney transplantation
V.A. Berdinsky, E.S. Ivanova, V.E. Vinogradov, N.F. Frolova, 
O.N. Kotenko, L.Yu. Artyukhina, I.V. Dmitriev, P.A. Drozdov

Клинический случай успешного эндоскопического 
лечения синдрома Суайра–Джеймса–Маклеода
М.Т. Беков, И.В. Пашков, Е.Ф. Шигаев, К.С. Смирнов, 
Р.А. Латыпов, Д.О. Олешкевич

35 Successful endoscopic management  
of Swyer–James–MacLeod syndrome: a case report
M.T. Bekov, I.V. Pashkov, E.F. Shigaev, K.S. Smirnov, 
R.A. Latypov, D.O. Oleshkevich

Риск утраты трансплантата: однофакторный 
и многофакторный анализ при трансплантации 
почек от доноров с расширенными критериями
М.Г. Минина, Д.А. Банкеев, А.Б. Зулькарнаев, 
В.С. Богданов, Э.А. Тенчурина, В.М. Севостьянов

41 Risk of graft loss: single-factor and multifactor analysis 
in kidney transplantation from expanded criteria 
donors
M.G. Minina, D.A. Bankeev, A.B. Zulkarnaev, 
V.S. Bogdanov, E.A. Tenchurina, V.M. Sevostyanov

Клиническое течение эректильной дисфункции 
и репродуктивное здоровье у пациентов 
после  трансплантации почки
С.С. Кариев, Ф.Р. Насыров, Ш.Ш. Шавахабов, 
С.Х. Ибрагимов, З.Т. Маткаримов, Э.Р. Ибадов

49 Impact of kidney transplantation on erectile function 
and reproductive health in men with chronic kidney 
disease
S.S. Kariev, F.R. Nasyrov, Sh.Sh. Shavakhabov, 
S.Kh. Ibragimov, Z.T. Matkarimov, E.R. Ibadov

Педиатрическая трансплантация печени 
в Узбекистане: первый клинический случай 
и анализ  результатов
К.О. Семаш, Т.А. Джанбеков, М.М. Насыров, 
А.Р. Монахов, П.М. Гаджиева, С.А. Масютин

58 Pediatric liver transplantation in Uzbekistan: 
first clinical case and outcome analysis
K.O. Semash, T.A. Dzhanbekov, M.M. Nasyrov, 
A.R. Monakhov, P.M. Gadzhieva, S.A. Masyutin

Трансплантация сердца 
и вспомога тельное к ровообращение

Heart transplantation 
and  assisted  circulation

Неотложная имплантация левожелудочкового 
обхода у детей с дооперационной краткосрочной 
механической поддержкой кровообращения 
методом периферической вено-артериальной 
экстракорпоральной мембранной оксигенации
В.Н. Попцов, Д.В. Рябцев, Е.А. Спирина, А.А. Кузнецова, 
В.В. Колядина, А.Ч. Чартаев, А.С. Епремян, 
А.К. Солодовникова, А.С. Игнаткина, Я.С. Карина

63 Urgent LVAD implantation in children on peripheral 
VA-ECMO support
V.N. Poptsov, D.V. Ryabtsev, E.A. Spirina, A.A. Kuznetsova, 
V.V. Kolyadina, A.Ch. Chartaev, A.S. Epremian, 
A.K. Solodovnikova, A.S. Ignatkina, Ya.S. Karina



4

Оценка эффективности новой 
полипропиленовой  мембраны для мембранной 
оксигенации крови
В.К. Богданов, Ц. Лян, Ч. Лонг, Д.М. Бондаренко, 
В.А. Еленкин, А.П. Кулешов, Н.В. Васильев, 
Н.В. Грудинин

74 Evaluation of the effectiveness of novel 
polypropylene membranes for extracorporeal 
membrane oxygenation
V.K. Bogdanov, Ts. Liang, Ch. Long, D.M. Bondarenko, 
V.A. Elenkin, A.P. Kuleshov, N.V. Vasiliev, N.V. Grudinin

Клинический случай тотального 
эндопротезирования тазобедренного сустава 
пациенту с трансплантированным сердцем 
и  высокой коморбидностью
В.Ю. Мурылев, П.М. Елизаров, П.А. Дроздов, 
Г.А. Куковенко, М.П. Елизаров, А.В. Музыченков, 
Г.С. Михайлянц, С.С. Алексеев, А.И. Руднев, 
К.Г. Яковлев, Д.О. Голубкин

80 Total hip replacement in a heart transplant recipient 
with multiple comorbidities: a case report
V.Yu. Murylev, P.M. Elizarov, P.A. Drozdov, 
G.A. Kukovenko, M.P. Elizarov, A.V. Muzychenkov, 
G.S. Michailyants, S.S. Alekseev, A.I. Rudnev, 
K.G. Yakovlev, D.O. Golubkin

Развитие гибридных моделирующих комплексов 
с учетом результатов математического 
моделирования и оптимизации систем 
вспомогательного кровообращения
А.И. Сырбу, А.О. Шевченко, Н.В. Грудинин, А.С. Бучнев

87 Hybrid hemodynamic modeling for  optimization 
of mechanical circulatory support systems
A.I. Syrbu, A.O. Shevchenko, N.V. Grudinin, A.S. Buchnev

РЕГЕНЕРАТИВНАЯ МЕДИЦИНА 
И  КЛЕТОЧНЫЕ ТЕХНОЛОГИИ

REGENERATIVE MEDICINE 
AND CELL   TECHNOLOGIES

Мезенхимальные стромальные клетки 
при  хронических фиброзирующих заболеваниях 
печени: роль в патогенезе и при терапевтическом 
применении
Н.А. Онищенко, М.Ю. Шагидулин, А.А. Ванюкова, 
А.В. Кузьмина, А.О. Никольская, Е.А. Волкова, 
А.И. Костышева, И.А. Лычагин, К.А. Казанцева, 
М.Р. Ибрагимова, А.М. Григорьев, А.С. Пономарева, 
Ю.Б. Басок

92 Pathogenic and therapeutic roles of mesenchymal 
stem cells in liver fibrosis
N.A. Onishchenko, M.Yu. Shagidulin, A.A. Vaniukova, 
A.V. Kuzmina, A.O. Nikolskaya, E.A. Volkova, 
A.I. Kostysheva, I.A. Lychagin, K.A. Kazantseva, 
M.R. Ibragimova, A.M. Grigoriev, A.S. Ponomareva, 
Yu.B. Basok

Исследование механических и структурных 
свойств шелковых скаффолдов для тканевой 
инженерии и  реконструктивной хирургии
Е.И. Подболотова, А.Р. Пашутин, Н.В. Грудинин, 
Е.А. Волкова, О.И. Агапова, А.Е. Ефимов,  
И.И. Агапов

105 Silk-based scaffolds for tissue engineering 
and  reconstructive surgery: mechanical 
and  structural properties
E.I. Podbolotova, A.R. Pashutin, N.V. Grudinin, 
E.A. Volkova, O.I. Agapova, A.E. Efimov, I.I. Agapov

Трансплантомика transplantomics
Перспективные подходы к преодолению 
иммунологических и физиологических 
барьеров  в  трансплантологии. 
Ксенотрансплантация
Д.А. Великий, Ю.Б. Басок, Н.В. Грудинин, О.Е. Гичкун, 
А.П. Трашков, А.В. Варлачев, О.П. Шевченко

112 Advances in overcoming immunological 
and physiological barriers in xenotransplantation
D.A. Velikiy, Yu.B. Basok, N.V. Grudinin, O.E. Gichkun, 
A.P. Trashkov, A.V. Varlachev, O.P. Shevchenko

Связь развития посттрансплантационных 
осложнений с носительством полиморфного 
локуса rs1800469 гена TGFВ1 у детей – 
реципиентов печени
Р.М. Курабекова, О.Е. Гичкун, О.М. Цирульникова, 
И.Е. Пашкова, М.С. Власов, С.В. Мещеряков, 
О.П. Шевченко, С.В. Готье

116 Association between TGFB1 rs1800469 polymorphism 
and post-transplant complications in pediatric liver 
recipients
R.M. Kourabekova, O.E. Gichkun, O.M. Tsirulnikova, 
I.E. Pashkova, M.S. Vlasov, S.V. Meshcheryakov, 
O.P. Shevchenko, S.V. Gautier

Донорство органов Organ donation
Трансплантация почек, полученных от доноров 
с расширенными критериями. Первое в РФ 
когортное многоцентровое исследование
Д.А. Банкеев, А.Б. Зулькарнаев, М.Г. Минина, 
В.С. Богданов, Э.А. Тенчурина, В.М. Севостьянов

122 Kidney transplantation from expanded criteria 
donors. The first multicenter cohort study 
in  the Russian Federation
D.A. Bankeev, A.B. Zulkarnaev, M.G. Minina, 
V.S. Bogdanov, E.A. Tenchurina, V.M. Sevostyanov



5

Заместительная почечная терапия renal replacement therapy
Дислипидемия и стратегии медикаментозной 
гиполипидемической терапии у пациентов, 
получающих заместительную почечную терапию: 
обзор литературы
А.В. Самбуров, Н.А. Хайбулина, Т.Л. Кулик, Ш.Р. Галеев

132 Dyslipidemia and lipid-lowering therapy in patients 
on  renal replacement therapy: A literature review
A.V. Samburov, N.A. Khaibulina, T.L. Kulik, Sh.R. Galeev

Экспериментальные исследования Experimental research
Исследование эффективности протоколов 
прекондиционирования трансплантата легких 
при донорстве после остановки эффективного 
кровообращения на экспериментальной модели 
кроликов
И.В. Пашков, Я.С. Якунин, К.С. Смирнов, В.К. Богданов, 
Н.П. Можейко, Л.А. Кирсанова, М.В. Ольховская, 
Н.В. Грудинин

145 Comparative study of lung preconditioning protocols 
in donors after circulatory arrest: an experimental 
rabbit model
I.V. Pashkov, Ya.S. Yakunin, K.S. Smirnov, V.K. Bogdanov, 
N.P. Mozheiko, L.A. Kirsanova, M.V. Olkhovskaya, 
N.V. Grudinin

Смежные дисциплины Related disciplines
Паттерны кальцификации биологических протезов 
клапанов сердца: кластеризация графических 
данных
Е.А. Овчаренко, К.Ю. Клышников, П.С. Онищенко, 
А.Е. Костюнин, А.А. Хромов, А.Н. Стасев, 
Т.Н. Акентьева, М.П. Фокеева, О.Л. Барбараш, 
Т.В. Глушкова

153 Image-based clustering analysis of calcification 
patterns in bioprosthetic heart valves
E.A. Ovcharenko, K.Yu. Klyshnikov, P.S. Onishchenko, 
A.E. Kostyunin, A.A. Khromov, A.N. Stasev, T.N. Akentyeva, 
M.P. Fokeeva, O.L. Barbarash, T.V. Glushkova

Случай успешной коррекции тотальной 
недостаточности трикуспидального клапана 
и  клапана легочной артерии с использованием 
гомографтов у пациентки после ранее 
выполненной радикальной коррекции двойного 
отхождения сосудов от правого желудочка
К.В. Шаталов, И.В. Арнаутова, С.В. Пацера, 
К.М. Джиджихия, Р.Р. Ахтямов, В.А. Болсуновский, 
Д.В. Зотов, Ю.В. Гусарова

163 Successful reoperation using homografts for  tricuspid 
and pulmonary valve regurgitation after radical 
double outlet right ventricle correction
K.V. Shatalov, I.V. Arnautova, S.V. Patsera, 
K.M. Dzhidzhikhiya, R.R. Akhtiamov, V.A. Bolsunovskii, 
D.V. Zotov, Yu.V. Gusarova

ИНФОРМАЦИЯ INFORMATION
Требования к публикациям 167 Instructions to authors



6

RUSSIAN JOURNAL OF  TRANSPLANTOLOGY AND  ARTIFICIAL ORGANS	 Vol. XXVII   № 4–2025

Векторы научного 
поиска и прорывные 
технологии в области 
трансплантологии 
обсуждали  
на заседании 
Президиума РАН
Глубокоуважаемые коллеги!
30 сентября 2025 года состоя-

лось заседание президиума Россий­
ской академии наук, основной темой 
которого стало обсуждение разви-
тия трансплантологии и донор- 
ства органов в Российской Федера-
ции. Со вступительным словом на 
секции «Трансплантация солидных 
органов: векторы научного поиска, 
прорывные технологии, перспекти-
вы развития» выступил вице-пре-
зидент РАН академик РАН Михаил 
Александрович Пирадов.
В докладе «Трансплантация со-

лидных органов: разработка, на-
учное обоснование и реализация в практике здра-
воохранения» был представлен анализ новейших 
направлений, уже доказавших свою эффективность. 
В их числе разработка и внедрение в клиническую 
практику новых методов малоинвазивной диагнос-
тики и прогноза осложнений, а также персонали-
зации иммуносупрессивной терапии, основанных на 
молекулярно-генетических, эпигенетических и кли-
нических критериях, позволяющих улучшить инди-
видуальный прогноз у реципиентов сердца, легкого, 
почки, печени.
В последние годы успехи, достигнутые в исполь-

зовании специфических протеомных биомаркеров, 
дополнены изучением транскриптомных биомарке-
ров, среди которых выделяют особую группу малых 
некодирующих молекул микроРНК, принимающих 
участие в регуляции экспрессии генов.
В Национальном медицинском исследовательском 

центре трансплантологии и искусственных органов 
имени академика В.И. Шумакова разработаны диаг­
ностические и прогностические панели микроРНК, 
высокоэффективные при развитии отторжения, 

Frontiers 
of t ransplantation 

science and breakthrough 
innovations: discussion 

at the Presidium 
of t he Russian Academy 

of Sciences
Dear colleagues,

On September 30, 2025, the Pre-
sidium of the Russian Academy of 
Sciences (RAS) convened a meeting 
dedicated to transplant medicine and 
organ donation in the Russian Federa-
tion. The keynote speech was delivered 
by RAS Vice President and Fellow 
Prof. Mikhail Piradov, at the section 
titled “Solid Organ Transplantation: 
Frontiers of Transplantation Science, 
Breakthrough Innovations, and Future  
Outlook”.
A report titled “Solid Organ Trans-

plantation: Development, Scientific 
Rationale, and Implementation in 

Healthcare Practice” presented an analysis of latest, 
evidence-based advances in the field. These include deve-
lopment and clinical adoption of new minimally invasive 
methods for diagnosing and predicting complications, as 
well as introduction of personalized immunosuppressive 
strategies grounded in molecular, genetic, epigenetic, 
and clinical data. These approaches enhance individu-
alized prognostic accuracy for recipients of heart, lung, 
kidney, and liver transplants.
In recent years, successes achieved in the use of spe-

cific proteomic biomarkers have been complemented by 
studies on transcriptomic biomarkers, particularly small 
non-coding miRNAs that play key roles in regulating 
gene expression.
The Shumakov National Medical Research Center 

of Transplantology and Artificial Organs has developed 
diagnostic and prognostic miRNA panels that are highly 
effective in detecting graft rejection, fibrosis, and infec-
tious complications in heart and lung transplant recipi-
ents. A comprehensive assessment combining transcrip-
tomic (miRNA) and proteomic (e.g., galectin-3, ST2, 
etc.) biomarkers significantly improves the diagnostic 
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фиброза и инфекционных осложнений у реципиентов 
сердца, легких. Комплексный анализ транскриптом-
ных (микроРНК) и протеомных (галектин-3, ST2 и 
др.) биомаркеров значительно повышает диагнос-
тическую эффективность отдельных тестов при 
патологии трансплантата.
Выполнение молекулярно-генетических и имму-

нологических исследований биомаркеров позволяет 
не только диагностировать отторжение, фиброз 
трансплантированных почки, печени, сердца, легкого 
на ранних стадиях и провести коррекцию иммуно-
супрессивной терапии, но и улучшить понимание 
фундаментальных основ иммунной толерантности, 
иммуносупрессии, тонких механизмов взаимоотно-
шения трансплантата с организмом реципиента.
На заседании Президиума РАН с докладами так-

же выступили академик РАН М.Ш. Хубутия: «Ис-
торические аспекты развития трансплантации 
органов»; член-корреспондент РАН А.О. Шевченко: 
«Активное долголетие реципиентов сердца»; акаде-
мик РАН А.В. Шабунин и профессор РАН М.Г. Мини-
на: «Инновационные технологии повышения эффек-
тивности донорства органов».

С уважением,
главный редактор
академик РАН С.В. Готье

accuracy of individual tests used to detect transplant-
related pathologies.
Molecular genetic and immunological studies of bio-

markers make it possible not only to diagnose rejection 
and fibrosis of transplanted kidneys, livers, hearts, and 
lungs at early stages and to adjust immunosuppressive 
therapy accordingly, but also to deepen our understan-
ding of the fundamental principles of immune tolerance, 
immunosuppression, and the intricate interactions bet-
ween the transplant and the recipient’s body.
During the meeting of the Presidium of RAS, reports 

were also presented by RAS fellows Prof. Mogeli Khu-
butia (“Historical Aspects of the Development of Organ 
Transplantation”), Prof. Alexey Shevchenko (“Active 
Longevity of Heart Recipients”), and Prof. Alexey Sha-
bunin together with Prof. Marina Minina (“Innovative 
Technologies for Enhancing the Effectiveness of Organ 
Donation”).

Sincerely,
Sergey Gautier,

Fellow, Russian Academy of Sciences
Editor-in-chief, Russian Journal  

of Transplantology and Artificial Organs
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Combined machine perfusion and ischemia-free 
implantation of livers from high-risk donors: 
first  experience in Russia
M.A. Boldyrev1, A.R. Monakhov1, 2, N.V. Grudinin1, V.K. Bogdanov1, S.I.  Zubenko1, 
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Objective: to assess the efficacy and safety of combining sequential dual hypothermic oxygenated machine per-
fusion (DHOPE), controlled oxygenated rewarming (COR), and normothermic machine perfusion (NMP) with 
ischemia-free liver implantation (IFLI) for transplants obtained from high-risk expanded criteria donors (ECDs). 
Materials and methods. The study presents two cases of liver transplantation performed using the combined 
DHOPE-COR-NMP-IFLI protocol in May and June 2025 at the Shumakov National Medical Research Center 
of Transplantology and Artificial Organs. Liver allografts were procured from brain-dead ECDs. Perfusion was 
carried out using a cardiopulmonary bypass (CPB) machine following a period of static cold storage (SCS). The 
allografts were subsequently transplanted into recipients under continuous NMP after meeting viability criteria. 
The reproducibility and safety of the IFLI approach within the combined protocol were evaluated through de-
scriptive analysis of donor characteristics, perfusion parameters, and intra- and postoperative outcomes in the 
recipients. Results. In both cases, the grafts met the established viability criteria despite pronounced macrovesi-
cular steatosis (95% and 80%, respectively). In Case No. 1, all viability parameters were achieved after 4 hours 
of NMP. In Case No. 2, lactate clearance was suboptimal, reaching the acceptable threshold of 4.1 mmol/L only 
after 6 hours of perfusion. No post-perfusion syndrome or hemodynamic instability occurred in either recipient 
during graft reperfusion. Both recipients met the criteria for early allograft dysfunction, with cytolysis levels of 
6562.9 and 1610.4 U/L, and 3822 and 2662 U/L, respectively. The recipients were discharged on postoperative 
days 17 and 34 without serious complications (Clavien–Dindo ≥IIIb). At 4- and 5-month follow-up, no trans-
plant- or preservation-related complications were observed. Conclusion. The combined application of sequential 
machine perfusion (DHOPE-COR and NMP) with IFLI is a safe and effective dynamic preservation strategy. 
This approach enables the successful use of liver grafts from ECDs by minimizing ischemia–reperfusion injury.
Keywords: liver transplantation, machine perfusion, early graft dysfunction, expanded criteria donors.
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Introduction
Expanding donor criteria is an effective strategy to 

address the growing gap between the number of organs 
available for transplantation and the number of pati-
ents in need [1, 2]. While broadening allograft eligi-
bility helps reduce waiting-list mortality and partially 
mitigates organ shortages, it is also associated with less 
favorable transplant outcomes [3–5]. In  this context, 
machine perfusion has emerged as a valuable tool, ena-
bling the “resuscitation” of suboptimal organs affected 
by ischemia-reperfusion injury (IRI) and providing an 
opportunity to assess organ viability prior to transplan-
tation [6–8].

Combined machine perfusion protocols, designed to 
compensate for the weaknesses of each individual tech-

nique, still leave one important challenge unresolved: the 
need for repeated static cold storage (SCS) after a nor-
mothermic machine perfusion (NMP) session, immedia-
tely before implantation [12]. The resulting “re-cooling” 
injury is becoming increasingly significant, especially as 
donor organs become more marginal. This sequence of 
repeated temperature fluctuations – re-cooling, brief cold 
ischemia, subsequent warm ischemia, and final reperfu-
sion – creates additional stress on an already vulnerable 
graft [9–11].

Cirelli et al. describe two cases of liver transplantati-
on from non-heart-beating donors with severe macrove-
sicular steatosis (>60% and >30%) after combined per-
fusion. Although both organs met the center’s stringent 
viability criteria, one recipient required retransplantation 
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on postoperative day 17, and the other developed acute 
kidney injury and acute respiratory failure. The authors 
emphasize that transplantation of severely steatotic livers 
remains a “risky endeavor”, as their post-implantation 
behavior may be unpredictable even when NMP viability 
parameters appear acceptable [13].

Similarly, Patrono et al. report two cases of primary 
graft dysfunction (PGD) in allografts with 30% and 50% 
macrovesicular steatosis following NMP. Both grafts 
exhibited insufficient lactate clearance despite meeting 
other viability thresholds. The authors conclude that 
although transplantation of liver allografts with >30% 
steatosis may be feasible, viability assessment remains 
challenging, and liberalization of criteria can result in 
primary non-function [14, 15].

Based on studies on ischemia-free liver transplanta-
tion (IFLT), it can be assumed that complete elimination 
of ischemia enables the safe use of allografts with even 
80–90% steatosis, with minimal injury to the graft. For 
centers where a full IFLT protocol is not technically 
feasible, reducing the procedure to ischemia-free liver 
implantation – i.e., omitting the donor-side perfusion 
stage – may represent a promising but insufficiently in-
vestigated compromise [16].

However, the studies published to date have emplo-
yed isolated NMP after a preceding period of cold ische-
mia (an end-ischemic approach). This strategy inherently 
exposes the liver to IRI and does not provide adequate 
protection against the cumulative effects of SCS and 
subsequent reperfusion [17, 18].

In contrast, the use of a combined perfusion protocol 
incorporating dual hypothermic oxygenated perfusion 
(DHOPE) as a post–cold storage “resuscitation” stage, 
controlled oxygenated rewarming (COR) as a transitional 
phase between two temperature regimes, and NMP for 
comprehensive viability assessment, enables the rela-
tively safe transplantation of high-risk allografts – in-

cluding those from non-heart-beating donors – without 
compromising clinical outcomes [12].

Integrating the strengths of both approaches, namely 
DHOPE–COR–NMP sequence and the IFLI principles, 
would allow us to get the most out of each technique 
and ensure the safe transplantation of high-risk liver 
allografts. To date, however, we have not identified any 
studies investigating the combined application of these 
techniques.

Description of clinical observations
In all reported cases, the liver allografts were refer-

red to Shumakov National Medical Research Center of 
Transplantology and Artificial Organs (Shumakov Cen-
ter) after being rejected by other transplant centers in 
accordance with the national allocation algorithm. The 
preservation protocol included the initial DHOPE, follo-
wed by COR, and concluded with NMP for viability as-
sessment (the DHOPE–COR–NMP protocol). All grafts 
fulfilled the modified viability criteria established at Shu-
makov Center (Table 1), and were therefore deemed 
suitable for transplantation. Given the high-risk nature 
of these allografts and their individual characteristics, 
IFLI was selected as the optimal approach, instead of 
the conventional transition to SCS prior to implantation.

Combined sequential perfusion was carried out 
using the method we described earlier, which employs 
a cardiopulmonary bypass (CPB) machine and a cus-
tom perfusion circuit developed at Shumakov Center to 
ensure seamless perfusion, assembled from a standard 
CPB pump tubing set [19]. A modified histidine–tryp-
tophan–ketoglutarate (HTK) solution served as the per-
fusate during the hypothermic phase (DHOPE + COR), 
while an erythrocyte-based perfusate was used during 
the NMP phase.

For perfusate drainage during IFLI, additional can-
nulation of the inferior vena cava (IVC) was performed 
via the subhepatic segment using 32–34 Fr cannulas. 

Table 1
Criteria for liver graft viability during normothermic machine perfusion

Criteria for liver graft viability  
(assessment after 4–6 hours of normothermic perfusion)

Perfusate lactate <4.5 mmol/L after 4 hours of perfusion OR:
Stable decrease in lactate with lactate <4.5 mmol/L after 6 hours
Presence of bile production AND:
–	pH difference (bile – perfusate) >0.05, with bile pH ≥7.48;
–	HCO3

– difference (bile – perfusate) >3.0 mmol/L, with bile HCO3
– >18 mmol/L

–	 (Glucose difference (bile – perfusate) <3.0 mmol/L OR bile/perfusate glucose ratio <0.67) 
AND bile glucose <16 mmol/L

At least two of the following criteria:
Perfusate pH >7.3 without continuous NaHCO3 infusion;
Active perfusate glucose metabolism (reduction of high glucose levels and stabilization)
Stable hemodynamics: portal flow >500 mL/min, arterial flow >150 mL/min;
Homogeneous graft perfusion and soft parenchymal consistency
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Fig. 1. (a) Liver allograft during ongoing normothermic machine perfusion; (b) preparation for ischemia-free liver implanta-
tion

a b

      

Fig. 2. (a) Beginning of the IFLI procedure; (b) caval anastomosis phase

a b

The suprahepatic segment of the vena cava was occluded 
with a Bulldog vascular clamp, leaving an adequate cuff 
to facilitate subsequent formation of caval anastomosis.

Ischemia-free liver implantation
Liver implantation during ongoing normothermic 

perfusion has been previously described by several au-
thors and has remained largely unchanged since its int-
roduction into clinical practice at Shumakov Center [10, 
11]. At present, IFLI can be performed only with either 
the classical caval reconstruction involving replacement 
of the IVC or the standard technique with IVC preserva-
tion as described by A. Tzakis.

Before implantation, complete vascular integrity and 
hemostasis of the liver allograft parenchyma were con-
firmed. This step is essential, as any perfusate leakage 
could necessitate urgent volume replacement and po-
tentially require temporary cessation of perfusion due to 
insufficient perfusate levels in the cardiotomy reservoir.

Following hepatectomy and preparation of the 
recipient’s IVC cuff, the allograft was transferred into the 
abdominal cavity under continuous perfusion (Fig. 1).

Particular attention was given to the precise positi-
oning of the Bulldog vascular clamp prior to initiating 
anastomosis formation, as improper placement could 
significantly complicate this stage of the procedure. The 
suprahepatic vena cava (or hepatico-caval) anastomo-
sis was then constructed using the standard technique 
(Fig. 2).

Upon completion of the suprahepatic vena cava anas-
tomosis, the Bulldog clamp was removed from the donor 
segment of the IVC to assess the integrity and hemostasis 
of the anastomosis.

Next, the portal vein was occluded with a vascular 
clamp, and portal perfusion was discontinued. From this 
point onward, perfusion of the allograft proceeded ex-
clusively through the hepatic arterial system. A standard 
portal vein anastomosis was then performed (Fig. 3).

Next, following the same approach used for the caval 
anastomosis, the clamp was removed from the donor 
segment of the portal vein to verify the integrity and 
tightness of the anastomosis prior to reperfusion.

IVC decannulation was performed before initiating 
reperfusion, as this ensured a safe procedure without 
blood loss. To expose the retrohepatic portion of the IVC 



11

Clinical transplantology

      

Fig. 3. IFLI procedure: (a) formation of (a) and formed (b) portal vein anastomosis

a b

	

Fig. 4. (a) Visualization of the subhepatic section of the inferior vena cava with a return cannula and (b) its subsequent de-
cannulation

a b

and the cannula positioned in its subhepatic segment, the 
right lobe of the liver was gently rotated to the left. The 
opposing edges of the vein were then secured using mos-
quito clamps or other appropriate instruments; ligature 
holders could also be used. A stapling device or vascular 
clamp was pre-positioned on the subhepatic stump of the 
IVC, depending on the selected method for closing the 
stump or completing the caval reconstruction (Fig. 4).

In the observations described, a stapling device was 
used, as it minimized the duration of warm ischemia that 
would otherwise occur during manual suturing of the 
subhepatic portion of the IVC. Typically, due to tissue 
adhesion to the cannula, a small amount of traction was 
required to achieve IVC decannulation. Immediately 
after removal of the cannula, the IVC stump was either 
sutured or secured with a vascular clamp, and arterial 
perfusion was discontinued. The right lobe of the liver 
was then repositioned anatomically, followed by graft 
reperfusion and decannulation of the hepatic artery. From 
this point onward, liver transplantation proceeded accor-
ding to the standard surgical technique.

Post-transplant period
The postoperative management included an initial 

stay in the intensive care unit for up to 12 hours, after 
which patients were transferred to a specialized trans-
plant unit for early rehabilitation in accordance with 
the local protocol. All recipients received standardized 
medical care based on the center’s established guidelines, 
which included:
–	 Administration of a pulse dose of methylprednisolone 

with subsequent rapid withdrawal or transition to oral 
therapy in patients with high immunological risk. 
In such cases, therapy was supplemented with basili-
ximab or thymoglobulin depending on the patient’s 
immunological risk profile.

–	 Early initiation of calcineurin inhibitors with targeted 
trough levels of 6–8 ng/mL, along with mycophenolic 
acid, provided that complete blood count parameters 
were within acceptable limits.

–	 Routine ultrasound examination of the liver graft with 
Doppler flowmetry, as well as biochemical tests, com-
plete blood count, coagulation profile, and calcineurin 



12

RUSSIAN JOURNAL OF  TRANSPLANTOLOGY AND  ARTIFICIAL ORGANS	 Vol. XXVII   № 4–2025

inhibitor level measurement. These evaluations were 
performed daily during the first postoperative week, 
three times per week during the second week, and 
subsequently as clinically indicated.
An important component of postoperative manage-

ment was intensive perioperative and postoperative 
monitoring. The following definitions were used as the 
primary criteria for identifying potential post-transplant 
complications:
–	 Acute graft rejection was suspected based on labo-

ratory signs of increased cytolysis and cholestasis 
after excluding other potential problems, including 
vascular complications. The diagnosis was confirmed 
by percutaneous biopsy.

–	 Early liver graft dysfunction was determined accor-
ding to the criteria proposed by K. Olthoff [20], de-
fined as the presence of at least one of the following:
●	 Serum bilirubin >171  μmol/L on postoperative 

day (POD) 7;
●	 International normalized ratio (INR)> 1.6 on 

POD 7;
●	 Aspartate aminotransferase (AST) or alanine 

aminotransferase (ALT) >2000  IU/L within the 
first 7 postoperative days.

–	 Primary graft failure was diagnosed in accordance 
with UNOS criteria [22], acute kidney injury was 
defined using KDIGO criteria [21].

–	 Ischemic cholangiopathy (IC) was diagnosed based 
on a combination of clinical symptoms (pruritus, 
jaundice), laboratory indicators of cholestasis (ele-
vated gamma-glutamyl transferase and alkaline 
phosphatase), and instrumental findings (magnetic 
resonance cholangiopancreatography, MRCP). If cli-
nical or laboratory abnormalities were present, inst-
rumental examination was performed to confirm or 

exclude IC. In cases where instrumental signs of IC 
were present without accompanying clinical or labo-
ratory abnormalities, the condition was classified as 
asymptomatic IC.

–	 Post-reperfusion syndrome was defined according to 
Aggarwal et al. [32] and Hilmi et al. [33] as a ≥30% 
decrease in mean arterial pressure lasting more than 
1 minute within the first 5 minutes after reperfusion, 
the occurrence of asystole or hemodynamically sig-
nificant arrhythmias (such as ventricular fibrillation), 
or the need to initiate vasopressor therapy during or 
immediately after reperfusion.

Characteristics of donors and liver allografts
Characteristics of donors and liver allografts are sum-

marized in Table 2.
Macroscopic appearance of the liver before perfusion 

is shown in Fig. 5 (a – case No. 1, b – case No. 2).

Recipient characteristics
Transplants were performed in recipients who were 

compatible with donors according to the ABO blood 
group system and anthropometric parameters. Patients 
with high surgical or anesthesiological risk, those requi-
ring emergency or urgent transplantation, and individuals 
with a high MELD score of 3.0 (>20 points) were exclu-
ded from consideration.
Case 1. Patient G., female, 34 years old, with liver 

cirrhosis secondary to autoimmune hepatitis and primary 
sclerosing cholangitis. BMI: 20.1; MELD 3.0: 16 points.
Case 2. Patient B., male, 51 years old, with liver cir-

rhosis due to HBV infection. BMI: 24.7; MELD 3.0: 
13 points.

      

Fig. 5. Liver allografts before initiation of perfusion: (a) case No. 1 and (b) case No. 2

a b
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Perfusion parameters and viability 
assessment

The dynamics of the perfusate and bile parameters 
during NMP are presented in Fig. 6.

Combined perfusion was performed using a previous-
ly described technique [12], consisting of at least 90 mi-
nutes of DHOPE followed by a minimum of 60 minutes 
of COR, during which the liver allograft was gradually 

Table 2
Main characteristics of recipients, donors, and perfusion

Case 1 Case 2
Donor

Age 55 63
Gender Male Male
BMI 44.2 32.1
Donor type DBD DBD
Time in ICU 3 days 1 day
Donor Risk Index (DRI) 1.636 1.6
AST, U/L 143 38
ALT, U/L 86.2 31
Sodium, mmol/L 138 140
Total bilirubin, mmol/L 14.2 6.3
Creatinine, mmol/L 92.9 142

Macroscopic findings Dense consistency, marked steatosis 
and fibrosis

Extremely soft consistency, marked 
steatosis

Microscopic findings Macrovesicular steatosis 95%, 
liver fibrosis F-1 (METAVIR) Macrovesicular steatosis 80%

Transplant
SCS, min 152 230
Weight before perfusion, g 1700 1930
Weight at the end of perfusion 1750 2300

Perfusion
DHOPE time, min 111 105
COR time, min 80 79
NMP time, min 707 595
IFLI time, min 70 (as part of NMP) 30 (as part of NMP)
Total perfusion time, min 898 779
Total storage time, min 1101 1009
Lactate at 4 hours, mmol/L 2.5 7.6
Lactate at 6 hours, mmol/L 3.6 4.1

Indicators at 4 hours of perfusion and viability assessment
ΔpH (bile–perfusate) 0.077 0.186
Bile pH 7.729 7.646
ΔHCO3

– (bile–perfusate) 9.8 14.9
Bile HCO3

– 43.5 36.5
Δ / ratio of glucose (bile–perfusate) –2.5 / 0.42 –10.2 / 0.47
Bile glucose, mmol/L 1.8 9

Perfusate pH 7.652 (without bicarbonate 
supplementation)

7.46 (without bicarbonate 
supplementation)

Glucose metabolism Yes (4.3 mmol/L) No (19.2 mmol/L)
HA flow (mL/min) 610 420
PV flow (mL/min) 690 650
HA pressure (mmHg) 72 70
PV pressure (mmHg) 11 10
Transplanted Yes Yes

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; SCS, static cold storage; DHOPE, dual hy-
pothermic oxygenated machine perfusion; COR, controlled oxygenated rewarming; NMP, normothermic machine perfusion; 
IFLI, ischemia-free liver implantation; HA, hepatic artery; PV, portal vein.
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Fig. 6. Liver transplant perfusion parameters in case No. 1 and case No. 2

warmed to 16 °C. Viability and injury markers were not 
assessed during the DHOPE and COR phases.

After completing the hypothermic perfusion stages 
and replacing the perfusate with a red blood cell–based 
solution, NMP was initiated. During the first hour of 
NMP, the temperature was gradually increased from 
20 °C to 34–36 °C, accompanied by a controlled rise in 
hepatic arterial and portal venous flow while maintaining 
target perfusion pressures [12].

Viability assessment was carried out using criteria 
developed and modified at the Shumakov National Me-
dical Research Center of Transplantology and Artificial 
Organs, as summarized in Table 1.

Characteristics of the perfusate and key perfusion 
parameters are presented in Table 2.

Case 1 (Fig. 7). Despite the need for sodium bicarbo-
nate infusion during the first hour of perfusion (a total of 
250 ml) to stabilize pH, the pH showed a trend toward 
normalization and remained within the physiological 
range. The initial perfusate lactate level was 13 mmol/L, 
rising to a peak of 17 mmol/L at 90 minutes, followed by 
a gradual fall to 2.5 mmol/L by the 4-hour mark. A steady 
decrease in perfusate glucose levels was also observed, 
reaching a minimum of 4.3 mmol/L at 4 hours, which ne-
cessitated supplementation with 40% dextrose. Perfusion 
flows and pressures were maintained in accordance with 
protocol and fulfilled the center’s established viability 
criteria.

During perfusion, bile production showed a steady 
increase: less than 2 ml during the first 2 hours, 4 ml 
in the third hour, and subsequently 6–9 ml per hour. 
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Throughout perfusion, bile parameters remained within 
the thresholds indicative of cholangiocellular viability. 
Cytolysis markers during DHOPE were elevated but 
stable, with AST levels of 2008 and 2259 U/L and ALT 
levels of 2776.6 and 3016.4 U/L at 60 and 90 minutes, 
respectively. Overall, the liver allograft satisfied all es-
tablished viability criteria and was considered suitable 
for transplantation.
Case 2 (Fig. 8).
Stabilization of pH was achieved only by the third hour 

of perfusion, with a total sodium bicarbonate infusion 
volume of 200 ml. Initial lactate level was 11.5 mmol/L, 
showing two peaks – 15 mmol/L at 30 minutes and 
13.5 mmol/L at 2 hours – followed by a gradual decline 
to 7.6 mmol/L at 4 hours and 4.1 mmol/L at 6 hours. 
Despite continuous insulin infusion, glucose levels pro-
gressively increased and remained at 18–19 mmol/L until 
the end of perfusion. Bile secretion remained minimal 

throughout the procedure (2–2.5 ml/hour). Cytolysis 
markers at 60 and 90 minutes of DHOPE were 1829.7 
and 2613.9 U/L (AST) and 504.5 and 824.8 U/L (ALT), 
respectively. The allograft fulfilled all established via-
bility criteria except for glucose metabolism and was 
deemed suitable for transplantation.

Intraoperative liver transplantation 
characteristics
Case 1. Orthotopic liver transplantation was perfor-

med using the standard technique with IVC preserva-
tion according to A. Tzakis. Total operative time was 
475 minutes, and biliary ischemia time was 70 minutes. 
Intraoperative blood loss was 700 ml, requiring transfu-
sion of 2 units of red blood cells (RBCs) and 5 units of 
fresh frozen plasma (FFP). No postreperfusion syndrome 
or adverse hemodynamic response to reperfusion was 
observed. Arterial lactate level at the end of surgery was 
2.4 mmol/L. Vasopressor therapy consisted of norepine-
phrine at 100 ng/kg/min.
Case 2. Orthotopic liver transplantation was also 

performed using the standard technique with IVC pre-
servation according to A. Tzakis. Total operative time 
was 240 minutes, with a biliary ischemia time of 15 mi-
nutes. Blood loss was 1000 ml, and the patient received 
2 units of RBCs and 2 units of FFP. No postreperfusion 
syndrome or hemodynamic instability during reperfusion 
was noted. Arterial lactate level at the conclusion of the 
procedure was 3.6 mmol/L, and vasopressor therapy 
consisted of norepinephrine at 90 ng/kg/min.

Postoperative period
The laboratory dynamics of the postoperative period 

in recipients are shown in Fig. 9.
Case 1. Peak AST and ALT levels reached 6562.9 U/L 

and 1610.4 U/L, respectively – meeting only one crite-
rion for early allograft dysfunction. A rapid decline in 

      

Fig. 7. (a) Liver allograft No. 1 and (b) bile secretion during 
NMP

a b

      

Fig. 8. (a) Liver allograft No. 2 and (b) bile secretion during NMP

a b
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Fig. 9. Postoperative recipient parameters (case No. 1 and case No. 2.). Abbreviations: ALT, alanine aminotransferase; AST, 
aspartate aminotransferase; INR, international normalized ratio; ALP, alkaline phosphatase; GGT, gamma-glutamyl transfe-
rase

transaminases was observed by postoperative day (POD) 
2, with AST at 1267 U/L and ALT at 1212 U/L. The area 
under the curve (AUC) for AST was 5609.6 and for ALT 
4353. Maximum total bilirubin level was 166 μmol/L on 
POD 6, followed by a steady decrease to normal values. 
Peak INR was 2.36 on POD 1. The postoperative course 
was uneventful, the patient was discharged on POD 17 
without surgical or immunological complications. Two 
months after transplantation, the patient was readmit-
ted due to Doppler-based findings suggestive of splenic 
artery steal syndrome. Splenic artery embolization was 
performed successfully. At  the time of reporting, the 
follow-up period was four months.
Case 2. Peak AST and ALT levels were 3822 U/L and 

2662 U/L, respectively, and constituted the only crite-
rion fulfilled for early liver graft dysfunction. Similar 
to Case 1, AST and ALT values decreased rapidly by 
POD 2 (1429 and 2207 U/L, respectively), continuing 
to fall thereafter. The calculated AUC values were 4645 
for AST and 8327 for ALT. The maximum total bilirubin 
level was 65.8 mmol/L on POD 1, followed by a stea-
dy decline to normal values. Peak INR was 3.11, also 
observed on POD 1. A postoperative hematoma in the 
subcutaneous tissue required evacuation, after which a 
vacuum-assisted wound system was applied on POD 3 
and maintained for 7 days. The remaining postoperative 
course was uneventful. The patient was discharged on 
POD 34 without major complications. At  the time of 
reporting, the follow-up period was 5 months.

Characteristics of the pathomorphological 
examination of the transplant

In all cases, microscopic (light microscopy) examina-
tion of the allograft was performed at three stages: before 
the start of perfusion, after completion of normothermic 
machine perfusion, and before suturing of the recipient’s 
postoperative wound. A section of the bile duct was exa-
mined to assess conservation–ischemic injury both prior 
to perfusion and at the end of the surgery. Biopsies were 
obtained using an incisional technique from the edges of 
two liver lobes and from the distal portion of the com-
mon bile duct. Samples were fixed in 10% formalin and 
submitted for full pathomorphological examination.

An important observation is the discordance between 
the pathomorphological findings – including diffuse-
focal and subtotal hepatocyte necrosis – and the clinically 
smooth postoperative course observed in both recipients. 
This discrepancy will be analyzed further in the Discus-
sion section.
Case 1 (Fig. 10). Preperfusion biopsy showed mo-

derate capsule sclerosis, diffuse-focal fatty degeneration 
(90–95%), involving medium and large-droplet degene-
ration of hepatocytes, fibrosis of the portal tracts and cen-
tral vein walls, stage F1 fibrosis according to METAVIR.
Postperfusion biopsy, in addition to previously noted 

features, showed subcapsular and capsular hemorrhages, 
parenchymal edema, ruptured fat vacuoles in some areas, 
diffuse focal hepatocyte necrosis, and microhemorrhages 
within the parenchyma. The postreperfusion biopsy re-
vealed subcapsular hepatocyte necrosis extending deep 
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Fig. 10. Micrographs of a liver allograft biopsy in case No. 1 before and after machine perfusion. (a) Before perfusion (mag-
nification 20×, H&E stain); (b) After perfusion (magnification 10×, H&E stain) and at the end of surgery (magnification 20×, 
Masson’s trichrome stain). Detailed histological description is provided in the text

Before perfusion After perfusion

End of surgery

100 μm 200 μm

100 μm

a b

Discussion
Minimizing or eliminating IRI is fundamental to ex-

panding donor criteria, as IRI remains a major limitation 
to the maximal utilization of allografts from deceased 
donors [24, 25]. The concept of IFLT directly supports 
this principle. In a randomized controlled trial, Guo et al. 
compared outcomes in recipients of allografts preserved 
with IFLT (n = 32) versus SCS (n = 33). Early liver graft 
dysfunction, a key indicator of IRI, occurred in only 6% 
(n = 2) of patients in the IFLT group compared with 24% 
(n = 8) in the SCS group (p = 0.044). Post-reperfusion 
syndrome – another marker of preservation-related in-
jury – developed in 9% (n = 3) of IFLT recipients versus 
64% (n = 21) in the SCS group (p < 0.001) [16].

Further supporting these findings, He et al. reported 
the successful transplantation of a liver allograft with 85–
95% macrovesicular steatosis using the IFLT technique, 

	

Fig. 11. Micrographs of a liver allograft biopsy in case No. 2 before and after machine perfusion. (a) Before perfusion (ma-
gnification 10×, H&E stain); (b) After perfusion (magnification 10×, Masson’s trichrome stain) and at the end of surgery 
(magnification 20×, H&E stain). Detailed histological description is provided in the text

Before perfusion After perfusion

End of surgery

200 μm 200 μm

100 μm
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into the parenchyma with associated hemorrhages – most 
likely of compressive origin – as well as diffuse focal 
hepatocyte necrosis with hemorrhage. Bile duct biopsy 
revealed preserved peribiliary glands and biliary epithe-
lium, with focal areas of epithelial desquamation.
Case 2 (Fig. 11). Preperfusion biopsy confirmed dif-

fuse focal large-droplet fatty degeneration of hepatocy-
tes involving up to 80%. Postperfusion biopsy showed 
subtotal hepatocyte necrosis and diffuse parenchymal 
hemorrhages.
Post-reperfusion biopsy also revealed diffuse focal 

hepatocyte necrosis accompanied by subcapsular and 
intraparenchymal hemorrhages, fibrosis of the central 
vein walls and portal tracts, and loose inflammatory in-
filtration within the portal areas. The bile duct biopsy 
showed no abnormalities and confirmed preservation of 
the peribiliary glands and biliary epithelium.
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reporting peak AST and ALT levels of only 375 and 
123 U/L, and gamma-glutamyl transferase and alkaline 
phosphatase levels of 86 and 79 U/L, respectively [26].

Collectively, these results suggest that the complete 
avoidance of IRI enables the safe transplantation of vir-
tually any organ – regardless of its suboptimal baseline 
condition – as long as it maintains adequate function in 
the donor prior to procurement.

However, despite its remarkable effectiveness in pre-
venting IRI, IFLT has several technical drawbacks. Per-
fusion must begin at the donor hospital, and procurement 
procedure requires highly advanced surgical expertise, 
as it involves complete mobilization of the liver and 
inferior vena cava, along with meticulous dissection of 
the hepatoduodenal ligament. Furthermore, transporting 
the perfusion device with the organ continuously per-
fused to the recipient’s hospital is logistically complex 
and labor-intensive [26]. To address these challenges, a 
simplified modification of IFLT – IFLI – which excludes 
the donor stage of machine perfusion has been proposed. 
IFLI prevents the recooling injury that occurs when an 
organ is re-cooled after completion of NMP but before 
implantation [10, 11, 27].

Chen et al. reported a significantly lower incidence 
of post-reperfusion syndrome in the IFLI group com-
pared with the NMP group (8% vs. 58.8%, p < 0.001) 
and a higher frequency of primary graft dysfunction in 
recipients who did not undergo IFLI (p = 0.041). In a 
comparative study of IFLI (n = 7), NMP (n = 7), and SCS 
(n = 14), the same authors demonstrated reduced cytoly-
sis in both perfusion groups relative to SCS (p = 0.0015 
and p = 0.016 for AST and ALT, respectively), as well as 
a lower incidence of early dysfunction in the IFLI group 
compared with SCS (p = 0.022) and NMP (p = 0.462) 
[11]. Their use of fairly broad criteria for extended liver 
donation (Eurotransplant [29] and Vodkin et al. [28]) 
may partially explain the less pronounced results of IFLI 
in that cohort.

Notably, the avoidance of secondary warm ischemia 
may itself offer clinical benefits. In a study of 1,256 liver 
transplant recipients from brain-dead donors, Al-Kurd et 
al. reported a significantly lower risk of graft loss at both 
1 and 5 years when secondary warm ischemia time was 
kept below 30 minutes [30]. Similarly, Sakamoto et al., 
analyzing outcomes in 67 living donor liver transplant re-
cipients, found that secondary warm ischemia exceeding 
48 minutes was a significant risk factor for the develop-
ment of post-transplant biliary strictures (p = 0.008) [31].

Minimization of IRI and mitigation of its consequen-
ces can, as previously noted, be achieved through iso-
lated or combined machine perfusion protocols. In our 
view, the DHOPE-COR-NMP protocol developed by 
the team at the University Medical Center Groningen 
represents the most effective strategy currently available 
[12]. Despite its strong potential – particularly for the 
utilization of high-risk organs from non-heart-beating 

(NHB) donors – its effectiveness remains limited when 
applied to allografts with significant macrovesicular ste-
atosis (>30%).

Cirelli et al. reported two cases of liver transplan-
tation using allografts from NHB donors with severe 
macrovesicular steatosis (>60% and >30%) following 
combined DHOPE-COR-NMP perfusion [13]. Although 
both grafts satisfied the center’s stringent viability crite-
ria (Groningen criteria), the clinical outcomes were sub-
optimal. In the first case, retransplantation was required 
on POD 17 due to persistent high-volume ascites (>10 L/
day) and sustained vasopressor dependence. The authors 
attributed this to a 30% reduction in graft volume caused 
by rapid resolution of steatosis, which led to excessive 
length and subsequent kinking of the suprahepatic vena 
cava. The patient also experienced pronounced post-
perfusion syndrome requiring norepinephrine therapy, 
acute kidney injury necessitating dialysis, and later kid-
ney transplantation.

In the second case, the presence of lipopeliosis in the 
graft biopsy raised suspicion of “fat embolism” syndro-
me, which may have contributed to acute hypoxic res-
piratory failure and acute kidney injury. Based on these 
observations, the authors concluded that transplantation 
of organs with severe steatosis remains a risky endeavor, 
as graft behavior can remain unpredictable even when 
viability criteria are met during NMP.

In our study, we presented the outcomes of apply-
ing the combined DHOPE–COR–NMP–IFLI protocol, 
which by the time of reporting had become a routine 
component of our practice for high-risk donors. The ca-
ses described demonstrate the high efficacy and safety 
of machine perfusion in the transplantation of allografts 
with macrovesicular steatosis exceeding 80%, with no 
serious postoperative complications observed.

In our view, the markedly elevated peak AST and ALT 
levels likely reflect not the extent of IRI but rather the 
systemic entry of a substantial volume of transaminase-
rich perfusate (more than 500 ml). This interpretation 
is supported by the relatively low area under the curve 
(AUC) for transaminase levels and their rapid decline 
as early as POD 2. Notably, the only instance of early 
liver graft dysfunction was identified solely on the basis 
of conventional biochemical criteria (AST/ALT peaks), 
without any clinical correlate or adverse effect on the 
postoperative course. This observation aligns with a 
broader shift in the field toward revising early dysfunc-
tion criteria in the era of dynamic perfusion preservation.

Graft function has remained stable for more than three 
months following transplantation, underscoring the sa-
tisfactory short-term outcomes achievable in highly ste-
atotic allografts using this combined perfusion protocol.

In our practice, we apply viability criteria that are 
considerably broader than the classical, generally accep-
ted standards. We believe that the sustained downward 
trend in lactate levels – rather than the absolute value 
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at any given time – is a far more meaningful indicator 
of graft viability. Moreover, we consistently observe 
that livers with a high degree of steatosis demonstrate a 
delayed lactate peak.

The IFLI stage is particularly critical, as any disrup-
tion in allograft perfusion can immediately convert the 
preservation strategy into one involving warm ischemia. 
Nevertheless, when the standard protocol for implanta-
tion under continuous normothermic perfusion is strict-
ly followed, IFLI becomes a routine and reproducible 
method. The prolonged implantation time in Case 1 
(70 minutes) was attributable to the recipient’s anato-
mical features and technical difficulties associated with 
forming the caval anastomosis.

In all cases, we used the caval reconstruction with 
preservation of the IVC, creating a hepato-caval anas-
tomosis between the suprahepatic IVC of the graft and a 
common cuff of the recipient’s hepatic veins, following 
the technique of A. Tzakis. The classical approach, which 
includes complete replacement of the recipient’s IVC, 
necessitates formation of the lower caval anastomosis 
only after graft reperfusion, because a cannula remains 
positioned in the subhepatic IVC to drain perfusate into 
the cardiotomy reservoir. Similarly, a modified implan-
tation technique using IVC preservation as proposed by 
J. Belghitti appears impractical in the context of conti-
nuous perfusion, as complete isolation of the cavotomy 
field would disrupt outflow of perfusate through the IVC 
of the graft into the cardiotomy reservoir.

When preparing the graft for implantation, it is es-
sential to retain an adequate length of the suprahepatic 
segment of the IVC above the vascular clamp to ensure 
proper anastomotic construction. Insufficient tissue may 
result in suture breakage and inadequate alignment of 
the vascular edges, whereas excessive wall length may 
create an overly long venous segment, increasing the 
risk of kinking or bending.

An important observation in our series is the discre-
pancy between the pathomorphological findings from 
post-perfusion and post-reperfusion biopsies and the fa-
vorable postoperative clinical course in both recipients. 
Despite diffuse–focal and subtotal hepatocyte necrosis, 
intraparenchymal and subcapsular hemorrhages, and 
inflammatory infiltration, the only criterion for early 
allograft dysfunction that was met was the elevation of 
cytolytic enzymes (AST and ALT) on POD 1. Given the 
rapid decline in their levels on subsequent days – and 
therefore the relatively low AUC – we propose, as pre-
viously noted, that these early enzyme surges are more 
likely attributable to the rapid entry of a large volume 
(>500 mL) of aminotransferase-rich perfusate into the 
systemic circulation during reperfusion (“bolus effect”) 
rather than to extensive IRI of the graft itself.

Notably, neither recipient developed graft-specific 
complications typically expected with such a pathomor-

phological profile – such as primary graft non-function 
or severe early allograft dysfunction [40, 41].

In all cases, we performed an incisional (marginal) 
biopsy of the liver allograft. Several studies have shown 
that this technique provides a larger volume of tissue and 
can better detect – or even overestimate – the extent of 
pathomorphological processes compared with puncture 
(fine-needle) biopsy [34, 35, 37]. The main limitation of 
incisional biopsy is that the obtained fragment is taken 
from a marginal subcapsular area, where fibrosis and 
other alterations may be more pronounced than in deeper 
regions of the graft. This may lead to overdiagnosis and 
inaccurate assessment of the true prevalence of patholo-
gical processes [34–37]. For example, histologic exami-
nation of zones where the graft comes into contact with 
the perfusion container may reveal changes consistent 
with diffuse compression necrosis of hepatocytes rather 
than representing a widespread process throughout the 
parenchyma. Importantly, compression necrosis itself 
does not appear to impair allograft function or influence 
immediate postoperative outcomes [38, 39].

The relationship between pathomorphological fin-
dings and clinical outcomes under conditions of dyna-
mic perfusion preservation requires further research to 
determine the optimal biopsy technique and to clarify its 
role in predicting postoperative outcomes.

Overall, IFLI combined with the DHOPE-COR-NMP 
protocol appears to be a promising strategy for dynamic 
preservation and implantation of liver allografts from 
extended-criteria, high-risk donors. Larger studies are 
needed to better define the potential limitations of this 
technique and its place within the current landscape of 
perfusion technologies.

The authors declare no conflict of interest.
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Optimizing maintenance immunosuppressive therapy 
after liver transplantation
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Objective: to justify the rational selection of maintenance immunosuppressive therapy following liver transplan-
tation (LT). Materials and methods. The study included 42 recipients of deceased donor liver grafts, observed 
for periods ranging from 1 month to 15 years LT. The mean age at transplantation was 49.4 ± 7.0 years. All pati-
ents received everolimus in combination with low-dose extended-release tacrolimus. Indications for everolimus 
therapy were tacrolimus-induced nephrotoxicity (n = 13), history of hepatocellular carcinoma (HCC, n = 21), and 
development of de novo malignancies at non-hepatic sites (n = 8). Target trough concentrations were 2–3 ng/mL 
for tacrolimus and 3–8 ng/mL for everolimus. Adverse events of everolimus and serum cholesterol dynamics were 
assessed at 12, 36, 60, and 120 months after conversion to this regimen, and compared with data from 20 random-
ly selected recipients maintained on tacrolimus monotherapy. Estimated glomerular filtration rate (eGFR) was 
calculated using the CKD-EPI equation at the same time points. Liver stiffness (kPa) was measured by transient 
elastography once at study completion. In patients with a history of HCC, baseline alpha-fetoprotein (AFP) levels 
were also taken into account. Results. Long-term use of everolimus with low-dose extended-release tacrolimus 
did not impair renal function (baseline GFR: 84.13 ± 16.70 mL/min/1.73 m2; final GFR: 84.99 ± 21.30 mL/
min/1.73 m2). However, serum cholesterol levels were consistently higher compared with tacrolimus monothe-
rapy (12 months: 5.7 ± 0.91 vs 4.01 ± 1.21 mmol/L; 120 months: 5.52 ± 1.51 vs 4.58 ± 0.72 mmol/L). Among 
21 patients with a history of HCC, recurrence or progression occurred in 6 patients (30%), which was associated 
with elevated baseline AFP levels prior to LT (429.2 ± 306.9 U/mL; Z = 4.2, p = 0.0001). Liver stiffness, assessed 
once at the endpoint of the retrospective study, averaged 4.8 ± 1.8 kPa, corresponding to F0–1 by the METAVIR 
scale. Conclusion. Long-term maintenance therapy with everolimus combined with low-dose extended-release 
tacrolimus after LT is safe and helps mitigate calcineurin inhibitor (CNI) nephrotoxicity. Nevertheless, this regimen 
does not prevent recurrent HCC, which depends on the biological activity of the tumor.
Keywords: liver transplantation, everolimus, extended-release tacrolimus, glomerular filtration rate, 
hypercholesterolemia, liver stiffness, alpha-fetoprotein.
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Introduction
For decades, progress in transplantation has been 

closely linked to the development of new immunosup-
pressive drugs, such as cyclosporine, tacrolimus, siroli-
mus, mycophenolate mofetil, thymoglobulin, and inter-
leukin-2 receptor antagonists. In recent years, however, 
clinical trials of new molecules have faced setbacks, 
while the growth of the generic market has provided 
economic benefits but also introduced challenges in se-
lecting and alternating between brands, some of which 
remain insufficiently studied [1]. This does not apply to 
everolimus and mycophenolic acid, which have under-
gone rigorous clinical trials and are recognized as fully 
effective immunosuppressants [2].

Calcineurin inhibitors (CNIs), particularly tacroli-
mus, remain the cornerstone of maintenance immuno-
suppression following liver transplantation (LT) [3, 4]. 
Nevertheless, the optimal regimen for long-term main-

tenance remains uncertain, as meta-analyses have not 
shown clear superiority of any single drug combinati-
on [5].

A major limitation of CNIs is the well-documented 
risk of chronic nephrotoxicity with prolonged use, which 
negatively affects long-term survival [3, 6]. One pre-
ventive strategy is minimizing tacrolimus exposure in 
combination with the mammalian target of rapamycin 
(mTOR) inhibitors [3, 7]. In addition, everolimus, due 
to its antiproliferative properties, is often prescribed for 
LT recipients with a history of hepatocellular carcinoma 
(HCC) or de novo extrahepatic malignancies [8]. As a 
result, a distinct cohort of patients is emerging for whom 
a maintenance regimen combining low-dose CNIs with 
mTOR inhibitors is preferred.

Based on these findings and previous studies confir-
ming the efficacy of extended-release tacrolimus after LT, 
the authors analyzed their single-center experience with 
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Fig. 1. Distribution of patients according to the indication for 
conversion to everolimus

the long-term use of low-dose extended-release tacro-
limus in combination with everolimus. As such studies 
remain limited [9, 10], evaluating the effectiveness of 
this regimen may provide important evidence for impro-
ving long-term survival after LT. The aim of this study 
was to substantiate a rational approach to maintenance 
immunosuppression in the late post-transplant period.

Materials and methods
A retrospective analysis was conducted on 42 LT 

recipients under follow-up at an outpatient transplant 
center, with observation periods ranging from 1 to 15 ye-
ars post-transplant. The cohort included 16 men and 
26 women, with a mean age at LT of 49.4 ± 7.0 years. 
Data collection was completed by the end of 2023. In-
dications for everolimus initiation included early signs 
of nephrotoxicity in 13 patients, a history of HCC in 
21 patients, and the presence of de novo extrahepatic 
malignancies in 8 patients (Fig. 1). Everolimus was in-
troduced no earlier than 1 month after LT. The initial 
daily dose was 3 mg, titrated to maintain a target trough 
concentration of 3–8 ng/ml. Tacrolimus trough levels 
were maintained at approximately 2 ng/ml. Tacrolimus 
and everolimus concentrations were monitored using an 
automated biochemistry analyzer.

The effectiveness of immunosuppressive therapy was 
evaluated using key biochemical parameters: bilirubin, 
alanine transaminase (ALT), aspartate transaminase 
(AST), alkaline phosphatase, gamma-glutamyltransfera-
se (GGT), creatinine, and urea. Proteinuria was assessed, 
and glomerular filtration rate (GFR) was calculated using 
the CKD-EPI formula (ml/min/1.73 m2).

Total blood cholesterol levels were retrospectively 
analyzed and compared with a random sample of 20 LT 
recipients who received standard-dose extended-release 
tacrolimus monotherapy without evidence of graft dys-

function. Alpha-fetoprotein (AFP) levels were determi-
ned preoperatively in patients with HCC.

At the end of follow-up, liver stiffness was measured 
in kilopascals (kPa) using a Fibroscan-430Mini transient 
elastography device.

Statistical analysis was performed using Statistica 
for Windows, version 14. Both descriptive and nonpa-
rametric methods were applied. Intergroup differences 
were evaluated using the Mann–Whitney U test, and 
correlations within the study group were assessed using 
Spearman’s rank coefficient. Results were considered 
statistically significant at p < 0.05.

Results
At target concentrations of everolimus (3–8 ng/mL) 

and tacrolimus (≤3 ng/mL), the mean maintenance doses 
at the end of the follow-up period were 2.75 ± 0.4 mg/
day and 2.1 ± 0.9 mg/day, respectively (Table 1).

Long-term monitoring of liver graft function showed 
no significant deviations from normal values for bili-
rubin, ALT, or AST at 12, 36, 60, and 120 months of 
therapy with this immunosuppressive regimen. Recorded 
adverse events were not life-threatening for either the 
graft or recipients and were effectively managed with 
supportive measures, such as iron supplementation for 
anemia and dose adjustments of immunosuppressive 
agents (Fig. 2).

The most frequent complication was hypercholestero-
lemia, observed in 28.5% of patients. Mean total choles-
terol did not significantly change over time, amounting to 
5.69 ± 1.19 mmol/L at baseline and 5.52 ± 1.51 mmol/L 
after 10 years of combined therapy (Fig. 4). However, 
when compared with a random control group of 20 LT 
recipients maintained on long-term tacrolimus mono-
therapy with normal graft function, cholesterol levels 
were consistently and significantly higher in the study 
group throughout the entire follow-up (Table 2), thus 
confirming the negative effect of everolimus on blood 
cholesterol levels.

All patients with hypercholesterolemia were advised 
long-term statin therapy. Nevertheless, some declined 
treatment, which contributed to persistently unsatis-
factory overall cholesterol levels. In contrast, in a sub-
group of 10 patients who adhered to statin therapy, cho-
lesterol remained within acceptable limits, averaging 
4.73 ± 0.31 mmol/L after 10 years.

Table 1
Average maintenance doses and target 

immunosuppressant concentrations
Drug Starting 

dose
Average 

maintenance dose
Target 

concentration
Everolimus 3 mg 2.75 ± 0.40 mg/day 3–8 ng/mL
Tacrolimus 2.10 ± 0.90 mg/day 2–3 ng/mL
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Fig. 2. Proportion of adverse events during long-term therapy 
with everolimus combined with low-dose extended-release 
tacrolimus

Fig. 3. Dynamics of renal function in patients receiving low-dose extended-release tacrolimus with everolimus

min/1.73 m2. At 3 and 5 years, values were 91.15 ± 14.17 
and 84.92 ± 17.72 mL/min/1.73 m2, respectively; among 
patients reaching the 10-year threshold, mean eGFR was 
84.99 ± 21.30 mL/min/1.73 m2.

Among the 21 patients with a history of HCC tre-
ated with this regimen, recurrence or progression oc-
curred in 6 patients (30%) at various time points post-
LT. The mean pre-LT AFP level in this subgroup was 
429.2 ± 306.9 IU/mL (range 3.6–1500 IU/mL). Recur-
rence was significantly associated with baseline AFP 
concentration (Z = 4.2, p = 0.0001).

Transient elastography performed at the end of fol-
low-up provided indirect evidence of regimen effective-
ness. The mean liver stiffness was 4.8 ± 1.8 kPa, cor-
responding to METAVIR stages F0–F1, indicating no 
significant fibrosis progression.

Table 2
Comparative dynamics of blood cholesterol levels 

in liver transplant recipients under different 
immunosuppressive regimens  

(p < 0.05*, p < 0.01**)
Regimen / 
Duration

12 
months

36 
months

60 
months

120 
months

Tacrolimus + 
Everolimus

5.7 ± 
0.91*

5.52 ± 
1.32**

5.4 ± 
1.38*

5.52 ± 
1.51**

Tacrolimus 
alone

4.01 ± 
1.21

4.11 ± 
0.82

4.34 ± 
0.90

4.58 ± 
0.72

Over a 12–120 month follow-up, mean creatinine 
levels and estimated GFR (eGFR) remained within 
acceptable limits (Fig. 3). After one year of combined 
everolimus and low-dose extended-release tacroli-
mus therapy, the mean eGFR was 84.13 ± 16.70 mL/
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Fig. 4. Dynamics of total serum cholesterol in patients receiving long-term therapy with everolimus and low-dose extended-
release tacrolimus

Discussion
In a review study, Pavel Trunecka [2] analyzed publi-

cations addressing late conversion from twice-daily tac-
rolimus to its extended-release formulation. The findings 
showed that switching to extended-release tacrolimus is 
justified, as it improves dosing convenience, enhances 
adherence, and contributes to better patient survival. 
In the present cohort, however, everolimus was used as 
the second immunosuppressive component, necessitating 
twice-daily dosing, which diminished the compliance-re-
lated advantage of once-daily tacrolimus. Nevertheless, 
long-term use of the extended-release formulation con-
tributed to more stable blood concentrations, consistent 
with observations reported by other investigators [11].

Based on data from two randomized trials [12] that 
included 772  liver transplant recipients  – 488 from 
deceased donors (H2304) and 284 from living-related 
donors (H2307) – pooled analyses were conducted to 
evaluate the efficacy and safety of everolimus with low-
dose tacrolimus versus standard-dose tacrolimus over 
24 months of follow-up. The two regimens demonstra-
ted comparable overall efficacy when assessed by the 
incidence of biopsy-confirmed rejection, graft loss, or 
death (9.8% vs. 10.8%; p = 0.641). Importantly, renal 
outcomes favored the everolimus regimen, with a smaller 
decline in eGFR at 24 months (–8.37 vs. –13.40 mL/
min/1.73 m2; p = 0.001).

In our study, which featured a considerably longer 
follow-up period but included a smaller cohort, no de-
cline in renal function was observed. Twelve months 
after conversion, mean eGFR was 84.13 ± 16.70 mL/
min/1.73 m2, and after ≥120 months on reduced-dose ex-
tended-release tacrolimus plus everolimus, mean eGFR 
remained stable at 84.99 ± 21.30 mL/min/1.73 m2. This 
favorable outcome is most likely attributable to the small 
patient sample and the benefit of close, individualized 
monitoring.

Regarding HCC recurrence, previous studies in pati-
ents outside the Milan criteria suggested a trend toward 
lower recurrence with everolimus (5.9% [1/17] vs. 23.1% 
[6/26], p = 0.215), though the difference did not reach 
statistical significance. For patients within the Milan 
criteria, recurrence rates were comparable, regardless 
of pre-transplant AFP levels [12]. The authors of this 
comparative study concluded that further long-term stu-
dies are needed.

In our cohort, recurrence was clearly influenced by 
AFP concentration prior to LT. While values ranged wi-
dely – from normal to 1500 IU/mL – the mean AFP was 
429.2 ± 306.9 IU/mL. Importantly, AFP levels >400 IU/
mL, a threshold generally recognized as conferring a 
high risk of HCC recurrence [13], were strongly associ-
ated with post-LT relapse (Z = 4.2, p = 0.0001).

A recent review by S. Poudel et al. [14] summarized 
current approaches to maintenance immunosuppression 
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after LT. To minimize toxicity, monotherapy with either 
CNIs or mTOR inhibitors is recommended in clinically 
stable patients. In the presence of renal dysfunction or 
proteinuria, modification of therapy is advised – most 
often by combining an mTOR inhibitor with a low-dose 
CNI. In the late post-transplant period, efforts are increa-
singly directed toward minimizing or even discontinuing 
immunosuppression, particularly to reduce the risk of 
HCC recurrence. However, this strategy carries a subs-
tantial risk of irreversible rejection and graft loss. Against 
this background, the regimen applied in our study can 
be regarded as a rational choice.

Conclusion
Our experience with a maintenance immunosuppres-

sive regimen combining low-dose extended-release ta-
crolimus with everolimus suggests that this approach is 
safe and effective, supporting stable graft function and 
preserving renal function in long-term LT recipients. The 
most frequent complication associated with prolonged 
everolimus therapy was hypercholesterolemia, which 
can be successfully managed with modern lipid-lowering 
drugs.

However, this regimen does not reliably prevent HCC 
recurrence after LT. It is evident that the biological ac-
tivity of the tumor and adherence to transplant center 
selection criteria are decisive prognostic factors. The 
possibility that higher prophylactic doses of everolimus 
may provide additional benefit remains an open question 
and warrants further investigation.

The authors declare no conflict of interest.
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Effect of pre-transplant dialysis modality 
on outcomes in the first two years after kidney 
transplantation
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Kidney transplantation (KT) is the treatment of choice for patients with end-stage renal disease (ESRD), offering 
superior survival and quality of life compared with dialysis. Several observational studies have investigated the 
influence of hemodialysis (HD) and peritoneal dialysis (PD) on post-transplant outcomes. Objective: to assess 
the effect of dialysis modality prior to KT on outcomes during the first two years after transplantation. Materials 
and methods. The study included 95 KT recipients, divided into two groups: (1) patients previously treated with 
PD (n = 45) and (2) patients previously treated with HD (n = 50). The groups were comparable in age, dialysis 
duration, and immunosuppressive therapy regimens. The mean follow-up period was 19.4 ± 6.4 months. Results. 
Delayed graft function (DGF) occurred less frequently in the PD group (17.8%) compared with the HD group 
(34%), although the difference did not reach statistical significance (p = 0.08). Patients in the HD group requi-
red significantly more rehospitalizations, with a median of 2.24 [1–3] compared to 1.9 [0–2.5] in the PD group 
(p = 0.01). Infectious complications were also more common among HD patients (62% vs 42%, p = 0.005). 
In particular, bacterial infections occurred significantly more often in the HD group (63% vs 43%, p = 0.0001), 
whereas viral and fungal infections were detected at similar frequencies in both groups (p > 0.2). The incidence 
of graft rejection was comparable between groups. Two-year graft survival (91% in PD vs 94% in HD, p = 0.8) 
and patient survival (94% in PD vs 96% in HD, p = 0.9) did not differ significantly. Likewise, serum creatinine 
and daily proteinuria at the end of follow-up showed no statistically significant differences (p = 0.7 and p = 0.3, 
respectively). Conclusion. In this study, patients who received PD prior to transplantation showed more favo-
rable post-transplant outcomes, including a significantly lower frequency of rehospitalizations and infectious 
complications, as well as a trend toward reduced DGF. However, two-year graft and patient survival were similar 
between the PD and HD groups.
Keywords: kidney transplantation, peritoneal dialysis, hemodialysis.
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Introduction
Over the past few decades, the number of patients 

with end-stage renal disease (ESRD) requiring renal 
replacement therapy (RRT) has increased substantially 
[1]. Kidney transplantation (KT) remains the preferred 
treatment option for patients with ESRD, as it offers si-
gnificant benefits in terms of improved life expectancy, 
quality of life, and reduced healthcare costs [2].

However, most patients with ESRD do not undergo 
pre-dialysis KT due to donor organ shortages, delayed 
referral to nephrologists, and persistent medical and 
financial barriers. Consequently, initiation of dialysis 
therapy becomes necessary. Despite extensive research, 
the relative advantages and disadvantages of different 
dialysis modalities and their influence on post-transplant 
outcomes remain subjects of ongoing debate. Because 
randomized controlled trials comparing dialysis mo-
dalities are difficult to conduct, numerous observatio-

nal studies have investigated the association between 
hemodialysis (HD) and peritoneal dialysis (PD) with 
post-transplant outcomes [3–9]. Yet, the results of these 
studies remain inconclusive.

The majority of published data suggest clinical equi-
valence between the two dialysis modalities with respect 
to both short-term outcomes (such as graft function and 
early complications) and long-term outcomes (including 
patient survival and cardiovascular events) following KT.

The present study aimed to evaluate the impact of 
dialysis modality on outcomes during the first two ye-
ars of the post-transplant period. This paper reports the 
initial findings obtained within the framework of a new 
scientific and practical healthcare project, “Application 
of innovative approaches to extending the donor kidney 
waiting list, preparing patients for transplantation (inclu-
ding those with thrombotic microangiopathy [TMA]), 
and managing recipients in the early post-transplant 
period”.
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Materials and Methods
The study included 95 kidney transplant recipients, 

54 men and 41 women, aged 21 to 73 years (mean age: 
45.2 ± 12.0 years), who underwent KT between January 
2021 and June 2022 and were subsequently followed up 
at the Moscow Research and Clinical Center of Kidney 
Transplant Nephrology and Pathology, Municipal Cli-
nical Hospital No. 52.

Exclusion criteria were: repeat kidney transplantati-
on, combined organ transplantation (kidney plus another 
organ), RRT exceeding 5 years, and conversion between 
PD and HD.

All patients were stratified into two groups according 
to the type of RRT prior to transplantation: PD group 
(45 patients) and HD group (50 patients). In  the HD 
group, the proportion of men was significantly higher 
than in the PD group (68% vs. 44%, p = 0.02). There 
were no significant differences between the groups re-
garding age at transplantation: 45.3 ± 11.9 years in the 
PD group versus 45.1 ± 12.2 years in the HD group 
(p = 0.9) (Table 1).

Similarly, the groups did not differ in the duration 
of RRT prior to KT or in induction and maintenance 
immunosuppressive therapy (IST). RRT lasted for 15.3 
[5.7; 24.9] months in the PD group and 21.6 [9.3; 39.1] 
months in the HD group (p = 0.08).

Most patients received basiliximab as induction IST 
(PD – 93%, HD – 94%). All patients were treated with 
standard triple-drug maintenance IST consisting of a 
corticosteroid, a calcineurin inhibitor (CNI), and either 
mycophenolic acid or everolimus. Tacrolimus was the 
predominant CNI used (PD – 93%, HD – 92%, p = 0.8). 
Mycophenolic acid was prescribed to all patients in the 
PD group and to 98% of those in the HD group (p = 0.3), 
while 2% of HD patients received everolimus instead.

The average follow-up period for patients was 
19.4 ± 6.4 months. The study evaluated the frequency 
of primary and delayed KT function, rehospitalizations, 
infectious complications, KT rejection, serum creatini-
ne levels, and daily proteinuria (DPU) at the end of the 

follow-up period. Primary KT function was defined as 
the absence of a need for dialysis after transplantation, 
whereas delayed KT function was defined as the requi-
rement for dialysis within 7 days post-transplant.

All patient readmissions following the initial hospi-
talization for KT were analyzed, excluding those asso-
ciated with routine procedures such as removal of the 
PD catheter, removal of the tunneled central venous 
catheter, removal of the KT ureteral stent, ligation of 
the arteriovenous fistula, and routine ophthalmologic or 
gynecologic surgeries.

Infectious complications were included only when 
they required hospitalization for treatment. KT rejection 
was considered only in histologically confirmed cases. 
Kidney graft function was assessed by serum creatinine 
levels and DPU at the end of the follow-up period.

Statistical analysis was conducted using IBM SPSS 
Statistics, version 23. Quantitative data were expressed 
as mean ± standard deviation for normally distributed 
variables or as median and percentiles for non-normally 
distributed data. For frequency comparisons between two 
independent samples, Fisher’s exact test was applied to 
nominal data, and the Mann–Whitney U test was used 
for quantitative data. Patient and graft survival were ana-
lyzed using the Kaplan–Meier method.

Results
Analysis of the initial KT function revealed delayed 

graft function in 8 patients (17.8%) in the PD group and 
17 patients (34%) in the HD group (p = 0.08). Patients 
in the HD group required significantly more frequent 
hospitalizations during the follow-up period. The median 
number of readmissions in this group was 2.24 [1; 3], 
compared to 1.9 [0; 2.5] in the PD group (p = 0.01). The 
complete spectrum of hospitalization causes is presented 
in Table 2.

Infections were the most common cause of hospita-
lization. These occurred significantly more often in the 
HD group than in the PD group – 69 hospitalizations 
(63%) versus 28 hospitalizations (46%), respectively 

Table 1
Clinical and demographic characteristics of patients in the PD and HD groups

PD group (n = 45) HD group (n = 50) p
Gender, male, n (%) 20 (44%) 34 (68%) 0.02*
Age at transplantation, years 45.3 ± 11.9 45.1 ± 12.2 0.9
Duration of RRT prior to KT, months 15.3 [5.7; 24.9] 21.6 [9.3; 39.1] 0.08
Induction IST:
Methylprednisolone, n (%)
Basiliximab, n (%)
Antithymocyte globulin, n (%)

3 (7%)
42 (93%)

0

0
47 (94%)
3 (6%)

>0.8
>0.8
>0.8

Baseline IST:
Tacrolimus, n (%)
Mycophenolate mofetil, n (%)

42 (93%)
45 (100%)

46 (92%)
49 (98%)

0.8
0.3

*, statistically significant differences.
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Fig. 1. Infectious complications in PD and HD patients: a, by etiological factor; b, by disease

a b

(p = 0.005). Bacterial infections were considerably more 
frequent in the HD group, with 43 episodes (63%) com-
pared to 12 episodes (43%) in the PD group (p = 0.0001) 
(Fig. 1a). Viral infections were slightly more common 
among PD patients (14 cases, 50%) compared to HD 
patients (20 cases, 29%), though the difference was not 
statistically significant (p = 0.5). Fungal infections oc-
curred with similar frequency in both groups: 2 cases 
(7%) in the PD group and 6 cases (8%) in the HD group 
(p = 0.2).

When analyzing the etiological structure of infectious 
complications, the most frequent conditions were KT 
pyelonephritis, pneumonia, COVID-19, and cytomega-
lovirus (CMV) infection (Fig. 1b). KT pyelonephritis 
occurred more often in the HD group – 31 cases (45%) 
versus 6 cases (21%) in the PD group – although this dif-
ference did not reach statistical significance (p = 0.058). 
Pneumonia was likewise more common among HD pa-
tients, with 12 episodes (17%) compared to 2 episodes 
(7%) in the PD group (p = 0.09). COVID-19-related 
hospitalizations occurred at similar frequencies in both 
groups: 7 cases (25%) in the PD group and 18 cases 
(26%) in the HD group (p = 0.9). The incidence of CMV 

infection was slightly higher in PD patients (5 cases, 
18%) compared to HD patients (5 cases, 7%) (p = 0.8).

KT biopsy accounted for 17 hospitalizations (28%) in 
the PD group and 17 (15%) in the HD group (p = 0.9), 
with some patients requiring repeat biopsies. The spec-
trum of KT pathology identified is presented in Fig. 2. 
In some cases, multiple pathological findings were de-
tected in a single biopsy specimen.

There were no significant differences between groups 
in the frequency of rejection episodes. Cellular rejec-
tion was diagnosed in 3 PD patients and 5 HD patients; 
antibody-mediated rejection occurred in 1 HD patient; 
and mixed rejection was identified in 2 PD patients and 
2 HD patients. Interstitial fibrosis and tubular atrophy 
were the most common histological findings, observed in 
8 PD patients and 7 HD patients. Acute tubular necrosis 
occurred with similar frequency in both groups (5 and 
4 cases, respectively). Less frequent diagnoses included 
CNI toxicity, BK virus nephropathy, hypertensive arte-
riolar nephrosclerosis, and IgA nephropathy.

Surgical interventions were performed 8 times (13%) 
in patients from the PD group and 8 times (7%) in pati-
ents from the HD group (p = 0.8). Among the surgical 
causes of hospitalization, the most frequent procedu-

Table 2
Causes of hospitalization in the PD and HD groups

Cause of hospitalization PD group (61 hospitalizations) HD group (110 hospitalizations) p
Infections, n (%) 28 (46%) 69 (63%) 0.005*
KT biopsy, n (%) 17 (28%) 17 (15%) 0.9
Surgery, n (%) 8 (13%) 8 (7%) 0.8
Cardiovascular disease (CVD), n (%) 3 (5%) 4 (4%) 0.9
Others, n (%) 5 (8%) 12 (11%) 0.1
Total, n (%) 61 (100%) 110 (100%) 0.01*

*, statistically significant differences.
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Fig. 2. Results of KT biopsy in the PD and HD groups. ATN, acute tubular necrosis; CNI toxicity, calcineurin inhibitor to-
xicity; IFTA, interstitial fibrosis and tubular atrophy; BK, BK viral infection; HNS, Hypertensive arteriolar nephrosclerosis

Fig. 3. Reason for surgical interventions in the PD and GD groups. Abbreviations: BA, balloon angioplasty; TRA, transplant 
renal artery; PCN, percutaneous nephrostomy; HD, hemodialysis; PD, peritoneal dialysis

res were balloon angioplasty (BA) and stenting of the 
transplant renal artery (TRA), performed in 4 patients 
from the PD group and 2 patients from the HD group. 
Percutaneous nephrostomy (PCN) of the transplant was 
required in 1 patient from the PD group and 3 patients 
from the HD group. Less common interventions included 
herniotomy for postoperative hernia, nephrectomy of 
the native kidneys, and excision of postoperative scar 
tissue (Fig. 3).

Hospitalizations due to cardiovascular diseases 
(CVD) occurred with comparable frequency in both the 
PD and HD groups (Fig. 4). In the HD group, there were 
two hospitalizations for stroke and its sequelae, one for 
acute myocardial infarction (AMI), and one for coronary 
artery disease (CAD) with atrial fibrillation (AF). In the 
PD group, three hospitalizations due to stroke associated 
with AMI, myocardial ischemia (MI), and AF.

The two-year KT survival rate was 91% in the PD 
group and 94% in the HD group (p = 0.8) (Fig. 5a). Cau-
ses of graft loss in the PD group included primary non-
functioning graft, antibody-mediated rejection (AMR), 
and BK virus nephropathy. In the HD group, graft loss 
was primarily associated with primary non-functioning 
graft, AMR, and KT pyelonephritis complicated by uro-
sepsis.

At the end of the follow-up period, no statistically 
significant differences were found between the groups 
in serum creatinine levels or daily proteinuria (DPU) 
(Fig. 6). The median serum creatinine level in the PD 
group was 144 [115; 190] μmol/L, compared with 138 
[115; 171] μmol/L in the HD group (p = 0.7). Median 
DPU values were 0.09 [0.02; 0.1] g/day in the PD group 
and 0.1 [0.02; 0.2] g/day in the HD group (p = 0.3).
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Fig. 4. Causes of hospitalization with cardiovascular disease in PD and HD patients

 

Fig. 5. Two-year survival in PD and HD groups: a, kidney graft survival; b, patient survival

a b

The two-year patient survival rate did not differ sig-
nificantly between the PD and HD groups, amounting to 
94% and 96%, respectively (p = 0.9) (Fig. 5b). Mortality 
in the HD group was associated with infectious causes, 

while in the PD group it was related to CVD. Specifically, 
deaths in the PD group were due to stroke and AMI, 
whereas in the HD group they were caused by sepsis 
secondary to omentobursitis and urosepsis.

 

Fig. 6. Levels of (a) blood creatinine and (b) daily proteinuria at the end of follow-up

a b
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Discussion
KT improves both quality of life and overall survival 

among patients with end-stage renal disease. This study 
assessed the impact of the type of pretransplant dialysis 
modality on early post-transplant outcomes, focusing 
on the first two years after KT, including graft function, 
postoperative complications, and patient survival.

It is well established that delayed graft function (DGF) 
is associated with an increased risk of acute rejection and 
mortality [10, 11]. Most small single-center studies have 
reported a lower incidence of DGF among patients previ-
ously treated with PD compared with HD [12–15], while 
others have found no significant difference between the 
two modalities [16–18]. In larger studies using national 
databases,, Snyder et al. [19] also showed a lower fre-
quency of DGF in the PD group compared with the HD 
group. Consistent with these findings, our study showed 
that DGF occurred less frequently in the PD group than 
in the HD group (17.8% vs. 34%), although the diffe-
rence did not reach statistical significance (p = 0.08).

The reduced risk of delayed KT function observed 
in PD patients may be down to several factors. One of 
the most significant is the likelihood of higher residual 
renal function in PD patients [20, 21]. Furthermore, PD 
patients are often relatively hypervolemic immediately 
prior to KT compared to HD patients, which may provide 
a degree of hemodynamic stability and protection against 
ischemic injury, thereby reducing the risk of DGF [22, 
23]. Another proposed mechanism is less inflammation 
and oxidative stress due to the biocompatibility of the 
peritoneum as a kind of peritoneal membrane compared 
to dialyzer membranes [24, 25].

Most studies have reported no difference in the in-
cidence of infectious complications between PD and 
HD patients prior to KT [18, 26]. Only one study [5] 
found that recipients with prior PD had a higher risk 
of developing peritonitis and urinary tract infections 
compared with those previously on HD. In contrast, our 
study demonstrated that infectious complications were 
more frequent among HD patients. Several factors may 
explain this finding. HD patients are regularly expo-
sed to larger patient populations within dialysis units, 
increasing the risk of cross-infection compared to PD 
patients who perform dialysis at home. Following KT, 
immunosuppressive therapy further predisposes these 
patients to reactivation of latent infections. Additionally, 
HD is associated with greater oxidative stress, as artifi-
cial dialysis membranes used in HD can activate com-
plement components and phagocytic leukocytes, leading 
to enhanced generation of free radicals and a persistent 
microinflammatory state [27]. The intensity of this oxi-
dative stress tends to decrease gradually within the first 
year post-transplant.

Conversely, some studies have shown that comple-
ment activation capacity is diminished in HD patients 
relative to healthy controls. This acquired complement 
protein deficiency may partly account for the increased 

susceptibility to infection and sepsis observed in HD 
patients [28]. However, the use of immunosuppressive 
agents alongside prophylactic antimicrobial therapy du-
ring the early post-transplant period may mitigate these 
differences, resulting in comparable rates of acute rejec-
tion, graft survival, infection, and other complications 
among patients with different pre-transplant dialysis 
modalities [26].

Vanholder et al. [29] reported a higher rate of acute 
rejection in patients who received PD prior to KT. They 
attributed this finding to a potentially greater baseline 
immunodeficiency among HD patients compared with 
PD patients. However, several subsequent studies have 
found no significant difference in rejection rates between 
the two groups [13, 16, 17]. In a meta-analysis of six 
studies including 3,283 patients, Tang et al. [25] also 
found no difference in rejection incidence between PD 
and HD recipients. Consistent with these findings, our 
study likewise revealed no difference in the rate of acute 
rejection between the PD and HD groups.

In the 21st century, multiple large registry-based 
studies have examined the influence of pre-transplant 
dialysis modality on graft survival [3, 30, 31]. Initial 
unadjusted analyses in these studies suggested that pre-
transplant PD was associated with a lower frequency 
of graft loss. However, after applying statistical adjust-
ments for inflammatory and protein-energy malnutrition 
syndromes and other transplant-related variables using 
Cox multivariate regression and instrumental variable 
methods, these differences were no longer significant. 
The results indicate that the previously observed sur-
vival advantage of PD may have been due to baseline 
differences between patient populations, rather than the 
dialysis modality itself.

These conclusions are further supported by recent 
single-center studies, which have consistently demons-
trated comparable graft survival between the two groups 
[4, 18, 32]. Similarly, in our study, two-year graft sur-
vival did not differ significantly between PD and HD 
recipients (91% vs. 94%, p = 0.8). In addition, serum 
creatinine and DPU levels at the end of follow-up were 
comparable between the two groups.

Several large registry-based studies have reported a 
survival advantage among patients who underwent PD 
pre-transplant, showing a reduction in post-transplant 
mortality compared with those previously treated with 
HD [3, 4, 30]. However, other studies have found no 
significant difference in patient survival between the two 
modalities [5, 19, 31].

Pre-transplant PD may confer certain physiological 
advantages that persist after KT and contribute to impro-
ved outcomes. These include more stable volume and 
blood pressure control, absence of myocardial stunning, 
and better preservation of residual renal function, all of 
which may translate into better cardiovascular outcomes 
with PD. Nonetheless, results across studies remain in-
consistent [33, 34].
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In a large registry analysis, Molnar et al. [3] observed 
lower overall mortality among patients treated with PD 
pre-transplant, largely attributable to reduced cardiova-
scular deaths. Similarly, Schwenger et al. [30] reported 
both lower overall and cardiovascular mortality in reci-
pients with prior PD. In contrast, Kramer et al. [31], who 
analyzed data from 10,135 PD and 18,953 HD patients 
using multivariate regression and instrumental variable 
analysis, found that after statistical adjustment, mortality 
did not differ between the two groups.

Two meta-analyses published in 2016, combining 
data from most major studies conducted over the prece-
ding two decades [24, 25], showed better post-transplant 
survival among patients on pre-transplant PD due to 
lower cardiovascular mortality, which in turn may be due 
to better overall health and other factors such as residual 
kidney function.

In our study, the two-year patient survival following 
KT did not differ significantly between recipients with 
prior PD and those with prior HD. Among HD patients, 
mortality was primarily infection-related, whereas in 
the PD group, deaths were attributed to CVD. Notably, 
both PD patients who died had a history of CVD prior 
to transplantation.

These findings align with results from large meta-
analyses, which indicate that the first three months after 
KT represent a period of elevated mortality risk, predo-
minantly due to cardiovascular events and infections. 
In the long term, CVD and malignancy remain the lea-
ding causes of death among KT recipients [35, 36].

Therefore, it is highly likely that the pre-transplant 
long-term survival outcomes among PD and HD patients 
may differ in terms of both causes of mortality and their 
distribution.

Conclusion
In our study, patients who underwent PD prior to 

KT had slightly better post-transplant outcomes. Speci-
fically, the PD group showed a significant reduction in 
the frequency of rehospitalizations and infectious com-
plications, as well as a trend toward a lower incidence 
of DGF, while no significant differences were observed 
in graft survival or patient mortality during the first two 
years following KT. With an increased number of pa-
tients and a longer follow-up period, these results may 
evolve; therefore, continued data collection and ongoing 
analysis are essential.

This study was conducted within the framework of the 
scientific and practical healthcare project of the Moscow 
Health Department (Application No. 2002-27/23), titled 
“Application of Innovative Approaches to Expanding the 
Waiting List for Donor Kidneys, Preparing Patients for 
Transplantation (Including Patients with Thrombotic 
Microangiopathy), and Managing Recipients in the Early 
Post-Transplant Period”. The project was financially 

supported by a grant from the Moscow Center for Inno-
vative Technologies in Healthcare.
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Swyer–James–MacLeod syndrome is a rare disease characterized by emphysematous transformation of an entire 
lung or lobe. Traditionally, the main treatment method has been surgical resection of the affected lung or lobe to 
reduce compression of adjacent healthy lung tissue and improve vital lung capacity. This article presents a clinical 
case of successful endoscopic treatment in a patient with emphysematous transformation of the entire lung, who 
was referred to the transplant center as a potential candidate for lung transplantation.
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Introduction
Swyer–James–MacLeod syndrome was first reported 

in 1953 by P.R. Swyer and G.S. James as “unilateral 
pulmonary emphysema”. A year later, John MacLeod 
reported a similar case, describing it as “abnormal trans-
parency of one lung” [1]. MacLeod suggested that the 
underlying cause was obliterative unilateral bronchioli-
tis, developing as a consequence of recurrent respiratory 
infections during childhood. However, current literature 
generally attributes the condition to a congenital or de-
velopmental defect, characterized by hypoplasia of the 
pulmonary artery and small bronchi [1, 2].

The disease may remain asymptomatic until adult-
hood or present with nonspecific respiratory symptoms, 
including productive cough, exertional dyspnea, hemo-
ptysis, reduced exercise tolerance, and recurrent pulmo-
nary infections. The disease can be unilateral or bilateral, 
but it typically affects a single lobe or lung. Despite these 
possible manifestations, most cases remain clinically 
silent for years and are often diagnosed incidentally in 
adulthood [3, 4].

Due to similar clinical manifestations, MacLeod syn-
drome is frequently misdiagnosed as chronic obstructive 
pulmonary disease, bronchial asthma, pneumothorax, or 
pulmonary embolism. The condition should be suspected 
in patients with presumed asthma who do not respond 
to conventional therapy [5, 6]. In childhood, the disease 
usually has minimal clinical impact, but in adulthood, 
it may progress and sometimes require surgical inter-
vention [7, 8].

Diagnosis is most often suspected based on imaging 
studies. Chest radiography typically reveals hyperlucen-
cy and hyperinflation of one lobe or lung, accompanied 
by reduced volume of the contralateral lung (Fig. 1). 

Spirometry shows obstruction, while lung perfusion 
scintigraphy shows a noticeable reduction in perfusion 
of the affected lung, with normal or increased perfusion 
on the opposite side [9, 10].

The primary surgical approach involves resection of 
the affected lung or lobe to enhance ventilation of the 
remaining functional alveolar tissue. Despite decades of 
surgical experience in managing bullous emphysema of 
various etiologies, lung volume reduction remains the 
most commonly employed treatment strategy for this 
condition [10].

In 1990, a group of Russian surgeons successfully in-
troduced an alternative technique – transthoracic occlusi-
on of the bronchus supplying the affected lung, allowing 
preservation of pulmonary parenchyma. However, no 
subsequent reports describing its use have appeared in 
either Russian or international literature [11, 12].

Clinical case
A 24-year-old female patient (patient X) presented 

for the first time with respiratory failure during physi-
cal exertion. Chest X-ray initially suggested right-sided 
pneumothorax, and she was hospitalized locally; how-
ever, this diagnosis was not confirmed. Subsequent CT 
scan revealed total bullous emphysema of the right lung§ 
and mediastinal pulmonary hernia.
Her medical history was notable for frequent respira-

tory infections during childhood. Following additional 
investigations and exclusion of other pathologies, she 
was diagnosed with McLeod syndrome. After discharge, 
the patient continued to experience recurrent frequent 
colds, and from October 2019, she began to experience 
shortness of breath at rest.
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Fig. 1. Computed tomography findings in an adult patient with Swyer–James–MacLeod syndrome: a, frontal projection; b, 
axial maximum-intensity projection; c, d, volume-rendered chest CT images show diffusely decreased attenuation of the right 
lung with signs of marked hypoperfusion and bronchiectasis, some with mucous plugging. There is volume reduction of the 
right lung, mainly in its upper lobe, with asymmetry of the pulmonary arteries, which are preserved in the left lung. (Source: 
L.P. Gomes de Farias et al. Swyer–James–MacLeod Syndrome: The Hyperlucent Lung. Radiology: Cardiothoracic Imaging)

a b

c d

A thoracic surgeon evaluated her and found that 
surgical intervention was contraindicated due to a si-
gnificant decrease in external respiratory function, re-
commending consultation with a transplant specialist. 
In January 2020, she underwent remote consultation at 
Shumakov National Medical Research Center of Trans-
plantology and Artificial Organs, where hospitalization 
at the transplant center was advised to determine further 
management.
At the Shumakov Center, examination findings were 

as follows: forced expiratory volume in 1 second (FEV1): 
1.03 L (25%), forced vital capacity (FVC): 0.82 L (23%), 
maximal inspiratory pressure (MIP): 79%, maximal 

mid-expiratory flow rate (MMEF25–75): 0.69 L/s (17%), 
echocardiography: no signs of pulmonary hypertension, 
perfusion scintigraphy: normal perfusion volume in the 
left lung. CT findings revealed severe bullous emphysema 
of the right lung with mediastinal shift and compression 
of the left lung (Fig. 2).
Based on the results of a comprehensive examination, 

it was determined that, despite severe respiratory failure, 
the patient’s overall physical condition remained satis-
factory. Consequently, a decision was made to insert an 
endobronchial valve in the upper lobe of the affected lung 
with the aim of reducing hyperinflation and alleviating 
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compression of the contralateral (healthy) left lung. The 
procedure was carried out under general anesthesia.
One month after the insertion, a positive clinical res-

ponse was observed, characterized by improved exercise 
tolerance and reduced dyspnea. It was concluded that 
there were no current indications for lung transplanta-
tion, and outpatient follow-up was continued.
Four months after insertion of the endobronchial val-

ve, the patient reported a deterioration of her condition, 
returning to the pre-intervention level. Computed tomo-
graphy revealed proximal migration of the bronchial 
blocker, resulting in recurrent hyperinflation of the upper 
lobe of the right lung with secondary compression of the 
left lung. The displaced valve was removed, and a repeat 
endobronchial valve insertion was performed – this time 
targeting both the intermediate and upper lobes of the 
right lung (Fig. 3).
Five days after the second intervention, despite some 

reduction in respiratory insufficiency, the patient’s con-
dition remained unfavorable. A sharp displacement of 
the mediastinum secondary to subtotal atelectasis led to 
severe retrosternal pain, although there were no signs of 
cardiovascular compromise.

Given the ineffectiveness of repeated insertion of 
endobronchial valves, a decision was made to perform 
circumferential argon plasma coagulation to induce fib-
rotic stricture formation, thereby decreasing ventilation 
and reducing hyperinflation of the affected lung. The 
procedure was performed under high-frequency ventila-
tion (HFV) using an electrosurgical coagulator (ERBE 
VIO3, PRESICE mode).
In the postoperative period, the patient experienced 

an exacerbation of chronic bronchitis, which was ma-
naged with antibiotic therapy.
Two weeks after the intervention, the patient showed 

a decrease in respiratory insufficiency. During outpatient 
follow-up at 3, 6, and 12 months, there was sustained 
improvement in respiratory function, with significant 
regression of respiratory failure, increased exercise to-
lerance, and no episodes of acute bronchitis from the 
third postoperative month onward.
Computed tomography performed one year after the 

procedure revealed complete atelectasis of the affected 
right lung, atresia of the intermediate and upper lobe 
bronchi, a mediastinal shift toward the right, and com-
pensatory hyperinflation of the contralateral (left) lung. 
Despite occasional mild chest discomfort, the patient’s 

Fig. 2. Radiological findings prior to surgical intervention: a, 3rd thoracic vertebra; b, 5th thoracic vertebra (tracheal bifurca-
tion); c, 7th thoracic vertebra (beginning of the diaphragm); d, frontal chest X-ray

a b

c d
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Fig. 3. Endoscopic valve bronchoblockade of the upper lobe of the affected right lung: a, upper lobe; b, intermediate and upper 
lobe bronchi

a b

Fig. 4. Control chest X-rays following the insertion of an endobronchial valve into the right upper lobe and intermediate bron-
chi: a, 3 days post-procedure; b, 2 weeks post-procedure

a b

pulmonary function parameters improved substantially, 
with FEV1 2.15 L (56%), FVC 1.87 L (56%), MIP 87%, 
and MMEF25–75 1.74 L/s (43%). No evidence of heart 
failure was observed on echocardiography, ECG, or 
functional tests (Figs. 5 and 6).

Conclusion
Throughout the entire inpatient and outpatient ob-

servation period, spanning more than three years, no 
serious infectious or cardiovascular complications were 
recorded. This fact underscores the safety and effective-
ness of the treatment approach applied. Moreover, the 

patient achieved not only a sustained, but also a signi-
ficant improvement in respiratory function, which was 
accompanied by a notable increase in exercise tolerance.

The positive outcomes suggest that endobronchial 
valve therapy with subsequent argon plasma coagulation 
may represent a highly effective alternative to radical 
surgical procedures. This is particularly significant for 
patients with Swyer–James–MacLeod syndrome and 
other conditions associated with panlobular emphysema. 
Thus, implementation of this therapeutic approach has 
the potential to enhance clinical outcomes and signifi-
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Fig. 5. Endoscopic views of complete atresia of the right upper lobe and intermediate bronchi: a, atresia of the intermediate 
and upper lobe bronchi on the right; b, atresia of the upper lobe bronchus on the right

a b

Fig. 6. Computed tomography findings 1 year after endoscopic treatment: a, 3rd thoracic vertebra; b, 5th thoracic vertebra 
(tracheal bifurcation); c, 7th thoracic vertebra (site of right main bronchus atresia)

a

b

c
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cantly improve patients’ quality of life, while avoiding 
the risks inherent in major surgical interventions.

The authors declare no conflict of interest.
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Objective: to identify donor and recipient factors associated with the risk of loss of graft function in recipients 
of kidney grafts from expanded-criteria, brain-dead donors. Materials and methods. A retrospective multicenter 
cohort study included 254 donors who met the UNOS expanded-criteria definition and 444 corresponding recipients. 
Donor and recipient characteristics, perioperative parameters, and post-transplant outcomes were analyzed using 
single- and multivariable Cox regression models. Results. Mean donor age was 58.3 ± 4.8 years, and median cold 
ischemia time was 14.4 [12.3–17.0] hours. Mean recipient age was 51.6 ± 9.6 years. Class I anti-human leukocyte 
antigen (anti-HLA) antibodies (mean fluorescence intensity [MFI] >500) were detected in 40 (9.2%) recipients, 
and class II antibodies in 56 (12.8%). Delayed graft function occurred in 34.3% of recipients. Multivariate ana-
lysis revealed that lower donor minimum glomerular filtration rate (GFR) (HR = 0.98; 95% CI 0.965–0.997; 
p = 0.023) and higher combined donor ALT + AST levels (HR = 1.208; 95% CI 1.063–1.372; p = 0.004) were 
significantly associated with an increased risk of graft loss. Donor age was not a significant predictor. Among 
recipient factors, diabetes mellitus with target-organ damage (HR = 3.727; 95% CI 1.380–10.07; p = 0.009), 
nephropathy of unknown origin (HR = 3.816; 95% CI 1.212–12.02; p = 0.022), and elevated class II anti-HLA 
antibody levels (HR = 1.125 per 1000 MFI; 95% CI 1.039–1.218; p = 0.004) were the strongest predictors of 
graft loss. When recipient GFR at three months post-transplant was included in the model, the significance of 
donor-related factors (GFR, ALT, AST) was negated. Conclusion. Recipient-related predictors of graft loss are 
diabetes mellitus, unknown etiology of initial CKD, high class II anti-HLA antibody levels, and reduced GFR at 
three months post-transplant. Donor-related predictors of graft loss are minimum GFR during the entire period 
of donor hospitalization and elevated ALT/AST levels; however, these factors become statistically insignificant 
when recipient GFR three months after KT is included in the model.
Keywords: kidney transplantation; expanded criteria donors; brain death; graft survival.
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Introduction
Expanding organ donation criteria remains one of the 

key strategies in addressing the persistent shortage of 
transplants [1–3]. The United Network for Organ Sha-
ring (UNOS) defines expanded criteria donors (ECDs) 
as kidney donors aged 60 years or older, or those aged 
50–59 years who meet at least two of the following con-
ditions: a history of hypertension, death resulting from 
an acute cerebrovascular accident, or a serum creatinine 
level greater than 1.5 mg/dL [4].

According to the registry of the Russian Transplant 
Society, postmortem organ donation continues to deve-
lop actively in Russia [5]. However, the contribution of 
ECDs to the overall donor pool, as well as the outcomes 
of such transplants, remains insufficiently studied at the 
national level. Large-scale studies that not only report 

on immediate postoperative outcomes but also analyze 
factors associated with adverse transplant outcomes are 
particularly scarce.

It is well established that long-term transplant outco-
mes are influenced by a complex interplay of donor-rela-
ted factors (such as age, cause of death, kidney function, 
and histological changes) and recipient-related factors 
(including age, sensitization status, and comorbidities) 
[6]. However, the relative impact of these risks may vary 
significantly depending on the population, donor condi-
tioning practices, organ procurement and preservation 
techniques, and immunosuppressive strategies.

Objective: to identify donor and recipient factors 
associated with the risk of loss of graft function in re-
cipients of kidney grafts from expanded criteria donors 
diagnosed with brain death.
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Materials and methods
A retrospective multicenter cohort study was con-

ducted using data from the Moscow Organ Donation 
Coordination Center, Botkin Hospital. The database in-
cluded 254 donors who met the UNOS expanded criteria 
between 2021 and 2022; in some cases, only one kidney 
was procured. Donor data were supplemented with in-
formation on 444 kidney transplant recipients obtained 
from participating transplant centers.

Statistical analysis
Descriptive statistics for qualitative variables are pre-

sented as absolute frequencies and percentages. Quanti-
tative variables are described as the mean and standard 
deviation for distributions close to normal, and as the 
median with first and third quartiles for non-normal 
distributions. Normality was assessed through visual 
analysis of frequency histograms and quantile–quantile 
(Q–Q) plots.

The association between factors and the risk of graft 
loss was evaluated using Cox proportional hazards re-
gression models. Effect sizes were expressed as hazard 
ratios (HR) with corresponding 95% confidence intervals 
(CI). The proportional hazards assumption was tested 
using Schoenfeld residuals and log(-log) survival plots. 
The linearity of continuous predictors with respect to 
the log hazard function was assessed using martingale 
residuals.

Residual plots and DFBETA statistics were jointly 
examined to identify influential observations. Multicolli-
nearity among predictors was evaluated using correlation 
matrix analysis and variance inflation factors. Model 
comparison and selection were based on the Akaike In-
formation Criterion (AIC), with lower values indicating 
better balance between model fit and complexity. The 
discriminative ability of the final model was quantified 
using Harrell’s concordance index (C-index), represen-
ting the probability that, for any two randomly selected 
patients, the model correctly predicts which patient ex-
periences the event first.

The sample size was not calculated and was limited 
by available data, including all donors who met the ex-
panded criteria during 2021–2022.

Statistical significance was evaluated using a two-
tailed test, with a p-value <0.05 considered statistically 
significant. All analyses were performed using R, version 
4.5.1.

Results
Donor factors

The mean age of donors was 58.3 ± 4.8 years (ran-
ge: 50–74 years), with 155 (61%) being male. Mean 
body mass index (BMI) was 30.8 ± 5.9 kg/m2 (range: 
18.4–54.7 kg/m2). A total of 37 donors (14.6%) had con-

firmed diabetes mellitus, and 171 (67.3%) had systemic 
atherosclerosis.

During hospitalization prior to organ procurement, 
norepinephrine was administered in 252 donors (99.2%) 
and epinephrine in 7 donors (2.8%). The maximum no-
repinephrine dose was 525 [330; 800] ng/kg/min (range: 
60–3700 ng/kg/min), and the maximum epinephrine dose 
was 150 [75.5; 340] ng/kg/min (range: 10–1200 ng/kg/
min). Successful cardiopulmonary resuscitation (CPR) 
was performed in 18 donors (7.1%).

GFR (CKD-EPI) in donors upon admission, at the 
minimum recorded value during hospitalization, and im-
mediately before organ retrieval was 79.5 ± 21.0 mL/
min/1.73  m2 (range: 22.7–134.7), 70.2  ±  24.4  mL/
min/1.73 m2 (range: 10.1–134.7), and 73.8 ± 23.8 mL/
min/1.73 m2 (range: 10.1–134.7), respectively. Enzyme 
activity was also assessed upon admission and prior to 
organ retrieval. Alanine aminotransferase (ALT) level 
was 28.0 [23; 43] U/L (range: 7–406) and 28 [21; 46] 
U/L (range: 7–866), while aspartate aminotransferase 
(AST) level was 25.0 [18; 36] U/L (range: 5–413) and 
24.5 [17; 36] U/L (range: 5–1090), respectively.

Multi-organ procurement was performed in 182 do-
nors (71.7%), with a cold ischemia time of 14.4 [12.3; 
17.0] hours (range: 6.9–26.0 hours).

In univariate analysis, donor gender, age, BMI, dia-
betes, systemic atherosclerosis, and level of vasopressor 
therapy (norepinephrine and epinephrine) were not si-
gnificantly associated with the risk of kidney graft loss 
(Fig. 1). However, CPR and decreased GFR upon admis-
sion were associated with an increased risk of graft loss 
from any cause, as well as with loss of graft function. 
Additionally, minimum GFR values, maximum ALT and 
AST levels, and enzyme levels immediately prior to or-
gan retrieval were associated with an increased risk of 
death-censored graft loss.

Recipient factors
Recipient mean age was 51.6 ± 9.6 years (range: 

19–72 years), with 271 (60.2%) being male. BMI was 
25.8 ± 4.5 kg/m2 (range: 13.6–38.4 kg/m2). A total of 
337 recipients (78.4%) were undergoing maintenance 
hemodialysis prior to transplantation. Median duration 
of renal replacement therapy was 24 [12; 48] months 
(range: 1–240 months).

The most frequent comorbid conditions included 
ischemic heart disease in 73 recipients (17.0%), with a 
history of coronary artery stenting in 47 (10.9%), dia-
betes in 44 (10.2%), atrial fibrillation in 26 (6.0%), and 
chronic heart failure in 63 (14.7%).

Chronic kidney disease (CKD) was most common-
ly caused by chronic glomerulonephritis, identified in 
179 recipients (41.6%). Other etiologies were consi-
derably less frequent: autosomal dominant polycystic 
kidney disease in 61 (14.2%), diabetic nephropathy in 
49 (11.4%), hypertensive nephropathy in 44 (10.2%), 
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Fig. 1. Donor factors potentially associated with the risk of graft loss. BMI, body mass index; CPR, cardiopulmonary resus-
citation; GFR, glomerular filtration rate (CKD-EPI); ALT, alanine aminotransferase; AST, aspartate aminotransferase. Hazard 
ratio (HR) estimates and 95% confidence intervals (CI) are shown. For GFR, estimates are presented per 10 mL/min/1.73 m2; 
for ALT and AST – per 100 U/L



44

RUSSIAN JOURNAL OF  TRANSPLANTOLOGY AND  ARTIFICIAL ORGANS	 Vol. XXVII   № 4–2025

tubulointerstitial nephritis in 25 (5.6%), and secondary 
glomerulopathies in 22 (5.0%). Nephropathy of unknown 
origin was diagnosed in 55 recipients (12.2%), while 
other causes accounted for 15 cases (3.3%).

Class I anti- human leukocyte antigen (HLA) anti-
bodies (mean fluorescence intensity [MFI] >500) were 
detected in 40 recipients (9.2%), with a median MFI of 
2071.5 [1111.0; 3799.0] (range: 725–19,477 units). Class 
II with MFI >500 units were identified in 56 recipients 
(12.8%), with a median MFI of 2618 [1305.5; 7269.0] 
(range: 526–20,772 units).

Most patients (n = 362; 84.2%) received induction 
immunosuppression with basiliximab and methylpredni-
solone. Antithymocyte globulin combined with methyl-
prednisolone was administered to 61 recipients (14.2%), 
while 4 (0.9%) received a triple combination of basili-
ximab, antithymocyte globulin, and methylprednisolone. 
Only 3 recipients (0.7%) received methylprednisolone 
alone.

The majority of recipients (n = 403; 93.9%) were 
maintained on standard triple immunosuppressive thera-
py, consisting of a calcineurin inhibitor, mycophenolate, 
and methylprednisolone.

Delayed graft function (DGF) occurred in approxi-
mately one-third of recipients (n = 147, 34.3%). Among 
these, the median number of hemodialysis sessions re-
quired before recovery of graft function was 3 [2; 6] 
(range: 1–26 sessions).

The mean eGFR (CKD-EPI) at discharge, and at 
1, 3, 6, and 12 months post-transplant was 37.0 (17.9) 
mL/min/1.73 m2 (range: 5.0–109.5), 40.0 (17.9) (range: 
5.6–95.0), 44.8 (16.9) (range: 4.2–97.7), 46.4 (15.3) (ran-
ge: 5.4–88.4), and 46.2 (15.8) mL/min/1.73 m2 (range: 
4.8–94.9), respectively.

In the univariate analysis, recipient age, ischemic 
heart disease, atrial fibrillation, chronic heart failure, 
and end-stage renal disease were associated with an in-

creased risk of all-cause mortality but not with death-
censored graft loss (Fig. 2). Nephropathy of unknown 
origin and elevated anti-HLA class I antibody levels 
were significantly associated with death-censored graft 
loss. In contrast, the presence of diabetes mellitus, higher 
anti-HLA class II antibody, DGF, a greater number of 
post-transplant hemodialysis sessions, and lower GFR 
were associated with an increased risk of both all-cause 
and death-censored graft loss.

In the multivariate analysis, we deliberately deviated 
from the commonly used but widely criticized stepwise 
predictor selection approach. Instead, predictors were 
grouped and included in the models based on the biolo-
gical nature of the phenomena under study.

Tables 1–3 present the analysis of donor and recipi-
ent characteristics potentially associated with the risk 
of loss of graft function. Donor age, considered a key 
biological determinant, was not statistically significantly 
associated with graft function loss in any of the models 
(Models 1 and 2, Table 1). Successful CPR was asso-
ciated with an increased risk of loss of graft function, 
but this association was observed only in the model that 
did not include donor GFR. Furthermore, ALT and AST 
levels, combined into a single composite variable using 
principal component analysis, demonstrated a significant 
association with the risk of loss of graft function. Among 
the three GFR indicators evaluated (upon admission, 
minimum recorded value, and before organ retrieval), 
the model incorporating the minimum GFR showed the 
best quality.

Among recipient-related factors, diabetes mellitus 
with target organ injury and nephropathy of unknown 
origin remained significantly associated with increased 
risk of loss of graft function, even after adjusting for 
MFI levels of both class I and class II anti-HLA antibo-
dies. When evaluated separately, both class I and class 
II antibodies were significantly associated with the risk 

Table 1
Multivariate analysis of factors potentially associated with the risk of loss of kidney graft function

Indicator Model 1. AIC = 287.043,  
C-index = 0.574

Model 2. AIC = 283.788,  
C-index = 0.635

Model 3. AIC = 278.063,  
C-index = 0.630

HR 95% CI P value HR 95% CI P value HR 95% CI P value

Donor age, per year 1.018 0.938; 
1.105 0.668 1.011 0.931; 

1.097 0.8

Cardiopulmonary 
resuscitation (yes/no) 3.331 1.132; 

9.800 0.029 2.287 0.753; 
6.942 0.144

Preservation time, 
per hour 0.966 0.853; 

1.094 0.59 0.962 0.847; 
1.093 0.554

Minimum GFR, 
per mL/min/1.73 m2 0.98 0.963; 

0.997 0.021 0.981 0.965; 
0.997 0.023

ALT, AST * 1.167 1.039; 
1.311 0.009

* First principal component obtained from baseline AST and ALT values (principal component method). Reflects the total va-
riation in AST and ALT levels. Abbreviations: GFR, glomerular filtration rate, estimated by creatinine clearance (CKD-EPI); 
AIC, Akaike information criterion.
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Fig. 2. Recipient factors potentially associated with the risk of kidney graft loss. HD, hemodialysis; PD, peritoneal dialysis; 
RRT, renal replacement therapy; IHD, ischemic heart disease; CKD, chronic kidney disease; CHF, chronic heart failure; 
KAT, kidney allotransplantation; GFR, glomerular filtration rate (CKD-EPI); MFI, mean fluorescence intensity; HLA, human 
leukocyte antigens. Hazard ratio (HR) estimates and 95% confidence intervals (CI) are presented. For GFR, estimates are 
provided per 10 mL/min/1.73 m2
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of loss of graft function (data not shown in this study). 
However, when included in the same multivariate model, 
only the association with class II anti-HLA antibodies 
remained statistically significant (Table 2).

When the minimum donor GFR, donor ALT and 
AST levels, recipient diabetes mellitus with target or-
gan damage, nephropathy of unknown origin, and class 
II anti-HLA antibody levels were simultaneously in-
cluded in Model 6 (Table 3), all factors demonstrated 
a statistically significant association with the risk of off 
of graft function.

However, after incorporating post-transplant indica-
tors, specifically DGF and recipient GFR at three months, 
the minimum donor GFR and ALT/AST levels were no 
longer significantly associated with risk. Moreover, sim-

plifying the model by excluding these non-significant 
variables improved its overall performance

Discussion
In none of the models was donor age found to be sig-

nificantly associated with the risk of off of graft function. 
The donors in this study represented a broad age range 
(50–74 years). Although a decline in functional reserve 
is generally expected in older donors [7, 8], approxi-
mately half of the donors were between 55 and 62 years 
old. It is likely that the functional state of the kidneys is 
approximately the same in this age range [9].

One of the most important risk factors for graft loss 
identified in this study was minimum donor GFR, con-
sistent with findings from previous research [10, 11].

Table 2
Multivariate analysis of recipient characteristics potentially associated with the risk of loss of kidney graft 

function. Models 4 and 5
Indicator Model 4. AIC = 279.880,  

C-index = 0.771
Model 5. AIC = 249.720,  

C-index = 0.801
HR 95% CI P value HR 95% CI P value

Diabetes mellitus with damage to recipient’s target 
organs (yes/no) 5.643 2.098; 15.18 <0.001 4.665 1.800; 12.09 0.002

Recipient nephropathy of unknown origin (yes/no) 4.218 1.412; 12.60 0.01 3.248 1.037; 10.18 0.043
ADPKD (yes/no) 1.601 0.433; 5.914 0.481
Urolithiasis (yes/no) 3.134 0.395; 24.86 0.28
MFI for HLA Class I (per 1000 units) 1.244 0.979; 1.581 0.073
MFI for HLA Class II (per 1000 units) 1.106 1.025; 1.193 0.01

Abbreviations: ADPKD, autosomal dominant polycystic kidney disease; MFI, mean fluorescence intensity; HLA, human 
leukocyte antigens; AIC, Akaike information criterion.

Table 3
Multivariate analysis of characteristics potentially associated with the risk of loss of kidney graft function 

(Models 6, 7, and 8)
Indicator Model 6. AIC = 238.063, 

C-index = 0.830
Model 7, AIC = 147.515, 

C-index = 0.911
Model 8. AIC = 116.677, 

C-index = 0.952
HR 95% CI P value HR 95% CI P value HR 95% CI P value

Minimum donor GFR,  
mL/min/1.73 m2 0.982 0.965; 

1.000 0.045 0.985 0.956; 
1.016 0.344

Donor ALT, AST* 1.208 1.063; 
1.372 0.004 1.166 0.990; 

1.373 0.066

Diabetes mellitus with damage 
to recipient’s target organs (yes/no) 3.727 1.380; 

10.07 0.009 7.558 1.680; 
33.99 0.008 6.833 2.053; 

22.74 0.002

Recipient nephropathy of unknown 
origin (yes/no) 3.816 1.212; 

12.02 0.022 7.162 1.587; 
32.31 0.01 5.544 1.362; 

22.56 0.017

MFI for HLA Class II 
(per 1000 units) 1.125 1.039; 

1.218 0.004 1.424 1.208; 
1.680 <0.001 1.129 1.030; 

1.238 0.01

Delayed graft function (yes/no) 0.477 0.120; 
1.895 0.293

Recipient GFR three months after 
discharge, per mL/min/1.73 m2 0.888 0.838; 

0.940 <0.001 0.888 0.843; 
0.935 <0.001

* First principal component obtained from baseline AST and ALT values (principal component method). Reflects the total 
variation in AST and ALT levels. Abbreviations: GFR, glomerular filtration rate (estimated by CKD-EPI creatinine equation); 
MFI, mean fluorescence intensity; HLA, human leukocyte antigens; AIC, Akaike information criterion.
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ALT and AST levels also emerged as potentially im-
portant indicators. In multivariate models incorporating 
donor and recipient characteristics prior to transplanta-
tion or during the early postoperative period, elevated 
liver enzyme levels were associated with an increased 
risk of graft loss. The biological mechanisms underlying 
this association remain unclear. It is plausible that the 
relationship between enzyme levels and graft outcomes 
is indirect, mediated through factors such as metabo-
lic syndrome, hepatic ischemia-reperfusion injury, or 
systemic inflammatory responses. Donors presenting 
with significantly elevated ALT and AST levels may 
therefore warrant more thorough assessment of kidney 
function prior to organ procurement. This observation 
needs further investigation.

Notably, after including recipient GFR measured 
three months post-transplant in the model, neither donor 
GFR nor donor ALT and AST levels remained signifi-
cantly associated with the risk of graft loss. This fin-
ding suggests that recipient post-transplant GFR exerts a 
stronger influence on graft outcomes than donor-specific 
characteristics.

The associations observed between graft loss and 
recipient factors such as age, ischemic heart disease, 
atrial fibrillation, chronic heart failure, and end-stage 
renal disease appear to be mediated primarily through 
an increased risk of recipient mortality. This is supported 
by the observation that these factors were significantly 
associated only with all-cause graft loss, but not with 
death-censored graft loss. In this study, death-censored 
graft function was the most important factor as it provi-
des an idea of the risk of losing kidney graft function at 
the individual. In contrast, overall graft survival, inclu-
ding all-cause loss due to any cause, provides informa-
tion on graft outcomes at the population level but less 
directly captures the functional potential of the graft at 
the individual level.

The association between recipient diabetes and the 
risk of graft loss is well established [12]. Interestingly, 
nephropathy of unknown origin also demonstrated a sta-
tistically significant association with graft loss in multi-
factorial models (Models 6–8). This may be attributable 
to the higher incidence of recurrent graft pathology, as 
evidenced by the number of “on-demand” graft biopsi-
es performed [13]. However, graft outcomes can vary 
widely depending on the underlying disease, such as 
recurrent IgA nephropathy [14] or focal segmental glo-
merulosclerosis [15], highlighting the critical need for 
accurate verification of CKD etiology in patients on the 
kidney transplant waiting list.

Based on these analyses, we developed an online 
application, accessible across platforms, designed to 
visualize the relationship between donor and recipient 
characteristics and the risk of graft loss [16].

Study limitations
This study was retrospective in design. To enhance 

objectivity, no donors were excluded based on specific 
criteria; instead, all effective donors meeting the expan-
ded criteria during the study period were included in 
the analysis.

The observation period in this study was limited to 
four years post-transplant, and therefore, the identified 
risk factors may primarily reflect medium-term outco-
mes.

When assessing graft function, we did not account 
for proteinuria, nor the potential overestimation of GFR 
due to hyperfiltration. Additionally, some potentially 
important factors, such as biopsy results, were not in-
cluded because of limited observations, uncorrectable 
assumptions, or the inability to control for collider bias 
(Berkson’s paradox).

Conclusion
The main risk factors for loss of kidney transplant 

function are recipient diabetes mellitus, nephropathy 
of unknown origin, and sensitization to HLA class II 
antigens. Donor age, although a key biological deter-
minant, was not associated with the risk of graft loss. 
The effect of donor age on graft outcomes appears to be 
mediated through donor GFR. However, once recipient 
GFR measured three months post-transplant is included 
in the model, donor GFR no longer retains statistical 
significance.

The authors declare no conflict of interest.
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Objective: to evaluate the impact of kidney transplantation (KT) on erectile function and reproductive health in 
men with chronic kidney disease (CKD). Materials and methods. A prospective study was conducted involving 
276 male patients (mean age 44.3 ± 5.8 years) with CKD who underwent KT from a living related donor. Erectile 
function was assessed using the International Index of Erectile Function (IIEF-5). Penile hemodynamics were 
evaluated by Doppler ultrasonography of the penile arteries, while hormonal status was determined by measuring 
serum testosterone, luteinizing hormone, and follicle-stimulating hormone (FSH) levels. Reproductive function was 
assessed by semen analysis and testicular volume measurements at five time points: baseline, at high azotemia, and 
at 3, 6, and 12 months post-transplantation. Management of post-transplant erectile dysfunction included phospho-
diesterase type 5 inhibitors (IIEF-5, 5 mg daily for 3 months, followed by 20 mg on demand), pelvic floor muscle 
exercises, vacuum therapy, and physiotherapy. Results. After 12 months of follow-up, erectile function was fully 
restored in 65.6% of patients. The proportion of moderate-to-mild erectile dysfunction decreased to 9.4%, while 
mild dysfunction persisted in 25% of patients, primarily due to residual vascular, hormonal, and psychoemotional 
factors. The mean IIEF-5 score increased significantly from 13.2 ± 0.1 to 21.2 ± 0.2 (p < 0.001). The average 
peak systolic velocity in the right cavernous artery rose from 5.6 ± 0.1 cm/s to 7.2 ± 0.1 cm/s (p < 0.001). Serum 
testosterone levels increased from 4.6 ± 0.1 ng/ml to 5.6 ± 0.2 ng/ml (p < 0.001), and the proportion of patients 
with normospermia grew from 37.3% to 61.2% (p < 0.001). Erectile dysfunction persisted in 34.4% of patients 
despite therapy. Conclusion. The findings demonstrate a significant restoration of erectile function and fertility 
in most patients following KT and supported by comprehensive management of residual vascular, hormonal, and 
psychoemotional disorders.
Keywords: chronic kidney disease, erectile dysfunction, kidney transplantation, hormonal status, penile 
Doppler ultrasound, spermatogenesis.
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Introduction
Erectile dysfunction (ED) is a significant complica-

tion of chronic kidney disease (CKD), affecting appro-
ximately 70–86% of patients, including those on hemo-
dialysis (77–84%) and peritoneal dialysis (up to 84%) 
[1–3]. In recent decades, the mechanisms underlying ED 
and reproductive disorders in CKD have been actively 
investigated. These conditions are typically multifacto-
rial, resulting from a combination of hormonal imba-
lances, uremic toxicity, vascular lesions, and metabolic 
problems. The importance of this issue extends beyond 
its physical consequences, as ED also profoundly affects 
patients’ psycho-emotional state, often leading to social 
isolation and a reduced overall quality of life [4–6].

The effect of kidney transplantation (KT) on erectile 
function (EF) has drawn considerable attention, as KT 

not only prolongs survival but also enhances quality of 
life in patients with CKD. By normalizing hormonal 
function, KT can improve patients’ sexual health (libido) 
[7–10]. However, the prevalence of ED after KT remains 
high at 46% [8, 11–13].

Data confirming the effect of KT on EF remain li-
mited due to the small number of available studies, un-
derscoring the need for further scientific research. The 
relevance of the present study lies in the comprehensive 
assessment of factors influencing EF recovery in patients 
after KT.

Unlike previous fundamental studies that focused on 
histological research, we presented clinically significant 
correlations between restoration of penile hemodyna-
mics, hormonal balance, and spermatogenesis indicators. 
The novelty of this study lies in the integration of long-
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term prospective observation with a simultaneous evalu-
ation of reproductive health and varicocele, an approach 
not previously implemented within a single research 
protocol. This methodology enabled us to identify key 
predictors of successful EF recovery that are relevant to 
clinical practice.

The aim of the study was to evaluate the effect of KT 
on EF and reproductive health in men with CKD.

Materials and methods
This study was based on a prospective analysis of 

treatment outcomes in 276 men with CKD who under-
went KT from a living related donor at the Republican 
Specialized Scientific and Practical Medical Center for 
Surgery (Tashkent, Uzbekistan) and subsequently re-
ceived treatment for ED at the Republican Specialized 
Scientific and Practical Medical Center for Urology 
(Tashkent, Uzbekistan).

Patient mean age was 34.9 ± 1.9 years. The majority 
(83.7%) were young adults (18–44 years), while 12.3% 
were middle-aged (45–59 years) and 4.0% were elderly 
(60–74 years).

The primary cause of stage 5 CKD was chronic glo-
merulonephritis (88.8%). Other causes included poly-
cystic kidney disease (2.9%), CKD of unknown etiolo-
gy (2.5%), urolithiasis (2.2%), chronic pyelonephritis 
(1.4%), type II diabetes mellitus, and congenital ano-
malies of the urinary tract (1.1% each).

The study complied with the Helsinki Declaration. 
All participants gave informed consent, and the study 
protocol was approved by the local ethics committee.

The inclusion criteria were as follows: men with 
preserved EF, a permanent sexual partner, stable graft 
function, and no concomitant diseases in the acute or 
decompensated stage (such as diabetes or stage II–III 
arterial hypertension).

The study design included the following stages of 
observation and EF assessment in patients with CKD:
–	 Baseline stage – assessment of EF status prior to de-

velopment of severe renal failure.
–	 High azotemia stage – stage 5 CKD, characterized 

by accumulation of uremic toxins and systemic dys-
function, including impaired EF.

–	 Three months after KT – the first follow-up period, 
reflecting the early adaptation phase, initial stabili-
zation of hormonal levels, and improvement in he-
modynamic parameters.

–	 Six months after KT – mid-term assessment, during 
which further recovery of endothelial function and 
hormonal balance is expected.

–	 Twelve months after KT – long-term assessment to 
record the final therapeutic outcomes, including com-
plete or partial restoration of EF.
To ensure data representativeness at the baseline 

stage (before the onset of severe chronic renal failure), 
the study included patients who had been registered at 

the transplant center as candidates for living-related KT 
and had undergone standard pre-transplant evaluation, 
including assessment of EF and reproductive health. This 
approach provided reliable baseline data before the onset 
of end-stage renal disease.

EF was evaluated using the International Index of 
Erectile Function (IIEF-5) questionnaire, with the fol-
lowing classification: severe ED (≤7), moderate (8–11), 
mild to moderate (12–16), mild (17–21), and no ED 
(22–25). Penile hemodynamics were assessed by ultra-
sound (US) with Doppler imaging of the penile arteries 
to determine the peak systolic velocity (PSV) in the ca-
vernous and dorsal arteries. The hormonal profile – in-
cluding serum testosterone, luteinizing hormone (LH), 
and follicle-stimulating hormone (FSH) – was analyzed 
using the enzyme-linked immunosorbent assay (ELISA) 
method. Testicular volume was measured using ultra-
sound and verified using an orchidometer. Reproductive 
function was evaluated by semen analysis, assessing the 
frequency of normospermia, asthenospermia, oligosper-
mia, oligoasthenoteratozoospermia (OAT syndrome), 
and azoospermia among the study participants. Varicoce-
le was diagnosed by scrotal ultrasound with Doppler ima-
ging and classified according to severity (grades 1–3).

In the management of persistent ED after KT, patients 
received first-line therapy with phosphodiesterase type 5 
(PDE-5) inhibitors – either sildenafil (5 mg daily) or 
tadalafil (2.5–5 mg daily) for an initial 3-month course. 
Thereafter, treatment was continued with standard thera-
peutic doses (sildenafil 20–50 mg or tadalafil 10–20 mg) 
administered on demand approximately 30 minutes be-
fore sexual intercourse. The pharmacological therapy 
was supplemented with a pelvic floor muscle exercise 
program to enhance penile blood flow, vacuum therapy 
(10 daily sessions followed by 12 sessions every other 
day), and physiotherapy sessions (15 minutes daily for 
10 days).

Descriptive and comparative statistical methods were 
used to analyze the collected data. Data accumulation, 
correction, systematization, and visualization were per-
formed using Microsoft Office Excel 2016. Statistical 
analysis was conducted with IBM SPSS Statistics v.26 
(IBM Corporation, USA). Descriptive statistics were 
used to characterize the clinical and demographic pa-
rameters of patients, including the calculation of mean 
values (M), standard deviations (m), and percentage dis-
tributions. To evaluate statistically significant differences 
across the various stages of observation, a one-way ana-
lysis of variance (ANOVA) was applied. The chi-square 
test (χ2) was used to analyze categorical variables.

Results
In the initial period (before KT), according to the 

IIEF-5 scale, most patients (52.5%) had no signs of ED, 
while 47.5% had mild ED (Table 1).
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Fig. 1. Mean IIEF-5 scores in the kidney transplant group

However, at the high azotemia stage, all patients lost 
normal EF: 87.0% presented with mild to moderate ED, 
and 12.3% had moderate ED. Three months after KT, 
EF began to recover – the proportion of patients with 
mild to moderate ED decreased to 68.8%, while 21.7% 
showed mild ED.

After 6 months, 72.5% of recipients still had mild 
to moderate ED, 23.6% had moderate impairment, and 
4.0% demonstrated mild ED. By 12 months post-trans-
plant, 65.6% of patients had fully restored normal EF, 
while the proportion with moderate to mild ED declined 
to 9.4%, and mild ED persisted in 25.0% of cases.

An analysis of the mean IIEF-5 scores in the cohort 
of 276 KT recipients confirmed that patients with a trans-
planted kidney show EF recovery (Fig. 1).

The mean IIEF-5 score before KT was 21.6 ± 0.1, 
but it declined to 13.2 ± 0.1 at the high azotemia stage, 
indicating a marked deterioration in erection. In the first 
3 months after KT, a partial improvement was observed 
(15.0 ± 0.1), followed by a further increase to 18.4 ± 0.2 
after 6 months. By 12 months post-transplant, the index 
had almost returned to its preoperative level, reaching 
21.2 ± 0.2. According to ANOVA, these changes were 
statistically significant (F(4.1375) = 702.33; p < 0.001), 
confirming a consistent trend of EF recovery (Fig. 1).

In parallel with EF improvement, penile blood flow 
also showed positive changes, as reflected by the in-
crease in PSV in both the cavernous and dorsal arteries 
(Table 2).

The initial PSV values were 6.5 ± 0.1 cm/s in the right 
cavernous artery, 6.3 ± 0.1 cm/s in the left cavernous 
artery, and 12.4 ± 0.2 cm/s in the dorsal artery. At the 
high azotemia stage, these values decreased to 5.6 ± 0.1, 
5.4 ± 0.1, and 10.7 ± 0.2 cm/s, respectively, indicating a 
deterioration in penile arterial blood flow.

During the first year after KT, gradual recovery of pe-
nile hemodynamics was observed. After 3 months, PSV 
increased to 5.8 ± 0.1, 5.7 ± 0.1, and 11.2 ± 0.2 cm/s; after 
6 months, to 6.3 ± 0.1, 6.1 ± 0.1, and 12.1 ± 0.2 cm/s; 
and by 12 months, reached 7.2 ± 0.1, 7.1 ± 0.1, and 
13.9  ±  0.2  cm/s, surpassing baseline levels. These 
differences were statistically significant according to 
ANOVA (F(4.1375) = 194.69; p < 0.001 for the right 
cavernous artery; F(4.1375) = 68.40; p < 0.001 for the 
left cavernous artery; F(4.1375) = 43.09; p < 0.001 for 
the dorsal artery).

Testicular volume showed no significant changes 
(Fig. 2).

Initially, the right testicular volume was 16.9 ± 0.2 cm3, 
and the left was 12.8 ± 0.2 cm3. At the high azotemia 

Table 1
Erectile dysfunction (ED) severity according to the IIEF-5 scale at different stages of the study
ED severity  

(based on IIEF-5 score)
Baseline High azotemia stage 3 months post-KT 6 months post-KT 12 months post-KT

Severe ED n 0 0 0 0 0
% 0.0% 0.0% 0.0% 0.0% 0.0%

Moderate ED n 0 34 26 65 0
% 0.0% 12.3% 9.4% 23.6% 0.0%

Moderate–mild ED n 0 240 190 200 26
% 0.0% 87.0% 68.8% 72.5% 9.4%

Mild ED n 131 2 60 11 69
% 47.5% 0.7% 21.7% 4.0% 25.0%

No ED n 145 0 0 0 181
% 52.5% 0.0% 0.0% 0.0% 65.6%

Total n 276 276 276 276 276
% 100.0% 100.0% 100.0% 100.0% 100.0%
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Fig. 2. Mean right and left testicular volumes in the kidney transplant group

stage, these values decreased slightly to 16.6 ± 0.2 cm3 
and 12.3 ± 0.2 cm3, respectively. During the year fol-
lowing KT, only minor fluctuations were observed: af-
ter 3 months, the volumes remained nearly unchanged 
(16.5 ± 0.2 and 12.3 ± 0.2 cm3); after 6 months, there 
was a modest increase to 16.8 ± 0.2 and 12.5 ± 0.2 cm3; 
and by 12 months, the values slightly decreased again 
to 16.3 ± 0.2 and 12.1 ± 0.2 cm3.

A statistically significant difference was noted only 
for the right testicle (F(4.1375)  =  3.66; p  =  0.006), 
whereas the left testicle showed no significant changes 
(F(4.1375) = 2.09; p = 0.08).

An analysis of hormonal status revealed a consis-
tent trend in the dynamics of testosterone, LH, and 
FSH levels (Table 3). The testosterone level, initially 
5.2 ± 0.2 ng/ml, decreased to 4.6 ± 0.1 ng/ml during high 
azotemia. Three months after KT, a slight increase was 

noted (4.7 ± 0.1 ng/ml), followed by further rises after 
6 months (5.1 ± 0.1 ng/ml) and 12 months (5.6 ± 0.2 ng/
ml) – (F(4.1375) = 16.1; p < 0.001).

LH level decreased from 8.9 ± 0.1 mIU/mL at baseline 
to 7.8 ± 0.1 mIU/mL with high azotemia, followed by 
a gradual increase to 8.0 ± 0.1 mIU/mL after 3 months, 
8.6 ± 0.1 mIU/mL after 6 months, and 9.5 ± 0.1 mIU/
mL after 1 year (F(4.1375) = 81.2; p < 0.001). A simi-
lar trend was observed for FSH, which decreased from 
6.3 ± 0.1 to 5.5 ± 0.1 mIU/mL during high azotemia, fol-
lowed by a recovery to 6.8 ± 0.1 mIU/mL after 12 months 
(F(4.1375) = 22.5; p < 0.001).

No cases of right-sided varicocele were identified at 
any stage of the study among all 276 patients. Analysis 
of left-sided varicocele (Fig. 3) showed that, initially, 
22.1% of patients had grade 2 varicocele, with no ca-
ses of grade 3. However, at the stage of high azotemia, 

Table 2
Mean peak systolic velocity (PSV) in the cavernous arteries during Doppler ultrasound examination

Study stage Right cavernous artery (n = 276) Left cavernous artery (n = 276) Dorsal artery (n = 276)
M ± m M ± m M ± m

Baseline 6.5 ± 0.1 6.3 ± 0.1 12.4 ± 0.2
High azotemia stage 5.6 ± 0.1 5.4 ± 0.1 10.7 ± 0.2
3 months post-KT 5.8 ± 0.1 5.7 ± 0.1 11.2 ± 0.2
6 months post-KT 6.3 ± 0.1 6.1 ± 0.1 12.1 ± 0.2
1 year post-KT 7.2 ± 0.1 7.1 ± 0.1 13.9 ± 0.2
ANOVA F(4.1375) = 194.7; p < 0.001 F(4.1375) = 68.4; p < 0.001 F(4.1375) = 43.1; p < 0.001

Table 3
Mean serum levels of key hormones regulating reproductive function in the KT group

Stage Testosterone (ng/mL, n = 276) LH (mIU/mL, n = 276) FSH (mIU/mL, n = 276)
M ± m M ± m M ± m

Baseline 5.2 ± 0.2 8.9 ± 0.1 6.3 ± 0.1
High azotemia stage 4.6 ± 0.1 7.8 ± 0.1 5.5 ± 0.1
3 months post-KT 4.7 ± 0.1 8 ± 0.1 5.7 ± 0.1
6 months post-KT 5.1 ± 0.1 8.6 ± 0.1 6.1 ± 0.1
1 year post-KT 5.6 ± 0.2 9.5 ± 0.1 6.8 ± 0.1
ANOVA F(4.1375) = 16.1; p < 0.001 F(4.1375) = 81.2; p < 0.001 F(4.1375) = 22.5; p < 0.001
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Fig. 3. Distribution of cases with or without left-sided varicocele in the kidney transplant group

Fig. 4. Distribution of patients in the kidney transplant group according to changes in semen analysis parameters over time

22.1% of patients developed grade 3 varicocele, while 
grade 2 was not recorded.

After 3 months, the proportion of grade 3 left-sided 
varicocele decreased to 18.8%, and remained unchanged 
after 6 months (χ2 = 76.5; p < 0.01).

Significant changes were also observed in semen 
analysis (Fig. 4).

At the initial stage, normospermia was detected in 
59.1% of patients, while asthenozoospermia – characte-
rized by reduced sperm motility – was noted in 40.9%. 
Other spermatogenesis disorders (oligospermia, OAT 
syndrome, and azoospermia) were absent. At the high 
azotemia stage (stage 2), the proportion of normospermia 
decreased to 37.3%, while asthenozoospermia increa-
sed to 54.0%. Additionally, new cases of oligospermia 
(5.8%), OAT syndrome (1.8%), and azoospermia (1.1%) 
appeared, indicating suppression of spermatogenesis due 
to uremic intoxication and hormonal imbalance.

Three months after KT (stage 3), a slight improve-
ment was noted: normospermia increased to 38.8%, 
asthenozoospermia decreased to 47.5%, though the in-
cidence of OAT syndrome rose to 6.5%. After 6 months 

(stage 4), spermatogenesis showed marked recovery: 
normospermia increased to 52.9%, asthenozoospermia 
decreased to 35.1%, and the rates of oligozoospermia 
and OAT syndrome stabilized. By 12 months (stage 5), 
the recovery became most pronounced: normospermia 
reached 61.2%, exceeding baseline levels, while asthe-
nozoospermia declined further to 27.5%. Although the 
proportion of oligospermia slightly increased to 7.2%, 
the rates of OAT syndrome (2.2%) and azoospermia 
(1.8%) continued to decline.

Thus, at the high azotemia stage (before KT), there 
was a marked deterioration in spermatogenesis, mani-
fested by a decrease in normospermia and an increase 
in the frequency of pathological conditions, including 
asthenozoospermia, oligozoospermia, OAT syndrome, 
and azoospermia. Already 3 months post-transplant, 
improvement in the main indicators was evident, parti-
cularly an increase in the proportion of normospermia. 
After 6 and 12 months, there was a further restoration 
of fertility, with normospermia rising to 61.2% and as-
thenozoospermia decreasing to 27.5%.
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The chi-square test for the distribution of spermogram 
types across KT stages yielded a value of χ2 = 103.23, 
with 16 degrees of freedom and p < 0.001, indicating 
statistically significant differences in the dynamics of 
spermogram parameters at various stages. These results 
confirm the positive effect of KT on the recovery of sper-
matogenesis and fertility potential in male patients.

Analysis of KT outcomes showed that 65.6% (181 
of 276) of patients achieved complete restoration of EF 
within 1 year after KT, primarily due to normalization of 
vascular tone, improved cavernous arterial blood flow, 
and hormonal balance. However, 34.4% (95 of 276) of 
recipients continued to experience mild to moderate ED 
1 year after KT, despite normalized renal function and 
improved systemic hemodynamics. These patients were 
categorized into five main groups according to factors 
that could explain why they still had ED (Table 4).

In the group of patients with vascular factors, the per-
sistent ED was primarily attributed to long-term CKD, 
which led to irreversible vascular changes and progres-
sive atherosclerosis. Clinically, these patients demons-
trated a significant reduction in PSV in the cavernous 
arteries compared to those with restored EF. To correct 
ED, several therapeutic interventions were implemented. 
PDE-5 inhibitors (sildenafil, tadalafil) were prescribed, 
with a positive effect observed in 80% (24 of 30) of pati-
ents, while 20% showed no response due to severe vascu-
lar disorders. Additional management included statin and 
antiplatelet therapy to address systemic atherosclerosis, 
and the use of vasodilators (prostaglandin E1) in cases of 
severe arterial insufficiency, yielding a moderate effect 
in 36.7% (11 of 30) of patients. Physiotherapy programs, 
such as magnetotherapy and laser therapy, were also 
applied to improve regional blood flow, demonstrating 
50% effectiveness (15 of 30). In two cases of advanced 
cavernous fibrosis, surgical treatment was performed in 
the form of penile implant surgery, while an additional 
6 patients (20%) were indicated for this intervention.

In the group with persistent hormonal disorders, in-
cluding hypogonadism and hyperprolactinemia (n = 25; 

26.3%), several targeted therapeutic interventions were 
implemented. Testosterone replacement therapy was ad-
ministered to patients with confirmed hypogonadism, 
resulting in clinical improvement in 72% (18 of 25) 
of cases. Dopamine agonists such as cabergoline and 
bromocriptine were prescribed for hyperprolactinemia, 
leading to positive dynamics in 80% (20 of 25) of pa-
tients. Additionally, metformin was used in individuals 
with insulin resistance, improving glucose and insulin 
sensitivity and indirectly enhancing EF in 40% (10 of 
25) of cases.

In the next group, comprising 18 of 95  patients 
(18.9%), the predominant factors were severe psychoe-
motional disturbances (depression, anxiety) and neurolo-
gical disorders (polyneuropathy). Depression and anxiety 
contributed to psychogenic ED through reduced libido, 
whereas polyneuropathy disrupted nervous regulation 
of erections.

In this group, 61% of patients exhibited depressive 
disorders, 44% had sleep disorders, elevated cortisol 
levels, and chronic fatigue, while 28% reported reduced 
sensitivity in the penis and perineum. The therapeutic 
interventions included psychotherapeutic approaches 
such as cognitive-behavioral therapy and group therapy, 
which resulted in improvement in 50% of cases. The use 
of antidepressants (selective serotonin reuptake inhibi-
tors in minimal doses) led to a positive effect in 65% of 
patients. Anxiolytics were administered when necessary 
to manage anxiety disorders, showing improvement in 
45% of cases. Additionally, physiotherapy techniques 
aimed at stimulating peripheral nerve conduction (elec-
trostimulation) improved nerve regulation in 35% of 
patients.

Patients with low BMI and sarcopenia (n  =  10, 
10.5%) had a general energy deficiency, which adver-
sely affected endocrine function and erectile capacity. 
Mean BMI in this group was 18.9 kg/m2, and serum al-
bumin levels were below 3.5 g/dL, indicating a catabolic 
state. Testosterone level was approximately 25% lower 
than that of patients with restored EF. The therapeutic 
measures taken included: high-protein diet and nutritio-
nal support, resulting in a BMI increase of 1.5–2 kg/m2 
within 6 months; structured exercise programs (strength 
training), which produced an average muscle mass gain 
of 6% over 4 months; use of anabolic agents under en-
docrinological supervision, achieving improvement in 
55% of cases; and correction of the catabolic state using 
amino acid complexes, leading to improvement in the 
general condition in 70% of patients.

Thus, 65.6% of patients recovered normal EF after 
KT, whereas 34.4% continued to experience moderate 
or mild ED associated with various etiological factors – 
vascular (31.6%), hormonal (26.3%), psychoemotional 
(18.9%), anatomical (12.6%), and energy deficiency 
(10.5%). Therapeutic correction included the use of 
PDE-5 inhibitors (80%), hormone therapy (72–80%), 

Table 4
Summary of potential causes of persistent erectile 
dysfunction (ED) in kidney transplant recipients
Possible causes of persistent ED after KT n %

Vascular disorders (atherosclerosis, cavernous 
fibrosis, diabetic angiopathy) 30 31.6%

Hormonal and metabolic disorders 
(hypogonadism, hyperprolactinemia) 25 26.3%

Psychoemotional and neurological factors 
(depression, anxiety, polyneuropathy) 18 18.9%

Vascular anastomosis with the internal iliac 
artery leading to reduced penile blood flow 12 12.6%

Energy deficiency and sarcopenia (low body 
mass index, catabolic state) 10 10.5%
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psychotherapy (50–65%), physiotherapy (35–50%), nut-
ritional support (70%), and surgical interventions (20%). 
Effective recovery required a comprehensive approach 
that addressed each patient’s dominant risk factors.

It is also important to emphasize the influence of 
urological complications on EF recovery, observed in 
8 recipients after KT. Among these, 4 patients (50%) had 
urinary tract obstruction, 2 (25%) were diagnosed with 
vesicoureteral reflux (VUR), and 2 (25%) had neurogenic 
urinary dysfunction. All patients in this subgroup presen-
ted with moderate to severe ED (IIEF-5: 12–18 points). 
Management of ureteral obstruction included endoscopic 
dilation (n = 3), neocystostomy (n = 1), PDE-5 inhibitor 
therapy (improvement in 3 out of 4 cases), physiothe-
rapy (2 patients), and testosterone replacement therapy 
(1 patient).

Overall, for urological complications, a comprehen-
sive treatment strategy, combining surgical correction, 
antibiotic therapy, physiotherapy, and vasoactive medi-
cations, proved effective in restoring EF. However, pa-
tients with severe vascular disorders may require penile 
implant surgery. These findings highlight that timely 
detection and correction of urological complications after 
KT increase the likelihood of EF recovery.

Discussion
ED and reproductive disorders in patients with CKD 

and after KT remain pressing areas of clinical research 
due to their significant impact on patients’ quality of life 
and overall health. In recent years, numerous studies have 
focused on developing diagnostic approaches to better 
identify and differentiate the underlying mechanisms 
of ED. Studies emphasize that hormonal and vascular 
abnormalities, including hypogonadism, hyperprolacti-
nemia, and cavernous ischemia, play a leading role in the 
pathogenesis of persistent ED in this population [1, 3].

Despite the overall positive effect of KT, complete 
recovery of EF is not achieved in all recipients. Accor-
ding to Rahman et al., a systematic review demonstrated 
that KT leads to improved IIEF-5 scores, yet 20–50% of 
patients continue to experience varying degrees of ED 
post-transplant. The persistence of these disorders was 
primarily associated with long dialysis duration, advan-
ced age, type of vascular anastomosis, and immunosup-
pressive therapy [7]. Similarly, Spirito et al. evaluated 
erectile and ejaculatory function at 6 and 12 months post-
KT and observed a significant decline in sexual health 
quality at the 6-month follow-up, which remained stable 
throughout the year. In their cohort, the mean IIEF-5 
score decreased significantly at 6 months (p < 0.001), 
remaining unchanged at 12 months (p = 0.228), corre-
lating strongly with ejaculation disorders [14].

A study by El Hennawy et al. demonstrated that in 
patients with stage 5 CKD on dialysis, EF deteriorates; 
however, a positive trend is observed after KT. In their 
single-center crossover study, the authors assessed EF 

using the IIEF-5 one month before and one year after 
KT, revealing that KT recipients achieved significantly 
better results compared to dialysis patients [15].

In our study, the dynamics of IIEF-5 scores simi-
larly showed a progressive recovery of EF after KT. 
Before transplantation, during the high azotemia stage, 
all patients exhibited varying degrees of ED. Twelve 
months post-KT, 65.6% of patients regained normal EF, 
confirmed by an increase in mean IIEF-5 scores from 
13.2 ± 0.1 to 21.2 ± 0.2 (p < 0.001).

In addition to questionnaire-based assessments, la-
boratory parameters associated with the development 
of ED in CKD patients have been actively explored. 
Wang et al. reported that decreased testosterone levels 
and hyperprolactinemia are key risk factors for ED in 
this population [16], while Zhang et al. demonstrated 
that dyslipidemia and impaired glucose metabolism si-
gnificantly contribute to vascular disorders underlying 
erectile impairment [17].

Miron et al. presented data showing that 70% of 
patients continued to experience ED 12 months after 
KT, despite normal laboratory values. In these cases, 
medication-related and vascular factors had a greater 
impact than testosterone or creatinine levels [12]. Anto-
nucci et al. found that testosterone and prolactin levels 
were directly correlated with the severity of ED: 65% 
of patients with hypogonadism and hyperprolactinemia 
continued to experience moderate ED despite normal 
graft function [18].

A meta-analysis by Kang et al., which included 9 stu-
dies, showed that after KT, testosterone levels increased 
by an average of 1.1 ng/mL, prolactin levels decreased 
by 6.2 ng/mL, and the incidence of ED declined by 32% 
compared to patients on dialysis. These findings con-
firm the hormonal dependence of EF recovery following 
KT [19].

According to our data, patients after KT showed a 
consistent and statistically significant improvement in 
hormonal parameters: testosterone levels increased to 
5.6 ± 0.2 ng/mL, exceeding baseline values; LH levels 
reached 9.5 ± 0.1 mIU/mL; and FSH levels reached 
6.8 ± 0.1 mIU/mL.

Instrumental diagnostic methods, including pharma-
codopplerography and shear wave elastography, are ac-
tively used to assess vascular alterations in patients with 
ED. Zhang et al. investigated the diagnostic potential of 
shear wave elastography in differentiating vasculogenic 
from non-vasculogenic ED. Their findings demonstrated 
that this method has high sensitivity and specificity for 
detecting fibrotic changes in the corpora cavernosa in 
patients with CKD and after KT [17].

Morphological studies of penile and testicular tis-
sues also play an important role in understanding the 
pathogenesis of ED. Perri et al. analyzed cavernous body 
biopsies and identified pronounced fibrotic alterations 
that persisted even after successful KT, which may ex-
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plain the persistence of ED in this patient group [20]. 
Similarly, Lundy et al. examined histological changes in 
the testes before and after KT and found that, despite the 
elimination of uremia, many patients continued to show 
signs of delayed spermatogenesis and morphological 
changes in Sertoli cells [21]. The same study confirmed 
that normalization of reproductive hormone levels after 
KT contributes to improvements in sperm parameters, 
including concentration, motility, and morphology of 
spermatozoa [21]. However, the use of immunosup-
pressive drugs – particularly calcineurin inhibitors and 
mTOR inhibitors – may adversely affect spermatogenesis 
and overall reproductive function.

In our study, we also examined vascular changes in ED 
by recording penile arterial blood flow dynamics using 
Doppler ultrasound. The results showed a gradual resto-
ration of vascular perfusion following KT. By month 12, 
PSV exceeded baseline levels, reaching 7.2 ± 0.1 cm/s 
in the right cavernous artery, 7.1 ± 0.1 cm/s in the left 
cavernous artery, and 13.9 ± 0.2 cm/s in the dorsal artery, 
which correlated with an improvement in EF. All changes 
were statistically significant (p < 0.001).

Thus, both literature data and our findings confirm 
that KT promotes EF recovery in most patients with 
CKD, as evidenced by improvements in IIEF-5 scores, 
hormonal parameters, and penile arterial blood flow. 
After 12 months, normal EF was restored in 65.6% of 
patients, accompanied by increases in testosterone, LH, 
and FSH levels above baseline values. Enhanced vascu-
lar perfusion also correlated strongly with improved EF. 
However, a subset of patients continued to experience 
ED, primarily due to persistent vascular, hormonal, and 
medication-related factors. These results underscore the 
importance of a comprehensive diagnostic and thera-
peutic approach that includes hormonal and vascular 
monitoring, especially in the context of immunosup-
pressive therapy

However, our study has several limitations. The ab-
sence of a control group of dialysis patients limited the 
ability to perform a comparative analysis of the effects of 
different renal replacement therapies on erectile function. 
In addition, potential variations in the influence of speci-
fic immunosuppressive drugs on vascular and hormonal 
regulation were not considered.

Conclusion
The findings demonstrate that KT promotes effective 

restoration of EF and fertility in most patients, while tar-
geted management of persistent vascular, hormonal, and 
psychoemotional disorders further enhances outcomes.

The authors declare no conflict of interest.
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Background. Liver transplantation (LT) remains the only life-saving option for children with end-stage liver di-
sease. In Uzbekistan, a national LT program was launched in 2018; however, pediatric LT had not been performed 
until recently. Objective: to report the first documented case of related pediatric LT in the Republic of Uzbekistan 
and to highlight key aspects of postoperative management, including rejection crises, recurrent autoimmune hepa-
titis (AIH), and the innovative use of bortezomib for treating steroid-resistant rejection. Materials and methods. 
A 15-year-old patient with liver cirrhosis secondary to AIH was selected for transplantation. The right hepatic 
lobe from a living donor was transplanted following comprehensive preoperative evaluation and preparation. The 
procedure involved surgical intervention followed by a multistage postoperative treatment protocol. Results. The 
transplant procedure was successful. However, in the early postoperative period, the patient developed a rejection 
crisis that proved resistant to standard therapy with glucocorticosteroids and antithymocyte globulin. Subsequent 
evaluation revealed a recurrent AIH. Bortezomib was administered as part of the therapeutic strategy, leading 
to normalization of laboratory parameters and restoration of graft function. Conclusion. This first case of pedi-
atric LT in Uzbekistan demonstrates the feasibility of performing complex surgical interventions and managing 
challenging postoperative complications. The use of bortezomib for steroid-resistant rejection associated with 
AIH highlights a potentially promising therapeutic approach. These results mark an important step forward in the 
development of transplant care in the country.
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Introduction
Liver transplantation has proven to be a life-saving 

treatment for patients with end-stage liver disease, in-
cluding pediatric patients [1, 2]. The first pediatric liver 
transplant (LT) was performed by Thomas Starzl in 1963 
on a two-year-old child with biliary atresia [3]. Unfor-
tunately, the patient died from uncontrolled intraopera-
tive bleeding. Following this case, and until the early 
1980s, the only technically feasible option for children 
was orthotopic transplantation of a whole liver from a 
deceased donor, whose organ size closely matched that 
of the recipient [4]. However, because of the limited 
availability of pediatric donors, up to 50% of children 
on waiting lists died before receiving a transplant [5].

The development of surgical techniques enabling the 
use of liver segments from adult donors revolutionized 
pediatric transplantation. A major milestone was the in-
troduction of living donor liver transplantation (LDLT), 
with the first successful cases in children with biliary 
atresia reported in 1988 [6, 7]. Over time, related LDLT 
became a leading approach in many pediatric transplant 
programs worldwide [1]. In countries where organ do-

nation from deceased donors was prohibited, LDLT 
remained the only available option [4]. Currently, the 
outcomes of pediatric LT have improved significantly 
due to advances in surgical techniques, perioperative 
management, and rehabilitation approaches [1, 8].

Uzbekistan, a developing country in Central Asia, 
initiated her LT program in 2018 with the support and 
direct involvement of Academician Sergey Gautier of 
the Russian Academy of Sciences. Despite this, notable 
progress was not achieved until 2021 [9]. By the end of 
2023, only one medical center in the country regularly 
performed liver transplants [10]. Because of legislative 
restrictions prohibiting the use of organs from deceased 
donors, only LDLT is currently possible in Uzbekistan 
[11]. Furthermore, pediatric LT had not been performed 
in the country until very recently.

This paper presents a clinical observation of a related 
liver transplant in a child, performed at the National 
Children’s Medical Center in Tashkent, Uzbekistan. 
To the best of our knowledge, this represents the first 
documented case of pediatric LT in the Republic of Uz-
bekistan.
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Clinical case
This clinical case was approved by the Ethics Com-

mittee of the National Children’s Medical Center (pro-
tocol No. 55-56-24/29.12.2024). The patient’s parents 
provided written informed consent for the use of me-
dical data for scientific research, with full preservation 
of anonymity.

Examination and preparation for surgery
The 14-year-old boy was admitted to our center in 

October 2023 with complaints of progressive abdominal 
distension and blood in his stool. The patient had no 
history of liver disease or other significant comorbidi-
ties. Initial evaluation raised suspicion of chronic liver 
disease. The patient was referred for comprehensive di-
agnostic examination in accordance with our center’s 
clinical protocol, including a complete blood count, 
biochemical profile, coagulation profile tests, and liver 
ultrasound.
Laboratory tests revealed cytolytic syndrome (ALT 

115  U/L, AST 215  U/L), elevated bilirubin levels 
(63 μmol/L), hypoalbuminemia (28 g/L), and coagu-
lopathy (INR 1.8, prothrombin index 44%, fibrinogen 
1.65 g/L). Ultrasonography showed increased hepatic 
echogenicity, irregular liver contours, hepatospleno-
megaly, and ascites.
Given the presence of gastrointestinal bleeding 

and evidence of portal hypertension, esophagogastro-
duodenoscopy (EGD) was performed, which revealed 
grade 3 esophageal varices according to the Paquet 
classification. Multislice contrast-enhanced computed 
tomography (MSCT) confirmed cirrhosis, hepatomegaly, 
splenomegaly, portal hypertension, and ascites.
Considering the endemic situation in Central Asia, 

viral hepatitis B and C were ruled out. Wilson’s disease 
was also excluded. Autoimmune screening revealed high 
titers of antinuclear antibodies (ANAs), anti-smooth 
muscle antibodies (ASMAs), and anti-neutrophil cyto-
plasmic antibodies (ANCAs). Based on these findings, 
cirrhosis secondary to AIH (AIH) was diagnosed.
At the initial examination, the patient’s MELD score 

was 20, which served as the basis for recommending LT. 
At that time, however, there were no pediatric LT pro-
grams in Uzbekistan, and the family had limited finan-
cial means to afford surgery abroad. Considering these 
circumstances, along with our team’s prior experience 
in developing LT programs [9], we resolved to initiate a 
LT program at the National Children’s Medical Center.
Preparation for the procedure – including acquisition 

of essential equipment, specialist training, and patient 
preparation – took one year. During this period, the pati-
ent remained under outpatient observation and received 
courses of conservative therapy in the hospital whenever 
his condition worsened. Given the patient’s body weight 
(65 kg) and the presence of portal hypertension, po-

tential donors for right-lobe liver transplantation were 
assessed, with a required graft-to-recipient weight ratio 
(GRWR) of at least 1%.
Following the established protocol [11], four poten-

tial donors were evaluated: the patient’s father, mother, 
uncle, and aunt. The mother was excluded due to ABO 
incompatibility, while the uncle and aunt were deemed 
unsuitable because of hepatitis B infection. The father 
was identified as a suitable donor, with favorable vascu-
lar anatomy and a GRWR of 1.69%. However, his body 
mass index (BMI) was 34.6 kg/m2 (106 kg at a height of 
175 cm), and elastography revealed grade 2 steatosis. 
The father was recommended to adjust his diet and exer-
cise. Over the course of a year, he successfully reduced 
his weight to 83 kg, lowering his BMI to 27.1 kg/m2; 
repeat elastography revealed no steatosis.
Upon hospitalization for preoperative preparation in 

November 2024, the patient’s MELD score had risen to 
23. In view of coagulopathy, impaired hepatic synthetic 
function, and erosive changes in the gastric mucosa iden-
tified during control EGD, the patient received transfu-
sions of fresh frozen plasma (FFP) and albumin, along 
with gastroprotective therapy. MSCT confirmed severe 
portal hypertension, portal vein dilation up to 2.8 cm, 
and splenomegaly.

Surgery
The surgical technique has been described in detail 

in our previous reports [9, 11]. The donor underwent 
right hemihepatectomy, with the surgery lasting for 
435 minutes and intraoperative blood loss of 100 ml. 
The graft weighed 1006 g, corresponding to a GRWR 
of 1.65%. Primary warm ischemia time was 45 seconds. 
The graft was implanted into the recipient using the clas-
sic technique with complete clamping of the inferior vena 
cava. Cold ischemia time was 1 hour 35 minutes, and 
secondary warm ischemia time was 31 minutes. Arterial 
anastomosis was performed with a continuous twisted 
suture, and biliary reconstruction was carried out with a 
Roux-en-Y hepaticojejunostomy and biliary stent place-
ment. The recipient’s procedure lasted 665 minutes, with 
a total blood loss of 800 ml.

Postoperative rehabilitation
In the early postoperative period, the patient remai-

ned in the intensive care unit. Planned extubation was 
performed 8 hours after surgery, but 30 minutes later, the 
patient developed bronchospasm with oxygen desatura-
tion to 56%, requiring reintubation. A second extubation 
attempt 3 hours later was successful.
By the end of the second postoperative day, the pati-

ent developed postoperative delirium, characterized by 
motor agitation, obsessive-compulsive behavior, limb 
tremors, and sleep disturbances. In view of thrombocy-
topenia and coagulopathy, MSCT and MRI of the brain 
were performed to rule out organic brain pathology, with 
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Fig. Dynamics of laboratory parameters following living-related liver transplantation under different immunosuppressive re-
gimens. Abbreviations: T, tacrolimus administration; BAS, basiliximab administration; PT, methylprednisolone pulse therapy; 
ATG, antithymocyte globulin administration; PF, plasmapheresis; TO, tacrolimus discontinuation; AZ, azathioprine adminis-
tration; B, bortezomib administration

no abnormalities detected. Given the potential neuro-
toxic effects of tacrolimus, a neurologist recommended 
anticonvulsant therapy (valproic acid) and haloperidol 
to treat delirium. Electroencephalogram (EEG) monito-
ring excluded seizures or latent epileptic activity, leading 
to discontinuation of anticonvulsants. Delirium resolved 
only by postoperative day 6, and the patient was trans-
ferred to the ward on day 7.
Induction immunosuppressive therapy included 

basiliximab (days 0 and 4) and methylprednisolone 
(500 mg) after reperfusion. Tacrolimus was initiated at 
the end of postoperative day 3. Up to day 4, graft function 
steadily improved, with declining cytolysis markers and 
bilirubinemia. From postoperative day 4, however, bili-
rubin levels began to rise (predominantly direct fraction, 
Fig.), while cytolysis markers, alkaline phosphatase, and 
gamma-glutamyl transpeptidase continued to decrease. 
CMV hepatitis, hepatitis B and C, and biliary and vas-
cular complications were ruled out. Due to thrombocyto-
penia and coagulopathy, a graft biopsy was not feasible. 
This increase in bilirubin was empirically attributed to 
acute rejection, and methylprednisolone pulse therapy 
(20 mg/kg/day for 3 days) was initiated on day 5, follo-
wed by tapering.

The lack of response suggested steroid-resistant rejec-
tion, prompting administration of equine antithymocyte 
globulin (ATG) at 1 mg/kg/day for 3 days. However, ATG 
was discontinued after the third dose due to severe side 
effects from ATG (polyneuropathy, headache, hyperten-
sion) and lack of therapeutic effect. Despite progressive 
hyperbilirubinemia, cytolysis and cholestasis markers 
remained stable.
Toxic liver injury, including tacrolimus-induced he-

patotoxicity, was suspected. All potentially hepatotoxic 
drugs were discontinued, and tacrolimus was switched to 
azathioprine, but laboratory parameters did not improve.
Screening revealed recurrent AIH, with elevated 

antinuclear and antineutrophil cytoplasmic antibodies. 
During this period, the patient also developed progres-
sive cytolytic syndrome (Fig.). A literature review iden-
tified several reports on the use of bortezomib for severe 
immune-mediated conditions [12–19].
The patient underwent plasmapheresis followed 

by subcutaneous bortezomib at a calculated dose of 
1.31 mg/m2. A sustained positive effect was observed 
by day 4 after the first dose: bilirubin levels decreased 
from 532 μmol/L to 276 μmol/L, and liver function nor-
malized. The concomitant elevation of transaminases 
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was attributed to tacrolimus toxicity, confirmed by a high 
plasma level (14.2 ng/dL). Immunosuppressive therapy 
was subsequently adjusted.
A second dose of bortezomib was administered seven 

days after the initial administration. By postoperative 
day 30, the patient’s blood counts had fully normalized, 
and follow-up testing showed no detectable antinuclear 
or antineutrophil cytoplasmic antibodies.
The postoperative course was uneventful, with no 

surgical complications. He was discharged under outpa-
tient follow-up. His current immunosuppressive regimen 
includes tacrolimus, methylprednisolone, and azathio-
prine.

Discussion
This first successful pediatric LT in Uzbekistan marks 

a major milestone in the country’s transplantation pro-
gram. Until recently, pediatric LT had not been perfor-
med, and this achievement highlights the high level of 
training, coordination, and professionalism of the mul-
tidisciplinary team at the National Children’s Medical 
Center.

What makes this case particularly noteworthy is not 
only the technical success of the transplantation itself 
but also the challenging postoperative course. The pa-
tient developed a rejection crisis that proved refractory 
to standard therapy with glucocorticosteroids and ATG, 
necessitating the use of innovative treatment approaches. 
The introduction of bortezomib was decisive in stabili-
zing the patient’s condition and preventing graft loss.

Recurrent AIH following LT, although rare, represents 
a clinically significant complication requiring prompt 
detection and targeted intervention [12–14]. Literature 
reports indicate that the risk of post-transplant rejection 
in patients with AIH can reach up to 65%, while the risk 
of recurrent AIH is approximately 33% [11, 15, 16].

In this case, reactivation of the autoimmune process 
manifested as an isolated increase in bilirubin despite 
stable cytolysis and cholestatic enzyme levels, complica-
ting the diagnostic process. We would like to emphasize 
that a definitive diagnosis could not be established due 
to the inability to perform a graft biopsy; however, in-
ternational protocols support the possibility of diagnosis 
based on laboratory parameters alone [13], which was 
applied here.

Several risk factors for recurrent AIH were present in 
this patient, including young age, the presence of specific 
HLA alleles (notably HLA-DR3, associated with higher 
relapse risk), elevated autoantibody titers at the time of 
transplantation, and an HLA-DR3 mismatch between 
donor and recipient. Each of these factors is linked to 
recurrent AIH [12–16].

The use of bortezomib for steroid-resistant rejection 
and recurrent AIH appears promising, despite limited 
evidence in the literature [17–19]. Bortezomib, a prote-
asome inhibitor, induces apoptosis of plasma cells [17] 

and has been reported in some centers as effective for 
treating rejection unresponsive to conventional therapy 
after LT [18]. However, to our knowledge, no prior ca-
ses have described its use in pediatric LT. In this case, 
bortezomib administration resulted in normalization of 
bilirubin levels and full restoration of graft function.

Importantly, while a peak bilirubin level >461 μmol/L 
after transplantation is typically considered critical – 
with graft loss or patient death occurring in more than 
95% of cases [20] – our patient, with a peak bilirubin of 
532 μmol/L, achieved complete graft recovery. In our 
prior experience, we reported four cases of early acute 
rejection after LT [9], two of which were fatal, though 
none occurred in AIH patients. This case marks the first 
use of bortezomib in our practice.

The favorable outcome underscores the value of a 
multidisciplinary approach, involving surgeons, hepato-
logists, anesthesiologists, immunologists, neurologists, 
and intensive care specialists. The experience gained 
during this first pediatric LT in Uzbekistan will contribute 
to the development of a national transplant program and 
to improved treatment outcomes for children with end-
stage liver disease.

This case highlights important directions for future 
research: optimizing immunosuppressive regimens, re-
fining monitoring strategies for recurrent autoimmune 
disease, and defining the role of drugs such as bortezomib 
in managing post-transplant complications.
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Urgent LVAD implantation in children on peripheral 
VA-ECMO support
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Background. Heart transplantation (HT) remains the primary surgical treatment for children with end-stage 
chronic heart failure (CHF). More than 30% of pediatric HT candidates require short- or long-term mechanical 
circulatory support (MCS) due to refractoriness to medical therapy. In recent years, the use of left ventricular assist 
device (LVAD) systems has expanded not only in teenagers and middle-aged children but also in younger and 
smaller patients. Objective: to investigate the perioperative course of emergency LVAD implantation in children 
with critical hemodynamic compromise (INTERMACS profile I) requiring short-term MCS via peripheral veno-
arterial extracorporeal membrane oxygenation (VA-ECMO). Materials and methods. We studied 25 patients 
under 18 years of age (12 girls, 48.0%; 13 boys, 52.0%) who had a HeartMate III LVAD LVAD implanted between 
January 1, 2021, and June 30, 2024. The severity of pre-implantation CHF was classified according to INTER-
MACS profiles: I (n = 4, 16.0%), II (n = 9, 36.0%), and III (n = 12, 48.0%). Patients were divided into two groups 
based on the need for VA-ECMO prior to LVAD implantation: the VA‑ECMO–LVAD group (n = 4, 16.0%) and 
the LVAD group (n = 21, 84.0%). Results. The VA‑ECMO–LVAD group (n = 4) did not differ significantly from 
the LVAD group (n = 21) in age, sex, or underlying disease. Intraoperatively, there were no significant differences 
between groups in the duration of cardiopulmonary bypass, doses of sympathomimetic cardiotonics, or the use 
of inhaled nitric oxide. The VA‑ECMO–LVAD group showed a trend toward greater intraoperative blood loss 
and transfusion requirements (p > 0.05). In the postoperative period, blood loss volumes were similar between 
groups. However, patients in the VA‑ECMO–LVAD group more frequently required re-sternotomy (25% vs 9.5%, 
p < 0.05), had a longer duration of postoperative mechanical ventilation (1.79-fold, p < 0.05), more often required 
renal replacement therapy (2.5-fold, p = 0.166), and had significantly longer ICU stays (2.75-fold, p = 0.041). In 
the VA‑ECMO–LVAD group, the incidence of severe acute right ventricular dysfunction was significantly higher 
(25.0% vs 9.5%, p = 0.016). No significant difference in postoperative hospital mortality was observed between 
the two groups. Conclusion. Emergency implantation of an LVAD system in children with critical hemodynamic 
instability requiring preoperative short-term MCS using peripheral VA-ECMO has demonstrated high effectiveness. 
However, careful consideration should be given to the presence and severity of multiple organ dysfunction before 
and after LVAD implantation, as well as perioperative blood loss. These factors largely determine the anesthetic 
and resuscitative management strategies, as well as the immediate outcomes of long-term MCS.
Keywords: pediatric heart failure, heart transplantation, mechanical circulatory support, VA-ECMO, 
left  ventricular assist device, right ventricular dysfunction.
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Introduction
Heart transplantation (HT) remains the primary surgi-

cal treatment for children of various age groups with end-
stage chronic heart failure (CHF) [1]. More than 30% of 
children who are candidates for HT require some form 
of mechanical circulatory support (MCS), either short-
term or long-term, due to refractoriness to drug therapy 
[2]. The choice of MCS method in children depends on 
multiple factors, including the urgency of intervention, 
the type and severity of intracardiac hemodynamic dis-
orders, the degree of organ dysfunction, and the child’s 
anthropometric parameters [3]. In recent years, there 
has been a marked increase in the implantation of left 

ventricular assist device (LVAD) systems not only in 
adolescents and middle-aged children but also in younger 
and smaller patients [4, 5].

In children with severe systemic hemodynamic dis-
orders, veno-arterial extracorporeal membrane oxygena-
tion (VA-ECMO) with central or peripheral cannulation 
remains the most commonly used method of short-term 
MCS. This technique enables rapid restoration of he-
modynamics and stabilization of the patient’s clinical 
condition [6]. In both adults and children presenting 
with critical hemodynamic instability corresponding to 
INTERMACS level I, VA-ECMO serves as an effective 
bridge to long-term MCS, including implantable left 
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ventricular assist devices (iLVAD), or to heart transplan-
tation [7, 8]. However, emergency LVAD implantation 
in pediatric patients at INTERMACS level I who require 
preoperative VA-ECMO is associated with an increased 
risk of postoperative complications and adverse outco-
mes [9].

The aim of this study was to investigate the peri-
operative course of emergency LVAD implantation in 
children with critical hemodynamic instability requiring 
pre-implantation peripheral VA-ECMO (pVA-ECMO) 
support (INTERMACS profile I).

Materials and Methods
The study included 25 patients (<18 years of age), 

comprising 12 girls (48.0%) and 13 boys (52.0%), who 
had an LVAD implanted between 2021 and June 30, 
2024. In all cases, the HeartMate III LVAD system was 
used. The age of the patients ranged from 5 to 17 ye-
ars (mean 11.0 ± 3.5; median 11.5 [8.8; 14.0] years). 
Nine patients (36.0%) were between 5–10 years old, and 
sixteen (64.0%) were between 11–17 years old. Body 
weight ranged from 14.2 to 91 kg (mean 39.5 ± 20.2; 
median 34.5 [25.0; 54.0] kg), with 60% (n = 15) weig-
hing less than 40 kg. Height ranged from 115 to 187 cm 
(mean 150.3 ± 23.2; median 154.0 [129.5; 163.5] cm), 
and 32% (n = 8) were shorter than 130 cm. Body sur-
face area (BSA) ranged from 0.64 to 2.17 m2 (mean 
1.30 ± 0.47 m2), with 56% (n = 14) having a BSA below 
1.3 m2. Body mass index (BMI) ranged from 10.4 to 
26.2 kg/m2 (mean 18.2 ± 5.1 kg/m2).

The underlying cardiac pathologies leading to CHF 
were as follows: dilated cardiomyopathy in 22 patients 
(88.0%), hypertrophic cardiomyopathy in 2 (8.0%), and 
restrictive cardiomyopathy in 1 (4.0%).

The severity of pre-implantation CHF was classi-
fied according to the INTERMACS profiles: profile I in 
4 patients (16.0%), profile II in 9 (36.0%), and profile 
III in 12 (48.0%).

In 4 patients (16.0%), 2 girls and 2 boys aged 12–
14 years (mean 13.0 ± 0.8), pVA-ECMO was used prior 
to LVAD implantation due to critical systemic hemody-
namic disorders (INTERMACS profile I).

All patients (n = 25) were divided into two study 
groups based on the need for pVA-ECMO before LVAD 
implantation: the VAECMO–LVAD group (n = 4, 16.0%) 
and the LVAD group (n = 21, 84.0%). A comparative 
analysis was conducted to evaluate differences in pre-
implantation status, intraoperative parameters, and early 
postoperative outcomes between the two groups.

Data collection, statistical processing, and compara-
tive analysis were performed using Microsoft Excel and 
IBM SPSS Statistics software. Quantitative variables 
were expressed as mean ± standard deviation (M ± SD) 
for normally distributed data or as median and interquar-
tile range (Me [Q1; Q3]) for non-normally distributed 
data. The Student’s t-test or Mann–Whitney U test was 

applied for comparison of continuous variables, depen-
ding on data distribution. Categorical variables were pre-
sented as numbers (n) and percentages (%) of the number 
of observations. For small sample sizes, quantitative 
observations were analyzed using Fisher’s exact test.

Study results
The VA-ECMO–LVAD group (n = 4; 16.0%) did not 

differ significantly from the LVAD group (n = 21; 84.0%) 
in terms of age, sex, or underlying disease (Table 1). 
In both groups, the proportion of female patients was 
approximately 50%.

Patients in the VA-ECMO–LVAD group had signi-
ficantly greater height, weight, BMI, and BSA compa-
red with those in the LVAD group. Consistent with the 
critical nature of their pre-implantation condition, these 
patients also exhibited more severe manifestations of 
CHF, as reflected by a higher NYHA functional class: 
4.0 ± 0.0 in the VA-ECMO–LVAD group versus 3.2 ± 0.7 
in the LVAD group (p = 0.01).

In three of the four patients in the VA-ECMO–LVAD 
group, cannulation and connection to the pVA-ECMO 
circuit were performed in the operating room, while in 
one patient, these procedures were carried out in the 
intensive care unit during cardiopulmonary resuscitation 
(CPR). In this case, restoration of spontaneous cardiac 
activity and systemic hemodynamics was achieved only 
after initiation of extracorporeal support. The interval 
between the onset of conventional CPR and start of ex-
tracorporeal CPR was 24 minutes.

Prior to initiation of pVA-ECMO, systemic and 
central hemodynamic parameters in these patients 
(n = 4) were as follows: mean arterial pressure (mAP) – 
49.2 ± 5.3 mmHg, central venous pressure (CVP) – 
14.5  ±  4.9  mmHg, mean pulmonary artery pressure 
(mPAP) – 35.8 ± 12.7 mmHg, pulmonary artery wedge 
pressure (PAWP) – 27.8 ± 9.8 mmHg, and cardiac in-
dex (CI) – 1.46 ± 0.3 L/min/m2. All patients required 
cardiotonic therapy, including dopamine (7.4 ± 2.1 μg/
kg/min, n = 3), dobutamine (5.8 μg/kg/min, n = 1), and 
adrenaline (40.8 ± 11.8 ng/kg/min, n = 3).

Before initiation of short-term MCS, echocardio-
graphic assessment showed a right ventricular size of 
2.9 ± 0.5 cm, left ventricular end-diastolic volume (LVE-
DV) of 223.5 ± 38.3 mL, and left ventricular ejection 
fraction (LVEF) of 21.3 ± 7.2%. Laboratory parameters 
were as follows: pH – 7.301 ± 0.08, base excess (BEb) – 
–4.5 ± 0.7 mmol/L, blood lactate – 4.9 ± 1.4 mmol/L, 
urea – 9.9 ± 8.4 (7.4 [5.41; 11.9]) mmol/L, creatini-
ne – 62.8 ± 40.2 (57.9 [33.9; 126.65]) μmol/L, total 
bilirubin – 84.8 ± 49.8 (84.6 [38.23; 100.5]) μmol/L, 
ALT – 502.6 ± 583.0 (300.5 [153.5; 649.0]) U/L, AST – 
104.7 ± 47.6 (95.5 [80.75; 112.75]) U/L, and INR – 
2.04 ± 0.22 (1.90 [1.93; 2.06]).

The duration of pVA-ECMO before LVAD implan-
tation was 3.8 ± 0.9 days, with an extracorporeal blood 
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Table 1
Demographic, anthropometric, and clinical characteristics of children before implantation of a left 

ventricular assist device (n = 25)
Indicator Patient group p-value

VA-ECMO–LVAD LVAD
Count (n) 4 21
Age, years
M ± ο
Me [Q1; Q3]

13.0 ± 0.8
13.0 [12.75; 13.25]

10.6 ± 3.7
11.0 [7.0; 14.0]

0.253

Female
n/% 2/50.0 10/47.6 1.0

Height, cm
M ± ο
Me [Q1; Q3]

171.3 ± 15.2
172.5 [162.0; 181.75]

142.8 ± 20.5
144.0 [128.0; 158.0]

0.025

Weight, kg
M ± ο
Me [Q1; Q3]

68.3 ± 21.2
69.0 [54.5; 82.75]

34.1 ± 15.1
32.0 [21.0; 38.0]

0.004

BMI, kg/m2

M ± ο
Me [Q1; Q3]

22.7 ± 3.3
23.0 [20.7; 25.0]

15.5 ± 3.7
14.6 [12.9; 16.4]

0.006

Body surface area, m2

M ± ο
Me [Q1; Q3]

1.80 ± 0.36
1.80 [1.57; 2.04]

1.17 ± 0.33
1.20 [0.89; 1.35]

0.008

Heart disease:
DCM, n/%
HCM, n/%
RCM, n/%
Other, n/%

4/100
0/0.0
0/0.0
0/0.0

17/80.9
1/4.8
1/4.8
2/9.5

1.00

Chronic HF severity (Strazhesko–Vasilenko 
classification)
Stage IIa, n/%
Stage IIb, n/%
Stage 3, n/%

0/0.0
1/25.0
3/75.0

0/

6/2.8.6
11/52.4
4/19.0

NYHA functional classification
III
IV
M ± ο
Me [Q1; Q3]

0/0.0
4/100

4.0 ± 0.0
0/0.0

16/76.2
5/23.8

3.1 ± 0.7
0/0.0

0.010

INTERMACS, level
I, n/%
II, n/%
III, n/%
IV, n/%
M ± ο
Me [Q1; Q3]

4/100
0/0.0
0/0.0
0/0.0

4.0 ± 0.0
4.0 [4.0; 4.0]

0/0.0
10/47.6
10/47.6
1/4.8

2.6 ± 0.6
3.0 [2.0; 3.0]

<0.0001

Abbreviations: VA-ECMO, veno-arterial extracorporeal membrane oxygenation; LVAD, left ventricular assist device; BMI, 
body mass index; DCM, dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; RCM, restrictive cardiomyopathy; 
HF, heart failure; NYHA, New York Heart Association; INTERMACS, Interagency Registry for Mechanically Assisted Cir-
culatory Support.

flow rate of 3.2 ± 0.9 L/min, or 1.8 ± 0.4 L/min/m2. 
Before LVAD implantation, total bilirubin decreased to 
69.6 ± 38.5 (69.15 [38.23; 100.5]) μmol/L (p = 0.648), 
ALT to 308.2 ± 370.0 (183.45 [89.18; 402.55]) U/L 
(p = 0.746), and AST to 68.8 ± 26.8 (62.10 [50.40; 
80.44]) U/L (p = 0.241). A downward trend was also 
observed in international normalized ratio (INR) values 
to 1.71 ± 0.21 (1.65 [1.58; 1.78]) (p = 0.073), although 
these changes were not statistically significant.

In the LVAD-only group, 10 (47.6%) of 21 patients 
required intravenous cardiotonic therapy prior to implan-
tation. Dopamine was administered in 6 patients (28.6%) 
at dosages of 2–12 μg/kg/min (mean 4.3 ± 3.9; median 
3.0 [2.0; 4.0] μg/kg/min), and dobutamine in 4 patients 
(19.0%) at dosages of 1–5 μg/kg/min (mean 3.2 ± 1.8; 
median 3.0 [2.25; 4.0] μg/kg/min). The duration of pre-
implantation cardiotonic therapy ranged from 1–16 days, 
averaging 3.7 ± 1.9 days (median 2.75 [2.0; 5.0]).
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A comparative analysis of the pre-implantation sta-
tus of patients in both groups revealed no statistically 
significant intergroup differences in central or systemic 
hemodynamic parameters (Table 2). However, patients in 
the VA-ECMO–LVAD group showed significantly lower 
levels of hemoglobin, erythrocytes, thrombocytes, and 
lactate in mixed venous blood, accompanied by signifi-
cantly higher levels of leukocytes, total bilirubin, ALT, 
AST, and INR prior to LVAD implantation.

LVAD implantation was performed in all patients un-
der cardiopulmonary bypass (CPB) conditions. The two 
groups did not differ significantly in CPB duration, doses 
of sympathomimetic cardiotonics, or the need for intra-
operative inhaled nitric oxide therapy (Table 3). Howe-
ver, patients in the VA-ECMO–LVAD group exhibited 

a greater, though not statistically significant (p > 0.05), 
intraoperative blood loss and higher transfusion volumes.

Analysis of the postoperative period revealed that, 
despite the absence of differences in postoperative blood 
loss, patients in the VA-ECMO–LVAD group more often 
required re-sternotomy (25% vs. 9.5%, p < 0.05), had a 
1.79-fold longer duration of postoperative mechanical 
ventilation (p < 0.05), a 2.5-fold higher need for renal 
replacement therapy (p = 0.166), and a 2.75-fold longer 
ICU stay (p = 0.041) compared with the LVAD group 
(Table 4).

In the VA-ECMO–LVAD group, the incidence of se-
vere acute right ventricular failure (ARVF) was signifi-
cantly higher compared with the LVAD group (25.0% 
vs. 9.5%, p = 0.016). 

Table 2
Laboratory and biochemical parameters of children before implantation of a left ventricular bypass 

system (n = 25)
Indicator Patient group p-value

VA-ECMO–LVAD LVAD
Count (n) 4 21
mAP, mmHg
M ± ο
Me [Q1; Q3]

69.8.0 ± 5.3
69.5 [66.25; 73.0]

66.0 ± 12.1
66.0 [62.0; 70.0]

0.548

HR, in min
M ± ο
Me [Q1; Q3]

127.0 ± 43.0
133.5 [106.25; 154.25]

94.5 ± 21.5
95.0 [86.0; 106.0]

0.028

RAP, mmHg
M ± ο
Me [Q1; Q3]

7.3 ± 5.0
7.5 [4.50; 11.25]

9.8 ± 4.7
9.0 [8.0; 11.0]

0.344

mPAP, mmHg
M ± ο
Me [Q1; Q3]

28.2 ± 19.0
25.0 [23.0; 34.75]

30.4 ± 13.3
25.0 [20.0; 38.0]

0.853

PCWP, mmHg
M ± ο
Me [Q1; Q3]

19.5 ± 10.1
17.0 [15.5; 26.0]

22.1 ± 9.3
20.0 [16.0; 27.0]

0.675

TPG, mmHg
M ± ο
Me [Q1; Q3]

8.7 ± 4.5
9.5 [6.5; 11.45]

8.3 ± 5.8
6.0 [5.0; 11.0]

0.767

CI
M ± ο
Me [Q1; Q3]

1.86 ± 0.98
1.64 [1.16; 2.38]

1.91 ± 0.55
1.9 [1.60; 2.60]

0.850

PVR, Wood’s unit
M ± ο
Me [Q1; Q3]

2.61 ± 1.26
2.56 [1.50; 3.88]

3.74 ± 2.38
2.71 [1.73; 6.23]

0.208

Hemoglobin, g/L
M ± ο
Me [Q1; Q3]

97.8 ± 9.4
96.0 [91.25; 102.5]

122.1 ± 14.7
122.0 [111.0; 133.0]

0.004

RBC, ×1012/L
M ± ο
Me [Q1; Q3]

3.71 ± 0.93
3.52 [3.33; 3.91]

4.47 ± 0.54
4.60 [4.13; 4.80]

0.030

WBC, ×109/L
M ± ο
Me [Q1; Q3]

12.5 ± 4.3
12.0 [9.58; 14.88]

7.94 ± 1.85
7.70 [6.40; 9.10]

0.019

Platelets, ×109/L
M ± ο
Me [Q1; Q3]

94.0 ± 60.3
100.5 [59.0; 135.50]

285.1 ± 89.1
284.0 [202.0; 344.0]

0.0002
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Indicator Patient group p-value
VA-ECMO–LVAD LVAD

Urea, mmol/L
M ± ο
Me [Q1; Q3]

9.9 ± 8.4
7.40 [5.41; 11.88]

7.8 ± 3.8
7.10 [4.99; 9.02]

0.344

Creatinine, μmol/L
M ± ο
Me [Q1; Q3]

62.8 ± 40.2
57.88 [83.99; 86.65]

53.3 ± 10.7
52.00 [48.6; 60.7]

0.334

Total bilirubin, μmol/L
M ± ο
Me [Q1; Q3]

69.6 ± 38.5
69.15 [38.23; 100.5]

18.7 ± 7.4
16.38 [13.20; 24.23]

0.002

ALT, U/L
M ± ο
Me [Q1; Q3]

308.2 ± 370
183.45 [89.18; 402.55]

52.7 ± 100.0
22.3 [10.3; 31.6]

0.0044

AST, U/L
M ± ο
Me [Q1; Q3]

68.8 ± 26.8
62.10 [50.40; 80.44]

58.8 ± 66.5
33.0 [25.19; 47.0]

0.081

Total protein, g/L
M ± ο
Me [Q1; Q3]

65.1 ± 4.3
66.25 [53.88; 67.45]

69.0 ± 7.5
70.0 [63.40; 76.30]

0.236

INR
M ± ο
Me [Q1; Q3]

1.71 ± 0.21
1.65 [1.58; 1.78]

1.41 ± 0.46
1.30 [1.10; 1.15]

0.029

pH (venous)
M ± ο
Me [Q1; Q3]

7.38 ± 0.08
7.40 [7.30; 7.40]

7.37 ± 0.08
7.40 [7.30; 7.42]

0.821

Base excess (BE), mmol/L
M ± ο
Me [Q1; Q3]

–0.31 ± 2.66
–0.30 [–0.95; 1.15]

0.65 ± 3.65
1.10 [–2.03; 3.73]

0.624

Sodium (Na), mmol/L
M ± ο
Me [Q1; Q3]

138.8 ± 8.4
136.0 [135.00; 139.75]

135.9 ± 3.4
136.0 [134.00; 137.00]

0.85

Lactate, mmol/L
M ± ο
Me [Q1; Q3]

1.50 ± 0.57
1.30 [1.10; 1.70]

1.05 ± 0.37
1.0 [0.80; 1.10]

0.041

PvO2, mmHg
M ± ο
Me [Q1; Q3]

39.4 ± 6.4
39.00 [35.15; 43.25]

36.7 ± 5.9
35.6 [36.50; 44.00]

0.543

SvO2, %
M ± ο
Me [Q1; Q3]

70.05 ± 5.82
69.25 [65.35; 73.95]

61.39 ± 9.61
59.40 [54.80; 64.90]

0.045

Abbreviations: VA-ECMO, veno-arterial extracorporeal membrane oxygenation; LVAD, left ventricular assist device; mAP, 
mean arterial pressure; HR, heart rate; RAP, right atrial pressure; mPAP, mean pulmonary artery pressure; PCWP, pulmonary 
capillary wedge pressure; TPG, transpulmonary gradient; CI, cardiac index; PVR, pulmonary vascular resistance; RBC, red 
blood cells; WBC, white blood cells; ALT, alanine aminotransferase; AST, aspartate aminotransferase; INR, international 
normalized ratio; PvO2, mixed venous partial pressure of oxygen; SvO2, mixed venous oxygen saturation.

End of Table 2

Table 3
Intraoperative parameters in children undergoing LVAD implantation  

(n = 25)
Indicator Patient group p-value

VA-ECMO–LVAD LVAD
Count (n) 4 21
CPB duration
M ± ο
Me [Q1; Q3]

80.5 ± 18.0
75.0 [67.0; 88.50]

87.9 ± 42.6
78.0 [69.00; 90.00]

0.739

Intraoperative blood loss, mL
M ± ο
Me [Q1; Q3]

1375.0 ± 914.2
1200.0 [800.0; 1775.0]

605.3 ± 624.7
400.0 [300.0; 700.0]

0.046
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Table 4
Postoperative parameters in children after LVAD implantation (n = 25)

Indicator Patient group p-value
VA-ECMO–LVAD LVAD

Count (n) 4 21
Resternotomy
n/% 1/25 2/9.5 0.016

Blood loss, mL
M ± ο
Me [Q1; Q3]

400.0 ± 173.2
300.00 [300.00; 375.00]

397.9 ± 164.9
320.00 [300.00; 500.00]

0.991

Mechanical ventilation, hours
M ± ο
Me [Q1; Q3]

21.3 ± 13.1
17.50 [6.25; 27.0]

11.89 ± 7.2
7.0 [5.0; 19.0]

0.047

Adrenaline therapy, days
M ± ο
Me [Q1; Q3]

5.0 ± 4.2
3.0 [2.50; 5.50]

4.2 ± 2.9
3.5 [2.0; 5.75]

0.641

Right ventricular bypass
n/% 1/25 2/9.5 0.016

RRT (CVVHDF)
n/% 2/50 3/14.3 0.166

WBC (max), ×109/L
M ± ο
Me [Q1; Q3]

18.9 ± 9.6
16.00 [14.55; 19.75]

16.1 ± 5.6
16.5 [13.05; 19.45]

0.421

Platelets (min), ×109/L
M ± ο
Me [Q1; Q3]

55.0 ± 52.4
77.0 [33.5; 115.25]

108.6 ± 43.1
40.0 [52.5; 133.50]

0.027

Indicator Patient group p-value
VA-ECMO–LVAD LVAD

RBC transfusion
n/%
mL

4/100
692.5 ± 167.4

650.0 [607.50; 735.00]

13/61.9
422.4 ± 149.1

340.0 [310.0; 602.5]

0.001

FFP transfusion,
n/%
mL

4/100
1102.5 ± 347.6

1230.0 [1005.0; 1327.5]

21/100
767.7 ± 264.8

760.0 [570.0; 1000.0]
0.001

Platelet transfusion
n/%
mL

3/75.0
276.7 ± 40.4

300.0 [265.0; 300.0]

4/19.0
185.0 ± 69.5

185.0 [127.5; 242.5]
0.019

iNO therapy
n/%
ppm

4/100
17.5 ± 5.0

20.0 [17.5; 20.0]

12/57.1
20.3 ± 6.9

20.0 [19.28; 20.00]

0.260

Adrenaline (end of surgery)
n/%
mcg/kg/min

3/75.0
30.0 ± 10.0

30.0 [25.0; 35.0]

8/38.1
28.9 ± 23.7

20.0 [10.0; 40.0]

0.288
0.929

Dopamine (end of surgery)
n/%
mcg/kg/min

4/100
5.8 ± 0.5

6.0 [5.75; 6.00]

12/57.1
4.6 ± 2.4

4.0 [4.0; 4.0]

0.260
0.337

Dobutamine (end of surgery)
n/%
mcg/kg/min

1/25
2.0

7/33.1
4.1 ± 2.3

20.0 [10.0; 40.0]

0.267

Abbreviations: VA-ECMO, veno-arterial extracorporeal membrane oxygenation; LVAD, left ventricular assist device; CPB, 
cardiopulmonary bypass; RBC, red blood cell; FFP, fresh frozen plasma; iNO, inhaled nitric oxide.

End of Table 3
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End of Table 4

Indicator Patient group p-value
VA-ECMO–LVAD LVAD

Hemoglobin (Hb), g/dL
M ± ο
Me [Q1; Q3]

7.8 ± 0.8
8.30 [7.68; 8.70]

8.1 ± 0.9
7.8 [7.4; 8.60]

0.542

Urea (max), mmol/L
M ± ο
Me [Q1; Q3]

19.4 ± 5.4
17.60 [11.53; 22.50]

10.6 ± 6.9
9.40 [6.71; 15.85]

0.025

Creatinine (max), μmol/L
M ± ο
Me [Q1; Q3]

92.7 ± 24.8
78.5 [65.89; 91.75]

68.9 ± 20.4
68.0 [49.15; 83.85]

0.049

Total bilirubin (max), μmol/L
M ± ο
Me [Q1; Q3]

108.0 ± 41.5
87.00 [59.60; 117.75]

51.9 ± 41.0
46.10 [21.55; 71.50]

0.020

ALT (max), U/L
M ± ο
Me [Q1; Q3]

418.9 ± 380.2
180.2 [68.99; 446.2]

128.6 ± 218.9
41.3 [27.15; 125.50]

0.041

AST (max), U/L
M ± ο
Me [Q1; Q3]

109.7 ± 62.6
109.9 [79.0; 147.09]

127.6 ± 79.7
135.1 [79.40; 200.85]

0.677

Total protein (min), g/L
M ± ο
Me [Q1; Q3]

59.7 ± 3.2
59.00 [56.74; 61.25]

62.6 ± 6.5
60.0 [55.93; 64.65]

0.398

INR (max)
M ± ο
Me [Q1; Q3]

2.17 ± 0.56
1.80 [1.48; 2.25]

1.70 ± 0.35
1.60 [1.50; 2.00]

0.035

ICU stay, days
M ± ο
Me [Q1; Q3]

10.8 ± 4.4
11.00 [7.50; 14.25]

5.3 ± 4.7
4.0 [2.00; 6.00]

0.041

In-hospital mortality
n/% 0/0.0 3/14.3 1.000

Abbreviations: ALV, artificial ventilation of the lungs; RRT, renal replacement therapy; CVVHDF, continuous venovenous he-
modiafiltration; WBC, white blood cells; ALT, alanine aminotransferase; AST, aspartate aminotransferase; INR, international 
normalized ratio; ICU, intensive care unit.

This hemodynamic complication developed in one 
patient in the VA-ECMO–LVAD group. To ensure ade-
quate LVAD performance, the patient was transitioned 
from pVA-ECMO to a transcutaneous paracorporeal 
right ventricular assist circuit using the right femoral 
vein–right internal jugular vein configuration, with return 
cannulation into the pulmonary artery according to the 
previously described technique [10]. ARVD also occur-
red in two patients in the LVAD group. In the first case, 
transcutaneous paracorporeal right ventricular bypass 
was performed, while in the second case – due to the 
child’s small anthropometric parameters – a paracor-
poreal right ventricular bypass with central cannulation 
was used, following the right atrium–pulmonary artery 
configuration. Patients in the VA-ECMO–LVAD group 
showed more pronounced clinical and laboratory signs 
of hepatorenal syndrome in the postoperative period. 
However, no significant differences in in-hospital post-
operative mortality were observed between the groups.

Discussion
Implantable LVADs have become an increasingly 

popular method of long-term MCS not only in adults 
but also in children. This trend is largely driven by con-
tinuous technological advancements, including device 
miniaturization, enhanced hemocompatibility, and im-
proved thromboresistant properties, which collectively 
allow for a reduction in the intensity of anticoagulant and 
antiplatelet therapy. These improvements have contribu-
ted to a lower incidence of thrombotic and hemorrhagic 
complications, as well as a prolonged duration of assisted 
circulation [11].

According to the Pedimacs international registry 
(2024, 2025), implantable LVADs are now the leading 
modality of long-term MCS in pediatric patients, accoun-
ting for approximately 37–39% of all cases [12, 13]. The 
introduction of the HeartWare® Ventricular Assist Device 
(HVAD) into clinical practice has further expanded the 
feasibility of long-term MCS in children with smaller 
anthropometric parameters [14]. Notably, growing clini-
cal experience has demonstrated the safety and efficacy 
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of LVAD implantation in children with a body surface 
area below 1.3 m2 [15].

Many factors determine the immediate and long-term 
outcomes of LVAD implantation, including the severity 
of preimplantation CHF, degree of organ dysfunction, 
and urgency with which MCS is initiated [16]. The op-
timal timing for LVAD implantation in patients with 
CHF is before the onset of cardiogenic shock or acute 
decompensation of CHF [17]. Nevertheless, in about 
half of patients, the preimplantation hemodynamic sta-
tus corresponds to INTERMACS profiles I–II [18]. The 
appropriateness of LVAD implantation in patients with 
critical hemodynamic disorders (cardiogenic shock, acu-
te decompensation of CHF) remains a subject of debate, 
as these patients have increased risk of intraoperative and 
early postoperative complications [19], including right 
ventricular dysfunction, cerebrovascular and infectious 
events, pump thrombosis, and hemolysis [17]. Important-
ly, the clinical efficacy of LVAD support is significantly 
lower in patients presenting with preimplantation multi-
ple dysfunction, primarily liver dysfunction/insufficiency 
arising from severe decompensated CHF [20].

Prior to LVAD implantation, 51–87% of patients with 
hemodynamic profiles corresponding to INTERMACS 
level I require pVA-ECMO. This intervention is indica-
ted in cases of cardiogenic shock and/or life-threatening 
cardiac arrhythmias refractory to antiarrhythmic therapy 
[21, 22]. The principal causes of such severe preimplan-
tation hemodynamic compromise in patients with an 
INTERMACS profile I classification are acute myocar-
dial infarction, decompensated ischemic or dilated car-
diomyopathy, and acute myocarditis [22].

According to H.-Y. Fu et al. (2023), emergency LVAD 
implantation in children (median age, 9.6 years) was re-
quired in 72.7% of cases, with 66.7% of all patients – and 
91.7% of those with an INTERMACS I profile – recei-
ving preimplantation VA-ECMO support [23]. LVAD im-
plantation in patients presenting with cardiogenic shock 
but without prior short-term MCS is associated with 
high early postoperative mortality (23.8–28.6%) [24, 
25]. Therefore, LVAD implantation should be performed 
before the onset of cardiogenic shock and severe impair-
ment of organ perfusion, whereas patients with critical 
hemodynamic instability should undergo implantation 
following prior short-term MCS [26].

Short-term MCS prior to LVAD implantation enhan-
ces hemodynamic stability, restores organ perfusion, and 
mitigates multiple organ dysfunction, thereby improving 
the outcomes of subsequent long-term MCS [27, 28]. 
Several modalities of short-term MCS are used in pedi-
atric patients, with the choice determined by the nature 
and severity of central hemodynamic impairment and 
the patient’s anthropometric characteristics [29]. Among 
these, VA-ECMO with central or peripheral cannulation 
is the most widely employed, including in the pre-LVAD 
period [31, 32]. VA-ECMO provides both hemodynamic 

and respiratory support, particularly in the presence of 
pulmonary gas exchange disorders secondary to cardio-
genic shock [27]. The use of VA-ECMO as the primary 
method of extracorporeal life support (ELS) in critical 
hemodynamic states has enabled the implementation of 
the concepts of MCS continuity (“bridge-to-bridge”) and 
treatment optimization (“bridge-to-decision”) [33]. For 
prolonged pre-implantation MCS, lasting up to a month 
or more, mono- or biventricular bypass with central can-
nulation using the CentriMag perfusion system based on 
magnetic levitation technology is employed [34].

Acute ischemic injury leading to renal (“shock 
kidney”) and hepatic (“shock liver”) dysfunction is a 
strong predictor of mortality following LVAD implan-
tation [35]. LVAD implantation is contraindicated in 
patients with severe hyperbilirubinemia resulting from 
irreversible ischemic injury to the biliary epithelium and 
shock-induced secondary sclerosing cholangitis. Acute 
ischemic renal injury is associated with a high incidence 
(up to 45.5%) of renal replacement therapy (RRT) during 
the early postoperative period in patients who received 
pre-implantation short-term MCS. In our study, RRT was 
required 3.5 times more frequently after LVAD implan-
tation in children who underwent pre-implantation VA-
ECMO compared with those without prior MCS (50% 
vs. 14.3%). Nevertheless, pre-implantation VA-ECMO 
in patients with critical hemodynamic compromise is 
regarded as an important strategy to prevent the progres-
sion of renal failure in the post-implantation period [36].

Both in our study and in reports by other authors, the 
use of VA-ECMO prior to LVAD implantation contri-
buted to improved systemic hemodynamics (increased 
mAP and decreased CVP) and enhanced organ function, 
as reflected by reductions in total bilirubin, serum creati-
nine, and hepatic transaminases (ALT, AST) by the time 
of LVAD implantation [21]. In our study, the duration of 
pre-implantation VA-ECMO support ranged from 1 to 
16 days, with a mean of 3.7 ± 4.9 (1.00 [1.00; 5.00]) days. 
In other studies, the interval between initiation of short-
term MCS and subsequent LVAD implantation averaged 
4–7 days, which was attributed to the need for more 
sustained regression of multiple organ dysfunction [22].

D. Schibisky et al. (2017) reported that in 93.3% of 
patients receiving short-term MCS prior to LVAD im-
plantation, the pre-implantation clinical status improved 
to INTERMACS level III TCS (temporary circulatory 
support) with VA-ECMO use [22]. Similarly, J.B. Du-
rinka et al. (2014) recommended continuing short-term 
MCS until full normalization of organ function, with 
a median duration of 12.1 days [37]. However, other 
studies have highlighted the negative impact of prolon-
ged pre-implantation VA-ECMO on LVAD outcomes. 
D. Tsyganenko et al. (2019) showed that VA-ECMO 
exceeding 7 days prior to LVAD implantation is an inde-
pendent predictor of mortality in patients subsequently 
receiving long-term MCS [38]. Mortality among pati-
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ents with LVADs was 9.4 times higher (75% vs. 8%) 
when VA-ECMO was used for more than 14 days before 
implantation, compared with shorter durations of pre-
implantation support [37].

Volumetric overload of the left ventricle in the set-
ting of progressive systolic dysfunction is one of the 
recognized complications of short-term MCS using the 
VA-ECMO method prior to LVAD implantation. This 
condition may necessitate surgical interventions aimed 
at unloading the left heart chambers. For this purpose, 
an additional drainage cannula can be inserted either 
through a minithoracotomy or by percutaneous trans-
septal puncture [39]. In  the latter case, the resulting 
atrial septal defect is subsequently closed after LVAD 
implantation by percutaneous insertion of an intracardiac 
occluder.

The incidence of multiple organ failure (renal and/or 
hepatic dysfunction), as well as hemorrhagic and infec-
tious complications (leukocytosis, pneumonia, bactere-
mia), following LVAD implantation is higher in patients 
who required pre-implantation VA-ECMO. This is attri-
buted not only to the specific characteristics of this short-
term MCS method but also to more severe preoperative 
disturbances in hemodynamics, hemostasis, and organ 
function [39]. Decreased hemoglobin and platelet levels 
during VA-ECMO increase the risk of hemorrhagic com-
plications and contribute to greater intraoperative blood 
loss during subsequent LVAD implantation [39]. Con-
sistent with previous studies [5], our findings demonst-
rated increased intraoperative blood loss, higher rates of 
re-sternotomy, and greater transfusion requirements in 
patients with pre-implantation VA-ECMO. These factors 
may explain the longer duration of postoperative mecha-
nical ventilation and ICU stay observed in this subgroup 
of patients with implantable LVAD.

Acute right ventricular failure (ARVF) develops in 
6–40% of patients after LVAD implantation. This com-
plication occurs more frequently in patients presenting 
with pre-implantation cardiogenic shock and is associ-
ated with several factors, including hemodynamic in-
stability, elevated CVP, dependence on cardiotonic and 
vasopressor support, and the need for mechanical venti-
lation. In cases of severe hemodynamic compromise due 
to ARVF developing against the background of left ven-
tricular failure, temporary paracorporeal right ventricular 
bypass or continuation of pre-implantation VA-ECMO in 
the early post-implantation period is indicated [22, 36].

The use of VA-ECMO before LVAD implantation 
helps to prevent post-implantation ARVF by improving 
systemic hemodynamics, reducing elevated CVP, and 
facilitating weaning from mechanical ventilation to 
spontaneous breathing. Given the high risk of ARVF 
in patients with INTERMACS profile I, several studies 
recommend maintaining VA-ECMO support for the first 
four days after LVAD implantation [36]. In our study, 
severe ARVF developed significantly more often in the 

VA-ECMO–LVAD group, which may be related to the 
shorter duration of VA-ECMO use prior to LVAD im-
plantation compared with other reports. We believe that 
paracorporeal right ventricular bypass represents a more 
effective MCS method for ARVF occurring after LVAD 
implantation, as it provides superior hemodynamic con-
ditions for optimal LVAD performance.

In the absence of recovery of right ventricular func-
tion sufficient to ensure adequate LVAD performance, 
urgent heart transplantation is indicated [42]. Delayed 
initiation of right ventricular bypass adversely affects not 
only the outcomes of LVAD implantation but also those 
of subsequent urgent heart transplantation in cases of 
irreversible right ventricular dysfunction [43].

Our study did not reveal a negative impact of urgent 
LVAD implantation or pre-implantation VA-ECMO use 
on the immediate outcomes of long-term MCS in child-
ren.

Conclusion
Our experience confirms the high efficacy of urgent 

left ventricular assist device implantation in pediatric 
patients with critical hemodynamic instability requiring 
preoperative short-term mechanical circulatory support 
using peripheral veno-arterial extracorporeal membrane 
oxygenation. The presence and severity of multiple organ 
dysfunction, both before and after LVAD implantation, 
as well as the extent of perioperative blood loss, must 
be carefully considered, as these factors critically influ-
ence anesthetic management, postoperative intensive 
care strategies, and the immediate outcomes of long-term 
mechanical circulatory support.
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Objective: to assess the gas transport performance of new polypropylene (PP) membranes manufactured by 
Cobetter Filtration® (China) for use in extracorporeal circulation, and to compare their efficacy with the original 
3M® PP membrane (USA) using both an extracorporeal hydrodynamic test bench and in vivo animal experiments. 
Materials and methods. Three experimental groups were established for bench and animal testing: a) Experi-
mental – PP membrane 380/280 (n = 3); b) Experimental – PP membrane 300/200 (n = 3); c) Control – original 
3M® PP membrane (n = 3). A total of 18 oxygenators were evaluated, including 12 experimental oxygenators 
with the Cobetter Filtration® membranes and 6 control oxygenators with 3M® membranes. The primary outcome 
was the oxygenation index (OI), reflecting the gas transport function of the membrane oxygenators. Results. 
During bench testing, the OI of the PP 300/200 membrane decreased from 509 ± 27 at baseline to 422 ± 31 after 
240 minutes, showing no significant difference compared with the PP 380/280 membrane, which decreased from 
487 ± 15 to 385 ± 20 (p > 0.05). In contrast, oxygenators with the original 3M® membrane exhibited significantly 
higher OI values, declining from 713 ± 46 to 612 ± 39 over the same period. In animal experiments, the initial OI 
in the 3M® control group exceeded the threshold of 300, measuring 439 ± 13, whereas the experimental groups 
recorded lower values: 392 ± 27 (PP 380/280) and 411 ± 8 (PP 300/200), with p < 0.05. By 60 minutes, OI va-
lues were similar across all groups (p = 1). At the end of the 5-hour acute observation, OI values were 325 ± 29 
(PP 380/280) and 355 ± 33 (PP 300/200), with no statistically significant difference between the experimental 
groups (p > 0.05). Conclusion. The experimental PP membranes demonstrated comparable effectiveness to the 
original 3M® products, suggesting their potential for enhancing the safety and biocompatibility of extracorporeal 
circulation procedures.
Keywords: transplantology, perfusion physiology, artificial circulation, membrane oxygenation, 
polypropylene membrane.
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INTRODUCTION
Today, membrane oxygenation is an essential tech-

nique for maintaining gas exchange during cardiac sur-
gery. Despite the long evolution of this life-saving tech-
nology, polypropylene (PP) membranes have attracted 
intense research interest due to their unique properties, 
such as high chemical resistance, relatively low cost, and 
favorable mechanical strength [1].

Historically, research in the field of membrane oxyge-
nation has been directed toward identifying the optimal 
material for gas exchange and achieving the ideal balance 
between biocompatibility and non-traumatic interaction 
with blood cells, which has been an enduring challenge. 
These efforts led to the development of disc, screen, 
bubble, and film oxygenators for extracorporeal gas ex-

change in cardiac surgery, paralleling the rapid rise of 
cardiac surgery as a distinct medical specialty [2–4].

In the early stages of development, various materi-
als such as cellophane and polyethylene were used as 
gas exchange surfaces. However, the bubble direct-flow 
oxygenator, developed and commercialized by Richard 
DeWall and C. Walton Lillehei in 1955, became a life-sa-
ving device that dominated clinical practice for the next 
25 years [5]. It was only natural that bubble oxygenators 
were eventually replaced by membrane oxygenators, a 
transition made possible by the introduction of micro-
porous materials with unique properties [6].

The first commercially available microporous Tef-
lon-based oxygenator, developed by Baxter-Travenol™ 
(USA), represented a major technological milestone. 
Distinguished by its pronounced hydrophobicity, it en-
sured complete separation between the gas phase and the 
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patient’s blood while also providing thermoregulatory 
functionality [7–9]. Shortly thereafter, Cobe Laboratories 
(USA) introduced the Variable Prime Cobe Membrane 
Lung™, based on a porous PP membrane, which close-
ly resembles modern designs [10, 11]. From that point 
forward, within just 5–10 years, the global adoption of 
extracorporeal blood oxygenation technology based on 
PP membranes expanded rapidly – a dominance that 
continues to define clinical practice today.

The experience gained from commercially successful 
products and the findings of international research groups 
demonstrate that PP is a unique material with remarkable 
biocompatibility. It elicits no immune response upon 
contact with the body’s internal environment and indu-
ces minimal production of pro-inflammatory cytokines. 
Furthermore, its pronounced hydrophobicity prevents 
the adhesion of blood cells, thrombus formation, and 
plasma proteins, thereby broadening the safe operatio-
nal range of oxygenators utilizing PP membranes, even 
under challenging conditions such as high hematocrit 
or thrombocytosis. These properties are essential for 
ensuring the safety and efficacy of PP-based systems in 
extracorporeal circulatory support [12].

The chemical properties of PP play a crucial role in 
its suitability for medical applications:
1.	 Chemical inertness

–	 PP has high chemical inertness, remaining re-
sistant to a wide range of chemicals, including 
acids and alkalis. This stability prevents adverse 
reactions with blood components or other agents 
present within the oxygenation circuit.

2.	 Corrosion resistance
–	 PP is not prone to corrosion, which makes it 

highly reliable for prolonged use. Since oxyge-
nators operate in complex environments where 
various fluids may coexist with blood, corrosion 
resistance is a critical criterion.

3.	 Surface modifiability
–	 The surface of PP membranes can be chemically 

modified to enhance their properties. For in-
stance, increasing the hydrophilicity of the mem-
brane surface improves its compatibility with 
blood and reduces the risk of thrombosis. Such 
modifications may involve the addition of speci-
fic functional groups or the use of polymeric or 
inorganic coatings.

4.	 Thermal stability
–	 PP has a broad range of thermal stability, al-

lowing its safe use under various temperature 
conditions. This is important because sterilizati-
on protocols typically involve exposure to high 
temperatures.

5.	 Porosity
–	 PP membranes can be manufactured with con-

trolled porosity, enabling optimization of their 
gas exchange capacity. The porous architecture 

enhances oxygen permeability, facilitating more 
efficient gas transfer between the blood and gase-
ous environments [13, 14].

At present, the leading global manufacturer of mem-
branes and materials for extracorporeal blood circulation 
and oxygenation systems is 3M® (USA), which effec-
tively maintains a dominant position in the production 
of polymer materials. However, interest in this field is 
expanding rapidly within the international medical de-
vice industry. Notably, Cobetter Filtration® (China) has 
achieved substantial progress through continuous refi-
nement of the physical and chemical properties of PP 
membranes. The main directions of such improvements 
include optimization of structural porosity, as well as 
application of polymeric and inorganic surface coatings 
with tunable characteristics.

The objective of this international study is to in-
vestigate the performance of a modified PP membrane, 
assess its functional effectiveness, and conduct a compa-
rative analysis of its gas exchange characteristics relative 
to the standard 3M® membrane.

RESEARCH DESIGN
Two types of PP membranes under investigation were 

supplied by Cobetter Filtration™, while the prototype 
oxygenators were assembled at a certified production 
facility with the technical support of Special and Medical 
Equipment™. The specifications of the test samples are 
presented in Table.

The tests were conducted at Shumakov National Me-
dical Research Center of Transplantology and Artificial 
Organs in Moscow and included two sequential stages: 
bench tests and research on an experimental model of 
large animals. All membrane samples underwent mole-
cular and microscopic diagnostics. The electron micro-
scopy findings for PP membrane 300/200 are presented 
in Fig. 1.

In addition, infrared radiation analysis was perfor-
med during the membrane study (Fig. 2). The results 
confirmed that the quality parameters of all tested mem-
branes were fully consistent with international reference 
data [15].

Table
Main characteristics of experimental polypropylene 

membranes
Specification PP 380/280 

membrane
PP 300/200 
membrane

Wall thickness (μm) 50 ± 10 50 ± 10
Outer diameter (μm) 380 ± 20 300 ± 20
Inner diameter (μm) 280 ± 20 200 ± 20
Tensile strength (cN) ≥150 ≥150
Elongation at break (%) ≥400 ≥400
Nitrogen flow (ml/cm2·min·bar) 50 ± 30 50 ± 30
Number of capillaries (cap/cm) 16.7 ± 1 20.5 ± 1
Angle ratio (°) >12 >12
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Fig. 1. Electron microscopy of PP 300/200 membrane

Fig. 2. Fourier transform infrared (FTIR) spectra of a PP fiber 
sample

Fig. 3. Diagram of the low-volume hydrodynamic test bench. 
1 – Reservoir with donor whole blood; 2 – Centrifugal pump 
of the ECMO device; 3 – Flow, temperature, and bubble sen-
sor; 4 – Deoxygenator; 5 – Source of deoxygenated gas mix-
ture; 6 – Pressure sensor #1 and sampling port #1; 7 – Tes-
ted oxygenator; 8 – Temperature control device; 9 – Oxygen 
mixture source; 10  – Pressure sensor #2 and sampling  
port #2

A sheep model was selected for the in vivo evalua-
tion of the experimental membrane samples. A total of 
nine Romanov sheep (n = 9), each weighing 30–35 kg, 
were included in the study and divided into groups. All 
animal experiments were approved by the Committee 
on Biological Safety and Bioethics and conducted in 
accordance with the European Convention for the Pro-
tection of Vertebrate Animals Used for Experimental and 
Other Scientific Purposes and Directive 2010/63/EU. The 
animals were maintained under controlled laboratory 
conditions: temperature 22 ± 2 °C, humidity 65%, and a 
12-hour light/dark cycle. Feeding and access to sterilized 
water were regulated according to physiological needs. 
A two-week quarantine period was observed prior to 
experimentation. Three groups were identified for the 
study: experimental (group 1, PP membrane 380/280, 
n = 3), experimental (group 2, PP membrane 300/200, 
n = 3), control (group 3, original PP membrane 3M®, 
n = 3). For bench testing, corresponding membrane 
groups with identical sample sizes and names were used 
for comparison.

MATERIALS AND METHODS
The first stage of experimental testing involved la-

boratory bench testing. A custom low-volume hydrody-
namic bench was constructed, incorporating an original 
Nipro® oxygenator (Japan) that enriched the blood with 
carbon dioxide to simulate venous blood (exhalation 
phase). The test oxygenator, equipped with a Cobetter 
Filtration™ membrane (Groups 1 and 2), and the re-
ference oxygenator with a 3M® membrane (Group 3) 
were supplied with pure oxygen. The perfusion circuit 
was filled with whole donor blood treated with a citrate 
anticoagulant. The configuration of the hydrodynamic 
setup is shown in Fig. 3.

As shown in the diagram above, a gas mixture of 5% 
CO2 and 95% N2 was delivered to the Nipro® oxyge-
nator at a flow rate of 700 mL/min, while pure oxygen 
was supplied to the test or control oxygenators at 1 L/
min. Blood circulated continuously at 37 °C and 1 L/
min. To evaluate the gas transport efficiency of each 
membrane – quantified as the oxygenation index (OI) – 
blood flow was increased to 3 L/min for 15 minutes. 
Pressure sensors were positioned before and after the 
oxygenator to monitor the pressure differential, which 
remained constant at 80 mmHg throughout the tests. 
Blood samples were collected hourly from both the inlet 
(venous) and outlet (arterial) ports for analysis. The test 
lasted 240 minutes.

After bench testing, we studied oxygenators on sheep 
in three groups, fully replicating the extracorporeal circu-
lation technique (infrared and cardiopulmonary bypass) 
used in cardiac surgery (Fig. 4).

The cardiopulmonary bypass (CPB) system was con-
nected following standard clinical protocols. The test 
lasted for five hours (300 minutes), with the volumetric 
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Fig. 4. Diagram of the extracorporeal circuit for artificial blood circulation

perfusion rate adjusted according to each animal’s weight 
and body surface area, ranging from 2.77 to 2.94 L/min. 
Gas flow rate was maintained at 1 L/min with an FiO2 of 
0.5. All blood parameters were kept within physiological 
limits. Pressure gradients were continuously recorded be-
fore and after the oxygenator. Heparin was administered 
as the anticoagulant, with activated clotting time (ACT) 
maintained below 400 seconds. Mechanical ventilation 
was discontinued during CPB.

Statistical analysis was conducted using StatTech v. 
3.1.10 (StatTech LLC, Russia). The normality of quanti-
tative variables was assessed with the Shapiro–Wilk test 
(n < 50). Normally distributed data were summarized 
as mean (M) ± standard deviation (SD) with 95% con-
fidence intervals (CI). To compare three or more related 
groups, a one-way repeated-measures analysis of vari-
ance was used. Differences were considered statistically 
significant at p < 0.05.

RESULTS
As a result of bench testing, satisfactory blood oxygen 

saturation values were obtained for both types of new 
polypropylene membranes compared with the original 
3M® membrane. Fig. 5 illustrates the dynamics of oxygen 
concentration changes, corresponding to the calculated 
OI, after blood passage through the oxygenators with the 
tested membranes relative to the 3M® reference memb-
rane at a blood flow rate of 3 L/min.

No statistically significant difference in oxygenation 
performance was observed between the two experimental 
samples. The PP 300/200 membrane showed an OI of 
509 ± 27 at baseline and 422 ± 31 after 240 minutes of 

testing, while the PP 380/280 membrane showed an OI 
of 487 ± 15 initially and 385 ± 20 at the final time point 
(p > 0.05).

In contrast, the oxygenators equipped with the origi-
nal 3M® membrane exhibited significantly higher OI – 
713 ± 46 at baseline and 612 ± 39 after 240 minutes 
(p < 0.05). Despite an average oxygen concentration 
difference of approximately 100 mmHg between the Co-
better Filtration® and 3M® membranes, all experimental 
membranes maintained oxygen levels exceeding normal 
physiological oxygen level.

Further in vivo testing on large animal models un-
der infrared conditions with standardized perfusion and 
homeostatic parameters confirmed the high efficiency 
of Cobetter Filtration® membranes compared with the 
original 3M® oxygenators. Consistent with bench test 
results, arterial blood oxygenation index remained the 
principal comparative parameter, as shown in Fig. 6.

Although the initial OI values in the 3M® control 
group exceeded the threshold level (439 ± 13), the re-
spiratory index values in groups 1 (PP 300/200) and 2 
(PP 380/280) were slightly lower – 392 ± 27 and 411 ± 8, 
respectively (p < 0.05). However, by 60 minutes, the OI 
values across all groups had equalized, as indicated by 
p = 1, reflecting comparable oxygenation performance. 
At the end of five hours (300 minutes) of observation in 
the acute experiment, OI values in the PP 380/280 group 
were 325 ± 29, and in the PP 300/200 group 355 ± 33, 
with no statistically significant differences between these 
experimental groups (p > 0.05). In contrast, the control 
group with the 3M® membrane demonstrated a marked 
decline in oxygenation capacity by the end of the expe-
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Fig. 5. Changes in oxygenation index in the tested membranes in bench tests

Fig. 6. Changes in oxygenation index in the tested membranes in the animal model

riment, with OI values dropping to 284 ± 18. The diffe-
rences between the 3M® membrane and the Cobetter Fil-
tration® membranes were statistically significant (p = 0), 
indicating a decrease in the oxygenating efficiency of the 
original 3M® oxygenator over time.

DISCUSSION
The results of this study demonstrate that Cobetter 

Filtration® polypropylene membranes are comparable 
in performance to the established 3M® polypropylene 

membranes, and under certain conditions, they even ex-
hibit superior functional characteristics. In experimental 
settings that closely simulated clinical practice, oxyge-
nators equipped with PP 300/200 and PP 380/280 mem-
branes showed significantly higher OI values compared 
to those with the original 3M® membranes, maintaining 
consistently elevated OI levels throughout the 5-hour 
observation period.

This performance suggests that during prolonged car-
diopulmonary bypass, Cobetter Filtration® membranes 
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possess advantages over the 3M® membranes, inclu-
ding more stable gas exchange, lower plasma leakage, 
and reduced thrombus formation within the interstitial 
spaces. The results were further supported by data on 
carbon dioxide elimination: while bench tests showed 
comparable CO2 removal rates across all three groups 
(8.93 ± 1.25 mmHg, p > 0.05), experiments in large 
animal models revealed a progressive decline in CO2 
elimination with the 3M® membrane – from 6.74 ± 0.83 
to 3.29 ± 0.17 mmHg over five hours. In contrast, the 
Cobetter Filtration® oxygenators maintained stable CO2 
elimination values (7.51 ± 1.77 mmHg) throughout the 
entire 300-minute test, with the difference reaching sta-
tistical significance (p = 0.039).

Along with blood gas composition indicators, blood 
pressure before and after the oxygenators was evaluated. 
In the control group, the transmembrane pressure gradi-
ent increased notably, from 19 ± 6 mmHg at baseline to 
over 30 mmHg after 300 minutes. Meanwhile, in both ex-
perimental groups, the gradient remained stable throug-
hout the 5-hour perfusion period (22 ± 4.7 mmHg), in-
directly indicating lower intermembrane thrombosis in 
the Cobetter Filtration® membranes.

CONCLUSION
The evolution of extracorporeal circulatory support 

has a long and dynamic history, and the devices them-
selves have undergone significant changes and modifi-
cations. Nevertheless, the core element of membrane 
oxygenation – the gas exchange membrane – has remai-
ned largely unchanged since its first clinical application. 
Today, intensive research is focused on enhancing the 
mechanical strength and biocompatibility of polypro-
pylene.

The findings of this study possess both scientific sig-
nificance and commercial potential, demonstrating that 
the newly developed Cobetter Filtration® polypropyle-
ne membranes exhibit comparable effectiveness to the 
established 3M® membranes. This opens new avenues 
for advancing membrane oxygenation technologies, ul-
timately improving procedural safety for patients.

The authors declare no conflict of interest.
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Total hip replacement in a heart transplant recipient 
with multiple comorbidities: a case report
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Background. According to available literature, recipients of solid organ transplants have a progressively increased 
risk of developing aseptic necrosis and osteoarthritis due to long-term corticosteroid and immunosuppressive thera-
py. Approximately 5% of transplant recipients develop femoral head avascular necrosis (FHAN). In such cases, the 
gold standard of treatment is total hip replacement (THR). However, this approach carries a high risk of postoperati-
ve infectious complications. Clinical case. A patient was admitted in Moscow at the City Center for Bone and Joint 
Endoprosthetics, Botkin Hospital for a planned THR. Six years earlier, she had undergone a heart transplant. Her cli-
nical profile was further complicated by multiple comorbidities, placing her in a high-risk category for perioperative 
complications according to the ASA classification. Conclusion. Despite the high intraoperative and postoperative 
risks, THR was the only viable option to improve the patient’s quality of life, given the progression of FHAN.
Keywords: femoral head avascular necrosis, endoprosthetics, hip joint, osteoarthritis, organ 
transplantation, immunosuppression.
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Introduction
According to the 26th official report of the Internati-

onal Society for Heart and Lung Transplantation, more 
than 85,000 heart transplantations have been performed 
worldwide to date [1]. Lifelong immunosuppressive 
therapy in these patients may put them at increased risk 
of postoperative complications. Among these, orthope-
dic complications occur in approximately 20% of heart 
transplant (HT) recipients, with femoral head avascular 
necrosis (FHAN) being the most prevalent [2]. Reported 
incidence rates of FHAN in this population range from 
3% to 9% [3–5]. According to Leonard et al. [6], the 
average time to joint replacement surgery after HT is 
seven years, with patients diagnosed with FHAN often 
requiring earlier endoprosthetic replacements. There are 
reports indicating that FHAN may be associated with 
long-term use of high doses of immunosuppressants [3, 
5, 7–9]. In such cases, total hip replacement (THR) re-
mains the gold standard of treatment. Prior investigations 
have shown that solid organ transplant recipients who 
have undergone hip replacement surgery achieve pain 
relief, improved joint function, and enhanced overall 
quality of life [8].

Our paper presents a clinical case of a patient who 
underwent successful total hip prosthetic replacement 
and was followed up dynamically for four years after 

a heart transplant performed in 2017. A distinctive fea-
ture of this case was the patient’s unfavorable comorbid 
profile, which contributed to a high anesthetic risk ac-
cording to the American Society of Anesthesiologists 
(ASA) classification.

Clinical case
Patient V., female, born in 1946, had a long-standing 

history of arterial hypertension with maximum recorded 
blood pressure values reaching 200/100 mmHg, although 
in recent years she had noted a tendency toward hypo-
tension. At the time of admission, her weight was 95 kg, 
height 179 cm, and body mass index (BMI) 29.6 kg/m2. 
She first considered herself ill in 1994, when she began 
experiencing dyspnea during physical exertion. An elec-
trocardiogram (ECG) at that time revealed frequent ven-
tricular extrasystoles. In 2008, she was diagnosed for 
the first time with dilated cardiomyopathy, paroxysmal 
atrial fibrillation, and frequent ventricular and supra-
ventricular extrasystoles. By 2012, the patient exhibited 
signs of intraventricular and interventricular dyssyn-
chrony, prompting the implantation of a biventricular 
cardioverter-defibrillator (CRT-D). In March 2013, a 
disturbance of atrial pacing was detected, necessitating 
atrial lead implantation. Over the subsequent years, the 
patient was repeatedly hospitalized for decompensated 
chronic heart failure (CHF). She was placed on the HT 
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Fig. 1. MRI of the right hip joint showing the FHAN area: a, frontal projection; b, axial projection

a b

      

Fig. 2. Preoperative X-ray in anteroposterior projection demonstrating FHAN on the right and grade III coxarthrosis: a, gene-
ral pelvic view; b, image of the right hip joint

a b

waiting list, and in 2017, underwent orthotopic HT at 
Shumakov National Medical Research Center of Trans-
plantology and Artificial Organs. The postoperative 
course was uneventful.
A few months after the HT, the patient began expe-

riencing progressively increasing pain in the right hip 
joint and her limp worsened. The pain gradually beca-
me constant and debilitating, necessitating the use of 
additional walking support. Over time, she developed 
pain in the lumbar spine, which was attributed to pelvic 
obliquity resulting from a developing flexion-adduction 
contracture of the right hip joint. Outpatient magnetic 
resonance imaging (MRI) of the pelvis was performed, 
revealing characteristic features of aseptic necrosis of 
the femoral head (ANFH) (Fig. 1). An incidental radio-
graphic finding revealed FHAN.
On physical examination, the patient ambulated with 

a cane in her left hand, demonstrating pronounced lim-
ping of the right lower limb, persistent external rotation 
of the right hip by approximately 10 degrees, and a sharp 
decrease in weight-bearing capacity on the right leg. 

Movement within the right hip joint was restricted and 
elicited sharp pain.
Radiographic evaluation revealed asymmetry of the 

pelvic ring and uneven narrowing of the right hip joint 
space, with sclerosis of the subchondral bone. The right 
femoral head is mushroom-shaped with bone structure 
changes in the form of lucencies alternating with areas 
of thickening. In the lateral aspect, a cystic lucency with 
partial cortical destruction was identified. The femoral 
head was positioned in an anterolateral subluxation, 
and massive marginal osteophytes were present (Fig. 2).
At the time of referral to the endoprosthetics center, 

the patient was receiving maintenance immunosuppres-
sive therapy consisting of tacrolimus 1.5 mg twice daily 
and mycophenolic acid 360 mg twice daily. In additi-
on to her history of HT, she had experienced deep vein 
thrombosis of the lower extremities, which progressed to 
post-thrombophlebitic disease. Her comorbid conditions 
included polyosteoarthrosis (nodular, erosive variant), 
secondary gout, secondary hyperparathyroidism, and 
hypothyroidism – the latter being medically compensa-
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Fig. 3. X-ray on the first postoperative day following total hip arthroplasty of the right hip using a Zimmer–Biomet cementless 
endoprosthesis (IT cup, Alloclassic stem): a, hip joint in neutral position; b, hip joint in abduction position

a b

ted. Cardiovascular assessment revealed ischemic heart 
disease (IHD) and transplant coronary artery disease, 
as well as chronic heart failure (CHF), stage IIA, func-
tional class II (NYHA). Consequently, her anesthetic risk 
according to ASA classification was very high.
Despite these challenges, total hip arthroplasty repre-

sented the only viable option to relieve the severe pain 
syndrome that significantly impaired her quality of life, 
restore weight-bearing capacity of the right lower limb, 
and recover functional joint mobility.
Although the procedure carried substantial periope-

rative risks due to the patient’s unfavorable comorbid 
background and ongoing immunosuppressive therapy, 
reports of successful surgical management of FHAN in 
solid-organ transplant recipients have been documen-
ted in international literature. Taking these precedents 
into account, a decision was made to proceed with THR 
surgery.
From a technical standpoint, the THR procedure in 

this patient did not differ significantly from that per-
formed in the general population. A cementless endo-
prosthesis was implanted without technical difficulties 
(Fig. 3).
In the postoperative period, the patient received tar-

geted antibiotic therapy with meropenem 1 g once daily 
and linezolid 300 mL (2 mg/mL). Anticoagulant therapy 
with enoxaparin sodium 4000 anti-Xa IU/0.4 mL sub-
cutaneously once daily was initiated on postoperative 
day 1.
An important intraoperative objective was to mini-

mize blood loss, as excessive hemorrhage could result 
in serious complications in a heart transplant recipient. 
Additionally, close monitoring for myocardial ischemia 
was essential, since denervation of the transplanted heart 
may mask typical anginal symptoms.
Preoperative hemoglobin levels were 121 g/L. Int-

raoperative blood loss was estimated at 350 mL, and 
within the first 24 hours postoperatively, an additional 

480 mL of blood loss was recorded. As a result, hemo-
globin levels decreased to 83 g/L. Despite comprehensive 
conservative therapy, including transfusion of 985 mL 
of red blood cells, 850 mL of fresh frozen plasma, and 
300 mL of 10% albumin solution, hemoglobin levels only 
increased to 105 g/L.
On postoperative day 3, the patient’s general condi-

tion deteriorated, and persistent edema was observed in 
the postoperative suture site. An ultrasound examinati-
on was performed to identify potential fluid collections. 
A hypoechoic interstitial lesion measuring up to 18 mL 
was detected at a depth of 7–8 cm, consistent with soft 
tissue hematoma. By evening, repeat ultrasound of the 
posterior surface of the right hip joint revealed a larger 
hematoma measuring approximately 350 mL.
A contrast-enhanced computed tomography (CT) 

scan of the right thigh confirmed the presence of a loca-
lized fluid collection (approximately 200 mL) along the 
posterior surface of the femur, with diffuse soft tissue 
edema. There were no clinical or laboratory signs of 
ongoing bleeding. A tendency toward hypocoagulation 
was noted; therefore, the anticoagulant therapy prescri-
bed by protocol was discontinued.
A repeat contrast-enhanced CT scan of the right hip 

revealed persistent fluid accumulation within the muscle 
tissue of the operated limb, without evidence of extrava-
sation. Two days later, an ultrasound-guided diagnostic 
puncture of the fluid collection was performed, yielding 
approximately 27 mL of hematoma consisting of dark 
coagulated blood. Laboratory tests revealed moderate 
hypocoagulation affecting the platelet component, with 
a hemoglobin level of 99 g/L. Based on these findings, a 
decision was made to withhold anticoagulant therapy. 
The postoperative wound healing process proceeded 
without complications.
A follow-up ultrasound conducted three days later 

showed two organized soft tissue hematomas measu-
ring 152 mL and 38 mL. Five days later, the ultrasound 
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showed positive dynamics, with a reduction in hematoma 
volume to 35 mL and 15 mL on the day before suture 
removal.
The patient’s mobilization and rehabilitation followed 

the standard activation protocol used for individuals 
undergoing similar arthroplasty procedures. On postope-
rative day 1, the patient was able to sit up independently, 
and by day two, she stood and walked unassisted. Sutures 
were removed on postoperative day 14, with primary 
intention wound healing observed.

Results
The Harris Hip Score (HHS) questionnaire was used 

to assess hip joint function before and after THR. Accor-
ding to standard interpretation, scores of 90–100 indicate 
excellent results, 80–89 good, 70–79 fair, and below 70 
unsatisfactory outcomes [10]. In the preoperative ques-
tionnaire, the patient’s HHS score was 43.8 points. Post-
operatively, the patient was followed up for four years, 
with comprehensive evaluations conducted at 3, 6, 12, 
and 24 months, and subsequently annually after surgery.

Preoperative and postoperative examination of the 
range of motion (ROM) of the operated hip joint over 
time is presented in Table.

During the first two years following surgery, ROM 
in the operated hip joint showed a progressive increase. 
Over the subsequent two years of follow-up (total ob-

servation period: four years), ROM indicators remained 
within the previous estimated range.

Although the patient’s HHS remained below 70 du-
ring the first 6 months postoperatively, she reported 
a high level of satisfaction with the surgery owing to 
marked pain relief and restoration of limb support. One 
year after THR, the HHS had improved to 82 points, and 
the ROM in the joint further increased. After two years, 
the score reached 84 points.

It is noteworthy that the patient’s complete rehabi-
litation within four months was somewhat limited by 
pain in the contralateral hip joint, where coxarthrosis 
had developed secondary to FHAN. This was followed 
by unloading of this joint due to the operated leg, and 
the pain in it decreased.

Throughout the observation period, we followed a 
uniform postoperative protocol, the same as for non-
transplant patients. X-rays were performed both pre- and 
postoperatively. Early postoperative imaging confirmed 
proper implantation, stable fixation and possible malpo-
sition of the endoprosthesis, while long-term follow-up 
radiographs demonstrated satisfactory osseointegration 
of the prosthetic components, possible osteolysis, po-
lyethylene wear, and possible heterotopic ossification 
around it. At later stages, it was used to assess the posi-
tion of the implant and its stability (Figs. 4, 5).

Table
Clinical assessment of the range of motion in the right hip joint

Flexion Extension Abduction Adduction Rotation
Internal External

Before surgery 120 175 20 5 0 5
3 months after surgery 100 180 30 5 5 15
6 months after surgery 90 180 40 10 10 15
1 year after surgery 70 180 40 15 15 15
2, 3, and 4 years after surgery 70 180 45 15 15 20

      

Fig. 4. X-ray six months after total hip arthroplasty of the right hip (Zimmer–Biomet cementless endoprosthesis, IT cup, Al-
loclassic stem): a, hip joint in neutral position; b, hip joint in abduction position

a b
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Fig. 5. X-ray four years after total hip arthroplasty of the right hip showing a correct and stable position of the endoprosthesis 
with evidence of osteointegration: a, hip joint in neutral position; b, hip joint in abduction position

a b

Discussion
The incidence of hip arthroplasty in patients with 

previous heart transplantation remains relatively rare, 
and there are limited reports in the international literature 
addressing this clinical situation. Nevertheless, available 
studies indicate that organ transplant recipients are at an 
increased risk of developing FHAN and osteoarthritis, 
primarily due to long-term corticosteroid and immuno-
suppressive therapy, with approximately 5% of patients 
developing FHAN after transplantation [5, 11–12].

In a study by Wu et al. in 2022 published data on 
119 hip replacement surgeries performed over 20 ye-
ars [13]. The leading indication for THR was FHAN 
(54.6%), followed by severe degenerative joint disease 
(39.4%), fractures (2.5%), arthritis (1.7%), Perthes 
disease (0.8%), and osteodysplasia (0.8%). The stu-
dy further compared outcomes of arthroplasty among 
recipients of heart, kidney, liver, and lung transplants. 
Out of 182 hip and knee replacements performed, heart 
transplant recipients accounted for only 10% of cases.

Patients with transplanted hearts and kidneys tended 
to be younger compared to those who had undergone 
liver or lung transplantation, yet they presented with 
a higher anesthetic risk according to the ASA classi-
fication. Despite these risks, the overall outcomes of 
endoprosthetic replacement were encouraging: implant 
survival rates reached 95.6% at 1 year and 92.1% at 
4 years. Revision surgery was necessary in only 8 cases, 
of which one patient was a heart transplant recipient.

In the study by Chalmers et al. [14], the 2-year im-
plant survival rate was 95%, and the 5-year survival 
rate was 94%, with no significant differences depending 
on the type of implant. Importantly, the authors found 
no statistically significant association between implant 
survival and the type of transplanted organ.

A distinctive feature of THR in heart transplant reci-
pients is the necessity for lifelong immunosuppressive 
therapy, which significantly increases the risk of post-
operative infectious complications [9]. In managing such 
patients, a personalized approach is essential. Adjustment 
of immunosuppressive regimens and administration of 
any concomitant medications should be performed in 
coordination with the transplant center overseeing the 
patient’s long-term care.

The highest incidence of postoperative infections 
among solid organ recipients is observed in kidney 
transplant patients [15–16]. This finding is supported 
by Cavanaugh et al. [17]. Klement et al. further corro-
borated these observations, demonstrating that patients 
with kidney transplants undergoing THR exhibit a signi-
ficantly higher risk of infectious complications compared 
to non-transplant patients [18].

Comparative analyses between standard THR cohorts 
and patients with previous solid organ transplantation 
consistently indicate an elevated risk of infectious com-
plications during the first 90 postoperative days. Howe-
ver, studies also show that by 2 years post-arthroplasty, 
there is no significant difference in the frequency of 
complications [19–20].

Given the increased risk of postoperative infectious 
complications in transplant recipients, perioperative anti-
biotic prophylaxis is indicated for this patient population. 
Leonard et al. analyzed 18 cases of total joint arthroplasty 
performed in HT recipients at Penn State Health Milton 
S. Hershey Medical Center, where antibiotic prophy-
laxis was administered intraoperatively and continued 
for 72 hours postoperatively. Cefazolin was the standard 
antibiotic of choice, while vancomycin or clindamycin 
was used in patients with penicillin hypersensitivity [6].

We concur with previous authors who argue that 
standard antibiotic regimens are generally sufficient for 
perioperative infection prevention in such cases [21]. 



85

Heart transplantation and assist ed circulation

However, our case presented unique clinical challenges 
due to the patient’s extensive comorbidities. The deve-
lopment of a large postoperative soft tissue hematoma, 
despite adequate wound drainage, represented a signi-
ficant risk factor for secondary infection, particularly 
in the context of ongoing immunosuppressive therapy 
and postoperative anemia. That is why we elected to 
extend the antibiotic course beyond standard practice, 
administering meropenem and linezolid for an additional 
10 days.

N. Brown [22] reported a high postoperative mortality 
rate among transplant recipients undergoing arthroplasty. 
Conversely, Navalle et al. [23] found no significant in-
crease in mortality compared to non-transplant patients 
undergoing similar orthopedic procedures. According to 
Wu [13], the mortality rate among solid organ recipients 
was 2.9% one year after arthroplasty and 23.7% four 
years postoperatively. Similarly, Chalmers et al. [14] 
reported mortality rates of 3.8% within the first two years 
and 13.3% within five years following arthroplasty in 
this patient population.

In our study, the heart transplant recipient underwent 
THR with favorable clinical and radiographic outcomes. 
Over a four-year follow-up period, the patient showed 
sustained implant stability and satisfactory joint function. 
She currently leads an active lifestyle, walks with a cane, 
and reports no discomfort in the operated hip joint.

Conclusion
From an orthopedic standpoint, hip replacement 

surgery in HT recipients does not present any specific 
technical deviations in terms of surgical access, implant 
selection, or procedural technique. In our observation, 
neither the duration of the operation, volume of intra-
operative blood loss, nor postoperative recovery dyna-
mics differed significantly from those seen in standard 
patients. Four years of follow-up demonstrated favorable 
functional outcomes, including complete resolution, and 
a marked improvement in the HHS score.

Successful orthopedic intervention in such high-risk 
patients is contingent upon a multidisciplinary approach 
within a specialized tertiary or transplant center, ensuring 
meticulous preoperative evaluation and preparation. This 
clinical case underscores that, despite the potentially high 
risk of possible complications in this patient cohort, THR 
in HT recipients can be considered a relatively safe and 
effective strategy to enhance overall quality of life and 
life expectancy.
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INTRODUCTION
Modern transplantology increasingly depends on en-

gineering solutions designed to support the function of 
vital organs, including the heart [1, 2]. One of the most 
rapidly evolving fields involves the creation and optimi-
zation of mechanical circulatory support (MCS) systems, 
encompassing both extracorporeal and implantable pul-
satile and continuous-flow pumps, as well as auxiliary 
devices for generating pulsatile blood flow [2–6].

Despite significant technological progress, one of 
the most critical stages in the development and clinical 
translation of MCS systems remains preclinical modeling 
and testing. Reproducing the physiological conditions 
under which these systems operate requires a high degree 
of precision, both in hydrodynamic performance and 
systemic physiological response [7, 8]. Consequently, 
continuous improvement of simulation platforms is es-
sential, not only to accommodate the characteristics of 
novel devices, but also to integrate modern computatio-
nal and mathematical modeling approaches.

The objective of this study is to substantiate proposals 
for the development of hemodynamic modeling comple-
xes, using as an example the hemodynamic test bench 
designed and implemented at Shumakov National Me-
dical Research Center of Transplantology and Artificial 
Organs [4, 5]. The work integrates the results of mode-
ling, validation, and optimization of MCS parameters 
obtained by the authors, including a new technical device 
for generating pulsating flow [9–11].

MATERIALS AND METHODS
The hemodynamic test bench comprises an aortic 

(pulmonary artery) simulator, systemic and pulmonary 
hydraulic resistance, atrial reservoirs, an axial pump re-
plicating the function of the left or right ventricles, an 
artificial ventricle simulator equipped with a pneumatic 
drive, and a sensor system for continuous monitoring of 
pressure and flow parameters. A schematic representation 
of the test bench configuration is presented in Fig. 1.

The physical component of the simulation complex – 
the hemodynamic test bench – enables the reproduction 
of key modes of cardiovascular system function through 
integration of mechanical and hydraulic elements. To en-
hance configurability, account for individual physiologi-
cal variability, and model complex interaction scenarios 
with MCS devices, a mathematical model was develo-
ped. This model enables the prediction of hemodynamic 
responses to variations in device parameters, including 
those of the axial pump and pulsatile-flow generator 
(PFG) [9, 10].

The structure of the mathematical model (Fig. 2) 
consists of the following elements: left ventricle, left 
atrium, aortic, peripheral, and venous compartments, as 
well as coronary circulation, baroreceptor regulation, 
oxygen debt compensation, heart rate control circuits, 
and the aortic and mitral valves. In addition, the blocks 
describing the operation of the continuous flow pump 
and the pulsatile flow generator are highlighted with 
dotted lines [11].
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Fig. 1. Schematic diagram of the hemodynamic test bench: 1, 
arterial reservoir; 2, systemic hydraulic resistance; 3, arterial 
or pulmonary pressure sensor; 4, venous reservoir; 5, conti-
nuous-flow pump simulating systemic or pulmonary circula-
tion; 6, reservoir simulating the pulmonary vein–left atrium 
system; 7, atrial pressure sensor; 8, artificial heart ventricle; 
9, test VAD pump

Fig. 2. Structural diagram of the mathematical model of the 
cardiovascular system with mechanical circulatory support. 
Abbreviations: LV, left ventricle; LA, left atrium; AO, aortic 
section; P, peripheral circulation; V, venous section; C, co-
ronary vessels; B, baroreceptor regulation; O2, oxygen debt 
regulation circuit; AV, aortic valve; MV, mitral valve; CFP, 
continuous-flow pump; PFG, pulsatile-flow generator

Fig. 3. Pump flow characteristics under continuous-flow conditions (a) and with connection to a pulsator (b), obtained on a 
hemodynamic stand. Interval = 1 s. Qₙ – pump flow rate (L/min)

a b

The diagram shows, with dotted lines, the added ele-
ments of the system: the continuous-flow pump, pulsatile 
flow generation devices, and a component simulating 
the occurrence of negative pressure in the left ventricle. 
Incorporating these modules – which represent the func-
tional characteristics of MCS devices – into the previous-
ly developed mathematical model of the cardiovascular 
system makes it possible to account for their impact on 
key hemodynamic parameters.

RESULTS
The results of flow modeling through the MCS system 

obtained using the hemodynamic test bench are presen-
ted in Fig. 3.

For comparison, the results derived from the mathe-
matical model under identical experimental conditions 
are shown in Fig. 4.

Analysis of the presented dependencies indicates that, 
although the obtained results are both qualitatively and 
quantitatively comparable, certain hydrodynamic pheno-
mena are not fully captured by the model. Specifically, 
the lumped-parameter model fails to account for turbu-
lent flow formation during the transition from systole 
to diastole and does not incorporate the non-Newtonian 
properties of blood.

On the other hand, the existing hemodynamic test 
bench cannot simulate specific physiological transitions, 
such as a shift from a state of rest to a state of physical 
exertion. Such constraints are typical of all bench-based 
hemodynamic systems.

In light of these limitations, recent years have seen 
increasing emphasis on the development of hybrid simu-
lation platforms, integrating both physical test benches 
and computational mathematical models under a control 
system [12–18].

The results of this study make it possible to outline 
several proposals for optimizing the hemodynamic test 
bench developed at the Laboratory of Biotechnical Sys-
tems, Shumakov National Medical Research Center of 
Transplantology and Artificial Organs, with the overar-
ching goal of enhancing the efficiency of MCS systems.

The goal of improving the test bench is to create a 
simulation test bench system that provides the ability to 
model the state of the cardiovascular system, taking into 



89

Heart transplantation and assist ed circulation

Fig. 4. Flow profiles through the pump under continuous-flow conditions (a) and with pulsator connection (b), obtained using 
a mathematical model. Interval = 1 s. Qₙ – pump capacity (L/min)

a b

account heart failure, other pathologies, the level of phy-
sical activity, the presence of MCS systems, their charac-
teristics, and modes of operation. At the same time, as 
shown by mathematical modeling results, it is essential 
to take into account the mechanisms of neurohumoral 
and baroreceptor regulation.

First of all, it is advisable to replace the existing ana-
log controller of the heart simulator with a digital, repro-
grammable real-time control module. At the same time, a 
set of algorithms for controlling the heart simulator can 
be pre-formed and tested on the mathematical model of 
the cardiovascular system developed in this work.

Additionally, the test bench should include cont-
rollable hydrodynamic resistances with high-precision 
pressure sensors. These components will enable closed-
loop feedback control to account for the mechanisms of 
neurohumoral and baroreceptor regulation, similar to 
what was implemented in the mathematical model of the 
cardiovascular system developed in this work.

We recommend developing a pulsatile flow genera-
tor model with variable controlled pressure inside the 
chamber. Such a device would permit real-time tuning 
of generator parameters to reproduce blood flow that 
closely match the physiological characteristics of indivi-
dual patients. Control signal parameters for the generator 
would be predefined in the mathematical model of the 
device.

The mathematical model described above can form 
the core of a hybrid (semi-natural) simulation platform. 
In this architecture the cardiovascular system’s bulk hy-
draulics are realized on the hemodynamic test bench, 
while regulatory and adaptive mechanisms (baroreflex, 
neurohumoral feedback, exercise responses, etc.) are si-
mulated in the computational module. Real-time measu-
rements of pressure, flow and other state variables from 
the bench are streamed to the model, which computes 
corrective control signals and returns them to the bench 
to adjust resistances and chamber pressures.

A schematic overview of the proposed hybrid ap-
proach is shown in Fig. 5: solid lines denote fluid flows, 
and dotted lines indicate control signals from the com-
puter part and back. A closely related concept has been 
previously discussed [19].

The following algorithm was developed to govern the 
operation of the proposed simulation test bench:
1)	 The model and test bench parameters are configured 

to simulate heart failure conditions;
2)	 The flow-pressure characteristics of the MCS device 

under investigation are entered into the model;
3)	 The test bench parameters are adjusted so that recor-

ded pressures and flow rates correspond to clinical 
data;

4)	 It is then connected to a pulsatile flow generator 
(PFG);

Fig. 5. Structural diagram of the proposed hybrid (semi-natural) simulation test bench
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5)	 Experimental phase: A series of experiments is per-
formed in which the parameters of the PFG, such as 
opening/closing pressures and hydraulic resistance, 
are systematically varied;

6)	 The resulting data are approximated and analyzed to 
determine the optimal pressure parameters within the 
PFG chamber and the maximum effective resistance 
of the generator and related elements;

7)	 The test bench settings are then adjusted in accordance 
with the identified optimal values;

8)	 A series of verification tests is conducted.
The core component of a next-generation computer 

model integrated into such a hybrid (semi-natural) simu-
lation stand should be an intelligent analysis and control 
system capable of automatically analyzing hemodynamic 
data, recognizing the cardiovascular functional state of 
the system, and adaptively regulating the MCS parame-
ters in real time. Such a computer model can be built on 
the basis of, for example, a multilayer neural networks 
and machine learning algorithms.

The following research directions should be identified 
as priority tasks for which the proposed hybrid modeling 
stand can be used:
1.	 Investigation of the rotor speed modulation algo-

rithms aimed at increasing pulse pressure.
2.	 Investigation of the rotor speed modulation algo-

rithms designed to ensure adaptive response to phy-
sical exertion and other conditions.

3.	 Study of the parameters of pulsatile-flow generation 
devices and their optimization.
Thus, the mathematical modeling of the cardiovascu-

lar system, incorporating the functional characteristics of 
MCS systems, enables the exploration of both existing 
and next-generation designs of continuous-flow pumps 
and pulsatile-flow generators. It also provides a frame-
work for assessing the influence of various operational 
modes of these devices on the cardiovascular system 
under different conditions.

DISCUSSION
A comparison of results obtained from the hemo-

dynamic test bench and from the mathematical model 
shows the need for a hybrid approach to more accu-
rately characterize interactions between MCS devices 
and the cardiovascular system. Such an approach makes 
it possible to capture device-specific effects observed 
on the physical bench while simultaneously introdu-
cing physiologically meaningful feedback into the hy-
draulic system. Integrating physical and computational 
components within a single hybrid complex enables a 
closed-loop control architecture in which real-time data 
from the bench are streamed to the mathematical mo-
del, processed, and returned as control commands. This 
arrangement significantly broadens the functionality of 
the test bench and ensures a high level of physiological 
reliability of the experiments.

A review of the literature further corroborates the 
growing interest in the creation of hybrid simulation 
platforms among researchers in this field.

CONCLUSION
The development of hybrid simulation complexes 

marks a major advancement in the engineering support 
of extracorporeal circulation systems. The integration 
of a physical hemodynamic test bench with an adaptive 
mathematical model provides a new level of precision 
and flexibility in the testing, tuning, and validation of 
MCS systems.

Of particular relevance is the implementation of in-
telligent control algorithms enabling the personalization 
of MCS parameters. Furthermore, such systems can sim-
plify and accelerate the preclinical evaluation of novel 
extracorporeal circulation systems.

Hybrid simulation complexes represent the foundati-
on of a new generation of engineering medicine tools – 
systems that are intelligent, adaptive, and patient-cen-
tered.

The authors declare no conflict of interest.
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Introduction
The progression of chronic liver disease (CLD) and 

fibrosis or cirrhosis result from profound impairment 
of the liver’s restorative regenerative capacity, creating 
conditions for persistent inflammation and ongoing tissue 
destruction. At present, liver transplantation remains the 
only effective treatment for irreversible liver damage in 
patients with CLD [1, 2]. However, the growing shorta-
ge of donor organs, coupled with the rising number of 
patients requiring transplantation, significantly limits 
access to this life-saving procedure.

Given these constraints, and in light of the limited 
efficacy of currently available antifibrotic therapies, there 
is a pressing need to explore alternative, more accessible 
and physiologically based treatment strategies that can 
enhance the liver’s intrinsic regenerative potential. The 
use of mesenchymal stem cells (MSCs), derived from 
autologous or allogeneic human tissues, has emerged as 
a promising therapeutic approach.

By now, a considerable body of experimental and 
clinical evidence has demonstrated the beneficial effects 
of tissue-derived MSCs on liver structure and function 
in chronic fibrosing injury [3–5]. Several studies have 
even suggested the potential for regression of establis-

hed fibrosis following MSC implantation. However, the 
fibrolytic properties of MSCs remain a subject of debate. 
Some researchers question these effects and, in contrast, 
report the possibility of enhanced fibrosis under certain 
conditions of MSC therapy [6, 7].

Such conflicting outcomes are likely related to in-
sufficient consideration of several critical factors influ-
encing therapeutic efficacy. These include the source 
of MSCs, the administered dose and frequency of ad-
ministration, and the intrinsic bioregulatory potential 
of the cells – whether derived from healthy allogeneic 
donors or from patients with comorbidities such as chro-
nic renal failure. Particularly important is the degree of 
reversibility of pre-existing structural (fibrotic) changes 
in the liver, which are thought to reflect the severity of 
the accompanying immune imbalance and the progres-
sion of immune deficiency, up to the stage of immune 
paralysis [8].

The inconsistency in outcomes reported for MSC-
based therapy in fibrosing liver diseases, together with the 
need to enhance the therapeutic effectiveness of MSCs 
in the setting of progressive hepatic injury, prompted 
us to undertake a comparative assessment. Specifically, 
we aimed to evaluate the role of liver-resident MSCs in 
maintaining structural homeostasis during fibrosing in-
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jury and to investigate the therapeutic potential of MSCs 
derived from healthy tissues for correcting established 
structural disorders in the liver.

The objective of this study is to perform a compara-
tive analysis of the bioregulatory role of resident liver 
MSCs in maintaining tissue homeostasis under damaging 
influences and during progression of destructive fibrotic 
processes. In addition, the study evaluates the corrective 
potential of exogenous MSCs derived from healthy tissu-
es, with the aim of identifying factors that may enhance 
the efficacy of MSC-based antifibrotic therapy.

Biological properties of MSCs in body 
tissues

MSCs are multipotent cells of mesodermal origin 
with properties characteristic of both stem and proge-
nitor cells. They possess self-renewal capacity and can 
differentiate into mesodermal derivatives such as chon-
drocytes, osteoblasts, adipocytes, and skeletal muscle 
cells. Under specific culture conditions, MSCs may also 
differentiate into cells of ectodermal and endodermal 
lineages, including hepatocyte-like cells [5]. Currently, 
these cells have been described in detail, and the classical 
characteristic of MSCs is their phenotype [5]. Human 
MSCs express positive surface markers CD105, CD90, 
and CD73, while lacking hematopoietic and endothe-
lial markers such as CD45, CD34, CD14, CD19, and 
HLA-DR. In mice, MSCs are characterized by positive 
expression of CD105, CD29, CD44, and stem cell an-
tigen-1 (SCA-1), with negative expression of CD45, 
CD31, and lymphocyte antigen-76 (Ly76). Their mul-
tipotent (stem-like) properties are typically confirmed 
through differentiation into three main lineages: adipo-
cytes, chondrocytes, and osteoblasts.

A unique feature of MSCs is their expression of MHC 
class I molecules and absence of MHC class II, B7-1, 
B7-2, CD40, and CD40L. This immunophenotype allows 
them to evade direct participation in immune responses 
and to exert immunosuppressive effects.

MSCs are present in virtually all body tissues, with 
particularly high abundance in mesoderm-derived tis-
sues [9]. They can be efficiently harvested from bone 
marrow, adipose tissue, placenta, umbilical cord-derived 
Wharton’s jelly, skeletal muscle, and skin, as well as 
from umbilical cord blood, amniotic fluid, and menstrual 
blood [5]. MSCs actively proliferate during cultivation, 
and their cell mass can be increased more than 100-fold 
without losing their multipotent differentiation poten-
tial [9].

The widespread presence of MSCs in various organs 
and tissues highlights their fundamental, non-specific 
role in maintaining structural and functional homeos-
tasis, regulating adaptive and compensatory responses, 
and promoting both physiological and reparative regene-
ration [10]. These functions are mediated through direct 
interactions with neighboring cells in their microenvi-

ronment – primarily mesenchymal cells within the tissue 
and circulating immune cells [5].

In addition to direct cell-to-cell contact, MSCs exert 
regulatory effects via autocrine and paracrine signaling 
[11]. Through these mechanisms, they influence evolu-
tionarily conserved pathways of programmed cell death 
and modulate the activity of key metabolic processes 
[4, 10–13]. Furthermore, MSCs demonstrate immune-
evasive properties, including the ability to avoid innate 
immune recognition, counteract complement activation 
[14], and develop immunosuppressive activity in the 
presence of proinflammatory cytokines [15].

Importantly, MSC behavior is context-dependent. 
Their immunomodulatory effects vary according to the 
cytokine microenvironment and the residual adaptive and 
regulatory reserves of the tissue. Under these conditions, 
MSCs can exhibit both anti-inflammatory and proin-
flammatory effects, influencing the activity of innate and 
adaptive immune cells [9].

Thus, during tissue injury, the outcome of resident 
MSC activity depends on multiple factors, including 
the cytokine environment, the extent of tissue reserves, 
the diversity and coordination of surrounding cell types, 
and the severity and duration of inflammation. These 
variables may drive MSCs toward opposing outcomes in 
their interactions with mesenchymal cells – particularly 
fibroblasts and myofibroblasts (MFs). In their activated 
state, MFs are major producers of extracellular matrix 
(ECM) components.

The interaction between MSCs and MFs during acute 
exposure to a damaging factor supports tissue homeo-
stasis and restorative regeneration – without fibrotic 
scarring – provided that the strength and duration of the 
effect of this factor on the tissue do not exceed the adap-
tive, compensatory, and regulatory reserves of the tissue. 
Under these conditions, MSCs contribute to maintaining 
balance by directly suppressing MF proliferation and the 
differentiation of other cells into MFs. They also induce 
expression of pro-apoptotic proteins in MFs [16] and at-
tenuate their activation by inhibiting nuclear factor kappa 
B (NF-κB) signaling [17], thereby preventing initiation 
of a sustained inflammatory response.

In contrast, when stress-damaging effects are chronic, 
recurrent, or of high intensity, surpassing the tissue’s 
evolutionary reserves of adaptation and regulation, the 
outcome shifts toward progressive fibrosis. In such set-
tings, excessive and repeated tissue injury leads to necro-
sis and parenchymal dysfunction, often accompanied by 
apoptotic death of parenchymal cells due to prolonged 
functional overload. The release of intracellular products 
from necrotic and apoptotic cells – frequently carrying 
altered genetic and structural properties – triggers immu-
ne activation and recruits innate immune cells to the in-
jury site, thereby sustaining chronic inflammation there.

At the same time, differentiation of resident MSCs 
(as stem/progenitor cells) into MFs is activated and the 
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activation of MFs (activated fibroblasts) increases uncon-
trollably, which is manifested by excessive production 
of extracellular matrix components and development of 
tissue fibrosis [9].

The role of resident (liver) MSCs 
in preventing inflammation escalation 
and maintaining liver tissue 
homeostasis during acute injury

In the acute phase of liver injury, when the adaptive 
and metabolic regulatory reserves of hepatocytes remain 
preserved, damage-associated molecules released from 
necrotic and apoptotic hepatocytes – including reactive 
oxygen species (ROS) and lipid peroxidation products – 
initiate an acute inflammatory response. These signals 
promote the recruitment of innate immune cells to the 
injury site through secretion of chemokines such as CCL-
2, CCL-5, CXCL-1, and CXCL-15.

Initiation of the inflammatory cascade is not limited 
to hepatocytes alone. Other resident liver cell types also 
contribute significantly, most notably hepatic stellate 
cells (HSCs) and Kupffer cells (liver-resident macropha-
ges), which enhance chemokine production [9].

It is believed that liver-resident MSCs also contribu-
te to regulation of inflammatory responses. Bone mar-
row–derived MSCs, for example, have been shown to 
produce chemokines in response to danger signals such 
as circulating Toll-like receptor ligands. However, when 
proinflammatory signals arise at a stage when hepatic 
adaptive and metabolic reserves are not yet exhausted, 
MSCs exhibit strong immunosuppressive activity [15], 
thereby preventing escalation of acute inflammation.

Experimental data demonstrate that stimulation of 
MSCs with proinflammatory cytokines – including IFN-γ 
in combination with IL-1β or TNF-α – induces robust 
production of immunosuppressive molecules such as 
nitric oxide (NO), indoleamine 2,3-dioxygenase (IDO), 
prostaglandin E2 (PGE2), and transforming growth 
factor-β (TGF-β) [9]. These mediators suppress proin-
flammatory T-cell proliferation and promote the induc-
tion of regulatory, anti-inflammatory cell populations. 
Locally accumulated immunosuppressive factors around 
activated MSCs form specialized niches within the liver 
tissue, reshaping the immune microenvironment.

In particular, it has been shown that resident MSCs 
promote apoptosis of Th1 and Th2 cells, inhibit Th17 
differentiation, and enhance regulatory T-cell (Treg) 
accumulation through high expression of iNOS, IDO, 
tumor necrosis factor–stimulated gene-6 (TSG-6), and 
matrix metalloproteinases (MMPs) [9]. These findings 
align with observations of increased Treg numbers and 
reduced Th17 infiltration in fibrotic liver tissue following 
transfusion of intact donor MSCs [18, 19].

Besides T cells, macrophages represent another key 
component of hepatic immune homeostasis. MSCs can 
reprogram macrophages toward an anti-inflammatory 

phenotype during monocyte-to-macrophage differentiati-
on by secreting insulin-like growth factor-2 (IGF-2) [20]. 
Even under proinflammatory conditions, IGF-2–condi-
tioned macrophages shift toward oxidative phosphoryla-
tion and upregulate programmed death ligand-1 (PD-1), 
acquiring immunosuppressive properties [20]. Interes-
tingly, IGF-2 exerts a dose-dependent effect: at low con-
centrations, it binds the IGF-2 receptor on monocytes, 
driving anti-inflammatory macrophage differentiation; 
at high concentrations, it binds the insulin-like growth 
factor-1 (IGF-1) receptor, resulting in proinflammatory 
macrophages [21].

Taken together, recent evidence indicates that MSCs, 
when activated by acute inflammatory signals, play a 
pivotal role in restraining excessive immune responses 
and preserving liver homeostasis during injury. Pro-
inflammatory macrophages, reprogrammed into anti-
inflammatory phenotypes by MSC-derived IGF-2, act 
as additional regulators of tissue stability. By inhibiting 
early-stage inflammatory cascades, MSCs not only li-
mit immune cell and cytokine-driven damage but also 
prevent activation of cells (PSCs, MSCs, and liver fib-
roblasts) capable of differentiating into macrophages, 
thereby mitigating fibrosis development.

The role of resident (liver) MSCs 
in maintaining chronic inflammation 
and development of liver fibrosis

The transition from acute to chronic inflammation 
reflects not only the depletion of energy reserves but 
also the exhaustion of adaptive and regulatory mecha-
nisms in liver cells. Although chronic inflammation is 
characterized by lower levels of inflammatory media-
tors, these signals remain sufficient to stimulate MSCs 
to secrete chemokines and NO, thereby recruiting im-
mune cells to damaged liver tissue [22]. However, the 
diminished expression of immunosuppressive molecules 
such as inducible NO synthase (iNOS) and indoleamine 
2,3-dioxygenase (IDO) – which are crucial for directing 
MSC-dependent immunomodulation – limits the ability 
of MSCs to sustain their suppressive effect. Genetic stu-
dies have shown that deletion of iNOS in murine MSCs 
or IDO in human MSCs reduces the immunosuppres-
sive potential of MSCs triggered by IFN-γ and TNF-α, 
leading to a more immunostimulatory effect [9]. Even 
under reduced cytokine levels, which are insufficient 
for optimal induction of iNOS or IDO, MSCs continue 
to be activated, secreting chemokines such as CXCL-9 
and CCL-5. Under these conditions, MSCs acquire im-
munostimulatory properties, thereby perpetuating chro-
nic inflammation [22]. Transforming growth factor-β 
(TGF-β) is recognized as a central cytokine driving liver 
fibrosis through activation of MFs. Notably, TGF-β sus-
tains immune-mediated inflammation by suppressing 
iNOS expression induced by inflammatory cytokines in 
a SMAD3-dependent manner [23].
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Chronic liver injury results in a critical reduction 
of functional hepatocyte mass. This creates conditions 
for hyperfunction of the remaining hepatocytes, their 
progressive apoptosis and death, and the persistence of 
chronic immune-inflammatory reactions coupled with 
oxidative stress. The latter, characterized by increased 
production of reactive oxygen species (ROS) and lipid 
peroxidation, further activates not only immune cells 
but also other mesenchymal populations in the liver, 
including hepatic stellate cells (HSCs), resident MSCs, 
and liver portal fibroblasts. Under conditions of cytokine 
imbalance, these cells – particularly HSCs and MSCs – 
upregulate TGF-β, proliferate, and differentiate into MFs. 
These MFs are the principal producers of ECM and key 
drivers of fibrogenesis, a pathological process of abnor-
mal hyperplasia of connective tissue in the liver [24, 25].

Mechanisms of involvement of resident 
(hepatic) MSCs in the pathogenesis of liver 
fibrosis

In response to liver injury, liver MFs are activated 
and play a central role in regulating tissue repair and 
maladaptive remodeling. Multiple mesenchymal cell po-
pulations contribute to the pool of hepatic MFs, including 
HSCs, portal fibroblasts, circulating bone marrow–deri-
ved MSCs, and resident liver MSCs [5].
In vitro studies by Mishara et al. [9] showed that 

under cytokine imbalance, resident MSCs can serve as 
a source of MF accumulation, driving ECM production 
and promoting excessive fibrogenesis. Specifically, ex-
posure of MSC cultures to TGF-β – one of the principal 
profibrotic cytokines – induced expression of α-smooth 
muscle actin (α-SMA), a hallmark marker of myofibro-
blastic differentiation. The observed increase in α-SMA–
positive MFs, together with enhanced ECM production, 
provides direct evidence for the transition of MSCs into 
MFs. These findings suggest that the ability of MSCs 
to undergo phenotypic transformation and adopt MF 
functions in vitro reflects similar processes occurring in 
vivo under pathological conditions.

Kramann et al. [9] identified Gli-1 as a marker of 
resident (tissue) MSCs in the liver. In healthy mouse 
livers, Gli-1+ MSCs accounted for only 0.02% of resident 
cells. However, in a carbon tetrachloride–induced model 
of liver fibrosis, the proportion of Gli-1+ MSCs increased 
sharply to 39%. Importantly, their data demonstrated that 
resident, rather than circulating, Gli-1+ cells differentiate 
into MFs during liver injury.

Although resident MSCs contribute significantly to 
the MF population, the predominant source of MFs (up 
to 80%) and excessive ECM during fibrosis is attributed 
to HSCs. In their quiescent state, HSCs exhibit pericy-
te-like properties and store vitamin A and lipids. Upon 
chronic liver injury, inflammatory cytokines secreted by 
hepatocytes and immune cells activate HSCs, leading to 

upregulation of α-SMA and transition into MFs, which 
then drive fibrotic ECM deposition [5].

Activation of HSCs and subsequent fibrogenesis are 
further amplified by proinflammatory cytokines and pro-
fibrotic growth factors – including IL-6, IL-1β, TNF-α, 
TGF-β, and platelet-derived growth factor (PDGF) – se-
creted by neighboring epithelial and endothelial cells, in-
filtrating immune cells, and resident fibroblasts [24, 25].

The proposed mechanisms of resident (liver) MSC 
involvement in the pathogenesis of fibrosis are illustrated 
schematically in Fig. 1.

Molecular and genetic mechanisms 
of  fibrogenesis

Multiple key molecules are involved in the process 
of tissue fibrosis [5]. Among these, the most critical are 
TGF-β, proinflammatory cytokines, integrins, transmem-
brane receptors, and other signaling factors.

TGF-β is considered the central driver of fibrosis. 
Following tissue injury, fibroblasts secrete TGF-β, 
which signals through two types of receptors – TβRI 
and TβRII – to orchestrate local inflammation, macro-
phage activation, and immune responses during fibro-
genesis. It has also been shown that TGF-β, secreted by 
macrophages during liver fibrosis, synergizes with other 
profibrotic mediators, including PDGF and MMPs, to 
amplify inflammatory signaling and promote progression 
toward cirrhosis. These effects are mediated primarily 
via the canonical TGF-β1/Smad pathway as well as the 
non-canonical PI3K–AKT signaling cascade [5].

TGF-β signaling pathways are in turn coordinated 
by transcription factors such as PU.1, which activates 
a broad set of profibrotic genes in fibroblasts and the 
production of excess ECM [26–28].

Cytokines, particularly the proinflammatory interleu-
kins IL-1 to IL-17, are recognized as important inducers 
of fibrogenesis, acting synergistically with TGF-β signa-
ling pathways. Among them, IL-17, secreted primarily 
by CD4+ T lymphocytes, has been shown to play a key 
role in the development of fibrosis in many tissues, in-
cluding the liver [29].

In contrast, IL-13, produced by Th2 lymphocytes, 
promotes fibrosis independently of TGF-β, most likely 
through its direct stimulatory effect on collagen-pro-
ducing fibroblasts. The pivotal role of these cytokines 
in fibrosis development is further supported by expe-
rimental findings demonstrating that mice deficient in 
IL-13, IL-4R, or IL-13Rβ1 show reduced tissue fibrosis 
following various forms of injury [5].

Integrins, being transmembrane cell receptors, media-
te interactions between the ECM and the intracellular cy-
toskeleton and play a critical role in fibrosis by regulating 
cellular adhesion, migration, and signaling. Several syn-
ergistic mechanisms linking integrin-mediated signaling 
with TGF-β activation and ECM remodeling, leading to 
fibrosis activation, have been studied. TGF-β, in its in-
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Fig. 1. Schematic representation of the role of resident (hepatic) MSCs in the pathogenesis of liver fibrosis. Arrows indicate 
the interactions developing between liver cells under chronic damaging effects

active state, exists as a complex with latency-associated 
peptide (LAP) and latent TGF-β-binding protein [30]. 
Certain integrins bind to this latent complex and trigger 
TGF-β activation. Specifically, integrin αvβ6 has been 
shown to activate TGF-β through binding to LAP, there-
by contributing to fibrotic processes in several organs, in-
cluding the liver. Furthermore, integrins α8β1 and α11β1 
are markedly upregulated in HSCs, where they promote 
liver fibrosis through TGF-β activation [31].

Disruptions in the gut microbiome have also been 
shown to influence the progression of liver fibrosis [32]. 
In patients with CLD, bacterial translocation and the 
entry of microbial metabolites into the liver occur due to 
increased intestinal permeability. As a result of intestinal 
dysbiosis, the liver’s innate immune system becomes 
activated, leading to the production of proinflammatory 
cytokines that stimulate HSCs and enhance ECM depo-
sition, thereby promoting fibrogenesis [33]. Experimen-
tal studies further support this mechanism: blockade of 
Toll-like receptor 4 (TLR-4) in mice or suppression of 
intestinal microbial influence using antibiotics slows the 
development of liver fibrosis.

The progression of liver fibrosis is also associated 
with alterations in various genetic and molecular regu-
latory pathways. Previous studies [5] have demonstrated 
that hepatocyte apoptosis, an initiating event in fibrosis, 
is mediated by genes involved in programmed cell death, 
including death receptors (e.g., TRAIL, Bcl-xL, Fas), 
proapoptotic pathway components (such as caspase-3), 
and natural killer T (NKT) cells. Furthermore, it has been 

shown [34] that the transition from fibrosis to cirrhosis 
is accompanied by significant changes in the mRNA 
expression of several key genes (tweak, fn14, ang, vegfa, 
cxcl12, and mmp-9), as well as by altered interactions 
among them. During the late stage of fibrosis, at the 
point of transition to cirrhosis, the highest number of 
correlations between the expression levels of these target 
genes is still observed. However, as cirrhosis develops, 
these intergene connections weaken or disappear almost 
completely, reflecting profound molecular reorganizati-
on, metabolic dysregulation in cirrhotic tissue, and the 
decompensation of the regulatory functions of MSCs.

Mechanisms of the therapeutic effect 
of  exogenous MSCs on a damaged 
liver

Unlike endogenous (resident) liver MSCs, exoge-
nous MSCs, whether autologous (derived from adipose 
tissue) or allogeneic/xenogeneic (isolated from healthy 
donor tissues) [4, 35], retain their full regulatory potential 
and capacity to maintain tissue homeostasis. Numerous 
preclinical and clinical studies have shown that the the-
rapeutic effects of healthy exogenous MSCs in fibrosing 
liver diseases are mediated through activation of evolu-
tionarily conserved mechanisms of stress adaptation and 
cellular survival. Following transplantation, exogenous 
MSCs often undergo a spontaneous transition into states 
of apoptosis or necrosis in response to the new microen-
vironment [10–13].
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During apoptosis, MSCs release a broad spectrum of 
paracrine and trophic factors, including extracellular ve-
sicles (exosomes, microvesicles, and apoptotic bodies), 
growth factors, proteases, hormones, diverse RNA spe-
cies, cytokines, and chemokines [10, 36]. These secreted 
components exert potent regulatory effects: they protect 
damaged hepatocytes, suppress the activation of HSCs 
and MFs, promote the degradation of ECM components, 
and modulate immune responses, thereby attenuating 
inflammatory activity within the liver.

A recent meta-analysis evaluating the mechanisms 
and efficacy of MSC-based therapy in preclinical mo-
dels of liver fibrosis confirmed that MSCs derived from 
various tissue sources significantly improve hepatic 
function, reduce HSC activation through inhibition of 
the profibrogenic factor TGF-β, and significantly reduce 
the extent of fibrotic tissue [37]. Notably, the antifibrotic 
effects were most pronounced when MSCs derived from 
bone marrow-derived MSCs were used, compared with 
those obtained from other sources.

Protection of damaged hepatocytes
The pathway by which exogenous MSCs participate 

in liver regeneration is directly linked to their production 
of paracrine factors during apoptosis and necrobiosis 
[38]. Both conditioned medium derived from MSC cultu-
res and MSCs themselves, used alone or in combination 
with growth factors such as VEGF, have been shown 
to effectively suppress hepatocyte death and stimulate 
hepatic regeneration [39, 40].

Exosomes isolated from MSCs can inhibit ferro-
ptosis, a specific form of programmed cell death, by 
stabilizing SLC7A11 protein levels in hepatocytes du-
ring CCl4-induced liver injury [41]. In addition, MSCs 
exert hepatoprotective effects via paracrine signaling 
that activates autophagy, an essential cellular mecha-
nism initiating tissue regeneration [42]. The microRNA 
Let-7a-5p, delivered through MSC-derived exosomes, 
has been shown to enhance hepatocyte autophagy and 
promote regenerative processes in the liver by modula-
ting the mitogen-activated protein kinase-3 (MAP4K3) 
pathway [43]. Through these tightly regulated molecular 
pathways, MSCs limit hepatocyte injury, promote sur-
vival signaling, and attenuate the progression of liver 
fibrosis.

Inhibition of HSC and MF activity
To control the progression of fibrosis, one of the prin-

cipal therapeutic strategies involves suppressing HSCs 
activation. Consequently, the inhibitory influence of 
MSCs on HSCs is of particular interest when evaluating 
the antifibrotic efficacy of MSC-based therapies. Expe-
rimental models of liver fibrosis have shown that MSC 
transplantation can attenuate fibrosis by inhibiting HSC 
proliferation and inducing their apoptosis [44]. Several 
other studies have confirmed the suppressive effect of 

MSCs on HSCs [45, 46]. Umbilical cord–derived MSCs 
have been shown to downregulate TGF-β1 expression 
through paracrine signaling [47]. Similarly, adipose tis-
sue–derived MSCs induce cell-cycle arrest of HSCs in 
the G0/G1 phase of the mitotic cycle , leading to dimini-
shed synthesis of profibrogenic proteins and attenuation 
of fibrotic progression [44, 48]. The antifibrotic effects 
of MSCs are also mediated through modulation of se-
veral signaling pathways, including Notch, Hippo/YAP/
Id1 [45, 46], PI3K/AKT/mTOR [44], and p38 MAPK/
NF-κB, via regulation of the miR-20a-5p/TGF-βR2 axis 
[48]. In addition, MSCs inhibit fibrosis by interfering 
with the Hedgehog/SMO pathway, a central regulator 
of fibrogenesis [49]. It is believed that human umbilical 
cord MSCs also suppress HSC proliferation by inhibiting 
Smad3 protein expression while upregulating Smad7 
expression [47].

There is evidence that MSCs play a key role in the 
process of ECM degradation [40, 48]. MFs can interna-
lize extracellular vesicles derived from MSCs, resulting 
in decreased type I collagen mRNA expression, and thus 
reduced ECM production by MFs [50]. These effects are 
likely mediated by microRNAs – particularly miR-21 
and miR-29c – which interact with key signaling mole-
cules involved in ECM synthesis. MSCs also produce 
enzymes that promote ECM remodeling, including ma-
trix metalloproteinases (MMP-2 and MMP-9) and their 
tissue inhibitors (TIMP-1 and TIMP-2), which collec-
tively reduce ECM accumulation in fibrotic areas [9].

Immunomodulation of the inflammatory 
microenvironment by MSCs

The immunomodulatory properties of MSCs play a 
crucial role in mitigating liver fibrosis [51]. It was found 
that through both direct interactions with microenviron-
mental cells and the secretion of paracrine immunoregu-
latory factors, such as heme oxygenase-1 (HO-1), nitric 
oxide (NO), prostaglandin E2 (PGE-2), indoleamine 
2,3-dioxygenase (IDO), interleukin-6 (IL-6), and human 
leukocyte antigen-G5 (HLA-G5), MSCs exert potent 
immunosuppressive effects. These mechanisms enable 
MSCs to modulate both innate and adaptive immune 
responses by influencing the activity of natural killer 
(NK) cells, regulatory T cells (Tregs), myeloid-derived 
suppressor cells (MDSCs), neutrophils, macrophages, 
and T and B lymphocytes [22, 35, 52, 53].

Through these immunoregulatory actions, MSCs at-
tenuate inflammation-induced liver injury [40] and reci-
procally regulate immune responses to foster a microen-
vironment conducive to hepatic regeneration [54]. MSCs 
have been shown to alter T-lymphocyte phenotypes by 
increasing the population of CD4+CD25^high^CD45RA+ 
Tregs and modulating the secretion of cytokines asso-
ciated with immune tolerance [22, 55]. Activation of 
autophagy in MSCs enhances their immunosuppressive 
effects on CD4+ T cells, while in fibrotic liver tissue, 
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Fig. 2. Diagram showing the involvement of exogenous apoptotic MSCs isolated from healthy tissues in the processes of liver 
antifibrosis. Details in the text

MSCs promote the differentiation of circulating mo-
nocytes into macrophages and induce the polarization 
of proinflammatory M1 macrophages toward the anti-
inflammatory M2 phenotype, primarily through PGE-2–
dependent mechanisms [9].

Circulating monocytes can mediate the systemic im-
munomodulatory effects of MSCs by engulfing apop-
totic MSCs and transporting their regulatory molecules 
to sites of inflammation, thereby reinforcing systemic 
immunosuppression [56]. With the help of immunomo-
dulatory factors, MSCs reduce inflammation-induced 
liver damage and create conditions for restorative rege-
neration [40].

Recent evidence also highlights that MSC-derived 
exosomes replicate the potent immunomodulatory and 
anti-inflammatory properties of MSCs [51, 57]. The re-
gulatory role of exogenous apoptotic MSCs derived from 
healthy tissues in liver defibrotic processes is shown in 
Fig. 2.

Ways to enhance the regulatory 
and antifibrotic activity of exogenous 
MSCs

It is well established that the therapeutic efficacy of 
isolated apoptotic MSCs is not always pronounced, parti-
cularly in chronic fibrosing liver diseases. This limitation 
is primarily attributed to their isolation, poor survival 
rate, and gradual degradation within the recipient’s body. 
Consequently, MSCs rapidly lose their ability to home 
to the liver, undergo hepatogenic differentiation, and 

secrete paracrine and trophic modulatory factors. These 
shortcomings significantly constrain their broad clinical 
application.

Preliminary adaptive preparation of MSCs
Numerous attempts have been made to enhance the 

regulatory potential of MSCs by altering their culture 
conditions and incorporating various factors into the 
culture medium that train (adapt) them to the effects 
of unconventional, deficient, or even unfavorable fac-
tors, including fibrogenic ones [58]. Factors used for 
pre-treatment of MSCs include growth factors, lipids, 
vitamins, hormones, inflammatory factors, and hypoxic 
conditions [9, 59].

Pre-co-cultivation of umbilical cord MSCs with 
Schisandrin B (one of the main components of Schi-
sandra chinensis, which prevents the progression of fi-
brosis) [60], as well as treatment of MSCs with hepato-
cyte growth factor (HGF) or fibroblast growth factor 4 
(FGF-4) before transplantation [61] contributed to the 
transdifferentiation of MSCs into hepatocyte-like cells, 
improved their engraftment, and enhanced the therapeu-
tic effect in mice with CCL4-induced fibrosis. MSCs 
pre-treated with the hormone melatonin [58, 62] exhibi-
ted a high ability to homing to damaged hepatic tissue, 
preserved hepatocellular glycogen stores, and reduced 
the accumulation of collagen and lipids in fibrous liver 
tissue. Similar results were obtained using benzimidazole 
[63], eugenol [64], vitamin E [65], and L-theanine [66].



99

REGENERATIVE MEDICINE AND  CELL  TECHNOLOGIES

Combined preparation of MSCs with platelet-rich 
plasma and HGF [67] significantly enhanced its anti-
fibrotic effect, inhibited HSCs proliferation, inhibiting 
glycogen synthesis, prolongeing apoptosis, and promo-
ting immunomodulation, transdifferentiation of MSCs 
into hepatocyte-like cells, secretion of trophic factors, 
cytokines, chemokines, and more effective regeneration 
of the damaged liver.

Among the factors that have a pronounced antifib-
rotic and regenerative effect, it is also worth highlighting 
preconditioning of MSCs with hypoxia [68], and pret-
reatment with proinflammatory factors – IFN-α2 [69], 
TLR4, and IFN-γ [70]. It turned out that pre-treatment 
of MSCs with pro-inflammatory factors induced higher 
levels of secretion of CSF-3, IL-8, and the chemokine 
CCL20 compared to untreated MSCs. In addition, tre-
ated MSCs exhibited higher therapeutic activity, and 
immunohistochemical analysis revealed the accumula-
tion of neutrophils and an increase in MMP-8 activity in 
the liver [69]. Activation of MSCs via TLR4 and IFN-γ 
pathways led to downregulation of fibrosis-associated 
actin-SMA, TGF-β, and TNF-α in the liver.

Hypoxic preconditioning of MSCs also reduced colla-
gen deposition and the number of cells expressing actin-
SMA and TGF-β in the liver [68]. Recent studies have 
further emphasized the synergistic benefits of combining 
MSCs or their exosomes with chemical agents [67, 68, 
71] in experimental models of liver fibrosis.

Genetic modification of MSCs
Genetic modification of MSCs using viral and non-

viral vectors has been shown to enhance their capacity 
for homing, differentiation, and regeneration of fibrotic 
liver tissue. Modified MSCs overexpress genes that play 
key roles in liver repair and regeneration, including HGF 
[72], IGF-1, hepatocyte nuclear factor-4α (HNF-4α), 
FGF-4 and FGF-21, interleukin-10 (IL-10), and extracel-
lular matrix protein-1 (ECM-1), each of which contribu-
tes to improved therapeutic outcomes in liver fibrosis [9].

Expression of the FOXA2 gene in MSCs has been 
found to promote liver antifibrosis, enhance hepatogenic 
differentiation, and upregulate several liver-specific ge-
nes such as α-fetoprotein, cytokeratin-18 (CK-18), HNF-
1, and HGF. In addition to gene overexpression, miRNA 
modification has also been explored. For instance, upre-
gulation of miR-122 in adipose-derived MSCs enhances 
their therapeutic efficacy in liver fibrosis by suppressing 
HSC activation and reducing collagen deposition [73]. 
IL-10 gene modification in MSCs has been shown to 
inhibit HSC activity and downregulate TNF-α expression 
in T lymphocytes and macrophages isolated from fibrotic 
liver tissue [74].

These findings suggest that modification of specific 
MSC genes may be a potential new strategy for enhan-
cing the efficacy of liver fibrosis treatment.

Use of cell culture constructs from MSCs 
(spheroids and cell-engineered constructs)

It is known that three-dimensional (3D) cell cultu-
res exhibit superior phenotypic stability and biological 
activity compared to traditional two-dimensional (2D) 
cultures. Studies evaluating the therapeutic potential of 
MSC spheroids [75] have shown that 3D-cultured MSCs 
possess enhanced multipotent differentiation capacity, 
stronger anti-inflammatory and regenerative properties, 
and secrete higher levels of cytokines. In a mouse mo-
del of liver cirrhosis, transplantation of MSC spheroids 
promoted hepatogenic differentiation, improved liver 
function, and produced an antifibrotic effect [76].

The higher functionality of 3D-cultured MSCs ap-
pears to be related to their increased stemness, as well 
as their anti-inflammatory and immunomodulatory 
functions, as indicated by the upregulation of stem cell 
markers (OCT-4, SOX2, NANOG), anti-inflammatory 
factors (IL-10, TSG-6, IDO), immunomodulatory mo-
lecules (HGF, VEGF, and CXCR4) [77], and activation 
of the TGF-β1/Smad signaling pathway [78]. In rhesus 
monkeys with experimental liver fibrosis, portal vein 
infusion of 3D MSC cultures resulted in the preservation 
of the spheroidal configuration within the liver for up to 
one hour post-injection. Even after 16 days, although the 
spheroids had dissociated into individual cells, viable 
MSCs remained present in the liver in significant quan-
tities, indicating sustained homing ability [78].

To further prolong and enhance MSC functionali-
ty in chronic liver failure, researchers have developed 
and tested cell-engineered constructs (CECs) implanted 
directly into the liver. These constructs are based on 
biomimetic ECMs such as collagen-containing hydro-
gels (spherogels) [79], recombinant spidroin (rS1/9) – an 
analogue of spider silk proteins [80] – or decellularized 
liver matrices [81]. The constructs are typically seeded 
with bone marrow-derived MSCs in combination with 
hepatocytes at a 1:5 ratio. Multiple implantation of such 
CECs over a 90-day period resulted in accelerated and 
robust liver regeneration: by day 30, biochemical liver 
function parameters normalized, while structural regene-
ration and antifibrosis (reduction of ECM area) continued 
throughout the follow-up period.

Recently, a novel cell-engineering technology has 
been introduced for generating cell sheets–matrices 
using temperature-responsive culture dishes coated with 
poly(N-isopropylacrylamide) to promote MSC adhesion. 
Combining this technique with pre-treatment of MSCs 
using IC-2 – a derivative of ICG-001, an inhibitor of the 
Wnt/β-catenin signaling pathway that induces hepatic 
differentiation – has yielded a new strategy for treating 
chronic liver diseases [82–84]. Orthotopic implantation 
of MSCs in the form of engineered MSC–IC-2 sheets 
into the livers of CCl4-induced fibrotic mice resulted in 
elevated expression of MMP-1 and MMP-14, inhibition 
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of HSC activation, and significant reduction of fibrosis 
severity.

It should be noted that most scientific studies devo-
ted to developing ECM biopolymer mimetics for CECs 
generally follow two main approaches. The first focuses 
on using individual biopolymer components of ECM, 
such as collagen, hyaluronic acid, and gelatin (a colla-
gen denaturation product), to regulate the morphological 
characteristics of the cell carrier and enable the incor-
poration of additional bioactive molecules. The second 
approach involves obtaining cell carriers from tissues 
through decellularization, which allows for maximal 
preservation of the native ECM composition but limits 
the ability to modify its structure, mechanical properties, 
and biodegradation rate.

A promising direction lies in combining both stra-
tegies to create next-generation carriers that closely re-
plicate the natural ECM composition while possessing 
tailored physicochemical properties and the capacity for 
bioactive molecule incorporation. A macroporous mor-
phology throughout the material is particularly favorable 
for effective cell colonization and vascularization. In this 
regard, using enzymatic hydrolysates of decellularized 
liver tissue as the basis for new materials appears es-
pecially promising, as cryostructuring can impart the 
desired structural and mechanical characteristics.

Previous studies have shown that cryostructura-
tes derived from gelatin and hydrolysates can sustain 
long-term adhesion and proliferation of human adipose 
tissue-derived MSCs, as well as support albumin and 
urea synthesis by tissue-specific HepG2 hepatocellular 
carcinoma cells [85, 86]. This approach may help main-
tain the viability of MSCs and hepatocytes within CECs 
after implantation, thereby extending their functional 
lifespan in vivo.

However, it should be emphasized that enhancement 
of the therapeutic and antifibrotic effects of exogenous 
MSCs through these methods is feasible only when the 
recipient’s liver has not undergone irreversible damage.

Conclusion
A comparative analysis of the regulatory properties of 

MSCs in healthy tissues, as well as in acute and chronic 
(fibrosing) liver injury, was conducted. In a healthy body, 
MSCs are present in virtually all tissues, where they 
maintain structural homeostasis and physiological tissue 
regeneration. They interact primarily with tissue myo-
fibroblasts (MFs) and migrating immune cells, which, 
like MSCs, originate from the mesoderm.

During acute liver injury, when the extent and dura-
tion of the damaging factor do not exceed the adaptive 
capacity of tissue and cellular defense mechanisms, resi-
dent liver MSCs continue to regulate and preserve tissue 
homeostasis. In contrast, chronic (fibrosing) liver injury 
leads to progressive depletion of these adaptive and re-
gulatory reserves, resulting in the activation of immune 

inflammatory cells and resident MSCs. Under such con-
ditions, resident MSCs may transdifferentiate into MFs. 
These activated fibroblasts produce excessive amounts of 
extracellular matrix, driving hepatic fibrogenesis.

Exogenous MSCs derived from healthy autologous 
or allogeneic sources, after isolation, typically undergo 
reversible apoptosis but retain a high capacity to secre-
te regulatory and adaptive factors. When administered, 
apoptotic MSCs exert their effects mainly through pa-
racrine and trophic signaling, compensating for deficits 
in the chronically injured liver and contributing to the 
restoration of tissue homeostasis.

Reliable restoration of metabolic regulation and struc-
tural integrity in the damaged liver using exogenous 
MSCs is achievable only when their regulatory activity 
is enhanced – through preconditioning with adaptive 
agents, genetic modification, or incorporation into bio-
engineered cell-matrix constructs – and when the resi-
dual regulatory capacity of the recipient’s liver has not 
reached the threshold of irreversible damage.

To optimize clinical outcomes, it is essential to de-
velop reliable and convenient criteria for predicting the 
individual therapeutic efficacy of exogenous MSCs in 
patients with chronic fibrosing liver diseases.
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Introduction
In recent decades, biomedical technologies aimed at 

restoring and replacing damaged tissues and organs have 
developed rapidly. A key component of these technolo-
gies is biomaterials, which form the foundation for crea-
ting implants, scaffolds, and various medical devices. 
The performance of these materials is determined by 
their biocompatibility, biodegradability, and, critically, 
their mechanical properties, such as strength, elasticity, 
and resistance to physiological stresses, which must be 
optimized for specific clinical applications [1, 2]. These 
properties directly influence the integration of the im-
plant within the tissue environment, its functional dura-
bility, and the overall effectiveness of regeneration [3, 4].

In regenerative medicine and tissue engineering, for 
instance, scaffolds must possess sufficient mechanical 
stability to preserve the architecture of the defect and 
provide structural support for cell attachment and pro-
liferation until regeneration is complete. However, the 
required level of mechanical strength varies considerably 
with the anatomical site: dense, durable materials with 
prolonged resorption times are necessary for the repla-
cement of tendons, ligaments, and fascial structures, 
whereas more elastic, rapidly degradable matrices are 
preferred for soft tissue engineering applications [5, 6].

Silk fibroin, derived from the cocoons of the silk-
worm Bombyx mori, is a promising natural polymer that 
has been extensively studied in recent years as a found-
ation for developing biocompatible and biodegradable 
matrices in regenerative medicine and tissue engineering 
[7–10]. Its high mechanical strength, chemical modifi-
ability, and low immunogenicity make silk a versatile 
material suitable for a broad range of medical applica-
tions – from permanent tissue replacements to temporary 
scaffolds that promote the restoration of native biological 
structures [11].

Silk fibroin is a macromolecule with an ordered ar-
chitecture in which highly crystalline regions (predo-
minantly β-sheet structures) alternate with amorphous 
domains. The crystalline regions form a rigid framework 
that imparts high mechanical strength and resistance to 
enzymatic degradation, whereas the amorphous regions 
provide flexibility and elasticity [12]. The balance bet-
ween these two domains determines the overall physical 
and mechanical properties of fibroin, which can be pre-
cisely tuned by modifying processing conditions.

Fibroin elicits minimal inflammatory response in vivo 
and supports cell adhesion, proliferation, and differenti-
ation, especially with additional surface modification or 
when supplemented with bioactive molecules [13–17].

One of the key advantages of silk fibroin lies in its 
versatility and technological flexibility. By varying pro-
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cessing conditions, such as solvent composition, ext-
raction time, and thermal or mechanical treatment, it is 
possible to deliberately tailor the morphology, degree of 
crystallinity, porosity, biodegradation rate, and mechani-
cal performance of the material [18, 19]. This tunability 
enables the adaptation of silk-based scaffolds to a wide 
range of clinical applications.

The present study aims to elucidate the relationship 
between the extent of silk processing and the resulting 
changes in the mechanical and morphological characte-
ristics of fibroin-based scaffolds. The primary objective 
is to determine how different fabrication approaches in-
fluence scaffold properties, thereby providing a rationale 
for selecting optimal processing parameters to create bio-
materials that meet specific clinical requirements. This 
will allow for targeted design of scaffold types – ranging 
from dense, slowly resorbable structures to porous, ra-
pidly degradable matrices – depending on the intended 
surgical application.

Materials and Methods
Obtaining samples

Natural silk fabrics (EAC Declaration of Conformity, 
N RU D-CN.PA09.B.91575/23, Tianjin Textile Indust-
rial Supply and Sale Co., Ltd., China) were used for the 
preparation of biodegradable scaffolds. Two types of 
silk fabrics differing in surface density – 15 g/m2 and 
155 g/m2 – were employed in this study. Sample prepa-
ration was carried out according to previously described 
protocols [20–22].

The processing procedure included several sequential 
stages. Initially, the silk fabric was boiled in a 0.25% 
aqueous sodium bicarbonate (NaHCO3) solution for 
40 minutes in a water bath to remove sericin, followed 
by thorough rinsing in distilled water. The fabric was 
then reboiled in a fresh NaHCO3 solution for 30 minutes, 
and this process was repeated three times to ensure com-
plete sericin removal. After treatment, the samples were 
air-dried at room temperature until a constant weight 
was achieved.

The resulting materials were designated as “Fibro-
plen-Gas” (15 g/m2) and “Fibroplen-Atlas” (155 g/m2). 
These samples were used as model scaffolds for subse-
quent analyses.

Obtaining the solution
The purified silk fabrics were dissolved in a mixture 

of distilled water, 95% ethanol, and calcium chloride 
(Sharlab S.L., Spain) in a molar ratio of 8 : 2 : 1, res-
pectively. The volume of the mixture was calculated at 
1 mL of solution per 200 mg of fibroin. Dissolution was 
carried out in sealed test tubes at 90 °C for 40 minutes 
with constant stirring until a homogeneous solution was 
obtained.

The resulting solution was purified from calcium 
chloride and ethanol by dialysis against distilled water 
at 20 °C, with ten water changes performed at 30-minute 
intervals. Upon completion of dialysis, the solution was 
further purified by centrifugation at 3000 rpm for 15 mi-
nutes using a SIGMA 6K10 2000 W centrifuge (Sigma, 
Germany) to remove insoluble particles. The resulting 
solution was subsequently subjected to mass spectrome-
tric analysis to verify its protein composition, assess its 
purity, and confirm its suitability for further use.

Mass spectrometry
An aliquot of the solution containing 20 μg of total 

protein was dried in a SpeedVac centrifugal vacuum con-
centrator (Savant, France) and resuspended in 20 μL of 
buffer containing 100 mM Tris-HCl (pH 8.5), 1% sodium 
deoxycholate, 10 mM TCEP, and 20 mM 2-chloroacet-
amide. The mixture was incubated at 85 °C for 10 mi-
nutes and subsequently cooled to room temperature. 
0.4 μg of trypsin in 10 μl of 100 mM Tris-HCl (pH 8.5) 
was added to the solution, and the reaction mixture was 
incubated at 37 °C overnight. The reaction was termi-
nated by adding an equal volume of 2% trifluoroacetic 
acid (TFA), after which the peptides were purified by 
solid-phase extraction on an SDB-RPS StageTip mi-
crocolumn made from an automatic pipette tip packed 
with SDB-RPS membrane (3M, USA). The column was 
sequentially washed with 1% TFA in ethyl acetate and 
0.2% TFA in water, and peptides were eluted using 5% 
ammonium hydroxide in 60% acetonitrile. The eluate 
was dried completely and stored at –80 °C. Prior to ana-
lysis, peptides were reconstituted in 0.1% TFA and 2% 
acetonitrile in water.

Chromatographic–mass spectrometric analysis was 
performed on an Ultimate 3000 Nano LC system (Ther-
mo Fisher Scientific) coupled to an Orbitrap Lumos 
Tribrid mass spectrometer (Thermo Fisher Scientific) 
via a nanoelectrospray ionization source. Peptides were 
first loaded onto a precolumn packed with Reprosil-Pur 
C18-AQ 5 μm sorbent and subsequently separated on a 
fused silica analytical column packed with Reprosil-Pur 
C18-AQ 1.9 μm sorbent. Chromatographic separation 
was carried out at room temperature using a binary sol-
vent system: eluent A – 0.1% formic acid in water, and 
eluent B – 80% acetonitrile with 0.1% formic acid. Pep-
tides were eluted with a linear gradient from 3% to 99% 
eluent B over 37 minutes at a flow rate of 500 nL/min.

The mass spectrometer operated in data-dependent 
acquisition (DDA) mode with the following parameters: 
MS1 resolution 60,000, mass range 350–1600 m/z, HCD 
fragmentation energy 30%, and MS2 resolution 15,000.

Data processing was performed using MaxQuant 
(v.2.4.2.0) and Perseus (v.2.0.10.0) software packages. 
Database searching was carried out against the Bom-
byx mori protein sequence database (UniProt, version 
04.2025) using standard MaxQuant settings: trypsin 
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specificity, up to two missed cleavages, variable modi-
fications (methionine oxidation, N-terminal acetylation), 
fixed modification (cysteine carbamidomethylation), and 
a false discovery rate (FDR) threshold of 1% at both 
peptide and protein levels.

Subsequent data analysis in Perseus included the ex-
clusion of contaminants, reverse sequences, and proteins 
identified only by site. Relative protein quantification 
was performed using the relative intensity-based absolute 
quantification (iBAQ) algorithm.

Obtaining modified samples
Fibroplen-Gas and Fibroplen-Atlas samples were 

incubated in an aqueous–alcoholic solution of calcium 
chloride (CaCl2) with a molar ratio of CaCl2  :  etha-
nol : water = 1 : 2 : 8 at 46 °C. The treatment was conti-
nued until the complete loss of fabric integrity. The time 
required for full structural disintegration was 7 hours for 
Fibroplen-Gas and 4.5 hours for Fibroplen-Atlas samp-
les; these durations were defined as representing 100% 
destruction.

Based on these reference points, incubation times 
corresponding to 20%, 40%, 60%, and 80% degrees of 
destruction were calculated proportionally. Upon com-
pletion of each treatment, the samples were thoroughly 
rinsed with distilled water to remove residual reagents 
and subsequently air-dried at room temperature until a 
constant weight was achieved.

The resulting scaffolds were sterilized in a Sanyo 
MLS-3020U autoclave (Sanyo, Japan) at 126 °C for 
30 minutes. The modified scaffolds were designated with 
numerical indices reflecting the percentage of structural 
destruction.

Scanning electron microscopy
To compare the structural features of samples with 

different degrees of processing and to identify chan-
ges in surface morphology and microstructure resulting 
from tissue modification, the samples were examined 
using scanning electron microscopy (SEM). The samp-
les were dehydrated by sequential immersion in ethanol 
solutions of increasing concentration (10%, 20%, 50%, 
70%, and 95%), with each step lasting 30 minutes. After 
dehydration, the samples were mounted on glass slides 
and vacuum-dried for 1 hour using a Q150R ES rotary 
pump sputtering system (Quorum Technologies, UK). 
The dried samples were then coated with a 5 nm layer 
of gold under an argon atmosphere at an ion current of 
20 mA and a pressure of 1 mbar, using the same Q150R 
ES system (Quorum Technologies, UK). Microscopic 
examination was carried out with a Tescan Vega3 SBU 
scanning electron microscope (Tescan, Czech Republic) 
operated at a voltage of 30 kV. The images were captured 
using VegaTC software (Tescan, Czech Republic).

Mechanical properties of samples
To assess the strength characteristics of the silk scaf-

folds, tensile tests were conducted using a universal ten-
sile testing machine I1158M-2 (Tochpribor, Russia). Five 
rectangular specimens, each measuring 8 cm × 2.5 cm, 
were prepared from each type of fabric. The samples 
were fixed in the machine’s clamps and subjected to 
uniaxial tensile loading at a crosshead speed of 50 mm/
min until they broke. During the test, the relationship 
between the applied load and elongation was continuous-
ly measured. The tensile strength of each sample was 
calculated based on the maximum load at break and the 
corresponding strain.

Data processing
All quantitative data are presented as mean ± standard 

deviation (M ± SD). The Mann–Whitney U test was ap-
plied to evaluate statistical differences between groups. 
Differences were considered statistically significant at 
p < 0.05. Data analysis and graphical visualization were 
performed using OriginPro software (OriginLab Corpo-
ration, USA).

Results and Discussion
Mass spectrometry analysis

Mass spectrometric analysis of the fibroin solution 
obtained from sericin-free satin silk tissue identified 
50 protein sequence groups corresponding to Bombyx 
mori silk proteins (according to the UniProt database, 
version 04.2025). Protein identification and quantifica-
tion performed using MaxQuant revealed that more than 
97% of the total molar protein content was represented 
by fibroin light chains (42.3%), fibroin heavy chains 
(48.8%), and fibrohexamerin (P25) (6.1%). This com-
position corresponds closely to the native protein profile 
of fibroin extracted from Bombyx mori cocoons, confir-
ming the high preservation of the native structure of silk 
after processing and confirms that the solution contains 
predominantly pure fibroin. Thus, it can be concluded 
that the pretreated silk tissue matrices retain the native 
biochemical composition characteristic of natural fibroin 
and can be used as a basis for creating biocompatible 
scaffolds.

Tissue morphology
SEM analysis of the samples revealed a clear rela-

tionship between the microstructural characteristics of 
the samples and the degree of modification. In the unt-
reated samples, the fibers exhibited a dense and orderly 
arrangement with a smooth surface, retaining both their 
structural integrity and spatial organization. This was 
particularly evident in the samples with a denser weave 
(Fibroplen-Atlas). As the degree of processing increased 
(from 20% to 80%), progressive structural alterations 
were observed. The fiber surfaces became roughened, 
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Fig. 1. Surface morphology of silk fabrics at different processing levels, according to scanning electron microscopy (SEM). a, 
Fibroplen-Atlas; b, Fibroplen-Atlas 80; c, Fibroplen-Gas; d, Fibroplen-Gas 80

a b

c d

50 μm

50 μm

50 μm

50 μm

with evident localized degradation, loosening of the 
network, and regions of thinning. Breaks formed in the 
fibrous network. At higher modification levels, the struc-
ture became less ordered, and the fabric became more 
porous and fragile (Fig. 1).

Mechanical properties
Mechanical testing of the silk scaffolds revealed 

pronounced differences in tensile strength, reflecting 
the influence of fabric density and structural organiza-
tion on the mechanical behavior of the materials. The 
untreated Fibroplen-Atlas (A0) samples showed a ma-
ximum tensile strength of 34.67 ± 2.80 MPa (Fig. 2), 
which was significantly higher than that of the modified 
samples (A20–A80), where tensile strength varied from 
28.11 ± 2.30 MPa to 15.04 ± 1.30 MPa. The Fibroplen-
Gas samples, with lower fabric density, showed con-
siderably reduced strength. The untreated G0 samples 
had a maximum tensile strength of 9.01 ± 0.80 MPa, 
which decreased to 7.86 ± 0.70 MPa following maximal 
modification (G80) (Table).

For Fibroplen-Atlas samples, a clear and statistically 
significant (p < 0.05) inverse relationship was observed 
between tensile strength and degree of processing. Incre-
asing the incubation time in the calcium chloride–ethanol 
solution led to a gradual decline in mechanical strength, 
indicating progressive structural degradation of the fib-
roin matrix. A similar trend was noted for the Fibroplen-
Gas samples, although with greater data variability.

Discussion
The observed decrease in tensile strength with incre-

asing degrees of modification is attributed to the partial 
disruption of the fibroin protein matrix, resulting in re-
duced structural integrity and mechanical stability of the 
scaffolds. This finding is consistent with previous studies 
[20, 22], which have shown that chemical processing of 
silk fibroin leads to a loss of crystallinity and partial un-
folding of β-structures, thereby diminishing the strength 
of the material while accelerating its biodegradation.

The high-density Fibroplen-Atlas samples demons-
trated superior mechanical performance, making them 
suitable for use in surgical applications that require long-

Table
Tensile strength of silk scaffolds at different degrees of modification

Sample Tensile strength (MPa) Sample Tensile strength (MPa)
A0 34.67 ± 2.80 G0 9.01 ± 0.80

A20 28.11 ± 2.30 G20 8.97 ± 0.80
A40 21.30 ± 1.90 G40 8.12 ± 0.70
A60 17.68 ± 1.50 G60 7.32 ± 0.65
A80 15.04 ± 1.30 G80 7.86 ± 0.70
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Fig. 2. Dependence of breaking force on time from the start of testing for silk scaffold samples A0–A80 (a–e) and G0–G80 
(f–j). The maximum recorded value is taken as the breaking force of the scaffold
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term mechanical reinforcement, such as tendon, fascia, 
and other structures subjected to significant stress, where 
it is necessary to maintain the stability of the framework 
for a long time after surgery, for example, in orthopedics 
and reconstructive surgery.

Indeed, high-strength silk matrices are already em-
ployed clinically in procedures such as rotator cuff re-
construction and knee ligament repair, where prolonged 
stability and resistance to stress are critical to successful 
postoperative outcomes [23–26].

At the same time, Fibroplen-Gas samples, characte-
rized by a looser and more porous architecture, exhibited 
lower mechanical strength but a faster biodegradation 
rate, making them ideal for soft tissue surgery. Such 
materials hold promise for use in regenerative medicine, 
particularly for wound coverage, burn treatment, and 
plastic surgery, where temporary biodegradable matri-
ces are required for accelerated epithelial and vascular 
growth.

Conclusion
This study demonstrated that physicochemical treat-

ment of silk tissues exerts a pronounced influence on 
their morphological and mechanical properties, enab-
ling the formation of scaffolds with distinct architectural 
characteristics. By varying treatment parameters, it was 
possible to obtain biomaterials with a controlled degree 
of protein matrix degradation, which in turn determined 
their mechanical strength and expected biodegradation 
kinetics.

High-density scaffolds fabricated from materials 
such as Fibroplen-Atlas exhibit pronounced mechani-
cal strength and structural stability, making them highly 
promising for clinical applications that require long-term 
tissue support. In contrast, scaffolds with a less dense ar-
chitecture (such as Fibroplen-Gas) display lower tensile 
strength but increased biodegradation rates, rendering 
them more suitable for use in tissue engineering and 
regenerative surgery, including the treatment of chronic 
wounds, burns, and creation of matrices.

Thus, the developed silk-based scaffolds demonstrate 
significant potential for adaptive use in clinical practice, 
where selection of material can be guided by the biome-
chanical demands of the target tissue and the desired rate 
of regeneration. The results confirm the feasibility of 
targeted modulation of the properties of silk biomaterials 
to meet specific therapeutic objectives.
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Introduction
Organ transplantation remains the only definitive 

treatment for many patients with end-stage organ failure. 
Advances in surgical techniques, postoperative care, and 
immunosuppressive therapy have significantly improved 
transplant outcomes. However, the primary factor limi-
ting the expansion of transplant programs is the persistent 
shortage of donor organs. In 2023, a total of 1,817 kidney 
transplants were performed in the Russian Federation [1], 
while 53,874 patients were on hemodialysis [2].

One possible solution to this problem is the use of 
animal organs. In the mid-20th century, the first attempts 
at transplanting primate organs into humans were con-
ducted in the United States. However, these early experi-
ments yielded poor outcomes, with most recipients dying 
within weeks due to graft rejection. The subsequent dec-
line in interest in xenotransplantation was driven not only 
by immunological incompatibility but also by concerns 
regarding the transmission of zoonotic infections. The 
discovery of retroviruses and the potential emergence 
of recombinant strains pathogenic to humans led to an 
almost complete halt in animal organ transplantation 
research [3].

However, recent advances in genetic engineering and 
cell therapy have revived interest in xenotransplantation. 
Although apes share a closer anatomical, physiological, 
and immunological resemblance to humans, they are not 
considered an optimal source of donor organs. Compared 
to primates, pigs present several key advantages: rapid 
growth to adult size, early reproductive maturity, large 

litter sizes, and relatively low maintenance costs. It  is 
also important to note that there is a certain amount of 
accumulated experience in the field of genetic enginee-
ring in cloning pigs [4].

The purpose of this review is to analyze the latest data 
on methods of genetic modification of animals and the 
use of cell therapy in xenotransplantation, as well as to 
assess the prospects for its clinical application.

Risks of xenotransplantation
Genetic disparities between species create immuno-

logical barriers to successful xenotransplantation. Early 
attempts to transplant pig organs into primates were lar-
gely unsuccessful: within hours of reperfusion, recipients 
developed hyperacute rejection [5, 6]. This reaction is 
driven by the recognition of xenoantigens expressed on 
the vascular endothelial cells of the pig graft by pree-
xisting “anti-pig” antibodies in the recipient’s circula-
tion. The ensuing cascade involved antibody-mediated 
activation of the complement system, leading to endo-
thelial inflammation, formation of the membrane attack 
complex, and subsequent vascular injury. This triggered 
coagulation pathway activation, resulting in interstitial 
hemorrhage, thrombosis, and ischemia, ultimately des-
troying the transplant [7].

Membrane-associated regulatory complement pro-
teins play a crucial role in the development of rejection 
during xenotransplantation. These molecules, expressed 
on the surface of most cell types, suppress excessive 
complement activation and thereby protect healthy cells. 
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Similarly, coagulation regulatory factors present in the 
vascular endothelium maintain an anticoagulant state 
under normal conditions.

However, in xenotransplantation, porcine comple-
ment and coagulation regulatory proteins fail to interact 
efficiently with their primate counterparts. As a result, 
the xenograft becomes susceptible to uncontrolled com-
plement activation and coagulation cascade dysregula-
tion [8].

Another major obstacle to successful xenotransplan-
tation is the risk of transmission of zoonotic infections. 
Therefore, animals – particularly pigs – used as organ do-
nors must be bred under sterile, pathogen-free conditions 
and rigorously screened for infectious agents hazardous 
to humans, such as gamma (γ) herpesvirus, swine influ-
enza virus, porcine cytomegalovirus, hepatitis E virus, 
and porcine endogenous retrovirus (PERV) [9].

Unlike other pathogens, PERV is integrated into the 
pig genome and cannot be eliminated through pharma-
cological or vaccination measures [9]. Although no cases 
of PERV transmission to humans or nonhuman primates 
have been documented during experimental xenotrans-
plantations, genetic inactivation of PERV loci is consi-
dered a promising strategy to mitigate the potential risk 
of zoonotic transmission [10].

Genetic modification of donor animals
A significant body of research in genetic engineering 

and animal cloning is currently focused on enhancing the 
compatibility of pig organs for xenotransplantation into 
humans. The creation of genetically modified pigs with 
multiple gene deletions and human transgene insertions 
should be aimed at overcoming key immunological and 
physiological barriers to successful pig-to-human organ 
transplantation [11].

The advancement of these methods has been large-
ly driven by the development of the CRISPR/Cas9 ge-
nome editing system, which is derived from a natural 
bacterial antiviral defense mechanism. This technology 
enables the induction of site-specific double-stranded 
DNA breaks within the genome, facilitating targeted 
insertion or deletion of genes followed by cellular DNA 
repair [12].

Another necessary condition for genetic modification 
is the ability to obtain a line of animals with a modified 
genome. This is achieved by transferring the nuclei of 
genetically modified somatic cells into an enucleated ani-
mal oocyte (cloning). The combination of gene targeting 
via homologous recombination in cultured somatic cells 
followed by nuclear transfer allows for the production of 
multiple heritable genetic modifications for xenotrans-
plantation purposes [13].

In recent years, a series of experimental studies have 
been conducted to identify optimal strategies for genetic 
modification of the pig genome aimed at minimizing the 
risk of xenograft rejection [10, 14, 15]. One of the most 

effective approaches reported involves the modification 
of ten key genes – specifically, the deletion of four por-
cine antigens combined with the insertion of six human 
transgenes.

The inactivated porcine genes include the major 
carbohydrate antigen αGal (Galactose-α-1,3-galactose) 
and two additional carbohydrate antigens, CMAH and 
β4GalNT2, which participate in the synthesis of N-
glycolylneuraminic acid and the sialyl dimeric antigen, 
respectively. The growth hormone receptor gene (GHr) 
is also deleted to limit donor pig growth, maintaining 
body weight below 150 kg.

At the same time, six human genes were introduced: 
CD46 (membrane cofactor protein) and CD55 (decay-
accelerating factor) as complement inhibitors; THBD 
(thrombomodulin) and EPCR (endothelial protein C 
receptor) as coagulation inhibitors; CD47 (integrin-as-
sociated protein), which inhibits T-cell and macrophage 
activation; and HO1 (heme oxygenase-1), an anti-in-
flammatory enzyme [16].

Prior to organ harvesting for xenotransplantation, 
it is necessary to study the genotype and phenotype of 
donor animals for the presence of all intended modifi-
cations and to rule out any unplanned changes, such as 
unintended CRISPR/Cas9-induced breaks or the random 
insertion of extra copies of human transgenes [17].

Cell therapy
One of the major challenges in xenotransplantation 

is the lack of an effective immunosuppressive regimen. 
A promising direction for improving xenograft outcomes 
lies in the application of cell-based therapies designed 
to enhance the effectiveness of organ transplantation 
by mitigating the adverse consequences of prolonged 
immunosuppression [18].

Mesenchymal stromal stem (MSCs) are known to 
possess a set of unique properties, including immuno-
suppressive effects. The therapeutic potential of MSCs 
is mediated by the secretion of numerous regulatory and 
trophic factors, exosomes, microvesicles, lipoproteins, 
microRNAs, as well as apoptotic bodies, which signi-
ficantly enhance regenerative processes in damaged or-
gans, stimulate angiogenesis, and prevent cell apoptosis, 
inflammation, and fibrosis [19].

Further optimization of MSC-based therapy in trans-
plantation may involve their pre-activation. One of the 
most promising strategies is MSC activation through 
autophagy induction [20]. The combined use of methods 
of genetic modification of animals and cell therapy can 
increase the effectiveness of xenogeneic transplantation 
and achieve long-term survival of the xenograft.

Clinical observations
In recent years, an increasing number of studies have 

reported on the outcomes of xenotransplantation of ge-
netically modified pig organs in both brain-dead human 
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models and living recipients [21]. The use of brain-dead 
patients as recipients in such experiments is scientifically 
justified, as it allows for minimizing the risks associated 
with early clinical trials [22].

Nevertheless, this model has several important limi-
tations, including short observation periods and unstable 
hemodynamics in brain-dead recipients, which may lead 
to hypoperfusion, ischemic injury, and inflammatory 
responses within the xenograft [23].

A notable clinical case was described by Kawai et al., 
who reported the transplantation of a genetically modi-
fied pig kidney into a 62-year-old patient with end-stage 
chronic kidney disease. In the early postoperative period, 
the recipient developed an episode of T-cell–mediated 
rejection, which was successfully treated with antithy-
mocyte globulin. No subsequent rejection episodes were 
observed. The xenograft remained functionally active 
for two months until the patient died of acute coronary 
pathology unrelated to the transplant [24].

In another notable report, a research group described 
the xenotransplantation of a genetically engineered pig 
heart – modified with ten specific gene edits – into a 
living human recipient. On the first postoperative day, 
the xenograft demonstrated satisfactory cardiac function. 
However, by day 13, endomyocardial biopsy revealed 
signs of acute antibody-mediated rejection. Despite 
intensive immunosuppressive therapy, hemodynamic 
decompensation occurred on day 30, necessitating extra-
corporeal membrane oxygenation (ECMO). The patient 
was declared dead 10 days later. The authors attribut-
ed the graft failure primarily to the recipient’s critical 
preoperative condition and the extensive transfusion of 
blood components, both of which likely contributed to 
the rejection [25].

In a study conducted by Tao et al., heterotopic xe-
notransplantation of a genetically modified pig liver was 
performed in a brain-dead human recipient. The xeno-
graft maintained stable hepatic perfusion and functioned 
effectively for 10 days, producing both bile and porcine 
albumin. Histological analysis of biopsy specimens re-
vealed C3d and C4d complement deposition, along with 
IgM and IgG staining, consistent with early humoral 
immune activation. Despite the short observation period, 
the non-physiological nature of the transplant and the use 
of a brain-dead recipient, the authors suggested that such 
xenotransplants may provide temporary metabolic and 
synthetic support through xenotransplantation, serving 
as a bridge to to possible allotransplantation [26].

Conclusion
Advances in genetic engineering have made it possi-

ble to create genetically modified lines of animals (pri-
marily pigs) whose organs do not trigger hyperacute 
rejection during xenotransplantation to primates in expe-
rimental settings or to humans in clinical practice. How-
ever, species incompatibility remains a major challenge, 

as long-term xenograft survival still requires recipients 
to take high doses of immunosuppressive drugs, which 
significantly increases the risk of malignant tumors and 
infectious complications. To mitigate the adverse effects 
of prolonged immunosuppression, several immune to-
lerance–induction strategies have been proposed, inclu-
ding hematopoietic stem cell transplantation to achieve 
mixed chimerism, combined transplantation of a solid 
organ and thymus, and infusion of regulatory T cells. 
Clinical studies have demonstrated that formation of 
mixed chimerism in kidney recipients following allo-
transplantation from HLA-incompatible related donors 
may allow for reduction or complete discontinuation of 
immunosuppressive therapy [27].

At present, a synergistic approach combining genetic 
modification of donor animals to reduce the immuno-
genicity of their organs with cell-based therapies aimed 
at inducing immune tolerance to the xenograft appears 
to be the most promising direction. This approach may 
not only enhance the efficacy and safety of xenogeneic 
transplantation and ensure long-term survival of both the 
xenograft and recipient, but also provide new insights 
into the fundamental regulatory mechanisms underlying 
the immune response in interspecies transplantation.
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Association between TGFB1 rs1800469 polymorphism 
and post-transplant complications in pediatric liver 
recipients
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Objective: to evaluate the association between carriage of the rs1800469 polymorphism of the TGFB1 gene and 
the risk of post-transplant complications, rejection episodes, and infectious diseases in pediatric liver recipients. 
Materials and methods. The study included 219 pediatric liver recipients (92 boys, 127 girls), aged 2.4 to 
204 months (median 8 months). Indications for liver transplantation (LT) were end-stage liver failure resulting 
from congenital or acquired liver diseases. Genotyping of the TGFB1 rs1800469 polymorphism was performed 
using real-time polymerase chain reaction (PCR) with TaqMan probes. Results. A comparative analysis of the 
allele frequency of rs1800469 of the TGFB1 gene was performed in three groups of pediatric liver recipients: (1) 
with versus without post-transplant complications, (2) with versus without rejection episodes, and (3) with versus 
without infectious complications. In all groups, allele frequencies conformed to Hardy–Weinberg equilibrium 
(p > 0.05). No significant differences in rs1800469 variant distribution were observed between recipients with and 
without overall complications or between those with and without rejection episodes. However, marked differen-
ces emerged between recipients with and without infectious complications: the C/C genotype was 1.9 times less 
frequent (p = 0.0102), the C allele was 1.3 times less frequent (p = 0.0175), and the T allele was 1.4 times more 
frequent (p = 0.0175) in the infection group. Under a dominant inheritance model, carriers of the T allele (C/T + 
T/T) had 2.53-fold higher odds of infection compared with those with the homozygous C/C genotype in the group 
of recipients with infections than in those without (p = 0.0077). Conclusion. In pediatric liver transplant recipients, 
the TGFB1 polymorphic variant rs1800469 is not associated with either a complicated post-transplant course or 
the occurrence of graft rejection episodes. However, carriers of the T allele appear to have an increased risk of 
infectious complications compared with those with the homozygous C/C genotype. These findings suggest that 
the rs1800469 T allele may serve as a genetic marker for increased susceptibility to infections and could be consi-
dered in strategies for prevention of complications and individualized adjustment of immunosuppressive therapy.
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Introduction
Liver transplantation remains the only definitive 

treatment for young children with end-stage liver failure 
resulting from congenital or acquired liver disease. How-
ever, post-transplantation, a range of complications may 
occur, arising either from immunosuppressive therapy 
or the underlying disease. The occurrence and severity 
of these complications may, in many cases, depend on 
the recipient’s genetic profile. Thus, identification of 
genetic markers that reflect individual patient charac-
teristics could facilitate the prediction, prevention, and 
management of post-transplant complications.

Several studies, including our own, have demonst-
rated that in pediatric liver transplant (LT) recipients, 
blood levels of transforming growth factor-β1 (TGF-β1), 
a pleiotropic cytokine with profibrogenic and immu-

nosuppressive properties, may be associated with graft 
status, particularly with the development of rejection or 
transplant dysfunction [1–3]. These observations suggest 
that TGF-β1 may serve as a potential prognostic bio-
marker for post-transplant complications. Nevertheless, 
the causal relationship between protein levels and com-
plications remains unclear: high levels of the cytokine 
may represent both a cause and a consequence of fibrotic 
processes [4, 5]. Given the multifactorial regulation of 
TGF-β1 expression, it is plausible that individual genetic 
determinants influencing cytokine production contribu-
te to the pathogenesis of post-transplant complications 
[6, 7].

In patients with various pathological conditions, in-
cluding liver diseases, an association has been establis-
hed between circulating levels of TGF-β1 and carriage of 
the polymorphic variant rs1800469 in the TGFB1 gene 
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[8, 9]. This single-nucleotide polymorphism (SNP), also 
known as C(–509)T, represents a cytosine-to-thymine 
substitution in the gene’s promoter region and is thought 
to influence transcription factor binding affinity [10]. 
Reporter gene assays have demonstrated that promoter 
constructs containing cytosine at position –509 exhibit 
significantly higher transcriptional activity than those 
carrying thymine [8].

Several studies have suggested that the carriage of 
specific TGFB1 polymorphic alleles may contribute 
to the development of post-transplant complications, 
including acute rejection, graft fibrosis, and renal dys-
function [11–13]. Furthermore, the role of TGFB1 gene 
polymorphisms has been investigated in the pathogenesis 
of infectious diseases such as hepatitis B and C, human 
papillomavirus (HPV), and COVID-19 [14–16].

In adult patients with liver cirrhosis secondary to he-
patitis B or C infection, significant differences have been 
observed in the frequencies of rs1800469 and rs1800470 
variants compared to healthy controls, suggesting that 
these polymorphisms may influence both susceptibility 
to viral infection and predisposition to cirrhosis [17–19]. 
However, the direction of association varies across stu-
dies: while the T allele at position –509 (rs1800469) is 
most frequently linked to increased risk [18–20], other 
reports have implicated the C allele [8, 17] or found no 
significant associations at all [21].

No studies investigating the role of TGFB1 gene po-
lymorphisms in the development of post-LT complica-
tions among pediatric liver recipients were found in the 
available literature. Our previous research demonstrated 
that in children who underwent liver transplantation for 
various congenital and acquired liver diseases, the fre-
quencies of individual variants rs1800469, rs1800470, 
and rs1800471 did not differ significantly from those 
in healthy controls. However, rare haplotypes of these 
polymorphic loci were significantly more common in 
recipients [22]. Analysis of TGFB1 polymorphic loci 
and their haplotypes in specific subgroups, such as pa-
tients with biliary atresia or histologically confirmed 
fibrosis of the explanted liver, revealed significant dif-
ferences compared to healthy individuals [23, 24]. The 
high prevalence of rare allelic variants and haplotypes of 
the TGFB1 gene in children with liver disease suggests 
their potential association not only with progression to 
liver failure but also with development of post-transplant 
complications.

The present study aims to evaluate the risk of post-
transplant complications, including rejection episodes 
and infectious diseases, in pediatric LT recipients car-
rying the rs1800469 polymorphic variant of the TGFB1 
gene.

Materials and methods
The study included 219 pediatric LT recipients aged 

2.4 to 204 months (median age, 8 months), comprising 

92 boys and 127 girls. The investigation was conducted 
in accordance with a protocol approved by the Local 
Ethics Committee, Shumakov National Medical Re-
search Center of Transplantology and Artificial Organs 
(Moscow, Russia).

Indications for liver transplantation were end-stage 
liver failure resulting from liver diseases, such as bilia-
ry atresia (BA), biliary hypoplasia (BH), Alagille syn-
drome, Caroli syndrome, and Byler disease, as well as 
rarer disorders such as Crigler–Najjar syndrome, Gierke 
disease, alpha-1 antitrypsin deficiency, tyrosinemia, ful-
minant and autoimmune hepatitis, cryptogenic cirrhosis, 
and others.

After transplantation, patients received double- or 
triple-drug immunosuppressive therapy, which included 
tacrolimus, corticosteroids, and mycophenolate mofetil. 
Routine follow-up and management of recipients were 
performed in accordance with the clinical guidelines of 
the Russian Transplant Society and the institutional pro-
tocols at Shumakov National Medical Research Center 
of Transplantology and Artificial Organs.

During the first year following transplantation, reci-
pients developed various complications, including im-
mune, infectious, vascular, biliary, surgical, and other 
postoperative disorders. Immune complications com-
prised episodes of acute cellular and antibody-mediated 
rejection, diagnosed based on a combination of labo-
ratory parameters (elevated serum transaminases and/
or bilirubin levels) and clinical manifestations such as 
jaundice, acholic or hypocholic stools, and occasionally 
skin itching.

Infectious complications included bacterial intestinal 
infections leading to cholangitis, bacterial pneumonia, 
generalized sepsis with systemic inflammatory respon-
se syndrome (SIRS), peritonitis secondary to intestinal 
perforation or obstruction, and cytomegalovirus (CMV) 
infection.

Genomic DNA was extracted from peripheral blood 
leukocytes using the QIAamp DNA Blood Mini Kit on 
an automated QIAcube™ platform (Qiagen, Germany), 
following the manufacturer’s instructions.

Genotyping of the TGFB1 rs1800469 polymorphism 
was performed by real-time polymerase chain reaction 
(PCR) using TaqMan® probes (Applied Biosystems, 
USA) on a CFX96™ real-time PCR detection system 
(Bio-Rad, USA), according to the manufacturer’s ins-
tructions.

The TaqMan assay (Assay ID: C_8708473_10) 
identifies allelic variants at the G/A locus of rs1800469, 
which are complementary to the C/T nucleotides on the 
other DNA strand.

Data collection and statistical evaluation were per-
formed using Microsoft Excel. Analysis of genotype and 
allele frequencies for the studied SNP, as well as assess-
ment of the potential influence of genotype on clinical 
traits, were carried out using the SNPstats software [22]. 
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Fig. 1. Frequency of rs1800469 genotypes and alleles among 
recipients with and without complications

Fig. 2. Frequency of TGFB1 rs1800469 genotypes and alle-
les among recipients with and without graft rejection

The odds ratio (OR) and its 95% confidence interval (CI) 
were calculated to estimate the strength of associations.

Genotype frequencies were expressed as a percentage 
of individuals in the cohort, while allele frequencies were 
expressed as a percentage of chromosomes, according 
to the formula:

Allele frequency =
(2 × number of homozygotes) + 

+ number of heterozygotes

2 × total number of individuals
A p-value < 0.05 was considered statistically signi-

ficant.

Results
Table 1 presents the demographic and clinical cha-

racteristics of the pediatric LT recipients included in the 
study.

The majority of patients in the study cohort were 
children with congenital cholestatic liver diseases, the 
most common diagnosis being BA, which accounted for 
48% of all cases. Three groups of LT recipients were 
analyzed: (1) with versus without post-transplant com-
plications, (2) with versus without rejection episodes, 
and (3) with versus without infectious complications. 
In all examined groups, the distribution of rs1800469 
alleles of the TGFB1 gene was consistent with the Har-
dy–Weinberg equilibrium (p > 0.05).

To evaluate the potential association between post-
transplant complications and the rs1800469 polymor-
phism of the TGFB1 gene, a comparative analysis of 
genotype and allele frequencies was performed in pedi-
atric LT recipients with complicated and uncomplicated 
postoperative courses (Fig. 1).

The analysis presented in Fig. 1 did not reveal any 
statistically significant differences in the frequencies of 
genotypes or alleles of the rs1800469 locus between 
pediatric LT recipients who developed complications 
and those who had an uneventful postoperative course 
during the first year after transplantation.

Fig. 2 shows the results of a comparative analysis 
of genotype and allele frequencies of the same locus in 
groups of recipients with and without graft rejections 
(labeled as “Rejection” and “No rejection” in the figure) 
during the first year following liver transplantation.

The results presented in Fig. 2 also showed no sta-
tistically significant differences in the frequencies of 
genotypes or alleles at the rs1800469 locus between re-
cipients who experienced rejection episodes and those 
who did not.

A comparative analysis of genotype and allele fre-
quencies at the rs1800469 polymorphic locus was further 
performed between groups of recipients with and without 
infectious complications that developed during the first 
year ppost-transplant (Fig. 3).

As shown in Fig. 3, statistically significant differen-
ces were observed in the distribution of genotypes and 
alleles of the rs1800469 locus between these two groups. 

Table 1
Clinical and demographic characteristics 

of pediatric liver recipients
Characteristic Value

Number of recipients, n 219
Age, median (range), months 8.4 (2.4–204)

Sex, number (%) Male: 92 (42)
Female: 127 (58)

Underlying disease, n (%) 219 (100)
BA
BH
Caroli syndrome
Alagille syndrome
Byler’s disease
Others

105 (48)
24 (11)
11 (5)

10 (4.5)
10 (4.5)
59 (27)

Post-LT complications, n (%)
Complication / No complication
Rejection / No rejection
Infections / No infections

131 (60) / 88 (40)
28 (13) / 191 (87)
52 (24) / 167 (76)

Abbreviations: BA, biliary atresia; BH, biliary hypoplasia; 
LT, liver transplant.
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Fig.  3. Frequency of rs1800469 genotypes and alleles 
among recipients with and without infectious complications. 
* – p < 0.05

ding genotype frequencies, odds ratios (ORs), and 95% 
confidence intervals (CIs) are summarized in Table 2.

As shown in Table 2, statistically significant diffe-
rences were observed between groups with and without 
infectious complications under two genetic models. 
In the codominant model, the carrier frequency of the 
heterozygous C/T genotype was 2.47 times higher, and 
that of the homozygous T/T genotype was 2.73 times 
higher compared to the homozygous C/C variant. In the 
dominant model, carriers of the T allele (C/T + T/T) were 
2.53 times more frequent than those with the C/C geno-
type in the compared recipient groups.

Discussion
The development of post-transplant complications 

depends to a certain extent on the individual characteris-
tics of the recipient’s immune system. It is possible that 
the rs1800469 polymorphic locus of the TGFB1 gene 
may serve as a potential genetic marker of predisposition 
to such complications.

In this study, we analyzed the distribution of genoty-
pes at SNP rs1800469 among pediatric liver recipients 
with various types of post-transplant complications, 
identified a statistically significant association with infec-
tious complications, and calculated the relative chance 
of their development in carriers of different variants of 
the TGFB1 gene.

In the group of pediatric LT recipients who deve-
loped serious complications within the first year after 
transplantation, the frequencies of genotypes and alleles 
of the rs1800469 polymorphism of the TGFB1 gene did 
not differ significantly from those observed in recipi-
ents with a favorable postoperative course. Some of the 
complications recorded – such as surgical, biliary, or 
vascular – are unlikely to be associated with immune 
mechanisms or with the activity of the cytokine TGF-β1. 
Therefore, the absence of a general association between 
the carriage of TGFB1 polymorphic variants and the 
overall incidence of complications appears reasonable. 
Nonetheless, several studies have reported associations 
between TGFB1 polymorphisms and broader clinical 
outcomes, including post-transplant survival after heart 
transplantation [25] and overall survival in hematopoi-
etic stem cell recipients [26]. It is possible that in these 
cases, the observed relationships reflect, at least in part, 
the influence of cytokine TGF-β1 levels on the studied 
outcomes.

In the subgroup of pediatric liver recipients who deve-
loped acute rejection episodes, no statistically significant 
differences were found in the distribution of TGFB1 
polymorphic alleles compared with recipients without 
rejection. As noted in the introduction, there are currently 
no published data on the role of TGFB1 polymorphism in 
the development of rejection following liver transplan-
tation in children. However, in adult solid-organ recipi-
ents, several studies have demonstrated an association 

Table 2
Distribution of TGFB1 rs1800469 genotypes 
in gene–gene interaction models among liver 

recipients with infectious complications
Model Geno-

type
Frequency, % OR 

(95% CI)
p-value

With 
infec-
tions

Without 
infec-
tions

Codomi
nant

C/C 23 43 Compari-
son group

0.028*C/T 58 44 2.47 
(1.17–5.19)

T/T 19 13 2.73 
(1.04–7.16)

Dominant
C/C 23 43 Compari-

son group 0.0077*C/T + 
T/T 77 57 2.53 

(1.24–5.16)

Recessive

C/C + 
C/T 81 87 Compari-

son group 0.29
T/T 19 13 1.57 

(0.69–3.57)

Overdomi
nant

C/C + 
T/T 42 56 Compari-

son group 0.078
C/T 58 44 1.76 

(0.94–3.29)
* – p < 0.05.

Among recipients with infectious complications, carriers 
of the homozygous C/C genotype were 1.9 times less 
frequent (p = 0.0102), the C allele was 1.3 times less 
frequent (p = 0.0175), and the T allele was 1.4 times more 
frequent (p = 0.0175) compared to recipients without 
infectious complications.

For a more detailed statistical assessment, the distri-
bution of rs1800469 genotypes in recipients with and 
without infectious complications was analyzed under 
various models of allelic interaction (codominant, do-
minant, recessive, and overdominant). The correspon-
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between polymorphic variants of this cytokine gene and 
the incidence of rejection [11, 25]. Our previous study 
similarly found no significant association between circu-
lating TGF-β1 levels and rejection episodes in pediatric 
liver recipients [3]. It is known that rejection occurs less 
frequently in pediatric liver recipients than in adults; 
therefore, the relatively small number of recipients with 
rejection episodes in this study (n = 28) may have limited 
the statistical power to detect genetic differences. It is 
also possible that the role of TGFB1 polymorphic loci 
in the development of rejection may depend on factors 
such as the type of transplanted organ, recipient age, and 
ethnic background.

This study revealed a link between TGFB1 polymor-
phism and the risk of developing post-LT infectious com-
plications in children. Specifically, carriers of the T allele 
(C/T + T/T) of rs1800469 were found to develop infec-
tious complications 2.5 times more frequently than reci-
pients with the C/C genotype. Notably, in our previous 
study, no significant association was observed between 
circulating TGF-β1 levels measured before transplanta-
tion, and at one month and one year post-transplant, and 
the frequency of post-transplant infectious complications 
[3]. This finding may suggest that the genetic marker 
provides a more stable and sensitive indicator of suscep-
tibility than the protein marker, whose concentration can 
be influenced by numerous environmental factors.

To our knowledge, no previous studies have inves-
tigated the role of TGFB1 genetic polymorphism in 
the development of infectious complications after liver 
transplantation in either pediatric or adult recipients. 
However, studies in adult patients with liver cirrhosis 
resulting from hepatitis B or C virus infection have 
shown that the presence of the T allele of rs1800469 is 
associated with an increased risk of infection in several 
populations [8, 18, 19]. In addition, these studies show 
that infected patients had higher levels of cytokine in 
their blood. Thus, our data, showing a higher incidence 
of infectious complications in carriers of the T allele, are 
broadly consistent with previous findings. Nevertheless, 
some reports have failed to identify significant differen-
ces in TGFB1 rs1800469 distribution between patients 
with infectious hepatitis and healthy controls [21, 27], 
which may be due to differences in study design and 
ethnic origin of the cohorts.

The findings of this study indicate that the rs1800469 
polymorphism in the TGFB1 gene in pediatric LT recipi-
ents is not associated with an unfavorable post-transplant 
course or an increased risk of graft rejection. However, 
carriage of this variant may be linked to the risk of deve-
loping infectious complications after liver transplantati-
on. These results suggest that the rs1800469 locus could 
serve as a potential genetic marker for predicting post-
transplant infectious complications in children and for 
optimizing immunosuppressive therapy to prevent infec-
tious diseases. Further research is warranted to assess the 

prognostic value of the TGFB1 rs1800469 polymorphism 
as a marker of infection risk and its possible relationship 
with individualized immunosuppressant requirements.

Conclusion
The risk of post-transplant complications may be 

influenced by both the expression level of the cytokine 
TGF-β1 and its genetic polymorphism. Analysis of the 
rs1800469 locus in the TGFB1 gene in pediatric liver re-
cipients revealed no association between this variant and 
an overall complicated postoperative course or episodes 
of graft rejection. However, the odds ratio for carriers of 
the T allele (C/T + T/T genotypes) was 2.5 times higher 
than for carriers of the homozygous C/C genotype among 
recipients who developed infectious complications com-
pared to those without infections. These findings suggest 
that carriage of the T allele of rs1800469 may increase 
susceptibility to post-transplant infections. This locus 
may therefore serve as a potential genetic marker for 
identifying patients at increased risk of infectious com-
plications and for guiding individualized immunosup-
pressive therapy.

The authors declare no conflict of interest.
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The use of expanded criteria donors (ECDs) is an effective strategy to increase the availability of organs for 
transplantation. However, in Russia, there have been no large-scale studies evaluating the outcomes of kidney 
transplantation (KT) from ECDs. In Moscow, through successful implementation of an original organ donation 
model, considerable experience has been accumulated in managing donors who meet the UNOS expanded crite-
ria for kidney donation. This paper presents the epidemiological characteristics of donors and recipients, as well 
as the medium-term outcomes of KT from ECDs. The study represents the first multicenter cohort study in the 
Russian Federation dedicated to kidney transplants from ECDs. The database was developed using systematized 
donor information from the Moscow Coordination Center for Organ Donation at Botkin Hospital for the period 
2021–2022. During this time, 254 donors meeting UNOS expanded criteria underwent organ explantation at 
21 hospitals in Moscow. The follow-up period for KT recipients was limited to four years. Recipient survival at 
4 years after transplantation was 0.882 [95% CI 0.839–0.927], while overall graft survival (loss from any cause) 
was 0.806 [95% CI 0.739–0.880] and death-censored graft survival was 0.887 [95% CI 0.825–0.952]. Primary 
graft function was observed in 61.4% of recipients who received kidneys from ECDs. The medium-term survi-
val rates of both recipients and grafts are acceptable and comparable to those reported in international studies, 
confirming the safety and effectiveness of expanding donor criteria to increase the number of kidney transplants.
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Introduction
According to data from the Russian Transplant Soci-

ety registry [1] between January 1, 2021, and December 
31, 2022, a total of 630 organ transplants from deceased 
donors were performed in Moscow. In 2021, among 
298  effective donors (23.7 per million population), 
290 (97.3%) were diagnosed with brain death. In 2022, 
332 organ procurements were carried out (26.3 per mil-
lion population), with 313 donors (94.3%) diagnosed 
with brain death. Overall, 254 donors (40.3%) met the 
UNOS criteria for expanded criteria donors (ECDs) [2].

According to UNOS [2], ECDs are defined as indi-
viduals aged 60 years and older, or aged 50–59 years 
with at least two of the following risk factors: a history 
of hypertension, death from acute cerebrovascular acci-
dent, or a serum creatinine level exceeding 1.5 mg/dL 
(132.6 μmol/L).

Although numerous studies have shown that kidney 
transplant (KT) outcomes from ECDs are somewhat infe-
rior to those from standard criteria donors (SCDs) [2–5], 
their use remains an effective and necessary strategy to 
increase the availability of donor organs [5–9].

There are currently no large-scale studies in Russia 
evaluating the outcomes of KT from ECDs. However, 
according to data from the Russian Transplant Society, 
the proportion of donors aged over 60 years has increa-
sed significantly, from 10.7% in 2018 to 22.3% in 2023 
[10]. It should also be noted that the donor and recipient 
pools, donor conditioning protocols, organ preservation 
times, and other procedural factors in Russia may differ 
considerably from those in other countries.

The objective of this study is to provide a compre-
hensive characterization of kidney donors meeting the 
expanded UNOS criteria, as well as to evaluate the me-
dium-term outcomes of KT using such organs.

Materials and methods
This was a retrospective multicenter cohort study 

based on data systematically collected by the Moscow 
Coordination Center for Organ Donation at Botkin Hos-
pital for the years 2021–2022. During this period, organs 
were procured across 21 hospitals from 254 donors who 
met the expanded UNOS criteria.
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Descriptive statistics for quality indicators are pre-
sented as absolute frequencies and percentages. In some 
instances, the total number of observations may differ 
from n = 444 due to missing data for certain patients.

Quantitative variables were described as mean ± stan-
dard deviation for distributions close to normal, and 
as median (first and third quartiles) for non-normally 
distributed data. The normality of distribution was as-
sessed through visual analysis of frequency histograms 
and quantile–quantile (Q–Q) plots.

Survival analysis was performed using the Kaplan–
Meier method, with point estimates and 95% confidence 
intervals (95% CI) calculated. In the analysis of kidney 
graft survival, three types of estimates were considered: 
overall graft loss – defined as transplant loss due to any 
cause (events included recipient death with a functio-
ning graft, surgical removal of a functioning graft for 
discontinuation of immunosuppressive therapy, or graft 
failure); death-censored graft loss – defined as graft re-
moval or graft failure, with death of a recipient with a 
functioning graft treated as a censored event; graft loss 
only – defined as graft failure, while deaths with func-
tioning grafts and elective removals for discontinuation 
of immunosuppression were treated as censored events.

Results
General characteristics of donors 
and  recipients

The general characteristics of kidney donors and re-
cipients are presented in Table 1. Donors were slight-
ly older than recipients, with a minimum donor age of 
50 years (in accordance with the expanded donor criteria) 
and a minimum recipient age of 19 years. The mean 
body mass index (BMI) of donors exceeded 30 kg/m2, 
indicating a predominance of overweight and obese in-
dividuals in this group.

The median length of hospital stay for donors was 
51.5 hours [31.3; 85.8], ranging from 13.2 to 446.3 hours. 
In one case, organ procurement was performed on day 
18 after admission; in all other cases, hospitalization did 
not exceed 10 days.

Most effective donors (248; 97.6%) were diagnosed 
with brain death due to acute cerebrovascular accident, 
while traumatic brain injury was identified as the cause 
of death in only 6 cases (2.4%).

Most donors had type O (I) or type A (II) blood – 94 
(37.0%) and 95 (37.4%), respectively – whereas types 
B (III) and AB (IV) were less common, occurring in 42 
(16.5%) and 23 (9.1%) donors, respectively.

Comorbid background of donors, 
conditioning and retrieval characteristics

Eighteen donors (7.1%) underwent successful cardi-
opulmonary resuscitation lasting from 5 to 40 minutes 
(median 15 [10; 20] minutes). More than half of the 

donors (146; 57.5%) exhibited glucose metabolism dis-
orders, defined as either confirmed diabetes mellitus or 
the need for insulin administration during conditioning. 
In 37 cases (14.6%), diabetes mellitus had been previous-
ly diagnosed, while in 60 cases (23.6%), repeated insulin 
administration was required due to persistent hyperglyce-
mia. It should be noted that glucose-containing solutions 
were not used during donor conditioning. The condition 
listed in Table 2 as systemic atherosclerosis refers to a 

Table 1
General characteristics of effective organ donors 

diagnosed with brain death
Characteristics Donors, 

n = 254
Recipients, 

n = 444

Age, years 58.3 (4.8), 
50.0 to 74.0

51.6 (9.6), 
19.0 to 72.0

Male / Female 155 (61.0%) / 
99 (39.0%)

271 (60.2%) / 
179 (39.8%)

Weight, kg 90.9 (18.2), 
50.0 to 150.0

76.2 (16.1), 
40.0 to 125.0

Body mass index, kg/m2 30.8 (5.9), 
18.4 to 54.7

25.8 (4.5), 
13.6 to 38.4

Body surface area (BSA), 
m2

2.1 (0.2), 
1.5 to 2.7

1.9 (0.2), 
1.3 to 2.6

Descriptive statistics: n (%); mean (SD), minimum and maxi-
mum; median [Q1; Q3], minimum and maximum.

Table 2
Comorbid background of organ donors

Donor characteristics n = 254
Insulin administration during 
conditioning of potential donors 146 (57.5%)

Persistent hyperglycemia during donor 
conditioning 60 (23.6%)

Confirmed diabetes mellitus 37 (14.6%)
Signs of impaired glucose metabolism 146 (57.5%)
Confirmed arterial hypertension 251 (98.8%)
Systemic atherosclerosis 171 (67.3%)
Ischemic heart disease 242 (95.3%)
Chronic heart failure 135 (53.1%)
Administration of norepinephrine prior 
to organ retrieval 252 (99.2%)

Maximum norepinephrine dose,  
ng/kg/min

525 [330; 800],  
60 to 3700

Administration of norepinephrine  
at the time of organ retrieval 212 (83.5%)

Norepinephrine dose at retrieval,  
ng/kg/min

150 [75.5; 340],  
10 to 1200

Adrenaline, ng/kg/min
0 247 (97.2%)
50 3 (1.2%)
100 2 (0.8%)
200 2 (0.8%)

Descriptive statistics: n (%); mean (SD), minimum and maxi-
mum; median [Q1–Q3], minimum and maximum.
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Fig. 1. Organ retrieval structure in donors

generalized form of vascular pathology characterized 
by multiple arterial lesions identified via instrumental 
diagnostic methods and visual inspection of accessible 
arteries during organ retrieval.

Almost all donors required vasopressor therapy (nor-
adrenaline administration) before or during the conditio-
ning phase. However, by the time of organ retrieval, the 
proportion of donors requiring noradrenaline had decre-
ased significantly. Adrenaline was used in only 7 donors 
(2.8%), and none of these required its administration at 
the time of retrieval.

Most donors (182, 71.7%) underwent multi-organ 
procurement (Fig.  1). The liver was retrieved from 
183 donors (71.7%), while the heart was procured from 
96 donors (37.8%).

In 23 cases (9.1%), no kidneys were retrieved, and in 
18 cases (7.1%), only one kidney was removed. In total, 
444 kidneys were obtained from 254 donors, including 
218 left and 226 right kidneys. The reasons for non-
retrieval or refusal of transplantation are summarized 
in Table 3.

Laboratory data from 231 effective kidney donors, 
from whom at least one kidney was procured for trans-
plantation, are presented in Table 4.

Recipients:  
causes of chronic kidney disease (CKD) and 
comorbidities

Predialysis transplantation was performed in 36 pa-
tients (8.4%). Before KT, 337 patients (78.4%) were on 
scheduled hemodialysis, 34 (7.9%) received peritoneal 
dialysis, and 23 (5.3%) underwent conversion of renal 
replacement therapy from peritoneal dialysis to hemo-
dialysis. The duration of dialysis therapy among these 
patients ranged from 1 to 240 months (median 12 [12; 
48] months). The causes of chronic renal failure (CRF) 
and the comorbidity profile of recipients are detailed in 
Tables 5 and 6, respectively.

Table 3
Reasons for refusal to harvest or transplant 

kidneys
Reason Both 

kidneys 
(n = 23)

One 
kidney 

(n = 18)
Renal hypoplasia (shrunken kidneys) 7 4
Presence of hypoperfusion areas 4 –
Renal replacement therapy due to CKD 
stage 5D 3 –

Infected abdominal cavity 2 –
Presence of hypoperfusion and renal 
cyst areas 2 –

Shrunken kidneys and renal cysts 1 2
Renal cysts 1 5
Atherosclerotic renal artery 
atherosclerosis 1 3

Atherosclerotic renal artery and cyst 
atherosclerosis 1 –

Histologically confirmed renal 
formations 1 –

Hydronephrosis – 1
Renal formation of unclear etiology – 1
Absence of a kidney (anomaly or prior 
removal) – 1

Parenchymal damage – 1

Table 4
Laboratory parameters in effective kidney donors 

diagnosed with brain death
Donor characteristics n = 231

Hemoglobin, g/L 141.2 (20.0), 75.0 to 199.0
Creatinine, μmol/L

on admission 82.0 [67.0; 99.5], 33.0 to 262.0
maximum 92.0 [74.0; 118.5], 33.0 to 507.0
before retrieval 88.0 [70.0; 109.5], 33.0 to 507.0

Urea, mmol/L
on admission 5.0 [4.0; 7.0], 2.0 to 15.0
maximum 7.0 [5.0; 8.0], 2.0 to 27.0
before retrieval 6.0 [5.0; 8.0], 2.0 to 27.0

Glomerular filtration rate 
(CKD-EPI),  
mL/min/1.73 m2

on admission 79.5 (21.0), 22.7 to 134.7
minimum 70.2 (24.4), 10.1 to 134.7
before retrieval 73.8 (23.8), 10.1 to 134.7

Alanine amino
transferase (ALT), U/L

on admission 28.0 [23.0; 43.0], 7.0 to 406.0
maximum 31.0 [23.0; 54.0], 7.0 to 866.0
before retrieval 28.0 [21.0; 46.0], 7.0 to 866.0

Aspartate amino
transferase (AST), U/L

on admission 25.0 [18.0; 36.0], 5.0 to 413.0
maximum 26.0 [19.0; 41.0], 5.0 to 1.090.0
before retrieval 24.5 [17.0; 36.0], 5.0 to 1.090.0

Descriptive statistics: mean (SD), minimum and maximum; 
median [Q1–Q3], minimum and maximum.
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Recipients:  
immunological background

A large proportion of recipients had 3–5 HLA mis-
matches with their respective donors across the A, B, 
and DR loci. In 36 cases (8.2%), transplantation was 
performed despite mismatches in all three loci, whereas 
in 2 cases (0.5%), full HLA compatibility (no mismat-
ches at all three loci) was observed. In 6 cases, the donor 
had blood group AB, a group with a notoriously limited 
recipient pool (Fig. 2).

More than half of the recipients (54.1%) had one mis-
match at the DRB1 locus, while 19.9% had no mismatch 
at this locus. This distribution illustrates the positive im-

Table 5
Causes of chronic kidney disease in kidney 

transplant recipients
Cause of CKD n = 444

Chronic glomerulonephritis 179 (41.6%)
Diabetic nephropathy 49 (11.4%)
Autosomal dominant polycystic kidney 
disease 61 (14.2%)

Hypertensive nephropathy 
(nephroangiosclerosis) 44 (10.2%)

Tubulointerstitial nephritis 25 (5.6%)
– Urolithiasis 14 (3.3%)
– Gout 9 (2.1%)
Secondary glomerulopathies 22 (5%)
– Anti-neutrophil cytoplasmic antibody 

(ANCA)-associated vasculitis 8 (1.9%)

– Antiphospholipid syndrome 3 (0.7%)
– Atypical hemolytic uremic syndrome 2 (0.5%)
– Thrombotic microangiopathy 2 (0.5%)
– Systemic lupus erythematosus 7 (1.6%)
Unknown cause 55 (12.2%)
Other 15 (3.3%)
– Nephrectomy (trauma or malignant tumor) 2 (0.4%)
– Developmental anomaly 13 (2.9%)

Table 6
Comorbid background of kidney transplant 

recipients
Recipient characteristics n = 444

Arterial hypertension 428 (99.5%)
Ischemic heart disease 73 (17.0%)

Ischemic heart disease + history 
of coronary artery stenting 47 (10.9%)

Chronic heart failure 63 (14.7%)
Atrial fibrillation 26 (6.0%)
Diabetes mellitus 62 (14.4%)

With complications 44 (10.2%)
Without complications 18 (4.2%)

Peptic ulcer disease of the stomach 
and duodenum 21 (4.9%)

Chronic pyelonephritis 59 (13.7%)
Renoprivative state 30 (7.0%)
Chronic obstructive pulmonary disease 3 (0.7%)
History of acute cerebrovascular accident 15 (3.5%)
Malignant tumor 13 (3.0%)
Viral hepatitis C 35 (8.1%)
Viral hepatitis B 8 (1.9%)
HIV infection 2 (0.5%)
History of liver transplantation 1 (0.2%)
History of heart transplantation 1 (0.2%)
Hyperparathyroidism 235 (54.7%)
Multinodular goiter 7 (1.6%)
Autoimmune thyroiditis 9 (2.1%)
Thyrotoxicosis 4 (0.9%)
Gout 27 (6.3%)
Systemic lupus erythematosus 7 (1.6%)
Rheumatoid arthritis 1 (0.2%)
Thrombophilia 9 (2.1%)
Obliterating atherosclerosis of the lower 
extremities 5 (1.2%)

Fig. 2. Number of HLA mismatches. The number of donor antigens absent in each recipient was calculated

pact of the regional regulatory framework, specifically, 
Order of the Moscow City Health Department No. 737 of 
October 19, 2017, titled “On the organization of medical 
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activities related to human organ donation and provi-
sion of surgical medical care (human organ and tissue 
transplantation) in the city of Moscow”, which was im-
plemented to improve the efficiency of donor-recipient 
matching within the transplant system of Moscow.

Pre-existing anti-HLA antibodies (mean fluorescence 
intensity, MFI >500 units) were identified in 73 reci-
pients (16.4%). Class I antibodies (MFI >500) were 
detected in 40 recipients (9.2%), with median MFI of 
2071.5 [1111.0; 3799] (range: 725–19,477). Class II anti-
bodies (MFI >500) were found in 56 recipients (12.8%), 
with median MFI of 2618 [1305.5; 7269] (range: 526–
20,772). For sensitization patterns, 17 recipients (3.8%) 
were sensitized to class I alone, 33 (7.4%) to class II 
alone, and 23 (5.2%) to both classes.

Recipients:  
characteristics of transplantation  
and the postoperative period

A total of 366 recipients (85.1%) underwent their first 
KT, 59 (13.7%) underwent their second, and 5 (1.2%) 
underwent their third. Median cold ischemia time was 
14.4 hours [12.3; 17] (range: 6.9–26 hours). Median 
duration of hospitalization for recipients was 18 days 
[13; 26], varying between 5 and 106 days.

Induction therapy most frequently included a combi-
nation of basiliximab and methylprednisolone (362 pati-
ents, 84.2%). Antithymocyte globulin (ATG) combined 
with methylprednisolone was administered to 61 recipi-
ents (14.2%), while 4 (0.9%) received triple induction 
(basiliximab + ATG + methylprednisolone). Three pati-
ents (0.7%) received methylprednisolone alone.

Standard triple therapy  – a calcineurin inhibitor 
(CNI), mycophenolate, and methylprednisolone – was 
administered to 403 recipients (93.9%). An everolimus-
based regimen (everolimus + calcineurin inhibitor + me-
thylprednisolone) was used in 24 patients (5.6%), while 
one recipient (0.2%) received everolimus + mycopheno-
late + methylprednisolone. Among those receiving CNIs, 
390 (90.7%) were treated with tacrolimus, and 38 (8.8%) 
with cyclosporine A.

Delayed graft function (DGF), defined as the need for 
dialysis within the first postoperative week (regardless 
of the number of sessions), was observed in about one-
third of recipients (147, 34.3%). The median number of 
hemodialysis sessions in this group was 3 [2; 6] (range: 
1–26 sessions). Primary graft function was observed 
in 263 recipients (61.4%), while primary non-function 
occurred in 18 cases (4.2%).

Surgical or urological complications during hospita-
lization were recorded in about one-quarter of patients 
(109, 25.3%), while a combination of both types of com-
plications occurred in 12 cases (2.8%). Among surgical 
complications, the most frequent was lymphocele of the 
transplant bed, diagnosed in 26 patients (5.9%). Other 

notable complications included retroperitoneal hemato-
ma in 17 cases (3.8%) and postoperative wound infection 
in 11 cases (2.5%), of which 6 required vacuum-assisted 
closure (VAC). Reconstruction of transplant vessels was 
necessary in 9 cases (2.0%). Intraoperative bleeding and 
renal artery aneurysm of the transplant were each obser-
ved in one case (0.2%), and multiple surgical complica-
tions occurred in 8 recipients (1.8%).

Among urological complications, transplant pyelo-
nephritis was the most common, developing in 40 re-
cipients (9.0%). Ureteral necrosis occurred in 16 cases 
(3.6%), transplant hydronephrosis in 13 cases (3.0%), 
retroperitoneal urinary leakage in 12 cases (2.7%), and 
vesicoureteral reflux in 3 cases (0.7%). Combined uro-
logical complications were observed in 20 recipients 
(4.5%).

During the 4-year follow-up period, 272  recipi-
ents (61.2%) required rehospitalization between 1 and 
8 times. A total of 567 rehospitalization episodes were 
recorded, corresponding to a frequency of 3.95 [95% 
CI 3.63–4.29] per 100 patient-months of follow-up. The 
most common reason for rehospitalization was the need 
for therapeutic intervention, including management of 
graft dysfunction or adjustment of immunosuppressive 
therapy, observed in 214 patients (48.2%). Combined 
causes included therapeutic intervention with distant 
surgical complications/diseases – 18 patients (4.1%); 
therapeutic intervention with distant urological compli-
cations/diseases – 17 patients (3.8%); urological com-
plications/diseases alone – 14 patients (3.2%); surgical 
complications/diseases alone – 9 patients (2.0%).

Recipients:  
puncture biopsy results

During hospitalization for kidney transplantation, 
puncture biopsies were performed in 75  recipients 
(16.9%). No “zero” or routine control biopsies were 
performed in the early postoperative period. The indi-
cation for biopsy was graft dysfunction characterized by 
delayed recovery or absence of renal function.

After discharge, renal transplant biopsies were perfor-
med in 81 recipients (18.2%), as summarized in Table 7. 
The median time from transplantation to biopsy was 13.8 
[6.1; 23.5] months, with a range of 2.9 to 44.7 months.

Recipients:  
recipient survival, graft survival,  
and graft function

Recipient survival is presented in Fig. 3. The estima-
ted survival rates at 3 months, 1 year, 2 years, 3 years, and 
4 years were 0.981 [95% CI 0.968–0.994], 0.950 [95% 
CI 0.929–0.971], 0.940 [95% CI 0.917–0.963], 0.910 
[95% CI 0.881–0.939], and 0.882 [95% CI 0.839–0.927], 
respectively. During the follow-up period, 37 deaths 
were recorded. The leading causes of death included 
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acute myocardial infarction (n = 9), COVID-19 infection 
(n = 8), non-COVID-19-associated pneumonia (n = 8), 
sepsis (n = 5), and acute cerebrovascular accident (n = 3). 
Less common causes were peritonitis (n = 1), malignant 
neoplasm (n = 1), cardiac arrhythmia (n = 1), and acute 
hepatic failure with portal vein thrombosis (n = 1).

Kidney graft survival rates at 3 months, 1 year, 2 ye-
ars, 3 years, and 4 years were as follows:
–	 For graft loss from any cause: 0.967 [95% CI 0.950–

0.985], 0.926 [95% CI 0.900–0.952], 0.910 [95% 

Table 7
Puncture biopsy results

Biopsy result Early period*, 
n = 75

Late period, 
n = 81

Donor pathology 30 (40.5%) 15 (18.5%)
Acute tubular necrosis 60 (81.1%) 25 (30.9%)
Focal segmental 
glomerulosclerosis 7 (9.5%) 20 (24.7%)

Interstitial fibrosis** 8 (10.8%) 39 (48.1%)
Percentage of interstitial 
fibrosis, %

22.5 [15; 35], 
5 to 50

20 [15; 35], 
5 to 70

Tubular atrophy 11 (14.9%) 39 (48.1%)
Calcineurin inhibitor toxicity 7 (9.5%) 8 (9.9%)
IgA nephropathy 0 3 (3.7%)
Thrombotic microangiopathy 2 (2.7%) 1 (1.2%)
Oxalosis 1 (1.4%) 0
Rejection 27 (36.0%) 41 (50.6%)

Acute cellular 11 (14.7%) 11 (13.8%)
Antibody-mediated 11 (14.7%) 15 (18.8%)
Acute mixed 5 (6.7%) 5 (6.3%)
Chronic active rejection 0 10 (12.3%)

Descriptive statistics: n (%); median [Q1–Q3], minimum 
and maximum. * Hospitalization for kidney transplantation. 
** Among patients with interstitial fibrosis.

Fig. 3. Recipient survival. Survival function values are shown 
with 95% confidence intervals (CI)

Fig. 4. Renal transplant survival. Survival rates and 95% confidence intervals (CI) are presented. Transplant loss for any rea-
son: events included death of the recipient with a functioning transplant, retrieval of a functioning transplant for the purpose of 
discontinuing immunosuppressive therapy, or loss of transplant function. Death-censored graft loss: events included retrieval 
of a functioning graft for the purpose of discontinuing immunosuppressive therapy or loss of graft function; death of the reci-
pient with a functioning graft was considered a censoring event. Transplant loss of function: events included graft loss; death 
of the recipient with a functioning graft and retrieval of a functioning graft for the purpose of discontinuing immunosuppres-
sive therapy were considered censoring events

CI 0.882–0.939], 0.876 [95% CI 0.843–0.911], and 
0.806 [95% CI 0.739–0.880], respectively.

–	 For death-censored graft loss: 0.975 [95% CI 0.959–
0.990], 0.956 [95% CI 0.936–0.977], 0.945 [95% 
CI 0.922–0.968], 0.936 [95% CI 0.911–0.961], and 
0.887 [95% CI 0.825–0.952], respectively.

–	 For loss of graft function: 0.977 [95% CI 0.963–
0.992], 0.958 [95% CI 0.939–0.979], 0.950 [95% 
CI 0.929–0.972], 0.941 [95% CI 0.917–0.965], 
and 0.896 [95% CI 0.835–0.961], respectively  
(Fig. 4).
The intensity (frequency) of events was highest du-

ring the first post-transplant year (Fig. 5).
The function of the transplanted kidney, assessed 

by the dynamics of estimated glomerular filtration rate 
(eGFR) and serum creatinine levels, is presented in 
Figs. 6 and 7, respectively.
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Fig. 6. Dynamics of estimated glomerular filtration rate (eGFR, CKD-EPI). Mean values with standard deviations and indivi-
dual data points are presented

Fig. 5. Event intensity by follow-up period: recipient deaths, graft losses for any reason, death-censored graft losses, and graft 
function loss. Point estimates are shown with 95% confidence intervals (CI)

Fig. 7. Serum creatinine dynamics. Medians, first and third quartile limits, and individual values are presented
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Discussion
At present, there is a clear and steady trend toward an 

aging donor pool. According to Eurotransplant, between 
2015 and 2024, the proportion of deceased donors aged 
≥65 years increased from 22.4% to 26.4% [11]. In Spain, 
between 2014 and 2023, the proportion of donors aged 
45–59 years remained nearly unchanged (28.7–29.2%), 
while the proportion aged 60–69 years rose from 23.8% 
to 27.2%, and those aged 70–79 years from 21.2% to 
25.1% [12]. Querard et al. conducted a systematic re-
view and meta-analysis of 32 studies comparing survival 
outcomes of kidney recipients from standard-criteria 
donors (SCDs) and expanded-criteria donors (ECDs). 
The pooled 5-year patient survival rates were 86.4% for 
SCDs and 78.4% for ECDs recipients [4]. A significant 
difference was also noted between European and North 
American data: in Europe, the 5-year survival rates for 
SCD and ECD recipients were 90.3% and 85.3%, respec-
tively, whereas in North America they were considerably 
lower – 83.6% and 73.4% [13].

In a French prospective study published in the British 
Medical Journal in 2015, the 7-year graft survival rate 
was 80% for kidneys from ECDs and 88% for those 
from SCDs, demonstrating a moderately reduced graft 
viability but underscoring the continued clinical value 
of expanding donor criteria in the context of organ shor-
tages [14].

The data presented support the necessity and feasi-
bility of broadening kidney donation criteria, provided 
that donor–recipient pairing is carefully selected, risk is 
appropriately stratified, and perioperative management is 
optimized. Such an approach helps reduce patient morta-
lity by reducing dialysis time, even while acknowledging 
potential limitations in long-term graft survival.

In the present study, anthropometric and gender-age 
characteristics of donors and recipients were generally 
comparable. The slight difference in mean age is down 
to the fact that the minimum age of a donor meeting the 
expanded criteria is 50 years.

A high incidence of diabetes mellitus and systemic 
atherosclerosis was observed among donors in this cate-
gory. It is well established that donor diabetes is associa-
ted with poorer transplant outcomes [15, 16]. Moreover, 
kidneys obtained from ECDs may be more vulnerable 
to ischemic injury during preservation [17, 18]. These 
factors emphasize the need for further research aimed at 
identifying optimal allocation strategies for such organs 
and enhancing preservation technologies, particularly 
considering recent advances in machine perfusion sys-
tems.

In our study, the proportion of donors requiring ino-
tropic support therapy to maintain hemodynamic stabi-
lity at the time of organ retrieval decreased, indirectly 
reflecting the efficacy of donor optimization protocols. 
Nevertheless, increased azotemia and reduced GFR were 

noted in some donors, likely attributable to hemodyna-
mic instability, high-dose inotropic therapy (including 
adrenaline administration), and the use of radiopaque 
contrast agents during brain death diagnosis. Despite 
these factors, current evidence indicates that acute kid-
ney injury in donors prior to organ procurement is not 
associated with impaired medium-term graft outcomes 
[19–21].

An alarming yet common finding among KT reci-
pients – including the general recipient population – is 
the increased incidence of recurrent renal pathology 
within 3–4 years after transplantation, particularly focal 
segmental glomerulosclerosis [22, 23]. This trend, also 
observed in Russia, is likely attributable to the lack of 
etiological verification of CKD prior to transplantation, 
as indirectly suggested by the high proportion (41.6%) 
of cases diagnosed as “chronic glomerulonephritis”.

The highest incidence of both recipient mortality and 
graft loss occurs during the first postoperative year. Ne-
vertheless, long-term kidney graft survival in this cohort 
can be considered satisfactory, remaining comparable to 
that observed among recipients in the general population 
[24], and those receiving kidneys from SCDs [25]. Renal 
function improved significantly within six months after 
transplantation and remained relatively stable thereafter.

Comparable outcomes were reported in another study 
[26], which noted a high prevalence of hypertension 
and diabetes and elevated pre-donation creatinine le-
vels, yet long-term recipient survival remained on par 
with that of transplants from SCDs. However, several 
other studies [27, 28], have demonstrated poorer graft 
outcomes in transplants from ECDs compared to stan-
dard donors. However, recipient survival remains higher 
than in patients maintained on dialysis while awaiting 
transplantation [29].

This publication presents descriptive statistics as well 
as recipient and graft survival rates. A detailed analysis 
of factors influencing recipient and transplant survival 
will be provided in a subsequent publication.

Study limitations
The main limitation of this study is its retrospective 

design. However, inclusion of all transplants performed 
from donors meeting the inclusion criteria enhances the 
objectivity and representativeness of the findings. In se-
veral instances, particularly when characterizing comor-
bid conditions, it was not possible to retrospectively ve-
rify specific diagnoses, and the analysis therefore relied 
on data extracted from medical records. The assessment 
of the recipients’ comorbid background remains the most 
debatable aspect of the study. Nevertheless, the criteria 
for inclusion on the waiting list and for kidney transplan-
tation in the analyzed cohort are largely standardized, 
suggesting that patients with decompensated extrarenal 
diseases were not included.
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When describing biopsy results, the study did not 
apply the Banff classification, but rather focused on the 
rejection profile (cellular, antibody-mediated, or mixed) 
in order to obtain a larger number of patients in each 
category.

Conclusion
Approximately one-third of recipients who received 

kidneys from ECDs and from brain-dead donors deve-
loped delayed graft function. With increasing time after 
transplantation, the incidence of recurrent renal patholo-
gy also tended to rise. Nevertheless, the favorable 3- and 
4-year graft survival rates observed in this study support 
the clinical effectiveness and feasibility of using ECDs 
as a viable strategy to increase the number of kidney 
transplants.

The authors declare no conflict of interest.
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Dyslipidemia in patients with chronic kidney disease (CKD), particularly those on renal replacement therapy 
(RRT), is a major risk factor for cardiovascular complications. The pathogenesis of lipid metabolism disorders 
in this population is multifactorial and influenced by the underlying kidney disease, the specific characteristics 
of RRT, and, in transplant recipients, the effects of immunosuppressive therapy. Despite the high prevalence and 
clinical significance of dyslipidemia in CKD, therapeutic strategies for its correction remain insufficiently stu-
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Introduction
Patients with chronic kidney disease (CKD) are at a 

significantly increased risk of developing cardiovascular 
complications. The onset and progression of cardiovas-
cular disease in this population are driven by A variety of 
factors, including dyslipidemia, hyperhomocysteinemia, 
chronic inflammation, oxidative stress, disturbances in 
calcium–phosphate metabolism, and endothelial dys-
function [1]. Evidence indicates that CKD progression 
is accompanied by a progressive deterioration of the 
lipid profile. The pathogenesis of dyslipidemia in CKD 
is complex and multifactorial, involving alterations in 
lipoprotein metabolism, oxidative stress, inflammatory 
processes, and declining renal function [2].

Among patients with CKD, those receiving renal 
replacement therapy (RRT) represent a subgroup at 
particularly high cardiovascular risk – the incidence of 
myocardial infarction in this cohort is approximately 
20 times higher than in the general population. Data 
from routine coronary angiography in Japan revealed 
that 60% of patients on maintenance hemodialysis (HD) 
had asymptomatic stenosis of at least one coronary arte-
ry [3]. Thus, patients receiving RRT are more likely to 
have pronounced atherosclerotic changes. Importantly, 
dyslipidemia is not the sole mechanism underlying the 
progression of atherosclerosis in individuals with end-
stage renal disease. These patients also possess unique 
metabolic and physiological characteristics that compli-
cate the management and correction of dyslipidemia [4].

Numerous studies have demonstrated a clear associ-
ation between serum cholesterol (SC) levels and the risk 
of cardiovascular events. In particular, a multifactorial 
risk study showed a progressive increase in mortality 
from coronary heart disease (CHD) with rising SC le-
vels, beginning at 5.2 mmol/L; at 7.8 mmol/L, the risk of 
CHD-related mortality increased fourfold [5]. Data from 
the Framingham Heart Study further confirmed a direct 
correlation between total SC levels and CHD risk. Spe-
cifically, individuals with total SC levels of 7.8 mmol/L 
had approximately twice the risk of developing CHD 
compared with those with levels around 5.2 mmol/L [6].

Subsequent meta-analyses of the Framingham data 
reinforced the direct relationship between low-density 
lipoprotein (LDL) cholesterol levels and the incidence 
of CHD [7]. According to current clinical guidelines for 
the management of lipid disorders in very high-risk pa-
tients, the target LDL cholesterol level should be below 
1.4 mmol/L, with at least a 50% reduction from baseline 
values. These guidelines also emphasize the pathogenic 
role of elevated lipoprotein(a) [Lp(a)] levels in increa-
sing the risk of cardiovascular events [8].

Current approaches to lipid-lowering therapy (LLT) 
in patients undergoing RRT include the use of statins, 
ezetimibe, and proprotein convertase subtilisin/kexin 
type 9 (PCSK9) inhibitors, as well as other methods 
aimed at reducing serum cholesterol and lipoprotein(a) 
[Lp(a)] levels to lower the risk of cardiovascular com-
plications.
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Statins remain the cornerstone of LLT and can be 
prescribed to patients in the early stages of CKD. Howe-
ver, their use in individuals on RRT, particularly those on 
HD, requires caution and individualized risk assessment, 
since high-dose statin therapy in this group is often as-
sociated with an increased incidence of adverse effects. 
Ezetimibe may be used in combination with statins in 
patients on RRT, particularly when statin monotherapy 
fails to achieve target lipid levels.

PCSK9 inhibitors are considered an appropriate 
therapeutic option for RRT patients with persistently 
elevated LDL cholesterol levels despite maximally to-
lerated statin and ezetimibe therapy. These drugs may 
also be considered in patients with markedly elevated 
LDL levels, particularly when other interventions prove 
ineffective [1].

Features of lipid metabolism in patients 
with CKD receiving RRT

The metabolism of endogenous and exogenous li-
poproteins in healthy individuals (Fig. 1, Fig. 2) differs 

significantly from that in patients with CKD. These dif-
ferences are primarily associated with a range of patho-
logical factors caused by CKD.

Impaired clearance of triglyceride-rich 
lipoproteins

Patients with CKD exhibit a reduced fractional ca-
tabolic rate of triglyceride (TG)-rich lipoproteins, in-
cluding very low-density lipoproteins (VLDL), their 
subfractions VLDL1 and VLDL2, as well as intermedi-
ate-density lipoproteins (IDL) and apolipoprotein B-100 
(apoB-100). This indicates impaired clearance mecha-
nisms, resulting in the accumulation of these particles 
in plasma. In contrast, the synthetic rate of VLDL, IDL, 
and apoB-100 in CKD patients is comparable to that of 
healthy individuals, indicating that the primary distur-
bance lies in delayed degradation rather than excessive 
production of lipoproteins.

Apolipoprotein C-III (apoC-III) plays a key role in 
lipid metabolism disorders in patients with CKD. Nor-
mally, the kidneys filter and excrete apoC-III; however, 

Fig. 1. Metabolic pathway of exogenous and endogenous lipoproteins. Dietary lipids are absorbed in the small intestine, 
where they are assembled into chylomicrons containing apolipoproteins C (apoC), E (apoE), and B-48 (apoB-48). These chy-
lomicrons enter the bloodstream and are hydrolyzed by lipoprotein lipase (LPL) to release free fatty acids (FFAs), and shrink 
to chylomicron remnants. FFAs are taken up by peripheral tissues – such as skeletal muscle and adipose tissue – for energy 
or stored as fat. Chylomicron remnants are subsequently absorbed by the liver via low-density lipoprotein (LDL) receptors. 
Within hepatocytes, very low-density lipoproteins (VLDL), which also contain apolipoprotein B-100. VLDL is broken down 
by LPL in the blood into FFAs and intermediate-density lipoproteins (IDL). IDL is then converted by hepatic lipase into LDL, 
which transports cholesterol to peripheral tissues. Adapted from: Suh SH, Kim SW. Dyslipidemia in Patients with Chronic 
Kidney Disease: An Updated Overview
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Fig. 2. High-density lipoprotein (HDL) metabolism in reverse cholesterol transport. Apolipoprotein A-I (apoA-I) is secreted 
by liver and intestine. It interacts with the ATP-binding cassette subfamily member 1 (ABCA1) transporter, which facilitates 
the transfer of free cholesterol from macrophages to apoA-I, forming nascent, disc-shaped HDL particles. These nascent HDL 
particles subsequently interact with other transporters, such as ABCG1, to acquire additional free cholesterol. Under the action 
of lecithin-cholesterol acyltransferase (LCAT), free cholesterol on the HDL surface is esterified into cholesteryl ester (CE) 
and incorporated into the particle’s hydrophobic core, transforming immature HDL into mature, spherical HDL particles rich 
in CE. Cholesteryl ester transfer protein (CETP) mediates the exchange of CEs from mature HDL for triglycerides (TG) from 
atherogenic lipoproteins such as very low-density lipoproteins (VLDL), resulting in the formation of low-density lipoproteins 
(LDL). TG-enriched HDL becomes less mature and more prone to catabolism. LDL receptors on hepatocytes capture LDL 
particles – enriched in cholesterol after CETP-mediated exchange – providing the primary “direct” route of cholesterol de-
livery to the liver. In parallel, the scavenger receptor class B type I (SR-BI) receptor on hepatocytes selectively uptakes CEs 
directly from mature HDL without degrading the entire particle. This process constitutes the central mechanism of reverse 
cholesterol transport, through which cholesterol collected by HDL from peripheral tissues (notably macrophages) is returned 
to the liver. IDL, intermediate-density lipoprotein. Adapted from: Suh SH, Kim SW. Dyslipidemia in Patients with Chronic 
Kidney Disease: An Updated Overview

renal impairment leads to its systemic accumulation. 
In addition, uremic inflammation enhances hepatic syn-
thesis of apoC-III through cytokine-mediated pathways, 
particularly via interleukin-6 (IL-6) and tumor necrosis 
factor-α (TNF-α). Elevated plasma apoC-III levels are 
strongly correlated with slowed catabolism of VLDL 
and its subfractions, as apoC-III inhibits the activity of 
lipoprotein lipase (LPL) and hepatic lipase.

LPL is a key enzyme responsible for hydrolyzing 
triglycerides (TG) contained in chylomicrons and VLDL 
into free fatty acids and glycerol, which are subsequent-
ly utilized for energy production or stored in adipose 

tissue (Fig. 3). ApoC-III not only suppresses LPL ac-
tivity but also interferes with apoE-mediated receptor 
binding, thereby reducing hepatic clearance of remnant 
particles. CKD patients also have elevated plasma levels 
of apolipoprotein B-48, a marker of chylomicrons and 
their remnants, reflecting impaired intestinal lipoprotein 
metabolism [9].

Changes in LDL receptor function play a major role 
in impaired catabolism of LDL particles in patients with 
CKD. Expression of LDL receptors is significantly re-
duced in CKD, a phenomenon largely associated with 
the chronic inflammatory state characteristic of this 
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condition. Uremic toxins – notably indoxyl sulfate and 
para-cresol – have been shown to suppress LDL receptor 
expression through activation of the NF-κB and Smad 
protein signaling pathways. This molecular cascade 
contributes to renal fibrosis, reduced receptor-mediated 
uptake of LDL, and ultimately impaired cholesterol clea-
rance [10].

In addition, oxidative stress increases in CKD, lea-
ding to oxidation of apolipoproteins (e.g., apoB-100 
found in LDL). Carbamylation of apolipoproteins (e.g., 
ApoB-100 and ApoA-I) is another important process 
that can impair LDL receptor function and exacerbate 
dyslipidemia. Oxidation and carbamylation of ApoB-100 
can lead to a decrease in LDL receptor activity, which 
reduces their ability to bind and utilize LDL. In addi-
tion, oxidized LDL can be absorbed by macrophages, 
contributing to the development of atherosclerosis [11].

Patients with CKD are more likely to have small den-
se LDL (sdLDL), which has a lower affinity for LDL 
receptors compared to large LDL. This reduces their 

utilization by cells and increases the duration of their 
circulation in the blood. In turn, impaired kidney function 
affects the balance of proteins and electrolytes, which 
can alter the concentration of apolipoproteins (especially 
apoB and apoE) necessary for LDL interaction with re-
ceptors. This leads to a slowdown in the removal of LDL 
from the blood [12].

Dysfunction of high-density 
lipoproteins (HDL) and loss of their 
antiatherogenic properties

Patients with CKD often have reduced plasma levels 
of HDL, resulting from both impaired synthesis and ac-
celerated catabolism. The decrease in HDL cholesterol 
levels is paralleled by decreased levels of its major apoli-
poproteins, ApoA-I and ApoA-II. Notably, the reduction 
in ApoA-I and ApoA-II levels correlates with the severity 
of renal dysfunction. Accumulation of uremic toxins in 
CKD suppresses hepatic ApoA-I synthesis, leading to 
the formation of dysfunctional HDL particles that have 

Fig. 3. Mechanism of triglyceride lipolysis. Triglyceride (TG)-rich lipoproteins (i.e., chylomicron and very low-density lipo-
protein [VLDL]), enter the capillary lumen. Apolipoprotein C-II (apoC-II) on the surface of these particles activates lipopro-
tein lipase (LPL), an enzyme anchored on the surface of endothelial cells. LPL degrades TG to release free fatty acids (FFAs) 
and other degradation products. The liberated FFAs then diffuse across the endothelium into the subendothelial space, where 
they can be used by tissues for energy needs or stored. Adapted from: Suh SH, Kim SW. Dyslipidemia in Patients with Chronic 
Kidney Disease: An Updated Overview
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diminished capacity for reverse cholesterol transport 
(RCT) [13].

Under the combined effects of oxidative stress, ure-
mic toxins, and chronic inflammation, the activity of the 
ATP-binding cassette transporters ABCA1 and ABCG1 – 
critical mediators of cholesterol efflux from macropha-
ges – is reduced. Impaired function of these transpor-
ters limits the removal of cholesterol and disrupts HDL 
maturation, resulting in an accumulation of immature, 
discoidal HDL particles. The decreased cholesterol efflux 
from macrophages promotes foam cell formation within 
the vascular intima, thereby accelerating atherosclero-
sis [12].

In addition, HDL lose their ability to remove choles-
terol from peripheral tissues due to reduced expression 
of the scavenger receptor class B type I (SR-BI) in the 
liver. SR-BI mediates the selective uptake of cholesterol 
from HDL, and its deficiency results in cholesterol ac-
cumulation within the vascular wall, further promoting 
the formation of atherosclerotic plaques [14].

Oxidative stress, a hallmark of CKD, contributes to 
the generation of reactive oxygen species that oxidize 
HDL-associated lipids and proteins. This, along with 
elevated TG levels, a consequence of decreased LPL ac-
tivity, these changes substantially impair the cholesterol-
transporting capacity of HDL. Oxidized HDL not only 
loses its antiatherogenic and antioxidative functions, but 
may also acquire proinflammatory and proatherogenic 
properties. Moreover, CKD is associated with accele-
rated clearance of HDL particles from circulation due 
to structural and functional impairements. This reduces 
the circulation time of HDL in the blood and decreases 
its overall effectiveness in maintaining lipid metabolism 
and protecting blood vessels [15].

Patients with CKD also exhibit reduced plasma levels 
of lecithin-cholesterol acyltransferase (LCAT), an enzy-
me that plays a central role in lipoprotein metabolism 
by catalyzing the esterification of free cholesterol. This 
process is essential for the maturation and stabilization of 
HDL and for maintaining reverse cholesterol transport. 
The decrease in LCAT activity in CKD is associated 
with reduced expression of the LCAT gene in the liver, 
the principal site of its synthesis [16].

Deficiency or dysfunction of LCAT leads to accumu-
lation of free cholesterol within HDL particles, impairing 
the formation of cholesterol esters. Consequently, abnor-
mal lipid species, including non-esterified cholesterol 
and phospholipids, accumulate, disrupting the structural 
integrity and functional capacity of HDL [17].

Moreover, the accumulation of uremic toxins such as 
indoxyl sulfate and para-cresol enhances the activity of 
cholesteryl ester transfer protein (CETP). CETP facili-
tates the transfer of cholesterol esters from HDL to LDL 
and triglyceride-rich lipoproteins (e.g., VLDL and VLDL 
remnants). This process increases the concentration and 
atherogenic potential of LDL, while simultaneously re-

ducing the size and functional efficiency of HDL, thereby 
compromising reverse cholesterol transport (Fig. 4) [18].

Effect of CKD on lipoprotein (a) [Lp(a)] 
levels

Lp(a) is a complex plasma lipoprotein structurally 
similar to LDL, distinguished by the presence of apo-
lipoprotein (a) [apo(a)], which is covalently linked to 
apoB-100 via a disulfide bond. Apo(a) contains repeating 
domains similar to plasminogen, a protein involved in 
fibrinolysis. This structural homology allows Lp(a) to 
compete with plasminogen for binding sites, thereby 
inhibiting fibrinolysis and increasing thrombogenic po-
tential. Lp(a) is recognized as an independent risk factor 
for cardiovascular disease (CVD), including atheroscl-
erosis, myocardial infarction, and ischemic stroke [19].

The plasma concentration of Lp(a) is largely determi-
ned by the rate of its synthesis in the liver and catabolism, 
the latter of which appears to involve the kidneys, alt-
hough this mechanism is not yet fully understood. Ele-
vated Lp(a) levels are frequently observed with declining 
glomerular filtration rate (GFR), even in the early stages 
of renal dysfunction [20]. Studies have shown that Lp(a) 
levels rise with moderate decrease in GFR (60–90 mL/
min/1.73 m2), independent of albuminuria.

A large multinational cohort study demonstrated a 
weak positive association between reduced GFR and 
elevated Lp(a) levels, particularly among non-Hispanic 
blacks, suggesting potential ethnic variability in this re-
lationship. The authors noted that differences in apo(a) 
isoform size among populations could partially account 
for the observed heterogeneity [21].

A detailed study involving 227 white patients without 
nephrotic syndrome and with varying degrees of renal 
dysfunction showed that Lp(a) levels were significantly 
higher in patients with CKD compared with controls 
without renal impairment. Moreover, an inverse corre-
lation was observed between renal function and plasma 
Lp(a) levels – the highest concentrations were detected 
in patients with the most severe renal dysfunction, irre-
spective of the underlying kidney disease. Interestingly, 
this relationship was evident only in the subgroup with 
large apo(a) isoforms and without nephrotic syndrome, 
suggesting that isoform size may modulate the effect of 
renal impairment on Lp(a) metabolism [22].

In patients with CKD, the elevation of Lp(a) is likely 
related to an acquired impairment of its catabolism. This 
hypothesis is supported by an in vivo metabolic study in 
hemodialysis patients, which demonstrated a significant 
reduction in the fractional catabolic rate of both apo(a) 
and apoB, the major protein components of Lp(a). Con-
sequently, prolonged circulatory residence time of Lp(a) 
leads to its accumulation in plasma [22].
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The role of CKD in the development 
of  insulin resistance and its effect 
on  lipid profile

CKD disrupts the elimination of metabolic by-pro-
ducts and toxins, creating a uremic environment that 
impairs tissue sensitivity to insulin. Uremic toxins such 
as indoxyl sulfate and para-cresol not only exacerbate 
insulin resistance, but also directly damage vascular en-
dothelium, thereby exacerbating atherosclerosis in the 
context of existing dyslipidemia. Furthermore, chronic 
inflammation and oxidative stress, both hallmarks of 
CKD, inhibit insulin signaling pathways and disturb the 
regulation of lipid metabolism [23].

Insulin resistance, being a key link in metabolic dis-
orders, has a significant impact on the development of 
dyslipidemia among CKD patients, particularly those on 
RRT. Impaired cellular responsiveness to insulin leads 
to compensatory hyperinsulinemia, increased lipolysis, 
and elevated plasma free fatty acid (FFA) levels. These 
FFAs are taken up by the liver, where they stimulate 

triglyceride (TG) and VLDL synthesis. In CKD, this 
mechanism is further aggravated by reduced LPL acti-
vity. His contributes to the accumulation of atherogenic 
particles and the formation of a pattern characteristic of 
dyslipidemia: high triglyceride levels, low HDL levels, 
and an increase in the number of LDL particles [24].

Features of the mechanisms 
of dyslipidemia development in patients 
on hemodialysis

During maintenance HD sessions, heparin is routinely 
administered to prevent blood clotting in the extracorpo-
real circuit. Although heparin transiently activates LPL, 
repeated HD procedures eventually lead to LPL deple-
tion, thereby reducing its enzymatic activity between 
dialysis sessions. This disrupts triglyceride catabolism, 
resulting in hypertriglyceridemia and elevated levels of 
VLDL and chylomicrons [25].

During HD procedures, low molecular weight subs-
tances are lost through the semipermeable dialysis mem-

Fig. 4. Schematic representation of defective lipoprotein metabolism in chronic kidney disease (CKD). In CKD, reduced 
lipoprotein lipase (LPL) activity results in the accumulation of triglyceride (TG)-rich lipoproteins. Simultaneously, decre-
ased synthesis of apolipoprotein A-I (ApoA-I) and reduced activity of lecithin-cholesterol acyltransferase (LCAT), as well 
as the cholesterol transporters ATP-binding cassette subfamily member 1 (ABCA1) and ATP-binding cassette subfamily G 
member 1 (ABCG1), lead to the formation of dysfunctional high-density lipoprotein (HDL) particles incapable of effective 
reverse cholesterol transport. Increased activity of cholesterol ester transfer protein (CETP) raises LDL levels and enhances 
their proatherogenic potential. CE, cholesteryl ester; IDL, intermediate-density lipoprotein. Adapted from: Suh SH, Kim SW. 
Dyslipidemia in Patients with Chronic Kidney Disease: An Updated Overview
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brane. Carnitine, which is necessary for the transport of 
fatty acids into the mitochondria, is removed during HD. 
Carnitine deficiency leads to impaired beta-oxidation 
of fatty acids fatty acid oxidation and accumulation of 
triglycerides (TG) and FFAs in plasma [26].

Also, scheduled hemodialysis leads to increased oxi-
dative stress due to a bunch of factors. One of them is 
blood contact with membranes, which activates leukocy-
tes, platelets, and the complement system. Contact with 
the dialyser membrane increases the activity of neutro-
phils and monocytes, which increases the production of 
pro-inflammatory cytokines (IL-6, TNF-α) and releases 
reactive oxygen species (ROS) via NADPH oxidase and 
myeloperoxidase. Moreover, the use of bioincompatib-
le membranes (e.g., cellulose-based) can stimulate the 
complement cascade (C3a, C5a), further amplifying in-
flammation and ROS production. Concurrently, there 
is a loss of antioxidants such as vitamins C and E and 
glutathione, while recurrent ischemia–reperfusion cycles 
inherent to HD sessions intensify ROS production [27].

Dyslipidemia is more common in patients undergoing 
peritoneal dialysis (PD) than in those on HD. This is 
largely due to the specific features of PD therapy, which 
relies on dialysates with high glucose content serving as 
an osmotic agent. Continuous exposure to glucose during 
PD leads to its systemic absorption, resulting in metabo-
lic disorders. Excess glucose absorption stimulates he-
patic VLDL synthesis, promoting hypertriglyceridemia. 
Furthermore, prolonged hyperglycemia contributes to 
the development of insulin resistance, which aggravates 
existing lipid imbalance [28].

It is also important to emphasize that patients with 
end-stage chronic kidney disease receiving HD almost 
always have a significant increase in Lp(a) levels, ave-
raging 5–10 times higher than in patients with mild or 
moderate renal impairment [29]. Interestingly, among 
HD patients, the degree of Lp(a) elevation correlates 
with the size of apo(a) isoforms: a significant increase 
in plasma Lp(a) levels compared with healthy controls is 
observed only in individuals with large apo(a) isoforms. 
In contrast, patients on PD show high Lp(a) levels re-
gardless of apo(a) isoform size [22].

Dyslipidemia in kidney transplant 
recipients

Dyslipidemia in kidney transplant recipients is an 
important clinical problem that requires special atten-
tion. It occurs in approximately 60% of patients. This 
metabolic disorder substantially increases the risk of car-
diovascular disease, which remains the leading cause of 
mortality in this population. Moreover, lipid metabolism 
disorders can negatively affect allograft function, acce-
lerating the progression of transplant nephropathy [30].

Following kidney transplantation, plasma Lp(a) le-
vels typically decrease, reflecting the restored metabo-

lic and catabolic role of the kidney in Lp(a) clearance. 
This supports the concept that changes in Lp(a) in CKD 
primarily results from loss of renal tissue function [22].

The primary etiological factor underlying post-trans-
plant dyslipidemia in such patients is immunosuppressi-
ve therapy. Long-term use of corticosteroids (e.g., pred-
nisolone) disrupts lipid homeostasis. Glucocorticoids 
enhance insulin resistance, which promotes lipolysis in 
adipose tissue and increases the plasma FFA levels. This 
stimulates the synthesis of TG and VLDL in the liver. 
In addition, corticosteroids suppress LPL activity, further 
exacerbating hypertriglyceridemia [31].

Calcineurin inhibitors (CNIs) – cyclosporine A (CsA) 
and tacrolimus (Tac) – play a key role in preventing 
transplant rejection; however, their impact on lipid me-
tabolism remains clinically significant. Studies have 
shown that CsA exerts a dose-dependent effect on lipid 
parameters, increasing total cholesterol, triglycerides 
(TG), and LDL levels. Moreover, it tends to reduce HDL 
levels, likely due to suppression of apolipoprotein A-I 
synthesis. CsA also promotes LDL oxidation, converting 
these particles into a more atherogenic form.

Although Tac belongs to the same class of CNIs, it 
exerts a comparatively milder influence on the lipid pro-
file. It is less frequently associated with hypercholeste-
rolemia and reduces HDL to a lesser extent compared to 
CsA. Nonetheless, Tac may elevate TG levels in certain 
cases, particularly when administered concurrently with 
corticosteroids. Evidence regarding its effect on LDL 
oxidation remains inconclusive [32].

mTOR inhibitors, such as rapamycin and its deriva-
tives (rapalogs), exert complex effects on lipid metabo-
lism that often lead to dyslipidemia. These effects are 
primarily mediated through their influence on mTOR 
complexes (mTORC1 and mTORC2), which are central 
regulators of lipid metabolism. Inhibition of mTORC1 
reduces lipogenesis and suppresses adipogenesis by li-
miting adipocyte proliferation, thereby decreasing adi-
pose tissue accumulation. However, despite reduction 
in lipogenesis, mTORC1 inhibition enhances lipolysis 
by activating lipases such as hormone-sensitive lipase 
and adiponutrin triglyceride lipase, and by stimulating 
lipophagy (degradation of lipid droplets). Consequently, 
FFA release and plasma lipid levels increase.

Another important consequence of mTORC1 inhi-
bition is the downregulation of hepatic LDL receptor 
expression, resulting in impaired LDL clearance and 
development of hypercholesterolemia [33]. Although 
the role of mTORC2 in lipid metabolism is less well 
defined, it is known to regulate lipogenesis and lipolysis 
through activation of protein kinase AKT1. Chronic use 
of rapalogs may also inhibit mTORC2, further aggrava-
ting dyslipidemia.

Despite their adverse effects on lipid profile, mTOR 
inhibitors exhibit notable anti-atherosclerotic properties. 
They reduce macrophage accumulation within atheros-
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clerotic plaques, promote autophagy, and enhance cho-
lesterol efflux from macrophages, thereby reducing foam 
cell formation. These mechanisms may partly offset the 
negative impact of dyslipidemia on progression of athe-
rosclerosis [34].

Methods of pharmacological 
management for dyslipidemia 
and  its pot ential use in patients 
on renal replacement therapy
HMG-CoA reductase inhibitors (statins)

Statins play a central role in the pharmacological ma-
nagement of dyslipidemia owing to their proven efficacy 
in reducing cardiovascular risk. They are considered the 
first-line drugs for the treatment of lipid disorders. Their 
primary mechanism of action involves the competitive 
inhibition of 3-hydroxy-3-methylglutaryl coenzyme A 
(HMG-CoA) reductase, the key rate-limiting enzyme in 
cholesterol synthesis in the liver. This leads to reduced 
intracellular cholesterol levels in hepatocytes, which 
in turn triggers a compensatory upregulation of LDL 
receptors on the surface of hepatocytes. This process 
enhances the clearance of atherogenic lipoproteins from 
circulation, particularly the small, dense LDL particles, 
which are the most atherogenic.

Beyond their lipid-lowering effect, statins have plei-
otropic effects. These include attenuation of vascular 
inflammation, improvement of endothelial function, 
stabilization of atherosclerotic plaques, and reduction 
of blood thrombogenicity. Statins demonstrate dose-
dependent efficacy: low doses typically reduce LDL 
cholesterol levels by 20–30%, whereas maximal doses 
can achieve reductions of up to 50–55%.

However, the use of statins requires careful moni-
toring due to potential adverse effects. The most clini-
cally relevant are myopathies, which occur in approxi-
mately 0.1–0.5% of patients, and elevations in hepatic 
transaminases, observed in about 2–3% of cases. The 
risk of these complications increases when statins are 
co-administered with fibrates, macrolide antibiotics, or 
antiarrhythmic drugs metabolized via the CYP3A4 en-
zymatic pathway [35].

The use of statins in dialysis patients remains one 
of the most debated topics in modern nephrology and 
cardiology. It is important to recognize that dyslipidemia 
in this population has distinctive characteristics: normal 
or even reduced LDL cholesterol levels are frequently 
observed in conjunction with elevated triglycerides, oxi-
dized lipoproteins, and lipoprotein (a). This atypical lipid 
profile complicates the use of standard therapy.

However, the key question – whether statins effec-
tively reduce cardiovascular events in dialysis patients – 
remains unresolved. Large-scale randomized clinical 
trials, including AURORA and 4D, have shown that alt-
hough statins modestly lowered LDL cholesterol levels, 

it did not significantly reduce overall mortality among 
hemodialysis patients. Nonetheless, subgroup analyses 
have suggested that certain patients, particularly those 
with diabetes mellitus or severe hypercholesterolemia 
(LDL-C >3.76 mmol/L), may benefit from statin therapy 
with agents such as rosuvastatin or atorvastatin, which 
were associated with a reduced incidence of myocardial 
infarction.

It is essential to consider dose adjustments in dialysis 
patients due to their increased risk of adverse effects. The 
Kidney Disease: Improving Global Outcomes (KDIGO) 
working group does not recommend initiating statin the-
rapy in patients on dialysis, unless treatment had been 
started prior to the initiation of the dialysis [36].

The use of statins in kidney transplant (KT) recipi-
ents presents a complex clinical challenge that requires 
careful consideration of both efficacy and safety. This 
patient population is classified as high cardiovascular 
risk, and their dyslipidemia has a distinct profile, largely 
influenced by immunosuppressive therapy. Traditional 
immunosuppressants – CNIs (cyclosporine, tacrolimus) 
and mTOR inhibitors (everolimus, sirolimus) – interfere 
with statin metabolism, thereby increasing the risk of 
side effects [37].

According to the KDIGO guidelines, statins are re-
commended as first-line therapy for the management of 
dyslipidemia in KT recipients. However, this recommen-
dation is rated as “weak” [36].

Cholesterol absorption inhibitor
Currently, the only drug used in this group is ezetimi-

be. Unlike statins, ezetimibe acts by selectively blocking 
the Niemann–Pick C1-like 1 (NPC1L1) transporter pro-
tein in the small intestine, thereby inhibiting intestinal 
cholesterol absorption. This mechanism results in appro-
ximately a 54% reduction in hepatic cholesterol influx, 
leading to a compensatory increase in cholesterol syn-
thesis and a 22.3% reduction in LDL cholesterol levels 
[38]. When used in combination with statins, ezetimibe 
produces additive lipid-lowering effects, reducing LDL-
C by 24%, ApoB-100 by 14%, triglycerides by 12%, and 
high-sensitivity C-reactive protein by 13%, while HDL 
levels typically remain unchanged. However, ezetimibe 
monotherapy offers only a moderate LDL-C reduction, 
which may be insufficient for patients with severe hy-
percholesterolemia [39].

The pharmacokinetics of ezetimibe make it suitable 
for dialysis patients. Unlike statins, which are primarily 
eliminated by the liver, ezetimibe is metabolized in the 
intestine and liver to form an active glucuronide. This 
metabolite is excreted via both the renal (approximately 
10%) and biliary pathways. Importantly, clinical studies 
(including the SHARP trial) have shown that renal im-
pairment, including end-stage kidney disease requiring 
dialysis, does not significantly affect the pharmacoki-
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netics of ezetimibe, permitting the use of the standard 
10 mg/day dose without the need for adjustment.

From a clinical standpoint, ezetimibe provides several 
key advantages in dialysis patients. It serves as an effec-
tive adjunct to statin therapy, allowing the achievement 
of LDL-C targets without increasing statin doses and 
the corresponding risk of adverse effects. However, alt-
hough the SHARP study evaluated the combination of 
ezetimibe and simvastatin in CKD patients with, it lacked 
sufficient statistical power to assess cardiovascular out-
comes separately in dialysis and non-dialysis subgroups 
[2]. Based on these findings, the KDIGO working group 
does not recommend initiating ezetimibe therapy in dia-
lysis patients unless it was started prior to initiation of 
dialysis [36].

The use of ezetimibe in KT recipients represents an 
important therapeutic option for managing dyslipidemia, 
particularly in the context of immunosuppressive thera-
py. Ezetimibe has minimal pharmacokinetic interaction 
with immunosuppressants such as tacrolimus or cyc-
losporine. Unlike many statins, which are metabolized 
via the CYP3A4 enzyme system and are therefore prone 
to drug–drug interactions, ezetimibe exerts negligible 
effects on this metabolic pathway, thereby reducing the 
likelihood of adverse effects.

Clinically, ezetimibe has demonstrated significant 
efficacy in KT recipients. In the SHARP study, which 
included patients with chronic kidney disease (including 
transplant recipients), the combination of ezetimibe and 
simvastatin reduced the risk of cardiovascular events by 
17% [40]. To avoid the risks associated with high-dose 
statin therapy, combination therapy with ezetimibe is 
recommended [37].

Fibrates
Fibrates play an important role in the management 

of dyslipidemia characterized predominantly by hyper-
triglyceridemia. Their mechanism of action is based on 
activation of peroxisome proliferator-activated receptor 
alpha (PPAR-α), a nuclear receptor that regulates expres-
sion of genes involved in lipid metabolism. Activation 
of PPAR-α enhances the synthesis of lipoprotein lipase, 
an enzyme responsible for the hydrolysis of triglycerides 
(TG) in chylomicrons and VLDL, leading to a sharp 
reduction in circulating TG levels. In addition, fibrates 
increase HDL levels by upregulating the synthesis of 
apolipoproteins A-I and A-II, and by stimulating reverse 
cholesterol transport from peripheral tissues to the liver.

However, the use of fibrates is associated with several 
adverse effects. The most common include gastrointes-
tinal disorders, liver dysfunction, and liver of gallstone 
disease. These drugs also sometimes cause pancreatitis. 
The most serious complication is myopathy, particularly 
when fibrates are used in combination with statins [41].

The use of fenofibrate is contraindicated or restricted 
in patients with moderate to severe renal impairment 

(creatinine clearance <60 mL/min) because of high risk 
of adverse effects [36].

Currently, there is limited evidence supporting the use 
of fibrates in KT recipients. Some studies have demons-
trated a favorable effect on lipid profiles in this patient 
cohort [42]. Nevertheless, concerns regarding potential 
nephrotoxicity have significantly restricted their clinical 
application KT recipients. Further research is required to 
establish the safety and efficacy of fibrates in this patient 
population [43].

Bile acid sequestrants
Bile acid sequestrants represent an older class of lipid-

lowering drugs that are now used much less frequently 
in clinical practice, particularly in patients with CKD, 
due to several limitations. Their ability to lower LDL 
levels is only 10–20%, which is significantly inferior to 
the effectiveness of statins. Moreover, these agents may 
increase plasma TG levels, making them contraindicated 
in patients with hypertriglyceridemia. In addition, the use 
of bile acid sequestrants in CKD remains poorly studied: 
the lack of convincing data on their safety and efficacy in 
this group of patients, as well as the risks associated with 
impaired absorption of nutrients and drugs, significantly 
limit their use [4].

Niacin
Niacin, which is not excreted by the kidneys, can the-

oretically be considered safe for use in CKD. However, 
its clinical application remains limited due to frequent 
adverse effects and insufficient evidence. Short-term stu-
dies have demonstrated the drug’s efficacy in lowering 
lipid levels in CKD patients, confirming its potential 
role in the correction of dyslipidemia. In recent years, 
growing interest has focused on niacin and its analogue, 
niacinamide, particularly in patients with CKD and end-
stage renal disease, owing to their ability to reduce se-
rum phosphate levels. According to a meta-analysis of 
randomized controlled trials, niacin therapy in dialysis 
patients significantly decreases serum phosphorus con-
centrations without affecting calcium levels, while also 
increasing HDL cholesterol. However, no significant 
effects were observed on LDL cholesterol, TG, or total 
cholesterol, and the impact on cardiovascular outcomes 
remains unexplored. Thus, despite its promising dual 
action in modulating both phosphorus-calcium metabo-
lism and lipid parameters, the widespread use of niacin 
in CKD and dialysis patients requires further investiga-
tion, particularly regarding long-term safety and clinical 
outcomes [4].

Bempedoic acid
Bempedoic acid is a lipid-lowering drug approved 

for reducing LDL cholesterol levels in patients who fail 
to achieve target LDL concentrations with statin therapy 
or are intolerant to statins. Its mechanism of action in-
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volves the inhibition of ATP citrate lyase, a key enzyme 
in hepatic cholesterol biosynthesis, acting at an earlier 
stage of the metabolic pathway than statins. In CKD 
patients, the use of bempedoic acid is currently approved 
without the need for dosage adjustment in individuals 
with a glomerular filtration rate (GFR) above 30 mL/
min/1.73 m2 [44].

Findings from the large-scale CLEAR Outcomes 
(2023) clinical trial demonstrated that bempedoic acid 
reduces LDL cholesterol by 15–25% as monotherapy 
and by up to 35–40% when combined with ezetimibe. 
Furthermore, it was associated with a 13% reduction in 
major cardiovascular events, including heart attack and 
stroke, in statin-intolerant patients. At the same time, 
bempedoic acid offers several clinical advantages: it does 
not induce muscle-related adverse effects, can be safely 
combined with other lipid-lowering agents (such as sta-
tins or PCSK9 inhibitors), and is administered once daily 
at a fixed dose of 180 mg, which enhances treatment 
adherence. However, its use is not without limitations. 
The drug can elevate serum uric acid levels by approxi-
mately 10–15%, increasing the risk of gout, and in rare 
cases, has been linked to tendinitis or tendon rupture 
[45]. The possibility of use in patients receiving RRT 
requires further study.

Proprotein convertase subtilisin/kexin type 9 
(PCSK9) inhibitors

The PCSK9 enzyme binds to LDL receptors on the 
surface of hepatocytes. By destroying the LDL receptor, 
PCSK9 prevents their recycling back to the cell mem-
brane, leading to a reduction in receptor density and, 
consequently, an increase in circulating LDL cholesterol 
levels [46].

PCSK9 inhibitors, such as alirocumab and evolo-
cumab, are monoclonal antibodies that block the inter-
action between PCSK9 and LDL receptors. This preser-
vation of receptor function enhances LDL uptake and 
catabolism, resulting in a 50–60% reduction in plasma 
LDL cholesterol, even among patients with refractory 
hypercholesterolemia [47].

Preclinical studies have shown that PCSK9 inhibition 
can attenuate atherogenesis and vascular inflammation 
within atherosclerotic plaques. Beyond its lipid-lowering 
properties, PCSK9 inhibition may exert additional an-
gioprotective effects [48]. Clinically, these drugs not 
only lower LDL and Lp(a) levels but also significantly 
reduce the incidence of major cardiovascular events in 
secondary prevention groups.

PCSK9 inhibitors achieve a more rapid and profound 
reduction in LDL cholesterol, which may be more ef-
fective than the milder reduction achieved with statins 
in CKD patients [49]. Furthermore, emerging evidence 
suggests that the extent of LDL reduction achieved with 
PCSK9 inhibitors may influence coronary artery calcifi-

cation. In one study of 120 patients, combination therapy 
with a PCSK9 inhibitor and a statin was associated with a 
lower annual progression of coronary artery calcification 
compared with statin monotherapy [50].

An analysis of eight phase III ODYSSEY trials de-
monstrated changes in apoB, non-HDL cholesterol, 
Lp(a), and HDL cholesterol, irrespective of CKD seve-
rity. No specific safety concerns were identified among 
patients with CKD compared with the overall study po-
pulation. However, the efficacy and safety of PCSK9 
inhibitors in patients with an eGFR below 30  mL/
min/1.73 m2 remain unestablished [51].

In kidney transplant recipients, PCSK9 inhibitors 
used as adjunctive therapy to statins have shown safe-
ty and efficacy in managing hypercholesterolemia and 
may contribute to a reduction in post-transplant cardi-
ovascular events. Nevertheless, long-term, large-scale 
studies are required to confirm their potential benefits 
on cardiovascular outcomes, patient survival, and graft 
survival [52].

Inclisiran
Inclisiran also inhibits PCSK9 but acts through a fun-

damentally different mechanism than alirocumab and 
evolocumab. It  is a small interfering double-stranded 
modified RNA conjugated to N-acetylgalactosamine 
(GalNAc), a carbohydrate ligand that binds to asialogly-
coprotein receptors on hepatocytes. After cellular uptake, 
inclisiran induces degradation of PCSK9 mRNA, leading 
to a sustained reduction in PCSK9 protein synthesis [53].

Evidence from the ORION-7 and ORION-1 trials, 
which assessed the pharmacokinetics, efficacy, and sa-
fety of inclisiran in patients with normal renal function 
as well as mild, moderate, and severe CKD, indicated 
that dose adjustment is not necessary across different 
CKD stages [54].

A clinical case of inclisiran use in a patient who re-
ceived RRT by kidney transplantation has been reported. 
The graft GFR was calculated at approximately 20 mL/
min. Despite receiving the maximum tolerated lipid-lo-
wering therapy (80 mg of atorvastatin and 10 mg of eze-
timibe daily), the patient did not achieve the target LDL 
level (total cholesterol 5.18 mmol/L, LDL 2.46 mmol/L, 
HDL 2.12 mmol/L, and TG 1.79 mmol/L). Inclisiran was 
administered according to the following schedule: first 
injection, then after 3 months, and then every 6 months. 
LDL levels decreased to 1.03, 1.14, and 1.32 mmol/L 
after 6, 9, and 12 months, respectively [55].

The use of inclisiran in patients receiving RRT re-
quires further study.

Conclusion
Dyslipidemia in CKD patients, especially those on 

RRT, represents a complex clinical challenge and a major 
contributor to cardiovascular morbidity and mortality in 
this population. The pathogenesis of lipid metabolism 
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disorders in CKD patients on RRT is multifactorial. Cur-
rent evidence indicates that pharmacological strategies 
for managing dyslipidemia in this group remain limited.

Therapeutic approaches should be individualized, 
taking into account the type of RRT, comorbid condi-
tions, and potential drug interactions. Drug treatment of 
dyslipidemia in patients receiving RRT requires research 
to explore ways to improve the prognosis for this group 
of patients who are at high risk for cardiovascular events.

The authors declare no conflict of interest.
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Objective: to perform a comparative analysis of donor lung preconditioning protocols in donors after circulatory 
arrest, followed by normothermic ex vivo lung perfusion (EVLP), using two approaches: topical lung cooling and 
continued artificial ventilation after circulatory arrest. Materials and methods. The study was conducted on male 
Grey Giant rabbits weighing 4.5–5.0 kg (n = 20). Group 1: Donor lung preconditioning after circulatory arrest 
using topical cooling (n = 10). Group 2: Donor lung preconditioning after circulatory arrest with continued artificial 
ventilation in protective modes (n = 10). To evaluate the viability and functional state of donor lungs following 
preconditioning and cold preservation, both groups underwent normothermic EVLP. Assessments included lactate 
concentration, perfusate gas composition, endoscopic evaluation of the tracheobronchial tree, and subsequent 
morphological examination. Results. After 60 minutes of cold preservation, all grafts demonstrated satisfactory 
gas exchange function during normothermic EVLP. In Group 1 (topical cooling), the oxygenation index (OI) at 
60 minutes was 552 (461–599) and increased to 558 (462–603) at 120 minutes. In Group 2 (continuous artificial 
ventilation), OI was 358 (343–368) at 60 minutes, with a tendency to increase to 374 (349–395) at 120 minutes. 
The difference between the groups was statistically significant (p = 0.000). Lactate levels in both groups showed 
an upward trend, with a mean value of 6.99 ± 0.81, and no statistically significant intergroup differences were 
observed (p > 0.05). Conclusion. The study demonstrates the potential advantages of using topical cooling as 
part of the donor lung preconditioning protocol after cessation of effective circulation, employing a dextran-
40-based preservation solution at all stages. This approach may increase the number of donor lungs suitable for 
transplantation.
Keywords: lung transplantation, normothermic ex vivo perfusion, organ donation, organ preservation, 
dextran-40.
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INTRODUCTION
Donation after circulatory death (DCD) represents 

one of the most promising areas in modern transplanto-
logy, offering a viable solution to the persistent shortage 
of donor organs. Traditionally, lung transplantation has 
relied on donation after brain death (DBD); however, 
increasing attention is now being directed toward the use 
of lungs from DCD donors. This shift is driven by the 
growing need for donor lungs, improvements in organ 
preservation techniques, and the introduction of perfu-
sion technologies.

In recent years, the use of lungs from DCD donors 
has increased markedly. According to 2018 data from 
the United States, lungs from DCD donors accounted for 
approximately 20% of all lung transplants. In Europe, 
this figure varies between countries, from 5% to 40%, 
yet overall shows a clear upward trend in the adoption 
of donors after circulatory death [1].

Clinical evidence indicates that outcomes of lung 
transplantation from DCD donors are comparable to tho-
se from DBD donors. International studies show that 
long-term recipient survival and graft function following 
DCD lung transplantation are not inferior to traditional 
lung transplants. Moreover, in some centers, DCD lungs 
constitute a substantial proportion of all transplanted 
organs, underscoring the effectiveness of this approach.

In the United States, the 1-year survival rate after lung 
transplantation from DCD donors is approximately 75–
80%, which is slightly lower than the outcomes reported 
for DBD donors [2, 3]. In Europe, 1-year survival rates 
following DCD lung transplantation range from 65% to 
90%, depending on the country, with results comparable 
to DBD transplantation observed in the Netherlands, 
Belgium, Spain, and Italy [3–5]. The 3-year survival rate 
after DCD lung transplantation is around 70%, which is 
close to the rates seen with DBD donors.
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Fig. 1. Topical cooling of the lungs performed through drai-
nage of the right and left pleural cavities using 8 Fr central 
venous catheters

However, DCD lung transplantation is associated 
with a higher incidence of primary graft dysfunction, 
largely due to ischemic injury resulting from the absence 
of lung perfusion after cardiac arrest. Unlike DBD donor 
lungs – where circulation is maintained until explanta-
tion – DCD lungs undergo a period of warm ischemia, 
which may impair graft quality [6].

Advances such as ex vivo lung perfusion (EVLP) have 
enabled functional assessment, recruitment, and more 
thorough perfusion of the pulmonary microvasculature 
prior to transplantation, thereby increasing the number 
of organs deemed suitable for transplantation [3, 7, 8].

This experimental study compares two protocols 
for lung explantation from DCD donors, followed by 
normothermic ex vivo perfusion. The first protocol in-
volves topical cooling of the lungs in the pleural cavity 
using a preservative solution [9–11], while the second 
protocol utilizes continued mechanical ventilation after 
cardiac arrest [12, 13]. For both approaches, an original 
dextran-40–based solution was employed for lung pre-
servation and perfusion [14, 15].

DESIGN OF THE EXPERIMENTAL WORK
The study was conducted on 20 male Grey Giant 

rabbits weighing 4.5–5.0 kg. All procedures complied 
with the requirements of the European Convention for 
the Protection of Vertebrate Animals Used for Expe-
rimental and Other Scientific Purposes and Directive 
2010/63/EU. The animals were housed in laboratory 
cages under standardized conditions: controlled tempe-
rature (22 ± 2 °C), relative humidity (65%), a 12-hour 
light–dark cycle, regulated feeding, and ad libitum access 
to sterilized water. A two-week quarantine period was 
observed prior to experimentation. All procedures were 
reviewed and approved by the institutional Committee 
on Biological Safety and Bioethics.

The study was conducted in two experimental groups:
Group 1. DCD model with topical cooling of the 

donor lungs and without mechanical ventilation (MV). 
The lung graft was removed 40 minutes after circulatory 
arrest, followed by 6-hour cold storage preservation and 
2-hour EVLP (N = 10).

Group 2. DCD model with continued MV. The lung 
graft was removed 40 minutes after circulatory arrest, 
followed by 6-hour cold storage preservation and 2-hour 
EVLP (N = 10).

After completing the EVLP procedure, a fragment of 
each graft was collected for histological examination.

MATERIALS AND METHODS
Donor lung procurement procedure

After preparing the donor animal according to aseptic 
and antiseptic standards, the surgical field was treated 
and isolated using sterile drapes. Surgical access was 
achieved via median sternotomy. Following hemostasis 

and mobilization of the major vessels, DCD was simu-
lated. In Group 1, MV was continued, while in group 2, 
MV was discontinued and 50 ml of a dextran-40–based 
preservation solution was instilled into each pleural ca-
vity, as shown in Fig. 1.

After a 30-minute exposure period, 30 ml of blood 
was withdrawn from the left ventricle, after which a can-
nula was inserted into the pulmonary artery. Antegrade 
perfusion with a dextran-40–based solution (OCS Lung 
Solution) cooled to 4 °C was initiated. A total of 60 ml 
of solution was administered using a syringe pump at a 
rate of 500 ml/hour with an exposure time of 7 minutes. 
This was followed by mobilization of the lungs. After 
mobilization, at the height of inspiration and below the 
distal tip of the endotracheal tube, the trachea was secure-
ly ligated and transected. The lungs were then immersed 
in the dextran-40–based solution at 4 °C and stored under 
cold preservation for 6 hours.

Anesthesia
Six hours prior to surgery, the donor animal was 

fasted. The rabbit was transported to the preoperative 
room for preparation, where sedation was initiated with 
Zoletil 100 (Virbac, France) 50 mg administered sub-
cutaneously. Under aseptic conditions, an intravenous 
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Fig. 2. Perfusion circuit setup for normothermic EVLP

catheter (Vasofix Certo 22G, BBraun, Germany) was 
inserted and secured. The animal was positioned in the 
supine position.

For anesthetic induction, atropine 0.3 mg and dexa-
methasone 2 mg were administered intravenously, follo-
wed by intravenous Zoletil 100 (Virbac, France) 50 mg 
and propofol (Fresenius Kabi, Germany) 25 mg. Direct 
laryngoscopy was performed, and tracheal intubation 
was carried out using a cuffed 3.5 cm endotracheal tube. 
After confirming correct tube placement, rocuronium 
(Fresenius Kabi, Germany) 10 mg was administered.

MV was initiated using a WATO EX-65 Pro Vet venti-
lator (Mindray, China) in VCV mode with the following 
parameters: tidal volume 50 ml, respiratory rate 35/min, 
Ppeak 17 cm H2O, PEEP 3 cm H2O, I:E ratio 1:1, FiO2 
0.6, and EtCO2 40 mmHg.

Physiological monitoring was performed using an 
ePM 12M Vet monitor (Mindray, China). Average va-
lues included HR 170/min, SpO2 98%, and noninvasive 
arterial pressure of 90/45 mmHg.

Analgesia was maintained with intravenous tramadol 
(Tramvet, Russia) 25 mg, and sedation was supported 
with isoflurane (Baxter, USA) at a concentration of 1.5%. 
Hemodynamic stability was achieved with continuous 
intravenous infusion of Panangin (Gedeon Richter, Hun-
gary) at 10 ml/hour and norepinephrine at 100 ng/kg.

Prior to inducing circulatory arrest to simulate DCD, 
heparin 10,000 IU and Vasaprostane (IDT BIOLOGIKA, 
Germany) 10 μg were administered intravenously. Cir-
culatory arrest was induced using a 20 J electric shock 
delivered by an electrical fibrillator. An exposure period 
of 30 minutes followed.

During the exposure, all drug infusions were discon-
tinued. Ventilation parameters were changed: In group 1, 
MV was discontinued, while in group 2, MV was con-

tinued with modified parameters – tidal volume 30 ml, 
respiratory rate 15/min, Ppeak 10 cm H2O, PEEP 5 cm 
H2O, I:E 1:1, and FiO2 1.0.

After the 30-minute exposure period, a recruitment 
maneuver was performed, and the lung procurement 
procedure was initiated, followed by cold storage pre-
servation.

Ex vivo perfusion procedure
To initiate normothermic perfusion of donor lungs, 

the stroke volume (SV) of the donor’s left ventricle was 
measured using a GE Logiq V2 ultrasound system in 
M-mode and Doppler echocardiography with the ani-
mal positioned in the right lateral decubitus position. 
The average SV obtained was 2.6 ml. Cardiac output 
(CO) was subsequently calculated using the formula 
CO = SV × HR, where HR is the heart rate. The mean 
cardiac output was 410 ml/min.

For EVLP using 3D modeling techniques, an organ 
container was fabricated on a Picaso Designer X Pro 3D 
printer. This biocompatible plastic reservoir functioned 
both as a cardiotomy chamber and as a platform for secu-
ring the donor lungs during perfusion. The container was 
reusable and was gas sterilized in individual packaging 
after each procedure.

The extracorporeal circuit included a reservoir for 
positioning the donor lungs, a roller pump, a heat ex-
changer, a laboratory oxygenator with a low priming 
volume, a flow sensor, and a pressure sensor.

All components were assembled under strict aseptic 
and antiseptic conditions (Fig. 2). The circuit was primed 
with 20 ml of a dextran-40–based solution (OCS Lung 
Solution). Through a leukocyte-depleting infusion filter, 
25 ml of whole donor blood was added. The perfusate 
was supplemented with the following: methylpredniso-
lone 50 mg, vasoprostane – 25 mcg, heparin – 1000 mg, 
calcium chloride 10% – 1 ml, insulin P – 3 units, mag-
nesium sulfate 25% – 0.2 ml, and ceftriaxone – 100 mg. 
The total perfusate volume was 50 ml. Prior to initiating 
lung perfusion, the solution was heated to 28 °C and 
circulated at a rate of 50 ml/min.

After 6 hours of cold storage preservation, surgi-
cal preparation of the lung grafts was initiated in both 
groups. A 2.2–2.4 mm cannula was inserted into the pul-
monary artery, and a 3.0-mm uncuffed endotracheal tube 
was placed into the trachea. The left atrium was opened 
to ensure unobstructed perfusate outflow. The heart–lung 
bloc was then positioned inside the perfusion chamber. 
The pulmonary vascular bed was filled retrogradely, with 
careful monitoring to maintain the filling pressure below 
3 mmHg. Following vascular filling and deaeration, the 
perfusion line was connected to the pulmonary artery 
cannula using an airless technique. Bronchoscopy of the 
lung graft was subsequently performed using an Ambu 
aScope™ 4 Broncho Slim 3.8/1.2 disposable broncho-
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Fig. 3. Endoscopic image during normothermic perfusion

Fig. 4. Lung graft placed in the perfusion reservoir. The pul-
monary artery trunk is cannulated, and the trachea is intuba-
ted for ventilation

scope. The obtained endoscopic view is presented in 
Fig. 3.

The EVLP procedure was conducted in accordance 
with the Lund protocol. The initial perfusion rate was 
set at 100 ml/min (25–30% of CO), with pulmonary ar-
tery pressure maintained below 25 mmHg and perfusate 
temperature at 28 °C. Warming of the graft and gradual 
achievement of the target perfusion parameters required 
30 minutes. A general view of the donor lungs during 
normothermic perfusion is shown in Fig. 4.

Artificial lung ventilation was initiated at a perfu-
sate temperature of 34 °C, 15 minutes after the start of 
EVLP. Initial ventilation parameters were: tidal volume 
2–4 ml/kg of donor body weight, respiratory rate 10/
min, Ppeak 20 cm H2O, PEEP 5 cm H2O, I:E 1:1, and 

FiO2 0.21. The target perfusion parameters were a flow 
rate of 410–420 ml/min (100% of CO), pulmonary artery 
pressure up to 25 mmHg, and perfusate temperature of 
38.5 °C. Target ventilation parameters included tidal 
volume 6 ml/kg, respiratory rate 17/min, Ppeak 25 cm 
H2O, PEEP 5 cm H2O, I:E 1:1, and FiO2 0.21. The EVLP 
procedure lasted for 120 minutes.

During normothermic perfusion, a base gas mixture 
of 21% O2, 5% CO2, and 74% N2 was supplied through 
the oxygenator. Every 30 minutes, the functional status of 
the donor lungs was assessed, and a deoxygenating mix-
ture consisting of 5% CO2 and 95% N2 was administered.

At the end of EVLP, the donor lungs were preserved 
using 60 ml of a dextran-40–based solution (OCS Lung 
Solution), infused through the pulmonary artery cannula 
at a rate of 500 ml/hour. Lung parenchyma samples were 
then placed in 10% formalin for histological analysis.

Statistical analysis was performed using StatTech 
v.3.1.10 software (StatTech LLC, Russia). Quantitative 
variables were tested for normality using the Shapiro–
Wilk test (sample size <50). Variables with a normal 
distribution were summarized as mean (M) and standard 
deviation (SD), with corresponding 95% confidence in-
tervals (95% CI).

For comparisons of three or more related groups on 
normally distributed quantitative variables, a one-way 
repeated-measures analysis of variance (ANOVA) was 
applied. Differences were considered statistically signi-
ficant at p < 0.05.

RESULTS
Assessment of the functional status of donor 
lungs during normothermic perfusion

Despite the extensive list of recorded indicators and 
biochemical analysis results, the oxygenation index 
(PaO2/FiO2) served as the principal criterion for evalua-
ting the gas exchange capacity of the lungs. This calcu-
lated ratio reflects the efficiency of oxygen transfer into 
the pulmonary venous blood relative to the fraction of 
inspired oxygen. As such, it is considered a key indicator 
of ischemia–reperfusion injury severity and the preser-
vation of adequate alveolar blood flow. The dynamics 
of changes in the oxygenation index (OI) in the two 
experimental groups – used to compare the effectiveness 
of donor lung preconditioning protocols during normo-
thermic ex vivo perfusion – are presented in shown Fig. 5.

Thus, by 60 minutes after initiation of transplant re-
vitalization on the extracorporeal circuit, both groups 
reached the OI threshold level of approximately 350. 
However, group 1 showed significantly higher OI va-
lues – 552 (461–599) compared with 358 (343–368) in 
group 2. This difference reflects the more pronounced 
ischemia–reperfusion injury observed in group 2 during 
donor lung preconditioning at the DCD stage and sub-
sequent cold storage.
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Fig. 5. Dynamics of changes in the PaO2/FiO2 ratio. The graph illustrates the mean oxygenation index (PaO2/FiO2) during 
normothermic EVLP. Values are presented as mean, minimum, and maximum. Measurements were taken at 60, 75, 90, 105, 
and 120 minutes

After 120 minutes of EVLP, both groups showed a 
moderate decline in OI compared with their peaks at 
90 minutes – 594 (500–619) in group 1 and 408 (396–
418) in group 2 – consistent with the expected increa-
se in interstitial edema. By the end of the 120-minute 
EVLP period, mean OI remained significantly higher in 
Group 1 at 558 (462–603) compared with 374 (349–395) 
in Group 2.

Overall, these results demonstrate the superior effec-
tiveness of topical cooling during DCD lung precondi-
tioning compared with continued protective MV, with 
statistical significance confirmed at p = 0.000.

Lactate levels, assessed as a biochemical marker of 
ischemia–reperfusion injury, showed a steady increase 
throughout the perfusion period due to the absence of 
metabolic clearance mechanisms in the ex vivo circuit 
(Fig. 6).

Baseline lactate levels were recorded 60  minu-
tes after the start of perfusion in both groups, as ear-
lier measurements are not informative for assessing 
initial reperfusion injury. In  group  1, mean lactate 
level was 0.7 ± 0.6 mmol/L, while in group 2 it was 
1.54 ± 0.58 mmol/L. No statistically significant diffe-
rences were found between the groups at this initial time 
point (p > 0.05), indicating that the two DCD precon-
ditioning protocols did not differ in terms of severity of 
primary ischemia–reperfusion injury.

Throughout the perfusion period, both groups show-
ed a clear and progressive increase in lactate levels. 
By the final measurement at 120 minutes, mean lac-
tate levels reached 6.44 ± 1.35 mmol/L in group 1 and 
7.02 ± 1.55 mmol/L in group 2. These values remained 

below the critical threshold of 12 mmol/L. At all time 
points, intergroup differences remained statistically in-
significant (p > 0.05). Thus, lactate level did not prove 
to be a reliable comparative marker for assessing the 
effectiveness of donor lung preconditioning protocols in 
the DCD model. The most informative indicators were 
those reflecting the functional status of the grafts.

Assessment of histological changes in donor 
lungs

Histological evaluation of lung micro-preparations 
after preconditioning in the two comparative groups and 
subsequent EVLP was essential to verify the efficacy and 
safety of the protocols. Microstructural analysis provi-
ded reliable evidence of ischemia-reperfusion injury, its 
severity, and potential reversibility. In group 1, minimal 
pathomorphological changes were observed in the lung 
parenchyma at the final stage of the study (Fig. 7).

Across all samples, the parenchyma exhibited histolo-
gical signs of functional tissue without significant patho-
logical alterations. Most sections showed well-inflated 
alveoli, with microatelectatic areas being sparse and 
unevenly distributed. Moderate interstitial infiltration 
was present in a few samples. No notable differences 
in microstructure were observed within group 1 samp-
les: interalveolar septa remained thin, bronchial walls 
displayed normal histology, and vascular blood filling 
was moderate.

In group 2, which underwent the artificial ventilation 
preconditioning protocol, primary graft dysfunction was 
observed after 120 minutes of EVLP. This corresponded 
with the reduced OI recorded during functional assess-



150

RUSSIAN JOURNAL OF  TRANSPLANTOLOGY AND  ARTIFICIAL ORGANS	 Vol. XXVII   № 4–2025

Fig. 6. Dynamics of lactate levels during ex vivo perfusion. The graph presents the mean lactate levels measured during nor-
mothermic EVLP. Values are shown as mean, minimum, and maximum. Measurements were taken at 60, 75, 90, 105, and 
120 minutes

Fig. 7. Histological image of donor lung parenchyma after 
normothermic EVLP in Group 1 (Spanish protocol). Magni-
fication: 200 μm

200 μm

Fig. 8. Histological image of donor lung parenchyma after 
normothermic EVLP in Group 2 (Italian protocol). Magni-
fication: ×200

200 μm

ment of the graft. Histological changes were characte-
rized by moderate interstitial edema in the parenchyma 
and subendothelial edema in the perivascular spaces 
(Fig. 8).

At 200 μm magnification, lung micro-preparations 
from group 2 showed fragments of parenchyma with 
pronounced hyperemia in both macro- and microcir-
culatory vessels, areas of dystelectasis, intra-alveolar 
hemorrhages, and desquamation of pneumocytes. Par-
ticular importance was attached to the classic signs of 
dysfunction associated with ischemia-reperfusion inju-

ry – edema of the interalveolar septa accompanied by 
mixed inflammatory infiltration of the interstitium.

DISCUSSION
Data from this experimental study enabled a compa-

rative assessment of two donor lung procurement proto-
cols in DCD donors – topical cooling versus continued 
MV after cardiac arrest. EVLP outcomes indicate that the 
topical cooling technique provides more stable gas ex-
change and metabolic activity of the transplant. Specifi-
cally, the OI in group 1 (topical cooling) was consistently 
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postrasplante [Lung transplantation with uncontrolled 
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Uncontrolled Donation After Circulatory Death (DCD) 
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higher at all observation time points compared to group 2 
(continued MV), suggesting better preservation of the 
alveolar-capillary membrane and reduced severity of 
ischemic injury. Lactate levels in group 1 remained 
lower, reflecting more efficient tissue metabolism and 
reduced accumulation of anaerobic glycolysis products. 
This likely results from faster and more uniform warm 
protection of the lung parenchyma achieved through 
topical cooling, whereas continued ventilation after car-
diac arrest may offer insufficient protection against re-
perfusion injury and, in some cases, exacerbate alveolar 
edema, as confirmed endoscopically in two observations 
in group 2. Notably, both protocols employed the same 
dextran-40-based preservative solution, minimizing vari-
ability due associated with composition of the perfusate 
and allowing us to focus on the differences between the 
procurement methods.

The presented data suggest that the lung procurement 
technique using topical cooling provides a more pro-
nounced protective effect in the DCD model compared to 
continuous MV. This finding aligns with previous clinical 
and experimental studies emphasizing the importance 
of rapid initiation of cooling and minimization of reper-
fusion stress as key factors for successful preservation 
of lungs from DCD donors [16, 17]. Limitations of the 
present study include the small sample size and the use of 
a surrogate animal model (rabbits), which warrants cau-
tion when extrapolating these results to clinical practice. 
Nevertheless, the findings provide a solid foundation 
for further research and optimization of protocols for 
conditioning lungs from DCD donors.

CONCLUSION
This experimental study confirmed the feasibility of 

lung donation after cardiac arrest with normothermic 
normothermic EVLP using an original dextran-40-based 
preservation and perfusion solution. The use of this so-
lution allowed donor lungs to be preserved without si-
gnificant alveolar edema in most cases and maintained 
satisfactory gas exchange function during perfusion. 
The results indicate that lung procurement with topical 
cooling provides more effective organ preservation, as 
reflected by superior oxygenation and metabolic indica-
tors during perfusion. Consistent with published experi-
mental and clinical studies, the clinical implementation 
of lung donation after circulatory death has the potential 
to increase the donor pool without substantially raising 
the risk of primary graft dysfunction, while maintaining 
long-term survival rates comparable to those observed 
with lungs from brain-dead donors.
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patterns in bioprosthetic heart valves
E.A. Ovcharenko, K.Yu. Klyshnikov, P.S. Onishchenko, A.E. Kostyunin, A.A. Khromov, 
A.N.  Stasev, T.N. Akentyeva, M.P. Fokeeva, O.L. Barbarash, T.V. Glushkova
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Objective: to identify key patterns of calcification in explanted bioprosthetic heart valves (BHVs) using cluster 
analysis of computed tomography-derived graphical data. Materials and methods. The study included 11 UniLine 
BHVs that were routinely explanted during reoperations for structural valve dysfunction. Computed tomography 
was used to obtain DICOM images of each sample, followed by generation of maximum intensity projections and 
segmentation of the valves into individual leaflets (n = 33). The images were pre-processed using binary threshol-
ding to differentiate calcified regions from non-calcified biological tissue. Cluster analysis was performed using 
various algorithms: Gaussian mixture models, Ordering Points To Identify the Clustering Structure (OPTICS), 
k-means clustering, agglomerative (hierarchical) clustering, and spectral clustering. A basic quantitative method 
assessing the proportion of pixels corresponding to calcified areas was used for comparison. The performance 
of clustering algorithms was evaluated using the silhouette score. The presence of calcium deposits in the valves 
and the accuracy of binary thresholding were further verified histologically by alizarin red S staining of valve 
cryosections. Results. Data preprocessing based on image binarization yielded a maximum silhouette score of 
0.55. Among the clustering algorithms, the highest silhouette scores were achieved with the agglomerative (0.55) 
and k-means (0.54) methods; however, both demonstrated substantial data imbalance, with up to 85% of samples 
grouped within a single cluster, limiting their practical applicability. The most balanced clustering was achieved 
using spectral clustering (silhouette score 0.45) and the basic quantitative approach (0.44). Both methods identified 
three distinct patterns of bioprosthetic valve leaflet calcification: (1) non-calcified leaflets, (2) partial calcification, 
and (3) total calcification. Conclusion. Three key calcification patterns were identified in explanted BHVs – ab-
sence of calcium, partial calcification, and total calcification. Spectral clustering and the basic quantitative method 
demonstrated the most balanced results, while other algorithms showed pronounced cluster imbalance. Heat map 
analysis revealed that in partial calcification, mineral deposition typically begins in the commissural and dome 
regions of the leaflets, near the free edge, and in total calcification, extends across the entire dome and leaflet base.
Keywords: bioprosthetic heart valves; prosthetic valve dysfunction; structural valve degeneration; 
calcification; cluster analysis.
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Introduction
The introduction of bioprosthetic heart valves (BHVs) 

has been a major advancement in treating valvular heart 
disease. Owing to their physiological hemodynamic per-
formance and the absence of a need for long-term an-
ticoagulant therapy, BHVs are widely used in clinical 
practice. In 2022, 2,526 surgical and 1,633 transcatheter 
BHVs were implanted in the Russian Federation [1, 2]. 
However, their long-term durability remains a limitation 
due to structural valve degeneration, which ultimately 
leads to hydrodynamic failure. Literature reports indicate 
that within 10–15 years, up to half of BHVs made from 
xenopericardial material develop dysfunction [3]. Such 
cases necessitate repeat valve replacement, a procedu-
re associated with significantly higher risks of serious 
complications and mortality compared with primary in-
terventions [4–6].

In more than half of cases, calcification of the valve 
apparatus is the primary cause of BHV dysfunction [7]. 
Calcium deposition in the leaflets increases their stiff-
ness, leading to characteristic clinical manifestations 
such as a high transprosthetic gradient, elevated flow 
velocity, and a reduced effective orifice area [8, 9].

Bioprosthetic tissue mineralization is a multifactorial 
process driven by the interplay of several mechanisms. 
These include passive calcium deposition on residual 
donor cells, chemically cross-linked collagen, and da-
maged elastic fibers, as well as active biomineralization 
involving apoptotic immune cells and circulating reci-
pient factors [10]. Cyclic mechanical loading further 
accelerates calcification by inducing fatigue damage in 
collagen fibers, thereby creating sites susceptible to mi-
neral deposition [11].

Current research actively investigates the causes and 
biomechanical consequences of BHV calcification to 
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Patient No. 3

Co-orientation  
of all leaflet images

MSCT scanning All MIP views

n = 11

Division of each sample into 
three individual leaflets

Fig. 1. Workflow for obtaining input data for the segmentation algorithm. An enlarged sequence is presented, from CT scan-
ning of the explanted bioprosthetic heart valves to obtaining images of individual valves used for clustering

develop strategies that extend their functional lifespan. 
One approach to elucidating calcification mechanisms 
involves analyzing characteristic regions and patterns 
of mineral deposition within valve structures. Such stu-
dies can identify areas most prone to mineralization, 
their relationship with mechanical stress, and potential 
directions for improving prosthesis design.

Existing literature presents two contrasting perspec-
tives. Some studies demonstrate distinct and reprodu-
cible calcification patterns correlated with regions of 
high hemodynamic and mechanical stress [12–15] or 
draw analogies with native valve calcification patterns 
applicable to BHVs [16, 17]. Others, however, report a 
random distribution of mineral deposits, focusing solely 
on the extent and severity of calcification without defi-
ning its spatial organization [18, 19]. Both viewpoints 
are supported by qualitative and quantitative evidence, 
making it difficult to establish a unified concept of cal-
cification distribution in BHVs.

This study aims to enhance understanding of the cha-
racteristic patterns of calcium deposit localization in 
explanted BHVs treated with ethylene glycol diglycidyl 
ether, using cluster analysis of computed tomography 
(CT)-derived graphical data.

Materials and Methods
Data acquisition and preparation

The study was based on DICOM images of explanted 
BHVs obtained using multislice computed tomography 
(MSCT) on a LightSpeed™ VCT 64 scanner (General 
Electric, USA). All samples were mounted on a stage and 
scanned under the following parameters: tube voltage – 
120 kV, current – 160 mA, rotation time – 0.9 s, total 
scan time – 6.8 s, and scan speed – 39.37 mm/rev. Image 

reconstruction was performed with a slice thickness of 
0.625 mm using a standard reconstruction kernel.

A total of 11 Uniline xenopericardial atrioventricular 
BHVs were analyzed. These prostheses had been rou-
tinely explanted and replaced at the Research Institute 
for Complex Issues of Cardiovascular Diseases in Ke-
merovo, Russia between 2015 and 2024. A brief clinical 
description of the patients is provided in Table 1.

The DICOM images obtained were processed as 
maximum intensity projections (MIP) in a top-view 
orientation. Each prosthesis image was then manually 
segmented into three leaflets and aligned into a unified 
position to achieve an overlay of all leaflets from the 
11 samples (Fig. 1).

Table 1
Clinical characteristics of patients from whom 

explanted bioprosthetic heart valves were obtained
Parameter Value

Age at the time of valve replacement, 
median [Q1; Q2], years

57  
[44.75; 65.75]

Gender:
Male, n (%)
Female, n (%)

6 (55%)
5 (45%)

Reason for valve replacement:
Structural valve degeneration, n (%)
Prosthetic endocarditis, n (%)

6 (55%)
5 (45%)

Coexisting diseases:
Hypertensive disease, n (%)
Dyslipidemia, n (%)
Diabetes mellitus, n (%)
Chronic kidney disease, n (%)

3 (27%)
2 (18%)
1 (9%)
7 (64%)

Prosthesis functioning period,  
median [Q1; Q2], years

2.75  
[0.79; 5.90]
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The resulting dataset – comprising 33 individual leaf-
lets represented as separate images – was subjected to 
cluster analysis using various data preprocessing strate-
gies and clustering algorithms.

Data preprocessing strategies
Three preprocessing strategies were applied:

1)	 Raw data: Processing of raw DICOM images wit-
hout any modifications.

2)	 Image binarization to identify calcified regions 
(calcified tissue only). A binary thresholding method 
was applied, where pixels with an intensity range of 
193–255 were assigned a value of 255, and all others 
were set to 0. This approach enabled clear identifica-
tion of calcified regions, which is clinically relevant 
for assessing valve degeneration.

3)	 Combined representation (calcified and non-calci-
fied tissue): In this approach, pixels were differenti-
ated in a more detailed way. Pixels with intensities 
from 193 to 255 were set to 255 (indicating calcifi-
cation), while those from 1 to 192 were set to 124 
(representing non-calcified biomaterial). This strategy 
allowed for simultaneous highlighting of calcified and 
soft tissue areas, which facilitated a more detailed 
analysis of the images obtained.

Clustering algorithms
Basic method. This approach served as a reference 

(comparison) method. Clustering was performed artifi-
cially based on calcium levels. All images were binarized 
using a threshold of 193/255, after which the number of 
white pixels – corresponding to areas of valve minerali-
zation – was calculated. The median and quartile values 
of this parameter were then determined. Based on these 
statistics, three clusters were defined: low calcification 
(images with calcium content below the median); me-
dium (images within the third quartile [50–74% of the 
sample]; high calcification (images within the fourth 
quartile [75–100% of the sample]).

The following clustering algorithms were applied in 
the study:
1)	 Gaussian Mixture Models (GMM). This probabi-

listic model was selected for its ability to represent 
data as a combination of probability distributions, 
allowing estimation of intra-cluster variance. GMM 
is well suited for heterogeneous image datasets, parti-
cularly when clusters overlap or have uneven density 
[20].

2)	 Ordering Points to Identify the Clustering Struc-
ture (OPTICS). OPTICS was used to detect clusters 
of arbitrary shape under conditions of variable data 
density. Its robustness makes it effective for analy-
zing fragmented or irregular structures, such as those 
found in medical images affected by artifacts or low 
signal-to-noise ratios [21].

3)	 k-Means Method. The k-means algorithm was cho-
sen for its computational efficiency and scalability, 
which are advantageous in large-scale image seg-
mentation. Although it assumes spherical cluster geo-
metry, its simplicity and established performance in 
image analysis justify its inclusion in the study [20].

4)	 Agglomerative Clustering. This hierarchical ap-
proach was employed to uncover nested structure 
within the data, enabling a detailed examination of 
images with multi-scale structural patterns [22].

5)	 Spectral Clustering. This algorithm was applied to 
identify complex, non-spherical data structures. Its ef-
fectiveness in separating non-linearly separable clus-
ters has been confirmed in a number of studies [22].

Indicators analyzed
The study evaluated several quantitative and qua-

litative indicators to evaluate the performance of the 
clustering algorithms.
1)	 Silhouette score: This metric, ranging from –1 to +1, 

was used to assess cluster compactness and separabi-
lity. Values close to +1 indicate well-defined, cohesive 
clusters with minimal overlap, while negative values 
suggest incorrect or ambiguous data partitioning [23].

2)	 Clustered image grouping with label display. Ima-
ges assigned to each cluster were organized in matrix 
form with corresponding textual labels. This visu-
alization enabled qualitative assessment of cluster 
semantic consistency, detection of anomalies, and 
analysis of object distribution within groups.

3)	 Principal component analysis (PCA) visualization. 
PCA was employed for linear dimensionality reduc-
tion, allowing the data to be represented in a two-
dimensional (2D) space. This facilitated assessment 
of data dispersion and cluster separability.

4)	 t-distributed stochastic neighbor embedding (t-
SNE) visualization. Nonlinear dimensionality reduc-
tion using t-SNE [24] was applied to visualize clusters 
with complex, non-linear structures while preserving 
local relationships between points. The results were 
compared with PCA visualizations to assess the sta-
bility of the identified clustering patterns.

5)	 Maximum intensity projections (MIP). To evaluate 
the spatial distribution of calcifications, all image sli-
ces (frames) were combined into a single 2D projec-
tion by selecting the maximum pixel intensity values 
along the Z-axis.

6)	 Heat map of relative cumulative calcium distri-
bution. Using normalized pixel intensities (range 
[0–1]), aggregated maps of calcification density were 
generated for both the overall dataset and individual 
clusters. This visualization highlighted probabilistic 
differences in the density and spatial organization of 
calcifications between groups.
The technical implementation of preliminary data 

processing, clustering analysis, and data visualization 



156

RUSSIAN JOURNAL OF  TRANSPLANTOLOGY AND  ARTIFICIAL ORGANS	 Vol. XXVII   № 4–2025

Fig. 2. Visualization of different data preprocessing strategies. Shown are examples of maximum intensity projection (MIP), 
principal component analysis (PCA) visualization, and t-distributed stochastic neighbor embedding (t-SNE) visualization 
applied to images of bioprosthetic valve leaflets

a cb

was carried out in the Python 3.11 programming envi-
ronment using the OpenCV, NumPy, Pandas, and Scikit-
learn libraries. The complete program code is available 
at: https://github.com/Eugene-Ovcharenko/BHV_leaf-
let_images_clustering.git.

Visualization of calcium using histological 
methods

The study results were validated through histological 
analysis. After MSCT scanning, the valve leaflets were 
carefully separated from the BHV frame to prepare histo-
logical sections. Fragments of the biomaterial were fixed 
in Neg-50 rapid tissue freezing medium (6502, Thermo 
Fisher Scientific, USA), and serial cryosections were 
obtained using an HM525 microtome-cryostat (Thermo 
Fisher Scientific, USA). The resulting sections, 5 μm 
thick, were placed on microscope slides.

Calcium deposits were visualized by staining the sec-
tions with Alizarin Red S (ab142980, Abcam) according 
to the manufacturer’s instructions. The stained sections 
were examined under a Meiji Techno MT5300L auto-
mated laboratory biological microscope, and subsequent 

image processing was performed using QuPath 0.4.1 
software.

Results
In total, this study produced 325 clustering variants 

of MSCT data, combining different image preprocessing 
strategies, clustering algorithms, variable cluster num-
bers (ranging from 2 to 5), and algorithm-specific hyper-
parameters. Given the exploratory nature of the analysis, 
the results were evaluated sequentially according to: data 
preprocessing strategies, clustering algorithms, and the 
most effective combinations of both.

Data preprocessing strategies
All preprocessing approaches had a marked impact 

on the analyzed imaging data (Fig. 2a). Image binari-
zation on calcium intensity threshold, visualized using 
principal component analysis (Fig. 2b), revealed some 
distinguishable regions that could be further separated 
into distinct groups. However, most data points overlap-
ped due to the predominance of empty (non-calcified) 
areas after binarization.
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The combined option, consisting of a combination 
of binarized data on calcium threshold and biomaterial 
threshold, also provided clearer separation and superior 
visualization when analyzed using t-SNE (Fig. 2c).

Importantly, histological examination of the BHV 
leaflets confirmed the accuracy of the image binarization 
results: the locations of macrocalcifications observed 
in histological sections corresponded closely with the 
mineralization patterns identified from the processed 
MSCT images (Fig. 3).

Quantitative analysis of the clustering results across 
the three preprocessing strategies revealed that only 
one approach – image binarization based on the calci-
um threshold – produced satisfactory silhouette scores 
(Table 2). This method achieved a score of 0.55, which 
is considered high within the possible range of –1 to +1.

Clustering algorithms
Analysis of the results revealed a marked variation 

in clustering quality depending on the algorithm used 

(Table 3). The OPTICS algorithm proved ineffective 
in this context, showing an extremely low silhouette 
score close to zero. Other algorithms performed better, 
achieving silhouette scores in the range of 0.54–0.55 in 
the best cases. However, in most instances, the resulting 
clusters were highly unbalanced. Specifically, algorithms 
with higher silhouette scores consistently produced one 
dominant cluster (Class I) and two much smaller clus-
ters (Classes II and III), comprising only 3–18% of the 
dataset. This pronounced imbalance indicates that the 
observed groupings likely do not reflect distinct patterns 
of calcification.

Among all the results presented, two configurations 
stood out: No. 0346 (Basic) and No. 0159 (Spectral) 
(Table 3). Both demonstrated moderate silhouette scores 
of 0.44 and 0.45, respectively, with a relatively balan-
ced class distribution. In these cases, the primary class 
comprised 52% and 64% of the images, respectively, 
while Classes II and III included 15–24% of the dataset. 
Overall, these results indicated the presence of distinct 

2

2
Base of the leaflet

Base of the leaflet

Free edge

Free edge

1000 μm

1000 μm

1

1

Fig. 3. Comparison between the binarized image of the valve and the corresponding histological section stained with alizarin 
red S. Arrows indicate areas of calcium deposition

Table 2
Quantitative characteristics of clustering algorithms, grouped by data preprocessing strategy

No. Strategy Number of clusters Silhouette score Cluster I size, % Cluster II size, % Cluster III size, %
0043 Initial data 3 0.37 91 6 3
0042 Initial data 3 0.33 12 82 6
0041 Initial data 3 0.30 58 30 6
0159 Binarization 3 0.55 9 85 6
0346 Binarization 3 0.55 9 85 6
0166 Binarization 4 0.54 85 6 6
0274 Combined 3 0.08 21 58 21
0273 Combined 3 0.07 21 33 45
0271 Combined 3 0.07 21 24 55

Note: For clarity, the table includes only the three preliminary data preprocessing strategies that achieved the best silhouette 
scores. All other configurations demonstrated significantly lower performance.
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calcification classes. The clustering outcomes of these 
two algorithms (No. 0346 and No. 0159) are illustrated 
in Fig. 4, showing the division of the dataset into separate 
classes corresponding to specific calcification patterns. 
Qualitative analysis revealed that both methods identified 
three main heterogeneous groups: absence of calcium, 
partial calcification, and total calcification. It  is worth 
noting that the spectral method misclassified five images 
exhibiting partial calcification into Cluster I (absence of 
calcium), which slightly distorted the result.

The next phase of the study involved merging the 
individual images associated with each cluster to form 
representative calcification patterns. These patterns were 
grouped into three categories: no calcification, partial 
calcification, and total calcification of the valve (Fig. 5).

The next stage of the study involved combining indi-
vidual images from each cluster into distinct calcification 
patterns: absence of calcium, partial calcification, and to-
tal calcification (Fig. 5). Heat maps generated using two 
clustering algorithms (basic and spectral) illustrated the 
probability distribution of mineralization within the leaf-
let apparatus of the BHVs. Overall, the patterns obtained 
by both methods were largely consistent; however, the 
spectral method more distinctly identified certain leaflets 
with low levels of calcification within cluster I, resulting 
in qualitative differences between the heat maps. Nota-
bly, in cluster II (partial calcification), calcium deposits 
were predominantly located in the commissural zone 
and along the valve dome near the free edge, whereas in 
cluster III (total calcification), they were concentrated in 
the central portion of the leaflet dome. The PCA diagram 
(Fig. 6) helps explain this phenomenon: the spectral al-
gorithm tended to assign cluster I (no calcification) to 

Table 3
Quantitative characteristics of clustering algorithms

No. Clustering algorithm Number of clusters Silhouette score Cluster I size, % Cluster II size, % Cluster III size, %
0346 Basic 3 0.44 52 24 24
0138 Gaussian mixture 3 0.50 76 18 6
0136 Gaussian mixture 3 0.50 79 15 6
0137 Gaussian mixture 3 0.50 79 15 6
0113 OPTICS 3 0.04 24 18 58
0114 OPTICS 2 –0.01 24 76 –
0343 OPTICS 3 –0.08 12 18 70
0120 k-means 3 0.54 82 6 12
0121 k-means 3 0.54 82 6 12
0122 k-means 3 0.54 82 6 12
0198 Agglomerative 3 0.55 85 9 6
0199 Agglomerative 3 0.55 85 9 6
0201 Agglomerative 3 0.53 91 3 6
0159 Spectral 3 0.45 64 15 21
0162 Spectral 3 0.28 27 55 18
0163 Spectral 3 0.28 27 55 18

Note: For clarity, the table includes only the three clustering algorithms that achieved the best silhouette scores. All other 
algorithms demonstrated significantly lower performance. Minor classes (small cluster sizes) are highlighted in gray.

images situated very close to those in cluster II. Thus, 
the heat map analysis revealed differences between clus-
ters not only in the extent of calcification but also in its 
spatial distribution.

Discussion
Calcification of BHVs is a multifactorial process dri-

ven by a complex interplay of material changes [10]. Re-
search groups have extensively investigated both native 
heart valves [25] and their bioprosthetic counterparts 
[12–14] in an effort to identify clinical and metabolic 
predictors of this condition [26, 27]. An important me-
thod for determining the causes and characteristics of 
bioprosthetic calcification is the analysis of mineral de-
posit distribution within the valve apparatus.

According to literature reports, investigators have 
reached two contrasting conclusions when interpreting 
existing data: some describe a distinct pattern in the lo-
calization of calcium deposits, whereas others emphasize 
their random distribution [12–15, 28, 29]. On one hand, 
studies correlating calcium accumulation with regions 
of high mechanical or shear stress have demonstrated 
well-defined localization patterns [12–15]. The areas of 
greatest mechanical loading, primarily the valve dome 
and commissural zones, are therefore regarded as pre-
disposed to mineralization. On the other hand, several 
authors attribute bioprosthetic calcification to the in-
filtration of blood-derived molecular components and 
subsequent immune responses to xenogeneic tissue [28, 
29]. Within this framework, the entire volume of the 
biomaterial becomes a potential target for calcification, 
and it is not possible to identify a single characteristic 
pattern [18, 19].
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Fig. 4. Visualization of the distribution of valve images after threshold-based calcium detection. The figure illustrates the 
results obtained using the two most effective clustering algorithms – basic and spectral clustering. Three distinct classes are 
identified: absence of calcium, partial calcification, and total calcification

Basic method (No. 0346) Spectral method (No. 0159)
Cluster I

No calcium
(n = 17)

Cluster I
No calcium

(n = 21)

Cluster II
Partial 

calcification
(n = 8)

Cluster II
Partial 

calcification
(n = 5)

Cluster III
Total 

calcification
(n = 8)

Cluster III
Total 

calcification
(n = 7)

Our previous pilot study [30], together with the pre-
sent investigation, largely supports the former hypothe-
sis – that regions of mineralization tend to colocalize 
with areas of increased mechanical stress on the valve 
leaflets. However, the current results provide a more 
detailed characterization of the extent and spatial dis-
tribution of calcium deposits across different degrees 
of mineralization – we were able to identify the leaflet 
regions most frequently affected in cases of partial and 
total calcification.

For cluster II (partial calcification), the predominant 
areas of mineralization were located in the commissural 
region and along the valve dome near the free edge, whe-
reas for cluster III (total calcification), calcification was 
concentrated in the central portion of the dome (Fig. 5). 
This suggests that the calcification process develops pro-
gressively – from initial involvement of the commissures 
and the line of coaptation to subsequent extension into 
the dome region. 
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Cluster I. No calcium Cluster II. Partial calcification

Spectral method (No. 0159)

Basic method (No. 0346)
Cluster III. Total calcification All images
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Fig. 5. Final image of calcification clusters obtained using the two most effective approaches – the basic method and the 
spectral clustering algorithm. The data are presented as a heat map of the relative cumulative distribution of calcium and as an 
overlay of all the original MSCT images

Fig. 6. Principal component analysis (PCA) diagram characterizing the identified clusters of calcification images. Results 
for both of the most effective algorithms are presented. The arrows indicate key differences between the two algorithms – in 
clusters I and II. Note: Because of point overlap, cluster I appears as a single point, as all empty images after binarization have 
the same coordinates within the principal component space
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However, the present results do not allow this hy-
pothesis to be confirmed, as further investigation is re-
quired.

It is noteworthy that a similar pattern of calcifica-
tion was observed for both foreign (literature data) and 
domestic (this study) bioprostheses, despite differences 
in biomaterial preservation techniques. In a study by 
Tsolaki et al. (2023) involving Perimount Magna Ease 
bioprosthetic valves (n = 14) stabilized with glutaralde-
hyde, the valve dome was identified as the region most 
susceptible to calcification [12]. In the current study, do-
mestically produced prostheses preserved with ethylene 
glycol diglycidyl ether exhibited comparable localization 
of mineralization, primarily within the dome region. This 
concordance likely reflects the dominant role of mecha-
nical stress as a key factor promoting or accelerating 
calcification, given that the greatest stress occurs within 
the dome of the valve leaflet [12].

Finally, it is worth briefly highlighting the applied 
aspect of this study. From a practical standpoint, the 
identified calcification patterns make it possible to deter-
mine the most vulnerable regions of bioprosthetic valves 
and to outline potential directions for their structural 
optimization. For example, the predominant localization 
of calcium deposits in specific areas of the valve leaf-
lets can be considered in the design of new biomaterials 
or in modifying valve geometry to reduce mechanical 
stress, one of the key factors contributing to prosthesis 
dysfunction [10–15].

From a methodological perspective, analyzing the 
technical component of the work revealed that data pre-
processing techniques significantly influenced the quality 
of clustering. The most effective approach was image bi-
narization based on a calcium intensity threshold, which 
yielded the highest silhouette score (0.55), reflecting 
clear structural differentiation among samples. In cont-
rast, a combined preprocessing strategy – smoothing the 
brightness range while retaining original, non-binarized 
images – proved less effective. Thus, binary segmenta-
tion of pixels into calcified and non-calcified regions 
enhances both the accuracy of clustering and the identifi-
cation of structural patterns associated with pathological 
changes. This result is quite expected, given that MSCT 
imaging of bioprostheses is primarily intended to visua-
lize calcium deposits, which therefore serve as the princi-
pal criterion for cluster formation: the more pronounced 
the calcified regions, the easier it is to cluster images.

A comparison of the clustering algorithms demonst-
rated that the most balanced results were obtained using 
the spectral algorithm and the basic method. Both ap-
proaches provided satisfactory grouping of bioprosthetic 
valve images into three distinct classes: without calcifi-
cation, with partial calcification, and with total calcifica-
tion. In contrast, the Gaussian mixture model, k-means, 
and agglomerative clustering achieved relatively high 
silhouette scores but exhibited significant class imba-

lance, with uneven sample distribution across clusters, 
thereby complicating the interpretation of results.

Conclusion
The optimal method for preprocessing MSCT ima-

ges of BHVs explanted due to dysfunction was image 
binarization on the threshold of calcium X-ray density, 
as determined by clustering quality assessment. Among 
the tested clustering algorithms, the spectral clustering 
proved to be the most effective, allowing balanced clus-
ters to be identified based on calcium distribution.

Analysis of the calcification characteristics in BHVs 
explanted due to dysfunction revealed three key calci-
fication patterns, clearly differentiated by the ratio of 
mineralized to intact biomaterial: non-calcified leaflets, 
partial calcification, and total calcification. These charac-
teristic patterns correspond to the extent of structural al-
teration and are presumably localized in regions exposed 
to the greatest mechanical stress. Heat maps illustrating 
the probability of calcium localization showed that, in 
partial calcification, mineralization predominantly affects 
the commissural areas and the valve dome near the free 
edge, whereas in total calcification, calcium deposition 
extends across the entire dome region.

The authors declare no conflict of interest.
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surgery for congenital heart defects. This has renewed interest in identifying reconstructive materials that are 
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Introduction
Currently, there has been a noticeable increase in 

the number of repeat interventions in congenital heart 
disease (CHD) surgery. This trend is primarily associ-
ated with the growing complexity of the defects being 
operated on, and the improved survival rates of patients 
following CHD correction. Whereas the early stages of 
pediatric cardiac surgery were dominated by the search 
for effective methods of defect correction, one of the 
main challenges today lies in identifying the ideal recon-
structive material – particularly for heart valve replace-
ment – that maintains long-term functionality without 
degeneration.

The use of homografts in complex CHD surgery dates 
back nearly 60 years, beginning in 1966 when Donald 
Ross performed the first aortic valve replacement with a 
homograft in an 8-year-old child [1]. Today, pulmonary 
homografts are predominantly employed in pediatric 
cardiac surgery, while aortic and mitral homografts are 
more commonly used in adults [2]. Despite the technical 
difficulties associated with their implantation, homo-
grafts generally provide satisfactory long-term clinical 
outcomes. However, their broader application in children 
remains limited by the scarcity of small-sized grafts and 
the tendency of the tissue to calcify as the child grows.

This report presents the first documented case of 
double valve replacement – of both the pulmonary and 

tricuspid valves – using homografts in a patient who 
had previously undergone radical correction of a double 
outlet right ventricle (DORV).

Case description
A 15-year-old female patient weighing 77 kg was 

admitted to the pediatric cardiovascular surgery ward at 
Bakulev National Medical Research Center for Cardio-
vascular Surgery. She had previously undergone radical 
correction of DORV in 2009, which included reconstruc-
tion of the right ventricular outflow tract (RVOT) using 
a single-leaflet xenopericardial patch.
At the time of admission, the patient presented with 

signs of heart failure on physical exertion, including 
shortness of breath and fatigue. She had a history of 
frequent infections of the ear, nose, and throat (ENT) 
organs.
Transthoracic echocardiography revealed severe re-

gurgitation of both the pulmonary and tricuspid valves, 
with marked dilation of the right ventricle (end-diastolic 
dimension – 5.7 cm) and right atrium (6.5 × 8.5 cm). 
The tricuspid annulus was enlarged to 42 mm (Fig. 1).
Based on preoperative diagnostic findings, a decision 

was made to perform RVOT reconstruction using a cryo-
preserved allogeneic conduit, with possible replacement 
of the tricuspid valve (TV).
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Fig. 1. Transthoracic echocardiography showing grade IV tri-
cuspid valve regurgitation

 

Fig. 3. Intraoperative photographs (patient’s head positioned to the left): a, implanted pulmonary homograft (indicated by an 
asterisk); b, mitral homograft implanted in the tricuspid position (indicated by an asterisk)

a b

      

Fig. 2. General view of the homografts used for implantation: a, pulmonary homograft; b, mitral homograft

a b

The operation was carried out under standard cardi-
opulmonary bypass, hypothermia, and pharmacological 
cold cardioplegia using Custodiol solution.
Intraoperative examination revealed deformation and 

severe hypoplasia of all TV leaflets, rendering reconst-
ructive surgery impossible; therefore, valve replacement 
was indicated.
At the pulmonary trunk level, marked calcification 

was observed in the previously implanted patch and the 
preserved native pulmonary valve (PV) leaflets. Comple-
te excision of the calcified patch, native PV leaflets, and 
altered TV leaflets was performed. Subsequently, pros-
thetic replacement of the pulmonary trunk was carried 
out using pulmonary homograft No. 28 (Fig. 2a, Fig. 3a), 
and the TV was replaced with mitral homograft No. 32 
(Fig. 2b, Fig. 3b).
During implantation of mitral homograft, the medial 

and lateral papillary “legs” were sutured to the inter-
ventricular septum, after which the prosthetic annular 
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rim was secured to the native fibrous ring. The total 
cardiopulmonary bypass time was 200 minutes, and the 
aortic cross-clamp time was 130 minutes.
The onset of cardiac activity after cardioplegia was 

accompanied by complete transverse heart block fol-
lowed by restoration of sinus rhythm. The immediate 
postoperative period was uneventful, and the patient 
was discharged on postoperative day 11.
At the time of discharge, transthoracic echocardio-

graphy showed satisfactory function of both prosthetic 
valves without significant transvalvular gradients (PV 
prosthesis: systolic gradient 15 mm Hg, grade I regur-
gitation; TV prosthesis: peak diastolic gradient 4 mm 
Hg, grade I regurgitation).
At the 8-month follow-up, echocardiographic eva-

luation revealed no increase in transvalvular gradients 
or regurgitation.

Discussion
Between 1966 and 1969, Huber and Senning were 

the first to use mitral homografts for TV replacement 
in two patients with organic valve disease; however, 
the outcomes were unsatisfactory [3]. The first series of 
successful implantations was later reported by Pomar 
and Mestres in 1993 [4]. In 1996, Hvass et al. descri-
bed the first successful application of this technique in 
a six-year-old girl with infective endocarditis [5]. These 
encouraging results stimulated further development and 
refinement of surgical techniques for homograft implan-
tation, including improved fixation of papillary muscles 
and reinforcement of the subvalvular apparatus.

In Russia, the first such operations were performed 
by Ivan Skopin at Bakulev National Medical Research 
Center for Cardiovascular Surgery in 1998. Four patients 
underwent surgery with good immediate and long-term 
outcomes [6].

The feasibility of using homografts for RVOT recon-
struction was first demonstrated by Ross in 1966, when 
he implanted an aortic homograft into the pulmonary 
position in an eight-year-old child with pulmonary artery 
atresia [1]. Subsequently, advances in donor selection, 
sterilization, cryopreservation, along with increased 
availability, have firmly established homografts as an 
essential component of modern cardiac surgery [7–9].

Since the 2000s, alongside homografts, a new gene-
ration of biological conduits made from bovine jugular 
veins has been actively used, demonstrating favorable 
short-term [10] and long-term outcomes [11, 12]. How-
ever, as clinical experience with these conduits accu-
mulated, multiple studies reported a high incidence of 
infective endocarditis (IE), which remains the principal 
limitation to their widespread adoption. In a comparative 
study by Ugaki et al., IE developed in 9.4% of patients 
with bovine jugular vein conduits, compared with only 
0.7% in those with homografts [13]. Moreover, homo-
grafts are less prone to stenosis than other biological 

conduits, thereby significantly reducing the need for 
repeat interventions [13, 14].

Anticoagulant therapy is mandatory for all synthetic 
and mechanical prostheses, but it is generally unneces-
sary when using biological prostheses, including jugular 
vein and homograft-based conduits [15].

To date, a review of the scientific literature has re-
vealed no published cases describing simultaneous 
double-valve (tricuspid and pulmonary) replacement 
using pulmonary and mitral homografts in a single pati-
ent. According to a meta-analysis by Van den Eynde et 
al., pulmonary artery replacement without concomitant 
correction of tricuspid insufficiency is associated with 
a higher incidence of significant residual regurgitation 
compared with simultaneous tricuspid valve repair or 
replacement [16]. In our case, plastic surgery was limited 
due to the structural pathology of the tricuspid valve.

Currently, there is a growing trend toward the use 
of endovascular approaches for reintervention on heart 
valves after CHD correction [17]. However, this tech-
nique remains limited by strict patient selection criteria 
and the relatively small number of studies confirming its 
long-term benefits and safety.

Conclusion
The presented clinical case demonstrates the feasibi-

lity of successful simultaneous implantation of a mitral 
homograft in the tricuspid position and a pulmonary 
homograft. Double-valve biological replacement of the 
pulmonary and tricuspid valves offers several key ad-
vantages: the implanted conduits can adapt to somatic 
growth, unlike frame-based biological or mechanical 
prostheses, and it eliminates the need for lifelong anti-
coagulant therapy.

Conflict of interest. During the procedure, a pulmo-
nary homograft manufactured by the laboratory of allo-
geneic materials for cardiovascular surgery at Bakulev 
National Medical Research Center for Cardiovascular 
Surgery (Moscow), headed by co-author K.M. Dzhidzhi-
khiya, and a mitral homograft produced by CardioStar 
(St. Petersburg), whose CEO is co-author V.A. Bolsu-
novsky, were used.
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