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Transforming Transplant Oversight: Enhancing 
Combined Cardiothoracic Surgery and Liver 
Transplantation With Normothermic Machine 
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Maan Fares, MD,5 Jamak Modaresi-Esfeh, MD,6 Jacek Cywinski, MD,7 Cristiano Quintini, MD,3 
Charles Miller, MD,1 and Koji Hashimoto, MD, PhD1,2

Background. Simultaneous cardiothoracic surgery and liver transplantation (LT) is a high-risk procedure associated 
with high mortality and morbidity rates. The use of normothermic machine perfusion (NMP) allows graft quality enhancement, 
assessment of liver viability, and logistics optimization, expanding the donor pool and reducing organ discard rate. We share 
our institution’s experience with simultaneous cardiothoracic surgery and LT, using NMP for liver graft preservation and viability 
assessment.  Methods. Data was retrospectively collected from 14 patients who underwent simultaneous cardiothoracic 
surgery and LT with NMP for liver graft preservation from October 2022 to August 2023. Data was divided into 3 groups: 
combined heart transplant and LT, lungs transplant and LT, and nontransplant cardiothoracic surgery and LT.  Results. 
All liver grafts were from brain-dead donors. Median machine perfusion times were 211 min (range, 186–242 min), 222 min 
(range, 211–246 min), and 627 min (range, 180–1003 min) across the 3 groups, respectively. Postreperfusion syndrome 
occurred in 3 patients (21%), with 5 (36%) readmitted within 30 d because of complications. Biliary complications developed 
in 5 patients (36%), and 2 (14%) experienced acute liver rejection within 90 d postsurgery. No mortality was recorded during 
the median 18-mo follow-up.  Conclusions. NMP serves as a safe and valuable tool for patients in need of simultaneous 
cardiothoracic surgery and LT, potentially broadening the scope of eligibility for these complex procedures. 

(Transplantation Direct 2025;11: e1810; doi: 10.1097/TXD.0000000000001810.) 

Liver transplantation is acknowledged as a definite treat-
ment for end-stage liver disease. However, the presence of 

significant cardiopulmonary conditions frequently makes such 

patients ineligible for liver transplantation alone.1-3 The inte-
gration of combined cardiothoracic surgical procedures with 
liver transplantation has opened the door for these patients to 
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become suitable candidates. This includes simultaneous coro-
nary artery bypass grafting, valve repair or replacement, heart 
transplantation, and lung transplantation, thereby expanding 
the therapeutic options for patients with concurrent end-stage 
liver disease and severe cardiopulmonary diseases.3-5 However, 
combined cardiothoracic surgery and liver transplantation 
is highly complex and challenging and is characterized by 
considerable morbidity and mortality rates. Understandably, 
given limited experience with these combined procedures,3,6,7 
careful consideration in the selection of suitable donor organs 
is essential. The use of extended criteria donors (ECDs) with 
marginal liver function is generally discouraged to minimize 
the risks associated with combined surgeries. However, this 
practice of prioritizing organs from low-risk donors1 can 
contribute to prolonged waitlist times and increase the likeli-
hood of patients deteriorating or dying before a transplant 
can occur. Additionally, the complexity of undertaking com-
bined cardiothoracic surgery and liver transplantation is sig-
nificantly increased by the prolonged cold ischemia time (CIT) 
of liver allografts. This is primarily a consequence of the pro-
cedural sequence, wherein liver transplantation is performed 
after the cardiothoracic procedures. As a result, even when 
using organs from low-risk donors, prolonged CIT may lead 
to significant hemodynamic instability upon unclamping of 
the portal vein.8 Thus, identifying strategies to minimize the 
risks of intraoperative hemodynamic instability is imperative 
for patients undergoing combined cardiothoracic surgery and 
liver transplantation.

Machine perfusion technologies, including normother-
mic machine perfusion (NMP) and hypothermic oxygenated 
machine perfusion, has been a breakthrough innovation of 
the early 21st century for liver transplantation.9-12 Its clini-
cal use supports enhanced graft quality, assessment of liver 
viability, and logistics optimization, expanding the donor pool 
and reducing organ discard rate.13-16 Since October 2022, our 
institution has programmatically implemented NMP for liver 
transplantation as the standard of care. This report reviews 
our initial experience with NMP in 14 liver transplant recipi-
ents who also underwent simultaneous cardiothoracic sur-
gery, such as heart transplant, double-lung transplant, and 
nontransplant heart surgery.

MATERIALS AND METHODS

Patients
This retrospective case series examines 14 adult patients 

who received simultaneous cardiothoracic surgery and liver 
transplant at Cleveland Clinic, Ohio, from October 2022 
to August 2023. Liver preservation was achieved through 
OrganOx Metra for normothermic ex situ perfusion, with car-
diothoracic surgeries preceding liver transplants. Procedures 
included heart transplants, double-lung transplants, coronary 
artery bypass grafting, pericardiectomy, tricuspid, and aor-
tic valve repairs. This study was approved by the Cleveland 
Clinic’s Institutional Review Board (IRB No. 18-1167).

Ex Situ Normothermic Machine Perfusion
Liver grafts were recovered in a standard fashion, stored 

in cold Histidine-Tryptophan-Ketoglutarate solution, and 
transported to our Center. After back-table preparation, 
grafts were cannulated, primed with albumin solution, and 
connected to the OrganOx Metra device, using the previously 

prepared perfusate containing albumin, packed red blood 
cells, heparin, ceftriaxone, calcium gluconate, and sodium 
bicarbonate. During NMP, graft viability was monitored by 
assessing perfusion parameters—such as arterial and venous 
flow and pressure—perfusate pH and lactate clearance, and 
bile flow and chemistry, including bile pH, bicarbonate, and 
glucose. Samples were taken before connection to the Metra 
device and at set intervals to check baseline and ongoing 
perfusate metrics. Recorded times included CIT, NMP dura-
tion, recipient warm ischemia time, and total preservation 
time. Post-NMP, grafts were flushed with cold Histidine-
Tryptophan-Ketoglutarate and during liver implantation with 
saline.

Statistical Analysis
Continuous variables were presented as median and range 

and compared using the Kruskal-Wallis test. Dichotomous var-
iables were assessed with a chi-square test. JMP Pro, Version 
16.1.0, was used to analyze the data, with P < 0.05 considered 
significant. Figures 1-2 are obtained using GraphPad Prism 
version 10.2.0 for Mac (GraphPad Software, Boston, MA, 
www.graphpad.com).

RESULTS

Recipient and Donor Demographics
Table 1 summarizes recipient and donor characteristics. 

Heart and liver transplant recipients were younger, with a 
median age of 38 y (range, 27–43 y), compared with lung and 
liver transplant recipients (55.5 y; range, 47–63 y) and those 
having nontransplant cardiac surgery with liver transplant 
(66 y; range, 43–70 y; P < 0.05). The median waitlist time 
for combined cardiothoracic surgery/liver transplantation 
recipients was 26.5 d (range, 3–487 d), varying significantly 
among groups: 9 d (range, 3–487 d) for liver/heart transplant, 
59.5 d (range, 50–327 d) for liver/lung transplant, and 19.5 d 
(range, 5–218 d) for liver/nontransplant cardiac surgery with 
liver transplant. The underlying liver diseases were Fontan-
associated liver disease (n = 2), metabolic dysfunction- 
associated steatohepatitis (n = 2), short telomere syndrome 
(n = 3), alcoholic cirrhosis (n = 5), cryptogenic cirrhosis (n = 1), 
congestive hepatopathy because of cardiac cirrhosis (n = 1),  
hepatitis B or C virus cirrhosis (n = 4), and alpha-1 antitrypsin 
deficiency. Liver cancer was present in 2 patients: 1 patient 
had hepatocellular carcinoma and another had cholangiocar-
cinoma. All patients exhibited clinical signs of portal hyperten-
sion, which included splenomegaly (n = 7), esophageal varices 
(n = 11), ascites (n = 14), and hepatic encephalopathy (n = 6). 
The median laboratory Model for End-Stage Liver Disease 
score at transplant was 17 (range, 9–27) for the group under-
going heart transplantation. For the lung transplant group, 
the median Model for End-Stage Liver Disease score was 10 
(range, 7–14), lower than that of the nontransplant cardiac 
surgery group, which was 23 (range, 18–26) but not statis-
tically significant (P = 0.054). Before transplant, 2 patients 
(50%) of the heart-liver recipients had acute kidney injury 
(AKI). In the nontransplant cardiac surgery group, 1 patient 
(17%) had AKI and 3 patients (50%) had chronic kidney dis-
ease stage 3, with 1 needing dialysis. Eight patients (57%), 
including all heart, 2 lung, and 2 nontransplant cardiac sur-
gery patients, were hospitalized and required intensive care 
unit (ICU) stays presurgery. ICU admissions were mainly for 
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cardiopulmonary issues, including heart failure (n = 4), pul-
monary hypertension (n = 1), hypoxemia (n = 2), and hepatic 
encephalopathy (n = 1).

All 14 liver grafts were from brain-dead donors, with a 
median age of 42 y (range, 11–64 y). The overall median donor 
risk index (DRI) was 1.61 (range, 1.08–2.1). Heart transplant 
recipients had donors with a lower median DRI of 1.2 (range, 
1.11–1.38), versus lung transplant (median DRI, 1.76; range, 
1.7–1.92) and heart surgery recipients (median DRI, 1.61; 
range, 1.08–2.1). Liver biopsy from 5 grafts (36%) revealed a 
range of histological abnormalities, including periportal fibro-
sis (n = 3), perisinusoidal fibrosis (n = 1), parenchymal necro-
sis with or without confluence involvement (n = 3), and mild 
macrovesicular steatosis (n = 2, 10% and 15%). In the heart 
transplant group, the median peak donor alanine transami-
nase (ALT) was 93 U/L (range, 51–112 mg/dL) and aspar-
tate transaminase (AST) was 205.5 U/L (range, 81–484 mg/
dL), with bilirubin at 1.2 mg/dL (range, 0.7–1.7 mg/dL). For 
lung transplants, the median peak ALT was 63.5 U/L (range, 
35–797 mg/dL) and AST was 46 U/L (range, 37–826 mg/dL), 
with bilirubin at 1.2 mg/dL (range, 0.6–4.3 mg/dL). The non-
transplant cardiac surgery group had median peak ALT 28 U/L 
(range, 12–5143 mg/dL) and median peak AST was 48.5 U/L 
(range, 15–5164 mg/dL), with bilirubin at 0.6 mg/dL (range, 
0.2–3.8 mg/dL). Half (50%) of the donors in this group were 
accepted as expedited open offers after cross-clamp.*

Organ Preservation and Recipient Surgery
Table 2 details organ preservation and recipient operation 

specifics. NMP time with nontransplant cardiac surgery has 
the longest median at 10.45 h (range, 3–16.7 h; P = 0.09). The 
median CIT for liver grafts before NMP was similar across the 
groups. No machine perfusion was used for heart or lung grafts.

Figure 1A shows lactate clearance during NMP in perfusate, 
starting before liver connection at a median of 12.92 mmol/L 
(range, 7.22–16.13 mmol/L), dropping to 0.6 mmol/L (range, 
0.29–2.79 mmol/L) within an hour and 0.54 mmol/L (range, 
0.29–3.62 mmol/L) by hour 2. Figure 1B indicates all liver 
grafts produced bile at a median rate of 10.5 mL/h (range, 
2–27 mL/h) with a median bile pH of 7.78 (range, 7.72–7.84) 
throughout NMP.17 Seven patients (50%) required cardiopul-
monary bypass, including those undergoing heart transplants 
(n = 4), aortic valve replacement with tricuspid valve repair 
(n = 1), tricuspid valve repair (n = 1), and pericardiectomy 
(n = 1). All patients remained stable and were weaned off 
cardiopulmonary bypass before liver transplantation. For all 
lung-liver transplants, venoarterial extracorporeal membrane 
oxygenation was used but discontinued before liver transplan-
tation. During liver transplant, 3 patients (21%) had postrep-
erfusion syndrome (PRS), marked by a 30% or more drop in 
mean arterial pressure from baseline after liver graft reperfu-
sion.8 Two of these patients were in the heart transplant group 
and 1 was in the nontransplant cardiac surgery group (Figure 
S1, SDC, https://links.lww.com/TXD/A765). There were no 
intraoperative deaths. Notably, patient number 13 underwent 
liver and tricuspid valve repair and received a kidney graft 
from the same donor the next day.

Postoperative Outcomes
Postoperative outcomes are detailed in Table 3. Two 

patients (14%) had peak ALT levels >1000 IU/L in the first Do
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week posttransplant, but the median ALT dropped to 46 IU/L 
(range, 14–69 IU/L) by day 14 (Figure 1C). Median bilirubin 
levels were 0.5 mg/dL (range, 0.3–9.6 mg/dL) on day 14 and 
0.65 mg/dL (range, 0.2–2.1 mg/dL) on day 28 (Figure 1D). 
Two patients (7%) had early allograft dysfunction (EAD) 
because of high transaminases. Postsurgery, 11 patients 
(79%) developed 1 or more cardiopulmonary complications, 
including arrhythmias (n = 7), low ejection fraction (n = 3), 
pleural (n = 1) and pericardial effusion (n = 2), respiratory 
failure (n = 6), and >7 d of ventilation support (n = 1). Four 
patients (29%) needed surgical exploration of a thoracic inci-
sion (n = 2) for mediastinal bleeding and abdominal explora-
tion for hepatic artery stenosis (n = 1) and wound dehiscence 
(n = 1). Nine patients (64%) developed AKI, defined by the 
2012 Kidney Disease: Improving Global Outcomes guide-
lines, with 2 patients requiring hemodialysis. The duration of 
stay in the ICU and hospital varied between the 3 groups. The 
hospital stay in patients with nontransplant cardiac surgery 

(median, 15 d; range, 10–20 d) was significantly shorter than 
hospital stays among heart and lung recipients (median for 
heart recipients was 58 d; range, 16–185 d and median for lung 
recipients was 40 d [range, 27–126 d; P < 0.05]). Five patients 
(36%) were readmitted because of cardiac (n = 1) or noncar-
diac (n = 4) complications within 30 d after discharge from 
their index transplants. Over the median follow-up period of 
556 d (range, 434–740 d), 5 patients (36%) developed a bil-
iary anastomotic stricture, which was successfully managed 
with a biliary stent, including 1 patient with ischemic cholan-
giopathy. Biopsy-proven acute cellular rejection of the liver, 
heart, and lungs occurred in 2 (14%), 3 (75%), and 3 (75%) 
patients, respectively. Two patients developed acute cellular 
rejection after 90 d posttransplant. According to the Clavien-
Dindo classification (Table S1, SDC, https://links.lww.com/
TXD/A765), 10 patients (71%) experienced complications 
of grade IIIb or higher. No case of primary nonfunction was 
recorded, and as of the most recent follow-up, the patient who 

FIGURE 1.  Lactate clearance during NMP. *Refers to the priming phase, before connection of the graft (A). Cumulative bile production during 
NMP (B). Bile production was not recorded for liver number 1. Changes in ALT (C) and total bilirubin level (D) after transplant. AST, aspartate 
transaminase; NMP, normothermic machine perfusion; POD, postoperative day.
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developed ischemic cholangiopathy was relisted for retrans-
plantation of the liver a year after his first transplant, but no 
patient mortality has been observed.

DISCUSSION

Patients with end-stage liver disease are generally deemed 
ineligible for liver transplantation if they have significant 
cardiopulmonary diseases. Simultaneous cardiothoracic 
surgery and liver transplantation present a potential solu-
tion, yet many centers hesitate because of the high risks and 
complexity of such cases.1,18 Even if patients are listed for 
liver transplantation with combined cardiothoracic surgery, 
lengthy waiting times can increase drop-out rates from the 
transplant list, a situation worsened by the need for stand-
ard criteria donors. While using ECDs can expand the donor 
pool and help expedite transplants, using marginal liver grafts 
with traditional cold preservation methods raises the risk of 
morbidity and mortality. In October 2022, our institution 
implemented NMP as the standard of care, which significantly 
changed our organ acceptance strategy for high-risk recipi-
ents. Thus, this study examines our early experience of NMP 
in 14 liver transplant recipients who had concomitant car-
diopulmonary diseases necessitating combined cardiothoracic 
surgery, including heart transplants, double-lung transplants, 
or nontransplant cardiac surgery.

The introduction of liver NMP in our practice allowed 
our surgical team to accept marginal liver grafts previously 
deemed unacceptable for combined surgeries. The national 
organ allocation system gives priority to heart or lung grafts 
over liver grafts in simultaneous transplants,19 thus the liver 
recipients’ medical urgency does not aid in prioritizing com-
bined transplant patients. However, since good thoracic 
organ donors are not always good liver donors, adopting 
broader liver graft acceptance criteria could improve com-
bined transplant rates. Notably, in our study, 5 of 8 organ 
donors had significantly high peak liver enzymes (≥300 U/L) 
and/or total bilirubin levels (≥1.5 mg/dL), with abnormal liver 
biopsies showing fibrosis or necrosis, conditions once deemed 
unsuitable for combined transplants with cold preservation. 
In simultaneous nontransplant heart surgery and liver trans-
plant, the liver graft acceptance criteria were more aggressive. 
For instance, the donor in case number 11 had liver enzyme 

levels >5000 U/L, and a liver biopsy revealed confluent necro-
sis with 10% macrovesicular steatosis. Case number 14 
involved a 64-y-old donor with a peak bilirubin of 3.8 mg/dL. 
Additionally, 8 liver grafts (57%) were retrieved from donors 
with DRI ≥ 1.4, including 4 lung-liver (100%, median, 1.76) 
and 4 nontransplant cardiac surgery groups (67%, median, 
1.61)—values linked to an increased risk of liver graft fail-
ure.20 This aggressive approach helped decrease wait times for 
our cohort. In fact, 6 patients were transplanted within 10 d 
of listing, and all were transplanted within 3 mo of listing, 
excluding 3 patients listed before NMP implementation.

Our institution has reported outcomes of simultaneous 
nontransplant heart surgery and liver transplantation using 
conventional static cold storage.3,17 In our latest report, 
patient survival rates were 74.2% after 1 y and 55% after 5 
y, which despite being deemed acceptable, are still inferior to 
the survival rates of benchmark isolated liver transplant.18,21 
Data from the United Network for Organ Sharing show that 
survival rates for combined liver transplantation and heart 
surgery are not risk-adjusted, making thorough risk evalua-
tion by each medical center crucial through selective donor 
and recipient matching. With NMP reducing EAD risk, its 
regular use could improve outcomes in combined surgeries. 
In our study, only 2 patients had EAD, and all patients had 
functional liver grafts postoperation, but the high potential 
for serious complications is notable. Despite NMP use, all 
patients undergoing heart surgery faced cardiopulmonary 
or transplant-related issues, with 4 experiencing significant 
complications of Clavien-Dindo grade ≥IIIb. It should, how-
ever, be noted, that a number of donors was used with NMP 
that were otherwise not primarily considered because of 
various risk factors (ie, elevated DRI, time constraints for 
open offers accepted after cross-clamp, and biopsy results). 
Further experience is warranted to determine the role of 
marginal donors with NMP for recipients with higher risk 
profiles.

It can be argued whether an en bloc approach—where 
the organs are transplanted simultaneously—is preferable to 
a sequential approach in combined transplantation. The en 
bloc approach is in fact associated with a shorter liver CIT, 
compared with the sequential approach. In combined heart 
and liver transplantation, both approaches hold similar 
outcomes, although patients undergoing heart transplants 

FIGURE 2.  Key operative timepoints. Timelines after cross-clamp for combined heart-liver or lung-liver transplant (A) and combined heart 
surgery and liver transplant (B). Machine perfusion was not used for heart or lung grafts. CIT, cold ischemia time; NMP, normothermic machine 
perfusion.
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first potentially fail to proceed to liver transplant surgery 
because of hemodynamic instability after cardiac grafting.22 
Furthermore, patients who do go through both heart and liver 
transplantation, sequentially, are at a high risk of developing 
PRS upon portal vein unclamping because of vulnerability 
to hemodynamic changes with new cardiac grafts.1 NMP 
is, however, known to lower the PRS-risk despite prolonged 
preservation, giving the surgical teams more flexibility. Still, 
2 of 4 heart-liver recipients in this study developed PRS after 
liver graft reperfusion, indicating the need for more data to 
fully assess the pros and cons of en bloc versus sequential 
approach in context of NMP.

NMP has emerged as a critical advancement in the field 
of liver transplantation, particularly in expanding the donor 
pool using ECDs, which were previously discarded or underu-
tilized for high-risk recipients.23,24 Studies have revealed that 
NMP can increase the use of ECDs and reduce EAD associ-
ated with such livers.25,26 By offering a dynamic, controlled 
setting for liver assessment and reconditioning pretransplant, 
NMP is expected to transform the field.23,27 High-risk recipi-
ents, like our study cohort, could benefit from the advantages 
of NMP.

NMP aids in maintaining hemodynamic stability during 
liver graft reperfusion, crucial in high-risk cardiopulmonary 
cases vulnerable to hemodynamic shifts.28,29 In our cohort, 11 
patients (79%) maintained stable systemic hemodynamics after 
liver graft reperfusion, which we believe is crucial in prevent-
ing major intraoperative and posttransplant complications. 
However, 3 patients (21%) developed PRS, including 2 heart-
liver recipients and 1 recipient with heart surgery. Notably, 
heart-liver recipients experienced a temporary blood pressure 
drop but maintained mean pressures >60 mm Hg. Despite the 
low volume, our case series shows the beneficial effect of NMP 
on avoiding serious cardiopulmonary compromise as there 
were no occurrences of early graft loss or patient mortality.

Figure 2 illustrates the surgical timeline, spanning from the 
cross-clamp to the conclusion of the procedures. In heart or 
lung transplantation followed by liver transplantation, since 
machine perfusion was not used for heart or lung grafts, the 
cardiothoracic team started a transplant procedure before 
liver grafts were connected to NMP to minimize heart or lung 
graft ischemia time. In contrast, in heart surgery followed 
by liver transplantation, NMP was initiated before a cardiac 
team started the operation. This sequence of events prevents 
aborting cardiac surgery if a marginal liver graft fails to meet 
the acceptance criteria on NMP. In addition to lowering the 
risk of PRS, this strategy potentially adds another layer of 
safety when using ECD liver grafts, although no livers were 
discarded because of viability assessment in combined surgery 
during the study period.

This report has limitations, including its nature as a single- 
center retrospective study with a small sample size, and a 
relatively short follow-up. The evolving role of NMP in clini-
cal transplantation, particularly in combined surgeries, lacks 
large-scale prospective study validation, thus limiting the gen-
eralizability of our approach. More experience from various 
centers is needed to confirm NMPs effectiveness in improving 
outcomes. Additionally, the study’s short observation period 
(6–16 mo posttransplant) necessitates further follow-up to 
assess long-term effectiveness.

In conclusion, our case series shows how NMP can 
become an effective strategy to enhance outcomes of liver 

transplant recipients with serious cardiopulmonary dis-
eases. NMP can facilitate the use of liver grafts from ECDs, 
ensure the organs’ viability and easing logistics. By widen-
ing graft acceptance criteria and possibly reducing surgi-
cal instability risks, NMP could eventually shorten waiting 
times and improve outcomes. Therefore, NMP could prove 
valuable for patients requiring simultaneous cardiothoracic 
surgery and liver transplantation and might help expand the 
indication.
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