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 Background: Adequate microcirculatory perfusion is essential for the provision of oxygen to the liver following transplanta-
tion. Data from the Oxygen Persufflation in Liver Transplantation (OPAL) study (ISRCTN00167887) were ana-
lyzed from liver transplants performed at a single center to determine the role of factors affecting the hepatic 
microcirculation and early allograft dysfunction (EAD).

 Material/Methods: Retrospective data from 116 patients from the Oxygen Persufflation as Adjunction in Liver Transplantation 
(OPAL) study who underwent liver transplantation at a single center were analyzed. Oxygen saturation of he-
moglobin (SO2), relative capillary hemoglobin concentration (rHb), relative tissue blood flow (rBF) using laser 
Doppler flow measurements, and the Oxygen-to-See (O2C) spectrometry were measured and with post-trans-
plant allograft function were analyzed using univariate and multivariate logistic regression statistics.

 Results: Livers donors had a median donor risk index of 1.8. Most liver transplant recipients were men (60.3%), with 
a median age of 54 years (IQR, 23–68 years). Mean post-transplant 3-month survival was 90.5%. The EAD rate 
was 22.4%, the median SO2 was 78% (IQR, 29.5–95.8%), the median rHb was 55.6 AU (IQR, 16.8–74.8 AU), and 
the median rBF was 110.1 AU (IQR, 35.8–406.8 AU). Multivariate logistic regression analysis showed that tis-
sue SO2 (p=0.01), body mass index (BMI) of the transplant recipient (p=0.002), serum alanine transaminase 
(ALT) of the donor (p=0.02), and portal blood flow (p=0.01) were predictive factors for EAD.

 Conclusions: Non-invasive investigations of the liver microcirculation and hemoglobin oxygenation were shown to be pre-
dictive factors for EAD following liver transplantation.
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Background

In liver transplantation, the allograft is reperfused in the re-
cipient and is known to result in ischemia-reperfusion injury, 
which is dependent on preservation injury and the recipient 
status. The resulting cell edema, release of free oxygen radicals, 
and their interaction with macromolecules lead to an inflam-
matory reaction and endothelial impairment [1–6]. Ultimately, 
reduced early allograft function can occur in liver allografts. 
Disturbances in the liver microcirculation are of major impor-
tance during the early reperfusion period following liver trans-
plantation. The microcirculation provides the required oxygen 
and nutrient supply, as well as clearance of metabolic waste 
products from the parenchyma, which are vital to early al-
lograft function.

Therefore, early and reliable methods of assessment of graft 
function after liver transplantation are required to identify pa-
tients who are at increased risk of early allograft dysfunction 
(EAD). In 2019, Olthoff and colleagues defined EAD based on 
one or more laboratory findings that included a bilirubin level 
³10 mg/dL on day 7, an international normalized ratio (INR) 
³1.6 on day 7, and a serum alanine or aspartate aminotrans-
ferase >2000 IU/L within the first 7 days after liver transplan-
tation [7]. The incidence of EAD was found to be 23%, and the 
predictive validity of the EAD showed that donor age and the 
MELD score were risk factors [7].

In this study, data were analyzed from the recently reported 
findings from the Oxygen Persufflation in Liver Transplantation 
(OPAL) study (ISRCTN00167887) of 116 liver transplants per-
formed at a single center [8,9]. The aim of this study was to de-
termine the role of factors affecting the hepatic microcirculation 
that may be predictive for EAD following liver transplantation.

Material and Methods

Study population

Data from the Oxygen Persufflation in Liver Transplantation 
(OPAL) study (ISRCTN00167887), a single center randomized 
controlled trial that included 116 patients who underwent liver 
transplantation were retrospectively analyzed for this study [8,9]. 
The data were used to determine the factors underlying the 
development of early allograft dysfunction (EAD) regarding he-
patic microvascular perfusion without including the main re-
sults of the OPAL study, which have been recently published [9].

This study was approved by the local Ethics Committee and 
was conducted in accordance with the Declaration of Helsinki. 
Data in the OPAL study were collected prospectively during the 
randomized controlled trial and analyzed retrospectively [9]. 

In accordance with German law, all allografts were procured 
from brain-dead organ donors. Inclusion criteria for the OPAL 
study were men and women >18 years of age, scheduled for 
first liver transplantation and with an available graft who were 
willing to participate in the study and who provided written in-
formed consent [8,9]. Inclusion criteria for the donor liver were 
organs allocated by the ‘rescue offer’ allocation protocol from 
Eurotransplant, or donors ³55 years of age. Exclusion criteria 
were recipients listed as high urgent (HU) cases, simultane-
ous participation in other clinical trials, and patients who were 
positive for human immunodeficiency virus (HIV) infection [8].

Definition of the organ rescue allocation

To rescue a donor liver after refusal by more than three liver 
transplant centers for potential recipients in the Model of End-
Stage Liver Disease (MELD)-based allocation system the alloca-
tion mechanism was switched by the allocation organization 
(Eurotransplant). These organs were offered locally for trans-
plant centers with an appropriate recipient or to the first center 
to accept them, using the multiple-refusal/competitive rescue 
offer procedure. Organ rescue offers were also conducted in 
cases with non-stable donors, prolonged cold ischemic times, 
or for other logistical problems during retrieval.

Definition of early allograft dysfunction (EAD)

Early allograft dysfunction (EAD) was defined according to the 
current guidelines [7], as a bilirubin ³10 mg/dL on postoperative 
day 7 and/or an International Normalized Ratio (INR) ³1.6 on post-
operative day 7 and/or serum aspartate aminotransferase (AST) 
or alanine aminotransferase (ALT) >2000 IU/L within the first 
7 days [7]. Each case was classified as EAD or non-EAD. Currently, 
EAD represents the best-validated and clinically relevant parameter 
for early liver allograft assessment after liver transplantation [7].

Surgical procedures and immunosuppression

Donor operations were performed by specially trained local 
teams and followed the standards of the local protocols for 
organ procurement within the different Eurotransplant re-
gions. Standard surgical transplant techniques were used for 
liver transplantation. The standard technique for liver trans-
plantation included complete caval replacement and anas-
tomosis of the portal vein, hepatic artery, and bile duct us-
ing end-to-end anastomoses. According to the study protocol 
of the OPAL study [8,9], donor organs were randomized into 
two groups [8,9]. Half of the organs were treated by the rou-
tine procedures of static cold storage, and the other half were 
treated by retrograde oxygen persufflation for at least 90 min-
utes, as previously described [8,9]. All patients were treated in 
the Intensive Care Unit (ICU) after liver transplantation, and 
perioperative care was similar in both groups as well as the 
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use of immunosuppression [8,9]. Intravenous corticosteroids 
(1,000 mg methylprednisolone) were used intraoperatively [8,9]. 
Postoperatively, standard immunosuppression consisted of 
calcineurin-inhibitors in combination with corticosteroids and 
mycophenolate mofetil, following standard protocols [8,9].

Measurements of hepatic microcirculation and liver 
perfusion

One hour after allograft reperfusion, non-invasive measure-
ments of hepatic microcirculation were performed. A probe was 
placed at four predefined locations at the surface of the liver 
and measurements were made of oxygen saturation of hemo-
globin (SO2), relative capillary hemoglobin concentration (rHb), 
and relative tissue blood flow (rBF) by a combination of laser 
Doppler flow measurements and Oxygen-to-See (O2C) spec-
trometry (LEA Medizintechnik GmbH, Giesen, Germany). Of the 
four measurements taken for each parameter, the mean and 
interquartile range (IQR) were calculated.

SO2 was the parameter used to measure local tissue hypoxia. 
The capillary venous oxygen saturation reflects the balance be-
tween oxygen delivery and consumption, with 75% of the blood 
volume distributed to the venous capillary system. Saturation 
of hemoglobin was given as a percentage. The rHb is an indi-
cator of the amount of hemoglobin in the liver parenchyma. 
Therefore, the filling of the microvessels is dependent on cap-
illary density, capillary recruitment, and venous filling and was 
represented in arbitrary units (AU). This parameter represented 
venous congestion.

The measurement of the rBF demonstrated the volume flow 
in relative units and indicated ischemia or hyperemia. Relative 
tissue blood flow was given in arbitrary units (AU).

Measurement of hemodynamic parameters

One hour after reperfusion, measurements of portal venous 
and arterial inflow were conducted by Doppler ultrasound. 
At the same time, global hemodynamic parameters also in-
cluded the cardiac index and central venous pressure, which 
were measured during routine anesthesia.

Clinical factors for outcome analysis

Standard characteristics of donors and recipients and the im-
pact on the outcome were analyzed that included donor age, 
gender, body mass index (BMI), cause of death (cerebrovas-
cular accident, hypoxia, trauma, others), cold ischemia time, 
length of stay in the Intensive Care Unit (ICU), and biopsy-
proven macrovesicular and microvesicular steatosis. The use 
of preservation solution was also documented, including his-
tidine-tryptophan-ketoglutarate (HTK), and the University of 

Wisconsin organ preservation solution. The organ donor labo-
ratory values included measurement of serum aspartate trans-
aminase (AST), alanine transaminase (ALT), gamma-glutamyl-
transferase (gGT), bilirubin, the international normalized ratio 
(INR), creatinine, sodium, and the donor risk index (DRI) (for 
Caucasian donors). The organ recipient data included patient 
age, gender, body mass index (BMI), the Model for End-Stage 
Liver Disease (MELD) score, duration of surgery, the warm isch-
emia time, tissue oxygen saturation (SO2), relative capillary he-
moglobin concentration (rHb), relative tissue blood flow (rBF), 
arterial and portal perfusion.

Statistical analysis

Data were shown as the mean and standard error of the mean, 
or the median and interquartile range (IQR). Graft and patient 
survival were analyzed using Kaplan-Meier curves and data were 
compared using the log-rank test. All parameters of hepatic mi-
croperfusion were correlated with global hemodynamic status 
of the recipient. Clinical parameters and measurements of he-
patic microcirculation were correlated with the development 
of EAD following liver transplantation by univariate and mul-
tivariate logistic regression analysis. Parameters with p<0.1 in 
univariate analysis were introduced in the multivariate model. 
The multivariate model was performed using stepwise selection. 
A p-value <0.05 was considered statistically significant. JMP ver-
sion 10.0.0 (SAS Institute Inc., Cary, NC, USA) and SPSS version 
24 (IBM, Armonk, NY, USA) were used for statistical analysis.

Results

Donors, recipients, and perioperative characteristics

There were 116 patients included in the present study. 
The mean age of organ donors was 63 years (±1.26 years). 
Half (50%) of the donors were male. Donor treatment in the 
Intensive Care Unit (ICU) lasted for a median of 3.0 days (IQR, 
1–19 days) before organ procurement. Organ preservation in 
the cold was undertaken for 452±13.4 minutes. During implan-
tation of the allograft, a warm ischemic time of 30±0.6 min-
utes was documented. The Donor Risk Index (DRI) was used 
for risk assessment and was calculated with a mean of 1.8±0.3.

The majority of recipients (60.3%) in this analysis were male 
with a mean age of 53.2±0.8 years. A mean laboratory Model 
for End-Stage Liver Disease (MELD) score before liver trans-
plantation was 14.6±0.6, which represented the severity of 
liver disease. Indications (or a combination of indications) for 
liver transplantation included cirrhosis related to alcoholic 
cirrhosis (31.9%), viral hepatitis (26.7%), hepatocellular car-
cinoma (HCC) (26.7%), non-alcoholic steatohepatitis (NASH) 
(6.9%), and other causes (25.9%). The mean duration of the 
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surgical procedure was 267±6.1 minutes. Further details are 
shown in Table 1.

Patient and graft outcome

Graft survival after 1 month and 1 year were 95.7% and 79.9%, 
respectively. Patient survival after 1 month and 1 year were 

95.7% and 80.7%, respectively. Postoperatively, temporary he-
modialysis was initiated in 13 recipients (11.2%) for a median 
of 6 days (IQR, 1–44 days). The median stay in the Intensive 
Care Unit (ICU) and hospital stay for the recipients was 3 days 
(IQR, 1–45 days) and 19 days (IQR, 1–114) days, respectively.

Two out of 116 patients (1.7%) were retransplanted for primary 
non-function (PNF) of the liver transplant, and 26 (22.4%) of 
the 116 recipients developed early allograft dysfunction (EAD). 
The most frequent criterion leading to the diagnosis of EAD 
was elevated transaminases within the first 7 postoperative 
days. Graft survival after 30 days in patients with EAD was 
92.3% compared with 97.8% in non-EAD patients (p=0.02). 
The 12-month graft survival rates in EAD patients and non-EAD 
patients were 76% and 89.5%, respectively (p=0.02). Patients 
with EAD showed a 30-day survival of 92.3% compared to 
96.7% in those without EAD (p=0.14). The 12-month survival 
for EAD and non-EAD patients was 72.9%, and 83%, respec-
tively (p=0.14) (Figure 1).

Donor

Age (years)  63.2±1.26

Gender (Male/Female) 50%/50%

BMI (kg/m2)  26.9±0.47

ICU-stay before donation (days)  3 (1–19)

CP resuscitation (yes/no)  32/84 (27.6%/72.4%)

Vasopressor Therapy (yes/no)*  97/1 (98.9%/1.02%)

Sodium (mmol/l)  148±0.8

Creatinine (µmol/l)  104.3±7.3

AST (U/l)  83.1±9.9

ALT (U/l)  63.1±10.3

gGT (U/l)  81.1±8.3

Bilirubin (µmol/l)  11.1±0.8

Preservation solution (HTK/UW)  105/11 (90.5%/9.5%)

Microvesicular Steatosis  40% (0–95%)

Macrovesicular Steatosis  5% (0–50%)

Cold Ischemic Time  452±13.4

Donor Risk Index  1.8±0.3

Recipient

Age (years)  53.2±0.8

Gender (Male/Female) 60.3%/39.7%

BMI (kg/m2)  26.9±0.5

labMELD before LT  14.6±0.6

Diagnosis 
(multiple entries 
possible) 

HCV/HCB  31 (26.7%)

HCC  31 (26.7%)

Alcohol  39 (33.6%)

NASH  8 (6.9%)

Others  29 (25%)

Warm ischemic time (minutes)  30±0.6

Time for surgery (minutes)  267±6.1

Table 1.  Donor, recipient and procedural characteristics in 116 
patients who underwent liver transplantation.

Data given as the mean and standard error of the mean (SEM), 
and the median and range. * Data missing for 18 donors.
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Figure 1.  Patient and liver graft survival with and without early 
allograft dysfunction (EAD). (A) Patient survival with 
or without early allograft dysfunction (EAD) (p=0.14). 
(B) Graft survival with or without EAD (p=0.02).
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Figure 2.  Correlation between hepatic microcirculation and hemodynamic parameters. R2 <0.2 in all analyses.
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Measurements of the hepatic microcirculation

After reperfusion, oxygen saturation of hemoglobin showed 
a median of 78% (IQR, 70.1–85.2%). The median relative cap-
illary hemoglobin concentration was 55.6 AU (IQR, 49.8–62.2 
AU). The median relative tissue blood flow was 110.1 AU (IQR, 
84.8–160.3 AU). In terms of global perfusion characteristics 
measured at the same point as the microcirculation, the flow 
in the hepatic artery and the portal vein showed median val-
ues of 160 ml/min (IQR, 30–630 ml/min) and 1.1 l/min (IQR, 
0.1–3.3 l/min), respectively. Also, the median cardiac index 
was 4.7 (IQR, 1.5–11), and the median central venous pres-
sure was 10 mm H2O (IQR, 1–22 mmH2O). The parameters of 
the microcirculation were correlated with the global perfu-
sion characteristics to exclude the effects of the hepatic mi-
croperfusion on the global hemodynamic state of the recip-
ient (Figure 2). There was a significant correlation (p<0.001) 
between the rBF and the portal flow and the cardiac index, 
an R2 was <0.2 in all analyses.

The association between hepatic perfusion and EAD

Univariate analysis showed that there was a significant asso-
ciation between functional parameters of the hepatic micro-
circulation and the development of EAD. The numerical data 
for the groups of patients with and without EAD are shown 
in Table 2. The most significant association with the develop-
ment of EAD was portal blood flow (p=0.008). The microcir-
culatory perfusion parameters of SO2 and rHb did not reach 
statistical significance (p=0.07, respectively). Relative capillary 
blood flow (rBFmean) (p=0.31) and hepatic artery flow (p=0.81) 
were not significantly associated with the development of EAD.

The association between clinical parameters and the 
development of EAD

Univariate logistic regression analysis identified few factors as-
sociated with the development of EAD with p<0.1, which in-
cluded the body mass index (BMI) of the transplant recipient 
(p=0.053), the last donor serum ALT (p=0.09), and the organ 
cold ischemic time (p=0.07). These factors and the perfusion 
parameters were included in a multivariate logistic regression 
model for the development of EAD. The results are shown in 
Table 3. Independent associations with the development of 
EAD were the recipient BMI, the last donor ALT, the SO2 mea-
surements, and the portal blood flow.

Discussion

In this study, data were analyzed from the recently reported 
findings from the Oxygen Persufflation in Liver Transplantation 
(OPAL) study (ISRCTN00167887) of 116 liver transplants per-
formed at a single center [8,9]. This study aimed to determine 
the role of factors affecting the hepatic microcirculation that 
may be predictive for early allograft dysfunction (EAD) follow-
ing liver transplantation. In terms of hepatic microperfusion, 
this study was the first to evaluate the range of values for ox-
ygen saturation of hemoglobin (SO2), relative capillary hemo-
globin concentration (rHb), and relative tissue blood flow (rBF) 
in clinical liver transplantation. Also, multivariate analysis iden-
tified hepatic oxygen saturation of hemoglobin (SO2) as an in-
dependent predictor for the development of EAD. Other fac-
tors, independently associated with the development of EAD, 
were the body mass index (BMI) of the recipient, the last do-
nor serum alanine transaminase (ALT) laboratory value, and 
the portal blood flow after reperfusion.

Hepatic microperfusion is believed to be key for successful early 
allograft function after transplantation, to provide sufficient 

EAD n=26 No EAD n=90 p-Wert

SO2mean (%)  80.1±6.8  75.8±12.2 0.07

rHBmean (AU)  58.7±8.7  54.6±10.9 0.07

Flowmean (AU)  114.7±42.5  127.8±62.5 0.31

FlowHA 
(ml/min)

 184.9±118.8  191.9±124.3 0.81

FlowPV
(l/min)

 0.92±0.5  1.25±0.6 0.008

Table 2.  Univariate logistic regression analysis of hepatic 
perfusion parameters for the development of early 
allograft dysfunction (EAD).

Data given as the mean and standard error of the mean (SEM), 
and the median and range.

Odds
ratio 

95% 
confidence 
intervall

p-Value

Recipient BMI 0.85 0.76–0.95 0.002

Donor ALT 0.995 0.991–0.999 0.02

SO2 0.93 0.87–0.99 0.01

FlowPV 4.2 1.27–14.2 0.009

Table 3. Multivariate regression analysis of hepatic perfusion 
parameters for the development of early allograft dysfunction 
(EAD).

Data given as the mean and standard error of the mean (SEM), 
and the median and range.
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oxygen and nutrient supply to the liver transplant, as well as 
clearance of metabolic waste products from the parenchyma, 
which are prerequisites for any organ function. The measure-
ment of SO2, rHb, and rBF can provide insights into the mi-
crocirculatory environment of the transplanted organ. The SO2 
measures the oxygen saturation of hemoglobin after delivery 
of oxygen to the parenchyma, as most blood volume in the 
microcirculation is found in the venous system.

Therefore, the balance between oxygen delivery and consump-
tion can be assessed in the liver transplant as the rHb indi-
cates the amount of hemoglobin in the liver parenchyma from 
the microvessels, and increased filling can identify venous 
congestion. Also, the rBF demonstrates the volume of blood 
flow and ischemia or hyperemia in relative units. The interac-
tion between these variables identifies several reasons for tis-
sue ischemia, including hypoxia caused by venous congestion 
(rHb), reduced blood flow (rBF), and reduced oxygen saturation. 
Hypoxia due to ischemia reduces blood flow so that oxygen 
extraction increases and the oxygen saturation is decreased. 
Relative ischemia based on increased metabolism is charac-
terized by increased oxygen extraction, reduced oxygen sat-
uration, and often increased blood flow. In the present study, 
EAD showed a specific pattern of hepatic microcirculatory dis-
turbance when compared with liver transplants without EAD.

An increase in SO2 indicates less oxygen consumption in or-
gans, with suboptimal function after reperfusion. In the pres-
ent study, this finding was observed in the setting of increased 
capillary filling, suggesting venous congestion and organ edema. 
Cell swelling and edema are characteristics of severe ischemia-
reperfusion injury [9–11], resulting from preservation injury. 
A significant reduction of the hepatic portal inflow further un-
dermined the setting of increased portal resistance due to cell 
swelling, narrowing of the sinusoids and ultimately resulting in 
disturbances of organ perfusion. Multivariate analysis in this 
study identified SO2 and portal blood flow as independent pre-
dictors for the development of EAD.

To our knowledge, this is the first study that has demonstrated 
the relevance of portal blood flow for the development of EAD, 
as defined by Olthoff et al. [7]. Other studies have shown the 
clinical relevance of portal inflow in terms of other clinical end-
points, including allograft survival [12], or alternative defini-
tions of EAD [13], and graft injury [14]. A recent study showed 
a clear correlation between hepatic macroperfusion (portal ve-
nous flow, and hepatic arterial flow) with perfusion from the 
hepatic microcirculation in clinical liver transplantation [15]. 
This finding is in contrast to the findings of the present study, 
where a correlation with low statistical significance (R2 <0.2) 
was observed for rBF and portal flow. Such differences might 
result from the use of different devices and different measure-
ment parameters of hepatic microperfusion.

Because portal blood flow can be measured non-invasively after 
reperfusion, this parameter might be routinely assessed in com-
bination with hepatic microcirculation for risk assessment of the 
transplanted allograft. In support of the findings from the pres-
ent study, Fechner et al. showed that the intraoperative assess-
ment of the renal microcirculation could predict the development 
of delayed graft function (DGF) after renal transplantation [16]. 
An increased rHb and altered SO2 indicated venous congestion, 
which was believed to be due to organ edema from ischemia-
reperfusion injury [16]. Currently, there is some controversy re-
garding the optimal method of measurement of altered portal ve-
nous flow and SO2. Although agents that include prostaglandins, 
endothelin antagonists, and nitric oxide agonists are believed to 
preserve microvascular structure and microcirculation in the liver, 
a potential cytoprotective effect has been shown for the use of 
prostaglandin after liver transplantation [17]. However, the ben-
efit of these agents has not been shown in a recent meta-anal-
ysis of preclinical studies [18]. Therefore, further clinical studies 
are needed to identify potential drug candidates to prevent EAD 
based on measurements of hepatic microcirculation.

Currently, the definition and clinical criteria of EAD are being 
re-evaluated based on objective laboratory parameters that 
can also address complicated postoperative clinical outcome, 
and reflects both patient and allograft survival rates [7,19–21]. 
In the present study, reduced outcomes were found in cases of 
EAD (Figure 1), but the prediction of the risk of EAD remains 
a challenge that requires further study [22]. The ultimate goal 
remains to identify patients who are at risk of EAD as early as 
possible so that they can be managed clinically to reduce mor-
bidity and mortality following liver transplantation.

Conclusions

This study used data from the Oxygen Persufflation in Liver 
Transplantation (OPAL) study (ISRCTN00167887), which were 
analyzed from liver transplants performed at a single center 
to determine the role of factors affecting the hepatic micro-
circulation and early allograft dysfunction (EAD). Non-invasive 
methods of measurement of the microcirculation showed that 
oxygen saturation of hemoglobin in the liver might be used 
with clinical factors in the assessment of liver reperfusion 
quality after transplantation. In the future, routine measure-
ments of the hepatic microcirculation might contribute to the 
prediction of EAD in patients undergoing liver transplantation.
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