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Background: Generally, lactate levels > 2 mmol/L represent hyperlactatemia, whereas lac-
tic acidosis is often defined as lactate > 4 mmol/L. Although hyperlactatemia is common
finding in liver transplant (LT) candidates, association between lactate and organ failures
with Acute-on-chronic Liver Failure (ACLF) is poorly studied. We searched the important vari-
ables for pre-LT hyperlactatemia and examined the impact of preoperative hyperlactatemia
on early mortality after LT.

Methods: A total of 2,002 patients from LT registry between January 2008 and February
2019 were analyzed. Six organ failures (liver, kidney, brain, coagulation, circulation, and
lung) were defined by criteria of EASL-CLIF ACLF Consortium. Variable importance of preop-
erative hyperlactatemia was examined by machine learning using random survival forest
(RSF). Kaplan-Meier Survival curve analysis was performed to assess 90-day mortality.

Results: Median lactate level was 1.9 mmol/L (interquartile range: 1.4, 2.4 mmol/L) and
107 (5.3%) patients showed > 4.0 mmol/L. RSF analysis revealed that the four most import-
ant variables for hyperlactatemia were MELD score, circulatory failure, hemoglobin, and re-
spiratory failure. The 30-day and 90-day mortality rates were 2.7% and 5.1%, whereas pa-
tients with lactate > 4.0 mmol/L showed increased rate of 15.0% and 19.6%, respectively.

Conclusions: About 50% and 5% of LT candidates showed pre-LT hyperlactatemia of > 2.0
mmol/L and > 4.0 mmol/L, respectively. Pre-LT lactate > 4.0 mmol/L was associated with
increased early post-LT mortality. Our results suggest that future study of correcting modifi-
able risk factors may play a role in preventing hyperlactatemia and lowering early mortality
after LT.
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INTRODUCTION

Serum lactate level has been a useful tool for assessing se-

verity of various diseases and is associated with poor out-
comes in critically ill patients, such as septic, cardiogenic, hy-
povolemic shock, and liver failure [1-3]. Patients with end-
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stage liver disease are prone to develop acute decompensa-
tion with progressive organ failures, which may lead to devel-
oping the acute-on-chronic liver failure (ACLF) [4].

However, relationships between pre-liver transplant (LT)
lactate and liver disease severity with organ failures are
poorly studied in LT candidates.

In the current study, we sought to comprehend the distri-
bution of lactate in LT candidates and searched the risk fac-
tors for hyperlactatemia. Specifically, to identify the most
susceptible organ failures for the development of hyperlac-
tatemia, we employed random survival forest (RSF) analysis
and definitions from the Chronic Liver Failure Consortium
ACLF score (CLIF-C ACLFs) [5]. Random forest is the ma-
chine learning technique using ensemble learning method
for classification, regression, survival and identifying im-
portant risk factors [6-8]. Additionally, we evaluated associ-
ation between pre-LT hyperlactatemia and early mortality
after LT.

MATERIALS AND METHODS
Study population

The study design and a waiver of informed consent for
participants were approved by the Institutional Review
Board (no. 2021-0711). Data was extracted from the institu-
tion’s LT Registry, which prospectively registered patients
who underwent LT. From January 2008 to February 2019,
there were 4,406 potentially eligible LT recipients. Patients
with toxic hepatitis (n = 141), fulminant hepatic failure (n =
134), were excluded. The patients who did not measure lac-
tate within 7 days before LT (n = 1,822) and those with in-
complete data (n = 307) were also excluded. After exclusion,
2,002 LT recipients were finally included. We included the
majority of heterogenous LT recipients except acute toxic or
fulminant hepatitis because we aimed to identify which co-
morbidities, or organ failures were most susceptible to pre-
LT hyperlactatemia.

Data collection and definition of organ failures

Patient demographics, medical history Model for End-
stage Liver Disease score (MELDs), and laboratory variables
were obtained automatically using a fully computerized
data extraction software. Mortality data were obtained from
patients’ electronic medical records and the updated record
of the institution’s LT registry. To identify risk factors associ-
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ated with hyperlactatemia, we thoroughly investigated the
association of hyperlactatemia with comorbidities and six
organ failures (liver, kidney, brain, coagulation, circulation,
and lungs) incorporated in definitions from the CLIF-C
ACLPFs. Briefly, they were defined as follows; Liver failure:
bilirubin level of > 12 mg/dl, Kidney failure: creatinine >
2.0 mg/dl or renal replacement, Brain failure: hepatic en-
cephalopathy grade by West-Haven, 3-4, Coagulation fail-
ure: INR > 2.5, Circulatory failure: use of vasopressor, Re-
spiratory failure: PaO,/FiO, < 200; SpO,/FiO, < 214; or on
ventilator treatment [5].

Classification of patients with Lactate > 4.0
mmol/L and < 4.0 mmol/L

Among patients with > 1 pre-transplant lactate measure-
ments, the most proximate to the date of transplant within
seven pre-transplant days was used. Lactate levels greater
than 2 mmol/L represent hyperlactatemia, whereas lactic
acidosis is generally defined as a serum lactate concentra-
tion above 4 mmol/L.

We chose threshold of lactate as 4.0 mmol/L according to
the Surviving Sepsis Campaign guidelines, in which A lac-
tate > 4 mmol/L qualifies for administration of early quanti-
tative resuscitation therapy [9].

Statistical analysis

Data were expressed as mean with standard deviation
(SD) or median with interquartile range (IQR) for continu-
ous variables, and numbers and percentages for categorical
variables. Analyses between groups were performed using
Student’s ¢-test, the Mann-Whiney U test, analysis of vari-
ance, or the Kruskal-Wallis test for continuous variables and
the X2 test or Fisher’s exact test for categorical variables, as
appropriate. Kaplan-Meier survival curve analysis with log-
rank test was used to evaluate the risk of 90-day mortality.

Identifying important variables for preoperative
hyperlactatemia

Variable importance (VIMP) was defined in classification
and regression trees of RSF using a measure involving surro-
gate variables. Since VIMP is the difference between Out-of-
Bag prediction error before and after permutation, a large
VIMP value indicates that misspecification detracts from the
variable predictive accuracy in the forest.
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A random forest for pre-LT serum lactate levels was gener-
ated by creating 1,000 trees using ggRandomForest R-soft-
ware package. The following variables were included for
predicting preoperative hyperlactatemia: MELDs, left ven-
tricular ejection fraction, hemoglobin, sepsis, and six organ
failures defined by CLIF-C ACLFs.

All statistical analyses were performed using R version 3.6.1
(R Foundation for Statistical Computing, Austria). P value of
less than 0.05 was considered statistically significant.

RESULTS

Of 2,002 LT recipients included, their mean age was 53.0
(48.0, 58.0) years and 1,489 (74.4%) were men. The mean
MELDs was 16.0 (10.0, 26.0). The primary causes of liver dis-
ease were B or C virus-related liver cirrhosis (69.2%), alco-
holic liver disease (19.8%) and others (11.0%) (Table 1).
Prevalence of organ failures defined by CLIF-C ACLFs [5]
were liver failure (24.0%), respiratory failure (10.8%), kidney

Table 1. Descriptive Statistics by Lactate 4.0 mmol/L

failure (8.3%), coagulation failure (9.3%), circulatory failure
(5.6%), and brain failure (2.6%), respectively (Table 2).

Distribution of Lactate in LT candidates

Median lactate level was 1.9 mmol/L (range: 0.4-24.6,
IQR: 1.4, 2.4 mmol/L) and 107 (5.3%) patients showed lac-
tate > 4.0 mmol/L. When patients were grouped with
MELDs of < 15, 15-35, > 35, their median lactate level were
1.7(1.4,2.2),1.9 (1.5, 2.5), and 2.4 (1.9, 3.6) mmol/L, respec-
tively (P < 0.001) (Fig. 1).

Important variables for pre-LT hyperlactatemia

When we ignored the negative value of VIMP, the four
most important variables for hyperlactatemia were MELDs,
circulatory failure, hemoglobin, and respiratory failure, re-
spectively (Fig. 2).

Variable Lactate < 4 mmol/L (n = 1,895) Lactate > 4 mmol/L (n = 107) Total (n = 2,002) P value
Sex, male 1,408 (74.3) 81 (75.7) 1,489 (74.4) 0.834
Age (yr) 53.0 (48.0, 58.0) 53.0 (46.5, 57.0) 53.0 (48.0, 58.0) 0.563
BMI (kg/m?) 240 (21.9, 26.5) 23.7 (21.0, 26.3) 240 (21.8, 26.4) 0.058
Re-transplantation 77 (4.1) 14 (13.1) 91 (4.5) < 0,001
oLT 326 (17.2) 58 (54.2) 384 (19.2) < 0.001"
CAD 79 (6.3) 8(12.1) 87 (6.6) 0.112
CVA 15 (0.9) 1(1.2) 16 (0.9) 1.000
Diabetes mellitus 459 (24.2) 29 (27.1) 488 (24.4) 0.576
Hypertension 273 (14.4) 17 (15.9) 290 (14.5) 0.778
MELD 15.0 (10.0, 24.0) 34.0 (21.0, 41.0) 16.0 (10.0, 26.0) < 0.001"
Causes of liver disease
Hepatitis B virus 1192 (62.9) 54 (50.5) 1246 (62.2) 0.013*
Hepatitis C virus 135 (7.1) 6 (5.6) 141 (7.0) 0.687
Alcohol 366 (19.3) 31 (29.0) 397 (19.8) 0.021%*
Others 202 (10.7) 16 (14.9) 218 (11.0) 0.853
Laboratory values
Hemoglobin (g/dI) 10.3 (8.8, 12.2) .0(8.0,10.2) 10.3 (8.7, 12.2) < 0.001"
WBC (x10°/pl) 6(2.4,5.2) 1(4.2,11.8) .7(2.5,5.5) < 0.001"
Natrium (mmol/L) 138.0 (135.0, 141.0) 137.0 (134.0, 141.5) 138.0 (135.0, 141.0) 0.954
CRP (mg/dl) 4(0.1,1.3) .7(0.7,3.6) 4(0.1, 1.4) < 0.001"
INR 4(12,1.8) 1(1.5,2.6) 5(1.2,1.9) < 0.001"
Total bilirubin (mg/dl) 4(1.2,9.2) 15.4 (4.8, 30.2) 6(1.3,11.1) < 0.001"
Creatinine (mg/dl) .8 (0.6, 1.0) 2(0.7,2.1) .8(0.7, 1.0) < 0.001"
Lactate (mmol/L) 1.8 (1.4, 2.3) 5.5 (4.6, 7.0) 1.9 (1.4, 2.4) < 0.001"

Values are presented as median (1Q, 3Q) or number (%). BMI: body mass index, OLT: orthotopic liver transplantation, CAD: coronary artery
disease, CVA: cerebrovascular accident, MELD: model for end-stage liver disease, WBC: white blood cell, CRP: C-reactive protein, INR:

international normalized ratio. "P value < 0.05, P value < 0.01.
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Table 2. CLIF-C ACLFs Organ Failures by Lactate 4.0 mmol/L

Variable Lactate < 4 mmol/L (n = 1,895) Lactate > 4 mmol/L (n = 107)  Total (n = 2,002) P value
CLIF_liver 413 (21.8) 67 (62.6) 480 (24.0) < 0.001"
CLIF_respiratory 162 (8.6) 5 (51.4) 217 (10.8) < 0.001"
CLIF_kidney 138 (7.3) 28(26.2) 166 (8.3) < 0.001"
CLIF_coagulation 157 (8.3) 29 (27.1) 186 (9.3) < 0,001
CLIF_circulatory 77 (4.1) 6 (33.6) 113 (5.6) < 0,001
CLIF_brain 41 (2.2) 11 (10.3) 52 (2.6) < 0.001"

Values are presented as number (%). CLIF-C ACLFs: chronic liver failure consortium acute-on-chronic liver failure score, CLIF: chronic liver

failure. TP value < 0.01.

MELDs (1< 15 1] 15-35 [1] > 35
2.5 1

2.0 1

Density

0.5 -

171924 40 10.0 25.0
Lactate (mmol/L)

Fig. 1. Density histogram of pre-liver transplant lactate is showing
rightward shift, according to MELDs classification of < 15, 15-35,
> 35. MELDs: model for end-liver disease score.
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[ False M True

MELD A

|
cuForF|
Hemoglobin - ]
CLIF resp_F - 1
Sepsis I
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wer4 [
CLIF_brain_F+ [
0.00 0.05 0.10 0.15
VIMP

Fig. 2. Random forest variable importance (VIMP). Blue bars
indicate positive VIMP, red indicates negative VIMP. Importance
is relative to positive length of bars. VIMP: variable importance,
MELD: model for end-liver disease, CLIF_cir_F: circulatory failure
by CLIF score, CLIF_resp_F: respiratory failure by CLIF score,
CLIF_kidney_F: kidney failure by CLIF score, LVEF: left ventricular
ejection fraction, CLIF_brain_F: brain failure by CLIF score.
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Strata + Lactic Acid < 4.0 mmol/L + Lactic Acid > 4.0 mmol/L

0.6 1
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0.4

P <0.0001

0.2 4

0 25 50 75 100
Time in days

Fig. 3. The 90-day Kaplan-Meier survival curve stratified by lactate
4.0 mmol/L with shaded 95% confidence bands.

Survival analysis on 30-day and 90-day mortality

The 30-day and 90-day mortality rates were 2.7% and
5.1%, however, patients with lactate > 4.0 mmol/L showed
increased morality rate of 15.0% and 19.6%, respectively. Ka-
plan-Meier analysis showed clear separation of survival
curve of 90-day mortality (P < 0.001, Fig. 3).

DISCUSSION

Lactate levels is known to be a useful and rapid tool for as-
sessing severity of disease in critically ill patients [10]. It has
been shown that increased lactate levels and reduced lactate
clearance are associated with mortality in critically ill pa-
tients with liver cirrhosis [1]. Therefore, lactate is believed to
be a simple and accurate prognostic marker, and its incor-
poration improved performance of CLIF-C ACLFs signifi-
cantly [10]. The Asian Pacific Association for the Study of the
Liver (APASL) also incorporated lactate levels in its APASL
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ACLF research consortium-ACLF score [11].

Conventionally, lactate has been considered as a marker
for tissue hypoxia, as lactate is overproduced and underuti-
lized under anaerobic glycolysis due to impaired mitochon-
drial oxidation [12]. Therefore, increased serum lactate is
usually the result from an imbalance of increased lactate
production or reduced consumption [12]. Given that the liv-
er is responsible for about 70% of whole-body lactate clear-
ance, especially acute and fulminant hepatic impairment is
associated with increased lactate levels and poor outcomes
[13]. In contrast, under stable conditions, even severe liver
cirrhosis has rarely been known to be associated with rele-
vantly elevated lactate levels [12].

In the current study, after exclusion of toxic and fulminant
hepatic failure, we investigated the important variables for
preoperative hyperlactatemia in LT candidates and the rela-
tion between preoperative hyperlactatemia and early out-
come after LT by using random forest survival analysis. We
found that lactate monitoring is important in LT candidates
because patients with lactate > 4.0 mmol/L showed in-
creased 30-day morality rate of 15.0% and 90-day mortality
rate of 19.6%, respectively.

Although the lower limit of the normal range for the blood
lactate level, 0.5 mmol/L, is generally accepted among clini-
cal laboratories, the upper limit can vary considerably, from
1.0 mmol/L to 2.2 mmol/L [12]. However, a plasma lactate
concentration that exceeds 4 mmol/L generally defines lac-
tic acidosis, even among patients without systemic acide-
mia. In the current study 5.3% of LT candidates fell into this
category of lactate > 4 mmol/L.

The important variables related to hyperlactatemia were
MELDs, circulatory failure, hemoglobin level, and respira-
tory failure in the order of importance. MELD score is useful
for estimating overall disease severity and predicting sur-
vival in the patient with liver disease [14]. Therefore, the
highest VIMP of MELD score in the current study may be
related to hepatic dysfunction and reduced metabolism of
lactate. Another important thing to be considered in the
VIMP analysis is that circulatory failure and hemoglobin
were chosen as VIMP in the current study. These results
suggest that not only liver disease severity but also circula-
tory disturbance with anemia is an important contributor of
pre-LT hyperlactatemia.

Circulatory failure has been defined typically as a condi-
tion in which the circulation is insufficient to deliver ade-
quate oxygen to match the needs of the oxidizing tissues.
However, the correlation between cardiac index and hyper-
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lactatemia is not noticeably clear. A study reported that lac-
tate levels were normal in about 75% of the patients with ad-
vanced heart failure [15], however, in LT candidates, circula-
tory failure defined by CLIF-C ACLFs remained one of im-
portant risk factors for pre-LT hyperlactatemia in the current
study.

Both anemia and hypotension may induce tissue hypoxia
due to reduced tissue oxygen delivery. In our study, patients
who received transfusions or vasopressors would have high-
er plasma lactate concentrations due to anemia or hypoten-
sion. However, the retrospective nature of the current study
cannot discriminate that high lactate was associated with ei-
ther transfusions or vasopressors, or both.

Variables of importance for pre-LT hyperlactatemia was
identified by machine learning using RSF in the current
study. One of advantages of this analysis is that missing data
are also less of a concern when using RSE RSF performs ex-
cellently even with heavy missingness and when missing
data are not missing completely at random [16,17]. Of 2,002
cases of lactic acid analysis, missing values were organ fail-
ures of 4, sepsis of 1, and left ventricular ejection fraction of
53 cases in the current study, respectively.

In this analysis, VIMP close to zero indicates the variable
contributes nothing to predictive accuracy, and negative
values indicate the predictive accuracy improves when the
variable is misspecified. Therefore, we ignored variables
with negative and near zero values of VIMP.

This study has several limitations. The enrolled patients
are from the observational cohort study in a single center
and retrospective observational design. Therefore, further
prospective randomized control studies are warranted to
validate our results.

In conclusion, about 50% and 5% of LT candidates showed
pre-LT hyperlactatemia of > 2.0 mmol/L and > 4.0 mmol/L,
respectively and those with lactate > 4.0 mmol/L was asso-
ciated with increased early post-LT mortality. Four the most
important variables for hyperlactatemia were MELD score,
circulatory failure, hemoglobin, and respiratory failure. Our
results suggest that future study of correcting modifiable risk
factors, such as anemia and hypotension correction, may
play a role in preventing hyperlactatemia and lowering early
mortality after LT.
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