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Abstract: Background: Liver cirrhosis is often accompanied by metabolic dysfunction.
Circulating β-hydroxybutyrate (BHB), the most abundant ketone body, is an emerging
metabolic biomarker of mitochondrial dysfunction. Methods: In this prospective ob-
servational study, we evaluated plasma BHB concentrations in patients with cirrhosis
compared to the general population and investigated their association with all-cause mor-
tality in cirrhosis. Plasma BHB, measured by nuclear magnetic resonance spectroscopy,
was compared between 125 patients with cirrhosis on the waiting list for liver transplan-
tation (TransplantLines cohort study; NCT03272841) with 125 propensity-score-matched
participants from the population-dwelling PREVEND cohort. Associations of BHB with all-
cause mortality were established by tertile-based log-rank tests and Cox regression analyses.
A generalized additive model was fitted to assess a potential non-linear association between
BHB and mortality. Results: Patients with cirrhosis had lower plasma BHB concentrations
than matched PREVEND participants (111.5 µmol/L vs. 138.4 µmol/L, p = 0.02). During
133 (interquartile range 42–375) days of follow up, 27 patients died. All-cause mortal-
ity was lowest in the middle BHB tertile and highest in the upper BHB tertile (p < 0.001
by log-rank test). A non-linear, J-shaped association between BHB levels and mortality
risk was found with a higher risk of death with the highest and lowest BHB levels. In
Cox regression analyses, adjusted for age, sex, MELD score, diabetes, and HDL choles-
terol, mortality was highest in the highest BHB tertile (T3 vs. T2 HR: 7.6, 95% CI: 2.3–25.6,
p < 0.001). Mortality also tended to be higher in the lowest vs. the middle
(T1 vs. T2 HR: 3.5, 95% CI: 0.9–11.7, p = 0.06). Sensitivity analyses, excluding diabetic
patients and those with metabolic dysfunction-associated steatotic liver disease, confirmed
the robustness of these findings. Conclusion: BHB levels exhibit a J-shaped association
with the risk of death in patients with liver cirrhosis. The highest circulating BHB levels are
independently associated with increased mortality risk, potentially reflecting underlying
metabolic dysregulation. Future studies are necessary to validate the utility of BHB as a
prognostic target in cirrhosis.
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1. Introduction
Liver cirrhosis represents a significant global health burden that is responsible for

4% of all deaths and encompasses a spectrum of etiologies that ultimately lead to liver
failure [1,2]. Liver transplantation (LT) is the only curative therapy for patients with acute
and chronic end-stage liver disease. Much effort has been made to characterize which pa-
tients benefit the most from LT, with widespread scoring systems such as the Child–Turcotte-
Pugh (CTP) classification and the Model for End-Stage Liver Disease (MELD) score [3–5].
However, these scoring systems primarily assess liver function and transplant eligibil-
ity, rather than taking account of the substantial cardiovascular and metabolic burden in
cirrhosis [6,7]. The rising prevalence of cardiometabolic comorbidities, including type
2 diabetes, cardiovascular disease, hypertension, and chronic kidney disease, further com-
plicates risk assessment and management in cirrhosis [8–13]. Given these limitations, there
is a need to identify novel biomarkers that better reflect systemic metabolic dysfunction
and improve risk stratification in liver disease.

Mitochondrial dysfunction is a metabolic hallmark of advanced liver disease [14,15].
Among its different molecular pathways, mitochondrial metabolism is flexible and uses
different substrates for energy generation. One such process is ketogenesis, which takes
place in perivenous hepatocytes and converts fatty acids into ketone bodies, namely β-
hydroxybutyrate (BHB), acetoacetate and acetone [16,17]. After triglycerides are broken
down, free fatty acids are taken up by hepatocytes and metabolized in the mitochondria
through β-oxidation, thereby producing ATP and acetyl-CoA. Under certain metabolic
conditions, acetyl-CoA cannot enter the citric acid cycle and instead accumulates. It is then
converted into acetoacetate via acetoacetyl-CoA and hydroxy-methylglutaryl-CoA [17].
Most acetoacetate is reduced to BHB, the main plasma ketone body, while a small part is
broken down to acetone [16,17]. Since ketone production occurs in hepatocyte mitochondria,
these pathways may serve as useful markers of metabolic dysfunction in cirrhosis.

There is no conclusive evidence yet on the effects of impaired liver function on cir-
culating ketone bodies, especially BHB [18]. Most available evidence comes from the
specific context of metabolic dysfunction-associated steatotic liver disease (MASLD), but
reports have been inconsistent, showing increased, normal, and decreased levels of ketone
bodies in patients with MASLD [19–22]. In the present prospective observational study, we
aimed to (i) compare BHB plasma levels in patients with cirrhosis with those of general
population, (ii) examine its potential association with clinical and laboratory variables, and
(iii) investigate its association with all-cause mortality.

2. Materials and Methods
2.1. Study Design

This study was conducted following the STROBE (Strengthening the Reporting of Ob-
servational Studies in Epidemiology) guidelines. Patients with cirrhosis were selected from
the TransplantLines cohort, a comprehensive prospective observational study conducted at
the University Medical Center Groningen (UMCG), The Netherlands (NCT03272841) [23].
The TransplantLines study follows solid organ transplant recipients and donors and was
approved by the UMCG Medical Ethics Committee (METc 2014/077). All study proce-
dures adhered to the principles of the Declaration of Helsinki [24]. Patients who were



Biomedicines 2025, 13, 1120 3 of 18

waitlisted for LT by the hospital transplant committee until June 2021 were included in the
study. Exclusion criteria included the inability to understand the Dutch language, cognitive
impairments preventing the completion of questionnaires and participation in physical
assessments, as well as a lack of ketone body measurements (Supplementary Figure S1).

For the reference group, data were obtained from the PREVEND (Prevention of Re-
nal and Vascular End-stage Disease) study, a large population-based cohort in the city of
Groningen, The Netherlands, which has been previously described elsewhere [25]. The
PREVEND study was approved by the UMCG Medical Ethics Committee (MEC96/01/022)
and conducted according to the Declaration of Helsinki. Briefly, all residents of the city of
Groningen, The Netherlands, aged 28 to 75 years were invited to submit a morning urine
sample and complete a demographic and cardiovascular health questionnaire. Pregnant
individuals and those with insulin-dependent diabetes were excluded to prevent confound-
ing by gestational changes and changes in metabolism due to type 1 diabetes. From the first
screening, all individuals with a urinary albumin concentration ≥ 10 mg/L, along with a
randomly selected control group with urinary albumin < 10 mg/L, were invited for further
evaluation in an outpatient clinic. This study includes PREVEND participants from the
second screening round (2001–2003) who had available ketone body measurements and no
history of liver disease. All participants provided written informed consent to participate
in the TransplantLines and PREVEND studies.

2.2. Data Collection and Clinical Measurements

Data from the TransplantLines cohort were collected from June 2015 until June 2021
for these analyses. Outpatient visits involved standardized clinical assessments, ques-
tionnaire administration, and blood and urine sample collection in accordance with the
TransplantLines protocol [23]. Clinical and demographic data were obtained through
patient interviews and verified against electronic hospital records. Extracted medical
information included comorbidities, history of cardiovascular disease (CVD), diabetes (de-
termined by fasting glucose concentrations of ≥7.0 mmol/L, non-fasting plasma glucose of
>11.1 mmol/L, HbA1c > 6.5% or self-reported diagnosis), medication use (glucose- and
lipid-lowering drugs, antihypertensive medication), hospital admissions, mortality status,
and cirrhosis etiology. The MELD score was calculated based on serum total bilirubin,
creatinine, and the international normalized ratio (INR) [5]. The CTP classification was
determined using total bilirubin, serum albumin, INR, ascites presence, and hepatic en-
cephalopathy status [3]. Anthropometric measurements, including weight, height, body
mass index (BMI), and blood pressure (BP), were recorded as per the TransplantLines
protocol. Hypertension is defined as systolic BP > 140 mmHg, diastolic BP > 90 mmHg, or
antihypertensive drug use. Alcohol consumption was recorded as grams per day, with one
drink assumed to contain 10 g of alcohol. For the PREVEND cohort, demographic data,
medical history (CVD, diabetes, renal disease), and medication use were collected through
standardized questionnaires and were supplemented with a pharmacy-dispensing registry,
as per the original cohort design [25,26]. Participants maintained their regular medication
during sample collection. Venous blood samples were collected in both the TransplantLines
and PREVEND cohorts after an overnight fast. Data on mortality were extracted from
electronic records and confirmed with reports from the Dutch Central Bureau of Statistics.

2.3. Laboratory Analysis

Aliquots of EDTA-plasma were obtained by centrifugation at 1400× g for 15 min at
4 ◦C and frozen at −80 ◦C until analysis.

In the TransplantLines cohort, standardized biochemical methods were used to analyze
serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), gamma-glutamyl



Biomedicines 2025, 13, 1120 4 of 18

transferase (GGT), alkaline phosphatase (ALP), total bilirubin, albumin, serum creati-
nine, hemoglobin, thrombocytes, leukocytes, glycated hemoglobin (HbA1c), and plasma
glucose as described [27,28]. eGFR was measured using the creatinine-based CKD-EPI
equation [29]. For the PREVEND cohort, laboratory procedures have been extensively
described [26,30]. All these measurements were performed at the Department of Laboratory
Medicine, University Medical Center Groningen (UMCG), The Netherlands.

To measure BHB, plasma samples from the TransplantLines and PREVEND cohorts
were shipped to Labcorp (Morrisville, NC, USA). Samples were analyzed using high-
throughput nuclear magnetic resonance (NMR) spectroscopy, as previously described in
detail [20,31]. In brief, plasma BHB was measured using the Vantera® Clinical Analyzer
(LabCorp), a fully automated, high-throughput, 400 MHz proton (1H) NMR platform.
Samples were prepared on board the instrument and delivered to the flow probe in the
magnetic field automatically. BHB signals were represented in the spectral region between
1.13 and 1.19 ppm, which was then deconvoluted into its parts, and background signals
were subtracted. The concentration was ultimately determined based on the peak area
from a standard with known concentration [31]. For BHB, the coefficients of variation for
intra-assay and inter-assay precision were 1.3% and 9.3%, respectively. Total cholesterol,
high-density lipoprotein (HDL) cholesterol, and triglycerides were also measured by NMR
spectroscopy with the Vantera® Clinical Analyzer using the previously reported LP4
algorithm [32].

2.4. Statistical Analysis

All statistical analyses were performed using R software (version 4.2.1, R Foundation
for Statistical Computing, Vienna, Austria). A two-sided p-value < 0.05 was considered
statistically significant. Continuous variables were expressed as medians with interquartile
ranges (IQRs). Categorical variables were reported as counts and percentages. For con-
tinuous variables, Mann–Whitney U-tests were applied. For comparisons across tertiles,
the Kruskal–Wallis test was used. Chi-square tests were used for categorical variables. To
minimize confounding by comparing patients with cirrhosis with PREVEND participants,
propensity score matching (PSM) at a 1:1 ratio was performed using an optimal matching
algorithm based on age, sex, BMI, history of diabetes, and history of cardiovascular disease.

Univariable linear regression analyses were carried out to assess the association be-
tween clinical and laboratory variables and BHB. Beta-coefficients, 95% confidence intervals
(CIs), and p-values were reported. Multivariable regression analyses were subsequently
conducted and reported similarly. Model assumptions, including linearity, homoscedas-
ticity, and independence of residuals, were assessed through residual diagnostics. To
minimize multicollinearity, only variables with a variance inflation factor (VIF) below five
were retained in the multivariable regression model.

Kaplan–Meier survival curves with log-rank tests were generated to compare survival
across BHB tertiles. Deviations from linearity were tested by comparing linear models
with nonlinear models using natural splines with three degrees of freedom, and the like-
lihood ratio test (LRT) determined the model with a better fit. A generalized additive
model (GAM) and a locally estimated scatterplot smoothing (LOESS) curve were used to
visualize non-linear relationships between variables. Crude and multivariable-adjusted
Cox proportional hazard regression models were computed to investigate the relationship
between BHB levels and overall mortality, using tertile-based BHB categories as the ex-
posure variable. The proportional hazards assumption was evaluated using Schoenfeld
residuals. Adjustments were made for a priori selected variables, including age, sex, history
of diabetes, MELD score and HDL-cholesterol. Sensitivity analyses were performed exclud-
ing patients with diabetes and separately excluding those with MASLD as the etiology of
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cirrhosis. The discriminatory performance for 90-day mortality was assessed by calculating
the area under the receiver operating characteristic curve (AUC-ROC) with 95% confidence
intervals using DeLong’s method.

3. Results
3.1. Baseline Clinical and Laboratory Characteristics Between Patients with Cirrhosis and
PREVEND Participants

Data from 125 subjects with liver cirrhosis from the TransplantLines cohort and
4833 participants from the community-dwelling Prevention of Renal and Vascular End-
stage Disease (PREVEND) cohort were available for this study (Table S1). Patients with
cirrhosis showed a trend of lower BHB (111.5 µmol/L vs. 121.8 µmol/L, p = 0.1). Partici-
pants with cirrhosis differed from PREVEND participants with respect to most demographic
and clinical characteristics at baseline (Table S1).

Given the substantial baseline differences between patients with cirrhosis and PRE-
VEND participants (Table S1), a propensity score matching (PSM) procedure was carried
out, adjusting for age, sex, BMI, history of diabetes, and history of cardiovascular disease.
This PSM analysis included 125 patients with cirrhosis and 125 PREVEND participants
(Table 1). In the matched subset, age, sex distribution, history of diabetes, and cardio-
vascular disease were not different between the groups. The use of antihypertensive and
glucose-lowering medication was still more frequent in the patients with cirrhosis. BHB
was lower in the patients with cirrhosis (111.5 µmol/L vs. 138.4 µmol/L, p = 0.02), as were
plasma lipids and lipoproteins (Table 1). Transaminases, alkaline phosphatase, and total
bilirubin were higher, whereas hemoglobin was lower in patients with cirrhosis.

Table 1. Clinical and laboratory characteristics in cirrhotic and PREVEND participants (propensity
score-matched).

Cirrhosis (n = 125) PREVEND (n = 125) p-Value

β-hydroxybutyrate (µmol/L) 111.5 [75.9, 178.1] 138.4 [97.7, 197.5] 0.02

Age (years) 60 [52, 65] 58 [50, 66] 0.6

Sex (Female, %) 42 (33.6) 42 (33.6) 1.0

BMI (kg/m2) 27.8 [24.8, 30.9] 27.8 [25.5, 31.0] 0.7

Current smoking (N, %) 16 (12.8) 25 (20.0) 0.2

Alcohol consumption (g/day, %)

<0.001
0 120 (96.0) 43 (34.4)

0.1–10 5 (4.0) 27 (21.6)
10–30 0 (0.0) 28 (22.4)
>30 0 (0.0) 27 (21.6)

Systolic Blood Pressure (mmHg) 115 [107, 130] 132 [117, 144] <0.001

Diastolic Blood Pressure (mmHg) 65 [59, 75] 76 [69, 83] <0.001

History of cardiovascular disease (N, %) 6 (4.8) 5 (4.0) 1.0

History of diabetes (N, %) 35 (28.0) 33 (26.4) 0.9

Antihypertensive drugs (N, %) 79 (63.2) 22 (17.6) <0.001

Glucose-lowering drugs (N, %) 34 (27.2) 20 (16.0) 0.05

Lipid-lowering drugs (N, %) 19 (15.2) 20 (16.0) 1.0
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Table 1. Cont.

Cirrhosis (n = 125) PREVEND (n = 125) p-Value

Etiology (N, %)

- NA

MASLD 32 (25.6)
Cholestatic liver disease 32 (25.6)

Alcohol 28 (22.4)
Viral 12 (9.6)
Other 21 (16.8)

CTP classification (N, %)

- NA
A 27 (21.6)
B 62 (49.6)
C 36 (28.8)

Fasting glucose (mmol/L) 6.35 [5.03, 8.00] 5.10 [4.60, 6.20] 0.002

eGFR (mL/min/1.73 m2) 99.5 [76.1, 109.7] 88.3 [75.6, 99.9] 0.01

Total cholesterol (mmol/L) 3.26 [2.61, 4.14] 5.55 [4.95, 6.14] <0.001

HDL cholesterol (mmol/L) 0.88 [0.59, 1.19] 1.16 [0.92, 1.34] <0.001

LDL cholesterol (mmol/L) 1.81 [1.29, 2.25] 3.71 [3.09, 4.17] <0.001

Triglycerides (mmol/L) 0.67 [0.46, 1.07] 1.30 [0.98, 1.72] <0.001

ALT (U/L) 39 [28, 59] 21 [15, 28] <0.001

AST (U/L) 54 [44, 83] 24 [20, 30] <0.001

GGT (U/L) 95 [49, 151] 28 [18, 45] <0.001

AP (U/L) 141 [99, 210] 65 [54, 82] <0.001

Total Bilirubin (mmol/L) 40 [23, 94] 8 [6, 10] <0.001

Hemoglobin (mmol/L) 6.9 [5.9, 7.8] 8.5 [8.0, 9.0] <0.001
Data are expressed in median (IQ range) for continuous variables and in numbers (N) and percentages
for categorical variables. AP: alkaline phosphatase, ALT: alanine aminotransferase, AST: aspartate amino-
transferase, BMI: body mass index, CTP: Child–Turcotte Pugh, eGFR: estimated glomerular filtration rate,
GGT: gamma-glutaryl transferase, HDL: high-density lipoprotein, LDL: low-density lipoprotein, MASLD:
metabolic-dysfunction-associated steatotic liver disease, PREVEND: Prevention of Renal and Vascular End-
stage Disease. NA: not available ”Other” etiologies refer to cases of autoimmune hepatitis, storage disease, biliary
atresia, and vascular disease (portal vein thrombosis, sinusoidal obstruction, Budd–Chiari syndrome).

When comparing BHB according to cirrhosis etiology with PSM-selected PREVEND
participants, BHB levels were lower among patients with cirrhosis with autoimmune hep-
atitis, storage diseases, and vascular diseases (including portal vein thrombosis, sinusoidal
obstruction syndrome, and Budd–Chiari syndrome) as etiology (Figure 1).

3.2. Baseline Characteristics of Patients with Cirrhosis According to β-Hydroxybutyrate Levels

To examine the potential associations between BHB and clinical characteristics, patients
with cirrhosis were divided into tertiles based on their plasma BHB concentrations (Table 2).
No significant differences were seen across tertiles with respect to age, sex, etiologies of
cirrhosis, renal function, BMI and blood pressure, history of CVD and diabetes, as well
as in the use of antihypertensive, glucose-lowering medication, and lipid-lowering drugs.
Alcohol use was slightly lower in the highest BHB tertile. Patients with the highest BHB
levels had lower HDL cholesterol and higher triglycerides and total bilirubin levels, but no
differences were seen between BHB tertiles in HbA1c and fasting glucose. There were also
no significant differences in CTP classification and MELD scores between BHB tertiles.
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Figure 1. Ln-transformed β-hydroxybutyrate levels in cirrhosis by etiology of liver disease. The x-axis
is in the ln-scale, with markers labeled in absolute values (µmol/L) for reference (i.e., e2 ≈ 7, e4 ≈ 55,
e6 ≈ 403). A propensity-matched subset of PREVEND participants is included as a reference group.
Statistical comparisons are indicated: *** p < 0.001 vs. the PREVEND subset. ”Other” etiologies refer
to cases of autoimmune hepatitis, storage disease, biliary atresia, and vascular disease (portal vein
thrombosis, sinusoidal obstruction, Budd–Chiari syndrome).

Table 2. Baseline characteristics of patients with cirrhosis according to tertiles of β-hydroxybutyrate.

T1 (n = 41):
≤82.3 µmol/L

T2 (n = 43):
82.3–157.2 µmol/L

T3 (n = 41):
>157.2 µmol/L p-Value

β -hydroxybutyrate (µmol/L) 66.7 [59.4, 74.6] 111.5 [97.7, 131.1] 277.2 [182.4, 373.7]

Age (years) 58 [48, 62] 61 [55, 66] 60.00 [55, 65] 0.1

Sex (Female, %) 13 (31.7) 15 (34.9) 14 (34.1) 1.0

BMI (kg/m2) 27.8 [26.2, 30.4] 27.8 [25.0, 31.8] 28.1 [24.3, 30.40] 0.5

Smoking (%) 7 (17.1) 5 (11.6) 4 (9.8) 0.6

Alcohol consumption (g/day, %)

0.05
0 37 (90.2) 43 (100) 40 (97.6)

0.1–10 4 (9.8) 0 (0.0) 1 (2.4)
10–30 0 (0.0) 0 (0.0) 0 (0.0)
>30 0 (0.0) 0 (0.0) 0 (0.0)
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Table 2. Cont.

T1 (n = 41):
≤82.3 µmol/L

T2 (n = 43):
82.3–157.2 µmol/L

T3 (n = 41):
>157.2 µmol/L p-Value

Systolic Blood Pressure (mmHg) 115 [108, 128] 119 [108, 134] 111 [104, 122] 0.3

Diastolic Blood Pressure
(mmHg) 65 [58, 75] 66 [61, 75] 63 [57, 71] 0.4

History of cardiovascular
disease (N, %) 1 (2.4) 3 (7.0) 2 (4.9) 0.6

History of diabetes (N, %) 10 (24.4) 14 (32.6) 11 (26.8) 0.7

Antihypertensive drugs (N, %) 23 (56.1) 29 (67.4) 27 (65.9) 0.5

Glucose-lowering drugs (N, %) 7 (17.1) 17 (39.5) 10 (24.4) 0.06

Lipid-lowering drugs (N, %) 4 (9.8) 11 (25.6) 4 (9.8) 0.07

Etiology (N, %)

0.3

MASLD 6 (14.6) 13 (30.2) 13 (31.7)
Cholestatic liver disease 7 (17.1) 14 (32.6) 11 (26.8)

Alcohol 12 (29.3) 6 (14.0) 10 (24.4)
Viral 5 (12.2) 3 (7.0) 4 (9.8)
Other 11 (26.8) 7 (16.2) 3 (7.3)

CTP classification (N, %)

0.9
A 9 (22.0) 10 (23.3) 8 (19.5)
B 22 (53.7) 19 (44.2) 21 (51.2)
C 10 (24.4) 14 (32.6) 12 (29.3)

MELD score 14 [10, 18] 14 [10, 17] 17 [11, 21] 0.07

HbA1c (%) 5.0 [4.7, 5.4] 5.5 [4.8, 6.3] 4.6 [4.0, 5.3] 0.3

Fasting glucose (mmol/L) 6.2 [5.5, 6.7] 6.7 [5.4, 8.0] 7.0 [4.6, 8.8] 0.8

eGFR (mL/min/1.73 m2) 101.8 [76.4, 113.8] 100.3 [85.3, 112.2] 97.6 [69.5, 102.9] 0.05

Total cholesterol (mmol/L) 3.28 [2.79, 4.14] 3.21 [2.73, 4.01] 2.95 [2.33, 3.98] 0.6

HDL cholesterol (mmol/L) 1.11 [0.80, 1.27] 0.83 [0.63, 1.12] 0.67 [0.16, 1.06] 0.004

LDL cholesterol (mmol/L) 1.99 [1.42, 2.33] 1.81 [1.24, 2.37] 1.76 [1.19, 2.22] 0.6

Triglycerides (mmol/L) 0.56 [0.37, 0.71] 0.85 [0.54, 1.17] 0.79 [0.50, 1.08] 0.02

ALT (U/L) 35 [25, 56] 39 [30, 47] 44 [32, 78] 0.2

AST (U/L) 50 [41, 59] 53 [37, 70] 81 [44, 113] 0.06

GGT (U/L) 90 [47, 142] 101 [52, 214] 96 [60, 132] 0.7

AP (U/L) 136 [109, 177] 142 [101, 217] 153 [87, 234] 0.9

Total Bilirubin (mmol/L) 30 [17, 53] 50 [26, 93] 63 [24, 229] 0.02

Albumin (g/L) 31 [27, 36] 30 [27, 35] 32 [28, 37] 0.9

Hemoglobin (mmol/L) 7.2 [6.2, 8.1] 6.8 [6.1, 7.2] 6.4 [5.4, 8.1] 0.4
Data are expressed in median (IQR) for continuous variables and in numbers (N) and percentages for categorical
variables. p-values by Kruskal–Wallis test for numeric variables and Chi-squared test for categorical variables.
ALT: alanine aminotransferase, AP: alkaline phosphatase, AST: aspartate aminotransferase, BMI: body mass
index, CTP: Child–Turcotte–Pugh, eGFR: estimated glomerular filtration rate, GGT: gamma-glutamyl transferase,
HbA1c: glycated hemoglobin, HDL: high-density lipoprotein, LDL: low-density lipoprotein, MASLD: metabolic-
dysfunction-associated steatotic liver disease, MELD: model for end-stage liver disease. “Other” etiologies refer
to cases of autoimmune hepatitis, storage disease, biliary atresia, and vascular disease (portal vein thrombosis,
sinusoidal obstruction, Budd–Chiari syndrome).

Univariable regression analysis showed a positive association between BHB and
history of diabetes and a negative association with HDL cholesterol. In multivariable
analyses, both variables held a similar association (Table S2).
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3.3. Longitudinal Analyses of β-Hydroxybutyrate with Overall Mortality in Patients
with Cirrhosis

The 125 patients with cirrhosis were followed up with a median follow-up time of
133 days (IQR 42–375; maximum 1072). Overall, there were 27 deaths, corresponding to
21.6% (17 males and 10 females).

Figure 2 shows the Kaplan–Meier survival curves stratified by tertiles of plasma BHB
concentrations. Mortality was highest in the highest tertile (T3) of BHB (overall log-rank test:
p < 0.001). A statistically significant difference was noted between the middle tertile (T2)
and T3 (log-rank test p < 0.001). The difference between the lowest tertile (T1) and T3 was
also significant (log-rank test p = 0.009), while the difference in mortality between T1 and
T2 did not reach significance (log-rank test p = 0.2). There were no significant differences
in survival among different etiologies of cirrhosis (log-rank test p = 0.75, Supplementary
Figure S2).
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Figure 2. Kaplan–Meier survival curves for the association between plasma β-hydroxybutyrate
concentrations and the risk of all-cause mortality in end-stage liver disease patients on the waiting
list for LT. Log-rank test between middle and upper tertile: p < 0.001. Log-rank test between lower
and upper tertile: p = 0.009. Log-rank test between lower and middle tertile: p = 0.2.

We next tested for non-linearity in the association between BHB levels and survival
using natural splines (df = 3). The likelihood ratio test showed a significant improvement
in model fit with the non-linear model compared to the linear model (χ2 = 7.52, df = 2,
p = 0.02), indicating a non-linear relationship between BHB and survival. We visualized this
association using a generalized additive model (GAM) and locally estimated scatterplot
smoothing (LOESS). Both crude models revealed a J-shaped association between BHB
levels and overall mortality (Figure 3, Supplementary Figure S3). The risk of death was
higher at both lower and higher BHB concentrations, with a nadir near the median value of
BHB (~115 µmol/L).
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Cox proportional hazard regression analyses were subsequently performed to assess
the risk of overall death according to BHB levels, stratified in tertiles (Table 3). T2 was set
as the reference tertile since the nadir of BHB with mortality was within the T2 range of
values in the smoothed curves. A positive association was noted between BHB levels in T3
and increased mortality, compared to T2 (Model 1). The association remained significant
after adjusting for age, sex, history of diabetes, the MELD score and HDL cholesterol
(Model 5) (HR: 7.6, 95% CI: 2.3–25.6: p = 0.001) a in fully adjusted analysis. A sensitivity
analysis excluding patients with a history of diabetes showed a sustained association be-
tween higher BHB levels in T3 and increased risk of mortality, compared to T2, both in
crude and fully adjusted models (Models 1–4’). Further sensitivity analyses, excluding
patients with MASLD and patients with rare etiologies of cirrhosis (i.e., vascular etiolo-
gies, autoimmune hepatitis, storage diseases and biliary atresia), showed a comparable
association in all models (Table 3, Table S3). There was a trend of a higher risk of death
in T1 compared to T2, in both crude and adjusted models (HR: 3.3, 95% CI: 0.9–11.7:
p = 0.06 in fully adjusted analysis), which was also found in sensitivity analyses, excluding
diabetes and MASLD. In exploratory analyses comparing T3 with T1, we also noticed a
higher risk of death in T3 compared to T1, in both crude and partially adjusted models, and
in sensitivity analyses (Table S4). This suggested that despite the non-linear association
between BHB and mortality risk, the highest BHB levels were associated with the highest
risk of death.
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Table 3. Cox regression analyses for associations between plasma BHB levels and the risk of all-cause
mortality in patients with cirrhosis.

T1
HR [95% CI]

T2
(Reference)

T3
HR [95% CI]

All patients with cirrhosis (n = 125, deaths = 27)

Model 1 2.3 [0.7–7.5]
p = 0.2 Reference 6.6 [2.2–20.2]

p < 0.001

Model 2 2.5 [0.7–8.2]
p = 0.1 Reference 6.6 [2.2–20.3]

p < 0.001

Model 3 2.9 [0.8–9.8]
p = 0.1 Reference 6.5 [2.1–20.1]

p = 0.001

Model 4 2.9 [0.8–10.0]
p = 0.1 Reference 8.3 [2.5–27.6]

p < 0.001

Model 5 3.3 [0.9–11.7]
p = 0.06 Reference 7.6 [2.3–25.6]

p = 0.001
Sensitivity analysis: Excluding patients with diabetes (n = 90, deaths = 21)

Model 1 1.5 [0.4–5.4]
p = 0.5 Reference 7.3 [2.2–24.3]

p = 0.001

Model 2 1.5 [0.4–5.3]
p = 0.6 Reference 6.5 [1.9–21.7]

p = 0.002

Model 3 2.2 [0.6–8.3]
p = 0.3 Reference 6.5 [1.8–23.0]

p = 0.004

Model 4′ 2.5 [0.6–9.4]
p = 0.2 Reference 5.4 [1.5–20.0]

p = 0.01
Sensitivity analysis: Excluding patients with MASLD (n = 93, deaths = 19)

Model 1 1.3 [0.4–5.0]
p = 0.7 Reference 5.4 [1.6–18.1]

p = 0.007

Model 2 1.5 [0.4–5.7]
p = 0.6 Reference 5.6 [1.6–19.0]

p = 0.006

Model 3 2.2 [0.5–9.1]
p = 0.3 Reference 5.3 [1.5–18.3]

p = 0.008

Model 4 1.9 [0.5–8.2]
p = 0.4 Reference 7.3 [1.9–27.6]

p = 0.004

Model 5 2.1 [0.5–8.8]
p = 0.3 Reference 6.4 [1.7–24.8]

p = 0.007
Statistically significant hazard ratios in each mode are shown in bold. Model 1: crude model. Model 2: adjusted
for age and sex. Model 3: adjusted for age, sex and MELD score. Model 4: adjusted for age, sex, MELD score
and history of diabetes. Model 5: adjusted for age, sex, MELD score, history of diabetes and HDL cholesterol.
Model 4′: in sensitivity analysis excluding diabetic patients model 4 was adjusted for age, sex, MELD score and
HDL cholesterol. T1–T3: tertiles 1–3, HR: hazard ratio, CI: confidence interval, MASLD: metabolic-dysfunction-
associated steatotic liver disease.

To explore the utility of BHB to discriminate short-term mortality, we generated p90-
day, time-dependent ROC curves from the linear predictors of three models: (i) BHB
tertiles alone, (ii) MELD score alone, and (iii) MELD score and BHB tertiles. The BHB
model yielded an AUC of 0.70 (95% CI: 0.55–0.85, compared to the MELD model’s 0.77
(95% CI: 0.61–0.92) and the combined MELD + BHB model’s 0.79 (95% CI: 0.63–0.95)
(Supplementary Figure S4).

4. Discussion
This study is, to the best of our knowledge, the first to comprehensively study and

compare plasma BHB concentrations in patients with cirrhosis to a large community-
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dwelling cohort. We have demonstrated that BHB, the most abundant circulating ketone
body, is lower in subjects with cirrhosis compared to the general population. Notably, a
J-shaped pattern was found between BHB levels and mortality risk. In adjusted time-to
event analysis, the highest levels of circulating BHB were associated with an increased risk
of all-cause mortality, independent of the MELD score and diabetes history, and also in
sensitivity analyses, excluding diabetic patients or MASLD as the etiology of cirrhosis. This
association was also retained after excluding rare etiologies (vascular, autoimmune, biliary
atresia, and storage diseases). Finally, BHB could hold promise in the clinical setting, with
a fair discrimination for short-term mortality assessed through AUC-ROC.

The median plasma BHB concentrations in patients with cirrhosis amounted to
111.5 µmol/L, which was about 20% lower than in participants from the population-
based PREVEND participants applying a propensity score matching procedure. Given
the disparity in clinical characteristics, including a high diabetes prevalence, we consid-
ered it necessary to control for potential confounding because of the impact of metabolic
dysfunction in diabetes on ketone metabolism, as well as the effects of glucose-lowering
medications like metformin, among other variables [33,34]. In physiological conditions,
ketogenesis processes free fatty acids in the mitochondria of hepatocytes at a proportional
rate to total fat oxidation, under the influence of insulin as the main inhibitor and glucagon
as the main stimulator [18,20]. Nonetheless, the progression of liver disease and hepatic
tissue inflammation that results in abnormal liver function impacts the mitochondrial
function directly and leads to a decline in energy production [35]. Possible explanations
of this include the altered extrahepatic ketone metabolism, especially in the context of
cirrhosis-related sarcopenia and cardiovascular dysfunction, as well as stress-induced
ketogenesis driven by systemic inflammation [36,37]. Consequently, we hypothesize that
the overall reduction in BHB concentrations in patients with cirrhosis from our sample,
compared to PREVEND participants, is a result of this disrupted mitochondrial function
and ketogenesis in cirrhotic livers.

Although BHB was not significantly related to the MELD score and the CTP clas-
sification, it was inversely associated with HDL cholesterol, which is known to decline
progressively with more advanced cirrhosis [38]. Of various etiologies, we found BHB to be
particularly lower in patients with underlying autoimmune hepatitis, storage disease, and
vascular diseases (including portal vein thrombosis, sinusoidal obstruction syndrome, and
Budd–Chiari) combined (“Other” etiologies). We hypothesize that this might be explained
at least in part due to the profound parenchymal loss and disturbed hepatic architecture,
altered mitochondrial function, and altered portal flow in these etiologies, which have
an impact on ketogenesis [39–43]. Of note, BHB levels were unrelated to MASLD as the
underlying etiology of cirrhosis. Yet, metabolic dysfunction in MASLD confers increased
free fatty acid influx and lipogenesis, which drives ketogenesis and increases the con-
centration of circulating ketones like BHB [18,44]. Thus, higher BHB in MASLD per se
would conceivably oppose lower BHB in more advanced fibrosis. As inflammatory damage
progresses, there is a decrease in hepatic oxidative metabolism, which suggests that simple
steatosis would drive the higher production of BHB, but as steatohepatitis worsens, BHB
also decreases [45].

Overall positive effects of ketone bodies have been reported in cardiovascular health
in the context of neuroprotection and their anti-inflammatory effects [46–48]. In the context
of liver disease, some evidence suggests a protective role of BHB from alcohol-induced liver
injury [49]. Still, evidence has linked higher ketone bodies with an increased risk of death
in specific disorders including MASLD [20]. We found a J-shaped association between
circulating BHB and all-cause mortality. The association of BHB with mortality remained
significant after adjustment for the MELD score, diabetes status, and HDL cholesterol, as
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well as in sensitivity analyses, excluding diabetic patients or MASLD as the etiology of
cirrhosis. These results indicate that this association is not entirely explained by common
concomitant disorders or distinct etiologies. The reason for such a non-linear association
remains to be determined, but we surmise that patients with the highest BHB would fare
worse due to more severe metabolic dysfunction, likely related to oxidative stress and
alterations in the redox balance [50,51]. Overall, functional and architectural damage on
mitochondria that result in lower BHB production, as well as grave metabolic dysregulation
that results in higher BHB production, ultimately increase the risk of death. In line with
an association of BHB, as a potential proxy of mitochondrial dysfunction, with mortality,
we have recently found that circulating citrate, an established marker of mitochondrial
dysfunction, is elevated in cirrhosis and predicts mortality in such patients [27]. However,
the association between high BHB and mortality seems paradoxical given that patients
with cirrhosis have overall lower BHB compared to the general population. Our findings
do not clarify whether circulating ketone bodies, mainly BHB, are directly and causally
related to the increased risk of death, or rather if they reflect an underlying mechanism of
metabolic dysfunction.

Findings from large observational studies in general population also demonstrate a
higher risk of mortality and major adverse cardiovascular events in people with higher
circulating BHB or total ketone bodies [52,53]. Therefore, we concur with previous literature
that although impaired liver function in patients with cirrhosis lowers BHB production, a
higher concentration of BHB (relative to usual levels) resulting from an altered metabolic
state confers an increased risk of mortality [54]. Although patients with cirrhosis are already
at an increased risk of death, those with the highest BHB concentrations fare comparatively
worse. Finally, there was a trend of increased risk of mortality in those with the lowest BHB
concentrations compared to the middle tertile, which might be explained in part due to
severe functional and architectural damage, but sample size may be insufficient to ascertain
this trend. Taken together, these data support a two-limb model: (i) very low BHB in
cirrhosis may reflect severe mitochondrial failure because of functional and architectural
damage; (ii) very high BHB—whether in cirrhosis or in the general population—marks a
catabolic-stress phenotype characterized by unopposed lipolysis, insulin resistance, and
systemic inflammation.

Although this study shows promise in the utility of BHB for short-term mortality
discrimination, future work must be carried out to conclude whether adding BHB to
MELD, MELD-Na or MELD-3.0, as well as frailty scores, improves the net re-classification.
Additionally, further studies should serially quantify BHB during acute decompensa-
tion and recompensation and evaluate interventions that modulate ketone metabolism
(e.g., SGLT2 inhibition and targeted nutritional therapy) in randomized settings. Also, since
BHB is a modifiable metabolic signal dependent on energy homeostasis, novel regenerative
strategies might also modulate BHB itself. For instance, recent pre-clinical studies using
hydrogel-based delivery of mesenchymal stem cells improved liver regeneration in cirrhotic
models and boosted hepatic β-hydroxybutyrate, but further research is warranted on this
subject [55,56].

Several methodological aspects of this study should be noted. Most importantly,
a key strength in our study is that it is the first to systematically evaluate the impact
of plasma BHB as the main ketone body in patients with cirrhosis compared to a large
community-dwelling cohort, including its relationship with all-cause mortality. It is also
a robust assessment of the association between this ketone body with clinical, laboratory,
and medication-related factors, made possible by the design of the TransplantLines cohort
and PREVEND cohort. Furthermore, ketone bodies were determined using a precise NMR
spectroscopy assay. Notably, there are several limitations to be addressed as well. First,
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the sample size and number of cases restrict the precision of our results. Although the
entire sample corresponds to patients with cirrhosis and listed for liver transplantation,
etiologies are heterogeneous, and their variability also impacts the precision of our results.
We acknowledge that it would be ideal to match for other relevant variables such as types
of glucose-lowering medication or alcohol consumption, but this would lead to overfitting
in our propensity score model. Hence, this subject warrants further investigation. Second,
since this is an observational study and epidemiological in nature, only association between
BHB and all-cause mortality can be established, precluding causality, and preventing
the precise determination of underlying mechanisms of association. Third, given the
predominant North European origin of patients in the study, further validations with
different populations are warranted.

5. Conclusions
We found lower circulating BHB in patients with cirrhosis, in particular when cirrhosis

is due to autoimmune hepatitis, storage disease or vascular disease. We suggest that BHB
represents a valuable biomarker of metabolic dysfunction to assess disease severity in
cirrhosis. The J-shaped association between BHB and mortality underscores the need for
mechanistic studies that inquire into the role of ketone body metabolism as a marker of
metabolic dysfunction. Future studies are necessary to validate the utility of BHB as a
prognostic target in cirrhosis. Our findings also underscore the necessity to clarify whether
safety concerns would outbalance the potential utility of a ketogenic diet in cirrhosis.
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