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The Addition of C- Reactive Protein and 
von Willebrand Factor to Model for  
End- Stage Liver Disease- Sodium 
Improves Prediction of Waitlist Mortality
Patrick Starlinger ,1,2 Joseph C. Ahn,3 Aidan Mullan,4 Georg P. Gyoeri ,2,5 David Pereyra ,2 Roberto Alva- Ruiz,1  
Hubert Hackl,6 Thomas Reiberger ,7-9 Michael Trauner,7 Jonas Santol,2 Benedikt Simbrunner,7-9 Mattias Mandorfer ,7-9 
Gabriela Berlakovich,5 Patrick S. Kamath,3 and Julie Heimbach10

BaCKgRoUND aND aIMS: Patients with cirrhosis on 
the liver transplant (LT) waiting list may die or be removed 
because of complications of portal hypertension (PH) or in-
fections. von Willebrand factor antigen (vWF- Ag) and C- 
reactive protein (CRP) are simple, broadly available markers 
of these processes.

appRoaCH aND ReSUltS: We determined whether 
addition of vWF- Ag and CRP to the Model for End- 
Stage Liver Disease- Sodium (MELD- Na) score improves 
risk stratification of patients awaiting LT. CRP and vWF-
 Ag at LT listing were assessed in two independent cohorts 
(Medical University of Vienna [exploration cohort] and Mayo 
Clinic Rochester [validation cohort]). Clinical characteristics, 
MELD- Na, and mortality on the waiting list were recorded. 
Prediction of 3- month waiting list mortality was assessed by 
receiver operating characteristics curve (ROC- AUC). In order 
to explore potential mechanisms underlying the prognostic 
utility of vWF- Ag and CRP in this setting, we evaluated 
their association with PH, bacterial translocation, systemic 
inflammation, and circulatory dysfunction. In the exploration 
cohort (n  =  269) vWF- Ag and CRP both improved the pre-
dictive value of MELD- Na for 3- month waitlist mortality and 
showed the highest predictive value when combined (AUC: 

MELD- Na, 0.764; MELD- Na + CRP, 0.790; MELD- Na 
+ vWF, 0.803; MELD- Na + CRP + vWF- Ag, 0.824). 
Results were confirmed in an independent validation cohort 
(n  =  129; AUC: MELD- Na, 0.677; MELD- Na + CRP + 
vWF- Ag, 0.882). vWF- Ag was independently associated with 
PH and inflammatory biomarkers, whereas CRP closely, and 
MELD independently, correlated with biomarkers of bacterial 
translocation/inflammation.

CoNClUSIoNS: The addition of vWF- Ag and CRP— 
reflecting central pathophysiological mechanisms of PH, bac-
terial translocation, and inflammation, that are all drivers of 
mortality on the waiting list for LT— to the MELD- Na score 
improves prediction of waitlist mortality. Using the vWFAg- 
CRP- MELD- Na model for prioritizing organ allocation may 
improve prediction of waitlist mortality and decrease waitlist 
mortality. (Hepatology 2021;74:1533-1545).

Mortality rates on the liver transplantation 
(LT) waitlist remain high,(1- 3) illustrating 
the need for improved risk stratification in 

this patient cohort. Model for End- Stage Liver Disease 
(MELD) and later MELD- Sodium (MELD- Na) scores 
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were introduced to standardize assessment of the risk of 
death on the waitlist. MELD- Na score is now applied 
to prioritize organ allocation throughout the USA and 
Europe.(4- 6) Limitations of the use of the MELD and 
MELD- Na score include the underestimation of com-
plications of portal hypertension (PH) and the risk 
of infections that may result in acute- on- chronic liver 
failure (ACLF) and death.(7- 10) Further optimization 
of the predictive ability of the MELD equation may 
reduce mortality before LT by granting higher priority 
to those most at risk. Patients with cirrhosis and PH 
have an elevated level of von Willebrand factor antigen 
(vWF- Ag).(11,12) In this context, we recently demon-
strated that the addition of vWF- Ag, a key indicator 
of endothelial cell dysfunction and associated PH,(11) 
significantly improved the predictive performance of 
MELD- Na for 3- month waitlist mortality.(13) Besides 
vWF- Ag, accumulating evidence suggests that an ele-
vated C- reactive protein (CRP) may also exhibit a pre-
dictive potential in patients with end- stage liver disease 
(ESLD).(14- 16) CRP presumably reflects ongoing sys-
temic inflammation that leads to worsening of vasodila-
tation and hyperdynamic circulation(17,18) and associated 
complications, as well as development of ACLF.(19)

Accordingly, we aimed to assess the predictive 
capacity of the addition of vWF- Ag and CRP to 
MELD- Na in patients listed for LT. Using an explora-
tion cohort for model generation, we further validated 
the predictive ability of our combined score in an inde-
pendent validation set. Finally, we elaborate the patho-
physiological processes underlying increased CRP and 
vWF- Ag levels in a cohort of thoroughly characterized 
patients with an indication for LT, by assessing hepatic 
venous pressure gradient (HVPG) and a detailed 

profile of circulating markers of pathophysiological 
processes involved in chronic liver disease.

Materials and Methods
StUDy popUlatIoN aND 
DeFINItIoN oF oUtCoMe

For the exploration cohort, all patients listed for LT 
between 2003 and 2016 at the Medical University of 
Vienna (Vienna, Austria) were included in this study.  
The Reviewer approved waiver of the requirement to 
obtain informed consent in accordance with 45 CFR 
46,116. as justified by the Investigator, and waiver 
of  HIPAA authorization in accordance with applica-
ble HIPAA regulations. This particular set of patients 
was recently assessed for the relevance of vWF- Ag in 
3- month waitlist mortality prediction and was now fur-
ther evaluated.(13) Routine blood samples at time of list-
ing included baseline coagulation parameters, liver and 
kidney function tests, as well as CRP and vWF- Ag levels.

For the validation cohort, patients who were listed for 
LT at the Mayo Clinic (Rochester, MN) between 2009 
and 2019 and had CRP level measured were included.

During the study period, patients in Vienna were 
listed according to their MELD score. Patients were 
further able to accumulate points for each month on 
the waiting list. For the Mayo cohort, patients were 
listed exclusively according to their MELD- Na score 
except for only 15 cases that were listed before 2016 
(during the MELD- only era). To account for differ-
ences in allocation systems between institutions and 
time point of listing, only calculated MELD- Na was 
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used for the analyses. MELD- Na score was calculated 
as described elsewhere.(20) Patients undergoing trans-
plantation for acute liver failure or undergoing retrans-
plantation were excluded from this study. Whereas 
any patient with HCC would be granted a total of 15 
points at listing in Vienna, within this analysis, they 
are included according to their actual MELD- Na 
score. Thereby, we aimed to reflect the individual 
patient risk for early waitlist mortality based on the 
MELD- Na system without an inherent bias.

Postlisting 3- month mortality was defined as death 
within 3 months of listing. Patients who were trans-
planted within 3  months were censored at the time 
of transplant and classified as alive (subgroup analy-
ses are included in the supplement [Supporting Fig. 
S1A,B] illustrating results if these patients were clas-
sified as deaths or were excluded from the analyses). 
Patients who were removed because they became too 
sick for transplant were counted as deaths at the time 
of delisting, and patients who recovered and were 
removed because they no longer needed transplant 
were censored at the time of delisting. Three- month 
waitlist mortality therefore includes both patients who 
died on the list or who were removed from the waitlist 
because they became too sick to transplant.

For our analysis on the pathophysiological mech-
anisms underlying the prognostic ability of vWF/
CRP, we included prospectively characterized patients 
undergoing HVPG measurement at the Vienna 
Hepatic Hemodynamic Laboratory of the Medical 
University of Vienna (Vienna, Austria) from January 
2017 until July 2020. Only patients with an indica-
tion for LT,(21) that is, decompensated cirrhosis with 
either Child- Turcotte stage B/C or MELD ≥15, were 
included. Patients suffering from an HCC outside of 
the Milan criteria were excluded from the analyses.

Informed consent in writing was obtained for each 
patients prior to blood sampling and the study proto-
cols, conformed to the ethical guidelines of the 1975 
Declaration of Helsinki, were approved by the institu-
tional ethics committee/review board.

aSSeSSMeNt oF vWF- ag IN tHe 
ValIDatIoN CoHoRt

Whereas vWF- Ag was assessed using routine labo-
ratory tests in the exploration cohort, in the validation 
cohort, EDTA plasma samples were obtained from 
a previously established biobank. EDTA blood was 

drawn at listing and immediately processed to plasma 
and stored at −80°C. Concentration of vWF- Ag 
was assessed using a commercially available ELISA 
(Diagnostica Stago, Inc., Asnières- sur- Seine, France).

aSSeSSMeNt oF HVpg 
aND MaRKeRS oF 
patHopHySIologICal 
pRoCeSSeS

To further explore pathophysiological processes 
involved in the association of vWF- Ag, CRP, and 
sodium with waitlist mortality, we assessed their MELD- 
independent associations with the degree of portal 
hypertension (reflected by: HVPG), bacterial translo-
cation (reflected by: lipopolysaccharide- binding protein 
[LBP]), and other inflammation markers (IL- 6), as 
well as markers of systemic hemodynamic impairment 
(reflected by: mean arterial pressure [MAP], copeptin 
[as a marker for the activity of the vasopressin system], 
and plasma renin concentration [PRC]). HVPG was 
measured in the fasting condition and in the absence of 
vasoactive treatments following the standardized oper-
ating procedure of the Vienna Hepatic Hemodynamic 
Laboratory.(22) Biomarkers were assessed based on cen-
tral venous blood obtained at the day of the procedure 
using standard laboratory methods.

StatIStICal aNalySeS
Statistical analyses were performed using R soft-

ware (version 3.6.2; R Foundation for Statistical 
Computing, Vienna, Austria). Logistic regression and 
ROC analysis were applied to assess the discrimina-
tory potential of CRP and vWF- Ag for predicting 
waitlist mortality. In addition, this statistical approach 
was used to identify high-  and low- risk groups 
for 3- month mortality by stratifying according to 
Youden’s J statistic. A Hosmer- Lemeshow goodness- 
of- fit test was performed in order to assess calibration 
of the logistic regression model. Bootstrap analyses 
were used to provide CI of the AUC and test for 
differences between AUCs according to prediction 
using different scores. Generalized additive models 
with restricted smoothing cubic splines were used to 
determine the (nonlinear) continuous risk (log odds) 
for 3- month waitlist mortality for measured param-
eters CRP and vWF- Ag. Kaplan- Meier curves were 
plotted to visualize survival according to defined risk 
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groups, and log- rank tests were used to assess statisti-
cal differences. The MELD- independent associations 
of vWF- Ag, CRP, and sodium with PH (HVPG), 
bacterial translocation (LBP), and other inflamma-
tion markers (IL- 6), as well as resulting systemic 
hemodynamic impairment (MAP, copeptin, and 
PRC), were investigated by multiple linear regression 
models adjusted for MELD. P values  <  0.05 were 
considered statistically significant.

Results
patIeNt SeleCtIoN aND 
DeMogRapHICS

We recently presented our results of the addition of 
vWF- Ag to the MELD- Na score in this exploration 
cohort.(13) Briefly, a total of 1,237 patients were listed 
for LT at the General Hospital in Vienna (Medical 
University of Vienna) between 2003 and 2016 and 
included in our prospective database. Of these 1,237 
patients, 38 who were listed for retransplantation, 14 
who were listed for fulminant hepatic failure, and an 
additional 369 patients who were removed from the 
waitlist for other reasons than death or being too 
sick for transplant were excluded, as described.(13) In 
total, 830 patients listed for LT were eligible. Detailed 
information on vWF- Ag at the time point of listing 
was available in 269 patients. As previously indicated, 
these patients did not significantly differ from patients 
who did not have vWF- Ag and CRP measurements 
at listing, except of being slightly older (Supporting 
Table S1). Fifty patients (21.6%) were transplanted 
within 3 months after listing. In our validation cohort, 
127 patients had plasma samples collected and a CRP 
level measured at the time of listing between 2009 
and 2019 and were therefore included in this analy-
sis. Twelve patients (9.3%) were transplanted within 
3  months of listing. Patient characteristics of both 
cohorts, including underlying liver pathology, are dis-
played in Table 1.

To assess potential mechanisms contributing to the 
association of vWF- Ag and CRP with 3- month sur-
vival on the waiting list for LT, we included a third 
cohort of 168 patients with a detailed assessment of 
pathophysiologically oriented biomarkers, involved in 
ESLD, meeting the above- mentioned inclusion and 
exclusion criteria.

aSSoCIatIoN BetWeeN CRp aND 
vWF- ag aND 3- MoNtH SURVIVal 
oN tHe WaItlISt FoR lt

Generalized additive models for baseline (i.e., 
at time of listing) CRP and vWF- Ag were imple-
mented to assess the independent predictive value 

taBle 1. Cohort Characteristics

Vienna (Exploration) 
Cohort (N = 269)

Mayo (Validation) 
Cohort (N = 129)

Sex

Male 203 (75.5%) 80 (62.0%)

Female 66 (24.5%) 49 (38.0%)

Age at listing (years) 56 [50- 61] 60 [48- 66]

Laboratory values at listing

MELD- Na 19 [15- 23] 16 [10- 21]

vWF- Ag (%) 419 [314- 420] 397 [223- 723]

CRP (mg/dL) 0.80 [0.31- 1.71] 0.94 [0.30- 2.06]

Bilirubin (mg/dL) 2.95 [1.68- 6.07] 2.20 [1.10- 4.60]

Creatinine (mg/dL) 0.90 [0.75- 1.16] 1.00 [0.80- 1.34]

Na (mmol/L) 136 [132- 139] 139 [135- 141]

Indication for transplant

Alcohol- associated 
cirrhosis

89 (33.1%) 16 (12.4%)

Tumor 62 (23.0%) 54 (41.9%)

Viral hepatitis 42 (15.6%) 3 (2.3%)

Biliary disorders 23 (8.6%) 11 (8.5%)

AI hepatitis 14 (5.2%) 1 (0.8%)

Cryptogenic cirrhosis 13 (4.8%) 2 (1.6%)

Other indications 26 (9.7%) 42 (32.6%)

Clinical characteristics

Varices

None 127 (47.2%) 69 (49.6%)

Small 71 (26.4%) 39 (30.2%)

Large 71 (26.4%) 26 (20.2%)

Ascites

None 109 (40.5%) 61 (47.3%)

Mild/medically 
controlled

83 (30.9%) 42 (32.6%)

Severe/refractory 77 (28.6%) 26 (20.2%)

HE

None 168 (62.5%) 79 (61.2%)

Mild/medically 
controlled

59 (21.9%) 37 (28.7%)

Severe 42 (15.6%) 13 (10.1%)

Previous variceal 
bleeding

54 (20.1%) 26 (20.2%)

Continuous features are given as medians [IQRs], categorical fea-
tures are given as counts (%).
Abbreviations: AI, autoimmune; IQRs, interquartile ranges.
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of these parameters on 3- month waitlist mortality. 
Indeed, after adjustment for MELD- Na, both param-
eters showed an association with the risk of 3- month 
waitlist mortality (Fig. 1). Whereas an elevated CRP 
seemed to primarily increase the risk proportionally to 
its increase, vWF- Ag seemed to exert a bidirectional 
risk modification with a cutoff at 399.7%. In particu-
lar, vWF- Ag levels <400% were associated with a risk 
reduction, whereas values above this cutoff were asso-
ciated with an increased risk.

aDDItIoN oF vWF- ag aND 
CRp to MelD- Na to pReDICt 
3- MoNtH WaItlISt MoRtalIty

Logistic regression models were used to investigate 
the predictive performance of MELD- Na if patients 
who were transplanted within 3  months after listing 
were included as alive (Fig. 2A), as deaths (Supporting 

Fig. S1A) or were fully excluded (Supporting Fig. 
S1B). Although including transplanted patients as 
deaths did yield the lowest predictive potential for 
3- month waitlist mortality (AUC, 0.650), inclusion of 
these patients as alive did show a comparable AUC 
as if these patients were excluded (including as alive, 
AUC 0.764; exclusion, AUC 0.782). Accordingly, 
we proceeded with our analyses based on including 
patients transplanted within 3 months after listing as 
alive. Furthermore, logistic regression models used to 
assess the predictive performance of MELD- Na with 
the addition of CRP (Fig. 2B), vWF- Ag (Fig. 2C), or 
both (Fig. 2D). MELD- Na showed an AUC of 0.764 
(95% CI, 0.660- 0.850). The addition of vWF- Ag 
increased the predictive ability of MELD- Na (AUC, 
vWF- Ag = 0.803; 95% CI, 0.721- 0.882). Similarly, the 
addition of CRP also increased the predictive potential 
of MELD- Na with an AUC of 0.790 (95% CI, 0.700- 
0.874). However, the highest predictive performance 
was achieved when both CRP and vWF- Ag were 
added to MELD- Na (AUC, 0.824; 95% CI, 0.739- 
0.898), which was statistically significantly superior to 
MELD- Na (likelihood ratio test, P  =  0.006). Similar 
results were obtained when patients transplanted 
within 3  months were excluded from the analyses 
(Supporting Fig. S2; combined score: AUC, 0.841).

Following from the logistic model considering 
MELD- Na, CRP, and vWF- Ag as separate predic-
tors, a combined MELD- Na + CRP + vWF- Ag was 
constructed by weighting each parameter by its model 
effect size.

To facilitate easy clinical translation, a constant 
scalar of 4.6 was included to maintain the same scale 
as MELD- Na. Accordingly, the resulting equation for 
the MELD- NA + CRP + vWF- Ag score was:

Thereby, a bidirectional reclassification was achieved, 
allowing patients to either gain or lose MELD- Na 
points in accordance with the combination of vWF- Ag 
and CRP. Indeed, the model could lead to redistribution 
of 36.4% of patients as illustrated in Fig. 3.

A logistic regression model was then fit using 
MELD- Na + CRP + vWF- Ag to predict 3- month 
waitlist mortality. This MELD- Na + CRP + vWF- Ag  
model achieved an AUC of 0.824, which was 

MELD-Na + CRP + vWF-Ag

=

([

0.141 ×MELD-Na
]

+

[

0.210 ×CRP
]

+

[

0.002 × vWF-Ag
])

×4.6

FIg. 1. CRP and vWF- Ag are associated with waitlist mortality 
for LT. Illustration of continuous risk (log odds) for 3- months 
waitlist mortality removal because of clinical deterioration for 
vWF- Ag (A) and CRP (B) using generalized additive models. 
Restricted cubic splines for CRP and vWF- Ag, as well as covariate 
adjustment for MELD- Na were applied. One vWF- Ag value of 
1,106.7 was regarded as an outlier and therefore excluded.
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significantly better than the current MELD- Na model 
(bootstrap test, P  =  0.023). Additionally, a Hosmer- 
Lemeshow test of the goodness of fit for the MELD- Na 
+ CRP + vWF- Ag score found no evidence of poor fit 

(P = 0.49), indicating that our model is well calibrated 
to the observed incidence of 3- month waitlist mortality.

Because we included calculated MELD- Na, 
exception points for HCC patients were eliminated. 

FIg. 2. Incorporation of CRP and vWF- Ag into the MELD- Na score does improve the predictive potential for 3- month waitlist 
mortality. ROC curves for the logistic regression models are illustrated for MELD- Na (A), MELD- Nae + CRP (B), MELD- Na + vWF- 
Ag (C), and MELD- Na + CRP + vWF- Ag (D).
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However, to exclude the possibility that 3- month 
waitlist mortality prediction was limited to patients 
with a low MELD- Na score or affected by the diag-
nosis of HCC, we further performed a subgroup anal-
yses of patients with MELD- Na >15, MELD- Na 
>20, and excluding HCC patients, revealing similar 
results (Supporting Fig. S3).

pReDICtIoN oF 3- MoNtH 
WaItlISt MoRtalIty 
aCCoRDINg to tHe CoMBINeD 
MelD- Na + CRp + vWF- ag SCoRe

Using Youden’s J statistics, we classified patients 
into high-  and low- risk according to their combined 
MELD- Na + CRP + vWF- Ag score. The optimal 
MELD- Na + CRP + vWF- Ag cutoff was iden-
tified at 21 points, which achieved a sensitivity of 
81.6% and a specificity of 73.2% to predict 3- month 
waitlist mortality. Accordingly, 6 (3.3%) of the 180 
low- risk patients (<21) died on the waitlist within 
3 months, compared to 25 (28%) of the 89 high- risk 
patients (≥21). A log- rank test found that the high- 
risk MELD- Na + CRP + vWF- Ag patients were 
correctly assigned at a higher risk for waitlist mor-
tality compared to low- risk patients (P  <  0.0001). 
In total, 51 patients (19.0%) were correctly reclassi-
fied as being high risk when using the MELD- Na 
+ CRP + vWF- Ag system compared to the standard 
MELD- Na cutoff of 20 points, whereas 9 patients 
(3.4%) were reclassified inappropriately.

ValIDatIoN oF INCReaSeD 
pReDICtIVe poteNtIal oF 
WaItlISt MoRtalIty oF 
tHe CoMBINeD SCoRe IN aN 
INDepeNDeNt CoHoRt oF 
patIeNtS

We further attempted to validate our results in an 
independent validation cohort. Accordingly, we found 
that in the validation cohort, MELD- Na predicted 
3- month waitlist survival with an AUC of 0.677. 
However, when we used the full model combining 
MELD- Na, CRP, and vWF, we observed a strikingly 
increased predictive potential with an AUC of 0.882. 
Corresponding ROC curves are illustrated in Fig. 4.

Although all patients in the exploration cohort were 
listed with the same criteria, our validation included 
15 patients who were listed before 2016, when organ 
allocation was performed according to MELD only. 
Accordingly, we performed a subgroup analyses 
of patients listed after 2016 in the MELD- Na era, 
revealing similar results as the entire cohort (AUC, 
0.864; Supporting Fig. S4).

aSSoCIatIoN BetWeeN CRp 
aND vWF- ag aND otHeR 
CoMplICatIoNS oF CIRRHoSIS

To identify whether CRP and vWF- Ag reflect 
different pathophysiological processes, we assessed 
their correlation in our exploration cohort. CRP and 

FIg. 4. Validation of increased predictive potential of the incorporation of CRP and vWF- Ag into the MELD- Na score to predictive 
3- month LT waitlist mortality LT in an independent validation cohort. ROC curves for the logistic regression models as established in the 
exploration cohort are illustrated for MELD- Na (A) and the combined model of MELD- Na + CRP + vWF- Ag (B).
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vWF- Ag were found to be significantly correlated 
(P  =  0.016); however, this correlation was very weak 
(r = 0.15), suggesting that these markers reflect partly 
overlapping, but also independent, pathophysiological 
processes.

To further explore pathophysiological processes 
involved in the association of vWF- Ag, CRP, and 
Na with waitlist mortality, we assessed their MELD- 
independent associations with degree of portal hyper-
tension (HVPG), bacterial translocation (LBP), and 
other inflammation markers (IL- 6), as well as markers 
of systemic hemodynamic impairment (MAP, copeptin, 
and PRC; Table 2). Interestingly, vWF- Ag was the 
only marker that showed a MELD- independent pos-
itive association with HVPG (change in vWF- Ag 
per mm Hg; B = 5.859; P = 0.005), while also being 
linked to inflammation (IL- 6: change in vWF- Ag per 
pg/mL; B = 0.662; P = 0.007). As expected, CRP— as 
a simple laboratory test for inflammation— remained 
closely related to other, more sophisticated markers of 
bacterial translocation (LBP: change in CRP per µg/
mL; B  =  0.259; P  <  0.001) and inflammation (IL- 
6; change CRP per pg/mL; B  =  0.016; P  <  0.001). 
Interestingly, CRP was also linked to systemic hemo-
dynamic impairment, as evidenced by a negative 
association with MAP (change in CRP per mm Hg; 
B = −0.022; P = 0.007) and a positive association with 
copeptin (change in CRP per pmol/L; B  =  0.014; 
P = 0.006). Finally, Na showed associations with some 
of the previously mentioned parameters/mechanisms 
except for HVPG/PH, but was additionally positively 
linked to PRC as an indicator of renal hypoperfusion/
circulatory dysfunction.

Discussion
Within this study, we found that the integration 

of CRP and vWF- Ag into the MELD- Na score was 
able to significantly increase the predictive potential 
for 3- month waitlist mortality. Importantly, we were 
able to confirm this association in an independent 
validation cohort. We further provide exploratory 
evidence that vWF- Ag and CRP may reflect very 
distinct pathophysiological processes that are not cap-
tured by MELD and only incompletely captured by 
MELD- Na, presumably accounting for their strong 
predictive potential when combined. If the results on 
the prognostic performance can be prospectively val-
idated in a larger cohort, incorporation of these two 

easily measurable laboratory parameters in clinical 
decision making might significantly impact survival 
prediction on the waitlist for LT.

taBle 2. Cohort Characteristics: pathophysiology Cohort

Vienna (Pathophysiology)  
Cohort (N = 168)

Sex

Male 112 (67%)

Female 56 (33%)

Age, years 56.4 ± 0.9

Etiology

Alcohol- associated cirrhosis 103 (61%)

Viral hepatitis 14 (9%)

Alcohol- associated and viral hepatitis 12 (7%)

NASH 5 (3%)

Biliary disorders 4 (2%)

Other etiologies 30 (18%)

Clinical characteristics

Varices

Large 76 (45%)

Small 51 (31%)

None 39 (23%)

Unknown 2 (1%)

Ascites

None 7 (4%)

Mild/medically controlled 127 (76%)

Severe/refractory 34 (20%)

HE

None 97 (58%)

Mild/medically controlled 70 (41%)

Severe 1 (1%)

Previous variceal bleeding 21 (13%)

Laboratory values

MELD- Na 17 (13- 20)

CTP score 8 (7- 10)

HVPG (mm Hg) 20 (17- 24)

MAP (mm Hg) 97 (87- 105)

INR 1.5 (1.3- 1.7)

Bilirubin (mg/dL) 1.72 (1.02- 3.10)

Albumin (g/L) 31.7 ± 0.4

Creatinine (mg/dL) 0.77 (0.60- 1.05)

Na (mmol/L) 136 (134- 139)

vWF- Ag (%) 350 (266- 420)

WBC (G/L) 4.72 (3.49- 6.37)

CRP (mg/dL) 0.61 (0.25- 1.51)

LBP (µg/mL) 7.03 (6.18- 9.83)

IL- 6 (pg/mL) 17.80 (8.57- 32.40)

Copeptin (pmol/L) 14.20 (7.45- 26.50)

PRC (µIU/mL) 100 (35- 297)

Abbreviations: CTP, Child- Turcotte- Pugh score; NA, sodium; 
INR, international normalized ratio.
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The drawbacks of MELD are associated with an 
incorrect estimation of kidney function by measure-
ment of serum creatinine. This might lead to a sig-
nificant underestimation of certain subpopulations 
awaiting LT.(23- 25) Indeed, creatinine was found to 
be reduced in patients with cirrhosis, particularly 
patients with ascites who commonly have low muscle 
mass, and might ultimately often not accurately reflect 
extent of liver disease and concomitant pathophysio-
logical changes.(26,27) Furthermore, creatinine levels 
have been shown to be lower in women as compared 
to men given their lower muscle mass, highlighting 
the critical issue of systematic misclassification.(28) 
Furthermore, studies from Europe have suggested that 
certain patients on the waitlist may be disadvantaged 
by the current MELD- based allocation system.(29) 
Hence, refining the MELD score is critical to further 
improvement of allocation policy and to reduce wait-
list mortality. Although the addition of Na to MELD 
significantly improves risk stratification for patients 
on the waitlist for LT(4) (as also very recently con-
firmed in the Europtransplant database(5)), significant 
shortcomings remain. In particular, the identification 
of high- risk patients with low MELD- Na score at 
listing as well as further stratification of patients with 
a very high MELD- Na score pose difficult challeng-
es.(7- 10) We previously documented that vWF- Ag 
significantly improved prediction of 3- month wait-
list mortality.(13) However, a previous report from 
our group that was based on a different patient pop-
ulation indicated that the combination of CRP and 
vWF- Ag is particularly powerful to predict outcome 
in ESLD patients.(12) In line with these results, we 
were able to document that integration of CRP or 
vWF- Ag in the MELD- Na score did improve pre-
diction of 3- month LT waitlist mortality, but their 
combination was found to exhibit the highest predic-
tive potential. This could be explained by a divergent 
predictive potential of these two parameters. Indeed, 
as indicated by the generalized additive model curves, 
the predictive phenotype of CRP and vWF- Ag did 
differ significantly. Although CRP primarily iden-
tified patients at increased risk for 3- month waitlist 
mortality, vWF- Ag did also exhibit the potential to 
identify patients who actually had a lower risk for 
3- month waitlist mortality than expected based on 
MELD- Na.

vWF- Ag has been shown to be a highly versatile 
biomarker in patients with underlying chronic liver 

disease, given that it provides clinically meaningful 
information in several different clinical contexts/stages 
of liver disease.(11- 13,30- 37) VWF- Ag is stored in endo-
thelial cells’ Weibel- Palade- bodies and alpha- granules 
of platelets. Shear stress and hemodynamic alterna-
tions were suggested to represent the main activa-
tors of vWF- Ag secretion.(38,39) Accordingly, elevated 
vWF- Ag levels has been suggested as a noninvasive 
marker for portal hypertension,(11) as also indicated by 
its correlation with HVPG in our analyses. However, 
vWF- Ag might also reflect other pathophysiological 
processes, given that it confers HVPG- independent 
prognostic information.(12) Indeed, an association of 
vWF- Ag with markers of bacterial translocation and 
the risk of spontaneous bacterial peritonitis (SBP) was 
observed,(12) which may be explained by the binding of 
endotoxin to Toll- like receptor 4, leading to endothelial 
cell activation.(40) In line with these results, we observed 
an association of vWF- Ag with IL- 6 and CRP within 
our analyses. Interestingly, despite the potential asso-
ciation of vWF- Ag with systemic inflammation in 
ESLD patients, we found that CRP did offer incre-
mental predictive potential for 3- month waitlist mor-
tality, which was also observed in a previous study by 
our group, focusing on another patient population.(12) 
However, it should be noted that limited knowledge 
exists as to how interventions such as TIPS, nonselec-
tive beta blockers (NSBBs), or other vasoactive drugs 
might affect circulating levels of vWF- Ag. Given that 
recent evidence suggests that vWF levels are higher 
in the portal circulation,(41) TIPS might affect sys-
temic levels of this biomarker. On the one hand, direct 
shunting of the portal venous blood could lead to 
higher systemic levels. On the other hand, vWF- Ag 
is an indicator of endothelial dysfunction and used as 
a noninvasive test for PH and correlates with HVPG, 
and, accordingly, decreases in portal pressure gradi-
ent by TIPS placement may even lower vWF release. 
However, at the least, the latter scenario may not be of 
concern, given that in this case, TIPS likely improves 
both vWF- Ag and prognosis. Similarly, NSBB and 
vasoactive drugs might affect portal venous pressure 
and, concomitantly, vWF- Ag levels. Although changes 
in vWF- Ag associated with these treatments might 
ultimately also allow to monitor clinical improvement 
and concomitant prognosis of these patients, our cur-
rent analyses is unable to answer the effects of these 
potential modulators of vWF- Ag levels, which should 
be addressed in future analyses.
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The prognostic implications of CRP in patients 
with ESLD are well established.(14- 16) Of note, given 
that CRP is predominantly synthesized in the liver, a 
lack in increase of CRP after liver surgery has been 
associated with decreased liver function.(42) Indeed, 
patients with higher CRP actually had slightly lower 
albumin levels in our analyses (Table 3). However, we 
found a positive correlation with 3- month waitlist 
mortality, suggesting that the association with inflam-
matory processes might be the predominant source of 
its predictive value in these patients and might over-
come potential effects of reduced synthetic function. 
Furthermore, we could demonstrate that CRP and 
vWF- Ag show only a very weak correlation (Pearson’s 
r = 0.15). In particular, when looking at the distribu-
tion of CRP and vWF- Ag in association with inci-
dences of 3- month LT waitlist mortality, we found 
that only 33.3% had high CRP and high vWF- Ag 
levels, whereas 62.6% had either high vWF- Ag or 
high CRP levels (as shown in Supporting Fig. S5). 
Indeed, pathophysiological parameters of inflamma-
tion (IL- 6) and bacterial translocation (LBP) seemed 
to be more closely/consistently associated with CRP 

than with vWF- Ag. Accordingly, CRP— as a readily 
available laboratory test— may serve as a surrogate for 
more sophisticated inflammation markers that are not 
routinely available. Indeed, besides PH- driven variceal 
bleeding, SBP, and other infections are predominant 
causes of mortality in patients on the waitlist for LT, 
given that they are important triggers of ACLF.(43- 45) 
Furthermore, an increase in CRP was also associated 
with low MAP,(46) high copeptin.(47) and systemic 
hemodynamic impairment, a critical determinant of 
outcome that is only captured by MELD if kidney 
function is substantially impaired. Accordingly, the 
synergistic predictive improvement of the integra-
tion of vWF- Ag and CRP into the MELD- Na score 
for 3- month LT waitlist mortality might indeed be 
caused by their optimized combined quantification of 
PH, bacterial translocation, and inflammation, as well 
as the resulting systemic hemodynamic impairment, 
which was also supported by their significant associa-
tion with clinical variables such as previous bleeding, 
HE, or severe ascites.

Of note, given that previous studies have suggested 
the superiority of white blood cells (WBCs) over 

taBle 3. MelD- Independent associations of Circulating pathophysiological Markers With vWF- ag, CRp, and Na in the 
pathophysiology Cohort

vWF- Ag CRP Na

B P Value B P Value B P Value

vWF- Ag (%)* — — 0.002 0.003 −0.005 0.015

CRP (mg/dL)* 20.134 0.004 — — −0.789 <0.001

Na (mmol/L)* −8.096 0.001 −0.100 <0.001 — — 

HVPG (mm Hg)* 5.859 0.005 0.007 0.730 −0.096 0.076

WBC (G/L)* 9.406 <0.001 0.115 <0.001 −0.190 0.017

LBP (µg/mL)* 3.968 0.106 0.259 <0.001 −0.207 0.006

IL- 6 (pg/mL)* 0.662 0.007 0.016 <0.001 −0.012 0.115

Albumin (g/L)* −6.085 0.008 −0.065 0.010 −0.012 0.870

MAP (mm Hg)* −1.097 0.143 −0.022 0.007 0.063 0.005

Copeptin (pmol/L)* 0.590 0.216 0.014 0.006 −0.014 0.333

PRC (µIU/mL)* 0.020 0.081 0.001 0.342 −0.018 <0.001

Varices (yes)* 26.512 0.314 −0.025 0.931 −1.743 0.028

Previous variceal bleeding 
(yes)*

73.978 0.022 −0.026 0.942 0.067 0.947

Ascites (any)* 74.603 0.196 0.895 0.158 −1.920 0.279

Ascites (severe/
refractory)*

−3.900 0.887 1.057 <0.001 −1.693 0.039

HE (any)* 61.183 0.005 −0.422 0.075 0.417 0.533

*Adjusted for MELD.
Abbreviation: NA, sodium.
Significant P values are bolded.
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CRP,(48) we also assessed the predictive potential of 
combining WBCs with MELD- Na (Supporting Fig. 
S6). Indeed, we observed that combining WBC counts 
with MELD- Na did result in a comparable predic-
tive improvement of 3- month waitlist mortality pre-
diction as CRP (AUC: MELD- Na + WBCs, 0.771; 
MELD- Na + CRP, 0.791). Although we are limited 
in power to quantify these potential small differences, 
it should be mentioned that these parameters could 
be interchangeable, which is also supported by their 
highly significant correlation. However, WBCs might 
be confounded by different degrees of PH- induced 
hypersplenism, which does not apply for CRP values. 
Future evaluations will have to determine the superi-
ority of each parameter over another.

Na significantly overlapped in pathophysiologi-
cal associations with CRP and vWF- Ag. Serum Na+ 
decreases in patients with ESLD as a result of sys-
temic vasodilatation and subsequent fluid retention. 
In this line, activation of the renin- angiotensin system 
represents a central compensatory mechanism for sys-
temic vasodilatation, as reflected by the close associa-
tion between Na and PRC in our cohort. Given that 
systemic vasodilatation itself is merely a consequence 
of PH and systemic inflammation, dilutional hypo-
natremia represents a phenomenon that occurs far 
downstream of a pathophysiological cascade, whereas 
vWF- Ag and CRP might more directly reflect the 
disease- driving pathophysiological mechanisms act-
ing upstream. This might explain why we observed 
a similar overall model performance when CRP and 
vWF- Ag were added to either MELD or MELD- Na 
(Supporting Fig. S7).

Recent evidence documented that 90- day mortality 
is similar in ACLF patients with severe bacterial infec-
tions or alcohol- associated hepatitis as a precipitating 
event,(49) whereas patients with severe bacterial infec-
tion had considerably higher CRP levels. In addition, 
there were also important between- group differences 
in variables that contribute to the MELD score, with 
higher serum creatinine in those with severe bacte-
rial infection and (as expected) higher bilirubin levels 
in those with alcohol- associated hepatitis, although 
MELD/MELD- Na did not show major differences. 
Accordingly, even in patients at the same risk of mor-
tality, individual parameters may show considerable 
discrepancies in different clinical contexts (e.g., severe 
bacterial infection vs. alcohol- associated hepatitis), 

which supports the use of a prognostic model that 
captures a broad spectrum of prognostic factors/
distinct pathophysiological mechanisms. However, 
despite this theoretical benefit, it seems essential to 
evaluate/validate such a model in different clinical 
contexts (e.g., acute decompensation and ACLF with 
different precipitating events), before being applied in 
clinical practice.

Besides the retrospective design of our analyses, 
our study suffers from weaknesses that have to be 
considered when interpreting our results. The most 
significant potential bias is that vWF- Ag— and to a 
lesser extent CRP— were assessed only in a subgroup 
of patients listed for LT. To address this potential 
limitation, we assessed the differences of our explo-
ration cohort between evaluated patients and remain-
ing patients listed for LT during the same period of 
time and did not observe any significant differences 
in baseline characteristics, suggesting that included 
patients were representative of the overall population 
of patients listed for LT. We further want to point out 
that we were able to validate our findings in an inde-
pendent validation cohort from another continent, 
demonstrating not only the robustness of our findings, 
but also indicating that they may be generalizable to 
the majority of patients listed for LT in the Western 
world.

Within the present study, we were able to docu-
ment that CRP and vWF- Ag, though inter- related, 
seem to reflect multiple pathophysiological processes 
associated with worse outcome in patients with ESLD 
awaiting LT. This might explain why both parame-
ters increased the predictive value of MELD- Na, but 
their combined integration into the MELD- Na score 
was particularly powerful. If future larger analyses are 
able to validate the improved predictive value of the 
combination of CRP and vWF- Ag with MELD- Na, 
this combined score could eventually allow for a more 
accurate waitlist prioritization of patients at high-
est risk of mortality and thus increased survival in 
patients awaiting LT.
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