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Abstract

Risk scoring for patients with cirrhosis has evolved greatly over the last several decades. However, 

patients with low Model for End Stage Liver Disease – Sodium (MELD-Na) scores still suffer 

from liver-related morbidity and mortality. Unfortunately, it is not clear which of these low 

MELD-Na score patients would benefit from earlier consideration of liver transplantation. This 

paper reviews the literature of risk prediction in patients with cirrhosis, identifies which patients 

may benefit from earlier interventions such as transplantation, and proposes directions for future 

research.

Introduction

Prediction and prognosis has been a quintessential aspect of the art of medicine since its 

inception. With increasingly modern approaches, patients can be prioritized for life saving 

procedures or maneuvered away from potentially dangerous ones. Nowhere has this been 

more apparent than in the field of end stage liver disease and liver transplantation where 

sparse organ availability has required careful allocation. The Model for End Stage Liver 

Disease – Sodium (MELD-Na) score has been repeatedly shown to accurately predict three 

month mortality at high scores and is currently used to prioritize recipients for liver 

transplant allocation.1,2 However, though patients with lower MELD-Na scores are de-
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prioritized with regards to liver transplant, they may still have a significant burden of liver 

related mortality.3 Furthermore, the vast majority of patients listed for transplant must deal 

with this issue, with a 2004 study finding 92% of waitlisted patients had a MELD score of 

18 or less and a more recent 2014 analysis noting 73.4% of patients were initially listed with 

a MELD less than 16.4,5 Although most research has been done prior to the MELD-Na 

score, we review the literature on historical and novel factors that might be extended to 

identify the group of ‘low MELD-Na’ patients who suffer liver related complications and 

may benefit from earlier liver transplant, the use of more marginal liver grafts, or more 

intensive nontransplant treatments.

A Brief History of Risk Scoring for Liver Disease Severity

Advancements in risk prediction for liver disease severity have been largely driven by 

identifying populations at high risk for complications after procedures. In the early 1950s, 

Child and Turcotte attempted to identify high risk patients by laboratory factors (serum 

bilirubin and albumin) and clinical factors (ascites, encephalopathy, nutritional status) prior 

to surgery for portal hypertension.6 In 1973, Pugh et al provided a revised score which 

substituted prothrombin time in place of nutritional status to form the Child-Turcotte-Pugh 

(CTP) score.7 With the rise of interventional radiology and placement of transjugular 

intrahepatic portosystemic shunts (TIPS) there was again an increase in mortality in the sub-

population of patients with CTP class C cirrhosis. A logistic regression model for predicting 

3-month mortality was noted to be superior to the CTP score in this group undergoing 

elective TIPS with further analysis validating its prognostic capability for decompensated 

liver cirrhosis and prediction of waitlist mortality.1,8 This model for end-stage liver disease 

(‘MELD score’), based on bilirubin, creatinine, and INR, was adopted for organ allocation 

in the United States in 2002.

Criticism of the MELD score stems from the basis of its conception as a risk prediction 

model for patients with Child C cirrhosis and its focus on short term, 90 day mortality. In 

fact, at lower scores MELD’s prognostic capability has been noted to be inferior to serum 

sodium, ascites, encephalopathy, glomerular filtration rate (GFR), and CTP score.9–12 In 

particular, hyponatremia has been established as a key predictor of mortality.10,12 This is 

particularly true of patients with low MELD scores, where the effect of serum sodium is 

significantly greater.10 In fact, in patients with a MELD score less than 21, only serum 

sodium and persistent ascites, but not MELD, were significantly associated with waitlist 

mortality. Furthermore, this effect is present even up until a MELD score of 38.10,13 

Ultimately, the MELD-Sodium (MELD-Na) score was officially incorporated into organ 

allocation in 2016. Despite these changes, it remains unclear how to identify which low 

MELD-Na patients will continue to suffer from liver related morbidity and mortality.

As scoring systems are improved, the patients with consistently low scores are distilled into 

a truly low risk group. Future work should concentrate on identifying high risk attributes of 

patients within this low MELD-Na cohort to help determine subgroups that would benefit 

from earlier transplant. The remainder of this paper describes potential candidates for these 

attributes
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Outcome Predictors Beyond MELD-Na

Many potential candidates for predictors have been suggested and examined in the past.14 

Most center around quantification of portal hypertension and its sequelae. Hepatic Venous 

Pressure Gradient (HVPG)

Measurement of the severity of portal hypertension via the HVPG is an intuitive first step in 

identifying at-risk patients based on physiology. Multiple studies have demonstrated that 

elevated HVPG is a risk factor for variceal bleeding.15 Secondary analyses on data acquired 

from the initial trials of beta blocker therapy have also demonstrated a correlation between 

lack of response to HVPG-lowering therapy and survival, renal dysfunction, hepatic 

encephalopathy, ascites, and spontaneous bacterial peritonitis.16 The elevated pressures 

present can be decreased in patients via pharmacotherapy with beta-blockers and nitrates, 

through nonpharmacologic means such as TIPS, or via decreasing parenchymal 

inflammation through treatment of hepatitis and alcohol abstinence.

Inclusion of HVPG may increase the prognostic accuracy of both death and decompensation 

of cirrhosis even after adjusting for MELD score and serum sodium. This was particularly 

true for patients with low MELD scores, where lower pressure gradients were associated 

with better outcomes.17 Unfortunately despite ongoing research into correlates such as 

splenic elastography, the widespread use of HVPG has been limited in patients with 

cirrhosis due to its invasive nature.18 That being said, the clinical utility of HVPG 

measurement in patients with low MELD-Na scores may be beneficial to stratify patients at 

higher risk for portal hypertensive complications and need for earlier transplantation.

Cardiovascular physiologic changes

Similarly, high cardiac output, low systemic vascular resistance, and hyperdynamic 

myocardium are among the well-known cardiovascular and hemodynamic physiologic 

changes in end stage liver disease (ESLD).19 More severe diastolic dysfunction and elevated 

right sided heart pressures have been associated with persistent ascites, poor post-TIPS 

outcomes, and worse post transplant outcomes.20–22 Even when controlling for MELD 

score, pretransplant diastolic dysfunction manifested as elevated left ventricular ejection 

fraction and sub-clinical right heart dysfunction have been associated with post transplant 

mortality, death, renal failure, and graft failure.23 These physiologic changes are the 

hallmarks of cirrhotic cardiomyopathy, and have been implicated as a cause of renal failure 

in spontaneous bacterial peritonitis.24 Therefore, in the low MELD-Na population, 

development of this physiologic state should be studied in order to determine if it signals 

impending decompensation and the need for earlier transplantation. For example, 

echocardiographic estimates of strain, cardiac output, and/or systemic vascular resistance 

might be used to distinguish trajectories of low MELD-Na patients.

In contrast, this hyperdynamic cardiovascular state may also correlate with riskier liver 

transplantation. Significant coronary artery disease (CAD) is common in patients with 

cirrhosis, and even more so in patients with nonalcoholic steatohepatits (NASH) given the 

overlapping risk factors for both. Further complicating the preoperative assessment, 

symptomatic screening for cardiac disease is difficult as patients with ESLD are often 
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sedentary, dyspneic, bradycardic on beta-blockers, and demonstrate signs and symptoms of 

volume overload with ascites and peripheral edema. All of these aspects can diminish the 

predictive value of noninvasive testing for underlying atherosclerotic cardiovascular disease, 

making it more challenging to estimate perioperative risk. In fact, assessment of CAD using 

noninvasive testing has a very poor sensitivity for predicting cardiac events post transplant, 

with the sensitivity of dobutamine stress echocardiography as low as 9–13% and SPECT as 

low as 51%.25,26 This area is still undergoing intensive study, however a recent AST expert 

review suggests that coronary artery calcium (CAC) scoring and/or CT angiography may be 

useful tools to rule in or rule out significant CAD, respectively.27 Biomarkers not included in 

traditional ESLD risk scores, such as cardiac troponin, may help to identify patients with 

cardiac dysfunction or those who are at an increased risk of poor outcomes with transplant.
28

A major question needing further study is whether early cardiac physiologic changes could 

serve as a non-MELD-Na predictor and how this is balanced with operative risk 

stratification.

Renal Function

Another well-known effect of cirrhotic physiology is relative renal hypoperfusion and its 

sequelae. Renal dysfunction is common in patients with cirrhosis, occurring in 20% of 

hospitalized patients and 37% of outpatients followed at a median of 1.3 years.29 It is a key 

determinant of survival with more than half of patients dying within a month of developing 

renal failure and an additional 10 – 30% dying between three months and one year, even 

after accounting for baseline MELD-Na or CTP Score.30 Additionally mortality risk 

increases if renal failure occurs with other complications of cirrhosis such as gastrointestinal 

hemorrhage, hepatic encephalopathy and acute on chronic liver failure.14,31–33 Finally, the 

pattern of renal dysfunction plays a key role in waitlist mortality risk – patients with acute 

kidney injury (AKI) have more than double the risk of mortality, as compared to those with 

chronic kidney disease (CKD), independent of MELD score and serum creatinine.34 

Therefore, there remains an opportunity to prioritize liver transplant among “low” MELD 

candidates with either co-morbid hepatic decompensation or acute renal dysfunction.

This issue is further complicated by the difficulty in estimating renal dysfunction in patients 

with ESLD due to sarcopenia and the reliance on serum creatinine. As a result, current GFR 

calculators tend to overestimate measured GFR, an effect that may be especially prominent 

in women and cause an underestimation of disease severity. Recently, a GFR calculator was 

specifically developed and calibrated for patients with cirrhosis, however this has not yet 

been correlated with outcomes.35 Alternatively, measurement of renal water excretion by 

diuresis after water load was a strong factor in mortality prediction for patients with Childs 

B and C cirrhosis during the pre-MELD era.36 Of note, this test was abnormal prior to the 

development of renal dysfunction or hyponatremia in the studied patients.

Given the inaccuracy in using serum creatinine to determine renal function in this 

population, future studies should examine if other techniques, such as direct measurement, 

would be of benefit in predicting outcomes. This is critically important, as the proportion of 

patients requiring simultaneous liver-kidney transplant (SLKT) is rising rapidly in the 
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MELD-era, and therefore improved diagnostics may allow for earlier intervention and 

therefore prevention of the development of chronic kidney disease and obviate the need for 

SLKT.37

Infection

Infections are the most significant cause of morbidity and mortality in patients with 

cirrhosis. Spontaneous bacterial peritonitis (SBP) in particular has been long known to be 

associated with renal failure and subsequent mortality.38 The exact mechanism of renal 

failure is unclear, with some suggesting cirrhotic patients may have inadequate cardiac 

responsiveness in the setting of sepsis.24 Unfortunately, survival rates after infection remain 

low, with mortality as high as 63% at one year after a significant infection.39 In one model, 

the development of sepsis is denoted as the last stage of cirrhosis prior to death or liver 

transplantation.14 However, in patients with Child A or early Child B cirrhosis, spontaneous 

survival to one year was noted to be 80%.40

If infection was to be used as a non-MELD-Na marker of disease, although data is limited in 

this area, an initial serious infection in a low MELD-Na patient may be an indicator of 

“more to come” and warrant early transplant evaluation.

Frailty and Sarcopenia

Frailty and sarcopenia are emerging as important clinical factors associated with waitlist and 

post transplant outcomes independent of MELD-Na score.

The concept of frailty was originally developed in the field of geriatrics to identify a 

biological syndrome of increased vulnerability to health stressors41 resulting in adverse 

health outcomes such as hospitalization, institutionalization, and death. Tools that measure 

physical frailty and its components, such as the Fried Frailty index, Short Physical 

Performance Battery, six-minute walk test, the Activities of Daily Living, and the clinical 

frailty scale, have been studied in the liver transplant population.42–44 More recently, the 

Liver Frailty Index was developed in patients with cirrhosis awaiting liver transplantation 

out of individual components of these indices and consists of performance-based tests that 

capture malnutrition, muscle weakness, and poor neurocognitive coordination, three 

dominant domains of physical frailty.45 While each of these tools have their strengths and 

weaknesses with respect to use in the liver transplant setting, they all have the common goal 

of operationalizing the concept of a patient’s vulnerability to acute stressors. Importantly, 

when tested in patients with cirrhosis, they are predictive of outcomes including 

hospitalizations, resource utilization, and death, independent of liver disease severity.44–48 

Furthermore, they are strongly associated with functional recovery after liver transplantation.

In contrast to a biologic syndrome, sarcopenia specifically refers to depletion of muscle 

mass. For a patient with decompensated cirrhosis – and therefore protein synthetic 

dysfunction – sarcopenia likely represents the dominant component of physical frailty. In 

many cases, it may be identified earlier than the clinical manifestation of physical frailty or 

functional impairment, and as such represents an important potential predictor of morbidity 

and mortality in patients with cirrhosis. Sarcopenia has been reported in 40 to 60% of 

patients with end-stage liver disease, has been associated with increased waitlist and post 
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liver transplant mortality, as well as transplant related complications such as infection and 

longer length of hospital stay.49–51

Multiple objective and reproducible measures of sarcopenia have been studied and include 

computed tomography (CT), magnetic resonance imaging, thigh ultrasound, dual X-ray 

absorptiometry, and bioelectrical impedance analysis. Although none of the modalities have 

been compared directly with each other in muscle mass quantitation, the preponderance of 

evidence in the published domain to date supports the use of abdominal CT scan to measure 

muscle mass in patients with cirrhosis. The total cross-sectional area of the abdominal 

skeletal muscles or the psoas muscle alone at the 3rd lumbar (L3) level are the two most 

common muscle groups measured, and when normalized to the patient’s height provides the 

skeletal muscle index (SMI).52 Of particular relevance for use in clinical practice, sex-

specific cutoffs for SMI to define sarcopenia (less than 50 cm2/m2 for men and 39 cm2/m2 

for women) have been developed for patients with cirrhosis anchored to the outcome of 

waitlist mortality.52 Using these SMI cutoffs, men and women with sarcopenia experienced 

significantly higher risk of waitlist mortality than those without sarcopenia (Men: HR 1.7, 

95% CI 1.1–2.7; Women: HR 2.8, 95%CI 1.6–5.1).

These findings demonstrate standardized methods to capture physical frailty and sarcopenia 

that provide risk and recovery in liver transplant patients beyond the MELD-Na score. 

Research in this area will be critical in determining the optimal level of frailty at which 

patients maintain a favorable balance of avoiding waitlist mortality and prolonged 

postoperative recovery.

Noninvasive functional assessments and biomarkers

Noninvasive functional assessment of the liver and biomarkers might be helpful in directly 

quantifying the severity of liver dysfunction and the associated risk of morbidity and 

mortality, particularly when clinical or laboratory parameters are insufficient. Much of this 

work took place prior to MELD implementation and so is worth revisiting in the context of 

low MELD-Na recipients. Data on the aminopyrine breath test, a rapid and noninvasive 

assessment of liver metabolism, are mixed in terms of predicting survival compared to CTP 

score with some reports suggesting improvement in prediction and others showing less 

benefit.53 Similarly mixed data have been shown for other functional tests, such as 

indocyanine green clearance (ICGC), galactose elimination capacity, and the 

monoethylglucinexylidide test, all of which may independently predict survival but do not 

appear to add prognostic value above standard CTP and MELD scores.54 A relatively recent 

report did suggest that ICGC had added value over MELD-Na in predicted survival for 

intermediate MELD-Na categories.55 Lastly, the dual cholate test has the potential to 

quantify multiple hepatic physiological processes including hepatic uptake, systemic and 

portal circulation clearance, and porto-systemic shunting as well as outcomes.56 While this 

test may estimate true liver ‘function’ most accurately, it has not yet been assessed robustly 

in predicting outcomes of decompensated cirrhosis or in lower MELD patients.

In terms of novel laboratory markers, one of the more promising and simple tests is the 

neutrophil-to-lymphocyte ratio (NLR), a biomarker associated with systemic inflammation. 
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The most recent study focused on low MELD patients found that this ratio was associated 

with liver-related death, independent of stage of cirrhosis and MELD score.57

Taken together, ICGC, dual cholate test, and NLR, are promising but currently do not appear 

superior in predicting mortality over MELD-Na in low MELD-Na patients.

Potential improvements to the MELD-Na Score

Current supplements to the MELD-Na score exist in the form of ‘exception points’ for 

standard complications such as HCC, hepatopulmonary syndrome, cholangiocarcinoma, 

familial amyloid polyneuropathy, cystic fibrosis, and portopulmonary hypertension. 

Exception points may also be awarded in special circumstances after review by a regional 

review board for nonstandard reasons. Despite the flexibility of this model, it requires 

significant coordination of efforts, suffers from regional variability, and lacks evidence for 

the appropriate MELD-Na correction in non-HCC conditions.58 Thus, while any scoring 

system will likely require some provision for exception points, an improvement to the 

MELD-Na score that better identifies patients with low scores at risk for liver related death 

is a more mathematically elegant solution to this problem. Several candidates for improving 

the MELD-Na score have been proposed including albumin, sarcopenia, ascites, and 

alternative mathematical strategies

Low serum albumin levels have been strongly associated with increased mortality and were 

initially analyzed as a candidate in the calculation of the MELD score.1 Although not 

demonstrated in the original MELD paper, further analysis has shown a benefit to including 

serum albumin with the MELD-Na score in the low MELD-Na subpopulation.1,8,59–61 In a 

large cohort of waitlisted patients a five variable, ‘5vMELD’, score was developed by 

incorporating of albumin and serum sodium into the MELD score.59 This score was noted to 

have better predictive capability for 90 day waitlist mortality when compared to MELD and 

MELD-Na score equations.62 Incorporation of albumin into risk prediction models has also 

been used to improve estimates of longer, one year mortality in low MELD patients above 

MELD-Na alone.63

Similarly, sarcopenia has been explored as a prognostic factor to enhance prediction in 

patients with low MELD scores because the effect of sarcopenia appears to be most 

pronounced in this group.64,65 The initial development of the “MELD-Sarcopenia” score 

occurred in the pre-MELD-Na era but did improve survival prediction in the low MELD 

population although this benefit in subsequent validation studies has been unclear.61,65 

Additionally, because sarcopenia predicts poor pre and post transplant outcomes and is not 

definitely reversed by transplantation, organ allocation based on sarcopenia may provide less 

net benefit as compared to other scoring systems.66

Efforts have also been made to hybridize the clinical factors in the original CTP score with 

the solely laboratory based MELD-Na score. A top candidate for such a factor is the 

presence of ascites, often one of the first clinically apparent manifestations of liver disease.
14 Moderate ascites improved prediction of survival in patients with MELD-Na <21, and on 

average added the equivalent of 4.5 MELD points or 3.5 MELD-Na points towards the 

survival of patients.67–69
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In addition to improving the MELD-Na score, efforts have been made to use change in 

MELD-Na over time, often termed ‘delta-MELD’ or ‘MELD velocity’. This delta MELD 

was noted to be superior to either the CTP or MELD score alone at predicting 6 and 12 

month mortality in patients with cirrhosis.70 High delta MELD prior to transplant has also 

been noted as a negative prognostic factor for post transplant survival and graft failure.71 

Although rate of MELD change is a potential candidate for future scoring systems, the 

above findings should be interpreted with care as these studies were retrospective and 

MELD measurement was performed as part of routine care. For instance when number of 

MELD measurements was taken into account as a surrogate for repeated measurements in 

the course of an acute, end-of-life hospitalization, delta MELD was no longer superior to 

MELD alone.72 Similarly, rates of change in sarcopenia and HVPG may show promise in 

mortality prediction for patients on the waitlist, however these reports require further 

validation.73,74

Newer statistical methods such as machine learning and artificial intelligence are starting to 

be applied to this important issue. For instance the burgeoning field of artificial intelligence 

has shown some promise in improving donor – recipient selection over conventional scores.
75,76 In the recent pre-MELD-Na era, artificial neural networks have also demonstrated a 

better accuracy compared to MELD in predicting three month mortality and death post 

hospitalization.77,78 Given their ability to process nonparametric and nonlinear data, these 

artificial intelligence approaches are likely to play a significant role in the future of risk 

prediction and organ allocation.

Alternatives to Transplant

In the current setting of organ shortage, care for patients with low MELD-Na scores may 

need to be supplemented by nontransplant interventions. For instance, in the ANSWER trial 

and others, regular albumin infusion improved survival and reduced decompensating events.
79,80 Although this study did not specifically analyze low MELD-Na patients, approximately 

80% of the patients in this trial were of CTP class A or B, with a mean MELD-Na of around 

16. This intervention in the low MELD-Na setting is supported by the finding that the 

greatest expansion of central blood volume after albumin infusion occurred in CTP A 

patients.81 Other interventions such as exercise programs targeting sarcopenia and frailty 

have been shown to improve HVPG, muscle mass, and quality of life measures but have not 

yet been linked with pre or post transplant outcomes.82,83 In addition to the intended effect 

on ascites and varices, TIPS has also been shown to improve nutrition and sarcopenia.84–86 

Lastly, small uncontrolled studies have demonstrated some effect of testosterone or amino 

acid supplementation on improving muscle mass but patient outcomes were not studied.87–89 

Overall, despite ongoing research there are few nontransplant interventions that have high 

quality evidence and are effective in the waitlist population.

Discussion

Liver transplantation is a resource intensive endeavor that is a major undertaking for both 

patients and healthcare systems. Coupled with the relative scarcity of organs, the study of 

transplantation efficacy and futility is often fraught with epidemiologic and ethical 
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limitations due to the inability to randomize patients to liver transplantation. Comparisons of 

findings across decades is further limited by evolving scoring systems with different inherent 

biases.

Nevertheless, improving risk prediction among patients on the waitlist is essential given the 

scarcity of organs. The hope for any scoring system would be to identify the patients who 

would benefit most from transplantation and could be applied to all patients, not just those 

with low MELD-Na scores. This would ensure that the patients who are truly the sickest do 

not get inappropriately de-prioritized for transplant and if necessary can be flagged for other 

therapies such as living donor transplant or higher risk grafts.

Improving risk prediction in patients with low MELD-Na scores is challenging because 

determining which of these patients will have significant liver-related morbidity and 

mortality is difficult. Many of the same factors that contribute to short term mortality may be 

those that would also lead to poor postoperative outcomes. As noted above, measures of 

frailty have helped to predict waitlist outcomes but also can portend poor post transplant 

outcome and functional status. Similarly, pretransplant echocardiographic measures of the 

right ventricle have been associated with poor post transplant outcomes.22 Other measures, 

such as serum albumin, creatinine, or NLR, which have strong epidemiologic relationships 

may be confounded by their association with non liver related acute medical events. In 

Figure 1, we illustrate the inter-related physiologic and clinical processes present (four way 

arrow) that typically lead to transplant (bottom half of Figure). In contrast, patients with 

sarcopenia, low creatinine, and low MELD-Na scores may be more likely to present with a 

sudden decompensation, becoming ‘too sick for transplant’. The cause of this sudden and 

severe decompensation is most commonly due to infection, multisystem organ failure, 

bleeding, or hepatocellular carcinoma (HCC).3 Currently however, there is no way to predict 

which of these patients with low MELD-Na scores will be the ones to experience these 

complications.

Taking into account the above aspects of this field of study, certain patients within the lower 

MELD-Na group may need to be targeted for earlier transplantation, such as those with 

enough predictors but not too many to lead to poor outcomes in the peri or postoperative 

time period. In the pre-MELD-Na era, Merion et al described that UNOS patients with 

MELD <15 who were receiving liver transplants had a higher one year mortality than those 

who remained on the waitlist.90 A second study which looked five year outcomes suggested 

that there was an average benefit to transplantation for patients with MELD scores >10, but 

that even among the patients with scores <10, approximately 20% may still derive benefit.91 

A more recent analysis incorporating the MELD-Na score may suggest an even higher 

threshold of 21.92 In contrast to the above deceased donor studies, living donor transplant 

did benefit patients with MELD <15 when studied by the A2ALL group.93

The management of patients in low MELD-Na groups will be of rising importance in the 

years to come especially with the growing number of patients with low MELD-Na after 

HCV therapy.94 The question of transplantation for this cohort is also is likely to become 

more frequent with increasing organ availability as the fields of donation after circulatory 
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death, machine organ perfusion, and living donation/split transplant continue to advance.
95,96

Conclusion

Prediction of mortality in patients with cirrhosis is an evolving science, based initially on 

observational assessment of procedural complications and gradually advancing to the 

incorporation of biomarkers and more complex statistical scoring strategies to further 

enhance the accuracy of prediction and allocation. Despite these improvements, select 

patients with low MELD-Na scores still suffer from liver related mortality and would likely 

benefit from earlier liver transplantation. Identifying these patients will require new 

approaches that incorporate the old concepts of nutritional status, hypoalbuminemia, and 

progression of portal hypertensive physiology. Future research should seek to validate the 

testing modalities described in this review that might be otherwise passed over by the current 

system of organ allocation—the MELD-Na score (Table 1 and 2).

Acknowledgments

Funding:

Dr. Mazumder is supported by an NIH T32 grant DK077662.

Abbreviations:

CT computed tomography

CTP Child-Turcotte-Pugh

ESLD end stage liver disease

HVPG Hepatic Venous Pressure Gradient

ICGC indocyanine green clearance

INR International Normalized Ratio

GFR Glomerular Filtration Rate

MELD Model for End-Stage Liver Disease

MELD-Na Model for End-Stage Liver Disease with Sodium

NLR neutrophil-to-lymphocyte ratio

SBP Spontaneous bacterial peritonitis

SMI skeletal muscle index

TIPS Transjugular Intrahepatic Portosystemic Shunt

Mazumder et al. Page 10

Transplantation. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Malinchoc M, Kamath PS, Gordon FD, et al. A model to predict poor survival in patients 
undergoing transjugular intrahepatic portosystemic shunts. Hepatology. 2000;31(4):864–871. doi:
10.1053/he.2000.5852 [PubMed: 10733541] 

2. Biggins SW, Kim WR, Terrault NA, et al. Evidence-Based Incorporation of Serum Sodium 
Concentration Into MELD. Gastroenterology. 2006;130(6):1652–1660. doi:10.1053/j.gastro.
2006.02.010 [PubMed: 16697729] 

3. Kwong AJ, Lai JC, Dodge JL, et al. Outcomes for liver transplant candidates listed with low model 
for end-stage liver disease score. Liver Transpl. 2015;21(11):1403–1409. doi:10.1002/lt.24307 
[PubMed: 26289624] 

4. Trotter JF, Osgood MJ. MELD Scores of Liver Transplant Recipients According to Size of Waiting 
List: Impact of Organ Allocation and Patient Outcomes. JAMA. 2004;291(15):1871–1874. doi:
10.1001/jama.291.15.1871 [PubMed: 15100206] 

5. Yi Z, Mayorga ME, Orman ES, et al. Trends in Characteristics of Patients Listed for Liver 
Transplantation Will Lead to Higher Rates of Waitlist Removal Due to Clinical Deterioration. 
Transplantation. 2017;101(10):2368–2374. doi:10.1097/TP.0000000000001851 [PubMed: 
28858174] 

6. Child CG, Turcotte JG. Surgery and portal hypertension. Major Probl Clin Surg 1964;1:1–85. 
[PubMed: 4950264] 

7. Pugh RN, Murray-Lyon IM, Dawson JL, et al. Transection of the oesophagus for bleeding 
oesophageal varices. Br J Surg 1973;60(8):646–649. [PubMed: 4541913] 

8. Kamath PS, Wiesner RH, Malinchoc M, et al. A model to predict survival in patients with end-stage 
liver disease. Hepatology 2001;33(2):464–470. doi:10.1053/jhep.2001.22172 [PubMed: 11172350] 

9. Kaplan DE, Dai F, Aytaman A, et al. Development and Performance of an Algorithm to Estimate the 
Child-Turcotte-Pugh Score From a National Electronic Healthcare Database. Clin Gastroenterol 
Hepatol 2015;13(13):2333–2341.e6. doi:10.1016/j.cgh.2015.07.010 [PubMed: 26188137] 

10. Kim WR, Biggins SW, Kremers WK, et al. Hyponatremia and Mortality among Patients on the 
Liver-Transplant Waiting List. N Engl J Med 2008;359(10):1018–1026. [PubMed: 18768945] 

11. Biggins SW, Rodriguez HJ, Bacchetti P, et al. Serum sodium predicts mortality in patients listed for 
liver transplantation. Hepatology. 2005;41(1):32–39. doi:10.1002/hep.20517 [PubMed: 15690479] 

12. Somsouk M, Kornfield R, Vittinghoff E, et al. Moderate ascites identifies patients with low model 
for end-stage liver disease scores awaiting liver transplantation who have a high mortality risk. 
Liver Transpl 2011;17(2):129–136. doi:10.1002/lt.22218 [PubMed: 21280185] 

13. Heuman DM, Abou-Assi SG, Habib A, et al. Persistent ascites and low serum sodium identify 
patients with cirrhosis and low MELD scores who are at high risk for early death. Hepatology. 
2004;40(4):802–810. doi:10.1002/hep.20405 [PubMed: 15382176] 

14. D’Amico G, Garcia-Tsao G, Pagliaro L. Natural history and prognostic indicators of survival in 
cirrhosis: A systematic review of 118 studies. J Hepatol 2006;44(1):217–231. doi:10.1016/j.jhep.
2005.10.013 [PubMed: 16298014] 

15. D’Amico G, Garcia-Pagan JC, Luca A, et al. Hepatic Vein Pressure Gradient Reduction and 
Prevention of Variceal Bleeding in Cirrhosis: A Systematic Review. Gastroenterology. 
2006;131(5):1611–1624. doi:10.1053/j.gastro.2006.09.013 [PubMed: 17101332] 

16. Abraldes J, Tarantino I, Turnes J, et al. Hemodynamic response to pharmacological treatment of 
portal hypertension and long-term prognosis of cirrhosis. Hepatology. 2003;37(4):902–908. doi:
10.1053/jhep.2003.50133 [PubMed: 12668985] 

17. Ripoll C, Groszmann R, Garcia-Tsao G, et al. Hepatic Venous Pressure Gradient Predicts Clinical 
Decompensation in Patients With Compensated Cirrhosis. Gastroenterology. 2007;133(2):481–
488. doi:10.1053/j.gastro.2007.05.024 [PubMed: 17681169] 

18. Zykus R, Jonaitis L, Petrenkienė V, et al. Liver and spleen transient elastography predicts portal 
hypertension in patients with chronic liver disease: a prospective cohort study. BMC Gastroenterol. 
2015;15:183. doi:10.1186/s12876-015-0414-z [PubMed: 26702818] 

Mazumder et al. Page 11

Transplantation. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



19. Møller S, Hobolth L, Winkler C, et al. Determinants of the hyperdynamic circulation and central 
hypovolaemia in cirrhosis. Gut 2011;60(9):1254–1259. doi:10.1136/gut.2010.235473 [PubMed: 
21504996] 

20. Valeriano V, Funaro S, Lionetti R, et al. Modification of Cardiac Function in Cirrhotic Patients 
With and Without Ascites. Am J Gastroenterol 2000;95(11):3200–3205. [PubMed: 11095342] 

21. Rabie RN, Cazzaniga M, Salerno F, et al. The Use of E/A Ratio as a Predictor of Outcome in 
Cirrhotic Patients Treated With Transjugular Intrahepatic Portosystemic Shunt. Am J 
Gastroenterol 2009;104(10):2458–2466. doi:10.1038/ajg.2009.321 [PubMed: 19532126] 

22. Kia L, Shah SJ, Wang E, et al. Role of Pretransplant Echocardiographic Evaluation in Predicting 
Outcomes Following Liver Transplantation. Am J Transplant 2013;13(9):2395–2401. doi:10.1111/
ajt.12385 [PubMed: 23915391] 

23. Bushyhead D, Kirkpatrick JN, Goldberg D. Pretransplant echocardiographic parameters as markers 
of posttransplant outcomes in liver transplant recipients. Liver Transplant 2016;22(3):316–323. 
doi:10.1002/lt.24375

24. Lee SS. Cardiac Dysfunction in Spontaneous Bacterial Peritonitis: A Manifestation of Cirrhotic 
Cardiomyopathy? Hepatology. 2003;38(5):1089–1091. doi:10.1053/jhep.2003.50489 [PubMed: 
14578846] 

25. Nicolau-Raducu R, Gitman M, Ganier D, et al. Adverse cardiac events after orthotopic liver 
transplantation: A cross-sectional study in 389 consecutive patients. Liver Transplant 2015;21(1):
13–21. doi:10.1002/lt.23997

26. Harinstein ME, Flaherty JD, Ansari AH, et al. Predictive Value of Dobutamine Stress 
Echocardiography for Coronary Artery Disease Detection in Liver Transplant Candidates. Am J 
Transplant 2008;8(7):1523–1528. doi:10.1111/j.1600-6143.2008.02276.x [PubMed: 18510630] 

27. VanWagner LB, Harinstein ME, Runo JR, et al. Multidisciplinary approach to cardiac and 
pulmonary vascular disease risk assessment in liver transplantation: An evaluation of the evidence 
and consensus recommendations. Am J Transplant 2018;18(1):30–42. doi:10.1111/ajt.14531 
[PubMed: 28985025] 

28. Park J, Lee SH, Han S, et al. Preoperative cardiac troponin level is associated with all-cause 
mortality of liver transplantation recipients. PLoS One. 2017;12(5):e0177838. doi:10.1371/
journal.pone.0177838 [PubMed: 28542299] 

29. Cullaro G, Park M, Lai JC. “Normal” Creatinine Levels Predict Persistent Kidney Injury and 
Waitlist Mortality in Outpatients with Cirrhosis. Hepatology. 2018;68(5):1953–1960. doi:10.1002/
hep.30058 [PubMed: 29698588] 

30. Fede G, D’Amico G, Arvaniti V, et al. Renal failure and cirrhosis: A systematic review of mortality 
and prognosis. J Hepatol 2012;56(4):810–818. doi:10.1016/j.jhep.2011.10.016 [PubMed: 
22173162] 

31. Cárdenas A, Ginès P, Uriz J, et al. Renal failure after upper gastrointestinal bleeding in cirrhosis: 
Incidence, clinical course, predictive factors, and short-term prognosis. Hepatology. 2001;34(4 Pt 
1):671–676. doi:10.1053/jhep.2001.27830 [PubMed: 11584362] 

32. Terra C, Guevara M, Torre A, et al. Renal failure in patients with cirrhosis and sepsis unrelated to 
spontaneous bacterial peritonitis: Value of MELD score. Gastroenterology. 2005;129(6):1944–
1953. doi:10.1053/j.gastro.2005.09.024 [PubMed: 16344063] 

33. Bajaj JS, O’Leary JG, Tandon P, et al. Hepatic Encephalopathy Is Associated With Mortality in 
Patients With Cirrhosis Independent of Other Extrahepatic Organ Failures. Clin Gastroenterol 
Hepatol. 2017;15(4):565–574.e4. doi:10.1016/j.cgh.2016.09.157 [PubMed: 27720916] 

34. Cullaro G, Verna EC, Lai JC. Association Between Renal Function Pattern and Mortality in 
Patients with Cirrhosis. Clin Gastroenterol Hepatol 2019. doi:10.1016/J.CGH.2019.01.043

35. Kalafateli M, Wickham F, Burniston M, et al. Development and validation of a mathematical 
equation to estimate glomerular filtration rate in cirrhosis: The royal free hospital cirrhosis 
glomerular filtration rate. Hepatology. 2017;65(2):582–591. doi:10.1002/hep.28891 [PubMed: 
27779785] 

36. Fernández-Esparrach G, Sánchez-Fueyo A, Ginès P, et al. A prognostic model for predicting 
survival in cirrhosis with ascites. J Hepatol 2001;34(1):46–52. doi:10.1016/
S0168-8278(00)00011-8 [PubMed: 11211907] 

Mazumder et al. Page 12

Transplantation. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Kim WR, Lake JR, Smith JM, et al. OPTN/SRTR 2016 Annual Data Report: Liver. Am J 
Transplant 2018;18 Suppl 1:172–253. doi:10.1111/ajt.14559 [PubMed: 29292603] 

38. Follo A, Llovet JM, Navasa M, et al. Renal impairment after spontaneous bacterial peritonitis in 
cirrhosis: Incidence, clinical course, predictive factors and prognosis. Hepatology. 1994;20(6):
1495–1501. doi:10.1002/hep.1840200619 [PubMed: 7982650] 

39. Arvaniti V, D’Amico G, Fede G, et al. Infections in patients with cirrhosis increase mortality four-
fold and should be used in determining prognosis. Gastroenterology. 2010;139(4):1246–1256. doi:
10.1053/j.gastro.2010.06.019 [PubMed: 20558165] 

40. Altman C, Grangé JD, Amiot X, et al. Survival after a first episode of spontaneous bacterial 
peritonitis. Prognosis of potential candidates for orthotopic liver transplantation. J Gastroenterol 
Hepatol 1995;10(1):47–50. doi:10.1111/j.1440-1746.1995.tb01046.x [PubMed: 7620107] 

41. Fried LP, Tangen CM, Walston J, et al. Frailty in older adults: evidence for a phenotype. J Gerontol 
A Biol Sci Med Sci 2001;56(3):M146–56. http://www.ncbi.nlm.nih.gov/pubmed/11253156. 
[PubMed: 11253156] 

42. Lai JC, Volk ML, Strasburg D, et al. Performance-based measures associate with frailty in patients 
with end-stage liver disease. Transplantation. 2016;100(12):2656–2660. doi:10.1097/TP.
0000000000001433 [PubMed: 27495749] 

43. Tapper EB, Finkelstein D, Mittleman MA, et al. Standard assessments of frailty are validated 
predictors of mortality in hospitalized patients with cirrhosis. Hepatology. 2015;62(2):584–590. 
doi:10.1002/hep.27830 [PubMed: 25846824] 

44. Carey EJ, Steidley DE, Aqel BA, et al. Six-minute walk distance predicts mortality in liver 
transplant candidates. Liver Transpl 2010;16(12):1373–1378. doi:10.1002/lt.22167 [PubMed: 
21117246] 

45. Lai JC, Covinsky KE, Dodge JL, et al. Development of a novel frailty index to predict mortality in 
patients with end-stage liver disease. Hepatology. 2017;66(2):564–574. doi:10.1002/hep.29219 
[PubMed: 28422306] 

46. Tandon P, Tangri N, Thomas L, et al. A Rapid Bedside Screen to Predict Unplanned 
Hospitalization and Death in Outpatients With Cirrhosis: A Prospective Evaluation of the Clinical 
Frailty Scale. Am J Gastroenterol 2016;111(12):1759–1767. doi:10.1038/ajg.2016.303 [PubMed: 
27481305] 

47. Lai JC, Dodge JL, Sen S, et al. Functional decline in patients with cirrhosis awaiting liver 
transplantation: Results from the functional assessment in liver transplantation (FrAILT) study. 
Hepatology. 2016;63(2):574–580. doi:10.1002/hep.28316 [PubMed: 26517301] 

48. Dunn MA, Josbeno DA, Tevar AD, et al. Frailty as Tested by Gait Speed is an Independent Risk 
Factor for Cirrhosis Complications that Require Hospitalization. Am J Gastroenterol 
2016;111(12):1768–1775. doi:10.1038/ajg.2016.336 [PubMed: 27575708] 

49. Montano-Loza AJ, Meza-Junco J, Prado CM, et al. Muscle wasting is associated with mortality in 
patients with cirrhosis. Clin Gastroenterol Hepatol 2012;10(2):166–173, 173 e1. doi:10.1016/j.cgh.
2011.08.028 [PubMed: 21893129] 

50. Tandon P, Ney M, Irwin I, et al. Severe muscle depletion in patients on the liver transplant wait list: 
its prevalence and independent prognostic value. Liver Transpl 2012;18(10):1209–1216. doi:
10.1002/lt.23495 [PubMed: 22740290] 

51. Montano-Loza AJ, Meza-Junco J, Baracos VE, et al. Severe muscle depletion predicts 
postoperative length of stay but is not associated with survival after liver transplantation. Liver 
Transpl 2014;20(6):640–648. doi:10.1002/lt.23863 [PubMed: 24678005] 

52. Carey EJ, Lai JC, Wang CW, et al. A multicenter study to define sarcopenia in patients with end-
stage liver disease. Liver Transpl 2017;23(5):625–633. doi:10.1002/lt.24750 [PubMed: 28240805] 

53. Degré D, Bourgeois N, Boon N, et al. Aminopyrine breath test compared to the MELD and Child-
Pugh scores for predicting mortality among cirrhotic patients awaiting liver transplantation. 
Transpl Int 2004;17(1):31–38. doi:10.1007/s00147-003-0655-6 [PubMed: 14745489] 

54. Cheng XP, Zhao J, Chen Y, et al. Comparison of the ability of the PDD-ICG clearance test, CTP, 
MELD, and MELD-Na to predict short-term and medium-term mortality in patients with 
decompensated hepatitis B cirrhosis. Eur J Gastroenterol Hepatol 2016;28(4):444–448. doi:
10.1097/MEG.0000000000000538 [PubMed: 26649802] 

Mazumder et al. Page 13

Transplantation. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.ncbi.nlm.nih.gov/pubmed/11253156


55. Zipprich A, Kuss O, Rogowski S, et al. Incorporating indocyanin green clearance into the Model 
for End Stage Liver Disease (MELD-ICG) improves prognostic accuracy in intermediate to 
advanced cirrhosis. Gut 2010;59(7):963–968. doi:10.1136/gut.2010.208595 [PubMed: 20581243] 

56. Everson GT, Shiffman ML, Hoefs JC, et al. Quantitative liver function tests improve the prediction 
of clinical outcomes in chronic hepatitis C: results from the Hepatitis C Antiviral Long-term 
Treatment Against Cirrhosis Trial. Hepatology. 2012;55(4):1019–1029. doi:10.1002/hep.24752 
[PubMed: 22030902] 

57. Kalra A, Wedd JP, Bambha KM, et al. Neutrophil-to-lymphocyte ratio correlates with 
proinflammatory neutrophils and predicts death in low model for end-stage liver disease patients 
with cirrhosis. Liver Transpl 2017;23(2):155–165. doi:10.1002/lt.24702 [PubMed: 28006875] 

58. Goldberg DS, Olthoff KM. Standardizing MELD Exceptions: Current Challenges and Future 
Directions. Curr Transplant Rep 2014;1(4):232–237. doi:10.1007/s40472-014-0027-4 [PubMed: 
25530936] 

59. Myers RP, Shaheen AA, Faris P, et al. Revision of MELD to include serum albumin improves 
prediction of mortality on the liver transplant waiting list. PLoS One. 2013;8(1):e51926. doi:
10.1371/journal.pone.0051926 [PubMed: 23349678] 

60. Atiemo K, Skaro A, Maddur H, et al. Mortality Risk Factors Among Patients With Cirrhosis and a 
Low Model for End-Stage Liver Disease Sodium Score (≤15): An Analysis of Liver Transplant 
Allocation Policy Using Aggregated Electronic Health Record Data. Am J Transplant 2017;17(9):
2410–2419. doi:10.1111/ajt.14239 [PubMed: 28226199] 

61. van Vugt JLA, Alferink LJM, Buettner S, et al. A model including sarcopenia surpasses the MELD 
score in predicting waiting list mortality in cirrhotic liver transplant candidates: A competing risk 
analysis in a national cohort. J Hepatol 2018;68(4):707–714. doi:10.1016/J.JHEP.2017.11.030 
[PubMed: 29221886] 

62. Myers RP, Tandon P, Ney M, et al. Validation of the five-variable Model for End-stage Liver 
Disease (5vMELD) for prediction of mortality on the liver transplant waiting list. Liver Int 
2014;34(8):1176–1183. doi:10.1111/liv.12373 [PubMed: 24256642] 

63. Biselli M, Dall’Agata M, Gramenzi A, et al. A new prognostic model to predict dropout from the 
waiting list in cirrhotic candidates for liver transplantation with MELD score <18. Liver Int 
2015;35(1):184–191. doi:10.1111/liv.12538 [PubMed: 24650058] 

64. Kang SH, Jeong WK, Baik SK, et al. Impact of sarcopenia on prognostic value of cirrhosis: going 
beyond the hepatic venous pressure gradient and MELD score. J Cachexia Sarcopenia Muscle. 
2018;9(5):860–870. doi:10.1002/jcsm.12333 [PubMed: 30371017] 

65. Montano-Loza AJ, Duarte-Rojo A, Meza-Junco J, et al. Inclusion of Sarcopenia Within MELD 
(MELD-Sarcopenia) and the Prediction of Mortality in Patients With Cirrhosis. Clin Transl 
Gastroenterol 2015;6(7):e102. doi:10.1038/ctg.2015.31 [PubMed: 26181291] 

66. Bhanji RA, Takahashi N, Moynagh MR, et al. The evolution and impact of sarcopenia pre- and 
post-liver transplantation. Aliment Pharmacol Ther 2019;49(6):807–813. doi:10.1111/apt.15161 
[PubMed: 30714184] 

67. Somsouk M, Kornfield R, Vittinghoff E, et al. Moderate ascites identifies patients with low model 
for end-stage liver disease scores awaiting liver transplantation who have a high mortality risk. 
Liver Transpl 2011;17(2):129–136. doi:10.1002/lt.22218 [PubMed: 21280185] 

68. Heuman D, Abou-Assi S, Habib A et al. Persistent ascites and low sodium identify patients with 
cirrhosis and low MELD score who are at high risk for early death. Hepatology. 2004;40(4):802–
810. [PubMed: 15382176] 

69. Prohic D, Mesihovic R, Vanis N, et al. Prognostic Significance of Ascites and Serum Sodium in 
Patients with Low Meld Scores. Med Arch 2016;70(1):48–52. doi:10.5455/medarh.2016.70.48-52 
[PubMed: 26980932] 

70. Huo T-I, Wu J-C, Lin H-C, et al. Evaluation of the increase in model for end-stage liver disease 
(DeltaMELD) score over time as a prognostic predictor in patients with advanced cirrhosis: risk 
factor analysis and comparison with initial MELD and Child-Turcotte-Pugh score. J Heptaol 
2005;42:826–832. doi:10.1016/j.jhep.2005.01.019

Mazumder et al. Page 14

Transplantation. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



71. Cholankeril G, Li AA, Dennis BB, et al. Pre-Operative Delta-MELD is an Independent predictor of 
Higher Mortality following Liver transplantation. Sci Rep 2010;9(1):8312. doi:10.1038/
s41598-019-44814-y

72. Bambha K, Kim WR, Kremers WK, et al. Predicting survival among patients listed for liver 
transplantation: An assessment of serial MELD measurements. Am J Transplant 2004;4(11):1798–
1804. doi:10.1111/j.1600-6143.2004.00550.x [PubMed: 15476479] 

73. Hanai T, Shiraki M, Ohnishi S, et al. Rapid skeletal muscle wasting predicts worse survival in 
patients with liver cirrhosis. Hepatol Res 2016;46(8):743–751. doi:10.1111/hepr.12616 [PubMed: 
26579878] 

74. Jeong JY, Lim S, Sohn JH, et al. Presence of Sarcopenia and Its Rate of Change Are Independently 
Associated with Long-term Mortality in Patients with Liver Cirrhosis. J Korean Med Sci 
2018;33(50):e299. doi:10.3346/JKMS.2018.33.E299 [PubMed: 30534029] 

75. Briceño J, Cruz-Ramírez M, Prieto M, et al. Use of artificial intelligence as an innovative donor-
recipient matching model for liver transplantation: results from a multicenter Spanish study. J 
Hepatol 2014;61(5):1020–1028. doi:10.1016/j.jhep.2014.05.039 [PubMed: 24905493] 

76. Ayllón MD, Ciria R, Cruz-Ramírez M, et al. Validation of artificial neural networks as a 
methodology for donor-recipient matching for liver transplantation. Liver Transpl 2018;24(2):192–
203. doi:10.1002/lt.24870 [PubMed: 28921876] 

77. Cucchetti A, Vivarelli M, Heaton ND, et al. Artificial neural network is superior to MELD in 
predicting mortality of patients with end-stage liver disease. Gut 2007;56(2):253–258. doi:
10.1136/gut.2005.084434 [PubMed: 16809421] 

78. Kartoun U, Corey KE, Simon TG, et al. The MELD-Plus: A generalizable prediction risk score in 
cirrhosis. PLoS One. 2017;12(10):e0186301. doi:10.1371/journal.pone.0186301 [PubMed: 
29069090] 

79. Caraceni P, Riggio O, Angeli P, et al. Long-term albumin administration in decompensated 
cirrhosis (ANSWER): an open-label randomised trial. Lancet 2018;391(10138):2417–2429. doi:
10.1016/S0140-6736(18)30840-7 [PubMed: 29861076] 

80. Romanelli RG, La Villa G, Barletta G, et al. Long-term albumin infusion improves survival in 
patients with cirrhosis and ascites: an unblinded randomized trial. World J Gastroenterol 
2006;12(9):1403–1407. doi:10.3748/wjg.v12.i9.1403 [PubMed: 16552809] 

81. Brinch K, Møller S, Bendtsen F, et al. Plasma volume expansion by albumin in cirrhosis. Relation 
to blood volume distribution, arterial compliance and severity of disease. J Hepatol 2003;39(1):24–
31. doi:10.1016/S0168-8278(03)00160-0 [PubMed: 12821040] 

82. Brustia R, Savier E, Scatton O. Physical exercise in cirrhotic patients: Towards prehabilitation on 
waiting list for liver transplantation. A systematic review and meta-analysis. Clin Res Hepatol 
Gastroenterol 2018;42(3):205–215. doi:10.1016/j.clinre.2017.09.005 [PubMed: 29162460] 

83. Kruger C, McNeely ML, Bailey RJ, et al. Home Exercise Training Improves Exercise Capacity in 
Cirrhosis Patients: Role of Exercise Adherence. Sci Rep 2018;8(1):99. doi:10.1038/
s41598-017-18320-y [PubMed: 29311671] 

84. Narahara Y, Kanazawa H, Fukuda T, et al. Transjugular intrahepatic portosystemic shunt versus 
paracentesis plus albumin in patients with refractory ascites who have good hepatic and renal 
function: a prospective randomized trial. J Gastroenterol 2011;46(1):78–85. doi:10.1007/
s00535-010-0282-9 [PubMed: 20632194] 

85. Salerno F, Merli M, Riggio O, et al. Randomized controlled study of TIPS versus paracentesis plus 
albumin in cirrhosis with severe ascites. Hepatology. 2004;40(3):629–635. doi:10.1002/hep.20364 
[PubMed: 15349901] 

86. Tsien C, Shah SN, McCullough AJ, et al. Reversal of sarcopenia predicts survival after a 
transjugular intrahepatic portosystemic stent. Eur J Gastroenterol Hepatol 2013;25(1):85–93. doi:
10.1097/MEG.0b013e328359a759 [PubMed: 23011041] 

87. Sinclair M, Grossmann M, Hoermann R, et al. Testosterone therapy increases muscle mass in men 
with cirrhosis and low testosterone: A randomised controlled trial. J Hepatol 2016;65(5):906–913. 
doi:10.1016/J.JHEP.2016.06.007 [PubMed: 27312945] 

Mazumder et al. Page 15

Transplantation. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



88. Kaido T, Ogawa K, Fujimoto Y, et al. Impact of Sarcopenia on Survival in Patients Undergoing 
Living Donor Liver Transplantation. Am J Transplant 2013;13(6):1549–1556. doi:10.1111/ajt.
12221 [PubMed: 23601159] 

89. Hiramatsu A, Aikata H, Uchikawa S, et al. Levocarnitine Use Is Associated With Improvement in 
Sarcopenia in Patients With Liver Cirrhosis. Hepatol Commun 2019;3(3):348–355. doi:10.1002/
hep4.1309 [PubMed: 30859147] 

90. Merion RM, Schaubel DE, Dykstra DM, et al. The survival benefit of liver transplantation. Am J 
Transplant 2005;5(2):307–313. doi:10.1111/j.1600-6143.2004.00703.x [PubMed: 15643990] 

91. Schaubel DE, Guidinger MK, Biggins SW, et al. Survival Benefit-Based Deceased-Donor Liver 
Allocation. Am J Transplant 2009;9(4 Pt 2):970–981. doi:10.1111/j.1600-6143.2009.02571.x 
[PubMed: 19341419] 

92. Nagai S, Chau LC, Schilke RE, et al. Effects of Allocating Livers for Transplantation Based on 
Model for End-stage Liver Disease-Sodium Scores on Patient Outcomes. Gastroenterology. 
2018;155(5):1451–1462. doi:10.1053/j.gastro.2018.07.025 [PubMed: 30056096] 

93. Berg CL, Merion RM, Shearon TH, et al. Liver transplant recipient survival benefit with living 
donation in the model for endstage liver disease allocation era. Hepatology. 2011;54(4):1313–
1321. doi:10.1002/hep.24494 [PubMed: 21688284] 

94. El-Sherif O, Gordon Jiang Z, Tapper EB, et al. Baseline Factors Associated With Improvements in 
Decompensated Cirrhosis After Direct-Acting Antiviral Therapy for Hepatitis C Virus Infection. 
Gastroenterology. 2018;154(8):2111–2121. doi:10.1053/j.gastro.2018.03.022 [PubMed: 
29535028] 

95. Nasralla D, Coussios CC, Mergental H, et al. A randomized trial of normothermic preservation in 
liver transplantation. Nature. 2018;557(7703):50–56. doi:10.1038/s41586-018-0047-9 [PubMed: 
29670285] 

96. Ge J, Gilroy R, Lai JC. Receipt of a pediatric liver offer as the first offer reduces waitlist mortality 
for adult women. Hepatology. 2018;68(3):1101–1110. doi:10.1002/hep.29906 [PubMed: 
29604217] 

Mazumder et al. Page 16

Transplantation. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: 
Conceptual Pipeline of Events Leading to Progression and Death in Low MELD-Na Patients
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