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Abstract
Background—Surgeons frequently struggle to determine patient suitability for liver
transplantation. Objective and comprehensive measures of overall burden of disease, such as
sarcopenia, could inform clinicians and help avoid futile transplants.

Study Design—The cross sectional area of the psoas muscle was measured on CT scans of 163
liver transplant recipients. After controlling for donor and recipient characteristics using Cox
regression models, we described the relationship between psoas area and post-transplant mortality.

Results—Psoas area correlated poorly with MELD score and serum albumin. Cox regression
revealed a strong association between psoas area and post-transplant mortality (HR=3.7 per 1000
mm2 decrease in psoas area (p<0.0001). Upon stratification into quartiles based on psoas area
(holding donor and recipient characteristics constant), one year survival ranged from 49.7% for the
quartile with the smallest psoas area to 87.0% for the quartile with the largest. Survival at three
years among these groups was 26.4% and 77.2%, respectively. The impact of psoas area on
survival exceeded that all other covariates in these models.

Conclusions—Central sarcopenia strongly correlates with post-liver transplant mortality. Such
objective measures of patient frailty such as sarcopenia may inform clinical decision making and
potentially allocation policy. Further work is needed develop valid and clinically relevant
measures of sarcopenia and frailty in liver transplantation.

INTRODUCTION
Better measures of post transplant survival are needed. The current liver transplant
allocation system is based upon the Model for End-stage Liver Disease (MELD) score, a
validated metric that accurately predicts waitlist survival, and has successfully decreased
waitlist mortality among liver transplant candidates by directing organs to the most ill
patients.1 As a result, clinicians frequently face difficult decisions regarding the suitability
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of these extremely ill individuals for liver transplantation. In an effort to avoid futile liver
transplants, clinicians assess suitability by considering validated measures of post-transplant
survival, such as age, hepatitis C status, hospitalization status, along with medical
comorbidities.2, 3 Despite these considerations, a surgeon’s decision is largely related to a
subjective assessment of global health status; what some clinicians call “the eye ball test”.
Experienced clinicians are likely very good at this, but unfortunately it is difficult to
describe and objectively measure, thus difficult the study. A better understanding of this
subjective assessment may significantly inform clinical decision making regarding recipient
selection.

One objective measure which may describe much of the subjective “eye ball test” is frailty.
Frailty is defined as “the biologic syndrome of decreased reserve and resistance to stressors,
resulting from cumulative declines across multiple physiologic systems, and causing
vulnerability to adverse outcomes”.4 Although best described as a facet of aging, frailty is
also understood to play a role in susceptibility and natural history of a wide range of chronic
illnesses.5, 6 Frailty can be measured using an array of cognitive and physical tests, and
muscle loss (sarcopenia) is one well described component of frailty.7-11 Sarcopenia has
been traditionally defined as an aging process, but may be accelerated in chronic medical
illness and malnutrition.4-6, 12 Measures of sarcopenia may be particularly attractive to
transplant surgeons and policy makers because they are objective and reproducible.
Furthermore, measures of muscle mass likely do not reflect acute severity of illness, but are
rather chronic indicators of overall health. In all, measuring sarcopenia may underscore the
subjective findings noted as part of the “eye ball test”.

In this manuscript, we describe a pilot study describing the relationship between sarcopenia
and post-liver transplant survival. To do this, we used peri-operative CT scans to measure
the size of the psoas muscle, a core muscle of the trunk susceptible to changes among
chronically ill patients, but not acutely ill patients. 7, 8, 13 Our first hypothesis is that liver
transplant patients will be sarcopenic and that total psoas area is a valid measure of this
sarcopenia. Our second hypothesis is that sarcopenia is associated with outcomes following
liver transplantation. Overall, with this work we introduce sarcopenia as a potentially
important clinical characteristic of high risk surgical patients. Further study is needed to
develop clinically relevant measures of sarcopenia, and to further elucidate the relationship
between sarcopenia and transplant outcomes.

METHODS
This study was approved by the University of Michigan Institutional Review Board. We
retrospectively reviewed the records of 509 adult patients (≥18 yrs) who underwent liver
transplantation at the University of Michigan Medical Center between June 2002 and July
2008. Age, race, sex, etiology of liver disease, MELD score components, presence of portal
venous thrombosis, height and weight at the time of operation, donor characteristics,
preoperative serum albumin, and post-transplant mortality data were obtained for all
patients. Among them, 207 had a CT scan of their abdomen performed within 90 days of
transplant. Psoas muscle measurements were available for 192 of these patients. Further re-
transplant patients and patients with portal vein thrombosis (N = 29) were eliminated from
further analysis. This subpopulation (n=163) served as our study cohort.

Cross-sectional areas of the left and right psoas muscles at the level of the fourth lumbar
vertebra (L4) were determined in our study population. This was accomplished by first
identifying individual vertebral levels on each patient’s CT scan. We then selected the
individual imaging slice at the superior aspect of L4 and outlined the borders of the left and
right psoas muscle. The area of the resulting enclosed regions was then computed to
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generate the cross-sectional area of the psoas muscles. Our morphometric measures were
also completed on a control population of 248 trauma patients. These patients underwent
blunt trauma and the initial CT done as part of the trauma work-up was analyzed. These
steps were completed in a semi-automated fashion using algorithms programmed in
MATLAB v13.0.

Descriptive statistics were computed for the study cohort. Continuous variables were
summarized by the mean and standard deviation, while frequency tables were produced for
categorical variables. Relationships between TPA and age were assessed using standard
linear regression techniques for both transplant patients and a control cohort of trauma
patients. Similarly, relationships between TPA and both serum albumin and MELD score
were assessed using linear regression.

The covariate-adjusted effect of psoas area on post-transplant mortality was ascertained
through standard survival analysis methods, namely Cox regression. Patients began follow-
up at the time of liver transplant and were followed until the earliest of death or loss to
follow-up. Attempts to determine a specific cause of death were made but determined to not
be possible in the majority of cases due to case complexity (multi-organ failure related to
multiple potential etiologies). Adjustment covariates included recipient age, gender, race,
diagnosis height, weight, creatinine, bilirubin, INR, albumin, and donor age. Our model
assumes that the effect of total psoas area (TPA) on the post-transplant death hazard is
constant (linear) across all TPA values. We carried out various checks to ensure that the
TPA effect is being described accurately by our model. For example, we added a quadratic
term to the model and found that it was highly non-significant (p=0.98). We then fitted a
model with TPA categorized; the trends in the hazard ratios (HRs) corresponding to the TPA
categories were supportive of linearity. Further, we examined models containing linear
splines and found no evidence of non-linearity. Finally, we tested for interactions between
TPA and all other significant covariates and found no significant interactions. Therefore, the
original model was deemed to provide an appropriate representation of the effect of TPA on
post-transplant mortality.

All analysis used SAS v9.2 (SAS Institute; Cary, NC).

RESULTS
Descriptive statistics of the study population (n=163) are shown in Table 1. The mean age at
transplant was 53.2 ± 9.2 and the mean donor age was 40.2 ± 17.0. The mean lab MELD at
the time of transplant was 19.3 ± 7.6. Psoas measurements for14.6%) subjects were obtained
from scans done in the perioperative, pre-transplant period and psoas measurements for 164
85.4% patients were obtained from scans done in the perioperative, post-transplant period.
The right side and left side psoas areas were highly correlated (Pearson correlation
coefficient = 0.91; p<0.0001). Therefore, total psoas area (TPA), defined as the sum of right
side and left side psoas area, is used for the remainder of the analysis. The mean psoas area
was 1960.9 ± 706.5 mm2. The mean psoas density, measured and Hounsfield units (Hu),
was 101.4 ± 20.1. A total of 42 patients (25.8 %) died during the period of observation
(mean follow-up 4.4 years).

Importantly, we assessed only patients who had a CT scan of the abdomen in the peri-
operative period. Upon sensitivity analysis, we did note higher mortality among patients
who underwent cross sectional imaging by CT scan (25.8% overall mortality) compared to
patients who did not (N = 302, overall mortality 22.8%), though this difference was not
statistically significant (p = 0.119 by log-rank test).
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In an effort to validate the hypothesis that CT scans of the psoas muscle will reveal
sarcopenia in liver transplant recipients, total psoas area (TPA) among liver transplant
recipients was compared to a control group of 248 trauma patients. The trauma patients were
significantly younger than the liver transplant patients (37.2 vs. 52.3, p=0.001). As noted in
Figures 1a (males) and 1b (females), psoas area is significantly smaller in the liver transplant
population. In addition, psoas area declines with increasing age for both trauma and liver
transplant patients. Interestingly, the slope of decrease in psoas area is steeper in the trauma
patients, while there is significantly less variation by age among the transplant patients.

A histogram of TPA showed it was normally distributed (data not shown). Bivariate analysis
revealed that TPA was significantly correlated with height (ρ= 0.41; p<0.0001), weight
(ρ=0.34; p<0.0001), male gender (ρ=0.55; p<0.0001), and creatinine (ρ=−0.25; p=0.0004).
Multiple linear regression using TPA as the response variable indicated that each of weight,
gender and creatinine were each significant covariate-adjusted predictors of TPA (p<0.0001
for each). , Serum albumin is another well described marker of operative risk. We note that
TPA is poorly correlated with serum albumin levels. (Figure 2) Similarly, we assessed the
relationship between TPA and MELD score. There was a relatively weak relationship
between MELD score and TPA, with a trend towards a higher TPA among low MELD
patients. (Figure 3)

As shown in Table 2, total psoas area had a significant (p<0.0001) effect on post liver
transplant mortality, with an adjusted hazard ratio (HR) of HR=0.27 [95% confidence
interval (CI) = (0.14, 0.53)] per 1000 mm2 increase in psoas area. Moreover, the model
results may more easily be understood by considering that the risk of mortality increased as
psoas area decreased (HR=3.7 per 1000 mm2 decrease in psoas area (p<0.0001). Therefore,
comparing two liver transplant recipients that differ in TPA by 1000 mm2 but are equal in
all other respects, the patient with the higher TPA faces a mortality rate which is 25% that of
the patient with the lower TPA. The model seems accurate, considering that other known
predictors of mortality (recipient age (HR=1.40 per decade, 95%CI 0.99-1.08) and donor
age (1.21 per decade, 95%CI 1.00-1.41) are also correlated with mortality.

Figure 4 shows the covariate adjusted hazard ratio (overall survival) for TPA across the
observed range of TPA. The reference TPA (HR=1) is TPA=1.9 cm2, which is the median
TPA in our study population. As shown in Figure 4, the hazard ratio for a patient with
TPA=1.42 was HR=1.88; i.e., a patient with TPA at the 25th percentile has almost twice the
post-transplant mortality rate of a patient at the median TPA, covariate-adjusted.

Using the same models, we calculated the covariate adjusted survival of recipients stratified
by quartile of TPA. (Figure 5) Holding all other covariates equal among the quartiles of
TPA, the one year survival ranged from 49.7% among the group with the smallest TPA
compared with 87.0% among the group with the largest TPA. (Figure 5a) Similarly, the
three-year survival ranges from 26.4% among the group with the smallest TPA compared
with 77.2% among the group with the largest TPA. (Figure 5b)

It is important to note that the probability of observing each of the TPA values is not equal.
Therefore, in Figure 6 we provide a box-and-whisker plot of the adjusted HR for TPA,
recipient age, and donor age. From Figure 6 we can see that differences in TPA values
across the study population produce very large differences in post-transplant mortality risk,
even after factoring out the impact of the adjustment covariates. When we compare TPA to
other covariates (recipient and donor age), we note that TPA is associated with a much more
profound variation in the HR for mortality.
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DISCUSSION
With the introduction of MELD based allocation, more liver transplant candidates are
severely ill at the time of transplantation. Surgeons are frequently faced with difficult
decisions regarding a patient’s suitability for transplantation. Surgeons consider a myraid of
clinical factors when assessing a patient for transplant, but frequently at the core of this
decision is a subjective patient assessment by an experienced clinician, the so called “eye
ball test”. Unfortunately, these subjective assessments are not amenable to study.
Potentially, what experienced surgeons maybe assessing is patient frailty and sarcopenia.
Both of these are clear components of severe liver disease and intuitively are risk factors for
poor outcomes. In this manuscript, we have demonstrated that sarcopenia, as measured by
total psoas area, strongly correlates with post-transplant survival. This is an observation
from a pilot study with important limitations. Nonetheless, this work introduces the concepts
of sarcopenia and frailty to liver transplantation, and potentially to surgery, in general. With
further work, objective measures of frailty (such as sarcopenia) have the potential to inform
clinical decision making regarding suitability for transplantation and help optimize the
utilization of scarce donor organs.

Consideration of a patient’s overall health status including comorbidities, nutritional status,
and physical conditioning may better capture his or her medical condition than is possible
with an analysis of liver disease alone. Integrative measurements such as this have been
formalized into the concept of frailty, and sarcopenia is a significant component of this
concept.4 Frailty has been found to be a more robust predictor of functional status in the
elderly than age or comorbidities, with increases in an individual’s frailty greatly increasing
risk of death.14 Similarly. Sarcopenia has been shown to be predictive of poor outcome
following stroke and hip fracture.15, 16 Though most widely used to describe decline
associated with aging, sarcopenia is also applicable in the diminished homeostatic reserve
seen in chronic illnesses and organ failure.17 As such, sarcopenia may be an ideal
characteristic for studying postoperative outcome in the ESLD population.

Sarcopenia may be a particularly attractive prognostic characteristic considering that many
conventional frailty measures may be ill-suited to the pre-transplant state. Tests measuring
physical stamina and mental acuity may be valid in the general population, but their
application is less clear in ESLD patients. Hepatic encephalopathy can diminish an
individual’s ability to answer simple questions, while ascites, bleeding diatheses, and fall
risk further limit the utility of strength, balance, and endurance exams. It is unclear to what
degree traditional frailty measures in this patient population would reflect the changes of
primary liver disease, which could be reversed with liver transplantation, or instead correlate
with global physiologic decline that may or may not improve with transplantation. Ongoing
studies to address this question are underway at our transplant center and others. We propose
that a more consistent measure of nutritional and functional state could be found by
assessing the degree of sarcopenia using body morphometry. Previous work has established
that physical exam and measurement of muscle depth correlate well with traditional frailty
indices such as grip strength.18, 19 With this work, we have introduced an objective and
reproducible measure of frailty (central sarcopenia on CT scan) correlating with liver
transplant outcomes. We have chosen the psoas muscle because changes in the size of
muscles of the trunk are thought to best reflect global health and long-term chronic illness.
13, 20-22 Future work will need to focus on clinically relevant assessments of both
sarcopenia (such as bedside ultrasound) and frailty (bedside frailty assessment). Moreover, it
is not clinically practical to get cross-sectional imaging studies to assess muscle size of
patients, thus future work will have to consider different approaches to measure patient
muscle size. In addition, future work will need to assess other attributes of muscle
deterioration such as fat infiltration and fibrosis of muscle.9 Nonetheless, the concept of
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frailty and sarcopenia are likely clinically important in not only a liver transplantation, but
among other surgical realms.

Certainly, this work must be considered within the context of its limitations. Firstly, we
report on a relatively small cohort of patients from a single center. Future studies should
include a larger sample size and multiple institutions. Secondly, there is significant selection
bias for patient inclusion in the study group. We were only able to include liver transplant
candidates who had a CT scan of the abdomen in the peri-operative period. More
specifically, over the observation period, 509 patients underwent liver transplantation while
we were only able to include 163 in our analysis. Presumably, sicker patients would be more
likely to receive a CT scan in the perioperative period. Upon sensitivity analysis, we did
note higher mortality among patients who did receive a CT scan, though this difference was
not statistically significant. In addition, we only compare mortality rates among patients who
had a CT scan, thus the overall conclusions of our analyses remain valid. Nonetheless, future
work will require prospective data accumulation to prevent such selection bias. Next, we
only describe one component of frailty, sarcopenia. Such measures have been validated in a
geriatrics population, but never previously studied in patients with liver disease or in the
context of major surgery.4, 8, 9, 17 Future work will need to focus on the prospective and
longitudinal assessment of validated measures of frailty, in addition to sarcopenia. In an
effort to validate our measure of sarcopenia, we have compared liver transplant patients to
control (trauma) patients. This comparison suggests a correlation of sarcopenia with chronic
illness, but future work will focus on prospectively validating this measure with other
accepted measures of frailty and sarcopenia. Potentially, simpler tests of global health status
may be clinically more practical. Clinicians have suggested the use of albumin or the
presence of ascites within this context in the past, though these measures have been shown
to poorly discriminate among this population of severely ill individuals.23, 24 Finally, we
focus on post-transplant survival and future work should investigate the potentially
important relationship between quality of life and peri-operative sarcopenia.

Overall, this pilot study describes sarcopenia as a factor associated with mortality following
liver transplantation. Measures of sarcopenia and frailty may provide important information
to patients and clinicians, but additional study measuring sarcopenia and frailty
prospectively is needed to more fully define the relationship between outcomes and frailty.
It is likely that the path to severe complications and inferior survival among frail patients
begins with one or two deviations from routine postoperative recovery, compounded by a
diminished physiologic buffer, until a critical point is reached and a poor outcome becomes
nearly inevitable. An objective and comprehensive measure of overall burden of disease,
such as sarcopenia, could inform novel treatment pathways in an effort to avoid these poor
outcomes. Beyond this, proactively measuring sarcopenia and frailty could even mark
patients seen at pre-transplant clinic for highly targeted nutritional and physical therapy
interventions to prevent or delay functional decline to the point that transplantation cannot
be performed. Also, objective measures of frailty (such as central sarcopenia) have the
potential to inform benefit based allocation models and help optimize liver transplant
outcomes. Future work is needed develop valid and clinically relevant measures of
sarcopenia and frailty in liver transplantation.
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Abbreviation definitions

MELD Model for End-stage Liver Disease

L4 fourth lumbar vertebra

HR hazard ratio

Hu Hounsfield units

TPA total psoas area (measured in mm2)
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Figure 1.
The cross sectional area (mm2) of the psoas muscle stratified by age among otherwise
healthy trauma patients (blue) and liver transplant recipients (red). Males are shown in
figure 1a and females in 1b. Both male and female liver transplant recipients have
significantly smaller psoas area compared to trauma patients. Psoas area decreases with age
in both groups, though the slope of this decreased is larger in the trauma patients.
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Figure 2.
The cross sectional area (mm2) of the psoas muscle stratified by preoperative serum albumin
(g/dL). No clear relationship between TPA and pre-liver transplant serum albumin level was
noted.
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Figure 3.
The cross sectional area (mm2) of the psoas muscle stratified by preoperative MELD score.
A weak relationship is noted between preoperative MELD score and psoas muscle area, with
a trend towards larger muscle areas among low MELD patients.
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Figure 4.
Effect of total psoas area (TPA) in post-liver transplant mortality, as quantified by the
covariate adjusted hazard ratio (HR). The reference TPA (HR=1) is TPA=1.91 cm2, which is
the median TPA in our study population. The hazard ratio for a patient with TPA=1.42 was
HR=1.88; i.e., a patient with TPA at the 25th percentile has almost twice the post-transplant
mortality rate of a patient at the median TPA, covariate-adjusted. For patients differing by
1000 mm2 with respect to TPA, the patient with the higher TPA faces a post-transplant
mortality rate equal to 25% (HR=0.27) of the patient with the lower TPA.
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Figure 5.
This figure shows the adjusted survival (one-year Figure 5a and three-year Figure 5b) of
liver transplant recipients, stratified by quartiles of total psoas area (TPA). Holding all other
covariates equal among the quartiles of TPA, the one year survival ranged from 49.7%
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among the group with the smallest TPA compared with 87.0% among the group with the
largest TPA. (Figure 5a) Similarly, the three-year survival ranges from 26.4% among the
group with the smallest TPA compared with 77.2% among the group with the largest TPA.
(Figure 5b)
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Figure 6.
Box-whisker plot of the adjusted hazard ratio (HR) for total psoas area (TPA), recipient age,
and donor age. The box includes the central 50% of the data, while the whiskers include the
central 90%. The distribution is covariate-adjusted as a HR=1 is assigned for every
adjustment covariate. Differences in TPA values across the study population produce very
large differences in post-transplant mortality risk, even after factoring out the impact of the
other covariates. When we compare TPA to other covariates (recipient and donor age), we
note that TPA is associated with a more profound variation in the HR for mortality.
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Table 1

Patient Characteristics (N=163)

Characteristic mean ± SD

Age at tx 52.3 ± 9.2

Height (cm) 171.3 ± 10.0

Weight (kg) 83.3 ± 20.5

Body mass index 28.3 ± 6.3

Donor Age 40.2± 17.0

Preoperative Albumin 2.8 ± 0.7

Preoperative creatinine 1.5 ± 1.1

Preoperative INR 1.6± 0.7

Preoperative total bilirubin 5.1± 5.1

Lab_MELD 19.3± 7.6

Total Psoas Area (mm2) 1960.9± 706.5

Total Psoas Density (Hu) 101.4± 20.1

BMD 175.7± 50.3

n (percent)

Race

White
African American

Other race

132 (81.0%)
18 (11.0%)
13 (8.0%)

Event

Death
Censoring

42 (25.8%)
121 (74.2%)

Gender

Female
Male

60 (36.8%)
103 (63.2%)

Diagnosis

ETOH
HCC
HCV
PBC
PSC

Other

19 (11.7%)
21(12.9%)
57 (35.0%)
9 (5.5%)

17 (10.4%)
40 (24.5%)
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Table 2

Risk Factors for Mortality following Liver Transplantation (Estimated parameters in the Cox model)

Characteristic HR (95%CI) Chi-square
statistic P-value

Total psoas area (cm2) 0.274 (0.141, 0.531) 14.667 0.0001

Age at transplant 1.036 (0.993, 1.080) 2.624 0.105

Height (per 10 cm) 1.301 (0.811, 2.087) 1.190 0.275

Weight (per 5 kg) 1.031 (0.948, 1.122) 0.508 0.476

Donor Age 1.021 (1.002, 1.041) 4.555 0.033

Preoperative Albumin 0.751 (0.433, 1.302) 1.039 0.308

Preoperative creatinine 0.804 (0.585, 1.105) 1.810 0.179

Preoperative INR 0.984 (0.561, 1.725) 0.003 0.955

Preoperative total bilirubin 1.010 (0.942, 1.084) 0.080 0.778

Race (reference: White)

African American
Other race

0.451 (0.117, 1.732)
0.241 (0.029, 2.005)

1.347
1.731

0.246
0.188

Gender (reference: Male) 0.645 (0.219, 1.905) 0.629 0.428

Diagnosis (reference: HCV)

ETOH
HCC
PBC
PSC

Other

0.588 (0.186, 1.861)
0.782 (0.240, 2.549)
0.409 (0.082, 2.033)
0.338 (0.088, 1.302)
0.759 (0.300, 1.923)

0.816
0.167
1.193
2.486
0.337

0.366
0.683
0.275
0.115
0.561
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