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Highlights

Subcutaneous adipose tissue (SAT) radiodensity can be
objectively measured by CT in Hounsfield units (HU).

SAT radiodensity constitutes an indirect surrogate marker
of adipose tissue quality.

High SAT radiodensity in cirrhosis was defined as >-83
HU in females and >-74 HU in males.

High SAT radiodensity presents in more than a quarter of
patients with cirrhosis and is associated with higher
mortality.

High SAT radiodensity might indicate adipose tissue
remodelling with morphological features of atrophy.

https://doi.org/10.1016/j.jhepr.2022.100495

Lay summary

Poor quality of subcutaneous adipose tissue (fat under
the skin) is associated with higher mortality in pa-
tients with end-stage liver disease. Fat cells are
smaller in patients with poor adipose tissue quality.
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Higher subcutaneous adipose tissue radiodensity is associated
with increased mortality in patients with cirrhosis
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Background & Aims: Association between sarcopenia and mortality in cirrhosis is well recognised; however, little is known
about the clinical implications of adipose tissue radiodensity, indicative of biological features. This study aimed to determine
an association between high subcutaneous adipose tissue (SAT) radiodensity and survival, compare the prevalence of high SAT
radiodensity between healthy population and patients with cirrhosis, and identify an association between computed to-
mography (CT)-measured SAT radiodensity and histological characteristics.

Methods: Adult patients with cirrhosis (n = 786) and healthy donors (n = 129) with CT images taken as part of the liver
transplant (LT) assessment were included. Abdominal SAT biopsies (1-2 g) were harvested from the incision site at the time of
LT from 12 patients with cirrhosis.

Results: The majority of patients were male (67%) with a mean model for end-stage liver disease (MELD) score of 15 + 8. SAT
radiodensity above -83 HU in females (sub-distribution hazard ratio [sHR] 1.84, 95% CI 1.20-2.85, p = 0.006) and higher than
-74 HU in males (sHR 1.51, 95% CI 1.05-1.18, p = 0.02) was associated with the highest mortality risk after adjusting for
confounders in competing risk analysis. The frequency of high SAT radiodensity was 26% for those with cirrhosis, compared
with 2% in healthy donors (p <0.001). An inverse correlation was found between SAT radiodensity and the mean cross-
sectional area of SAT adipocytes (r = -0.67, p = 0.02). Shrunken, smaller adipocytes with expanded interstitial space were
predominant in patients with high SAT radiodensity, whereas larger adipocytes with a thin rim of cytoplasm were observed in
patients with low SAT radiodensity (744 + 400 vs. 1,521 + 1,035 um?, p <0.001).

Conclusion: High SAT radiodensity frequently presents and is associated with a higher mortality in cirrhosis. SAT morpho-
logical rearrangement in patients with high SAT radiodensity might indicate diminished lipid stores and alterations in tissue
characteristics.

Lay summary: Poor quality of subcutaneous adipose tissue (fat under the skin) is associated with higher mortality in patients
with end-stage liver disease. Fat cells are smaller in patients with poor adipose tissue quality.

© 2022 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction investigated in this patient population.? Although the indepen-

Over the past decade, there has been increasing recognition of
the relevance of body composition evaluation in patients with
cirrhosis.! Image-based modalities such as computed tomogra-
phy (CT) scans have extended our current knowledge on the
prognostic significance of body composition parameters in pa-
tients with cirrhosis. Body composition analysis at the time of
liver transplant (LT) evaluation indicated a relationship between
abnormal body composition features and poor prognosis in
cirrhosis. Sarcopenia (low muscle mass) is a common compli-
cation in patients with cirrhosis that has been extensively

Keywords: Computed tomography; CT attenuation; Outcomes; End-stage liver
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dent association between this radiologically identified abnor-
mality in skeletal muscle and poor prognosis in cirrhosis is well
recognised,' little is known about the clinical implications of
adipose tissue radiodensity, which reflects tissue biological fea-
tures. The concept of adipose tissue radiodensity is emerging in
literature, and its relationship to prognosis has been explored
within the oncology setting.>*

Adipose tissue radiodensity can be objectively measured by
CT in Hounsfield units (HU). CT-derived average adipose tissue
radiodensity has been introduced as an indirect surrogate
marker of adipose tissue quality.> Several potential factors, such
as blood flow,° adipocyte size,” lipid content® and fluid-to-
triglyceride ratio” might impact radiodensity measured by CT
HU. Therefore, HU is not a sole marker of stored triglycerides in
adipose tissue; it also represents other aspects of tissue structure
including water, blood, and residual fat cell components.’
However, histological data on adipose tissue quality features
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are inadequate because of the invasiveness of tissue sampling
and therefore, indirect, accessible surrogate markers are
required.

Lower adipose tissue radiodensity (ie. more negative CT
radiodensity) has been linked to the larger lipid droplets within
hypertrophic adipocytes.® A recent study revealed that adipose
tissue radiodensity is a more robust predictor of insulin resis-
tance than adipose tissue volume in obese and overweight in-
dividuals.'® Subcutaneous adipose tissue (SAT), provides energy
in hypercatabolic states such as cirrhosis and stimulates insulin
response, glucose and lipid metabolism, as well as the immune
response by secreting adipokines, primarily leptin.'"'> Higher
SAT radiodensity might represent adipose tissue fibrosis.!° Hav-
ing higher SAT radiodensity was associated with shorter survival
in patients with multiple myeloma.? In addition, increased SAT
radiodensity has also been linked to the risk of decompensation
in patients with cirrhosis."”

Given the potential prognostic importance of high SAT radi-
odensity, the primary objective of this study was to determine
whether there is an association between higher SAT radiodensity
and survival, independent of sarcopenia, in patients with
cirrhosis. Secondly, SAT radiodensity and the prevalence of high
SAT radiodensity was compared between patients with cirrhosis
and healthy controls. Lastly, an association between CT-
measured SAT radiodensity and histological characteristics was
determined.

Patients and methods

Study population

This study was reviewed and approved by the Institutional Re-
view Board of the University of Alberta (Pro00066572). Adult
patients with cirrhosis (n = 786) and healthy controls (n = 129)
who had a CT image acquired as part of the routine LT assess-
ment at the University of Alberta Hospital between August 1996
and October 2019 were included. Patients’ clinical and de-
mographic features were collected from the Alberta Liver
Transplant database. Adult donors for living LT between the age
of 19 and 58 who tested negative for viral hepatitis B and C se-
rologies, without prior hepatic resections, without major
abdominal surgeries, without a history of alcohol abuse and illicit
drug use, and with no evidence of non-alcoholic fatty liver dis-
ease served as healthy controls.

CT image analysis

Subcutaneous adipose tissue cross-sectional area and radio-
density were measured using analysis of abdominal CT scans
taken at the third lumbar vertebra (L3), as part of the LT
assessment. L3 has been selected as a consistent landmark, as
adipose tissue areas taken at this level from a single CT image
have the best correlation with total body adipose tissue mass.'*
The cross-sectional area for SAT and skeletal muscle were
calculated on an axial single image at L3 using standard HU
thresholds of -190 to -30 HU" for SAT and of -29 to 150 HU for
skeletal muscle'® using Slice-O-Matic software (V4.2; Tomovi-
sion, Montreal, QC, Canada; Supplementary CTAT Table).
Applying these HUs, adipose tissue between the skin line and
outer abdominal wall was quantified as SAT. The sum of SAT and
skeletal muscle cross-sectional areas (cm?) were divided by the
square of the height in meters (m?) and reported as SAT index
and skeletal muscle index (cm?/m?), respectively. Sarcopenia was
defined using established cut-offs in patients with cirrhosis
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awaiting LT as skeletal muscle index <39 cm?/m? in females and
<50 cm?/m? in males.”” SAT radiodensity was reported as the
mean value for the entire SAT area.

LT recipients and subcutaneous adipose tissue biopsies

Adult patients with cirrhosis listed for LT at the University of
Alberta LT centre were consecutively approached between
November 2017 and August 2018 for SAT biopsy collection dur-
ing LT procedure. Of the 20 patients who consented, we were
able to collect biopsies from 12 patients. Biopsies from lower
abdominal SAT (1-2 g) were harvested from the incision site at
the start of LT surgery using sharp dissection and without the use
of electrocautery. Abdominal CT images of these 12 patients were
analysed to determine an association between radiodensity and
histological characteristics of SAT.

Adipose tissue morphometry

SAT samples were fixed in 10% paraformaldehyde for 24 h,
dehydrated in absolute ethanol, and cleared in xylene. Paraffin-
embedded tissue sections were then cut into 5 pm sections,
stained with Harris haematoxylin, and counterstained with
eosin. Images were acquired with light microscopy (Olympus
Qlmaging micropublisher camera) and visualised at 20x magni-
fication. Adipocyte size was determined by measuring cross-
sectional areas of cells (>300 cells counted/group) in 4 random
fields using Image ] software (National Institutes of Health;
http://rsb.info.nih.gov/ij/). A haemacytometer was used as a
calibrator for measuring the size of adipocytes.

Statistical analysis

Continuous variables are reported as mean and SD, and differ-
ences in means were compared using an independent t test.
Descriptive statistics for categorical variables are presented as
frequency, and the comparison between study groups was per-
formed using the Pearson y? test. Correlation between SAT index
and radiodensity was determined by Pearson’s correlation co-
efficient (r) analysis in 786 patients with cirrhosis.

The primary outcome of interest in this study was mortality,
defined as death before LT or de-listing for clinical deterioration.
However, in these patients, death and LT are 2 competing events,
and therefore, competing risk analysis was conducted using the
Fine-Gray sub-distribution hazard model to estimate predictors
of mortality in the presence of competing events. A competing
risk analysis is a more robust approach, compared with the
conventional survival analysis, in the presence of competing
events.!® Significant predictors of mortality were determined
using univariate and multivariate Fine-Gray sub-distribution
hazard models, and the results were reported as sub-
distribution hazard ratios (sHRs) with 95% CI. Features known
to be associated with mortality of patients with cirrhosis,
including age, cirrhosis aetiology, serum albumin and sodium,
model for end-stage liver disease (MELD) score, refractory asci-
tes, hepatic encephalopathy, and variceal bleeding were included
in univariate analysis.'**°

The impact of sex on the biological role, distribution, and
characteristics of adipose tissue has been extensively
reviewed,?! 2% suggesting the necessity to establish sex-specific
cut-offs. SAT radiodensity cut-offs to predict mortality by sex
were established using a receiver-operating characteristic anal-
ysis. The value with the highest Youden’s index (sensitivity +
specificity — 1) was considered as the optimal cut-off. Variables
with p <0.10 in the univariate analysis were included in the
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Table 1. Clinical features associated with mortality at the time of body composition assessment in univariable competing risk analyses.

Characteristics All patients (n = 786) sHR (95% CI) p value
Age (years) 56 £ 8 0.99 (0.98-1.004) 0.23
Sex, female 262 (33) 0.99 (0.79-1.24) 0.94
Cirrhosis aetiology
Alcohol 189 (24) 1.08 (0.84-1.37) 0.56
Hepatitis C 324 (41) 0.93 (0.75-1.15) 0.49
Hepatitis B 55 (7) 1.02 (0.65-1.60) 0.92
NASH 152 (19) 1.24 (0.96-1.60) 0.09
ALD 62 (8) 0.57 (0.37-0.90) 0.02
Encephalopathy 285 (36) 1.82 (1.42-2.34) <0.001
HCC 338 (43) 1.16 (0.94-1.43) 0.17
Refractory ascites 207 (26) 1.63 (1.24-2.16) 0.001
Variceal bleeding 140 (18) 2.25 (1.58-3.22) <0.001
Albumin (g/L, 35-50) 32+6 0.99 (0.97-1.01) 0.18
Sodium (mmol/L, 133-146) 136 £ 6 0.999 (0.98-1.02) 0.95
MELD score 15+8 1.02 (1.01-1.04) 0.002
BMI (kg/m?) 27 £6 1.01 (0.99-1.03) 0.42
SAT radiodensity (HU) -87 £ 16 1.01 (1.00-1.01) 0.04
SAT cross-sectional area (cm?) 162 + 112 1.00(0.998-1.002) 0.15
SAT index (cm?/m?) 60 + 40 1.00 (0.998-1.003) 0.64
Visceral adipose tissue radiodensity (HU) -78 £ 10 0.999 (0.99-1.01) 0.90
Sarcopenia® 277 (35) 1.39 (1.12-1.74) 0.003

Numbers in parentheses are percentages. sHRs and p values were estimated using the Fine-Gray sub-distribution hazard model.

ALD, autoimmune liver diseases; HCC, hepatocellular carcinoma; HU, Hounsfield units; MELD, model for end-stage liver disease, NASH, non-alcoholic steatohepatitis; SAT,
subcutaneous adipose tissue; sHR, sub-distribution hazard ratio; SMI, skeletal muscle index.

* Sarcopenia was defined using established cut-offs in patients with cirrhosis as SMI <50 cm?/m? in males and <39 cm?/m? in females."”

multivariate model. Competing risk analysis to estimate the cu-
mulative incidence of mortality was used, according to the SAT
radiodensity cut-off. Survival over time was calculated using
methods of Kaplan-Meier, and curves were compared using the
log-rank (Mantel-Cox) test.

In the 12 patients who underwent LT, non-parametric data
were analysed using the Wilcoxon-Mann-Whitney test. Spear-
man'’s rank correlation test was used to determine the relation-
ship between SAT radiodensity and adipocyte size in LT
recipients. Statistical analyses were conducted using Stata 15.0
and SPSS 26.0 (Supplementary CTAT Table) and a p value <0.05
was considered as a statistically significant difference.

Results

Baseline patients characteristics

Patients’ clinical characteristics at the time of CT are shown in
Table 1. The majority were male (67%) with a mean age of 56 + 8
years and a MELD score of 15 + 8. Hepatitis C (41%), alcohol (24%),
non-alcoholic steatohepatitis (NASH; 19%), and hepatitis B (7%)
were the main reasons for cirrhosis. Concomitant hepatocellular
carcinoma (HCC) was present in 43% of patients evaluated for LT.
Evaluated patients were followed up for a mean time of 24 + 35
months, until death (n = 336), LT (n = 329), or censoring (n = 121).

SAT radiodensity and mortality

Using competitive risk analysis, cirrhosis aetiology, MELD score,
refractory ascites, variceal bleeding, hepatic encephalopathy,
sarcopenia, and SAT radiodensity (sHR 1.01, 95% CI 1.00-1.01, p =
0.04) were predictors of mortality in univariate analysis
(Table 1). SAT radiodensity above -83 HU in females (sHR 1.87,
95% CI 1.29-2.70, p = 0.001) and higher than -74 HU in males
(sHR 1.58, 95% CI 1.13-2.21, p = 0.007) were found to be statis-
tically significant values that provide satisfactory discrimination
of mortality risk between patients. Compared with female
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patients with low SAT radiodensity (£-83), high SAT radiodensity
(>-83 HU) was associated with the highest mortality risk after
adjusting for other confounding factors (sHR 1.84, 95% CI
1.20-2.85, p = 0.006; Table 2). Male patients with SAT radio-
density >-74 HU had a higher risk of mortality (sHR 1.51, 95% CI
1.05-1.18, p = 0.03; Table 2) compared with the patients with low
SAT radiodensity.

There was a weak linear correlation between sarcopenia and
SAT radiodensity (r = 0.20, p <0.001). In a subgroup analysis
excluding patients with sarcopenia, high SAT radiodensity
remained associated with mortality in both females (sHR 1.79,
95% CI 1.06-3.04, p = 0.03) and males (sHR 1.79, 95% CI 1.02-3.13,
p = 0.04; Table S1), suggesting that the prognostic significance of
high SAT radiodensity in predicting mortality is independent of
sarcopenia.

Cumulative incidence functions for mortality were performed
using the parameter estimates of the Fine and Gray model,
considering the high SAT radiodensity cut-offs (>-83 in females
and >-74 in males). The cumulative incidence of mortality was
higher in patients with high SAT radiodensity (Fig. 1A).

Median survival for patients with high SAT radiodensity was
19 months (95% CI 9-29), compared with 42 months (95% CI
33-51) in patients with low SAT radiodensity (p <0.001, log-rank
test; Fig. 1B). One-year probability of survival was 56 and 79%, for
patients with high SAT radiodensity and those with low SAT
radiodensity, respectively, and the 5-year probability of survival
was 28 and 41% in these same groups.

Characteristics of patients with high SAT radiodensity

A significant linear (p <0.001) but weak (r = -0.46) correlation
was observed between SAT radiodensity and SAT index (Fig. 2).
High SAT radiodensity was more common in females. HCV-
cirrhosis and HCC were less common in patients with high SAT
radiodensity who were younger. BMI, SAT index, and serum al-
bumin and sodium levels were lower in patients with high SAT
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Table 2. Clinical parameters associated with mortality in a competing risk model, stratified by sex.

Characteristics Univariate Multivariate
sHR (95% CI) p value sHR (95% CI) p value

Female patients
Age (years) 0.99 (0.97-1.004) 0.13 1.00 (0.98-1.02) 0.72
Cirrhosis aetiology

Alcohol 1.31 (0.84-2.05) 0.23

Hepatitis C 0.76 (0.50-1.16) 0.20

Hepatitis B 1.78 (0.83-3.82) 0.14

NASH 1.38 (0.93-2.06) 0.11

ALD 0.58 (0.35-0.96) 0.03 0.47 (0.27-0.80) 0.005
Albumin (g/L) 0.96 (0.92-0.99) 0.01 0.98 (0.94-1.01) 0.18
MELD score 1.03 (1.01-1.06) 0.008 1.05 (1.02-1.09) 0.003
Refractory ascites 2.55 (1.44-4.51) 0.001 2.48 (1.29-4.78) 0.007
Sodium (mmol/L) 0.99 (0.96-1.03) 0.67
Encephalopathy 2.42 (1.51-3.88) <0.001 2.29 (1.31-3.98) 0.003
Variceal bleeding 3.93 (1.67-9.25) 0.002 2.85 (1.11-7.37) 0.03
BMI (kg/m?) 0.99 (0.96-1.02) 0.57
SAT cross-sectional area (cm?) 1.00 (0.99-1.002)
SAT index (cm?/m?) 1.00 (0.99-1.003) 0.75
HCC 1.18 (0.80-1.74) 0.41
Sarcopenia* 1.39 (0.92-2.10) 0.12
High SAT radiodensity (>-83 HU) 1.87 (1.29-2.70) 0.001 1.84 (1.20-2.85) 0.006
Male patients
Age (years) 1.00 (0.98-1.01) 0.74 1.00 (0.99-1.02) 0.79
Cirrhosis aetiology

Alcohol 0.99 (0.74-1.34) 0.97

Hepatitis C 1.00 (0.77-1.30) 0.99

Hepatitis B 0.89 (0.52-1.51) 0.66

NASH 1.16 (0.83-1.61) 0.39

ALD 0.36 (0.09-1.38) 0.14
Albumin (g/L) 1.00 (0.98-1.02) 0.94
MELD score 1.02 (0.999-1.04) 0.06 1.04 (1.01-1.06) 0.002
Refractory ascites 1.38 (1.00-1.90) 0.05 1.26 (0.85-1.87) 0.24
Sodium (mmol/L) 1.00 (0.98-1.02) 0.85
Encephalopathy 1.61 (1.20-2.17) 0.001 1.72 (1.20-2.47) 0.003
Variceal bleeding 1.90 (1.28-2.82) 0.001 1.79 (1.13-2.84) 0.01
BMI (kg/m?) 1.02 (0.99-1.04) 0.13
SAT cross-sectional area (cm?) 1.00 (0.998-1.001) 0.98
SAT index (cm?/m?) 1.00 (0.997-1.01) 0.38
HCC 1.17 (0.90-1.52) 0.24
Sarcopenia® 1.41 (1.08-1.83) 0.01 1.53 (1.15-2.03) 0.004
High SAT radiodensity (>-74 HU) 1.58 (1.13-2.21) 0.007 1.51 (1.05-1.18) 0.03

sHRs and p values were estimated using the Fine-Gray sub-distribution hazard model.

ALD, autoimmune liver diseases; HCC, hepatocellular carcinoma; HU, Hounsfield units; MELD, model for end-stage liver disease; NASH, non-alcoholic steatohepatitis; SAT,

subcutaneous adipose tissue; sHR, sub-distribution hazard ratio; SMI, skeletal muscle index.
* Sarcopenia was defined using established cut-offs in patients with cirrhosis as SMI <50 cm?/m? in males and <39 cm?/m? in females.'”

radiodensity, whereas the MELD score was higher (Table 3). The
frequency of refractory ascites, hepatic encephalopathy, and
sarcopenia was also higher in these patients. No significant dif-
ference was observed between patients with low SAT radio-
density and those with high SAT radiodensity regarding alcohol
or NASH-related cirrhosis or the frequency of variceal bleeding
(Table 3).

Adipose tissue radiodensity in donors and patients with
cirrhosis

Adipose tissue radiodensity was compared between healthy
donors and patients with cirrhosis. SAT radiodensity was
significantly lower in donors than in patients with cirrhosis (-101
+ 8 vs. -87 + 16 HU, p <0.001). The frequency of high SAT radio-
density was 26% for patients with cirrhosis compared with 2% in
donors (p <0.001; Table S2).

Adipose tissue histological characteristics
Of the 12 patients who provided biopsies from lower abdominal
SAT, 42% were female with a mean age of 48 + 11 years and an
MELD score of 21 + 7 points at the time of LT. High SAT radio-
density was present in 33% of patients, and no significant dif-
ference in age at LT, sex, MELD score, serum sodium and albumin,
sarcopenia presence, and HCC was observed between patients
with high SAT radiodensity and those with low SAT radiodensity
(Table 4). BMI (22 + 1 vs. 26 + 4 HU, p = 0.03), SAT index (28 + 18
vs. 74 + 36 HU, p = 0.01), SAT radiodensity (-63 + 11 vs. -92 + 8 HU,
p = 0.004), and mean SAT adipocyte size (744 + 400 vs. 1,521 *
1,035 um?, p <0.001) were significantly lower in patients with
high SAT radiodensity than in those with low SAT radiodensity.
A significant inverse correlation was found between SAT
radiodensity and the mean cross-sectional area of adipocytes
within the SAT depot (1 = -0.67, p = 0.02). In agreement with this,
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Fig. 1. Cumulative incidence (Fine and Gray) of mortality and Kaplan-Meier survival curves among patients with high and low SAT radiodensity. (A) The
cumulative incidence functions for patients with high SAT radiodensity and those with low SAT radiodensity were plotted and compared using the sub-
distribution hazard as proposed by Fine and Gray. Patients with high SAT radiodensity had a higher cumulative incidence for mortality. (B) Kaplan-Meier
curves were applied to estimate survival over time, and the comparison between curves was performed using the log-rank test. Shorter median survival was
noticed in patients with high SAT radiodensity than in patients with low SAT radiodensity (log-rank test, p <0.001). SAT, subcutaneous adipose tissue.

Fig. 3 highlights the SAT radiodensity estimation at L3 from 2
patients in the high and low SAT radiodensity groups who un-
derwent LT and their corresponding morphological analysis,
which is representative of the features observed in each group.
Fig. 3A presents a patient with a mean low SAT radiodensity (-95
HU), whereas Fig. 3B presents a patient who had a high SAT
radiodensity (-58 HU). Increased mean SAT attenuation is pre-
sented as an increase in the areas of high-radiodensity SAT (-30
to -82 HU). Areas demarked in cyan as low radiodensity (-83 to
-190 HU) were predominant in Fig. 3A, whereas most of the total
SAT areas in Fig. 3B were areas composed of a high radiodensity
SAT (-30 to -82 HU), tinted in yellow. This increase in SAT radi-
odensity was detectable at the microscopic level. Examples of
adipocytes stained with H&E from the high and low SAT radio-
density groups are presented in Fig. 3C and D. Morphological
analysis showed modifications in SAT histological characteristics
with differences in the shape of adipocytes and expanded
interstitial space by increasing SAT radiodensity. Larger adipo-
cytes (2,122 + 1,100 um?) with higher cell cross-sectional area,
arranged in close contact with each other and surrounded with a
thin rim of cytoplasm whose nuclei are compressed to the

SAT index, cm?/m?

0 50 100 150 200 250
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Fig. 2. Scatter graph depicting correlations between subcutaneous adipose
tissue index and radiodensity. Weak correlation (Pearson’s correlation) be-
tween SAT index and radiodensity in patients with cirrhosis (r = -0.46, p
<0.001). HU, Hounsfield units; SAT, subcutaneous adipose tissue.

peripheral rim, were observed in a patient with low SAT radio-
density (Fig. 3C). Shrunken, smaller, polygonal-shape adipocytes
(768 + 443 nm?), by contrast, were predominant in a patient with
high SAT radiodensity (Fig. 3D). Distinct alterations in the
extracellular matrix with expanded interstitial space and infil-
trated mononuclear cells were also observed, indicating cellular
function impairment.

Discussion

The prognostic significance of SAT radiodensity in predicting
mortality in patients with cirrhosis was investigated in this
study. High SAT radiodensity was frequent in patients with
cirrhosis compared with healthy donors and reveals a novel in-
dicator of mortality risk in these patients. Patients with cirrhosis
and high SAT radiodensity had a higher frequency of complica-
tions than those with low radiodensity. Similar findings have
been reported for the association between high SAT radiodensity
and risk of decompensation in patients with cirrhosis,”” as well
as survival in patients with multiple myeloma.> Therefore, this
study proposes a novel objective approach to estimate the risk of
mortality in patients with cirrhosis, given the radiologically
identified abnormalities in adipose tissue.

Association between high SAT radiodensity and mortality in
patients with cirrhosis might be reflective of diminished lipid
storage capacity of SAT. Subcutaneous adipose tissue plays a
central role in lipid storage and energy homoeostasis; high SAT
radiodensity might mirror the severe energy exhaustion trig-
gered by cirrhosis, resulting in unfavourable clinical outcomes.
However, adipose tissue has been recently appreciated for its
comprehensive endocrine function with its adipokines involved
in regulating various metabolic and inflammatory states.'" In this
regard, adipose tissue cellular composition (type of adipocytes,
macrophages, etc.) plays an important role in regulating its
response to metabolic state, the released adipokines, and its
potential impact on other tissues. Therefore, high SAT radio-
density not only is a representative of a lower amount of SAT but
also suggests adipose tissue remodelling with morphological
features of atrophy demonstrated by smaller, shrunken adipo-
cytes with expanded interstitial space and infiltrated
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Table 3. Clinical features associated with high SAT radiodensity.
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Characteristics High SAT radiodensity (n = 203) Low SAT radiodensity (n = 583) p value
Age (years) 54+9 57 £8 <0.001
Sex, female 102 (50) 160 (27) <0.001
Age and sex
Young male 13 (6) 23 (4) 0.17
Old male 88 (44) 396 (68) <0.001
Young female 21 (55) 17 (45) <0.001
0ld female 80 (40) 143 (25) <0.001
Cirrhosis aetiology
Alcohol 55 (27) 134 (23) 0.25
Hepatitis C 60 (30) 264 (45) <0.001
Hepatitis B 16 (8) 39 (7) 0.63
NASH 43 (21) 109 (19) 0.47
ALD 28 (14) 34 (6) <0.001
Albumin (g/L) 307 336 <0.001
MELD score 19+8 13+7 <0.001
Refractory ascites 71 (35) 136 (23) 0.002
Sodium (mmol/L) 134+t6 136 £ 6 <0.001
Encephalopathy 93 (46) 192 (33) 0.001
Variceal bleeding 39 (19) 101 (17) 0.59
HCC 51 (25) 287 (49) <0.001
BMI (kg/m?) 26 +7 28+5
SAT cross-sectional area (cm?) 99 + 90 187 £ 111 <0.001
SAT index (cm?/m?) 42 + 40 66 + 38 <0.001
SAT radiodensity” (HU) -65 £ 11 -94+9 <0.001
Sarcopenia’ 93 (46) 184 (32) <0.001

Independent t test for continuous variables and Pearson y test for categorical variables were used. HCC, hepatocellular carcinoma; HU, Hounsfield units; MELD, model for end-
stage liver disease; NASH, non-alcoholic steatohepatitis; SAT, subcutaneous adipose tissue; SMI, skeletal muscle index.

* High SAT radiodensity was defined as SAT radiodensity >-83 HU in females and >-74 HU in males.

T Sarcopenia was defined using established cut-offs in patients with cirrhosis as SMI <50 cm?/m? in males and <39 cm?/m? in females."”

mononuclear cells. Macrophages surrounding damaged or
necrotic adipocytes can form crown-like structures and therefore
contribute to the inflammatory-fibrotic process.?” It has been
shown in cancer cachexia that adipose tissue remodelling occurs
at the early stages of cachexia; it is linked to adipocyte atrophy,
inflammation, and adipose tissue browning, which might even-
tually lead to adipose tissue dysfunction.® Adipocyte dysfunc-
tion impacts its ability to produce fatty acids and adipokines,
resulting in whole-body metabolic dysfunction. Thus, high SAT
radiodensity may be an indicator of alterations in adipose tissue
mass, function, and structure. A lower amount of subcutaneous
fat (SAT index <60 cm?/m?) has been recently identified as an
independent predictor of higher mortality in female patients
with cirrhosis.?” Of 96 female patients with high SAT radio-
density in this study, 35% had a high amount of SAT, meaning

that these patients with higher risk of mortality were not
captured by measuring SAT quantity, and therefore, SAT radio-
density is a more complete and robust predictor of mortality in
these patients. Moreover, this might indicate that morphological
rearrangements in SAT occur before the loss of SAT mass.
Fibrosis plays an important role in adipose tissue dysfunction,
and excess collagen deposition has been identified as a major
contributor to elevated tissue radiodensity in fibrotic cardiovas-
cular adipose tissue.>?%9 Furthermore, elevated pressure in the
portal vein® and inflammation® were associated with altered
adipose tissue radiodensity. Fibrotic and inflamed SAT depots
have a detrimental impact on appropriate energy homoeostasis
and its endocrine functions. Although dilated interstitial space
was noticed on H&E sections in this study, immunohistochemical
staining for immune cells and collagen fibre staining for

Table 4. Clinical characteristics of 12 liver transplant recipients who had biopsies from lower abdominal SAT.

Characteristics High SAT radiodensity (n = 4) Low SAT radiodensity (n = 8) p value
Age at liver transplant 42 +8 5112 0.28
Sex, female 3(75) 2 (25) 0.15
MELD score 245 19+8 0.11
Sodium (mmol/L) 133+3 135+3 0.28
Albumin (g/L) 30+5 33+9 0.57
HCC 0 (0) 2 (25) 0.42
BMI, kg/m? 22 +1 26+4 0.03
SAT radiodensity” (HU) -63 + 11 92 +8 0.004
SAT cross-sectional area (cm?) 76 + 47 221 £108 0.005
SAT index (cm?/m?) 28 18 74 * 36 0.01
Subcutaneous adipocyte cross-sectional area (um?) 744 + 400 1,521 + 1,035 <0.001
Sarcopenia’ 2 (50) 3(38) 0.68

Non-parametric tests were used. HCC, hepatocellular carcinoma; HU, Hounsfield units; MELD, model for end-stage liver disease; SAT, subcutaneous adipose tissue; SMI,

skeletal muscle index.

* High SAT radiodensity was defined as SAT radiodensity >-83 HU in females and >-74 HU in males.
T Sarcopenia was defined using established cut-offs in patients with cirrhosis as SMI <50 cm?/m? in males and <39 cm?/m? in females."”
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Fig. 3. Abdominal CT images taken at the third lumbar vertebra and SAT
morphological characteristics of 2 patients with cirrhosis applied for SAT
radiodensity assessment. Comparison of 2 patients (A) with low SAT radio-
density (-95 HU) and (B) with high SAT radiodensity of -58 HU. High SAT
radiodensity (-30 to -82 HU) is shown in yellow, and low SAT radiodensity (-83
to -190 HU) is shown in cyan. Example images of corresponding to SAT adi-
pocytes stained with H&E (magnification 20x) from patients with high SAT
radiodensity and those with low radiodensity. (C) Larger adipocytes with
higher cell cross-sectional area (2,122 + 1,100 umz), surrounded with a thin rim
of cytoplasm whose nuclei are compressed to the peripheral rim were
observed in a patient with low SAT radiodensity. (D) Shrunken, smaller,
polygonal-shape adipocytes (768 + 443 um?) with distinct alterations in the
extracellular matrix, by contrast, were predominant in a patient with high SAT
radiodensity. Bar = 50 um. CT, computed tomography; HU, Hounsfield units;
SAT, subcutaneous adipose tissue.

identifying the nature of the extracellular matrix needs to be
performed in future studies with a larger number of patients.

High adipose tissue radiodensity might also be related to the
tissue-obtaining features of brown adipocyte, which is speci-
alised for dissipating energy as heat.>° High SAT radiodensity was
described as the mean SAT radiodensity above -83 HU in females
and higher than -74 HU in males in this study, which is close to
the radiodensity of brown adipose tissue, in the range of -10 to
-87 HU.*° White adipose tissue browning induced by cancer
cachexia and subsequent increase in adipose tissue vascularity
and thermogenesis has been recognised as a contributor to ad-
ipose atrophy.’! Whether increased SAT radiodensity to the
range of brown adipose tissue in patients with cirrhosis and poor
survival exemplifies white adipose tissue browning requires
further investigation. Reversing white adipose tissue browning
by B3-adrenergic receptor antagonists or nonsteroidal anti-
inflammatory drugs has been proposed in oncology settings’';
additional research is needed to delineate whether this can be
considered as a therapeutic approach to reverse the adipose
tissue atrophy in patients with cirrhosis.

Concurrent impacts of age and sex on SAT radiodensity have
been investigated in this study. Given 4 combinations of age and
sex, high SAT radiodensity was more commonly found in females

JHEP|Reports

regardless of age. Body composition assessments in patients with
cirrhosis have indicated that fat loss is more common in females,
whereas low skeletal muscle is more common in male patients.>>
Therefore, a higher frequency of high SAT radiodensity in females
and low SAT radiodensity in males may suggest that adipose
atrophy is more frequent in female patients in response to
catabolic stress of the chronic disease, whereas males are pri-
marily using other sources such as muscle in hypercatabolic
states. Given a small number of patients with biopsies, the
relevant impact of sex on adipose tissue characteristics was not
identified in 12 LT recipients.

In this study, mortality risk was evaluated using competitive
risk analysis with LT as the competitive event. When a
competing risk presents, applying conventional survival anal-
ysis could overestimate the risk,'® and therefore, a more robust
approach was applied in the present study. However, we
acknowledge there are limitations in this study caused by its
retrospective nature, the long time for enrolling the cases, and
the evolution of the radiological and management techniques.
In addition, we were not able to evaluate metabolic charac-
teristics such as serum leptin and inflammatory markers in
plasma to determine their association with SAT radiodensity.
Because of the small number of patients with biopsies, results
on the histological features of this pilot observation should be
interpreted with caution, and SAT morphological characteris-
tics should be investigated in future studies with a higher
number of biopsies. Further, main CT technical factors (thick-
ness of slides or contrast medium administration) need to be
consistent between studies to advance the risk stratification in
clinical practice using radiologically identified body composi-
tion features. However, the impact of contrast medium
administration on SAT radiodensity might be negligible as it
has been previously reported that there was no difference in
SAT radiodensity values between unenhanced and contrast-
enhanced CT scans>® in patients who underwent assessment
for coronary artery disease. In addition, a recent study revealed
that IV contrast medium administration can increase SAT mean
radiodensity by only 0.8%.>* Although validity and general-
isability of cut-offs established in this study need to be deter-
mined in larger prospective multi-centre studies, to our
understanding this study is the largest in North America with
almost 800 patients with cirrhosis demonstrating a relation-
ship between SAT radiodensity and survival. Although CT
radiodensity might serve as an indirect, non-invasive marker of
adipose tissue mass and morphological characteristics, the
underlying molecular and structural characterisation of varying
CT attenuation still requires further clarification in a larger
population of patients with cirrhosis.

In conclusion, high SAT radiodensity is associated with
higher mortality in patients with cirrhosis. Subcutaneous ad-
ipose tissue morphological rearrangement in patients with
high SAT radiodensity may indicate not only diminished lipid
stores, but also alterations in cellular and tissue characteris-
tics, evidenced by the reduction in adipocyte size with mul-
tilocular cytoplasm. Timely recognition of patients with
cirrhosis and high SAT radiodensity may provide us with the
opportunity to develop strategies to maintain SAT quantity
and quality and prevent further depletion of adipose tissue,
which consequently could improve clinical outcomes in
cirrhosis.
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