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Assessed by CAP Histology
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Highlights Impact and implications

� Presence of hepatic steatosis significantly differs between AILD

entities with lower rates in PSC and PSC variants.

� CAP measurement is a reliable tool to determine hepatic stea-
tosis in cholestatic liver diseases such as PSC and PBC.

� In people with AIH and inflammatory activity, accuracy of CAP
measurement is significantly reduced and should be interpreted
with caution.

� After resolution of acute hepatitis, CAP values and its diagnostic
performance increased in AIH.
https://doi.org/10.1016/j.jhepr.2023.100898
Non-invasive estimation of fat content in the liver can be performed with the

ultrasound-based method of controlled-attenuation parameter (CAP). Here,

we showed that the presence of a concomitant fatty liver is frequent in people

with autoimmune liver diseases and we determined disease-specific thresh-

olds of CAP to best predict the presence of a fatty liver. CAP measurement was

shown to be a valid tool to detect fatty liver in individuals with PSC and PBC;

however, in AIH, CAP had limited accuracy especially when significant in-

flammatory activity was present in the liver. In the context of substantial liver

inflammation, therefore, CAP values should be interpreted with caution, and

measurements should be repeated after acute hepatitis has resolved.
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Background & Aims: Concurrent fatty liver disease represents an emerging challenge in the care of individuals with auto-
immune liver diseases (AILD). Therefore, we aimed to validate the ultrasound-based method of controlled-attenuation
parameter (CAP) as a non-invasive tool to detect hepatic steatosis in individuals with AILD.
Methods: The diagnostic performance of CAP to determine biopsy-proven hepatic steatosis (>5%) was assessed in individuals
with AILD (autoimmune hepatitis [AIH], primary biliary cholangitis [PBC], primary biliary cholangitis [PSC], or variant syn-
dromes) who underwent liver biopsy at the University Medical Center Hamburg-Eppendorf between 2015-2020 by calcu-
lating the area under the receiver operating characteristic (AUROC) curves. In AIH, the impact of disease activity was evaluated
by assessment of CAP upon resolution of hepatic inflammation during follow-up.
Results: Overall, 433 individuals with AILD (AIH: 218, PBC: 51, PSC: 85, PBC/AIH: 63, PSC/AIH: 16) were included. Histolog-
ically proven steatosis was present in 90 individuals (20.8%). Steatosis was less frequently observed in people with PSC (14%)
than in other AILD. CAP values correlated positively with grade of steatosis (o = 0.39) and the BMI (o = 0.53). In PBC and PSC,
the ROC curves defined an AUROC of 0.81 and 0.93 for detecting steatosis at an optimal cut-off of 276 dB/m (sensitivity: 0.71;
specificity: 0.82) and 254 dB/m (sensitivity: 0.91, specificity: 0.85), respectively. In AIH, the diagnostic performance of CAP was
significantly lower (AUROC = 0.72, p = 0.009). However, resolution of hepatic inflammation under treatment was associated
with a significant increase in CAP levels (median [IQR]: +38.0 [6-81] dB/m) and considerably improved diagnostic accuracy
(AUROC = 0.85; cut-off: 288 dB/m; sensitivity: 0.67, specificity: 0.90).
Conclusions: In PBC and PSC, hepatic steatosis can be reliably detected by applying disease-specific thresholds of CAP. In AIH,
the diagnostic accuracy of CAP is moderate at diagnosis, but improves after acute hepatitis has resolved.
Impact and implications: Non-invasive estimation of fat content in the liver can be performed with the ultrasound-based
method of controlled-attenuation parameter (CAP). Here, we showed that the presence of a concomitant fatty liver is
frequent in people with autoimmune liver diseases and we determined disease-specific thresholds of CAP to best predict the
presence of a fatty liver. CAP measurement was shown to be a valid tool to detect fatty liver in individuals with PSC and PBC;
however, in AIH, CAP had limited accuracy especially when significant inflammatory activity was present in the liver. In the
context of substantial liver inflammation, therefore, CAP values should be interpreted with caution, and measurements should
be repeated after acute hepatitis has resolved.
© 2023 The Authors. 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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hepatis; Non-invasive steatosis measurement; Inflammation.
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Introduction
The increasing prevalence of non-alcoholic fatty liver disease
(NAFLD) and non-alcoholic steatohepatitis (NASH) represents an
increasing health burden in the western world.1 Consequently,
concomitance of hepatic steatosis in individuals with autoim-
mune liver diseases (AILD) is frequent in western countries2,3

and represents an emerging challenge for health care.4–6 More-
over, individuals with autoimmune hepatitis (AIH) frequently
require treatment with corticosteroids7,8 setting the stage for de
novo development of NAFLD and NASH or potentially aggravating
pre-existing fatty liver disease.9,10 Liver biopsy is the gold stan-
dard for the evaluation of hepatic steatosis, which is accompa-
nied by risks of an invasive procedure such as bleeding and
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sampling bias.11–13 As a non-invasive tool to estimate hepatic
steatosis, the ultrasound wave-based measurement of controlled
attenuation parameter (CAP) has been integrated with the
transient elastography (TE) measurement (FibroScan®, EchoSens,
Paris, France).14,15 CAP displays the attenuation of an ultrasound
beam and therefore correlates with the sonographic properties
of a tissue, which are influenced by the quantity of fat droplets
within hepatocytes.14

The accuracy of CAP to determine hepatic steatosis has been
broadly evaluated in individuals with NAFLD and NASH16–18 as
well as in viral hepatitis and compensated liver diseases of
different etiologies.19,20 However, comprehensive evaluation of
the diagnostic reliability of CAP is lacking for people with AILD.
As hepatic steatosis is a known factor for fibrosis progression and
development of hepatocellular carcinoma,21–23 concomitant
steatosis also displays an important risk factor for disease pro-
gression in AILD.3 Thus, the detection and monitoring of hepatic
steatosis by non-invasive means are of great clinical relevance for
the care of people with AILD. Therefore, our aim was to evaluate
the reliability of CAP measurements in individuals with AILD and
to determine disease-specific cut-off values for detecting hepatic
steatosis.
Patients and methods
Study cohort
People who underwent liver biopsy for diagnostic reasons at the
University Medical Center Hamburg-Eppendorf between January
2015 and September 2020 (n = 1159) were screened for the
presence of an underlying AILD, including autoimmune hepatitis
(AIH), primary biliary cholangitis (PBC), primary sclerosing
cholangitis (PSC), and variant syndromes of AIH and PBC (PBC/
AIH) or PSC (PSC/AIH), respectively. The diagnoses were based on
clinical, biochemical, serological, histopathological and imaging
findings in accordance with the respective EASL-Guidelines.24–26

Individuals with AILD, who had undergone elastographic mea-
surements close to liver biopsy (6 months before to 6 months
after liver biopsy), where included in the final analysis. A total of
433 individuals were analysed in our study cohort. The process
of participant selection for this study is illustrated in Fig. S1.

We assessed demographic, clinical and elastographic charac-
teristics of the study cohort at the time of initial CAP assessment
and during the disease course. Available elastography follow-up
measurements after initial CAP assessment were available for
243 individuals (AIH: n = 153, PBC: n = 34; PSC: n = 56).

In AIH, the impact of hepatic inflammation on CAP was
investigated by grouping participants with AIH in sub-
populations with high inflammatory activity, defined by serum
transaminases levels of aspartate aminotransferase (AST) >2
× upper limit of normal (ULN), or low inflammatory activity
(serum AST <−2 × ULN) at the time of CAP measurement. In AIH,
besides non-invasive steatosis measurement performed close to
obtaining a liver biopsy sample, repeated CAP measurements
after achievement of complete biochemical response (CBR) was
evaluated for to determine accuracy of the degree of hepatic
steatosis. CBR was defined as normalisation of transaminases
and IgG, according to the current definitions.27 Two individuals
with AIH were included in the analysis despite persistent IgG
elevation due to multiple myeloma or monoclonal gammopathy
of undetermined significance.

The study was approved by the local ethics committees
(Ethikkommission der Ärztekammer Hamburg, Germany, project
JHEP Reports 2023
number PV4081) and informed consent was obtained from all
participants.

CAP-measurement
Transient elastography and CAP measurements were performed
using a FibroScan device (EchoSens, Paris, France) as reported
previously.28 The target area of the right liver lobe was deter-
mined by ultrasonography to be 6 cm in depth without major
vascular structures. The median values of liver stiffness and CAP
measurements were recorded in kilopascal (kPa) and decibel per
meter (dB/m), respectively. All elastographic measurements
were performed by two experienced and well-trained in-
vestigators having performed more than 2000 measurements
each (KF and IS). M and XL probes were used according to
manufacturer’s recommendations.

Liver biopsy
Mini-laparoscopically guided liver biopsy is a standard at our
centre and was conducted for people with AILD as described
previously.29 In brief, mini-laparoscopy was performed using a
1.9 mm diameter end-viewing 0� optical instrument, which was
inserted through a 2.75-mm trocar. Liver samples were obtained
under view with a Tru-Cut 16 GAUGE needle. To minimize
sampling bias, liver biopsies were routinely obtained from the
left and right lobe, if not prohibited by intraprocedural issues,
such as bleeding. In cases of contraindications for mini-
laparoscopic-guided biopsy (e.g. because of pervious operation
with scaring and high-risk of abdominal adhesions), liver biopsy
was obtained via percutaneous biopsy using the Menghini
technique with a 17 GAUGE × 90 mm needle (Epaset, M.D.L.,
Delebio, Italy).

Liver histology
Histopathological evaluation was based on haematoxylin and
eosin and van Gieson-Elastin staining of paraffin-fixed liver tis-
sue. Steatosis was graded based on the frequency of steatotic
hepatocytes (S0: <5%, S1: 5–33%; S2: 33–66%; S3: >66%).30 He-
patic inflammation was graded using the modified hepatitis ac-
tivity index (mHAI) by Ishak building a maximum score of 18
based on grade of inflammatory activity and necrosis.31 Fibrosis
was staged on a scale of 0–4 as follows: F0, no fibrosis; F1, portal
fibrosis without septa; F2, portal fibrosis and few septa; F3,
numerous septa without cirrhosis; and F4, cirrhosis, in accor-
dance to the classification of Batts and Ludwig.32 All histopath-
ological evaluations were executed by two experienced
pathologists with more than 5 years of specialist experience (TK
or SW). In addition, inter-rater reliability for histological liver
assessment was tested by calculating the intraclass correlation
coefficient (ICC) of mHAI scoring between both pathologists.
Previous ICC evaluation showed a very good strength of agree-
ment (ICC1 = 0.78; 95%–confidence interval (CI): 0.72–0.83; p
<0.001) with a mean difference of 1.19 points (95% CI: 0.87–1.48;
p <0.001).33

In cases of differing results in histological steatosis assess-
ment between left and right lobe biopsies, reported in about 5%
of assessed individuals, results of the right lobe were taken as
basis of this study, as non-invasive steatosis- and fibrosis
assessment by FibroScan targets the right lobe.

Statistical analysis
Data are expressed as the mean and standard deviation (SD) or
the median with range, as appropriate. Differences between
2vol. 5 j 100898



Table 1. Clinical and demographic characteristics of liver-biopsied participants with AILD.

Value AIH (n = 218) PBC (n = 51) PSC (n = 85) PBC/AIH (n = 63) PSC/AIH (n = 16) p value

Female, % (n) 74.3% (162) 82.4% (42) 44.7% (38) 84.1% (53) 56.3% (9) <0.0001
Age, years 53 (16–85) 52 (26–71) 46 (16–70) 52 (2–78) 19 (18–59) <0.001
BMI, kg/m2 27.1 (12.2-46.5) 26.0 (18.8-46.5) 24.5 (15.9-33.9) 25.5 (17.8-37.5) 22.2 (20.0-35.5) <0.001
Haemoglobin, g/dl 13.5 (±1.7) 13.4 (±1.3) 13.5 (±1.8) 13.2 (±1.5) 13.7 (±1.3) 0.194
Platelets, 109/L 214.1(±90) 249.4(±89) 274.5 (±90) 239.9 (±88) 273.6 (±102) <0.0001
Albumin, g/L 35.9 (±5.6) 38.3 (±4.5) 37.9 (±4.6) 37.4 (±5.6) 36.1 (±4.7) 0.057
Bilirubin, mg/dl 0.8 (0.2-25.6) 0.5 (0.2-2.2) 0.7 (0.2-12.8) 0.7 (0.3-15.8) 0.8 (0.4-3.0) <0.0001
HbA1c, % 5.4 (4.0-10.6) 5.5 (3.8-13.4) 5.4 (3.9-6.8) 5.2 (4.4-6.3) 5.3 (4.9-5.4) 0.247
Cholesterol, mg/dl 190.0 (52-335) 209.0 (134-314) 200.0 (100-351) 224.0 (103-391) 214.5 (142-248) 0.014
Triglycerides, mg/dl 102 (44-552) 120 (50-617) 86(41-694) 95(42-317) 126 (70-246) 0.239
AST, U/L 71.0 (14-1262) 40.0 (19-188) 39.0 (14-399) 52.0 (11-884) 64.5 (20-382) <0.0001
ALT, U/L 86.5 (14-2506) 61.0 (24-375) 70.0 (17-697) 65.0 (17-898) 83.0 (22-422) 0.045
GGT, U/L 106 (15-1513) 129 (20-1372) 257 (15-1631) 135 (20-1251) 153 (18-662) 0.004
ALP, U/L 112 (35-986) 165 (53-887) 204 (58-1011) 139 (28-1022) 145 (58-500) <0.0001
IgG, g/L 15.3 (5.4-56.9) 13.2 (5.9-26.8) 13.7 (7.4-32.2) 15.8 (4.2-47.7) 20.1 (5.4-48.2) 0.017

Nominal variables are presented as frequencies (and total numbers). Differences were calculated using the chi-square test. Continuous variables are presented as median
(range) or mean (± standard deviation), as appropriate.
Differences between groups were compared using Kruskal–Wallis test.
Values in bold denote statistical significance.
AIH, autoimmune hepatitis; AILD, autoimmune/immune mediated liver disease; ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
BMI, body mass index; GGT, gamma-glutamyl transferase; HbA1c, glycated hemoglobin; IgG, immunoglobulin G; PBC, primary biliary cholangitis; PBC/AIH, variant syndrome
of PBC and AIH; PSC, primary sclerosing cholangitis; PSC/AIH, variant syndrome of PSC and AIH.
two groups were compared using the Mann–Whitney
U test. Differences of more than two groups were analysed by
the Kruskal–Wallis test. For comparison of paired data, the
Wilcoxon matched-pairs signed-rank test was used.
Nominal characteristics were compared using the chi-square
test or the Fisher‘s exact test, as appropriate. The correlation
of ordinal and constant variables was estimated using the
Spearman’s o coefficient. Relation of dichotomous variables was
evaluated by binary logistic regression analysis; for constant
variables uni- and multivariate regression analysis were
performed.

The diagnostic accuracy of CAP was determined by the area
under receiver operating characteristics (AUROC) curves.
Optimal cut-off values for CAP measurements were determined
by Youden’s index, displaying the maximum sum of sensitivity
plus specificity, and further evaluated for sensitivity, specificity,
and for positive and negative predictive values. Differences in the
AUROC were calculated as proposed by Hanley and McNeil.34 For
comparison of accuracy of CAP in paired groups (T0 and follow-
up) McNemar’s test was used.35
Table 2. Histological characteristics of liver-biopsied participants with AILD.

Value AIH (n = 218) PBC (n = 51) PSC

mHAI, /18 7.0 (±3.2) 3.2 (±1.8) 2
Treatment-naive
participants, % (n)

72.5% (158) 58.8% (30) 6

mHAI of treatment
naive participants, /18

7.5 (±3.1) 3.3 (±1.9)

Presence of histological
steatosis (>5%), % (n)

22.5% (49) 31.4% (16) 1

Steatosis grades, % (n)
S0 77.5% (169) 68.6% (35) 8
S1 21.1% (46) 25.5% (13)
S2 1.4% (3) 3.9% (2)
S3 0 2.0% (1)

Cirrhosis (F = 4), % (n) 33.0% (72) 17.6% (9)

mHAI is presented as mean (± standard deviation), differences between groups of ordi
Data on steatosis and cirrhosis (histological fibrosis grade = 4) are presented as freque
hepatocytes: S0, <5%; S1, 5-33%; S2, 33-66%; S3, >66%.
Differences of nominale values were calculated using the chi-square test or Fisher’s ex
Values in bold denote statistical significance.
AIH, autoimmune hepatitis; AILD, autoimmune/immune mediated liver disease; mHAI, m
syndrome of PBC and AIH; PSC, primary sclerosing cholangitis; PSC/AIH, variant syndro
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P-values <0.05 were considered significant, and all p values
were two-tailed. Statistical and graphical analyses were per-
formed using IBM SPSS Statistics, v.27.0 (IBM Corp. Released
2020. IBM SPSS Statistics for Windows, Armonk, NY, USA) and
GraphPad Prism Version 8.0.0 for Windows, (GraphPad Software,
San Diego, CA, USA). The graphical abstract was created using
BioRender.com (Science Suite Inc., Toronto, Canada).
Results
Hepatic steatosis is frequently found in AIH and PBC
A total of 433 individuals with AILD who underwent liver biopsy
for diagnostic reasons were included in the study. CAP mea-
surements and liver biopsies were 11 days (median) apart (IQR:
56 days before biopsy to 14 days after biopsy). The largest sub-
group represented people with AIH (n = 218; 50.3%), followed by
PSC (19.6%; n = 85), PBC/AIH (14.5%; n = 63), PBC (11.8%; n = 51),
and PSC/AIH (3.7%; n = 16). The composition of the study cohort
as well as the clinical, laboratory and elastographic
(n = 85) PBC/AIH (n = 63) PSC/AIH (n = 16) p value

.4 (±2.0) 6.5 (±2.3) 6.2 (±2.6) <0.0001
7.1% (57) 42.9% (27) 56.3% (9) <0.001

2.3 (±1.7) 7.6 (±2.1) 7.6 (±2.6) <0.0001

4.1% (12) 20.6% (13) 0 0.025

5.9% (73) 79.4% (50) 100% (16) 0.027
9.4% (8) 19.0% (12) 0 0.017
4.7% (4) 1.6% (1) 0 0.329

0 0 0 0.155
10.6% (9) 25.4% (16) 37.5% (6) 0.001

nal values were compared using Kruskal-Wallis test.
ncies (and total numbers). Steatosis was graded based on the frequency of steatotic

act-test as appropriate.

odified Histological Activity Index; PBC, primary biliary cholangitis; PBC/AIH, variant
me of PSC and AIH.
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Fig. 1. Steatosis grades in people with AILD. Grading of steatosis in partici-
pants with AILD (n = 90) by disease entity. Steatosis was graded based on the
frequency of steatotic hepatocytes: S0, <5%; S1, 5-33%; S2, 33-66%; S3, >66%.
AIH, autoimmune hepatitis; AILD, autoimmune/immune mediated liver dis-
ease; PBC, primary biliary cholangitis; PBC/AIH, variant syndrome of PBC and
AIH; PSC, primary sclerosing cholangitis; PSC/AIH, variant syndrome of PSC
and AIH.

Table 3. Treatment of liver-biopsied participants with AILD at time of CAP-measurement.

Value AIH (n = 218) PBC (n = 51) PSC (n = 85) PBC/AIH (n = 63) PSC/AIH (n = 16) p value

Anti-diabetic treatment 10.6% (23) 17.6% (9) 4.7% (4) 6.3% (4) 6.3% (1) 0.128
Immune-suppressive medication (any form) 56.9% (124) 3.9% (2) 16.5% (14) 44.4% (28) 68.8% (11) <0.0001
Prednisolone 48.2% (105) 3.9% (2) 9.4% (8) 30.2% (19) 25.0% (4) <0.0001
Budesonide 2.3% (5) 0 1.2% (1) 6.3% (4) 12.5% (2) 0.038
Azathioprine 27.1% (59) 0 3.5% (3) 23.8% (15) 37.5% (6) <0.0001
Second-line/third-line treatment for AIH 7.8% (17) 0 0 3.2% (2) 12.3% (2) 0.003
UDCA 3.2% (7) 64.7% (33) 47.1% (40) 54.0% (34) 68.8% (11) <0.0001
Second/third line treatment for PBC 0 7.8% (4) 0 7.9% (5) 0 <0.0001
Biologicals 0.9% (2) 0 5.9% (5) 0 6.3% (1) 0.019

Data is presented as frequencies (and total numbers). Differences were calculated using Fisher’s exact-test as appropriate.
Values in bold denote statistical significance.
AIH, autoimmune hepatitis; AILD, autoimmune/immune mediated liver disease; CAP, controlled-attenuation parameter; PBC, primary biliary cholangitis; PBC/AIH, variant
syndrome of PBC and AIH; PSC, primary sclerosing cholangitis; PSC/AIH, variant syndrome of PSC and AIH; UDCA, ursodeoxycholic acid.

Table 4. Clinical, demographical and laboratory characteristics of steatotic an

Value Non-steat

Female, % (n)
Age, years
Cirrhosis, % (n)
BMI, kg/m2 24
Haemoglobin, g/dl
Platelets, 109/L 2
Albumin, g/L
Bilirubin, mg/dl
HbA1c,%
Cholesterol, mg/dl 196.
Triglycerides, mg/dl
AST, U/L
ALT, U/L
GGT, U/L 14
AP, U/L 1
IgG, g/L 1
Anti-diabetic treatment, % (n)
Immune-suppressive medication (any form), % (n)
Prednisolone, % (n)
UDCA, % (n)

Nominal variables are presented as frequencies (and total numbers). Differences were
variables are presented as median (range) or mean (± standard deviation), as appropri
Values in bold denote statistical significance.
AILD, autoimmune/immune mediated liver disease; ALT, alanine aminotransferase; AP,
gamma glutamyl transferase; HbA1c, glycated hemoglobin; IgG, immunoglobulin G; UD
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characteristics at the time of CAP-measurement are summarised
in Table 1 (Table S1; Fig. S2).

As expected, hepatic inflammation, as displayed by higher
levels of serum AST and higher mHAI scores, was more pro-
nounced in individuals with AIH (Table 1–2). In addition, histo-
logically proven cirrhosis was most frequent in the AIH
subgroup, as well as in individuals with PSC/AIH (Table 2). With
regard to risk factors for hepatic steatosis, individuals with AIH
and PBC were significantly older, had higher BMI values, and
received anti-diabetic treatment more frequently compared with
individuals with PSC (Tables 1 and 3).

Of 433 participants with AILD, 90 individuals showed hepatic
steatosis on histologic examination, which corresponds to 20.7%
of the total cohort. In most cases, histological grade of hepatic
steatosis was mild (S1) (87.8% of all cases with steatosis; Fig. 1,
Table 2). Compared with non-steatotic individuals, people with
AILD and concomitant presence of hepatic steatosis on liver
histology showed higher BMI and triglyceride values, as well as
increased rates of diabetes and were of older age (Table 4).

Presence of concomitant hepatic steatosis significantly
differed between AILD entities (p = 0.03). However, in the binary
logistic regression analysis hepatic steatosis was not
d non-steatotic subpopulations with AILD.

otic (n = 343) Steatotic (n = 90) p value

68.5% (235) 76.7% (69) 0.155
49.0 (16–85) 54.0 (24–80) <0.001

24.2% (83) 31.1% (28) 0.223
.9 (12.1-42.5) 30.0 (18.8-46.5) <0.0001
13.48 (±1.7) 14.0 (±1.4) <0.001

14.35 (±90.5) 229.1 (±85.8) 0.284
36.0 (±5.5) 37.4 (±4.4) 0.205

0.8 (0.2-25.6) 0.6 (0.2-14.3) <0.001
5.3 (3.8-10.4) 5.7 (4.2-13.4) <0.01
0 (52.0-391.0) 212.5 (80.0-335.0) 0.091

97 (41-401) 169 (70-694) <0.0001
56 (11-1,262) 41 (17-753) 0.019
79 (14-2,506) 62 (20-1,434) <0.01
1 (15.0-1,631) 105 (15-1,251) 0.033
46 (35-1,011) 11 (28-1,022) <0.0001
5.0 (4.2-56.6) 14.8 (6.5-29.4) 0.585

7.6% (26) 16.7% (15) 0.014
39.9% (137) 46.7% (42) 0.281
31.2% (107) 37.8% (34) 0.162
30.3% (104) 21.1% (19) 0.089

calculated using the chi-square test or Fisher�s exact-test as appropriate. Continuous
ate. Differences between groups were compared using Mann-Whitney-U-test.

alkaline phosphatase; AST, aspartate aminotransferase; BMI, body mass index, GGT,
CA, ursodeoxycholic acid.
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independently associated with the underlying disease entity, but
with the BMI (OR: 1.285; 95% CI: 1.139-1.145, p <0.0001), tri-
glyceride levels (OR: 1.022; 95%-CI:1.013-1.031, p <0.0001), and
age (OR: 1.042; 95%-CI:1.013-1.031, p = 0.049). In line with higher
BMI values in the AIH and PBC subpopulations, hepatic steatosis
was significantly more frequent in these individuals than in
those with PSC or PSC/AIH (AIH: 22.5%, n = 49; PBC: 31.4%, n = 16;
PBC/AIH: 20.6%, n = 13; PSC: 14.1%, n = 12; PSC/AIH: 0%, p <0.05,
Table 2). As histologically proven steatosis was not observed in
individuals from the PSC/AIH group, no disease-specific analyses
were performed in this subpopulation.
Validation of CAP to identify hepatic steatosis in AILD
Next, we explored the diagnostic performance of CAP as a non-
invasive surrogate marker of hepatic steatosis in relation to
liver histology. The overall elastographic characteristics of in-
dividuals with AILD are summarised in Table S1. In the overall
cohort, CAP showed a significant positive correlation with he-
patic fat content (grade of steatosis: o = 0.385, p <0.001, per-
centage of steatosis hepatocytes: o = 0.386, p <0.001) and BMI
values (o = 0.527, p <0.001), but also within the respective sub-
populations of AIH, PBC, PSC and PBC/AIH (not shown).

The optimal cut-off value to detect hepatic steatosis in people
with AILD was determined according to the Youden’s index
defined as the highest sum of sensitivity and specificity. Based on
this, the optimal threshold in the overall cohort was determined
to be 257 dB/m, which demonstrated an overall acceptable
diagnostic performance (AUROC = 0.76), albeit with the limita-
tion of moderate sensitivity (0.65) and low positive predictive
value (0.47) (Table 5). Interestingly, using the uniform CAP
threshold of 257 dB/m to discriminate individuals as either
steatotic or non-steatotic, the disease entity was the only factor
that was independently associated with incorrect allocation. In
fact, AIH and PBC showed a significant increased risk for incor-
rect classification into the steatotic or non-steatotic group based
on the universal cut-off value (PSC: OR = 0.891, p = 0.015; PBC:
OR = 2.84, p = 0.023; AIH: OR = 2.35, p = 0.022).

Therefore, we investigated further whether the diagnostic
accuracy could be improved by calculating disease-specific
thresholds, and whether the diagnostic performance could
differ between the respective autoimmune liver diseases.
Diagnostic accuracy of CAP differs between disease entities of
AILD
Calculating disease-specific cut-offs revealed that thresholds
varied greatly depending on the underlying AILD (AIH: 256 dB/
m, PBC: 276 dB/m, PSC: 254 dB/m) (Table 5). Moreover, applying
disease-specific thresholds considerably improved the diagnostic
accuracy in PBC (AUROC = 0.81, sensitivity: 0.71, specificity: 0.82)
Table 5. Performance of CAP measurements to determine any grade of steat

Value All AILD AIH

Number of participants 433 218
AUROC 0.76 0.72
Optimal cuff-off (dB/m) 257 256
Sensitivity 0.65 0.60
Specificity 0.81 0.80
Positive predictive value 0.47 0.48
Negative predictive value 0.90 0.81

AIH, autoimmune hepatitis; AILD, autoimmune/immune mediated liver disease; AUR
parameter; PBC, primary biliary cholangitis; PBC/AIH, variant syndrome of PBC and AIH
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and PSC (AUROC = 0.93, sensitivity: 0.91, specificity: 0.85), but
not in those with AIH (AUROC = 0.72, sensitivity: 0.60, specificity:
0.80) (Table 5, Fig. S3). These differences in the diagnostic per-
formance between individuals with cholestatic liver disease
(PBC, PSC) and AIH were statistically significant (p = 0.009)
(Fig. 2).

Furthermore, also after the application of disease-specific cut-
off values, AIH was associated with increased risk of incorrect
assignment based on CAP (OR: 1.82, 95% CI:1.03–3.21, p = 0.04)
compared with cholestatic liver diseases.

We also addressed other potential confounding factors that
could have influenced our findings. As we evaluated the perfor-
mance of CAP within a time frame 6 months of a biopsy, we
validated the accuracy of CAP in individuals, who received liver
biopsy within 30 days of elastography assessment (n = 256). In
this sub-cohort CAP showed an even worse accuracy for AIH
(AUROC: 0.64); however, the accuracy for PBC (AUROC: 0.76) and
PSC (AUROC: 0.94) diagnosis was sufficient. We further
addressed whether probe size of the elastography device influ-
enced CAP measurements. Given that the probe size was chosen
according to manufacturer’s recommendations based on patient
morphology, the prevalence of steatosis in individuals with CAP
measurements obtained using the XL probe was significantly
higher (33.8%) compared with the cohort, in which CAP was
obtained using the M probe (18.3%, p = 0.002). However, the
probe size of the CAP measurement did not significantly influ-
ence the diagnostic accuracy of CAP (M probe: AUROC = 0.74; XL
probe: AUROC = 0.79, p = 0.436).

Hence, the observed moderate accuracy for the detection of
steatosis in the overall AILD cohort was mainly attributable to
the moderate performance in people with AIH, who represented
the largest subgroup (50.3%) of the total cohort.

Hepatic inflammation and BMI impact the diagnostic
performance of CAP
In contrast to PBC and PSC, AIH is characterised by a higher de-
gree of hepatic inflammation. Accordingly, individuals with AIH
had significantly higher levels of serum transaminases and
higher mHAI scores than those with cholestatic autoimmune
liver diseases (Tables 1 and 3). As demonstrated previously, liver
inflammation poses a potential confounder in liver stiffness
measurements by transient elastography during the first months
of AIH treatment.28 Therefore, we investigated whether hepatic
inflammation may also have an impact on the diagnostic accu-
racy of CAP in AIH.

Of note, a weak but significant negative correlation was
observed for CAP with serum transaminase levels (AST: o =
-0.221, p = 0.001; alanine aminotransferase [ALT]: o = -0.194, p =
0.004) as well as bilirubin (o = -0.216, p = 0.001), whereas the
time between biopsy and elastographic assessment was
osis (>S0).

AIH (follow-up)
in remission

PBC PSC PBC/AIH

62 51 85 63
0.85 0.81 0.93 0.70
288 276 254 255
0.67 0.71 0.91 0.62
0.90 0.82 0.85 0.76
0.61 0.63 0.55 0.40
0.92 0.88 0.98 0.88

OC: area under the receiver operating characteristics CAP, controlled-attenuation
; PSC, primary sclerosing cholangitis.
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Fig. 2. Receiver operator characteristic curve of CAP measurement for diagnosis of hepatic steatosis (>S0). (A) Participants with mixed aetiologies of AILD:
area under the ROC (AUROC) = 0.76. (B) Comparison of ROC to detect hepatic steatosis in participants with AIH (grey) and cholestatic liver disease (blue), AUROC
differed significantly (AUROC AIH = 0.72; AUROC PBC/PSC = 0.88), p = 0.009. Differences of AUROC were calculated as proposed by Hanley and McNeil. AIH,
autoimmune hepatitis; AILD, autoimmune/immune mediated liver diseases; PBC, primary biliary cholangitis; PSC, primary sclerosing cholangitis; ROC, receiver
operator characteristic curve.
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positively associated with CAP values (time in days: o = 0.173, p =
0.001). However, in multivariate regression analysis only the
correlation between CAP with hepatic steatosis, BMI, and bili-
rubin maintained statistical significance (corrected R-square =
0.386, p <0.0001).

As liver biopsy was performed to establish AIH diagnosis, most
individuals with AIH (72.5%, n = 158) did not receive immuno-
suppressive treatment at the time of biopsy. Consequently, also at
time of first CAP measurement high inflammatory activity, dis-
played by increased levels of serum transaminases (AST >2 × ULN),
was present in most participants (n = 134, 84.5% of the whole AIH
cohort). In this subgroup characterised by high inflammatory AIH-
activity the diagnostic accuracy of CAP to detect hepatic steatosis
was worse (AUROC = 0.69) than in individuals with AIH and low
inflammatory activity (AST <−2 × ULN; n = 84) (AUROC = 0.77;
Fig. 3A). Of note, mean CAP values in individuals with high in-
flammatory activity were significantly lower than those who had
already cleared acute hepatitis (Fig. 3B).

However, only substantial inflammation appeared to influ-
ence the CAP as individuals who already achieved complete
biochemical response (CBR, defined by normalization of serum
transaminases and IgG) did not show any differences in CAP
compared with those with mild disease activity (abnormal
serum transaminases with AST<−2 × ULN) (Fig. S4A). As jaundice
at the time of diagnosis is a marker of severe hepatitis, we
further studied people with AIH and elevated serum bilirubin
levels above 2 mg/dl at the time of elastographic assessment. In
line with our previous results, we found that jaundice in in-
dividuals with AIH was associated with significantly lower CAP
values and particularly low diagnostic accuracy (AUROC: 0.52,
Fig. S4B and C).

Association of CAP development over time with changes in
clinical parameters
To estimate the clinical factors that influence changes in CAP
values over time regardless of the underlying disease and its
JHEP Reports 2023
respective activity, we analysed follow-up CAP measurements of
individuals with AIH, PBC, and PSC after initial CAP measure-
ment. Complete elastographic and clinical follow-up data was
available for 243 individuals (AIH: n = 153, PBC: n = 34; PSC: n =
56) with a median follow-up time of 12 months (minimum: 1,
maximum: 24 months). Clinical and elastrographic characteris-
tics of the cohort are summarised in Table S2.

Changes in markers, expressed as their delta value, that
significantly correlated with changes of CAP are displayed in
Table S3. In the multivariate analysis we found that delta CAP
was positively associated with delta of BMI (regression coeffi-
cient b = 4.327, p = 0.02), whereas the delta of bilirubin ((B) =
-4.749, p = 0.007), and gamma-glutamyl transferase (GGT) ((B) =
-0.042, p = 0.005) was independently and negatively associated
with delta of CAP. However, the impact of those factors was not
evenly distributed among the diseases. In cholestatic liver dis-
eases predominantly delta of BMI showed positive correlation
with CAP increases (PBC: o = 0.367, p = 0.0034; PSC: o = 0.367, p =
0.006), whereas in AIH, delta of CAP negatively correlated with
delta of bilirubin (o = -0.244, p = 0.003), delta of GGT (o = -0.354,
p <0.0001), and also delta of AST (o = -0.241, p = 0.003) and ALT
(o = -0.265, p = 0.001) (Table S3).

Taken together, our data show that an increase of body weight
and decrease of hepatic inflammation markers positively corre-
late with increases in CAP values in people with AILD.

The diagnostic performance of CAP improves in AIH after
resolution of hepatic inflammation
To address the impact of hepatic inflammation on CAP values we
assessed follow-up CAP measurements in individuals with high
inflammatory AIH activity after a complete biochemical response
was achieved.

In AIH, induction of remission usually requires treatment with
corticosteroids,26whichmay lead toweight gain (Fig. S5A), and thus
represents a potential confounder by promoting hepatic steatosis
development after liver biopsy was obtained. Additionally, as
6vol. 5 j 100898
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Fig. 3. Effects of liver inflammation on CAP measurement in AIH. (A) ROC curves of CAP for the detection of steatosis in individuals with AIH: in the presence
of high inflammatory activity (AST >2 × ULN, red) (n = 134, AUROC = 0.69) or low inflammatory activity (AST <−2 × ULN, green) (n = 84 AUROC = 0.77). (B) CAP- and
(C) TE-values differed significantly in AIH-subpopulations with low and high inflammatory activity. (D) ROC curves of people with AIH and high inflammatory
activity at first CAP measurement (T0, light blue; AUROC = 0.75) and of the same individuals upon follow-up after CBR was achieved (follow-up, dark blue;
AUROC = 0.85). After CBR was achieved mean CAP values significantly increased (E), whereas liver stiffness decreased (F). Mann-Whitney-U-test was used to test
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demonstrated earlier, weight gain may directly influence CAP
values. Therefore, individualswith substantial weight gain (>10% of
the initial body weight) during follow-up were excluded from this
analysis.

In the AIH cohort with high inflammatory activity (serum
transaminases >2xULN), a total of 78 participants achieved CBR
during follow-up, of which 62 individuals did not show sub-
stantial weight gain (Fig. S5B) and had complete follow-up data
available. A flowchart of participant recruitment for this analysis
is given in Fig. S6; clinical characteristics are summarised in
Table S4.

Upon achievement of CBR median CAP values significantly
increased by a median of 38.0 dB/m from baseline (IQR: 6.0-81.0,
p <0.0001, Fig. 3E). Importantly, resolution of hepatic inflam-
mation during follow-up as indicated by normal serum trans-
aminase levels was associated with an improvement of the
diagnostic performance of CAP (T0: AUROC = 0.75 vs. follow-up:
AUROC = 0.85). In line with the increased CAP values upon CBR,
the optimal cut-off for the detection of hepatic steatosis
increased from 241.5 dB/m at baseline (T0) (sensitivity: 0.64;
specificity: 0.80) to 288.0 dB/m at follow-up (sensitivity: 0.67;
specificity: 0.93). Consequently, the rate of correct assignment as
steatotic or non-steatotic based on the respective cut-offs
increased from 79.0% (T0) to 88.7% (follow-up) (p = 0.07) after
CBR was achieved.

Of note, the increase of CAP values in individuals with
biochemical response was reciprocal to changes of liver stiffness
in this cohort. As expected, mean liver stiffness significantly
declined after CBR was achieved (p <0.0001) (Fig. 3F) and was
generally lower in individuals with AIH and low inflammatory
activity (AST <−2 × ULN) (p <0.0001) (Fig. 3C).

It should also be noted that the effects of disease activity on
elastographic measurements were solely seen in individuals
with AIH. Upon longitudinal follow-up of people with PSC and
PBC, no significant changes in CAP, its diagnostic performance, or
liver stiffness could be observed in a median follow-up time of 12
months (Fig. S7, Table S2).
Discussion
With the rising prevalence and incidence of obesity and associ-
ated hepatic steatosis, fatty liver disease is increasingly diag-
nosed as a comorbidity in individuals with AILD and affects
treatment response as well as disease course.3–6 Thus, validation
of non-invasive approaches to detect and monitor hepatic stea-
tosis, such as CAP, is highly relevant for the clinical management
of people with AILD. However, people with AILD have been un-
derrepresented in studies evaluating CAP for the assessment of
hepatic steatosis.20,36,37 Hence, in this study we comprehensively
assessed the diagnostic performance of CAP in a large, well-
characterised cohort of individuals with AIH, PBC, PSC and
variant syndromes compromising a total of 433 individuals. The
large cohort size allowed to determine disease-specific thresh-
olds for CAP to detect hepatic steatosis, which revealed that
optimum cut-offs vary substantially depending on the underly-
ing AILD. This expands beyond findings of a previous report
which determined a uniform cut-off values for AILD by analysing
a cohort that included individuals with AIH and PBC.38 Our data
clearly supports that disease-specific cut-offs should be applied,
especially as PSC showed a considerably lower optimal cut-off
threshold.
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Disease-specific cut-offs demonstrated a good to excellent
diagnostic accuracy for the identification of hepatic steatosis
in PBC (AUROC = 0.81) and PSC (AUROC = 0.93). However, the
diagnostic accuracy of CAP was significantly lower in
newly diagnosed AIH. For people with AIH we identified hepatic
inflammation as a potential confounder of CAP measurement:
CAP values significantly increased in AIH after the presumed
resolution of hepatic inflammation under treatment.

We have previously reported that liver inflammation leads to
increased values for liver stiffness measured by transient elas-
tography.28 However, contrary to the determination of liver
stiffness, for CAP, we observed an opposing effect with signifi-
cantly lower CAP values in the presence of high inflammatory
activity in AIH (Fig. 3 A–C). Given that CAP estimates hepatic
steatosis by changes of ultrasonic back-propagation in the liver
tissue,14 it seems plausible that inflammation and concurrent
tissue oedema could affect these physical characteristics.
Hence, we suspect that decreased dispersion of the ultrasound
wave in oedematous livers might explain the observed decrease
in CAP values in individuals with ongoing liver inflammation.
This postulation is further underlined by our finding that
particularly high inflammatory activity was associated with
lower CAP values and limited diagnostic accuracy in individuals
with AIH (Fig. S4). Therefore, caution should be taken when
interpreting CAP values in the setting of active AIH. Furthermore,
the association of decreased CAP values in presence of substan-
tial hepatic inflammation is of clinical relevance as low CAP
values do not sufficiently indicate the absence of hepatic stea-
tosis in AIH with high disease activity. Therefore, in order to
reliably assess hepatic fat content at diagnosis of AIH or to
distinguish AIH activity form NASH, liver biopsy is needed.
Nonetheless, once biochemical response is achieved, our data
showed that the reliability of CAP was substantially increased.
For instance, the application of the cut-off adapted for the res-
olution of hepatic inflammation (288 dB/m) resulted in consid-
erably improved diagnostic accuracy in individuals with AIH and
biochemical response. Diagnostic confidence was similar to that
observed in cholestatic liver diseases (PBC, PSC) (Table 5), which
suggests that CAP can be a reliable instrument for monitoring
hepatic steatosis in the clinical follow-up of people with AIH
once CBR is achieved.

Our data underlines the high frequency of hepatic steatosis in
individuals with AILD, as approximately 21% of our cohort showed
steatosis on liver histology. This is in line with the expected
prevalence of hepatic steatosis in adults in Europe.39 In addition,
our data indicates that fatty liver disease seems to be not evenly
distributed among people with AILD, as individuals with PSC and
PSC/AIH had a lower prevalence NAFLD along with lower BMI
values and lower frequency of diabetes and hyperlipidaemia
(Tables 1 to 3). The low frequency of concomitant hepatic steatosis
in people with PSC is in line with other studies that report a low
prevalence of steatosis in PSC40 or even suggest a protective role
for PSC in steatosis development.41 In contrast, our data suggests
that the differences in steatosis prevalence among AILD entities
may be attributed to differential expression of risk factors in our
cohort, namely obesity, hypertriglyceridemia, and age, rather than
the disease entity itself.

This study has the inherent limitations of a retrospective,
single-centre study design. We evaluated CAP measurements that
were obtained over a period of 6 months around time of the liver
biopsy. However, the majority of CAP measurements were
8vol. 5 j 100898



performed within 35 days of the histological assessment. The time
intervals did not differ between the respective AILD and we vali-
dated our findings of differences in performance of CAP in a cohort
of individuals with AILD who had undergone elastographic
assessment within 30 days to the liver biopsy. Nevertheless, the
time interval between liver biopsy and CAP measurement varied
and could have allowed for changes in liver tissue to occur that
were not captured by histological evaluation. This would explain
why we found negative correlations of CAP with transaminase and
bilirubin levels, indirect markers of hepatic inflammation that
were obtained on the day of elastography assessment, but did not
observe a significant correlation of CAP values with the histolog-
ical quantification of hepatitis by mHAI (not shown). As our centre
does not perform routine follow-up biopsies, we were not able to
correlate our follow-up data with histological data. Therefore,
despite controlling for weight gain (>10% of the initial body-
weight) in AIH, it should be kept in mind that the onset of hepatic
steatosis during the time of follow-up cannot be ruled out with
JHEP Reports 2023
certainty. A further consideration is that, in contrast to AIH, liver
biopsy is not routinely performed as a procedure for the diagnosis
of cholestatic liver diseases, but only when diagnosis is unclear or
when concomitant liver diseases, such as variant-syndromes or
NAFLD/NASH, are suspected. Therefore, a selection bias in our
study might have led to an overestimation of the prevalence of
steatosis in PBC and PSC. In addition, our cohort of people with
AILD was imbalanced and dominated by individuals with AIH.
Therefore, validation of our findings and of our cut-off values in
larger cohorts of people with PBC and PSC is needed.

In summary, we here demonstrate that CAP is a reliable
non-invasive surrogate biomarker of hepatic steatosis in PBC and
PSC with a high accuracy in detecting hepatic steatosis. In AIH,
ongoing hepatic inflammation may cause decreased CAP values,
therefore CAP should be interpreted with caution during the first
months of AIH treatment. However, once hepatic inflammation
has declined, the measurement of CAP represents a reliable tool to
monitor hepatic steatosis also in individuals with AIH.
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