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Highlights Lay summary

� NAFLD/NASH is common in morbidly obese pa-

tients undergoing bariatric surgery.

� Non-invasive diagnosis of NAFLD/NASH is an unmet
need in this population.

� We compared MRI-PDFF, CAP and serum scores for
grading steatosis and diagnosing NASH, using liver
biopsy as a reference.

� Applicability of magnetic resonance imaging was
better than that of Fibroscan.

� MRI-PDFF outperformed CAP for diagnosing and
grading steatosis, as well as excluding NASH.
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Non-invasive tests for detecting fatty liver and stea-
tohepatitis, the active form of the disease, have not
been well studied in obese patients who are candi-
dates for bariatric surgery. The most popular tests for
this purpose are Fibroscan, which can be used to
measure the controlled attenuation parameter (CAP),
and magnetic resonance imaging, which can be used
to measure the proton density fat fraction (MRI-PDFF).
We found that, when taking liver biopsy as a refer-
ence, MRI-PDFF performed better than CAP for
detecting and grading fatty liver as well as excluding
steatohepatitis in morbidly obese patients undergoing
bariatric surgery.
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Background & Aims: Tools for the non-invasive diagnosis of non-alcoholic steatohepatitis (NASH) in morbidly obese patients
with suspected non-alcoholic fatty liver disease (NAFLD) are an unmet clinical need. We prospectively compared the per-
formance of transient elastography, MRI, and 3 serum scores for the diagnosis of NAFLD, grading of steatosis and detection of
NASH in bariatric surgery candidates.
Methods: Of 186 patients screened, 152 underwent liver biopsy, which was used as a reference for NAFLD (steatosis [S]>5%),
steatosis grading and NASH diagnosis. Biopsies were read by a single expert pathologist. MRI-based proton density fat fraction
(MRI-PDFF) was measured in an open-bore, vertical field 1.0T scanner and controlled attenuation parameter (CAP) was
measured by transient elastography, using the XL probe. Serum scores (SteatoTest, hepatic steatosis index and fatty liver
index) were also calculated.
Results: The applicability of MRI was better than that of FibroScan (98% vs. 79%; p <0.0001). CAP had AUROCs of 0.83, 0.79,
0.73 and 0.69 for S>5%, S>33%, S>66% and NASH, respectively. Transient elastography had an AUROC of 0.80 for significant
fibrosis (F0-F1 vs. F2-F3). MRI-PDFF had AUROCs of 0.97, 0.95, 0.92 and 0.84 for S>5%, S>33%, S>66% and NASH, respectively.
When compared head-to-head in the 97 patients with all valid tests available, MRI-PDFF outperformed CAP for grading
steatosis (S>33%, AUROC 0.97 vs. 0.78; p <0.0003 and S>66%, AUROC 0.93 vs. 0.75; p = 0.0015) and diagnosing NASH (AUROC
0.82 vs. 0.68; p = 0.0056). When compared in “intention to diagnose” analysis, MRI-PDFF outperformed CAP, hepatic steatosis
index and fatty liver index for grading steatosis (S>5%, S>33% and S>66%).
Conclusion: MRI-PDFF outperforms CAP for diagnosing NAFLD, grading steatosis and excluding NASH in morbidly obese
patients undergoing bariatric surgery.
Lay summary: Non-invasive tests for detecting fatty liver and steatohepatitis, the active form of the disease, have not been
well studied in obese patients who are candidates for bariatric surgery. The most popular tests for this purpose are Fibroscan,
which can be used to measure the controlled attenuation parameter (CAP), and magnetic resonance imaging, which can be
used to measure the proton density fat fraction (MRI-PDFF). We found that, when taking liver biopsy as a reference, MRI-PDFF
performed better than CAP for detecting and grading fatty liver as well as excluding steatohepatitis in morbidly obese patients
undergoing bariatric surgery.
© 2021 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/).
Keywords: Non-invasive diagnosis; steatosis; NAFLD; NASH; transient elastography;
CAP; MRI-PDFF; bariatric surgery.
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† First two authors equally contributed to this work.

* Corresponding author. Address: Department of Hepatology, Hôpital Beaujon,
Assistance Publique-Hôpitaux de Paris, 100 Boulevard du Général Leclerc, 92110
Clichy, France; Tel.: +33 1 40 87 57 64, fax: +33 1 40 87 44 82.
E-mail address: laurent.castera@bjn.aphp.fr (L. Castera).
Introduction
Non-alcoholic fatty liver disease (NAFLD), encompassing a wide
spectrum of lesions ranging from simple steatosis to non-
alcoholic steatohepatitis (NASH) and cirrhosis, affects around
one-quarter of the general population worldwide.1 NAFLD is
frequently associated with metabolic comorbidities such as
obesity, type 2 diabetes, hyperlipidemia, hypertension and
metabolic syndrome. Although the most common cause of death
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in patients with NAFLD is cardiovascular disease, independent of
other metabolic comorbidities, NAFLD is becoming a major cause
of liver disease-related morbidity (e.g., cirrhosis, end-stage liver
disease, hepatocellular carcinoma, and liver transplantation), as
well as mortality.2,3 Patients with NASH, the active form of
NAFLD, characterized histologically by steatosis, lobular inflam-
mation and hepatocyte ballooning are those at greatest risk of
developing complications of chronic liver disease.4

In morbidly obese patients, the prevalence of NAFLD and
NASH is high: 91% (95% CI 85-98%) and 37% (24-98%), respec-
tively, in a large series (n = 1,620) of candidates for bariatric
surgery.5 However, in the preoperative phase of bariatric surgery,
NAFLD is usually assessed only with routine ultrasonography, a
procedure that not only is operator-dependent, but also has low
sensitivity in obese patients and does not provide enough in-
formation about the severity of liver injury (NASH and fibrosis).6

Bariatric surgery procedures have increased regularly in most
countries over the last 2 decades. For instance, approximately
50,000 procedures are currently performed each year in France.7

Thus, NAFLD is becoming an increasing issue and the key chal-
lenge in the management of these patients is to differentiate
NASH from isolated steatosis as patients with the former are at
high risk of developing cirrhosis and its complications.

Until now, liver biopsy has been the reference test for iden-
tifying NASH and fibrosis, but has well-known limitations,
including invasiveness, rare but potentially life-threatening
complications, poor acceptability; sampling variability, and
cost.8,9 Over the past decade, there has been a growing interest
in alternative novel non-invasive strategies, relying on 2 different
but complementary approaches: serum biomarkers or imaging
methods measuring liver fat content and stiffness with either
ultrasound- or magnetic resonance-based methods.10 For
instance, serum scores such as hepatic steatosis index (HSI), fatty
liver index (FLI) and SteatoTest (ST) have been proposed for
diagnosing and quantifying steatosis.11 Although they are easy to
use, they have not been well evaluated before bariatric surgery.12

Transient elastography (TE) using the FibroScan (Echosens, Paris,
France) is an ultrasound-based point of care technique that al-
lows for liver stiffness measurement (LSM), and has good per-
formance for diagnosing severe fibrosis and cirrhosis in patients
with NAFLD.13 Additionally, the controlled attenuation parameter
(CAP),14 measuring ultrasonic attenuation of the echo wave, has
been shown to provide a standardized and rapid non-invasive
quantification of hepatic steatosis with good performance.15

However, an important limitation of TE is the high failure rates
when using the regular probe (M) in patients with a BMI >30 kg/
m2, which applies to many patients with NAFLD.16 This has led to
the development of the XL probe, which has been shown to
reduce the failure rate for staging fibrosis and grading steatosis
in obese patients with NAFLD with good performance.17,18

Regarding morbidly obese patients who are candidates to bar-
iatric surgery, data are scarce so far.19–23 MRI-based techniques,
such as magnetic resonance elastography (MRE) and proton
density fat fraction (PDFF) have been shown to accurately stage
fibrosis and grade steatosis, respectively, in patients with
NAFLD13 and to outperform TE-CAP for fibrosis staging and
steatosis quantification.24,25 However, data in morbidly obese
patients undergoing bariatric surgery remains limited.26 In
addition, these patients are often difficult to examine in
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conventional MRI systems with 60 cm bore size and 1.5 or 3.0 T
field strength,27 but low field (1T), open-bore systems are
available.28 Finally, there has been no head-to-head comparison
between MRI-PDFF and CAP in bariatric surgery candidates.

Using a well-characterized, prospective cohort of morbidly
obese French patients who underwent liver biopsy during bar-
iatric surgery, we compared the performance of FibroScan-CAP,
MRI-PDFF, and 3 serum scores (ST, HSI and FLI) for diagnosing
NAFLD, grading steatosis and detecting NASH.
Patients and methods
Study population
This prospective study (NCT01695083) was part of an extensive
perioperative data collection conducted in morbidly obese pa-
tients who were candidates for bariatric surgery in an expert
center29 at Louis Mourier University Hospital, Colombes, France.
The study was performed between October 2012 and November
2015 in accordance with the ethical standards of the 1964 Hel-
sinki Declaration and its later amendments. The local ethics
committee approved the study and all participants provided
written informed consent. Inclusion criteria were morbid obesity
(defined as BMI >−40 kg/m2) or severe obesity (BMI >−35 kg/m2)
with at least 1 comorbid condition (e.g., sleep apnea syndrome,
type 2 diabetes, cardiovascular disease or severe joint pain).
Patients were considered to have significant sleep apnea syn-
drome if they were being treated with nocturnal continuous
positive-airway pressure; type 2 diabetes if they were taking an
antidiabetic treatment or if fasting glycemia was >−7 mmol/L on at
least 2 different occasions; hypertension if they were taking an
antihypertensive treatment or if systolic blood pressure was
>−140 mmHg or diastolic blood pressure was >−90 mmHg on at
least 2 different occasions; dyslipidemia if they were taking a
lipid-lowering therapy or if total cholesterol was >−5.7 mmol/L or
triglyceride levels were >−1.7 mmol/L.

All patients had failed to lose weight with non-surgical
weight reduction programs (dietary and behavioral manage-
ment) that had been properly conducted for at least 6 months,
and during the study, they had stable weight. No specific diet
was recommended before surgery. Exclusion criteria were: age
<18 years old, medical or psychological contraindications to
bariatric surgery, alcohol consumption above recommended
limits (>14 units/week for women and >21 units/week for men; 1
unit = 8 g of ethanol), presence of liver disease other than NAFLD
(hepatitis B or C, autoimmune liver disease, hemochromatosis),
steatogenic medications (e.g., amiodarone, methotrexate, or
corticosteroids).

Clinical and laboratory assessment
The following characteristics were recorded before bariatric
surgery for each patient: age, sex, BMI, waist circumference,
presence of type 2 diabetes, sleep apnea, hypertension, and
dyslipidemia. The following laboratory parameters were also
determined: platelet count, aspartate aminotransferase, alanine
aminotransferase, gamma-glutamyltransferase, alkaline phos-
phatase, bilirubin, prothrombin time, ferritin, total cholesterol,
triglycerides, glycated hemoglobin. The homeostasis model
assessment of insulin resistance was calculated: [fasting insulin
(mUI/ml) x fasting glycemia (mmol/L)]/22.5.
2vol. 3 j 100381



Steatosis scores
Two non-patented steatosis scores, FLI and HSI were calculated
using the clinical, anthropometric and laboratory data available
before bariatric surgery, according to the published formulas.30,31

In addition, a patented steatosis score, ST,32 was kindly provided
by the inventor (Thierry Poynard).

FibroScan-CAP and LSM
CAP (dB/m) and LSM (kPa) were assessed using the FibroScan
(Echosens, Paris, France), equipped with both M and XL probes.
All examinations were performed within 12 weeks before sur-
gery, after an overnight fast, by a trained operator (>100 exams)
blinded to the results of other tests. When the study started, CAP
was not available on the XL probe; therefore, the raw ultrasonic
radiofrequency signals were stored in the FibroScan examination
file to enable computation of CAP off-line. CAP computation was
performed blinded to patients’ clinical and histological data us-
ing an identical configuration and algorithm to the one
embedded in the commercial device. Examinations with fewer
than 10 valid measurements or an IQR/median >30% or a success
rate <60% were considered unreliable.16

MRI
MRI acquisition was performed in a Panorama Open 1.0T MRI
system (Philips Healthcare, Best, The Netherlands) within 12
weeks before surgery, with bore width and height of patient
opening of 160 cm and 45 cm, respectively. Multiecho gradient
echo imaging was performed (field of view: 41 x 45 cm, recon-
structed pixel size: 1.875 mm, three 10-mm thick contiguous
slices, 14 echoes evenly spaced from 3.4 ms to 48.3 ms, flip angle:
10�, repetition time: 60 ms). Data processing was carried out
with a numerical fitting procedure using Matlab (The Math-
works, Natick, USA). The multiecho gradient echo images were
used to calculate the R2* corrected liver PDFF as described pre-
viously and explained in the supplementary material.33,34 Large
regions of interest were drawn by 2 observers (P.G., 12 years’
N = 186 Enrolle

Patients with liver bio

Patients with all tests availab

FibroScan performed  (n = 142) MRI performed

FibroScan not performed (n = 10)

Invalid Fibroscan (n = 30)

Valid FibroScan (n = 112) Valid MRI (n

Patients analyse

Fig. 1. Study flow chart.
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experience with MRI, S.D., 16 years’ experience with MRI), both
blinded to the other index and reference test values. Regions
were positioned in the right liver lobe on the first echo image in
all available slices by avoiding organ edges and large vessel
structures. An average of 3,110 pixels were considered per
patient.

Histological assessment
Liver biopsies were performed during bariatric surgery (laparo-
scopic sleeve gastrectomy or Roux-en-Y gastric bypass) in the left
hepatic lobe. Biopsy specimens were fixed in formalin and
paraffin embedded and stained with H&E, Picrosirius red and
Masson’s trichrome for evaluation of fibrosis. Slides were
analyzed by the same experienced pathologist (P.B.) blinded to
the patient’s clinical data and the results of the different tests.
Steatosis was defined according to the number of affected he-
patocytes: S0 (<5%), S1 (5–33%), S2 (34–66%), S3 (>66%).
Ballooning (0-2), lobular inflammation (0-3), the NAFLD activity
score (NAS) (0-8) and fibrosis (0-4), were scored using the NASH
CRN scoring system.35 NASH was diagnosed using the “fatty liver
inhibition of progression” (FLIP) definition (presence of steatosis,
hepatocyte ballooning, and lobular inflammation with at least 1
point for each category), itself based on the SAF (steatosis, ac-
tivity and fibrosis) score.36,37

Statistical analyses
Continuous variables are reported as mean (SD); categorical
variables as frequencies and percentages, n (%). Statistical tests
are presented with their 95% CIs. Overall diagnostic accuracies of
CAP, MRI-PDFF, and serum biomarkers were determined through
the area under the receiver operating characteristic curve
(AUROC) using histological data as reference standard. The
optimal cut-off value was determined by the Youden’s index
method. Sensitivity (Se), specificity (Sp), positive predictive value
(PPV), and negative predictive value (NPV) were calculated along
with their 95% CIs. In the subgroup of 97 patients with all
d patients

psy (n = 155)

n = 31 No liver biopsy

le and valid (n = 97)

 (n = 130) Steatosis scores performed (n = 145)

MRI not performed (n = 22)

MRI failure (n = 2)

 = 128)

Missing data (n = 7)

Valid steatosis scores (n = 145)

n = 3 Positive HBsAg

d (n = 152)
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Table 1. Clinical and biological characteristics of the 152 patients with liver biopsy and of the 97 patients with all valid tests available and results on non-
invasive tests.

Variables Liver biopsy (n = 152) All valid tests available (n = 97) NASH
(n = 30)

No NASH
(n = 67)

p value

Age, years, mean ± SD 42 ± 11 41 ± 10 43 ± 9 40 ± 10 0.19
Sex, women, n (%) 128 (84) 83 (86) 19 (63) 64 (96) 1.0×10-4

BMI, kg/m2, mean ± SD 44.1 ± 5.3 44.4 ± 5.4 46.6 ± 5.8 43.4 ± 4.9 1.4×10-2

WC, cm, mean ± SD 124.6 ± 14.5 124.5 ± 14.2 131.3 ± 11.8 121.4 ± 14.2 6.9×10-4

Hypertension, n (%) 55 (36) 33 (34) 12 (40) 21 (31) 0.40
Sleep apnea, n (%) 85 (56) 56 (58) 22 (73) 34 (51) 3.7×10-2

Diabetes, n (%) 32 (21) 16 (16) 9 (30) 7 (10) 3.5×10-2

Dyslipidemia, n (%) 35 (23) 21 (22) 9 (30) 12 (18) 0.18
Platelets (Giga/L) 270 ± 63 273 ± 64 257 ± 67 280 ± 62 0.10
ALT (IU/L) 38.7 ± 21.6 38.5 ± 21.8 52.9 ± 27.5 32.1 ± 15.0 4.1×10-4

AST (IU/L) 23.9 ± 9.8 23.9 ± 9.5 28.7 ± 10.5 21.8 ± 8.3 2.6×10-3

GGT (IU/L) 45.4 ± 32.9 44.1 ± 31.9 57.3 ± 48.6 38.2 ± 18.2 4.5×10-2

ALP (IU/L) 83.2 ± 23.4 82.2 ± 25.8 85.4 ± 26.3 80.7 ± 25.6 0.41
Bilirubin (lmol/L) 11.0 ± 3.7 10.9 ± 3.9 11.7 ± 4.2 10.6 ± 3.8 0.37
Prothrombin time (%) 104 ± 8 103 ± 8 104 ± 7 102 ± 8 0.38
Ferritin (lg/L) 116 ± 110 118 ± 111 170 ± 134 95 ± 91 8.2×10-3

Total cholesterol (mmol/L) 5.1 ± 1.03 5.18 ± 1.04 5.21 ± 1.04 5.16 ± 1.04 0.85
Triglycerides (mmol/L) 1.45 ± 0.9 1.49 ± 0.8 1.86 ± 0.99 1.32 ± 0.6 9.0×10-3

Glycated hemoglobin (%) 5.89 ± 0.84 5.81 ± 0.68 6.10 ± 0.84 5.68 ± 0.56 1.7×10-2

HOMA-IR 6.27 ± 4.24 6.12 ± 3.97 7.98 ± 4.43 5.29 ± 3.47 5.1×10-3

SteatoTest 0.60 ± 0.17 0.60 ± 0.17 0.71 ± 0.12 0.56 ± 0.17 3.6×10-6

Hepatic steatosis index 59.6 ± 6.9 59.6 ± 7.3 64.0 ± 7.0 57.7 ± 6.5 1.0×10-4

Fatty liver index 45.4 ± 28.2 46.7 ± 28.6 64.4 ± 25.7 38.8 ± 26.3 3.5×10-5

CAP (dB/m) 325 ± 62 324 ± 63 351 ± 40 312 ± 68 7.1×10-4

LSM (kPa) 6.6 [4.6-9.5] 6.2 [4.2-8.1] 7.9 [5.9-8.9] 5.4 [4.0-7.0] 6.7×10-2

MRI-PDFF (%) 15.3 ± 10.5 15.9 ± 10.9 24.1 ± 8.2 12.2 ± 10.1 5.3×10-8

p values are those of the t tests between NASH and no NASH groups for each variable.
ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CAP, controlled attenuation parameter; GGT, gamma-glutamyltransferase; HOMA-
IR, homeostasis model assessment of insulin resistance; LSM, liver stiffness measurement; MRI-PDFF, MRI-proton density fat fraction; NASH, non-alcoholic steatohepatitis;
WC, waist circumference.
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available valid tests, pairwise and multiple comparisons of
AUROCs were performed using the DeLong method.38 A pairwise
comparative analysis of correctly classified patients (true nega-
tive plus true positive) was performed in the 152 patients. The
comparison was performed in "intention to diagnose" by
Table 2. Histological characteristics of the 152 patients with liver biopsy and

Variables Liver biopsy (n = 152) All vali

Fragment length (mm) 13.6 ± 6.3
Number of portal tracts 13.6 ± 8.0
Steatosis grade, n (%)

0 (<5%) 40 (26)
1 (5-33%) 37 (24)
2 (34-66%) 40 (26)
3 (>66%) 35 (24)

Lobular inflammation, n (%)
0 98 (64)
1 46 (30)
2-3 8 (5)

Ballooning grade, n (%)
0 87 (57)
1 59 (39)
2 6 (4)

NAS score, n (%)
<3 79 (52)
3-4 46 (30)
>−5 27 (18)

Fibrosis stage, n (%)
F0 75 (49)
F1 63 (42)
F2 11 (7)
F3 3 (2)
F4 0 (0)

p values are those of the t tests between NASH and no NASH groups for each variable.
NAFLD, non-alcoholic fatty liver disease; NAS, NAFLD activity score; NASH, non-alcoho
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calculating summary diagnostic performance in a "worst case
scenario" as described by Schuetz et al., i.e. non evaluable cases
with a positive gold standard were counted towards false posi-
tives and non evaluable cases with a negative gold standard were
counted towards false negatives.39
of the 97 patients with all valid tests available.

d tests available
(n = 97)

NASH
(n = 30)

No NASH
(n = 67)

p value

14.3 ± 6.4 16.4 ± 6.0 13.4 ± 6.4 3.0×10-2

14.1 ± 7.9 17.2 ± 7.7 12.7 ± 7.6 1.1×10-2

7.3×10-8

23 (24) 0 (0) 23 (34)
21 (22) 0 (0) 21 (31)
25 (26) 14 (47) 11 (16)
28 (28) 16 (53) 12 (19)

4.9×10-19

60 (62) 0 (0) 60 (90)
31 (32) 26 (87) 5 (7)

6 (6) 4 (13) 2 (3)
1.1×10-15

54 (56) 0 (0) 54 (81)
39 (40) 26 (87) 13 (20)

4 (4) 4 (13) 0 (0)
7.8×10-17

45 (46) 0 (0) 45 (67)
34 (35) 12 (40) 22 (33)
18 (19) 18 (60) 0 (0)

9.1×10-11

47 (48) 1 (3) 46 (69)
38 (39) 19 (63) 19 (28)
10 (10) 8 (27) 2 (3)

2 (2) 2 (7) 0 (0)
0 (0) 0 (0) 0 (0)

lic steatohepatitis.
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Fig. 2. Boxplots comparing non-invasive measures to steatosis grade on histology. Boxplots of (A) CAP vs. steatosis grade, (B) MRI-PDFF vs. steatosis grade, (C)
SteatoTest vs. steatosis grade, (D) HSI vs. steatosis grade, (E) FLI vs. steatosis grade. CAP, controlled attenuation parameter; FLI, fatty liver index; HSI, hepatic
steatosis index; MRI-PDFF, MRI-proton density fat fraction.
For the adjustment of type I error (alpha) for multiple com-
parisons, the Hochberg’s method was used. Statistical signifi-
cance was set to a 2-sided alpha level of 0.05. All statistical
analyses were performed using R software v3.6 (The R founda-
tion for Statistical Computing).
Results
Patient characteristics
The study flow chart is represented in Fig. 1. Of 186 patients
screened, 152 meeting the inclusion criteria and who underwent
a liver biopsy were analyzed. Patients baseline characteristics are
described in Tables 1 and 2. Most of the patients were female
(84%), with a mean age of 42 ± 11 years and a mean BMI of 44.1 ±
5.3 kg/m2. Hypertension, type 2 diabetes, and dyslipidemia were
present in 36%, 21%, and 23% of patients, respectively (Table 1).
As shown in Table 2, mean liver biopsy length was 13.6 ± 6.3 mm,
Table 3. Diagnostic performance of CAP for grading steatosis and diagnosing

AUROC (95% CI*) Cut-off (dB/m) Se

S0 vs. S1-3 (>5%) 0.83 (0.72–0.93) 316 0.79 (0
S0-1 vs. S2-3 (>33%) 0.79 (0.70–0.88) 316 0.87 (0
S0-2 vs. S3 (>66%) 0.73 (0.63–0.83) 343 0.77 (0
NASH 0.69 (0.59–0.79) 318 0.86 (0

Values are provided with their 95% CI.
AUROC, area under the receiver operating characteristic curve; CAP, controlled attenua
PPV positive predictive value; Se, sensitivity; Sp, specificity.
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with biopsies smaller than 10 mm in 24% of patients or with less
than 10 portal tracts in 34%. NAFLD (steatosis >5%) was present in
74% of patients and NASH in 30%. Moderate steatosis (>33% = S2-
3) was present in 50% of patients and severe steatosis (>66% = S3)
in 24%. Fibrosis was present in 51% of patients (F1: 42%; F2: 7%;
F3: 2%) and cirrhosis in none.

As for the 97 patients with all valid tests available, their
clinical characteristics did not differ from those of the 152 pa-
tients: female (86%), mean age 41 ±19 years, mean BMI 44.4 ± 5.4
kg/m2, NAFLD 76% and NASH 31%. Mean liver biopsy length was
14.3 ± 6.4 mm, with biopsies smaller than 10 mm in 21% of pa-
tients or with less than 10 portal tracts in 30%.

As shown in Tables 1 and 2, patients with NASH were more
often male, had higher BMI, higher prevalence of sleep apnea,
dyslipidemia and diabetes, higher levels of aminotransferases
and gamma-glutamyltransferase (Table 1), and had more severe
fibrosis stage (Table 2) than those without NASH.
NASH (n = 112).

(95% CI) Sp (95% CI) PPV (95% CI) NPV (95% CI)

.69–0.87) 0.84 (0.64–0.95) 0.95 (0.87–0.98) 0.54 (0.37–0.70)

.76–0.94) 0.61 (0.46–0.74) 0.73 (0.61–0.82) 0.79 (0.64–0.91)

.59–0.90) 0.64 (0.53–0.75) 0.45 (0.32–0.60) 0.88 (0.77–0.95)

.71–0.95) 0.47 (0.35–0.59) 0.44 (0.33–0.57) 0.88 (0.73–0.96)

tion parameter; NASH, non-alcoholic steatohepatitis; NPV, negative predictive value;

5vol. 3 j 100381



Table 4. Diagnostic performance of MRI-PDFF for grading steatosis and diagnosing NASH (n = 128).

AUROC (95% CI) Cut-off Se (95% CI) Sp (95% CI) PPV (95% CI) NPV (95% CI)

S0 vs. S1-3 (>5%) 0.97 (0.94–1.00) 6% 0.95 (0.88–0.98) 0.84 (0.66–0.95) 0.95 (0.88–0.98) 0.84 (0.66–0.95)
S0-1 vs. S2-3 (>33%) 0.95 (0.91–0.98) 11% 0.95 (0.87–0.99) 0.80 (0.68–0.89) 0.82 (0.72–0.90) 0.94 (0.85–0.99)
S0-2 vs. S3 (>66%) 0.92 (0.87–0.97) 20% 0.83 (0.65–0.94) 0.84 (0.75–0.90) 0.61 (0.45–0.76) 0.94 (0.87–0.98)
NASH 0.84 (0.77–0.91) 12% 0.97 (0.86–1.00) 0.60 (0.50–0.71) 0.50 (0.38–0.62) 0.98 (0.90–1.00)

Values are provided with their 95% CI.
AUROC, area under the receiver operating characteristic curve; MRI-PDFF, MRI-proton density fat fraction; NASH, non-alcoholic steatohepatitis; NPV, negative predictive value;
PPV positive predictive value; Se, sensitivity; Sp, specificity.
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Applicability of FibroScan and MRI
Of 142 patients evaluated using the FibroScan (Fig. 1), readings
were valid in 112 patients leading to an applicability value of
79%. Of 130 patients evaluated with MRI, readings were valid in
128 patients leading to an applicability value of 98%. MRI
applicability was significantly better than that of FibroScan
(p <0.0001).

Diagnostic performance of FibroScan for steatosis, NASH and
fibrosis
In the 112 patients with valid FibroScan, the boxplot of CAP vs.
steatosis grade is shown in Fig. 2A. The diagnostic performance
of CAP (including AUROCs) is detailed in Table 3. Accuracy was
highest to distinguish S0 from S1-3 (>5%) with an AUROC of 0.83
(95% CI 0.72–0.93). At a cut-off of 316 dB/m, CAP had Se of 0.79
(0.69–0.87), Sp of 0.84 (0.64– 0.95), PPV of 0.95 (0.87-0.98) and
NPV of 0.54 (0.37–0.70) for detecting NAFLD. Accuracy was lower
to distinguish S0-1 from S2-3 (>33%) and S0-2 from S3 (>66%)
with AUROCs of 0.79 (0.70–0.88) and of 0.73 (0.63–0.83),
respectively. For diagnosing NASH, CAP had an AUROC of 0.69
(0.59–0.79), with Se of 0.86 (0.71-0.95) and Sp of 0.47 (0.35-
0.59), at a cut-off of 318 dB/m.

For detecting the presence of any fibrosis (F0 vs. F1-F2-F3),
LSM had an AUROC of 0.78 (0.70-0.87), with Se of 0.76 (0.63-
0.86), Sp of 0.68 (0.54-0.80), PPV of 0.73 (0.60-0.83) and NPV of
0.72 (0.58-0.84), at a cut-off of 5.6 kPa. For detecting the pres-
ence of significant fibrosis (F0-F1 vs. F2-F3), LSM had an AUROC
of 0.80 (0.70-0.90), with Se of 0.75 (0.43-0.95), Sp of 0.67 (0.57-
0.76), PPV of 0.21 (0.10-0.37) and NPV of 0.96 (0.88-0.99), at a
cut-off of 6.8 kPa.

Diagnostic performance of MRI for steatosis and NASH
In the 128 patients with valid MRI, the boxplot of MRI-PDFF vs.
steatosis grade is shown in Fig. 2B. The diagnostic performance
of MRI-PDFF (including AUROCs) is detailed in Table 4. MRI-PDFF
had excellent diagnostic performance for all steatosis grades,
Table 5. Diagnostic performance of serum scores for grading steatosis (n = 1

AUROC (95% CI) Cut-off Se (95%

SteatoTest
S0 vs. S1-3 (>5%) 0.74 (0.66–0.83) 0.54 0.69 (0.60–0
S0-1 vs. S2-3 (>33%) 0.77 (0.69–0.85) 0.66 0.58 (0.45–0
S0-2 vs. S3 (>66%) 0.79 (0.71–0.87) 0.65 0.71 (0.54–0
HSI
S0 vs. S1-3 (>5%) 0.73 (0.64–0.83) 55 0.78 (0.70–0
S0-1 vs. S2-3 (>33%) 0.68 (0.59–0.76) 55 0.86 (0.77–0
S0-2 vs. S3 (>66%) 0.72 (0.64–0.80) 56 0.94 (0.81–0
FLI
S0 vs. S1-3 (>5%) 0.72 (0.62–0.81) 28.5 0.77 (0.68–0
S0-1 vs. S2-3 (>33%) 0.65 (0.56–0.74) 29.1 0.77 (0.65–0
S0-2 vs. S3 (>66%) 0.68 (0.59–0.77) 31.2 0.80 (0.63–0

Values are provided with their 95% CIs.
AUROC, area under the receiver operating characteristic curve; FLI fatty liver index; HSI,
Se, sensitivity; Sp, specificity.
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with AUROCs of 0.97 (0.94-1.00), 0.95 (0.91-0.98), and 0.92 (0.87-
0.97) for distinguishing S0 from S1-3 (>5%), S0-1 from S2-3
(>33%) and S0-2 from S3 (>66%), respectively. At a cut-off of
6%, MRI-PDFF had Se of 0.95 (0.88–0.98), Sp of 0.84 (0.66–0.95),
PPV of 0.95 (0.88–0.98) and NPV of 0.84 (0.66–0.95) for detecting
NAFLD.

For diagnosing NASH, MRI-PDFF had an AUROC of 0.84
(0.77–0.91), with Se of 0.97 (0.86–1.00) and Sp of 0.60
(0.50–0.71), PPV of 0.50 (0.38–0.62) and NPV of 0.98 (0.90–1.00)
at a cut-off of 12%.

Diagnostic performance of serum scores for steatosis
In the 145 patients with available results (missing data n = 7) of
serum scores, the boxplots of ST, HSI and FLI vs. steatosis grade
are shown in Fig. 2C-E. AUROCs and diagnostic performances of
scores are detailed in Table 5. ST had the highest AUROCs for
steatosis grading: AUROCs of 0.74 (0.66-0.83), 0.77 (0.69-0.85),
and 0.79 (0.71-0.87) for distinguishing S0 from S1-3 (>5%), S0-1
from S2-3 (>33%) and S0-2 from S3 (>66%), respectively, with Se/
Sp of 0.69/0.65, 0.58/0.83 and 0.71/0.73 at cut-offs of 0.54, 0.66
and 0.65, respectively.

Head-to-head comparison of performance of CAP, MRI-PDFF
and serum scores for steatosis and NASH
Pairwise comparisons using the DeLong methods with adjust-
ment for multiple comparisons of AUROCs of CAP, MRI-PDFF and
ST, HIS and FLI for grading steatosis are shown in Table 6. MRI-
PDFF significantly outperformed CAP for distinguishing S0-1
from S2-3 (>33%) (AUROC 0.97 vs. 0.78 respectively; p <0.0003)
and S0-2 from S3 (>66%) (AUROC 0.93 vs. 0.75, respectively; p =
0.0015). As for distinguishing S0 from S1-3 (>−5%), the difference
did not reach statistical significance (AUROC 0.97 vs. 0.82,
respectively; p = 0.053). MRI-PDFF significantly outperformed all
serum scores for all steatosis grades, except ST for distinguishing
S0-2 from S3 (>66%). The performance of the 3 serum scores did
not differ for any of the steatosis grades. MRI-PDFF significantly
45).

CI) Sp (95% CI) PPV (95% CI) NPV (95% CI)

.78) 0.65 (0.47–0.80) 0.85 (0.76–0.92) 0.42 (0.29–0.56)

.69) 0.83 (0.73–0.91) 0.78 (0.64–0.88) 0.66 (0.55–0.76)

.85) 0.73 (0.63–0.81) 0.45 (0.32–0.59) 0.89 (0.81–0.95)

.86) 0.59 (0.42–0.74) 0.84 (0.76–0.91) 0.49 (0.34–0.64)

.93) 0.49 (0.37–0.60) 0.62 (0.52–0.72) 0.79 (0.64–0.89)

.99) 0.45 (0.36–0.55) 0.34 (0.25–0.45) 0.96 (0.87–1.00)

.84) 0.62 (0.45–0.77) 0.85 (0.76–0.91) 0.49 (0.34–0.64)

.86) 0.50 (0.38–0.62) 0.60 (0.50–0.70) 0.69 (0.54–0.80)

.92) 0.54 (0.45–0.64) 0.35 (0.25–0.47) 0.90 (0.80–0.96)

hepatic steatosis index; NPV, negative predictive value; PPV positive predictive value;
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Table 6. Comparison of performance of CAP, MRI-PDFF and serum scores for steatosis grading (n = 97 patients) with DeLong test.

S0 vs. S1-3 (>5%) S0-1 vs. S2-3 (>33%) S0-2 vs. S3 (>66%)

DeLong test p value 0.0012 2.31×10-6 2.7×10-5

Pairwise comparison AUROC
test 1

AUROC
test 2

p value AUROC
test 1

AUROC
test 2

p value AUROC
test 1

AUROC
test 2

p value

CAP vs. MRI-PDFF 0.82 0.97 0.053 0.78 0.97 3.0×10-4 0.75 0.93 0.0015
CAP vs. ST 0.82 0.77 0.89 0.78 0.77 0.83 0.75 0.81 0.66
CAP vs. HSI 0.82 0.74 0.61 0.78 0.72 0.68 0.75 0.72 0.66
CAP vs. FLI 0.82 0.74 0.89 0.78 0.68 0.3 0.75 0.70 0.66
MRI-PDFF vs. ST 0.97 0.77 5.5×10-4 0.97 0.77 4.0×10-5 0.93 0.81 0.071
MRI-PDFF vs. HSI 0.97 0.74 1.9×10-4 0.97 0.72 3.0×10-6 0.93 0.72 6.6×10-4

MRI-PDFF vs. FLI 0.97 0.74 5.5×10-4 0.97 0.68 8.7×10-8 0.93 0.70 3.7×10-4

ST vs. HSI 0.77 0.74 0.89 0.77 0.72 0.68 0.81 0.72 0.65
ST vs. FLI 0.77 0.74 0.89 0.77 0.68 0.19 0.81 0.70 0.12
HSI vs. FLI 0.74 0.74 0.89 0.72 0.68 0.68 0.72 0.70 0.66

For each pair of compared tests, the individual test comparisons p values (after adjustment for alpha risk) are indicated, along with the AUROC of each respective test.
AUROC, area under the receiver operating characteristic curve; CAP controlled attenuation parameter; FLI, fatty liver index; HSI, Hepatic steatosis index; MRI-PDFF magnetic
resonance proton density fat fraction; ST, SteatoTest.
outperformed CAP for detecting NASH (AUROC 0.82 vs. 0.68,
respectively, p = 0.0056). MRI-PDFF also outperformed CAP for
detecting severe NASH (defined as NAS score >5) (AUROC 0.87 vs.
0.72, respectively, p = 0.043).

When compared in “intention to diagnose” analysis
(Table S1), MRI-PDFF outperformed CAP for distinguishing S0
from S1-3 (>−5%) (correctly classified 91.1% vs. 63.4%, respectively;
p = 3.0 x 10-6), S0-1 from S2-3 (>−33%) (correctly classified 81.1%
vs. 59.2%, respectively; p = 6.7 x 10-4) and S0-2 from S3 (>−66%)
(correctly classified 82.3% vs. 53.5%, respectively; p = 1.3 x 10-5).
MRI-PDFF significantly outperformed all serum scores for all
steatosis grades, except ST for distinguishing S0-1 (>−33%) and S0-
2 from S3 (>−66%).

In patients with biopsies of more than 10 mm (Table S2), MRI-
PDFF significantly outperformed all tests for all steatosis grades,
except CAP for distinguishing S0 from S1-3 (>−5%). Similarly, in
patients with biopsies with more than 10 portal tracts (Table S2),
MRI-PDFF significantly outperformed all tests for all steatosis
grades, except CAP for distinguishing S0 from S1-3 (>−5%).
Discussion
Using a prospective, rigorously characterized, cohort of morbidly
obese candidates for bariatric surgery seen in an expert center,
the present study shows that MRI-PDFF, using an open-bore 1T
scanner, despite similar accuracy for detecting NAFLD, has higher
applicability and is more accurate than CAP with the XL probe for
grading steatosis and diagnosing NASH. The key novelty of this
study is that it is the first study, to our knowledge, to perform
head-to-head comparison between CAP and MRI-PDFF for
diagnosing NAFLD, grading steatosis and detecting NASH. These
results may have important implications for developing an
optimal clinical approach for the non-invasive assessment of
NAFLD and NASH in morbidly obese candidates for bariatric
surgery.

The general characteristics of our population (mostly women
in their forties with a mean BMI of 44 kg/m2) are similar to those
reported in the literature19–21,23 and can be considered repre-
sentative of typical candidates for bariatric surgery. Similarly, the
prevalence of NAFLD, NASH and severe steatosis (74%, 30% and
24%, respectively) in our population is consistent with previous
reports.19–21 Liver histology, with reading by a single expert
pathologist (P.B.), was used as the reference standard for
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steatosis grading and NASH diagnosis, using the NASH-Clinical
Research Network scoring system and FLIP algorithm, respec-
tively. Finally, we used MRI with an open-bore scanner and CAP
with the XL probe, to minimize the failure rates in a morbidly
obese population.

Despite the use of the XL probe, applicability of FibroScan
(79%) was significantly lower than that of MRI (98%) in our
population. This rate is lower than the that reported (97-98%) in
2 recent multicenter non-bariatric cohorts with the XL probe.17,18

It is consistent however with rates reported with the XL probe in
morbidly obese patients, ranging from 63% in patients with mean
BMI above 50 kg/m240 to 88% in patients with lower BMI.20 MRI
is known to have high applicability in patients with chronic liver
disease.41,42 In patients with NAFLD without morbid obesity
(mean BMI between 28 and 30 kg/m2), MRI applicability has
been reported to be better than that of Fibroscan.24,25 However,
in the only study comparing FibroScan and MR spectroscopy
(using a 3T, 60 cm bore, MRI scanner) in bariatric surgery can-
didates,27 TE applicability (80%) was similar to our finding but
higher than that of MRI (63%). The high MRI applicability in our
study might be related to the fact that we used MRI-PDFF rather
than MR spectroscopy for grading steatosis, but might also be
explained by our use of an open-bore, vertical field 1.0T scanner,
more suited for morbidly obese patients, because of its higher
accessibility and lower sensitivity to artefacts relative to a con-
ventional 3T scanner.28

The performance of CAP in our study is consistent with those
recently reported with the XL probe in 2 large multicenter non-
bariatric cohorts.17,18 Indeed, CAP had good performance for
diagnosing NAFLD (AUROC of 0.83) but poor performance for
grading steatosis (AUROCs of 0.73 for S>66%) and detecting NASH
(AUROC of 0.69). At a cut-off of 316 dB/m, CAP had 79% Se, 84% Sp
and 95% and 54% PPV and NPV for diagnosing NAFLD, a finding in
keeping with those of Eddowes et al.17 These results suggest that
CAP is better at ruling in than ruling out NAFLD in candidates for
bariatric surgery. The poor CAP performances for detecting se-
vere steatosis (with AUROCS lower than for detecting NAFLD) are
consistent with the findings in non-bariatric cohorts17,18,24,25,43

but in contrast with those (AUROCs 0.82-0.84) in the 2 studies
in bariatric cohorts.20,21 Although we have no clear explanation
for this discrepancy, differences in severe steatosis prevalence
between the studied populations might play a role. Regarding
NASH diagnosis, there are no data available for CAP in morbidly
7vol. 3 j 100381
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obese patients so far, but our results are not in favor of using CAP
for this purpose. Overall, our results suggest that CAP with the XL
probe, is feasible and accurate to detect NAFLD in morbidly obese
patients before bariatric surgery but is not sufficient to score its
severity.

The performance of MRI-PDFF in the present study is
consistent with that reported in non-bariatric cohorts.24,25,43

Indeed, MRI-PDFF had excellent performances for detecting
NAFLD (AUROC of 0.97), grading steatosis (AUROCs of 0.95 and
0.92 for S>33% and S>66%) and detecting NASH (AUROC 0.84). At
a cut-off of 6%, MRI-PDFF had 95% Se, 84% Sp, 95% PPV and 84%
NPV for diagnosing NAFLD, a finding in accordance with the
results of studies by Imajo et al.24 and Park et al.25 The excellent
performance of MRI-PDFF for grading steatosis is consistent with
that reported in patients with NAFLD in a recent meta-analysis.44

There are no published data regarding MRI-PDFF performance
in morbidly obese patients. In our study, MRI-PDFF had 97% Se,
60% Sp, 50% PPV and 98% NPV for diagnosing NASH at a cut-off of
12%. These results suggest that MRI-PDFF is better at ruling out
than ruling in NASH. These good performances for NASH exclu-
sion are in keeping with those recently reported by Allen et al.,26

combining MRI-PDFF with multifrequency 3D-MR-elastography
in a bariatric cohort.

Overall, the 3 serum scores assessed (ST, FLI and HSI) in our
study performed poorly to detect NAFLD and grade steatosis
with AUROCs consistently below 0.8. When compared to each
other (Table 5), no difference was observed. Data regarding
serum steatosis scores in patients with morbid obesity are very
limited so far. Our findings regarding FLI and HSI are consistent
with those reported in bariatric27 and non-bariatric45 cohorts.
Similarly, the performance of ST in our population is consistent
with those reported by 2 studies in candidates for bariatric
surgery.11,37 A possible explanation for the poor performance of
steatosis scores could be the heavy weighting of BMI and waist
circumference measurements in their algorithms, which can
distort the overall score when applied to a morbidly obese
cohort.

As mentioned before, the present study is the first to provide
head-to-head comparison between CAP and MRI-PDFF for
diagnosing NAFLD, grading steatosis and detecting NASH. Inter-
estingly, MRI-PDFF outperformed CAP for grading steatosis and
diagnosing NASH. MRI-PDFF also outperformed serum scores for
grading steatosis, except ST for distinguishing S0-1 (>−33%) and
S0-2 from S3 (>−66%), in “intention to diagnose” analysis. The
subgroup of 97 patients with all valid tests available did not
differ from the total group of patients for most characteristics,
including NAFLD, steatosis grades and NASH prevalence. The
better performances for grading steatosis of MRI-PDFF compared
to CAP are in keeping with those reported in the 3 published
comparative studies in non-bariatric cohorts.24,25,43 In addition,
MRI-PDFF outperformed CAP for detecting NASH but was better
at ruling out than ruling in NASH. Thus MRI-PDFF, given its high
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applicability, appears to be the method of choice to grade stea-
tosis and exclude NASH in patients with morbid obesity.

Regarding NAFLD diagnosis, although MRI-PDFF AUROCs were
higher than those of CAP, the difference did not reach statistical
significance. Similarly, when MRI-PDFF and CAP performances
were compared according to biopsy length and number of portal
tracts,46 they did not differ in patients with good quality liver
biopsies (greater than 10 mm or with more than 10 portal tracts).
However, when analyzed in “intention to diagnose” analysis,
keeping the patients with CAP and MRI-PDFF failures, MRI-PDFF
clearly outperformed CAP for diagnosing NAFLD. Despite its high
accuracy, cost and limited availability are limitations to MRI-
PDFF use in clinical practice. In contrast, CAP is widely avail-
able, can be performed by nurses after short training, with im-
mediate results. Therefore, CAP might be a reasonable alternative
option for detecting NAFLD in morbidly obese candidates for
bariatric surgery.

FibroScan performances for staging fibrosis with AUROCs of
0.78 to 0.80 are consistent with those previously reported in
bariatric surgery candidates.19,20,27,47 Nevertheless, caution is
warranted regarding the clinical relevance of these findings, not
only because mortality in patients with NAFLD is mainly related
to the presence of advanced fibrosis and cirrhosis,48 but also
because performances of FibroScan for staging fibrosis in our
population are subject to the well-known spectrum bias.49 This
bias is however inherent to all bariatric cohorts, in which most
patients have mild fibrosis and no cirrhosis.

This study has several limitations that should be acknowl-
edged. First, because this was a single-center study in a highly
specialized setting, the generalizability of the findings in other
clinical settings is unknown. Second, MRI-PDFF was performed
using an open MRI that is more suited to morbidly obese pa-
tients but not widely available. Third, MR-elastography was
not performed as the probe was not available at the time the
study started. Fourth, liver biopsy specimen quality was sub-
optimal with biopsy length less than 10 mm in 1 in 5 patients
and less than 10 portal tracts in 1 in 3. Finally, the cross-
sectional design of the study did not allow for the assess-
ment of MRI-PDFF and CAP for monitoring longitudinal
changes in steatosis.

In conclusion, the present study provides novel findings that
are relevant for developing an optimal clinical approach to the
non-invasive assessment of NAFLD and NASH in morbidly obese
candidates for bariatric surgery. MRI-PDFF, using an open-bore
1T scanner, has high applicability and outperforms CAP for
detecting and grading steatosis as well as detecting NASH. These
findings suggest that MRI-PDFF is the method of choice for
detecting NASH and grading steatosis in morbidly obese candi-
dates for bariatric surgery. CAP with the XL probe, given its wide
availability and simplicity, might however be a reasonable
alternative option for detecting NAFLD in settings where MRI-
PDFF is not available.
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