N
N

N

HAL

open science

The mid-infrared spectroscopy: A novel non-invasive
diagnostic tool for NASH diagnosis in severe obesity

Rodolphe Anty, Marie Morvan, Maéna Le Corvec, Clémence Canivet,

Stéphanie Patouraux, Jean Gugenheim, Stéphanie Bonnafous, Béatrice

Bailly-Maitre, Olivier Sire, Hugues Tariel, et al.

» To cite this version:

Rodolphe Anty, Marie Morvan, Maéna Le Corvec, Clémence Canivet, Stéphanie Patouraux, et al.. The
mid-infrared spectroscopy: A novel non-invasive diagnostic tool for NASH diagnosis in severe obesity.
JHEP Reports Innovation in Hepatology, 2019, 1 (5), pp.361-368. 10.1016/j.jhepr.2019.09.005 . hal-
04009608

HAL Id: hal-04009608
https://hal.science/hal-04009608
Submitted on 8 Mar 2024

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04009608
https://hal.archives-ouvertes.fr

Research Article JHEP|Reports

The mid-infrared spectroscopy: A novel non-invasive
diagnostic tool for NASH diagnosis in severe obesity

Authors

Rodolphe Anty, Marie Morvan, Maéna Le Corvec, Clémence M Canivet, Stéphanie Patouraux, Jean Gugenheim,
Stéphanie Bonnafous, Béatrice Bailly-Maitre, Olivier Sire, Hugues Tariel, Jérdme Bernard, Thierry Piche,

Olivier Loréal, Judith Aron-Wisnewsky, Karine Clément, Albert Tran, Antonio Iannelli, Philippe Gual

Correspondence
anty.r@chu-nice.fr (R. Anty)

Graphical abstract

Mid-infrared (MIR) spectroscopic score - Simple, accurate and fast blood-test for routine clinical use
MIR fingerprint

with DIAFIR's proprietary
Blood serum SPID™ device

—_— Analysis
.\ = A

Deposit on a glass 4 : S
fiber optic sensor | ... e
-

- —‘ On site results
l delivery within

15 minutes

AUROC 0.82 from serum
Se0.75 collection

PPV 0.35

Highlights Lay summary
« There is no validated non-invasive diagnostic tool for ~There is an urgent need for tools to non-invasively
NASH in routine care. diagnose and monitor non-alcoholic steatohepatitis

(NASH). This study evaluates the performance of a
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method. (MIR) spectroscopy. Using serum samples from
severely obese patients who underwent a bariatric pro-
cedure, which enabled a concomitant liver biopsy to be
performed, the MIR spectroscopy model performed
well in screening patients for NASH compared to a tra-
ditional, histological diagnosis.

* Using a simple drop of serum, the mid-infrared spec-
trum captures a patient’s metabolic fingerprint.

* A model based on mid-infrared spectroscopy pro-

vides efficient NASH screening for patients with
severe obesity.
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Background & Aims: There is an urgent medical need to develop non-invasive tests for non-alcoholic steatohepatitis (NASH).
This study evaluates the diagnostic performance of an innovative model based on mid-infrared (MIR) spectroscopy for the
diagnosis of NASH.

Methods: Severely obese patients who underwent a bariatric procedure at the University Hospital of Nice, France (n = 395)
were prospectively recruited. The clinico-biological characteristics were measured prior to surgery. Liver biopsies were collected
during the surgical procedure and assessed by a pathologist. A training group (316 patients, NASH: 16.8%) and a validation group
(79 patients, NASH: 16.5%) were randomly defined. MIR spectra were acquired by fiber evanescent wave spectroscopy, using
chalcogenide glass fiber optic sensors and a spectrometer. This absorption spectroscopic technique delivers a spectrum that
identifies the molecular composition of a sample, defining a patient's metabolic fingerprint.

Results: The areas under the receiver operating curve (AUROC) for the diagnosis of NASH were 0.82 and 0.77 in the training
and validation groups, respectively. The best threshold was 0.15, which was associated with a sensitivity of 0.75 and 0.69, and a
specificity of 0.72 and 0.76. Negative predictive values of 0.94 and 0.93 and positive predictive values of 0.35 and 0.36, as well as
correctly classified patient rates of 72% and 75% were obtained in the training and validation groups, respectively. A composite
model using aspartate aminotransferase level, triglyceride level and waist circumference alongside the MIR spectra led to an
increase in AUROC (0.88 and 0.84 for the training and validations groups, respectively).

Conclusions: MIR spectroscopy provides good sensitivity and negative predictive values for NASH screening in patients with
severe obesity.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).

Although several non-invasive blood or physical tests (such as
measurement of liver stiffness by elastography) have been devel-
oped for liver fibrosis over the past 15 years, the non-invasive diag-
nosis of NASH remains a challenge, especially in routine practice.’
Currently, no non-invasive test for the screening or the diagnosis
of NASH has emerged that has good diagnostic performance.®
Fibrosis has indeed been shown to be the main predictor of liver-
related and global mortality and NASH is well recognized as the
main driver of liver fibrosis.”-® The presence of NASH is associated
with the occurrence of type 2 diabetes (T2D) and cardiovascular
complications, which are the main causes of mortality in patients
with NAFLD without cirrhosis.” '° Thus, there is an urgent medical
need to develop non-invasive tests.® Indeed, screening for the pre-
sence of NASH is of interest even in patients with NAFLD and a low
stage of fibrosis. To date, drug development mainly targets patients

Introduction

The global epidemic of obesity is responsible for numerous
chronic complications including non-alcoholic fatty liver disease
(NAFLD).! Whereas NAFLD affects up to 25% of the world popula-
tion, non-alcoholic steatohepatitis (NASH) is present in 1.5-6.45%
of the world population.? In severely obese individuals, the pre-
valence of NAFLD can reach 80-92%, with NASH occurring in
15-30% of patients.>** With such a high number of patients, the
development of non-invasive markers is needed to effectively
screen for liver injury.
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with overt NASH and significant fibrotic or cirrhotic NASH.” How-
ever, one can hypothesize that early screening of NASH among
patients with NAFLD could lead to early lifestyle modification pro-
posals and help in patient compliance. Indeed, 10% weight loss is
well known to improve patient liver condition and decrease cardi-
ometabolic risks.” !

Furthermore, screening for NASH among severely obese
patients could provide an indication for bariatric surgery
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(BS), since BS has been demonstrated to be beneficial for the
liver.'?~'4 However, liver biopsy, the sole tool to confirm the
diagnosis of NASH, cannot be proposed to all at-risk
patients. In the field of non-invasive tests, the main options
are blood-based tests and physical tests. An emerging tech-
nology with the potential to meet these requirements is
based on fiber evanescent wave spectroscopy (FEWS) per-
formed in the mid-infrared (MIR) spectral domain. Ideally,
using such technology, screening for NASH should be easily
performed by the clinician, easily accepted by the patient,
reliable and cost-effective.

FEWS records a broad metabolic profile from a drop of
serum that is placed on a chalcogenide glass fiber optic sen-
sor on the basis of a MIR absorption spectrum.'® MIR spec-
troscopy is based on the ability of organic molecular
chemical bonds to undergo vibrational transition in the
MIR region and to generate absorption bands in specific
and thus assignable frequency ranges. An evanescent wave
is the part of the electromagnetic field that propagates at
the surface of a fiber when the infrared (IR) beam is intern-
ally reflected at the fiber/air interface; this evanescent wave
is absorbed by the chemical groups that are in close contact
with the fiber. Thus, merely placing a biological sample in
contact with the fiber allows one to resolve an absorption
spectrum at the fiber output. The spectrum reflects the
organic molecular composition of the whole sample, thus
providing a metabolic fingerprint.'®

Many bio-spectroscopic studies have demonstrated the poten-
tial of MIR spectroscopy for medical diagnosis, generally using
tissue,'” yet more recently also using biofluids like serum,'®:'°
plasma,?*?! and tears.?” In hepatology, pilot studies have unveiled
the relevance of MIR spectroscopy for the diagnosis of liver or
bile duct cancer, or for the prognostic evaluation of decompen-
sated cirrhosis.?*~’

The aim of this study was to identify the relevance of FEWS
technology to identify obese patients with or without NASH
using a comparison approach between this novel technique and
liver biopsy-based NASH diagnosis.

Patients and methods

Patient inclusion

Three hundred and ninety-five consecutive severely and mor-
bidly obese patients referred for bariatric surgery to the Uni-
versity Hospital of Nice, were included in the study between
January 2006 and July 2012. These patients were indicated
for bariatric surgery in agreement with French guidelines
and the 1991 NIH Consensus Conference guidelines for gas-
trointestinal surgery for obesity.?®'>° The study protocol was
performed according to French legislation regarding Ethics
and Human Research and was approved by the local Ethics
Committee (Huriet-Serusclat law, DGS 2003/0395). Written
informed consent was obtained from all patients. All patients
were negative for hepatitis B and C viral markers, for auto-
antibodies indicative of autoimmune hepatitis, and had negli-
gible alcohol consumption (<20 g/day in women and <30 g/
day in men). Alcohol abuse was also excluded by interviewing
the patients’ relatives. Patients with a history of inflammatory
disease (including rheumatoid arthritis, systemic lupus
erythematous, and inflammatory bowel disease), current
infection, a recent history of cancer (<5 years), and severe pul-
monary or cardiac disease were not enrolled in the study.
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Surgical liver biopsy was obtained during the operation for
all patients, as previously reported.>°

Preoperative assessment

The data included in this study are issued from a prospective
cohort of morbidly obese patients undergoing bariatric surgery
at our tertiary bariatric referral center at a time when patients
had no preoperative diet restriction, or other preoperative treat-
ments (such as omega-3 fatty acids for example) that may have
interfered with the evolution of NAFLD. Clinico-biological preo-
perative assessment was performed 2 to 3 weeks before surgery
and included: a medical history and physical examination,
blood pressure analysis, anthropometric measurements (weight,
height, waist circumference), psychiatric and nutritional evalua-
tion, blood samples obtained after overnight fasting for determi-
nation of plasma levels of alanine aminotransferase (ALT),
aspartate aminotransferase (AST), gamma-glutamyltransferase
(GGT), glucose, insulin, C-peptide, glycosylated hemoglobin,
triglycerides, high-density lipoprotein (HDL) cholesterol, and
low-density lipoprotein (LDL) cholesterol. ALT and AST levels
were determined using the Roche assay with pyridoxal phos-
phate on a Hitachi Modular according to the International
Federation of Clinical Chemistry and the Société Francaise de
Biologie Clinique recommendations. In our center, the upper
limit of normal ALT was 31 IU/L for women and 41 IU/L for
men. Glycosylated hemoglobin was determined with the Biorad
Dual kit Alc on a Variant 2 Biorad (Biorad, USA). All patients
also had a chest X-ray, electrocardiogram, abdominal ultrasound
and upper gastrointestinal endoscopy. Metabolic syndrome was
defined as the presence of at least 3 of the following parameters:
elevated waist circumference (294 cm in men or >80 cm in
women), elevated blood pressure (systolic blood pressure
>130 mmHg or diastolic blood pressure >85 mmHg or antihyper-
tensive drug), elevated blood glucose (2100 mg/dl or anti-
diabetic drug), elevated triglycerides (2150 mg/dl or lipid-
lowering drug), and low HDL cholesterol (<40 mg/dl in men or
<50 mg/dl in women or lipid-lowering drug).>! Notably, all
obese patients who were candidates for bariatric surgery had a
waist circumference above the defined threshold for metabolic
syndrome. Type 2 diabetes was defined by 2 elevated measure-
ments for fasting plasma glucose >7 mmol/L. Serum was collected
from each patient and immediately stored at -80°C.

Liver assessment

Hepatic wedges were obtained during bariatric surgery by
surgeons specialized in liver surgery and transplantation (Al and
JG). Hepatic wedges were at least 10 mm long. Surgical liver
biopsies were reviewed by 1 liver pathologist (SP), blinded
regarding the clinical or biological characteristics of the patients.
Routine haematoxylin-eosin-safran and Sirius red staining was
performed on all biopsies. Biopsies were graded according to
the NAFLD activity score (NAS)>* and the steatosis, activity and
fibrosis (SAF) score.®* The diagnosis of NASH was retained in
patients with steatosis grade >1 + lobular inflammation grade
21 + ballooning grade >1 (according to the SAF score). Liver fibro-
sis was assessed by Sirius red staining and was classified into
7 stages according to the NASH Clinical Research Network
Scoring System Definition and Scores as follows: FO: no fibrosis,
Fla: mild zone 3 sinusoidal fibrosis, F1b: moderated zone 3
sinusoidal fibrosis, F1c: peri-portal sinusoidal fibrosis, F2: zone 3
sinusoidal fibrosis and peri-portal sinusoidal fibrosis, F3: bridging
fibrosis, F4: cirrhosis.>>>*
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Follow-up cohort

Ten patients with NASH at baseline, as determined by liver
biopsy, were contacted and had an additional liver biopsy to
follow changes in the liver pathology after bariatric surgery.
Clinico-biological data and serum were collected at the time of
the follow-up liver biopsy. Diagnostic performance of the MIR
spectroscopy was also assessed.

Fiber evanescent wave spectroscopy

Acquisition of spectra

The MIR spectra were recorded using a DIAFIR SPID™ FT-IR spec-
trometer (Rennes - France). The FTIR absorption spectra were
acquired in the 4,000-600 cm™! frequency range. The nominal
spectral resolution was set to 4 cm™! and a zero-filling factor of
2 was employed, yielding a discrete spectral point spacing of
2 cm™'. A Blackman Harris 3-term apodization function was
used for Fourier transformation. For each spectrum, 64 scans
were co-added.

For spectral acquisition, a disposable FEWS infrared sensor
was placed in the spectrometer, the background signal was
recorded in air, and 7 ul of serum was deposited on the sensor.
The serum spectrum was acquired 8 min after deposition to
obtain an accurate signal and remove excess water that can
screen some infrared bands of interest.

All measures were made on thawed sera samples collected
before surgery.

Pre-treatments

MIR spectra were pre-processed and analyzed in the 3,800-950
cm’! frequency domain, where most of the biomolecules
are apparent. Several signal quality parameters (signal intensity,
signal to noise ratio, water vapor) were measured and validated,
and data homogeneity (outlier identification) was visually
checked. A straight line was generated from 2,800 to 1,800 cm™
to eliminate the contribution of environmental CO,. Second deri-
vatives were calculated, smoothed using a 13-point Savitzky-
Golay smoothing algorithm, and vector normalized over the
whole spectral range.

Statistical analysis of spectra
The statistical analyses of spectra aimed to discriminate patients
without NASH from those with NASH.

Spectral analysis required the number of spectral variables
(i.e., wavenumbers) to be reduced from a few hundred to
approximately a dozen, to minimize the influence of noisy and/
or redundant variables. The population was randomly separated
into 2 groups: the training group (4/5 of the cohort, 316 patients)
and the validation group (1/5 of the cohort, 79 patients) and the
sets were compared to make sure that there were no significant
differences in clinical and histological features (Table 1). Wave-
number selection and optimization were performed with the
sole training group to limit the overlearning risk. The spectro-
metric curves (vector normalized second derivatives) were first
projected on a Spline basis to reduce the dimension of the data
and smooth the curves. Variable selection was then performed
on the Spline coefficients, with a stability selection procedure
based on repetition of random forest variable selection>> with
subsamples of the training set. For each run of the stability selec-
tion procedure a subsample containing 4/5 individuals from the
training set was selected and a random forest regression per-
formed. The most important variables, according to the decrease
in the Gini index (a multivariate measure of variable importance
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Table 1. Characteristics of the patients in the training and validation groups.

Patients in the Patients in the  p value
training group  validation group
(n=316) (n=79)
Age (years) 40 (31-48) 41 (34-48) 04
Weight (kg) 117 (107-131) 113 (104-128) 0.2
BMI (kg/m?) 44 (41-47) 43 (40-47) 03
AST (IU/L) 24 (20-30) 24 (21-35) 0.5
ALT (IU/L) 27 (19-41) 24 (19-36) 0.6
GGT (IU/L) 31 (20-50) 28 (19-49) 0.5
Blood glucose level 5.2 (4.8-6.1) 5.3 (4.9-5.8) 0.7
(mmol/L)
Insulin (mmol/L) 19 (13-27) 18 (11-23) 0.08
HbA1c (%) 5.6 (5.4-6) 56 (53-6.1) 04
Total cholesterol 5.3 (4.6-6.1) 5.4 (4.7-6) 09
(mmol/L)
HDL cholesterol (mmol/L) 1.3 (1.2-1.6) 14 (1.2-1.7) 04
LDL cholesterol (mmol/L) 3.2(2.6-3.8) 3.2 (2.6-3.8) 038
Triglyceride (mmol/L) 1.5 (1.1-2.2) 1.3 (1-1.9) 0.1
Waist circumference (cm) 120 (120-128) 117 (116-125) 0.06
Type 2 diabetes presence 20 23 0.7
(%)
Metabolic Syndrome 50 42 0.2
presence (%)
Steatosis (%), SO-S1-S2-S3 6-40-26-28 8-37-29-26 09
Ballooning (%), BO-B1-B2 80.4-19.3-0.3 81-16.5-2.5 0.1
Inflammation (%), 10-11-12 83-16-1 82-18-0 0.8
No NASH/NASH (%) 83.2/16.8 83.5/16.5 1
Fibrosis (%), FO-F1-F2-F3 13.1-61.7- 16.7-62.8- 0.7
19.8-54 16.7-3.8

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass
index; GGT, gamma-glutamyltransferase; HbA1c, glycated hemoglobin; HDL, high-
density lipoprotein; LDL, low-density lipoprotein; NASH, non-alcoholic steatohepatitis.
Quantitative values are displayed as median and interquartile range.

of the random forest), were collected.?® These steps were
repeated 200 times, and the variables that were finally retained
were those with the highest probability of selection. Once the
optimized wavenumber set (20 variables) was defined, a mixture
of a logistic regression model was built using this set with the
training population, and the performance was checked on the
validation population.

The best threshold was that which provided the best associa-
tion between sensitivity and specificity for the screening of NASH.
All the statistical analyses were performed with the R statistical
software. Algorithm performances of the MIR spectroscopy
model were estimated according to the area under the ROC
curve (AUROC), sensibility, specificity, negative predictive values
and positive predictive values at the best threshold.

Elaboration of a model using clinico-biological and spectral
data to diagnose NASH

Clinical and biological variables are given as the median and the
standard deviation. All variables were tested for a normal distri-
bution with the Shapiro-Wilk test. Comparisons were made
using the Student’s t test for normally distributed data or with
the Mann-Whitney U test. Nominal data were tested using the
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Fisher’'s exact test. A logistic regression analysis based on vari-
ables significantly associated with NASH was conducted using a
univariate analysis (p <0.05). Patients with missing clinical para-
meter data were not included in the multivariate model. The
clinico-biological data independently associated with NASH
were used to calculate a clinical model. Moreover, these clinico-
biological data were used with the score obtained on the spectral
analysis to construct a new model to diagnose NASH (composite
model). Comparisons of the AUROCs were made using Delong’s
tests®” and bootstrap sampling.

All the statistical analyses were performed with the R statisti-
cal software.

Results

Characteristics of the patients

Three hundred and ninety-five patients were included. Sixty-six
of these patients had NASH (17%). The cohort was randomly
split into 2 groups to obtain a training group (4/5 of the overall
cohort, including 53 patients with NASH and 263 patients with-
out NASH) and a validation group (1/5 of the overall cohort,
including 13 patients with NASH and 66 patients without
NASH). As mentioned in the patients and method section, the
training and validation groups were similar for all clinico-
biological variables (Table 1). The patient characteristics of the
overall cohort are shown in Table 2.

Table 2. Characteristics of the severely obese patients in the entire cohort.

Patients with ~ Patients without  p value

NASH (n = 66) NASH (n = 329)
Age (years) 43 (38-51) 39 (31-47) 41073
Weight (kg) 123 (110-135) 114 (106-129) 0.02
BMI (kg/m?) 44 (42-48) 43 (41-47) 0.15
AST (IU/L) 35 (26-44) 23 (19-29) 5.107°
ALT (IU/L) 43 (28-64) 24 (18-36) 2.10°8
GGT (IU/L) 54 (30-81) 28 (19-45) 8.1078
Blood glucose level 5.7 (5-8) 5.2 (4.8-5.8) 3.10*
(mmol/L)
Insulin (mmol/L) 23 (15-33) 18 (11-25) 6.10%
HbA1c (%) 6(5.5-7.2) 56(53-59)  2.10°
Total cholesterol (mmol/L) 5.2 (4.5-6.1) 5.4 (4.7-6) 038
HDL cholesterol (mmol/L) 1.2 (1.1-1.5) 14 (1.2-1.6) 51073
LDL cholesterol (mmol/L) 2.9 (2.4-3.7) 32(2.6-3.8) 0.04
Triglyceride (mmol/L) 1.7 (1.1-2.9) 14(1.1-1.9) 9.107*
Waist circumference (cm) 127 (126-134) 118 (117-125) 1.10°®
Type 2 diabetes presence 38 17 310
(%)
Steatosis (%), SO-S1-S2-S3 72 46 410
Ballooning (%), BO-B1-B2 0-8-32-60 7-46-26-21  4.107'2
Inflammation (%), 10-11-12 0-95-5 97-3-0 10716
Steatosis (%), SO-S1-S2-S3 0-97-3 99-1-0 10716
Fibrosis (%), FO-F1-F2-F3 15.4-52.3- 13.5-63.8- 51073

16.9-154 19.6-3.1

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass
index; GGT, gamma-glutamyltransferase; HbA1c, glycated hemoglobin; HDL, high-
density lipoprotein; LDL, low-density lipoprotein; NASH, non-alcoholic steatohepatitis.
Quantitative values are displayed as median and interquartile range.
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As expected, AST, ALT, GGT, blood glucose, insulin, glycosy-
lated hemoglobin, triglyceride level, waist circumference and
the prevalence of metabolic syndrome were higher in patients
with NASH compared to patients without NASH. HDL cholesterol
levels were lower in patients with NASH compared to patients
without NASH. The grade of steatosis and stage of fibrosis were
higher in patients with NASH.

Diagnostic performance of MIR spectroscopy for the diagnosis
of NASH in severely obese patients at the time of surgery
When comparing histological diagnosis of NASH to that obtained
by MIR spectroscopy, the AUROC for the diagnosis of NASH were
0.82 and 0.77 for the training and validation groups, respectively
(Fig. S1). The best threshold was 0.15, which was associated
with a sensitivity of 0.75 and 0.69, and a specificity of 0.72 and
0.76, negative predictive values of 0.94 and 0.93, positive predic-
tive values of 0.35 and 0.36. Finally, correctly classified patient
rates of 72% and 75% were obtained for the training and validation
groups, respectively (Table 3).

Association of the MIR spectroscopic score with the severity of
liver pathology

We next analyzed, in each group, the relationship between the
MIR technology-based score and individual histological lesions
defining NASH - steatosis, inflammation, ballooning - as well as
with the NAS and the fibrosis level (Fig. 1).

In the training group, despite large inter-individual variabil-
ity, the MIR spectroscopic score was significantly higher in
patients with steatosis S2 and S3 as compared to SO and S1
(Fig. 1A). The MIR technology score was also significantly
higher in patients with either grade 1 or grade 2 inflammation
compared to grade O (Fig. 1B), as well as in patients with grade
1 ballooning compared to grade 0 (Fig. 1C). A significantly
higher MIR technology score was also found in patients with
NAS >5 compared to patients with 3< NAS <5, and with NAS
<3; and in patients with 3< NAS <5 compared to patients with
NAS <3 (Fig. 1D), as well as in patients with fibrosis grade 3
compared to grades 2, 1 and O (Fig. 1E).

In the validation group, similar observations were made
except for fibrosis, probably because of the limit number of
patients in each stage (Fig 1F-]).

Diagnostic performance of spectroscopy for NASH after
surgery

The model was also applied to a group of 10 severely obese
patients treated with laparoscopic Roux-en-Y gastric-by-

Table 3. Diagnostic performance of MIR spectroscopy for the diagnosis of
NASH in severely obese patients at the time of the surgery.

Patients in the Patients in the

training group validation group

(n=316) (n=79)

AUROC 0.82 0.77
Sensitivity 0.75 0.69
Specificity 0.72 0.76
Negative predictive value 0.94 093
Positive predictive value 0.35 036
Correctly classified patients (%) 72 75

AUROC, area under the receiver operating curve; MIR, mid-infrared; NASH, non-
alcoholic steatohepatitis.
Pure spectral model, at the best threshold (0.15).
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Fig. 1. Association of the MIR spectroscopic values with the severity of liver pathology, for the training and the validation groups. (A-E) Training
group, various grades of (A) steatosis; (B) inflammation; (C) ballooning; (D) NAFLD activity score; and (E) fibrosis are represented. (F-J) Validation
group, various grades of (F) steatosis; (G) inflammation; (H) ballooning; (I) NAFLD activity score; and (J) fibrosis are represented. To facilitate
visualization, outliers are not represented; see method for details regarding the liver pathology analysis. MIR, mid-infrared; NAFLD, non-alcoholic

fatty liver disease.

pass who were followed for 5 (3-6.5) years after surgery.
Clinico-biological data and liver pathology at baseline, and at
the time of the liver biopsy, are shown in Table S1. Initially
all patients had NASH. At the time of the additional biopsy,
only 1 patient had persistent NASH. The AUROC of the model
was 0.81. The only patient with NASH was correctly classified.
Among the 9 patients without NASH, 5 were correctly classi-
fied (Table S2).

The individual variations of spectroscopy results in these 10
patients are presented in Fig. 2.

Diagnostic performance of a composite model including
spectroscopic and clinico-biological data

To improve the diagnostic performance, a new composite
model was computed that also took clinico-biological data
into account. The multivariate analysis and the clinical vari-
able selection for the diagnosis of NASH were performed on
the calibration set (see Table S3 for details of the differences
between patients with or without NASH for the calibration
set). Using a logistic regression model, the AST, triglyceride
level and waist circumference were included, as they were
the only independent parameters that were significantly asso-
ciated with NASH in the training group (Table S4). The diag-
nostic values of a clinico-biological model that only used
these 3 parameters are presented in Table S5. A new compo-
site model was therefore computed to diagnose NASH. The
diagnostic performance is displayed in Table 4. The AUROC
were 0.88 and 0.84 for the training and validation groups,
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respectively (Fig. S2). The best threshold was 0.13, which
was associated with sensitivities of 0.80 and 0.67, specificities
of 0.79 and 0.80, negative predictive values of 0.95 and 0.93,
positive predictive values of 0.43 and 0.38, as well as correctly
classified patient rates of 79% and 78% for the training and
validation groups, respectively. Even if the AUROC were
slightly higher in this composite model (0.88 and 0.84), com-
pared to the sole spectral model (0.82 and 0.77), there was
no statistical difference between them for the validation set
(p = 0.09) due to the small sample size. However, we noted
that there was a significant difference between the AUROC of
these 2 models for the calibration set (p = 0.02). The bootstrap
sampling confirmed these results (Table S6).

Discussion

This clinical study using a newly developed technology demon-
strated that FEWS performed in the MIR spectral domain is an
encouraging method for the non-invasive diagnose of NASH
in obese patients. The diagnostic performance, with good sensi-
tivity and a very good negative predictive value, suggests that
MIR technology could be used in routine care as a screening
test for NASH.

Development of non-invasive tests for patients with NAFLD/
NASH remains a major challenge.®>® Although numerous tests
have been proposed for non-invasive assessment of fibrosis, no
satisfactory test has yet been developed for the diagnosis and
screening of NASH. %38
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In this context, FEWS performed with MIR provides several
benefits: it is minimally invasive, easy both to perform and to
interpret for the clinician, and provides a quick answer, almost
at the bedside. Easy and rapid screening for NASH with this sen-
sitive test offers several advantages, in the new area of persona-
lized medicine: i) it identifies patients at a low risk of NASH,
thus enabling clinicians to reassure these patients and propose
a lighter follow-up dedicated towards prevention and efforts to
control cardiovascular risk factors, which will also avoid non-
useful and potentially expensive complementary liver tests for
these patients; ii) it will enable clinicians to focus on more
aggressive care for patients diagnosed with NASH.

It might be anticipated that in the future, the MIR technology
should be associated with other non-invasive tests dedicated to
screening for the presence and/or severity of fibrosis in patients
diagnosed with “NASH”, since MIR technology displayed poor
specificity and a low positive predictive value. For example, com-
mon liver fibrosis tests such as FIB-4 or the NAFLD fibrosis score,
or the measurement of liver stiffness by elastography, could be
performed to identify patients at a high risk of fibrotic NASH.*°
The precise potential contribution of the MIR spectroscopy
model to the algorithm for the diagnosis of NASH and NASH
with fibrosis will have to be determined in the future. The lack
of a strong positive predictive value is a critical issue in non-
invasive test development for fibrosis particularly for intermedi-
ate stages of fibrosis.>” We combined clinico-biological variables
to the spectral ones to improve the MIR spectroscopy model.
Although we did not succeed in significantly improving the posi-
tive predictive value, we observed a significant difference
between the AUROC of these 2 models, for the diagnosis of
NASH, for the calibration set (0.88 vs. 0.82; p = 0.02). Moreover,
the distribution of the AUROC values according to the bootstrap
sampling showed that the performance of the composite model
was higher and less variable.

o
o
o o
o O
§ o
e
01—~ =
0 8
0— oL 0
Baseline spectral Follow-up
score spectral

score

Fig. 2. Individual variations of spectroscopy results in the 10 severely obese
patients from the follow-up cohort. Circle in red: patients with NASH; circle in
black: patients without NASH; Blue dash line: threshold of the spectral model.
NASH, non-alcoholic steatohepatitis.
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Table 4. Diagnostic performance of a multivariate model for the diagnosis of
NASH in severely obese patients at the time of surgery.

Patients in the Patients in the

training group validation group

(n=297) (n=77)

AUROC 0.88 0.84
Sensitivity 0.8 0.67
Specificity 0.79 0.8
Negative predictive value 0.95 093
Positive predictive value 043 038
Correctly classified patients (%) 79 78

Mixed model associating spectral data with clinico-biological data for the diagnosis of
NASH at the best threshold (0.13). AUROC, area under the receiver operating curve;
NASH, non-alcoholic steatohepatitis.

The lack of positive predictive values probably originates
from the low prevalence of patients with NASH in our cohort
(17%), nevertheless concordant with other series studying
severely obese patients referred for bariatric surgery.“® This
relatively low prevalence is particularly challenging for a diag-
nostic test.

This study is then the first to demonstrate the potential for
FEWS to be performed with MIR for the diagnosis of NASH in
severely obese patients. This is a monocentric study performed
on a large number of well-characterized patients. All patients
had a liver biopsy assessed by 1 pathologist (SP), which is the
reference examination to classify the severity of NAFLD. A
robust spectral method has been implemented to yield a
model that allows patients with and without NASH to be
detected using training and validation groups. Based on the
current study, assessing the relationships between the differ-
ent hepatic lesions and the MIR spectroscopic score, our data
support the idea that serum metabolic alterations associated
with inflammation and ballooning are critical in determining
the score. This finding reinforces the potential interest of the
test for the follow-up of patients and is in line with data that
we obtained from the group of patients for whom the histolo-
gical studies after post-bariatric surgery evolved in parallel to
the decreasing score.

We nevertheless have a number of challenges to address.
The relevance of this technology will have to be replicated
and externally validated in several independent cohorts of
severely obese patients. Accordingly, a European multicentric
prospective study of severely obese patients is being devel-
oped to validate this technology and will start recruitment in
the near future (NCT 03978247). Of course, validation in popu-
lations of patients with NAFLD outside bariatric surgery is
required before transfer to clinical practice. So, the tests have
to be extended for the diagnosis of NASH in overweight and
moderately obese patients who represent most of the patients
seen by hepatologists. Its interest in the sequential or parallel
association with other non-invasive tests for fibrosis or fibro-
tic NASH screening will have to be defined. Finally, its poten-
tial interest for patients in diabetic clinics and/or in the
general population will have to be assessed. Interestingly in
our cohort, T2D status did not improve nor change the accu-
racy of this new non-invasive tool, suggesting that it could
adequately screen for NASH in patients T2D.
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In conclusion, MIR-FEWS offers new opportunities to non-
invasively assess the liver of severely obese patients, thereby pro-
viding a sensitive test to screen for NASH. Further multicentric stu-
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