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Abstract

BACKGROUND

Overweight and obesity are a major worldwide health concern characterized by an abnormal

accumulation of fat in adipose tissue (AT) and liver.

PURPOSE

To evaluate the volume and the fatty acid (FA) composition of the subcutaneous adipose
tissue (SAT) and the visceral adipose tissue (VAT) and the fat content in the liver from 3D

CSE-MRI acquisition, before and after a 31 days overfeeding protocol.

STUDY TYPE

Prospective and longitudinal study.

SUBJECTS

21 non-obese healthy male volunteers

FIELD STRENGTH/SEQUENCE

A 3D spoiled-gradient multiple echo sequence and STEAM sequence were performed at 3T.

ASSESSMENT

AT volume was automatically segmented on CSE-MRI between L2 to L4 lumbar vertebrae
and compared to the DEXA measurement. CSE-MRI and MRS data were analyzed to assess
the proton density fat fraction (PDFF) in the liver and the FA composition in SAT and VAT.
Gas chromatography-mass spectrometry (GC-MS) analyses were performed on 13 SAT

samples as a FA composition countermeasure.

STATISTICAL TESTS
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Paired t-test, Pearson’s correlation coefficient and Bland Altman plot were used to compare

measurements.

RESULTS

SAT and VAT volumes significantly increased (p<0.001). CSE-MRI and DEXA
measurements were strongly correlated (r=0.98, p<0.001). PDFF significantly increased in the
liver (+1.35, p=0.002 for CSE-MRI, +1.74, p=0.002 for MRS). FA composition of SAT and
VAT appeared to be consistent between localized-MRS and CSE-MRI (on whole segmented
volume) measurements. Significant difference between SAT and VAT FA composition was
found (p<0.001 for CSE-MRI, p=0.001 for MRS). MRS and CSE-MRI measurements of the
FA composition were correlated with the GC-MS results (for ndb: rygscems=0.83 p<0.001, rese.

wrveeams=0.84, p=0.001; for nmidb: fymsers=0.74, p=0.008, resemyccms=0.66, p=0.020)

DATA CONCLUSION

The follow-up of liver PDFF, volume and FA composition of AT during an overfeeding diet
was demonstrated through different methods. The CSE-MRI sequence associated with a

dedicated post-processing was found reliable for such quantification.

Key words (3 to 6): Fatty acid composition, in vivo, MR spectroscopy, chemical shift-

encoded imaging, overfeeding, gas chromatography-mass spectrometry
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Terminology

AT, adipose tissue

FA, fatty acid;

SFA, saturated fatty acid;

MUFA, monounsaturated fatty acid;

PUFA, polyunsaturated fatty acid;

ndb, number of double bonds;

nmidb, number of methylene-interrupted double bonds;

SFAindx, proportion of saturated fatty acid estimated by ndb and nmidb;
MUFAingx, proportion of monounsaturated fatty acid estimated by ndb and nmidb;
PUFAInqx, proportion of polyunsaturated fatty acid estimated by ndb and nmidb;
CL, chain length;

SAT, subcutaneous abdominal adipose tissue;

VAT, visceral adipose tissue;

PDFF, proton density fat fraction

CSE-MRI, chemical shift-encoded magnetic resonance imaging

CV, coefficient of variation

GC-MS, gas chromatography-mass spectrometry

IFCC, International Federation of Clinical Chemistry

TAG, triacylglycerol

SNR, signal to noise ratio
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Text (5199words):

INTRODUCTION

Obesity is a complex disease combining genetic factors still poorly identified and
environmental factors mainly related to diet and physical inactivity(1). Overweight and
obesity are major worldwide health issues increasing the risk to develop pathologies such as
diabetes, cardiovascular disease and Non Alcoholic Fatty Liver Diseases (NAFLD). Although
obesity is defined by a body mass index (BMI) greater than or equal to 30 kg/m? for humans,
distribution of adipose tissue is decisive in the assessment of cardio-metabolic risk factors(2).
People with abdominal fat accumulation have commonly an altered metabolic profile (also
called metabolic syndrome). The expansion of visceral adipose tissue (VAT), leading to an
increase in waist circumference, is associated with a higher risk to develop insulin resistance
and type 2 diabetes unlike the expansion of subcutaneous adipose tissue (SAT) (3). BMI is
not relevant to predict these risks because no distinction is made between fat mass and lean
mass. Dual-energy X-ray absorptiometry (DEXA) allows measurement and distribution of
body fat. To be more accurate, some imaging modalities like Magnetic Resonance Imaging
(MRI) and computed tomography (CT) (4) can assess independently the distribution of SAT
and VAT unlike DEXA. The major drawback of CT is the ionizing radiation exposure of
patients whereas MRI allows the measurement of fat volumes without any known short- or
long-term side effects. Over the last decades, various segmentation methods of SAT and VAT
volume have emerged based on various MRI acquisition such as T1-weighted, T2-weighted or
chemical-shift encoded imaging (CSE-MRI), each one with advantages and disadvantages (5).
T1-weighted and T2-weighted image contrast varies with BO field strength which can be a
problem in the reproducibility of the results in multi-center studies. CSE-MRI can give an
accurate estimate of proton density fat fraction (PDFF) which is a biomarker (6). Beyond

volume quantification, the lipid composition of these tissues could be a relevant biomarker
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(7).When analyzed by mass spectrometry (8), fatty acid composition (FA) of AT has been
associated with AT function (adipogenesis, differentiation, lipid metabolism) with large
differences between SAT and VAT, shedding light on the pathophysiology of metabolic
diseases(8, 9).This analysis requires access to human tissue, and cannot be widely proposed.
Surrogate markers of lipid composition of AT are needed. Magnetic Resonance Spectroscopy
(MRS) is able to provide non-invasively the proportions of saturated (SFA), monounsaturated
(MUFA) or polyunsaturated (PUFA) fatty acids. Recent studies (10-12) demonstrated the
feasibility of assessing the composition of fat based on multiple gradient echo imaging also
named chemical shift-encoded MRI (CSE-MRI). Studies focusing on liver diseases have

extensively compared the MRS and MRI methods for the quantification of the PDFF (13-15).

The aim of this work was to assess CSE-MRI method to detect content and composition
changes of fat storage in healthy volunteers during a 31 days overfeeding protocol while

comparing CSE-MRI results with DEXA, MRS and GC-MS measurements.

MATERIALS AND METHODS

Overfeeding Protocol

From February 2014 to December 2016, volunteers were recruited via notice boards and
electronic bulletins. To be eligible, participants had to be a man aged between 18 and 55 years
with a BMI between 23.0 kg/m? and 27.0 kg/m? and low physical activity. Volunteers were
excluded if they had personal medical history of type 1 or 2 diabetes. Written informed
consent was obtained from all the subjects. All men underwent 31 days of high-sucrose and
high-fat overfeeding by eating the equivalent of +50% of their daily energy requirements
while maintaining their eating and sport activity habits. This protocol was validated by an
ethics committee and was registered on the clinicaltrials.gov site (NCTXXXXXXXX). Only

results from subjects with a placebo complement to their eating are reported in this paper.
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Imaging And Spectroscopy Protocol

MRI

Subjects underwent two 3D spoiled-gradient multiple echo sequence on a 3T Ingenia Philips
system (Philips Healthcare, Best, the Netherlands): one before the overfeeding at day O
(MRI1) and the second at day 31 (MRI2). 3D MRI acquisitions parameters were the
following: 8 echoes (n x 1.15 ms TE with n=1, ...,8), 5° flip angle, 10.3 ms
TR, 384x420x 320mm® FOV, 256 x 256 x 80 matrix size, 20.8s scan time. This
acquisition was made in breath-holding. The subjects were in supine position with both arms
aligned along the body. For signal reception, a 32-channel abdominal body-array coil was
used. The acquisition was performed on the abdominal region, encompassing L1 to L5 lumbar

vertebrae and the liver.

DEXA

Fat weight and lean weight were determined by dual-energy X-ray absorptiometry (DEXA,
Lunar Prodigy GE Medical Systems). Subjects underwent two whole-body DEXA scanning:
one before the overfeeding (day-7 or day 0) and the other after the overfeeding (day 28 or day
31). Fat weight of android region from DEXA was compared to CSE-MRI measurement. The
android region was the area between the ribs and the pelvis (top of the iliac crest)(16) and was

close to the defined region in MRI method.

Spectroscopy

Subjects underwent two STEAM sequences in a row for test-retest using respiratory
triggering with voxel placed in liver, VAT and SAT tissues (parameters in the caption of
Figure 1). This protocol was performed at the baseline examination (MRS1) and repeated

after the overfeeding (MRS2).
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FA Analysis By Gas Chromatography-Mass Spectrometry (GC-MS)
The total FA compositions of the SAT samples were determined independently by GC-MS.
FAs profiles were obtained from the triacylglycerol (TAG) fraction which is representative of

the intracellular content of the SAT.

Sample Collect

A needle biopsy of abdominal SAT was performed 10cm from the umbilicus, under local
anesthesia (1% lidocaine, BD microlance 21G 12 inch,0.8*40mm needles), for 300mg to 1g
adipose tissue samples. Subsequent biopsy was taken contralaterally. Fat samples were

immediately frozen in liquid nitrogen and stored at -70 °C.

Sample Preparation

Approx. 50 mg cryogenically crushed sample were weighed exactly before proceeding to the
total lipid extraction using 6 mL of a mixture of chloroform/methanol (2:1, vol:vol) according
to the Folch method (17). An internal standard (TAG C17:0, glycerol triheptadecanoate),
corresponding to 60ug of C17:0 /mg of tissue, was added in order to quantify the FAs
occurring from the TAG fraction. The TAG fraction was then obtained from 1/40e of the total
lipid extract by thin-layer chromatography on silica-gel plates with a mobile phase of hexane:
diethyl ether:acetic acid (80:20:1, vol:vol:vol) and was submitted to direct methylation

according to a modification of the technique described elsewhere (18).

GC-MS Analysis

The amounts of FAs were measured by GC/EI-MS (El: electron ionization) using a
quadrupole mass spectrometer (model MS 5975, Agilent Technologies, Massy, France)
connected to a gas chromatograph (model GC6890, Agilent Technologies) equipped with a
fused-silica column (SP2380, 60 m x 0.20 mm x 0.25 um film thickness; Supelco). Injection

(1 pL) was performed in splitless mode at 240 °C. FAs were separated with the following
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oven program: (a) 50 °C for 1 min; (b) increase at a rate of 20 °C.min* to 175 °C and hold for
9.75 min; (c) increase at a rate of 2 °C.min-1 to 217 °C and hold at 217 °C for 1 min. Mass
spectra were obtained from the Total lon Chromatogram (TIC) over a mass range of m/z 35—

450.

Comparison With NMR Methods
In order to obtain comparable results between the GC-MS and NMR methodologies, the mean
number of double bound (ndbgc) and the mean of methylene-interrupted double bound

(nmidbgc) by triglyceride chain were computed as:

N
ndbge = <z ndb; * pl-) ‘3

l

N
nmidbgc = (Z nmidb; * pl-) * 3

L

N
Cloc = (Z CL pi)
i

Where N was the number of the different type of FAs analyzed, ndb; number of double bound
of the i™ FA, nmidb; number of methylene-interrupted double bound of the i FA, CL; the

number of carbon in FA chain and p; the relative proportion of the i FA.

MRS Signal Processing And Analysis

For spectrum acquired in SAT, similarly to the eddy current correction performed usually
using the water phase signal, the time dependent phase variation of the signal of the first echo
(TE=14ms) was corrected with the time dependent phase of the second echo (TE=24ms)
which was less impacted by eddy current effects. This correction was possible because 1) the

methylene -CH,,- amplitude peak was the unique preponderant component, and 2) ATE=TE,-
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TE; was small compared to the lipid T2 and 1/J (4 < J < 8Hz, for in vivo FA spectral). This
correction needs exactly the same frequency content in the two spectra. So it was not applied
to the spectra from the VAT tissue because of the presence of a low water peak in some case.
In this latter case, the signal is probably altered due to peristalsis of the digestive tract from
one echo to the other which could explain why the water peak contribution varies from one
echo to the other. The quantification method, described shortly below and in (19), was
applied only on the spectrum of the first echo; the other echoes were acquired to estimate the
T2is, i.e the apparent T2 of each resonating lipid component (ke[1,...,10]). T2, estimations
were made in the frequency domain, for each resonance, with a nonlinear least-square
estimation of the mono-exponential S(TE) = SOx*exp(-TE/T2x), where Sy(TE) was the
measured integral of the k™ peak at TE (6 echoes varying regularly from 14ms to 64ms by

step of 10ms), SO, the amplitude at TE=0 and T2, the T2 of the k™ peak.

To quantify the PDFF in the liver, a Voigt (20) model with 2 peaks was applied on the
spectrum to estimate the amplitude of the water peak at 4.7ppm and the main peak of fat at
1.3 ppm. The PDFF was then computed by PDFF=A¢/(Aw + As). The non-linear least square
optimization of the VVoigt model was applied on the 200 first points of the FID (~100ms and

omitting the first point).

The MRS results reported in the rest of the paper are the mean quantification values of the

two consecutive acquisitions.

CSE-MRI Processing And Analysis

Automated Segmentation Method Of SAT And VAT

Automatic segmentation was simultaneously performed exploiting the PDFF mapping
described in (21) as well as the first and second echo images (out of phase and in phase

respectively) to separate SAT from VAT. An operator determined the slices corresponding to
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the upper of L2 and the lower of L4. A first reference slice chosen by the user in the stack of
images was segmented automatically. Manual correction can be done if necessary. Thanks to
3D acquisition and low partial volume effect, the mask of a slice (reference slice for the
beginning) was used as a priori knowledge for the determination of the next slice mask using
the Lankton level set algorithm (22). After segmentation, two binary masks were created one
for SAT and the other for VAT and multiplied to the PDFF map (PDFFsat and PDFFyar
map). Only pixels with a PDFF higher than 55% were kept in order to remove vertebrae and
intramuscular adipose tissue contributions to VAT volume. In some regions of large static
field inhomogeneity, at the level of iliac crests, fat/water swaps led to erroneous PDFF

contribution in particular in SAT. In this case, a manual correction was made.

SAT, VAT And TAT Volumes

The SAT and VAT masks were binary images. The total abdominal adipose tissue (TAT) was
calculated by adding the SAT and VAT masks. Adipose tissue volumes were calculated by
counting all pixels in the mask of SAT (or VAT or TAT) considering that each pixel
represented 100% of fat and multiplying by the elementary volume (voxel of 9.84 10 cm®).
The total abdominal adipose tissue (TAT) volume delimited by the L2 and L4 vertebrae was
converted into mass using the assumed an average density of 0.92 g/cm® (23) and compared to
the DEXA measurement on android region. The total fat content in android region
considering the PDFF of the tissues (adipose tissues, muscles and vertebrae) was also
analyzed and computed as the sum of each element of the matrix defined by

(PDFFsar+PDFFyaT) * 9.84 10 cm® * 0.92g/cm?®,

Fat Content In The Liver
The region of interest (ROI) in the liver was manually defined on a unique slice on which the
right hepatic portal vein appeared the largest in axial plane. The mean value of PDFF in this

ROI was computed. To compare CSE-MRI and MRS measurements, the mean PDFF value

| 12
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was computed in an ROI corresponding to the MRS voxel size and labeled “localized CSE-
MRI measurement”. This ROl was located automatically on the CSE-MRI data using MRS
voxel coordinates. MRI was acquired in breath-holding whereas MRS was in free breathing.
This difference led to localization errors of ROl on CSE-MRI. Thus, a manual ROI

repositioning was visually performed in the liver.

Calculation Of FA Composition (CSE-MRI And MRS)

To avoid any difference linked to data processing, the FA quantification method used the
same model function and implementation for CSE-MRI (10) and MRS (19). Indeed, in this
previous publication (19), it has been shown that, despite different J-evolutions between
STEAM sequence and 3D CSE-MRI, the model used in CSE-MRI can be used for MRS data
analysis and lead to consistent results. FA composition was determined by a fitting procedure
applied in the time domain on specific points defined by the methylene chemical shift: t =
t=n*t, with te = 7/((4.7-1.3)*Bo*y) = 1.15 ms and n=1,...,32 for MRS processing and n=1, ...,8

for CSE-MRI. The model function used was defined as:

8
_ (TE+1t)
f(t) = real ((Aw * Nyater ¥€  T2w + Af * E (nk(ndb,nmidb, CL) *

k=1

] _(TE+1Y) ¢
eZmAfkt xe T2 ) x e T2

where Aw and Af represent the numbers of water and triglycerides molecules respectively,
nk(ndb, CL, nmidb) the number of protons in the fat spectrum component k in terms of ndb,
CL and nmidb (Table 1), fx the frequency shift between water and each fat spectrum
component K, nyaeer the number of protons in a water molecule, T2y the transverse relaxation

of the k™ peak, T2, the transverse relaxation of the water peak, and the T2’ the global
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272  relaxation time decay induced by BO dispersion. For MRS processing, the T2-values were
273  estimated before the fitting and T2’ was estimated during the processing (TE = 14 ms). For
274  CSE-MRI processing, the global apparent T2* (1/T2*=1/T2+1/T2”) value was computed (TE

275 =0 ms). FA composition was derived from ndb and nmidb with the following relations (11):

nmidb
x 100

PUFAindx =

(ndb — 2 x nmidb)
MUFAjpax = 3 * 100

SFAindx == 100 - PUFAiTldx - MUFAindx

276  PUFAix is the relative proportion of polyunsaturated FA, MUFAinx the relative proportion

277  of mono-unsaturated FA and SFAingx the relative proportion of saturated FA.

278  The CSE-MRI measurement of PUFAinqx (respectively MUFAingx and SFAi4x) was calculated
279  on whole-segmented volume of SAT (respectively VAT). To see the influence of the
280  inhomogeneity of the BO field, another calculation was also computed excluding pixels at the
281  boundary between air/water or fat interface and pixels with an estimation of T2* under 10 ms

282  (figure 1 in supplementary material).

283  Statistical Analysis

284  Anthropometric measurements are expressed as mean = SEM. Pearson’s correlation
285  coefficient and Bland Altman plot were used to compare reference measurements (DEXA or
286 MRS) and CSE-MRI measurements. Coefficient of variation (CV) was computed to analyze
287  the variability of the measurements. Paired t-tests were performed to compare data from
288 MRI1 (or MRS1) and MRI2 (or MRS2) for each quantified parameters (PDFF in the liver,
289  volume and FA composition of AT). The normality of each data distribution was tested using

290  the Shapiro-Wilk test. In the case of non-normal distribution, a paired sample Wilcoxon rank
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291  test (non-parametric test) was performed in addition to the t-test. P-value <0.05 was
292  considered as significant. Statistical analyses were made with the software OriginPro 8.5.1

293  SR2 (OriginLab Corporation, Northampton, England).

294 RESULTS

295  Subjects
296  Baseline characteristics of 21 non-obese healthy male volunteers are summarized on Table 2.
297  An MRI examination after overfeeding could not be performed for one subject and the MRS

298  acquisitions from another subject before overfeeding were missing.

299  Volumes

300 MRI vs DEXA Before Intervention

301 On atotal of 21 subjects, 18 underwent DEXA scanning on the same device (DEXA, Lunar
302 Prodigy GE Medical Systems) and three on a different one (Discovery A, Hologic, Bedford,
303 MA, USA). Only data from the first 18 subjects were used for the comparison. An excellent
304  correlation between CSE-MRI measurement of TAT and DEXA measurement of android
305 region (r = 0.98, p < 0.001) was found with a constant lower value of MRI-based estimate
306 (bias of -120g, Bland-Altman plot Figure 2). This bias represented 6% in average of the
307 android region mass. The total fat content measured by CSE-MRI considering PDFF of
308 tissues was also highly correlated to DEXA measurement of android region (r=0.94, p<0.001,

309 bias of +960).

310  After The Overfeeding Intervention

311  The subjects gained 2.5 £ 0.3kg, with a 1.6 + 1.1kg total fat mass gain measured by DEXA
312  (Table 2). SAT, VAT and TAT volumes quantified using CSE-MRI sequence significantly
313 increased between the two examinations (+91 cm?®, p<0.001; +129 cm?®, p<0.001; +219 cm?,

314  p<0.001 respectively). A significant increase in fat mass measured by DEXA in android
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region was also observed (+191 g, p=0.001) and was correlated to the CSE-MRI
measurements of TAT (r=0.80, p<0.001, n=16). The ratio VAT/SAT also significantly

increased after overfeeding (+0.06, p=0.020).

Fat Content In lhe Liver

Hepatic fat content is low in healthy subjects and difficult to detect. In some MRS
measurements, fat content could not be detected: 2/20 at the baseline (MRS1). Over the total
of 21 subjects at baseline, one subject presented an abnormal level of PDFF in the liver
(PDFF>10%) based on CSE-MRI measurements (Figure 3a). Surprisingly, its corresponding
MRS measurement indicated a normal level of PDFF (PDFF=3.33%). This subject had a non-
homogeneous (figure 2 in supplementary material) fat content in the liver and the MRS

measurement was made in a low-fat region of the liver.

Liver PDFF: MRI vs MRS

At baseline, the correlation between localized CSE-MRI and MRS measurements was poor (r2
= 0.50, y=1.02x+0.57). In Addition, the localized CSE-MRI gave larger PDFF-values (+0.60
percentage points). After the overfeeding, the correlation was improved (rz2 = 0.80,
y=1.04x+0.42) with still a lager value of CSE-MRI PDFF measurements (+0.55 percentage
points). Interestingly, even if the CSE-MRI seemed to give larger PDFF-values in the case of
low-fat content, variations of PDFF between the two examinations measured by MRS or
CSE-MRI were found to be very close (r2 = 0.77, y=0.92x+0.09). Moreover, the bias between
these two measurements was small (larger value of localized CSE-MRI +0.05 percentage
points, Bland-Altman Figure 4). The Figure 4 shows an outlier point with a AMRS (MRS2-
MRS1) PDFF value at 3.37 and a AMRI (MRI2-MRI1) PDFF value at 0.39. We must notify
that the two subsequent MRS2 acquisitions of the subject gave significantly (p<0.001)

different results: 6.32% at the first acquisition and 2.46% at the second acquisition. If we
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excluded this first acquisition and kept only the second, the MRS2-MRS1 value would be

consistent with other points (rz2 = 0.85, y=0.98x+0.08, bias of 0.05).

Liver PDFF: After The Overfeeding Intervention

MRS measurements indicated that the PDFF in liver increased significantly (+1.74, paired t-
test p=0.002) between the two examinations. Similarly, for CSE-MRI measurements, the
PDFF in liver increased significantly (+1.35, paired t-test p=0.002). As shown in the Figure
3a and 3c, data had a non-normal distribution (Shapiro-Wilk test p<0.001 for MRS1; p<0.001
for MRS2; p<0.001 for MRI1; p<0.001 for MRI2) and a non-parametric test (paired sample
Wilcoxon rank test) was performed (same observation: positive difference for MRS2-MRS1

p<0.001 and positive difference for MRI12-MRI1 p<0.001).

FA Composition Of VAT And SAT

Some VAT spectra were not analyzed due to poor quality of spectra (low SNR or high
inhomogeneity of BO field) and were removed from the analyses: 4/20 at baseline and 3/21
after overfeeding. The CSE-MRI data of one subject could not be processed to estimate the

FA composition.

FA Composition: Variabilities

For CSE-MRI measurement at the first examination, the intra-subject variability was high
with a larger heterogeneity of nmidb values in VAT (mean CV of: ndb 28%, nmidb 73%, n =
20) than in SAT (mean CV of: ndb 23%, nmidb 55%). A second calculation was performed
excluding pixels at the boundaries of the mask and pixels with an estimation of T2* under 10
ms and permitted to reduce the intra-subject variability (mean CV of ndb 22%, nmidb 52% n
= 20 for VAT and ndb 16%, nmidb 33% n = 20 for SAT). The mean percentage of pixels at

the boundaries of the mask was 27% for SAT and 39% for VAT. 17% pixels of SAT and 24%
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pixels of VAT had an estimated T2* under 10 ms. The mean CV of MRS measurement was

lower in SAT (ndb 3%, nmidb 5%, n = 20) than in VAT (ndb 11%, nmidb 21%, n = 16).

FA Composition: Comparison MRS And CSE-MRI (Whole Volume)

MRS and whole-volume CSE-MRI FA composition estimations were correlated (SAT: r =
0.82, p < 0.001 for ndb and r = 0.84, p < 0.001 for nmidb, n = 19) with a low bias (0.06 IC 95
% [-0.32 0.43] for ndb and 0.02 I1C 95% [-0.15 0.20] for nmidb). It was however difficult to
compare these two methods without considering the high spatial variability (intra-subject
variability) of CSE-MRI measurements. As illustrated in Figure 5, the MRS value was
included in the range defined by the mean * one standard deviation of CSE-MRI

measurements for each subject.

FA Composition: SAT And VAT

Regarding CSE-MRI results from the whole segmented volume (L2 to L4) versus the
localized-MRS results, the comparison of FA composition of SAT and VAT appeared to be
substantially equivalent in average for ndb and nmidb measurements (CSE-MRI SAT vs
VAT: ndb = 2.43 + 0.16 vs 2.20 £ 0.15 p < 0.001, nmidb = 0.56 = 0.07 vs 0.46 + 0.07 p <
0.001; MRS: ndb = 2.48 + 0.29 vs 1.90 + 0.63 p = 0.001, nmidb = 0.58 + 0.14 vs 0.37 £ 0.22
p = 0.001) and for PUFAig/MUFAix/SFAingx measurements (Figure 6). In both cases,
paired t-tests showed significant difference between SAT and VAT FA composition (p <
0.001 for CSE-MRI measurements and p < 0.01 for MRS measurements). The inter-subject

variability was higher in localized-MRS measurements than in the CSE-MRI measurements.

FA Composition: Change Between The Two Examinations
The same trend for the variations of all the FA composition parameters was observed based
on both CSE-MRI and MRS measurements for VAT (figure 7). The low inter-subject

variability of CSE-MRI measurement permitted to detect significant variation of adipose
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tissue composition whereas MRS measurement did not (VAT MUFA + 1.22 percentage

points (p < 0.001) for CSE-MRI, + 0.96 percentage points (p = 0.318) for MRS).

FA Composition: GC-MS Analysis
Thirteen samples of SAT were analyzed using gas chromatography (7 before and 6 after the
overfeeding intervention). Results were expressed as molar percentage and are presented in

Table 3. Measurements by GC-MS were considered as reference.

Good correlations were found between GC-MS and CSE-MRI measurements (for ndb:
r=0.84, y=0.76x+0.40, p=0.001; for nmidb: r=0.66, y=0.88x-0.09, p=0.020). However CSE-
MRI measurements overestimated ndb (Bland-Altman bias=0.17 percentage points, IC 95%
[0.01;0.34], ) and nmidb (Bland-Altman bias=0.16 percentage points, IC 95% [0.04;0.27], ).
Better correlations were found between GC-MS and MRS measurements (for ndb: r=0.83,
y=0.31x+1.47, p<0.001; for nmidb: r=0.74, y=0.36x+0.19, p=0.006) however the bias was
larger. MRS measurements overestimated ndb (bias=0.24 percentage points, IC 95% [-
0.22;0.70], Bland-Altman) and nmidb (bias=0.19 percentage points, IC 95% [- 0.04;0.42],

Bland-Altman).

DISCUSSION

Consistent with the literature (24), we found that CSE-MRI-based fat mass measurements of
android region is strongly correlated with DEXA measurements. However, a small bias was
observed with slight lower value of TAT volume with CSE-MRI measurements. The DEXA
measurement is a 2D measurement and does not permit to distinguish VAT, SAT and other
ectopic fat like bone marrow and intramuscular adipose tissue. The automated segmentation
processing based on CSE-MRI images enabled to separate VAT from SAT. Thus, muscles
and bone marrow were excluded from VAT mask by a threshold empirically defined at 55%

using the PDFF mapping. This exclusion could explain the difference in CSE-MRI and



410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

Quantification of adipose tissue by CSE-MRI

DEXA measurements as when we considered the PDFF of muscles, vertebrae and VAT in the
calculation of fat content, the bias reduced. To go further in the segmentation of different
adipose tissue depots, some studies (25, 26) differentiated the deep (DSAT) from the
superficial (SSAT) subcutaneous adipose tissue in the abdominal region. This segmentation of
DSAT and SSAT is very challenging because the fascia superficial separating these tissues
appears subtle and discontinuous and need a fine resolution (~1.25 mm). The present in-plane
resolution was due to a compromise between an acquisition time compatible with breath-
holding and the size of the covering volume (320 mm in the head-foot direction in this study)
to give a good SNR which is an essential parameter to estimate the FA composition (i.e.
proportions of PUFAih¢x, MUFAingx and SFAingx). From a metabolic point of view, GC
analysis of SSAT and DSAT in a large cohort shows homogenous FA composition in the two

adipose tissue depots (7).

Liver PDFF results were consistent with the literature (13-15), with a good correlation
established between MRS and CSE-MRI measurements. However, some studies (13-15)
provided a better correlation. It should be noted that the range of values was larger in these
papers (0 — 40 % (13-15)) than in the present paper (0 — 12 %). Especially, it is challenging to
accurately estimate very low fat content in liver. Here, we demonstrated that even if the PDFF
measurement methods with CSE-MRI or MRS were different, the difference between the two
PDFF measurements (before and after the overfeeding) was equivalent with the two methods.
In this study, no T2 correction was applied on the calculation of fat content in the liver for
MRS measurement. In addition, MRI method include by a priori knowledge eight fat spectral
component in the quantification model, that was not the case for MRS since fat quantities
were too low in this study. These could explain why the MRS measurement gave
underestimated values compared to CSE-MRI measurement. On the other hand, the CSE-MRI

PDFF estimate could be affected by the low SNR.
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The lipid quantification by CSE-MRI could be interesting in longitudinal clinical studies, as
an indirect marker of AT metabolism. Here, the average on the whole segmented volume
(between L2-L4) seemed to give results consistent with the literature. Machann et al. (27)
reported similar results even if they computed different FA composition indexes: the
polyunsaturated index (PUI = diacyl-methyl ratio) and the unsaturated index (Ul = olefinic-
methyl ratio), VAT was composed by 14.9%/48.9%/36.2% of PUFAix/MUFAingx/SFAindx
(vs 15.3%/42.7%/43.0% in our study), SAT was composed by 16.2%/56.6%/27.2% (vs
18.6%/43.7%/37.7% in our study). Other studies reported higher values of nmidb both using
MRS method (0.75 SCAT calf (28), 0.687/0.745 for VAT/DSAT (26), 0.71 for SCAT leg
(11), 0.79/0.81 for VAT/DSAT (12) than 0.37/0.58 for VAT/SAT in our study) and with MRI
method (0.836/0.936 for VAT/SAT (10), 0.71/0.73 for VAT/DSAT (12), 0.74 for SCAT leg
(11) than 0.46/0.56 for VAT/SAT in our study) which led to an estimation of PUFA superior
to 20%. However, several gas chromatography analysis have quantified a lower content of
PUFA (12.3% (29), 14.4% (30), 16.5% (9), 14.1%(31)) and lower nmidb (0.45(30), 0.50 (9),
0.63 (32)) which was more consistent with our present results. It should also be noted that the
PUFAix calculation made from nmidb, was not an absolute quantification but a coherent
index of polyunsaturation, leading to consistent results when the most frequently identified
PUFA is di-unsaturated FA. It could be possible to quantify the proportion of PUFA more
precisely by calculating the proportion of omega-3 (33-35) and correcting the present

calculation but it does not permit to know exactly the number of double bonds per chain.

The validation of lipid quantification by CSE-MRI using MRS measurement is a difficult
task. As expected, the lipid quantification by MRS is challenging and results depend on the
BO field heterogeneities (26), the MRS sequences (36), the acquisition parameters (long TE or
short TE) (29) and the fitting approaches (37). It is therefore difficult to use it as reference. On

the other hand, a gold standard like gas chromatography-mass spectrometry analysis is



460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

Quantification of adipose tissue by CSE-MRI

difficult to perform on human volunteers, for ethical reasons only subcutaneous adipose tissue
can be analyzed. In this study, good correlations were found between MRS and CSE-MRI
measurement, MRS and GC-MS measurements and between CSE-MRI and GC-MS
measurements. However, the NMR methodologies gave biased results compare to GC-MS
methodology. The CSE-MRI and MRS fitting approach used strong constraint on a relation
between ndb and nmidb (10, 19) to improve the repeatability of measurements, however this
constraint provided biased results and not absolute quantification. Therefore, the good
correlation between GC-MS and NMR methodologies is already an important result, even if, a
comparative study using more sample should be necessary. The higher inter-subject
variability seen in localized-MRS measurements compared with the CSE-MRI measurements
could be explained first by the difficulty to locate in some lean volunteers, the MRS voxel
into AT only. This could induce some partial volume effects. Moreover, due to the large
difference between the elementary volume (8000 mm3 for MRS compared to 9.84 mm3 for
MRI), the local inhomogeneity is in favor of CSE-MRI despite a dedicated localized shim for
MRS. Finally, the value estimated by CSE-MRI resulted from an averaging over a large
number of pixels (>10000 pixels) which attenuated the effect of potential aberrant individual
values for each subjects, unlike for the MRS where only two measurements were made. The
spatial non-uniformity of nmidb was larger in VAT than in SAT. This high spatial variability
could be due to a sensitivity of CSE-MRI FA composition measurements to local field
inhomogeneity as the coefficient of variation reduced when we removed pixels located at fat-
air interface. This local field inhomogeneity is due to high contribution of internal field as
regard to fat-tissue interface where susceptibility gradient is strong. To increase spatial
resolution may probably minimize this effect. Alternatively, to provide more consistent
measurements, it is possible to suppress these voxels in the segmentation pipeline such as

proposed in this study. Moreover, VAT tissue could be more impacted by local field
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inhomogeneity due to the presence of air in the gut. In localized area, this sensitivity to local
field heterogeneities led to erroneous values of CSE-MRI measurements. For the study of
localized area, localized-MRS seemed to still be the best method thanks to shim methods
allowing to homogenize locally the magnetic field. Visual analysis of spectrum permits to
validate results with consistent fitting approach. Moreover, in the literature, only methods of
spectroscopy make the quantification of omega-3 possible (33-35). A limitation of our study
concerned the design of the overfeeding. This was a short term 31-days overfeeding, and as
the half-life of subcutaneous adipose tissue fatty acids is around 6 to 9 months (9), the
overfeeding may have been too short to detect a change in SAT fatty composition with the

diet.

To conclude, significant increase in fat distribution in VAT, SAT and liver were measured by
DEXA, MRS and CSE-MRI measurements after an experimental overfeeding. FA
composition changes (more precisely the MUFA proportion) of the adipose tissue were also
observed by CSE-MRI measurements. The use of a single 3D CSE-MRI sequence associated
with a dedicated post processing method is a suitable protocol to follow several parameters
linked to adipose tissue changes. This NMR protocol could be used in future work to evaluate

non-invasively the impact of nutrition on adipose tissues and liver.
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Tables

Table 1. Parameters conditioning the fat spectrum model used

Component | Type Afy Chemical nk(ndb,nmidb,CL)
k (Hz) shift (ppm)
1 Olefinic -74.9 5.29 2 xndb
+ Glycerol 5.19 +1
water - 0 4.70 Nwater = 2
2 Glycerol 63.5 4.20 4
3 Dyacil 247.7 2.75 2 x nmidb
4 a-carboxyl | 312.4 2.24 6
5 a-olefinic 340.4 2.02 4 x (ndb-nmidb)
6 B-carboxyl | 393.7 1.60 6
7 Methylene | 431.8 1.30 6x(CL-4)-8 x ndb + 2 x nmidb
8 Methyl 482.6 | 0.90 9

Table 1: Parameters conditioning the fat spectrum model used. Af,, frequency shift between water and each fat

resonance.



Quantification of adipose tissue by CSE-MRI | 30

Baseline After the overfeeding intervention  Differences

Age 33+2

Body weight(kg) 79.6+1.6 82.4+1.6 2.6£0.3*** (n = 21)

Body Mass index (kg/m?) 25.2+0.3 26.0+0.3 0.8+0.1*** (n = 21)
DEXA

fat mass of whole body (kg) 19.6+1.2 21.2+1.1 1.6+1.1*** (n = 21)

fat mass of android region (kg) 1.85+0.13 2.07+£0.57 0.19+0.04** (n = 20, p=0.001)
CSE-MRI

SAT volume(cm®) 1104+74 1191+79 91+22*** (n=20)

VAT volume (cm®) 922+104 1070116 129+31*** (n=20)

TAT volume (cm?) 2027+745 22614765 219:+41*** (n=20)

VAT/SAT 0,83+0,08 0,91+0,09 0,06+0,03* (n=20, p=0.020)

liver PDFF 2.70+0.54 4.05+0.87 1.35+0.39** (n=20, p=0.003)

localized liver PDFF 1.73+ 0.34 3.38£0.77 1.66 £ 0.53** (n=19, p=0.006)
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FA composition of SAT ndb =2.43 +0.04 2.43+£0.03 0.00 £ 0.01 (n=19, p=0.812)
nmidb =0.56 £ 0.02 0.55+0.01 0.00 £ 0.01 (n=19, p=0.612)

FA composition of VAT ndb =2.20 + 0.03 2.19+£0.03 -0.01 £ 0.02 (n=19, p=0.512)
nmidb =0.46 £0.02 0.44 +0.01 -0.03 £ 0.01* (n=19, p=0.013)

MRS

liver PDFF 1.20+0.23 3.02+ 0.31 1.74+0.48** (n=20, p=0.002)

FA composition of SAT ndb =2.48 + 0.06 2.45 £ 0.07 -0.05+ 0.05 (n=20, p=0.381)
nmidb = 0.58 + 0.03  0.57 + 0.03 -0.02 + 0.03 (=20, p=0.417)

FA composition of VAT ndb =1.90 + 0.16 2.04+0.11 0.19 £ 0.17 (n=15, p=0.290)
nmidb =0.37+0.06 0.41+0.04 0.06 + 0.06 (n=15, p=0.395)

632

633 Table 2: Measurements of the cohort before and after overfeeding. Data are expressed as mean SEM. * indicate significant difference due to overfeeding paired t-test ***p<0.001.
634 SAT: abdominal subcutaneous adipose tissue from L2 to L4; VAT: visceral adipose tissue from L2 to L4; TAT: total abdominal adipose tissue (SAT+VAT); PDFF: proton density fat

635 fraction; FA: fatty acid; ndb, number of double bonds; nmidb, number of methylene-interrupted double bonds.

636
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Fattyacid Mean SD

SFA (%) C12 0.80 0.17
C14 4.99 0.48
C15 0.47 0.03
C16 27.40 1.31
C18 4.32 0.63
C20 0.12 0.02
MUFA Cl4:1 0.49 0.12
(%) Cle6:1 4.46 1.14

C18:1n9t 0.47 0.08
C18:1n9c 42.15 1.3

c18:1n7 175  0.09

C20:1 045  0.03
PUFA (%) C18:2n6c 1109 2.32

C20:2 015  0.01

C18:3n3 068 0.8

C20:4n6 020  0.05
PUFA (%) 1212 2.44
MUFA (%) 4978 227
SFA (%) 3810 1.98
ndbsc 225 0.2
nmidbec 040  0.08
CLac 1710  0.06
PUFAjndx (%) 1321 257
MUFAina (%) 4869 237
SFAinax (%) 3810 1.98

637 Table 2: Molar percentage of the different fatty acid of human subcutaneous adipose tissue determined by gas

638  chromatography (n = 13). PUFAg, MUFA 4 and SFA ¢ Were computed using ndbgc and nmidbgc.

639

640
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Figure Legends

Figure 1: A STEAM sequence was acquired in liver, subcutaneous adipose tissue
(SAT) and visceral adipose tissue (VAT) using the following parameters: TR = 3000 ms,
TE= 14 ms, TM= 10 ms, VOI of 20x20x20 mm3, no water suppression, 2048 Hz bandwidth,
1024 data points, 4 signal averages for VAT and SAT and 32 signal averages for the liver. For

SAT and VAT, further acquisitions were made with TE = [24, 34, 44, 54, 64] ms.

Figure 2: The total abdominal adipose tissue (TAT) volume delimited by the lumbar
vertebrae L2 and L4 was calculated using CSE-MRI. This volume was converted into mass
using the assumed density of 0.92 g/cm3 and compared to the DEXA measurement on

android region. The dotted line in the left part of this graph represents the identity line.

Figure 3: Dots represent the value of the proton density fat fraction (PDFF) in the liver
for each subject and are represented in a boxplot beside dots. Figures a) and b) show CSE-
MRI measurements. Figures ¢) and d) show MRS measurements. In figures a) and c) data
before overfeeding (MRI1 and MRS1) are in pink color and data after the overfeeding (MRI2
and MRS2) in blue. In figures b) and d) the difference between the two examinations was
illustrated. Paired t-test was performed between MRI1 and MRI2 for the PDFF in the liver.
Significant difference between the two examinations was shown by Paired t-test (** p-value <
0.01) and Wilcoxon rank test (p<0.001), n = 20, . The PDFF increased significantly (+ 1.35, p
= 0.002 for CSE-MRI measurements; + 1.74, p = 0.002 for MRS measurements).

Figure 4. The left part of this graph shows a good correlation between AMRI
(localized MRI2-MRI1 measurement) and AMRS (MRS2-MRS1 measurement). The
Pearson’s coefficient was r = 0.88, p < 0.001. The Bland-Altman in the right part of the graph

shows a little bias of 0.05.
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Figure 5: For each subject (n = 21, baseline examination, abdominal subcutaneous
adipose tissue), the mean value of ndb (a) and nmidb (b) is in red color for CSE-MRI
measurement and in black for MRS measurement. The error bars represent the standard
deviation in the whole volume studied for CSE-MRI measurements and the mean deviation
between the MRS test-retest measurements. The CSE-MRI measurements of subject ‘1’ were

missing. The MRS measurements of subject ‘20’ were missing.

Figure 6: Bars represent the mean value of PUFAIindx (resp. MUFAIndx and
SFAIndx) and error bars represent the standard deviation (inter-subject variability) for the
tissue VAT (visceral adipose tissue) and SAT (abdominal subcutaneous adipose tissue)
measured a) by MRS and b) by CSE-MRI method. Paired t-tests were performed between
values from SAT against values from VAT for PUFAIndx, MUFAindx and SFAindx

measurements. *** p < 0.001, ** p <0.01.

Figure 7: Dots represent the difference between the baseline measurement and after
the overfeeding. The inter-subject of MRS measurement was higher than CSE-MRI
measurement. Paired t-tests were performed between the two examinations (SAT:
PUFAIindx/MUFAindx/SFAindx - 0.12 (p = 0.356)/0.34 (p = 0.001)/-0.23 (p = 0.356) n = 19
for CSE-MRI and -0.94 (p = 0.416)/-0.20 (p = 0.314)/ 1.15 (p = 0.354) n = 18 for MRS; VAT:
-0.84 (p = 0.012)/1.22 (p < 0.001)/-0.38 (p = 0.349) n = 19 for CSE-MRI and -0.38 (p =

0.604)/0.96 (p = 0.318)/ -0.58 (p = 0.443) n = 13 for MRS).
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Supplementary figure 1: Procedure of pixel exclusion after the initial segmentation to
compute the mean ndb (number of double bonds) and nmidb (number of methylene-interrupted
double bonds). Pictures in grey scale are displaying the subcutaneous and visceral adipose tissue
masks merged with the PDFF maps. Pictures in color scale are displaying the subcutaneous and
visceral adipose tissue masks merged with the ndb and nmidb maps.



TE=1.15ms TE=2.30 ms PDFF map (%)

(out-of-phase) (in-phase) 0O 20 40 60 80 100

Uniform distribution of
PDFF in the liver

Non-uniform distribution
of PDFF in the liver

Supplementary figure 2: Two examples of exams with different PDFF distribution in the liver. 3D MRI acquisition parameters were the following : 8
echoes (n x 1.15 ms TE with n=1, ...,8), 5° flip angle, 10.3 ms TR, 384 x 420 x 320 mm3 FOV, 256 x 256 x 80 matrix size, 20.8 s scan time. This
acquisition was made in breath-holding. The first (out of phase) and second (in-phase) echoes as well as the PDFF map are displayed.



