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Abstract

Purpose To determine whether a mono-, bi- or tri-exponential
model best fits the intravoxel incoherent motion (IVIM)
diffusion-weighted imaging (DWI) signal of normal livers.
Materials and methods The pilot and validation studies
were conducted in 38 and 36 patients with normal livers,
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respectively. The DWI sequence was performed using
single-shot echoplanar imaging with 11 (pilot study)
and 16 (validation study) b values. In each study, data
from all patients were used to model the IVIM signal of
normal liver.

Diffusion coefficients (D; & standard deviations) and their
fractions (f; £ standard deviations) were determined from each
model. The models were compared using the extra sum-of-
squares test and information criteria.

Results The tri-exponential model provided a better fit than

both the bi- and mono-exponential models. The tri-

exponential [IVIM model determined three diffusion compart-

ments: a slow (D;=1.35+0.03 x 107 mm?%/s; £;=72.7+0.9 %),

a fast (D,=26.50+2.49x 10~ mm?*/s; f,=13.7+0.6 %) and a

very fast (D;=404.00+43.7x10° mm?/s; f;=13.5+0.8 %)

diffusion compartment [results from the validation study].

The very fast compartment contributed to the IVIM signal

only for b values <15 s/mm®

Conclusion The tri-exponential model provided the best fit

for IVIM signal decay in the liver over the 0-800 s/mm? range.

In IVIM analysis of normal liver, a third very fast

(pseudo)diffusion component might be relevant.

Key Points

e For normal liver, tri-exponential IVIM model might be
superior to bi-exponential

« A very fast compartment (D= 404.00+43.7x 107 mm?/s;
f=13.5%£0.8 %) is determined from the tri-exponential
model

* The compartment contributes to the IVIM signal only for b<
15 s/mm’

Keywords Diffusion-weighted imaging - IVIM - Liver -
Signal model - MRI

@ Springer



1542

Eur Radiol (2015) 25:1541-1550

Introduction

Intravoxel incoherent motion (IVIM) reflects the random micro-
scopic motion that occurs in voxels on magnetic resonance
(MR) images of water molecules (either intra-cellular or extra-
cellular) and the microcirculation of blood [1—4]. Initially, it was
claimed that signal attenuation as a function of 5 was mono-
exponential in diffusion-weighted imaging (DWI), owing to a
mono-compartmental model of water diffusion [1, 3, 5]. How-
ever, in 1988, le Bihan et al. [4] proved that it was possible to
identify two different compartments of diffusion in the brain.
According to IVIM theory, the fast component of diffusion
(represented by D*) is related to microperfusion, whereas the
slow component (represented by D) is linked to pure molecular
diffusion. Owing to this bi-compartmental model, the signal
decay of IVIM DWI was described using a bi-exponential model
[4]. Though IVIM studies have long been limited to the brain
due to technical limitations in moving organs [6], the door has
recently opened on applications of IVIM in the liver [2, 7-15].

Interestingly, the liver is anatomically and physiologically
different from the brain, and may be more complex. These
differences include the presence of several vessel types (arter-
ies/arterioles, portal veins/venules, hepatic veins/venules), si-
nusoid capillaries, bile ducts, a rich lymphatic system [16],
and a functionally important intermediate area between the
sinusoids and hepatocytes, called the space of Disse [16].
Flowing or moving spins are present in these compartments,
which are directly or indirectly connected together. This could
support the hypothesis that more than two diffusion compart-
ments may exist in the liver [17].

However, bi-exponential modelling of the [IVIM signal in a
single patient or even in single voxels is known to be challeng-
ing[2,9, 10, 12, 18] with a lack of reproducibility especially for
D* calculations, owing to the limited sampling and signal-to-
noise ratio (SNR). The increase in the degree of freedom of the
IVIM model without both adequate sampling and improved
SNR results in fitting failure. It has been proposed to average
the data of several patients in order to improve the SNR [8, 19].
In order to keep individual data, the averaging over multiple
data points per patient might also improve the data quality.

The aim of this study was to compare mono-, bi- and tri-
exponential models without any assumption regarding their
diffusion coefficient(s) in order to determine which of them
best fits the IVIM signal of normal liver. To avoid drawing
erroneous conclusions, we prospectively validated the results in
another population of patients using a different IVIM sequence.

Materials and methods
The pilot and the validation studies were approved by our

regional ethics committee. Written informed consent was
obtained from all patients.

@ Springer

Pilot study

The pilot study included a series of type-2 diabetic patients
with a presumed normal liver. Between December 2010 and
September 2012, 149 consecutive patients were screened at
the endocrinology department of our institution for type 2
diabetes. The inclusion criteria were: an age older than 18-
years-old; body weight less than 150 kg; no known acute or
chronic disease (other than diabetes) according to the patient’s
medical history with physical examination and standard labo-
ratory tests; alcohol consumption of less than 20 g per day;
and no evidence of liver disease such as viral hepatitis. These
patients underwent MRI as outpatients for their annual disease
assessment or for educational purposes. Four patients were
excluded for claustrophobia.

To ensure that patients enrolled in the pilot study had a
normal liver, we excluded patients with >5 % liver steatosis
(as evaluated on proton MR spectroscopy [20-22]), those with
aliver T2* lower than 15 msec (as calculated using triple-echo
gradient-echo sequences [21, 22]), which reflects hepatic iron
overload, and those with a Fibrotest® > F1 [23-25]. There-
fore, the pilot study was conducted in 38 patients (20 women
and 18 men) with a mean age of 43.4 years (range: 20-79
years), a mean steatosis of 1.02 % (range: 0.14-4.59 %, SD:
0.9), and a mean T2* value of 19.95 msec (range: 16-27 msec;
SD: 2.7).

MR Imaging

MR imaging was performed with a 3.0 T unit (Magnetom
Trio; Siemens Erlangen, Germany) with a peak gradient am-
plitude of 45 mT/m and a time to peak of 204 usec. A six-
element body phased-array coil system was used. All patients
were carefully instructed to suspend respiration in expiration
and to be consistent in their breath-holds. To allow correct
positioning, localizing sequences in the coronal, transverse,
and sagittal planes were acquired during a breath-hold.

As mentioned above and as previously reported [21, 22],
we performed seven proton-MR spectroscopic sequences (for
correction of T2 decay) for the evaluation of steatosis, and a
spoiled triple-echo gradient-echo sequence for T2* calcula-
tion (Appendix 1).

IVIM DW Imaging Sequence

The IVIM DW imaging sequence was performed during the
same MR examination and was acquired using navigator-echo
triggered PACE (prospective acquisition correction, Siemens
Healthcare) single-shot echoplanar imaging (SS EPI) with
twice-refocused bipolar diffusion preparation and 11 b values
(Table 1).



Eur Radiol (2015) 25:1541-1550

1543

IVIM DW-MRI analysis

As previously underlined [26, 27], separating microperfusion
from pure molecular diffusion requires a high SNR. With the
aim to optimize this ratio, we measured the liver signal as
follows. At each b value, the recorded SI was obtained by
averaging the mean SI in a 1 ¢cm-ROI in the right liver
(avoiding extra-hepatic fat, large hepatic vessels or bile ducts)
positioned by a radiologist (JPC, with 19 years of experience
in liver imaging) on three slices. These ROIs were initially
positioned on images with 5=0 s/mm?, then copied and pasted
on each corresponding image for each b value.

Since we aimed to model a (presumed) normal liver, we
recorded the signal values at each b level after normalization by
attributing a value of 100 at =0 s/mm? (Sporm=(SI/SIy)*100
where S, is the normalized signal, SI=signal at a given b
value, and Sly=signal at b=0 s/mm2). Using this normaliza-
tion, the S,,,y value was independent from the signal value at
b=0 s/mm?2, thus, giving the same weight to each patient in
order to globally analyse the signal of a normal liver.

If diffusion is considered mono-compartmental, signal at-
tenuation as a function of b is expressed using the following
mono-exponential equation:

SI = SIy-e "4P¢

where Sl is the signal intensity at the given b value, ADC is
the apparent diffusion coefficient ,and Sl is proportional to
o TE/T2

According to IVIM theory [1, 2, 4], diffusion is considered
bi-compartmental (pseudo-diffusion [also called perfusion-
related diffusion] and pure molecular diffusion), which ex-
plains why signal attenuation as a function of b is expressed
by a bi-exponential equation:

SI = SIo-[f e "™ + fpe "] (1)

where f> (i.e., perfusion fraction usually called f) and f;
(usually called (1-f)) represent the fraction of each diffusion
compartment, D, (usually called D*) represents perfusion-
related diffusion, and D; (usually called D) represents pure
molecular diffusion.

If diffusion is considered as tri-compartmental, signal atten-
uation is expressed by the following tri-exponential equation:

ST = SIy-[f1¢ "D + fre ™™ + fre "]

Where f, />, and f; represent the fractions of each diffusion
compartment (f; + f>+ f3=1) and D,, D, and D; represent the
diffusion / pseudo-diffusion coefficient of each compartment.

Then to avoid erroneous conclusions, we validated the
results in a prospective series of patients.

Validation study

The validation study prospectively included type-1 diabetic
patients with a presumed normal liver. Between December
2012 and October 2013, 61 consecutive patients were
screened at the endocrinology department of our institution
for type 1 diabetes. The inclusion criteria were exactly the
same as those used for the pilot study. These patients were
imaged as outpatients for annual disease assessment or edu-
cational purposes. Two patients were excluded for
claustrophobia.

To ensure that patients enrolled in the validation study had
a normal liver, patients with >5 % liver steatosis, with a liver
T2* lower than 15 msec, or with a Fibrotest® > F1 were
excluded (as for the pilot study). Therefore, the validation
study was conducted in 36 patients with mean age 42 years
(range: 19-72 years), 16 women and 20 men, a mean steatosis
of 0.72 (range: 0.1-4.33 %, SD: 1), and a T2* value of
21.5 msec (range: 16-33 msec; SD: 3.3).

Table 1 IVIM DWI sequence

parameters PILOT STUDY VALIDATION STUDY
Acquisition plane Axial Axial
TR 1 respiratory cycle 1 respiratory cycle
TE 68 ms 67 ms

b-values (s/mm?)

EPI factor
Field of view (mm)

Slice thickness/interslice
gap (mm)/nb of slices
Parallel imaging factor

Scan time (min)
Number of averages

Acquisition matrix

0,5, 15, 25, 35, 50,
100, 200, 400, 600, 800

0,5, 10, 15, 20, 25, 30, 35, 40,
45, 50, 100, 200, 400, 600, 800

128 128
400 400
7.0/1.4/20 7.0/14/20
2 2

=5 =5

3 1

256 x 256 256 x 256
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MR imaging was performed on the same MR system.
Localizing sequences, MR spectroscopic sequences, and
triple-echo gradient-echo sequences were the same as for the
pilot study.

Since we aimed to validate a tri-exponential model as
independent from the chosen b values, we used more b-values
(n=16) in combination with less numbers of signal averages
keeping acquisition time constant (parameters in Table 1).
IVIM MR-DWI data analysis was performed using the same
protocol (ROIs, signal normalization) as for the pilot study

(Fig. 1).
Statistical analysis

The estimation of diffusion parameters and their standard
deviations was carried out using a nonlinear least squares
regression model. A robust variance estimator was used to
take into account the cluster-correlated data (i.e., several mea-
surements per patient, since data were not averaged) and
heteroscedasticity (i.e., unequal variances) [28]. Three models
were assessed: single-, bi-, and tri-exponential decay. The
initial values of diffusion parameters for each model were
obtained by “exponential feathering”. A Wald test was used
to test the hypothesis that diffusion parameters were different

from zero. The assumption of normality of residuals (part of
model adequacy) was checked using tests based on skewness
and kurtosis. Models were compared via two strategies: using
the extra sum-of-squares test [29] and using information
criteria. For the latter strategy, we calculated the Akaike
information criterion (AIC), the second-order Akaike infor-
mation criterion (AICc), delta AIC (instead of AICc because
AIC was almost equal to AICc in our study), and relative
likelihood as suggested by Anderson [30]. The best fitting
exponential model was selected based on the criteria above.
All analyses were performed using Stata software version 12
(Stata corporation, College Station, TX, USA). A P-value
below .05 was considered significant.

Results
Pilot study

Normalized signal values and the averaged curve for the pilot
study are shown in Fig. 2. Diffusion coefficients for mono-, bi-,
and tri-exponential models determined from nonlinear regres-
sion are reported in Table 2. Using the extra sum-of-squares

Fig.1 Axial MR image from the 16 » IVIM DWI sequence used for the validation study. A typical = 1 cm region of interest within the liver parenchyma
(avoiding extra-hepatic fat, large hepatic vessels and bile ducts) used for signal measurement is shown

@ Springer
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test, the bi-exponential model provided a better fit than the
mono-exponential model (P<.001) and the tri-exponential
model provided a better fit than the bi-exponential model
(P<.001) (Table 3). Using information criteria, the tri-
exponential model provided a better fit than the bi-
exponential model, which in turn provided a better fit than the
mono-exponential model (Table 4).

Validation study

Diftusion coefficients for each model determined in the vali-
dation study are reported in Table 5. Mono-, bi-, and tri-
exponential regression curves are shown in Fig. 3. Compari-
son of the three models using the extra sum-of-squares test
(Table 6) and the information criteria (Table 7) showed the
same results as for the pilot study. The tri-exponential model
provided a better fit than the bi-exponential model, which in
turn provided a better fit than the mono-exponential model.
The contribution of each diffusion compartment to the total
signal is reported in Table 8.

Discussion

We found that a tri-exponential model provided a better fit for
DWI signal decay of the normal liver than did the classical bi-
exponential model, initially described by Le Bihan [4, 31].
The original IVIM model considered two different compart-
ments: a slow diffusion compartment related to either intra-
cellular or extra-cellular pure molecular diffusion (represented

Fig. 2 Individual normalized 100

signal values at each b value

(small squares) and fitting curve 90 .
(red curve) derived from an e
averaged data set obtained from 80 11 ! .

all the individual data points at
each b-value for the pilot study
(11 b values). Please note that it is
only an illustration since our
methodology did not average all
patient data before fitting, but
took into account all individual
data for fitting

Table 2 Results of the nonlinear regression applied in the pilot study
using a mono-, bi-, and tri-exponential model

Model Variable Coefficient=SD P*
Mono-exponential ~ ADC 1.80:£0.04°10° mm?%/s <.001
Bi-exponential D, (=D)  1.47+0.03°10° mm?/s <.001
Tri-exponential fi 73.1+£1 % <.001
D, (=D*)  125.43+8.39°10° mm%*s  <.001
£ E=h 25.7+0.9 % <001
D, 1.23+0.03 10° mm%s <.001
f 65.3+1.4 % <.001
D, 19.54+1.32 10° mm?/s <.001
5 17.6 %+1.5 <001
D, 391.96+39.34 107 mm?%s  <.001
f 17.1+13 % <.001

*Wald test

by D), and a rapid diffusion compartment related to
microperfusion (represented by D*). In our study, we demon-
strated that a third diffusion compartment could exist. We
believe that this finding is not an artefact since 1) we made
no specific assumption regarding this third compartment and
2) the results of the pilot study were confirmed in the valida-
tion study using a different population of patients, as well as a
different number and a different distribution of the b values.
The precise origin of the third compartment is beyond the
scope of this study, but we can make two observations: First,
according to IVIM theory [1, 2, 4], the fast component of
diffusion is linked to perfusion by the equation Dfast = I—GV ,
where 1 is the mean length of the capillary segment and v is the
mean velocity of capillary blood. With a~400%10~ mm?/s
diffusion coefficient, this compartment clearly contains very

0 100 200

300 400 500 600 700 800
b value (simm?)
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Table 3  Comparison in the pilot study of mono-, bi-, and tri-exponential models using extra sum-of-squares tests (F tests)

Relative difference Relative difference ratio (F) P

Models Sum of squares Degrees of freedom Mean squared error
Mono-exponential 32 157.52 416 77.30
Bi-exponential 12 495.86 414 30.18
Tri-exponential 10 803.91 412 26.22

Mono- vs. Tri-exponential  203.6 <.001
Bi- vs. Tri-exponential 323 <.001
/ / /

rapid flowing spins. Second, diffusion is characterized by a
diffusion sphere whose radius is defined by R=(6Dt)"’? as the
mean squared displacement of a water molecule with diffusion
coefficient D from the centre of the sphere in time ¢. For D=
400x107 s/mm® and t=~50 msec (i.c., diffusion time), the
calculated R is=~350 um. This radius is considerably larger
than the diameter of terminal arterioles (=22 pm), portal
venules (=53 um), or hepatic venules (=33 pum) in the hepatic
lobule [32]. Thus, flowing spins of the third compartment are
probably located in larger vessels (arterioles and/or portal
venules and/or hepatic venules), which exhibit IVIM charac-
teristics as long as they are randomly oriented and so numer-
ous that the spins lose their phase memory during the mea-
surement period [33]. The second compartment with a diffu-
sion coefficient (%25% 10~ mm?/s) that is ten times greater
than the diffusion coefficient of free water (2.5% 10~ mm®/s at
40 °C) probably reflects microperfusion effects. Such an
admixture of various perfusion components in liver parenchy-
ma has already been proposed and referred to as the multiple-
perfusion-components theory [17].

Interestingly, according to the literature regarding bi-
exponential [VIM DWI of the normal liver, there is a tendency
for D* to increase when the number of very low (<20 s/mm?)
b values increases. For one very low b value (i.e., b=0 s/mm?),
D* was reported as being between 27-52x 10~ mm?/s [7, 9,
11, 14, 15] while it was between 60-100x 10~ mm?/s for two
very low b values [8, 10], and between 75-110x 10 mm?/s
for three very low b values [2, 6, 12, 13]. The D* value in our
series (121x107 mm?/s), calculated using four very low b
values, is in keeping with these results. Interestingly, in the
study by Delattre et al. [8], D* of the liver was calculated from
the same acquisition (135 IVIM sequence) using either 13 b
values (D*=100.3 x10"> mm?/s from 5=0, 15, 30, 45, 60, 75,
90, 105, 120, 250, 350, 450, 550 s/rnm2) or only 9 b values

Table 4 Comparison in the pilot study of mono-, bi-, and tri-
exponential models using information criteria

Models AIC AlCc Delta AIC Relative likelihood
Mono-exponential 3005.57 3005.60 223.96  5.42°10™%
Bi-exponential 2614.46 2614.56 28.41 4,6°10"
Tri-exponential 2557.64 2557.85 0 1

AIC indicates Akaike Information Criterion

AlICc indicates second-order Akaike Information Criterion

@ Springer

(D*=75.6x 10" mm?/s from =0, 30, 60, 75, 90, 120, 250,
450, 550 s/mm?). Again, the use of an additional very low b
value (b =15 s/mm?) resulted in a greater D*, whereas D did
not differ (1.53x10” mm?/s using 13 b versus 1.54x 10
> mm?/s using 9 b values). This tendency for D* to increase
when the number of very low b values increases reflects the
contamination of perfusion-related diffusion (derived from the
standard bi-exponential [IVIM model) by the third compart-
ment, which contributes to the IVIM signal only for b values
within the 0-15 s/mm? range (Table 8).

Hayashi et al., published two papers in which they used a
tri-exponential model to fit the diffusion signal in cirrhosis
[11] and steatosis [34]. Since they used higher b values (i.e.,
until 1500s/mm?2) and did not sample the diffusion signal
decay in the 0-50s/mm2 range, they reported two diffusion
components instead of two perfusion components like in our
study. Thus, it is not unlikely that four diffusion compartments
(or more) may exist in the liver.

The principle of averaging several ROl measurements per
patient [35, 36], which are in turn averaged for all patients to
model the IVIM signal, has been already used to improve the
SNR ratio [8, 19]. Our derived methodology may explain why
we report much lower SDs for diffusion coefficients than
those usually reported in the literature. Yet, these SDs still
remained high for the two fastest diffusion compartments. It
has been reported that an increased number of b values (i.e.,
sampling) results in a more precise estimation of the diffusion
coefficients [2, 9, 10, 12, 18]. However, to keep within an
acceptable acquisition time, we had to reduce the number of

Table 5 Results of the nolinear regression applied in the validation
study using a mono-, bi-, and tri-exponential model

Model Variable Coefficient+SD P*
Mono-exponential ~ ADC 1.72£0.04 10~ mm?/s <.001
Bi-exponential D, (=D)  1.50+0.03 10 mm?/s <.001
Tri-exponential fi 77+0.4 % <.001
D, (=D*) 121+9.64 107 mm?¥s <.001
£ (=) 21£0.7 % <.001
D, 1.35+0.03 10” mm?/s <.001
f 72.7+0.9 % <001
D, 26.50+2.49 10 mm?/s <.001
/> 13.7+0.6 % <.001
Ds 404.00+43.70 10° mm%*s  <.001
fi 13.5+0.8 % <.001

*Wald test



Eur Radiol (2015) 25:1541-1550

1547

+ Individual data
—— Bi-exponential fit

— Tri-exponential fit

Fig. 3 Bi- (red curve) and tri- 100.00 ¢
exponential (blue curve) model-
ling of the averaged IVIM signal
obtained from one patient of the 90.00 1
validation study (16 b values).
This illustrates that tri-
exponential modelling provided a 8000 1
better fit to the IVIM signal
70.00 -
-
3
] 60.00 -
3
50.00 -
40.00 -
3000
20.00 T T
0 100 200

signal acquisitions (only one for the 16 b sequence). Despite
the use of state-of-the-art gradient hardware, 3 T acquisition,
respiratory triggering, parallel imaging, and reduced TE, the
SNR still remained low for IVIM DWI of the liver. This is a
major cause of difficulties in modelling the fast compart-
ment(s) of diffusion. We notice in Table 8 that for =0 s/
mm?, each of the first two compartments contributed to only
13 % of the total signal. This proportion falls very quickly
when b values increase. If noise is considered constant, the
SNR from the two fastest diffusion compartments at =0 is
half that of the global IVIM signal at 5=800 s/mm>. This very
low SNR can at least partly explain why the reliable and
precise determination of corresponding diffusion coefficients
is extremely challenging.

As mentioned above, the quality of sampling (i.e., the
number of b values used) is also a critical point to precisely
estimate these coefficients. In our validation study using 16 b
values, only the first compartment (S1 signal) contributed to
the IVIM signal over the 200-800 s/mm” range. Over the 15-
150 s/mm” range (9 b values), both the first and second
compartment contributed to the IVIM signal while over the
0-10s/mm, range (3 b values), the three compartments

300 400 500 600 700 800
b values (s/mm?)

contributed. Therefore, for the third compartment, we have
both a low SNR and very low sampling. It was, thus, logical
for measurement to be imprecise. For the second compart-
ment, we were able to achieve an adequate number of samples
(9 b values in the 15-100 s/mm? range), but as for D* estima-
tion in the bi-exponential IVIM model, the SNR still has to be
improved to obtain reliable and precise results. New [VIM
sequences that allow a flexible number of acquisitions for
each b value in clinically acceptable acquisition times, when
available, should at least partly compensate for the low SNR.

The pooled analysis from different patients with a normal
liver was useful to demonstrate the existence of a third com-
partment, but in clinical practice, the aim is to calculate
diffusion parameters at an individual level. For bi-
exponential IVIM, a segmented approach, that is to say cal-
culating D then f'then D*, has frequently been used in the
literature [2, 11, 13—15] since simultaneous fitting of all dif-
fusion parameters usually gives unstable results. By using
only b values >15 s/mm?, the tri-exponential model can be
reduced to a bi-exponential model since the third compartment
no longer contributes to the IVIM signal. Then, a segmented
approach may be used to model the first and second

Table 6 Comparison in the validation study of mono-, bi-, and tri-exponential models using extra sum-of-squares tests (F tests)

Models Sum of squares ~ Degrees of freedom  Mean squared error ~ Relative difference Relative difference P
ratio (F)

Mono-exponential 25 440.29 574 44.32 Mono- vs. Tri-exponential ~ 238.98 <.001

Bi-exponential 10 460.97 572 18.29 Bi- vs. Tri-exponential 28.73 <.001

Tri-exponential 9502.98 570 16.67 / / /

@ Springer
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Table 7 Comparison in the validation study of mono-, bi-, and tri-
exponential models using information criteria

Models AIC AlCc Delta AIC Relative likelihood
Mono-exponential 3820.49 3820.52 279.60  3,72°107'%
Bi-exponential 3312.61 3312.68 25.66 7,17°107"2
Tri-exponential 3261.29 326144 O 1

AIC indicates Akaike Information Criterion

AICc indicates second-order Akaike Information Criterion

compartment. The acquisition of only >15 s/mm”® b values
would give the opportunity to simplify the tri-exponential
model and to increase the number of samples to model the
first two compartments. This approach needs to be explored in
a future work.

Several limitations of this study must be acknowledged.
First, we selected patients with a presumed normal liver,
without histological confirmation. However, since liver biop-
sy in this context was not ethically acceptable, we combined
multiple criteria (based on patients’ history, clinical examina-
tions, biological markers, the Fibrotest® ,and the absence of
liver steatosis or iron overload as determined by multimodal
MRI) to rule out liver disease. Second, the liver and blood
have completely different T2 times [2] and f'values are strong-
ly influenced by these different T2 times. We did not calculate
T2-corrected f values[19], since we could not make sure that

the second and third compartment of diffusion corresponded
to blood. The use of different TEs between the pilot and the
validation study would have allowed us to calculate the dif-
ferences between the T2 relaxation times of the second and
third compartments [6, 19], and would, thus, have indicated
whether or not they had the same nature (blood). However,
since we aimed to minimize the TE to improve the SNR in this
study, TEs were almost similar. Third, we did not consider
noise (especially Rician noise) influence in the diffusion sig-
nal decay. However, its influence was probably limited since
we used relatively low b values (<800 s/mm2) with the aim to
preserve a high SNR. Fourth, our study was designed for the
normal liver. The behaviour of the IVIM signal could be
different in tumours or maybe in diffuse liver diseases like
cirrhosis or steatosis. The adequacy of the tri-exponential
model in these settings needs to be explored in further studies.
Finally, we did not assess other multi-compartmental models
(four compartments or more) given the technical limitations
regarding sampling and the SNR of our IVIM sequences.

In conclusion, the tri-exponential model provides a better
fit for IVIM signal decay in the liver than the classical bi-
exponential model across the 0-800 s/mm2 range. The tri-
exponential model accounts for three different compartments:
a slow component of diffusion corresponding to classical pure
molecular diffusion, a fast diffusion compartment with a~20 x
107 mm?/s diffusion coefficient, and a very fast diffusion
compartment with a~400x 10~ mm?*/s diffusion coefficient.

Table 8 Contribution of each diffusion compartment in the DWI signal according to the values of 4 (validation study)

b value (s/mm”) Global SI+ SD S1(f-e?Pr) S2 (foe PPz S3 (f3-e P2 ) (S2+83)/ S3/ Global
Global SI (%) SI (%)
0 100.00 72.72 13.74 13.54 27.28 13.54
85.98+3.13 72.23 12.03 1.80 16.07 2.09
10 82.76+3.83 71.74 10.53 0.24 13.06 0.29
15 80.69+4.06 71.26 9.22 0.03 11.50 0.04
20 78.84+4.60 70.78 8.08 0.00 10.25 0.00
25 77.14+4.87 70.30 7.07 0.00 9.14 0.00
30 75.47+4.95 69.83 6.19 0.00 8.15 0.00
35 74.67+4.64 69.36 542 0.00 7.25 0.00
40 73.79+4.75 68.89 4.75 0.00 6.45 0.00
45 72.91+4.60 68.42 4.16 0.00 5.73 0.00
50 71.56+4.71 67.96 3.64 0.00 5.08 0.00
100 64.82+4.53 63.52 0.96 0.00 1.49 0.00
200 55.60+4.39 55.49 0.07 0.00 0.12 0.00
400 41.78+3.71 42.34 0.00 0.00 0.00 0.00
600 31.98+3.40 3231 0.00 0.00 0.00 0.00
800 25.33+£2.65 24.66 0.00 0.00 0.00 0.00

SI: Signal averaged and normalized for the 36 patients of the validation study

Si: Signal for diffusion compartment i

S2 + S3 / Global SI represents the contribution of perfusion in the global DWI signal
S3 / Global SI represents the contribution of compartment 3 in the global DWI signal
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Due to limited sampling and the SNR of usual IVIM se-
quences, the study of the fastest compartment is probably
unrealistic at an individual level. This third very fast
(pseudo) diffusion component will be relevant for liver [IVIM
analysis when more sophisticated IVIM sequences become
available.
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Appendix 1
"H-MR Spectroscopy

"H-MRS was performed in all patients. Semiautomated opti-
mization of gradient shimming followed by manual adjust-
ment of central frequency was performed, and water line
widths of less than 25Hz were obtained. Water suppression
was not performed for any of the sequences.

Single-voxel MR spectroscopic data were acquired using
seven breath-hold point-resolved spatially localized spectro-
scopic (PRESS) pulse sequences (repetition time, 5000 msec;
three acquisitions; 2048 data points over 1250 Hz spectral
width; and acquisition time, 15 sec) with echo times of 30, 40,
50, 60, 80, 100, and 135 msec to measure the T2 relaxation
times of water and methylene (CH,). A long TR was used to
minimize T1 effects. Each breath-hold lasted 15 sec.

In all patients, the same 30*30*30-mm (27 ml) voxel was
used for these seven sequences and was positioned obliquely
on segment VII on the transverse low-T1-weighted section
(thus avoiding extra-hepatic fat, large hepatic vessels, and
organs adjacent to the liver).

"H-MR spectroscopic data analysis

The Java-based MR user interface spectroscopic analysis
package (jMRUI; A van den Boogaart, Catholic University,
Leuven, Belgium) was used for the time-domain analysis.
Metabolite signals were analyzed using the Advanced Mag-
netic Resonance (AMARES) fitting algorithm within JMRUL
We measured the water peak at 4.76 ppm and the methylene
peak at 1.33 ppm. Spectra were used only if homogeneity after
shimming, measured as the full width at 50 % peak height,
was better than 25 Hz. Peak integrals were quantified by
fitting to a Gaussian line shape.

T2 relaxation times of both metabolites were determined
from their peak amplitudes at each echo time using an

exponential least-squares fitting algorithm. The peak areas of
the methylene and water signals were then corrected for T2
effects (i.e., theoretical peak areas with 0 echo time), using the
individually calculated T2 relaxation times.

LFC was calculated as follows:

LFCMRS == 1OO*IAOmsecCHZ/ (AOmseccHZ + AOmsechTER)

where Aomsee crz and Agmeec water Were the areas of the
methylene and water peaks, respectively, corrected for both
T1 and T2 effects.

Triple-echo acquisition

A transverse breath-hold T1-weighted two-dimensional triple-
echo spoiled gradient-echo sequence was performed through
the liver with the following parameters: repetition time
(msec)/echo time (msec) of 192/2.46 (in-phase [IP]), 3.69
(opposed-phase [OP]), and 4.92 (in-phase [IP,]); flip angle,
60°; section thickness, 6 mm; intersection gap, 1.2 mm; ma-
trix, 256*192; number of sections, 25; and acquisition time,
34 seconds. Parallel imaging (with an acceleration factor of 2)
was performed using generalized autocalibrating partially par-
allel acquisition (GRAPPA; Siemens Medical Solutions Er-
langen, Germany). Two separate breath-holds (each lasting
17 seconds) were needed to cover the entire liver volume.

Measurement of T2*

An ROI of 1-2 cm in diameter was drawn in the liver
(avoiding large vessels, bile ducts or extra-hepatic areas) in
five slices. The signal intensity (SI) in these five ROIs was
averaged and recorded for IP1 (TE, 2.46 msec) and IP2 (TE,
4.92 msec) T1-weighted MR images. We used the copy-and-
paste function of the workstation (Leonardo; Siemens Medical
Solutions) to draw exactly the same ROlIs at the same loca-
tions on IP images.

As previously reported [37, 38], the IP1 and IP2 images
were used to estimate T2* relaxation time.
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