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ABSTRACT

Background: The intravoxel incoherent motion (IVIM) model extracts both func-
tional and structural information of a tissue using motion-sensitizing gradients.

Objective: The Objective of the present work is to investigate the impact of
signal to noise ratio (SNR) and physiologic conditions on the validity of IVIM pa-
rameters.

Material and Methods: This study is a simulation study, modeling IVIM at a
voxel, and also done 10,000 times for every single simulation. Complex noises with
various standard deviations were added to signal in-silico to investigate SNR effects
on output validity. Besides, some blood perfusion situations for different tissues were
considered based on their physiological range to explore the impacts of blood frac-
tion at each voxel on the validity of the IVIM outputs. Coefficient variation (CV) and
bias of the estimations were computed to assess the validity of the [VIM parameters.

Results: This study has shown that the validity of IVIM output parameters highly
depends on measurement SNR and physiologic characteristics of the studied organ.
Conclusion: IVIM imaging could be useful if imaging parameters are correctly
selected for each specific organ, considering hardware limitations.
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Introduction

he diffusion of water molecules varies in different environments

because it is based on the medium diffusion coefficient. Stejskal-

Tanner developed a pulse sequence to map diffusion coefficient
using diffusion decay of magnetic resonance imaging (MRI) signal [1].
Although diffusion-weighted imaging (DWI) was able to estimate the
water diffusion coefficient in the non-living surrounding environment
at each voxel, the first practical problem of this estimation in the living
tissues was the unwanted motion of microcirculation in the capillary
network. In 1986, Le Bihan et al. used DWI in-vivo for the first time [2].
In order to eliminate the blood-related diffusion signal decay, appeared
in lower b-values, Le Bihan et al. suggested using multiple b-values
(extended to the higher values) to reduce the effects of blood flow [3].
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Although blood flow was a kind of signal
artifact in the first place, it was deployed as a
source of perfusion information then [4]. Le
Bihan et al. suggested a model where blood
movement behavior was similar to diffusion
random walk and named pseudodiffusion (D).
This model - known as intravoxel incoherent
motion (IVIM) - has three parameters: 1- true
diffusion (D) of water molecules in a voxel,
2- the fraction of blood at each voxel (f) and
3- pseudodiffusion of a voxel (D).

IVIM imaging is very powerful because it
not only provides the information of classic
diffusion imaging accurately, but also extracts
information about perfusion imaging. Several
clinical and simulation studies have shown
that IVIM imaging is a promising technique to
diagnose abnormalities in brain, liver, kidney,
breast, and prostate [5-10]. There is no need
for exogenous contrast agent injection to ex-
tract [IVIM perfusion information, which is the
main limitation of classical perfusion MRI.
Therefore, the IVIM imaging is really valu-
able when the patients cannot take exogenous
contrast agents for classical perfusion MRI es-
pecially for patients with kidney malfunction-
ing.

Le Bihan et al. linked f'and D with physi-
ological parameters. When f is proportional to
blood volume, D" is linked to the inverse of
mean transit time (MTT), and f x D" is pro-
portional to blood flow [11]. Some studies
have investigated the relation between I[VIM
parameters and classical perfusion imaging.
For example, Lee et al. reported moderate
to good correlations between IVIM and dy-
namic contrast-enhanced MRI (DCE-MRI) in
cervical cancer [12]. In addition, Federau et
al. have shown that IVIM perfusion fraction
[ correlated well with dynamic susceptibility
contrast - cerebral blood volume (DSC-CBV)
[13]. Also, a correlation of arterial spin label-
ing (ASL) cerebral blood flow and /' x D" is
reported [14, 15].

The first IVIM images were not successful
because of low main field (0.5 T), low gradi-

ent strength (b-value less than 200 s/mm?), and
also slow imaging methods. Consequently,
signal to noise ratio (SNR), sensitivity to dif-
fusion, and also motion artifact corrupted im-
age quality were low. Advances in technology
such as higher main field (3T), stronger gra-
dient (b-values more than 3000 s/mm?), and
fast imaging methods such as Ecko-planar
imaging (EPI) paved the way in IVIM for the
practical use [16]. For example, the use of a
higher magnetic field (B0)- 3 T instead of 1.5
T- proved that there was significant robustness
in fand D" [17].

IVIM model is nonlinear, and the calculation
of IVIM parameters are not straightforward.
Several solutions have been suggested until
now to improve the validity of output param-
eters [18-21]. Despite their pros and cons, all
of them are affected by the low SNR of the
imaging system. Furthermore, the selection of
the optimum b-values is under question and
reported differently for various organs [22-
25]. In this paper, we investigated the impacts
of SNR and blood fraction on the validity of
IVIM results, which suggested a simple rule to
ensure the validity of IVIM parameters.

Material and Methods
This is a simulation and analytical study in
order to examine the impact of SNR and phys-
iologic conditions on the accuracy and repro-
ducibility of IVIM parameters. [VIM model
is based on two-component DWI as follows:
1) One component is due to diffusion signal
decay of water molecules as a result of ther-
mal energy movement. 2) The second one de-
scribes perfusion signal decay resulted from
blood circulation in the microvessel network.
Then the IVIM model is formulated as:
S—b:(l—f Je ™ 4 fe " (1)
SO
where §, is the diffusion-weighted signal
intensity of a b-value, S, is observed signal
amplitude without diffusion gradient (b=0), f
is blood fraction at each voxel, D is true dif-
fusion coefficients, and D" is pseudodiffusion
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coefficients. Because of the nonlinear behav-
ior of the IVIM model, there is no explicit
(unique) solution. To the best of our knowl-
edge, the most common method is based on a
hypothesis that for higher b-values, the perfu-
sion portion of signal decay is quite negligible
(less than 1 percent or even less than noise
floor). Therefore, D is calculated from a sig-
nal, derived by high b-values, in general, more
than 250 s/mm”.

Sy, (1=f)e ™
oC =
A% (l—f )e’b‘D

Perfusion parameters (f'and D) can be com-
puted using a known D.

Although all IVIM parameters are calcu-
lable, the validity of them in the presence of
noise is in question. Therefore some questions
are asked, as follows: 1) what is the least SNR
to do IVIM imaging and how the validity of
output is well-preserved? 2) when perfusion
portion of signal decay is small enough that it
is hard to observe; however, it is not observ-
able because its amount approaches zero or
less than noise floor. In other words, for which
b-values is signal decay just based on diffu-
sion and insensitive to perfusion movement
signal decay? Some computer simulations
were designed to investigate the impacts of
SNR on the validity of parameters and also to
see whether the least acceptable SNR varies in
distinct organs or not. Validity was assessed
by computing coefficient variation (CV) and
bias of the estimator, where CV and bias are
criteria for the precision and the accuracy of
estimates.
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I. Simulations

In the first experiment for a given voxel data
such that D=0.001 mm?/s, /=0.1 and D"=0.01
mm?/s, an in-silico signal was artificially gen-
erated based on the IVIM model with 10 b-
values b=(0, 10, 20, 30, 50, 100, 200, 400,
600, 800 s/mm?), and a complex Gaussian
noise was added to it. The standard deviation
of noise (¢,) and S, define SNR parameters in
our simulation such that:
Mean Signal

SNR =
Standard Deviation Noise

S,
=

SNR amounts varied between [40-220] with
a step size of 10. For each SNR, output param-
eters and their bias and CV were calculated.
In the second simulation, SNR was fixed to
100, but f amounts varied between [0.03-0.30]
with a step size of 0.01. Both simulations were
done 10,000 times. Finally, a hybrid simula-
tion was done to see which SNR was suitable
for which f.

Another experiment was designed to study
whether the threshold h-value was altering for
different organs or not. The simulation was
done with data given in Table 1, extracted
from the literature.

IT. Brain Data
The diffusion-weighted data set of a healthy

Table 1: Intravoxel incoherent motion (IVIM) parameters of organs

Organ Diffusion coefficient (D) Fraction of perfusion (f) Pseudodiffusion coefficient (D)
Liver 0.0010 0.30 0.050
Kidney 0.0015 0.25 0.015
Brain 0.0010 0.05 0.010
Breast 0.0013 0.10 0.015
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volunteer were acquired using a 3T Siemens
MAGNETOM Prisma system; under a pro-
tocol approved by the Institutional Ethical
Committee of Tehran University of Medical
Sciences. The number of slices was 30. The
echo time was set to 140 msec and the pulse
repetition time to 8100 msec. The diffusion-
weighted gradient settings used consisted of
11 b-values (b=0, 50, 100, 150, 200, 300, 400,
500, 600, 700, 800 s/mm?). Five EPI/spin-
echo (SE) diffusion-weighted pulse sequences
were used with different acquisition matrices,
resulting in different spatial resolutions. Ac-
quisition matrices were 100x100, 128128,
168x168, 198x198, and 242x242. All simula-
tions and analyses have been done by MAT-
LAB R2019b.

Results

Blood fraction effects on the accuracy of
IVIM parameters were shown in Figure la.
Coefficient variation (CV) (standard deviation
of output parameter divided by its mean) and
bias (the difference between the mean of esti-
mated parameter and actual parameter) were
used as two criteria for accuracy of outputs.

According to Figure 1a, CV and bias of per-
fusion parameters (f 'and D") decreased when
blood fraction in voxel was large. On the other
hand, bias and CV of D estimates increased
when the blood fraction in a voxel was high.
However, this increase was small enough that
could be neglected. In this experiment, for a
fixed SNR=100, f'varied in the range of physi-
ologic organs like the brain and liver (between
0.04-0.4).

In another simulation, the blood fraction
was assumed to be fixed (/=0.1). The validity
of IVIM parameters was calculated for several
SNR (40, 50, 60, 70, 80, 90, 100, 110, 120,
130, 140, 150, 160, 170, 180, 190, 200, 210,
220). Figure 1b showed how SNR affected CV
and bias of estimated parameters. The SNR
affected the accuracy of parameters dramati-
cally, as it could be predicted. The higher the
imaging SNR setting, the higher accuracy, i.e.

effect of blood fraction on CV and bias of estimations
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Figure 1: (a) Blood fraction effects on param-
eters validity, coefficient of variation (CV), and
bias of Intravoxel incoherent motion (IVIM)
parameters were illustrated for varying frac-
tion of perfusion (f) [0.03 0.3] and fixed signal
to noise ratio (SNR) = 100, (b) SNR effects on
parameters validity, CV, and bias of output
parameters were illustrated for varying SNR
[40: 10: 220] and fixed blood fraction = 0.1

both CV and bias become less. Finally, the ef-
fects of both SNR and blood fraction on the
validity of IVIM parameters were investigated
and depicted in Figure 2. It demonstrated that
CV and bias of f'and especially D" raised up
when SNR and blood fraction were lower.
However, the CV and bias changes of D were
small.

Signal intensity, diffusion portion of sig-
nal intensity, and perfusion portion of signal
intensity for brain, breast, liver, kidney, and
noise floor are shown in Figure 3. Perfusion
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Figure 2: Coefficient of variation (CV) of parameters when both fraction of perfusion (f) and
signal to noise ratio (SNR) were varying, changes in iffusion coefficient (D) were not significant,
but variations in the validity of pseudodiffusion coefficient (D*) were observable

signal intensities of high b-values were close
to zero and even were smaller than the noise
floor. Figure 3 showed that in a fixed SNR,
capillary network pseudodiffusion and blood
portion in each voxel affected perfusion sig-
nal decay and threshold b-value. However, the
perfusion portion of the signal without mo-
tion-sensitizing gradient was just determined
by £, speed of blood flow, linked to D" helped
perfusion signal decay occurred faster as well,
and consequently, threshold b-value became
lower.

Effect of matrix size on SNR has been shown
in Figure 4 for the brain data with different
matrices size (242x242, 198x198, 168x168,
128x128, and 100x100). The smaller the ma-
trix size was chosen, the higher SNR was giv-
en. Figure 4 depicted how various matrix sizes
resulted in changes in SNR.

Discussion

IVIM imaging is widely used today, and
is also capable of extracting simultaneously
functional and structural maps. IVIM model
has 3 outputs: Diffusion (D), blood fraction (f)
and pseudodiffusion (D). Estimates of D are

more robust than those of fand D". Estimates
of fand D" are vulnerable to contamination by
noise. Using the IVIM imaging in different
organs with the same setting may lead to an
inaccurate result.

Each organ has a specific amount of blood
fraction in each voxel, determining how much
intensity of the signal is perfusion portion
when there is no motion-sensitizing gradi-
ent. In-silico simulation results showed that
blood fraction affected the accuracy of param-
eters, especially fand D" even if SNR is good
enough. Results also indicated that the valid-
ity of perfusion parameters (f', D") increased
when blood fraction was higher in a voxel.
The more fraction of blood in each voxel,
the more accurate f and D". For example, the
blood fraction of kidney is about 25 percent
of each voxel that is six to five times greater
than the blood fraction of brain, which is about
4 percent. Therefore bias and CV of IVIM
parameters in kidney are more acceptable in
comparison with brain. This instinctive char-
acteristic of each organ -blood fraction- can
affect their IVIM-output parameters validity.
To compensate for this issue, we should con-

J Biomed Phys Eng 2023; 13(6)
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Figure 3: Perfusion portion of signal intensity
plummet quickly by increasing b-value, opti-
mum b-values was less than b where perfusion
signal intensity reached noise floor. (a) Signal
intensity (b) Diffusion portion of signal intensi-
ty and (c) Perfusion portion of signal intensity

trol imaging parameters to increase SNR and
make the signal free of noise.

Our results confirmed that the higher SNR
of images resulted in the more valid param-
eters, however, the high SNR expenses would
be paid with less resolution. For instance, the
resolution of brain IVIM imaging must be less
than kidney IVIM imaging if the same validity
is expected by the same hardware setting.

On this basis, before starting IVIM imag-
ing, control parameters such as field of view

(FOV), resolution matrix, and bandwidth
(BW) should be calculated and updated for
each specific organ. Since FOV is determined
by organ dimensions and its location in the
body, it is almost unchangeable for each or-
gan. BW affects SNR, chemical shift, and ac-
quisition time. Therefore, it is better to adjust
the control parameters so that the signal output
has an acceptable SNR in a reasonable acqui-
sition time. Furthermore, chemical shift curbs
the variation of BW. The main magnetic field
is a hardware limitation and is not under our
control. The only option, which is under con-
trol, is matrix size. A simple experiment was
designed to investigate the impacts of SNR on
IVIM imaging. A healthy brain was imaged in
the same setting except for matrix resolution.
It has been shown that matrix resolution af-
fected SNR and subsequently the validity of
IVIM parameters.

Resolution, magnetic field, acquisition time,
and organ studied should be considered before
the beginning of an IVIM imaging. To the best
of our knowledge, because of the lack of va-
lidity of D", most IVIM studies in brain field
have used just D and f'in their analysis and D"
Using nonlinear methods such as neural net-
works and ICA is a new promising solution to
overcome the lack of SNR [26].

Signal decay is because of water molecules
displacements. Since blood displacements are
greater than those of self-diffusion, then the
perfusion signal vanishes in a high b-values
regime. As a result, diffusion signal decay can
be detected, and true D is calculable. Irrespec-
tive of D", blood fraction in each voxel is a
critical factor. For example, D" of kidney is
larger than those of brain. However, its per-
fusion signal fades slower due to a bigger
fraction of blood. As long as there are vari-
ous amounts of f'and D" for each organ, the
threshold b-value is especial for each organ.
Our results suggest using b-values bigger than
300 s/mm? is crucial to obtain an insensitive
diffusion coefficient using that is in compli-
ance with Freiman finding [24].
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Figure 4: (a) 5 different resolutions of brain image with different matrices size, (b) decreasing
signal to noise ratio (SNR) by increasing matrix size and also higher b-values were depicted, in-

creasing fluctuation could be because of noise

Conclusion

IVIM model is a promising solution for find-
ing both information of anatomical and physi-
ological of organs simultaneously and non-
invasively. IVIM imaging is a valuable MRI
technique because it can get perfusion maps
in addition to diffusion mas without using any
contrast agents. However, the validity of its
parameter should be considered carefully. The
validity and accuracy of IVIM parameters are
highly influenced by the SNR of imaging and
the fraction of blood in the capillary network
of each organ. This study suggests adjusting
control parameters for distinct organs.
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