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Evaluation of Renal Perfusion: A Comparative Study between
Intravoxel Incoherent Motion (IVIM) Imaging and Arterial Spin
Labeling (ASL) to Assess Renal Blood Flow in Rodents

Keisuke Ishimatsu'?, Kazufumi Kikuchi'?, Orson W. Moe**?, Koichi Oshio®,

Kousei Ishigami?, and Masaya Takahashi'"

Purpose: To compare diagnostic reliability between an intravoxel incoherent motion (IVIM) imaging and
an arterial spin labeling (ASL) in assessment of renal blood flow in rodents.

Methods: We first evaluated 3 different fitting methods on 5 datasets of diffusion-weighted imaging
(DWTI) with 10 b-values (0-1000 s/mm?) for bi-exponential analysis in IVIM imaging to calculate pseudo-
diffusion parameters. Coefficient of variation (CV) for each parameter and correlation among the para-
meters was assessed to test the robustness of the 3 fitting methods. Subsequently, DWI and ASL methods
were performed before and 14 days after onset of acute kidney injury (AKI) in a rat model. Temporal
change before and after AKI onset in the pseudo-diffusion parameters in 3 fitting methods was compared
with that in the renal blood flow (RBF) derived in the ASL method.

Results: The CVs in all IVIM parameters were the lowest in the fitting method that estimated pseudo-
diffusion parameters after a fixed true-diffusion was determined where the pseudo- and true-diffusion
coefficients had no correlation. The RBF substantially reduced (~50%, P < 0.001) due to the AKI onset;
however, no pseudo-diffusion parameters in any of 3 fitting methods could not detect the change. Further,
any pseudo-diffusion parameters showed no correlation with the RBF.

Conclusion: Pseudo-diffusion parameters in the IVIM concept were not reliable to estimate RBF in the
study. Since the kidney has a unique profile in the “tissue flow”, our data indicate that study design and
interpretation of results needs to be carefully considered when IVIM imaging is used for evaluation of
blood flow in tissue, especially in the kidney.
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Introduction

Diffusion weighted imaging (DWI) determines the apparent
diffusion coefficient (ADC) which is a quantitative para-
meter that can be altered by pathophysiological changes.!
Intravoxel incoherent motion (IVIM) concept based on the
bi-exponential behavior® interprets that the fast components
of ADC attribute to blood flow and microperfusion in the
capillary network (pseudo-diffusion coefficient) and the lat-
ter to tissue microstructure (true-diffusion coefficient). These
parameters are quantified as ‘D*’ and ‘D’, respectively, and
the volume fraction of D* as ‘f” in bi-exponential model as
described below; however, there is still an argument if [IVIM
imaging is diagnostically useful.

In the kidney, Liang et al.” demonstrated that the mea-
sured D* and f correlated with the renal blood flow (RBF)
measured by an arterial spin labeling (ASL) method in the
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renal cortex before and after induction of acute kidney injury
(AKI) in rats. They concluded that the IVIM imaging was an
effective tool for assessing tissue perfusion. In contrast,
Heusch et al.® found that the f correlated with the RBF
while the D* did not. The authors described with citing a
paper® that pseudo-diffusion parameters and ASL perfusions
were not interchangeable and thus the diagnostic value of
IVIM imaging was not clear.

The previous IVIM studies in the kidney were executed
using different fitting methods for the bi-exponential
model. For instance, Ren et al.'® used ‘full-fitting” method
which calculate all IVIM parameters (D, D* and f) at
once, whereas some other studies”’® used ‘segmented-
fitting’ method which determine D first by mono-exponential
fitting with higher b-values and then calculate D* and f
with the fixed D. Although not in the kidney, a few studies
investigate the effect in use of the different fitting meth-
ods in IVIM analysis on the reliability of the calculated
‘tissue blood flow’ values in the liver,'' pancreas,'!
prostate'? or breast.!3> The bi-exponential model requires
nonlinear regression for parameter estimation. Although
most of the investigators have executed by their own
(home-made or commercially available) software, it is
mathematically known that challenges include providing
accurate initial parameter estimates to ensure convergence
and obtaining parameter estimates with error intervals to
account for experimental measurement errors.'* Hence, it
is worth investigating how the different fitting methods
affect the estimated IVIM parameters and the variations,
if any, might account for the discrepancies in evaluating
diagnostic utility of IVIM in the results of previous
studies.

The kidney has unique profile in the ‘tissue flow’ as it is
one of the most vascularized organs and has the highest
blood flow per unit tissue weight compared with the other
organs (e.g. approximately 5 times higher than heart, 7 times
higher than liver, and 8 times higher than brain).!> In addi-
tion, the kidney has the urinary flow that may affect measure
of the local ‘perfusions’. Therefore, the conclusion in the
different organs may not fit to the kidney. Thus, this physio-
logical property respective to the principles of IVIM or ASL
concepts the discrepancy in clinical utility of IVIM analysis
might be caused.

The overall objective of this study was to evaluate the
diagnostic utility of the IVIM imaging to assess blood flow
in the kidney. We first compared the variability of the
pseudo-diffusion parameters in different fitting models
derived from identical data. For this purpose, we applied an
identical set of measured DWI data into the IVIM analysis
with 3 different fitting models that are commonly used for bi-
exponential analysis in the IVIM concept. The dataset con-
sists of 5 DWI with 10 b-values, which were obtained under
the same physiological condition as possible to avoid any
cause of the variation derived from variability of subjects.
Second, we measured the pseudo-diffusion parameters by

IVIM and compared with the results identified by ASL
perfusions before and after the onset of AKI in a rat model
to discuss the sensitivity and accuracy of the IVIM analysis
for RBF.

Materials and Methods

Animal care

The protocols in this study were approved by Institutional
Animal Care and Use Committee (IACUC) (approval num-
ber: #2008—0056). All animals received humane care
during breeding, and all experiments were performed in
accordance with relevant guidelines and regulations.'®

MRI

All MRI studies were conducted in a 7.0T experimental hor-
izontal system with a 35 mm inner diameter coil (Agilent, Palo
Alto, CA, USA). To minimize motion artifacts, respiratory
gating was performed with an MRI-compatible small-animal
respiratory gating device (SA Instruments, Stony Brook,
NY, USA).

Study 1

We used a healthy male C57BL/6 mouse (12 week-old).
Under anesthesia with 1.5%-2% isoflurane (AERRANE,
Baxter Healthcare, IL, USA) mixed in 100% oxygen, the
animal was placed supine with the abdomen centered with
respect to the center of the RF coil. After localizer imaging
was performed, coronal multislice T2-weighted images
(T2WI) were obtained on both kidneys to identify the anat-
omy using a fast spin-echo sequence: TR/TE =2500/40 ms,
FOV =32 x 32 mm, matrix size= 128 x 128, slice thickness =
1 mm, no intersection gap, fat suppression, number of exci-
tation (NEX) =4.

Since the purpose of Study I was to compare the varia-
bility derived only from the different fitting methods and not
relating to subjects as much as possible, the 5 datasets were
obtained intentionally in 1 animal under a consistent physio-
logical condition (confirmed by monitoring the respiratory
and cardiac rates). On a selected 1.5 mm coronal slice deli-
neating both kidneys, a set of DW single shot echo-planar
imaging (EPI) with 10 b-values (0, 50, 100, 200, 300, 400,
500, 600, 800, and 1000 s/mm? in random order) was con-
ducted 5 times within ~20 mins. The other parameters were:
TR/TE=3000/38 ms, FOV =232 x32mm, matrix size=
64 x 64, NEX =1. The motion probing gradients (diffusion
time = 16 ms, gradient pulse duration =4 ms, gradient pulse
separation = 17.3 ms) were applied concurrently on the 3
orthogonal directions.

Study 11

Four rats (Sprague Dawley rat, 8 week-old) were subjected
to the first MRI session (Pre) and then AKI was induced
by single intraperitoneal injection of cisplatin (10 mg/kg;
Sigma-Aldrich, St. Louis, MO, USA).!” The same MRI

Magnetic Resonance in Medical Sciences




session was repeated at 14 days after injection (Post).
Under anesthesia described above, coronal T2WI and a
set of DW single shot EPI with the same imaging para-
meters in Study [ except for the larger FOV (64 x 64 mm)
and slice thickness (2.5 mm) were obtained. Subsequently,
an ASL was performed to measure RBF in the same slice
location using the flow-sensitive alternating inversion
recovery (FAIR) technique.!'®'” A hyperbolic secant
adiabatic pulse was used for inversion with 8 inversion
times (TI=250, 500, 1000, 1400, 1700, 2000, 3000, and
4000 ms). A selective inversion slice thickness of 6.5 mm
was used to assure imaging slice thickness ratio of more
than 2.5:1 to avoid artifacts from spins that are not fully
inverted at the margins of the readout slice.?? Single shot
EPI was used for data acquisition with the following
parameters: TR/TE=10,000/38 ms, FOV =64 x 64 mm,
matrix size=64 x 64, NEX=1. For each TI, data were
averaged from 10 pairs of control and labeled images. As
the FAIR perfusion data were collected over a long period,
to reduce errors in T; measurement, a T; mapping was also
acquired using an inversion recovery spin echo EPI of the
same imaging parameters but different TIs (31, 62, 125,
250, 500 1000, 2000, 4000, and 8000 ms) with 4 averages.
Total scan time was approximately 90 mins.

Image Analysis

DWI data analysis
For DWI data analysis, the bi-exponential models are
defined by the following equations:

S(b)/S(0) = £ x exp(—b x D7)+ (1 — f)
x exp(—b x D) (1)

where S(0) corresponds to the signal intensity (SI) without
diffusion weighting (b=0) and S(b) is the SI acquired with
different b-values. The IVIM parameters were defined as
reported®: the pseudo-diffusion coefficient (D*; x10~> mm?/s),
volume fraction of pseudo-diffusion (f; %), and true-
diffusion coefficient (D; x 10> mm?/s). The product of f and
D* (fD*) of which the value was suggested by Le Bihan and
Turner?! to show direct proportion to blood flow in the brain,
was also calculated.

Fitting methods for IVIM analysis

We compared 3 different methods for the bi-exponential
model (Eq. 1) on the DWI datasets in both studies via non-
linear regression algorithm in a commercial software (Prism
5.0; GraphPad Software, La Jolla, CA, USA). These 3 meth-
ods are often used for the IVIM analysis in the recent reports
as follows: Method-I; direct calculation of the 3 IVIM vari-
ables applying all 10 measured SIs at once, Method-II; direct
calculation of the 3 IVIM variables using the measured Sls
at only 6 b-values (0, 50, 100, 600, 800, and 1000 s/mmz)
excluding the b-values near the inflection point (200, 300,
400, and 500 s/mm?), and Method-III; calculation of f and
D* wusing all 10 b-values after a fixed true-diffusion
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coefficient, D, was determined.?” To assess the appropriate
fixed D for the Method-III, a mono-exponential fitting was
applied to each diffusion dataset with 3 to 10 highest
b-values in turn.

ASL quantification

For ASL quantification, the perfusion-weighted images
were calculated by pairwise subtraction of the control and
labeled images. To calculate RBF (ml/100 g/min), the per-
fusion-weighted signals at different TIs (AM(TI)) were
fitted to the following kinetic function (Eq. 2) by a non-
linear least-squares routine in Matlab (Mathworks, Natick,
MA, USA)?3:24;

exp(_TI/Tlapp) —exp(—TI/Ti,)
1/Tla - 1/Tlapp

AM(TI) = 2MaF /A

2

where M, is the equilibrium magnetization, a is the inversion
efficiency, F is the RBF (ml/100 g/min), A is the blood-tissue
partition coefficient, 1/T ., = 1/T1 + F/A and T}, is the
longitudinal relaxation time of arterial blood. The My, a, and
T (the tissue longitudinal relaxation time) were determined
from the 3-parameter fit of the T; mapping data. As pre-
viously reported, A was set to 0.9 mL/g?° and T, of 2210 ms
was used.2¢

Other image analysis

In both Study I and II, the ROIs were manually placed on
entire renal cortex avoiding partial volume effect. In DWI,
SI was analyzed in air to provide an estimate of noise in
each image and all measured SIs were corrected by the
noise.?” SNR was calculated as SI in the renal cortexes
divided by SI in air. In Study I, IVIM parameters, f, D*
and D, were derived from 3 different fitting methods on 5
DWI datasets obtained from the left kidney of the mouse.
The coefficient of variation (CV) of IVIM parameters was
assessed to test variability. In addition, the correlation
between the D* and D in the 3 different fitting methods
was tested. In Study II, the IVIM parameters derived from
different methods and the RBF from ASL on all 8 kidneys
were compared Pre and Post AKI. The correlation between
each pseudo-diffusion parameter and the RBF at Pre and
Post was also tested.

Statistical Analysis

All values are expressed as mean & standard deviation
(SD). The ADC in the renal cortex calculated from mono-
exponential fitting using 3 to 10 (all) highest b-values were
analyzed with Dunnett’s multiple comparison test. RBF and
IVIM parameters (f, D*, and D) from 3 different fitting
methods between Pre and Post were compared with paired
t-test. The correlation between D* and D (Study I) and
between f, D* or fD* and RBF were evaluated with a
simple linear regression analysis. All statistical analyses
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Fig. 1 (a) Representative coronal DWI at the highest b-value of 1000 s/mm?. The SNR in the renal cortex was higher than 20. (b) The Sls in
the left renal cortex in the 5 DWI datasets obtained in a normal healthy mouse within ~20 mins. The Sls for each b-value showed consistent
decay over the datasets. DWI, diffusion weighted image; SI, signal intensity.

were performed by using a commercially available software
(Prism 5.0), and P<0.05 was considered to indicate a
statistically significant difference.

Results

Study 1

The temperature in the coil was kept at 28°C through the
scan. The respiratory rate of the animal was almost consis-
tent (35-38/min) during the DWI, affording that the effec-
tive TR for the respiratory gated DWI was 3.1-3.4 s in the
all five datasets. When we placed the ROIs, there was no
obvious position displacement in the kidney over the 50
images and the SNR in the renal cortexes on the DW images
at the highest b-values of 1000 s/mm” was higher than 20
(22.1 £ 0.8) in the all 5 datasets (Fig. 1a). Figure 1b shows
the SI over the b-values in the cortex of the left kidney
through the five DWI datasets obtained in a normal healthy
mouse within ~20 mins. The 5 SIs for each b-value were
considered constant over the datasets in which the CV was
<5%. The calculated true-diffusion in a mono-exponential
fitting using the 3 b-values of higher than 600 s/mm? tended
to increase according as it was calculated using the next
lower b-value in turn (Fig. 2). Since it became significantly
higher when using b-values lower than 300 s/mm?, we used
b-values of 400 s/mm? and above for the appropriate fixed
true-diffusion (D) in the Method-III. Table 1 exhibits the f,
D*, and D on the left kidney in the 3 different methods for
the bi-exponential analysis. Method-11I demonstrated the
lowest variability in all calculated IVIM parameters.
Further, the D* and D derived in the Methods-I and -II
but -III demonstrated a significant correlation (R*=0.43

-
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Fig. 2 ADC in the left renal cortex in a healthy normal mouse
calculated from mono-exponential fitting using 3 to 10 (all) highest
b-values. The ADC calculated using the highest 3 b-values (600,
800, and 1000 s/mm?; open column) increased according as it was
calculated using the next lower b-value (from left to right). Data
are presented as mean =+ standard deviation (SD). *: P <0.05, **:
P<0.01, ***: P<0.001, ****: P<0.0001 vs. the ADC calculated
using highest 3 b-values (600, 800 and 1000 s/mm?; open column)
by Dunnett’s multiple comparison test. ADC, apparent diffusion
coefficient.

and 0.31; Fig 3), implying that the D* and D might be
calculated biased each other.
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Table 1 The IVIM parameters (f, D*, and D) in the left renal cortex calculated from all three fitting methods over the five diffusion datasets

in a healthy normal mouse in Study /

f (%) D* (x10°>mm?/s) D (x10>mm?/s) R square

Mean = SD CV (%) Mean = SD CV (%) Mean = SD CV (%) Mean = SD CV (%)
Method-I 11.2 +1.4 12.5 40.1 = 61.1 152.3 0.850 + 0.047 5.5 0.9963 £ 0.022 0.22
Method-II 21.7 £14.0 64.3 43.8 + 81.7 186.6 0.720 = 0.154 21.3 0.9984 + 0.018 0.18
Method-IlI 123 +1.5 12.2 119+ 45 37.6 0.820 + 0.026 3.2 0.9956 + 0.021 0.21

CV, coefficient of variation; IVIM, intravoxel incoherent motion; SD, standard deviation.
Method-I Method-lI Method-llI

@ 5 P <0.05 ° 2 P <0.05 0 o ns

°E 200 R?=0.35 . E 200 R%*=0.47 °E 20 .

T ‘s, E £

L 15 2~ . L 15 . 2 15 e % .

E 10 % E 10 /..’/ E 10

& : a | ) 2 R

YY" 0.9 10 o071 08 09 10 07 08 0.9 1.0

D (x10°mm?/s)

D (x10*mm?/s)

D (x10°mm?/s)

Fig. 3 Correlation between the D* and D in both kidneys in Study I. The D* and D derived from the Methods-I and -1l demonstrated a
significant correlation, implying that the D* and D might be calculated biased each other, while Method-III did not show correlation
between the D* and D. The outliers (D* > 50 x 10~ mm?/s) were excluded.

Study 11

Figure 4a shows the typical T2WIs and perfusion maps of
Pre and Post. The SI in the outer stripe of outer medulla
relatively increased compared to the cortex on T2WI. The
RBF measured in both kidneys by the ASL significantly
reduced after AKI onset (Pre: 249 & 42 vs. Post: 126 *
62 mL/100 g/min, P <0.001; Fig. 4b). Any IVIM parameters
did not show any significant differences between Pre and
Post (Fig. 5). Further, there were no correlation between the
RBF and the f, D* or fD* in all three methods (Fig. 6).

Discussion

Since the SI, respiratory frequency and temperature
remained almost stable through the 5 sets of DWI scans
(~20 mins) in the Study I, the physiological condition could
be assumed as constant over the 5 datasets. Further, we
obtained the 5 sets of DW images with 10 b-values in random
order in each set so that the risk of temporal changes was
averaged out. Hence, the variations in the results could be
considered to relate the difference among the fitting meth-
ods. Further, the SNRs on all analyzed DW images were
higher than 20. For these reasons, we believe that the 5
datasets were eligible for evaluation of variability to measure
the IVIM parameters in all three fitting methods.
Mono-exponential analysis to determine an appropriate
D for the Method-I1I demonstrated that the calculated ADC
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increased when using the b-values lower than 300 s/mm?
because of inclusion of the perfusion effect as reported.*
The D* in the kidney measured in the present study and
other studies”2® were mostly higher than, at least, 10 x 10>
mm?/s. The total water signals from the component with the
ADC of 10 x 107> mm?/s at the b-value of 0 are calculated to
decay at a rate of 92% and 98.2%, respectively, at b-values of
300 and 400 s/mm?. Thus, it is reasonable to use b-values
higher than ~300 s/mm? to measure true-diffusion separately
from ‘perfusion effect’ in the kidney by mono-exponential
analysis, which is a consistent conclusion in the previous
studies.*?° In another word, we should use the b of higher
than 300 s/mm? for assessing more precise cellularity in the
tissue when apply mono-exponential model.

The smallest variation in the all IVIM parameters, f, D*
and D, was provided in the Method-III. The Methods-I
and -II exhibited extremely higher CV for D* and D. This
caused by that 1 (Method-I) or 2 (Method-II) of 5 calculated
data were extremely high. These outliers were derived from
the bi-exponential fitting showing reasonable coefficient
values (R% 0.9975, 0.9985 and 0.9987) which were not
different from those in other data fittings (0.9937 ~0.9995).
Both Park et al.'! and Suo et al.'? also compared different
fitting methods for bi-exponential analysis including the
“full-fitting” and ‘segmented-fitting” methods that are similar
to our Method-I and Method-III in other organs. Their results
indicated that the ‘full-fitting’ method had significantly
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Fig. 4 (a) Typical T2WI and perfusion maps of before (Pre) and 14 days after (Post) onset of AKI in a rat model. Signal intensity in the outer
stripe of outer medulla relatively increased compared to the cortex on T2WI and the renal perfusion reduced on the entire cortex after AKI
onset. (b) The RBF of Pre and Post in the cortex measured by the ASL. ***: P <0.001. AKI, acute kidney injury; ASL, arterial spin labelling;
RBF, renal blood flow; T2WI, T2-weighted images.
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Fig. 5 The pseudo-diffusion parameters (f, D* and fD*) in the 3 fitting methods before (Pre) and 14 days after (Post) AKI onset in the renal
cortex. AKI, acute kidney injury.
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Fig. 6 The correlation between the RBF and pseudo-diffusion parameters (f, D* and fD*) in the 3 fitting methods in Study II. The outliers

(D*>50 x 10~ mm?/s) were excluded. RBF, renal blood flow.

larger CVs for the f and/or D* and D than the ‘segmented-
fitting’ method. Further, both studies reported the outliers in
the ‘full-fitting” method as observed in our study. The
authors stated that the outliers might be caused due to a
mathematical instability of the direct fitting for all 3
variables.!"!3 Our results also showed the close correlation
between the D* and D in Methods-I and II although these
parameters could be independent as indicated in the Method-
III. The result might imply that these 2 parameters might
have been calculated biased by each other in the Methods-I
and -II and is an example for an error propagation from the
measurements of the dependent variable to the parameter
estimates.'# Further, the D* (14.9-16.7 x 10> mm?/s) and f
(10.8%-18.0%) values in the renal cortex in previous
reports>*3! in the mouse kidney were closer to our values
Method-III than Methods-I and II in this Study I. For all of
these reasons, we concluded that the Method-III provided
highest reliability for IVIM parameters among the 3 fitting
methods in Study I.

In Study II, we used an established rat model of AKI
induced by single injection of cisplatin.!” In this model, the
renal function measured by endogenous creatinine clearance
to evaluate glomerular filtration rate deteriorates immedi-
ately after cisplatin injection and becomes the worst at
7 days but it recovers close to the normal level at 14 days.
However, this recovery does not mean radical cure and the
renal function would deteriorate again later.>> The measured
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normal RBF value by the ASL at Pre was consistent with
those in the previous studies,?*3* which indicated that the
measured RBF was reliable and could be the gold standard
for blood flow. The ASL method clearly showed a substantial
reduction (~50%) of RBF in the renal cortex at Post cisplatin-
induced AKI. On the contrary, the f, D*, and fD* calculated
in all Methods-I to -III could not detect the pathological
reduction at Post. Further, neither f, D* nor fD* correlated
with the RBF identified by ASL. These results obviously
demonstrated that the pseudo-diffusion parameters were not
sensitive to detect the 50% reduction of RBF in the AKI
model. Even Method-III, that reduces intrinsic mathematical
instability and was the most reliable among three in Study I
did not show a correlation with RBF, implying that evalua-
tion of the renal blood flow via IVIM is limited.

A possible cause of the insensitive measure of RBF by the
IVIM might refer to its unique physiological property of the
kidney. First, the kidney involves both urinary and blood
flow as stated above. ASL basically measures the change in
SIs between with and without labeling the blood in the renal
artery that goes into the kidney so that the signal change in
the kidney is specific to the blood flow. In contrast, [IVIM
measures all the incoherent flowing/diffusing protons and
thus is not able to differentiate blood flow from urinary
flow. This fundamental issue affects more on the kidney
than the other organs. Although the urinary volume was not
measured in this study, to make matters worth, it is reported
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that the urinary volume increased (approximately 2-folds) in
a similar cisplatin-induced AKI rodent model 5 days after
injection because of loss of urinary concentrating ability.3-3¢
Therefore, the increased urinary flow, if any also in our
study, must increase the pseudo-diffusion parameters and
hide the reduction of the RBF whereas it did not affect the
ASL measure. Another possible cause of the difference
between the IVIM and ASL measurements may be the effect
of cardiac cycle. Peak-systolic and end-diastolic velocities in
the renal artery were 173 £ 51 cm/s and 40 & 20 cm/s,
respectively, in healthy human.3” The pseudo-diffusion para-
meters might have been more affected by the variation in
timing of excitation of the spin and acquisition of its signals
over the large change (4-folds) in the velocity. By contrast,
Kazan et al.>® reported that the effect of cardiac cycle to the
measured perfusion in the ASL is very small and negligible.
Further, Henkelman3® described that IVIM might be able to
measure some properties of proton motion but it cannot
measure perfusion since the unit of RBF was physiological
(ml/100 g/min) which is different from that of pseudo-
diffusion parameters D* (mm?/s) and f (%) and thus does
not seem to be comparable with RBF.

Nevertheless, there are, indeed, several studies showing
the correlation between the pseudo-diffusion parameters and
the RBF measured by the ASL in the kidney as describe
above. One study’ was conducted in the renal cortex in a rat
model of AKI, which is similar to our study, but demon-
strated the correlation between the f and D* with the RBF. In
the study, for some reason, the RBF in the renal cortex in the
normal rats (122.62 w= 6.53 mL/100 g/min) was substan-
tially lower than the results by our and other groups studies
(240-360 mL/100 g/min),33# which might have caused the
difference. Another possible cause might be differences in
the selection of b-values; they used 7 low (<200 s/mm?)
b-values (0, 20, 40, 60, 80, 100, and 200 s/mmz) whereas
we used 4 low b-values (0, 50, 100, and 200 s/mmz) although
both studies used a total of 10 b-values. Hence, we analyzed
the selection of the b-values in the previous reports, showing
correlations between pseudo-diffusion parameters and
the tissue blood flow although these studies investigated
different species/organs (Table 2). The studies used 5-13
low b-values out of the total of 9-17 b-values.”840-47
Therefore, 4 low b-values might be too low to have any
correlations in our study. However, Joo et al.** used 10 low
b-values in the liver and no correlation was shown. Further,
Bane et al.* used as many as 13 low b-values in the kidney
and only the f correlated with the tissue blood flow. In
addition, the pseudo-diffusion parameters correlated with
the blood flow vary in each study. Recent studies described
that the D was diagnostically useful than the D* and f in the
renal dysfunction*® or renal cancer.*” For those reasons, we
cannot conclude that the accuracy of the pseudo-diffusion
increases as number of b-value increases and should note the
numbers of b-value proportionally increase the total scan
time. The appropriate number of b-values in IVIM imaging

may vary depending upon the organ and/or the level of
pathophysiological changes.

Variety of TEs used in the previous IVIM studies might be
the other possible cause in evaluation of clinical utility of
IVIM since it is known that the pseudo-diffusion parameters
are TE-dependent.>® Another study was reported®! indicating
that shorter diffusion time showed no significant changes in
f and D*, although it tended to show a slight decrease in
f. Shorter TE generally ensures higher signal intensity in the
constant diffusion time leading to a more accurate estimated
diffusion value and longer diffusion time increases restricted
diffusion.! Jerome et al.*° stated that the signal derived from
flow components is enhanced with long TE because flow
component has longer T2 and tissue component has shorter
T2. The authors also demonstrated that the minimum TE
provides close to the ‘true f” and calculated f increases as
TE becomes longer. The diffusion time (16 ms) and TE
(38 ms) in the current study are presumed to be shorter or
equivalent than those in the previous study (we estimated the
diffusion time from the used TEs of 61-86 ms [Table 2]
when it was not indicated in the manuscripts). It means that
our estimated pseudo-diffusion parameters are closer to the
real values than those in the previous studies but showed no
correlations. Therefore, it is revealed that diffusion time/TE
are not the sole determinant of no correlation between the
pseudo-diffusion and RBF. Other imaging parameters (TR,
pixel size, and slice thickness) in this study did not differ
widely from those in previous studies,”®4%-47 indicating that
they are unlikely to be major factors of the discrepancy with
previous studies.

Conclusion

Even with the most reliable fitting method, the pseudo-diffusion
parameters in the IVIM concept could not detect the reduced
renal blood flow in the AKI model. The selection of b-values
and bi-exponential fitting model and interpretation of the result
need to be carefully considered when IVIM imaging is used
for evaluation of tissue blood flow, especially in the kidney.
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Table 2 Summary of previous studies reporting the correlation between the pseudo-diffusion parameters and the tissue perfusion.

Pseudo-
diffusion Technique # of # of low
Stud parameters ¢, erfl?sion Organ Species total BUElES g - s A% b-values (s/mm?)
Y correlated P 8 P (<200 method (ms) (ms)
; measurement b-values 2
with s/mm~)
perfusion
0, 50, 100, 200,
g;‘(; NA ASL Kidney  Rat 10 4 met‘:’m Jgs 300038 1743/ 300, 400, 500, 600,
Y 800, 1000
Similar to 0,50, 100, 150,
Heusch . 200, 250, 300, 350,
otal® f ASL Kidney Human 16 5 Memod— 3000/75 NA 400, 450, 500, 550,
600, 650, 700, 750
Lian Similar to 3000/ 0, 20, 40, 60, 80,

g7 f, D*, fD* ASL Kidney Rat 10 7 Method- NA 100, 200, 400, 500,

et al. 73.6
11 600

Hu ) 0,25, 50, 75, 100,
et ] 3 f ASL Kidney  Rat 9 6 NA- 2000061 NA 20t 000

0, 15, 30, 45, 60,
Bane . Bayesian 75,90, 105, 120,
ot a] 40 f DCE Kidney Human 16 13 algorithm 3000/74 NA 135, 150, 175, 200,

400, 600, 800

Joo Liver Similar to 0, 10, 20, 30, 40,
oA NA DCE wmoy  Rabbit 12 10 Method- 2700/63 NA 50, 75, 100, 150,

’ 11 200, 400, 800
Patel Similar to 0, 50, 100, 150,
ot al 45 NA DCE Liver Human 9 5 Method- 2000/86 NA 200, 300, 500, 700,

’ 11 1000

0, 15, 30, 45, 60,
Hectors s . Bayesian 4500/ 75, 90, 105, 120,
etal®z D%fD DCE Liver  Human 16 13 Jgorithm  74-81 N 135,150, 175, 200,
400, 600, 800
. Head Similar to 0, 10, 20, 30, 50,
Fujima D* 30.1/
ot al 41 D DCE neck  Human 12 8 Method-l1  4500/64 243 80, 100, 200, 400,
’ cancer and 1l ’ 800, 1000, 2000
Similar to 0, 20, 40, 80, 110,
Yao " . 5200/ 140, 170, 200, 300,
ot al 7 f, fD ASL Brain  Human 16 8 Mehhlod— minimum NA 400, 500, 600, 700,
800, 900, 1000
Similar to 0, 10, 20, 40, 80,
Shen " " . 5200/ 110, 140, 170, 200,
ot al 46 f, D*, D ASL Brain  Human 17 9 Method- 70.8 NA 300, 400, 500, 600,

i 700, 800, 900, 1000

#, number; A, gradient pulse separation; §, gradient pulse duration; ASL, arterial spin labeling; DCE, dynamic contrast-enhanced MRI
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