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Can the IVIM model be used for renal perfusion imaging?
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Abstract

Objecti6e: Renal perfusion imaging may provide information about the hemodynamic significance of a renal artery stenosis and
could improve noninvasive characterization when combined with angiography. It was proposed previously that diffusion
sequences could provide useful perfusion indices based on the intravoxel incoherent motion (IVIM) model. Owing to motion
artifacts, diffusion imaging has been restricted to relatively immobile organs like the brain. With the availability of single-shot
echo-planar imaging (EPI) our purpose was to evaluate the IVIM model in renal perfusion. Methods and material: Eight
volunteers underwent diffusion-sensitive magnetic resonance (MR) imaging of the kidneys using a spin echo (SE) EPI sequence.
The diffusion coefficients determined by a linear regression analysis and fits to the IVIM function were calculated. Results and
conclusion: Our preliminary experience does not support the possibility of obtaining perfusion information using the IVIM model
in the kidneys. © 1998 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Arterial hypertension is a significant health problem
[1]. In less than 5% the cause is a stenosis of a renal
artery [2]. Renal artery stenosis (RAS) is frequently
found incidentally in normotensive individuals and may
be etiologically unrelated to coexistent hypertension.
Only when correction of the stenosis results in lowered
blood pressure the term renovascular hypertension can
be applied. Detection of renovascular disease has be-
come increasingly important because effective treatment
either by percutaneous transluminal angioplasty or sur-
gical revascularization is available [3]. However, no
cost-effective screening method with low risk currently
exists. The currently accepted ‘gold standard’ for detec-
tion of RAS is X-ray arteriography [4,5], which is
invasive, involves injection of iodinated contrast mate-
rial and exposure to ionizing radiation. Moreover, this

test does not indicate the hemodynamic significance of
the stenosis. Traditional techniques to assess renal func-
tion include intravenous urography [6], peripheral and
renal vein renin sampling [7], and nuclear medicine
[8–10]. Newer diagnostic modalities to assess RAS
include intravenous digital subtraction angiography
[11–15], Doppler ultrasonography [16–18], captopril
renography [19–23], computed tomography angiogra-
phy [24,25], and magnetic resonance (MR) imaging.
The optimal imaging method for this important diagno-
sis is not yet certain.

There are several MR angiographic techniques that
show promise in the noninvasive evaluation of renovas-
cular hypertension [26–33]. In addition, renal perfusion
information might indicate the hemodynamic signifi-
cance of the RAS thus improving its diagnostic accu-
racy. Of particular interest is a perfusion imaging
technique that obviates the need for an exogenous
contrast agent. One technique relying on an endoge-
nous contrast mechanism was based on diffusion imag-
ing techniques and is referred to as the intravoxel
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incoherent motion (IVIM) model [34]. Since this tech-
nique could potentially provide perfusion information
in addition to a measure of the molecular diffusion
coefficient which has its own significance in the evalua-
tion of ischemia [35], we looked into the possibility of
applying the IVIM model to the kidneys.

1.1. The IVIM model

Application of MR to measure molecular diffusion
has been known since its early development [36,37]. In
biological systems, molecular diffusion is influenced by
both microstructure and microdynamics (including flow
through microvasculature, exchange and transport be-
tween different compartments) [38]. In practice, tissue
could be thought to be made of primarily two compart-
ments, intra- and extracellular, and recent data suggest
that the exchange between these compartments is fast
with respect to diffusion times of 20 ms [38]. In addi-
tion, phenomena such as microcirculation involving
flow through randomly oriented channels influence in
vivo tissue diffusion measurements. This realization led
to the possibility of obtaining information about re-
gional microvasculature blood flow using diffusion-type
MR measurements. There have been two different ap-
proaches proposed to evaluate perfusion based on this
idea. Both models assume microvasculature to be made
up of several straight segments that change their orien-
tation in a random fashion. One approach assumed
that over the measurement time, typically tens of mil-
liseconds, the perfusing spins stay within a linear seg-
ment of the capillary and thus could be rephased on
even echoes [39,40]. The other approach views microcir-
culation as a pseudo-diffusion process (intravoxel inco-
herent motion). This model assumes that when
observing at a macroscopical scale, microcirculation
appears as a random walk process because spins change
their direction during the measurement time at least
once. These approaches rely on anatomical and physio-
logical data from different sources in literature about
distribution of sizes and velocities associated with the
capillaries in the brain [41]. Preliminary data using
either approach suggested the possibility of obtaining
perfusion information through MR techniques relying
on motion sensitivity.

Even though the term IVIM in general includes any
type of motion that may contribute to the signal atten-
uation in a diffusion weighted sequence, the IVIM
model [34] assumes that only microcirculation is a
major contributor in addition to molecular diffusion.
Next it is assumed that D*, the diffusion coefficient
associated with the microcirculation, is at least an order
of magnitude larger compared to molecular diffusion
coefficient Dmolecular. Further, it is assumed there is
negligible exchange between the vascular and extravas-
cular compartments during the measurement interval.

Under these restrictive assumptions, a biexponential
signal decay as a function of the gradient sensitivity
factor-b is expected [34]. From such a biexponential
relationship it was then shown that potentially useful
perfusion indices may be derived by assuming the fol-
lowing equation to describe the signal decay [34]:

I=I0( f exp(−b [D*+Dmolecular])

+ (1− f ) exp(−bDmolecular)) (1)

where
� I is the measured signal intensity with a gradient

sensitivity factor b.
� I0 is the measured signal intensity with a gradient

sensitivity factor b=0.
� Dmolecular is the molecular diffusion coefficient D* is

assumed to be the pseudo-diffusion coefficient asso-
ciated with microvascular flow. Even though consid-
ered as a perfusion index, this is not a ‘real’
parameter and cannot be measured in any other
way.

� f is the volume fraction of microvasculature within
the voxel and may be used as a perfusion index.
When f=0 or 1, the expression reduces to a single
exponential form; if f=0, Dmeasured=Dmolecular and if
f=1, Dmeasured=D*+Dmolecular.
Over the years, it has not been possible to reproduce

the initial claims of deriving perfusion indices using the
IVIM model in the brain [42]. This can be partially
attributed to the small flow fraction associated with the
brain. On the other hand, the kidney is the best per-
fused organ receiving about 25% of the cardiac output
even though the organ mass is less than 1% of the total
body mass [43] and is associated with a total (micro+
macro) vascular density on the order of 20% by volume
[44]. Thus, we hoped to make observations that would
allow extraction of perfusion information from differ-
ent diffusion weighted images in the kidney.

2. Subjects and methods

The subjects consisted of eight healthy human volun-
teers. All examinations were performed using a 1.5-T
whole body imager (Siemens Medical Systems, Erlan-
gen, Germany) with echo-planar imaging (EPI) capabil-
ities. A cirularly polarized 18 cm flat surface coil
positioned posteriorly was used for signal reception in
all the studies.

A spin-echo (SE) EPI sequence with the following
diffusion imaging parameters was used: diffusion gradi-
ent duration d=10 ms, separation between the diffu-
sion gradient pulses D=28 ms, TE=60 ms,
FOV=300 mm×300 mm, matrix=64×128, slice
thickness=7 mm, and number of acquisitions=1. The
diffusion gradient pulses were applied along the slice
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select direction with a maximum gradient amplitude of
28 mT/m. Sets of five images with different b-values
were acquired at 3 second intervals within a breath hold
which lasted for 15 s. In total, images with ten different
b-values were acquired. Each image set was repeated
three or four times in separate breath holds and the
data was combined for analysis. The b-values for pairs
of breath holds were interleaved, e.g. 103.9, 58.4, 26.0,
6.5, 1.6 in one breath hold and 141.4, 79.5, 40.6, 14.6,
1.6 s/mm2 in another breath hold. The range of b
values was chosen to be similar to those used by Turner
et al. [45]. The descending order of the b-values within
a breath hold was chosen to minimize sensitivity to
respiratory motion that might occur towards the end of
the breath hold period.

As a control, diffusion coefficients were measured
using water and agar gel phantoms (Fig. 1).

2.1. Image and data analysis

The diffusion coeffficients were determined by a lin-
ear regression analysis of the ln(signal intensity) versus
gradient factor (b). This analysis was performed by
using regions of interest (ROI) over the kidney.

Fits to the IVIM function given by Eq. (1) were
calculated.

3. Results

For validation purposes, diffusion coefficients were
measured at room temperature (20°C) with the SE EPI
diffusion pulse sequence in a phantom consisting of
water and agar gel samples. The measured values as
shown in Fig. 1 agreed very well with each other and
with those previously reported in literature [46,47].

Fig. 2. (a) and (b) Diffusion coefficient calculation using ROI analysis
on the right kidney. Since there was no significant contrast between
cortex and medulla, no attempt was made to separate them. The data
shown are mean9S.D. of four repetitions. The diffusion coeffficient
was estimated in two different ways as shown in (a) and (b). In (a) the
ln(intensity) versus b data was fit to a straight line and D was
estimated by the slope of the fitted line. In (b) the measured intensity
versus b data was fit to the IVIM function. The fit parameters ware
shown in the plot. Along with the parameter estimates the coefficient
of variance (CV=standard error in the parameter estimate/parame-
ter estimate) is shown for each parameter. Note that CV for D with
either fit is relatively small and comparable, while CV for D* and f is
much smaller.

Fig. 1. Diffusion coeffficient calculation at room temperature using
region of interest analysis on phantoms comprising of bottles filled
with water and 3% agar, respectively. The measured diffusion coeffi-
cient given by the slope of the ln(intensity) versus b is 2.30×10−3
mm2/s for water and 2.28×10−3 mm2/s for agar.

In the human volunteers no significant contrast be-
tween renal cortex and medulla was observed. Fig. 2
shows the ROI data obtained from a set of images.
Each sequence was repeated four times for averaging
purpose. The linear regression (Fig. 2 of the ln(inten-
sity) versus b gave an r2 value of 0.95 or better for all
our data fits to the IVIM function given by Eq. (1)
(Fig. 2b) were performed also. The mean9S.D., aver-
aged over the eight subjects studied, of Dmeasured

sinlge exp

(2.7490.24) and Dmeasured
biexp (2.6690.57) were compara-

ble. But estimates using the IVIM function resulted in
larger coefficient variance (CV=standard error in the
parameter estimate/parameter estimate) compared to
the ln-linear fit. Also, no consistent value for f was
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Fig. 3. Chart showing the possible outcomes of a pulsed gradient diffusion experiment with several b values. Also shown are the possible
implications, explanations and supporting experimental evidence necessary for each outcome. Our data seem to support outcome h. Legends: Bold
italics are used to place stress on ‘may be’; plain italics are experimental data that will support the case. Unequivocal support for the IVIM model
requires experimental data shown under (a). Alternate interpretations for biexponential signal decay have been previously put forth (c) and (d).
If biexponential signal decay was not observed, (e) or (g) was assumed previously. But our data suggest outcomes (f) or (h).

obtained with the biexponential fit with values ranging
all the way from 0 to 1 resulting in a means9S.D. of
0.3390.42. The measured diffusion coefficients in the
kidneys were significantly higher compared to any other
abdominal organ previously reported [48].

4. Discussion

Our discussion starts with a consideration of possible
outcomes of a spin echo diffusion experiment. Then we
will provide arguments based on our results reported
here and on previous publications to investigate the
validity of the IVIM model to the study of renal
perfusion. For the sake of clarity we (re-)define the
following terms:

Dmolecular refers to the true molecular diffusion coeffi-
cient. This is a characteristic parameter that depends on
the microscopic structural makeup of the tissue and can
be assumed not to vary with transient and acute (B10
min) physiological changes. It has been shown that
ischemic insults do influence Dmolecular but it reflects true
microscopic structural changes rather than direct effects
of perfusion.

Dmeasured
single exp is the estimate of in vivo Dmolecular obtained

from a ln-linear fit.
Dmeasured

biexp is the estimate of in vivo Dmolecular obtained
from a biexponential measured fit.

Since we have found Dmeasured
single exp:Dmeasured

biexp we will use
Dmeasured to refer measured measured estimate of Dmolec-

ular irrespective of the estimation method used. In
phantoms and ex vivo samples, Dmeasured=Dmolecular.
This may (and was found) not to be case with in vivo
measurements. Dmeasured is being used in place of the
term apparent diffusion coefficient (ADC) used in our
previous publications [48,49].

If one were to consider the possible outcomes of a
pulse gradient SE diffusion experiment, the chart in
Fig. 3 could be compiled. This chart includes the possi-
ble outcomes, their implications and possible explana-
tions. Also included are any experimental data needed
to support each particular case.

In order to prove the validity of the IVIM model
unequivocally, it is necessary to demonstrate a biexpo-
nential signal decay, to show that the derived parame-
ters can be obtained reproducibly, and that they behave
consistently with the expectations of the model ( f and
D* correlated with blood flow). While the proponents
of the model have shown some evidence for the biexpo-
nential decay in the kidneys (n=1) [45], no correlation
between the estimated parameters and blood flow was
included. Another study [50] showed correlation be-
tween Dmeasured and renal blood flow, but did not
explicitly prove the existence of a biexponential decay
owing to technical limitations. Here it is important to
realize that the presence of a biexponential decay owing
to technical limitations. Here it is important to realize
that the presence of a biexpinential or biexponential-
like signal decay could be explained also by the pres-
ence of a non-vascular compartment (e.g. CSF [51])
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within the imaging voxel or by an alternate perspective
recently proposed by Henkelman et al. [52] which as-
sumes a fractual model for the vasculature. Thus the
presence of a biexponential-like signal decay by itself
does not support the validity of the IVIM model. This
is especially important in the light of a recent report
that demonstrates a biexponential-like signal decay ob-
tained even in the absence of the extravaxcular com-
partment [53].

On the other hand, absence of biexponential decay
does not necessarily imply that the IVIM model is
invalid. The experimental conditions may be the limit-
ing factor for not observing the biexponential decay
(e.g. diffusion time D too small or too long). If that is
the case, then according to the underlying assumptions
of the IVIM model, Dmeasured=Dmolecular and thus
should be independent of blood flow or any other
physiological manipulation.

In all our data we do not observe any obvious
biexponential signal decay. Both single- and biexponen-
tial fits yield similar Dmeasured which is consistently
much higher than those in other abdominal organs like
liver or spleen [48].

Our previous studies have shown that Dmeasured in the
kidneys varies with blood flow [54]. Even though those
observations were made using a different sequence
(STEAM-EPI), they are still pertinent to this discus-
sion. The major relevant difference between the SE and
STEAM diffusion sequences is D value (28 ms for the
SE and 770 ms for the STEAM diffusion sequence). A
diffusion time D of 770 ms could be argued to be too
long for flowing spins to contribute to the observed
signal intensity. This would only imply that we should
observe a single exponential decay. Hence outcomes
(e)–(h) in Fig. 3 are still relevant for our discussion.
Using the Spearman R analysis on the pooled data
obtained with an unilateral progressive renal artery
stenosis model in pigs (n=7) [54], we found a very
good correlation of Dmeasured in the kidney supplied by
the stenosed vessel (R=0.88, PB0.001, n=19) and no
correlation of Dmeasured in the contralateral kidney (R=
0.28, P=0.24, n=19) with blood flow. The stenosis
was created using balloon occluders placed around the
renal artery and inflating them to different levels. Diffu-
sion measurements were obtained within 5 min follow-
ing inflation of the occluder. In two animals where the
measurements were made, the post mortem (again
within 5 min) Dmeasured for both kidneys were very
similar to the value obtained with full occlusion in the
affected kidney. Interestingly this value seems to be
very similar to the live in vivo Dmeasured values obtained
in organs like the liver or spleen [48] (probably imply-
ing Dmeasured�Dmolecular when blood flow is completely
shut off). This means in vivo renal Dmeasured"Dmolecular.
Powers et al. [50] have also observed dependence of
Dmeasured on the renal blood flow.

From our observations (anomalously large Dmeasured

value in the normal functioning kidney, absence of
biexponential signal decay and variation of Dmeasured

with blood flow), we can see that outcomes (f) or (h) in
Fig. 3 are most appropriate to describe our data.
Outcome (h) can be supported only by process of
elimination, i.e. by eliminating all other outcomes. To
support outcome (f), one needs to perform diffusion
measurements with variable D and look for a change
from single exponential (fast exchange) to biexponential
(slow exchange) signal decay with decreasing D. If our
data is any indication, D needs to be much smaller than
28 ms in order to be able to detect a biexponential
signal decay. This requires much stronger gradient am-
plitudes than are available to us and hence beyond the
scope of this study. As pointed out earlier, recent data
suggest that intra- to extracellular exchange may be fast
with respect to D=20 ms [55]. It is then conceivable
that intra- and extravascular exchange would be simi-
larly fast or even faster. If we assume intra- to extravas-
cular exchange is fast with respect to D, then we could
rewrite Eq. (1) as [55]

I=I0(exp [−b( f [D*+Dmolecular]+ [1− f ]Dmolecular)])
(2)

For the sake of curiosity, we fit the observed signal
decay to Eq. (2) and obtained the following mean9
S.D. over all eight subjects: f (microvascular flow frac-
tion)=8.990.5%, Dmeasured=1.2590.13×10-3 mm2/s,
and D*=17.7591.04×10-3 mm2/s. The degree of in-
tersubject consistency in all the fit parameters and the
realistic numerical values of at least f and Dmeasured seem
to add credence to outcome (f). But more thorough
studies are necessary to validate this.

Even though Dmeaured is correlated with blood flow, it
is evident that we do not observe any direct effect of
perfusion on Dmeasured because the corticomedullary
contrast does not behave consistent with the relative
regional blood flow. The data from Powers et al. [50]
also suggested a lack of significant cortico-medullary
difference. It is well known that cortical blood flow is
several times higher compared to the medulla and the
vascular architecture in the cortex is more randomly
oriented compared to the medulla [56]. This argument
would favor outcome (h), since (f) would expect a
significant higher Dmeasured value in the cortex compared
to the medulla based on differences in regional blood
flow. If that would be the case, what do Dmeasured and f
and D* reflect? Since renal function is tightly coupled
to the total renal blood flow [57], Dmeasured may be
sensitive to renal function rather than being directly
sensitive to regional renal blood flow. This is also
supported by the fact that Dmeasured varies with the
hydration state and with ureteral obstruction [54]. Since
kidney function involves several unique transport mech-
anisms, it could be expected that they could influence
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the microscopic water mobilities which in turn would
influence the Dmeasured values. The parameter f now
assumes a value of 1 and means that the tissue behaves
as a single well mixed compartment. D* again does not
have a physical interpretation, it is just accounts for the
difference between the Dmeasured and Dmolecular values.

5. Conclusions

No clear evidence for a biexponential signal decay
was observed in the kidneys to support the IVIM
model. But the renal dmeasured values were much
higher than those measured in any other tissues and
seem to be sensitive to renal blood flow. We feel the
observed dependence of renal D measured values on
renal blood flow may be due to flow dependent kidney
function which involves several unique transport mech-
anisms. Further studies are necessary to fully under-
stand the mechanisms influencing renal diffusion
measurements and any possible significance of such
measurements.
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