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Abstract

Objectives—Diffusion weighted MRI is a powerful tool to assess renal morphology. However,
its quantitative index, apparent diffusion constant (ADC) derived from a conventional mono-
exponential model can vary with both functional and structural alterations, as well as the choice of
b-values. In contrast, the intravoxel incoherent motion (IVVIM) bi-exponential model provides
independent parameters that may represent broader aspects of renal pathophysiology. We
hypothesize that IVIM analysis is capable of detecting early morphological and functional changes
in the swine kidney distal to renal artery stenosis (RAS).

Materials and Methods—Domestic pigs divided into three groups (n=6-7 each) were studied
for 16 weeks. Unilateral RAS was induced in two groups, of which one was fed with a high
cholesterol diet to induce early atherosclerosis (ARAS), while the other (RAS) consumed regular
diet. The third group included normal pigs which served as control sham. Renal function,
hemodynamics, tubular function and morphology were assessed using multi-detector computed
tomography (MDCT) and histology. Diffusion-weighted MR images were acquired at 3T and
analyzed using mono and bi-exponential models. ADC and IVIM parameters (Diffusivity (Dy),
flow-dependent pseudo-diffusivity (Dp), and fluid fraction (fp)) were calculated in cortex and
medulla of the stenotic (STK) and contra-lateral kidneys (CLK). Results were analyzed using
ANOVA, student t-test, and regression analysis.

Results—In both RAS and ARAS the STK shrank and the CLK underwent hypertrophy. GFR
and renal blood flow declined in STKSs, and CLKs manifested hyperfiltration. Additionally, ARAS
kidneys showed reduced mean transit time in distal tubular segments. ADC and diffusivity both
decreased in STK of RAS and ARAS. Dy, and f, were elevated in both the STK and CLK of RAS
and more prominently in ARAS. STK cortical ADC and Dy correlated inversely with the degree of
fibrosis, and directly with GFR. Furthermore, D, correlated with tubular injury score in all
kidneys.

Conclusions—ADC and Dy both correlated with cortical and medullary fibrosis, however,
IVIM-derived parameters can detect subtle functional and structural changes in the post-stenotic
kidney, and may also serve as markers for tubular injury.

Corresponding author: Lilach Lerman, MD, Ph.D, Division of Nephrology and Hypertension, Mayo Clinic, 200 First St SW,
Rochester, MN 55905. lerman.lilach@mayo.edu, Phone: (507) 266-9376, Fax: (507) 266-9316.
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Introduction

Renal artery stenosis (RAS) is a vascular disorder, which may result in chronic kidney
disease (CKD) and lead to end stage renal failurel. Significant RAS compromises renal
blood flow (RBF), induces renovascular hypertension, impairs glomerular filtration rate
(GFR), and induces interstitial fibrosis in the post-stenotic kidney (STK). While in the
Western world atherosclerotic RAS (ARAS) is the predominant etiology in adults, RAS may
be caused by other causes like fibromuscular dysplasial. Renal injury in ARAS is more
severe because atherogenic factors exacerbate damage in both the STK and the contralateral
kidney (CLK)Z3. Early diagnosis and effective treatment may potentially slow further
deterioration of renal function. Different imaging techniques and modalities have been used
to detect and investigate mechanisms of renal functional and hemodynamic deterioration,
yet assessment of tissue injury and morphological changes in the kidney is difficult without
invasive methods*~’.

Diffusion weighted imaging (DWI) MRI is a powerful technique, which is sensitive to
changes in microstructure of biological tissues8. Independence from exogenous contrast
agents makes DWI particularly attractive for kidney injury assessment in patients with
compromised kidney function, who are at increased risk of nephrogenic systemic fibrosis
following gadolinium-enhanced imaging®. Apparent diffusion coefficient (ADC), a
quantitative index of DWI, can be calculated by fitting the MR signal intensity obtained
from images with different diffusion-weighting to a mono-exponential decay model. This
approach has been used for the analysis of a broad range of renal pathological conditions,
likely because of its simplicity and the feasibility of implementation with as few as two sets
of diffusion-weighed images. A decrease in ADC has often been attributed to structural
changes such as interstitial fibrosis or tubular atrophy, and demonstrated to correlate with
renal function19-13, Nevertheless, flow-dependency of ADC complicates results
interpretation, particularly within the STK in which structural and hemodynamic alterations
coexist14,

Le Bihan et. al. showed that pure diffusion and perfusion-dependent diffusion can be
separated using the intra-voxel incoherent motion (IVIM) analytical technique, which
applies a bi-exponential model to MR signal intensity decay?®. This model is based on the
premise that the decay of MR intensity in biological tissues results from both a flow-
dependent fast signal decay (pseudo-diffusion), and a flow-independent slow decay,
determined by pure diffusion in tissue structures (diffusivity). Therefore, in addition to crude
kidney morphology, IVIM affords information about microvascular and tubular fluid
dynamics, which makes it particularly appealing for studying the STK. However,
application of IVIM in the STK has not been fully evaluated partly due to technical
limitations of MRI in previous years16:17, In the past few years, robust hardware and
improved sequences for body-DWI have encouraged re-examination of this analytical
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method in the kidneyl8. Recent studies demonstrated the capability of IVIM in reducing b-
value dependency of diffusivity, the response of IVIM parameters to pharmacological
challenges!®, and providing biomarkers for different pathological conditions, such as renal
tumors20, However, the feasibility of illustration of renal functional and structural alterations
in RAS using IVIM has not been fully examined.

We hypothesize that functional and morphological alterations in the swine STK and CLK,
illustrated by multi-detector computed tomography (MDCT) and histology, would be
accompanied by corresponding changes in DWI-derived diffusivity and pseudo-diffusivity
calculated using the IVIM model. We further hypothesize that DWI-derived parameters
would depict greater renal impairment in pigs with ARAS compared to RAS.

Materials and Methods

All animal procedures followed the Guideline for the Care and Use of Laboratory Animals
(National Research Council, National Academy Press, Washington, DC, 1996) and were
approved by the Institutional Animal Care and Use Committee.

Nineteen female domestic pigs were studied for 16 weeks. Six of the animals were fed a
high cholesterol diet for the entire course of the study to induce early atherosclerosis,
starting six weeks before and continued until ten weeks after the induction of stenosis. The
remaining thirteen animals were fed with a regular diet. One group (n=6) underwent a sham
procedure (Sham) while unilateral RAS was induced in seven of the pigs fed normal chow
(n=7 RAS) and in the entire high-cholesterol diet group (n=6) (ARAS), by placing an irritant
coil in the right main renal artery??.

DWI scans were performed 10 weeks after RAS or Sham, and renal volume and
hemodynamics assessed using MDCT, 2—-3 days later. Prior to each in vivo study animals
were anesthetized with 0.25g of intramuscular tiletamine hydrochloride/zolazepam
hydrochloride and 0.5¢g of xylazine, and anesthesia maintained with intravenous ketamine
(0.2mg/kg/min) and xylazine (0.03mg/kg/min) (for CT), or inhaled 1-2% isoflurane (for
MRI) throughout the course of imaging. The degree of stenosis was assessed by renal
angiography?2, blood samples collected from a central venous catheter during CT studies,
and mean arterial pressure (MAP) measured using an arterial catheter.

Animals were eventually euthanized with a lethal intravenous dose of sodium pentobarbital
(100mg/kg, Fatal Plus, Sleepaway, Fort Dodge Laboratories, Fort Dodge, lowa) a few days
after completion of in vivo studies. Then the kidneys were removed, dissected and stored at
—-80°C or preserved in formalin for histology.

DWI1 was performed on a 3T scanner (GE Medical Systems, Milwaukee, Wisconsin) using a
torso array coil. Images were collected using a single-shot echo-planar sequence with
bipolar gradients. Four to Six coronal slices in oblique planes were collected during
suspended respiration for b-values 0, 50, 100, 200, 300, 600, 800 and 1000 s/mm2. MR
parameters were set to TR/TE 1800/79ms, field of view 35cm, Bandwidth 648Hz/pixel,
number of averages 3, slice thickness 2.5mm, and matrix size 128x128.
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MDCT imaging
We have previously shown that MDCT-derived assessments of renal size and function agree
well with reference standards®. Contrast media were injected during scanning through a
pigtail catheter, advanced through the left jugular vein to the superior vena cava. Following
catheterization, the animals were moved to MDCT unit (Somatom Sensation 64; Siemens
Medical Solutions, Forchheim, Germany). Initial tomographic positioning was determined
with pilot scans. A bolus of iopamidol (0.5 ml/kg over 2s) was then injected, and 140
consecutive scans acquired 3 seconds later, over approximately 3 minutes, as previously
shown?.

Following the flow scan a volume study was performed after an additional contrast
injection. Axial images were acquired in the helical mode with thickness of 0.6mm and
resolution of 512x512, and reconstructed at 5mm thickness. Kidney volumes were
calculated using planimetry from contrast-enhanced vascular phase images.

Morphological Studies

Renal fibrosis and tubular injury score were quantified from 5um thick axial sections stained
for trichrome and Hematoxylin and eosin. For each kidney 10-15 images were acquired at
20x (fibrosis) or 40x (tubular injury score) using a microscope (ZEN® 2012 blue edition
Carl ZEISS SMT, Oberkochen, Germany). The fraction of fibrotic tissue in each cortex and
medulla was estimated semi-automatically, using a colorimetric approach. Tubular injury
score was determined according to the area of kidney (1, <25%; 2, 25%< <50%; 3, 50%<
<75%; 4, 75%< <100%) affected by tubular luminal obstruction, cell detachment, and
intratubular cast formation23,

Data Analysis

All MR and MDCT analyses were performed (by B.E., 4 years of experience and J.D.K., 17
years of experience, respectively) in MATLAB® (MathWork, Natick, MA, USA) and
Analyze™ (Biomedical Imaging Resource, Mayo Clinic, MN, USA).

IVIM—IVIM, bi-exponential model4:
S=So((1 - fp).efth—i—fp.e*b(DP*Dt)) )

was used to calculate the tissue fluid fraction (f,), which reflects tissue dynamic fluid
content, pseudo-diffusivity (Dp) that is sensitive to flow velocity within renal vessels and
tubules, and diffusivity (D) that reflects water molecules free diffusion, and is sensitive to
microstructural barriers which may limit free diffusion. Sy is the MR signal intensity in DWI
images for b=0 (bg). The assumption underlying IVIM is that in Equation (1) the first term is
sensitive to pure diffusivity, whereas the second term mainly reflects flow-weighted
phenomena. D¢ and f,, were estimated from the segment of the curve corresponding to b-
values > 200 s/mmZ, and in the second step, Dy was estimated from the entire curve. Pixel-
by-pixel maps were generated for all the IVIM parameters for each slice (Figure 1). Inter-
observer agreement was assessed by calculating the intra-class correlation coefficients (ICC)
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along with 95% confidence intervals (CI) for all IVIM parameters in cortex and medulla
(B.E. and N.R., 3 months of experience).

ADC—ADC maps were generated for the cortex and medulla by pixel-by-pixel fitting the
curve of MR signal intensity vs. corresponding b-values to a mono-exponential decay
model.

Regions of interest (ROIs) were drawn on the bg DWI images and transferred to the maps. In
the cortex, maps were sampled using single large ROI, whereas in the medulla, ROIs were
determined by the size and the number of visible medullary tissue segments (Figure 1).
Cortical and medullary mean values for ADC and each IVVIM parameter for each animal
were calculated by averaging values from all corresponding sampled ROIs.

MDCT—Using contrast-enhanced MDCT, cortical and medullary volumes, regional renal
perfusion, vascular and tubular mean transit times (MTT), fractional blood volume (FBV),
GFR and RBF were calculated. The volumes of the cortex and medulla were determined
from the total tomographic areas of each compartment multiplied by the 5mm thickness of
cross-sectional images. To calculate renal function and hemodynamics, the cortical and
medullary signal attenuation vs. time curves were fitted to an extended I'-variate model.
This model yields curve-fitting parameters that allow calculation of regional FBV and
vascular and tubular MTTs, in the proximal tubule, Henle’s loop, and distal tubule, as
previously reported?4. These parameters were in turn used to calculate cortical and
medullary perfusion and blood flows (products of the perfusion and corresponding
volumes). Total RBF was assessed as the sum of cortical and medullary flow. Finally,
single-kidney regional GFR was evaluated using the cortical curve and the slope of the
proximal tubular curves, as previously shown24. Total kidney GFR was calculated by
multiplying the regional GFR and the cortical volume.

Statistical Analysis

Results

Results are presented as mean+SEM. ANOVA was used for STK/CLK comparison and
among groups, followed by unpaired t-test. Regression analysis was performed using the
least square method, in some cases on a compiled set of corresponding kidneys from all
three groups of RAS, ARAS and Sham. For p values < 0.05, results were considered
significant.

Ten weeks after RAS induction the degree of stenosis in the RAS and ARAS groups were
comparable and MAP was similarly elevated (Table. 1). The cortical and medullary regions
of the STKs underwent atrophy and a decrease in RBF, whereas in the CLKSs, the cortex
showed hypertrophy, and medullary volumes remained unchanged. MDCT-derived GFR
was reduced in the STKs and elevated in the CLKs compared to the sham group. Cortical
vascular and proximal tubular MTT values were similar among all groups, whereas distal
MTT was significantly shorter in the ARAS STK and CLK, and tended to be shorter in RAS
as well (p=0.063 and p=0.072 in the STK and CLK, respectively). Cortical perfusion and
FBV remained unchanged, while medullary perfusion and FBV declined in all STKs.
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Tissue Morphology

The degree of fibrosis was significantly higher in the cortex and medulla of both the STK
and CLK of ARAS compared to those in RAS or shams, suggesting greater tissue injury in
ARAS. Interstitial fibrosis (trichrome-staining) in the cortex of RAS STK was also greater
than Sham (Figure 2.A-B). Medullary fibrosis was elevated compared to sham in all RAS
and ARAS kidneys, but again in ARAS more than in RAS. Tubular injury score was
significantly higher in the RAS STK and in both ARAS kidneys compared to Sham (Figure
2.C-D).

IVIM parameters

ADC

RAS STK cortical diffusivity was significantly lower than that in its CLK or in sham, while
the RAS CLK and Sham were similar. In contrast, ARAS STK diffusivity was not different
than its CLK, yet was reduced compared to the Sham, and tended to decrease in the CLK as
well (p=0.084 vs. sham) (Figure 3). Similarly, in RAS f, was higher than Sham in the STK
and tended to be elevated in the CLK (p=0.060), whereas in ARAS, both were significantly
higher compared to sham Control. Finally, cortical pseudo-diffusivity (flow velocity) was
elevated in STK and CLK of both RAS and ARAS, except that in the RAS STK the increase
has not reached statistical significance (p=0.067).

A similar pattern was observed in the medulla, where diffusivity tended to decline in the
RAS STK (p=0.091) and in both ARAS STK and CLK (p=0.072 and p=0.095 in RAS and
ARAS, respectively and p=0.020 in RAS CLK vs. ARAS CLK) while pseudo-diffusivity
was significantly elevated in all STKs and CLKs, except in RAS STK (p=0.058 vs. Sham).
fy was only increased in both ARAS but not RAS kidneys.

Inter-observer agreement ICC for Dy, F, and D, were 0.95 (CI: [0.84-0.98]), 0.95 (CI:
[0.83-0.98]) and 0.93 (CI: [0.76-0.98]) in cortex and 0.90 (CI: [0.67-0.97]), 0.91 (CI:
[0.70-0.97]), and 0.88 (CI: [0.63-0.97]) in medulla.

In both the cortex and medulla, ADC values were significantly lower in the STK compared
to the CLK and Sham, whereas CLK ADC were not different than Sham (Figure 3.d & 3.h).

Analysis of Regression

Cortical and medullary diffusivity and ADC showed strong correlation in all kidneys (Figure
4). In the STK, cortical and medullary diffusivity and ADC, all correlated inversely with the
histological degree of fibrosis and in the cortex also with GFR (Figure 5.A-B). Pseudo-
diffusion in the cortex of all kidneys correlated inversely with MDCT-derived distal tubular
MTT (Figure 5.C). Furthermore, STK (but not CLK) cortical f, showed a modest but
significant correlation with MDCT-derived FBV, and inversely correlated with the degree of
fibrosis. Tubular injury score correlated with cortical pseudo-diffusivity (Figure 5.D).
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Discussion

This study shows that IVIM-based analysis of DWI can detect and distinguish functional
and morphological changes in atherosclerotic (ARAS) and non-atherosclerotic RAS
kidneys, which agree with comparable assessments, obtained using independent methods.
Diffusivity decreased in the STKs and inversely correlated to the histological degree of
fibrosis. Fluid fraction and pseudo-diffusivity increased in the RAS STK cortex, and
remarkably in both ARAS STK and CLK, suggesting tubular functional and structural
alterations, as confirmed by MDCT and histology. Therefore, this study suggests that DWI
parameters may serve as biomarkers of kidney injury.

The results of this study indicated that IVIM is capable of unraveling renal morphological
and fluid dynamic alterations in RAS and ARAS subjects. Ten weeks after induction of
stenosis, we observed hallmarks of RAS, including a decline in STK volume RBF, and
GFR, and development of systemic hypertension. Because of the relatively moderate degree
of stenosis, the main changes were related to renal volume, so that STK atrophy and
compensatory CLK hypertrophy largely preserved regional GFR, FBV, and perfusion2>.
Nevertheless, cortical diffusivity fell in both RAS and ARAS STK and tended to decrease in
their medulla as well. Indeed, diffusivity correlated with the level of fibrosis, which was
elevated in the RAS STK and in both ARAS kidneys. Smaller diffusivity of ARAS vs. RAS
medullary CLK (which was not different than the ARAS STK) was likely attributed to
greater fibrosis and structural alterations found in ARAS CLK by histology. Notably, this
was consistent with our previous finding that the morphology of the RAS CLK remains
largely preserved, whereas in ARAS the additive systemic effects of atherosclerosis and
hypertension adversely impact CLK tissue23. Cortical diffusivity also correlated with GFR
in the STK. Lack of such correlation in the CLK is particularly interesting, considering that
CLK GFR was significantly increased to compensate for the reduced STK GFR. This may
imply that the increase in CLK GFR is driven mostly by renal functional rather than
structural changes, whereas in the STK, both morphological (e.g. fibrosis,
glomerulosclerosis) and hemodynamic factors contribute to the diminished GFR.

In addition to diffusivity, which is often attributed to morphological changes in the
tissue?6:27, IVIM analysis yields Dy, and f,. Dy, has been shown to be sensitive to both
vascular blood and tubular fluid velocities”?8, while f; is the ratio of vascular and tubular
fluid volume to the total fluid in the tissuel®. Our study suggests that cortical and medullary
fluid velocities increased in both ARAS kidneys and in RAS CLK, and tended to rise in the
RAS STK. The use of MDCT allowed attributing the increased Dy, to tubular flow velocity.
Notably, in our model with moderate stenosis and sustained STK perfusion, MDCT showed
that vascular MTT remained unchanged, whereas in ARAS kidneys shorter distal tubular
MTT implied higher flow velocity in this tubular segment in ARAS kidneys. Remarkably,
DWI MRI-derived Dy, correlated significantly and inversely with distal tubular MTT, but not
with vascular MTT, suggesting that in this study, increases in Dy, reflects primarily faster
tubular flow variations. In support of this stipulation, Dy, also directly correlated with the
histological tubular injury score, which established tubular morphological alterations. Some
tubular injuries such as cell detachment and intratubular cast formation may affect tubular
fluid dynamic by increasing tubular resistance and fluid velocity, yet reducing overall
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tubular flow and urine volume2®. Moreover, this speculation is concordant with findings in
ischemic tubular injury which shows collecting ducts and particularly distal tubules are the
primary cites of obstruction by tubular debris, cells and polymerized Tamm-Horsfall
protein®0. On the other hand, the increase in f, might have resulted from extracellular matrix
accumulation in the atrophic STK? that decreases interstitial fluid to a greater extent than
tubular fluid volume. This is suggested by the inverse correlation of STK cortical fibrosis
and f,.

Higher fp and Dy, in the CLK, which is subjected to increased filtration and pressure
natriuresis, are concordant with purported increases in healthy subjects during diuresis!®, as
a result of elevated GFR and tubular flow. In our study, CLK hyperfiltration due to the
increased arterial pressure also serves as a compensatory mechanism that increases CLK
GFR but not the number of nephrons. Hence, an increase in f, may reflect an increase in
tubular flow in response to the CLK fluid overload. These observations suggest that an
increase of f, alone may not distinguish functional from structural underlying causes.

The mono-exponential model provided results that were in close agreement to a previous
study in RAS0, and demonstrated decreased renal ADC that correlated with renal function
and the degree of fibrosis. Moreover, good correlation between the diffusivity and ADC
values, as well as their correlations with the degree of fibrosis and GFR, highlighted the
similarity of these two indices. Although ADC was influenced by low b-values, as suggested
by higher values of ADC compared to diffusivity, its characteristics were predominantly
determined by the high b-values.

Therefore, this study demonstrates that 1\VIM analysis affords information beyond that
provided by ADC, and allows detecting discernible renal alterations in RAS and ARAS.
Diffusivity was linked to morphological changes, which were likely driven mainly by
fibrosis. D might depend on tubular injury in the STK, and on increased tubular flow in the
CLK. Similarly, f, was sensitive to morphological changes in the STK and functional
alterations in the CLK. Although currently incapable of differentiating the contribution of
the vascular from tubular sub-compartments to f, and Dy, our study implies that IVIM can
provide useful markers of renal tubular function. Conceivably a combination of arterial spin
labeling and DWI scans may help distinguish these two functional aspects, based on
different times-of-flight, and thereby facilitate their interpretation and provide more specific
markers for tubular function and hemodynamics. Notably, we also found that morphological
and functional alterations in the STK alone could be adequately depicted using ADC. Yet as
previous studies have shown, b-value-dependency and inconsistent selection of b-values
have complicated derivation of reliable and reproducible values of ADC4. Furthermore, the
mono-exponential model cannot differentiate the contribution of functional from
morphological alterations or distinguish subtle differences in injury severity (ARAS from
RAS). Nevertheless, the relative simplicity of use may make analysis of ADC attractive for
assessment of renal injury, when considerable in extent.

This study had some limitations. Animals used in this study were relatively young, and we
cannot rule out an influence of age-related factors. Furthermore, due to intrinsic distortion in
EPI3L, co-registration of diffusion images with those with enhanced corticomedullary
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differentiation was difficult, and medullary ROIs were drawn on by images, which might
have introduced some error to our data analysis. Medullary analysis is also more prone to
error due to its smaller size. Large variations in the Sham medullary data prevented
achievement of statistical significance in some measurements. Additionally, our
hemodynamic and the DWI data were collected on different imaging sessions, which may
have also introduced some small physiological variations.

In conclusion, this study shows that IVIM parameters are sensitive to fibrosis (e.g. mild
degree of fibrosis in the CLK) and alterations in tubular flow as a result of functional or
structural tubular alterations in unilateral RAS and ARAS. DW!I1 is a powerful method to
assess selective pathological markers in the kidney. Independence from exogenous contrast-
agents makes this imaging technique appealing to use for patients with chronic kidney
disease. Further studies are needed to determine the utility of these techniques in patients
with ARAS.
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DWiI-derived ADC and IVIM maps. ADC, Diffusivity, pseudodiffusivity and fluid-fraction.
Cortical (blue) and medullary (red) ROIs were drawn on by DWI images and transferred to

the maps.
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Figure 2.
Tissue Morphology. Cortical (left) and medullary (right) fibrosis were quantified from

trichrome staining in Sham, contra-lateral (CLK) and stenotic (STK) kidneys in RAS and
ARAS (A), as well as representative 20x images in Sham (a), STK and CLK of RAS (b,d)
and ARAS (c,e), respectively (B). Semi-quantitative tubular injury scores (C) and
hematoxylin-eosin images (40x) in Sham, RAS and ARAS (D) (*p<0.05 vs. Sham; tp<0.05
vs. CLK; $p<0.05 RAS vs. ARAS). Cell detachment and cast formation are visible in RAS
and ARAS tubules (arrows).
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Figure 3.

DWiI-derived ADC and IVIM parameters. In the cortex (a—d) and medulla (e-h) of Sham,
stenotic (STK) and non-stenotic contra-lateral (CLK) kidneys of RAS and ARAS pigs.
(*Pp<0.05 vs. Sham; tp<0.05 vs. CLK, correspondingly).
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Figure4.
ADC and diffusivity correlation. The two parameters demonstrated strong correlations in

cortex (a) and medulla (b) of all kidneys.
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Analyses of regression. Renal interstitial fibrosis (A). Cortical (a,b) and medullary (c,d)
fibrosis levels correlated with diffusivity and ADC in corresponding compartments. The two
markers also showed significant correlations with GFR (B). Furthermore, perfusion-
dependent IVIM parameters showed correlation with renal functional parameters (C).

Cortical pseudo-diffusivity correlated with distal tubular MTT in the stenotic kidney (STK)

(a) and contra-lateral kidney (CLK) (b). Cortical fluid fraction in the STK showed a

moderate but significant correlation with blood volume (c). These two parameters did not
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correlate in CLK (d). A significant correlation was observed between the pseudo-diffusivity
and tubular injury score (D).
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