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Background: Diffusion-weighted imaging (DWI) provides insight into the pathophysiology underlying renal dysfunction.
Variants of DWI include intravoxel incoherent motion (IVIM), which differentiates between microstructural diffusion and
vascular or tubular flow, and diffusion tensor imaging (DTI), which quantifies diffusion directionality.
Purpose: To investigate the reproducibility of joint IVIM-DTI and compare controls to presurgical renal mass patients.
Study Type: Prospective cross-sectional.
Subjects: Thirteen healthy controls and ten presurgical renal mass patients were scanned. Ten controls were scanned
twice to investigate reproducibility.
Field Strength/Sequence: Subjects were scanned on a 3T system using 10 b-values and 20 diffusion directions for [VIM-
DTl in a study approved by the local Institutional Review Board.
Assessment: Retrospective coregistration and measurement of joint IVIM-DTI parameters were performed.
Statistical Analysis: Parameter reproducibility was defined as intraclass correlation coefficient (ICC) >0.7 and coefficient
of variation (CV) <30%. Patient data were stratified by lesion side (contralateral/ipsilateral) for comparison with controls.
Corticomedullary differentiation was evaluated.
Results: In controls, the reproducible subset of REnal Flow and Microstructure AnisotroPy (REFMAP) parameters had
average ICC =0.82 and CV =7.5%. In renal mass patients, medullary fractional anisotropy (FA) was significantly lower
than in controls (0.227 +=0.072 vs. 0.291 £ 0.044, P=0.016 for the kidney contralateral to the mass and 0.228 = 0.070
vs. 0.291 =0.044, P=0.018 for the kidney ipsilateral). In the kidney ipsilateral to the mass, cortical Dy raqgiai Was signifi-
cantly higher than in controls (P=0.012). Conversely, medullary Dy, axia1 Was significantly lower in contralateral than ipsi-
lateral kidneys (P =0.027) and normal controls (P = 0.044).
Data Conclusion: REFMAP-MRI parameters provide unique information regarding renal dysfunction. In presurgical renal
mass patients, directional flow changes were noted that were not identified with IVIM analysis alone. Both contralateral
and ipsilateral kidneys in patients show reductions in structural diffusivities and anisotropy, while flow metrics showed
opposing changes in contralateral vs. ipsilateral kidneys.
Level of Evidence: 2
Technical Efficacy: Stage 2
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enal disease is one of the most common and impactful ~ estimated glomerular filtration rate (eGFR), which is calcu-
diseases worldwide, with the US prevalence of chronic lated from serum creatinine levels. However, despite its util-
kidney disease (CKD) being 14% in 2012." In current clini- ity as a low-cost and widely accessible estimate of renal
cal practice, the standard assessment of renal function is function, eGFR does not assess the laterality of dysfunction,
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differentiate pathophysiology, or predict recovery. The equa-
tions in current use overestimate eGFR in patients with
comorbid liver disease,” and have poor accuracy in popula-
tions with renal dysfunction but normal eGFR; for example,
early in the course of diabetes.>*

Given the limitations of the established measures of
renal function, there is a potential role for imaging. How-
ever, most radiologists follow a serum creatinine threshold
beyond which they will not administer contrast for CT.”
Dynamic contrast-enhanced (DCE) magnetic resonance
imaging (MRI) has been shown to provide information on
renal function,®” but its use is limited in populations with
renal insufficiency.® Many patients with renal masses have
preexisting renal dysfunction; for example, in one retrospec-
tive cohort study, 26% of patients who received either a par-
tial or radical nephrectomy had preoperative CKD.’

The pathophysiology underlying renal dysfunction is a
complex interplay of microstructural and microvascular phe-
nomena. Diffusion-weighted imaging (DWI) techniques
have attempted to describe the complexities of renal tissue.'”
Intravoxel incoherent motion (IVIM) is a DWI technique
that uses biexponendal fitting of signal acquired over a
range of b-values to differentiate between microstructural
diffusion and vascular or tubular flow (pseudodiffusion).11
In renal allograft patients, IVIM measures are sensitive to
rejection.'” In renal mass patients these measures provide
information about tumor subtype and vascularity.'®'*

Another variant of DWI is diffusion tensor imaging
(DTTI), which uses an anisotropic Gaussian matrix descrip-
tion to quantify the directionality of diffusion.'” As tubules,
arterioles, and venules in a healthy kidney are oriented radi-
ally, the kidney is anisotropic on DTL'®'” Renal diffusion
anisotropy has been previously shown to decrease with dia-

1920 - .
o ischemia-

betic nephropathy,'® allograft dysfunction,
reperfusion damage (in a rat model),”" and impaired renal
function with other causes.”

A previous study had demonstrated a joint IVIM-DTI
methodology to assess the directionality of both the pseudo-
diffusion and tissue diffusion components of water motion
anisotropy.”> That work suggested that both tubular/vascular
flow and diffusion play a role in medullary anisotropy.*’
Several other recent studies have also explored renal imaging
sequences that combine differentiation between flow and
diffusion with measures of anisotropy.**%’

The purpose of this study was to investigate the repro-
ducibility of joint intravoxel incoherent motion-diffusion
tensor imaging (IVIM-DTI) and compare controls to pre-
surgical renal mass patients. We hypothesized that differenti-
ating between perfusion and diffusion when quantifying
anisotropy will contribute to our understanding of renal
function as seen in DWI, as distinguishing between compo-

nents of water transport may be able to help differentiate
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renal damage from changes in flow and eventually play a

role in outcome prediction.

Materials and Methods

Subjects
This

compliant study was approved by the Institutional Review Board.

Health Insurance Portability and Accountabilicy Act-
Written informed consent was obtained from all subjects. Subjects
were instructed to abstain from consumption of caffeine for 3
hours before image acquisition. Thirteen volunteers (six male and
seven female, ages 26-63 years with mean 39.5 £ 12.6 years,
body mass index (BMI) 20.8-39.9 with mean 27.3 = 6.1) with-
out known renal dysfunction were recruited for this study. A sub-
set of 10 of the volunteers (three male and seven female, ages
26-63 years with mean 40.2 = 13.3 years, BMI 20.8-39.9 with
mean 26.9 * 6.6) were each imaged twice at a mean interval of
39.4 +31.7 days, with a minimum interval of 2 days and maxi-
mum interval of 93 days. Eleven patients who had previous
imaging suspicious for renal cell carcinoma (RCC) were recruited
from urology patients scheduled for clinically indicated renal
MRI. One patient was excluded from analysis, as clinical MRI
was read as angiomyolipoma (benign lesion). The renal mass
patients (eight male and two female, ages 34-80 years with mean
61.4*=13.0 years, BMI 22.4-36.8 with mean 28.8 =5.6) were
surgical candidates imaged preoperatively. Patient eGFR calculated
with the Modification of Diet in Renal Disease (MDRD) for-
mula ranged from 12.3-181.6 with mean 81.5*49.7. At the
time of this report, four patients had proceeded to partial
nephrectomy. Mass subtype was clear-cell RCC for two patients
with 19% and 28% postoperative ¢GFR reduction, clear cell pap-
illary RCC with no postoperative change in eGFR for one
patient, and one patient had nephrectomy performed at an out-

side institution.

Imaging Protocol

All imaging was performed on a clinical wide-bore 3T scanner
(Magnetom Skyra, Siemens Healthcare, Erlangen, Germany) using
a G-clement body array matrix coil and 12 elements of the inte-
grated spine coil. T,-weighted half-Fourier acquisition single-shot
turbo spin-echo (HASTE) oblique coronal images (repetition time
[TR] 1200 msec; echo time [TE] 91 msec; matrix 320 X 256;
voxel size 1.1 X 1.1 X 5mm?>) were acquired for morphology and
planning. IVIM-DTI acquisitions were performed during free-
breathing using a prototype twice-refocused spin-echo echo-planar-
imaging (TRSE-EPI) sequence with spectrally adiabatic inversion
recovery (SPAIR), reversed slice gradient polarity fat suppression,
and additional spoiling26 (parameters: TR 2600 msec; TE 74
msec; matrix 192 X 180; voxel size 2.2 X 2.2 X 6 mm?>; b-values
0, 10, 30, 50, 80, 120, 200, 400, 600, 800 s/mm?; 20 diffusion
directions for all nonzero b-values; 2 averages; 5 to 8 slices). DWI
were acquired in an oblique coronal orientation with the readout
direction along the long axis of the kidney as indicated in localizer
and HASTE imaging. Inline correction of eddy-current-induced
distortion was performed on the vendor workstation. IVIM-DTI

sequence acquisition time was 15 minutes.
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Data Analysis

To correct for respiratory kidney motion and to achieve more accu-
rate cortex/medulla segmentation, the kidneys on EPI images of
each patient were coregistered. In order to account for the different
respiratory motion trajectory of left and right kidney, coregistration
was performed separately for each kidney.”” Affine 2D registration
used mutual information criterion as a similarity measure. After
motion correction, images were visually screened by one investiga-
tor for registration accuracy and consistent signal intensity. A
median (nonlinear edge preserving) filter of 3 X 3 voxels was then
applied to all aligned images. IVIM-DTT analysis (described below)
was performed with custom code (Igor Pro, Wavemetrics, Portland,
OR). For each slice, one investigator defined regions of interest
(ROIs) on all slices, using the b =0 (by) image for the cortex and
on the fractional anisotropy (FA) map for the medulla. Renal
masses were excluded in patients; otherwise, ROIs were placed over
the entire cortex and medulla.

Signal-to-noise ratio (SNR) in each kidney was estimated
using image subtraction.”® After subtracting images with the same
b-value and direction, the mean of the voxelwise standard devia-
tions over an ROI was used as an estimate of the image noise after
division by the square root of 2. The SNR for each pair of aver-
ages was taken to be the mean signal intensity divided by the esti-
mated noise over an ROI drawn on the whole kidney. Average
SNR for each b-value was calculated over all directions for each
subject, and subject group averages and standard deviations

computed.

IVIM-DTI Analysis
IVIM and DTI analyses were first both performed separately, in

1115 combined

accordance with conventional approaches. For
IVIM-DTT analysis, as previously described by Notohamiprodjo
et al, a cylindrical two-compartment model was used to quantify
the global anisotropies of the diffusion and perfusion compo-
nents.” First, [VIM analysis was performed voxelwise using a seg-

mented biexponential fic'":

M
Mﬂ;eﬁ"w(l—ﬁ,)f’”» (1)

where M is magnetization, M, total magnetization, f, perfusion
fraction, D, pseudodiffusivity, and D, tissue diffusivity. Using the
assumption that ¢ %% — 0 if the b-value is sufficiently large

(assumed to be sufficient at b >200 s/mm?), Eq. 1 simplifies to:

M

T ==h) @

D, was determined by monoexponential fit to Eq. 2 at b-values

>200 s/mm?. f, was then determined as:

o My _Mn(ercep(
5H= R (€)

where Miyercepe = Mo(1-f;) is the zero intercept. Finally, D, was
determined by fitting Eq. 1 for all b-values with the previously
determined D, and f,.
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Next, DTT analysis was performed. A 3 X 3 symmetric dif-
fusion tensor with eigenvectors (v ,7, ,v3 ) and eigenvalues
(A1,22,43) was fitted to the D, values obtained in the IVIM analy-
. 152 . .
sis.'>?? The scalar perfusion fraction £y scalar Was fixed as the aver-

age perfusion fraction over all directional values f, For each

gradient direction, a second IVIM fit was then perfoprmid to deter-
mine directional D, values, using the corresponding D, for each
direction and fixed f;, jc1ar for all directions.

Separately for the cortical and medullary ROIs of a selected
central slice, D, and D,, from all voxels were “projected” along the
30,31

primary tensor axis. The polar angle O=cos™!(g -1 )
between the corresponding diffusion gradient g and the tensor
direction, represented by the primary ecigenvector vj, was used to
plot the D, and D,, values for all directions. Separately for cortical
and medullary ROIs, all voxels were divided by polar angle into 40
bins in the range 0 <0 < 180°. Consistent with the cylindrically
symmetric description, data at each polar angle was reflected into
each quadrant of the polar plane. The mean and standard error of
all D, and D,, values were calculated in each bin for the resulting
oversampled dataset. A quadratic fit D,= D, st (Dypias —
D, yaia)) <0520 was performed with values from the averaged angular
distribution'” to determine global tissue diffusivity along the axial
(v1 ) and radial (perpendicular to »; ) directions D, .y, and D,
dial- An equivalent fit was performed to determine global pseudo-
diffusivity parameters Dy, o and Dy radial-

Mean diffusion MD and fractional anisotropy for each com-
partment were then estimated from the DTI eigenvalues:

1
Mng(/’{l‘F)\.z‘i‘jg) (4)

_ 2 1 _ 2 P 2
e \/% \/(,11 MD)*+ (o= MDY’ +(js=MD)*

5+

where FA is fractional anisotropy and MD mean diffusivity. Analo-
gously, assuming cylindrical symmetry, ie, /1, = A3,'® global struc-
tural mean diffusivitcy MD, and fractional anisotropy FA, were
estimated:

1

MDt = 5 (Dz,axial +2Dt7radial) (6)

D il —MD,)* +2(D; 1agias —MD;)*
FA,= é\/( t,axial t) ( t,radial t) (7)

2 Dt,axial2 +2Dt,radia12

with equivalent calculations to estimate MD, and FA;. This

parameter set is termed Renal Flow and Microstructure AnisotroPy

(REFMAP)-MRI.

Statistical Analysis

Reproducibility analysis was performed using the 10 control sub-
jects who provided data on two separate dates. Restricted maxi-
mum likelihood estimation of variance components in a random
effects model was used to estimate the intra- and intersubject com-
ponents of the overall variance in each regional measure. The esti-
mated components were used to compute the intraclass correlation

(ICC) and intrasubject coefficient of variation (CV) as estimates of
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FIGURE 1: Time series of saglttal 1D I|ne profiles through the center of a IeS|on -bearing kidney in a presurgical renal mass patient,
showing postacquisition 2D affine registration. Preregistration images (a) demonstrate cyclical respiratory motion, which is dra-

matically reduced in the postregistration images (b).

the repeatability of each measure. A Bland-Altman analysis to
assess agreement between results from the two visits was used to
determine the limits of agreement (LoA) and mean additive bias of
cach regional measure. An exact Wilcoxon signed-rank test was
used to assess whether the within-subject difference between visits
was significantly different from 0; a significant result would imply
significant mean additive bias.

For quality control and comparison with lesion-bearing
patients, laterality analysis was performed on the 13 volunteers
without renal masses, using the first exam only for volunteers who
were scanned twice. An exact Wilcoxon signed-rank test was used
to assess whether the within-subject difference between the left and
right kidneys was different from 0.

Weighted analysis of variance (ANOVA) was used to com-
pare the regional measures on the contralateral and ipsilateral sides
of patients to the regional measures of controls. Since the concept
of contralateral and ipsilateral sides does not extend to controls,
cach regional measure was represented for each control subject as
an average over the left and right kidneys using the data from the
first visit. To account for the fact that control data were repre-
sented as an average over kidneys, whereas patients provided data
for each individual kidney, the data were weighted according to the
number of observations each value represented. All statistical tests
were conducted at the two-sided 5% significance level using SAS
9.3 software (SAS Institute, Cary, NC).

Results

All examinations were of sufficient quality for analysis after
motion correction and screening of individual images by
visual inspection; no kidney was excluded from analysis.
Time series showing example results of retrospective 2D
affine registration via sagittal line profiles through a patient
kidney are given in Fig. 1. In healthy volunteers, overall
2.10% of images were excluded based on image quality and
registration success. In renal mass patients, overall 3.03% of
images were excluded. For healthy volunteers, SNR before
averaging ranged from 11.94 averaged across images with
b =0 s/mm” to 5.63 across b =800 s/mm?.
patients, SNR ranged from 9.58 averaged across images
with b =0 s/mm? to 3.55 across b = 800 s/mm”.

In renal mass

July 2018

For the healthy volunteers who were scanned on 2 sep-
arate days, the only parameter with significant intrasubject
variance was medullary D, g1 (2= 0.032). ICC and CV
of all IVIM, DTI, and combined IVIM-DTI analyses are
summarized in Table 1, with the subset of reproducible
parameters defined as ICC >0.7 and CV <30%, as shown
in Fig. 2. Among structural parameters, 4, 45, 43, MD/D,,
and FA meet this reproducibility criteria. Among flow
parameters, f,, MD, (medulla only), D, (medulla only),
and Dy, 4o (medulla only) meet this reproducibility criteria.

Laterality analysis in volunteers without renal masses
showed significant differences only for medullary Dy agial
(P=0.030, left mean = 26.49 * 10> mm?/s, right mean =
19.14 * 10 mm?/s), cortical D axial (2 =10.012, left mean =
2.37 * 10° mm?/s, right mean =2.26 * 107 mm?/s), and
cortical Dy ragiq (P =0.017, left mean=1.89 * 102 mm?/s,
right mean = 1.81 * 10 mm?/s).

Data for the separate IVIM, DTI, and combined
IVIM-DTI analyses for healthy volunteers and renal mass
patients are summarized in Table 2, with example maps
shown in Fig. 3. In control kidneys, all structural parameters
21y 7y /3 MD, FA, Dy Dyasais Deradis MDy FA) and
some flow parameters (f,, D axiay FAp) showed significant
corticomedullary differendation.

In both the kidney contralateral to and ipsilateral to
the mass, mean medullary FA was significantly lower than
in controls (2= 0.016 and P =0.018, respectively) (Fig. 4).
In both patient kidneys, medullary 4;,
significantly lower than in controls (?=0.017, P =0.007,
P=0.005 for the contralateral kidney; P =0.034,
P=0.049, P=0.022 for the ipsilateral kidney). In the kid-
ney ipsilateral to the mass, cortical Dy, aqia and MD,, were
(P=0.012
P =0.018, respectively). In the kidney contralateral to the

D¢ axial» and FA, were

significantly higher than in controls and
mass, medullary D, .. Was significantly lower than in con-
trols (P = 0.044). In patients, medullary Dy, .. was signifi-
cantly higher in the ipsilateral than the contralateral kidney
(P=10.027). Exemplary polar plots showing D, and D,

“projected” along the structural primary tensor axis are
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TABLE 1. Intervisit Reproducibility Measures for IVIM, DTI, and Combined IVIM-DTI Analysis
Cortex Medulla
ICC CV (%) Limits of agreement ICC CV (%) Limits of agreement

D, 0.44 16.1 (—13.38, 7.52) 0.70 23.4 (—21.14, 13.40)
f, 0.69 14.1 (—7.45, 8.36) 0.80 11.6 (—2.96, 6.08)
MD 0.83 2.1 (—0.128, 0.124) 0.88 2.5 (—0.09, 0.16)
FA 0.77 6.8 (—0.03, 0.03) 0.91 5.3 (—0.03, 0.05)
A1 0.75 2.5 (—0.17, 0.17) 0.84 3.7 (—0.19, 0.31)
Aa 0.83 2.2 (—0.13, 0.12) 0.93 2.1 (—0.075, 0.117)
A3 0.89 2.0 (—0.106, 0.104) 0.96 1.8 (—0.063, 0.090)
D, e 0.69 2.8 (—0.19, 0.20) 0.73 4.9 (—0.22, 0.41)
D¢ radial 0.77 2.6 (—0.10, 0.16) 0.87 3.1 (—0.06, 0.15)
MD, 0.78 2.3 (—0.10, 0.15) 0.76 3.6 (—0.09, 0.22)
FA, 0.57 14.5 (—0.06, 0.04) 0.88 7.6 (—0.06, 0.07)
Dy, axial 0.59 25.1 (—23.35, 17.39) 0.82 24.8 (—28.55, 30.29)
Dy, radial 0.33 28.5 (—19.52, 17.71) 0.62 35.9 (—21.69, 26.56)
MD, 0.47 24.3 (—18.76, 15.57) 0.73 29.3 (—22.78, 26.60)
FA, 0.23 60.6 (—0.29, 0.36) 0.33 37.9 (—0.35, 0.41)
ICC = intraclass correlation coefficient; CV = coefficient of variation.

D, is constrained to be equivalent to MD and is thus omitted from this table.

shown for a healthy volunteer (Fig. 5) and a patient
(Fig. 6).

Corticomedullary differentiation for 4; and FA, was
lost in both the ipsilateral (P=0.131 and P =0.064,
respectively) and contralateral (P=0.492 and P=0.232)
patient kidneys, when compared to controls (< 0.001 and
P <0.001). Corticomedullary differentiation for f;, was lost
in the ipsilateral patient kidney only (= 0.275), in com-
parison to controls (0.013). Corticomedullary differentiation
for Dy axial and Dy, uyiar was lost in the contralateral patient

REFMAP Parameters
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FIGURE 2: Reproducibility metrics for REFMAP-MRI biomarkers
of healthy volunteer kidneys. The subset of robust parameters
is defined as those with ICC >0.7 and CV <30%. These thresh-
olds are indicated by bold lines.
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kidney only (?=0.084 and P=0.922), in comparison to
controls (2 < 0.001 and 0.005). Corticomedullary differenti-
ation for Dy, ;,dial Was not significant in controls (2= 0.839)

kidneys

but was significant in patient contralateral

(P =10.020).

Discussion

This study performed reproducibility analysis using a
recently developed combined IVIM-DTI protocol, and
extended analysis to patients with renal masses. Across all b-
values, SNR was sufficient for analysis. On average, the
SNR for the patient data was lower than the control data,
and more images were manually excluded on the basis of
either qualitative signal strength or registration failure, per-
haps related to body habitus or patient motion.>

The range of diffusion and perfusion parameters
observed in this study was generally consistent with the liter-
ature, in the context of variability introduced by sample size
and physiologic differences.'®'”*>*% We identified for fur-
ther focused use in clinical populations a subset of repro-
ducible parameters, including the full structural tensor,
cortical and medullary perfusion fraction f;,, and medullary
average and global axial pseudodiffusion D,

Laterality analysis in controls suggested that the major-
ity of parameters did not differ between the right and left
kidneys, with the exception of significantly higher medullary

Volume 48, No. 1
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Control

(c)

Directivity

(d)

Patients

B

FIGURE 3: Example DTl maps in a healthy volunteer (left) and three patients (right) with renal masses (as indicated by arrows) of
varying sizes. bo images are shown in (a). Medullary anisotropy is lower (b), mean diffusivity is lower (c), and the pattern of diffu-
sion tensor orientation is more disorganized (d) in the renal mass patients than in the control subject.

radial pseudodiffusion and cortical radial/axial tissue diffu-
sivity in the left kidney. A previous study using a different
combined IVIM-DTI approach found significant laterality
differences only in cortical fp, which was higher in the right
kidney.?* These differences may be due to the differing posi-
tions, shapes, and sensitivity to the cardiac cycle of the right
and left kidneys, and could warrant further investigation,
for example for renal transplant planning. Comparison of
prone vs. supine subject position may also be informative to
exclude scan-related effects. However, none of the baseline
laterality differences in controls obstruct our analysis of
lesion dependence, as the subsets of parameters significantly
differentiating patients from controls do not overlap with
those showing laterality in controls, and the effect size in
the former tends to exceed that in the latter.

Our analysis of kidneys both contralateral and ipsilat-
eral to renal lesions suggests functional compromise, perhaps
reflecting a general deficit that patients have in comparison
to controls. Renal ADC has previously been shown to be
decreased in the ipsilateral kidney postpartial nephrectomy,3 4
as well as in renal artery stenosis®® and renal failure.*®

For a range of flow parameters, significant differentiation
between the cortex and medulla was lost in renal mass patients,

such as the changes in corticomedullary differentiation
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observed in global axial parameters. In both the ipsilateral and
contralateral kidneys, medullary fractional anisotropy was sig-
nificantly decreased in comparison to the controls, particularly
in the axial direction, which may reflect changes in diffusion
restriction (such as tissue compression from mass effect) that
occur in response to tumor burden. Renal tissue on the side of
the renal lesion showed increased flow. The mixed changes
observed in the pseudodiffusion parameters may represent
tubular flow alterations related to compensatory redistribution
of function that occurs as a response to the unilateral presence
of a renal lesion. Another possible contributing factor is
increased vascularity due to the general tendency of tumors to
increase angiogenesis.”’*® Finally, axial pseudodiffusion D,
was the parameter that demonstrated the most lesion depen-
dence. This difference was not apparent with IVIM analysis
alone, and serves as an example of the additional information
that emerges only with this combined approach that incorpo-
rates directionality.

There are several limitations to this study. The sample
sizes of controls and renal mass patients were small and
inhomogeneous, notably with no measurement of ¢GFR in
controls and with a wide range of renal function in patients.
The control and patient populations were not matched,

which resulted in differences in factors such as age, sex, and
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FIGURE 4: Boxplot showing ranges and quartiles for FA and D .4l in controls (kidneys with no lesion) and renal mass patients
(kidneys contralateral and ipsilateral to lesion). FA (a) shows significant corticomedullary differentiation, and medullary values in
the patient kidneys (both contralateral and ipsilateral to the lesion) are significantly lower than in controls. Axial medullary pseu-
dodiffusion Dy, ..l (b) is significantly lower in the patient kidney contralateral to the mass than in controls. When compared to
controls, corticomedullary differentiation for Dy, ...l is lost in the contralateral kidney only.

BMI, which potentially confounded analysis of renal func- registration rather than respiratory or cardiac gating to mini-
tion. In our statistical analysis, we did not correct for multi- mize scan time, but this may have led to increased variabil-
ple comparisons. The acquisition scheme used post-hoc ity in flow compartment metrics. Concomitant field
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FIGURE 5: Example polar plots in a healthy volunteer, showing the mean (black) and standard error (red) for D; (a,b) and D (c,d)
projected along the primary tensor axis. Dy axial is higher and Dy .qia lower in the medulla (a) than in the cortex (b). Diffusivities
are given in 10 mm?%s.
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FIGURE 6: Example polar plot for patient kidney ipsilateral to the mass, showing the mean (black) and standard error (red) for D,
(a,b) and D, (c,d) projected along the primary tensor axis. Compared to control kidneys, medullary anisotropy is decreased. Diffu-

sivities are given in 10 mm?%/s.

corrections to the diffusion-weighting were not performed
but they are expected to be small and uncorrelated with
anatomy in this context. The REFMAP quantification
scheme includes assumptions (eg, cylindrically symmetric
pseudodiffusion tensor collinear with the structural tensor)
to balance new contrast with available SNR. We do not
explicitly separate tubular and vascular flow, which remains
an ongoing challenge for advanced renal DWI; efforts using
cardiac gating® or triexponential fitting®® have strong
potential in this regard but carry costs in scan time or sam-
pling requirements.

In addition to elucidating the microstructural and
microvascular phenomena underlying renal dysfunction, this
approach has future potential applications in predicting
renal function outcomes postnephrectomy. One recent study
showed significant postpartial-nephrectomy changes in
IVIM parameters for both ipsilateral and contralateral kid-
neys, as well as positive correlations between ADC/IVIM
parameters and eGFR.>* This predictive application, requir-
ing further recruitment and follow-up, is beyond the scope
of the current work.

In conclusion, REFMAP-MRI analysis provides addi-
tional unique information with regard to renal dysfunction.
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Reproducibility analysis identified a subset of robust parameters
for clinical use. In patients with known renal masses, direc-
tional changes in flow were noted which were not identified
with IVIM analysis alone. This complex response demonstrates
the need for the multilevel view provided by combined IVIM-
DTT analysis, and the potential of this protocol to provide
information about renal dysfunction which is distinct from
that offered by eGFR alone. This approach may also have clin-
ical udlity in predicting renal response to surgical insult.
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