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Abstract

 Objective—To assess the correlation between each of intravoxel incoherent motion diffusion-

weighted imaging (IVIM-DWI) and dynamic contrast-enhanced MRI (DCE-MRI) metrics in renal 

parenchyma with renal function, in a cohort of patients with chronic liver disease.

 Materials and Methods—Thirty patients with liver disease underwent abdominal MRI at 

1.5T, including a respiratory-triggered IVIM-DWI sequence and a coronal 3D FLASH DCE-MRI 

acquisition. Diffusion signals in the renal cortex and medulla were fitted to the IVIM model to 

estimate the diffusion coefficient (D), pseudodiffusion coefficient (D*) and perfusion fraction 

(PF). Apparent diffusion coefficient (ADC) was calculated using all b-values. GFR, cortical and 

medullary renal plasma flow (RPF), mean transit times (MTT) of vascular and tubular 

compartments and the whole kidney, were calculated from DCE-MRI data by fitting to a three-

compartment model. eGFR was calculated from serum creatinine measured 30 ± 27 days of MRI.

 Results—ADC, PF, and RPF were significantly higher in renal cortex vs medulla (p < 10−5). 

DCE-MRI GFR significantly correlated with, but under-estimated eGFR (Spearman’s r/

p=0.49/0.01). IVIM-DWI parameters were not significantly correlated with eGFR. DCE-MRI 

GFR correlated weakly with D (cortex, r/p=0.3/0.03; medulla r/p=0.27/0.05) and ADC (cortex r/

p=0.28/0.04; medulla r/p=0.34/0.01). Weak correlations were observed for pooled cortical and 

medullar RPF with PF (r/p=0.32/10−3) and with ADC (r/p=0.29/0.0025). Significant negative 

correlations were observed for vascular MTT with cortical D* (r/p=−0.38/0.004) and D*×PF (r/p=

−0.34/0.01).
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 Conclusion—The weak correlations between renal IVIM and DCE-MRI perfusion parameters 

imply that these functional measures could be complementary.
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 INTRODUCTION

MRI provides an accurate assessment of renal morphology, as well as of vascular or 

obstructive renal disorders. However, functional renal impairment often precedes anatomical 

changes, such as thinning of the cortex or decrease of kidney size (1). The most commonly 

used assessment of renal function, the estimated glomerular filtration rate (eGFR) obtained 

from serum creatinine, is insensitive to the early stages of renal dysfunction, and confounded 

by co-morbidities associated with liver disease in which the level of serum creatinine is low 

despite moderate to severe renal dysfunction (2). Moreover, eGFR only assesses global 

kidney function, and does not provide independent assessment of each kidney.

Functional MRI techniques such as intravoxel incoherent motion diffusion-weighted 

imaging (IVIM-DWI) and dynamic contrast-enhanced MRI (DCE-MRI) have the potential 

to assess renal dysfunction. Tissue microstructure might be characterized by the apparent 

diffusion coefficient (ADC), which is estimated from DWI signals with mono-exponential 

function (1,3,4). A reduction in ADC has been observed in renal dysfunction, and attributed 

to either reduced water reabsorption or renal fibrosis restricting water diffusion (1,5,6). The 

ability of IVIM to separate the effect on signal of molecular diffusion from that of capillary 

perfusion is readily apparent in the kidney, as parameters reflecting perfusion (ADC, 

pseudodiffusion coefficient D* and perfusion fraction PF) have been shown to have higher 

values in the more perfused renal cortex (1) than in the renal medulla (5,7). Thus, IVIM 

analysis for the cortex and the medulla separately, rather than for the whole kidney, has the 

potential to assess different aspects of renal physiology (e.g. vascular perfusion and water 

reabsorption, dominant in the cortex, vs. tubular flow, dominant in the medulla) (1).

DCE-MRI images the passage of a bolus of exogenous contrast agent through the tissues of 

interest, with high temporal resolution. Mathematical models are then used to calculate the 

tracer concentration from signal changes and then to quantify tissue perfusion and 

distribution volume of the tracer. There are several tracer kinetic models of the kidney, from 

simple clearance models (8,9) to dual compartment models accounting for excretion of 

tracer from renal tubules (10), to three-compartment (3C) models describing structures in the 

cortex and medulla as serially connected compartments (2,11). The 3C model provides 

values of GFR and renal plasma flow (RPF) that correlated strongly with Tc99m-DTPA 

clearance measurements in patients with renal dysfunction (12), and better precision than 

two-compartment models (13).

Overall, there is emerging consensus that IVIM and DCE-MRI techniques enable more 

complex modeling of renal water transport and function, without the limitations of 

creatinine-based eGFR (2), while being less expensive and time consuming than clearance 

methods, without radiation involved as in radionuclide renography (1). However, high 
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quality data is crucial for greater precision in parameter estimation with both techniques. 

Respiratory motion diminishes data quality during lengthy IVIM or DCE-MRI abdominal 

acquisitions. Modern algorithms for co-registration of volumetric time series (4D) data 

specifically developed for abdominal organs can be used to correct for respiratory motion 

(14,15).

Our primary objective was to study, in the clinical setting, the correlations between renal 

function parameters derived from IVIM diffusion and 3C DCE-MRI models, so as to 

determine whether IVIM related perfusion parameters might be used as surrogates of 

perfusion in the kidney. Our focus is on patients with liver disease because the evaluation of 

renal function by serum eGFR alone in patients with advanced liver disease (cirrhosis) can 

provide misleading results (2). Our secondary objective is to correlate IVIM and DCE-MRI 

metrics to renal function, as measured by serum eGFR.

 PATIENTS AND METHODS

 Patients

Eighty-four patients with chronic liver disease underwent abdominal MRI as part of a 

prospective single-center study. The project was approved by the local IRB and written 

informed consent was obtained from all subjects. Among this population, patients with 

coronal renal IVIM-DWI and DCE-MRI data and with eGFR measurement less than 90 days 

before the MRI were included in the current study. None of the patients had history of acute 

or chronic renal dysfunction. The number of patients excluded and reasons for exclusion are 

detailed in Fig. 1. Finally, 30 patients were included (M/F 20/10, mean age 58 y, range 42–

69 y) with liver disease of various etiologies [chronic hepatitis C (n=24), non-alcoholic 

steatohepatitis (n=4), chronic hepatitis B (n=1), primary biliary cirrhosis (n=1)]. Liver 

biopsy was available for 26/30 patients for evaluation of fibrosis stage and inflammation, 

according to the METAVIR (16) and Brunt (17) scoring systems. Liver cirrhosis was 

confirmed in 3 of 4 patients without biopsy, based on clinical and imaging findings (two 

were liver transplant candidates and one underwent a transjugular intrahepatic shunt 

procedure) (18). Eight patients had liver cirrhosis, and 22 were not cirrhotic. All 8 patients 

with cirrhosis had compensated cirrhosis. For all patients, eGFR was calculated by the 

Cockroft-Gault equation from serum creatinine measurements taken within 90 days of MRI 

(mean delay 30 ± 27 d, range 0–84 d).

 Image acquisition

All patients were instructed to fast for 4 hours before the MRI. Patients were imaged on a 

1.5T system (Magnetom Avanto, Siemens Healthcare, Erlangen, Germany) equipped with a 

multichannel spine and body matrix coil and 45 mT/m maximum gradient strength. Axial 

and coronal T2-weighted (T2WI) HASTE, axial fat-suppressed T2WI, axial dual-echo 

chemical shift imaging, coronal IVIM-DWI and DCE-MRI were performed.

 IVIM-DWI—A bipolar diffusion sequence with single-shot EPI readout and spectral fat 

saturation was acquired, in 17 interleaved slices covering the abdomen in the coronal plane 

(Table 1) (3). The acquisition was respiratory triggered, controlled by a 5 mm coronal 
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navigator slice placed on the dome of the liver, with an acceptance window of 2 mm. Images 

were acquired with 16 b-values (0, 15, 30, 45, 60, 75, 90, 105, 120, 135, 150, 175, 200, 400, 

600, and 800 s/mm2) in order to sample both the initial IVIM pseudodiffusion decay (b <200 

s/mm2) and the molecular diffusion decay (b ≥200 s/mm2). Each non-zero b-value was 

prescribed in three orthogonal diffusion directions, which were combined into a mean 

diffusivity-weighted image using a three-pass trace in image reconstruction.

 DCE-MRI—data consisted of 64 coronal abdominal 3D volumes acquired using a 3D 

FLASH sequence, with mean temporal resolution of 2.7 s (Table 1). A bolus of 0.05 

mmol/kg of Gd-BOPTA (gadobenate dimeglumine; MultiHance, Bracco Diagnostics Inc., 

Italy) was injected intravenously, followed by a 25 ml saline flush; both were injected at 5 

ml/s (19,20). The injection was performed with an 8 sec time delay, so that 3 of 64 

abdominal volumes were acquired before contrast injection. The total acquisition time was 

2.5–4 minutes (19). The coronal orientation and a small flip angle were selected to minimize 

aortic inflow effects. Patients were instructed to hold their breath for 40 s, and then for 

several intervals of 24 s during the DCE-MRI acquisition, with breath holds separated by 

short periods (6.6 s) of quick breathing (19).

 Image analysis

Image analysis was performed by two observers in consensus (observer 1, O.B, a MRI 

physicist with 7 years of experience, and observer 2, M.W., a body radiologist with 4 years 

of experience). Both observers were blinded to the GFR and the liver disease status of the 

patients.

 IVIM-DWI—Motion artifact in the IVIM data was corrected by affine 2D registration to 

the images of the lowest b-value, performed for each kidney separately using the locally 

developed software FireVoxel (CAI2R, New York University, New York, NY) (14) (15,21)

(Fig. 2). Freehand ROIs were delineated bilaterally, in the cortex and medulla, on two 

perihilar slices. Cortical ROIs (5–10 cm3) followed the outer contour of the kidney, avoiding 

artifacts, major vessels and lesions (Fig. 2). Medullary ROIs (Fig. 2; 3–6 ROIs/slice; 5–10 

cm3) were traced using T2-weighted anatomical images and the arterial phase of DCE-MR 

image as reference, avoiding artifacts, major vessels, lesions and renal fat. Signals were 

averaged for all voxels inside ROI of same type, and were then fitted by a Bayesian 

algorithm to the IVIM equation 1 (7), to obtain the diffusion coefficient D (10−3 mm2/s), the 

pseudodiffusion coefficient D* (10−3 mm2/s), and the perfusion fraction PF (%) (3,7). ADC 

(10−3 mm2/s) was obtained from monoexponential fit of mean ROI signal to equation 2, for 

all 16 b-values. IVIM parameters and ADC values were averaged between the two slices.

(Equation 1)

(Equation 2)
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 DCE-MRI—The cropped images for each kidney were corrected for motion artifact by 

automatic registration with manual correction, and the cortex, medulla and collecting system 

in each kidney were semi-automatically segmented into volume ROIs using a previously 

validated segmentation software (----) developed in C++ (22). The aorta at the level of the 

renal arteries was also semi-automatically segmented to measure arterial input function. The 

signal intensities averaged for the ROIs were converted to contrast concentration using the 

FLASH equation and baseline T1 values for the blood and renal tissues based on literature 

values (12) (Fig. 3). Concentration versus time curves of renal tissue were fitted in Matlab 

R2015 (Mathworks, Natick, MA) by a nonlinear least-squares algorithm to the previously 

validated three-compartment model (2,11,12). The model describes the flow of renal plasma 

with contrast agent from the aortic input to the arterial compartment (at rate RPF in ml/min), 

after which a portion of plasma is filtered at the rate of GFR into the proximal tubule and 

then loop of Henle (12). With the model, GFR, cortical and medullary RPF, and mean transit 

times (MTT) for each individual compartment and the whole kidney, can be estimated from 

contrast concentration vs. time curves of kidneys.

 Simulation of IVIM-DWI variability with offset from isocenter

It is well known that actual b-values differ from nominal b-values at the location of the 

kidneys (± 10 cm from isocenter), due to gradient non-linearity (23–25). We assumed that 

the ratio of actual to nominal b-value varies with the square of the gradient amplitude, 

according to equation 3 (23). Furthermore, we assume that this ratio at ± 10 cm from 

isocenter on the right to left axis has the same value at 1.5T as at 3T. Since gradient non-

linearity was found to be more pronounced at 3T, this is a conservative assumption (23).

(Equation 3)

For a set of population-based IVIM parameters for the medulla and cortex, we simulated 

noiseless IVIM signal at the location of the kidneys using 16 actual b-values. We then fitted 

the signal to the 16 nominal b-values used in our experiments, to obtain calculated IVIM 

parameters.

 Test-retest reproducibility of IVIM-DWI and DCE-MRI parameters

IVIM-DWI and DCE-MRI parameters were measured in 4 and 2 patients, respectively, who 

had repeat exams, 7 days apart, by the two observers acting in consensus.

 Statistical analysis

DCE-MRI parameters were compared by Spearman correlation to the IVIM parameters, for 

the right and left kidney, and for averaged values between the kidneys. Pooled medullary and 

cortical IVIM parameters and RPF for both kidneys were compared to assess whether IVIM 

parameters reflect renal perfusion. eGFR was also correlated with IVIM and DCE-MRI 

parameters. Agreement of the DCE-MRI GFR with serum eGFR was assessed by Bland-

Altman statistics. Parameters were compared between renal cortex and medulla by Mann-

Whitney test. Unpaired Mann-Whitney tests were also used to compare renal IVIM and 
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DCE-MRI parameters between patients with and without liver cirrhosis. In addition, 

coefficients of variation (CVs, in %) were used to assess test-retest reproducibility between 

repeat exams, between right and left kidney, and between IVIM parameters measured at 

isocenter and at a right/left offset from isocenter.

 RESULTS

All 30 patients analyzed for both IVIM-DWI and DCE-MRI metrics had Cockroft-Gault 

eGFR ≥40 ml/min (mean eGFR 84.6 22.7 ml/min, range 40.5–140.7 ml/min). Four patients 

had mildly impaired renal function, as denoted by eGFR <60 ml/min.

 Estimated IVIM and DCE-MRI parameters

Cortical ADC and PF (Table 2) were significantly higher than in the medulla (p=0.02 and 

p<10−5, respectively), while there was no significant difference for D and D* (p=0.47 and 

p=0.13, respectively). None of the IVIM parameters correlated significantly with eGFR. 

There was no significant difference in cortical or medullary IVIM parameters between 

cirrhotic and non-cirrhotic patients (Mann-Whitney p=0.36–0.98).

The AIF was truncated, preventing DCE-MRI quantification in 3 patients (Table 3). Thus, 

DCE-MRI parameters were obtained in 27/30 patients. DCE-MRI GFR correlated 

significantly with eGFR (r=0.49, p=0.01), but was systematically lower than the latter 

[slope=0.44, p=0.002; intercept=13.12, p=0.245; Bland-Altman mean difference −34 ml/

min, 95% limits of agreement (−72, 4) ml/min] (Fig. 4). RPF values (Table 3) were 

significantly higher in the cortex than in the medulla (p <10−6). There was also no 

significant difference in whole kidney, cortical or medullary DCE-MRI parameters between 

cirrhotic and non-cirrhotic patients (Mann-Whitney p=0.26–0.93).

 Variability of IVIM and DCE-MRI parameters

The CV of IVIM-DWI parameters in test-retest MRI exams 7 days apart, as well as between 

the left and right kidneys, are given in Table 4. Test-retest CVs in the cortex and medulla 

CV’s were less than 5% for ADC, less than 10% for D, and less than 30% for perfusion-

dependent parameters PF and D*. The cortical and medullary CV between left and right 

kidney for ADC was slightly increased over 5%, and slightly increased over 6% for D, while 

it was less than 17% for PF and less than 35% for D*.

For DCE-MRI parameters, test-retest CVs (Table 5) were under 30%, with vascular MTTA 

the least variable (CV=3.9%), and cortical RPF, the most variable (CV= 25.57%). The CVs 

between left and right kidneys (Table 5), given for all parameters except GFR (which is a 

global parameter that takes both kidneys into account), were between 10 (vascular MTTA) 

and 25% (whole kidney RPF).

 Variability of IVIM parameters with offset from isocenter

For a set of population-based IVIM parameters for the medulla [D (10−3 mm2/s), PF (%), 

D* (10−3 mm2/s), ADC (10−3 mm2/s)]=[2.0, 15, 40, 2.1], after fitting the simulated signal to 

the 16 nominal b-values used in our experiments, we obtained the following calculated 
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parameters [D (10−3 mm2/s), PF (%), D* (10−3 mm2/s), ADC (10−3 mm2/s)]=[2.1, 15.25, 

40.9, 2.2]. This resulted in CVs between population-based and calculated parameters of 

3.3% (D), 1.2% (PF), 1.5% (D*) and 4.1% (ADC). Repeating the same simulation for the 

cortex with population-based parameters [D (10−3 mm2/s), PF (%), D* (10−3 mm2/s), ADC 

(10−3 mm2/s)]=[2.2, 25, 35, 2.4], we obtained the following calculated parameters [D (10−3 

mm2/s), PF (%), D* (10−3 mm2/s), ADC (10−3 mm2/s)]=[2.3,25.42,37.1,2.5], with CVs of 

3.6% (D), 1.2% (PF), 4.1% (D*) and 4.1% (ADC), all below test-retest CVs.

 Correlation between IVIM and DCE-MRI parameters

DCE-MRI GFR (Fig. 5) showed significant but modest correlation with D and ADC of the 

cortex (D: r=0.3, p=0.03, ADC: r=0.28, p=0.04) and medulla (D: r=0.27, p=0.05, ADC: 

r=0.34, p=0.01). RPF correlated significantly with PF and ADC for pooled cortical and 

medullary data (Fig. 5; PF r=0.32, p=10−3, ADC r=0.29, p=0.0025). Cortical RPF correlated 

with ADC (r=0.35, p=0.009), and D (r=0.29, p=0.032), but not with PF. Significant negative 

correlation (Fig. 5) was observed between vascular MTT and cortical D* (r = −0.38, 

PF=0.004) and D*×PF (r = −0.34, p=0.01).

 DISCUSSION

Previous studies have attempted to elucidate the relationship between functional MRI 

measures of renal perfusion, diffusion and renal function (2,6,11,12,26,27). While these 

studies focused on validation and use of either IVIM-DWI or DCE-MRI in the context of 

renal dysfunction, our study sought to identify areas of overlap and redundancy of the two 

techniques. Both IVIM-DWI and DCE-MRI examine renal perfusion, although from 

different aspects (i.e. the effect of blood perfusion on diffusion, versus vascular transport of 

a filterable tracer). Strong correlation between PF measured by IVIM-DWI and DCE-MRI 

measures of perfusion (RPF) or filtration (GFR) would promote use of IVIM-DWI as an 

alternative to DCE-MRI.

IVIM-DWI is well suited to characterize diffusion in highly vascular organs such as the 

kidney by separating molecular diffusion dependent on tissue structure (D) from 

pseudodiffusion (D*), dependent on capillary blood velocity. A major challenge to acquiring 

high-quality DWI data is respiratory motion (1,7). Although our acquisitions have used 

respiratory triggering to minimize motion artifact, we found coregistration in post-

processing was still necessary. Our experience is in accordance to a previous study (7), 

which showed that a respiratory-triggered IVIM-DWI acquisition does not entirely 

compensate for respiratory motion in the kidneys.

The renal IVIM parameters obtained in this study were in accordance with a previous study 

using the Bayesian fit in subjects with normal kidney function and similar range of b-values 

(7). In other studies of renal IVIM-DWI, parameters were obtained by least-square fitting to 

the IVIM equation (4,5,26), which describes the signal as a fast pseudodiffusion exponential 

decay of the vascular fraction PF, dominant at low b-values (b<45 s/mm2), and a slow 

exponential decay with constant D of the non-vascular spins, dominant at large b-values (b> 

200 s/mm2 for the kidney) (5). Unlike least-square fitting algorithms, which minimize the 

residual between the data and the model, Bayesian fitting uses prior distributions of the 
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parameters to determine a joint posterior probability over all parameters, for the given data. 

Thus, Bayesian fitting methods provide the probability density function, and thus an 

estimate of uncertainty for each IVIM parameter, rather than a global coefficient of 

determination. Previous studies showed that Bayesian fitting is more robust and more 

accurate for estimating perfusion-dependent parameters than least squares fitting (3,28,29).

We obtained significantly higher PF and ADC in the cortex than in the medulla, which is 

expected, as the perfusion effect is more prominent in the more vascularized cortex. Higher 

cortical ADC was observed in two previous studies (5,7), while another study showed higher 

medullary PF (5). We did not observe significantly higher cortical D or D*, as in previous 

studies (5,7). These discrepancies between studies are possibly due to differences in b-

values, fitting methods [least squares (5) vs Bayesian (7)], and patient populations [healthy 

volunteers (7) vs. patients with wide range of serum eGFRs (5)].

DCE-MRI parameters measured in our study were in agreement with previous studies using 

the three-compartment model (12). A significantly higher RPF in the cortex compared to the 

medulla is expected for the more vascularized cortex. A three-compartment model was 

chosen, rather than simpler models (Patlak plot, whole-kidney or dual compartment) because 

it permits separation of cortical and medullary function, and was previously shown to 

provide information on renal tubular function, and to differentiate between acute rejection 

and acute tubular necrosis of renal allografts (27). Like previous investigators, we found that 

the model–derived GFR was systematically lower than serum eGFR (2). Previous 

comparisons against reference nuclear-medicine measurements found that the model-derived 

GFR was lower than the reference GFR (12), but was still more accurate than eGFR 

estimated from serum creatinine (2). Possible explanations of the lower GFR from DCE 

MRI include: 1) over-estimation of GFR by serum creatinine measurements, especially in 

patients with liver disease (2); 2) limitations of the three-compartment model, such as the 

simplified three-compartment description of a complex system, neglecting the effect of intra-

extravascular water exchange, and flow effects in the aorta (12).

The high standard deviation in RPF observed in our patient cohort is consistent with similar 

high uncertainty observed by Zhang et al. in their small group of patients (12). RPF also had 

the highest test-retest and right to left kidney CVs among DCE-MRI parameters. The high 

uncertainty/variability of RPF may be due to: 1) high patient-to-patient and right-left kidney 

physiological variation in renal perfusion, and 2) indirect quantification of the AIF, or 

concentration of tracer in the aorta, from signal intensity in the aorta, which can be affected 

by several MR artifacts, such as inflow effect (minimized in coronal orientation), dephasing, 

partial-volume effect, signal saturation and flow pulsation (1,12).

IVIM parameters derived for our patient group did not correlate significantly with serum 

eGFR. However, there was significant, but modest positive correlation of DCE-MRI GFR 

with cortical and medullary D and ADC, which reflect renal structure. The observed 

relationship between GFR and IVIM parameters is consistent with another study with a 

larger number of patients and broader range of eGFR (5). In this previous study, significantly 

lower cortical ADC, D*, and D (5), and medullary D and D* were observed in patient 
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groups with eGFR ranges of 10–80 ml/min, compared to a control group with normal renal 

function (eGFR> 80 ml/min).

DCE-MRI RPF and IVIM-DWI PF parameters that characterize capillary perfusion, showed 

a modest, but significant correlation, for the cortical and medullary data analyzed together. 

The correlation was not reproduced for PF in the cortex data alone. The correlation between 

RPF and ADC (for combined data and for the cortex alone) highlights the effect of perfusion 

on ADC, especially in the well-vascularized cortex. The correlation between RPF and D in 

the cortex was too modest to infer that there is an effect of cortical structure/diffusion on 

renal plasma flow. Of note, the significant correlations between vascular MTT with D* and 

D*×PF (a more robust perfusion parameter than D*), although modest, suggest that slow 

arterial flow (long vascular MTT) is associated with slower perfusion-dependent decay of 

the diffusion signal. The modest correlations observed between IVIM-DWI and DCE-MRI 

parameters do not support the hypothesis that IVIM-DWI parameters can be used as 

surrogates of DCE-MRI perfusion measurements in the kidney. This precludes the use of 

IVIM-DWI examination as an alternative to DCE-MRI in patients with contraindications to 

gadolinium injection.

Our study had several limitations. Our sample size was small, with the majority of patients 

with normal kidney function (eGFR>60 ml/min, except in four patients, with eGFR between 

40 and 60 ml/min). Furthermore, eGFR was measured at a mean of 30 days from the MRI 

exam, during which values may fluctuate. Because the DWI acquisition was 2D, and the 

DCE-MRI acquisition was 3D, precise co-registration of the two data sets was not possible. 

Compared to dedicated renal acquisitions, the coverage of the kidneys was further limited 

with both abdominal IVIM-DWI and DCE-MRI acquisitions, e.g. 4–10 slices that permitted 

registration and segmentation of the kidneys. To convert signal to contrast concentration in 

DCE-MRI analysis, we used literature values of pre-contrast T1 for blood, renal cortex and 

renal medulla, since such measurements were not available. For the IVIM-DWI acquisition, 

the difference between actual and nominal b-value due to gradient non-linearity with offset 

from isocenter is a well-known limitation. However, our simulation results showed the CV 

due to b-value difference to be smaller than those obtained between right and left kidneys 

and below test-retest CV. Lastly, the IVIM model does not distinguish between blood flow 

and water reabsorption in the renal tubules. A more complex diffusion model is needed to 

describe renal tubule transport with comparable details to the three-compartment DCE-MRI 

model.

In conclusion, we observed modest correlations at best between IVIM-DWI and DCE-MRI 

in the renal cortex and medulla, which suggests that these techniques are complementary and 

not redundant. A study in a larger number of patients with a wider range of GFRs is needed 

to validate or invalidate our findings.
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 Abbreviations

ADC apparent diffusion coefficient

D diffusion coefficient

D* pseudo diffusion coefficient

DCE-MRI dynamic contrast-enhanced MRI

DWI diffusion-weighted imaging

eGFR estimated glomerular filtration rate

IVIM intravoxel incoherent motion

MDRD modification of diet in renal disease

MTT mean transit time

MTTA vascular compartment mean transit time

MTTP proximal tubule mean transit time

MTTL loop of Henle mean transit time

PF perfusion fraction

RPF renal plasma flow
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Fig. 1. 
Flow-chart showing selection of patients for renal DCE-MRI and IVIM-DWI analysis. 

Patients were selected according to coronal IVIM and DCE-MRI orientation, and an interval 

between serum creatinine measurement and MRI <90 days.
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Fig. 2. 
Left: IVIM-DWI abdominal images for b-values 15, 200 and 800 s/mm2 in a 52 year-old 

male patient with eGFR of 112ml/min. Middle: Whole kidney, cortex and medulla ROIs 

outlined on b=0 and fitted IVIM signal curves. Right: Fitted IVIM-DWI curves.
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Fig. 3. 
Left: Baseline (top) and arterial/cortical phase (bottom) DCE-MRI abdominal images in 64 

year-old male with serum eGFR of 57 ml/min and DCE-MRI GFR of 51 ml/min. Middle: 

Cortex and medulla segmentation. Right: Fitted medulla and cortex concentration curves, 

with arterial input function (AIF).
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Fig. 4. 
Correlation plot of DCE-MRI derived GFR with serum GFR. DCE-MRI underestimates 

serum GFR. Left: Correlation plot; the dotted line represents the unity line. Right: Bland-

Altman plot, showing a bias of −34 ml/min and 95% limits of agreement (−72, 4) ml/min.
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Fig. 5. 
Correlation plot of IVIM-DWI metrics with DCE-MRI metrics. DCE-MRI GFR is modestly 

correlated to D and ADC in the cortex and medulla (top). Perfusion fraction (PF) and 

apparent diffusion coefficient (ADC) are moderately correlated with renal plasma flow 

(RPF) for pooled cortical and medullary data (middle). Mean vascular transit time (MTTA) 

is negatively correlated with the pseudo-diffusion coefficient D* and its product with 

perfusion fraction, D*× PF (bottom).
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Table 1

MRI pulse sequence parameters for T2-weighted (T2WI) HASTE, for intravoxel-incoherent motion diffusion-

weighted imaging (IVIM-DWI) and dynamic contrast-enhanced MRI (DCE-MRI).

T2 HASTE IVIM-DWI DCE-MRI

Sequence type HASTE 2D EPI 3D GRE

Orientation Coronal Coronal Coronal

TR (ms) 900 3000 2.67

TE (ms) 87 74 0.94

Flip Angle 150° 90° 12°

FOV (mm2) 350 × 350 370 × 270 400 × 400

Matrix 320 × 320 160 × 128 192 × 121

Slice thickness (mm) 7 8 4

Interpolated voxel size (mm3) 1.1 × 1.1 × 7 2.3 × 2.9 × 8 1.04 × 1.04 × 4

Number of slices 20 17 36

Acceleration GRAPPA R=2 GRAPPA R=2 GRAPPA R=3

Acquisition time 1 min: 14 s 10:54 ± 4:38 min 3:20 min
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Table 2

IVIM-DWI parameters (mean ± SD) including perfusion fraction (PF), diffusion coefficient (D), 

pseudodiffusion coefficient (D*), and ADC of renal cortex and medulla measured in 30 patients. Right and left 

kidney metrics values are averaged.

PF D D* ADC

Cortex 21.45 ± 5.48* 2.12 ± 0.25 33.26 ± 24.04 2.36 ± 0.21

Medulla 16.42 ± 5.94 2.08 ± 0.21 38.56 ± 18.94 2.27 ± 0.22

p^ 1.8 10−6 0.5 0.13 0.02

^
Mann-Whitney test (significant p-values are bolded)

PF: perfusion fraction (%), D: diffusion coefficient (10−3 mm2/s), D*: pseudo diffusion coefficient (10−3 mm2/s), ADC: apparent diffusion 

coefficient (10−3 mm2/s)
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Table 3

Estimated renal perfusion and flow parameters measured with DCE-MRI. Values represent the mean of 

parameters in the right and left kidney, except for global GFR, which is the sum of right and left kidney GFR. 

Whole kidney MTT= MTTA+ MTTP+ MTTL. Whole kidney RPF is the sum of medulla and cortex RPF. 

MTTA: vascular compartment MTT, MTTP: proximal tubule MTT, and MTTL: loop of Henle MTT.

RPF (ml/min) MTT (s) GFR (ml/min)

Kidney 150.21 ± 85.57 117.88 ± 27.20 49.64 ± 17.97

RPF (ml/min) MTTA (s) MTTP (s)

Cortex 121.06 ± 73.37* 11.19 ± 2.04 69.76 ± 21.19

RPF (ml/min) MTTL (s)

Medulla 33.91 ± 16.79 39.71 ± 12.55

*
Denotes significantly higher values (Mann-Whitney test, p <0.05).
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Table 4

Coefficient of variation (CV, in %) denoting variability of renal IVIM-DWI parameters in MRI exams repeated 

within 7 days (n=4) and between right and left kidney at initial exam (n=30).

Test-retest CV (%) n=4

PF D D* ADC

Cortex 22.4 7.0 22.9 2.6

Medulla 22.3 5.8 26.3 3.5

Right-left kidney CV (%) n=30

PF D D* ADC

Cortex 14.6 6.4 26.85 5.6

Medulla 15.4 6.5 35.5 5.5
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Table 5

Coefficient of variation (CV, in %) denoting variability of renal DCE-MRI parameters in MRI exams repeated 

within 7 days (n=2) and between right and left kidney at initial exam (n=27).

Test-retest CV (%) n=2

RPF (ml/min) MTT (s) GFR (ml/min)

Kidney 22.7 15.7 22.4

RPF (ml/min) MTTA (s) MTTP (s)

Cortex 25.5 3.9 9.5

RPF (ml/min) MTTL (s)

Medulla 16.3 23.5

Right-left kidney CV (%) n=27

RPF (ml/min) MTT (s) GFR (ml/min)

Kidney 25.2 15.8 N/A

RPF (ml/min) MTTA (s) MTTP (s)

Cortex 24.0 11.4 23.6

RPF (ml/min) MTTL (s)

Medulla 17.4 20.9
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