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Purpose: To determine the appropriateness of statistical models using the truncated Gaussian 
distribution and gamma distribution for diffusion signal decay, and to assess the correlation 
between the parameters obtained from the statistical models and estimated glomerular filtration 
rate (eGFR).

Methods: Twenty-nine patients with chronic kidney disease and 21 healthy volunteers were 
included and classified in four groups according to eGFR (ml/min/1.73 m2): group 1 (90 ≤ eGFR, 
n = 10), group 2 (eGFR 60–90, n = 15), group 3 (eGFR 30–60, n = 17), and group 4 (eGFR < 30, 
n = 8). Diffusion-weighted imaging using five b-values (0, 500, 1000, 1500, and 2000 s/mm2) was 
performed. Truncated Gaussian and gamma models were compared for goodness of fit. Area frac-
tions for the diffusion coefficient D < 1.0 × 10-3 mm2/s (Frac < 1.0) and D > 3.0 × 10-3 mm2/s (Frac > 
3.0) obtained from the statistical model were compared among four groups. Correlation between pro-
posed parameters and conventional apparent diffusion coefficient (ADC) with eGFR was calculated.

Results: There was no significant difference in goodness of fit between the truncated Gaussian 
and gamma models. Frac < 1.0 and Frac > 3.0 showed good correlation with eGFR, as did ADC. 
Comparison between groups 1 and 2 showed that only Frac < 1.0 in both distribution models had 
significant differences.

Conclusion: Statistical models yield robust interpretation of diffusion magnetic resonance 
(MR) signals with relevance to histological changes in the kidney. The parameters of the statistical 
models, particularly Frac < 1.0, strongly correlated with eGFR.
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Introduction
Pathophysiological changes observed in chronic 

kidney disease (CKD) include interstitial fibrosis, 
decreased blood flow, and consequently, ischemia 
of the tubulointerstitium.1 Although CKD is a rela-
tively frequent disorder worldwide, the gold standard 
for diagnosis is the performance of biopsies, while 

diagnostic imaging remains a challenge. The only 
established imaging modality for the assessment of 
renal function is radioisotope scintigraphy. Although 
scintigraphy allows assessing glomerular filtration 
rate (GFR)—as an indicator of renal function—of 
both kidneys separately, it leads to radiation expo-
sure, and does not allow the concurrent assessment of 
morphological changes.

Magnetic resonance imaging (MRI) has been 
recently reported as a useful method for the assessment 
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obtained from all participants. In total, 33 patients 
clinically diagnosed with CKD at our institute were 
recruited for participation in this study between January 
2014 and March 2015. Twenty-one healthy volunteers 
without renal disorders were also recruited during the 
same period. Of the 33 patients, three were excluded 
from the study population because of severe motion 
artifacts on DWI (n = 1), abnormal high intensity on 
the left renal cortex (n = 1), and atrophy of the left 
kidney (n = 1), respectively. The latter two cases were 
excluded, because the present study was performed on 
the assumption that the kidney function was bilater-
ally uniform. An additional patient, who complained 
of claustrophobia and did not complete MRI examina-
tion, was also excluded. Finally, 29 patients (17 men 
and 12 women; mean age, 65.3 ± 13.0 years) and 21 
healthy volunteers (12 men and 9 women; mean age, 
49.4 ± 20.1 years) were enrolled. None of the patients 
had hydronephrosis or underwent nephrectomy.

Serum creatinine levels were measured for all partic-
ipants. eGFR was calculated using the Modification of 
Diet in Renal Disease formula, which is recommended 
by the Japanese Society of Nephrology. The mean of 
eGFR was 43.3 ± 21.5 ml/min/1.73 m2 for patients and 
85.4 ± 15.3 ml/min/1.73 m2 for volunteers. The mean 
interval between blood test and MR examination was 
12.8 days for patients and 66.4 days for volunteers. 
According to the clinical stages of CKD,11 the study 
population was divided in four groups based on eGFR 
(ml/min/1.73 m2): group 1, eGFR ≥ 90 (normal or high, 
n = 10); group 2, 60 ≤ eGFR < 90 (mildly decreased, n 
= 15); group 3, 30 ≤ eGFR < 60 (moderately decreased, 
n = 17); and group 4, eGFR < 30 (severely decreased or 
kidney failure, n = 8). A summary of patient character-
istics for each group is shown in Table 1.

MRI
All MRI examinations were performed using a 3T 

MRI scanner (Achieva 3T, Philips Medical Systems, 
Best, the Netherlands) with a 32-channel phased-array 
coil. DWI was performed using single-shot echo planar 
imaging with three orthogonal diffusion sensitization 
directions, and five b-values (0, 500, 1000, 1500, and 

of pathophysiological changes in impaired kidneys. 
In particular, diffusion-weighted imaging (DWI) was 
reported as a potential MRI modality for the evalua-
tion of renal function.2–6 Several studies have revealed 
that apparent diffusion coefficient (ADC) of the kidney 
obtained using the monoexponential model correlates 
well with the estimated GFR (eGFR).2,3 In addition, 
a recent report by Zhao et al. has demonstrated the 
relation between ADC and eGFR as well as between 
ADC and histological fibrosis, in CKD patients.2 
However, the ADC approach may be insufficient for 
describing in vivo proton diffusion, because the ADC 
monoexponential model does not take into account the 
heterogeneous biological structures that interfere with 
free diffusion. 

The statistical model of Yablonskiy et al. is a 
non-monoexponential model of DWI, which presumes 
the continuous distribution of diffusion coefficients 
within an imaging voxel, potentially providing phys-
iological information, as demonstrated in the human 
brain.7,8 They used the truncated Gaussian distribu-
tion as a form of diffusion coefficient distribution in 
their brain studies. However, recently Oshio et al. and 
Shinmoto et al. reported the application of a statistical 
model using gamma distribution for prostate cancer.9,10 
In their reports, the histological interpretation of diffu-
sion data seemed possible by introducing the concept of 
area fractions for diffusion coefficients D < 1.0 × 10−3 
mm2/s and D > 3.0 × 10−3 mm2/s as parameters that rep-
resent restricted diffusion and perfusion, respectively. 
In this study, we performed DWI examinations using 
statistical models to assess renal function, with the aim 
of determining the appropriateness of models with two 
different distributions (i.e., truncated Gaussian and 
gamma distributions) for diffusion signal decay in the 
kidney, and to correlate the parameters obtained from 
the statistical models with renal function.

Materials and Methods
Patients

This study was approved by the Institutional Clinical 
Research Ethics Board. Written informed consent was 

Table 1. Baseline data for the four subject groups

Group 1 Group 2 Group 3 Group 4

Number of subjects 10 15 17 8

Male 3 9 11 5

Female 7 6 4 3

Age (years) 41.5 ± 14.7 55.1 ± 19.6 67.4 ± 10.2 68.1 ± 16.0

eGFR (ml/min/1.73 m2) 99.69 ± 1.31 74.4 ± 8.64 46.6 ± 8.96 17.8 ± 8.08

Data are indicated as mean ± standard deviation. eGFR, estimated glomerular filtration rate.
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2000 s/mm2). DWI was acquired in the transverse 
plane to cover the entire kidneys bilaterally, with free 
breathing acquisition. Other parameters were as fol-
lows: repetition time (TR)/echo time (TE), 7500/73 
ms; scan time, 787.5 s; 5 mm slice thickness with a 0.5 
mm gap; motion probing gradient, 3 axes; field of view 
(FOV), 380 mm × 380 mm; matrix size, 256 × 256; and 
sensitivity encoding (SENSE), 2. To obtain anatomi-
cal information, MR images were acquired using the 
following parameters: axial and coronal T2-weighted 
single-shot fast spin-echo (SSFSE) images [TR/TE, 
infinite/100–152 ms; 5 mm slice thickness without gap; 
matrix size, 304 × 159 (zero-filled interpolation, ZIP 
640), or 320 × 190 (ZIP 512); SENSE, 2]; and axial 
three-dimensional (3D) fast-field echo T1-weighted 
images with fat suppression [TR/TE, 2.90–3.07/1.40–
1.47 ms; 4 mm (ZIP 2 mm) slice thickness; and matrix 
size, 252 × 214 (ZIP 400)].

Image analysis
Two experienced radiologists analyzed the MR 

images. Following a consensus among the radiologists, 
three regions of interest (ROIs) were placed in the cortex 
of the right kidney on DWI (b = 0 s/mm2). Then, signal 
intensities were measured for each b-value (b = 500, 
1000, 1500, and 2000 s/mm2) using a copy-paste oper-
ation. Examples of the ROIs are shown in Fig. 1a. The 
average of measured signal intensities versus b-value 
curves was fitted to both the truncated Gaussian and 
gamma models with a nonlinear least squares method, 
using the conjugate gradient method.

Equation (1) shows the truncated Gaussian distribu-
tion function7,8:

	 ρ(D) = Aexp[−(D − Dm)2/2σ2] (1)

where A is the normalization constant, Dm is the dis-
tribution maximum, and σ is the width of distribution 
(only for the condition of D > 0). 

Equation (2) shows the diffusion signal S when 
the distribution of D follows the truncated Gaussian 
distribution function shown in Eq. (1).
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where Φ is the error function.
Eq. (3) shows the gamma distribution function9,11 

as follows: 
	 ρ(D) = ADα−1exp(−βD) (3)

where A is the normalization constant, and α and β 
are the shape and rate parameters, respectively; while 
α/β and α/β2 represent the mean and variance of the 
gamma distribution, respectively. 

Eq. (4) shows the diffusion signal S when the distri-
bution of D follows the gamma distribution function 
shown in Eq. (3).
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Conventional ADC was determined from two 
b-values (i.e., 0 and 1000 s/mm2) using the monoexpo-
nential model as a reference.

Signal-to-noise ratio (SNR) of the renal cortex was 
calculated from DWI at a b-value of 2000 s/mm2. Since 
a parallel imaging technique was applied, the mean of 
the standard deviation (SD) of the signal intensity (SI) 
in the right erector spinae muscle was used as back-
ground noise.12 The area of ROI for noise was larger 
than 50 mm2. SNR calculation is shown in Eq. (5). 

SNR =  
SI in the renal cortex
mean SD of SI in the right erector 
spinae muscle (5)

Fig. 1. (a) Three regions of interest were placed along the renal cortex on diffusion-weighted images with b-value of  
0 (s/mm2). (b, c) Anatomical information was obtained from axial T1-weighted images with fat suppression, and axial 
T2-weighted images.
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Statistical analysis
The goodness of fit of the truncated Gaussian and 

gamma models was compared applying the F test using 
R2 values for each fit in the entire group and subgroups. 
The area fractions for D < 1.0 × 10−3 mm2/s (Frac < 
1.0), and D > 3.0 × 10−3 mm2/s (Frac > 3.0) in the trun-
cated Gaussian and gamma models, respectively, were 
determined. Correlation coefficients (r) between ADC 
and eGFR, and between the proposed area fractions 
(Frac < 1.0 and Frac > 3.0) and eGFR were calculated 
in each model using Spearman’s rank correlation coeffi-
cient. Strength of correlation was interpreted according 
to Colton’s guideline: 0 < |r| < 0.25, weak or no correla-
tion; 0.25 ≤ |r| < 0.50, fair correlation; 0.50 ≤ |r| < 0.75, 
moderate correlation; 0.75 ≤ |r| ≤ 1, strong correlation.13

The parameters obtained from the truncated Gaussian 
and gamma models, as well as from ADC for groups 
2–4 were compared to those of group 1 (eGFR ≥ 90  
ml/min/1.73 m2), using the Kruskal-Wallis test with 
post hoc Steel test.

A P value <0.05 was considered statistically signif-
icant in all analyses. The Kruskal-Wallis test with post 
hoc Steel test was performed using JMP 11 (v11.2.0, 
SAS Institute Inc., Cary, North Carolina, USA). All 
other statistical analyses were performed using MedCalc 
(v11.6.2.0, MedCalc Software, Mariakerke, Belgium).

Results
The mean and SD for ROI size was 51.8 ± 5.35 mm2. 

The mean and SD for SNR with b-value of 2000 s/mm2 for 
renal cortex was 33.7 ± 10.6. Fig. 2 shows the probability 
density function of D in statistical models using the trun-
cated Gaussian and gamma distributions. The two curves 
in each distribution model represent the probability density 
function of D for a typical CKD patient and a healthy vol-
unteer. The distribution of D was lower for CKD patients 
than for healthy volunteers in each distribution model.

Curve fitting for the truncated Gaussian and gamma 
models in the same subjects is shown in Fig. 3.  

Fig. 2. Probability density functions (PDFs) of the diffusion coefficient (D) in statistical models using truncated Gaussian 
distribution (a), and gamma distribution (b). The PDF for a healthy volunteer is shown as a solid curve line, while that for a 
patient with typical chronic kidney disease (CKD) is shown as a dotted curve line. Distribution of D for the CKD patient is 
lower than for the healthy volunteer in both models. eGFR, estimated glomerular filtration rate.

Fig. 3. The graph shows the curve fits for the truncated Gaussian (a) and gamma (b) models in a healthy volunteer, and a 
patient with typical chronic kidney disease (CKD). Subjects are the same as in Fig. 2. Curve fitting in each model and for each 
subject are reasonably good, with negligible differences between the truncated Gaussian and gamma models.
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Table 2. Comparison of fitting results between the truncated gaussian and gamma models

Model R2 value F vs. gamma P value

Entire group Truncated Gaussian 0.99992 0.9865 0.47

Gamma 0.99992 — —

Group 1 Truncated Gaussian 0.99990 1.4857 0.19

Gamma 0.99992 — —

Group 2 Truncated Gaussian 0.99992 0.7354 0.2

Gamma 0.99990 — —

Group 3 Truncated Gaussian 0.99994 0.8709 0.35

Gamma 0.99993 — —

Group 4 Truncated Gaussian 0.99990 1.2033 0.36

Gamma 0.99992 — —

P < 0.05 is considered statistically significant after applying the F test using R2 value.

R2 values for curve fitting in the entire study popula-
tion were 0.99992 for the truncated Gaussian model, 
and 0.99992 for the gamma model (P = 0.47). The 
fitting results for the overall study population and for 
each group are shown in Table 2. Statistical models 
with both distribution functions provided a reasonably 
good curve fitting, with no significant differences in 
the goodness of fit between the two distribution models 
for the overall population and for each group.

A summary of the parameters obtained from the 
truncated Gaussian model, the gamma model, and 
conventional ADC for each group are shown in 
Table 3. In the truncated Gaussian model, Frac < 1.0 
was significantly greater for groups 2 (9.25 ± 0.93%), 
3 (10.3 ± 1.71%), and 4 (13.8 ± 1.90%) than for group 
1 (7.72 ± 0.75%). Frac > 3.0 was significantly lower 
for group 4 (33.5 ± 9.56%) than for group 1 (56.0 
± 7.29%), while groups 2 (51.3 ± 3.65%, P = 0.31)  

Table 3. Parameters of statistical models and conventional ADC in each group

Group 1 Group 2 Group 3 Group 4

eGFR (ml/min/1.73 m2) 90 ≤ eGFR 60 ≤ eGFR < 90 30 ≤ eGFR < 60 eGFR < 30

Statistical model 

Truncated Gaussian distribution

Frac <1.0 (%) 7.72 ± 0.75 9.25 ± 0.93* 10.3 ± 1.71* 13.8 ± 1.90*

P — <0.01 <0.01 <0.01

Frac >3.0 (%) 56.0 ± 7.29 51.3 ± 3.65 48.56 ± 8.45 33.5 ± 9.56*

P — 0.31 0.09 <0.01

Gamma distribution

Frac <1.0 (%) 8.16 ± 1.31 10.1 ± 1.13* 11.3 ± 2.13* 15.6 ± 2.64*

P — <0.01 <0.01 <0.01

Frac >3.0 (%) 53.6 ± 6.76 49.3 ± 3.27 47.4 ± 7.61 34.3 ± 7.86*

P — 0.31 0.18 <0.01

Conventional ADC (×10–3 mm2/s) 2.16 ± 0.13 2.05 ± 0.09 1.97 ± 0.14* 1.71 ± 0.13*

P — 0.09 <0.01 <0.01

Data are indicated as mean ± standard deviation. P < 0.05 is considered statistically significant after applying Kruskal–Wallis 
test with post hoc Steel test. *P < 0.05 versus group 1. ADC, apparent diffusion coefficient; GFR, estimated glomerular 
filtration rate.
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and 3 (48.56 ± 8.45%, P = 0.09) showed no sig-
nificant differences compared to group 1 (56.0 ± 
7.29%).

Statistical analysis for the gamma model showed 
similar results. Frac < 1.0 was significantly greater 
for groups 2 (10.1 ± 1.13%), 3 (11.3 ± 2.13%), and 4 
(15.6 ± 2.64%) than for group 1 (8.16 ± 1.31%). Frac 
> 3.0 was significantly lower only for group 4 (34.3 ± 
7.86%) compared to group 1 (53.6 ± 6.76 %).

ADC was significantly lower for groups 3 (1.97 ± 
0.14 × 10−3 mm2/s) and 4 (1.71 ± 0.13 × 10−3 mm2/s) 
than for group 1 (2.16 ± 0.13 × 10−3 mm2/s); while 
group 2 (2.05 ± 0.09 × 10−3 mm2/s, P = 0.09) showed 
no statistical significant differences.

The relations between parameters in each model 
and eGFR are shown in Fig. 4. All parameters showed 
a significant correlation (P < 0.05) with eGFR. In par-
ticular, a strong correlation was found for Frac < 1.0 

Fig. 4. (a, b) Relation of Frac < 1.0 and Frac > 3.0 to 
estimated glomerular filtration rate (eGFR) in a statistical 
model with truncated Gaussian distribution. (c, d) Repre-
sentation of the same relation in a statistical model with 
gamma distribution. (e) Correlation plot between apparent 
diffusion coefficient (ADC) and eGFR. Correlation coeffi-
cients (r) are shown for each plot. Frac < 1.0 in the truncated 
Gaussian (a) and gamma (c) models shows a strong correla-
tion with eGFR. A moderate correlation also exists between 
ADC and eGFR.
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in both distribution models. Although ADC obtained 
from the monoexponential model also showed a 
moderate positive correlation (r = 0.73), Frac < 1.0 
showed a trend towards a strong negative correlation 
with eGFR, which was stronger than that with ADC 
(truncated Gaussian model, r = –0.81; gamma model, 
r = –0.79).

Discussion
The statistical model of Yablonskiy et al. is a 

non-monoexponential model of DWI that was first 
applied to the brain.7,8 Until recently, there were few 
studies on DWI using statistical models. However, 
Oshio et al. recently applied statistical models using 
gamma distribution for prostate cancer, and introduced 
the concept of area fractions for D < 1.0 ×10–3 mm2/s 
(Frac < 1.0) and D > 3.0 ×10–3 mm2/s (Frac > 3.0), as 
parameters representing restricted diffusion and per-
fusion, respectively.9,10 In the current study we have 
found that both Frac < 1.0 and Frac > 3.0 had strong 
and moderate correlation with eGFR, respectively.

Zhao et al. reported that ADC for the renal cortex 
showed a significant correlation with histopathological 
fibrosis scores and eGFR.2 The relation between ADC 
and renal fibrosis in a murine model was also reported 
by Togao et al.14 According to their report, ADC can be 
an efficient parameter for monitoring the progression 
of renal fibrosis.14 They also suggested that the pre-
dominant cause of lower ADC in fibrotic kidneys is a 
higher density of cells, including myofibroblasts pres-
ent in the interstitial space, as typically observed during 
renal fibrogenesis.14 Deposition of collagen fibers is 
also considered a possible cause that interferes with the 
Brownian motion of water, although this remains con-
troversial.15–18 Therefore, when statistical models are 
applied for the analysis of DWI findings for the kidney, 
Frac < 1.0 could be considered an index of fibrosis in 
the impaired kidney. 

To our knowledge, the present study is the first 
report on DWI of the kidney using statistical models 
in patients with CKD. Care should be taken to not con-
fuse the distribution functions of D proposed by statis-
tical models, with ADC histogram analysis. Histogram 
analysis of ADC is a simple voxel-based analysis that 
uses a frequency distribution chart, and assumes spe-
cific ADC values in each voxel. On the other hand, 
statistical models are non-monoexponential models of 
DWI that presume continuous distribution of D within 
an imaging voxel, and are not a mere chart analysis. 
Therefore, the curves shown in Fig. 2 are not frequency 
distribution charts, but probability density functions of 
D, led by Eqs. (1) and (3).

In this study, fitting results for the two statistical 
models (i.e., truncated Gaussian and gamma models) 

showed a notable good fit with the diffusion signal 
decay in the renal cortex. There was no significant dif-
ference in the goodness of fit between these two models 
in the present study. Previous studies have shown 
that the gamma model offered a better fit in prostate 
cancer compared to the truncated Gaussian model.9,10 
However, Shinmoto et al. described that there were 
no significant differences in curve fitting between the 
truncated Gaussian and gamma models in benign pros-
tatic hypertrophy and the healthy peripheral zone of the 
prostate.10 The reason for this difference was hypoth-
esized in that the distribution of D in prostate cancer 
was strongly skewed toward the lower D values com-
pared to benign prostatic hypertrophy and the healthy 
peripheral zone.10 Our results can also be understood in 
terms of the distribution of D. This is, the distributions 
of D in healthy and impaired kidneys might be rela-
tively even or skewed toward lower D values, but not 
as much as in prostate cancer.

Various MRI techniques, including DWI with 
monoexponential and intravoxel incoherent motion 
(IVIM) models, diffusion tensor imaging, blood 
oxygen level-dependent MRI, and arterial spin labeling 
have been reported as noninvasive approaches for the 
evaluation of renal function.2–6,19–21 In particular, ADC 
has been widely used in functional MRI of the kidney.2–4 
As mentioned previously, a recent report by Zhao  
et al. revealed that renal ADC values strongly correlated 
with eGFR and histological measures of fibrosis.2 In 
addition to the monoexponential model, Ichikawa et al. 
described the relation between eGFR and parameters 
calculated using the IVIM model.5 They reported that 
as renal dysfunction progresses, fast diffusion compo-
nent (i.e., perfusion component) may be decreased at an 
earlier stage compared to slow diffusion components in 
the renal cortex. In contrast, the present study showed 
that only Frac < 1.0, which represents restricted diffu-
sion, presented significant differences between group 1 
(i.e., normal kidney function) and group 2 (i.e., slightly 
impaired eGFR), which means that Frac < 1.0 was the 
most sensitive to an early decline in renal function 
compared to Frac > 3.0 (i.e., perfusion component) and 
ADC. Although, the results of the previous research 
using the IVIM model by Ichikawa et al.5 and that of 
the present study using the statistical model vary, the 
specific reason for this difference is still unclear, and 
further research and analysis will be needed.

Physiological processes other than perfusion, such 
as urine flow, occur in the renal tubule. Although urine 
flow in the renal tubule may slightly contribute to Frac 
> 3.0, considering the volume of urine flow versus that 
of renal artery blood flow, Frac > 3.0 is deemed to be 
affected mainly by perfusion. According to recent MR 
research by Khatir et al., the renal blood flow of the 
whole kidney was reduced in CKD patients compared 
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to the healthy controls; however, there was no signifi-
cant difference between the renal blood flow per kidney 
volume (i.e., volume corrected renal blood flow) for 
both CKD patients and healthy controls.22 In the present 
study, Frac > 3.0, which represents perfusion per voxel, 
was relatively even until eGFR of 40 ml/min/1.73 m2 
and decreased only in patients with severe CKD  
(Fig. 4b, d). Therefore, our results of Frac > 3.0, which 
has a relatively weak correlation with eGFR compared 
to Frac < 1.0, are largely consistent with the results of 
the previous study by Khatir et al.22 On the other hand, 
the ADC value is affected not only by restricted diffu-
sion (i.e., fibrosis) but also by the fast diffusion compo-
nent (i.e., perfusion). Consequently, Frac < 1.0 can be 
considered a better indicator in terms of independency 
from the fast diffusion component.

Meanwhile, although IVIM is an informative 
DWI model with biexponential function that can 
be applied to various organs, reliable biexponential 
fitting is considered difficult because of associated 
mathematical fragility.23–25 Statistical models using 
truncated Gaussian and gamma distributions have two 
free parameters each; therefore, parameter calculation 
is more reliable than with the biexponential model, 
which has three free parameters. Taken together, sta-
tistical models are considered a robust approach for the 
analysis of diffusion signals, and may provide separate 
information for fibrosis and kidney perfusion.

The statistical model may provide information of 
renal fibrosis and perfusion in terms of Frac < 1.0 and 
Frac > 3.0 whereas the monoexponential model dose 
not. While Frac < 1.0 from DWI by using the statistical 
model detects early change in CKD and shows better 
correlation with eGFR (i.e., renal function) than does 
conventional ADC, and is a potential split renal func-
tion test with concurrent morphological assessment, 
the eGFR obtained with blood test cannot assess split 
renal function. Moreover, that DWI is performed with-
out any radiation exposure is an additional advantage 
over radioisotope renal scintigraphy.

The present study has several limitations. First, this 
study was performed at a single institution, and had a 
relatively small number of subjects. Second, it analyzed 
the signal from the renal cortex alone; analysis of the 
medulla could not be performed because the cortico-
medullary junction was ill-defined, and determination 
of the area of the medulla in advanced CKD patients 
was difficult. Third, the interval between blood test and 
MR examination was relatively long, especially in the 
healthy volunteers (mean, 66.4 days). However, eGFR 
or renal function is considered stable among healthy 
individuals. In addition, we only included cases of 
stable CKD and not acute renal failure; therefore, there 
was little change in the renal function of our patients 
in the given time interval (mean, 12.8 days). Finally, 

pathological diagnosis was not performed because 
few patients underwent renal biopsy. Most patients 
were diagnosed with CKD on the basis of clinical 
information without invasive biopsy; therefore, the 
relation between parameters obtained from the statisti-
cal models and pathological findings remain unclear in 
the present study.

In conclusion, the parameters obtained with DWI 
using statistical models with truncated Gaussian and 
gamma distributions in this study, particularly Frac  
< 1.0, showed a strong correlation with renal function. 
The results suggest that statistical models are robust 
and feasible for the interpretation of diffusion MR 
signal decays with relevance to histological changes in 
the kidney.
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