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Abstract

Objective: The purpose of the study was to examine
differences in kidney intravoxel incoherent motion
diffusion-weighted imaging (IVIM-DWI) parameters in
early-stage diabetic patients versus healthy controls.
Materials and methods: Nineteen type 2 diabetic patients
(group A) with a urinary albumin-to-creatinine ratio
(ACR) < 30 mg/g and an estimated glomerular filtra-
tion rate (eGFR) of 80–120 mL/(min 1.73 m2) and
twelve healthy volunteers (group B) were recruited.
Kidneys were scanned with 1.5-Tesla IVIM-DWI. Nine
b values (0, 50, 100, 150, 200, 300, 400, 600, and 800 s/
mm2) were used. The parameters derived from IVIM-
DWI were calculated for each kidney by two radiologists
and included the perfusion fraction (f), diffusion coeffi-
cient (D), and pseudo-diffusion coefficient (D*). The
mean values of f, D, and D* were calculated by selecting
multiple regions of interest in the kidney. The diagnostic
performance of the f, D, and D* values for the diagnosis
of early diabetic kidney changes was determined by
receiver operating characteristic analysis. Three radiolo-
gists independently measured the parameters derived
from IVIM-DWI in the two groups by free-hand placing
regions of interest, and the interclass coefficients (ICCs)
were analyzed by SPSS.16.0 software.
Results: The f values of the kidneys were significantly
higher in diabetic patients than in healthy volunteers.
The D value of the kidneys was significantly lower in
diabetic patients than in healthy volunteers. No signif-
icant differences in the D* values of the kidneys were
observed between diabetic patients and healthy volun-
teers. The D values of the right kidneys were significantly
higher than those of the left kidneys in both groups. The

results of the receiver operating characteristic analysis
were as follows: left kidney—f value AUC = 0.650
(cutoff point ‡ 27.49%) and D value AUC = 0.752
(cutoff point £ 1.68 9 10-3 mm2/s); and right kid-
ney—f value AUC = 0.650 (cutoff point ‡ 28.24%)
and D value AUC = 0.752 (cutoff point £ 1.81 9 10-3

mm2/s). The diagnostic performance of the D* value was
very low (AUC < 0.6). No significant differences were
present between the areas under the curves of the f and
D values (P > 0.05). The ICCs of the f value and
D value were between 0.637 and 0.827. The ICC of the
D* value was less than 0.3.
Conclusion: The results of our study suggest that changes
in kidneys detected by IVIM-DWI may serve as indica-
tors of early diabetic kidney disease.
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Diabetic kidney disease (DKD) is a common complication
of diabetes, which is the leading cause of end-stage chronic
kidney disease. Timely detection and treatment in the early
stage of kidney disease may prevent end-stage renal dis-
ease, which has important clinical significance [1]. The
estimated glomerular filtration rate (eGFR) and albumin-
to-creatinine ratio (ACR) are used to grade DKD.
Unfortunately, thesemethods are not sufficiently sensitive
to detect early kidney changes, as these indicators are often
normal in the early stages of DKD; thus, early clinical
diagnosis of such patients is difficult.

We aimed to determine whether structural and func-
tional damage of the kidneys can be detected before these
traditional clinical markers of kidney disease become
abnormal.
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Intravoxel incoherent motion diffusion-weighted
imaging (IVIM-DWI) is a method of functional magnetic
resonance imaging (MRI) that does not require contrast
agents and avoids the risk of contrast nephropathy and
nephrogenic systemic fibrosis.

IVIM-DWI can separate the effect of signals of
molecular diffusion from those of capillary perfusion
using a biexponential model and scan with multiple
b values. The parameters derived from IVIM-DWI
include the perfusion fraction (f), diffusion coefficient
(D), and pseudo-diffusion coefficient (D*). The D value
reflects pure molecular diffusion by minimizing the
influence of blood flow on tissue diffusion. The D*
value reflects the vascular blood and tubular fluid
velocities within the kidney. The f value is the ratio of
vascular and tubular fluid volume to the total fluid in
the tissue.

IVIM-DWI has been used in renal imaging, and
several studies have shown that some parameters are
sensitive to pathological processes in the kidney, such as
renal artery stenosis [2], renal dysfunction [3], allograft
rejection [4, 5], and renal tumors [6–8]. Therefore, this
type of functional MRI may offer an opportunity to
noninvasively identify early changes in DKD.

Materials and methods

Study population

The case group (group A) consisted of nineteen type 2
diabetic patients (7 men and 12 women, age range:
34–68 years, mean age: 52.3 years, history of diabetes:
6 months to 5 years, complications include fatty liver,
hypertension, and high uric acid) with an
ACR < 30 mg/g and eGFR of 80–120 mL/
(min 1.73 m2) who were included between July 2016 and
May 2017 in our hospital. All patients received a
definitive clinical diagnosis of diabetes mellitus. Group B
(the control group) consisted of 12 volunteers with no
known kidney disease, hypertension, gout disease or
heart disease (5 men and 7 women, age range:
32–66 years, mean age: 50.2 years) and normal renal
function who were included between July 2016 and May
2017 in our hospital.

The study protocol was approved by the Academic
Ethics Committee of the Fifth Hospital affiliated with
Guangzhou Medical University. Informed consent was
obtained from all patients prior to the examination.

The eGFRs were calculated for all subjects using
serum creatinine levels based on the Chronic Kidney
Disease (CKD)-Epidemiology Collaboration (EPI)
equation [9].

Table 3. Measurement repeatability of parameters determined by three
radiologists

Left kidney Right kidney

f D D* f D D*

Group A ICC 0.672 0.703 0.215 0.686 0.637 0.041
P 0.024 0.018 0.224 0.019 0.036 0.528

Group B ICC 0.712 0.827 0.216 0.749 0.783 0.249
p 0.016 0.001 0.220 0.009 0.002 0.298

The interclass coefficients (ICCs) were analyzed by SPSS.16.0 software.
The ICCs of the f value and D value were between 0.637 and 0.827. The
repeatability of f and D measurements was good. The ICC of the D*
value was less than 0.3, and the repeatability of the D* value was poor

Table 1. Comparison of IVIM-DWI-derived parameters of bilateral
kidneys

Group Parameter Left kidney Right kidney P

A (n = 19) f (%) 23.58 ± 4.78 23.83 ± 6.23 0.851
D (10-3mm2/s) 1.78 ± 0.18 1.91 ± 0.19 0.043
D* (10-3mm2/s) 15.97 ± 11.02 13.08 ± 6.34 0.358

B (n = 12) f (%) 28.54 ± 7.33 29.85 ± 6.68 0.183
D (10-3mm2/s) 1.66 ± 0.14 1.78 ± 0.15 0.038
D* (10-3mm2/s) 12.61 ± 4.91 12.80 ± 10.73 0.936

Group A represents the normal control group, and group B represents
the diabetic patient group. Parametric values are shown as the
mean ± SD. A P value less than 0.05 was considered statistically sig-
nificant. A paired t-test was used to compare left and right kidney
measurements. The D values were significantly higher in the right
kidneys than in the left kidneys in both group A and group B. No
significant differences in the f and D* values were observed between the
left and right kidneys

Table 2. Comparison of IVIM-DWI-derived parameters of the two groups

Kidneys Parameter Group A (n = 19) Group B (n = 12) P

Left kidney f (%) 23.58 ± 4.78 28.54 ± 7.33 0.042
D (10-3mm2/s) 1.78 ± 0.18 1.66 ± 0.14 0.033
D* (10-3mm2/s) 15.97 ± 11.01 12.61 ± 4.9 0.252

Right kidney f (%) 23.83 ± 6.23 29.85 ± 6.68 0.009
D (10-3mm2/s) 1.91 ± 0.19 1.78 ± 0.15 0.034
D* (10-3mm2/s) 13.08 ± 6.34 12.80 ± 10.7 0.924

An independent samples t-test was used to compare the parametric values for the left and right kidney measurements between the two groups. The
f values and D values of the left and right kidneys were significantly different between the two groups. The D* values of the left and right kidneys
showed no significant differences between the two groups
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Magnetic resonance examination

MRI was performed using a 1.5-T scanner (MAGNE-
TOM Avanto, Siemens, Germany) with a Total Image
Matrix (Tim) coil and coil elements BO1, 2, SP2, and 3.

The routine MRI protocol for the kidneys of the
patient and healthy control groups consisted of T1-
weighted imaging sequences with the following parame-
ters: axial sections, repetition time/echo time (TR/TE)
139.0/4.78 ms, breath-hold, and slice thickness/gap
4.5 mm/0.9 mm. The field of view (FOV) was 380 mm.
Breath-triggered T2-weighted imaging was performed
with the following parameters: axial and coronal sec-
tions, TR/TE 2200/90 ms, and slice thickness/gap 4 mm/
0.8 mm. The FOV was 380 mm.

IVIM-DWI was performed for both the patient and
healthy control groups. DWI data were acquired using a
single-shot echo-planar imaging pulse sequence in free-
breathing conditions with the following scan parameters:
TR 3700 ms, TE 80 ms, and matrix size 192 9 153.6.
Twenty slices with a slice thickness/gap of 6/1.8 mm, 6
averages, a bandwidth of 1446 Hz/pixel, a k-space-based
parallel imaging technique (GRAPPA) acceleration fac-
tor of 2, and b values = 0, 50, 100, 150, 200, 300, 400,
600, and 800 s/mm2 were obtained. The echo spacing was
0.8 ms; the FOV was 380 mm; SPAIR fat suppression
was used, and the TA was approximately 3 min.

Postprocessing and data analysis

DWI data were post-processed using the Medical
Imaging Interaction Toolkit (MITK) 2014.03 Version
(German Cancer Research Center) for the IVIM biex-
ponential model analysis.

The values for f, D, and D* were acquired.
IVIM model:

Sb=S0 ¼ ð1� fÞ expðbDÞ þ f expð�bðDþD�ÞÞ

where D represents the slow diffusion coefficient or pure
diffusion coefficient; D* represents the fast diffusion
coefficient or pseudo-diffusion coefficient, and f repre-
sents the perfusion score, which is the proportion of the
fast components of the DWI of the structure. Le Bihan
et al. first proposed the IVIM-DWI technique [10].

Quantitative analysis of IVIM-DWI data was retro-
spectively performed by two experienced radiologists
using a blind method and consensus; the radiologists
were blinded to the patient group and health control
group when placing regions of interest. A free-hand re-
gion of interest (ROI) was drawn on the b = 0 image of
the upper, middle and lower poles of the kidney. The
ROI included the renal parenchyma and avoided the
renal sinus. The average of three ROI measurements was
calculated. In all cases, the mean values of f, D, and D*
were derived from the selected ROIs. The kidney cortex
and medulla were not considered separately for ROI

positioning because they were difficult to distinguish on
DWI. Both kidneys were measured in each group, and
the size and contour of the kidneys were normal. To
estimate the measurement reproducibility of the param-
eters of intravoxel incoherent motion (IVIM) in the
kidneys, 3 radiologists independently measured the
parameters derived from IVIM-DWI in the two groups
by free-hand placing regions of interest; the interclass
coefficients (ICCs) were analyzed by SPSS.16.0 software.

The measured data are expressed as x plus or minus s
(x ± s). Statistical analyses were performed using sta-
tistical software (SPSS, version 16.0, SPSS/IBM, Chica-
go, IL, USA), and P < 0.05 was considered statistically
significant. Comparisons of IVIM-DWI parameters be-
tween the two groups were performed with an indepen-
dent samples t test. The diagnostic performance of the
IVIM-DWI-derived parameters was evaluated with re-
ceiver operating characteristic (ROC) analysis using
MedCalc 15.8 software (MedCalc Software, Mariakerke,
Belgium) and the following method: Fit D and f (high
b) and then fit D*. A b-factor cutoff of 200 s/mm2 was
used in the IVIM model.

Results

Group A of nineteen patients and group B of twelve
healthy volunteers were included in the study. There was
no significant difference in renal function between the
two groups (eGFR: group A, 102.3 ± 9.6 mL/
(min 1.73 m2), group B, eGFR 97.5 ± 7.5 mL/
(min 1.73 m2), P = 0.276; ACR: group A,
17.2 ± 3.8 mg/g, group B 12.6 ± 2.9 mg/g, P = 0.328).
The gender distribution and age of the two groups were
not significantly different (gender, P = 1.00; age,
P = 0.306). A total of 62 kidneys had satisfactory image
quality (the image was not deformed); moreover, the size
of both kidneys was normal, and renal mass lesions were
not observed.

The D values of the right kidney were significantly
higher than those of the left kidney in both groups
(group A: right kidney 1.91 ± 0.19 9 10-3 mm2/s, left
kidney 1.78 ± 0.18 9 10-3 mm2/s, P = 0.043; group B:
right kidney 1.78 ± 0.15 9 10-3 mm2/s, left kidney
1.66 ± 0.14 9 10- mm2/s, P = 0.038).

No significant differences in the f and D* values of the
kidneys were observed between the bilateral kidneys of
group A or group B (P > 0.05) (Table 1).

The f values of the kidneys were significantly higher
in group B (left kidney 28.54% ± 7.33%, P = 0.042;
right kidney 29.85% ± 6.68%, P = 0.009) than in group
A (left kidney 23.58% ± 4.78%; right kidney
23.83% ± 6.23%).

The D values of the kidneys were significantly lower
in group B (left kidney 1.66 ± 0.14 9 10-3 mm2/s,
P = 0.033; right kidney 1.78 ± 0.15 9 10-3 mm2/s,
P = 0.034) than in group A (left kidney
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1.78 ± 0.18 9 10-3 mm2/s; right kidney
1.91 ± 0.19 9 10-3 mm2/s).

No significant differences in theD* values of the kidneys
were observed between group A (left kidney
15.97 ± 11.02 9 10-3 mm2/s, right kidney
13.08 ± 6.34 9 10-3 mm2/s) and group B (left kidney
12.61 ± 4.9 9 10-3 mm2/s, P = 0.252; right kidney
12.80 ± 10.73 9 10-3mm2/s,P = 0.924) (Table 2). Table 3
shows the measurement repeatability of parameters.

The diagnostic efficacies of IVIM-derived parameters
for detecting diabetic kidney changes were as follows:
(Fig. 1) Left kidney: f value AUC = 0.650 (cutoff
point ‡ 27.49%), sensitivity (95% CI) = 61.1%
(35.7–82.0), specificity (95% CI) = 77.8% (52.4–93.6);
D value AUC = 0.752 (cutoff point £ 1.68 9 10-3

mm2/s), sensitivity (95% CI) = 61.1% (35.7–82.0),
specificity (95% CI) = 88.9% (65.3–98.6); and Right
kidney: f value AUC = 0.650 (cutoff point ‡ 28.24%),
sensitivity (95% CI) = 72.2% (46.5–90.0), specificity
(95% CI) = 72.2% (46.5–90.3); D value AUC = 0.752
(cutoff point £ 1.81 9 10-3 mm2/s), sensitivity (95%
CI) = 44.4% (25.9–69.1), specificity (95% CI) = 83.3%
(58.6–96.4). The diagnostic performance of the D* values
was very low (AUC < 0.6). No significant difference
was present between the areas under the curves of the
f and D values (P > 0.05). Figure 2 shows parameters in
a healthy volunteer and a patient.

Discussion

Previous diffusion-weighted MRI studies have shown
that kidney apparent diffusion coefficient (ADC) values
and IVIM-DWI-derived parameters were reduced in
patients with a variety of acute and chronic kidney dys-
functions [2, 11–18].

In contrast to previous studies, however, the current
study utilized IVIM-DWI techniques to focus on diabetic
subjects with relatively intact renal function (eGFR
80–120 mL/(min 1.73 m2)) and normal albuminuria
(NAU). In clinical practice, some patients may have a
decreased GFR despite having normal albuminuria. A
previous study showed that type 2 diabetes mellitus pa-
tients at the NAU stage generally had significantly lower
average ADC values in the renal parenchyma than
healthy patients [19].

IVIM-DWI is a possible technique for the early
detection of renal changes that can guide treatment
strategies for diabetes. Management of hyperglycemia,
hypertension and dyslipidemia, dietary adjustments, and
a healthy lifestyle can help improve the prognosis of
early DKD patients and prevent or delay their progres-
sion into clinical diabetic nephropathy and end-stage
renal disease. IVIM-DWI can separate the true diffusion
movement of water molecules in tissues from the pseudo-
diffusion that is mainly caused by microcirculation per-
fusion.

Fig. 1. The diagnostic efficacy of IVIM-derived parameters
for detecting diabetic kidney changes. A Left kidney: f value
AUC = 0.650 (cutoff point ‡ 27.49), sensitivity (95%
CI) = 61.1% (35.7–82.7), specificity (95% CI) = 77.8%
(52.4–93.6); and D value AUC = 0.752 (cutoff point £
1.68 9 10–3 mm2/s), sensitivity (95% CI) = 61.1%(35.7–
82.7), specificity (95% CI) = 88.9% (65.3–98.6). B Right
kidney: f value AUC = 0.650 (cutoff point ‡ 28.24), sensitivity
(95% CI) = 72.2% (46.5–90.3), specificity (95% CI) = 72.2%

(46.5–90.3); and D value AUC = 0.752 (cutoff point £ 1.81
9 10–3 mm2/s), sensitivity (95% CI) = 44.4%(25.9–69.2),
specificity (95% CI) = 83.3% (58.6–96.4). No significant dif-
ferences were observed between the diagnostic efficacies of
the f and D values (P < 0.05). The diagnostic performance
of the D* value was very low. No significant difference was
present between the areas under the curves for the f and
D values (P > 0.05).

Y. Deng et al.: Use of intravoxel incoherent motion 2731



In this study, we identified significantly increased
f values and decreased D values among diabetic patients
with relatively intact renal function (eGFR 80–120 mL/
(min 1.73 m2)) when compared to healthy control sub-
jects using quantitative IVIM-DWI techniques. The D*
values were not significantly different between the two
groups. The IVIM-derived D value was calculated with b
factors larger than 200 s/mm2 and was relatively insen-
sitive to blood flow [20]. In our study, the high b-factor
cutoff point was 200 s/mm2.

Our findings suggested that both f and D values may
help identify early changes in diabetic patients and could
also indicate early DKD.

The pathophysiological process underlying the ob-
served changes in f and D values in the diabetic subjects
is not well understood. The possible mechanism is as
follows: Microcirculation of the glomerulus and the renal
tubule fluid and the movement of water molecules are
present in the kidney. The f value responds to the water
load of the kidneys and does not simply reflect the
microcirculation of the blood [21]. In the early stages of
DKD, the blood volume increases, and the fluid load in

the kidneys is increased, including the expansion of the
renal tubules, which leads to an increase in the f value.

The results show that the D value change has high
specificity, which indicates that the D value is a useful
imaging indicator in the early stage of kidney injury in
diabetic patients. The decrease in the D value reflects the
limited movement of renal water molecules, possibly due
to the thickening of the glomerular basement membrane.

The D values of the right kidney were significantly
higher than those of the left kidney in both groups, but
the cause is unclear. A possible reason may be left gas-
trointestinal motility rather than right bowel motility,
thus affecting the D value of the kidney. Previous studies
have shown that the D value of the right kidney in nor-
mal adults is higher than that in the left kidney [22].

The results indicate that the left and right kidneys
should be evaluated separately when analyzing IVIM-
DWI parameters. The D* value reflects the density of
local capillaries [8]. In the early stage of diabetes, changes
in the capillary density may not be obvious; therefore, no
significant difference in the D* value was observed be-
tween the two groups.

Fig. 2. A1–3 a healthy volunteer, eGFR = 96 mL/
(min 1.73 m2); A2 left kidney f = 26.58%, D = 1.70,
D* = 14.41; and A3 right kidney f = 23.95%, D = 1.84,
D* = 14.41. B1–3 a patient, eGFR = 102 mL/(min 1.73 m2);

B2 left kidney f = 29.96%, D = 1.65, D* = 11.43; and B3, right
kidney f = 32.00%D = 1.75,D* = 20.37. Compared to those in
healthy volunteers, thesignal-decay curve, plottedasa function
of the b values, was steeper for low b values in patients.

2732 Y. Deng et al.: Use of intravoxel incoherent motion



The free-breathing technique is suitable for patients
with renal dysfunction. A previous study showed that
ADC and IVIM parameters from free-breathing and
navigator-controlled acquisition strategies were not sig-
nificantly different and that free-breathing acquisition is
highly efficient and results in higher image quality [23].

Our study showed that the repeatability of f and
D measurements was good, whereas that of D* mea-
surement was poor. Previous studies have shown that in
normal kidney parenchyma, the reproducibility of D was
excellent; f was good and D* was poor when derived
from IVIM-DWI [24, 25].

Our study has some limitations. First, the number of
subjects in the study was relatively small; however, sta-
tistically significant differences in f and D values were
demonstrated. Second, the histological results of renal
biopsy were not available in the diabetic group. How-
ever, DKD mainly relies on clinical diagnosis, which
does not require renal biopsy. Moreover, due to medical
ethics, kidney biopsies are not performed on healthy
volunteers.

In conclusion, we demonstrated that the f value and
D value derived from IVIM-DWI may be potential
imaging biomarkers for the detection of early changes in
DKD.
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