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Abstract 

Background: The current study investigated the performance of intravoxel incoherent motion diffusion (IVIM) tech‑
nology in monitoring early renal injury in streptozotocin rats.

Methods: Forty‑eight Sprague‑Dawley (SD) rats were divided into a control group and a diabetic mellitus (DM) 
group. Six rats in each group were randomly selected for MR scans at four different time points (0, 4, 8, and 12 weeks). 
The IVIM‑derived parameters (D, D*, f and ADC values) of the renal cortex (CO), outer and inner stripe of the outer 
medulla (OS, IS), and internal medulla (IM) were acquired. Changes in each IVIM‑derived parameter over time were 
analyzed, and differences between the two groups at each point were assessed. The associations between the IVIM 
parameters and IV collagen expression, urine volume (UV), blood urea nitrogen (BUN), and serum creatinine (Scr) were 
investigated.

Results: The D and D* values of CO and the ADC values of CO, OS, IS and IM displayed significantly different trends 
between the two groups over time (P<0.05). In addition, significant correlations were discovered between the D* 
value of CO and UV and BUN (r=0.527, P=0.033; r=0.617, P=0.005), between the ADC value of IM and BUN (r=0.557, 
P=0.019) and between the f value of IM and BUN (r=0.527, P=0.033). No correlation was found between IVIM param‑
eters and IV collagen expression and Scr.

Conclusions: IVIM is a potential sensitive and noninvasive technology for the simultaneous assessment of early renal 
cortical and medullary injuries induced by diabetes.

Keywords: Early diabetic nephropathy, Noninvasive, Intravoxel incoherent motion diffusion, Pathological correlation, 
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Background
Diabetic nephropathy (DN) is one of the most common 
systemic microvascular complications of diabetes melli-
tus (DM) and is considered the leading cause of mortality 
in patients with DM. However, in the early stage of DN, 
its clinical diagnosis is not straightforward due to the lack 
of obvious clinical manifestations of nephropathy. More-
over, traditional blood and urine tests are useless in the 
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early detection of renal dysfunction in patients with DM. 
Hence, it is urgent to explore an effective method with 
high sensitivity to identify early kidney injury in DN.

In past decades, DN has long been considered a kind 
of glomerular disease, and tubular-interstitial damage is 
regarded as a secondary change [1]. However, in recent 
years, investigators believe that the impairment of renal 
tubules precedes the occurrence of glomerular lesions 
[2–5], and renal tubulointerstitial abnormalities are more 
likely to be the early modification of DN [5, 6]. Addi-
tionally, Vallon et  al. [2] indicated that the glomerular 
filtration rate was determined by the balance of forces 
between primary tubular and primary vascular events. 
Taken together, these findings may have a huge influence 
on the early diagnosis, effective treatment and prognosis 
of DN.

As a relatively simple and noninvasive tool, previ-
ous studies suggested that renal quantitative diffusion 
weighted imaging (DWI) could potentially play a role 
in the diagnosis of DN [7–9]. Cakmak et al. [7] revealed 
that there was a significant correlation between the 
renal ADC values and clinical stages of DN. Chen et al. 
[8] speculated that apparent diffusion coefficient (ADC) 
value may be more sensitive than the urine albuminuria 
excretion rate in reflecting early-stage kidney injury in 
DN patients. However, the ADC value based on a single 
exponential model is approximated as the average diffu-
sion coefficient of various constituent components con-
tained in biological tissue [10], and it does not reflect the 
true state of dispersion of the renal parenchyma. Le Bihan 
et al. [11] proposed a two-exponential model of diffusion 
MRI, named intravoxel incoherent motion (IVIM), to 
simultaneously estimate tissue diffusivity and microcapil-
lary perfusion. Four parameters, including slow ADC (D, 
 mm2/s), fast ADC (D*,  mm2/s), fraction of fast ADC (f, 
%), and standard ADC (ADC,  mm2/s), can be calculated 
according to the IVIM model.

The limitations of the single exponential model become 
more apparent due to the complexity of the renal struc-
ture and function, including vascular flow, tubular flow 
and passive diffusion [11, 12]. The application of IVIM 
has been reported in research articles on diabetic renal 
injury [9, 13–15]. On this basis, our team also con-
ducted a pilot study using IVIM to evaluate the kidneys 
of patients with early DN [9]. The preliminary results 
showed that the changes in D, D* and f values were more 
sensitive than the ADC value in detecting early changes 
in kidneys in diabetic patients before the occurrence of 
microalbuminuria (MAU). However, this study lacked 
pathological evidence to further verify our hypothesis 
because our participants were human beings.

Derived from the aforementioned literature, we 
hypothesized that IVIM could help us evaluate the 

early changes in renal functions in pathologically con-
firmed DM rats. To achieve our goal, rat models of DM 
were first established, and then the changes in renal 
function in DM rats were dynamically monitored using 
IVIM technology at distinct time points.

Methods
Animal model
This study was approved by the Animal Experimental 
Ethical Inspection committee of our university, and 
the experimental process abided strictly by the animal 
ethics regulations. Sixty-six male Sprague-Dawley rats 
weighing between 240 and 250 g were purchased from 
Jinan Pengyue (Experimental Animal Breeding Co., 
Ltd., with license number of SCXK (Yue) 20140007). 
The rats were housed in a well-ventilated environ-
ment maintained at 18–22°C, with a relative humidity 
of 60–70% and 12 h of light per day. All rats had free 
access to food and water throughout the study.

All rats were randomly divided into 2 groups, the 
DM and control groups. After fasting for 8 hours, DM 
group rats were induced by an intraperitoneal injection 
of streptozocin (STZ; Sigma) at a dose of 55 mg/kg. 
Control rats received an equal volume of citrate buffer 
via intraperitoneal injection. Fasting blood glucose 
(fasting 12 hours) from tail vein samples was measured 
at 72 hours after STZ injection. Rats with blood glucose 
levels greater than 16.7 mmol/L after STZ administra-
tion were included in the study.

A total of 26 rats were successfully induced by STZ 
in the DM group; however, two rats were sacrificed 
caused by anesthesia during the study. Thus, the final 
24 rats were included and then randomly subdivided 
into 4 subgroups (6 rats in each subgroup): 0 w, 4 w, 8 
w, and 12 w, which means 0, 4, 8, 12 weeks after induc-
tion of diabetes, respectively (Supplemental Figure  1). 
Another 24 rats in the control group were also ran-
domly allocated to each subgroup as a control. During 
the study, at each time point (0, 4, 8 and 12 weeks) after 
induction of diabetes, the rats in the corresponding 
subgroups were selected for MRI examination. All rats 
were placed in metabolic cages for collection of 24-h 
urine samples before MRI. Body weight and blood glu-
cose levels were also measured before MRI. Other clini-
cal indices, including urine creatinine, urea nitrogen, 
blood urea nitrogen (BUN) and serum creatinine (Scr), 
were measured using an automatic biochemistry ana-
lyzer (Hitachi Model 7600, Japan). These rats were then 
euthanized via intraperitoneal injection of 0.3% sodium 
pentobarbital (10 ml/kg), and the kidneys were excised 
for histopathological examination.
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MR protocol
The anesthetized rats (0.3% sodium pentobarbital, 2 ml/
kg intraperitoneally) were scanned using 3T MRI (Dis-
covery MR750, GE Healthcare) with an HD wrist array 
upper coil. During imaging acquisition, rats were placed 
in a prone and head advanced position.

MR sequences and parameters were as follows: 
T2-weighted imaging (T2WI) adopted fast relaxation 
fast spin echo sequence, repetition time = 3690 ms, echo 
time = 73 ms, field of view= 7.0 cm×5.6 cm; slice num-
bers = 7, layer thickness = 1.8 mm, layer interval = 0.2 
mm, bandwidth = 15.63 kHz, matrix size = 160×160. 
IVIM images were acquired in the coronal plane using a 
spin-echo echo planar imaging sequence, with the follow-
ing parameters: repetition time = 3500 ms, echo time = 
70.4 ms, field of view=8.0 cm×4.8 cm; slice numbers=7, 
layer thickness = 3.0 mm, layer interval = 0.2 mm, band-
width = 167 kHz, matrix size = 128×64; and 12 b val-
ues (0, 20, 30, 50, 80, 100, 150, 200, 400, 600, 700, 800 s/
mm2). The total acquisition time was approximately 2 
minutes 10 seconds.

Image postprocessing
IVIM parameter values were calculated using the follow-
ing equation [10]:

where S0 and Sb are the signal intensities without and 
at a given b value, respectively. D is the true water mol-
ecule diffusion coefficient; D* is the perfusion coherence 

(1)Sb/S0 = f exp (−bD∗)+
(

1− f
)

exp (−bD)

diffusion coefficient, i.e., pseudodispersion, which can 
reflect changes in blood perfusion [16]. D* refers to the 
irregular movement of the liquid in the irregular lumen. 
The average capillary length, blood flow velocity and 
blood vessel shape can affect the D* value. D* may also be 
affected by renal tubules, mean length of collection tubes, 
and fluid flow rate in kidney studies. f is the perfusion-
related volume fraction, representing the volume ratio 
of the diffusion caused by the microcirculation perfu-
sion effect in the overall diffusion effect of the voxel. The 
larger the f value is, the denser the capillary distribution 
is. In the kidney, the f value is not only related to blood 
vessels but also affected by renal tubules and collecting 
ducts. ADC is closely related to the b value and is not 
accurate and objective.

The IVIM sequence image raw data were transmit-
ted to the functool software and MADC postprocessing 
software of GE’s ADW4.5 workstation for image post-
processing and analysis, and the IVIM parametric images 
were obtained. The values of IVIM parameters were inde-
pendently measured by two radiologists with 6 years and 
23 years of diagnostic imaging experience. Regions of 
interest (ROIs) were drawn manually over the right renal 
cortex (CO), outer stripe of the outer medulla (OS), inner 
stripe of the outer medulla (IS) and internal medulla 
(IM), avoiding the renal sinus and blood vessels on the 
DWI (b=0) images, and transferred to the various IVIM 
parametric maps (Fig. 1). The IVIM parametric mapping 
is shown on Fig.  2. Three continuous coronal images at 
the level of the renal hilum were used for quantification 

Fig. 1 Placement of regions of interest (ROI) into the b0 image. CO, cortex; OS, outer stripe of the outer medulla; IS, inner stripe of the outer medulla; 
and IM, inner medullary
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to optimize the signal-to-noise ratio, which refers to pre-
vious research [17, 18]. The ROI sizes of each CO, OS IS 
and IM are approximately 37-43  mm2, 27-33  mm2, 17-23 
 mm2 and 7-10  mm2, respectively.

Pathological analysis
A total of 24 rats in the DM groups were sacrificed with 
an overdose of anesthesia with 0.3% sodium pentobarbi-
tal (10 ml/kg). The weights of the rat kidneys were sub-
sequently measured. The kidneys were then fixed in 10% 
neutral formalin solution for histological examination. 
Tissues were embedded in paraffin wax, cut into 3-μm 
sections and stained with hematoxylin and eosin (H&E). 
Sections of 3-μm thickness were stained with Sirius Red 
for collagen quantification, which could be considered a 
marker of fibrosis. Sections were then analyzed and pho-
tographed by a pathologist (B.D., 20 years of pathology 
experience) who was blind to the MR findings.

Statistical analysis
Statistical analysis was performed using SPSS v. 20.0 soft-
ware (Chicago, IL). All results are expressed as the mean 
± standard deviation (M ± SD), and P < 0.05 was con-
sidered to be statistically significant. The values of body 
weight, kidney weight ratio, urine volume (UV), BUN, 
Scr and MRI indices in the renal cortex of the rats were 
compared using independent two-sample t-tests at each 
time point. To estimate the time and group differences 
as well as their mixed interactions of the IVIM-derived 

indices, repeated-measures ANOVA was applied in the 
current study. Post hoc independent two-sample t-tests 
were further employed to compare the group differ-
ences at distinct time points. The associations between 
the IVIM-derived parameters and histopathological or 
biochemical values were quantified using Pearson and 
Spearman correlation analysis.

Results
Animal and laboratory parameters
After 72 hours of STZ injection, the typical character-
istics of the diabetic rats developed gradually, including 
polyphagia, polydipsia, polyuria, weight loss, apathy and 
poor fur color. Cataracts were discovered at the  7th week. 
In contrast, the rats in the control group displayed a good 
mental state, a highly sensitive response, and gradually 
increased body weight and free movement. The body 
weights of diabetic rats continued to decline over time. 
The body weights were significantly lower than the body 
weights of rats in the control group from the  4th to  12th 
weeks. In contrast, the ratios of kidney weight/body 
weight in diabetic rats tended to increase after the  4th 
week (P < 0.05). The UV values of diabetic rats increased 
significantly at the  4th and  8th weeks and decreased at the 
 12th week compared with the control group (P < 0.05). 
Both the serum BUN and Scr values in diabetic rats had 
an increasing trend over time. Intergroup differences 
were discovered in serum BUN from the  4th to  12th weeks 
(P < 0.05), but no significant differences were found in 

Fig. 2 IVIM parametric maps are shown for rats at 0, 4, 8, and 12 weeks after streptozotocin‑induced diabetes (DM Group) and citrate buffer 
injection (Control Group)
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serum Scr at any time point between the two groups 
(Table 1).

Comparisons of IVIM parameters
Twelve out of 16 IVIM parameters in the kidneys of dia-
betic rats demonstrated alterations over time, except for 
 DCO,  DOS,  DIM and D*IM  (P1 values shown in Table 2 and 
Fig. 3). A total of 6 parameters displayed a significant dif-
ference in the difference of the IVIM parametric means 
between the two groups over time, including  DCO, D*CO, 

 ADCCO, ADCos,  ADCIS and  ADCIM (P<0.05, as  P2 values 
exhibited in Table 2 and Fig. 3). In the DM group, most 
IVIM parameters showed a trend of rising first and then 
falling over time. However, the f values of the renal cortex 
and medulla slowly increased, and the  DIS,  DIM and D*IM 
values had a declining trend over time. In contrast, none 
of the parameters in the controls displayed similar trends.

At 4 weeks, the  DCO,  DOS,  DIM, D*CO, D*IM, fIM and 
 ADCIM values of diabetic rats were greater than the com-
parable values of the controls, and significant differences 

Table 1 Comparison of body weight, kidney weight/body weight, urine volume, BUN and Scr values between the two groups

Note: * the results of t-test for two groups of two samples at each time point (P < 0.05)

Body weight(g) Kidney weight/body 
weight (‰)

Amount of urine(ml) BUN (mmol/L) Scr (μmol/L)

0 w Control (n=6) 338.64±15.816 7.71±0.646 39.87±8.648 5.79±0.587 23.17±4.446

DM (n=6) 334.72±16.531 8.29±0.634 42.15±8.701 6.25±0.447 24.33±3.777

4 w Control (n=6) 427.78±19.262 6.67±0.829 43.98±22.537 5.89±0.981 24.00±2.000

DM (n=6) 339.42±41.721* 10.28±0.641* 188.78±44.316* 13.51±2.399* 27.33±4.502

8 w Control (n=6) 489.59±25.149 5.81±0.351 48.63±30.142 5.96±1.032 24.22±3.251

DM (n=6) 327.60±31.998* 10.88±1.047* 271.07±109.045* 13.22±2.371* 27.33±3.724

12 w Control (n=6) 522.40±10.944 5.89±0.304 39.57±25.146 6.01±1.022 25.36±4.269

DM (n=6) 301.39±47.567* 13.13±2.530* 126.22±29.715* 14.19±3.295* 30.17±7.512

Table 2 The change trend comparison of IVIM parameters between rat groups over time

Note: D true diffusivity, D* pseudodiffusion coefficient, f perfusion fraction, ADC apparent diffusion coefficient. Data are presented as the mean ± standard deviation. 
The P values in bold type are of statistical significance. D, ADCs are presented in ×  10−5  mm2/s, D* is presented in ×  10−3  mm2/s, and f is presented as a percentage. 
CO, renal cortex, OS, outer stripe of the outer medulla, IS, inner stripe of the outer medulla, IM, internal medulla

P1 indicates a difference in the changes in IVIM parameters over time between the two groups

P2 indicates a difference in the difference of the IVIM parametric means between the two groups over time

P3 indicates a difference in the IVIM parametric means between the two groups

Time Time*Group Intersubjective

F1 P1 F2 P2 F3 P3

CO D 0.34 0.799 3.38 0.031 13.45 0.004
D* 4.09 0.015 3.50 0.028 30.49 <0.001
f 4.58 0.009 0.71 0.556 5.04 0.049
ADC 54.37 <0.001 10.66 <0.001 0.00 0.974

OS D 1.50 0.244 1.75 0.192 0.00 0.093

D* 7.47 0.001 1.92 0.147 0.05 0.822

f 12.19 <0.001 0.94 0.433 2.38 0.154

ADC 52.86 <0.001 14.20 <0.001 0.29 0.604

IS D 8.97 0.002 0.60 0.562 0.11 0.743

D* 11.76 <0.001 5.07 1.006 1.20 0.300

f 21.96 <0.001 1.17 0.337 0.08 0.782

ADC 6.98 0.002 11.02 <0.001 34.49 <0.001
IM D 1.37 0.280 0.26 0.738 4.81 0.053

D* 0.76 0.530 1.98 0.139 35.37 <0.001
f 5.22 0.005 0.67 0.580 5.94 0.035
ADC 4.05 0.016 3.67 0.023 25.40 0.001
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were discovered in the D*CO,  DIM, fIM, and  ADCIM values 
between the two groups (P < 0.05) (Table 3 and Fig. 3). 
The D and f values of CO and the D* value of IM did not 
change significantly in diabetic rats until the  8th week. 
The ADC values of IS showed a significant difference 
between the two groups at the  12th week (Table  3 and 
Fig. 3).

Pathological results
HE stain
At the  4th week, the renal glomerular volume and extra-
cellular matrix (ECM) increased slightly in diabetic rats. 
Furthermore, mild mesangial hyperplasia, vacuolated 
renal tubular epithelial cells, slightly dilated renal tubules 
and capillary lumen were also observed. Renal tubular 
abnormalities in the medulla were more prominent in 
our results (Figs. 4 and 5).

At the  8th week, swollen glomerular endothelial cells, 
moderately increased mesangium and ECM, glomerular 
wall adhesion, moderate capillary lumen expansion, par-
tial renal tubular epithelial necrosis and exfoliation and 
interstitial endothelial cell infiltration were demonstrated 
in diabetic rats (Figs. 4 and 5).

At the  12th week, thickened basement membranes 
of glomeruli and renal tubules were discovered. Severe 
mesangial and ECM hyperplasia, uneven expansion of 
the glomerular balloon, adhesion of balloon wall and 
highly dilated capillary lumen were also shown. Fur-
thermore, tubular atrophy, dilated tubules, necrotic and 
detached tubular epithelial cells and a large amount of 
interstitial inflammatory cell infiltration were observed 
(Figs. 4 and 5).

For the controls, the renal glomeruli and tubules 
were normal over time. There was no inflammatory cell 

Fig. 3 The ADC, D, D*, and f values of CO, OS, IS, and IM in the DM and control groups at each time point (0, 4, 8, and 12 weeks). CO, cortex; OS, 
outer stripe of the outer medulla; IS, inner stripe of the outer medulla; and IM, inner medullary. ADC (standard ADC,  mm2/s), apparent diffusion 
coefficient; D (slow ADC,  mm2/s), extravascular effects of passive diffusion; D* (fast ADC,  mm2/s), pseudodiffusion coefficient; f, (fraction of fast ADC, 
%), perfusion fraction
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Table 3 IVIM parameters between rat groups at different time

Note: D true diffusivity, D* pseudodiffusion coefficient, f perfusion fraction, ADC apparent diffusion coefficient. Data are presented as the mean ± standard deviation. 
The P values in bold type are of statistical significance. D, ADCs are presented in ×  10−5  mm2/s, D* is presented in ×  10−3  mm2/s, and f is presented as a percentage. 
CO renal cortex, OS outer stripe of the outer medulla, IS inner stripe of the outer medulla, IM internal medulla

0 week 4 week 8 week 12 week

CO D Control 176.55±12.42 155.83±13.12 151.33±9.79 176.67±20.50

DM 164.73±15.14 176.50±20.25 1778.67±18.15 173.33±17.70

t/P 0.43/0.530 9.07/0.013 1.31/0.279 0.49/0.501

D* Control 11.01±2.66 11.70±1.49 10.37±1.06 12.40±1.24

DM 10.48±1.99 17.81±2.23 15.40±5.46 14.07±2.31

t/P 1.02/0.336 1.07/0.325 1.70/0.222 2.65/0.135

f Control 31.20±4.99 33.18±2.00 33.85±2.14 35.67±4.33

DM 27.05±5.40 2.53±4.18 29.53±4.02 32.73±1.13

t/P 0.67/0.434 0.06/0.817 0.04/0.850 0.10/0.762

ADC Control 178.79±4.48 216.17±9.07 199.50±5.96 230.83±9.52

DM 176.00±8.32 210.17±11.43 224.33±5.47 214.50±13.40

t/P 1.39/0.266 2.13/0.175 8.98/0.013 5.39/0.043

OS D Control 167.76±11.81 171.83±15.57 157.33±9.79 176.67±20.51

DM 165.00±9.27 184.33±14.36 178.67±18.15 173.33±17.7

t/P 0.27/0.613 3.34/0.098 2.55/0.142 0.13/0.730

D* Control 15.96±2.39 16.27±2.84 10.28±0.81 13.20±5.68

DM 14.98±3.60 17.15±5.10 13.78±4.41 11.37±4.04

t/P 0.02/0.896 1.49/0.251 0.82/0.388 1.54/0.243

f Control 24.85±3.00 32.43±5.17 28.20±3.22 34.35±3.46

DM 23.15±2.83 30.35±4.16 29.53±3.17 30.65±3.84

t/P 0.16/0.698 0.12/0.738 1.69/0.233 0.08/0.790

ADC Control 176.09±10.69 213.67±9.48 194.00±6.00 233.67±8.82

DM 177.00±7.46 213.33±9.03 220.67±3.98 210.17±11.62

t/P 0.02/0.899 3.33/0.098 1.62/0.231 23.02/0.001

IS D Control 209.11±15.09 187.67±14.46 175.33±11.55 194.00±21.43

DM 210.0±15.58 187.33±13.52 180.50±15.50 183.00±9.96

t/P 0.60/0.475 0.02/0.891 0.78/0.398 0.65/0.438

D* Control 16.57±1.27 16.60±1.19 10.12±1.61 10.86±1.16

DM 14.44±3.07 15.78±3.62 11.30±3.61 16.13±3.14

t/P 2.16/0.172 0.10/0.754 0.03/0.864 2.73/0.129

f Control 18.13±2.35 28.05±5.68 30.93±4.18 34.53±8.28

DM 17.28±3.12 29.82±3.42 33.52±3.86 30.03±3.79

t/P 0.71/0.419 0.03/0.858 1.19/0.301 0.03/0.869

ADC Control 211.13±5.06 228.50±18.09 196.17±21.87 260.50±17.90

DM 210.00±4.15 214.17±10.21 219.50±16.81 209.50±9.85

t/P 0.06/0.812 0.68/0.429 0.00/1.000 26.81/<0.001

IM D Control 202.50±10.86 200.67±8.73 203.83±9.09 220.83±49.14

DM 207.83±4.54 224.50±9.33 223.17±41.97 233.83±33.23

t/P 1.23/0.290 20.86/0.001 1.22/0.300 0.29/0.600

D* Control 15.02±1.68 13.60±2.84 13.84±2.44 12.20±1.44

DM 15.73±2.67 14.68±2.90 17.50±3.37 17.48±1.96

t/P 0.39/0.550 0.43/0.530 4.63/0.057 28.23/<0.001

f Control 12.80±1.20 18.15±3.54 19.13±2.03 17.26±4.02

DM 13.60±2.65 25.50±1.58 25.51±15.02 20.53±7.26

t/P 0.45/0.520 21.59/0.001 1.06/0.330 0.93/0.360

ADC Control 218.67±7.87 219.17±8.45 221.33±6.25 222.50±7.58

DM 215.00±8.37 264.17±17.03 246.33±33.27 246.00±27.26

t/P 0.61/0.450 33.61/<0.001 3.27/0.100 4.14/0.070
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infiltration or dilated and congested blood vessels in the 
renal interstitium (Figs. 4 and 5).

Collagen IV immunohistochemistry
As shown in the Supplemental Table, the expression of 
Collagen IV gradually increased in the kidneys of diabetic 
rats over time. Capillary hyperplasia in the tubulointer-
stitium gradually became apparent.

Correlation analysis
The statistical results are shown in Table 4. D*CO,  ADCIM 
and fIM showed significant positive correlations with 
UV (D*CO: r=0.527, P=0.033) and BUN (D*CO: r=0.617, 
P=0.005;  ADCIM: r=0.557, P=0.019; fIM: r=0.527, 
P=0.033).

Discussion
In the current study, we used an IVIM model to evaluate 
the functional fluctuations of kidneys over time in STZ 
diabetic rats, and correlations were detected between 
IVIM-derived parameters and histopathological or bio-
chemical indices. Our results demonstrated three impor-
tant findings. First, 12 out of 16 renal IVIM parameters 
displayed significant trends over time in our study. In 
addition, some IVIM parameters, including  DCO, D*CO, 

 ADCCO, ADCos,  ADCIS and  ADCIM, revealed signifi-
cant changes between the two groups. These results sug-
gested a high sensitivity of IVIM in detecting early renal 
damage in diabetic rats. Second, there were significant 
correlations between the cortical D* value and UV or 
BUN, between the  fIM and BUN and between the  ADCIM 
and UV, indicating damage to both renal glomeruli and 
tubules in the early stage of diabetes. Finally, the perfu-
sion (D* and f values) and molecular diffusion (D and 
ADC value) parameters may be sensitive indicators for 
the detection of cortical and medullary damage in dia-
betic rats.

Our study found significantly higher Dco,  DIM and 
 ADCIM values at the  4th week as well as ADCco at the 
 8th week in diabetic rats, indicative of an increase in 
water molecule diffusion of CO and IM. The histologi-
cal results revealed mildly increased renal glomerular 
volume and vacuolated renal tubular epithelial cells in 
the inner medulla, which could contribute to expanding 
the extracellular space and increasing the diameter of the 
renal tubule, subsequently resulting in higher D and ADC 
values. Additionally, previous studies showed doubled 
tubular cell and luminal diameters, increased cell height 
and a 37% increase in proximal tubule length at the  7th 
week, which reflected hyperplasia and hypertrophy of 

Fig. 4 Histological analysis of kidney tissue sections in diabetic rats and controls. Histology of Glomeruli (G) and Renal Tubule (T). All sections were 
stained with H&E stain. Dilated renal tubules (arrowheads), capillary proliferation (white arrows), renal tubular epithelial necrosis and exfoliation 
(black arrows) are demonstrated
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the kidney [19, 20]. In addition, Sigmund et al. [16] dem-
onstrated that reabsorption played a strong role in the 
increased D value because of the stronger urine output 
sensitivity of hydration after furosemide administra-
tion. This may be another factor for the higher  DIM and 
 ADCIM values in diabetic rats. The increased ADC value 
is at least in part the result of an increase in microcircu-
lation due to hyperfiltration and hyperperfusion [12, 16].

Although the kidney has a certain anti-injury and 
hypoxia reserve capacity [21–23], the obvious accumula-
tion of ECM, thickened glomerular and tubular basement 
membrane, mesangial hyperplasia and interstitial inflam-
matory cell infiltration become more prominent after the 
 4th week with the further development and deterioration 
of renal function. These changes will contribute to the 
increased cell density or decreased extracellular space 

Fig. 5 Histological analysis of kidney tissue sections in diabetic rats and controls. Histology of glomeruli (G) and renal tubule (T). All sections were 
stained with podocin stains. Dilated renal tubules (arrowheads), capillary proliferation (white arrows), renal tubular epithelial necrosis and exfoliation 
(black arrows) are demonstrated

Table 4 Correlation analysis between IVIM parameters and IV collagen expression, Urine volume, BUN, and Scr

Note: D true diffusivity, D* pseudodiffusion coefficient, f perfusion fraction, ADC apparent diffusion coefficient. The P values in bold type are of statistical significance. 
D, ADC are presented in ×  10−5  mm2/s, D* is presented in ×  10−3  mm2/s, and f is presented as a percentage. CO renal cortex, OS outer stripe of the outer medulla, IS 
inner stripe of the outer medulla, IM internal medulla. £: P value corrected by Bonferroni

IV collagen Urine volume BUN Scr

r P r P r P r P

DCO 0.146 0.496 0.34 0.104 0.228 0.284 0.046 0.832

D*CO 0.115 0.592 0.527 0.033£ 0.617 0.005£ 0.311 0.14

fco 0.347 0.097 0.276 0.192 0.339 0.105 0.313 0.136

ADCIS ‑0.202 0.344 0.275 0.193 0.108 0.617 0.061 0.778

ADCIM 0.282 0.182 0.329 0.116 0.557 0.019£ 0.054 0.801

D*IM 0.19 0.373 0.293 0.165 0.163 0.445 0.248 0.242

fIM 0.232 0.275 0.132 0.539 0.527 0.033£ ‑0.055 0.799
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and consequently the restricted diffusion of water mole-
cules [24]. Therefore, the D and ADC values in our study 
showed a downward trend from the  8th to  12th weeks and 
observably lower ADCco and ADCos at the  12th week 
in diabetic rats. Additionally, the decreased D and ADC 
values could be related to swollen renal tubular epithelial 
cells and decreased tubular flow and capillaries [25, 26].

Sigmund et al. [16] indicated that the f value is the ratio 
of the sum of the amount of liquid contained in the renal 
tubules and capillaries to the total amount of fluid con-
tained in the kidney. A higher f value suggested a denser 
distribution of capillaries, and thus, the sum of lumen 
diameters was larger [27, 28]. A significantly higher fIM 
at the  4th week in diabetic rats was demonstrated in this 
study. Additionally, the UV of the diabetic rats was 5-fold 
greater than the UV of the controls, indicating renal 
hyperfiltration. At the early stage of diabetic nephropa-
thy, the kidney is in a state of hyperfiltration and hyper-
perfusion accompanied by an increase in renal fluid load, 
especially in areas with dense renal tubules. Hence, the 
increased fIM was a good reflection of renal hyperfiltra-
tion and hyperperfusion in the early stage of DN. Notice-
ably, the D* value showed an upward trend of change at 
the  4th week, especially the D*co value which may indi-
cate that increased perfusion of the kidney occurred as 
well.

Interestingly, similar to diffusion parameters, a declin-
ing trend was also observed in perfusion parameters 
from the  8th to  12th weeks. The decreased D* and f val-
ues might be related to the reduced flow rate due to the 
swelling of tubular epithelial cells and expansion of the 
lumen in CO and IM [12, 16]. Moreover, numerous stud-
ies have suggested that this decrease may be associated 
with hypoxia [12, 24, 29]. With the progression of the dis-
ease, mesangial hyperplasia compresses the surrounding 
glomerular capillaries, leading to a decrease in renal per-
fusion. Subsequently, the reduced flow of renal tubules 
and collecting ducts was followed by the decreased fluid 
load of the kidneys, which could be another explana-
tion of the reduced perfusion parameter.Furthermore, 
our results revealed notably increased UV radiation in 
diabetic rats from the  4th week. Coincidently, D*co was 
remarkably positively correlated with UV. These findings 
suggest hyperfiltration and hyperperfusion of the renal 
cortex. From the onset of diabetes, several vascular and 
tubular factors contribute to a net reduction in afferent 
arteriolar resistance, thereby increasing renal blood flow 
[30, 31]. Various cytokines and growth factors lead to an 
enlarged nephron size and filtration surface area per glo-
merulus in response to hyperglycemia [32] particularly 
hypertrophy of the proximal tubule [33, 34]. Correspond-
ingly, the plasma of the renal cortex will be augmented. 

Meanwhile, obviously higher  Dco,  DIM and  ADCIM values 
were observed at the  4th week in diabetic rats, indicating 
that the diffusion parameter was sensitive for displaying 
early changes in the renal cortex and IM. In addition, out 
of the serum biochemical indicators, only BUN demon-
strated a significant increase in the early stage, indirectly 
verifying that IVIM parameters could be more sensitive 
than biochemical indices in the detection of pathological 
changes in early DN.

This study had some limitations. First, STZ was applied 
to induce diabetes, which can directly destroy the islet 
cell function of rats. Thus, this diabetic rat model may be 
more appropriate for type I diabetes. Second, bowel gas 
and breathing patterns could cause artifacts in imaging, 
which will affect the accuracy of measurement. In our 
study, the scan time was shortened as much as possible 
using the optimized imaging parameters. Additionally, 
the prone position was applied to reduce breathing arti-
facts. Moreover, MRI scans were performed during the 
nighttime, which is helpful for reducing intestinal peri-
stalsis and intestinal gas. Third, the interval between the 
two adjacent time points was relatively longer. More time 
points should be considered in future research. Finally, 
the sample size was relatively small. The sampling error 
could be reduced by increasing the sample size in the 
future. Finally, the hyperfiltration may be an important 
factor that affects IVIM parameters, thus the absence of 
a direct evidence of hyperfiltration in DM rats is a limita-
tion for this current study.

Conclusions
In conclusion, our results indicated that IVIM is a potential 
sensitive and noninvasive technology for the simultaneous 
assessment of renal cortical and medullary injuries in early 
DN. Importantly, the current research revealed renal cortex 
and medulla perfusion abnormalities and molecular diffu-
sion changes in the early stage of diabetes in rats.
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and urine tests, (3) MR scan (at 0, 4, 8, and 12 weeks after DM induction), 
(4) Blood and tests, followed by (5) histopathological examination.

Additional file 2: Supplemental Table. Expression of Collagen IV in renal 
tissue of the two groups of rats

Acknowledgments
The authors wish to Bin Du and Yanxia Lu for their help in pathological 
assessment.

Authors’ contributions
All authors have read and approved the manuscript. Guarantors of integrity 
of entire study, X.R.C. and Z.Y.C; manuscript drafting or manuscript revision for 
important intellectual content, all authors; approval of final version of submit‑
ted manuscript, all authors; literature research, Y.Z.F., X.Q.C and Z.Y.C; clinical 
studies, Y.Z.F., Q.T.L, Z.Y.C., P.K.C., D.K.S.T, B.L.H and R.C; Acquisition of data: Y.Z.F., 
Q.T.L, P.K.C, Z.Y.C., D.K.S.T and L.Q. Sequence debugging and data processing 
Z.Y.C and L.Q.

Funding
This study has received funding by The National Key Research and Devel‑
opment Program of China (grant no. 2016YFC1305703) and Foundation 
for Young Talents in Higher Education of Guangdong Province (grant 
no.2019KQNCX005). The funders had no role in study design, data collection 
and analysis, decision to publish, or preparation of the manuscript.

Availability of data and materials
The datasets used and/or analyzed during the current study available from the 
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animal experiments were conducted in accordance with the revised Ani‑
mals (Scientific Procedures) Act 1986 and have been reviewed and approved 
by the Laboratory Animal Ethics Committee of Jinan University, China.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Medical Imaging Center, Jinan University First Affiliated Hospital, No.613 West 
Huangpu Avenue, Tianhe District, Guangzhou 510630, Guangdong, China. 
2 Medical Imaging Center, The Eighth Affiliated Hospital of Sun Yat‑Sen Univer‑
sity, Shenzhen, Guangdong, China. 3 Nephrology Department, Jinan University 
First Affiliated Hospital, Guangzhou, Guangdong, China. 4 GE Healthcare, 
Beijing, China. 5 Department of Biomedical Engineering, Peking University, Bei‑
jing 100871, China. 6 Yingde Base, Institute of Kidney Surgery, Jinan University, 
Guangzhou, Guangdong, China. 7 Department of Urology, Jinan University First 
Affiliated Hospital, Guangzhou, China. 

Received: 19 January 2021   Accepted: 10 September 2021

References
 1. Kanwar YS, Sun L, Xie P, et al. A glimpse of various pathogenetic mecha‑

nisms of diabetic nephropathy. Annu Rev Pathol. 2011;6:395–423.
 2. Vallon V, Thomson SC. Renal function in diabetic disease models: the 

tubular system in the pathophysiology of the diabetic kidney. Annu Rev 
Pathol. 2012;74:351–75.

 3. Phillips AO, Steadman R. Diabetic nephropathy: the central role of renal 
proximal tubular cells in tubulointerstitial injury. Histol Histopathol. 
2002;17:247–52.

 4. Magri CJ, Fava S. The role of tubular injury in diabetic nephropathy. Eur J 
Intern Med. 2009;20:551–5.

 5. Thomas MC, Burns WC, Cooper ME. Tubular changes in early diabetic 
nephropathy. Adv Chronic Kidney Dis. 2005;12:177–86.

 6. Vallon V. The proximal tubule in the pathophysiology of the diabetic 
kidney. Am J Phys Regul Integr Comp Phys. 2011;300:R1009–22.

 7. Cakmak P, Yagci AB, Dursun B, et al. Renal diffusion‑weighted imaging in 
diabetic nephropathy: correlation with clinical stages of disease. Diagn 
Interv Radiol. 2014;20:374–8.

 8. Chen X, Xiao W, Li X, et al. In vivo evaluation of renal function using 
diffusion weighted imaging and diffusion tensor imaging in type 2 
diabetics with normoalbuminuria versus microalbuminuria. Front Med. 
2014;8:471–6.

 9. Feng YZ, Chen XQ, Yu J, et al. Intravoxel incoherent motion (IVIM) at 3.0 
T: evaluation of early renal function changes in type 2 diabetic patients. 
Abdom Radiol. 2018;43(10):2764‑2773.

 10. Le Bihan D, Breton E, Lallemand D, et al. Separation of diffusion and 
perfusion in intravoxel incoherent motion MR imaging. Radiology. 
1988;168:497–505.

 11. Le Bihan D, Breton E, Lallemand D, et al. Contribution of intravoxel 
incoherent motion (IVIM) imaging to neuroradiology. J Neuroradiol. 
1987;14:295–312.

 12. Zhang JL, Sigmund EE, Chandarana H, et al. Variability of renal apparent 
diffusion coefficients: limitations of the monoexponential model for dif‑
fusion quantification. Radiology. 2010;254:783–92.

 13. Notohamiprodjo M, Chandarana H, Mikheev A, et al. Combined intravoxel 
incoherent motion and diffusion tensor imaging of renal diffusion and 
flow anisotropy. Magn Reson Med. 2015;73:1526–32.

 14. Deng Y, Yang B, Peng Y, et al. Use of intravoxel incoherent motion 
diffusion‑weighted imaging to detect early changes in diabetic kidneys. 
Abdom Radiol. 2018;43:2728–33.

 15. Wang Y, Zhang X, Wang B, et al. Evaluation of renal pathophysiologi‑
cal processes induced by an iodinated contrast agent in a diabetic 
rabbit model using intravoxel incoherent motion and blood oxygena‑
tion level‑dependent magnetic resonance imaging. Korean J Radiol. 
2019;20:830–43.

 16. Sigmund EE, Vivier PH, Sui D, et al. Intravoxel incoherent motion and 
diffusion‑tensor imaging in renal tissue under hydration and furosemide 
flow challenges. Radiology. 2012;263:758–69.

 17. Ries M, Basseau F, Tyndal B, et al. Renal diffusion and BOLD MRI in experi‑
mental diabetic nephropathy. Blood oxygen level‑dependent. J Magn 
Reson Imaging. 2003;17:104–13.

 18. Hueper K, Hartung D, Gutberlet M, et al. Assessment of impaired 
vascular reactivity in a rat model of diabetic nephropathy: effect of 
nitric oxide synthesis inhibition on intrarenal diffusion and oxygenation 
measured by magnetic resonance imaging. Am J Physiol Ren Physiol. 
2013;305:F1428–35.

 19. Rasch R, Dorup J. Quantitative morphology of the rat kidney during 
diabetes mellitus and insulin treatment. Diabetologia. 1997;40:802–9.

 20. Rasch R, Norgaard JO. Renal enlargement: comparative autoradiographic 
studies of 3H‑thymidine uptake in diabetic and uninephrectomized rats. 
Diabetologia. 1983;25(3):280–7.

 21. Blantz RC, Deng A, Miracle CM, et al. Regulation of kidney function and 
metabolism: a question of supply and demand. Trans Am Clin Climatol 
Assoc. 2007;118:23–43.

 22. Venkatachalam MA, Griffin KA, Lan R, et al. Acute kidney injury: a spring‑
board for progression in chronic kidney disease. Am J Physiol Ren Physiol. 
2010;298:F1078–94.

 23. Layton HE, Pitman EB, Moore LC. Instantaneous and steady‑state gains 
in the tubuloglomerular feedback system. Am J Phys. 1995;268(1 Pt 
2):F163–74.

 24. Peng XG, Bai YY, Fang F, et al. Renal lipids and oxygenation in dia‑
betic mice: noninvasive quantification with MR imaging. Radiology. 
2013;269:748–57.

 25. Chandarana H, Lee VS, Hecht E, et al. Comparison of biexponential and 
monoexponential model of diffusion weighted imaging in evaluation of 
renal lesions: preliminary experience. Investig Radiol. 2011;46:285–91.

 26. Ichikawa S, Motosugi U, Ichikawa T, et al. Intravoxel incoherent motion 
imaging of the kidney: alterations in diffusion and perfusion in patients 
with renal dysfunction. Magn Reson Imaging. 2013;31:414–7.



Page 12 of 12Feng et al. BMC Nephrol          (2021) 22:321 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 27. Henkelman RM. Does IVIM measure classical perfusion? Magn Reson 
Med. 1990;16:470–5.

 28. Henkelman RM, Neil JJ, Xiang QS. A quantitative interpretation of IVIM 
measurements of vascular perfusion in the rat brain. Magn Reson Med. 
1994;32:464–9.

 29. Thoeny HC, Zumstein D, Simon‑Zoula S, et al. Functional evaluation of 
transplanted kidneys with diffusion‑weighted and BOLD MR imaging: 
initial experience. Radiology. 2006;241:812–21.

 30. Bankir L, Roussel R, Bouby N. Protein‑ and diabetes‑induced glomerular 
hyperfiltration: Role of glucagon, vasopressin, and urea. Am J Physiol Ren 
Physiol. 2015;309:F2–F23.

 31. Tikellis C, Brown R, Head GA, et al. Angiotensin‑converting enzyme 2 
mediates hyperfiltration associated with diabetes. Am J Physiol Ren 
Physiol. 2014;306:F773–80.

 32. Bak M, Thomsen K, Christiansen T, et al. Renal enlargement precedes renal 
hyperfiltration in early experimental diabetes in rats. J Am Soc Nephrol. 
2000;11:1287–92.

 33. Vallon V, Komers R. Pathophysiology of the diabetic kidney. Compr 
Physiol. 2011;1:175–1232.

 34. Hostetter TH. Hypertrophy and hyperfunction of the diabetic kidney. J 
Clin Invest. 2001;107:161–2.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Non-invasive investigation of early kidney damage in streptozotocin-induced diabetic rats by intravoxel incoherent motion diffusion-weighted (IVIM) MRI
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animal model
	MR protocol
	Image postprocessing
	Pathological analysis
	Statistical analysis

	Results
	Animal and laboratory parameters
	Comparisons of IVIM parameters
	Pathological results
	HE stain
	Collagen IV immunohistochemistry

	Correlation analysis

	Discussion
	Conclusions
	Acknowledgments
	References


