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Abstract

Background: Obstructive nephropathy is a common clinical disease.
Objectives: To explore the value of diffusion tensor imaging (DTI) in obstructive nephropathy.
Materials and Methods: Forty healthy Sprague-Dawley (SD) rats were examined in this study. Thirty-two animals underwent com-
plete obstruction of the left ureter, while eight animals underwent a sham surgery. Magnetic resonance imaging (MRI) was per-
formed before surgery and within different intervals after surgery. Eight rats from the experimental group and two rats from the
sham group were used in each interval. Following MRI, the animals were sacrificed and sent for medical examinations. The scan-
ning sequences included positioning, transverse T2-weighted (T2W), coronal, and coronal DTI sequences. Image postprocessing was
performed after DTI to measure DTI parameters, including apparent diffusion coefficient (ADC) and fractional anisotropy (FA), and
to reconstruct DTI fiber traces. One-way analysis of variance was used to compare the parameters between the cortex and medulla
and between different intervals.
Results: The fiber tracing showed that the obstructed renal fiber bundles were sparse and disordered. The ADC and FA values of
the renal cortex, extrarenal medulla, and inner medulla decreased with prolonged hydrops and were negatively correlated with the
expression of alpha-smooth muscle actin (α-SMA) and the renal tubulointerstitial lesion grade (r < 0, P < 0.001). Comparison of the
cortex, extrarenal medulla, and inner medulla showed the following trends for the ADC and FA values: cortex > extrarenal medulla
> inner medulla and cortex < extrarenal medulla < inner medulla, respectively.
Conclusions: DTI in obstructive nephropathy not only can reflect the degree of renal interstitial fibrosis and accurately indicate the
renal function, but also can provide information regarding renal blood perfusion, water metabolism, and ultrastructural changes.
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1. Background

Obstructive nephropathy is a renal disease, caused by
impaired urinary circulation in the urinary tract, which
produces back pressure and affects the normal physiology
of the renal parenchyma (1). Hydronephrosis and renal at-
rophy, caused by ureteral obstruction, are the most com-
mon diseases in urology, with an incidence rate as high as
5%. Overall, understanding the occurrence and pathogenic
mechanism of obstructive nephropathy is essential for the
clinical selection of a reasonable time for surgery and mon-
itoring the prognosis postoperatively (2).

Following ureteral obstruction, the pathophysiology,
anatomical morphology, and hemodynamics of the kid-
neys will change, depending on the duration and degree
of obstruction. The early stage of acute obstruction mainly
manifests as renal tubular lesions. With prolonged ob-
struction, renal tubular epithelial cells undergo balloon-

ing, atrophy, degeneration, necrosis, and tubulointersti-
tial fibrosis, which can ultimately lead to renal atrophy,
functional impairment, and damage. Generally, tubuloin-
terstitial fibrosis plays a key role in this process. It is cur-
rently believed that tubulointerstitial fibrosis is related to
interactions between the extracellular matrix (ECM), cy-
tokines, cells, and growth factors (3, 4).

Transforming growth factor-β1 (TGF-β1) is recognized
as the most critical cytokine in interstitial fibrosis (5). Be-
sides, a variety of interstitial cells are involved in the occur-
rence and development of renal interstitial fibrosis. Stud-
ies have shown that mesenchymal cells and renal tubu-
lar epithelial cells may undergo phenotypic changes, ex-
press alpha-smooth muscle actin (α-SMA), and exhibit cer-
tain characteristics of smooth muscle cells, including in-
creased proliferation, expression of ECM components, and
secretion.

The α-SMA-positive cells play a key role in the progres-
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sion of renal disease to end-stage renal failure (6). In 2007,
Liu et al. reported a regular increase in the α-SMA expres-
sion as an important indicator of renal interstitial fibro-
sis following obstructive hydronephrosis (7). Meanwhile,
the renal blood flow gradually decreases with prolonged
obstruction. In a previous study, the renal blood flow de-
creased to 50% compared to the control group at 24 hours
after complete ureteral obstruction and further decreased
to 30% after six days, 20% after two weeks, and 12% after
eight weeks (8).

Doppler ultrasound, radionuclide scintigraphy, com-
puted tomography (CT), and excretory cystourethrogra-
phy are often used clinically to examine ureteral obstruc-
tion. However, the information that can be obtained by
these modalities is limited and cannot provide microscale
data, such as renal pathophysiology or hemodynamics
(9, 10). In recent years, researchers have concentrated
on the development of non-invasive and safe functional
magnetic resonance imaging (fMRI) techniques, which do
not require the use of contrast agents, such as diffusion-
weighted imaging (DWI), diffusion tensor imaging (DTI),
arterial spin-labeled fMRI (ASL-fMRI), and blood-oxygen-
level-dependent fMRI (BOLD-fMRI), to reflect pathological
changes and blood perfusion of the kidneys at microscopic
levels (11-13). Moreover, some scholars have done early ex-
plorations of DTI in obstructive nephropathy; however, the
results are not pathologically confirmed, and the level of
evidence is low (14, 15).

2. Objectives

This study aimed to apply DTI in obstructive nephropa-
thy and to examine its correlation with pathology by an-
alyzing the correlations of apparent diffusion coefficient
(ADC) and fractional anisotropy (FA) of the obstructed re-
nal cortex and medulla with the degree of renal tubular in-
terstitial damage and the expression of α-SMA as a fibrosis-
related factor (16). Besides, the relationships between the
DTI parameter map, fiber bundle tracing map, and renal
ultrastructure were investigated.

3. Materials and Methods

3.1. Experimental Animals

Forty-four healthy Sprague-Dawley (SD) rats were pur-
chased from the Animal Center of Guangzhou University of
Traditional Chinese Medicine (license number: SCXK 2013-
0200). Two of the animals died accidentally due to anes-
thesia, and two others had severely deformed images due
to motion artifacts; these animals were removed from the
study. Overall, 19 female and 21 male rats, weighing 252.6±

14.5 g, were examined in this study. The average age of the
animals was two months.

First, preoperative MRI was performed for each animal.
Thirty-two rats underwent surgery, while eight rats under-
went a sham surgery. MRI was performed at one, three, five,
and seven days postoperatively. Eight animals in the exper-
imental group and two animals in the sham group were
scanned in each time interval. The ear-piercing method
was used to mark the animals. Immediately after the scan,
the animals were sacrificed and sent for medical examina-
tions. Chloral hydrate (10%) was injected intraperitoneally
at a dose of 3.3 mL/100 g body weight for anesthesia.

This study was approved by the Ethics Committee of Ji-
nan University, Guangzhou, China. The experimental pro-
cess was performed according to the ethical guidelines for
animal research.

3.2. Animal Model

Ligation with a No. 1 silk thread was used to establish a
model of complete irreducible unilateral ureteral obstruc-
tion. In this method (Figure 1A), the rat was anesthetized
with an intraperitoneal injection of 10% chloral hydrate
(3.3 mL/100 g); the skin was prepared and routinely disin-
fected with iodophor twice. A median abdominal incision
was made, and the skin was cut to expose the kidney. The
left ureter was found near the iliac blood vessel and freed at
approximately 1.0 cm from the junction of the renal pelvis
and ureter. Next, the ureter was ligated with a No. 1 silk
thread and ligated again at 0.5 cm distal from the first site
of ligation. The abdominal cavity was then sutured layer
by layer with No. 4 threads, and 40,000 U of penicillin was
injected intramuscularly for three days.

Moreover, in the sham group, the abdomen was cut
open after anesthesia induction, and only the left ureter
was freed; then, the abdominal wall was sutured layer by
layer. All surgeries were performed aseptically throughout
the procedure, and 0.2 to 0.3 mL of chloral hydrate was ad-
ministered to maintain anesthesia as needed.

3.3. Assessment Method

3.3.1. Preparation and Equipment

All rats were refused food for 12 hours and water for
four hours before MRI. A GE Healthcare 3.0T Discovery
MR750 superconducting scanner (Chicago, IL, USA) was
used with an HD wrist array upper coil and a postprocess-
ing workstation [Sun Advantage Workstation (ADW) 4.5].
For scanning, the animal was placed in a supine position,
with the limbs fixed and the head advanced.
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Figure 1. A, The surgical model. The ureter is freed at approximately 1.0 cm from the junction of the renal pelvis with the ureter and ligated with a No. 1 silk thread; the ureter
is ligated again 0.5 cm distal to the first ligation site. B, A sectional view of the renal hilum of the kidneys (the left kidney is the hydronephrotic kidney). Three days after ob-
struction, the left renal pelvis is significantly dilated (Juan, Y. Application of intravoxel incoherent motion imaging and diffusion-tensor imaging in obstructive nephropathy.
[Master] Jinan University, Guangzhou, Guangdong China, 2014).

3.3.2. Scanning Sequences and Parameters

The scanning sequences and parameters were as fol-
lows:

- Positioning sequence: A three-plane positioning
single-shot fast spin echo (FSEloc) sequence was acquired
with the following parameters: (1) repetition time (TR), 7.2
ms; (2) echo time (TE), 2.4 ms; (3) layer thickness, 3.0 mm;
(4) interval, 1.0 mm; (5) field of view (FOV), 12 cm × 12 cm;
(6) matrix, 256 × 192; (7) number of excitations (NEX), 1.0;
and (8) scan time, 21 sec (two positioning scans were ac-
quired).

- Transverse T2 weighted image (T2WI) sequence: A fast
relaxation-fast spin echo (FR-FSE)-XL/90 sequence was ac-
quired with the following parameters: (1) TR, 1405 ms; (2)
TE, 81 ms; (3) layer thickness, 2.0 mm; (4) interval, 0.2 mm;
(5) FOV, 8× 5.6 cm; (6) bandwidth, 20.8 kHz; (7) matrix, 320
× 256; (8) NEX, 2.0; and (9) scan time, 73 sec.

- Coronal T2WI sequence: An FRFSE-XL/90 sequence was
acquired with the following parameters: (1) TR, 1500 ms;
(2) TE, 79.1 ms; (3) layer thickness, 3.0 mm; (4) layer inter-
val, 0.6 mm; (5) FOV, 10× 7 cm; (6) bandwidth, 20.8 kHz; (7)
matrix, 320 × 256; (8) NEX, 4.0; and (9) scan time, 75 sec.

- Coronal DTI sequence: A spin echo (SE)/echo planar
imaging (EPI) sequence was acquired with the following
parameters: (1) b-value, 500; (2) TR, 3000 ms; (3) TE, 75.4 ms;
(4) layer thickness, 3.0 mm; (5) layer interval, 0.6 mm; (6)
FOV, 10.0× 5 cm; (7) bandwidth, 167 kHz; (8) matrix size, 96

× 64; (9) NEX, 2.0; (10) diffusion-sensitive gradient direc-
tion, 6; and (11) acquisition time, 2 min and 39 sec.

3.3.3. Image Postprocessing Analysis

The FuncTool of GE ADW 4.5 Workstation was used for
image postprocessing and analysis. The raw intravoxel in-
coherent motion (IVIM) and DTI data were transferred to
the workstation to obtain maps of DTI parameters (ADC
and FA). The regions of interest (ROIs) were placed on the
upper, middle, and lower poles of the renal cortex, ex-
trarenal medulla, and inner medulla at the coronal hilar
level, avoiding blood vessels and areas of renal pelvic dila-
tion and calyces. All ROIs had exactly the same size (1 ~ 2
mm2) and included at least five pixels. Fiber tracking was
also used by considering the renal parenchyma as the tar-
get site to reconstruct the renal parenchymal diffusion ten-
sor traces and analyze the position and shape of renal fiber
bundles.

3.4. Specimen Collection and Analysis

3.4.1. Collection and Processing of Specimens

MRI was performed at one, three, five, and seven days
postoperatively. The animals were then sacrificed, and
their kidneys were removed, cut in half at the hilar level,
and soaked in 4% neutral formalin solution for 24 hours
at room temperature. Next, the sections were dehydrated,
embedded in paraffin, and sectioned (3 µm) (Figure 1B).
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3.4.2. Staining Method

The surface of the renal hilum was cut as much as
possible to examine lesions. Hematoxylin and eosin (H &
E) staining and immunohistochemical staining were per-
formed, using the streptavidin-alkaline phosphatase (SP)
method for the latter. The primary antibody was againstα-
SMA, and the secondary antibody was a PIKA universal En-
Vision secondary antibody. The kits were purchased from
Jitai Yuancheng Biological Co., Ltd. (Santa Cruz Biotechnol-
ogy, Inc., Dallas, TX, USA).

3.4.3. Analysis of Immunohistochemical Results and Renal
Tubulointerstitial Lesions

Two senior pathologists observed the results of cell
staining by microscopy and used known positive sections
as positive controls to quantitatively analyze the level of α-
SMA expression, based on the intensity, range, and distri-
bution of immunohistochemical staining. Tubulointersti-
tial renal fibrotic lesions involved inflammatory cell infil-
tration, renal tubular atrophy, and interstitial fibrosis. Be-
sides, pathological sections were observed under light mi-
croscopy after H&E staining, and renal tubulointerstitial
lesions were semi-quantitatively graded according to the
method reported by Mezzano et al. (17).

3.5. Statistical Analysis

Statistical analysis was performed in SPSS 19.0
(Chicago, Illinois, USA). Variables were compared between
the groups and between the renal cortex and medulla
using one-way analysis of variance. Dunnett’s test was also
used to compare variables between the experimental and
sham groups preoperatively and postoperatively (1, 3, 5,
and 7 days). Moreover, the groups and parameters were
compared in the cortex, extrarenal medulla, and inner
medulla in each group by the Student-Newman-Keuls
(SNK) method.

Besides, a line graph of changes in the parameters of
the cortex, extrarenal medulla, and inner medulla with
prolonged obstruction was plotted. Also, the correlation
of each parameter with the expression of α-SMA and the
severity of renal tubulointerstitial lesions was analyzed by
Pearson’s correlation coefficient test. Besides, the correla-
tion of α-SMA expression with the severity of renal tubu-
lointerstitial lesions and the duration of hydrops was ana-
lyzed by Spearman’s rank correlation coefficient test. Data
were considered statistically significant at P < 0.05.

4. Results

4.1. MRI Results

The T2WI and DTI sequences of the rat kidneys in the
sham group clearly showed stratification of renal cortex,

extrarenal medulla, and inner medulla, no dilation of re-
nal pelvis, and differences in the ADC and FA values be-
tween the cortex and medulla on pseudocolor images. The
DTI fiber trace map could clearly show the performance of
the rat obstruction model in different stages (Figure 2).

4.2. Statistical Analysis of DTI Parameters

4.2.1. ADC Analysis

Tables 1 - 3 show changes in the ADC of the renal cortex,
inner medulla, and extrarenal medulla in the obstructed
and healthy groups, besides differences between the cor-
tex and medulla. There was no significant difference in the
ADC values between the experimental and sham groups
preoperatively. One day after surgery, the ADC of the ex-
trarenal medulla was lower in the experimental group
compared to the sham group (P = 0.005). On the third day,
the ADC values of the cortex, extrarenal medulla, and inner
medulla were lower in the experimental group compared
to the control group (P = 0.001, P < 0.001, and P < 0.001,
respectively).

On the fifth and seventh days postoperatively, the
ADC values of the cortex, extrarenal medulla, and inner
medulla were lower in the experimental group compared
to the control group (P < 0.001). Comparison of the cor-
tex and medulla regarding ADC in each group showed the
following trend, with a statistically significant difference
(P < 0.05): cortex > extrarenal medulla > inner medulla
(Table 3). Moreover, according to Table 2, the ADC values of
the cortex and medulla in the contralateral kidneys of the
experimental group were not significantly different from
those of the sham group (P > 0.05). Besides, there was a
significant difference in the ADC values between the cortex
and medulla in each group (P < 0.05).

4.2.2. FA Analysis

Tables 4 - 6 show changes in the FA of the renal cortex,
inner medulla, and extrarenal medulla in the obstructed
and contralateral kidneys, as well as differences between
the cortex and medulla. As shown in Table 4, there was no
significant difference in terms of ADC between the experi-
mental and sham groups preoperatively. One day after re-
nal obstruction, the FA of the cortex was lower in the ex-
perimental group compared to the sham group; however,
the difference was not statistically significant (P = 0.312).
Also, the FA of the outer and inner medulla was lower in
the experimental group compared to the control group (P
= 0.005 and P = 0.003, respectively).

On the third postoperative day, the FA of the cortex,
extrarenal medulla, and inner medulla was lower in the
experimental group compared to the control group (P =
0.004, P < 0.001, and P < 0.001, respectively). On the fifth
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Table 1. Comparison of ADC (× 10-3 mm2/s) Between the Sham and Experimental Groups (in the Operated Kidney) at Each Time Point a , b

Variables Sham group First postoperative day Third postoperative day Fifth postoperative day Seventh postoperative day

Cortex 2.03 ± 0.11 1.89 ± 0.07 1.75 ± 0.07 1.62 ± 0.06 1.53 ± 0.09

P-value - 0.103 0.001 < 0.001 < 0.001

Extrarenal medulla 1.83 ± 0.06 1.72 ± 0.04 1.58 ± 0.05 1.47 ± 0.06 1.36 ± 0.06

P-value - 0.005 < 0.001 < 0.001 < 0.001

Inner medulla 1.63 ± 0.06 1.60 ± 0.06 1.43 ± 0.10 1.26 ± 0.06 1.08 ± 0.04

P-value - 1.000 < 0.001 < 0.001 < 0.001

Abbreviation: ADC, apparent diffusion coefficient.
a P-values are the results of pairwise comparisons between the experimental and sham groups at different time points.
b P-value < 0.05 is statistically significant (n = 8 per group).

Table 2. Comparison of ADC (× 10-3 mm2/s) Between the Sham and Experimental Groups (in the Contralateral Kidney) at Each Time Point a , b

Variables Sham group First postoperative day Third postoperative day Fifth postoperative day Seventh postoperative day

Cortex 1.97 ± 0.12 2.09 ± 0.18 2.05 ± 0.13 2.02 ± 0.08 2.10 ± 0.11

P-value - 0.747 1.000 1.000 0.457

Extrarenal medulla 1.74 ± 0.13 1.78 ± 0.10 1.78 ± 0.06 1.77 ± 0.09 1.83 ± 0.13

P-value - 1.000 1.000 1.000 0.946

Inner medulla 1.63 ± 0.15 1.70 ± 0.17 1.57 ± 0.11 1.61 ± 0.15 1.74 ± 0.22

P-value - 1.000 1.000 1.000 1.000

Abbreviation: ADC, apparent diffusion coefficient.
a P-values are the results of pairwise comparisons between the experimental and sham groups.
b P < 0.05 is statistically significant (n = 8 per group).

Table 3. P-Values of ADC Comparisons Between the Kidney Layers in the Operated Side a

Variables
ADC; P-value

Cortex vs. extrarenal medulla Cortex vs. inner medulla Extrarenal medulla vs. inner medulla

Sham group 0.003 < 0.001 < 0.001

First postoperative day < 0.001 < 0.001 0.001

Third postoperative day 0.001 < 0.001 0.002

Fifth postoperative day < 0.001 < 0.001 < 0.001

Seventh postoperative day < 0.001 < 0.001 < 0.001

Abbreviation: ADC, apparent diffusion coefficient.
a P < 0.05 is considered statistically significant.

Table 4. Comparison of FA (× 10-3 mm2/s) Between the Sham and Experimental Groups (in the Operated Kidney) at Each Time Point a , b

Variables Sham group First postoperative day Third postoperative day Fifth postoperative day Seventh postoperative day

Cortex 1.01 ± 0.13 0.83 ± 0.16 0.70 ± 0.13 0.69 ± 0.14 0.57 ± 0.22

P-value - 0.312 0.004 0.002 < 0.001

Extrarenal medulla 2.56 ± 0.37 1.96 ± 0.33 1.50 ± 0.24 1.12 ± 0.10 0.93 ± 0.22

P-value - 0.005 < 0.001 < 0.001 < 0.001

Inner medulla 3.37 ± 0.65 2.89 ± 0.44 2.42 ± 0.34 2.16 ± 0.21 1.81 ± 0.33

P-value - 0.003 < 0.001 < 0.001 < 0.001

Abbreviation: FA, fractional anisotropy.
a P-value is determined by pairwise comparisons between the experimental and sham groups at different time points.
b P < 0.05 is statistically significant (n = 8 per group).
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Figure 2. DTI fiber tracing shows that in a normal kidney, fibers diverge from the renal hilum at the center and are arranged regularly (fig 2.1). One day after renal obstruction
in rats, the renal pelvis is slightly dilated. T2WI shows the inner medullary edema, and coronal DTI shows an increased signal in the inner medulla, with distinct signals in
the cortex, extrarenal medulla, and inner medulla. Pseudocolor images represent the outlines and changes in renal regions more precisely. The DTI fiber trace map only
shows traces for some fiber bundles from the renal hilum to the cortex (fig 2.2). Three days after renal obstruction, the outline is slightly enlarged, as well as the renal pelvis.
T2WI shows that the inner medullary edema is aggravated, without involving the extrarenal medulla. Coronal DTI shows that the inner medullary signal is increased, and the
cortical, extrarenal medullary, and inner medullary layers are clear. Pseudocolor images better represent the outlines of the kidneys. The DTI fiber trace map shows traces of
some fiber bundles from the renal hilum to the cortex; the fiber arrangement is disordered, and there are some irregular fiber bundles (fig 2.3). Five days after obstruction, the
outline of the kidney is enlarged, and the renal pelvis is dilated. T2WI shows edema in the renal cortex and medulla. DTI indicates increased signals in the cortex and medulla;
the cortex, extrarenal medulla, and inner medulla are clearly shown. Pseudocolor images better represent the outlines of the kidneys. The DTI fiber trace map shows no traces
of normal radial fiber bundles, and the fiber bundles are arranged irregularly (fig 2.4). Seven days after obstruction, the contour of the kidneys is significantly enlarged, and
the renal pelvis is severely expanded. T2WI shows further aggravation of the renal parenchymal edema with the renal cortex involvement. Coronal DTI shows increased signals
from the renal cortex and medulla, while the cortex, extrarenal medulla, and inner medulla are blurred. Pseudocolor images better represent the outlines of the kidneys. The
DTI fiber trace map shows no traces of normal radial fiber bundles, and the fiber bundles are arranged irregularly (fig 2.5). Abbreviations: DTI, diffusion tensor imaging; FA,
fractional anisotropy; ADC, apparent diffusion coefficient; α-SMA, alpha-smooth muscle actin; T2WI, T2 weighted image; HE, hematoxylin and eosin.

Table 5. Comparison of FA (× 10-3 mm2/s) Between the Sham and Experimental Groups (in the Contralateral Kidney) at Each Time Point a , b

Variables Sham group First postoperative day Third postoperative day Fifth postoperative day Seventh postoperative day

Cortex 1.39 ± 0.31 1.39 ± 0.44 1.47 ± 0.70 1.21 ± 0.06 1.31 ± 0.21

P-value - 0.783 0.892 0.980 0.754

Extrarenal medulla 2.27 ± 0.45 2.27 ± 0.76 2.45 ± 0.50 2.33 ± 0.39 2.55 ± 0.64

P-value - 1.000 1.000 1.000 1.000

Inner medulla 3.63 ± 0.68 3.80 ± 0.34 4.00 ± 0.41 3.97 ± 3.66 3.78 ± 0.54

P-value - 1.000 0.972 0.988 1.000

Abbreviation: FA, fractional anisotropy.
a P-value is determined by pairwise comparisons between the experimental group and the sham group at different time points.
b P < 0.05 is statistically significant (n = 8 per group).

postoperative day, the FA of the cortex, extrarenal medulla,
and inner medulla was lower in the experimental group
compared to the control group (P = 0.002, P < 0.001, and
P < 0.001, respectively). On the seventh postoperative day,

the FA of the cortex, extrarenal medulla, and inner medulla
was lower in the experimental group compared to the con-
trol group (P < 0.001). Based on the comparison of the
cortex and medulla, the FA showed the following trend in
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Table 6. P-Values of FA Comparison Between the Kidney Layers on the Operated Side a

Variables
FA; P-value

Cortex vs. extrarenal medulla Cortex vs. inner medulla Extrarenal medulla vs. inner medulla

Sham group < 0.001 < 0.001 0.003

First postoperative day < 0.001 < 0.001 < 0.001

Third postoperative day < 0.001 < 0.001 < 0.001

Fifth postoperative day < 0.001 < 0.001 < 0.001

Seventh postoperative day 0.031 < 0.001 < 0.001

Abbreviation: FA, fractional anisotropy.
a P < 0.05 is considered statistically significant.

each group: cortex < extrarenal medulla < inner medulla.
A significant difference was found between the groups (P
< 0.05) (Table 6). According to Table 5, the FA of the cor-
tex and medulla of the contralateral kidney was not sig-
nificantly different between the experimental and sham
groups (P > 0.05), while the FA of the cortex and medulla
was significantly different in all groups (P < 0.05).

4.3. Pathological Findings

Table 7 shows the expression of α-SMA and the grade
of renal tubulointerstitial lesions on the obstructed side in
each group; the data presented in this table were analyzed
by Spearman’s rank correlation test. The correlation coeffi-
cient between the expression of α-SMA and the duration of
obstruction was 0.869 (P < 0.001). The results showed that
the expression of α-SMA increased with the prolongation
of hydronephrosis and increasing severity of renal tubu-
lointerstitial lesions. The correlation coefficient between
the grade of renal tubulointerstitial lesions and duration
of obstruction was 0.924 (P < 0.001). In other words, the
severity of renal tubulointerstitial lesions increased with
the prolongation of water accumulation, especially on the
third day.

4.4. Correlation Analysis of DTI Parameters, α-SMA Expres-
sion, and Renal Tubulointerstitial Lesion Grade in Obstructive
Nephropathy

4.4.1. Apparent Diffusion Coefficient

With the prolongation of hydronephrosis, the degree
of hydronephrosis increased, and the ADC of the external
renal medulla showed the fastest change, as it started to
decrease on the first day after obstruction. The renal cor-
tex and intrarenal medulla also started to decrease on the
third postoperative day. The ADC of the renal cortex, ex-
trarenal medulla, and inner medulla showed strong neg-
ative correlations with the expression of α-SMA and the
grade of renal tubulointerstitial lesions (P < 0.001) (Figure
3A).

4.4.2. Fractional Anisotropy

After obstruction, the FA of the renal cortex, extrarenal
medulla, and inner medulla decreased with the prolon-
gation of hydronephrosis and increased severity of hy-
dronephrosis. There was a strong negative correlation be-
tween FA and both the expression of α-SMA and the grade
of renal tubulointerstitial lesions (P < 0.001) (Figure 3B).

5. Discussion

In this study, coronal DTI clearly showed stratification
of the renal parenchyma in the SD rats, including the cor-
tex, extrarenal medulla (outer and inner bands), and inner
medulla, while these changes were more clear on coronal
T2WI (13). With the prolongation of hydronephrosis, the re-
nal cortex and medulla signals gradually increased in T2WI
and DTI, and changes in the inner medulla were observed
the earliest. The first day after obstruction, the boundary
between the cortex, extrarenal medulla, and inner medulla
became gradually blurred, but could be still distinguished.

The pseudocolor images could display the outlines of
the kidneys and differences in color between the layers
more precisely. The layer boundaries were most obvious on
the ADC and FA maps, which conforms to the results of the
statistical analysis of ADC and FA (18). The DTI fiber trace
map clearly showed that in a normal kidney, the fibers di-
verge from the renal hilum at the center and are arranged
regularly, while after the induction of hydronephrosis, the
fibers are arranged in a disordered manner. The present
results showed that DTI is superior to other sequences in
representing the anatomical structures of the kidneys and
is a suitable technique for studying the anatomy of the kid-
neys; this finding is consistent with the results of previous
studies (15, 19).

The pathomorphological study of obstructive hy-
dronephrosis in rats showed that the early stage of acute
obstruction mainly manifests as renal tubular lesions.
With a prolonged obstruction, the amount of renal tubu-
lointerstitial fibrotic tissue increased, leading to renal
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Table 7. Expression of α-SMA and Grade of Renal Tubulointerstitial Lesions on the Operated Side of Rats in Each Group

Groups
α-SMA expression Tubulointerstitial lesion grade

- 1+ 2+ 3+ Total Grade 0 Grade I Grade II Grade III Total

Sham group 8 8 8 8

First postoperative day 4 3 1 8 5 3 8

Third postoperative day 4 2 2 8 3 5 8

Fifth postoperative day 1 2 5 8 3 5 8

Seventh postoperative day 1 7 8 1 7 8

Total 12 8 6 14 40 13 6 9 12 40

Abbreviation: α-SMA, alpha-smooth muscle actin.
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Figure 3. A, The apparent diffusion coefficient (ADC) trend in the cortex, extrarenal medulla, and inner medulla in each group; B, The fractional anisotropy (FA) trend in the
cortex, extrarenal medulla, and inner medulla in each group.

atrophy and renal dysfunction. In this study, one day
after obstruction, there were no obvious changes in the
glomerulus or renal pelvis. Renal tubules were slightly
dilated, some renal tubular epithelial cells were swollen, a

small amount of scattered inflammatory cells infiltrated
into the renal interstitium, and a small amount of fibrous
tissue proliferation was detected; the interstitial lesion
grade was +.
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Three days after obstruction, H&E staining showed
glomerular cell edema, renal tubule dilation, epithelial
cell edema and necrosis, extensive inflammatory cell in-
filtration, and few fibers in the tubulointerstitium; the le-
sion grade was ++. Five days after obstruction, H&E stain-
ing showed glomerular cell edema and necrosis, some in-
terstitial red blood cells, clearly dilated renal tubules, some
tubular atrophy and collapse, tubular epithelial cell atro-
phy and necrosis, and extensive inflammatory cell infil-
tration and fibrosis in the tubulointerstitium; the lesion
grade was +++.

Seven days after obstruction, H&E staining showed
glomerular atrophy, mild fibrosis, further tubular expan-
sion and collapse, tubular epithelial cell atrophy and
necrosis, and extensive inflammation in the tubulointer-
stitium; the lesion grade was +++. The results showed that
fibrosis began to appear in the renal interstitium three
days after acute complete obstruction. In line with previ-
ous research, this study indicated the specific presentation
time of the earliest signs of fibrosis in an acute unilateral
upper ureteral obstruction model with hydronephrosis.

In the present study, the ADC and FA values showed sig-
nificant differences between the renal cortex, extrarenal
medulla, and inner medulla. The ADC showed a decreas-
ing trend of cortex > extrarenal medulla > inner medulla,
while the FA values showed the opposite trend. The ADCs
reported in previous studies are inconsistent with our re-
sults. In this regard, Muller and Namimoto, by adopting
a small b-value, found that the ADC of the medulla was
greater than that of the cortex (20, 21). They believed that
the water content of the medulla was much greater than
that of the cortex and that the degree of dispersion might
be higher.

It is possible that previous studies failed to distinguish
the effects of diffusion and perfusion, resulting in differ-
ences in the ADCs between the cortex and medulla. Sim-
ilarly, in the present study, DTI was performed with a b-
value of 500 s/mm2, which included the effects of both dif-
fusion and perfusion, and comparison of ADCs between
the cortex and medulla was of little significance (22). The
FA in most previous studies was higher in the medulla
compared to the cortex, reflecting a difference in the ul-
trastructure of the renal medulla and cortex. The re-
nal medulla is mainly composed of renal tubules, collect-
ing ducts, and a small number of interstitial and small
nutrient-supplying blood vessels. Overall, water molecules
diffuse more rapidly in the kidneys along the long axis of
the tubule; therefore, the FA of the renal medulla is signif-
icantly higher than that of the renal cortex, and the direc-
tionality of the medulla is clearer.

In the present study, after the induction of obstruc-
tive nephropathy, the ADC and FA of the cortex, extrarenal

medulla, and inner medulla decreased significantly due
to a series of pathophysiological changes in the kidneys.
The ADC and FA were closely related to the expression of
α-SMA and the grade of renal tubulointerstitial lesions.
The higher the expression of α-SMA and the grade of renal
tubulointerstitial lesions were, the lower the ADC and FA
values would be; this finding suggested a negative correla-
tion between these variables. Therefore, with the aggrava-
tion of renal tubulointerstitial fibrosis, the ADC and FA val-
ues gradually decrease. On the fiber trace map, the fibers
in the normal kidneys were distributed radially from the
renal hilum to the renal cortex, with a regular shape. How-
ever, the structure of the renal parenchyma changed after
the accumulation of water, and the shape of fibers became
irregular (23).

The results of this study showed that the DTI technol-
ogy not only can be used to quantify differences in the
ultra-microanatomical structure of the kidneys (greater di-
rectionality of the medulla than the cortex), but also can
reflect early morphological changes in the renal function
through fiber tracing. Moreover, on DTI for obstructive
nephropathy, the ADC and FA showed significant negative
correlations with the expression of α-SMA and the sever-
ity of renal tubulointerstitial lesions; in other words, as the
degree of renal interstitial fibrosis increased, the ADC and
FA values both progressively decreased.

In conclusion, DTI parameters in obstructive
nephropathy not only can provide physiological and
anatomical information regarding the microscopic as-
pects of renal function, but also can indirectly reflect the
degree of renal fibrosis, which is helpful for evaluating re-
nal function, guiding clinical treatment, and monitoring
prognosis.
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