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Abstract
Purpose Currently, diabetes and the consequent DN are considered a major public health issue. However, the mechanism 
of DN and its treatment require further clarification. This study proposed noninvasive T1-weighted (T1W) and T2-weighted 
(T2W) MRI protocols for the longitudinal assessment of kidney disease progression after DN induction in Sprague Dawley 
(SD) rats.
Methods The changes in MRI image indices over time between control and DN SD rats were investigated. The volumes of 
the bilateral kidneys and the signals intensities (SIs) of the bilateral kidneys, renal pelvis, renal cortex, and renal medulla on 
turbo spin echo T1W and T2W images were obtained to observe DN progression in the rat kidneys.
Results The results indicated that the edges of kidneys were clearer and sharper in the DN rats than in the control rats. The 
time-varying SIs of the bilateral whole kidneys, renal cortex, renal pelvis, and renal medulla on T1W and T2W images were 
significantly larger in the DN rats than in the control rats. Moreover, the volumes of both the left and right kidneys were 
significantly larger in the DN rats than in the control rats.
Conclusion High-quality T1W and T2W images can be used to assess DN progression in SD rats’ kidney. Our results might 
be applicable to clinical routine diagnostic examinations that may improve diagnostic accuracy. Further development of the 
MRI technology for early DN detection and treatment is warranted.

Keywords Magnetic resonance imaging · Diabetic nephropathy · TSE · T1WI · T2WI · SD rat

1 Introduction

Rapid economic development and attendant lifestyle changes 
have led to an increase in the annual diabetic nephropa-
thy (DN) incidence and prevalence worldwide. Diabetic 
nephropathy (DN), also known as diabetic kidney disease, 
was first characterized by Clifford Wilson and Paul Kim-
melstiel in 1936 [1]; it is induced by long-term diabetes [2]. 
The global annual incidence and prevalence of diabetes have 
demonstrated a rapid increase. In 2010, approximately 284 
million people—nearly 6.4% of the total world population—
were diagnosed as having diabetes. In addition, the number 
of people with diabetes is expected increase to 439 million 
by 2030, accounting for 7.7% of the total world population. 
Diabetes has become a major public health issue [3, 4]. The 
current national cost of dialysis is nearly NT$30 billion 
per year in Taiwan. These data indicate that DN represents 
a major medical burden in Taiwan. In people with diabe-
tes, uncontrolled blood glucose levels (BGLs) may lead to 
kidney injury, which may even advance to DN [5]. Further 
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progression of DN is characterized by nodular glomerular 
sclerosis exacerbation, which is revealed through a kidney 
biopsy as well as by a gradual increase in urine albumin lev-
els, as detected through routine urinary test techniques. The 
causes of DN remain unclear, but hyperglycemia, advanced 
glycosylation end product formation, and cytokine produc-
tion are believed to be associated with DN occurrence and 
development [6].

Compared with other imaging modalities, magnetic res-
onance imaging (MRI) provides superior contrast for soft 
tissues in living organs. Through MRI, anatomical images 
with different contrast levels can be obtained by adjusting 
scan parameters and using pulse sequences. Studies have 
confirmed that magnetic resonance imaging (MRI) signal 
intensity is a more accurate indicator of the degree of kidney 
injury than are other imaging modalities. The advantages of 
MRI include noninvasiveness, the absence of any radioac-
tivity, a free orientation, and high resolution; consequently, 
MRI is now widely used in clinical diagnosis and medi-
cal research. Moreover, the recent preference of turbo spin 
echo (TSE) over conventional spin echo (CSE) [7] has led 
to rapid acquisition scanning rates. TSE T1-weighted (T1W) 
imaging (T1WI) and T2-weighted (T2W) imaging (T2WI) 
are commonly used in routine MRI for diagnosing various 
diseases [8–13].

In this study, we verified whether MRI protocols can be 
used to monitor DN progression in a streptozotocin (STZ)-
induced DN rat model [14, 15]. Here, STZ was used to 
selectively destroy insulin-producing β cells in the pancreas, 
leading to insulin deficiency and glucose metabolism injury 
and further to DN. Patients with DN—the most common 
cause of chronic and end-stage kidney disease in the United 
States [16]—may require hemodialysis or kidney transplan-
tation treatment [17]. In general, DN is associated with an 
increased risk of mortality, particularly due to cardiovascular 
diseases [18]. From 2005 to 2008, nearly 6.9 million people 
were affected by DN in the United States [19]. According to 
a 2006 article by The Diabetes Care Foundation, approxi-
mately 135 million people were affected by diabetes in 1995; 
this number is expected to exceed 300 million by 2025, and 
consequently, the number of people with diabetes-induced 
DN is expected to increase significantly by 2050 [20, 21].

Diabetic nephropathy is a chronic low-grade inflamma-
tory kidney disease caused by the long-term loss of renal 
function [22, 23] and is one of the major long-term compli-
cations of diabetes [24]. Recently, diabetic nephropathy is 
recognized as the leading cause of end-stage renal disease 
in the world [25, 26]. Most studies in animals have exam-
ined relatively long-term changes in podocyte number and 
density and have not examined effects early after initiation of 
diabetes [27]. Mice models are widely used to model human 
diseases, therefore, to evaluate the long-term changes of the 
kidney in SD rats with DN are of great importance and can 

be recognized by the recent publications [24–27]. Patients 
with DN without appropriate treatment may result in chronic 
kidney failure, advance to end-stage kidney disease and fur-
ther lead to mortality. Hence, an early detection with early 
treatment is crucial. T1WI and T2WI are widely used in 
routine examinations and can obtain different contrast MR 
images as well as to achieve renal volume [28]. The changes 
of MRI image indices might reveal the symptom of patient. 
Specifically, the purpose of this study was to establish a 
DN model in Sprague Dawley (SD) rats and longitudinally 
monitor long-term changes of MRI image indices in their 
kidneys through TSE T1WI and T2WI. Simultaneously, to 
accurately elucidate DN progression, we optimized MRI 
scanning parameters for the kidneys and calculated indices 
such as the volume and signal intensity (SI) of renal areas 
in both the control and DN SD rats. Finally, the differences 
of the kidney between the control and DN SD rats were 
explored. The protocols used in this study were noninvasive 
and did not require the animals to be euthanized.

2  Materials and Methods

2.1  Experimental Animals

Twen ty  6 -week-o ld  hea l t hy  ma le  SD ra t s 
(weight = 450–500 g) were divided into 2 groups: a DN 
group (N = 12) and a control group (N = 6). The DN SD rats 
were fed 50 g of a high-fat diet and 500 mL of water and 
administered STZ injection intraperitonially (i.p.), whereas 
the control rats were fed 50 g of a normal diet with 500 mL 
of water but they were not administered STZ. The animal 
research was approved by the Institutional Animal Care and 
Use Committee of I-Shou University, Taiwan (approval NO: 
IACUC-ISU-104011, approval date: 2015/10/13).

2.2  STZ‑Induced DN Rat Model

SD rats in the DN group were fasted for 6 h, with ad libitum 
access to water. Subsequently, these rats were anesthetized 
with a mixture of Zoletil 50 (50 mg/mL; Virbac, Carros, 
France) and xylazine (Rompun; Bayer Health Care, Lev-
erkusen, Germany). Moreover, we formulated an injectable 
formulation of STZ by dissolving 180 mg of STZ in 6 mL 
of freshly prepared trisodium citrate buffer (100 mmol/L, 
pH 4.5; Sigma-Aldrich, MO, USA). We then administered 
0.5 mL of the STZ solution to the anesthetized rats i.p. by 
using a 1-cc plastic syringe [14, 15]. Thereafter, these rats 
were fed only a high-fat diet to induce DN. Moreover, these 
rats were scheduled to receive STZ i.p. weekly for 3 con-
secutive weeks to ensure diabetes induction. Finally, the 
MRI experiments started 1 week after the completion of 
diabetes induction in this study. The BGLs of the rats were 
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measured weekly for diabetic biochemical assessment after 
DN induction.

2.3  MRI Protocol

MRI T1W and T2W SI [29, 30], relative SI [31–34] and 
normalized SI [35] have been widely used to qualitatively 
and quantitatively evaluate the slow and highly variable 
disease progression in various diseases. MR images were 
acquired using a 1.5 T Siemens MAGNETOM ESSENZA 
A Tim + Dot System (Siemens, Germany), which is a whole-
body clinical magnetic resonance scanner with multichannel 
high-resolution flexible coils.

Axial and coronal TSE T1W and T2W pulse sequences 
were used to set up the optimized scanning parameters, includ-
ing bandwidth, repetition time (TR), echo time (TE), matrix 
size, slice thickness, and number of excitation (NEX), before 
data collection. The resulting optimized scanning parameters 
were then used to obtain T1W and T2W images (Table 1). 
The scanning protocol started with a 3-plane localizer scan to 
obtain axial, coronal, and sagittal plane localization images; 
this was followed by a calibration scan. Finally, the axial and 
coronal TSE T1W and T2W pulse sequences were scanned 
subsequently. In this study, all the scanning parameters were 
kept the same. All these MRI scans were performed weekly 
for 6 weeks. We have corrected our manuscript accordingly as: 
We used the signal intensity from the control group to validate 
the intensity changes in the DN group. The results showed that 
there were significant differences of SI in the DN groups in the 
renal cortex, renal pelvis and renal medulla. Instead, there were 

no significant SI changes for all areas in the control group. 
Because MR T1WI and T2WI signal intensity changes from 
the control group were used to validate the intensity changes in 
the DN groups, it is therefore considered as a “relative” signal 
intensity analysis [29–34].

Figure 1 illustrates the time course of the current experi-
mental setup. The experimental design involved MRI scans 
every 7 days after complete induction of DN to observe 
longitudinal changes in the kidney MR images over time. 
To observe the changes in BGLs over time, blood was also 
extracted 3 days after each MRI scan.

2.4  Biochemical Assessment for Diabetes

After 3 weeks of DN induction with STZ, the BGLs of the SD 
rat was measured regularly on a weekly basis. A drop of blood 
was collected on a test strip from the tail vein of each SD rat 
for evaluation of the BGL and analyzed on a Benecheck mul-
timonitoring meter (Leon Medical Supplies Limit, Taiwan). A 
rat BGL of ≥ 280 mg/dL was considered to indicate diabetes.

2.5  Image Processing and Analysis

After each MRI scan, all the acquired image data were 
exported to a PC workstation for measurement and analysis. 
The SI measurements were made of the whole left and right 
kidneys, renal cortex, renal pelvis, and renal medulla on the 
TSE T1W and T2W images of the control and DN SD rats. 
Different tissues had different signal intensities on MR images. 
The renal cortex, renal pelvis and renal medulla have different 
SI and appeared as dark gray, bright and gray correspondingly 
in T2W image. Hence, the ROI of them could be clearly dif-
ferentiated and segmented using T2W image by the contrast 
among different tissues referred to the anatomic structure of 
kidney. After the ROI of T2WI was drawn, the contour of each 
part was directly applied on T1WI images. The whole left and 
right kidney volumes in the control and DN SD rats on TSE 
T2W images were measured as well.

2.6  Statistical Analysis

All statistical analyses were performed using SPSS (version 
18). The time course correlations and differences on the signal 
intensity of TSE T1W images between the control and DN 
SD rats were compared as well as T2W images. In particular, 
longitudinal changes in the kidneys in various imaging indices 

Table 1  TSE T1W and T2W scanning parameters

Cor. T1 
TSE

Cor. T2 
TSE

Axi. T1 
TSE

Axi. T2 TSE

TR (ms) 400 2000 500 2500
TE (ms) 13 88 13 93
FOV  (mm2) 100 × 100 100 × 100 120 × 120 120 × 120
NEX 4 4 2 2
Resolution 256 256 192 192
Flip angle 

(°)
150 150 150 150

Slthk (mm) 3 3 3 3
BW (Hz/Px) 199 199 130 130
Scan time 3:14 2:20 3:24 2:27

Fig. 1  Experimental setup 6th BGL 
test

5th BGL  
test

1st BGL 
test

2nd BGL  
test

3rd BGL  
test

4th BGL 
test

Day

2nd 
STZ

3rd 
STZ

1st 
STZ

1st 
MRI

2nd 
MRI

3rd 
MRI

6th 
MRI

5th 
MRI

4th 
MRI

Decease

7 77 43 43 43 43 43 33
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over time between the control and DN SD rats were analyzed. 
By using different scan sequence images of the kidneys of the 
control and DN SD rats, we performed a comparative assess-
ment of the correlations and differences in the renal volumes 
and MRI indices of the control and DN SD rats. The nonpara-
metric Mann–Whitney U test was performed to explore the 
correlation between the control and DN SD rats.

3  Results

Figure 2 illustrates hand-drawn regions of interest (ROIs) 
in the left and right kidneys, renal cortex, renal pelvis, 
and renal medulla of SD rats. The left and right kidney 
volumes as well as the SIs of each ROI were calculated. 
Figure 3(a) shows the time-varying BGLs over time in 
the control and DN SD rats: the BGL is much higher in 
the DN SD rats (400 ~ 550 mg/dL) than in the control SD 
rats (~ 140 mg/dL). The BGLs of the control SD rats had 
not changed and those of DN rats were persistent high, 

especially from the 4th to 6th weeks during six-week 
period. Figure 3(b) shows the BGLs of the control and DN 
SD rats with and without a 12-h fast before BGL measure-
ment. Neither the left and right kidney volumes of the con-
trol SD rats had significant changes and nor those of DN 
rats during the six-week period. The time-varying imag-
ing volume results indicated that the left and right kidney 
volumes were significantly larger in the DN SD rats than 
in the control SD rats (Figs. 4(a) and (b), respectively; all 
P < 0.05).

Figure 5 illustrates a time series of the control SD rat 
kidneys with ROI on abdominal (a) T1W images and (b) 
T2W images, respectively; as well as a time series of the 
DN SD rat kidneys with ROI on abdominal (c) T1W images 
and (d) T2W images, respectively—all obtained over 1 to 
6 weeks after DN induction. All these images demonstrated 
clearly visible kidney contours, without any respiratory arti-
facts, such that segmentation and quantification could be 
performed accurately. In general, the kidney contours were 
clearer in the control SD rats than in the DN SD rats.

Fig. 2  ROIs of the left and right 
kidneys, renal cortex, renal 
pelvis, and renal medulla of SD 
rats in (left) T2WI and (right) 
T1WI

Renal 
medullary

Renal 
pelvis

Renal 
cortex

Right kidney

Left kidney

Renal 
medullary

Renal  
pelvis

Renal  
cortex

Renal 
medullary

Renal 
pelvis

Renal 
cortex

Right kidney

Left kidney

Renal 
medullary

Renal 
pelvis

Renal 
cortex

Fig. 3  a Time-varying BGLs of the control and DN SD rats, b BGLs of the control and DN SD rats with and without fasting
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Figures 6(a–d) and 6(e–f) illustrate the time-varying SIs 
of the left and right kidney ROIs in the T1W images, respec-
tively, whereas Figs. 7(a–d) and 7(e–f) show those of the 
left and right kidney ROIs in the T2W images, respectively. 
Here, the ROIs are the whole kidney, renal cortex, renal 
pelvis, and renal medulla in the control and DN SD rats. The 
results indicated that the mean SIs of the ROIs in both the 
abdominal T1W and T2W images was greater in the DN SD 
rats than in the control SD rats (P < 0.05). Furthermore, the 
SIs of the ROIs on renal medullary, renal cortex, renal pelvis 
and whole kidney of ND SD rats did not have significant 
changes with time in T1WI, whereas the SIs of the ROIs on 
all interested area of ND SD rats gradually increased with 
time in T2WI. The linear regressions were performed for 
whole kidney, renal pelvis, renal medullary and renal cortex 
with slope  (R2) of 26.45(0.96), 39.62(0.78), 21.94(0.81) and 
23.37(0.75), individually. This might be related to the sever-
ity of tissue inflammation.

4  Discussion

In this study, we proposed a noninvasive T1WI and T2WI 
protocol for monitoring DN progression in the kidneys of 
SD rats and then performed a longitudinal assessment of the 
results. Our results indicated that the edges of the kidneys 
appeared clearer and sharper in the DN SD rats than in the 
control SD rats. Compared with the control SD rats, the DN 
SD rats exhibited significantly larger time-varying SIs of 
the bilateral kidneys, renal cortex, renal pelvis, and renal 
medulla as well as bilateral kidney volumes on the T1W 
and T2W images.

Different tissues have different T1 and T2 relaxation times 
due to the varying tissue environments in the human body. 
TR and TE are key scanning parameters used to produce var-
ious tissue contrasts in different weighted MR images. Short 

TR and TE provide T1W images, whereas long TR and TE 
produce T2W images. To highlight the differences between 
a lesion and the surrounding normal tissue, the scanning 
parameters must be adjusted. The tissue contrast in T1W and 
T2W images is essential in distinguishing lesions.

In the current study, we used TSE T1WI and T2WI with 
optimum image contrast adjustment. TSE increases the 
acquisition speed of CSE: CSE has only one phase-encoding 
step per TR, whereas TSE has a series of phase-encoding 
steps in each TR, which significantly reduces scan time. 
Echo train length (ETL) denotes the number of phase-
encoding steps. Therefore, the scan time for TSE is 1/ETL of 
CSE; nevertheless, TSE can maintain high image resolution 
and image quality. At present, fast spin echo techniques are 
widely used in the diagnosis of and the research on almost 
all diseases.

One study used rapid MRI screening and reported the 
effects of microcystins (MCs) on nephrotoxicity and hepa-
totoxicity. T1W MRI is suitable for the in vivo detection 
and evaluation of chronic exposure to low-dose MCs and 
other nephrotoxins that may induce kidney damage. The 
results showed a good correlation between the degree of 
renal injury and the SIs of T1W images, which could be 
used to assess MC-induced kidney disease progression. A 
study reported that T2WI and diffusion-weighted imaging 
can be used to acquire microperfusion images contain-
ing turbulent and morphological changes associated with 
chronic kidney disease in a model of cisplatin-induced renal 
fibrosis. During renal fibrosis progression, the T2WI signal 
strength, apparent diffusion coefficient, and double exponen-
tial model parameters demonstrated changes. Moreover, the 
double exponential model was noted to be superior to the 
single exponential decay model in separating microperfusion 
containing turbulence and pure diffusion.

Functional MRI, especially BOLD MRI, can be used to 
noninvasively assess kidney function in detail [36, 37]. The 

Fig. 4  Time-varying a left and b right kidney volumes of the control and DN SD rats
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tissue oxygenation utilization rate can be used to assess the 
R2* relaxation time of tissues, and a high R2* relaxation 
time reflects insufficient oxygen content in tissues [38].

MRI can provide anatomical details noninvasively while 
maintaining the integrity of the organs and the normal physi-
ological environment in the human body [39–43]. There-
fore, MRI is a popular method for noninvasively and rapidly 
screening the effects of chronic nephrotoxicity. Changes in 
the SIs of a tissue’s MR images clearly indicate changes 
in tissue structure and composition [44, 45]. MR images 
can be compared with histopathologic findings in the same 
animal after renal dissection, and the SIs of T1W images 
are significantly correlated with the bulk density of injured 
tubules and connective tissues and the percentage of severely 
damaged renal bodies.

Only a few MRI studies related to DN animal mod-
els have been reported thus far [46, 47]. Hence, here, we 
proposed MRI protocols for assessing the progression of 

renal-induced DN in SD rats and also discussed the feasibil-
ity, challenges, and clinical value of our technique. We also 
used an STZ-induced DN rat model to examine the mecha-
nism underlying and potential treatment strategies for DN. 
An advantage of this approach is the ability to directly moni-
tor the kidneys after DN induction but without the need for 
any invasive or euthanization procedures; therefore, it may 
be applied in the clinical diagnosis, treatment, and prognosis 
of DN.

Although we used hand drawing as a method of segmen-
tation in this study, it can be time consuming. Recently, 
artificial intelligence (AI) has been applied to MR images 
to reduce the workload and assist clinicians in diagnosing 
various diseases [35, 36]. Future studies should focus on 
developing an AI-based method to segment each ROI for 
quantification.

A limitation of the current study is that the highest meas-
urable BGLs provided by the Benecheck multimonitoring 

(a)  

 (b) 

 (c) 

(d)  

Fig. 5  a Time series of the control SD rat kidneys with ROI on T1W images and b T2W images (weeks 1–6); c time series of the DN SD rat 
kidneys with ROI on T1W images and d T2W images (weeks 1–6)
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Fig. 6  Time-varying SIs of the control and DN SD rats’ left a whole kidney, b renal cortex, c renal pelvis, and d renal medulla and right e whole 
kidney, f renal cortex, g renal pelvis, and h renal medulla in T1W images
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meter was 600 mg/dL; consequently, a BGL of > 600 mg/dL 
was read as overflow, and in this case, the BGL was consid-
ered to be 600 mg/dL, resulting in some measurement bias. 
In this present study, increases in the volumes and SIs on 

the kidney MR images demonstrated that DN causes inflam-
mation. Moreover, an animal model of renal-induced DN in 
SD rats was established successfully, and all the induction 
processes were operated in the sterile room of the laboratory 

Fig. 7  Time-varying SIs of the control and DN SD rats’ left a whole kidney, b renal cortex, c renal pelvis, and d renal medulla and right e whole 
kidney, f renal cortex, g renal pelvis, and h renal medulla in T2W images
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of the animal center. Moreover, the MRI scanning protocol 
and analysis protocols were established.

Although the DN SD rat’s model in this study followed 
the well-established literatures [14, 15], the deficiency of 
this study is lack of histopathological finding of diabetes 
nephropathy. It will be included in the extended study in 
the future.

The results showed that these MR imaging indices were 
persistent high during a 6-week period and no signs for back 
to the normal level. Long-term high BGLs will result in 
chronic kidney disease (CKD) when glomerular filtration 
decreases. Without appropriate treatment, it will advance to 
irreversible renal failure. When renal function is almost lost, 
dialysis therapy is required. Because early stage of kidney 
disease can be reversed, early detection might be a key factor 
to improve the quality of life and medical resources. MRI 
techniques can play a role of early detection and succes-
sively perform early treatment for DN disease. The methods 
might have potential to facilitate in clinical applications. Our 
results may provide a reference for radiologists regarding 
clinical diagnostic practices in the future.

5  Conclusion

The current results indicated that both T1WI and T2WI 
can be used to diagnose and monitor DN by quantifying 
MR image indices. With further development of MRI tech-
nology, this technique may aid in early DN detection and 
treatment.
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