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Abstract

AIM

To investigate the utility of renal diffusion tensor
imaging (DTI) to detect early renal damage in patients
with type 2 diabetes.

METHODS

Twenty-six diabetic patients (12 with microalbuminuria
(MAU), and 14 with normoalbuminuria) and fourteen
healthy volunteers were prospectively included in this
study. Renal DTI on 3.0 T MR was performed, and
estimated glomerular filtration rate (eGFR) was recorded
for each subject. Mean cortical and medullary fractional
anisotropy (FA) values were calculated by placing multiple
representative regions of interest. Mean FA values
were statistically compared among groups. Correlations
between FA values and eGFR were evaluated.

RESULTS

Both cortical and medullary FA were significantly
reduced in diabetic patients compared to healthy
controls (0.403 £ 0.064 vs 0.463 + 0.047, P = 0.004,
and 0.556 + 0.084 vs 0.645 + 0.076, £ = 0.002,
respectively). Cortical FA was significantly lower in dia-
betic patients with NAU than healthy controls (0.412
+ 0.068 vs 0.463 = 0.047, P = 0.02). Medullary FA in
diabetic patients with NAU and healthy controls were
similar (0.582 + 0.096 vs 0.645 + 0.076, P = 0.06).
Both cortical FA and medullary FA correlated with
eGFR (r = 0.382, » = 0.015 and r = 0.552, P = 0.000,
respectively).
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CONCLUSION

FA of renal parenchyma on DTI might serve as a more
sensitive biomarker of early diabetic nephropathy than
MAU.

Key words: Renal diffusion tensor imaging; Fractional
anisotropy; Diabetic nephropathy; Microalbuminuria;
Estimated GFR; Correlation
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Core tip: Early diagnosis of diabetic nephropathy
(DN) facilitates timely treatment, and therefore, im-
proves patient outcomes. Microalbuminuria (MAU), a
standard biomarker of DN, has limited sensitivity and
reproducibility. Diffusion tensor imaging (DTI) quantifies
the directional nature of water diffusion and is especially
suited for highly oriented organs such as the kidney.
DTI parameter changes were reported in several renal
pathologic conditions. This study exhibited reductions
of renal fractional anisotropy (FA) in diabetic patients,
even with normoalbuminuria, which raises the possibility
of detecting early DN with higher sensitivity than
MAU. Furthermore, renal FA demonstrated statistical
correlation with eGFR, making it a potential functional
biomarker.
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imaging. World J Radiol 2018; 10(8): 83-90 Available from: URL:
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INTRODUCTION

Diabetic nephropathy (DN) remains one of the most
common causes of morbidity and mortality in patients
with type 2 diabetes worldwide™?. The mechanism of
renal damage in DN is not fully understood. As type 2
diabetes progresses, the albuminuria of DN patients
gradually progresses from intermittent to persistent.
A sensitive and accurate biomarker of DN is needed
for early detection and therefore early intervention to
prevent irreversible renal damage in high-risk patients.

Although microalbuminuria (MAU) level measu-
rement is currently the standard of care for the diag-
nosis of DN™!, it may remain difficult to detect until
clinically significant renal damage occurs. Progression of
DN precedes elevation of MAU levels and in a significant
proportion of diabetics, the MAU levels may actually
regress'”.. Other laboratory indicators such as estimated
glomerular filtration rate (eGFR) are commonly used to
evaluate the renal damage by DN, however, eGFR has
a lower sensitivity!.,

Renal magnetic resonance (MR) diffusion-weighted
imaging (DWI) has been used more frequently to
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identify early renal damage'®®. It allows noninvasive
evaluation of molecular diffusion in vivo without ga-
dolinium contrast, which is of significant concern to
patients with risks of renal insufficiency. Diffusion ten-
sor imaging (DTI) is a diffusion MRI protocol, which is
more comprehensive than standard DWI, allowing the
quantification of the directional nature of water diffusion.
This ability makes it especially suited for analyzing
organs with specific orientation, such as the kidneys,
which have an organized internal structure with tubules,
collecting ducts and vessels radially oriented towards
the renal hilum™,

DTI was first used by Ries et al'*! in the kidneys
of healthy volunteers. As numerous studies reported
that fractional anisotropy (FA) values measured from
DTI differed significantly between the renal cortex and
medulla, FA values may aid in the further detection of
abnormalities in the microstructure of the kidney™'%.
Further studies have defined the role of DTI to detect
renal dysfunction in human allografts and early stages
of chronic kidney disease®'****4, Recent animal ex-
periments showed that renal DTI reflected ischemia-
reperfusion injury in which FA was significantly re-
duced®’. Notably, histological changes induced by
chronic hypoxia are considered major contributing factors
to renal damage in diabetic patients™, indicating that
DTI might be a promising biomarker of DN. This was
confirmed by a later study in a rat model of diabetic
nephropathy showing that reduction of FA indicated
pathological changes of diabetic nephropathy, such
as interstitial fibrosis, glomerulosclerosis, and tubular
damage!*®!. However, the evaluation of renal damage by
DTI in patients with DN is scarce.

The primary objective of this study was to explore
the possibility of using renal DTI to detect early renal
damage in patients with type 2 diabetes, and to verify
whether DTI parameters of renal parenchyma correlate
with clinical laboratory biomarkers of renal function
(i.e., eGFR) in a cohort of diabetic patients compared to
healthy control subjects.

MATERIALS AND METHODS

Subjects

This clinical study was approved by the ethics com-
mittee of our institution. Oral informed consents from
the subjects were obtained. The consent included
information regarding noninvasive, radiation-free scan,
no interference with treatment, and anonymized clinical
data for analysis.

Patients with type 2 diabetes, diagnosed according
to the American Diabetes Association 2014 criteria and
healthy volunteers, who had no history of diabetes,
kidney diseases, or abnormal renal laboratory results
were included in the study from April 2017 to March
2018. Patients with malignant tumors, pregnancy, acute
urinary tract obstruction, acute kidney failure, abnormal
renal anatomy shown by MRI (including giant renal cysts
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Inclusion criteria for diabetic patients
(1) Adult

(2) Patients with type 2 diabetes
diagnosed according to ADA criteria

Inclusion criteria for non-diabetic controls
(1) Adult

(2) With no history of diabetes or renal
diseases or abnormal renal laboratory results

tumor, pregnancy or

Exclude subjects with primary
contraindications: with malignant

contraindications of MRI scans

Eligible subjects: n = 42

Subjects further excluded

With acute urinary tract obstruction: 7 = 1
With giant renal cysts which distorted the
renal structure: n = 1

Finally included: n = 40

Diabetic patients with
MAU, n = 12

NAU, n = 14

Diabetic patients with

Non-Diabetic Controls:
n=14

Figure 1 Flow diagram of subjects’ inclusion. MAU: Microalbuminuria; NAU: Normoalbuminuria.

which distorted the renal structure), or contraindications
of MRI examination were excluded from the study as
shown in Figure 1. The final study included 26 patients
with type 2 diabetes (14 males and 12 females, aged
42 to 78 years, with a median age of 62 years) and
14 healthy subjects (8 males and 6 females, aged 40
to 77 years, with a median age of 60 years). The type
2 diabetic patients were further divided into two sub-
groups according to their MAU test results: sub-group
(1), MAU (urine albumin/creatinine ratio ranged from
30 to 300 pg/min, considered to be in the early stage
of DN, n = 12); and sub-group (2), normoalbuminuria
(NAU) (urine albumin/creatinine ratio < 30 mg/g, n =
14).

Serum and urinary biomarkers

Urine and blood samples were collected except during
the menstruation in female subjects. All subjects were
instructed to avoid strenuous activity and high-fat diets
the night before sample collection. MAU was detected
using the immune transmission turbidimetric method.
The Modification of Diet in Renal Disease (MDRD)
formula was employed to calculate the estimated
GFR (eGFR, mL/min per 1.73 m®) = 170 x (serum
creatinine) ®*® x (age)®'® x (urea nitrogen)®'"® x
(albumin)®*® x 0.762 (if female)!"”*®). The serum
creatinine and urea nitrogen concentrations were de-
termined on a C16000 (Abbott, United States) using a
creatinine assay kit (Maccura, China) and a reagent kit
(Biosino, China).

MRI protocol
All MRI scans were performed using a 3.0 T system
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(Magnetom Verio; Siemens, Erlangen, Germany) with
phased array body and spine surface coils. Conventional
sequences included axial T1-, T2-, and coronal T2-
weighted sequences. DTI was performed using coronal
single-shot echo-planar imaging sequence with breath-
held method, and diffusion images were obtained th-
rough fat saturation sequences. The parameters were
as follows, TR = 2200 ms, TE = 70 ms; slices thickness
= 3 mm, intersection gap = 1 mm,; diffusion directions
=6, b = 0, 200 s/mm?* (which can exhibit better
cortical-medullary contrast according to our preliminary
study results); phase encoding direction = left to-right,
field-of-view = 38 cm x 38 cm, matrix size = 154 x
154, and the time for acquisition was 24 s.

Post processing and analysis of DTl images

The source images were used to generate coronal DWI
trace images, apparent diffusion coefficient (ADC) maps,
and FA maps of kidneys automatically on a worksta-
tion (Siemens Healthcare Sector, Erlangen, Germany).
The diffusion tensor, which represents the true mean
diffusivity, was determined by the orientation of water
molecules and magnitude of diffusion. The degree of
diffusion anisotropy was calculated and represented by
FA on a convenient index that ranged from 0 (isotropic-
no preferred direction) to 1 (full anisotropy-only one
direction)!®. Regions of interest (ROI) were then drawn
and analyzed by the same operator for all subjects
under the supervision of an experienced radiologist.
Both doctors were blinded to the eGFR results during
post-processing. ROIs were drawn on the diffusion-
weighted images (b = 0 s/mm?) to exhibit adequate
anatomic details. A freehand method was employed
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Table 1 Characteristics of the study population

Characteristics Type 2 diabetic patients with MAU Type 2 diabetic patients with NAU Healthy volunteers
No. 12 14 14
Medium age (yr) 61 68 60

Sex (male/female) 10/4 6/8 8/6

Serum creatinine (pmol/L) 92.0 +66.1 65.9+19.9 54.3+£10.3
eGFR (mL/min 1.73 m?) 88.6+9.1 944479 104.8 +14.8

MAU: Microalbuminuria; NAU: Normoalbuminuria.

Figure 2 Regions of interests drawn on diffusion-weighted images (6 = 0 s/mm?®). A: In a healthy kidney, mean cortical FA = 0.532 and mean medullary FA = 0.726;
B: In a diabetic patient with NAU, mean cortical FA = 0.392 and mean medullary FA = 0.553; C: In a diabetic patient with MAU, mean cortical FA = 0.344 and mean
medullary FA = 0.438. Note that no remarkable difference regarding the renal anatomic structure was observed among the three kidneys. FA: Fractional anisotropy;

NAU: Normoalbuminuria; MAU: Microalbuminuria.

to better adapt to the contours of renal cortex and
medulla. ROIs were automatically overlaid on ADC
and FA maps for quantification. In order to measure
the cortical and medullary FA separately and sample
the representative parenchyma accurately, the ROIs
were located within the upper, middle, and lower
portions of bilateral renal cortex and medulla on the
coronal images, bypassing the renal pelvis, visible
blood vessels, and small cysts. Two contiguous slices
nearest to the renal hila of both kidneys were used for
the drawing of ROIs. The mean cortical and medulla FA
values for each subject were calculated from averaging
the measurements from both kidneys. This method has
been widely used in previous studies evaluating renal
D-I—I[20—23].

Statistical analysis

Statistical analysis was performed using SPSS 19.0
statistical software. Data were indicated as the mean
+ SD. Comparison of FA values between diabetic and
healthy control groups, and between MAU and NAU
groups were performed by two-tailed student t test.
Cortical and medullary FA values with eGFR were
correlated using Pearson’s correlation test. A level of P
value < 0.05 was considered to be statistically significant.

RESULTS

Demographic and clinical characteristics
Twenty-six patients with type 2 diabetes, consisting of
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twelve with MAU and fourteen with NAU, and fourteen
healthy controls were included in this study. The demo-
graphic and clinical characteristics are summarized in
Table 1.

Conventional MRI appearance

Image quality was satisfactory and free of significant
artifacts for depiction of renal contour and anatomic
details in all included subjects. There was clear diff-
erentiation between the renal cortex and medulla in
axial T1-, T2-weighted, and b0 images. No remarkable
differences in renal anatomic details were noted among
the healthy volunteer group, diabetic patients with NAU
group, and diabetic patients with MAU group by visual
observation (Figure 2).

Renal DTl analysis among groups

The mean FA of the renal cortex and medulla in diabetic
patients with MAU, NAU, and healthy volunteers is
displayed in Table 2. There was a statistically significant
difference in cortical and medullary FA between the
diabetic patients compared to healthy volunteers (P
= 0.00, P = 0.00 respectively). The cortical FA was
significantly lower in diabetic patients with NAU than
in healthy volunteers (P = 0.02). The difference of
the medullary FA between patients with NAU and
healthy volunteers was not statistically significant, with
a marginal P value of 0.06. There was no significant
difference of either cortical or medullary FA between
MAU and NAU groups (P = 0.50 and 0.08, respectively)
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Table 2 Fractional anisotropy measurements in included diabetic patients and healthy controls

FA values

Cortical FA P value Medullary FA P value
Type 2 diabetic patients with MAU 0.393 £ 0.062 0.526 +0.047
Type 2 diabetic patients with NAU 0.412 +0.068 0.582 +0.096
Type 2 diabetic patients with either MAU or NAU 0.403 + 0.064 0 0.556 + 0.084 0
Healthy volunteers 0.463 +0.047 0.645 + 0.076

FA: Fractional anisotropy; NAU: Normoalbuminuria; MAU: Microalbuminuria.
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Figure 3 Cortical (A) and medullary (B) fractional anisotropy in different groups. Diabetic patients with MAU had the lowest cortical and medullary FA. FA:
Fractional anisotropy; DM: Diabetes Mellitus; Pts: Patients; NAU: Normoalbuminuria; MAU: Microalbuminuria.

(Figure 3).

Correlation between FA and eGFR

Significant correlation was observed between medullary
FA and eGFR in all included patients (r = 0.519, P =
0.001). A similar significant correlation was observed
between cortical FA and eGFR (r = 0.322, P = 0.043),
as shown in Figure 4.
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DISCUSSION

Our study used quantitative DTI techniques to de-
monstrate significant differences between the renal
cortical and medullary FA among healthy volunteers
and diabetic patients (with either NAU or MAU), and
between healthy volunteers and diabetic patients with
NAU. These differences were detected despite a lack of
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Figure 4 Scatter diagram for the correlation between fractional anisotropy and estimated glomerular filtration rate in included subjects. A: Correlation
between cortical FA and eGFR; B: Correlation between medullary FA and eGFR. FA: Fractional anisotropy; eGFR: Estimated glomerular filtration rate.

demonstrable difference in renal anatomic structures in a cohort of subjects with normal or diabetic kidneys,
on conventional sequences. In addition, significant and therefore could potentially detect functional chan-
correlations were detected between renal cortical FA ges in diabetic patients even before the gross structural
and eGFR and between medullary FA and eGFR. changes appear on conventional sequences.

Previous studies have shown that early recognition The study by Lu et al”’ suggested that medullary FA
and diagnosis of renal damages caused by diabetes correlated significantly with eGFR, while cortical FA did
mellitus could facilitate a timely and proper treatment  not. However, a later study by Razek et al* showed
protocol for this irreversible process, and therefore that the cortical FA in diabetic patients correlated with
improve patient outcomes™**, Currently, although MAU urinary and serum biomarkers such as urinary albumin
is considered to be a standard biomarker of DN, it has and creatinine. This study exhibited that both cortical
limited sensitivity and clinical reproducibility. The study and medullary FA correlated with eGFR, suggesting that
by Lu et a/* indicated that diabetic patients without both the renal cortex and medulla could be involved in
decreases in eGFR had significantly lowered renal FA the pathogenesis of DN and renal functional damage.
than healthy controls, and the study by Wang et a/f*” Several previous articles reported the correlation of FA
showed that diabetic patients with MAU had the lowest with eGFR in chronic kidney diseases, with a concordant
FA compared to diabetic patients with NAU and healthy trend shown in this study®**". However, the correlation
controls. This study showed a significant reduction of coefficients (r) of this study were lower. This might be
cortical FA and a decreasing tendency of medullary FA attributed to the fact that we included patients with
in patients with type 2 diabetes with NAU compared early nephropathy during which the eGFR has not yet
to healthy controls, raising the possibility that DTI decreased significantly.
parameters might serve as a more sensitive biomarker The pathophysiologic process underlying the obser-
for DN than MAU. ved reduction of renal FA in diabetic patients is worth

As an organ with a highly directional structure with discussion. The b value plays a critical role in MR diffusion
tubules, collecting ducts, and vessels radially oriented models, which encodes different tissue properties into
towards the pelvis, kidneys have been shown to be one the diffusion signals. As the b value increases, the
of the ideal organs for evaluation by DTI in previous sensitivity to detect molecular diffusion increases and
studies!®. Furthermore, such diffusion anisotropy of  the MR signal to noise ratio decreases. According to
kidneys is necessary to maintain normal function of  the literature™®*”, the renal ADC was approximately
glomerular filtration, reabsorption, and concentration, three times of brain ADC (brain DTI usually employs b
as the cortical-medullary solute gradient is driven by the values of 0, 1000 s/mm?). Therefore, many studies used

directional perfusion of renal blood flow'?. Such renal a b value of 0, 200-400 s/mm?’ in renal DTI in order to
ultrastructure could be compromised in pathological get similar signal intensity, which can be interpreted as
processes, such as chronic kidney diseases, tumors, or low to intermediate b values in MR diffusion models™®*".

obstructive diseases™****", Currently, few studies have  This b value region is sensitive to both tissue vascularity
explored the relationship between DTI parameters and and cellularity.

clinical biomarkers of DN. This study indicates that both Several potential mechanisms of FA decrease in
cortical and medullary FA values correlate with eGFR pathological conditions of DN can be postulated, and
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more than one might be involved. These include potential
vascular abnormalities, reduced tubular flow rate, and
tubular ultrastructural damage'™. Furthermore, some
studies suggest that medullary FA correlates with
interstitial fibrosis, while cortical FA correlates with
glomerulosclerosis in other pathological processes.
Both the interstitial fibrosis and glomerulosclerosis can
be present in the early stage of DNP'%*921%8]  Dag.
pite the explicit overall FA changes in renal damage,
further studies are required to distinguish these patho-
physiologic changes of tissue properties in DN.

This study had some limitations. First, the number
of patients included was relatively small, which limits
the statistical analysis. Further studies with larger
sample sizes are needed to further validate the results.
Second, renal pathological results were not collected for
correlation. Further experimental or clinical studies with
pathological findings will be useful to reveal the specific
underlying mechanism of FA reduction in DN. Third, the
FA values were calculated under the assumption that
the selected ROIs can effectively represent the overall
status of renal parenchyma. Although multiple ROIs in
different locations were drawn to increase the sample
size, biases and errors might still be present. Fourth,
some subjects might have other unknown potential
pathological conditions, such as hypertension and
coagulation disorders. Other factors such as hydration
status might also influence the DTI results™,

In summary, both cortical and medullary FA could
potentially exhibit early renal damage in type 2 diabetic
patients, and therefore help to differentiate diabetic
kidneys from healthy controls even before the clinical
detection of MAU.

ARTICLE HIGHLIGHTS

Research background

Diabetic nephropathy (DN) remains one of the most common causes of
morbidity and mortality in patients with type 2 diabetes worldwide. Early
diagnosis of DN facilitates timely treatment, and therefore, improving patient
outcomes. Although microalbuminuria (MAU) level is currently the primary
standard for the diagnosis of DN, it may lag behind DN progression and has
limited sensitivity.

Research motivation

Diffusion tensor imaging (DTI) quantifies the directional nature of water diffusion
and is especially suited for specifically oriented organs such as the kidney.
DTI parameter changes were reported in several renal pathologic conditions
presenting itself as a potential biomarker of renal damage.

Research objectives
The main objective of this study was to explore the possibility of using renal DTI
to detect early renal damage in patients with type 2 diabetes.

Research methods

This prospective study included 26 diabetic patients (12 with MAU, and 14
with normoalbuminuria) and 14 healthy volunteers. Renal DTl on 3.0 T MR
was performed and estimated glomerular filtration rate (eGFR) was recorded
for each subject. Mean cortical and medullary fractional anisotropy (FA)
values were separately calculated by placing multiple representative regions
of interest. Mean FA values were statistically compared among groups, and
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correlations between FA values and eGFR were evaluated. The high-field MR
offered high signal-to-noise ratio and the multiple sampling of renal parenchyma
ensured the representativeness of the underlying pathological changes.

Research results

The results showed that both cortical and medullary FA were significantly
reduced in diabetic patients compared to healthy controls. Cortical FA was
significant lower in diabetic patients with NAU than healthy controls, indicating
that the renal damage reflected by the FA changes occurred even earlier than
the clinical detection of MAU. Both cortical FA and medullary FA correlated with
eGFR, indicating that both renal cortex and medulla could be involved in the
pathogenesis of DN.

Research conclusions

In conclusion, both cortical and medullary FA could potentially exhibit early renal
damage in type 2 diabetic patients, and therefore help to differentiate diabetic
kidneys from healthy controls even before the clinical detection of MAU.

Research perspectives

Based on these findings, renal DTI could be developed as an early biomarker
in addition to the current examinations in the clinical practice. Further
experimental or clinical studies with pathological results can be designed to
reveal the specific underlying mechanism of FA reduction in DN.
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