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Renal diffusion-weighted imaging in diabetic nephropathy:
correlation with clinical stages of disease

Pinar Cakmak, Ahmet Baki Yagci, Belda Dursun, Duygu Herek, Semin Melahat Fenkgi

PURPOSE

We aimed to assess the correlation between renal appar-
ent diffusion coefficient (ADC) values measured by diffu-
sion-weighted imaging (DWI) and the clinical stages of di-
abetic nephropathy.

MATERIALS AND METHODS

DWI (b value, 0 and 600 s/mm?) was performed in 78 pa-
tients with clinically confirmed diabetic nephropathy (study
group) and 22 volunteers without diabetes mellitus or any re-
nal disease (control group). The mean ADCs were calculated
from multiple region-of-interest circles positioned in the renal
cortex. Diabetic nephropathy was clinically categorized into
five stages based on the values of urinary albumin excretion
and glomerular filtration rate (GFR).

RESULTS

Mean renal ADC values of patients with stage 3 or 4 disease
were significantly lower than those in patients with stage 1
or 2 disease and the control group (P < 0.001). ADC val-
ues of patients with stage 5 disease were significantly lower
than those in patients with stage 4 (P = 0.003), stage 3 (P =
0.020), stages 2 and 1, and the control group (P < 0.001).
Significant correlations were found between mean renal ADC
values and clinical stages of diabetic nephropathy (r=-0.751,
P < 0.001), between mean renal ADC values and estimat-
ed GFR values (r=0.642, P < 0.001), and between mean
renal ADC values and urinary albumin excretion (r=-0.419,
P <0.001).

CONCLUSION

Renal ADC values show a significant correlation with clini-
cal stages of diabetic nephropathy. As a relatively simple and
noninvasive tool without contrast media administration, re-
nal quantitative DWI may potentially play a role in making
clinical decisions in the follow-up of diabetic patients.
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iabetic nephropathy is classically defined as a clinical syndrome

characterized by persistent albuminuria, a relentless decline in

glomerular filtration rate (GFR) progressing to end-stage renal
disease, raised arterial blood pressure, and enhanced cardiovascular
morbidity and mortality (1). In diabetic patients, renal functional dete-
rioration is the result of heterogeneous renal structural changes, includ-
ing glomerular basal membrane thickening and mesangial expansion,
extracellular matrix accumulation, mesangiolysis, reduced podocyte
number, microaneurysm formation, arteriolar hyalinosis which ulti-
mately leads to glomerulosclerosis, tubular atrophy, interstitial expan-
sion, and fibrosis (2). Renal damage occurs in multiple stages. Through-
out its early stages, diabetic nephropathy has no symptoms. Persistent
microalbuminuria is a predictor of the development of clinical nephrop-
athy. Microalbuminuria has been proposed as a marker of widespread
endothelial dysfunction and indicates microvascular damage (3). Bet-
ter understanding of the mechanisms that lead to structural and func-
tional changes in the diabetic kidney may facilitate the development
of more effective follow-up and treatment modalities. Diagnostic tests
that help identify early microvascular damage at an early stage will pro-
vide significant benefits to get the disease under control. Quantitative
diffusion-weighted magnetic resonance imaging (MRI) may offer this
opportunity and can play a role in the evaluation of renal disease. Sever-
al studies have indicated the potential use of the apparent diffusion co-
efficient (ADC) as a marker of renal function, showing lower renal ADC
in kidney dysfunction (4-9). Yet, there are only a few studies concern-
ing the use of renal quantitative diffusion-weighted imaging (DWI) in
diabetic nephropathy (5, 9-11). In this study, our aim was to assess the
correlation between renal ADC values from quantitative DWI of kidneys
and the clinical stages of nephropathy in diabetic patients.

Materials and methods

The local institutional review board approved this study. Informed con-
sent was obtained from each subject before study participation. Between
May 2008 and June 2009, a total of 94 consecutive patients with diabetic
nephropathy and no other systemic disease except diabetes mellitus were
referred for radiologic examination. Patients with congenital hypoplastic
kidney (n=1), hydronephrosis (n=2), simple cysts larger than 3 cm in di-
ameter or presence of more than three cysts (n=5), history of obstructive
uropathy (n=1), pyelonephritis (n=1), any renal operation (n=1), and pa-
tients with pacemaker (n=1) or claustrophobia (n=3) were excluded from
the study. None of the subjects had renal emphysema, which is a rare con-
dition mostly seen in diabetic patients (12). A total of 78 patients (43 male,



35 female; age range, 26-70 years) were
evaluated by MRI. A total of 22 subjects
(11 male, 11 female; age range, 34-70
years) without diabetes mellitus or any
renal diseases were enrolled as the con-
trol group. Three subjects in the study
group (3.8%) and two subjects in the
control group (9.0%) were older than 65
years of age. Diabetic nephropathy was
clinically categorized into five stages
based on the values of urinary albumin
excretion in 24-hour urine collection
and glomerular filtration rate (GFR)
which was estimated by 24-hour urine
creatinine clearance: stage 1 (hyperfil-
tration), albuminuria <30 mg/24 h and
GFR >100 mL/min/1.73 m?; stage 2 (mi-
croalbuminuria), albuminuria 30-300
mg/24 h and GFR 90-100 mL/min/1.73
m?; stage 3 (overt proteinuria), albumin-
uria >300 mg/24 h and GFR 60-89 mL/
min/1.73 m? stage 4 (progressive ne-
phropathy), GFR 15-59 mL/min/1.73
m?with increasing urine albumin excre-
tion; stage 5 (end-stage kidney disease),
GFR <15 mL/min/1.73 m?with massive
urine albumin excretion (13).

MRI was performed using a 1.5 Tes-
la system with an 8-channel body ar-
ray coil (Signa Excite HD; GE Health-
care, Milwaukee, Wisconsin, USA).
The maximum gradient amplitude
and slew rate were 33 mT/m and 120
mT/m/s, respectively. Axial single-shot
echo-planar DWI was performed
during normal respiration using the
following parameters: b value, 0 and
600 s/mm? TR/TE, 6000/81.8; band-
width, 250 kHz; number of excitations,
6; slice thickness, 6 mm; field of view,
40 cm; matrix, 128x128. Total scan
time was 2 min 24 s for the DWI image
set. A single radiologist reviewed all
images on a workstation (Advantage
Workstation 4.3; GE Healthcare). Each
kidney was divided into three regions
as upper, mid, and lower thirds. The
ADC maps were constructed using im-
age analysis software (FuncTool 2.6.9,
GE Healthcare). ADC values of each re-
gion were measured with placement of
at least three region-of-interest (ROI)
ovoid circles (area, 80-100 mm?) on
the renal cortical areas in the ADC map
images (Fig. 1). In subjects with poor
corticomedullary differentiation, ROIs
were placed on the outer one third re-
gion of renal parenchyma, correspond-
ing to the kidney contours. After ROI

Table 1. Mean renal ADC values according to stages of diabetic nephropathy

Control group ~ Stage 1 Stage 2 Stage 3 Stage4  Stage 5

(n=22) (n=16) (n=18) (n=18) (n=16) (n=10)
Right renal mean ADC 2.33+0.11  2.27+0.11  2.26+0.20 1.99+0.19 1.99+0.19 1.84+0.13
Left renal mean ADC 2.3440.09 2.3140.12 2.25+0.16 1.98+0.17 2.04+£0.18 1.78%0.15

Bilateral renal mean ADC  2.33+0.09

2.29+0.10 2.25+0.16 1.98+0.16 2.01+0.17 1.81x0.12

Values indicate the meansstandard deviation (x10-
ADC, apparent diffusion coefficient.

mm?/s).

Table 2. Mean renal ADC values according to grouped stages of diabetic nephropathy

Group 1 Group 2 Group 3
Control group (stages 1 and 2) (stages 3 and 4) (stage 5)
Bilateral renal mean ADC 2.3340.09 2.2840.14° 2.00£0.172 1.81+0.122

Values indicate the meantstandard deviation (x10-> mm?/s).

ADC, apparent diffusion coefficient.
2P < 0.001, when comparing groups by ANOVA.

Figure 1. Axial color apparent diffusion coefficient (ADC) map image of a 47-year-old male
patient with stage 1 diabetic nephropathy. An ovoid region-of-interest (ROI) was placed in the
cortex at the midsection of the left kidney. ROI revealed an ADC value of 2.28x10 mm?/s.

measurements, the mean ADC values
were calculated for each region, each
kidney, and each patient.

Statistical analyses were performed
using Statistical Package for the Social
Sciences version 13.0 (SPSS Inc., Chica-
go, Illinois, USA). Values are expressed

as meantstandard deviation. Male-to-
female ratio of the groups was com-
pared using the chi-square test. One-
way ANOVA test was used to determine
significant differences in mean age and
mean ADC values between groups. Post
hoc comparison Tukey test was used to
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Stages of diabetic nephropathy

Figure 2. Box plot shows range of renal apparent diffusion coefficient (ADC) values according to
stages of diabetic kidney disease. Stage 0 indicates the control group.

compare subgroups. Relationships be-
tween mean ADC values and GFR val-
ues, amount of albuminuria, and the
stage of diabetic nephropathy were as-
sessed using Pearson’s correlation test. A
P value of less than 0.05 was considered
statistically significant for all analyses.

Results

There was no significant difference
between the patient and control groups
in terms of mean age (56.2+8.7 vs.
52.0£11.1 years, P = 0.055), and sex dis-
tribution (P = 0.670). Diabetic subjects
had an estimated GFR range of 8.2-
183.6 (mean, 71.8+42.4) mL/min/1.73
m? and an albuminuria range of 2.0-
8082.1 mg/24 h (mean, 663.7+1341.3
mg/24 h). Fifty-four (69.2%) diabetic
patients had hypertension, while none
of the control subjects had previously
known hypertension.

Table 1 shows mean renal ADC val-
ues for control and diabetic groups
according to disease stage. The graph
illustrates the spread of renal ADC val-
ues in healthy control subjects and in
patients at different stages of diabetic
kidney disease (Fig. 2). There was no
significant difference between right
and left renal ADC values in patient
and control groups (P = 0.855 and P
= 0.756, respectively). There were no
significant differences between mean

renal ADC values of control group
and stage 1 patients (P = 0.944), con-
trol group and stage 2 patients (P =
0.613), stage 1 and stage 2 patients
(P = 0.977), and stage 3 and stage 4
patients (P = 0.990). Mean renal ADC
values of stage 3 and stage 4 patients
were significantly lower compared
with the control group, stage 1 pa-
tients and stage 2 patients (P < 0.001,
for all comparisons). Similarly, mean
renal ADC values of stage 5 patients
were significantly lower compared
with stage 4 (P = 0.003), stage 3 (P =
0.020), stages 2, 1, or control group
(P < 0.001, for all three). According to
these results, patients were categorized
as group 1 (stage 1+2, n=34), group 2
(stage 3+4, n=34), and group 3 (stage
5, n=10). In post hoc comparisons
group 3 and group 2 had significant-
ly lower mean renal ADC than group
1 (P < 0.001, for both) or the control
group (P < 0.001, for both), and group
3 had significantly lower mean renal
ADC values than group 2 (P = 0.001),
but there was no significant differ-
ence between group 1 and the control
group (P = 0.522) (Table 2).

In patients with diabetic nephrop-
athy, a significant negative correla-
tion was found between the mean re-
nal ADC values and the disease stage
(r=-0.751, P < 0.001), a significant pos-
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itive correlation was found between
the mean renal ADC values and esti-
mated GFR values (r=0.642, P < 0.001),
and a significant negative correlation
was found between the mean renal
ADC values and urinary albumin ex-
cretion in 24-hour urine collection
(r=-0.419, P < 0.001).

Discussion

In this study, we found a significant
negative correlation between the mean
renal ADC values and clinical stages of
diabetic nephropathy, using quantita-
tive DWI. Also, we found a significant
positive correlation with GFR value
and a significant negative correlation
with urinary albumin excretion in di-
abetic patients. Additionally, we iden-
tified significantly lower mean renal
ADC values in stage 3, 4 and 5 diabetic
patients compared to healthy control
subjects, but no significant differences
in earlier diabetic stages.

Similarly, previous studies have
shown that renal ADC values are re-
duced in a variety of acute and chronic
kidney diseases, and there is a signif-
icant correlation between ADC and
GFR values (4-11). Namimoto et al. (4)
reported that ADC values measured in
the cortex and the medulla in kidneys
of patients with chronic or acute renal
failure were significantly lower than
the values in normal kidneys. In an
experimental rat diabetic nephropathy
study investigating the combined use
of DWI and blood oxygen level-depen-
dent imaging, which can detect paren-
chymal hypoxia, Ries et al. (5) found
significantly lower renal ADC values
that correlated with histopathologic
findings and concluded that ADC mea-
surements may be a sensitive indicator
of the severity of ischemic lesions.
Carbone et al. (6) reported a good cor-
relation between GFR and renal ADC
values in a preliminary study with
14 patients. Xu et al. (7) also showed
significantly lower renal ADC values
in impaired kidneys compared with
normal kidneys, and found a positive
correlation between GFR and renal
ADC values. In a study by Xu et al. (8),
the ADC values of kidneys were sig-
nificantly lower than normal at most
stages of chronic kidney disease, ex-
cept stage 1, and a negative correlation
was shown between the renal ADC
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values and serum creatinine levels of
the patients. In a study using diffusion
tensor imaging (DTI) in 16 diabetic
patients, Lu et al. (10) reported signifi-
cantly lower renal medullary ADC and
fractional anisotropy (FA) and cortical
ADC values in diabetics with estimated
GFR <60 mL/min/1.73 m?, and lower
medullary ADC and FA values in di-
abetics with estimated GFR =60 mL/
min/1.73 m?, probably related to in-
terstitial fibrosis, glomerulosclerosis,
and tubular damage, as shown in a rat
model of diabetic nephropathy (11).
In a recent human study with DWI,
Inoue et al. (9) showed a statistically
significant correlation between renal
ADC and estimated GFR values in the
chronic kidney disease patients with
diabetes (n=43) and without diabetes
(n=76). On the contrary, Gaudiano et
al. (14) found no significant correla-
tion between medullary and cortical
FA and ADC, and estimated GFR, in
a preliminary DTI study with marked
heterogeneous chronic renal disease
patient population (n=45). These re-
sults point to the potential role of renal
ADC measurements in the evaluation
of nephropathy. However, these stud-
ies had heterogeneous groups and/or
smaller patient populations compared
with our study. To our knowledge, this
is the first study to correlate all the
clinical stages of diabetic nephropathy
with renal ADC values.

In the last decades, tremendous in-
creases in the number of diabetics
with end-stage kidney disease makes
it necessary to establish more efficient
monitoring and treatment modalities
in these patients. Currently, it is un-
derstood that diabetic nephropathy is
a more heterogeneous disease than ini-
tially thought, in terms of progression
of renal dysfunction. Different clinical
scenarios may occur in diabetic ne-
phropathy setting. Some patients may
have significant loss of GFR while still
normoalbuminuric. On the other hand,
some patients with microalbuminuria
may not progress to the level of signifi-
cant proteinuria and GFR loss, and may
even show some reversal in renal dys-
function (15). Therefore, we need better
parameters to predict progression of ne-
phropathy in diabetic patients.

With advances in MRI hardware and
new sequences, DWI has become a use-

ful tool for the detection and character-
ization of tumors and treatment mon-
itoring in oncologic patients (16). For
the evaluation of functional status of
the kidney in diffuse parenchymal pa-
thologies, renal ADC and FA measure-
ments appear to be feasible and prom-
ising (17). Since the ADC is dependent
on capillary perfusion and molecular
diffusion of water in biologic tissues,
alteration of the ADC provides infor-
mation about microstructural changes
in the tissue of interest. Changes in the
water content of the renal tissue and
intrarenal blood and tubular flow may
affect the renal ADC values (18). In
the earlier stages of diabetic nephrop-
athy with microalbuminuria, GFR is
normal or increased. A reduction in
GER reflects reduction of hyperfiltra-
tion. In this way, a lower rate of wa-
ter transfer across the interstitial space
leads to reduced diffusion. When overt
proteinuria occurs, histopathologic
abnormalities are often far advanced.
Progressive glomerulosclerosis and tu-
bulointerstitial fibrosis formed in the
later stages may also restrict water dif-
fusion (19). In line with these chang-
es in renal tissue composition, in our
study, we found that significant de-
crease in renal ADC values appear in
stage 3 of diabetic nephropathy, and
diffusion restriction in renal parenchy-
ma becomes more prominent in end-
stage kidney disease. Our results sug-
gest that renal quantitative DWI may
be helpful in the follow-up of diabetic
patients on serial studies and in pre-
dicting the progression or regression of
the kidney disease. However, further
studies are necessary to establish the
significance and potential practicality
of using DWI.

This study has some limitations. Al-
though our study has the largest num-
ber of patients in the literature, rela-
tively small number of stage 5 diabetic
nephropathy may be a limitation. Ab-
sence of histopathologic correlation
may be another limitation; however,
clinical staging is a widely accepted
method for detection and prediction
of diabetic nephropathy. Also, as ROI
placement and reading was performed
by one reader only, interobserver vari-
ability was not assessed. ROI measure-
ments were restricted to the renal cor-
tex; renal medullary changes were not

evaluated in this study. Although mul-
tiple ROIs were placed in the cortical
regions, there may have been a slight
interference with medullary areas,
which may have affected our results.
Further functional MR], including DTI,
studies on both cortical and medullary
changes in diabetic nephropathy may
contribute to the understanding of the
disease process. On the other hand,
we ignored the influence of hyperten-
sion, since hypertension was reported
to have no effect on renal ADC value,
even though it causes end-organ dam-
age (20). Additionally, there may be
some other factors, such as age or en-
vironmental effects, which may be as-
sociated with alterations in renal mor-
phology or function (21, 22). Although
the proportion of our geriatric patients
was very small, renal aging may poten-
tially influence our outcomes. Further-
more, DWI itself also has some limita-
tions, including lower signal-to-noise
ratio and image distortions.

In conclusion, our study demon-
strates that renal ADC values correlate
negatively with the stages of diabetic
nephropathy. As a relatively simple
and noninvasive tool without contrast
media administration, renal quantita-
tive DWI may potentially play a role
in making clinical decisions in the fol-
low-up of diabetic nephropathy.
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