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Abstract
Aim  Primary objective of this study was to compare R2* value of the post-stenotic kidney with contralateral kidney, kidneys 
of essential hypertensive patients, and healthy subjects using blood oxygen level-dependent magnetic resonance imaging 
(BOLD MRI) technique. The secondary objective was to study the effect of severity of stenosis and viability of kidneys on 
R2* value.
Methods  We compared 4 groups of kidneys including 92 with renal artery stenosis, 37 normal contralateral kidneys of 
unilateral renal artery stenosis patients, 62 kidneys of essential hypertensive patients, and 40 kidneys of healthy controls 
using BOLD MRI. Deoxyhemoglobin level represented by R2* was calculated before and after giving furosemide and was 
compared among different groups.
Results  Baseline means cortical R2* value did not differ between groups. Response to furosemide was reduced in stenotic 
kidneys as compared to essential hypertensive and healthy control groups (p < 0.001). The mean R2* value of the contralateral 
normal kidney group was not significantly different from the stenotic group. Baseline R2* value and delta R2* values did 
not differ between different degrees of stenosis. Higher mean cortical R2* was seen in stenotic kidneys which were small 
(< 7 cm) in size (24.27 ± 5.65 vs 21.7 ± 3.88; p value 0.02) or with poor corticomedullary differentiation (24.64 ± 5.8 vs 
20.74 ± 3.34; p value 0.006) as compared to other stenotic kidneys. Similarly, the delta R2* value was also blunted in these 
small shrunken kidneys (p value < 0.001).
Conclusion  R2* values on BOLD MRI are significantly different between kidneys with and without renal artery stenosis 
and can potentially also predict the utility of revascularization.
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Introduction

Renovascular hypertension (RVH) is one of the treatable 
causes of hypertension. Renal artery stenosis (RAS) is caused 
by a heterogeneous group of conditions, like atherosclerosis, 
vasculitis, fibromuscular dysplasia, neurofibromatosis, con-
genital bands, extrinsic compression, and post-radiation [1]. 
Decreased renal artery perfusion secondary to RAS activates 
pressure pathways such as renin–angiotensin–aldosterone 
system to restore renal artery perfusion pressures, resulting 
in RVH [2]. Normally renal perfusion is far beyond the basic 
metabolic needs of the kidney. Therefore, a decrease in renal 

blood flow is not associated with a simultaneous decrease in 
tissue oxygen content. This fact is supported by maintained 
renal vein oxygenation and erythropoietin levels in post-
stenotic kidneys [3]. With increasing stenosis and reduction 
in perfusion pressure, there is a reduction in the glomerular 
filtration rate (GFR) and decreased Na+ reabsorption across 
the tubules that lead to reduced oxygen consumption and 
maintenance of tissue oxygen level despite a reduction in 
blood flow. This helps in the long-term stability of patients 
with renal artery stenosis on antihypertensive therapy. How-
ever, after a while, these adaptive changes are overwhelmed 
leading to loss of kidney function, tissue fibrosis, and end-
stage renal disease [1, 4]. Whether such changes are triggered 
by renal hypoxia they lead to renal hypoxia is not proven yet.

Normally, most of the oxygen-dependent active processes 
and transports occur in the medulla as compared to the cortex. 
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Therefore, the medulla is a metabolically highly active zone 
of the kidney and has high oxygen demand as compared to the 
cortex. High oxygen demand indirectly shows an increased 
amount of deoxyhemoglobin in the medulla. Recently blood 
oxygen level-dependent (BOLD) MRI has emerged as the 
only non-invasive technique of measuring regional tissue 
oxygenation within the kidney [5, 6]. BOLD MRI is based 
on the paramagnetic property of deoxyhemoglobin. The pres-
ence of deoxyhemoglobin affects the T2* relaxation time of 
neighboring water molecules and in turn, influences the MRI 
signal of the T2*-weighted gradient-echo image. Deoxyhemo-
globin accelerates the rate of spin dephasing due to which 
there is a decrease in T2* relaxation time and an increase in 
apparent relaxation rate which is given by R2* (1/T2*, 1/s). 
Therefore R2* value is closely related to the regional con-
centration of deoxyhemoglobin [5–8]. It can determine local 
tissue oxygen, assuming that blood pO2 is in equilibrium 
with tissue pO2. Different methods described for analyzing 
BOLD images, include the ROI technique, TLCO (12 layers 
concentric objects) technique, compartmental method, and 
fractional tissue hypoxia technique. [9–11] ROI technique is 
the most frequently used method in literature but has more 
interobserver variability [11]. BOLD MRI has been validated 
in animal studies, showing that R2* correlates negatively with 
directly measured pO2 [12, 13]. It has been used extensively in 
organs, such as the brain [14]. Recently BOLD MRI is being 
investigated for its potential application in renal pathologies, 
like renal artery stenosis, renal allograft rejection, hyperten-
sion, chronic kidney disease, and diabetic nephropathy [11].

Large randomized trials such as the Angioplasty and Stent-
ing for Renal Artery Lesions trial (ASTRAL) have not provided 
good results concerning renal artery angioplasty ± stenting in 
RAS patients [15]. Nevertheless, it is well known that some 
patients benefit from angioplasty and the main question remains 
how to predict the outcome of this procedure. In this situation, 
BOLD MRI can lead to early identification of kidneys that are 
likely to suffer from irreversible injury and their potential for 
salvageability by revascularization can be assessed.

The main objective of the present study was to compare 
intrarenal R2* value of post-stenotic kidney to contralateral 
kidney and with kidneys of essential hypertensive patients and 
normal subjects. As a secondary objective, we sought to study 
the effect of severity of the degree of stenosis and viability of 
the kidney on intrarenal R2* value.

Materials and methods

Study design

A hospital-based prospective study was conducted from 
February 2016 to October 2019 after approval from the 

institutional ethics committee. Written informed consent 
was taken from all the study participants.

Hundred non-diabetic patients in whom there was sus-
picion of renal artery stenosis based on the clinical his-
tory and Doppler findings were evaluated in our institu-
tion by MR angiography (MRA) using non-contrast MR 
technique as well as contrast angiography (if estimated 
GFR > 30 mL/min). On MR angiography renal artery ste-
nosis was diagnosed in 65 of these patients. In 31 patients, 
renal arteries were normal and no other cause for hyper-
tension could be identified, thus they were considered to 
be having essential hypertension. The remaining 4 patients 
were excluded from the further study based on the pres-
ence of other causes of hypertension (Fig. 1). Besides, 
20 healthy volunteers (controls) were also enrolled in the 
study. Intake of loop diuretics (if any) was withheld for at 
least 2 days before the study. The remaining medications 
including ACE inhibitors and angiotensin receptor block-
ers were continued. Normal hydration and 4 h of fasting 
before the MRI study were ensured.

MRI technique

MR angiography protocol

MR imaging was done using a GE Signa 3.0 Tesla Unit (GE 
Healthcare, Wisconsin, USA). The coil used was Torso PA. 
A coronal T2 sequence of the abdomen was done initially 
to assess the kidney size and location. An unenhanced renal 

Fig. 1   Study design
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MRA sequence was done next. If there was no contraindi-
cation to Gadolinium contrast agent and patients’ GFR was 
more than 30 mL/min, contrast-enhanced MRA sequence 
was also added after doing BOLD MRI. The non-contrast-
enhanced MRA sequence was performed using a 3D fat-sup-
pressed inflow inversion recovery SSFP sequence (Inhance, 
GE Medical). This 3D Balanced SSFP-based application 
produces high-quality 3D bright blood images with a sig-
nificantly increased signal-to-noise ratio. The imaging 
sequence was planned in the transverse imaging plane with 
an imaging range covering both kidneys. Free breathing was 
allowed with respiratory bellows used. The phase lines were 
acquired via respiratory triggering. Parallel imaging (array 
spatial sensitivity encoding technique (ASSET)) was used 
in the in-plane phase encoding direction with an accelera-
tion factor of 2.

BOLD MRI protocol

BOLD MRI was performed using a GE Signa 3.0 Tesla unit 
(GE Healthcare, Wisconsin, USA), using an end-expira-
tory breath-hold 2D MPGR R2* sequence with a phased 
array torso coil and 16 gradient echoes. Four sections were 
obtained in the coronal plane covering the entire kidney 
(slice thickness: 5 mm). After the first BOLD acquisition, 
furosemide (20 mg) was administered intravenously and 
flushed with 20 mL of saline. BOLD measurements were 
taken 15 min later. Loop diuretics like furosemide inhibit 
ion transporters in thick ascending limb of loop of Henle, 
reducing the local oxygen consumption, and thus increase 
medullary Po2. The improvement in tissue oxygenation (or 
increase in BOLD signal intensity) after furosemide stimulus 
means that the kidney with RAS is likely to benefit from a 
revascularization procedure.

Image analysis

The size of the kidney was measured on coronal T2W 
images (Fig. 2a). MR angiography findings were used to 
determine as well as assess the severity of renal artery ste-
nosis. Non-contrast (Inhance) angiography images were used 
for the evaluation of stenosis (Fig. 2b). Percentage of steno-
sis was calculated using the formula (D − d)/D (where D 
is the diameter of normal downstream renal artery; d is the 
diameter of the narrowest segment of the stenosed artery). 
In cases where there was diffuse stenosis, the diameter of 
the opposite normal renal artery was taken (as D) and in 
cases where there was bilateral diffuse stenosis, the normal 
reference range of renal arteries (as D) in the Indian popula-
tion was taken into account [16]. And subsequently, stenosis 
kidneys were grouped as follows: (1) < 50% luminal narrow-
ing as mild, (2) 50–70% luminal narrowing as moderate, and 
(3) > 70% luminal narrowing as severe [17].

R2* values and maps were generated using Functool 
(GE Healthcare, Wisconsin, USA) in an advanced worksta-
tion. Individual baseline anatomical T2*-weighted images 
were selected to define ROI within the cortex and medulla. 
The average area of ROI was kept between 25 and 45 mm2. 
Images that yielded optimal contrast between cortex and 
medulla were selected for placing ROI. Upper, mid, and 
lower pole ROI were placed in both cortex and medulla. 
This ROI was copied to the corresponding parametric image 
of R2* to determine the value of R2* within ROI (Fig. 2c, 
d). Mean R2* for cortex and medulla was determined. ROI 
for a given image included areas of cortex and medulla not 
obscured by artifact or any incidental lesion. The same anal-
ysis was done on both the kidneys after giving furosemide 
(Fig. 2e, f). The change in R2* from pre-furosemide to post-
furosemide was determined as “Delta-R2*.”

Statistical analysis

Statistical package for social sciences, version 23 (SPSS-
23, IBM, Chicago, USA) was used for the analysis of the 
data. Descriptive statistics of the continuous data were repre-
sented as mean ± SD, while categorical data were presented 
in frequency and percentages. Independent samples t test 
was used to compare the means between two independ-
ent groups, whereas a One-way ANOVA test was used to 
compare the means among 3 or more independent groups. 
Mann–Whitney U test was used to compare the continuous 
variables when data were nonnormally distributed. Paired 
samples t test was used to test the change in mean value 
between pre- and post-observations, whereas Wilcoxon 
signed-rank test was used to test the change in distribution 
between pre- and post-observations when the continuous 
variable was not normally distributed or inadequate sample 
size. Chi-square test/Fisher exact test was used to compare 
the proportions between the groups. A p value < 0.05 was 
considered statistically significant.

Results

After applying inclusion and exclusion criteria, 116 study 
participants were included in the study. Out of them, 65 
patients had renal artery stenosis (Group 1) and 31 patients 
had essential hypertension (Group 2), while the remaining 
20 were healthy volunteers (Group 3). The demographic and 
clinical data of these patients are described in Table 1.

Mean serum creatinine in Group 1 was 2.13 ± 1.34 mg/
dL, which was higher than the other two groups (p = 0.001). 
Mean systolic and diastolic blood pressure were also higher 
in Group 1. Hemoglobin level was not significantly differ-
ent between groups. Out of 65 patients with renal artery 
stenosis, 31 (47%) patients were having proteinuria of some 
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degree. 12 (18.4%) patients were suffering from Takayasu 
arteritis. The mean size of kidneys having renal artery ste-
nosis was less than control groups (p = 0.001).

Out of 65 patients with renal artery stenosis, 38 (58.4%) 
had unilateral stenosis and 27 (41.5%) had bilateral stenosis. 
Overall, they had 129 renal units (1 patient with unilateral 
renal artery stenosis underwent nephrectomy on the opposite 
side for an unrelated diagnosis), out of which 92 units had 
renal artery stenosis and 37 units were normal. Of these 92 
units, 48 showed complete loss of corticomedullary differ-
entiation (CMD), 17 had altered CMD, and 27 kidneys had 
normal CMD. Mild stenosis (< 50%) was found in 14% of 
patients, while moderate (50% to 70%) and severe (> 70%) 
stenosis were found in 39.5% and 46.5%, respectively. 

Fisher’s exact test found no significant association between 
the degree of stenosis and corticomedullary differentiation 
(p = 0.4).

The deoxyhemoglobin levels in the kidney in BOLD MRI 
were represented by the R2* value. In patients without renal 
artery stenosis, the mean R2* value in the medulla of the 
kidneys was higher than that of the cortex (26.47 ± 5.35 vs 
22.30 ± 4.8 s−1; p < 0.001) (Table 2). A decrease in the R2* 
value was seen in both cortex and medulla after administra-
tion of furosemide. However, the degree of fall in the R2* 
value post-furosemide (delta R2*) was more in the medulla 
as compared to the cortex (3.38 ± 3.9 vs 1.88 ± 2.63 s−1; p 
value < 0.001) (Fig. 2).

Fig. 2   a T2W MR image (coronal plane) showing bilateral normal-
sized kidneys (RK 11.1 cm, LK 98.5 cm). b Non-contrast MR angi-
ography (INHANCE) depicting bilateral normal renal arteries in axial 
plane. c, d Corresponding BOLD MR images of bilateral normal kid-
neys at baseline showing parametric gray scale and colored BOLD 
MR image. ROI placed in upper, mid, and lower pole regions of 
bilateral kidneys separately in the cortex and medulla. Mean cortical 

R2* and medullary R2* values were 21 and 30, respectively, for the 
right kidney and were 22 and 30, respectively, for the left kidney. e, 
f BOLD MR images of bilateral kidneys at 15-min post-furosemide. 
Mean cortical R2* and medullary R2* values were 20 and 24, respec-
tively, for the right kidney and were 19 and 27, respectively, for the 
left kidney



1116	 Abdominal Radiology (2022) 47:1112–1123

1 3

On comparison of R2* values among different study 
groups (Table 2), baseline mean cortical R2* value was 
not different in the renal artery stenosis group as com-
pared to other groups. The baseline means medullary 
R2* value in the renal artery stenosis group was lower 
than the corresponding value in the normal and essential 
hypertensive control group (p value < 0.001), while the 
difference was not significant with the contralateral study 
group. Fall in both cortical and medullary R2* value (delta 
R2*) was seen after giving furosemide in all groups; how-
ever, this response was blunted in the renal artery stenosis 
group as compared to hypertensive and normal control 
groups (p value < 0.001). Mean delta R2* in the medulla 
of renal artery stenosis patients was higher as compared 
to the cortex; however, the difference was not statistically 

significant. Mean delta R2* values of contralateral normal 
kidneys were not significantly different from that of the 
renal artery stenosis group (p = 0.8).

Table 3 compares the mean R2* values of stenotic kid-
neys with groups having a different degree of stenosis. No 
correlation was observed in the mean baseline as well as 
mean delta R2* values of both cortex and medulla among 
groups having a different degree of stenosis.

Results obtained on the comparison of mean R2* value 
with kidney size and CMD in the renal artery stenosis 
group are summarized in Table 4. (Figs. 3 and 4) Kidneys 
having renal artery stenosis were divided into two groups 
based on their size (< 8 cm and >  = 8 cm). [18] A com-
parison of mean baseline and delta R2* values were done 
between these two groups. Mean baseline cortical R2* 

Table 1   Distribution of demographic and clinical values among three study groups (N = 116)

RAS renal artery stenosis, HTN hypertension, N no of patients, NK no of kidneys
Data presented in mean ± SD
p < 0.05 significant. Multiple comparisons used when the overall p value was significant
*p = 0.03 vs HTNC, NC
^p = 0.001 vs HTNC, NC
**p = 0.001 vs HTNC, NC

Variable Renal artery stenosis (RAS)
N = 65

Hypertensive control (HTNC)
N = 31

Normal control (NC)
N = 20

p value

Age (years) 40 ± 14* 36 ± 14 28 ± 4 0.03
Gender (M/F) 37(58.5%)/27(41.5%) 26 (83.8%)/5 (16.2%) 20(100)/0
Creatinine (mg/dL) 2.13 ± 1.34^ 1.02 ± 0.07 0.9 ± 0.22 0.001
Hemoglobin (mg/dL) 11.6 ± 2.2 12.4 ± 1.7 13 ± 1 0.08
Takayasu arteritis (%) 12(18.4%) 0 0 –
Urinary proteins (%) 31(47%) 6(9%) 0 –
SBP/DBP 164 ± 20/96 ± 14 156 ± 12/86 ± 8 110 ± 10/80 ± 6 0.04/0.001
Kidney length on MRI (cm) 7.8 ± 1.9** (NK = 92) 9.2 ± 0.7 (NK = 62) 9.5 ± 0.7 (NK = 40) 0.001

Table 2   Comparison of R2* 
value among different study 
groups

RAS renal artery stenosis group, CLK contralateral kidney group; EH essential hypertension group, NC 
normal control group; N = No of the kidney
Data presented in mean ± SD
p < 0.05 significant. Multiple comparisons used when the overall p value was significant
*p = 0.001 vs EH and NC
^p < 0.001 vs EH and NC
**p < 0.001 vs EH and NC

Groups RAS CLK EH NC p value

N = 92 N = 37 N = 62 N = 40

Mean SD Mean SD Mean SD Mean SD

R2* values, 1/s
 Cortex R2* (baseline) 23.30 5.18 21.35 3.77 22.18 5.18 22.63 3.58 0.4
 Medulla R2* (baseline) 25.32 5.11 24.29 4.43 26.82 5.46 30.6 4.19  < 0.001
 Delta cortex R2* 1.26* 2.53 1.38 1.37 2.84 3.13 2.31 2.47 .001
 Delta medulla R2* 1.82^ 3.55 2.11** 2.35 4.99 3.82 5.65 3.99  < 0.001
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value was higher in small-sized stenotic kidneys as com-
pared to normal-sized stenotic kidneys (24.27 ± 5.65 vs 
21.7 ± 3.88; p value = 0.02). No such difference was seen 
in mean baseline medullary R2* values. Small stenotic 
kidneys showed less degree of change in R2* value post-
furosemide (delta R2*) in both medulla and cortex as com-
pared to normal-sized stenotic kidneys (Cortex 0.84 ± 2.28 
vs 1.94 ± 2.8; p value = 0.04) (Medulla 0.81 ± 2.58 vs 
3.46 ± 4.26; p value < 0.001). A similar comparison with 
groups having a different degree of corticomedullary dif-
ferentiation of stenotic kidneys showed a higher mean 
baseline cortical R2* value of group with lost CMD as 
compared to a group with normal CMD (p value = 0.006). 
The blunted response was seen post-furosemide in the 
medulla of stenotic kidneys having partial or complete 
loss of corticomedullary differentiation as compared to 
kidneys with normal CMD (p value < 0.001). Mean base-
line medullary R2* and mean delta R2* of the cortex were 
not significantly different among groups.

Discussion

The present study represents the application of BOLD 
MRI in kidneys having renal artery stenosis on large sam-
ple size. Further, these results were not only compared 
with the contralateral normal kidney of renal artery steno-
sis patients but also with kidneys of essential hypertensive 
patients and normal individuals.

Normal variations in intrarenal oxygenation

Our study confirms the presence of intrarenal gradient and 
establishes the reliability of BOLD MRI in the kidney. 
Absolute R2* value although is not uniform in current lit-
erature, R2* values are influenced by many factors that may 
be patient-related or technique-related [19, 20]. Michaeley 
et al. and Golvizcki et al. have shown that R2* values were 
higher at 3 T as compared to at 1.5 T; however, susceptibility 

Table 3   Comparison of mean 
R2* values of stenotic kidneys 
with groups having a different 
degree of stenosis

N no of kidneys
Data presented in mean ± SD. p < 0.05 significant

Groups Degree of stenosis

Mild Moderate Severe p value

N = 14 N = 33 N = 45

Mean SD Mean SD Mean SD

R2* values, 1/s
 Cortex R2* (baseline) 22.73 5.04 23.05 3.75 23.65 6.13 0.8
 Medulla R2* (baseline) 25.23 4.72 24.93 4.19 25.63 5.17 0.8
 Delta cortex R2* 2.40 2.2 0.86 2.24 1.20 2.76 0.1
 Delta medulla R2* 2.83 2.8 1.29 3.64 1.90 3.67 0.3

Table 4   Comparison of mean R2* values with kidney size and CMD in the renal artery stenosis group

CMD corticomedullary differentiation, N no of kidneys
Data presented in mean ± SD
p < 0.05 significant. Multiple comparisons were used when the overall p value was significant
*p = 0.006 vs mild and severe
^p < 0.001 vs mild and severe

Groups Size of kidney p value CMD p value

 < 8 cm  >  = 8 cm Normal Mild Severe

N = 57 N = 35 N = 27 N = 17 N = 48

Mean SD Mean SD Mean SD Mean SD Mean SD

R2* values, 1/s
 Cortex R2* (baseline) 24.27 5.65 21.70 3.88 .02 20.74* 3.34 23.55 4.06 24.64 5.89 .001
 Medulla R2* (baseline) 24.82 5.54 26.13 4.28 .23 26.38 4.22 25.27 3.91 24.74 5.88 .41
 Delta cortex R2* 0.84 2.28 1.94 2.80 .04 1.96 1.68 0.69 1.82 1.07 3.05 0.2
 Delta medulla R2* 0.81 2.58 3.46 4.26  < 0.001 4.36^ 4.02 0.10 1.18 1.08 3.05  < 0.001
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artifacts increase and precision of measurement decreases 
at 3 T [21, 22]. Michaeley et al. in their study showed no 
significant correlation of cortical and medullary R2* val-
ues with age and sex [22]. R2* value also depends on body 
temperature, pH, blood hematocrit, chronic diuretic use, and 
antihypertensive use.

Relative change in R2* on maneuvers like diuretic use 
is more reliable as compared to the absolute magnitude of 
R2*. Administration of furosemide induces a fall in R2* 
value in both the medulla and cortex of normal kidneys. 
This fall is explained by the blockage of energy-dependent 
and oxygen-consuming transport of ions occurring through 
NaK2Cl cotransporters concentrated in the thick part of the 

ascending limb of the loop of Henle by furosemide, thereby 
decreasing deoxyhemoglobin level or R2* level. On com-
paring the change in R2* of the medulla with that of the 
cortex, we found that the mean change of R2* in the medulla 
with that of the cortex is more (5.25 ± 3.9 vs 3.25 ± 2.9; p 
value < 0.001) which is consistent with the medullary loca-
tion of these cotransporters.

Comparison with control groups

In our study, there was no significant difference between the 
baseline cortical R2* value of post-stenotic kidneys with 
that of control groups. Baseline medullary R2* of stenotic 

Fig. 3   a Coronal T2W MR image showing atrophic small right kid-
ney (5.1 cm) and normal-sized left kidney (9.9 cm). b Non-contrast 
MR angiography (INHANCE) in coronal plane depicting severe ste-
nosis of right renal artery near origin (black arrow) with post-stenotic 
dilatation of its distal segment. c, d BOLD MR images of bilateral 
kidneys at baseline showing parametric gray scale and colored BOLD 
MR image. ROI was placed in upper, mid, and lower pole regions of 
bilateral kidneys. On the right side since the kidney is atrophic ROI 

was placed in corticomedullary region, whereas on the left side ROI 
was placed separately in cortex and medulla. Mean corticomedullary 
R2* value of right kidney was 17.6. Mean cortical R2* and medullary 
R2* values of left kidney were 17 and 21.6, respectively. e, f BOLD 
MR images of bilateral kidneys at 15-min post-furosemide. Mean 
corticomedullary R2* values of right kidney were 16. Mean corti-
cal R2* and medullary R2* values of left kidney were 10.3 and 12.3, 
respectively
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kidneys was, however, lower as compared to the essential 
hypertensive group and normal group. Change of R2* on the 
administration of furosemide was reduced in post-stenotic 
kidneys as compared to essential hypertension and normal 
study groups kidneys. These observations are consistent with 
the study published by Golviczki et al. in 2010, where they 
have described that despite a reduction in renal blood flow 
and renal perfusion, baseline R2* value was not different 
between the kidneys of atherosclerotic renal artery disease 
and essential hypertension [23]. Similar results were seen in 
previous studies on stenotic swine kidneys [24]. These find-
ings suggest that intrarenal oxygenation is well maintained 
in post-stenotic kidneys and is not significantly different 
from that of contralateral normal, essential hypertensive, 

and normal subject kidneys. This observation is further sup-
ported by elevated renal vein oxygenation and maintained 
venous erythropoietin levels in post-stenotic kidneys [25]. 
In response to the gradual reduction in blood supply, vari-
ous compensatory mechanisms get activated to preserve the 
renal medullary and cortical oxygenation. One of the most 
important mechanisms of compensation is reduced sodium 
filtration and transport occurring through energy-depend-
ent transporters predominately concentrated in the medulla 
thereby reducing oxygen consumption. Reduced function-
ing of these energy-dependent ion transporters is indirectly 
evident in our study in the form of improved medullary oxy-
genation and blunting of response in post-stenotic kidneys 
after giving furosemide. Other less known mechanisms like 

Fig. 4   a T2W MR image (coronal plane) showing bilateral normal-
sized kidneys (RK 8.6 cm, LK 10.7 cm). b Non-contrast MR angiog-
raphy (INHANCE in axial plane) depicting right renal artery severe 
stenosis at the ostium. c, d BOLD MR images of bilateral kidneys 
at baseline showing parametric gray scale and colored BOLD MR 
image. ROI was placed in upper, mid, and lower pole regions of bilat-
eral kidneys placed separately in the cortex and medulla. Mean corti-

cal R2* and medullary R2* values were 18 and 27, respectively, for 
the right kidney and were 21 and 25, respectively, for the left kidney. 
e, f BOLD MR images of bilateral kidneys at 15-min post-furosem-
ide. Mean cortical R2* and medullary R2* values were 9.6 and 13.6 
of right kidney, respectively. Mean cortical R2* and medullary R2* 
values were 15.3 and 17.6 of left kidney, respectively
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decreased GFR, collateral formation, and preglomerular AV 
shunting also helps in the adaptation of kidneys to reduced 
perfusion [23, 26].

Comparison with the degree of stenosis

A study conducted by Golviczki et al. in 2011 concluded 
that kidneys with severe atherosclerotic stenosis have higher 
cortical deoxyhemoglobin levels and blunted response to 
furosemide as compared to those kidneys having moderate 
stenosis or essential hypertensive group [27]. The severity of 
stenosis in their study was assessed on Doppler USG (Peak 
Systolic velocity > 384 cm/s across the stenosis) of the renal 
artery. We divided kidneys into mild, moderate, and severe 
degrees of stenosis based on quantitative MR angiography. 
When we compared baseline cortical, medullary, and delta 
R2* values of stenotic kidneys among the above-mentioned 
groups of a mild, moderate, and severe degree of stenosis, 
no significant difference was seen. R2* value of cortex of 
severely stenotic kidneys was also not different from control 
groups. As we determined the degree of stenosis by ana-
tomical narrowing on MR angiography, our results could 
not be compared to that of the previous study. Duration and 
chronicity of the stenotic lesion are also important factors 
which when coupled with the severity of stenosis lead to 
the development of renal hypoxia. Therefore, the duration 
of stenosis is a confounding factor that should be known 
before deciding the influence of the degree of stenosis on 
renal hypoxia.

Oxygenation status in the non‑viable stenotic 
kidney

Atrophic post-stenotic kidneys (size ≤ 8 cm) and stenotic 
kidneys with lost corticomedullary differentiation were 
having higher cortical R2* values as compared to normal-
sized post-stenotic kidneys. Thus, our study further extends 
the observation of the development of cortical hypoxia in 
severely stenotic and atrophic kidneys [27]. This leads to 
the conclusion that non-viable atrophic post-stenotic kidneys 
have lost their adaptive mechanisms to maintain cortical 
oxygenation causing accumulation of deoxyhemoglobin in 
the cortex. No such difference was observed with the medul-
lary R2* value.

In our study, kidneys that had a significant reduction in 
size and loss of corticomedullary differentiation also lost 
their response to furosemide with a marked reduction in 
delta R2* value as compared to viable stenotic kidneys 
(Figs. 3 and 4). This is consistent with a study conducted 
by Textor et al. where it was shown that kidneys with total 
arterial occlusion without any enhancement and presence 
of renal atrophy have minimal response to furosemide [28]. 
Non-functioning non-viable kidneys are associated with 

inactive NaK2Cl cotransporter leading to less exhaustion 
of available oxygen. This may be the reason for the mainte-
nance or slightly lower value of baseline medullary R2* in 
non-viable kidneys in our study. These results are consistent 
with a study in kidney allograft where the reduction in R2* 
signal was observed with acute dysfunction characterized 
by tubulointerstitial inflammatory changes with associated 
impairment of tubular transport [29]. Similarly blunting 
of response to furosemide was obtained in studies done on 
more advanced CKD, but preserved blood flow and perfu-
sion in kidneys due to the same reason [30]. The presence 
of active reabsorption of sodium in a viable stenotic kidney 
is further supported by studies done to evaluate split renal 
sodium excretion in the kidney using ureteral cannulation 
beyond stenotic lesions [31]. The results of these studies 
indicate that hemodynamically significant renal arterial 
lesion to a functioning kidney has reduced sodium delivery 
in the urine.

The response of contralateral kidneys

The contralateral normal kidney of unilateral renal artery 
stenosis cases showed significantly less change in R2* value 
post-furosemide (delta R2*) from that of control group 
kidneys (p < 0.05). The Baseline R2* value of these con-
tralateral kidneys was not significantly different from post-
stenotic kidneys. Thus, not only the stenotic kidney but the 
contralateral kidney also has altered intrarenal oxygenation 
and function. This result can be explained by the observation 
that unilateral RAS leads to not only hypoperfusion-depend-
ent renin release and injury to the ipsilateral stenotic kidney, 
but also functional changes develop within the non-stenotic 
contralateral kidneys [32]. Various studies indicate structural 
consequences develop in both stenotic and contralateral kid-
neys, not easily explained by hemodynamic alone, suggest-
ing functional interactions between the two [33].

The present study gives a better idea of fluctuations of 
intrarenal renal oxygenation in response to decreased blood 
flow in post-stenotic kidneys. We can demonstrate in our 
study that the human body tries its best to maintain intrare-
nal oxygenation despite the increasing severity of stenosis. 
This may be the reason why large multicentric studies like 
ASTRAL [15] and CORAL [34] have failed to demonstrate 
any significant improvement in outcome following revas-
cularization in renal artery stenosis patients. Most of these 
kidneys remain stable for a long time with antihyperten-
sive therapy because they do not experience any oxygen 
deficit. However, determining the threshold after which 
these compensatory mechanisms fail to maintain intrarenal 
oxygenation may help in identifying the real candidate for 
revascularization. Cortical hypoxia was observed in small 
and shrunken kidneys in our study as well as in a previous 
study which is a marker of failure of adaptive mechanism to 
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maintain intrarenal oxygenation [27]. This may be a trigger-
ing point for fibrogenesis within the kidney leading to the 
irreversibility of the renal function [35]. Studies were done 
on chronic kidney disease patients which also supported 
that cortical hypoxia is an independent predictor of renal 
function decline with the more adverse renal outcome [11]. 
Thus, the presence of cortical hypoxia in stenotic kidneys 
has the potential to identify those kidneys which are pro-
gressing toward irreversibility. However, large studies to 
compare baseline renal BOLD findings and their long-term 
outcome following revascularization are required to further 
support and confirm this hypothesis.

Our study had some limitations. The study group con-
sisted of patients with a wide range of duration of illness. 
The duration may affect the R2* value of kidneys irrespec-
tive of the severity of vascular occlusion. Moreover, the 
BOLD signal is also sensitive to a number of other normal 
and abnormal tissue features, such as transverse relaxa-
tion parameter (T2), macroscopic field inhomogeneities 
(susceptibility artifacts), and blood volume fraction [36]. 
Factors like hematocrit, water content, blood flow, blood 
pH, pCO2, and age of the patient may affect apparent R2* 
under some conditions. These factors were not uniform 
among patients. One of the ways to account for these influ-
ences is modification of the existing BOLD MRI tech-
nique to quantitative BOLD (qBOLD). qBOLD is based 
on a multicomponent approach that includes contributions 
from intracellular water, interstitial fluid, and intravascular 
blood [37]. However, tissue pO2 and T2* may not have the 
same correlation for all renal layers under all pathophysi-
ological scenarios which means that it is necessary to cali-
brate T2*-sensitized MRI for probing renal oxygenation 
and perfusion [38]. Another limitation of our study is that 
the reproducibility of R2* determined by the ROI method 
was not analyzed. Our study protocol did not include fol-
low-up of patients, type of treatment received by them, and 
outcome following revascularization. However, the results 
obtained in our study may play a crucial role in a better 
selection of patients for revascularization therapy. It will 
help in determining those patients who require medical 
therapy alone and the other group of patients who will 
be further benefited from the revascularization procedure.

Conclusion

The present study supports the validity of BOLD MRI as a 
rapid and non-invasive tool in the evaluation of kidneys with 
RAS. The R2* values on BOLD MRI are significantly differ-
ent between kidneys with and without RAS. Despite a high 
degree of stenosis, kidneys can maintain their oxygen balance 
by various adaptive mechanisms until they reach that stage 
where their response to inhibition of sodium reabsorption is 

markedly blunted and cortical hypoxia develops. BOLD MRI 
can potentially also predict the utility of revascularization.
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