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Abstract

Purpose: The purpose of the study was to explore the
application of blood oxygenation level-dependent func-
tional magnetic resonance imaging (BOLD-MRI) in
classification of chronic kidney disease (CKD).
Methods: Twenty-nine cases with CKD and 27 healthy
volunteers underwent renal BOLD-MRI. Cases of CKD
were divided into two groups according to the estimated
glomerular filtration rate (eGFR). The R2* values were
measured in renal cortex and medulla, respectively. The
difference of R2* between renal cortex and medulla was
compared, and the correlations of R2* value in renal
cortex and medulla with eGFR were analyzed.
Results: Twenty-nine cases of CKD were divided into
two groups, with 13 cases of mild renal impairment and
16 cases of moderate to severe renal impairment. In the
control and mild renal impairment group, the R2* of
renal cortex was significantly lower than that of medulla
(P < 0.001). In the control group, mild renal impair-
ment and moderate to severe renal impairment group,
the R2* value of cortex increased, while the R2* value of
medulla gradually decreased. The eGFR of patients was
positively correlated with R2* of medulla (r = 0.81,
P < 0.001), while displayed no correlation with R2* of
cortex (r = - 0.32, P > 0.05). When the threshold of
R2* of medulla was set at 28.4 Hz, the sensitivity and
specificity to distinguish normal and mild renal impair-
ment group were 92.31% and 85.19%, respectively.
Conclusion: The change of blood oxygen in renal cortex
and medulla could be detected with BOLD-MRI, so as to
evaluate the renal function and anoxic injury of CKD.
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Chronic kidney disease (CKD) shows gradually in-
creased incidence and prevalence recently, thus becoming
a public health problem [1]. Glomerular injury is a main
pathological mechanism of CKD and could change local
hemodynamics, damage capillary endothelial and
microvasculature, thereby leading to anoxic tissue envi-
ronment and kidney damage [2]. Hypoxia in kidney tis-
sue will accelerate the progress of CKD and play a key
role in its occurrence and development. Therefore, early
monitoring of renal oxygenation and reasonable treat-
ment could help delay the progression of CKD [3, 4]. The
current common method to determine renal hypoxia is to
measure the partial pressure of oxygen by inserting
microelectrode into the kidneys directly. However, this
technology is not suitable for in vivo research and follow-
up due to its invasiveness and insufficient sampling [5].

Blood oxygenation level-dependent functional mag-
netic resonance imaging (BOLD-MRI) is the only non-
invasive technology to perform in vivo imaging on renal
oxygen content. The technique uses endogenous deoxy-
hemoglobin as contrast agent to evaluate the biological
oxygen utilization [6]. Pedersen et al. performed animal
experiments and have confirmed that BOLD could detect
renal oxygenation levels sensitively, which was highly
consistent with the data measured by invasive probes [7–
13]. The content of oxygenated hemoglobin is inversely
proportional to the apparent relaxation rate (R2*) ob-
tained by BOLD. The higher the tissue oxygen content,
the lower the R2* value is. Therefore, R2* can reflect the
partial pressure of oxygen in local tissue indirectly [8].
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values and estimated glomerular filtration rate (eGFR),
and to investigate the application value of BOLD-MRI
in assessment renal oxygen level of patients with CKD.

Materials and methods

Subjects

The protocol of this study was discussed, approved and
recorded by the ethics committee of our institution. A
total of 29 patients with CKD were prospectively col-
lected from December 2015 to June 2016 in Department
of nephrology of our hospital, with the average age of
42 years old (23–63). Twenty-seven healthy volunteers
were selected as the control group, including 16 males
and 11 females, with the average age of 39 years old
(18–59). Informed consent was obtained from all par-
ticipants included in this study.

The inclusion and exclusion criteria of CKD

The inclusion criteria were as follows: (1) more than
18 years old; (2) in accordance with the CKD definition
from the kidney disease outcomes quality initiative (K/
DOQI) proposed by National Kidney Foundation [14];
(3) without contraindications of MRI examination.
Exclusion criteria were as follows: (1) complicated with
other kidney diseases such as kidney stones,
hydronephrosis, renal mass, polycystic kidney disease,
and other systemic diseases; (2) taking the drugs that
affect the measurement value of creatinine (such as
cimetidine, trimethoprim, cefotaxime) or undergoing re-
nal replacement therapy; (3) difficult to be analyzed be-
cause of poor image quality.

The inclusion and exclusion criteria of healthy
controls

The inclusion criteria were as follows: (1) more than
18 years old; (2) without urinary system disease, systemic
metabolic or endocrine diseases, diabetes mellitus or
hypertension; (3) laboratory tests related to renal func-
tion were normal; (4) no contraindications to MRI.
Exclusion criteria were as follows: (1) renal space–occu-
pying lesions confirmed by MRI, hydronephrosis and
infectious lesions; (2) vascular and nephrotoxic drugs
were used within 3 months before the examination; (3)
difficult to be analyzed because of poor image quality.

MRI protocol

All the scan were performed on a 3.0T magnetic reso-
nance scanner (Signa HDxt, General Electric Medical
System, Milwaukee, WI, USA) with 8-channel phased
array coils for the body. All the participants were per-
formed BOLD-MRI examination with routine T1WI
and T2WI scans. Sequence of BOLD was two-dimen-

sional (2D) multiple echoes gradient echo (mGRE),
including a total of 7 echoes. The coronal scan was
performed and the scan parameters were as follows: TR:
100 ms, TE:1.76, 4.18, 6.6, 9.01, 11.43, 13.84, 16.26,
18.68 ms, thickness: 5 mm, spacing: 0 mm, flip angle: 25
degrees, bandwidth: 125 kHz, excitation frequency: 1,
FOV: 36–42 cm, matrix: 256 9 256, the coverage of
scanning included left and right kidneys and adrenal
gland. All the subjects were fasting and avoided medicine
6 hours before MRI scan.

Image analysis and data measurement

After these sequences were performed, the images were
transmitted to the AW4.4 workstation, and the data were
analyzed by Functool post-processing software. Based
on the single exponential model, R2* value was obtained
by fitting calculation of echo signal and TE time. At the
coronal central level of renal hilum, three locations were
selected from the upper pole, the renal portal and the
inferior pole. The region of interest (ROI) was placed in
cortex and medulla, respectively, with the area about
10–20 mm2, avoiding the renal collection system. The
R2* values of renal cortex and medulla of each subject
were averaged from left and right kidneys, cortex
R2* = (right renal cortex R2* + left renal cortex R2*)/
2, and medulla R2* = (right renal medulla R2* + left
renal medulla R2*)/2. Twice measurements were per-
formed on the kidneys by the same radiologist, and the
interval between the two measurements was 30 days.

Assessment of glomerular filtration rate

For all patients, venous blood were collected 1 week be-
fore and after MRI examination, respectively. Serum
creatinine (Scr) levels weremeasured and expressed asmg/
dL from the conversion formula: 1 mg/dL = 88.41 lmol/
L. The eGFR was obtained from the modification of diet
in renal disease (MDRD) equation. eGFR = 186 9 Scr-
1.154 9 Age-0.203 9 0.742 (if female) 9 1.233 (if Chinese).

According to the K/DOQI guideline, CKD clinical
stage was divided by the degree of renal impairment
based on eGFR. CKD1: eGFR ‡ 90 mL/min; CKD2:
90 mL/min > eGFR ‡ 60 mL/min; CKD3: 60 mL/
min > eGFR ‡ 30 mL/min; CKD4: 30 mL/min >

eGFR ‡ 15 mL/min; CKD5: eGFR < 15 mL/min.
Cases of CKD 1 and 2 were assigned to mild renal
impairment group. Cases of CKD 3, 4, and 5 were as-
signed to moderate to severe renal impairment group.

Statistical analysis

Data were analyzed by SPSS 21.0 statistical software
(SPSS, Inc, Chicago, IL, USA). First, consistency test
was performed by calculating the intraclass correlation
coefficient (ICC) of two measurement data. If ICC was
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greater than 0.75, a high reliability was considered and
the first measurement data were used. If normal distri-
bution of the data was confirmed, paired t test was used
to compare the difference in renal cortex and medulla
R2* between left and right side. Independent samples t
test was used to compare the difference of R2* between
cortex and medulla in each group. When the data com-
plied with the normal distribution and the homogeneous
variance, the single factor analysis of variance (one-way
ANOVA) was used to compare the R2* difference of
cortex and medulla among the three groups, with mutual
comparison of each group by least-significant difference
(LSD) method. Bivariate correlation analysis was per-
formed to calculate Pearson correlation coefficient, so as
to evaluate the correlation of eGFR with cortex and
medulla R2* in patients with CKD. The receiver oper-
ating characteristic (ROC) curve was analyzed by Med-
Calc software (version 13.0) to distinguish normal and
mild renal impairment group. The significant level of
a = 0.05 was tested, and P < 0.05 was considered as
statistically significant, and P < 0.001 was considered as
highly statistical significance.

Results

Clinical and pathological results

The clinical biochemical data of healthy controls and the
patients group are shown in Table 1. According to the
renal function evaluated by eGFR, 29 cases of CKD
were divided into two groups: 13 cases of mild renal
impairment group (CKD1 and CKD2) and 16 cases of
moderate to severe renal impairment group (CKD3,
CKD4, and CKD5). Twenty-three cases of CKD pa-
tients received renal tissue biopsy under ultrasound
guidance, with the lower pole of the right kidney as
puncture point. Nine cases were diagnosed as membra-
nous nephropathy, nine cases as IgA nephropathy, two
cases as focal proliferative sclerosing glomerulonephritis,
and three cases as mesangial proliferative glomeru-
lonephritis. The other six cases without renal biopsy were
all in the stage of CKD5.

Normal kidney BOLD-MRI image and data
consistency analysis

On the BOLD-MRI image, the normal renal structure
was clear, with distinct interface between cortex and
medulla. From renal cortex to medulla, the R2* images
displayed gradually from blue, green, to yellow
(Fig. 1). Data consistency analysis showed that the
intraclass correlation coefficient of R2* was 98.5%
(ICC > 0.75) for cortex and 99.8% (ICC > 0.75) for
medulla.

Comparison of R2* values between renal cortex
and medulla

Paired t test showed that there was no significant dif-
ference in R2* value of cortex and medulla between left
and right kidney in the 3 groups (Table 2). Independent
sample t test showed that the R2* values of medulla were
significantly higher than those of cortex in healthy con-
trol group and mild renal impairment group
(P < 0.001). There was no difference in R2* between
medulla and cortex in moderate to severe renal impair-
ment group (P > 0.05) (Table 3).

Comparison of R2* values among three groups

Univariate analysis of variance showed that there were
statistically significant differences in R2* values of renal
cortex and medulla among control group, mild renal
impairment group and moderate to severe renal
impairment group (P < 0.001) (Table 3). LSD com-
parison showed that the R2* in cortex gradually in-
creased from control group, mild renal impairment
group, to moderate to severe renal impairment group,
with statistical difference (P < 0.05) (Fig. 2). The R2*
of medulla in the control group, mild renal impairment
group and moderate to severe renal impairment group
gradually decreased, with statistical difference
(P < 0.001) (Fig. 2).

Table 1. Basic information of healthy volunteers and patients with chronic kidney disease

Class N Age eGFR

Healthy volunteers 27 39.69 ± 14.88 110.79 ± 11.17
CKD1
eGFR ‡ 90 mL/min/1.73 m2

8 42.50 ± 14.74 118.13 ± 20.15

CKD2
60 mL/min/1.73 £ eGFR < 90 mL/min/1.73 m2

5 48.20 ± 14.36 73.74 ± 7.57

CKD3
30 mL/min/1.73 m2 £ eGFR < 60 mL/min/1.73 m2

6 48.00 ± 12.46 43.08 ± 6.99

CKD4
15 mL/min/1.73 m2 £ eGFR < 30 mL/min/1.73 m2

3 44.66 ± 6.66 21.33 ± 6.11

CKD5
eGFR < 15 mL/min/1.73 m2

7 33.57 ± 11.67 9.73 ± 4.10

606 C. Li et al.: Application of BOLD-MRI in the classification of renal function



The correlation of R2* value with eGFR
and CKD staging

The Pearson correlation analysis was performed to
analyze the relationship of R2* value and eGFR. It

showed that in all CKD patients there was no statistical
correlation between cortical R2* value and eGFR
(r = - 0.319, P > 0.05). However, medullary R2* va-
lue showed statistical positive correlation with eGFR
(r = 0.806, P < 0.001) (Fig. 3). There was slight posi-

Fig. 1. A, B A 18-year-old male of normal control group,
T2*WI and R2* map in coronal plane. The demarcation of the
renal cortex and medulla is clear. The color of the cortex,
medulla, and renal calyx is transformed from blue, green to
yellow. The color change from blue to green and yellow
represents the gradual increase of R2*.C, D A 38-year-old
male with IgA glomerulonephritis of mild renal impairment
group, T2*WI and R2* map in coronal plane. The demarcation
of the renal cortex and medulla is slightly clear; the cortex is

blue, and the medulla is green. E, F A 29-year-old male with
IgA glomerulonephritis of moderate to severe renal
impairment group, T2*WI and R2* map in coronal plane.
There is unclear boundary between the renal cortex and
medulla. The cortex is blue to green and the medulla is also
blue to green. The color of the cortex changed from blue to
green with the aggravation of renal impairment gradually. The
color of medulla changed from green-yellow to blue with the
severity of renal impairment gradually.
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tive correlation between cortical R2* value and CKD
stage (r = 0.379, P < 0.05), and significant negative
correlation between the medullary R2* and CKD stage
(r = - 0.825, P < 0.001).

ROC analysis of medullary R2* to distinguish
normal from early renal impairment

In the normal control group, mild renal impairment
group and moderate to severe renal impairment group,
medullary R2* showed more difference among three
groups than cortical R2* did. Therefore, the medullary
R2* value was used to evaluate its diagnostic efficiency
to distinguish healthy control and mild renal impairment
group. The ROC analysis showed that the area under the

curve (AUC) was 0.892 (Fig. 4). The optimal diagnostic
threshold of medullary R2* was 28.426 Hz by calculating
the Youden index, and the sensitivity and specificity for
distinguishing normal from mild renal impairment were
92.31% and 85.19%, respectively.

Discussion

The results of this study showed that there was favorable
intra-observer consistency of cortical and medullary
R2*. It displayed significant difference in renal cortical
and medullary R2* values among healthy control, mild
renal impairment group and moderate to severe renal
impairment group. There was significant positive corre-
lation between eGFR and R2* values of medulla. All

Table 2. Comparison of cortical and medullary R2* between left and right kidneys

Goup Cortical R2* P Medullary R2* P

Left Right Left Right

Control 13.15 ± 0.74 13.25 ± 1.00 0.59 32.62 ± 4.26 32.32 ± 4.59 0.51
Mild 16.15 ± 1.10 16.35 ± 1.02 0.55 25.45 ± 3.63 24.35 ± 2.83 0.06
Moderate to severe 16.77 ± 1.09 17.16 ± 1.39 0.27 18.03 ± 3.15 18.06 ± 3.21 0.91

Table 3. Comparison of cortical and medullary R2* values in the three groups

R2* Control (n = 27) Mild (n = 13) Moderate to severe (n = 16) F P

Cortex 13.20 ± 0.75 16.25 ± 0.89 16.97 ± 1.05 115.87 < 0.05
Medulla 32.47 ± 4.28 24.90 ± 3.11 18.04 ± 3.142 76.44 < 0.05
t - 23.02 - 9.64 - 1.30 – –
P < 0.05 < 0.05 0.21 – –

Fig. 2. Comparison of cortical (A) and medullary (B) R2* values among normal control group, mild renal impairment group, and
moderate to severe renal impairment group.
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these suggested that BOLD-MRI technique was sensitive
to hypoxia in early renal impairment, and had certain
feasibility and data repeatability.

In healthy control group, the R2* value of renal
medulla was significantly higher than that of cortex. This
indicated that the oxygen content of medulla was sig-
nificantly lower than that of cortex, which was consistent
with renal physiology and the difference of blood dis-
tribution between medulla and cortex. It is known that
the cortex accounts for 94% blood flow perfusion of
kidney, which is markedly higher than that of medulla.

The R2* of medulla was significantly greater than that of
cortex in the mild renal impairment group, while there
was no significant difference in R2* between medulla and
cortex in the moderate to severe renal impairment group.
This suggested that renal oxygenation was not obviously
affected in the early stage of renal impairment, which
may be adjusted by compensative effect of kidney.
However, in moderate to severe renal impairment group,
the blood flow and oxygenation status of cortex and
medulla were all seriously injured. The content of
deoxyhemoglobin in both groups increased significantly,
and the difference was attenuated or even disappeared.

The R2* value of cortex in CKD cases was signifi-
cantly higher than that of the normal control group. This
suggested that the renal cortex of the patients group was
in a relatively hypoxic state, with positive correlation
between degree of hypoxia and renal impairment, which
was consistent with the results of other researchers [15–
17]. The underlying mechanism might be associated with
capillary lumen stenosis and occlusion caused by depo-
sition of plasma protein in renal cortex, thickening of the
basement membrane, and increased membrane matrix
with the progression of CKD. Furthermore, increased
extracellular collagen in mesangial and capillary loops
could lead to local capillary lumen occlusion, capillary
hyalinization and sclerosis. This further accelerated
glomerular hardening and reduced blood flow, so the
oxygen content of cortex decreased significantly [18].

The R2* value of medulla in the normal control
group, mild renal impairment group and moderate to
severe renal impairment group gradually decreased, with
significant differences between each two groups. This
suggested that with the decline of renal function in pa-
tients group, the content of deoxygenated hemoglobin in
medulla gradually decreased and the level of oxygenation

Fig. 3. The correlation between R2* value of cortex (A) and medulla (B) with eGFR.

Fig. 4. The ROC curve of medullary R2* value to
differentiate normal control group from the mild renal
impairment group.
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gradually increased. This was not entirely consistent with
the results of other researchers. Prasad PV found that
there was no significant difference in R2* values of me-
dulla between normal control group and CKD cases [17].
Michaely HJ observed 400 cases of various abdominal
diseases and found that medullary R2* did not display
significant difference among patients with different
stages of CKD. This might because there was no unified
standard for inclusion of patients and control group
among different studies [19]. The results of our study
suggested that with the decline of renal function, the
oxygen content in the medulla increased gradually. We
speculated the possible reason as follows: as the renal
function impairment worsens, not only the glomerular
filtration rate decreases, but also ultrafiltration is further
reduced. That attenuated active absorption of NaCl in
the medulla proximal tubule. At the same time, CKD
accompanied by varying degrees of tubular atrophy, the
reduction of active transport of small molecules and
tubular atrophy together cause Na+-K+-ATP pump
work reduction and oxygen consumption decrease [20].
Khatir D found that in patients with CKD stage 3 and 4,
the sodium ion reabsorption rate was only 37% of that in
normal people. Glomerular filtration rate and sodium
reabsorption decreased more than twofolds of renal ar-
tery blood flow. The decreased filtration fraction reduced
Na+ Pump work, thus alleviating the hypoxia of the
renal medulla [21].

In patients with CKD, there was a significant positive
correlation between the R2* value of medulla and eGFR,
while no correlation was found between R2* value of
renal cortex and eGFR. This might be caused by the
difference between medulla and cortex in distribution of
renal oxygen pressure and their sensitivity to the change
of oxygen status. Under normal conditions, the partial
pressure of oxygen is about 50 mmHg in cortex, and
about 10 mmHg in medulla [22, 23]. The oxygen disso-
ciation curve becomes flat when the partial pressure of
oxygen is above 60 mmHg, and becomes steeper when
the partial pressure of oxygen is below 26.6 mmHg. This
indicated that even a small change in oxygen partial
pressure in medulla will lead to a huge change of
deoxyhemoglobin concentration and subsequently R2*
value. Therefore, we further selected medullary R2* to
detect its ability to distinguish the severity of renal
function. The result showed that it displayed satisfactory
sensitivity and specificity 92.31% and 85.19%, respec-
tively. This suggests that R2* obtained by BOLD-MRI
technology could reflect the change of renal oxygenation
level by measuring the concentration of deoxyhe-
moglobin, and further evaluate the renal function.

The limitations of this study were as follows: (1) The
sample size in this study was not large enough, and most
CKD cases were glomerular nephropathy. Though CKD
in Chinese patients is mainly caused by glomerular le-
sion, further clinical research is needed to investigate the

difference in R2* value among CKD caused by different
etiologies. (2) With the progression of CKD stage, the
unclear boundary between medulla and cortex might
influence the accuracy of measurement. Therefore, we
carried out the intra-observer consistency test, so as to
reduce the variance of measurement. (3) Compared with
control group, the patients with CKD demonstrate
smaller renal volume and lower renal plasma flow, which
might affect the results of the experiment. However, it
was also reported that when the renal plasma flow was
corrected, there was no difference in R2* value between
CKD group and normal control group [21].

In conclusion, this study displayed that BOLD-MRI
could detect the oxygenation level of renal cortex and
medulla at different levels of renal impairment, and also
provided information about renal morphology and
function. It is expected that BOLD-MRI might provide a
sensitive, noninvasive and reproducible method for
detection of possible hypoxia in the renal parenchyma
and assessment of renal function.
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