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Abstract
Background Renal hypoxia is considered a final pathway in the progression of chronic kidney disease (CKD). Blood-oxygen-
level-dependent magnetic resonance imaging (BOLD-MRI) has shown merit for evaluating renal oxygenation in adults.
Objective To investigate renal cortical and medullary R2* values by CKD stage and by renal function index in children with
chronic kidney disease.
Materials and methods Twenty-one children with CKD Stage 1–3, 16 children with CKD Stage 4–5, and 6 healthy volunteers
underwent a renal MRI using multigradient recalled-echo sequence with 16 echoes. We measured the R2* values of the renal
cortex and medulla on BOLD-MRI.
Results The cortical R2* value was ranked as CKD Stage 4–5 > CKD Stage 1–3 > healthy controls, and the medullary R2* value
was ranked as CKD Stage 4–5 > CKD Stage 1–3. There was no significant difference in the medullary R2* value between CKD
Stage 1–3 patients and the healthy controls. There was a positive correlation between the R2* values in the renal cortex (r=0.73)
and medulla (r=0.89), and the serum creatinine level (P<0.001), and the renal cortical and medullary R2* values were negatively
correlated with the estimated glomerular filtration rate (r=–0.71 and r=–0.89, respectively; P<0.001).
Conclusion BOLD-MRImight contribute to noninvasive assessment of renal oxygenation in children with CKD in vivo but it did
not reflect renal function in our sample.

Keywords Blood-oxygen-level-dependent magnetic resonance imaging . Children . Chronic kidney disease . Kidney .Magnetic
resonance imaging . Renal function . Renal oxygenation

Introduction

Chronic hypoxia in the kidneys plays an important role in the
development of chronic kidney disease (CKD) [1]. Changes in
renal hemodynamics, disorders of cellular oxygen metabolism,

and changes in microcirculation can lead to chronic hypoxia in
the kidneys, which promotes renal fibrosis and a deterioration of
renal function [2]. Therefore, early monitoring of renal oxygen-
ation status and early treatment might be valuable. Oxygen-
sensitive microelectrodes or laser Doppler flow probes were
used previously to study hypoxia and blood flow in the kidneys
in animal models, and the role of hypoxia in kidney injury was
confirmed [3]. However, these invasive examinations are not
suitable for human research and clinical follow-up.

Blood-oxygenation-level-dependent magnetic resonance
imaging (BOLD-MRI) is the only noninvasive method for
monitoring renal blood oxygen levels [4]. Deoxyhemoglobin
was used as an endogenous contrast agent in BOLD-MRI, and
the apparent relaxation rate (R2*) was used as a sensitive
indicator to assess changes in tissue oxygen partial pressure.
An increase in the R2* values suggests an increase in
deoxyhemoglobin and a decrease in tissue oxygen partial
pressure. In 1996, Prasad et al. [5] first used BOLD-MRI
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technology on 1.5-tesla (T) MRI to evaluate the relative oxy-
gen levels of human renal cortex and medulla. The BOLD-
MRI findings were highly consistent with the results of inva-
sive microelectrodes used in animal experiments to measure
renal cortical and medullary oxygen partial pressure [6].

In recent years, BOLD-MRI has been gradually applied to
various kidney diseases, such as ischemic kidney injury,
chronic kidney disease, kidney transplantation, ureteral ob-
struction, diabetic nephropathy and kidney tumors [7].
However, BOLD-MRI is rarely used in children with kidney
disease. Only Chehade et al. [8] applied BOLD-MRI to eval-
uate renal function in children with CKD caused by
vesicoureteral reflux. This study performed BOLD-MRI ex-
amination of kidneys using 1.5-T MRI in children with CKD
to investigate the differences in renal cortical and medullary
R2* values among different CKD stages, and the relationship
between renal cortical and medullary R2* values and renal
function indexes in children with CKD and to provide base-
line data for the further use of renal BOLD-MRI in children
with CKD.

Materials and methods

Patients

This study enrolled 37 children with CKD who were admitted
to the outpatient or inpatient clinics of the West China Second
University Hospital, Sichuan University (Chengdu, China)
between January 2015 and June 2018. CKD was defined ac-
cording to the diagnostic criteria proposed in the guidelines of
Kidney Disease Improving Global Outcomes (KDIGO) of
2012 [9]. Six healthy children served as controls. The healthy
volunteers had no urinary system diseases, diabetes, hyperten-
sion or other cardiovascular diseases, and they had not taken
any vasoactive drugs. Their serum creatinine, urinary routine
and abdominal MRI results were normal. We used the follow-
ing exclusion criteria: (1) contraindications for MRI, (2) in-
ability to breath-hold, (3) obstructive nephropathy as sug-
gested by imaging examination and (4) poor image quality
and serious artifact interference. Our institutional ethics board
approved this study and we obtained written informed consent
from all participants.

Magnetic resonance imaging techniques

All children were asked to fast for 8 h and forego liquid intake
for 4 h before MRI examination. Before the examination, all
children were trained to practice holding their breath for several
seconds according to our instructions. During the examination,
all children were asked to breathe freely and to hold their breath
alternately. A 1.5-TMRI scanner (Achieva NovaDual; Philips,
Best, the Netherlands) was used to perform a coronal BOLD-

MRI scan focused on the renal hilum using a gradient-echo
echoplanar imaging sequence. Sixteen echo time chain and fast
field echo sequences were used. The following scanning pa-
rameters were used: field of view 200×282×70mm; slice thick-
ness 5 mm; number of slices 12; repetition time 400 ms; voxel
size 3×3 mm; and flip angle 45°. Each scan was completed as
the subjects held their breath.

Image analysis and data measurement

We used a Philips Extended MRWorkspace 2.6.3.5 worksta-
tion (Philips, Best, the Netherlands) for image processing and
data measurement. R2* values were obtained via software
with a region-of-interest (ROI). The following specific
methods were used. First, the R2* maps were generated using
MRIcro software [10], so the image clearly showed the
change in R2* values. The lowest R2* value appears in red,
the highest R2* value in blue. Then, the R2* values were
calculated by MATLAB (MathWorks, Natick, MA) software.
Measurement method: We outlined the cortical regions-of-
interest in one area in the upper, middle and lower parts of
the renal cortex, avoiding the edge of the kidney and the
boundary between the cortex and the medulla. We also
outlined the medullary regions-of-interest in one area in the
upper, middle and lower parts of the renal medulla, avoiding
renal columns and blood vessels. The T2* values of cortex
and medulla in the upper, middle and lower parts of the left
and right kidneys were calculated. The R2* values were cal-
culated using the formula R2*=1/T2*, and the average values
were obtained.

Clinical data

We recorded the age, height, clinical diagnosis and serum
creatinine for each child. The estimated glomerular filtration
rate (eGFR) was calculated according to the Schwartz equa-
tion and used for CKD staging [11], such that eGFR (mL/min/
1.73 m2)=K × (height in cm) / creatinine in μmol/L, where the
constant K varies with age and gender (K=32.5 for females 1–
18 years old and males 1–13 years old, and K=36.5 for males
13–18 years old).

Statistical analysis

We performed statistical analyses using IBM SPSS Statistics
Version 20 (IBMCorp., Armonk, NY). Quantitative values are
expressed as means ± standard deviations. After confirming
normal distribution of the data, we used a paired t-test to com-
pare the differences in renal cortical and medullary R2* values
within each group. We used the single-factor analysis of vari-
ance (one-way ANOVA) to compare the R2* differences of
cortex and medulla among CKD Stage 1–3, CKD Stage 4–5
and healthy control groups, and, if needed, we performed post
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hoc multiple comparison of each group using the Student-
Newman-Keuls-q test (SNK-q). Because we did not observe
normal distribution for the values of serum creatinine (SCr)
and eGFR, we assessed the association between serum creati-
nine or eGFR, and cortical or medullary R2* values using
Spearman rank correlation coefficient analysis. P-values less
than 0.05 were considered statistically significant.

Results

Findings in children with chronic kidney disease

A total of 37 children with CKD and 6 healthy children were
included in the study. According to the CKD staging criteria
established by KDIGO 2012 [9], children with CKD were di-
vided into the CKD Stage 1–3 (n=21) and CKD Stage 4–5
groups (n=16). The ages of the 37 children with CKD ranged
from 5 years and 8 months to 15 years; the median age was 11
years and 2months. The ratio of boys to girls was 1.18:1. Neither
age nor gender differed significantly among groups (Table 1).

The R2* maps of the renal cortex to medulla of each group
showed a color band distribution, which was represented as
the cortex in red, and the medulla in yellow, green and blue
from the outer to the inner (Figs. 1, 2 and 3). Children with
CKD Stage 1–3 and healthy children had a well-defined kid-
ney contour and a clear boundary between the cortex and
medulla. Children with CKD Stage 4–5 had reduced kidney
volume and unclear boundary between the cortex and
medulla.

Comparison of renal R2* values among groups

Because the difference in R2* values between the left and
right kidneys was not statistically significant, this study used
the mean R2* values of the left and right kidneys to represent
the renal cortical and medullary R2* values for each child.
The medullary R2* values among the CKD Stage 1–3, CKD

Table 1 Clinical characteristics of 43 participants

Chronic kidney disease
Stage 1–3 (n=21)

Chronic kidney disease
Stage 4–5 (n=16)

Healthy control (n=6) P-value

Age (years) 10.59±2.63 10.40±2.52 8.74±2.04 0.29

Gender (male/female) 10/11 10/6 3/3 0.70

Serum creatinine (μmol/L) 60.67±29.17 562.09±343.40 33.83±5.88 <0.001

Estimated glomerular filtration rate (mL/min/1.73 m2) 132.78±47.81 14.88±6.97 193.71±24.15 <0.001

Underlying disease

Henoch–Schonlein purpura nephritis 6 3 - N/A

Lupus nephritis 8 0 - N/A

Primary nephrotic syndrome 3 2 - N/A

Chronic glomerulonephritis 0 4 - N/A

Bilateral hydronephrosis 0 3 - N/A

IgA nephropathy 2 0 - N/A

Alport syndrome 0 1 - N/A

Vesicoureteral reflux 1 0 - N/A

Unknown 1 3 - N/A

Cortical R2* value 11.61±0.42 13.00±1.35 10.75±0.18 <0.001

Medullary R2* value 16.00±0.83 21.14±1.90 15.30±0.71 <0.001

Data are expressed as a number (number of cases, gender and underlying disease) or means ±standard deviations

N/A not applicable

Fig. 1 Coronal R2* map of a healthy control (female, 11.2 years old).
Blood-oxygen-level-dependent magnetic resonance imaging (BOLD-
MRI) map shows increasing R2* values corresponding to gradually
decreasing tissue oxygenation levels from red, yellow, green to blue.
Here, the normal kidneys appear well oxygenated
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Stage 4–5 and healthy control groups were significantly
higher than cortical R2* values (P<0.05). The cortical R2*
values were in the order of CKD Stage 4–5 > CKD Stage 1–3
> healthy controls, and the medullary R2* values were in the
order of CKD Stage 4–5 > CKD Stage 1–3. The difference
was statistically significant. However, there was no significant
difference in the medullary R2* values between the CKD
Stage 1–3 and healthy control groups (Fig. 4).

Correlation between renal function index and renal
R2* values

As shown in Fig. 5, there was a positive correlation between
the renal cortical R2* values and serum creatinine in children
with CKD (r=0.73, P<0.001), and the renal cortical R2*
values negatively correlated with eGFR (r=–0.71, P<0.001).
There was a positive correlation between the renal medullary
R2* values and serum creatinine in children with CKD
(r=0.89, P<0.001), and the renal medullary R2* values neg-
atively correlated with eGFR (r=–0.89, P<0.001).

Discussion

We have shown that there was no significant difference in R2*
values between bilateral renal cortex and medulla, and that the
medullary R2* values of children with CKD and healthy con-
trols were higher than that of the cortex. Our results are con-
sistent with previous studies in adults with CKD and in ani-
mals [12–15], which suggests that the renal medulla is in a
hypoxic state compared to the cortex, and is also consistent
with renal physiology and differences in blood flow distribu-
tion between the cortex and medulla. Renal parenchymal per-
fusion was approximately 25% of cardiac output, and the ratio
of cortical and medullary perfusion was approximately 9:1;
that means approximately 90% of blood flow was supplied
to the cortex, and only 10% was supplied to the medulla. A
large amount of oxygen is needed to maintain renal medullary
function. The renal cortical andmedullary oxygen partial pres-
sures are approximately 50 mmHg and 10–20 mmHg, respec-
tively [16]. However, the R2* values of renal cortex and me-
dulla in the present study were lower than those in adults in the
studies of Chehade et al. [8] and Prasad et al. [17]. This dif-
ference might be related to the younger age of the participants
in our study. Simon-Zoula et al. [18] demonstrated a correla-
tion between the values of the cortex and medulla and age in
healthy volunteers, and the values of cortex and medulla grad-
ually increased with age.

Changes in the oxygenation state of the kidney reflect the
dynamic regulation between local oxygen supply and oxygen
consumption in the kidney. The factors affecting renal oxygen
supply include systemic factors, such as renal local blood
flow, renal fibrosis, intrarenal microcirculation, and anemia.
The factors affecting renal oxygen consumption include glo-
merular filtration rate, tubular reabsorption function, and Na+-
K+ pump volume. The results presented here showed that the
cortical R2* values were in the order of CKD Stage 4–5 group
> CKD Stage 1–3 group > healthy control group, and the
medullary R2* values were in the order of CKD Stage 4–5
group > CKD Stage 1–3 group. These results are consistent
with the findings of Prasad et al. [17], Inoue et al. [19],
Manotham et al. [20] and Xin-Long et al. [21], which suggests

Fig. 2 Coronal R2* map in child with moderate chronic kidney disease
(female, 12.3 years old). Blood-oxygen-level-dependent magnetic
resonance imaging (BOLD-MRI) map shows increasing R2* values
corresponding to gradually decreasing tissue oxygenation levels from
red, yellow, green to blue. Relatively reduced oxygen level is seen in
the right kidney

Fig. 3 Coronal R2* map in child with severe chronic kidney disease
(female, 11.8 years old). Blood-oxygen-level-dependent magnetic
resonance imaging (BOLD-MRI) map shows increasing R2* values
corresponding to gradually decreasing tissue oxygenation levels from
red, yellow, green to blue. Reduced oxygenation is demonstrated in
both kidneys
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that children with CKD have relative hypoxia in the kidney,
and the degree of hypoxia increases with the severity of kid-
ney damage. The trend is consistent with the hypothesis of
hypoxia proposed by Fine and Norman [1].

However, a previous retrospective analysis of adults with
CKD using BOLD-MRI showed a large difference between
the results of each study [7]. For example, Djamali et al. [22]
believed that renal medullary and cortical oxygenation levels
were increased in patients with CKD as a result of kidney trans-
plantation, and Siddiqi et al. [23], Khatir et al. [24], Michaely
et al. [25] and Pruijm et al. [26] concluded that there was no
significant difference in renal cortical or medullary oxygenation
levels between CKD patients and healthy controls. The follow-
ing reasons might explain these differences in BOLD-MRI

results among studies: (1) lack of restrictions on drugs or salt
intake before MR imaging, (2) lack of water intake standards
before MR imaging, (3) different underlying diseases and (4)
lack of consensus of BOLD-MR image analysis technology.

Although the medullary R2* values of the CKD Stage 4–5
group were higher than those of the CKDStage 1–3 group in the
present study, there was no significant difference in the medul-
lary R2* values between the CKD Stage 1–3 group and the
healthy controls. This finding suggests some overlap of the med-
ullary R2* values between the childrenwith CKDStage 1–3 and
the healthy controls. The reasons might be related to the follow-
ing factors: (1) inmild renal dysfunction, the kidney has a certain
self-regulation mechanism; (2) with renal parenchyma edema,
the increase in water content might lead to the reduction of

Fig. 5 Relation between serum
creatinine (SCr) or estimated
glomerular filtration rate, (eGFR)
and cortical or medullary R2*. a,
b Serum creatinine (a) and
estimated glomerular filtration
rate (b) by cortical R2*. c, d
Serum creatinine (c) and
estimated glomerular filtration
rate (d) by medullary R2*. Both
cortical andmedullary R2* values
are positively correlated with
serum creatinine (r=0.73 and
r=0.89, respectively, P<0.001).
Both cortical and medullary R2*
values are negatively correlated
with estimated glomerular
filtration rate (r=–0.71 and
r=–0.89, respectively, P<0.001)

Fig. 4 R2* by grade of chronic
kidney disease (CKD). a, b
Cortical and medullary R2*
values. The cortical R2* values
(a) are significantly different
among CKD Stage 1–3, CKD
Stage 4–5 and healthy control
groups (P<0.01). Medullary R2*
values (b) of the CKD Stage 4–5
group are significantly different
from the other two groups
(P<0.001)
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R2* value; or (3) R2* values should be understood not only as
changes in oxygen partial pressure but also as affected by MRI
magnetic field strength and uniformity, pulse parameters and
physiological data (e.g., pH, temperature, hematocrit, hydration
effects, spatial vascular conformation, capacity of plasma, and
vasoactive substances) [7, 14].

The study also showed that the renal cortical and medullary
R2* values positively correlated with SCr and negatively cor-
related with eGFR. This result suggests that BOLD-MRI is
helpful in the evaluation of renal function in children with
CKD. However, whether BOLD-MRI has a promising future
in children with CKD must be confirmed in large-sample,
multicenter randomized controlled trials.

Our study has the following limitations. First, this study was
a single-center study with a small sample size, and the majority
of the primary diseases were glomerular disease. Further expan-
sion of the sample is needed to investigate differences in the
renal cortical R2* values in children with different etiologies.

Second, the image analysis technique used in the present
study was an ROI technology, which is the oldest and most
common method. When the kidneys function well, the ROI is
easy to place. However, for children with advanced CKD, the
placement of ROI is difficult because of the lack of visually
distinguishable discrimination between the renal cortex and the
medulla. Piskunowicz et al. [27] found that ROI technology was
prone to observer-dependent differences. They recommended
the 12-level concentric object technique because the R2* values
are obtained with lower interobserver variability.

Third, MR imaging of the kidney is affected by respiration,
intestinal peristalsis and large blood vessel pulsation, with low
signal-to-noise ratio, and the magnetic sensitive artifacts
caused by gas in the intestinal cavity also interfere with the
imaging of the kidney, which limits the use of BOLD-MRI in
the kidney. Some younger children cannot hold their breath
during MR imaging, which increases the difficulty of MR
image acquisition.

Fourth, this study was based on 1.5-T MRI equipment, and
the signal change produced by the BOLD effect is proportional
to the magnetic field strength. The BOLD effect of large blood
vessels is proportional to the intensity of themainmagnetic field.
The BOLD effect of small blood vessels is proportional to B0

2.
High-field-strength MRI further improves image signal-to-noise
ratio and spatial resolution. Therefore, high-field-strength MRI
might be more conducive to kidney research, and further evalu-
ation of the values of 3.0-T BOLD-MRI for assessing the oxy-
genation status in children with CKD is needed.

Conclusion

BOLD-MRI might contribute to noninvasive assessment of
parenchymal kidney oxygenation in children with CKD
in vivo, but it still doesn’t reflect renal function well.

Although considerable research is required to establish
BOLD-MRI of kidneys as a routine clinical examination, this
technique would be helpful in future clinical trials to further
investigate and define the pathophysiological mechanisms of
renal disease progression in children with CKD.

Compliance with ethical standards

Conflicts of interest None

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Fine LG, Norman JT (2008) Chronic hypoxia as a mechanism of
progression of chronic kidney diseases: from hypothesis to novel
therapeutics. Kidney Int 74:867–872

2. Nangaku M (2006) Chronic hypoxia and tubulointerstitial injury: a
final common pathway to end-stage renal failure. J Am Soc
Nephrol 17:17–25

3. Heyman SN, Khamaisi M, Rosen S, Rosenberger C (2008) Renal
parenchymal hypoxia, hypoxia response and the progression of
chronic kidney disease. Am J Nephrol 28:998–1006

4. Tumkur SM, Vu AT, Li LP et al (2006) Evaluation of intra-renal
oxygenation during water diuresis: a time-resolved study using
BOLD MRI. Kidney Int 70:139–143

5. Prasad PV, Edelman RR, Epstein FH (1996) Noninvasive evalua-
tion of intrarenal oxygenation with BOLD MRI. Circulation 94:
3271–3275

6. Pedersen M, Dissing TH, Mørkenborg J et al (2005) Validation of
quantitative BOLD MRI measurements in kidney: application to
unilateral ureteral obstruction. Kidney Int 67:2305–2312

7. Pruijm M, Milani B, Burnier M (2016) Blood oxygenation level-
dependent MRI to assess renal oxygenation in renal diseases: pro-
gresses and challenges. Front Physiol 7:667

8. Chehade H, Milani B, Ansaloni A et al (2016) Renal tissue oxy-
genation in children with chronic kidney disease due to
vesicoureteral reflux. Pediatr Nephrol 31:2103–2111

9. Inker LA, Astor BC, Fox CH et al (2014) KDOQI US commentary
on the 2012 KDIGO clinical practice guideline for the evaluation
and management of CKD. Am J Kidney Dis 63:713–735

10. University of South Carolina (2012) MRIcro software. https://
www.mccauslandcenter.sc.edu/crnl/mricro. Accessed 31 Dec 2019

11. De Souza VC, Rabilloud M, Cochat P et al (2012) Schwartz for-
mula: is one k-coefficient adequate for all children. PLoS One 7:
e53439

12. Gloviczki ML, Glockner J, Gomez SI et al (2009) Comparison
of 1.5 and 3 T BOLD MR to study oxygenation of kidney

Pediatr Radiol (2020) 50:848–854 853

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


cortex and medulla in human renovascular disease. Investig Radiol
44:566–571

13. Thoeny HC, Kessler TM, Simon-Zoula S et al (2008) Renal oxy-
genation changes during acute unilateral ureteral obstruction: as-
sessment with blood oxygen level-dependentMR imaging— initial
experience. Radiology 247:754–761

14. Li LP, Storey P, Pierchala L et al (2004) Evaluation of the repro-
ducibility of intrarenal R2* and DeltaR2* measurements following
administration of furosemide and during waterload. J Magn Reson
Imaging 19:610–616

15. Basile DP, Donohoe D, Roethe K, Osborn JL (2001) Renal ische-
mic injury results in permanent damage to peritubular capillaries
and influences long-term function. Am J Physiol Renal Physiol
281:F887–F899

16. Pannabecker TL, Layton AT (2014) Targeted delivery of solutes
and oxygen in the renal medulla: role of microvessel architecture.
Am J Physiol Renal Physiol 307:F649–F655

17. Prasad PV, Thacker J, Li LP et al (2015) Multi-parametric evalua-
tion of chronic kidney disease by MRI: a preliminary cross-
sectional study. PLoS One 10:e0139661

18. Simon-Zoula SC, Hofmann L, Giger A et al (2006) Non-invasive
monitoring of renal oxygenation using BOLD-MRI: a reproducibil-
ity study. NMR Biomed 19:84–89

19. Inoue T, Kozawa E, Okada H et al (2011) Noninvasive evaluation
of kidney hypoxia and fibrosis usingmagnetic resonance imaging. J
Am Soc Nephrol 22:1429–1434

20. ManothamK, Ongvilawan B, Urusopone P et al (2012) Angiotensin
II receptor blocker partially ameliorated intrarenal hypoxia in
chronic kidney disease patients: a pre−/post-study. Intern Med J
42:e33–e37

21. Xin-Long P, Jing-Xia X, Jian-Yu L et al (2012) A preliminary study
of blood-oxygen-level-dependent MRI in patients with chronic kid-
ney disease. Magn Reson Imaging 30:330–335

22. Djamali A, Sadowski EA, Muehrer RJ et al (2007) BOLD-MRI
assessment of intrarenal oxygenation and oxidative stress in pa-
tients with chronic kidney allograft dysfunction. Am J Physiol
Renal Physiol 292:F513–F522

23. Siddiqi L, Hoogduin H, Visser F et al (2014) Inhibition of the renin-
angiotensin system affects kidney tissue oxygenation evaluated by
magnetic resonance imaging in patients with chronic kidney dis-
ease. J Clin Hypertens 16:214–218

24. Khatir DS, Pedersen M, Jespersen B, Buus NH (2014)
Reproducibility of MRI renal artery blood flow and BOLD mea-
surements in patients with chronic kidney disease and healthy con-
trols. J Magn Reson Imaging 40:1091–1098

25. Michaely HJ, Metzger L, Haneder S et al (2012) Renal BOLD-MRI
does not reflect renal function in chronic kidney disease. Kidney Int
81:684–689

26. Pruijm M, Hofmann L, Piskunowicz M et al (2014) Determinants
of renal tissue oxygenation as measured with BOLD-MRI in chron-
ic kidney disease and hypertension in humans. PLoS One 9:e95895

27. Piskunowicz M, Hofmann L, Zuercher E et al (2015) A new tech-
nique with high reproducibility to estimate renal oxygenation using
BOLD-MRI in chronic kidney disease. Magn Reson Imaging 33:
253–261

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Pediatr Radiol (2020) 50:848–854854


	Noninvasive...
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Patients
	Magnetic resonance imaging techniques
	Image analysis and data measurement
	Clinical data
	Statistical analysis

	Results
	Findings in children with chronic kidney disease
	Comparison of renal R2* values among groups
	Correlation between renal function index and renal R2* values

	Discussion
	Conclusion
	References


