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ABSTRACT
Background:  Renal hypoxia and ischemia significantly contribute to chronic kidney disease (CKD) 
progression, underscoring the need for noninvasive quantitative assessments. This study employs 
blood oxygenation level-dependent magnetic resonance imaging (BOLD-MRI) and arterial spin 
labeling (ASL) MRI to comprehensively evaluate renal oxygenation and blood flow in CKD patients.
Methods:  Forty-two CKD patients across stages 1–5 and ten healthy volunteers underwent 
simultaneous BOLD-MRI and ASL-MRI. We measured oxygenation (T2* values) and renal blood 
flow (RBF) in both the renal cortex and medulla, assessing their correlations with estimated 
glomerular filtration rate (eGFR) and other renal function indicators.
Results:  BOLD and ASL revealed higher oxygenation and RBF in the renal cortex than in the 
medulla. Across CKD stages 2–5, both cortical and medullary oxygenation levels, as well as RBF, 
were lower than those in the control group and progressively decreased with CKD advancement. 
Additionally, renal oxygenation and blood flow levels positively correlated with serum creatinine 
(SCr), cystatin C (Cys C), and blood urea nitrogen (BUN), and negatively correlated with estimated 
glomerular filtration rate (eGFR) (p < 0.001). However, no significant correlation was observed with 
uric acid (UA) (p > 0.05). Notably, patients with CKD stages 1–3 exhibited strong correlations 
between renal oxygenation levels, RBF, and eGFR, while those with CKD stages 4–5 displayed 
weak correlations.
Conclusion:  BOLD-MRI and ASL-MRI effectively measure renal oxygenation and perfusion 
noninvasively, confirming their utility in tracking CKD progression. These modalities provide 
accurate assessments of renal function and hypoxic-ischemic injuries across CKD stages, particularly 
in the early stages.

1.  Introduction

Chronic kidney disease (CKD), as a high-morbidity clinical dis-
ease, has increasingly become a critical public health issue 
worldwide [1]. In the progression of CKD to end-stage renal 
disease, altered renal hemodynamics lead to reduced peritu-
bular blood perfusion and loss of peripheral capillaries, con-
sequently decreasing renal blood flow (RBF) and oxygen 
delivery [2]. Hypoxia is recognized as a significant factor that 
promotes the progression of CKD and renal fibrosis [3,4]. In 
physiological states, the kidneys exhibit a countercurrent 
exchange mechanism between the renal arteries and veins, 
maintaining low renal oxygenation levels [5]. As RBF decreases 

in renal insufficiency, the kidneys rapidly enter a state of 
hypoxia. Additionally, conditions, such as proteinuria, anemia, 
and other pathological developments during CKD progres-
sion can exacerbate renal hypoxia [6]. Therefore, renal oxy-
genation level and RBF serve as independent predictors of 
renal injury and should be assessed using validated assays to 
evaluate CKD effectively.

Recent advances in functional magnetic resonance imag-
ing (fMRI) have transformed renal imaging from purely mor-
phological assessments to evaluations of functional 
characteristics, including renal perfusion, diffusion, and oxy-
genation [7]. Blood oxygenation level-dependent magnetic 
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resonance imaging (BOLD-MRI) leverages the tissue intrinsic 
magnetic resonance parameter, effective transverse relaxation 
time (T2*), to respond to the deoxyhemoglobin concentra-
tion in tissues, and is considered the definitive noninvasive 
method for assessing renal oxygenation status [8]. In CKD 
patients, lower T2* values in BOLD-MRI indicate higher con-
centrations of deoxyhemoglobin, signaling more severe renal 
hypoxia [9]. Arterial Spin Labeling magnetic resonance imag-
ing (ASL-MRI) is also extensively used to assess renal perfu-
sion in patients with CKD, renal occupancy, and arterial 
stenosis, sharing the same noninvasive and convenient 
advantages as BOLD-MRI [10]. In this study, both BOLD-MRI 
and ASL-MRI were utilized to prospectively observe renal 
oxygenation and RBF in CKD patients, aiming to investigate 
the relationship between renal oxygenation and RBF across 
various degrees of renal injury.

2.  Materials and methods

2.1.  Participants selection

The study was conducted in accordance with the Declaration 
of Helsinki and written informed consent was obtained from 
all participants before enrollment. The study was approved 
by the Ethics Committee of Shuguang Hospital Affiliated  
to Shanghai University of Traditional Chinese Medicine 
(Identification number: 2019-705-37-01). The study initially 
recruited 10 healthy volunteers (HVs) and 47 patients with 
CKD stages 1–5 from July 2019 to July 2022 in Shuguang 
Hospital Affiliated to Shanghai University of Traditional 
Chinese Medicine. HVs had no history of kidney disease, 
hypertension, or diabetes with normal serum creatinine lev-
els, no proteinuria, and an eGFR ≥ 90 mL/min/1.73 m2. 
Inclusion criteria for the CKD patients included: (1) age over 
18 years and a CKD diagnosis according to the Kidney 
Disease: Improving Global Outcomes (KDIGO) standards [11], 

(2) with stable vital signs, and no contraindications for MRI, 
(3) received both BOLD-MRI and ASL-MRI on the same day at 
our facility. Exclusion criteria included: (1) presence of diabe-
tes mellitus, renal artery stenosis, atherosclerotic kidney dis-
ease, autosomal dominant polycystic kidney disease, or 
undergoing dialysis; (2) poor image quality that precluded 
reliable analysis. All participants received training to hold 
their breath before MRI scanning, and also instructed to 
maintain a low-sodium diet for three days and fast for 4 h 
before the MRI, as shown in Figure 1(A). All participants suc-
cessfully completed MRI scanning.

Of the initial participants, 42 patients and 10 HVs were 
included in this study, details of those excluded are presented 
in Figure 1(B). Patients were classified into five groups (CKD 
stages 1–5) according to their eGFR stages as defined by KDIGO 
[11], using the CKD Epidemiology Collaboration (CKD-EPI) equa-
tion for calculation. HVs served as a control group.

2.2.  MRI of renal oxygenation and perfusion

Both BOLD and ASL imaging were performed using a 3T 
magnetic resonance scanner (MAGNETOM Skyra; Siemens 
Healthcare, Erlangen, Germany) equipped with an 18-channel 
body surface coil. The routine MRI protocols included a T2*-
weighted half-Fourier acquisition single-shot turbo-spin-echo 
sequence in both axial and coronal views, and a 3D T1*-
weighted Dixon volumetric interpolated breath-hold exam-
ination. For BOLD-MRI, imaging of each kidney was conducted 
using a coronal multi-echo gradient echo sequence. Scanning 
parameters: repetition time 232 ms, echo time 17.22 ms, slice 
thickness 3.5 mm, flip angle 60°, field of view 380 × 300 mm, 
and matrix 168 × 256. For ASL-MRI, imaging of each kidney 
was conducted using a 3D pseudocontinuous ASL (pCASL) 
sequence. Scanning parameters: repetition time 6000 ms, 
echo time 21.16 ms, slice thickness 7 mm, flip angle 60°, field 
of view 300 × 150 mm, and matrix 64 × 32.

Figure 1.  (A) Schematic diagram of the BOLD-MRI and ASL-MRI in participants. (B) Flowchart for the study protocol. BOLD-MRI: blood oxygen level-dependent 
magnetic resonance imaging; ASL-MRI: arterial spin labeling magnetic resonance imaging.
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2.3.  Image analysis and data collection

On both BOLD and ASL images of all participants, regions of 
interest (ROIs) were delineated on axial slices at the upper, 
middle, and lower poles of both the right and left kidneys by 
two experienced radiologists. Each kidney was assessed with 
3 ROIs (each comprising 4–5 pixels), located in both the cor-
tex and medulla. The ROIs were meticulously drawn to con-
form strictly to the boundaries of the cortex and medulla, 
ensuring the exclusion of renal sinuses, vessels, and suscepti-
bility artifacts, as shown in Figure 2. Cortical and medullary 
T2* values (COT2* and MET2*), as well as RBF values, were 
measured in these ROIs and averaged between the two kid-
neys. Although the radiologists were aware of the partici-
pants’ CKD status, they were blinded to the clinical staging of 
CKD and other clinical variables of each patient. Additionally, 
clinical variables including age, serum creatinine (SCr), cysta-
tin C (Cys C), blood urea nitrogen (BUN), uric acid (UA), 24-h 
urinary protein (24-h Upr), and estimated glomerular filtra-
tion rate (eGFR) were collected from all participants before 
MRI testing.

2.4.  Statistical analysis

Statistical analyses were conducted using SPSS 27.0 and 
GraphPad Prism 9.5. Two-sided p-values <0.05 were deemed 
statistically significant. The Shapiro–Wilk test was used to 
assess the normality of continuous variables. We calculated 

the mean and standard deviation for normally distributed 
variables and presented them as mean ± SD for both normal 
controls and patients grouped by CKD stage. Comparisons of 
these groups with the normal controls were made with inde-
pendent Student’s t-test. The reproducibility of BOLD-MRI 
and ASL-MRI was evaluated using the intraclass correlation 
coefficient (ICC). We calculated Spearman or Pearson correla-
tions to examine the associations between renal cortical and 
medullary oxygenation, RBF, and eGFR.

3.  Results

3.1.  Participants’ clinical characteristics

Table 1 presents the clinical characteristics of CKD patients 
and HVs recruited for the study. Among the CKD patients, 6 
(14.29%) were in stage 1, 7 (16.67%) in stage 2, 15 (35.71%) 
in stage 3, 9 (21.43%) in stage 4, and 5 (11.90%) in stage 5. 
Of these, 29 had chronic glomerulonephritis, 5 had hyperten-
sive nephropathy, 3 with other CKD causes, and 5 with CKD 
of unknown etiology. There were significant differences in 
the SCr, BUN, Cys C, UA, and eGFR values among HVs and 
CKD stages 2–5 groups (p < 0.05).

3.2.  Data consistency analysis

We evaluated the interobserver variability of the classical 
ROI-based method in patients and the HVs. The reproducibility 

Figure 2.  BOLD-MRI T2* map (A,D,G) and ASL-MRI pCASL map (B,E,H) and false color map (C,F,I) in the coronal plane of the HVs and CKD patients. 
ROI-based technique, with placement of circled ROIs in the renal cortex (red) and medulla (yellow). (A–C) HV, 42-year-old woman. (D,E) Patient with CKD 
stage 2, 28-year-old man. (G–I) Patient with CKD stage 4, 57-year-old man. BOLD-MRI: blood oxygen level-dependent magnetic resonance imaging; 
ASL-MRI: arterial spin labeling magnetic resonance imaging; CKD: chronic kidney disease; HVs: healthy volunteers; ROI: region of interest.
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of COT2* values (ICC = 93.7% > 0.75), MET2* values (ICC = 
91.2% > 0.75), cortical RBF values (ICC = 90.3% > 0.75), and 
medullary RBF values (ICC = 87.9% > 0.75) were high.

3.3.  BOLD T2* findings

BOLD MRI with the application of tissue deoxyhemoglobin 
for measurement showed that COT2* values were signifi-
cantly higher than MET2* values in all participants (p < 0.001). 
As CKD progressed, both COT2* and MET2* values decreased 
significantly, with measurements in patients with CKD stages 
2, 3, 4, and 5 substantially lower than in HVs (p < 0.01). Even 
in the renal medulla, patients with CKD stage 1 
(36.83 ± 2.17 ms) showed reduced mean T2* values compared 
to HVs (31.77 ± 3.11 ms) (p < 0.01), as shown in Table 2. 
However, despite decreasing renal oxygenation levels with 
worsening chronic renal failure, COT2* and MET2* values did 
not differentiate between CKD stages 4 and 5, recording 
COT2* values of 38.52 ± 4.26 and 36.08 ± 4.23 ms, and MET2* 
values of 21.97 ± 3.26 and 20.48 ± 1.72 ms, respectively.

3.4.  ASL RBF findings

ASL-measured RBF per 100 g of cortical tissue was significantly 
higher than that of medullary tissue in both kidneys of each 
participant (p < 0.001). Cortical RBF decreased significantly as 
eGFR worsened, from 317.59 ± 14.02 in HVs to 245.36 ± 29.43 mL/

min/100 g in CKD stage 2, and further to 110.53 ± 25.85 mL/
min/100 g in CKD stage 5. Similar to the BOLD measurement 
outcomes, ASL-measured renal medullary RBF showed a statisti-
cally significant reduction between the CKD stage 1 group and 
the HVs (p < 0.05), from 202.85 ± 28.50 in HVs to 174.42 ± 12.51 mL/
min/100 g in CKD stage 1, and further to 55.13 ± 13.76 mL/
min/100 g in CKD stage 5, as shown in Table 2. However, similar 
to the BOLD measurements, the RBF measurements of ASL 
were similar in CKD stages 4 and 5 and no distinction can be 
made between the two groups. Figure 3 presents a comparison 
of BOLD T2* values with ASL RBF across CKD stages.

3.5.  Association of eGFR with BOLD T2* and ASL RBF

Correlation analysis revealed that BOLD T2* and ASL RBF 
assay values were well-correlated with eGFR. Further analysis 
confirmed a positive correlation between renal oxygenation 
and RBF levels, as shown in Figure 4. Moreover, we stratified 
patients into mild (CKD stages 1–2), moderate (CKD stage 3), 
and severe (CKD stages 4–5) groups to analyze the correla-
tions of T2* and RBF values with eGFR separately. This strati-
fication aimed to determine whether CKD patients at different 
stages exhibit varying sensitivities to renal hypoxia and isch-
emia, as shown in Figure 5. The findings indicated that both 
the mild and moderate groups showed a good correlation 
between renal oxygenation levels and RBF with eGFR, 
whereas the severe group displayed poor correlations.

Table 1.  Results of clinical characteristics of HVs and CKD patients grouped by CKD stage.

Characteristics HVs (n = 10) CKD 1 (n = 6) CKD 2 (n = 7) CKD 3 (n = 15) CKD 4 (n = 9) CKD 5 (n = 5)

Age, years 42.70 ± 7.87 50.50 ± 10.13 44.86 ± 11.61 55.40 ± 11.89 54.44 ± 7.99 57.2 ± 9.83
Sex, M/F, n 5/5 2/4 4/3 9/6 5/4 3/2
Cause of CKD, n (%)
Chronic 

glomerulonephritis
– 6 (100.00) 6 (85.71) 10 (66.67) 5 (55.56) 2 (40.00)

Hypertensive 
nephropathy

– – – 2 (13.33) 3 (33.33) –

Other – – 1 (14.29) – – 2 (40.00)
Unknown etiology – – – 3 (20.00) 1 (11.11) 1 (20.00)
Use of RAS inhibitors, n 

(%)
– 3 (50.00) 5 (71.43) 8 (53.33) 2 (22.22) –

Use of SGLT2 inhibitors, n 
(%)

– 2 (33.33) 2 (28.57) 5 (33.33) – –

24-h Upr, g/day – 1.26 ± 0.37 1.77 ± 0.37 2.70 ± 1.33 2.97 ± 1.80 3.32 ± 2.69
eGFR, mL/min/1.73  m2 107.56 ± 5.17 101.51 ± 6.09 69.23 ± 8.22*** 47.24 ± 6.66*** 22.01 ± 3.43*** 11.24 ± 1.24***
SCr, μmol/L 60.80 ± 12.24 60.33 ± 5.53 106.43 14.34*** 140.12 ± 30.95*** 257.02 ± 51.79*** 381.80 ± 47.66***
Cys C, mg/L 0.69 ± 0.09 0.73 ± 0.03 1.08 ± 0.08*** 1.78 ± 0.38*** 2.78 ± 0.43*** 3.69 ± 0.53***
BUN, mmol/L 5.39 ± 0.91 5.72 ± 0.79 7.30 ± 1.21** 9.88 ± 3.16*** 13.37 ± 1.87*** 21.92 ± 5.19***
UA, μmol/L 329.27 ± 25.65 353.05 ± 74.32 389.57 ± 68.88* 398.47 ± 74.76* 400.11 ± 46.38** 467.60 ± 75.29***

HVs: healthy volunteers; RAS: renin angiotensin; SGLT2: sodium-dependent glucose transporters 2; 24-h Upr: 24-h urinary protein; eGFR: estimated glomer-
ular filtration rate; SCr: serum creatinine; Cys C: cystatin C; BUN: blood urea nitrogen; UA: uric acid.

Significance in comparisons of means with the normal controls: *p < 0.05, **p < 0.01, ***p < 0.001.

Table 2.  Results of ASL RBF and BOLD T2*in kidneys of HVs and CKD patients grouped by CKD stage.

Participant groups (n = 42) COT2* (ms) MET2* (ms) Cortical RBF (mL/min/100 g) Medullary RBF (mL/min/100 g)

HVs (n = 10) 68.57 ± 4.43 36.83 ± 2.17 317.59 ± 14.02 202.85 ± 28.50
CKD 1 (n = 6) 64.31 ± 2.58 31.77 ± 3.31** 300.88 ± 17.30 174.42 ± 12.51*
CKD 2 (n = 7) 57.69 ± 3.10*** 29.02 ± 3.10*** 245.36 ± 29.43*** 152.26 ± 20.41**
CKD 3 (n = 15) 46.34 ± 4.69*** 25.43 ± 4.60*** 182.66 ± 24. 35*** 107. 29 ± 15.56***
CKD 4 (n = 9) 38.52 ± 4.26*** 21.97 ± 3.26*** 114.83 ± 20.58*** 56.53 ± 7.89***
CKD 5 (n = 5) 36.08 ± 4.23*** 20.48 ± 3.72*** 110.53 ± 25.85*** 55.13 ± 13.76***

HVs: healthy volunteers; COT2*: cortical T2*; MET2*: medullary T2*; RBF: renal blood flow.
Significance in comparisons of means with the normal controls: *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3.  BOLD-MRI measured T2* value compared with ASL-MRI measured RBF value in kidneys of HVs and patients grouped by CKD stages into cortical 
and medullary. BOLD-MRI: blood oxygen level-dependent magnetic resonance imaging; ASL-MRI: arterial spin labeling magnetic resonance imaging; RBF: 
renal blood flow; CKD: chronic kidney disease; HVs: healthy volunteers.

Figure 4.  (A) Correlation of eGFR with T2* value. (B) Correlation of eGFR with RBF value. (C) Correlation of T2* value with RBF value in cortical.  
(D) Correlation of T2* value with RBF value in medullary. eGFR: estimated glomerular filtration rate; COT2*: cortical T2*; MET2*: medullary T2*; RBF: renal 
blood flow.
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3.6.  Association of clinical variables with BOLD T2* and 
ASL RBF

Figure 6 illustrates the Association of clinical variables with 
BOLD T2* and ASL RBF. BOLD T2* and ASL RBF values exhib-
ited significant negative correlations with SCr, Cys C, and 
BUN in both cortex and medulla. Notably, the strongest cor-
relations were observed between COT2* and Cys C (r = −0.813, 
p < 0.001), cortical RBF and Cys C (r = −0.866, p < 0.001), and 
medullary RBF and Cys C (r = −0.870, p < 0.001). No significant 
correlation was found between T2* and RBF and UA (p > 0.05).

4.  Discussion

The global burden of CKD continues to rise, yet current meth-
ods for its assessment and treatment remain limited [12]. The 
renal parenchyma consists of two parts: the cortex and the 
medulla. Basic research has shown that RBF constitutes 
20–25% of total cardiac output, with over 90% directed to the 
renal cortex and substantially less to the medulla. Consequently, 
the renal cortex is characterized by high blood flow and oxy-
gen content, while the renal medulla exhibits significantly 
lower levels of both [13]. Increasing evidence indicates that 

Figure 5.  (A) Correlation of eGFR and T2* value in CKD stages 1–2 group, CKD stage 3 group, and CKD stages 4–5 group. (B) Correlation of eGFR and RBF 
value in CKD stages 1–2 group, CKD stage 3 group, and CKD stages 4–5 group. eGFR: estimated glomerular filtration rate; CKD: chronic kidney disease; 
COT2*: cortical T2*; MET2*: medullary T2*; RBF: renal blood flow.

Figure 6.  (A) Correlation of renal function indicators and T2* value in CKD patients. (B) Correlation of renal function indicators and RBF value in CKD 
patients. COT2*: cortical T2*; MET2*: medullary T2*; RBF: renal blood flow; SCr: serum creatinine; Cys C: cystatin C; BUN: blood urea nitrogen; UA: uric acid.
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regardless of the initial renal pathology, hypoxic and ischemic 
conditions are common and interconnected in CKD, contribut-
ing to its progression [14]. Regrettably, traditional imaging 
methods, such as CT and ultrasound, while widely used in 
renal assessment, have demonstrated limited accuracy in eval-
uating renal oxygenation and perfusion [15].

Early studies evaluated renal oxygenation using the method 
of sodium transport efficiency ratio (QO2/TNa). However, this 
method is ex vivo and fails to reflect the real-time oxygenation 
status of renal tissue [16]. While Doppler ultrasound is com-
monly used to detect renal vasculature, it lacks precision in 
assessing non-stenotic hemodynamic changes [17]. Currently, 
fMRI is evolving rapidly in the field of renal diseases, providing 
essential technical support for detecting changes in renal tissue 
oxygenation and blood flow. In our previous studies, BOLD-MRI 
and ASL-MRI demonstrated robust performance in assessing 
renal oxygenation and blood flow in patients with CKD stages 
1–4 [18,19]. Consequently, this study builds on single fMRI 
assessments and employs both BOLD-MRI for measuring renal 
oxygenation levels and ASL-MRI for RBF, expanding the scope to 
include CKD stage 5. Due to the reduced image clarity associ-
ated with generating perfusion images using ASL-MRI, our study 
employed the pCASL sequence, which offers a higher signal-to-
noise ratio and enhanced image quality.

Our study observed that in both HVs and CKD patients, the 
oxygenation and RBF levels of the renal cortex were consistently 
higher than those of the medulla, aligning with the physiological 
mechanisms of the kidneys [20]. In comparison to HVs, CKD 
patients presented lower T2* and RBF values, with these metrics 
showing a progressive decline as CKD advanced, in line with the 
findings of Yang et  al. [21]. These results suggest that the extent 
of renal hypoxia and ischemia correlates positively with the 
severity of renal function impairment in CKD. During the course 
of chronic renal failure, reduced blood perfusion decreases oxy-
gen carrying capacity, leading to renal hypoxia. Additionally, as 
CKD progresses, factors, such as inflammation, oxidative stress, 
and autophagy further exacerbate the degree of hypoxia and 
ischemia in renal tissues [22,23]. Renal oxygenation models con-
firm that complex oxygen diffusion gradients and metabolic pro-
cesses within the kidney lead to lower oxygen saturation in the 
medulla than in the cortex [24]. Furthermore, the unique 
‘U-shaped’ structure of medullary blood vessels promotes oxy-
gen diffusion shunting, which decreases oxygen supply. This 
results in a more hypoxic and ischemic medullary environment 
compared to the cortex. Even partial restoration of blood flow 
can lead to sustained and complete ischemia and hypoxia 
throughout most of the medullary region [25]. Our results also 
support this observation: Compared to HVs, patients with CKD 
stage 1 showed a statistically significant decline in medullary T2* 
and RBF values, with a trend that was not evident in the renal 
cortex. This highlights the renal medulla’s sensitivity to early-stage 
hypoxia and ischemia. In contrast, studies by Prasad et  al. [26] 
and Wang et  al. [27] detected no significant differences in med-
ullary oxygenation levels between healthy individuals and CKD 
patients. This discrepancy may be due to the inclusion of patients 
with diabetic kidney disease, which impacts glucose metabolism 
and consequently affects renal oxygenation [28]. Therefore, our 
study excluded patients with diabetic kidney disease.

In this study, we observed that T2* and RBF values posi-
tively correlate with eGFR and negatively with renal function 
indicators, suggesting that the degree of renal hypoxia and 
ischemia is closely related to the severity of renal functional 
decompensation. Furthermore, T2* and RBF values also 
demonstrated strong mutual correlations, confirming the tight 
linkage between oxygenation and RBF levels. Given that neph-
ron numbers are permanently reduced in CKD patients, many 
studies identify changes in RBF as a fundamental precursor to 
renal hypoxia [29]. In addition to the decline in RBF leading to 
decreased renal oxygenation levels, the mechanisms underly-
ing hypoxia may also relate to the progression of renal fibrosis, 
which hampers oxygen distribution in the tubulointerstitial 
space [30]. Conversely, studies by Khatir et al. [31] suggest that 
during CKD progression, the kidneys develop their own energy 
compensation mechanisms, potentially leading to a dispropor-
tionate reduction in renal oxygenation levels and RBF. While 
their study only included patients with moderate to severe 
CKD (eGFR < 60 mL/min/1.73 m2), which may lead to variations 
in the results of correlation studies. Moreover, research indi-
cates that Cys C has the best correlation with T2* and RBF 
values, outperforming traditional renal function indicators like 
SCr and BUN. In contrast, no significant correlation exists 
between UA levels and T2* and RBF values. This discrepancy 
may arise from some patients taking uric acid lowering medi-
cations. Second, although elevated UA has been associated 
with CKD in many studies, whether this is a cause or a conse-
quence of declining renal function remains controversial. Some 
reports suggest an association between low UA levels and 
CKD. This opposing effect is hypothesized to occur because 
UA is a major antioxidant in human plasma and is associated 
with oxidative stress. Thus the relationship between uric acid 
levels and renal function remains controversial [32].

Secondly, to assess the correlation between eGFR and both 
renal oxygenation and RBF levels across different CKD stages, 
we compared three groups of patients: CKD stages 1–2, CKD 
stage 3, and CKD stages 4–5. The results indicated that correla-
tions between renal oxygenation, RBF, and eGFR were stronger 
in the CKD stages 1–2 and CKD stage 3 groups but were weaker 
in the CKD stages 4–5 group. This may be due to the blurring 
of the boundaries between the renal cortex and medulla in 
advanced CKD stages, potentially introducing bias in the delin-
eation of ROIs [33]. It is also notable that differences in T2* and 
RBF values between patients in CKD stages 4 and 5 were mini-
mal, and we hypothesize that a compensatory mechanism may 
exist in severe renal insufficiency. As renal function declines, 
renal tubular sodium uptake and energy consumption decrease, 
which may lead to a less pronounced differentiation of oxygen-
ation and RBF. The results of this study demonstrate the reliabil-
ity of BOLD-MRI and ASL-MRI in assessing renal function in CKD, 
especially in patients with CKD stages 1–3.

Although our study leverages advanced noninvasive 
BOLD/ASL MRI testing, it has several limitations. This pilot 
study was small, involving only 42 patients with chronic kid-
ney disease, and may not have had sufficient power to justify 
the conclusions. And not all of the patients had a defined 
CKD etiology, which could influence the results due to varied 
underlying etiologies. Second, despite prior reports on the 
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reproducibility of ASL in measuring RBF [34], extrapolating 
total RBF from the blood flow rate per 100 grams of renal 
tissue may not be accurate due to individual differences in 
kidney size and volume [35]. Third, the effects of renin angio-
tensin (RAS) inhibitor, sodium-dependent glucose transport-
ers 2 (SGLT2) inhibitor, and diuretic administration on oxygen 
metabolism and renal hemodynamics are complex; however, 
most CKD patients are on long-term RAS inhibitor or SGLT2 
inhibitor therapy, and many of them also take loop diuretics. 
Corresponding studies have shown that RAS inhibitor and 
SGLT2 inhibitor, while having the effect of ameliorating renal 
hypoxia in CKD, also reduce local renal vascular blood flow 
[36,37]. In contrast, rebound renal cortical hypoxia may occur 
after the disappearance of the diuretic effect induced by the 
labeled diuretic furosemide [38]. These factors may interfere 
with the evaluation of oxygenation and RBF. Although all 
participants in this study had diuretics disabled and were on 
a low-sodium diet for three days before the MRI scan, stan-
dardization in subsequent studies is still needed. Finally, only 
three ROIs from each kidney were analyzed in this study. 
Thus, a larger sample size with more ROIs across different 
renal layers is essential to enhance the diagnostic reliability 
of BOLD and ASL MRI.

5.  Conclusions

In conclusion, noninvasive fMRI techniques, such as BOLD-MRI 
and ASL-MRI are effective in predicting the progression of 
chronic renal failure and serve as reliable diagnostic tools for 
assessing renal oxygenation and RBF. Decreased renal oxy-
genation levels are likely linked to reduced tissue perfusion, 
exhibiting a strong positive correlation between them. 
However, larger longitudinal studies are required to fully 
optimize the clinical application.
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