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Abstract

Objectives To prospectively investigate the capability of arterial spin labeling (ASL) and intravoxel incoherent motion diffusion-

weighted imaging (IVIM-DWI) for the identification of early kidney injury in chronic kidney disease (CKD) patients with normal

estimated glomerular filtration rate (¢GFR).

Methods Fifty-four CKD patients confirmed by renal biopsy (normal eGFR group [eGFR > 90 mL/min/1.73 m*]: n = 26;

abnormal eGFR group [eGFR < 90 mL/min/1.73 m*]: n = 28) and 20 healthy volunteers (HV) were recruited. All subjects were

examined by IVIM-DWI and ASL imaging. Renal blood flow (RBF) derived from ASL, true diffusion coefficient (D), pseudo-

diffusion coefficient (D*), and perfusion fraction (f) derived from IVIM-DWI were measured from the renal cortex. One-way

analysis of variance was used to compare MRI parameters among the three groups. The correlation between eGFR and MRI

parameters was evaluated by Spearman correlation analysis. Diagnostic performances of MRI parameters for detecting kidney

injury were assessed by receiver operating characteristic (ROC) curves.

Results The renal cortical D, D*, f, and RBF values showed statistically significant differences among the three groups. eGFR

was positively correlated with MRI parameters (D: » = 0.299, D*: = 0.569, f: » = 0.733, RBF: » = 0.586). The areas under the

curve (AUCs) for discriminating CKD patients from HV were 0.725, 0.752, 0.947, and 0.884 by D, D*, f, and RBF, respectively.

D, D*, f, RBF, and eGFR identified CKD patients with normal eGFR with AUCs of 0.735, 0.612, 0.917, 0.827, and 0.733,

respectively, and AUC of f value was significantly larger than that of eGFR.

Conclusion IVIM-DWI and ASL were useful for detecting underlying pathologic injury in early CKD patients with normal

eGFR.

Key Points

* The renal cortical f and RBF values in the control group were significantly higher than those in the normal eGFR group.

* A negative correlation was observed between the renal cortical D, D*, f, and RBF values and SCr and 24 h-UPRO, while eGFR
was significantly positively correlated with renal cortical D, D¥, f, and RBF values.

» The AUC of renal cortical f values was statistically larger than that of eGFR for the discrimination between the CKD with
normal eGFR group and the control group.
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Abbreviations

24 h-UPRO  24-h urinary protein

ASL Arterial spin labeling

AUC Area under the curve

CKD Chronic kidney disease

D True diffusion coefficient

D* Pseudo-diffusion coefficient

DWI Diffusion-weighted imaging

eGFR Estimated glomerular filtration rate

f Perfusion fraction

ICC Intraclass correlation coefficients

IVIM-DWI  Intravoxel incoherent motion
diffusion-weighted imaging

MRI Magnetic resonance imaging

pCASL Pseudo-continuous arterial spin labeling

RBF Renal blood flow

ROC Receiver operating characteristic

ROIs Regions of interest

SCr Serum creatinine

Introduction

Chronic kidney disease (CKD) is a public health problem
associated with high costs and poor outcomes [1, 2]. Clinical
practice shows that early diagnosis and treatment can delay
the progression of CKD and improve prognosis. Therefore,
early diagnosis and evaluation of CKD is extremely impor-
tant. However, it is challenging to accurately diagnose early
CKD using traditional biochemical indexes, especially in pa-
tients with stage-1 CKD, whose estimated glomerular filtra-
tion rate (eGFR) is normal. Currently, renal biopsy is required
for a definite CKD diagnosis. Nevertheless, renal biopsy ex-
poses patients to the potential risks of perirenal hematomas,
infection, bleeding, or even death [3]. Furthermore, renal bi-
opsy is unlikely to be readily repeated clinically.

Early CKD should be diagnosed by repeatable and noninva-
sive techniques. Accordingly, a great deal of interest has been
garnered in using functional magnetic resonance imaging (MRI)
to assess renal function, which has good reproducibility and
non-invasiveness [4]. Conventional monoexponential
diffusion-weighted imaging (DWI) reflects a combination of
water diffusion and tissue perfusion [5]. Intravoxel incoherent
motion diffusion-weighted imaging (IVIM-DWTI), which ap-
plies a bi-exponential model to MR signal intensity decay, could
assess both tissue capillary perfusion and water diffusion [6].

Theoretically, [IVIM-DWI might be more sensitive and ac-
curate in assessing renal microstructures and function.
Pathologic changes in renal microstructures can be evaluated
by its parameters including true diffusion coefficient (D),
pseudo-diffusion coefficient (D*), and perfusion fraction (f)
[7-9]. Recently, studies have demonstrated that IVIM-DWI
could assess renal function in CKD [10, 11] and renal fibrosis

[12—14] and evaluate transplant kidney function [15, 16].
Arterial spin labeling (ASL) imaging uses endogenous water
molecules as tracers and has been widely used in MR brain
imaging previously. Preliminary study of ASL imaging re-
vealed that renal blood flow evaluated by para-aminohippuric
acid plasma clearance corresponded well to ASL [17]. Previous
studies have demonstrated that ASL imaging could assess renal
perfusion in CKD [18] and evaluate renal pathologic alterations
in acute kidney injury [19].

The purpose of this study was to determine whether IVIM-
DWI and ASL imaging could serve as the noninvasive tech-
niques for identifying CKD that requires further evaluation
with renal biopsy. Furthermore, we are more interested in
assessing the diagnostic performance of IVIM-DWI and
ASL imaging for detecting early kidney injury in CKD.

Materials and methods
Subjects

This prospective study was approved by the local ethics com-
mittee, and informed consent was obtained from all subjects.
Between May 2021 and April 2022, 60 consecutive CKD
patients who had received a definitive diagnosis by renal bi-
opsy at our hospital were recruited. The exclusion criteria
were as follows: (1) presence of renal neoplastic lesions (di-
ameter > 10 mm), (2) image quality did not meet measurement
requirements, (3) polycystic kidney disease, (4) contraindica-
tions for MRI examination, and (5) acute renal insufficiency.
Twenty healthy volunteers who had no history of vascular
diseases, hypertension, or diabetes mellitus were also recruit-
ed and served as controls.

Serum creatinine (SCr) and 24-h urinary protein (24 h-
UPRO) were measured in all participants 1 day before MRI
examinations. The eGFR was calculated using the Chronic
Kidney Disease Epidemiology Collaboration formula [20].
The CKD patients were divided into the CKD with normal
eGFR group (eGFR > 90 mL/min/1.73 m?) and CKD with
abnormal eGFR group (eGFR < 90 mL/min/1.73 m?).

MRI protocols

MRI examinations were performed using a 3 Tesla MRI sys-
tem (MAGNETOM Prisma, Siemens Healthcare) with an 18-
channel body array coil and an integrated 32-channel spine
coil as the receiver. All subjects were required to fast for at
least 6 h before MRI examinations. All relevant scan param-
eters are summarized in Table 1. First, coronal T2 and axial T1
weighted images covering bilateral kidneys were obtained for
anatomic characterization. A prototypic three-dimensional
TGSE sequence with the pseudo-continuous arterial spin la-
beling (pCASL) scheme was applied to evaluate renal
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Table 1 MRI protocol

parameters TIWI T2WI ASL IVIM-DWI
Sequence type VIBE HASTE TGSE pCASL Zoomed-DWI
Orientation Transversal Coronal Coronal Coronal
Respiratory pattern Breath-hold Breath-hold Free-breathing Free-breathing
TR/TE (ms) 3.3/1.3 1200/95 5000/19.25 4000/54
Voxel size (mm®) 12x12x3.0 1.2x12x%x4.0 4.7 %47 x50 20x1.7%x5.0
FOV (mm?) 380 x 308 380 x 356 300 x 150 400 x 168
Matrix 320 x 240 320 x 272 64 x 32 200 x 100
Slices 60 30 16 15
Acceleration factor 4 3 1 2

(CAIPIRINHA) (GRAPPA) (GRAPPA)

Acquisition time 15s 40s 5 min 5 min 54 s

ASL, arterial spin labeling; /VIM-DWI, intravoxel incoherent motion diffusion-weighted imaging; VIBE, volu-
metric interpolated breath-hold examination; HASTE, half-Fourier-acquired single-shot turbo spin echo; 7R,
repetition time; 7E, echo time; FOV, field of view; CAIPIRINHA, controlled aliasing in parallel imaging results
in higher acceleration; GRAPPA, generalized autocalibrating partially acquisitions

perfusion non-invasively. To minimize the effects of respira-
tory movement on perfusion imaging, retrospective registra-
tion of the image volumes was performed before averaging.
The T1 of blood at 3 Tesla was 1.6 s, blood-tissue water
partition coefficient was 0.9 mL/100 g, inversion efficiency
was 0.98, and the arrival time of labeled blood was 750 ms.
Inflowing arterial blood suppression and background suppres-
sion were both performed; post labeling delay and the labeling
duration were 1500 ms. Prototypic zoomed field-of-view
echo-planar IVIM-DWI was performed in coronal sections
with 10 b values (0, 25, 50, 80, 100, 150, 300, 500, 800, and
1000 s/mm?). To mitigate the effects of diffusion anisotropy,
diffusion was encoded in four directions and then combined to
trace-weighted images. Furthermore, motion registration,
slight rotation of the field-of-excitation [21], and complex
averaging [22] were applied to further enhance the image
quality of IVIM-DWL

Image analysis

All images were analyzed by the first author, and regions of
interest (ROIs) were confirmed by an experienced radiologist.
Both of them were blinded to clinical information of the par-
ticipants. The prototype software Body Diffusion Toolbox
(Siemens Healthcare) was used to generate [IVIM-DWI pa-
rameter maps (D, D*, and f). The D, D*, and f maps were
calculated by fitting all b values to the biexponential model
described by Le Bihan et al [6]. Quantitative renal blood flow
(RBF) maps were generated inline after data acquisition ac-
cording to the formula used by previous studies [18, 23].
When drawing the ROls, areas with cysts, artifacts, collecting
system, or vascular structures were excluded. Two coronal
planes near the kidney hilum were selected for drawing
ROIs. Two ROIs (70-110 voxels each) covering the entire
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renal cortex for each kidney were manually drawn on the
IVIM-DWI parameters and RBF maps. The renal cortical D,
D#*, f, and RBF values of each kidney were obtained by aver-
aging the separate readings of cortical ROIs. The MRI param-
eter values of bilateral kidneys were averaged for subsequent
statistical analysis as eGFR reflects the overall function of
both kidneys. Furthermore, we randomly selected functional
MRI images of 18 subjects to assess the test-retest reliability
of the IVIM-DWI parameters and RBF by using the intraclass
correlation coefficients (ICC).

Statistical analysis

Statistical analysis was performed with SPSS v. 22.0, Prism
5.0 (GraphPad Software), and MedCalc software (version
15.8). The renal cortical MRI parameters of the left and right
kidneys were compared using a paired samples #-test. Data are
presented as the mean + standard deviation (SD). One-way
analysis of variance or nonparametric Kruskal-Wallis test
was used to compare laboratory indexes, clinical indexes,
and renal cortical MRI parameters among the control group,
CKD with normal eGFR group, and CKD with abnormal
eGFR group, as appropriate. The post hoc multiple pairwise
comparisons were performed by using the Tukey test.
Furthermore, the correlation between biochemical index
(SCr, 24 h-UPRO, and eGFR) and renal cortical MRI param-
eters (RBF, D, D*, and f) of subjects was evaluated by
Spearman correlation analysis. The receiver operating charac-
teristic (ROC) curves were generated to assess the diagnostic
performance of the MRI parameters for discriminations among
the three groups. The area under the curve (AUC), sensitivity,
specificity, and optimal cut-off values were calculated, and the
AUCs were compared by DeLong’s test [24]. A two-sided
p value < 0.05 was considered statistically significant.
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Table 2 Clinical and laboratory characteristics of the subjects in this study

Control group (n = 20) Normal eGFR group (n = 26) Abnormal eGFR group (n = 28) p value
Age (yr) 46.5+9.4 425+9.6 475+98 0.15
Sex (male/female) 9/11 14/12 15/13 0.80
Serum creatinine ((mol/L) 56.7+12.7 71.6 £12.9 158.3 +£78.7 <0.05
Proteinuria (g/24 h) 0.1£0.0 1.1+1.0 41+39 <0.05
eGFR (mL/min/1.73 m?) 120.6 =7.6 111.5+15.4 50.7 £21.6 <0.05

eGFR, estimated glomerular filtration rate. One-way analysis of variance or nonparametric Kruskal-Wallis test was used to compare clinical and

laboratory characteristics among the three groups, as appropriate

Results
Clinical and laboratory characteristics

The 54 CKD patients (CKD with normal eGFR group, n = 26;
CKD with abnormal eGFR group, » = 28) and 20 healthy
volunteers (control group) were included in this study. Four
CKD patients with image artifacts and two CKD patients with
renal cysts were excluded. The clinical and laboratory charac-
teristics of the three groups are shown in Table 2. No signif-
icant differences were found in age and sex among the three
groups (p > 0.05). Not surprisingly, CKD patients in the ab-
normal eGFR group had significantly higher SCr and 24 h-
UPRO, and lower eGFR than those in the normal eGFR group
and the control group (all p < 0.05). However, there were no
significant differences in SCr, 24 h-UPRO, or eGFR between
the CKD with normal eGFR group and control group (p >
0.05). Typical examples of IVIM-DWI and ASL parameter
maps are shown in Fig. 1.

Comparison of MRI parameters

The intraclass correlation coefficients of the cortical D, D*, f,
and RBF values were 0.86 (95% confidence interval [CI],
0.66 to 0.94), 0.95 (95% ClI, 0.87 to 0.98), 0.92 (95% CI,
0.81 to 0.97), and 0.86 (95% CI, 0.67 to 0.95), respectively.
No significant difference in the renal cortical MRI parameters
was found between the left and right kidneys. The renal cor-
tical D, D*, f, and RBF values showed statistically significant
differences among the three groups. Figure 2 and Table 3

Fig. 1 Typical examples of IVIM-DWI and ASL parameter maps

show that renal cortical f and RBF values in the control group
were significantly higher than those in the CKD with normal
eGFR group (p < 0.05). Furthermore, renal cortical D*, f, and
RBF values decreased significantly in the CKD with abnormal
eGFR group compared with the control group (p < 0.05) and
CKD with normal eGFR group (p < 0.05). However, renal
cortical D values did not significantly differ between the
CKD with abnormal eGFR group and CKD with normal
eGFR group (p > 0.05).

Correlations between SCr, 24 h-UPRO, eGFR, and renal
cortical MRI parameters

A negative correlation was observed between renal cortical D
(r =-0.294), D* (r = —0.515), f (r = —0.715), and RBF (r =
—0.560) values and SCr, as well as between renal cortical D (r =
—0.320), D* (r =—0.462), f (r = —0.609), and RBF (= —0.634)
values and 24 h-UPRO, while eGFR was significantly positively
correlated with renal cortical MRI parameters (D: » = 0.299, D*:
r=0.569, f: r=0.733, RBF: r=0.586) (all p < 0.05) (Fig. 3 and
Table 4). Noticeably, there was a positive correlation between
renal cortical f and RBF values (r = 0.613, p < 0.05).

Diagnostic performance of renal cortical MRI
parameters for discriminating CKD patients from the
control group

As demonstrated in Table 5 and Fig. 4, renal cortical RBF, D,

D#*, and f values could distinguish CKD patients from the
control group with an AUC ranging from 0.725 to 0.947. By
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Fig. 2 Distributions of renal
cortical D (a), D* (b), f (¢), and
RBF (d) values of control group,
normal eGFR group, and
abnormal eGFR group.

p < 0.05(+%)

comparison, the best-performing parameter was renal cortical
f value, yielding an AUC of 0.947 (95% CI, 0.869-0.986),
specificity of 85.0% (95% CI, 62.1-96.8%), and sensitivity of
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94.4% (95% CI, 84.6-98.8%) under the optimal cut-off value
of 33.58% (Fig. 4). Subsequent analysis revealed that the
AUC of'renal cortical f value was significantly larger than that

Table 3  The renal cortical MRI parameters of the subjects in this study

Control group Normal eGFR group Abnormal eGFR group p value p' value p° value p° value
D (x10* mm?/s) 1.62 +0.10 1.55 +0.09 1.52+0.15 <0.05 0.07 <0.05 0.80
D* (x10° mm?/s) 16.78 £ 2.02 14.98 +4.87 11.56 +4.40 <0.05 0.31 <0.05 <0.05
f (%) 34.50+£2.05 29.32+3.44 22.67 £4.58 <0.05 <0.05 <0.05 <0.05
RBF (mL/100 g/min) 253.79 £31.60 197.60 + 52.45 157.44 £ 66.62 <0.05 <0.05 <0.05 <0.05

D, true diffusion coefficient; D*, pseudo-diffusion coefficient; f, perfusion fraction; RBF, renal blood flow
!'Post hoc paired comparisons between the control group and normal eGFR group

2 Post hoc paired comparisons between the control group and abnormal eGFR group

3 Post hoc paired comparisons between the normal eGFR group and abnormal eGFR group

One-way analysis of variance was used to compare renal cortical MRI parameters among the three groups. The post hoc multiple pairwise comparisons

were performed by using the Tukey test
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of D and D* (p < 0.05). Nevertheless, the AUC of renal cor-
tical f value was not statistically different from that of cortical
RBF value (p > 0.05).

Diagnostic performance of eGFR and renal cortical
MRI parameters for differentiating the CKD with
normal eGFR group from the control group

The results are shown in Table 5 and Fig. 4. Renal cortical
RBF, D, D*, fvalues, and eGFR could identify CKD patients
with normal eGFR with an AUC ranging from 0.612 to 0.917.
By comparison, the best-performing parameter was renal cor-
tical f value, yielding an AUC of 0.917 (95% CI, 0.798—
0.978), specificity of 85.0% (95% CI, 62.1-96.8%), and sen-
sitivity of 92.3% (95% CI, 74.9-99.1%) under the optimal

T T T T T T T 1
0 20 40 60 80 100120140160

T T T T L} L] T 1
0 20 40 60 80 100120140160
eGFR(ml/min/1.73m?)

cut-off value 0f 33.58% (Fig. 4). Subsequent analysis revealed
that the AUC of the renal cortical f value was significantly
larger than that of eGFR (p < 0.05). Nevertheless, no signifi-
cant differences were seen in the AUCs between renal cortical
RBF and f values (p > 0.05).

Discussion

There are growing interests in searching for auxiliary or alter-
native techniques to assess renal perfusion and function non-
invasively [25, 26]. The main findings of this study demon-
strated that IVIM-DWI and ASL allowed the noninvasive
detection of early-stage kidney injury in CKD patients, even
in CKD patients with normal eGFR. Furthermore, renal

Table 4 Correlations of the renal

cortical MRI parameters with SCr (umol/L) 24 h-UPRO (g/24 h) eGFR (mL/min/1.73 m?)
SCr, 24 h-UPRO, and eGFR
r P r P r b4
D (x10~> mm?/s) —-0.294 0.011 -0.320 0.005 0.299 0.010
D* (x107> mm?/s) -0.515 0.000 —-0.462 0.000 0.569 0.000
£ (%) —-0.715 0.000 -0.609 0.000 0.733 0.000
RBF (mL/100 g/min) —0.560 0.000 -0.634 0.000 0.586 0.000

D, true diffusion coefficient; D*, pseudo-diffusion coefficient; f, perfusion fraction; RBF, renal blood flow; SCr,
serum creatinine; 24 h-UPRO, 24-h urinary protein; eGFR, estimated glomerular filtration rate

The correlation between biochemical index (SCr, 24 h-UPRO, and eGFR) and renal cortical MRI parameters
(RBF, D, D*, and f) of subjects was evaluated by Spearman correlation analysis
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Table 5 Diagnostic performance of eéGFR and renal cortical MRI parameters
Comparison Cut-off value AUC (95% CI) Sensitivity (%) (95% CI) Specificity (%) (95% CI) p
Control group (n = 20) vs CKD patients (n = 54) 0.7225%
D (x107> mm?/s) <151 0.725 (0.609-0.822) 42.6 (29.2-56.8) 100.0 (83.2-100.0) 0.0007°
D* (x107° mm?*/s) <1441 0.752 (0.638-0.845) 68.5 (54.4-80.5) 100.0 (83.2-100.0) 0.0262°
f (%) <33.58 0.947 (0.869-0.986) 94.4 (84.6-98.8) 85.0 (62.1-96.8) 0.0009¢
RBF (mL/100 g/min) <211.22 0.884 (0.789-0.947) 79.6 (66.5-89.4) 100.0 (83.2-100.0) 0.0452°¢
0.1040"
Control group (7 = 20) vs normal eGFR group (n = 26)
D (x107° mm?/s) <1.56 0.735 (0.584-0.854) 73.1 (52.2-88.4) 70.0 (45.7-88.1) 0.1213!
D* (x10° mm?/s) <14.34 0.612 (0.457-0.752) 50.0 (29.9-70.1) 100.0 (83.2-100.0) 0.04032
f (%) <33.58 0.917 (0.798-0.978) 92.3 (74.9-99.1) 85.0 (62.1-96.8) 0.3904°
RBF (mL/100 g/min) <211.22 0.827 (0.687-0.922) 69.2 (48.2-85.7) 100.0 (83.2-100.0)
eGFR (mL/min/1.73 m?) <110.00 0.733 (0.582-0.852) 61.5 (40.6-79.8) 100.0 (83.2-100.0)

95% CI, 95% confidence intervals; AUC, area under curve; CKD, chronic kidney disease; D, true diffusion coefficient; D*, pseudo-diffusion coefficient;
f, perfusion fraction; RBF, renal blood flow; eGFR, estimated glomerular filtration rate

D vs D*; °D vs f; °D vs RBF ; D* vs f; °D* vs RBF; fvs RBF; ' f vs RBF; 2f vs eGFR; > RBF vs eGFR

cortical f value was more capable than eGFR for distinguish-
ing the CKD with normal eGFR group from control group.
This result revealed that IVIM-DWI was a potentially useful
imaging tool for identifying early-stage CKD.

Detection of early-stage CKD can help delay the progression
of CKD and improves outcomes. Our study found that 48.1%
of the CKD patients confirmed by renal biopsy had normal
eGFR (eGFR > 90 ml/min/1.73 m?). Moreover, no significant
difference in SCr, 24 h-UPRO, and eGFR was found between
the CKD with normal eGFR group and control group. This
result suggests that the value of routine clinical biochemical
markers was limited in identifying early-stage CKD. By con-
trast, renal cortical f and RBF values decreased significantly in
the CKD with normal eGFR group compared with the control
group, which suggests that [IVIM-DWI and ASL might serve as
additional tools to assess the function of CKD.

a 100 -
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We found that renal cortical D, D*, f, and RBF values
decreased successively among the three groups, and renal cor-
tical D*, f, and RBF values were significantly lower in CKD
patients with abnormal eGFR than those in CKD patients with
normal eGFR and healthy volunteers. These results were sim-
ilar to the findings of previous studies in CKD. For example,
Cai etal [27] showed that the renal cortical RBF value of CKD
patients was lower than that of healthy volunteers, and renal
cortical RBF values positively correlated with eGFR. Lu et al
[18] found that renal cortical RBF value of healthy volunteers
was significantly higher than that of CKD patients. The renal
cortical RBF value in CKD patients of stages 1 and 2 was
significantly higher than that in CKD patients of stages 3, 4,
and 5. Furthermore, Liang et al [28] have demonstrated that
renal cortical D and f values had a tendency to decrease: CKD
stage 4-5 < CKD stage 1-3 < healthy volunteers in a cohort of
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Fig. 4 Receiver operating characteristic curves for the discrimination of CKD patients from the control group (a) and CKD patients with normal eGFR

from the control group (b)
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74 children. So what could explain the decreased renal cortical
D, D*, f, and RBF values of CKD patients in our study? We
speculated that this might be explained by the following fac-
tors. Firstly, the reduced D value reflected the limitation of
water molecule diffusion, which was possibly caused by the
presence of fibrosis and increased cell density in the kidney
parenchyma during the occurrence and development of CKD
[28]. Secondly, D* and RBF values reflected the mean renal
blood flow, while the f value was connected with the fraction
volume of capillary blood flow, all of which could reflect
blood perfusion in renal tissue [9, 18, 29]. Wang et al [16]
have demonstrated that blood perfusion of renal cortex was
related to peritubular capillary density, while major pathologic
changes in CKD, such as tubular atrophy, glomerular sclero-
sis, interstitial fibrosis, and arteriolar wall thickening with de-
generation, could destroy peritubular capillaries and lead to
the reduction of renal cortical perfusion.

In this study, renal cortical D, D*, and f values were signif-
icantly correlated with SCr, 24 h-UPRO, and eGFR. However,
in a previous study of CKD patients by Liang et al [28], only the
renal parenchymal D value was significantly correlated with
eGFR and SCr. The difference between our study and previous
research might be caused by the following factors: firstly, the
size and number of b values were different; secondly, different
subjects, Liang et al recruited children, while our study included
adults. Additionally, a significantly positive correlation was
also found between eGFR and renal cortical RBF value, which
was consistent with previous studies [18, 30, 31]. Besides, a
negative correlation between SCr, 24 h-UPRO, and renal cor-
tical RBF value was also observed. The results of our study
suggest that ASL and IVIM-DWI could provide an effective
tool to assess the renal injury of CKD.

ROC curve analysis supported the application of IVIM-
DWTI and ASL to distinguish CKD patients from healthy vol-
unteers, as certified by its high specificity and large AUC.
More importantly, our study revealed that the AUC of renal
cortical f values was statistically larger than that of eGFR for
the discrimination between the CKD with normal eGFR group
and the control group. Therefore, we believe that [IVIM-DWI
may be more effective for detecting underlying pathologic
injury in early-stage CKD patients with normal eGFR.

The test-retest reliability of the [IVIM-DWI parameters and
RBF were relatively high in our study, which was consistent
with previous studies [11, 32]. Furthermore, de Boer et al [33]
found poor measurement reproducibility of the RBF in renal
medulla, which is likely due to the slower blood flow and
lower blood perfusion in the renal medulla than that of the
renal cortex. Additionally, D* and f values were related to
renal blood perfusion. Hence, only the MRI parameters of
the renal cortex were measured in this study.

In contrast to previous works, in this study, a free-breathing
acquisition combined with motion correction strategies was
applied in IVIM-DWI and ASL, which we thought was more

appropriate than breath-holding and respiratory triggering
technology. This was because free-breathing acquisition had
a shorter scanning time than respiratory triggering technology,
and it was more acceptable to patients than breath-holding
technology, particularly the elderly and children [18, 31, 34].

Our study was subject to limitations that were inherent in
clinical research involving human participants. Firstly, this
research was performed in a single center with a relatively
small number of subjects, which might affect the clinical ap-
plicability of the conclusion. Secondly, the ROI for the MRI
parameters measurement was manually drawn, which might
bring subjectivity bias and errors. Nonetheless, we supposed
that these could be minimized, as the whole kidney was af-
fected by diffuse nephropathy in CKD patients.

In conclusion, our study demonstrated that IVIM-DWI and
ASL were potentially useful tools for identifying CKD that
need renal biopsy. Moreover, IVIM-DWI and ASL showed
great promise as noninvasive tools for detecting the underly-
ing pathologic injury in early-stage CKD patients.
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