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Assessment of renal function using magnetic resonance
quantitative histogram analysis based on spatial labeling with
multiple inversion pulses
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Background: The incidence of chronic kidney disease (CKD) is high, and is easy to develop into end-
stage renal disease (ESRD), which requires kidney dialysis or kidney transplantation. Therefore, we want to
explore the clinical value of magnetic resonance quantitative histogram analysis based on spatial labeling with
multiple inversion pulses (SLEEK) in assessing renal function in the early stage.

Methods: One hundred and twenty-nine patients underwent abdominal MRI examination, including
a coronal SLEEK sequence. The patients were divided into the control group [CG, 47 cases, estimated
glomerular filtration rate (¢GFR) >90], the mild renal function impairment (mRI) group (48 cases, eGFR
=60-90), and the moderate to severe renal function impairment (m-sRI) group (34 cases, eGFR <60). Two
experienced radiologists delineated cortex and medulla regions of interest (ROIs) on SLEEK images to
obtain cortex and medulla quantitative histogram parameters [Mean, Median, Percentiles (5%, 10®, 25™, 75",
and 90™), Skewness, Kurtosis, and Entropy] using FireVoxel. These histogram parameters were compared
by proper statistical methods such as one-way analysis of variance, the y* test, and receiver operating
characteristic (ROC) curve analysis.

Results: Four histogram parameters (Inhomogeneity,, ey, SKEWNESS orrery KUrtosis,oqu, and Entropy,,cai)
differed significantly between the CG and the mRI group. One medulla (Entropy,,.qu.) and nine cortex
(Mean, .., Median, e, Kurtosis e, ENtropyeome, and 5%, 10", 25, 75" and 90" Percentile,,.,) histogram
parameters were significantly different between the m-RI and m-sRI groups. The most relevant parameter
to eGFR was Inhomogenity.. ., (r=-0.450, P<0.001). Inhomogeneity,,., had the largest area under the curve
(AUC) for differentiating the mRI group from the CG (AUC =0.718; 95% CI: 0.616-0.806), while 25"
Percentile, ., generated the largest AUC (AUC =0.786; 95% CI: 0.681-0.869) for differentiating the mRI
and m-sRI groups.

Conclusions: Quantitative histogram parameters based on a SLEEK sequence can be used to supplement
renal dysfunction assessment. Cortex histogram parameters are more valuable for evaluating renal function

than medulla histogram parameters.
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Introduction

Chronic kidney disease (CKD) has been recognized as a
major public health problem worldwide, with an estimated
global prevalence of 13.4% (11.7-15.1%) (1). Before
the advanced stage of CKD, patients usually have no
obvious symptoms. In clinical practice, the most common
method for assessing kidney function is an estimation
of the glomerular filtration rate, which reflects overall
renal function and is susceptible to influence from various
factors (2). When renal function is only slightly impaired,
changes in the estimated glomerular filtration rate
(eGFR) are not significant (3). As the disease progresses,
patients can eventually develop end-stage renal disease
(ESRD), the treatments for which include dialysis and
transplantation (4). Therefore, it is critical to evaluate
renal function in the early stages of CKD.

With the decline of renal function, the T1 relaxation
time of the renal cortex and medulla are prolonged, which
leads to a loss of corticomedullary differentiation, mainly
in the cortex (5,6). Due to microstructure and vascular
distribution differences, the pathological changes and
disease progression in the cortex and medulla differ. For
example, most arterial blood flows directly into the renal
cortex, with little reaching the medulla. Therefore, accurate
differentiation of the renal cortex from the medulla is
essential, especially in patients with renal insufficiency.

MRI technology has developed rapidly in the past few
decades, and many imaging techniques, including intravoxel
incoherent motion (IVIM) imaging, blood oxygenation
level-dependent (BOLD) imaging, T1 mapping, and
T2 mapping (7-11), have achieved good results in the
assessment of renal function. However, previous studies
did not analyze the renal cortex and medulla as two distinct
regions of interest (ROIs).

Non-contrast enhanced MRI using spatial labeling with
multiple inversion pulses (SLEEK) is a novel imaging
technology that has made substantial progress in detecting
renal arterial stenosis without a contrast agent (12). This
imaging technique uses a flipping strip parallel to the long
axis of the human body, which flips all soft tissue and blood
signals in the coverage area, and another inverted strip
placed horizontally above the kidney, which turns arterial
blood into unsaturated blood again. A previous study found
that SLEEK could display the renal artery by preparing
multiple space selective inversion recovery pulses to label
the blood flow in a more flexible way (13). Further, the
optimal blood suppression inversion time in SLEEK was
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found to improve the corticomedullary contrast ratio of
patients with renal insufficiency and healthy volunteers,
enabling accurate measurement of renal cortical thickness
to further assess renal function without contrast agents
(14-16).

Quantitative histogram analysis is an emerging method
for extracting high-throughput quantitative imaging
features from CT/MRI images and subsequent analysis
and interpretation of these data (17). Histogram analysis
has made great progress in assessing lesion and organ
heterogeneity, such as differentiating benign from malignant
tumors, evaluating tumor grade, and predicting prognosis
and clinical outcomes in some tumor types (18-20).
Over recent decades, quantitative histogram analysis has
been widely used to assess tumor heterogeneity (21,22),
and it also has numerous non-oncologic applications,
including quantification of hepatic and renal fibrosis (23-25).
Previous research has demonstrated that quantitative
histogram analysis based on diffusion-weighted imaging
(DWI), blood oxygen level-dependent MRI (BOLD), and
susceptibility-weighted imaging (SWI) can be applied to
evaluate renal dysfunction (26). However, in this study,
ROIs were delineated around the outline of the whole
renal parenchyma. To our knowledge, the renal cortex and
medulla play different roles in renal function. Therefore, if
we can develop a method to accurately distinguish the renal
cortex and medulla and perform quantitative histogram
analysis on the renal cortex and medulla individually, it
may be possible to improve the accuracy and reliability of
assessing renal function.

To the best of our knowledge, no prior studies have
combined quantitative histogram analysis and SLEEK to
assess renal function. This study explored the clinical value
of magnetic resonance quantitative histogram analysis based
on a SLEEK sequence in renal function assessment.

The following article is presented in accordance with
the STARD reporting checklist (available at https://dx.doi.
org/10.21037/atm-21-2299).

Methods
Patients

This retrospective study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013). The
study was approved by the Institutional Review Board of
Tongji Medical College, Huazhong University of Science
and Technology (ethics approval ID: 2019S1035). The
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Figure 1 Flowchart of the study population selection.

requirement for individual consent was waived due to the
study’s retrospective nature.

We retrospectively analyzed our hospital radiology
information system and identified 186 patients with or
without renal insufficiency treated between January 2014
and October 2019. The most common clinical diseases
among patients who underwent abdominal SLEEK
examination were hypertension with suspected renal artery
stenosis, atherosclerotic renal artery stenosis, chronic renal
insufficiency, and various glomerular diseases. Twenty-two
patients were excluded due to the absence of SLEEK images
in the picture archiving and communication system (PACS).
"Two radiologists analyzed all images with 7 and 17 years of
experience in abdominal imaging, and any discrepancies in
image analysis between the two radiologists were resolved
by consensus. A further 35 patients were excluded for the
following reasons: (I) large solid/cystic lesion in the kidney;
(II) insufficient clinical information; (III) poor-quality
SLEEK images; (IV) an interval time of more than 1 week
between eGFR measurement and MRI examination. The
details of excluded patients are shown in Figure 1.

Finally, 129 patients (83 males and 46 females; age range,
17-85 years; mean age, 51.79+13.8 years) were included
in the study. The eGFR value was calculated by using the
modification of diet in renal disease (MDRD) formula (27)

(Scr: serum creatinine):
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¢GFR (mL/min/1.73 m*) =186 x (Ser) "™ x (Age)
x (0.742 if female) [1]
x (1.210 if African American)

Study participants were classified in line with the CKD
system in routine clinical use and were divided into control
group (CG, 47 cases, eGFR >90), the mild renal function
impairment (mRI) group (48 cases, eGFR =60-90), and
the moderate to severe renal function impairment (m-sRI)

group (34 cases, eGFR <60).

MRI acquisition

All examinations were performed on a 1.5T system (Brivo
MR360, GE Healthcare) with an eight-channel phased-
array coil. All patients were instructed to fast for 4 hours
before the MRI examination. Conventional axial T1-
weighted (T1WI) imaging, T2-weighted (T2WI) imaging,
BH Cor 2D FIESTA (breath-hold coronal two-dimensional
fast imaging employing steady-state acquisition), and
SLEEK were performed.

SLEEK is a respiratory-triggered three-dimensional
fat-saturated fast imaging method employing steady-
state acquisition prepared with multiple spatial selective
inversion recovery pulses. Two orthogonal SLEEK bands
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Figure 2 Representative ROIs on SLEEK images and corresponding gray-level histograms of the renal cortex and medulla of patients with
eGFR >90, eGFR 60-90, and eGFR <60. ROIs, regions of interest; eGFR, estimated glomerular filtration rate.

were geographically localized to capture renal vessels based
on the inflow effect. As described by Tang et al. (13), the
SLEEK imaging technology uses two flipping strips to
display the renal arteries, one is placed parallel to the long
axis of the human body, and the other is placed above the
kidney. To ensure the quality of the images, all patients
underwent respiratory training before the examination, and
based on our previous experience (12), the optimal blood
suppression inversion time was 1,000 ms. The SLEEK
imaging parameters were as follows: repetition time/echo
time (TR/TE) =5.01/2.50 ms; number of acquisitions
=1; parallel imaging factor =2; flip angle =70; receiver
bandwidth =125 Hz/pixel; slice thickness =2 mm; field of
view =600x380 mm; acquisition matrix =256x256. Spatial
labeling with multiple pulses (thickness of 130 mm) was set
on both kidneys. The SLEEK acquisition time ranged from
3 to 4 minutes, depending on the patient’s respiration rate.

© Annals of Translational Medicine. All rights reserved.

Imaging analysis

All original SLEEK images of the patients were transferred
from the PACS to a PC. The two radiologists used a
software package (Fire Voxel, New York University) to
obtain the MRI histogram parameters of the renal cortex
and medulla without clinical information.

The largest layer through the renal hilum was selected as
the most representative layer for obtaining freehand ROIs
of the renal cortex and medulla in the bilateral kidneys.
The cortical ROI was delineated around the outline of the
kidney, and 3-6 ROIs were placed on the medulla at the
same level. All ROIs were placed to avoid perirenal fat,
major blood vessels, and lesions, and they were saved on our
computer for further histogram analysis.

Quantitative histogram parameters in the grayscale
histogram included Mean, Median, Percentiles o™, 25*,
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Table 1 Basic clinical characteristics of the study participants
Characteristics CG mRl m-sRI P value
Sex 0.939
Male 31 30 22
Female 16 18 12
Age (year) 51.15+10.10 55.81+13.97 51.44+11.57 0.121
Serum creatinine (umol/L) 65.09+11.24 86.09+15.05 178.71+94.64 <0.001
eGFR* 106.52+12.30 76.69+7.85 40.71+13.42 <0.001
Cortical thickness (mm) 7.39+0.60 6.06+0.64 4.46+0.75 <0.001

* the unit of eGFR is mL/min/1.73 m®. eGFR, estimated glomerular filtration rate; CG, normal renal function; mRI, mild renal function

impairment; m-sRI, moderate to severe renal function impairment.

75" and 90™), Kurtosis, Skewness, and Entropy. The
delineated ROIs and histogram analysis of the renal cortex
and medulla are shown in Figure 2. Using the ruler tool in
the Report Information System (RIS), the two radiologists
measured the cortical thickness at the upper pole, hilar
level, and lower pole of the bilateral kidneys. The average
value of the six measurements was taken as the final result
for statistical analysis. The post-processing of images took
3—4 minutes for each patient.

Clinical data

Clinical data, including sex, age, serum creatinine levels, and
eGFR value, were recorded in our hospital’s RIS system.
Routine blood tests including serum creatinine and eGFR
were performed within 1 week of the MRI examination.
The study participants were divided into three groups based
on their eGFR values. Serum creatinine levels exceeding
106 pmol/L are considered abnormal.

Statistical analysis

Statistical analyses were performed with SPSS version 22
(Chicago, IL, USA) and MedCalc (MedCalc Software,
Mariakerke, Belgium). The significance of continuous
variables between three groups was determined by one-
way analysis of variance (ANOVA) or Kruskal-Wallis test.
The two relevant groups were further compared using
the least significant difference (LSD) test if a significant
difference was found. Comparisons of categorical
variables were conducted using the y’ test. The Pearson
or Spearman correlation was used to evaluate correlations

© Annals of Translational Medicine. All rights reserved.

between histogram parameters and eGFR. For correlation
coefficients, an absolute value of below 0.3 indicated the
absence of linear correlation, and an absolute value of above
0.3 indicated linear correlation, with values of 0.3-0.5,
0.5-0.8, and above 0.8 representing low, moderate, and high
correlation, respectively. The diagnostic performances of
the histogram parameters for differentiating the mRI group
from the CG or m-sRI group were assessed by calculating
the area under the curve (AUC) of the receiver operating
characteristic (ROC) curve. The interobserver agreement
of histogram parameters between the two radiologists
was determined by calculating the interclass correlation
coefficient ICC) (excellent agreement, 0.81-1.00; moderate
agreement, 0.61-0.80; fair agreement, 0.21-0.40; poor
agreement, 0.00-0.20). P<0.05 was considered statistically
significant.

Results
Comparison of patient characteristics

One hundred and twenty-nine patients were included in the
statistical analysis. The clinical characteristics of the study
participants are shown in Table 1. There were no significant
differences in sex or age between the three groups (chi-
square =0.126, P=0.939), (F=2.147, P=0.121). However,
serum creatinine, eGFR, and renal cortical thickness
showed significant differences between three groups
(F=54.84, P=0.000; F=341.16, P=0.000; F=196.11, P=0.000,
respectively). Further, the renal cortical thickness was
significantly positively correlated with the eGFR (r=0.741,
P<0.001). The results of the renal cortical thickness analysis
are shown in Figure 3.
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Table 2 The interobserver agreement between two radiologists for different histogram parameters of SLEEK in the cortex and medulla

Intraclass correlation coefficient

95% confidence interval

Parameters
Cortex Medulla Cortex Medulla

Mean 0.998 0.993 0.998-0.999 0.990-0.995
Median 0.998 0.994 0.998-0.999 0.991-0.995
10" percentile 0.996 0.982 0.994-0.997 0.974-0.987
25" percentile 0.997 0.990 0.996-0.998 0.986-0.993
75" percentile 0.999 0.994 0.998-0.999 0.991-0.995
90" percentile 0.999 0.990 0.998-0.999 0.986-0.993
Inhomogeneity 0.975 0.977 0.964-0.982 0.967-0.983
Skewness 0.881 0.929 0.832-0.916 0.900-0.950
Kurtosis 0.738 0.814 0.630-0.815 0.713-0.915
Entropy 0.820 0.887 0.746-0.873 0.841-0.933

Interobserver agreement

The interobserver agreement was moderate to excellent
for all histogram parameters, with ICCs ranging from
0.739 t0 0.999, reflecting good repeatability. Subsequently,
a set of data measured by one of the radiologists was
randomly selected for the statistical analysis. The ICC
values for the histogram parameters of the cortex and
medulla are shown in Table 2.

© Annals of Translational Medicine. All rights reserved.

Comparison of bistogram parameters between the three
groups

Several histogram parameters (Inhomogeneity g,
Skewness ey, Kurtosis,qun, and Entropy,,cqu,) showed
a significant difference between the CG and mRI
group (all P<0.05). The majority of cortex histogram
parameters (Mean g ., Median g, 10™ Percentile,,.y,
25™ Percentile,,, 75" Percentile,, ., 90" Percentile .,
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0.150
0.032*

0.000"

0.319+0.484 0.007*

0.607+0.587

1.106+1.277

0.001*

0.077 0.092

0.898+1.122 0.296+0.519
0.531

0.603+0.548

Kurtosis

0.000*

4.118+£0.094 0.016*

4.056+0.116

3.991+0.157

0.000*

0.000*

4.002+0.116 4.097+0.115

3.988+0.112

Entropy

*, indicates statistical significance. CG, normal renal function; mRI, mild renal function impairment; m-sRI, moderate to severe renal function impairment.
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Inhomogeneity e, Kurtosis. e, and Entropy.ore)
demonstrated significant differences between the mRI
and m-sRI groups (all P<0.05); however, only one medulla
histogram parameter (Entropy,,.qu,) showed a significant
difference between the two groups (P<0.05). The results of
comparisons between the three groups are shown in 7able 3
and Figure 4.

Correlation between histogram parvameters and eGFR

The correlations between eGFR and the renal cortex and
medulla histogram parameters are presented in Figure 5. Of
the renal cortex histogram parameters, Inhomogenity .
had the highest correlation coefficient with the eGFR
(r=-0.450, P<0.001). Only one medulla histogram parameter
(Entropy,equr,) Was significantly negatively correlated with
the eGFR (r=-0.333, P<0.001). The correlation coefficients
and P values between these histogram parameters and the
eGFR are presented in Tuble 4.

The capacity of bistogram parameters to differentiate the
mRI group from the CG or m-sRI group

The differences in medulla histogram parameters were
not significant between the mRI group and the CG and
m-sRI group, and only one medulla histogram parameter
(Entropy,equ.) was slightly correlated with eGFR.
Therefore, only cortex histogram parameters were included
in the ROC curve analysis. Of the cortex histogram
parameters, Inhomogeneity,,.., had the largest AUC for
distinguishing the mRI group from the CG [AUC =0.718;
95% confidence interval (CI): 0.616-0.806], while the 25
Percentile,,,, had the largest AUC for differentiating the
mRI and m-sRI groups (AUC =0.786; 95% CI: 0.681-
0.869).

Subsequently, we combined Inhomogeneity,,.., and
renal cortical thickness to differentiate the mRI group
from the CG, and the combined AUC was 0.753 (95% CI:
0.654-0.836). We also combined the 25" Percentile,,,, and
renal cortical thickness to differentiate the mRI and m-sRI
groups, and the combined AUC was 0.931 (95% CI: 0.853—
0.975). The combined model improved the discrimination
performance more than the use of the renal cortex
histogram parameters alone. The ROC curves are presented
in Figure 6, and the AUCs (95% CI), cut-offs, sensitivity,
and specificity of these cortex histogram parameters are

shown in Table 5.
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Figure 4 Bar charts comparing the SLEEK histogram parameters of renal cortex (A) and medulla (B) between the CG, mRI group, and m-sRI

group. CG, control group; mRI, mild renal function impairment; m-sRI, moderate to severe renal function impairment.
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Figure 5 The relationship between the renal cortical and medullary histogram parameters and the eGFR. The first row shows the

correlation between the renal cortical histogram parameters and eGFR, and the second row represents the correlation between the renal

medulla histogram parameters and eGFR. eGFR, estimated glomerular filtration rate. eGFR, estimated glomerular filtration rate.

Discussion

"This single-center study focused on the role of quantitative
histogram analysis based on an MR SLEEK sequence
in evaluating renal function. Our data demonstrated the
potential of some quantitative histogram parameters
obtained from the renal cortex and medulla to differentiate
patients with mRI (eGFR =60-90) from those with normal
renal function (CG, eGFR >90) or severe renal function
impairment (m-sRI, eGFR <60). Compared to medulla
histogram parameters, cortex histogram parameters might
serve as more specific imaging biomarkers for the non-
invasive evaluation of renal function.

For all volumetric quantitative histogram parameters,
the interobserver agreement was excellent between the two

© Annals of Translational Medicine. All rights reserved.

Ann

radiologists, with the results showing good to excellent
agreement overall. Excellent agreements demonstrated the
good reliability and reproducibility of SLEEK histogram
analysis.

A previous study indicated that the corticomedullary
contrast ratio in SLEEK images showed no significant
difference between the CG and mRI group (15), and
the signal intensity changes of the renal parenchyma on
SLEEK images were not noticeable when renal function
declined slightly. However, in our study, Inhomogeneity,,.,
and Skewness,,,., showed significant differences between
the CG and mRI groups. Inhomogeneity represents the
heterogeneity of local tissues or complex pathological
changes in lesions. As kidney function declines, the kidney
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tissue characteristics become more complex, including
cellular swelling, fibrosis, inflammation, and perfusion
reduction. Such changes increase the heterogeneity of
kidney tissue. Skewness indicates an asymmetric signal
strength distribution, and negative skew indicates that the
tail on the left side of the histogram is longer than that on
the right. Previous studies have shown that skewness can

Table 4 Correlation between eGFR and cortex and medulla
histogram parameters obtained with SLEEK

Cortex Medulla
Parameters
ry P, r, P,

Mean 0.385 0.000* 0.078 0.381
Median 0.388 0.000* 0.061 0.489
10" percentile 0.423 0.000* 0.019 0.827
25" percentile 0.407 0.000" 0.033 0.715
75" percentile 0.369 0.000* 0.089 0.315
90" percentile 0.347 0.000* 0.120 0.176
Inhomogeneity -0.450 0.000* 0.151 0.087
Entropy -0.318 0.000* -0.333  0.000*

*, indicates statistical significance. r,, represents the correlation
coefficient between eGFR and histogram parameters of the
cortex; r,, represents the correlation coefficient between eGFR
and histogram parameters of the medulla. eGFR, estimated
glomerular filtration rate.
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aid in distinguishing tissues of different pathological types,
including tumors (28). In the present study, the skewness
of the mRI group was significantly higher than that of the
CG, and the value of skewness was negative in the CG
group. This finding was consistent with observations in
previous research (29), and indicated that more voxels were
distributed on the right side of the mean.

Quantitative histogram parameters obtained from the
renal cortex, except for skewness, demonstrated a good
diagnostic performance in differentiating mRI from m-sRI.
However, apart from Kurtosis and Entropy, the renal
medulla parameters were not statistically different between
the patient groups. This may be attributable to the renal
cortex being the most important part of kidney filtration
and reabsorption and the fact that the main pathological
changes in CKD mainly occur in the renal cortex. A
previous study showed that the blood supply to the renal
medulla is low and hypoxic under normal conditions (30).
The renal medulla has been more sensitive to ischemia
and hypoxia changes than the renal cortex (5). However,
our study mainly focused on the changes in signal intensity
when pathological changes occurred in the renal cortex and
medulla. This may explain why most quantitative histogram
parameters of the renal medulla in our study showed no
significant difference between the three groups. These
results demonstrated that SLEEK imaging may be more

sensitive to renal cortex signal intensity changes and that
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Figure 6 The ROC curve analysis of the Inhomogeneity, ey 25" Percentile,,., and renal cortical thickness to differentiate the mRI group
from the CG (A) and sRI group (B). ROC, receiver operating characteristic; CG, control group; mRI, mild renal function impairment; sR1I,

severe renal function impairment.
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Table 5 Effectiveness of renal cortex histogram parameters obtained with SLEEK for discriminating the mRI group from the CG and m-sRI

group
CG and mRI mRI and m-sRI

Parameters AUC (95% Cl)  Cut-off Se”(f/‘:;"”y Spe(f;/iof;city AUC (95% Cl)  Cut-off Se”(f/i:;"ity Spe(‘j/f;cny
Mean 0587 (0.481-0.687) 418  33.33 87.23  0.784(0.680-0.868) 443  85.29 64.58
Median 0.604 (0.498-0.702) 470  52.08 7234 0780 (0.675-0.864) 440  85.29 64.58
10" percentile 0627 (0.522-0.724) 311 5417 7660  0.775(0.670-0.860) 275  76.47 66.67
25" percentile 0.621(0.516-0.719) 385  54.17 7447  0.786 (0.681-0.869)" 231 47.06 97.92
75" percentile 0592 (0.487-0.692) 489  33.33 87.23  0.771(0.664-0.856) 505  82.35 66.67
90" percentile 0557 (0.451-0.659) 543  31.25 87.23  0.783(0.678-0.866) 581 82.35 66.67
Inhomogeneity 0.718(0.616-0.806)" 0.263  60.42 7234 0.622(0.508-0.727) 0277  50.00 76.47
Skewness 0.670 (0.566-0.763)  0.113  50.00 89.36  0.535(0.421-0.646) -0.142  85.29 33.33
Kurtosis 0512 (0.407-0.616)  1.498  18.75 97.87 0694 (0.582-0.791)  0.438  79.41 56.25
Entropy 0.554 (0.449-0.656)  4.051  47.92 80.85 0729 (0.619-0.821) 4.095  64.71 81.25
Cortical thickness ~ 0.668 (0.564-0.761)°  6.78  70.83 68.09  0.905(0.820-0.959% 595  91.18 79.17
Combined 0.753 (0.654-0.836) NS 70.83 7872 0.931(0.853-0.975)" NS 81.25 94.12

*

, represents the three parameters with the largest AUC value. Combined means combined diagnosis of the two parameters with the

highest AUCs. NS, not suitable. CG, normal renal function; mRI, mild renal function impairment; m-sRI, moderate-severe renal function
impairment; AUC, area under the receiver operating characteristic curve; Cl, confidence interval.

the cortex is of greater clinical significance than the medulla
in the study of renal insufficiency based on signal intensity
changes. Interstitial fibrosis, ischemia, hypoxia, and capillary
integrity around the renal tubules may be more relevant to
the medulla than the cortex. BOLD MRI, which is more
sensitive to changes in oxygen content (31), may be more
suitable for further study of the pathological changes of the
renal medulla in patients with renal insufficiency.
Quantitative histogram analysis is a quantitative
and noninvasive method that can detect subtle changes
in normal tissue or in lesions on CT/MRI images by
quantitatively and objectively extracting relevant histogram
features (17). The pixel-level distribution in the ROI can
be evaluated and calculated by mathematical methods to
assess oncologic and nononcologic pathological processes.
On SLEEK images, lower percentiles (10" and 25™) usually
represent cystic or edema, whereas higher percentiles (75"
and 90™) represent higher blood perfusion. In our research,
the values of lower percentiles (10" and 25™) in the m-sRI
group were significantly lower than those in the mRI group.
This result was consistent with one reported in a previous
study that showed the major pathological changes in the
kidney when renal function declines to be fibrosis, edema,

© Annals of Translational Medicine. All rights reserved.

and inflammation (32). The values of higher percentiles
(75" and 90™) in the m-sRI group were significantly
lower than those in the mRI group, and a previous study
indicated that renal cortex blood perfusion decreased with
the decline of renal function (10). Kurtosis represents
the peakedness of signal intensity distribution (23).
A previous study demonstrated that histogram analysis
could objectively assess the heterogeneity of the entire liver,
especially kurtosis (23). In our study, Kurtosis,,, in the mRI
group was significantly higher than that in the m-sRI group,
which may be related to renal cortical fibrosis in patients
with renal insufficiency. Entropy represents the irregularity
of signal intensity distribution within a histogram on
SLEEK images. In our study, Entropy ., in the m-sRI
group was significantly higher than that in the mRI
group, and a significant negative correlation was observed
between entropy and eGFR. This result was similar to the
observation of a previous study that entropy increased with
the increase in the fibrosis stage (33).

Most cortex histogram parameters (except for skewness
and kurtosis) were related to eGFR, with Inhomogeneity .,
having the strongest relationship with eGFR among all the
histogram parameters. Further, the minimum renal cortical
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thickness exhibited significant differences between the three
groups in our study, and the correlation coefficient between
the minimum renal cortical thickness and eGFR was
excellent. Combining the minimum renal cortical thickness
and Inhomogeneity, ., or 25" Percentile,,,, can generate
a higher AUC for differentiating patients with mRI from
those with m-sRI or the CG. The minimum renal cortical
thickness may be a valuable index and add precious value to
the histogram parameters for evaluating the renal function,
and this finding is similar to one of a previous study (15).
Therefore, we can accurately measure the thickness of the
renal cortex on SLEEK images and combine histogram
parameters obtained from the renal cortex to assess renal
function at an early stage.

There are several limitations to our study. First, it was
a retrospective study, and there was a lack of internal and
external validation due to the small number of patients.
Second, we did not compare the SLEEK sequence with
other functional sequences, such as DWI or BOLD. Third,
we only applied TT =1,000 ms in our study, and did not
compare it with other TT values to obtain the best TT value
showing better corticomedullary contrast ratio. Fourth,
we only analyzed first-order parameters of MR histogram,
and higher-order parameters will be included in our future
research. Finally, our study did not include information on
clinical variables, histology, or acute kidney injury status.

In conclusion, quantitative histogram parameters
based on SLEEK, especially inhomogeneity,,., and 25"
Percentile,,.,, in combination with renal cortical thickness,
may be suitable for assessing renal function in the early
stages of renal insufficiency.
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