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Combining Multifrequency Magnetic
Resonance Elastography With Automatic
Segmentation to Assess Renal Function in

Patients With Chronic Kidney Disease

Qiumei Liang, MS,"? Haiwei Lin, MS,® Junfeng Li, MS,’ Peiyin Luo, MS," Ruirui Qi, MS,’
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Background: Multifrequency MR elastography (mMRE) enables noninvasive quantification of renal stiffness in patients with
chronic kidney disease (CKD). Manual segmentation of the kidneys on mMRE is time-consuming and prone to increased
interobserver variability.

Purpose: To evaluate the performance of mMMRE combined with automatic segmentation in assessing CKD severity.

Study Type: Prospective.

Participants: A total of 179 participants consisting of 95 healthy volunteers and 84 participants with CKD.

Field Strength/Sequence: 3 T, single shot spin echo planar imaging sequence.

Assessment: Participants were randomly assigned into training (n = 58), validation (n = 15), and test (n = 106) sets. Test
set included 47 healthy volunteers and 58 CKD participants with different stages (21 stage 1-2, 22 stage 3, and 16 stage
4-5) based on estimated glomerular filtration rate (eGFR). Shear wave speed (SWS) values from mMRE was measured
using automatic segmentation constructed through the nnU-Net deep-learning network. Standard manual segmentation
was created by a radiologist. In the test set, the automatically segmented renal SWS were compared between healthy vol-
unteers and CKD subgroups, with age as a covariate. The association between SWS and eGFR was investigated in partici-
pants with CKD.

Statistical Tests: Dice similarity coefficient (DSC), analysis of covariance, Pearson and Spearman correlation analyses.
P < 0.05 was considered statistically significant.

Results: Mean DSCs between standard manual and automatic segmentation were 0.943, 0.901, and 0.970 for the renal
cortex, medulla, and parenchyma, respectively. The automatically quantified cortical, medullary, and parenchymal SWS
were significantly correlated with eGFR (r = 0.620, 0.605, and 0.640, respectively). Participants with CKD stage 1-2
exhibited significantly lower cortical SWS values compared to healthy volunteers (2.44 4 0.16 m/second vs. 2.56 + 0.17 m/second),
after adjusting age.
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Conclusion: mMRE combined with automatic segmentation revealed abnormal renal stiffness in patients with CKD, even
with mild renal impairment.

Plain Language Summary

The renal stiffness of patients with chronic kidney disease varies according to the function and structure of the kidney. This
study integrates multifrequency magnetic resonance elastography with automated segmentation technique to assess renal
stiffness in patients with chronic kidney disease. The findings indicate that this method is capable of distinguishing
between patients with chronic kidney disease, including those with mild renal impairment, while simultaneously reducing
the subjectivity and time required for radiologists to analyze images. This research enhances the efficiency of image
processing for radiologists and assists nephrologists in detecting early-stage damage in patients with chronic kidney

disease.
Level of Evidence: 2
Technical Efficacy: Stage 2

hronic kidney disease (CKD) is a global public health
Cproblem.1 A recent cross-sectional survey showed that
the prevalence of CKD in China is 8.7%, affecting approxi-
mately 82 million people.” CKD is characterized by a progres-
sive loss of kidney function, which can eventually lead to end-
stage kidney disease, requiring kidney transplantation and
hemodialysis to sustain life. For patients with CKD, early diag-
nosis of renal impairment and accurate assessment of disease
severity are important in order for clinicians to tailor more
effective treatment strategies to slow the disease process.”*

The estimated glomerular filtration rate (eGFR) calcu-
lated from serum creatinine (Scr) is the most commonly used
clinical indicator for evaluating kidney function and serves as
the standard for clinical staging.” However, many factors such
as body muscle mass and protein intake influence the
¢GFR,* resulting in low sensitivity and specificity. Also,
the eGFR does not allow assessment of the function of a sin-
gle kidney. Therefore, a method that can provide an early,
accurate, and noninvasive evaluation of changes in kidney
function as well as detailed anatomical information is needed.

Pathological changes that occur during a decline in renal
function, such as interstitial fibrosis and glomerulosclerosis,8 can
alter renal stiffness; therefore, stiffness may be used as an imaging
biomarker to assess renal function. MR elastography (MRE) is a
technique that enables assessment of tissue stiffness by measuring
the velocity of shear waves passing through the tissue and is well-
established for assessing liver fibrosis.”'® Several studies have
reported the feasibility of MRE for diagnosing CKD''~'%; how-
ever, the results are inconsistent. Multifrequency MRE (mMRE)
provides complementary information to the composite
elastogram by acquiring wavefields at multiple frequencies com-
pared with those of conventional single-frequency MRE, yielding
images with higher spatial resolution and signal-to-noise ratio in
a faster time."” ™" Thus, mMRE may be more suitable for inves-
tigating small and heterogeneous organs such as the kidneys.

Conventional image analysis methods require manually
outlining regions of interest (ROIs), which is time-consuming
and subjective. Some studies have developed algorithms to
automatically segment the liver based on MRE images and
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to quantify the elasticity values.”**" Therefore, the aim of this
study was to evaluate the performance of mMRE combined
with automatic segmentation in assessing CKD severity.

Materials and Methods

Study Population

From March 2023 to February 2024, 95 healthy volunteers and
84 participants with CKD were consecutively recruited at Shenzhen
Traditional Chinese Medicine Hospital. This prospective study
adhered to the Declaration of Helsinki and was approved by the
Ethics Committee of Shenzhen Traditional Chinese Medicine Hos-
pital (K2023-047-02). Each participant signed written informed
consent (Fig. 1).

The inclusion criteria for healthy volunteers were (1) had
undergone regular physical examinations showing no previous his-
tory of renal diseases, diabetes, hypertension, or vascular diseases;
and (2) no history of taking nephrotoxic drugs in the past 3 months.
Participants with CKD must have met the “Kidney Disease: Improv-
ing Global Outcomes” (KDIGO) definition of CKD,’ which is
renal structural or functional impairment for >3 months. The exclu-
sion criteria were (1) transplanted kidneys; (2) renal malignancy;
(3) large (>2 cm) or multiple benign occupying lesions of the kid-
neys (eg, angiomyolipoma, polycystic kidneys); (4) renal stones with
hydronephrosis; and (5) poor quality of renal mMRE images.

Clinical Parameters

Scr, uric acid (UA), urea, total protein-to-creatinine ratio (TPCR),
and urinary albumin-to-creatinine ratio (UACR) were recorded for
participants with CKD. The eGFR of participants with CKD was cal-
culated using the CKD Epidemiology Collaboration equation based
on Scr.”? Participants with CKD were classified into three subgroups
based on CKD stagesz CKD stage 1-2 (mild renal impairment, eGFR
>60 mL/min/1.73 mz); CKD stage 3 (moderate renal impairment,
30 mL/min/1.73 m” < eGFR < 60 mL/min/1.73 m*); and CKD
stage 4-5 (severe renal impairment, eGFR < 30 mL/min/1.73 m).

mMRE Acquisition

All participants underwent mMRE after 4 hours without drinking or
eating. The mMRE examination was performed on a 3 T MRI scan-
ner (MAGNETOM Prisma,
Germany) using an 18-channel body phased-array coil. mMRE was
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FIGURE 1: Study flowchart. CKD = chronic kidney disease.

performed using single shot spin echo planar imaging sequence. The
mMRE images were acquired by positioning one passive actuator
beneath each kidney. The actuators driven by compressed air, gener-
ated vibrations at four frequencies ranging from 40 to 70 Hz, with
increments of 10 Hz and an air pressure of 0.5-0.7 bar. Twenty-five
coronal slices with resolution of 2.5 x 2.5 x 2.5 mm? were acquired
in 5 minutes during free breathing. Further imaging parameters
were: repetition time (TR) = 2450 msec; echo time (TE)
= 56 msec; field of view (FOV) of 250 x 250 mm? (matrix size:
104 x 104) parallel imaging with a GRAPPA factor of 2; MEG
amplitude = 45 mT/m. MEG frequency = 48.36 Hz for vibration
frequencies of 40, 50, and 60 Hz; MEG frequency = 52.41 Hz for

vibration frequencies of 70 Hz.

mMRE Data Processing

mMRE data were postprocessed using the wave number-based mul-
tifrequency dual elasto-visco (k-MDEYV) reconstruction algorithm to
produce magnitude images (Fig. 2i-l) and shear wave speed (SWS)
maps (Fig. 2m—p) as in the studies of Dittmann et al and Mar-
ticorena Garcia et al.”®>*> SWS maps can be used to measure the
SWS value (in m/second), also known as the elasticity value, which
reflects the tissue stiffness, and will henceforth be referred to as
“elastograms.” Larger SWS values, indicate harder tissue. Magnitude
images are T2-weighted magnitude images that show the anatomy of
the kidneys. The reconstruction algorithm for mMRE images uti-
lized in this study can be available at www.biogic-apps.charite.

Construction of Automatic Segmentation Model of
the Renal Cortex, Medulla, and Parenchyma Based
on mMRE Images

DATA PREPARATION. Participants were randomly divided into
training (7 = 58), validation (7 =15), and test (= 1006) sets,
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representing approximately 30%, 10%, and 60% of the data, respec-
tively. The training set was used to train the deep-learning model for
image segmentation; the validation set was used to determine the
optimal model for segmenting the cortex, medulla, and parenchyma.
In the test set, the optimal model was applied for image segmenta-
tion followed by SWS values quantification.

STANDARD MANUAL SEGMENTATION CREATION. The
standard manual segmentation involved delineating the cortex,
medulla, and parenchyma (including both cortex and medulla) on
the coronal magnitude images datasets of all 179 participants. It was
exclusively employed to establish the automatic segmentation model,
not for the quantification of renal SWS values. The radiologist
(Q.L., with 8years of MRI experience) using the ITK-SNAP
medical image annotation tool (version 3.8.0; www.itksnap.org) per-
formed the standard manual segmentation. To measure the inter-
and intra-observer variability of the standard manual segmentation,
30 cases randomly selected from the test set were re-delineated by
Q.L. and J.L. (a radiologist with 2 years of MRI experience).

NETWORK TRAINING. The nnU-Net structure was used which
automatically configures the preprocessing, network architecture,
and training procedures on the original training dataset without
manual parameter tuning, making it adaptable to various medical
imaging datasets.”® For data preprocessing, the training data were
cropped to retain only nonzero regions to reduce computational
costs. All images were resampled to a median voxel spacing of
2.5 X 2.5 X 2.5 mm’ to learn spatial semantics, then the z-scores
were normalized for each participant to standardize the input scale
for the model.

During training, the batch size was set to 2, and the patch size
was 28 x 104 x 104. Consequently, the size of the input four-
dimensional image block was 2 x 28 x 104 x 104. The model
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FIGURE 2: Magnitude images and elastograms from renal mMRE and the corresponding standard manual and automatic
segmentations. Using standard manual segmentation (a—d) as the reference, the automatic segmentation accurately identified the
renal cortex, medulla, and parenchyma in the healthy volunteers (e; DSC: 0.971, 0.950, 0.984), CKD stage 1-2 (f; DSC: 0.969, 0.941,
0.984) and CKD stage 3 (g; DSC: 0.922, 0.906, 0.955) groups, but some medulla could not be identified in the CKD stage 4-5 (h;
DSC: 0.900, 0.836, 0.954) group. The magnitude images showed that the boundary between the cortex and medulla of the kidneys
remained clear in the healthy volunteers, CKD stage 1-2, and CKD stage 3 groups, while it was relatively blurred in the CKD stage
4-5 group (i-l). The elastograms showed a gradual trend in decreasing signal intensity in the kidneys as the disease severity
increased (m-p). Red: cortex; green: medulla; yellow: parenchyma. mMRE = multifrequency magnetic resonance elastography;
CKD = chronic kidney disease.

operating system equipped with 2 GeForce GTX 1080 Ti and
20 Intel(R) Xeon(R) CPU E5-2650 v3 @ 2.30GHz.

training was conducted in three-dimensional (3D) full-resolution
mode for 1000 epochs, with 250 iterations per epoch.

Data augmentation techniques, including rotation, scaling,
Gaussian noise, Gaussian blur, brightness, contrast, low-resolution
PERFORMANCE EVALUATION. The DSC is widely used to

measure the similarity between the prediction and reference values.

simulation, gamma correction, and mirroring, were applied in real-
time during training to enhance the model’s generalization and

robustness. The network weights were updated by minimizing the
sum of the cross-entropy loss and Dice similarity coefficient (DSC)
loss. The segmentation model was trained on an Ubuntu 16.04.5
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The 95% Hausdorff distance (95HD) was used to measure the seg-
mentation performance of boundaries and eliminates the impact of a

very small subset of the outliers.””

Volume 61, No. 6



Quantification of Renal SWS Values Based
on mMRE
To automatically quantify the test set, the automatic segmentation
results (Fig. 3a) were matched to the corresponding elastograms
(Fig. 3b) to obtain the renal SWS values (cortical, medullary, and
parenchymal). Notably, images at the marginal level of the kidney
were susceptible to spinal and intestinal gases, leading to potential
deformation. Therefore, we referred to relevant literature and
selected three consecutive sections in the center of the kidney to
quantify the SWS values.”®

In order to compare the automatic quantification developed
in this study with the conventional manual quantification, two
radiologists (Q.L. and J.L., with 8 and 2 years of MRI experience,
respectively) manually quantify renal SWS values by referring to
the delincation method of Marticorena Garcia et al.”* They
selected three consecutive slices in the center of the kidney from
the magnitude images without knowledge of the participants’ clin-
ical data, and manually delineated the ROIs of the renal cortex,
medulla, and parenchyma (Fig. 3c) using Image] (Java 1.8.0.322
[64-bit]).”” Note

(Fig. 3c) of the renal cortex excluded renal columns, while auto-

that conventional manual quantification
matic quantification included them (Fig. 3a). The ROIs in each
slice included as much of the target tissue as possible while
avoiding the renal edges and renal sinus blood vessels. In addition,
due to the subjectivity of manual selection, the slices may differ
from those chosen by the automatic segmentation model. These
ROIs were matched to the corresponding elastograms (Fig. 3b) to
obtain the renal SWS values (cortical, medullary, and parenchy-
mal), and recorded as radiologist 1 and radiologist 2. One of the
radiologists (Q.L.) repeated this process after a 1-week interval

and was recorded as radiologist 1-2.

Magnitude

Match the ROI

Automatic
quantification

Match the ROI

Conventional manual
quantification
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Finally, the cortical, medullary, and parenchymal SWS values
of the left and right kidneys were averaged. In addition, to assess the
effectiveness of automatic quantification in increasing efficiency, we
measured the total processing time required to obtain one partici-
pant’s renal SWS values using automatic quantification and one radi-
ologist (Q.L.) using conventional manual quantification separately.
This included the time needed to delineate the ROIs of renal cortex,
medulla, and parenchyma on the magnitude image and the ROIs
were matched to the elastogram to obtain the SWS values.

Statistical Analysis
Measurement data were tested for normality. Normally distributed
data are expressed as means + standard deviation; non-normally dis-
tributed data are expressed as medians (interquartile range). Categor-
ical data are expressed as frequencies (percentages). Statistical analysis
was performed using IBM SPSS statistics version 22.0, MedCalc ver-
sion 20.022, and GraphPad Prism version 9.0.0. P < 0.05 was con-
sidered statistically significant. All statistical analyses in this study
were performed in the test set.

Intraclass correlation coefficient (ICC) was used to evaluate
the consistency of the renal SWS values. The ICC criteria were as
follows: ICC <0.5 indicated poor consistency; 0.5 < ICC <0.75
0.75<ICC<0.9

good consistency; ICC 0.9 indicated excellent consistency.”

indicated moderate  consistency; indicated
Independent-sample # tests were used to compare the automatically
quantified cortical and medullary SWS values. Paired-sample # tests
were used to compare renal SWS values from bilateral kidneys. Anal-
ysis of covariance (ANCOVA) with age as a covariate was used to
compare the automatically quantified renal SWS values of healthy
volunteers and participants with CKD. ANCOVA with age as a

covariate was used to compare renal SWS values among groups in

Elatogram

=== Cortical SWS (m/s)

=== Medullary SWS (m/s)

=== Parenchymal SWS (m/s)

FIGURE 3: Schematic diagram of the automatic quantification and conventional manual quantification. Red: cortex; green: medulla;
yellow: parenchyma. mMRE = multifrequency MR elastography; ROI = region of interest; SWS = shear wave speed.
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the test set (healthy volunteers vs. CKD stage 1-2 vs. CKD
stage 3 vs. CKD stage 4-5), and post hoc Bonferroni correction was
applied for pairwise comparisons. Pearson correlation analysis
was used to assess the association between eGFR, UA, and renal
SWS values. Spearman correlation analysis was used to assess the
correlations between Scr, urea, TPCR, UACR, and renal SWS
values. Receiver operating characteristic (ROC) curve analysis was
used to evaluate the diagnostic performance of the renal SWS values
obtained by automatic quantification and by two radiologists using
conventional manual quantification for identifying participants with
CKD. The area under the curve (AUC) was calculated with the
95% confidence interval (95% CI), cutoffs, sensitivities, and speci-
ficities. DeLong’s test was used to determine the significance of

AUC differences.

Results

Study Population

Between March 2023 and February 2024, 188 participants
were enrolled (99 healthy volunteers and 89 participants with
CKD). Among them, four healthy volunteers and four partic-
ipants with CKD were excluded due to poor mMRE image
quality and one participant with CKD was excluded due to
bilateral large renal cysts (Fig. 1). Finally, 179 participants
(95 healthy volunteers and 84 participants with CKD) were
included in analysis. Among them, 59 participants with CKD
(mean age: 45.47 £ 12.47 years; 40 men) and 47 healthy
volunteers (mean age: 35.28 £ 12.40 years; 17 men) were
included in the test set. The 59 participants with CKD
were classified into CKD stage 1-2 (#=21), CKD
stage 3 (2 =22), and CKD stage 4-5 (= 16) groups
(Fig. 1). Table 1 lists the detailed characteristics of the partici-
pants in the test set. Table S1 in the Supplemental Material
displays the attributes of the participants in training, valida-
tion, and test sets.

Consistency of the Renal SWS Values

The total processing time for automatic quantification was
greatly shorter than conventional manual quantification
(5.15 =% 0.04 seconds vs. 25.87 + 2.23 minutes).

The ICCs for conventional manual quantification of
the cortical, medullary, and parenchymal SWS values by
the two radiologists at the same time were 0.697 (95% CI:
0.585—-0.783), 0.608 (95% CI: 0.473-0.715), and 0.668
(95% CI: 0.547-0.761), respectively. The ICCs for con-
ventional manual quantification of the cortical, medullary,
and parenchymal SWS values by the radiologist (Q.L.)
1 week later were 0.810 (95% CI: 0.731-0.867), 0.780
(95% CI: 0.690-0.846), and 0.750 (95% CI: 0.648—
0.825), respectively.

The ICCs between automatic and conventional manual
quantification of renal SWS values were less than 0.5, as
detailed in Table S2 in the Supplemental Material.
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Performance of the Automatic
Segmentation Model
Table 2 shows that the automatic segmentation results for the
cortex, medulla, and parenchyma were good in the healthy
volunteers, CKD stage 1-2 and CKD stage 3 groups (DSC:
0.912-0.978; 95HD: 2.126-2.547) and relatively poor in
the CKD stage 4-5 group (DSC: 0.798-0.940; 95HD:
2.629-3.120).

The inter- and intra-observer variability of the standard
manual segmentation for 30 randomly chosen examples is
displayed in Table S3 in the Supplemental Material. The

results show low variability.

Anatomical Regional Variations in Renal SWS
Values

There was no significant difference between the left and right
kidneys in the automatically quantified cortical, medullary, and
parenchymal SWS values (healthy volunteers: P = 0.480,
P=10.290, and P = 0.458, respectively; CKD: P = 0.190,
P =0.283, and P = 0.205, respectively). Cortical SWS values
were significantly greater than those of the medulla in the
healthy volunteers (2.56 = 0.17 m/second vs. 2.36 £ 0.17 m/
second). SWS values did not significanty differ between the
cortex and medulla in the partdcipants with CKD
(2.30 &= 0.23 m/second vs. 2.22 & 0.25 m/second; mean dif-
ference, 0.08 [95% CI: —0.01 to 0.17]; P = 0.062).

Correlation between Renal SWS Values and Renal
Function Indices

In participants with CKD, the automatically quantified corti-
cal, medullary, and parenchymal SWS values were signifi-
cantly correlated with eGFR (r= 0.620, r = 0.605, and
r = 0.640, respectively). However, the correlations between
TPCR, UACR, UA, and renal SWS values showed no statisti-
cally significant differences (TPCR: P = 0.353, P = 0.748,
and P = 0.680, respectively; UACR: P = 0.473, P = 0.650,
and P = 0.821, respectively; UA: P = 0.098, P = 0.522, and
P =0.174, respectively). Table 3 displays the correlation
results in detail.

Renal SWS Values Between Healthy Volunteers and
CKD Participants With Different Stages

Even after adjusting for age as a covariate, significant differ-
ences in renal SWS values were still observed between healthy
volunteers with CKD,
healthy volunteers and all subgroup of CKD. In addition,

and  participants and among
cortical SWS values are lower in participants with CKD stage
1-2 than in healthy volunteers, while medullary and paren-
chymal SWS values do not differ statistically significantly
from those of healthy volunteers, as shown in Fig. 4. Table 4
shows the detailed automatically quantified cortical, medul-

lary, and parenchymal SWS values for each group of the test
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TABLE 2. Performance of the Automatic Segmentation Model in the Test Set
Healthy CKD CKD CKD
Volunteers Stage 1-2 Stage 3 Stage 4-5 Total
(n = 47) (n=21) (n = 22) (n = 16) (n = 106)
Cortical DSC 0.952 £ 0.030 0.957 £ 0.016 0.949 £+ 0.024 0.888 + 0.095 0.943 £ 0.049
Medullary DSC 0.920 £ 0.044 0.924 + 0.033 0.912 £ 0.051 0.798 + 0.202 0.900 + 0.096
Parenchymal DSC 0.975 £ 0.015 0.978 + 0.008 0.973 £ 0.013 0.940 + 0.053 0.970 £ 0.026
Cortical 95HD 2.126 £+ 0.927 2.381 %+ 0.546 2.159 £ 0.878 2.694 + 0.417 2.269 £+ 0.809
Medullary 95HD 2.500 £ 0.000 2.500 £ 0.000 2.547 £0.221 3.120 + 1.133 2.603 £ 0.491
Parenchymal 95HD 2.486 + 0.457 2.500 £ 0.000 2.500 £ 0.000 2.629 £ 0.354 2.513 £ 0.334
DSC = Dice similarity coefficient; 95SHD = 95% Hausdorff distance; CKD = chronic kidney disease.

set. Figure 2i—p shows magnitude images and elastograms of
a healthy kidney and renal softening in the CKD subgroups.

Diagnostic Performance of mMRE
In differentiating between participants with CKD and healthy
volunteers, automatically quantified cortical SWS values
showed greater diagnostic performance (AUC: 0.827 [95%
CIL: 0.741-0.893]) than medullary and parenchymal SWS
values (AUCs: 0.680 [95% CI: 0.582-0.767] and 0.780
[95% CI: 0.689-0.855], respectively; Fig. 5a). Radiologist
1 (Q.L.) and radiologist 2 (J.L) also obtained similar conclu-
sion using conventional manual quantification (Fig. 5c.e).
Only the cortical SWS values demonstrated diagnostic
power when automatically quantified renal SWS values were
used to identify participants with CKD stage 1-2 and healthy
volunteers (AUC, 0.721 [95% CI: 0.599-0.823]), as seen in
Fig. 5b,d,f. This performance was poorer than that of radiolo-
gist 1 (AUC, 0.747 [95% CI: 0.632-0.862]) but better than
that of radiologist 2 (AUC, 0.629 [95% CI: 0.489-0.770]).
Table 5 displays the detailed AUCs, cutoff values, sensi-

tivities, and specificities.

Discussion

Accurate classification of disease severity in patients with
CKD is important in clinical practice.” In this study, a well-
performing segmentation model of the renal cortex, medulla,
and parenchyma was established which yielded renal SWS
values that enabled assessment of renal function changes in
patients with CKD and identification of early renal function
damage.

The segmentation model of the renal cortex, medulla,
and parenchyma constructed using 3D nnU-Net based on
mMRE images had excellent segmentation performance in
and CKD and CKD

healthy volunteers stage 1-2
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stage 3 groups, but less good in the CKD stage 4-5 group.
The inferior segmentation performance in the CKD stage 4—
5 group may be attributed to significantly impaired renal
function, resulting in atrophic kidneys and a poorly defined
corticomedullary border. Additionally, a previous automatic
segmentation study of the renal cortex in healthy volunteers
using arterial spin labeling (ASL) images yielded a DSC of
0.78.! In contrast, our study achieved a DSC of 0.888 in
the more challenging CKD stage 4-5 group, outperforming
the prior study. Moreover, the differences in cortical, medul-
lary, and parenchymal SWS values between CKD stage 4-5
and other groups were statistically significant. Consequently,
the segmentation performance of the CKD stage 4-5 group
remained satisfactory. The low inter- and intra-observer vari-
ability of the standard manual segmentation indicates its reli-
ability, which further supports the reliability of the automatic
segmentation model.

Most studies on measuring renal elasticity values have
used manual measurements and lacked a standard manual
outlining technique, resulting in time-consuming and subjec-
tive variability throughout the measurement process and a
lack of comparability between studies. Our results demon-
strate that automatic quantification is much more efficient
than conventional manual quantification. The renal SWS
values measured by the radiologists showed moderate inter-
observer and good intra-observer agreement, but not excel-
lent. Conversely, the automatic quantification was
deterministic in all processing steps and provided a 100%
reproducible ROI, thus reducing variability in assessing renal
SWS values due to subjective differences.

The automatically quantified renal SWS values gradu-
ally decreased as the eGFR decreased in patients with CKD,
suggesting that the kidneys of patients with CKD soften with
the progression of the disease. This finding was similar to the
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TABLE 3. Correlations Between Renal Function Indices
and Automatically Quantified Renal SWS Values
(n =59)
Pearson 7/
Correlation Group Spearman p p
Cortical SWS and
eGFR 0.620 <0.001
Scr —0.675" <0.001
Urea —0.338" 0.009
TPCR —0.124" 0.353
UACR —0.096° 0.473
UA 0.217 0.098
Medullary SWS and
eGFR 0.605 <0.001
Scr —0.572% <0.001
Urea —0.169° 0.225
TPCR 0.043" 0.748
UACR 0.061° 0.650
UA 0.085 0.522
Parenchymal SWS and
eGFR 0.640 <0.001
Scr —0.654" <0.001
Urea —0.258° 0.048
TPCR —0.055° 0.680
UACR —0.030" 0.821
UA 0.180 0.174
SWS = shear wave speed; eGFR = glomerular filtration rate;
Scr = serum creatinine; TPCR = total protein-to-creatinine
ratio; UACR = urinary albumin-to-creatinine ratio; UA = uric
gge(i;use S, wrisn, MHCR, modl WACIR waie mwsemwssadlly dhs
tributed, Spearman’s test was applied.

results of some recent studies that were also based on mMRE
images but used manual measurements to obtain renal SWS
values.' 131516 Fop example, studies in lupus nephritis and
IgA patients have shown a positive correlation between eGFR
and mMRE-derived elasticity values.">'® Furthermore, several
researchers have shown a negative correlation between the
pathological parameters of renal fibrosis and the elasticity
values.'""'? However, it was previously thought that tissue

and organ stiffness increase with accumulation of the
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extracellular matrix.?

It has been found that a gradual
increase in MRE-derived liver elasticity values as the degree of
liver fibrosis increases,”>** and transplanted kidneys with
fibrosis are stiffer than those with stable disease.”**® The
possible reason for this is that native kidneys have higher
blood flow than the liver and transplanted kidneys, and the
high blood perfusion may produce a compression force on
the surrounding renal tissues.”” When pathological changes
such as interstitial fibrosis and glomerulosclerosis occur in
native kidneys, renal blood perfusion gradually decreases,
thus reducing the compression on the kidneys to soften
them.”® Although interstitial fibrosis hardens the kidneys,
the reduction in renal blood perfusion has a greater effect on
renal softening, resulting in a decreased overall kidney stiff-
ness.'” This hypothesis was verified in a study that com-
bined ASL and MRE to assess fibrosis in patients with
diabetic nephropathy, revealing a decline in both renal per-
fusion and stiffness corresponding to the progression of
CKD."* In addition, an animal investigation found that the
MRE-derived elasticity values of isolated normal porcine
kidneys gradually decreased as the perfusion decreased,
suggesting that decreasing perfusion could soften the
kidneys.*”

The automatically quantified cortical, medullary, and
parenchymal SWS values were lower in patients with CKD
than in healthy volunteers. Additionally, the cortical SWS
values of patients with CKD stage 1-2 were lower than those
of healthy volunteers. Although there were significant age dif-
ferences between the groups, the differences in SWS values
remained statistically significant after adjusting for age as a
covariate in ANCOVA. However, in some studies, there were
no abnormalities in renal elasticity values in patients with
CKD who had mild renal impairment.'*'® In our study, the
significant differences in cortical elasticity values for patients
with early stage CKD may be attributed to the higher spatial
resolution of mMRE compared with single frequency MRE,
which allows accurate anatomical differentiation between the
cortex and medulla,'” along with the objectivity provided by
high-performance automatic segmentation, and a larger
sample size.

In the application of automatically quantified renal
SWS values to identify patients with early renal impairment,
only the cortical SWS values showed significant results which
were better than that of radiologist 2 and slightly inferior to
that of radiologist 1. The difference in diagnostic efficacy may
stem from the insufficient intergroup consistency of renal
SWS values derived from automatic versus conventional man-
ual quantification. The following reasons may explain the
insufficient consistency. First, the segmentation methods of
automatic and conventional manual quantification are differ-
ent. Conventional manual quantification of the renal cortex
excludes renal columns. Second, the size and shape of renal
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FIGURE 4: Comparison of automatically quantified cortical (a), medullary (b), and parenchymal (c) SWS values in healthy volunteers
and subgroups of participants with CKD. Only cortical SWS values differed significantly between healthy volunteers and patients
with CKD stage 1-2. SWS = shear wave speed; CKD = chronic kidney disease; *P < 0.05; **P < 0.01; ***P < 0.001.

TABLE 4. Comparison of Automatically Quantified Renal SWS Values in Healthy Volunteers and Participants With

SWS = shear wave speed; CKD = chronic kidney disease.

as a covariate.

“Versus healthy volunteers, P < 0.05.
4Versus CKD stage 1-2, P < 0.05.
“Versus CKD stage 3, P < 0.05.

CKD
Subgroups of CKD
Healthy CKD CKD CKD
Volunteers CKD Stage 1-2 Stage 3 Stage 4-5
(n = 47) (n = 59) (n = 21) (n = 22) (n = 16) r r
Cortical SWS 2,56 £0.17 2.30 £0.23° 2.43 +£0.16° 2.33 +0.20° 2.09 £0.18° <0.001 <0.001
(m/second)
Medullary SWS 236+ 0.17 2.224+0.25° 237 4+0.21 2.22 +£0.18° 2.03 & 0.24°¢ 0.006 <0.001
(m/second)
Parenchymal SWS  2.48 £0.16 2.27 £0.22° 2.41+£0.16 2.29£0.18° 2.07 +£0.19°° <0.001 <0.001
(m/second)

?P-values indicated comparisons of the difference between healthy volunteers and CKD groups with age as a covariate.
b P_values indicated the overall difference among healthy volunteers, CKD stage 1-2, CKD stage 3, and CKD stage 4-5 groups with age

ROIs can vary based on the subjective judgment of radiolo-
gists. Third, the selected slices vary. The three consecutive
slices in the center of the kidney for automatic quantification
are established according to algorithmic criteria, while those
for conventional manual quantification are selected by radiol-
ogists based on their professional expertise. In addition, the
cortical SWS values may be sensitive indicators for detecting
early renal impairment in patients with CKD, enabling early

detection before obvious changes in renal functon. Two
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reasons may explain why the cortical SWS values were more
sensitive than were the medullary SWS values. Firstly, there are
differences in the blood supply. The cortex has significantly
higher blood perfusion than the medulla, accounting for
approximately 90% of the renal blood flow.”” Renal blood
perfusion decreases as CKD progresses, and the cortex is
more susceptible; thus, reduced renal blood perfusion may
affect cortical stiffness earlier. Secondly, the cortex is respon-

sible for most of the glomerular filtration and excretory
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FIGURE 5: Diagnostic performance of the renal SWS values obtained via automatic quantification and via two radiologists using
conventional manual quantification. Receiver operating characteristic curves for differentiating between healthy volunteers and
participants with all CKD stages (a, ¢, e), and between healthy volunteers and participants with CKD stage 1-2 (b, d, f) are shown.
SWS = shear wave speed; CKD = chronic kidney disease.

functions and is therefore more susceptible to pathological
processes such as glomerulosclerosis and interstitial fibrosis
in the CKD progression, which may lead to earlier changes

in cortical stiffness.
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Limitations

First, no analysis was performed on CKD patients with dif-
ferent etiologies. Future in-depth analyses should be per-
formed for patients with CKD with different etiologies to
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Different Degrees of Impaired Renal Function

AUC
Healthy volunteers (7 = 47) vs. CKD (» = 59)

95% CI

Cortical SWS (m/second) 0.827 0.741-0.893
Medullary SWS (m/second) 0.680  0.582-0.767
Parenchymal SWS (m/second) 0.780 0.689-0.855

Healthy volunteers (n = 47) vs. CKD stage 1-2 (n = 21)

Cortical SWS (m/second) 0.721 0.599-0.823
Medullary SWS (m/second) 0.504 0.380-0.627
Parenchymal SWS (m/second) 0.638 0.493-0.783

CKD stage 1-2 (n = 21) vs. CKD stage 3 (n = 22)

Cortical SWS (m/second) 0.669 0.509-0.805
Medullary SWS (m/second) 0.693 0.533-0.824
Parenchymal SWS (m/second) 0.701 0.543-0.831

CKD stage 3 (n = 22) vs. CKD stage 4-5 (n = 16)

Cortical SWS (m/second) 0.835 0.679-0.935
Medullary SWS (m/second) 0.767 0.602-0.888
Parenchymal SWS (m/second) 0.798 0.637-0.911

of random case (AUC = 0.500); CKD = chronic kidney disease.

TABLE 5. Diagnostic Efficacy of Automatically Quantified Renal SWS Values in Identifying CKD Participants With

For each pair of comparison, when the participant’s renal SWS value is less than the cutoff value, CKD or a higher degree is diagnosed.
SWS = shear wave speed; AUC = area under the curve; CI = confidence interval; P = significance level of comparison of AUC with that

Sensitivity Specificity Cutoff value
(%) (%) (m/second) P
81.36 74.47 2.460 <0.001
54.24 76.60 2.222 <0.001
81.36 68.09 2.423 <0.001
76.19 70.21 2.484 0.001
80.95 34.04 2.450 0.963
71.43 65.96 2.433 0.070
72.73 66.67 2.392 0.048
72.73 71.43 2.255 0.022
77.27 66.67 2.340 0.015
87.50 81.82 2.238 <0.001
75.00 86.36 2.095 0.002
81.25 81.82 2.160 <0.001

explore the impact on renal stiffness. Second, renal puncture
pathology results were lacking for the CKD patients. An
increased sample size should also be performed to further
improve the relevant histological validation. Third, our study
recruited healthy volunteers based on previous health exami-
nations and medical histories, which exhibit inadequate disci-
pline and standardization. Laboratory data should be
included in the future study. Fourth, there was an age mis-
match between healthy volunteers and CKD groups in this
study. To eliminate its potential impact on the results, age
was used as a covariate in ANCOVA for intergroup compari-
sons. Future may align the ages of different populations to
further improve the reliability of the conclusions. Fifth,
although the segmentation performance in the CKD 4-5
group was relatively inferior compared to the other groups,
but it remained adequate. Therefore, this did not affect the
conclusion regarding abnormal renal stiffness in the CKD
stage 4-5 group. In future studies, large models such as med-
ical segment anything model trained on over one million

medical images could be applied to improve performance.40
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Conclusion

mMRE combined with automatic segmentation may allow effi-
cient assessment of renal function alterations in patients with
CKD and has potential to diagnose early injury in CKD.
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