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Background: Diabetic kidney disease (DKD) is the leading cause of end-stage renal disease (ESRD). There
are unmet needs for noninvasive diagnosis and prognosis prediction of DKD in clinical practice. This study
examines the diagnostic and prognostic value of magnetic resonance (MR) markers of renal compartment
volume and the apparent diffusion coefficient (ADC) for mild, moderate, and severe DKD.

Methods: This study was registered at the Chinese Clinical Trial Registry Center (registration number:
ChiCTR-RRC-17012687). Sixty-seven DKD patients were prospectively randomly enrolled and underwent
clinical examination and diffusion-weighted magnetic resonance imaging (DW-MRI). Patients with
comorbidities that affected renal volumes or components were excluded. Ultimately, 52 DKD patients were
included in the cross-sectional analysis. The ADC in the renal cortex (ADC,,,), ADC in the renal medulla
(ADC,,cqu1.) and difference between ADC,,,., and ADC,, .41, (AADC) were measured using a twelve-layer
concentric objects (TLCO) approach. Renal compartment volumes of the parenchyma and pelvis were
derived from T2-weighted MRI. Due to lost contact or ESRD diagnosed before follow-up (n=14), only
38 DKD patients remained for follow-up (median period =8.25 years) to investigate the correlations between
MR markers and renal outcomes. The primary outcomes were the composite of doubling of the primary
serum creatinine concentration or ESRD.

Results: ADC,,,, presented superior performance in discriminating DKD with normal and declined
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estimated glomerular filtration rate (¢GFR) over ADC,  .qui., AADC and renal compartment volumes

with an AUC of 0.904 (sensitivity of 83% and specificity of 91%) and was moderately correlated with the

clinical biomarkers eGFR and proteinuria (P<0.05). The Cox survival analysis demonstrated that ADC

cortex

rather than AADC is a predictor of renal outcomes with a hazard ratio of 3.4 (95% CI: 1.1-10.2, P<0.05)

independent of baseline eGFR and proteinuria.

Conclusions: ADC,,,., is a valuable imaging marker for the diagnosis and prediction of renal function

decline in DKD.
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Introduction

With the increasing prevalence of type 2 diabetes mellitus
(DM), diabetic kidney disease (DKD), i.e., DM-associated
chronic kidney disease (CKD), is the leading cause of
end-stage renal disease (ESRD), with high morbidity and
mortality (1). More than 400 million adults are estimated
to suffer from DM worldwide, with ~40% developing
DKD. In the USA, DKD accounts for >50% of patients
who commence renal replacement therapy (2-4). As the
prevalence of DM increases, DKD is a public health issue (5).
Early DKD identification is of paramount importance for
disease interception or slowing disease progression (4). In
accordance with Clinical Practice Guidelines (6), CKD is still
largely diagnosed by serum creatinine (SCr) concentration
and SCr-based metrics, i.e., estimated glomerular filtration
rate (eGFR), and assessments of proteinuria/albuminuria,
e.g., the urinary protein-to-creatinine ratio (UPCR)
and albumin-to-creatinine ratio (UACR). The very low
sensitivity of SCr-based metrics largely prevents early
detection of CKD (7,8). Renal biopsy is the ‘gold standard’
for the diagnosis of DKD. Due to its invasiveness, it is
unsuitable for DKD screening (9). Noninvasive diagnostic
tools are warranted in clinical settings for monitoring disease
progression and therapeutic DKD intervention.

Magnetic resonance imaging (MRI) offers noninvasive
assessment of renal macromorphology (e.g., renal volume
and cysts) and microstructure (e.g., fibrosis and edema)
in health and disease (10-13). Total kidney volume has
been demonstrated to be a viable diagnostic metric and a
macromorphology marker for renal disease progression
(14-16). Recent studies have suggested that changes in
volume in the renal parenchyma and/or the renal sinus
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fat are indicators of renal disease progression (17,18).
Whether volume changes in distinct renal compartments
may constitute diagnostic and prognostic markers of DKD
remains to be investigated.

Diffusion-weighted imaging (DWI) probes tissue
microstructure (19,20) using the metric apparent diffusion
coefficient (ADC) (12). (Pre)clinical studies have shown the
diagnostic potential of ADC mapping for the evaluation of
pathophysiological changes such as interstitial fibrosis in
DKD (21,22). Notwithstanding this progress, DKD studies
have only examined the diagnostic potential of ADC; there
are no literature reports on the prognostic performance of
ADC mapping in DKD patients. Recently, the predictive
value of ADC regarding the evolution of GFR in CKD
was explored, yet divergent conclusions were drawn. While
one study concluded that renal cortical ADC predicts
GFR decline, another report found that the difference in
ADC (AADC) between the cortex (ADC,,,.,) and medulla
(ADC,qu) rather than ADC,,,, alone predicts it (23,24).
This divergence might be due to differences in the DWI
acquisition protocols. Irrespective of these differences,
reproducible and harmonized data postprocessing
procedures for renal ADC quantification are essential for
its translation into clinical practice. Manual placement of
regions of interest (ROIs) is the common approach for
renal ADC quantification. Target ROIs encompass the
whole kidney parenchyma or the cortex and medulla using
arbitrary regions in the upper and lower poles and the
middle of the kidney (25). The twelve-layer concentric
objects (TLCO) approach uses semiautomatic segmentation
of the renal parenchyma into 12 layers with equal thickness
and provides a more objective alternative (26). It addresses
the spatial heterogeneity of clinically obtained ADC maps
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T2DM patients (N=67)
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Reached major events (N=28):

e ESRD (N=25)
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Figure 1 Flowchart illustrating the enrollment process, including
the exclusion criteria and the participants included in the final
analysis. T2DM, type 2 diabetes mellitus; IQR, interquartile range;
CKD, chronic kidney disease; TLCO, twelve-layer concentric
objects; ROI, region of interest; ADC, apparent diffusion
coefficient; ESRD, end-stage renal disease; SCr, serum creatinine;

MRI, magnetic resonance imaging.

and facilitates layer-specific assessment of changes in renal
microstructure.

Recognizing these opportunities, this study evaluates
the diagnostic and prognostic performance of specific
macromorphological and microstructural MR markers
in DKD cohorts with mild, moderate, and severe CKD
staging. For this purpose, changes in renal compartment
volume, including (I) parenchyma volume, (II) pelvis volume,
(III) whole-kidney volume and (IV) parenchyma volume
percentage, were assessed together with the microstructural
surrogate ADC. These MR metrics were correlated with
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conventional clinical markers. Their long-term prognostic
performance was examined using Cox survival analysis. We
present the following article in accordance with the STARD
reporting checklist (available at https://qims.amegroups.com/
article/view/10.21037/qims-23-149/rc).

Methods
Patients

This cross-sectional and longitudinal, single-center,
prospective study was approved by the local institutional
review board of Guangdong Provincial People’s Hospital
(No. GDREC2017253H) and registered at the Chinese
Clinical Trial Registry Center (registration No. ChiCTR-
RRC-17012687). The study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013).
Between July 2014 and July 2016, 67 DKD patients
who were screened in the Division of Nephrology and
Endocrinology of Guangdong Provincial People’s Hospital
were randomly enrolled. Written informed consent was
obtained from all participants (Figure I). Fifteen individuals
were excluded due to renal cysts (diameter >4 cm, n=1),
polycystic kidney disease (n=1), or poor image quality
(n=13). Poor image quality included (I) patients who denied
the MRI examination after enrollment into the study and
after signing the written consent (n=1); (II) patients who
underwent the MRI exam including anatomical scans
using T',-weighted images (T2WIs) but excluding DWI
(n=4); and (III) patients who underwent the MRI exam
including DWI but with unexpected DWI protocols,
such as unexpected b-value settings (e.g., b=0 s/mm’ and
b=1,000 s/mm”) (n=3), different MR scanners (i.e., Philips
scanner 1.5 T) (n=1), incomplete DWI dataset scanned
(e.g., only single-slice DWI with b=0 s/mm’ were scanned
and stored in the Picture Archiving and Communication
System (PACS) of the Guangdong Provincial People’s
Hospital) (n=2), and imperfect prescan adjustment of the
B1" field leading to an extremely low signal in the kidneys
(n=2). For the remaining 52 MRI scans, DWI images
with both low b values (b=0 s/mm®) and high b values
(b=600 s/mm’) and T2WIs were visually checked to confirm
the appropriate signal-to-noise ratio and to ensure the absence
of severe artifacts for both kidneys. Ultimately, 52 DKD
patients were involved in the cross-sectional analysis. Of the
52 patients who underwent clinical and MRI examinations,
14 were excluded due to either being lost to follow-up (n=12)
or being diagnosed with ESRD at the first visit (n=2). The
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Table 1 Summary of baseline characteristics of DKD patients enrolled in this prospective study

Variables CKD G1-2 CKD G3 CKD G4-5 P value
N 18 17 17 n.a.
Age (years) 54.7+10.0 57.3+11.2 56.4+7.5 0.718
Gender (male), n (%) 10 (55.5) 12 (70.6) 11 (64.8) 0.662
DM duration (year) 8.5 (3.5-12.0) 12.0 (6.0-12.5) 10.0 (8.0-12.5) 0.184
BMI (kg/m?) 23.7+3.5 24.7+3.0 24.9+3.1 0.513
BSA (m?) 1.62+0.15 1.70+0.19 1.68+0.14 0.319
Hemoglobin (g/L) 123.7+23.8 111.6+19.3 93.5+12.6 <0.001
SCr (umol/L) 72.5(57.8-84.1) 136 (122.0-178.9) 286.0 (236.9-374.3) <0.001
BUN (mmol/L) 5.7£2.5 9.3+3.2 14.5+5.3 <0.001
eGFR (mL/min/1.73 m?) 94.4+18.7 43.2+8.3 17.316.4 <0.001
mGFR (mL/min/1.73 mz); n 87.0+£20.3; 15 42.1+£10.3; 15 22.3+6.1; 15 <0.001
HbA1c (%) 9.7+£3.0 7.6+£1.6 8.0+1.1 <0.05
UACR (mg/9) 76.5 (49.9-1,179.9) 1,302.9 (244.7-1,912.5) 2,538.0 (1,802.9-3,852.5) <0.001
UPCR (mg/9) 198.3 (126.5-1,440.4) 1,776.8 (359.9-2,656.9) 3,745.1 (2,772.7-6,027.7) <0.001

Data are presented as the mean + SD or median with interquartile range unless stated otherwise. CKD stages were stratified by eGFR.
DKD, diabetic kidney disease; CKD, chronic kidney disease; DM, diabetic mellitus; BMI, body mass index; BSA, body surface area; SCr,
serum creatinine; BUN, blood urea nitrogen; eGFR, estimated glomerular filtration rate; mGFR, measured glomerular filtration rate; UACR,
urine albumin-creatinine ratio; UPCR, urine protein-creatinine ratio; HbA1c, hemoglobin A1c; n.a., not available.

remaining 38 patients were included in the prognostic analysis
(median follow-up =8.25 years; IQR, 7.1-8.25 years).

The initial diagnosis of DKD was based on the treating
physician’s evaluation of the medical history of diabetes,
hypertension, symptoms of diabetic retinopathy, etc. This
evaluation also included laboratory assessments of renal
biopsy, eGFR <60 mL/min/1.73 m’, or albuminuria over
3 months (24-hour albuminuria >30 mg or UACR >30 mg/g)
according to the Kidney Disease Outcomes Quality
Initiative (KDOQI) Clinical Practice Guideline for Diabetes
and CKD (27). The diagnostic information and medical
history of all patients were recorded and are available
in the hospital information system (HIS). Patients were
stratified into 3 stages according to eGFR (grade groups:
G) (25): mild (CKD G1-2, eGFR >60 mL/min/1.73 m’),
moderate (CKD G3, eGFR >30-59 mL/min/1.73 m’), and
severe DKD (CKD G4-5, eGFR <29 mL/min/1.73 m®).
The baseline characteristics of the patients are summarized

in Table 1.

Outcomes

The end-time of follow-up was November 2022. The
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primary outcome was defined as the composite of doubling
of SCr or ESRD (28). During the follow-up period,
all patients received standard medical care according
to guidelines with the goal of slowing or preventing
disease progression. This included but was not limited to
angiotensin-converting enzyme inhibitors/angiotensin
receptor blockers (ACEIs/ARBs) for controlling blood
pressure and insulin for controlling blood glucose. All
patients were advised to ensure a healthy lifestyle involving
sport activities and low-salt, low-protein, and low-sugar
diets and were regularly visited every 6 months (25).

Clinical examination

Clinical examination followed the KDOQI guidelines.
Participants were instructed to stop diuretics, water and
food intake at least 6 hours before examination (27). Data
routinely obtained included age, sex, DM duration, body
mass index (BMI) and body surface area (BSA). A blood
sample and a first-morning urine sample were collected to
quantify hemoglobin (Hb) concentration, HbAlc, blood
urea nitrogen (BUN), and SCr [based on which eGFR
was calculated according to the CKD Epidemiology
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A

T2WI 3D surface mesh

ADC map

Figure 2 Representative T,-weighted images and ADC maps to illustrate the TLCO segmentation approach. (A) The parenchyma and

pelvis of the left and right kidney are labeled with different colors and superimposed on T,WTI images, and the reconstructed 3D surface

mesh is shown on the right. (B) The renal parenchyma is segmented into 12 layers using the TLCO approach, labeled with different

colors and superimposed on a renal ADC map, which is highlighted in the zoomed view. ADC, apparent diffusion coefficient; 3D, three-

dimensional; TLCO, twelve-layer concentric objects; T,WI, T,-weighted imging.

Collaboration (CKD-EPI) equation (29)] as well as the
urinary concentrations of creatinine, total protein, and
albumin, from which UPCR and UACR were derived.
Finally, GFR was directly measured (mGFR) by clearance
of ”"Tc-diethylenetriaminepentaacetic acid utilizing
emission computed tomography. As 7 patients denied this
measurement due to concerns regarding radiation, mGFR
was obtained in a total of 45 patients.

MRI examination

MRI was performed within one week after clinical assessment.
Patients were instructed to stop taking diuretics, water and
food at least 6 hours before MRI. MRI was conducted on
a whole-body 3-T scanner (Signa Excite, GE Healthcare,
Milwaukee, WI, USA) using a built-in body radiofrequency
(RF) coil for excitation and an 8-channel RF torso surface array
for reception. Respiratory triggering was used to eliminate the
influence of motion artifacts on renal volume estimation using
T,WI and on ADC quantification derived from DWL

For anatomical imaging, two-dimensional (2D) coronal
fat-suppressed T,-weighted (T,WI), multislice fast spin
echo imaging was implemented: echo time (TE) =215 ms,
repetition time (TR) =15,789 ms, number of signal average
(NSA) =2, field of view (FOV) =320x320 mm’, acquisition
matrix size =320x192, Generalized Autocalibrating Partial
Parallel Acquisition (GRAPPA) factor =2, reconstructed in-
plane resolution =0.625x0.625 mm’ including zero filling, slice
thickness =3 mm, slice gap =0.6 mm, number of slices =24,
receiver bandwidth =195 Hz/pixel, and fat suppression mode =
Spectral Presaturation with Inversion Recovery (SPIR).

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

For DWI, 2D coronal fat-suppressed multislice single-
shot spin-echo echo-planner imaging was implemented:
TE =60 ms, TR =3,000 ms, NSA =4, FOV =320x320 mm’,
acquisition matrix size =96x96, GRAPPA factor =2,
reconstructed in-plane resolution =1.25x1.25 mm’ including
zero filling, slice thickness =3 mm, slice gap =0.6 mm,
number of slices =14, receiver bandwidth =1,953 Hz/pixel,
diffusion weighting: b=0 and 600 s/mm’, and fat suppression
mode = SPIR.

Data analysis

Figure 2 illustrates the postprocessing of T,WI and ADC
maps analyzed by the TLCO approach. Morphological
assessments concerned the renal volumes: (I) the
parenchyma, (II) the pelvis, (III) the whole kidney,
and (IV) the percentage of the parenchyma (i.e., the
parenchyma volume divided by the whole-kidney volume).
The parenchyma and pelvis were manually labeled
by an experienced radiologist (6 years of experience
in abdominal MRI) on T,WI, and the volumes were
measured using I'TK-SNAP (30). Representative labeling
of the parenchyma and pelvis and the reconstructed three-
dimensional (3D) surface mesh are shown in Figure 2A4.
Following segmentation, the calculated volumes were
corrected by BSA using Stevenson’s formula, which is
widely used for the Chinese population (31).

BSA(m’)=0.61x height (m)+0.0128 x body weight (kg)—0.1529 [1]

The middle coronal slice with the largest renal

Quant Imaging Med Surg 2023;13(6):3973-3987 | https://dx.doi.org/10.21037/qims-23-149



3978

parenchyma area was selected and analyzed with TLCO
for ADC quantification using homemade MATLAB scripts
(MATLAB 2018b, MathWorks, Natick, MA).

The ADC map was calculated pixelwise using:

1 lnS(bl)
b,—b  S(b,)

where In() denotes the natural logarithm, 4, and 4, denote
the diffusion weighting (b-values of #,=0 and 4,=600 s/mm’),
and S(b,) and S(b,) denote the signal intensity of DWI
images at b, and b,, respectively.

TLCO was applied to the ADC maps. The mean ADC
values derived from the outer 6 layers were assigned to the
renal cortex (ADC,,.,), and those derived from the inner
6 layers were assigned to the medulla (ADC,, 4,,)- AADC
represents ADC ... — ADC, cquie-

TLCO was compared with conventional ROI placement.
For this purpose, three circular masks (radius =6 pixel)
were manually placed at the upper, middle, and lower
renal poles to obtain the mean ADC,,., and ADC,, 41
To compare the interobserver variability of TLCO and

ADC = 2]

conventional ROI placement, two experienced double-
blinded radiologists (6 and 5 years of experience in
abdominal MRI) measured ADC by both methods in
random order. Renal cysts and vessels were discarded from

the TLCO and ROI analysis.

Statistical analysis

Statistical data analysis was conducted using SPSS (SPSS 26,
SPSS Inc., Chicago, IL) and R v4.2.2 (https://www.r-project.
org, Vienna, Austria) (32). Data are presented as the mean
+ standard deviation or median with interquartile range,
according to data distribution (assessed by the Shapiro-
Wilk test). Differences in baseline characteristics among
DKD groups were assessed by the F test. MR markers of
renal compartment volumes, ADC,_,,..,, ADC, qu1., AADC
and ADC profiles along the cortico-medullary axis were
averaged over the left and right kidney and were compared
among DKD groups using one-way analysis of variance
(ANOVA) with a post-hoc LSD test or Kruskal-Wallis one-
way ANOVA with a post-hoc Bonferroni test. Interobserver
reproducibility of ADC was assessed by Bland-Altman
analysis, coefficient of variance (CoV) and intraclass
correlation coefficient (ICC) type (2.1) (33). Pearson’s
and Spearman’s analyses were used to assess correlations
between MRI and clinical biomarkers. Receiver-operating
characteristic (ROC) analysis and area under the curve

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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(AUC) statistics were applied to evaluate the diagnostic
performance of MR markers, and the optimal cutoff values
were calculated at the maximized Youden index (34).

For the prognostic analysis, the median period of follow-
up and its interquartile range were calculated according to
the reverse Kaplan-Meier method (35). A Cox proportional
hazard model was used to evaluate the association between
MR markers and renal outcomes; eGFR and UACR were
selected as covariates in the Cox model based on prior
knowledge. Model performance was assessed using Harrell’s
C-statistics and Akaike information criterion (AIC) (36).
Model performance was compared using the likelihood ratio
test. The influence of TLCO and ROI on the diagnostic
and prognostic performance of ADC was assessed.

The correlation coefficients were classified as follows:
Ir1<0.2, no correlation, 0.2<Ir!<0.4, weak correlation,
0.4<1r1<0.6, moderate correlation, 0.6<rl<0.8, strong
correlation, and Ir1=0.8, extremely strong correlation,
where operator |*| denotes the absolute value. P<0.05 was
considered statistically significant.

Results
Baseline characteristics of DKD patients

Patients were stratified into 3 severity groups: mild (n=18),
moderate (n=17), and severe DKD (n=17). No significant
differences in age, sex, DM duration, BMI, or BSA were
observed for the three groups. With increasing CKD stages,
significant decreases in Hb, eGFR and mGFR (in line with
SCr and BUN increase) and increases in UPCR and UACR
were observed. HbAlc was >6.5% for all DKD groups,
confirming DM for all enrolled patients.

Differences in MR markers among DKD groups

Representative postprocessing results of T,WI and ADC
mapping for one exemplary DKD patient (45-year-old
female with CKD G1) are shown in Figure 2. Representative
masks generated by TLCO were superimposed on the
calculated ADC map of the right kidney, and 12 layers were
labeled with different colors.

ADCs and renal compartment volumes are provided
in Tuble 2. For CKD stages G3 and G4-5, ADC_ . ers
ADC,, 4u, and AADC were significantly lower than for
G1-2. The parenchyma volume and whole-kidney volume
were significantly lower for G3 and G4-5 than for G1-2.
There were no significant differences among the stages for
pelvis volume and the percentage of parenchyma volume.
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Quantitative Imaging in Medicine and Surgery, Vol 13, No 6 June 2023 3979

Table 2 Summary of MR markers obtained for the DKD patients enrolled in this prospective study

Variables CKD G1-2 CKD G3 CKD G4-5

ADC, e (10 mm?®/s) 2.20+0.16 1.95+0.18"* 1.87+0.14"*
ADC, equia (1072 mm?/s) 2.08+0.16 1.90+0.18** 1.87+0.16**
AADC (107 mm?/s) 0.11+0.08 0.04+0.08* 0.00+0.08***
Parenchyma volume (mL/m?) 100.5+£22.2 83.5+23.3* 75.6+£19.6*
Pelvis volume (mL/m?) 16.6+3.8 15.5+5.6 15.4+3.2

Parenchyma percentage (%) 85.9 (84.8-88.1)

Kidney volume (mL/m? 117.2423.7

85.4 (81.9-87.5) 82.4 (78.4-87.2)

99.0+25.7* 90.9+19.1

Data are presented as the mean + SD or median with interquartile range, as appropriate. P<0.05 was considered significant. *, post-hoc
paired comparisons with CKD G1-2, P<0.05; **, post-hoc paired comparisons with CKD G1-2, P<0.01; ***, post-hoc paired comparisons
with CKD G1-2, P<0.001. MR, magnetic resonance; DKD, diabetic kidney disease; CKD, chronic kidney disease; ADC, apparent diffusion

coefficient; ADCyex, ADC in the cortex; ADCequis ADC in the medulla.

2.8
~——CKD G1-2
2.6 ———CKD G3
— CKD G4-5
L 24+
€
ME 2.2 4
5 RS
520 _\—’///
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a
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Figure 3 ADC profiles (mean = SD) along the cortico-medullary
axis of the mild, moderate and severe DKD groups. Higher ADCs
were observed for all renal layers for CKD G1-2 versus CKD G3
and CKD G4-5. The largest ADC difference among the G1-5
DKD groups was observed in the cortex. ADC, apparent diffusion
coefficient; CKD, chronic kidney disease; DKD, diabetic kidney

disease; SD, standard deviation.

Comparison of ADC profiles among DKD groups

Figure 3 shows ADC profiles along the cortico-medullary
axis. Significantly higher ADCs were observed for all
12 layers for the mild versus moderate (P<0.05) and severe
DKD (P<0.01) groups, with the largest ADC difference
observed in the cortex.

Correlations between MR markers and clinical biomarkers

The results of the correlation analysis are provided in Table 3.
ADC,,., and AADC were significantly correlated with all

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

clinical biomarkers, with moderate to strong correlations
with eGFR and mGFR and moderate correlations with
Hb and UACR. ADC,,.qu1. showed a weak correlation
with eGFR, a moderate correlation with mGFR, and a
weak correlation with UACR. There was no significant
correlation between ADC, 4., and Hb. The kidney
and parenchyma volumes only show weak to moderate
correlations with eGFR and mGFR.

Interobserver reproducibility of TLCO-based ADC
assessment

Interobserver reproducibility of TLCO was benchmarked
against conventional manual ROI placement. The Bland-
Altman analysis demonstrated smaller 95% limits of
agreement intervals for ADC .., ADC, 41, and AADC
obtained from TLCO versus manually placed ROIs
(Figure 4). 'This is in line with the higher ICC for TLCO
versus manual ROIs (Table S1).

Diagnostic performance of MR markers

The mean AUC values were 0.904, 0.807 and 0.789 for
ADC ey ADCqun and AADC, respectively, as measured
by TLCO and were higher than those measured by ROI
(Table 4). The mean AUC values of the parenchyma and
kidney volume were 0.760 and 0.768, respectively. Optimal
cutoff values of MR markers were obtained at the maximum
Youden index. Excellent discrimination performance was
observed for ADC,,,., with a sensitivity of 83.3% and
specificity of 91.2%.
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Table 3 Correlation analysis between MR markers and clinical biomarkers

eGFR (n=52) mGFR (n=45) Hemoglobin (n=52) UACR (n=52)
Variables

r P value r P value R P value r P value
ADC, e (107° mm?/s) 0.581 <0.001*** 0.618 <0.001*** 0.415 0.002** -0.511 <0.001***
ADC equia (107> mm?/s) 0.387 0.005** 0.445 0.002** 0.234 0.096 -0.312 0.006**
AADC (107 mm?*/s) 0.556 <0.001*** 0.538 <0.001*** 0.485 <0.001*** -0.529 <0.001***
Parenchyma volume (mL/m?) 0.405 0.003** 0.370 0.012* 0.010 0.942 -0.006 0.968
Pelvis volume (mL/m?) 0.119 0.401 0.180 0.235 0.146 0.301 0.009 0.952
Parenchyma percentage (%) 0.269 0.053 0.213 0.160 -0.065 0.647 -0.063 0.685
Kidney volume (mL/m?) 0.399 0.003** 0.375 0.011* 0.034 0.811 -0.008 0.957

*, P<0.05; **, P<0.01; ***, P<0.001. eGFR, estimated glomerular filtration rate; mGFR, measured glomerular filtration rate; UACR, urine
albumin-creatinine ratio; MR, magnetic resonance; ADC, apparent diffusion coefficient; ADC,yqex, ADC in the cortex; ADC,oquiss ADC in the
medulla.
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Figure 4 Bland-Altman plots of the ADC in the cortex (ADC,,.,), ADC in the medulla (ADC,,.4,1,) and AADC obtained from the
TLCO approach and from the conventional manual ROI placement. ADC,, ., ADC, g1, and AADC were measured by 2 double-blinded
radiologists using the TLCO and ROI approaches. The Bland-Altman analysis indicates smaller 95% limits of agreement intervals for
ADC,yexy ADC, g, and AADC obtained from the TLCO approach versus manually placed ROIs. ADC, apparent diffusion coefficient;
TLCO, twelve-layer concentric objects; ROI, region of interest; SD, standard deviation.

Prognostic performance of MR markers for predicting the primary renal outcome occurred in 28 patients. The
renal outcomes Cox survival analysis of the association between the renal
Thirty-eight DKD patients were included in the prognostic outcome and the MR markers is summarized in Tables 5,6

analysis. After a median follow-up period of 8.25 years, and Table S2. Clinical predictors of age, sex, eGFR and
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Table 4 ROC analysis of MR markers in discriminating DKD patients with normal and decreased eGFR

Variables AUC (95% Cl) Threshold Sensitivity (%) Specificity (%) P value
ADC., 10 (107° mm?/s)

TLCO 0.904 (0.821-0.986) 2.061 83.3 91.2 <0.001***

ROI 0.881 (0.785-0.976) 2.002 83.3 79.4 <0.001***
ADC equia (1072 mm?/s)

TLCO 0.807 (0.691-0.923) 1.947 88.9 64.7 <0.001***

ROI 0.663 (0.512-0.815) 1.931 83.3 471 0.054
AADC (107 mm?/s)

TLCO 0.789 (0.658-0.920) 0.053 83.3 70.6 <0.001***

ROI 0.786 (0.658-0.914) 0.019 83.3 61.8 <0.001***
Parenchyma volume (mL/m?) 0.760 (0.622-0.897) 77.41 94.0 50.0 0.002**
Pelvis volume (mL/m?) 0.601 (0.437-0.766) 18.60 38.9 85.3 0.233
Parenchyma percentage (%) 0.637 (0.484-0.790) 85.01 77.8 58.8 0.106
Kidney volume (mL/m?) 0.768 (0.632-0.904) 110.1 66.7 79.4 0.002**

**, P<0.01; **, P<0.001. ROC, receiver operating characteristic; MR, magnetic resonance; DKD, diabetic kidney disease; eGFR, estimated
glomerular filtration rate; AUC, area under the curve; Cl, confidence interval; ADC, apparent diffusion coefficient; ADC.,,, ADC in the

cortex; ADC,cquies ADC in the medulla; TLCO, twelve-layer concentric objects; ROI, region of interest.

UACR, which are associated with renal function decline,
were integrated in the analysis. The univariate analysis
demonstrated that eGFR, UACR, ADC,,,.., (as measured
by TLCO), AADC, parenchyma volume and pelvis volume
were significantly correlated with the outcome. The
multivariate analysis revealed that ADC,,,, as measured
by TLCO independently predicted renal outcomes, while
AADC and the parenchyma and pelvis volumes did not.
The prognostic performance of the Cox model using
ADC only for the prediction of renal outcome was
evaluated and compared against the clinical model that
uses eGFR and UACR. For this purpose, a likelihood ratio
test was applied using Harrell’s C-statistics. The results
(Table S2) demonstrate that the Cox models using ADC
only show significantly inferior C-Index than the clinical
model using eGFR and UACR (P<0.001). This finding
suggests that Cox models using only ADC as an input
exhibit poorer model performance for the prediction of
renal outcomes than the clinical model. The comparison
of model performance of the multivariate Cox models
(Table 7) revealed that adding ADC,,,, as a covariant
significantly improved the performance when included in
the baseline model that relied on eGFR and UACR only
(P=0.017). Adding AADC does not (P>0.05) improve the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

prediction.

Discussion

This study evaluated the diagnostic and prognostic
performance of MR markers of macromorphological renal
compartment volume changes and of the microstructural
MR surrogate ADC in DKD cohorts with G1-G5 CKD
stages. We revealed moderate correlations between
ADC,,., and GFR, UACR, and Hb and demonstrated the
best diagnostic performance of ADC,,., in discriminating
DKD patients with normal versus declined eGFR. The
Cox survival analysis demonstrated the prognostic value of
ADC,,. as a predictor of renal outcomes independent of
the clinical biomarkers eGFR and UACR.

To facilitate our study, the TLCO segmentation
approach was adapted for ADC quantification. A previous
work used three outer layers and 8 to 10 inner layers for
the assessment of the MR metric R,* (a surrogate for blood
oxygenation) (26). Our approach uses the outer 6 layers and
the inner 6 layers for ADC quantification in the cortex and
medulla, respectively. Computed tomography (CT) and
ultrasound studies have confirmed that the cortex occupies
one-third to half of the renal parenchyma width. In DM,
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Table 5 Summary of MR markers and clinical predictors of renal

outcomes derived from univariate Cox survival analysis

Variables Hazard ratio (95% Cl) P value
Age, per 10 years 0.77 (0.54-1.10) 0.149
Gender
Male Reference
Female 1.03 (0.46-2.33) 0.945
eGFR
>60 mL/min/1.73 m’ Reference
<60 mL/min/1.73 m? 6.08 (2.26-16.40) <0.001***
UACR
<300 mg/g Reference
>300 mg/g 9.19 (2.13-39.76) 0.003**
ADCortex
TLCO
>2.061x10"° mm’/s Reference
<2.061x10™° mm?/s 4.59 (1.73-12.21) 0.002**
ROI
>2.002x10"° mm?/s Reference
<2.002x10° mm?¥/s 1.96 (0.92-4.17) 0.081
ADC equia
TLCO
>1.947x10"° mm?/s Reference
<1.947x10™° mm?¥/s 1.93 (0.92-4.08) 0.084
ROI
>1.931x107° mm?/s Reference
<1.931x10™ mm¥/s 1.01 (0.48-2.13) 0.971
AADC
TLCO
>0.053x107° mm?/s Reference
<0.053x10° mm?/s 2.44 (1.14-5.22) 0.022**
ROI
=0.019x10"° mm?/s Reference
<0.019x10°° mm*/s 2.44 (1.16-5.13) 0.018*
Parenchyma volume
>77.41 mL/m® Reference
<77.41 mL/m? 2.33 (1.09-4.97) 0.029**

Table 5 (continued)

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Table 5 (continued)

Variables Hazard ratio (95% Cl) P value
Pelvis volume

>18.60 mL/m’ Reference

<18.60 mL/m’ 3.05 (1.06-8.83) 0.040**
Parenchyma percentage

>85.01% Reference

<85.01% 1.26 (0.61-2.64) 0.533
Kidney volume

>110.1 mL/m? Reference

<110.1 mL/m? 1.78 (0.81-3.92) 0.153

**, P<0.01; ***, P<0.001. MR, magnetic resonance; ClI,
confidence interval; eGFR, estimated glomerular filtration rate;
UACR, urine albumin—creatinine ratio; ADC, apparent diffusion
coefficient; ADC,,ex, ADC in the cortex; ADC, equia» ADC in the
medulla; TLCO, twelve-layer concentric objects; ROI, region of
interest.

cortical thickness is even expected to be increased (37-39).
Therefore, a layer model that uses the outer 50% and the
inner 50% of the renal parenchyma for ADC quantification
in the cortex and medulla is advantageous.

Application of TLCO segmentation revealed that
the ADC depends on the parenchyma depth. ADC was
significantly higher for the cortex versus the medulla.
This is in agreement with previous studies that reported a
cortico-medullary ADC gradient using the conventional
ROI approach (25). Our Bland-Altman and ICC analyses
indicate that TLCO segmentation presents a highly
reproducible alternative to the conventional approach. It is
suitable for harmonization of and integration into standard
data postprocessing pipelines tailored for renal ADC
quantification in clinical studies.

In this work, we examined the diagnostic performance of
MR markers of renal compartment volumes and ADCs. The
best diagnostic performance was found for ADC,,., (AUC
>0.9). Renal ADCs and the volumes of the parenchyma and
whole kidney were significantly decreased in advanced CKD
stages, which is consistent with recent reports (15). The
decreases in ADCs and in renal volume can be attributed
to advanced fibrosis and kidney atrophy (21,22). This is in
line with the histological findings we obtained for 8 patients
(Figure S1). We further explored the correlation between
MR and clinical markers and demonstrated a moderate

correlation between ADC and AADC and clinical

cortex
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Table 6 Summary of MR markers and clinical predictors of renal outcomes deduced from multivariate Cox survival analysis

Model 1° Model 2° Model 3° Model 4° Model 5° Model 6'
Variables
HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value HR (95% CI)P value HR (95% CI) P value HR (95% CI) P value
eGFR 4.98 0.002** 3.69 0.017* 5.29 0.002** 4.56 0.005* 4.85 0.005* 4.29 0.013*
(1.80-13.79) (1.26-10.81) (1.87-14.94) (1.59-13.05) (1.61-14.64) (1.35-13.58)
UACR 7.05 0.010* 10.07  0.004* 8.08 0.008* 6.74 0.012* 7.06 0.010* 7.19 0.009*
(1.61-30.97) (2.11-41.95) (1.73-37.86) (1.51-30.05) (1.61-30.97) (1.63-31.59)
ADC 4 p16x - - 3.40 0.030* - - - - - - -
(1.13-10.24)
AADC
TLCO - - - - 0.78 0.553 - - - - - -
(0.35-1.76)
ROI - - - - - 2.02 0.082 - - - -
(0.92-4.48)
Parenchyma - - - - - - - 1.05 0.906 - -
volume (0.46-2.39)
Pelvis - - - - - - - - - 1.36 0.616
volume (0.41-4.56)

2 adjusted for eGFR and UACR; ®, adjusted for eGFR, UACR and ADCg,; °, adjusted for eGFR, UACR and AADC_TLCO; ¢, adjusted for
eGFR, UACR and AADC_ROI; °, adjusted for eGFR, UACR and parenchyma volume; f, adjusted for eGFR, UACR and pelvis volume; *,
P<0.05; **, P<0.01. MR, magnetic resonance; HR, hazard ratio; Cl, confidence interval; eGFR, estimated glomerular filtration rate; UACR,
urine albumin-creatinine ratio; ADC, apparent diffusion coefficient; ADC,,.,, ADC in the cortex; TLCO, twelve-layer concentric objects;

ROI, region of interest.

Table 7 Comparison of model performance

Variables C-Index (95% Cl) AIC P value®
Model 1 0.748 (0.666-0.830) 152.8 -
Model 2 0.780 (0.701-0.860) 149.1 0.017~
Model 3 0.761 (0.670-0.851) 154.5 0.998
Model 4 0.783 (0.689-0.876) 151.9 0.085
Model 5 0.745 (0.648-0.841) 154.8 0.915
Model 6 0.757 (0.668-0.846) 154.6 0.641

? compared with Model 1; *, P<0.05. Cl, confidence interval; AIC, Akaike information criterion.

markers of GFR, Hb, and UACR. Only weak to moderate
correlations between parenchyma and whole-kidney
volumes and the clinical markers of GFR were observed.
This is in line with the ADC results of a recent CKD
study (40). Our findings suggest that the microstructural
MR metric ADC-based marker ADC,,,... is a more sensitive
marker for the assessment of pathophysiological changes
in DKD than the macromorphological renal compartment
volumes obtained from T,-weighted MRI.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

This is the first study that examines the prognostic
performance of MR markers in DKD cohorts, including
a long follow-up time of >8 years. Our univariate Cox
analysis shows that ADC,,,., and AADC are predictors
of renal outcomes. However, ADC alone does not have
better predictive performance than the clinical biomarkers
eGFR and UACR. The multivariate Cox analysis including
clinical biomarkers of eGFR and UACR revealed that
ADC.,,, rather than AADC significantly predicts renal
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outcomes. Our findings are consistent with a recent report
on functional MRI and changes in ¢eGFR in patients with
CKD (23). Our results do not affirm another recent CKD
study that concluded that “AADC can be a predictor of kidney
function decline ...
kidney allograft, independent of baseline kidney function and
proteinuria” (24). Differences in the DWI methodology,
postprocessing pipeline, disease etiology and stage might
explain these divergent observations. The authors used a

in patients with native kidney disease or

dedicated, read-out segmented DWI approach to reduce
image distortion (24). As this approach substantially
increases the imaging time (>5 times), it amplifies the
sensitivity to bulk motion, which, by its interference with
the diffusion-driven displacement of water, may compromise
ADC quantification. Additionally, ROI-based ADC
quantification is subject to observer experience, especially
in the case of advanced CKD, where the discrimination
between the cortex and medulla presents a challenge. This
can be addressed with the semiautomatic TLCO approach,
which facilitates minimum observer interaction for the
discrimination of the outer and inner borders of the renal
parenchyma (41).

There are some recognized limitations in the present
study. First, although all three DKD groups were age-
and sex-matched, the patient cohort was relatively small
and warrants a larger sample size for future validation
and reproducibility of our results. Second, DKD was
confirmed with biopsy in a small subgroup of our patients,
and the patients involved can be considered CKD plus
type 2 DM in general, which is more common in clinical
practice. Third, DWI was acquired at b=0 and 600 s/mm’
with limited diffusion direction, and only ADC was
measured and analyzed. More advanced DWI techniques,
such as intravoxel incoherent motion (IVIM) and diffusion
tensor imaging (D'TT) (42), are expected to provide further
insights. It is an acknowledged caveat of our study that the
effect of kurtosis using high b-values (b>1,000 s/mm®) was
not considered. At high b-values, the probability distribution
of the diffusion displacement deviates from a Gaussian
distribution. This is considered to be a consequence of
the restrictions on water molecule displacement imposed
by microstructures (40,43). Finally, single-shot spin-echo
EPI-based renal DWT sdill suffers from image blurring and
artifacts; thus, future studies should involve more advanced
DWI methodologies, such as accelerated read-out segmented
EPI (44), in conjunction with semiautomated TLCO renal
layer segmentation for robust and reproducible ADC
quantification. Accelerated fast spin-echo MRI and multiband

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Zhao et al. MRI in DKD diagnosis and prognosis

Rapid Acquisition with Relaxation Enhancement (RARE)-
EPI hybrids constitute viable alternatives for improving the
anatomic integrity of renal DWI (45).

Conclusions

This study evaluated the diagnostic and prognostic
performance of renal compartment volumes and ADCs as
measured by TLCO in DKD cohorts and demonstrated
the diagnostic potential of ADC,,,,., in discriminating DKD
patients with decreased renal function. The survival analysis
demonstrated significant predictive value of ADC, .,
for renal outcomes independently of clinical biomarkers.
Therefore, we propose DWI in conjunction with TLCO
for robust, reproducible, and comprehensive evaluation of
ADC for DKD diagnosis and outcome prediction in future
studies.
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