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Abstract
Background Noninvasive evaluation of hypoxia and �brosis in kidney simultaneously by functional
magnetic resonance imaging (MRI) to predict the prognosis of patients in prospective diabetic kidney
disease (DKD) cohort has not been reported. We aim to assess the prediction value of blood oxygen level-
dependent (BOLD) MRI and intravoxel incoherent motion (IVIM) diffusion-weighted image (DWI) in the
prognosis of DKD.

Methods 77 patients with diabetes mellitus (67 with DKD) were enrolled in this prospective cohort study
in single center. BOLD-MRI and IVIM-DWI were used to assess renal hypoxia and �brosis. A well-validated,
reproducible method called twelve-layer concentric objects (TLCO) was applied to quantify the R2* values
of BOLD (corresponds to oxygenation) and D values of IVIM (corresponds to �brosis) derived from MRI.
All patients received standard medical care according to guideline during study and followed up for 24.8 
± 12.6 months. The primary end points were serum creatinine (Scr) increasing > 30%, ERSD, or death.

Results Our data demonstrated that medullary R2* value (MR2*) was signi�cantly higher and cortical D
value (CD) was markedly lower in DKD than those of diabetic controls, and strongly correlated with
estimated glomerular �ltration rate. Both the higher MR2* (log-rank test, P < 0.001) and the lower CD (log-
rank test, P < 0.001) predicted a worse outcome of DKD. The corresponding areas under the curve (AUC)
were 0.80 [95% con�dence interval (CI) 0.69–0.89] and 0.77 (95% CI 0.64–0.89) respectively. Importantly,
combination of MR2* and CD exhibited a more signi�cant e�ciency (AUC 0.85, 95% CI 0.74–0.95) than
each of them respectively in predicting the outcomes of DKD.

Conclusions Integrating BOLD-MRI and IVIM-DWI quanti�ed by TLCO was more e�cient than each single
of them in assessment of renal outcomes; thus, could be a noninvasive tool to predict the prognosis of
DKD.

Trial registration The study protocol was registered at the Chinese Clinical Trial Registry Center (NO:
ChiCTR-RRC-17012687; date of registration: 16/09/2017).

Background
Renal ischemia and �brosis, the main pathological characteristics/features of progressive diabetic kidney
disease (DKD) due to tubulointerstitial and vascular injury, contribute to the development of DKD [1–4].
Accurate and non-invasive evaluation of these factors would be helpful to predict the outcome of DKD.
Although the measurement of renal parenchymal �brosis and hypoxia in vivo remains challenging, the
technological progress of functional magnetic resonance imaging (fMRI) makes it possible in clinical
practice.

Blood oxygen level-dependent (BOLD) MRI measures renal tissue deoxyhaemoglobin levels voxel by
voxel. Increases in its outcome measure R2* (transverse relaxation rate expressed as per second)
correspond to higher deoxyhaemoglobin concentrations and suggest lower oxygenation, whereas
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decreases in R2* indicate higher oxygenation [5]. BOLD-MRI monitors tissue oxygenation with
deoxyhaemoglobin as an endogenous biomarker [6]. A linear relationship between directly measured
renal pO2 and R2* value has been validated in animal studies, which con�rms that the measurement of
hypoxia in tissue by BOLD is reliable [7, 8]. Some studies in human have also con�rmed the feasibility of
BOLD for evaluating renal injury in CKD with [9] or without diabetes [10]. Encouragingly, cortical R2* value
may be used as a potential parameter for predicting renal function decline for patients with CKD
according to recent studies [11, 12].

Diffusion-weighted magnetic resonance imaging (DWI) is a promising non-invasive method and sensitive
to local water motion in the tissue; it is the technology to capitalize on the different diffusion features of
�brotic and non�brotic tissue [13, 14]. Common metric apparent diffusion coe�cient (ADC) summarizes
water diffusivity and �owing occurring in the kidney. The change of ADC may relate to the process of
renal �brogenesis [15], for it has been reported that ADC is signi�cantly lower in CKD patients than health
controls [10, 16]. A new procedure named intravoxel incoherent motion (IVIM) [10, 17], which is capable to
separate D value (the true water diffusion coe�cient in the tissue) and D* value (the pseudo diffusion)
respectively, is invented recognizing that ADC is inevitably in�uenced by perfusion factors. In particular, D
value re�ects variations of intercellular water movement which is restricted mainly by interstitial �brosis
[18], and is used to assess renal �brosis [19–21]. Recently, the clinical application of BOLD or IVIM in
evaluation of renal function have been noticed [9, 11, 22].

Although short-term or cross-section studies have demonstrated that fMRI was helpful to evaluate the
prognosis of CKD, prospective research to reveal the e�ciency of integrating BOLD-MRI and IVIM-DWI for
assessing the outcomes of DKD has not been reported.

Methods

Study Protocol

Patients
We screened 92 patients with diabetes mellitus (DM) in the division of nephrology and endocrinology of
Guangdong Provincial People’s Hospital from July 2014 to July 2016. 15 patients were excluded because
that age > 70 years (n = 4), with renal cystic disease (n = 1), or unquali�ed imaging quality (n = 10).

DKD was de�ned as those diagnosed by pathological biopsy, or those with estimated glomerular �ltration
rate (eGFR) < 60 ml/min per 1.73 m2, or presence of clinically detectable albuminuria over 3 months (24-
hour albuminuria > 300 mg or albumin creatinine ratio > 300 mg/g) which was caused by diabetes [23].
Patient’s baseline clinical characteristics were measured one week before fMRI examination.

Exclusion criteria: clinical data were incomplete; patient’s age < 18 or > 70 years old; systolic pressure ≥ 
180 mmHg or diastolic pressure ≥ 100 mmHg; patients with primary nephritis, hypertension, interstitial
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nephritis, lupus, renal cyst disease, obstructive nephropathy, multiple renal calculi, or diameter of solitary
renal cyst ≥ 30 mm.

Study execute
According to the de�nition of DKD above, 67 patients with kidney involved were de�ned as DKD group,
while 10 patients without kidney involvement were selected as control (none-DKD group). All patients
received BOLD-MRI and IVIM-DWI scanning at the base line and were followed up for at least 12months.

eGFR was calculated using Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) formula.
Emission computed tomography-measured GFR (ECT-GFR) used plasma clearance of 99mTc-
diethylenetriaminepentaacetic acid (99mTc-DTPA) was applied to evaluate GFR.

At least 6 hours before examination, all participants were instructed to stop taking diuretics, water and
food. The other regular medications were continued following the guideline of KDOQI [23].

Primary outcome
The primary end points were de�ned as serum creatinine (Scr) increasing ≥ 30% [11] or end-stage renal
disease (ESRD), or death. The end-time of follow-up was September 31, 2018. During follow-up period, all
the patients received standard medical care according to guideline during study and were visited for every
6 months regularly. Patients lost contact were regarded as censored cases. The observation endpoint was
reported to the principal investigator immediately with excluding acute state.

MRI acquisition
Measurements were carried out with a 3.0-T whole body MR scanner with an 8-channel body array coil for
signal reception (Sigma EXCITE HD, GE Healthcare, Milwaukee, WI, USA). We used a respiratory triggering
technique without breath-holding which many patients could not abide.

A multiple gradient-recalled-echo sequence was used for BOLD-MRI imaging. The parameters were listed
as following: 100 ms repetition time; 3.8 ms echo time; 300 × 300 mm view �eld; 3.0 mm slice thickness;
spacing between slices at 3.6 mm; 45° �ip angle; 31.25 Hz/pixels band width; and 96 × 96 matrix. 5
coronal slices across the renal hilar vessels were acquired. Respiration trigger mode was adopted in
image acquisition, total acquisition time was 5 minute and 18 seconds without breath-holding.

IVIM-DWI was performed with 10 diffusion gradient b values: 0, 20, 40, 60, 80, 100, 200, 400, 500 and
600 s per mm2. Preset program was monoexponential. The following parameters were used for the
sequence: 3000 ms repetition time; 60.6 ms echo time; 320 × 320 mm view �eld; 3.0 mm section
thickness; spacing between slices at 3.6 mm; 90° �ip angle; 1953 Hz/pixels band width; and 96 × 96
matrix size; 14 coronal slices across the renal hilar vessels were acquired. The entire acquisition time was
5 minute and 6 seconds by using respiration trigger mode.

MRI processing
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The modi�ed method of twelve layers concentric objects (TLCO) was implemented with Matlab 9.1.0
(The Math Works Inc, Natick, Massachusetts, USA), according to previously described [24]. On anatomic
templates, the circumference of the renal parenchyma was drawn manually in the selected coronal slice.
Following the previous study [24], we sketched the inner outline avoiding the portal vessels, and chose
outer or inner 4 layers to analyze/for analysis. The selected renal parenchyma were divided into 12 layers
with equal thickness called the concentric objects by an automatic algorithm, a set of pixels with a
constant depth was covered for each object. The radial pro�le was obtained by the plotted curve of the
value of each layer at increasing depth. Renal cortical values were calculated with the average value of
the 4 outer layers, and medulla with 4 inner layers. Pseudo-color maps were built using graph analysis
software (Function Tool 4.6, GE Healthcare Inc.).

Statistical analyses
Designed sample size was calculated by PASS version 11.0 (NCSS, Kaysville, Utah, USA), a minimum of
55 patients with DKD was needed to have 80% power to detect outcome variances, according previous
study [11]. All statistical analysis was conducted by Prism 7.0 (GraphPad Software, San Diego, CA, USA).
Quantitative values were expressed as mean ± SD. Normality was graphically assessed �rst, and then
numerically with skewness and kurtosis test. Analysis of variance, unpaired samples t test and one-way
ANOVA were used as appropriate to compare the clinical parameters and MRI datum. Pearson correlation
coe�cient was applied in the relationship analysis. Multivariable analysis of Cox regression was used to
analyze the associations between the clinical outcomes and diversi�ed variables. Receiver-operating
characteristic (ROC) curve was built to compare the discriminative accuracy of different variables to
assess the decline of renal function. Kaplan-Meier survival analysis was used to evaluate the difference
of major renal events. A 2-tailed P < 0.05 was considered statistically signi�cant.

Results
DKD patients exhibited higher R2* value and lower D value in kidney compared to DM control

As illustrated in Supplemental Fig. 1, 77 patients were enrolled in this prospective cohort study, and 10
patients lost contract. 67 patients were followed up and completed the experiment. Characteristics of
subjects are summarized in Supplemental table 1. 24 patients reached the end points: 2 patients died
(one of coronary heart disease; one of stroke); 18 patients reached ESRD; 4 patients demonstrated Scr-
increase ≥ 30%. The average follow-up period (mean ± SD) was 24.6 ± 12.8 months. No signi�cant
difference in duration of DM, gender, BMI and age, was found between DKD and non-DKD group.
However, patients with DKD presented markedly increase of albuminuria, serum creatinine, urea nitrogen,
R2* values in medulla (MR2*) and cortex (CR2*) while signi�cantly decrease of eGFR, ECT-GFR, and D
values in cortex (CD) compared with non-DKD. These data indicated that patients with DKD exhibited
prominent kidney damage with higher index of �brosis (lower D value) and hypoxia (higher R2* value)
compared to non-DKD.
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As displayed in Supplemental table 2, variation coe�cients of TLCO exhibited a lower inter-observer
variability compared to method of regions of interest (ROI). Compared with non-DKD, patients with DKD
exhibited a higher R2* pro�le (P < 0.001, Supplemental Fig. 2 g) and a lower D pro�le (P < 0.01,
Supplemental Fig. 2 h) in renal parenchyma.

Pseudo-color maps of IVIM and BOLD were showed in Fig. 1a. We compared the values of cortex (4 outer
layers) and medulla (4 inter layers) between DM and CKD 1–5 stages respectively. Pro�les of D value
were shown in Fig. 1b. D values in both cortex (CD) and in medulla (MD) at advanced DKD were markedly
lower than those of non-DKD (Fig. 1c and 1d), potentially suggesting a higher �brosis in DKD. Pro�les of
R2* in different groups were showed in Fig. 1e. R2* value in cortex (CR2*) and medulla (MR2*) in
advanced DKD were signi�cantly higher than those of non-DKD (Fig. 1f and 1 g), indicating higher
hypoxia in DKD.

R2* and D values in kidney correlated to the renal function
decline in DKD
We examined the correlations of R2* and D values with the baseline renal function represented by eGFR
and ECT-GFR respectively. As depicted in Fig. 2, R2* values negatively correlated with eGFR (CR2*, r = − 
0.58, P < 0.001; MR2*, r = − 0.63, P < 0.001) and ECT-GFR (CR2*, r = − 0.40, P < 0.01; MR2*, r = − 0.51, P < 
0.001), indicating renal function inversely correlated with the level of oxygenation. However, D values
positively correlated with eGFR (CD, r = 0.50, P < 0.001;MD, r = 0.37, P < 0.01), and ECT-GFR (CD, r = 0.45, P 
< 0.001; MD, r = 0.28, P = 0.031), prompting renal function positively correlated with the index of �brosis.
All the MRI values exhibited a better correlation with eGFR than ECT-GFR. MR2* and CD values were also
better than CR2* and MD respectively. Our data suggested that �brosis and hypoxia in the kidneys of
DKD may be deteriorated by the decline of renal function.

MR2* and CD values predicted the outcomes of DKD
Because of the priority of MR2* and CD in the correlations with eGFR (indicated in Fig. 2), we further
analyzed their associations with outcomes of DKD. Table 1 showed the results of multivariable
regression analysis between the outcomes of DKD and the clinical independent variables, such as age,
sex, baseline eGFR, albumin-creatinine ratio (ACR), hemoglobin (Hb), DM duration and use of medication.
In age- and sex- adjusted models, the poor outcomes of DKD positively correlated with baseline eGFR
(regression coe�cient β: 0.94, 95% con�dence interval [95% CI]: 0.92–0.97, P = 0.001), Hb (β: 0.95, [95%
CI]: 0.92–0.98, P = 0.004), CR2* (β: 1.19, [95% CI]: 1.02–1.40, P = 0.026), MR2* (β: 1.14, [95% CI]: 0.99–
1.31, P = 0.045), and CD (β: 0.89, [95% CI]: 0.81–0.98, P = 0.020), but not with other mentioned covariates.
Those results suggested that a higher R2* value in renal parenchyma and a lower D value in cortex were
signs of poor prognosis for DKD without the interference of age or gender. Our data did not exhibit a
markedly association of duration of DM, ACR, and use of renin-angiotensin system blockers with the
outcomes of DKD.
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Table 1
Multivariable analysis of the associations between the outcomes of DKD and clinical variables.

  Age- and sex- adjusted β(95% CI) P a

Age (yr) 0.98 (0.93 to 1.04) 0.146

Sex (female vs. male) 1.59 (0.53 to 5.04) 0.512

Baseline eGFR

(ml/min per 1.73 m2)

0.94 (0.92 to 0.97) 0.001

ACR (mg/g) 1.00 (1.00 to 1.001) 0.763

Hb (g/l) 0.95 (0.92 to 0.98) 0.004

DM duration (yr) 1.01 (0.93 to 1.10) 0.751

ACEI/ARB (yes vs.no) 0.49 (0.15 to 1.53) 0.931

Cortical R2* (s− 1) 1.19 (1.02 to 1.40) 0.026

Medullary R2* (s− 1) 1.14 (0.99 to 1.31) 0.045

Cortical D (mm2/s) 0.89 (0.81 to 0.98) 0.020

Medullary D (mm2/s) 0.92 (0.84 to 1.10) 0.106

aAdjusted for age, sex, baseline eGFR, ACR, Hb, DM duration and use of ACEI/ARB.

ACEI, angiotensin-converting enzyme inhibitor; ACR, albumin-creatinine ratio; ARB, angiotensin II
receptor blocker; CI, con�dence interval; DKD, diabetic kidney disease; DM, diabetes mellitus; eGFR,
estimated glomerular �ltration rate; Hb, hemoglobin.

To compare the outcomes of DKD different by the MRI variables, patients were strati�ed into 4 groups
based on the interquartile range (IQR) of the MR2* and CD. Clinical characteristics according to MR2* or
CD groups were provided in Supplemental table 3 and 4. The information of IQR groups based on MR2*
or CD was summarized in Supplemental table 5. The information of IQR regroups based on the
combination of MR2* and CD was summarized in Supplemental table 6. Kaplan-Meier survival shown
that the higher MR2* (log-rank test, P < 0.001) and the lower CD (log-rank test, P < 0.001) predicted a
worse outcome (Fig. 3a and 3c). The area under the curve (AUC) of MR2* (0.80, 95% CI 0.69–0.89) and
the CD (0.77, 95% CI 0.64–0.89) showed the credible speci�city and sensitivity to identify renal
dysfunction respectively (Fig. 3b and 3d). Importantly, the Kaplan-Meier curve based on MR2* and CD
combined was not only exhibited a signi�cant log-rank (log-rank test, P < 0.001) (Fig. 3e), but also turned
out to be the more signi�cant AUC (0.85, 95% CI 0.74–0.95) than each one of them (Fig. 3f). ROC
comparison con�rmed that combination of MR2* and CD markedly increased the e�ciency in prediction
of the outcomes of DKD compared to each one of them respectively (Fig. 4).
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Discussion
In current prospective cohort study, we indeed reveal that patients with DKD exhibited higher renal �brosis
(corresponding to lower D value) and worse hypoxia (corresponding to higher R2* value) compared to
non-DKD, and the index of �brosis (CD values) and hypoxia (MR2*) deteriorated by the decline of renal
function. Further, either increased MR2* or decreased CD strongly correlated with poor outcomes of
patients with DKD. Importantly, integrating MR2* and CD markedly increased the e�ciency in assessment
of DKD prognosis compared to each single of them respectively.

Accumulating evidence have emphasized the roles of renal tissue hypoxia and �brosis [25, 26] in the
progression of CKD regardless of etiology[27]. Although oxygen-sensitive microelectrodes could directly
measure tissue oxygenation and the degree of �brosis could be evaluated by biopsy, the highly invasive
damage is the main obstacle in clinical practice [28]. Functional MRI is able to identify the signals of
hypoxia and �brosis in kidney simultaneously by the measurable translating values derived from fMRI
images [29].

Our data demonstrated that the pro�le of R2* in DKD markedly increased compared to non-DKD,
especially in advanced stages, which supported that renal hypoxia increased with progression in DKD
(Fig. 1e and 1f). Higher R2* heralded a worse outcome (AUC was 0.80, as shown in Fig. 3b). Of note, part
of patients were placed on long-term treatment of loop diuretics, for example, furosemide which inhibits
sodium reabsorption, consequently, may decrease oxygen consumption[30, 31], because loop diuretics
block the Na+-K+-2Cl− transporter in the thick ascending loop of Henle, and increase local pO2 [32].
Besides, factors that affect the oxygen dissociation curve in�uence the BOLD-signal, such as body
temperature, blood pH etc., make it inexact to predict prognosis with R2* value alone [33–36]. Thus,
alternated method of fMRI called IVIM was applied in clinical practice recently.

The D value derived from IVIM re�ects pure molecular diffusion, because it minimizes the in�uence of
blood �ow on tissue diffusion. The aggravation of DKD architectural malformation and the increased cell
density destroy the microcirculation and affect the diffusion of water which restricts water molecule
movement in turn exhibits a lower D value [37, 38]. Several studies have shown that IVIM is sensitive to
renal dysfunction, renal artery stenosis, allograft rejection, and the early changes in DKD [39]. Although
the D value decreased with renal dysfunction and predicted a poor outcome in current study (AUC = 0.77),
we supposed that the combination of R2* and D may improve the e�ciency of prediction. Our results
demonstrated both MR2* and CD strongly correlated with the outcomes of DKD. It is noteworthy that the
combination of MR2* and CD was more signi�cant than each single value (Fig. 3f) to predict the
prognosis.

The potential pernicious in�uence of etiology diversity on the MRI detectable values in kidney was
decreased, for all the patients were con�ned in a scope of DM patients; and consequently, the
homogeneity of disease made the comparison valid. We found that the correlation of poor outcomes of
DKD with basic fMRI values was con�ned not only in the cortex but also the medulla. Previous studies



Page 10/18

reported that oxygenation in cortex other in medulla decreased in CKD [11, 24], because the reduction of
blood �ow in cortex [25] impacted on eGFR decline more than that in medulla [11]. However, renal
medulla was relative hypoxic and more vulnerable to hypoxia compared to cortex as found in our results.

In our study, all patients were screened within average age of about 50-year-old and 10-year DM-duration,
which were matched to non-DKD controls. To diminish the impact of long time observation for DKD, 35 of
77 patients at stage of CKD 3–4 were chosen; it enables us to observe the end point in relative short time.
The age-, DM duration- and gender matched controls made the data comparable. Although a study
displayed the positive relationship between R2* values and age [40, 41], our age- and gender- adjusted
multivariable analysis (Table 1) proved R2* and D values were signi�cantly associated with outcomes of
DKD. We did not reveal that the correlations of age, ACR and the DM duration with the clinical outcomes
of DKD, the underlying reasons might be the strict inclusive criteria and relative short follow-up time.

The perspective strengths of present study are the prospective cohort design, strict inclusive criteria, and
the use of a well-validated protocol including reproducible analysis method of fMRI. To reduce the
in�uence of hydration status on the BOLD signal [42], all the participants were asked to stop taking
diuretics a day in advance, fasting and water-deprivation were conducted 6 hours before the examination.
To avoid a system bias, we applied a validated TLCO technique, which integrates geometrical information
and takes into account the entire renal parenchyma. The intervening measure mentioned above made it
more sensitive to identify the differences than the partial harvested data and shows excellent
reproducibility and lower variability.

A limitation of current study is that a relative high percentage of advanced DKD enrolled. It shortens the
time for observation, but the complications coming up with advanced DKD decreased the validation of
current conclusions. Then, we did not have the histologic “gold standard” for all the participants to
validate MRI data, although renal biopsy was also limited in predicting the decline of renal function in
DKD. Last, we did not monitor the level of hypoxia and �brosis by a second- or a third-time MRI, which
would enable us to evaluate whether the long-term changes in kidney were consistent with the
development of DKD.

In summary, this study describes the prediction value of fMRI in the assessment of DKD prognosis.
Although fMRI is so far largely restricted in the research setting, our study indeed demonstrates that the
values derived from fMRI correspond to hypoxemia and �brosis in kidney, consequently, project the
outcomes of DKD.

Conclusion
Integrating BOLD and IVIM-DWI improves the e�ciency of assessment, and can be an increasingly
accepted potential tool to predict the prognosis of DKD in clinical practice.

Abbreviations
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ACR:albumin-creatinine ratio; ADC:apparent diffusion coe�cient; AUC:area under the curve; BOLD:blood
oxygen level-dependent; CD:cortical D value; CKD-EPI:Chronic Kidney Disease Epidemiology
Collaboration; DKD:diabetic kidney disease; DM:diabetes mellitus; DWI:diffusion-weighted image; ECT-
GFR:emission computed tomography-measured GFR; eGFR:estimated glomerular �ltration rate;
ESRD:end-stage renal disease; fMRI:functional magnetic resonance imaging; Hb:hemoglobin;
IQR:interquartile range; IVIM:intravoxel incoherent motion; MR2*:medullary R2* value; MRI:magnetic
resonance imaging; ROC:receiver-operating characteristic; Scr:serum creatinine.
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Figures

Figure 1

Pseudo-color maps and graphic depictions based on CKD stage. (a) Imaging characteristic of BOLD and
IVIM obtained from patients at different stages of renal function. T2 imaging only detect the morphologic
changes of the kidney; IVIM detected the diffusion of water declined as the disease aggravated. BOLD
detected the change of the oxygenation; TLCO divides the renal parenchyma into 12 layers of equal
thickness. (b) D pro�les of CKD and DM. Comparison of CD (c) and MD (d) of patients at CKD stage 1-5
with DM. (e) R2* pro�les of CKD and DM. Comparison of CR2* (f) and MR2*(g) of patients at CKD stage
1-5 with DM. One-way ANOVA test was used for the difference of fMRI values between CKD and DM,
*P<0.05. BOLD, blood oxygen level dependent image; CD, cortical D value; CKD, chronic kidney disease;
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CR2*, cortical R2* value; DM, diabetes mellitus; IVIM, intravoxel incoherent motion; MD, medullary D value;
MR2*, medullary R2* value; TLCO, twelve-layer concentric objects; T2: T2-weighted imaging.

Figure 2

Correlations of MRI values with renal function. All R2* values negatively correlated with both eGFR (a, c)
and ECT-GFR (b, d). Correlation of MR2* with eGFR (c) exhibited priority to others by its higher r. All D
values positively correlated with both eGFR (e, g) and ECT-GFR (f, h). Correlation of CD with eGFR (e)
exhibited priority to others by its higher r. All signi�cant correlations are given as Pearson’s r, P<0.05. The
grey area represents the 95% con�dence interval. CD, cortical D value; CR2*, cortical R2* value; ECT-GFR,
emission computed tomography-glomerular �ltration rate; eGFR, estimated glomerular �ltration rate; MD,
medullary D value; MR2*, medullary R2* value.
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Figure 3

Kaplan-Meier curves and ROC curves of MR2* and CD values for their prediction of outcomes in CKD
patients. (a) Kaplan-Meier curve of the patients grouped according to the IQR of MR2*. (b) ROC curves
and corresponding AUC of MR2*values. (c) Kaplan-Meier curve of the patients grouped according to the
IQR of CD values. (d) ROC curves and corresponding AUC of CD. (e) Kaplan-Meier curve of the patients
grouped according to the IQR of MR2* and CD combination. (f) ROC curves and corresponding AUC of
MR2* and CD combination. Log-rank test used for the statistical signi�cance among the groups, P<0.05.
AUC, area under the curve; CD, cortical D value; IQR, interquartile range; MR2*, medullary R2* value; ROC,
receiver operating characteristic.
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Figure 4

Comparison of the AUCs of CD (in green), MR2* (in blue), and the combination of CD and MR2* (in red)
for their prediction of the outcomes of DKD. AUC, area under the curve; CD, cortical D value; DKD, diabetic
kidney disease; MR2*, medullary R2* value; ROC, receiver operating characteristic
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