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ABSTRACT

Background. We sought to develop a novel non-contrast multiparametric MRI (mpMRI) protocol employing several
complementary techniques in a single scan session for a comprehensive functional and structural evaluation of diabetic
kidney disease (DKD).
Methods. In the cross-sectional part of this prospective observational study, 38 subjects ages 18–79 years with type 2
diabetes and DKD [estimated glomerular filtration rate (eGFR) 15–60 mL/min/1.73 m2] and 20 age- and gender-matched
healthy volunteers (HVs) underwent mpMRI. Repeat mpMRI was performed on 23 DKD subjects and 10 HVs. By
measured GFR (mGFR), 2 DKD subjects had GFR stage G2, 16 stage G3 and 20 stage G4/G5. A wide range of MRI
biomarkers associated with kidney haemodynamics, oxygenation and macro/microstructure were evaluated. Their
optimal sensitivity, specificity and repeatability to differentiate diabetic versus healthy kidneys and categorize various
stages of disease as well as their correlation with mGFR/albuminuria was assessed.
Results. Several MRI biomarkers differentiated diabetic from healthy kidneys and distinct GFR stages (G3 versus G4/G5);
mean arterial flow (MAF) was the strongest predictor (sensitivity 0.94 and 1.0, specificity 1.00 and 0.69; P = .04 and .004,
respectively). Parameters significantly correlating with mGFR were specific measures of kidney haemodynamics,
oxygenation, microstructure and macrostructure, with MAF being the strongest univariate predictor (r = 0.92; P < .0001).
Conclusions. A comprehensive and repeatable non-contrast mpMRI protocol was developed that, as a single,
non-invasive tool, allows functional and structural assessment of DKD, which has the potential to provide valuable
insights into underlying pathophysiology, disease progression and analysis of efficacy/mode of action of therapeutic
interventions in DKD.
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GRAPHICAL ABSTRACT

Keywords: biomarkers, chronic kidney disease, diabetic kidney disease, magnetic resonance imaging (MRI),
multiparametric

INTRODUCTION

Chronic kidney disease (CKD) associated with diabetes mellitus
(DM), i.e. diabetic kidney disease (DKD), occurs in ∼30–40% of
patients with type 2 DM (T2DM) [1, 2]. DKD is associated with
increased morbidity and mortality and is the leading cause of
kidney failure [end-stage kidney disease (ESKD)] worldwide [1,
2]. With the increasing prevalence of T2DM, the global DKD bur-
den is expected to increase [1, 2]. To prevent ESKD, early iden-
tification of patients at high risk of DKD progression, enabling
timely treatment, is important. However, predicting the evolu-
tion of DKD remains difficult due to its highly variable progres-
sion, particularly in T2DM [1].

Established kidney biomarkers such as estimated glomeru-
lar filtration rate (eGFR) and proteinuria provide only a rough
estimation of overall kidney damage [3]. Measured GFR (mGFR),
using plasma clearance of filtration markers, more accurately
measures kidney function than eGFR but is time-consuming
and cumbersome for screening and ambulatory care [4]. More-
over, as the kidney can partially compensate for lost function,
significant kidney fibrosis may occur without a measurable
change in GFR [5]. As regards proteinuria, intra-individual varia-
tions are considerable [6]. Thus these routinely used biomarkers
neither provide insights into underlying DKD pathophysiology
and degree of anatomical damage nor allow risk stratification
[7, 8]. Various DKD phenotypes are well recognized and other

pathways to ESKD independent of albuminuria have been
postulated, suggesting different pathophysiology not readily
detected by conventional biomarkers [9]. While kidney biopsy
is essential for assessing kidney pathophysiology in DKD [10], it
is not suitable for long-term, serial monitoring of the dynamic
process of disease progression or response to therapy, due to
its invasive nature, an increased risk of bleeding in uremic
patients [11] and susceptibility to sampling errors. Therefore,
kidney biopsy is not routinely performed in clinical practice for
DKD diagnosis or monitoring [12]. There is a clear need for new,
sensitive, reproducible and non-invasive biomarkers to enhance
our understanding of DKD pathophysiology, progression and
efficacy/modes of action of therapeutic interventions in clinical
practice/trials.

Novel, non-contrast magnetic resonance imaging (MRI) tech-
niques are potential methods to non-invasively assess and
quantify functional and pathophysiological changes in CKD [13–
17]. Employing such complementary MRI techniques simultane-
ously in multiparametric MRI (mpMRI) may provide more com-
prehensive information across individual kidney compartments
on microstructure (including kidney fibrosis and inflammation),
macrostructure (kidney volume), oxygenation and haemody-
namic measurements of renal artery blood flow and perfusion
[13, 18].

In a cross-sectional study using an mpMRI in CKD pa-
tients (excluding DKD), several MRI biomarkers correlated with
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Screen failureScreen failure
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Correlation analysis:
38 DKD (G2‒G5),

20 HVs

n=1

n=2

n=5

End of study: 39 DKD, 20 HVs

FIGURE 1: Study flow chart. A total of 48 DKD subjects were screened: 4 did not fulfil the eligibility criteria and 5 did not complete the study, leaving a total of 39 DKD
subjects at the end of the study. Of these, 36 subjects were included in the group comparison and 38 subjects in the correlation analysis. During the same enrolment
period, 25 HVs were screened and 20 HVs were included and completed the study.

albuminuria, eGFR and histopathological measures of inter-
stitial fibrosis [19]. Nevertheless, more studies identifying the
most appropriate MRI biomarkers of kidney function and struc-
ture and their technical and clinical validation are required
before mpMRI can be adopted in clinical practice [14, 19]. To
our knowledge, no study has specifically investigated the use
of mpMRI in DKD, although individual MRI techniques have
been evaluated to detect early changes and renal blood flow in
DKD [20–23].

In this kidney mpMRI study we evaluated a range of MRI
biomarkers for their optimal sensitivity and specificity in
distinguishing DKD subjects from healthy volunteers (HVs)
and between different disease stages. Secondary aims were
to analyse intra-individual repeatability of MRI biomarkers to
capture natural biological variability, assess the correlation
of each MRI biomarker to conventional biomarkers of kidney
function and damage [i.e. mGFR, urine albumin:creatinine ratio
(UACR)] and develop a bifactorial model to predict mGFR using
MRI biomarkers.

MATERIALS AND METHODS

Study design and participants

This cross-sectional and longitudinal observational,
investigator-driven, single-centre study conducted at Sahlgren-
ska University Hospital (SU), Gothenburg, Sweden was approved

by the Regional Ethics Review Board and carried out according
to the Helsinki Declaration of 1975 (revised 2013). Subjects
with T2DM and DKD and HVs were enroled during the same
period after obtaining written informed consent from all
subjects.

Between November 2016 and June 2018, 48 subjects with
T2DM and DKD from the outpatient clinics of the Nephrol-
ogy Department at SU/affiliated hospitals (n = 25) and primary
care clinics in Gothenburg (n = 23) were screened by reviewing
medical records (Fig. 1). Eligible subjects with T2DM and DKD
were identified by medical history, UACR and eGFR using the
Chronic Kidney Disease Epidemiology Collaboration creatinine
equation [24] within the last 3 months of screening. The diagno-
sis of DKD was per treating physician’s assessment. The inclu-
sion/exclusion criteria are stated in Table 1. DKD subjects were
stratified by mGFR into four GFR stages (G2–G5) as per the Kid-
ney Disease: Improving Global Outcomes (KDIGO) classification
of CKD [25].

The control group was 25 age- (±5 years) and gender-
matched HVs who were screened and recruited by the Clinical
Trial Centre of the SU via local advertisement, as per the inclu-
sion/exclusion criteria in Table 1.

Clinical/laboratory assessments

Demographic data, medical history, physical examination [in-
cluding body mass index (BMI)], blood samples and the
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Table 1. Inclusion/exclusion criteria

Inclusion criteria Exclusion criteria

DKD subjects
Signed informed consent Cause for the impaired kidney function diagnosed primarily to

be other than DKD (histologic or clinical)
Age 18–79 years History of renal transplant
T2DM with clinical diagnosis of DKD and an eGFR of
15–60 mL/min/1.73 m2

Patients with congestive heart failure (NYHA class IV)

UACR ˃3 mg/mmol in the first morning urine sample Pregnancy
An eGFR decline of <10 mL/min/1.73 m2 over the last
6 months

Any contraindication for MRI examination (e.g. pacemaker,
severe claustrophobia)

Stable dose of antidiabetic treatment for >1 month Allergy to iodine-based contrast agents
BMI 18–35 Involved in the planning or execution of this study

Healthy volunteers
Signed informed consent HIV/hepatitis B or C positive
Age 18–79 years Evidence of any active or chronic disease following a detailed

medical history including but not limited to T2DM,
congestive heart failure (NYHA 3 and 4) and hypertension

eGFR >70 mL/min/1.73 m2 Pregnancy
UACR <3 mg/mmol Any contraindication for MRI examination (e.g. pacemaker,

severe claustrophobia)
BMI 18–35 Allergy to iodine-based contrast agents
Not receiving any medical treatment Involved in the planning or execution of this study

HIV: human immunodeficiency virus; NYHA: New York Heart Association classification.

Table 2. Imaging variables measured in the mpMRI protocol

Variable Assessment

Kidney haemodynamics [13, 38, 39]
Phase contrast (PC) MRI
Peak systolic and diastolic velocity (cm/s) Peak blood velocity in the renal artery in systole and diastole
RARI (no unit) Measures the resistance of renal arterial flow to the kidney
MAF (mL/min) Mean blood flow in the renal artery
Global perfusion (mL/min/100 g) Mean renal flow per 100 g of kidney tissue
ASL (mL/100 g/min) [38] Uses the magnetic labelling of water in arterial blood as an endogenous

tracer to generate maps of regional kidney perfusion
Kidney macrostructure [40]
Kidney volume (mL) Volume of kidney parenchyma from T2-weighted structural images

Kidney BOLD MRI [22, 41]
BOLD R2* (per s) Allows indirect assessment of tissue oxygenation based on the

paramagnetic properties of endogenous deoxyhaemoglobin
Kidney microstructure [19, 26, 42]
ADC (mm2/s × 10−3) Relates to interstitial fibrosis by measuring the restriction of water

displacement seen on diffusion-weighted imaging
IVIM parameters (per s) [19]
Fast component of diffusion (pseudo-perfusion)
D* (mm2/s × 10−3)
Slow component of diffusion D (mm2/s × 10−3)
f (%)

IVIM separates the intracellular water diffusion (D) and vascular perfusion
(D*) components of the ADC measurement

R1 (per s) [26] Longitudinal nuclear magnetic resonance relaxation rate (R1) of water
reflects the molecular environment, e.g. viscosity, fibrosis and
inflammation (interstitial oedema, cellular swelling) R1 = 1/T1

MTC (%) [43] Measurement of the energy interaction of large macromolecules and bulk
water protons, which has been shown to correlate with fibrosis

first-morning urine sample for determination of UACR were
collected at the baseline visit. The mGFR was evaluated using
the iohexol clearance test as described in the Supplementary
Methods [26].

Kidney mpMRI examination

All subjects underwent a kidney mpMRI examination within
3 weeks following the mGFR assessment; 33 subjects (10 HVs
and 23 DKD subjects) underwent a second MRI examination
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Multiparametric MRI in DKD 1391

Table 3. Baseline characteristics of the DKD and HV groups

Variable HVs (n = 20) Stage G3 (n = 16) Stages G4/G5 (n = 20) Stages G3–G5 (n = 36)

Age (years) 66.7 (6.2) 68.9 (5.6) 68.3 (5.6) 68.6 (5.5)
Ethnicity (Caucasian), n (%) 20 (100) 16 (100) 18 (90) 34 (94)
Gender (male), n (%) 15 (75) 12 (75) 18 (90) 30 (83)
BMI (kg/m2) 25.5 (3.1) 28 (3.3) 27.8 (3.0) 27.9 (3.1)
Systolic blood pressure (mmHg) 133 (12) 147 (21) 153 (22) 150 (21)
Diastolic blood pressure (mmHg) 80.4 (7.3) 80.1 (9.4) 78 (7.9) 78.9 (8.5)
Haemoglobin (g/L) 145 (12.0) 134 (11.6) 133.2 (16.1) 134 (14.1)
Creatinine (μmol/L) 82 (12) 135 (29) 230 (54) 188 (65)
UACR ratio (mg/mmol) 1.2 (0.7) 34.1 (44.3) 85 (81.0) 62.4 (71.1)
eGFR (mL/min/1.73 m2) 79.1 (7.2) 45.3 (10.7) 25 (5.6) 34 (13.1)
mGFR (mL/min/1.73 m2) 81.5 (9.2) 40.4 (6.7) 21.8 (4.7) 30.1 (10.9)
HbA1c (mmol/mol) 35.6 (3.3) 54.2 (11.6) 62.2 (14.1) 58.6 (13.5)
Use of RAAS blockers, n (%) 0.0 (0) 12 (75) 14 (70) 26 (72)
Hypertension, n (%) 0.0 (0) 14 (88) 20 (100) 34 (94)

Data are presented as mean (SD) unless stated otherwise. RAAS: renin–angiotensin–aldosterone system. GFR stages were stratified by mGFR.

FIGURE 2: Anatomical T1-weighted image of (A) a typical HV, (B) a DKD subject with GFR stage G3 and (C) a DKD subject with GFR stage G4. Long white arrows indicate
the renal cortex, short white arrows indicate the renal medulla and stars indicate the regions with loss of corticomedullary contrast.

2–3 weeks (maximum 6 weeks) after the first MRI examination.
Subjects drank 250 mL of water before the MRI scan. The MRI
examination was performed on a Philips Achieva dStream 3T
(Philips Healthcare, Best, The Netherlands) without any contrast
agents, with a total scan time of 50 min. MRI biomarkers associ-
ated with kidney haemodynamics, oxygenation andmacro- and
microstructure were evaluated (Table 2) using the image acqui-
sition/analysis protocols described in the Supplementary Meth-
ods.

Statistical analysis

The ability of each MRI biomarker to discriminate between the
DKD and HV groups was evaluated using a univariate logistic
regression analysis with the DKD and HV groups as dependent
variables and the MRI biomarker as an independent variable.
The assessment of discrimination of the fitted logistic regression
model was done via the receiver operating characteristics (ROC)
curve and the area under the curve (AUC). The Youden cut-off
and its sensitivity and specificity were calculated [27]. The same
logistic regression methods and analyses were used to assess
discrimination between stages G3 and G4/G5.

The intra-individual repeatability of the MRI biomarkers was
assessed using the intra-individual coefficient of variance (CV)
and the intraclass correlation coefficient (ICC) type (2, 1) based
on the values from the repeated MRI measurements [28]. Each
MRI biomarker’s linear association with mGFR and UACR was
evaluated using univariate linear regression withmGFR or UACR
as a dependent variable and the MRI biomarker as an inde-
pendent variable. The Pearson correlation with mGFR and the
Spearman correlationwithUACRwere calculated to evaluate the
association with each MRI biomarker.

Bivariate MRI predictors of mGFR were evaluated using
a predefined approach; each pair of MRI predictors with a
P-value <.10 in the univariate linear regression analysis was
entered into a stepwise linear regression model. A significance
level of .05 in model improvement was required to allow vari-
ables into themodel. Because reduced GFR is known to correlate
with increased UACR [29], bivariate predictors of UACR were
examined using mGFR as one variable and adding one MRI end-
point using linear regression in the DKD subjects. The HVs were
excluded from this analysis, as they had no significant UACR val-
ues. Continuous data are expressed using mean [standard devi-
ation (SD)] or median [interquartile range (IQR)] and categorical
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1392 K. Makvandi et al.

FIGURE 3: Representative images from a G3 subject showing (A) T-weighted (T2W) image, (B) T1 map, (C) R2* map, (D) perfusion map (ASL), (E) MTR (magnetic transfer

ratio) map and (F) D (tissue diffusion coefficient) map. Note that the Dmaps were created following realignment of a cropped version of the DWI data set and therefore
a D map of the whole slice is not available. DWI:diffusion-weighted imaging. Long white arrows indicate the renal cortex and short white arrows indicate the renal
medulla.
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Multiparametric MRI in DKD 1393

FIGURE 4: Representative phase contrast flow profiles through the cardiac cycle

showing maximum velocity in the renal artery from a HV, stage G3 and stage G4
subject.

data as numbers (percentages). Two-sided P-values <.05 were
considered significant. Statistical analyses were done using SAS
version 9.4 software (SAS Institute, Cary, NC, USA). Sample size
calculation is described in the Supplementary Methods.

RESULTS

As in Fig. 1, 44/48 screened DKD subjects were found to be el-
igible. Of these, two classified as stages G3 and G4 by eGFR at
screening were found by mGFR to have stages G2 (mGFR 62 and
64 mL/min/1.73 m2) and G5 (mGFR 11 and 12 mL/min/1.73 m2),
resulting in 42 subjects in stages G3–G5.A total of 23 subjects un-
derwent two MRI scans, 16 one scan and the remaining 5 could
not complete MRI due to claustrophobia. A total of 39 subjects
completed the study (n = 2 stage G2 and n = 37 stages G3–G5), of
whom1 stage G4 subjectwas excluded due to a revised diagnosis
of hydronephrosis as a contributory cause of CKD, based on the
MRI findings and past history. Thus the analysis set included 38
DKD subjects (stages G2–G5) for correlation analysis and 36 for
group comparisons (16 in stages G3 versus 20 in G4/G5) (Fig. 1).
Of the 25 screened HVs, 20 met the inclusion criteria and were
included in the analysis set. Of these, 10 underwent two MRI
scans (Fig. 1).

As regards the demographic and baseline clinical character-
istics (Table 3), the main differences between DKD subjects and
HVs were in the proportion of males (83% versus 75%), systolic
blood pressure (150 versus 133 mmHg) and BMI (27.9 versus
25.5 kg/m2).

Table 4. Descriptive statistics and predictive properties (ROC AUC) of univariate imaging markers to distinguish between DKD subjects (stages
G3–G5) and HVs, including respective specificity and sensitivity for Youden cut-off values

HVs
DKD (stages

G3–G5) Prediction performance

Variable n Mean (SD) n Mean (SD)
ROC
AUC Cut-off Sensitivity Specificity *P-value

Kidney haemodynamics
MAF (mL/min/1.73 m2) 20 993 (126) 36 538 (161) 0.99 <803 0.94 1.00 .04
PSV (cm/s) 20 54.3 (8.28) 36 50.5 (15.0) 0.62 <48.3 0.53 0.85 .30
EDV (cm/s) 20 17.0 (3.9) 36 8.75 (3.6) 0.94 <12.6 0.89 0.90 .0005
RARI 20 0.68 (0.06) 36 0.82 (0.06) 0.94 >0.73 0.94 0.85 .0001
ASL perfusion cortex
(mL/min/100 g)

20 164 (36.8) 35 81.1 (40.7) 0.93 <125 0.86 0.90 .0001

Global perfusion
(mL/min/100 g)

20 458 (54) 36 311 (83) 0.94 <380 0.81 0.95 .001

Kidney macrostructure
Kidney volume (mL/1.73 m2) 20 218 (26) 36 176 (38) 0.83 <206 0.83 0.75 .0008

Kidney oxygenation
BOLD R2* cortex (per s) 20 17.3 (1.4) 33 17.1 (1.4) 0.52 <16.6 0.36 0.80 .53
BOLD R2* medulla (per s) 20 26.0 (2.3) 33 23.5 (3.7) 0.75 <22.6 0.48 1.00 .002

Kidney microstructure
ADC cortex (10–3 mm2/s) 20 2.52 (0.19) 34 2.31 (0.21) 0.79 <2.37 0.71 0.85 .002
ADC medulla (10–3 mm2/s) 20 2.33 (0.18) 34 2.19 (0.24) 0.71 <2.21 0.65 0.75 .03
R1 cortex (per s) 20 0.72 (0.03) 36 0.63 (0.04) 0.97 <0.69 0.94 0.90 .001
R1 medulla (per s) 20 0.55 (0.02) 36 0.55 (0.02) 0.58 <0.55 0.56 0.65 .34
IVIM D cortex (10−3 mm2/s) 20 2.14 (0.24) 34 1.91 (0.26) 0.75 <1.98 0.65 0.80 .006
IVIM D medulla (10−3 mm2/s) 20 2.04 (0.27) 34 1.85 (0.20) 0.72 <2.05 0.91 0.45 .01
IVIM D* cortex (10−3 mm2/s) 19 56 (73.3) 32 98 (351) 0.48 >19.4 0.72 0.37 .62
IVIM D* medulla (10−3 mm2/s) 19 198 (459) 31 190 (768) 0.55 <165 0.90 0.26 .96
IVIM f cortex (%) 19 13.5 (5.7) 32 15.2 (5.7) 0.60 >15 0.53 0.74 .32
IVIM f medulla (%) 19 12.3 (5.1) 31 14.5 (5.7) 0.62 >13.5 0.61 0.74 .17
MTR cortex (%) 20 23 (1.9) 36 21.8 (2.2) 0.66 <21.7 0.56 0.80 .06
MTR medulla (%) 20 24.5 (2.13) 36 23.7 (2.43) 0.57 <22.5 0.42 0.85 .27

Biochemistry
eGFR (mL/min/1.73 m2) 20 76.4 (7.76) 36 34.9 (13.8) 0.99 <60 0.97 1.00 .02
UACR (mg/mmol) 20 1.17 (0.54) 36 67 (83.3) 1.00 >1.9 1.00 1.00 .02

*P-value of OR = 1 for the variable (Wald test) in the model. Note that P-values are inappropriate in cases when there is complete (or quasi-complete) separation of

data points, i.e. when sensitivity and specificity = 1 (or close to 1).
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FIGURE 5: ROC curves predicting separation of HVs versus DKD subjects using MRI measures: (A) MAF, (B) cortical R1, (C) kidney volume and (D) medullary BOLD R2*.

Differentiation between HVs and DKD subjects with
MRI biomarkers

Anatomical T1-weighted MRI showed clear corticomedullary
contrast in HVs, reduced contrast in stage G3 subjects and
virtually no contrast in the stage G4/G5 subjects (example
shown in Fig. 2). Representative mpMRIs are shown in Fig. 3.
Examples of renal blood flow velocity profiles are shown
in Fig. 4.

The strongest predictive properties differentiating HVs and
DKD subjects were haemodynamic MRI biomarkers [MAF, end-
diastolic velocity (EDV), renal artery resistive index (RARI), arte-
rial spin labelling (ASL) perfusion cortex and global perfusion]
with sensitivity and specificity for cut-off values of 0.81–0.94
and 0.90–1.00, respectively (Table 4). The strongest predictor was
MAF, with a Youden cut-off value of 803 mL/min/1.73 m2, a sen-
sitivity of 0.94 and a specificity of 1.00 (Table 3, Fig. 5).

HVs and DKD subjects could also be distinguished us-
ing MRI biomarkers of kidney microstructure [R1 cortex, ap-
parent diffusion coefficient (ADC) cortex and medulla and
intravoxel incoherent motion (IVIM) slow diffusion cortex and
medulla], macrostructure (kidney volume) and oxygenation in
themedulla assessedwith blood oxygen level-dependent (BOLD)
R2* (Table 4). Moreover, BOLD R2* values were higher in the
medulla versus cortex in both HVs (cortex 17.3 ± 1.4/s, medulla
26.0 ± 2.3/s) and DKD subjects (cortex 17.1 ± 1.4/s, medulla
23.5± 3.7/s), indicative of lower oxygenation in themedulla than
the cortex (Table 4).

Differentiation between stages G3 and G4/G5 in DKD
subjects with MRI biomarkers

The strongest predictive properties to differentiate between
stages G3 and G4/G5 were haemodynamic MRI biomarkers—
MAF, peak systolic velocity (PSV), EDV and global perfusion
measurements and all showed a ROC AUC >0.75 (Table 5), the
best predictor again being MAF (Fig. 6). Youden cut-off values
for separating the two groups were 605 mL/min/1.73 m2 for
MAF, 53.2 cm/s for PSV and 8.35 cm/s for EDV, with sensitiv-
ities and specificities of 0.90–1.00 and 0.69–0.81, respectively
(Table 5). MRI biomarkers for kidney microstructure also en-
abled stage G3 to be distinguished from G4/G5, where R1 in the
cortex showed the highest predictive properties (ROC
AUC = 0.76) (Table 5).

The eGFR also showed strong predictive properties for distin-
guishing between stages G3 and G4/G5,with high sensitivity and
specificity, whereas the UACR showed a lower ROC AUC (0.72),
with sensitivity of 0.45 and specificity of 0.94 for the cut-off value
of 97 mg/mmol (Table 5).

MRI biomarker repeatability in HVs and DKD subjects

Intra-individual CV values were lowest for RARI (2%), R1 in the
cortex and medulla (2%) and for cortical and medullary BOLD
R2* (≤5%), suggesting good repeatability. The CV values ranged
between 2% and 12% for all MRI biomarkers except ASL perfu-
sion cortex (CV 33%) and IVIM fast diffusion (D*) and perfusion
fraction (f) measurements (CV >25%) (Table 6). The ICC values
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Table 5. Descriptive statistics and predictive properties (ROC AUC) of univariate imaging markers to distinguish between stage G3 and stages
G4/G5 in subjects with DKD, including respective specificity and sensitivity for Youden cut-off values

Stage G3 Stages G4/G5 Prediction performance

Variable n Mean (SD) n Mean (SD) ROC AUC Cut-off Sensitivity Specificity *P-value

Kidney haemodynamics
MAF (mL/min/1.73 m2) 16 653 (133) 20 447 (118) 0.88 <605 1.00 0.69 .004
PSV (cm/s) 16 59.8 (14.2) 20 43.1 (11.1) 0.83 <53.2 0.90 0.69 .005
EDV (cm/s) 16 11.3 (3.2) 20 6.72 (2.5) 0.87 <8.35 0.90 0.81 .002
RARI 16 0.81 (0.06) 20 0.84 (0.06) 0.68 >0.84 0.60 0.81 .11
ASL perfusion cortex (mL/min/100 g) 16 96.4 (39.7) 19 68.2 (37.8) 0.72 <79 0.79 0.69 .05
Global perfusion (mL/min/100 g) 16 352 (43) 20 278 (93) 0.76 <305 0.75 0.81 .01

Kidney macrostructure
Kidney volume (mL/1.73 m2) 16 185 (27.8) 20 169 (43.4) 0.63 <155 0.40 0.94 .20

Kidney oxygenation
BOLD R2* cortex (per s) 15 17.2 (1.6) 18 17 (1.25) 0.51 <16.1 0.28 0.87 .56
BOLD R2* medulla (per s) 15 24.5 (3.7) 18 22.8 (3.6) 0.64 <23.5 0.72 0.60 .19

Kidney microstructure
ADC cortex (10–3 mm2/s) 15 2.37 (0.17) 19 2.27 (0.22) 0.67 <2.32 0.68 0.73 .18
ADC medulla (10–3 mm2/s) 15 2.21 (0.24) 19 2.17 (0.24) 0.59 <2.21 0.74 0.60 .58
R1 cortex (per s) 16 0.65 (0.03) 20 0.62 (0.04) 0.76 <0.62 0.50 0.94 .02
R1 medulla (per s) 16 0.55 (0.02) 20 0.54 (0.02) 0.70 <0.55 0.80 0.63 .06
IVIM D cortex (10−3 mm2/s) 15 1.96 (0.17) 19 1.87 (0.32) 0.62 <1.91 0.63 0.73 .30
IVIM D medulla (10−3 mm2/s) 15 1.86 (0.17) 19 1.85 (0.23) 0.51 <1.72 0.37 0.80 .87
IVIM D* cortex (10−3 mm2/s) 15 48.2 (48.5) 17 143 (482) 0.42 >2010 0.06 1.00 .52
IVIM D* medulla (10−3 mm2/s) 14 48.7 (58.6) 17 306 (1035) 0.53 >19.5 0.76 0.50 .69
IVIM f cortex (%) 15 14.7 (5.13) 17 15.6 (6.3) 0.51 >12.3 0.82 0.33 .66
IVIM f medulla (%) 14 14.6 (5.59) 17 14.3 (5.9) 0.52 <12 0.47 0.71 .89
MTR cortex (%) 16 21.6 (2.41) 20 22 (2.0) 0.54 >20.7 0.75 0.38 .57
MTR medulla (%) 16 23.6 (2.35) 20 23.9 (2.6) 0.52 >22.2 0.70 0.44 .75

Biochemistry
eGFR (mL/min/1.73 m2) 16 46.3 (12.1) 20 25.9 (6.3) 0.96 <31 0.85 0.94 .008
UACR (mg/mmol) 16 33 (47) 20 94.2 (97) 0.72 >97 0.45 0.94 .05

GFR stages were stratified by mGFR.
*P-value of OR = 1 for the variable (Wald test) in the model. Note that P-values are inappropriate in cases when there is complete (or quasi-complete) separation of

data points, i.e. when sensitivity and specificity = 1 (or close to 1).

were ≥89% for MAF, PSV, EDV, RARI, global perfusion, cortical R1,
medullary BOLD R2* and kidney volume (Table 6).

Correlation of MRI biomarkers with mGFR and UACR

MRI biomarkers with strong predictive properties distinguishing
both HVs and DKD subjects and GFR stages were also strongly
correlated with mGFR, the reference measurement. There were
statistically significant correlations (P < .05) between mGFR and
MRI biomarkers: kidney haemodynamics (MAF, end-diastolic
and PSV, RARI, cortical and global perfusion), kidneymicrostruc-
ture [cortical and medullary ADC, IVIM slow diffusion (D) in
the cortex andmedulla and cortical R1], oxygenation (medullary
BOLD R2*) and macrostructure (kidney volume). The mGFR cor-
relation to RARI was negative, indicating an increase in renal
arterial resistance with kidney function decline (Table 7).

The strongest univariate MRI predictor of mGFR was MAF
(r = 0.92; P < .0001) (Fig. 7). A slight improvement in the pre-
diction occurred when combining MAF with ASL perfusion cor-
tex, RARI, ADC cortex, R2* medulla, D or R1 cortex (r = 0.92–0.93),
where all measurements with a P-value <.05 were included in
the model.

The univariate analysis showed that several MRI biomarkers
correlated significantly with UACR (Table 7). However, UACR cor-
related negatively with mGFR (Spearman correlation coefficient
–0.81; P < .0001). Bivariate prediction of UACR using the linear
regression with mGFR as one variable and adding one MRI end-
point showed that only R1 cortex, R1 medulla, D cortex and IVIM
f cortex significantly improved prediction of UACR (Table 7).
Many other parameters that initially correlatedwith UACR in the
univariate analysis were no longer significant in the bivariate
analysis (Table 7). In particular, haemodynamic parameters and
kidney volume appeared to be linked to UACR via their effect on
mGFR.

DISCUSSION

This is the first study, to our knowledge, evaluating the op-
timal sensitivity and specificity of an array of MRI biomark-
ers using mpMRI in DKD as opposed to a mixed CKD group
[19, 30] and demonstrating intra-individual repeatability within
DKD. Importantly, a robust, non-contrast mpMRI protocol was
developed that allowed comprehensive evaluation of kidney
haemodynamics, micro- and macrostructure and oxygenation
and, as a single, non-invasive tool, distinguished HVs from
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FIGURE 6: ROC curves predicting separation of DKD subjects with GFR stage G3 versus stages G4/G5 using MRI biomarkers of kidney haemodynamics: (A) MAF, (B) PSV,
(C) EDV and (D) global perfusion. GFR stages were stratified by mGFR.

DKD and various GFR stages (G3 versus G4/G5). Several MRI
biomarkers correlated strongly with mGFR and/or UACR, in-
dicating their biological relevance while providing additional
information on underlying pathophysiology.

The MRI biomarkers with the strongest predictive properties
to differentiate HVs from DKD subjects were specific for kidney
haemodynamics, particularly MAF, RARI and EDV. In accordance
with disease pathophysiology, MAF was lower in DKD subjects
than HVs. Global perfusion and ASL measure kidney perfusion;
both showed highly significant decreases in DKD subjects versus
in HVs, as expected. Global perfusion, however,was greater than
that reported by Buchanan et al. [19] in a non-diabetic CKD pop-
ulation, which may be explained by the fact that they calculated
global perfusion using whole kidney volume rather than kidney
parenchymal volume. Likewise, MRI biomarkers associated with
kidney macrostructure (e.g. kidney volume) and microstructure
(e.g. R1 and ADC in the cortex and R2* in the medulla) were
able to differentiate HVs fromDKD subjects. Not surprisingly,we
found a significant decrease in parenchyma volume in DKD sub-
jects versus HVs. Haemodynamic MRI biomarkers were also able
to distinguish between stages G3 and G4/G5, particularly MAF,
PSV, EDV and global perfusion, as was the microstructure MRI
biomarker R1.

As far as we are aware, the haemodynamic MRI biomarkers
EDV, PSV and RARI have only been evaluated in the renal arteries
of healthy individuals [31]. In this study, EDV and RARI enabled

HVs to be differentiated from DKD subjects, and both EDV and
PSV could distinguish DKD subjects with stage G3 versus stages
G4/G5. These are novel MRI biomarkers that may provide addi-
tional insights into DKD pathophysiology.

Some MRI biomarkers were not found to be directly related
to kidney function, including IVIM parameters (D* and f) and the
magnetization transfer ratio (MTR).The latterwas reasonably re-
peatable, thereby showing potential for clinical trials; however,
its correlation coefficient to mGFR was poor and it showed no
significant correlations to other MRI, plasma or urine biomark-
ers when corrected for multiple comparisons. There are mixed
positive [32] and negative [33] reports regarding the correlation
of MTR with kidney fibrosis in animal models. The D* and f IVIM
MRI measures were the least repeatable and may reflect kid-
ney perfusion fluctuations during the cardiac cycle, and simi-
lar variability in these parameters has been demonstrated [34,
35]. Their inability to predict CKD may reflect a lack of preci-
sion per se as opposed to being unimportant for the underlying
biology.

Most MRI biomarkers in our HV group were similar to those
reported previously (Table 8) with some differences. In our HVs,
MAF was slightly lower than that reported for a healthy pop-
ulation [36], although our subjects were 67 ± 6 years old and
blood flow is expected to decrease with age. Others have even
reported much lower values in healthy individuals [34]. Our kid-
neymacrostructure evaluation inHVs shows a total parenchyma
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Table 6. Intra-individual CV and ICC values for the evaluation of data repeatability of MRI biomarkers in HVs and DKD subjects

Variable CV ICC

Kidney haemodynamics
MAF (mL/min/1.73 m2) 0.07 0.97
PSV (cm/s) 0.09 0.90
EDV (cm/s) 0.12 0.96
RARI 0.02 0.96
ASL perfusion cortex (mL/min/100 g) 0.33 0.71
Global perfusion (mL/min/100 g) 0.09 0.92

Kidney macrostructure
Kidney volume (mL/1.73 m2) 0.07 0.89

Kidney oxygenation
BOLD R2* cortex (per s) 0.04 0.74
BOLD R2* medulla (per s) 0.05 0.90

Kidney microstructure
ADC cortex (10−3 mm2/s) 0.06 0.66
ADC medulla (10−3 mm2/s) 0.05 0.66
R1 cortex (per s) 0.02 0.94
R1 medulla (per s) 0.02 0.49
IVIM D cortex (10−3 mm2/s) 0.11 0.29
IVIM D medulla (10−3 mm2/s) 0.09 0.37
IVIM D* cortex (10−3 mm2/s) 4.97 0.00
IVIM D* medulla (10−3 mm2/s) 5.30 0.00
IVIM f cortex (%) 0.30 0.21
IVIM f medulla (%) 0.25 0.46
MTR cortex (%) 0.08 0.31
MTR medulla (%) 0.11 0.01

Biochemistry
eGFR (mL/min/1.73 m2) 0.06 0.99
UACR (mg/mmol) 0.28 0.96

for both kidneys slightly smaller than the whole kidney volume
reported in live kidney donors using computed tomography (CT)
[37] and that of the total cortical volume in another CT study
[38]. The slightly smaller volume may be due to the older age
of HVs compared with kidney donors in the aforementioned
study [37] and the well-known reduction in kidney size with
age [39]. Moreover, we measured parenchyma volume, not to-
tal kidney volume. Overall, these data are consistent with previ-
ous studies in healthy populations and confirm ourMRI protocol
validity.

We also tested the intra-individual repeatability of MRI
biomarkers in both groups to evaluate them as monitoring
biomarkers. Haemodynamic and kidney macrostructure mea-
sures (specifically R1 and ADC in the cortex and R2* in the
medulla) had good repeatability, while ASL was less repeatable.
This is the first study to demonstrate intra-individual repeata-
bility of an mpMRI protocol in DKD, suggesting that these MRI
biomarkers are well suited for clinical trials.

Some MRI biomarkers correlated with established biochem-
ical surrogate biomarkers of kidney function and damage,
namely GFR andUACR [40]. TheGFR is the volume of fluid filtered
from glomeruli, representing plasma flow from the glomeru-
lus into Bowman’s space. The tight coupling between MAF and
mGFR in our study is therefore predictable [41], albeit greater
than that found in a mixed CKD population [19], and reflects
the precision of this imaging technique. Indeed, the strong cor-
relation between MAF and mGFR made it difficult to meaning-
fully improve mGFR prediction by adding an independent imag-
ing predictor in a bivariable model. Both global perfusion and

ASL were also highly correlated with mGFR, although intra-
individual repeatability for global perfusion was much better
than for ASL. The purpose of this work is not to replace readily
available GFRmeasurement routines with an expensive imaging
technique, but to provide additional mechanistic data that may
be useful to understand the pathophysiology of the underlying
disease as well as the efficacy/mechanisms of action of novel
drugs.

EDV, RARI and cortical R1 also correlated with mGFR here,
such that EDV decreased and RARI (resistance) increased with
declining kidney function. RARI measured with Doppler ultra-
sound increases with and is an independent risk factor for
worsening kidney function in both CKD and DKD [42–44]. The
sodium-glucose cotransporter 2 inhibitor (SGLT2i) dapaglifozin
significantly reduces RARI measured by ultrasound in individu-
als with T2DM [45]. Given the good repeatability of EDV and RARI
here, theseMRI biomarkersmay find application in clinical trials
of novel therapies designed to reduce kidney fibrosis and subse-
quent renal arterial resistance.

Several MRI biomarkers, including MAF and cortical R1, cor-
related significantly with UACR. Buchanan et al. [19] also saw
significant correlations between cortical T1 (T1 = 1/R1), MAF and
several other MRI biomarkers with log urine protein:creatinine
ratio (UPCR). Since UACR or UPCR correlated with mGFR in
both our study and that of Buchannan et al. [19], we checked
if a bivariate model of UACR combining an MRI measure with
mGFR could statistically improve UACR prediction compared
with mGFR alone. Only R1 (both cortical and medullary) and cor-
tical IVIM D and f values remained significant UACR predictors.
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Table 7. The correlation between mGFR and UACR and MRI biomarkers of kidney haemodynamics, micro- and macrostructure and
oxygenation

mGFR UACR
UACR (bivariate analysis with
mGFR + imaging variable)

Variable
Pearson

correlation (r) P-value
Spearman

correlation (r) P-value
Pearson

correlation (r2) P-value

mGFR –0.81 <.0001 0.15 .02
Kidney haemodynamics
MAF (mL/min/1.73 m2) 0.92 <.0001 –0.78 <.0001 0.16 .63
PSV (cm/s) 0.32 .02 –0.28 .03 0.15 .95
EDV (cm/s) 0.79 <.0001 –0.75 <.0001 0.23 .07
RARI –0.76 <.0001 0.70 <.0001 0.21 .13
ASL perfusion cortex (mL/min/100 g) 0.70 <.0001 –0.65 <.0001 0.15 .51
Global perfusion (mL/min/100 g) 0.75 <.0001 –0.63 <.0001 0.16 .59

Kidney macrostructure
Kidney volume (mL/1.73 m2) 0.61 <.0001 –0.50 <.0001 0.16 .49

Kidney oxygenation
BOLD R2* cortex (per s) 0.07 .59 –0.11 .41 0.14 .82
BOLD R2* medulla (per s) 0.35 .008 –0.34 .01 0.23 .06

Kidney microstucture
ADC cortex (10–3 mm2/s) 0.48 .0002 –0.37 .005 0.21 .36
ADC medulla (10–3 mm2/s) 0.28 .03 –0.27 .05 0.23 .20
R1 cortex (per s) 0.78 <.0001 –0.82 <.0001 0.36 .003
R1 medulla (per s) 0.20 .13 –0.33 .01 0.25 .04
IVIM D cortex (10−3 mm2/s) 0.44 .0007 –0.27 .04 0.30 .03
IVIM D medulla (10−3 mm2/s) 0.35 .007 –0.23 .08 0.24 .15
IVIM D* cortex (10−3 mm2/s) –0.09 .54 –0.12 .38 0.19 .47
IVIM D* medulla (10−3 mm2/s) –0.00 1.00 –0.18 .19 0.15 .44
IVIM f cortex (%) –0.17 .23 0.09 .54 0.37 .005
IVIM f medulla (%) –0.21 .13 0.17 .22 0.19 .17
MTR cortex (%) 0.23 .09 –0.26 .05 0.15 .74
MTR medulla (%) 0.13 .34 –0.14 .30 0.15 .82

A univariate linear regression was used to evaluate the linear association of each MRI biomarker with mGFR and UACR (mGFR or UACR as a dependent variable, MRI
biomarker as an independent variable). Bivariate predictors of UACR were examined using mGFR as one variable and adding one MRI endpoint using linear regression
only in the DKD subjects.

Thus theymay be valuable tools to understand andmonitor kid-
ney damage beyond the decline in kidney function as DKD pro-
gresses.

Blood flow and oxygen levels in the kidney cortex and
medulla are seriously impaired in moderate–severe kidney dis-
ease [46], and kidney tissue hypoxia is regarded as the com-
mon pathway for all CKD. Since renal blood flow influences
both oxygen supply and demand, evaluating oxygen levels in-
dependently of perfusion is essential [47]. BOLD MRI is the only
non-invasive method to measure kidney oxygen levels, and a
high kidney cortical R2* (corresponding to low oxygenation) by
BOLD MRI was shown to predict poor outcomes in some stud-
ies [15, 48, 49]. In our study, using mpMRI, cortical R2* did not
correlate with GFR or UACR, in line with other studies [19, 50].
Some of the MRI biomarkers may be more suitable as prognos-
tic biomarkers. However, due to the cross-sectional nature of
this part of our study, we were unable to explore any prognostic
correlation.

Our study has several strengths. A comprehensive, non-
contrast mpMRI protocol allowed investigation of multiple as-
pects of kidney function and structure in a single 50-min sit-
ting. A well-characterized population of individuals with T2DM
and DKD and HVs were included. A standardized hydration pro-
tocol before MRI ensured uniform hydration in all. Additionally,
mGFR enabled an accurate evaluation of kidney function. Finally,

repeat MRI in half of the subjects allowed evaluation of the re-
peatability ofMRI biomarkers. Limitations include a lack of a his-
tologic ‘gold standard’ to validate MRI findings, a lack of gener-
alizability to non-Swedish populations and the inclusion of DKD
subjects based only on a clinical diagnosis. Thus some subjects
may have had DKD together with hypertensive nephrosclerosis
due to coexisting hypertension, as often occurs in a real-world
setting. We also want to point out that in the absence of a non-
diabetic CKD population, our findings may not be specific for
DKD but may represent CKD in general.

In conclusion, for the first time a comprehensive and robust
non-contrast mpMRI protocol was developed that allows non-
invasive functional and structural evaluation of DKD. This novel
approach has the potential to provide valuable insights into
underlying pathophysiology, disease progression and analysis
of efficacy/mode of action of therapeutic interventions in DKD
and therewith improve management and prognosis of these
patients. Studies assessing the influence of interventions such
as SGLT2i and renin–angiotensin–aldosterone system blockers
on MRI biomarkers are currently under way. The ongoing lon-
gitudinal part of our study will explore prognostic associations
between MRI biomarkers and disease progression to provide
further insights into DKD pathogenesis and risk stratification.
Further studies with biopsy validation will be important to
investigate whether our mpMRI protocol can non-invasively
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FIGURE 7: Scatter plots for mGFR versus MRI measures: (A) MAF, (B) cortical R1, (C) RARI and (D) eGFR.

identify other/additional non-DKDs in patients presumed to
have DKD, a question of high clinical relevance.

SUPPLEMENTARY DATA

Supplementary data are available at ckj online.
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