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ABSTRACT

Background: Renal blood flow (RBF) can be measured with dynamic contrast
enhanced-MRI (DCE-MRI) and arterial spin labelling (ASL). Unfortunately, individual
estimates from both methods vary and reference-standard methods are not
available. A potential solution is to include a third, arbitrating MRI method in the

comparison.

Purpose: To compare RBF estimates between ASL, DCE and phase contrast (PC)-
MRI.

Study Type: Prospective.

Population: 25 patients with type-2 diabetes (36% female) and 5 healthy volunteers
(HV, 80% female).

Field Strength/Sequences: 3 T; gradient-echo 2D-DCE, pseudo-continuous ASL
(pCASL) and cine 2D-PC.

Assessment: ASL, DCE and PC were acquired once in all patients. ASL and PC
were acquired four times in each HV. RBF was estimated and split-RBF was derived
as (right kidney RBF)/total RBF. Repeatability error (RE) was calculated for each HV,
RE=1.96xSD, where SD is standard deviation of repeat scans.

Statistical Tests: Paired t-tests and one-way analysis-of-variance (ANOVA) were
used for statistical analysis. The 95% confidence interval (Cl) for difference between
ASL/PC and DCE/PC was assessed using two-sample F-test for variances.
Statistical significance level was p<0.05. Influential outliers were assessed with
Cook’s distance (Di>1) and results with outliers removed were presented.

Results: In patients, the mean RBF (mL/min/1.73m?) was 618162 (PC), 526491
(ASL) and 5691110 (DCE). Differences between measurements were not significant

(p=0.28). Intra-subject agreement was poor for RBF with limits-of-agreement



(mL/min/1.73m?) [-687, 772] DCE-ASL, [-482, 580] PC-DCE and [-277, 460] PC-
ASL. The difference PC-ASL was significantly smaller than PC-DCE, but this was
driven by a single-DCE outlier (p=0.31, after removing outlier). The difference in
split-RBF was comparatively small. In HVs, mean RE (¥95% CI; mL/min/1.73 m?)
was significantly smaller for PC (79+41) than for ASL (241185).

Conclusions: ASL, DCE and PC RBF show poor agreement in individual subjects
but agree well on average. Triangulation with PC suggests that the accuracy of ASL

and DCE is comparable.

Key Words: Renal blood flow, arterial spin labelling, dynamic contrast enhanced,
phase contrast, kidney



INTRODUCTION

High renal perfusion is essential for sustaining stable glomerular filtration and blood
flow autoregulation is vital for protecting the kidney from elevated arterial pressure
that causes glomerular capillary injury (1). Impairment in the autoregulatory
mechanism of the kidney is known to contribute to diabetic nephropathy (1) and
chronic kidney disease (CKD) has been associated with reduced renal perfusion (2).
Thus, measurement of renal perfusion can serve as a prognostic biomarker in CKD
and aid in the diagnosis of renal dysfunction or in the identification of progressive

disease.

MRI enables quantification of renal perfusion (expressed in mL/min/100 mL) either
by dynamic contrast enhanced (DCE) (3), or by arterial spin labelling (ASL) (4)
based approaches. Both MRI methods have demonstrated promising results for
detecting kidney dysfunction and evaluating disease progression (5,6). However,
resting perfusion measurements from healthy volunteers reported in the literature
vary between the two methods by as much as a factor of two (range between 172
and 427 mL/min/100 mL for cortical perfusion using ASL and between 244 and 443
mL/min/100 mL for the whole parenchyma using DCE, see supplementary file),
undermining clinical confidence in MRI perfusion measures. While differences in
demographics, subject preparation and physiological variations play a role (7), the
effect of measurement error cannot be excluded. Unfortunately, due to the lack of
clinical reference standard methods it is not currently possible to distinguish these

effects.



In the absence of a reference-standard, comparisons within MRl methods can be
performed as an alternative approach. Since DCE and ASL measure renal perfusion
based on different mechanisms, it is unlikely that their errors are related. Hence, a
strong agreement between the two would offer confidence on the relative accuracy
of the techniques. In case of disagreement however, the technical validation will be
inconclusive as this could be due to an error in one of the two methods, or in both.
Unfortunately, the latter has proven to be the case (8,9); although DCE and ASL
have agreed well on average, the limits of agreement are large (10). Other technical
validation studies have focused on comparing repeatability and reproducibility of the
measurements (7). However, while repeatability is a necessary condition for any
assay to be valid, a separate assessment of bias is necessary to avoid promoting

methods that are less reliable (11).

A possible approach to assessing bias in the absence of a reference-standard is to
involve a third, arbitrating, method. Phase contrast (PC) MRI of the renal arteries is a
good candidate as it is built on different physical principles and produces a
measurement of renal blood flow (RBF) that can also be derived from ASL and DCE
by integrating perfusion values over the parenchyma. Moreover, PC is a well-
established method and readily available in clinical practice (12). If PC agrees better
with ASL than with DCE for instance, this will offer evidence that ASL is more reliable
than DCE (and vice versa). Conversely, if PC agrees equally well with DCE and
ASL, this will indicate that DCE and ASL have similar levels of error. Previous work
in healthy volunteers has confirmed a significant correlation between ASL and PC
(13), but this question has not been addressed in patients and a comparison of all

three methods has not yet been performed.



The primary aim of this study was to compare RBF estimates from ASL, DCE and
PC in patients with type-2 diabetes. Split RBF (relative to the right kidney, as used in
nuclear medicine studies) was also compared between the three methods. In order
to support the interpretation of the data, the repeatability of PC and ASL was

assessed in healthy volunteers.



METHODS

Subjects

The study was approved by the institutional research ethics committee and written
informed consent was obtained from all subjects. The study included 25 consecutive
patients with type-2 diabetes (estimated glomerular filtration rate (eGFR) = 30
mL/min/1.73 m?) from the imaging biomarkers enterprise to attack diabetic kidney
disease (iBEAt) study cohort (14). To assess the repeatability of ASL and PC
techniques, five healthy volunteers (HVs) underwent four MRI scans. All volunteers

were normotensive with no history of diabetes or renal disease.

The same subject preparation and MRI protocol was employed for both patients and
HVs, except that DCE was not performed on healthy volunteers. The scans were
performed in the morning (between 8-11 am) after an overnight fast (>8 hours). A
standard breakfast (containing 2 slices whole bread and butter) and 250 mL of water
were provided immediately before the scan. Full details on the iBEAt study including
MRI protocol, patient preparation and recruitment criteria have been published

previously (14).

Imaging Protocol

MRI data were acquired on a 3 T MRI scanner (MAGNETOM Prisma, Siemens
Healthcare GmbH, Erlangen, Germany) using an 18-channel phased array body coil
combined with inbuilt spine coil for signal reception. The acquisition involved 2D cine
PC-MRI, a prototypical sequence for 3D renal ASL (pseudo-continuous arterial spin
labelling (pCASL)) and 2D DCE-MRI sequences acquired in the same order. An
overview of the MRI acquisition parameters is listed in Table 1.

PC



The renal arteries were depicted using a combination of a coronal survey scan and
an axial half-Fourier acquisition single-shot turbo spin-echo (HASTE) sequence. The
imaging plane for PC-MRI was positioned perpendicular to the renal artery close to
its origin from the descending aorta.

ASL

Data was recorded using a pseudo-continuous arterial spin labelling (o CASL)
sequence with a slice selective labelling pulse. The prototype sequence is
implemented by the vendor, and acquires label, control images and a reference
proton density weighted (MO0) image within the same package (sequence parameters
are provided in table 1). The labelling plane was positioned perpendicular to the
abdominal aorta 10 cm above the center of the kidneys. Background suppression
was employed to reduce signal from static tissue. Perfusion maps were generated
on the scanner using inline software, preceded by retrospective 2D motion correction
that is applied to the acquired MR datasets using 2D elastic registration. Maps of
perfusion rate (in mL/min/100 mL) were derived using the general kinetic model (15).
DCE

Data were acquired continuously using T1-weighted sequence. Gd-DOTA (Dotarem,
Guerbet Group, France) was injected intravenously using a quarter dose (0.025
mmol/kg) at a rate of 2 mL/s followed by a 20 mL saline flush. The injection was

given using an automatic injector, 20 seconds after the acquisition started.

Post-processing
All post-processing were performed by a radiographer (B.A) with two years of
experience in renal MRI analyses.

PC



Analysis was performed on a Syngo.Via workstation (Siemens Healthcare GmbH,
Erlangen, Germany). The renal arteries were defined, and threshold adjusted on the
anatomical images using an elliptical shape region-of-interest (ROI). The regions
were adjusted on each time frame according to renal vessel movement in the cardiac
cycle. The ROlIs were then propagated automatically into the velocity map images
(Figure 1 a and b). Renal blood flow (RBF) was computed by multiplying average
blood velocity with average vessel cross-section area reported in units of mL/min.
ASL

Using a prototypical sequence for kidney ASL, perfusion maps were reconstructed
on the scanner and exported for analysis. The analysis was performed using PMI 0.4
software (Platform for research in Medical Imaging)(16). The renal parenchyma ROls
were segmented on proton density weighted (Mo) images, using threshold technique
based on pixel intensities and transferred to the perfusion map (Figure 1c). Kidney
volume (mL) was derived by multiplying the total number of voxels in the ROI by
voxel volume and RBF was derived by multiplying the average perfusion of the ROI
by its volume.

DCE

Data were also analyzed using PMI 0.4. Breathing motion was corrected using
deformable model-driven registration (17). The aorta was defined semi-automatically
by setting a user-defined lower threshold on an axial slice of a maximum signal
enhancement map. An arterial-input-function (AlF) was derived by averaging the
signal values over the ROI. The renal parenchyma was outlined on a map of
apparent extracellular volume (mL/100 mL) derived by model-free deconvolution
(18). The parenchyma was first coarsely outlined by a manual selection of a lower

threshold on this map, followed by manual exclusion of voxels in the renal pelvis,
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collecting system or outside the kidney (Figure 1d). A fit was performed to the
concentration time curve of the whole parenchyma, which was derived from the
signals using a non-linear signal model with a literature-based T1 value of 1200 ms.

Tracer-kinetic model fitting was performed with a 2-compartment-filtration model (3).

Reporting

To account for differences in body size between participants, RBF was normalized to
body-surface-area (BSA) in units of 1.73 m? according to the Du Bois formula (19).
RBF reported in this study represents the total RBF of both kidneys obtained as the
sum of the right and left RBF. Split RBF was calculated as the ratio of right RBF to
total RBF. Measurements are presented as the mean+ 95% confidence interval (Cl),

unless indicated otherwise.

In HVs, the repeatability error (RE) was calculated for each HV as RE= 1.96xSD
where SD is the standard deviation over the four repeat scans. The relative
repeatability error (RRE) was calculated as RRE= (RE/mean) x 100% where the
mean is the average over repeat scans in the same subject. RE and RRE were
subsequently averaged over all 5 volunteers. With these definitions, RE and RRE
represent the absolute and relative 95% CI for a measured value in an individual
subject, respectively. Population heterogeneity was calculated for the RBF of each
method as the standard deviation across the population expressed as a percentage

of the population mean.
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Statistical Analysis

In patients, repeated measures one-way analysis of variance (ANOVA) and paired t-
tests were conducted to determine the significance of the difference in RBF (and split
RBF) across the techniques. Influential outliers in the measurements were identified
using Cook’s distance, with a cut-off value of Di> 1. Where an outlier was deemed
influential the results with outliers removed were also provided. The intra-subject
agreement in RBF (and split RBF) was assessed using Bland and Altman method
(20). A two-sample F-test for equal variances was performed to determine the
significance of the difference between ASL/PC and DCE/PC. Linear correlations
between techniques were assessed using Pearson’s correlation coefficient.

Statistical significance was defined at p< 0.05 for this study.



12
RESULTS

Participant Demographics

Twenty-five patients (16 males and 9 females, mean age (interquartile range) of 65
(56-72) years) were analyzed and included for comparison. Five healthy volunteers
(1 male and 4 females, mean age (interquartile range) of 39 (31-40) years)
completed the four visits at an average of 4 months apart (range between 2 to 7

months).

Comparison of ASL, DCE and PC in Diabetic Patients

In patients, whole parenchyma perfusion, averaged over both kidneys, was 146+ 22
mL/min/100 mL using ASL and 214+ 31 mL/min/100 mL using DCE.

Figure 2 shows the distribution of RBF and split RBF values derived from PC, ASL
and DCE in this study. The difference in the means was not significant for RBF (F (1,
32) =1.26, p = 0.28) or for split RBF (F (2, 36) = 0.14, p=0.87). Using Cook’s
distance measures, RBF measurement of the subject number 23 was deemed
strongly influential (Di=4.3). There was no influential outlier for split RBF parameter
(Di< 1 for all data points).

Figure 3 shows Bland Altman analysis for RBF and split RBF pairwise between
techniques. For RBF, the plots confirmed a small bias between techniques, but the
95% ClI of the differences was large compared to the mean, indicating substantial
differences at the subject level. Specifically, the limits-of-agreements for RBF
(mL/min/1.73 m?) were [-687, 772] for DCE-ASL, [-482, 580] for PC-DCE and [-277,
460] for PC-ASL. The 95% ClI for the difference was smaller for PC-ASL than PC-
DCE, but only marginally significant (p=0.049). Excluding the extreme DCE-RBF

outlier (subject 23), the difference was no longer significant (p=0.315), and the limits-
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of-agreement were reduced to [-220, 407] for PC-DCE, [-272, 422] for PC-ASL and [-
448,411] for DCE-ASL. For split RBF, the plots showed no systematic bias, with the
limits-of-agreement of the order [-0.1, 0.1] for each comparison.

Figure 4 show scatterplots for RBF and split RBF pairwise between techniques.
Correlations were significant only between PC-ASL for RBF (r=0.57) and between
DCE-ASL for split-RBF (r =0.80). Removing the DCE outlier had a small effect on the
average RBF measurements, but improved correlations for all techniques (r=0.41)
as shown in table 2.

Figure 5 shows individual RBF and split RBF values for all patients across the three
techniques. An example case is presented in the supplementary Figure S2 shows a

typical source of error related to the DCE ouitlier.

Repeatability of PC and ASL

The average perfusion in the whole parenchyma estimated using ASL in HVs was
155+ 50 mL/min/100 mL.

Table 3 summarizes the repeatability results of RBF and split RBF derived from PC
and ASL. For RBF, the mean RE of an individual PC measurement was significantly
(three times) lower than ASL. The difference in RE between PC and ASL was not
significant for split RBF (p=0.35).

When measured with PC, the difference in repeatability between split-RBF and RBF
was not significant (RRE 6% vs 11%, p=0.31). Whereas for ASL, split RBF had 5
times better repeatability than RBF (RRE 11% vs 61%).

The difference in the HV population means between PC-RBF and ASL-RBF was
relatively large (33%) but not statistically significant (p=0.13). The difference in split-

RBF between PC and ASL was much smaller in relative terms (7.8%) and also not
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significant (p=0.22). The heterogeneity of the RBF population in ASL (45%) was
twice that of PC (21%).

Figure 6 shows the repeat measurements of PC and ASL for each HV. An example
case of renal perfusion maps obtained on four repeat scans for the same HV is

shown in the supplementary Figure S3.
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DISCUSSION

This study compared RBF values between ASL, DCE and PC in diabetic patients.
The key finding is that RBF values agree well on average, but intra-subject
agreement is poor between all methods. The uncertainty in split RBF is
comparatively small, which is consistent with the fact that this metric is a ratio and
therefore any scaling errors related to left and right kidney will be eliminated.
Therefore, the improved agreement in split RBF suggests that subject-specific
scaling errors are responsible for the poorer precision in RBF. The repeatability
assessment in healthy volunteers further support the value of PC as a reference

method.

With regards to the direct comparison of DCE and ASL, previous studies are not
entirely aligned. Cutajar et al. (9) showed that renal perfusion derived from ASL and
DCE in healthy humans agreed well on average, but agreement on an individual
level was poor with limits-of-agreement of [-150, 200] mL/min/100 g for an individual
kidney. Wu et al. (8) on the other hand reported that renal perfusion measurements
were correlated but not entirely comparable between ASL and DCE. Our study
supports the observation in Cutajar et al. (9) — strengthening the hypothesis that
DCE and ASL are unbiased but that one of the two, or both, show poor precision
relative to PC.

Comparison with PC in our study indicates that measurement error in both ASL and
DCE plays a role, and in an approximately equal measure. In DCE, a possible
source of error is inflow effect in the aorta, which varied from case to case. The
arterial input function (AIF) of the DCE outlier showed very strong signal pulsations,
an effect that can be minimized by placing the arterial ROl on the descending aorta

below the origin of the renal arteries (see supplementary file). In ASL, a possible
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source of error is imperfect labelling in the aorta, leading to a signal drop in the label
images. The patient data show several cases with very low RBF measurement in
ASL, and HV’s data show significant fluctuations between follow-ups in the same
subject (see supplementary file). Inspection of the scans confirmed a global signal
dropout in perfusion maps in these cases, consistent with the effect of reduced
labelling efficiency due to Bo inhomogeneity near the inversion plane (21). To
mitigate this effect, a separate Bo shimming at the labelling site will be considered for
future acquisitions.

As noted above, both types of error can be addressed by improvements in the
acquisition and/or analysis. An alternative strategy would be to combine all three
methods, either by reporting the median value or performing a joint optimization (22).
Alternatively, PC can be used to derive global RBF values, while ASL and DCE can
be employed to determine spatial heterogeneity in perfusion but not absolute values.
For the repeatability study, we reported RRE which relates to the coefficient of
variation (CV) reported in other studies as CV = RRE/1.96. The repeatability of PC
was in agreement with previous studies in the literature. In spite of the relatively long
interval to complete four repeat scans (4 months on average), it was encouraging to
find RRE of 11% (CV= 6%). This indicates that possible sources of variability such
as difficulties in positioning the PC plane or the effect of free breathing were
relatively small. The repeatability of PC-RBF in this study is comparable to the
results reported by Dambreville et al. and Khatir et al. where two scans were

acquired within one week with RRE of 17% and 16%, respectively.

Studies reporting repeatability for ASL using pCASL are very limited. One study
reported short-term RRE of 27% for cortical perfusion using pCASL based on two

scans acquired within the same visit (23). The RRE of ASL in our study (CV 31%) is
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in agreement with the results reported by Harteveld et al. using the same pCASL
labelling (24). Repeatability error in ASL of our study, however, is higher compared
to previous studies using flow-sensitive alternating inversion recovery (FAIR)
labelling approach (25,26). Besides the sensitivity to Bo inhomogeneity, pCASL
labelling can also be influenced by the maximum pulsatility and blood flow velocity of
the descending aorta (27). Previous studies have reported a difference in RBF
between healthy controls and patients with impaired renal function in the range
between 90 and 470 mL/min (28,29). Thus, the current uncertainty in pCASL
labelling would indicate that subtle changes in RBF (due to disease progression or

follow-up responses after interventions) may go undetected.

Absolute RBF values in this study are comparable to those reported by Khatir et al.
(30) in healthy subjects and Jin et al. using breath hold PC (31), Gillis et al. (28) and
Shirvani et al. (32) using ASL with FAIR labelling and Rankin et al. (33) using the
same pCASL labelling used in our study. Nevertheless, it is surprising that mean
RBF of our healthy participants was substantially lower than reference values in the
literature. Based on early work using the clearance of para-aminohippurate (PAH),
normal RBF was determined to be 1129 mL/min/1.73 m? in healthy young subjects
(34). These estimates agree with those of other studies using radioisotopes (35).
The population of HVs in our study was predominantly female, but while this will
likely explain a small part of the difference with male cohorts (36), the effect of sex
alone is insufficient to explain the large difference. Smaller RBF values are expected
in diabetic patients (37), but the cohort in our study was at an early disease stage,
and had values comparable to the HVs. A systematic underestimation is theoretically
possible, but it is highly unlikely that ASL, DCE and PC would produce a broadly

similar systematic error. A possible explanation lies in the effect of subject
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preparation. For reasons related to the blood sampling in the iBEAt study, study
participants were scanned after an overnight fast followed by a standardized
breakfast and a drink of water immediately before the MRI. The content of the meal
was chosen to avoid protein/salt rich food that is known to influence RBF, but a
reduced RBF is consistent with the effect of fasting (38). A future study is currently
being planned for, to help determine if this effect alone is sufficient to explain the

lower RBF values found in this study.

Limitations

The acquisition order of PC, ASL and DCE was not randomized, due to the use of
gadolinium contrast agent. PC was always acquired first as part of a multiparametric
MRI protocol, resulting in a time difference of approximately 20 minutes between
sequences. However, it is unlikely that this time difference could explain the
differences observed between methods. While employing PC as a reference method
has enriched the results of this study, there is a clear advantage of using other
available methods such as '°O-labeled water positron emission tomography (PET)
imaging. This will be addressed in a separate cohort of iBEAt participants (14). The
use of kidney volume to derive RBF from ASL and DCE may have introduced an
additional source of variability to the measurements. This effect is expected to be
small, however, since volume measurements derived from the same ROl were used
for each technique. The number of participants is small (n=25), and this is likely
insufficient to detect the relatively small differences in the mean values between the
three methods. Patient repeatability data was not available for this study, and
repeatability values from healthy volunteers do not necessarily translate to disease

due for instance to reduced cortico-medullary differentiation. Finally, despite efforts
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in standardizing patient preparation, subtle physiological changes between the

repeat scans could not be excluded.

Conclusions

Comparing RBF derived from ASL, DCE and PC showed little bias, but poor
precision reflecting substantial differences at the individual level. Triangulation with

PC indicated that ASL and DCE can achieve a comparable level of accuracy.
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Table 1 Summary of acquisition parameters for phase contrast (PC), arterial spin labelling
(ASL) and dynamic contrast enhanced (DCE) MRI sequences.

MRI sequence

Scanning parameters

Phase contrast (PC)

Arterial spin labelling
(ASL)*

Dynamic contrast
enhanced (DCE)

Acquisition plane: sagittal; Acquisition mode: free breathing with
ECG triggering; Pulse sequence: 2D gradient echo; FOV 350 x
241 mm; TR 40.48 ms; TE 2.74 ms; FA 25°%; voxel size 0.6x0.6
mm; Slice thickness 6 mm; velocity encoding 120 cm/sec;
Acquisition time: 1:40 minutes.

Acquisition plane: Coronal-oblique; Acquisition mode: free
breathing; Readout: 3D TGSE; FOV 300x150 mm; TR 5000 ms;
TE 19.28 ms; excitation FA 90°; slice thickness 5 mm; Number of
slices 16

Labelling scheme: pCASL,; labelling duration 1500 ms; post-
labelling delay 1500 ms.

Acquisition plane: 8 Coronal-oblique slices and 1 transverse slice;
Acquisition mode: free breathing; Pulse sequence: 2D Turbo-
FLASH; FOV 400x400 mm; TR 179 ms; TE 0.97 ms; FA 10°; Tl 85
ms; slice thickness 7.5 mm; temporal resolution 1.6 sec; parallel
imaging: GRAPPA 2; Acquisition time: 7:07 minutes.

* Work-In-Progress package, the product is currently under development and is not for sale in
the US and in other countries. Its future availability cannot be ensured.

ECG: Echocardiogram; FA: flip angle; FLASH: fast low angle shot; FOV: field of view; pCASL:
pseudo-continuous arterial spin labelling; TE: echo time; Tl: inversion time; TR: repletion time;
TGSE: Turbo gradient spin echo.
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Table 2 The mean and 95% confidence interval (Cl) and Pearson's correlation coefficient
calculated with and without outliers for renal blood flow measurement in diabetic patients.

MRI technique Outlier included (n=25) Outlier removed (n=24)
Mean + 95% CI (mL/min/1.73 m?)

PC 618+ 62 618164

ASL 526+ 91 544+ 88

DCE 569+110 525+ 72
Pearson’s correlation coefficient (r)

PC-ASL 0.57+ 0.61%
PC-DCE 0.34 0.57+
DCE-ASL -0.05 0.41%

* Indicates significant correlation, p<0.05
ASL: arterial spin labelling; DCE: dynamic contrast enhanced; PC: phase contrast
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Table 3 Summary statistics of repeatability results in RBF (mL/min/1.73 m?2) and split RBF
measured with ASL and PC on healthy volunteers.

RBF (mL/min/1.73 m?2) Split RBF

mean + RE £ RRE (%) £ mean * RE = RRE (%) p**

95% Cl 95% Cl  95% Cl 95% Cl 95% Cl 95% ClI
PC 709£130 79+ 41 11+ 6 0.54+0.08 0.04+£0.02 627 0.31
ASL 508+202 24185 61+19 0.50+0.05 0.06£0.04 11+7.6 0.03
p* 0.13 0.02 0.06 0.22 0.35 0.22

* p-value for PC vs ASL, ** p-value for the difference in RRE between RBF vs split RBF.

ASL: arterial spin labelling; Cl: confidence interval; PC: phase contrast; RBF: renal blood flow; RE:
repeatability error; RRE: relative repeatability error
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Figure 1 Representative image showing the region-of-interest (ROI) placement on
phase contrast (PC) magnitude and velocity images (a and b, respectively), arterial
spin labelling (ASL) perfusion map (c), and dynamic contrast enhance (DCE)
apparent extracellular volume map (d).
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Figure 2 Box and whisker plots depicting distribution of renal blood flow (RBF) (a)
and split RBF (b) measured with phase contrast (PC), arterial spin labelling (ASL)
and dynamic contrast enhanced (DCE). The p-values for pairwise comparisons of

means are given above the plots.
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Figure 3 Bland-Altman plots comparing phase contrast, arterial spin labelling (PC-
ASL) (a), phase contrast, dynamic contrast enhanced (PC-DCE) (b) and DCE-ASL
(c) for renal blood flow (RBF) (top panel) and split-RBF (bottom panel). Dashed lines
indicate upper and lower 95% confidence intervals (Cl) calculated as: mean
difference + 1.96 (SD). Solid lines represent the mean difference between two
techniques. Measurement of ASL-PC in healthy volunteers ( A) were plotted for
visual reference.
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PC and dynamic contrast enhanced (DCE) (b); ASL and DCE (c), for renal blood
flow (RBF) (top panel) and Split-RBF (bottom panel) for diabetic patients (o).

Pairwise Pearson’s correlation (r) and p-value for the significance of the correlation
are shown in the plots. The dotted line is the identity. Measurements of ASL-PC in
healthy volunteers (A ) were plotted for visual reference
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Figure 5 Bar chart for renal blood flow (RBF, ml/min/1.73 m2) (top row) and split-
RBF (bottom row) for all patients (1-25, horizontal axis) and each of the three
methods (color-coded).
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