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Monitoring renal allograft function after transplantation is key for the early detection

of allograft impairment, which in turn can contribute to preventing the loss of the

allograft. Multiparametric renal MRI (mpMRI) is a promising noninvasive technique to

assess and characterize renal physiopathology; however, few studies have employed

mpMRI in renal allografts with stable function (maintained function over a long time

period). The purposes of the current study were to evaluate the reproducibility of

mpMRI in transplant patients and to characterize normal values of the measured

parameters, and to estimate the labeling efficiency of Pseudo-Continuous Arterial

Spin Labeling (PCASL) in the infrarenal aorta using numerical simulations considering

experimental measurements of aortic blood flow profiles. The subjects were 20 trans-

plant patients with stable kidney function, maintained over 1 year. The MRI protocol

consisted of PCASL, intravoxel incoherent motion, and T1 inversion recovery. Phase

contrast was used to measure aortic blood flow. Renal blood flow (RBF), diffusion

coefficient (D), pseudo-diffusion coefficient (D*), flowing fraction (f), and T1 maps

were calculated and mean values were measured in the cortex and medulla. The

labeling efficiency of PCASL was estimated from simulation of Bloch equations.

Reproducibility was assessed with the within-subject coefficient of variation,

intraclass correlation coefficient, and Bland-Altman analysis. Correlations were evalu-

ated using the Pearson correlation coefficient. The significance level was p less than

0.05. Cortical reproducibility was very good for T1, D, and RBF, moderate for f , and

low for D*, while medullary reproducibility was good for T1 and D. Significant corre-

lations in the cortex between RBF and f (r=0.66), RBF and eGFR (r=0.64), and D*

and eGFR (r=�0.57) were found. Normal values of the measured parameters
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employing the mpMRI protocol in kidney transplant patients with stable function

were characterized and the results showed good reproducibility of the techniques.

K E YWORD S

arterial spin labeling, intravoxel incoherent motion, kidney transplant, multiparametric MRI,
reproducibility, T1 mapping

1 | INTRODUCTION

Chronic kidney disease (CKD) is a major global social problem with an estimated prevalence of 13.4%.1 Approximately 7.4 million people are

affected by kidney failure.2 The treatment of choice for these patients is kidney transplantation. After transplantation, monitoring renal allograft

function is key for the early detection of allograft impairment and thus to evaluate the appropriate therapeutic strategies to prevent allograft loss.

Kidney allograft function can be assessed by measuring the glomerular filtration rate (GFR). However, measurement of the GFR using a filtra-

tion marker such as inulin, iothalamate, or iohexol, although considered the gold standard, is time consuming and onerous for the patient and thus

is not used in clinical practice. Instead, guidelines for monitoring kidney allograft function recommend measuring serum creatinine for estimating

the glomerular filtration rate (eGFR) using an equation.3 However, there is poor agreement between eGFR and measured GFR in renal transplant

recipients. In addition, eGFR has poor reliability for monitoring kidney function over time in this population.4 Imaging methods that are currently

employed in the clinical routine have significant limitations,5,6 and they are neither adequate to detect early renal dysfunction, nor to predict the

disease progression of the allograft.

Multiparametric renal MRI has emerged as a promising noninvasive technique for the assessment and characterization of both renal physiol-

ogy and physiopathology that has the potential to overcome the current problems. A growing number of groups are investigating its feasibility

and initial results show that this technique provides quantitative measurements of potential renal biomarkers associated with different pathologi-

cal processes that are important in the allograft evolution. Multiparametric MRI (mpMRI) generally refers to protocols that include different pulse

sequences that image some of these biomarkers, with the choice of sequences depending on the study's specific aims. These biomarkers are sen-

sitive to variations in tissue perfusion, oxygenation, or microstructure (including inflammation and fibrosis).7

Several studies have combined diffusion and perfusion sequences. For example, Heusch et al.8 were able to demonstrate a correlation

between renal allograft perfusion measured with arterial spin labeling (ASL) and the flowing fraction estimated with intravoxel incoherent motion

(IVIM), and they also reported correlations of both parameters with serum creatinine levels and eGFR in a group of 17 renal transplant patients.

When comparing allografts with impaired function early after transplantation to allografts with normal function and healthy controls, Ren et al.9

reported a reduction of diffusion and perfusion parameters in allografts with impaired function and showed that the combination of IVIM and ASL

improved the diagnostic value of the protocol compared with each technique alone. Bane et al.10 employed a mpMRI protocol including diffusion,

blood oxygenation level-dependent (BOLD), and T1 mapping to evaluate the allograft in kidney transplant patients in both those with stable func-

tion and in those with chronic dysfunction. Their results revealed the diagnostic potential of combining diffusion parameters and T1 to detect

chronic dysfunction with established fibrosis and to predict eGFR decline at 18 months. They also reported good reproducibility of mpMRI param-

eters, although it was only assessed in a small group of four patients. T1 and T2 values were measured in combination with diffusion by Adams

et al.,11 who reported an increase in T1 and T2 after transplantation, especially in early transplants, and a decrease in diffusion parameters, com-

pared with healthy controls. T1 correlated best with eGFR in addition to emerging as a significant predictor of interstitial fibrosis.

However, few studies have been reported using mpMRI in renal allografts with stable function maintained over a long time period. This group

of patients offers the opportunity to determine the range of normal values of mpMRI parameters against which measurements obtained in

patients with suspected dysfunction can be compared. Thus the aims of this work were to assess the reproducibility of performing multi-

parametric MRI and to characterize normal values of the measured parameters in this group of patients.

The number of sequences included in the multiparametric protocol determines the duration of the MRI examination. In this study, the proto-

col was designed to restrict the examination duration to 30 min, reducing the burden on the patient. Thus, considering the potential utility of the

MRI parameters found in previous studies, three sequences were included, namely, ASL, IVIM, and T1 mapping.

ASL evaluates tissue perfusion without exogenous contrast agents by employing magnetically labeled arterial blood water as endogenous tracer,

enabling the quantification of renal blood flow (RBF) in physiological units of ml/min/100 g of tissue.12 IVIM estimates both slow diffusion in the tis-

sue and fast molecular movement associated with blood microcirculation and tubular flow, by applying a range of low amplitude diffusion gradients

(i.e., b-values < 200 s/mm2), in addition to the b-values used in conventional diffusion-weighted imaging (DWI).13 The IVIM model can separate both

signal contributions by fitting a bi-exponential decay. One of the most common strategies with which to estimate T1 is the inversion recovery

(IR) technique.14 This strategy employs a 180� pulse to invert the longitudinal magnetization, acquiring the image after an inversion time (TI). This

procedure is repeated several times with varying TI to sample the longitudinal relaxation curve and subsequently fit the data to the T1 model.
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None of these sequences use contrast agents, which in renal patients is considered especially advantageous, as administration of gadolinium-

based contrast agents could be contraindicated,15 because they have been associated with the development of nephrogenic systemic fibrosis.

Moreover, reports of gadolinium deposition in the brain have raised new concerns over their safety.

2 | MATERIALS AND METHODS

2.1 | Subjects

The study was approved by the local Ethics Research Committee of the University of Navarra. Written informed consent was obtained from all

subjects. The inclusion criteria were: patients older than 18 years, undergoing a transplant more than 1 year before the start of the study, with an

eGFR of more than 50 ml/min/1.73m2 and stable throughout the last year (i.e., serum creatinine levels varied by ≤ 0.2 mg/dl during the last year

and no events changed their clinical status during the study). The general exclusion criterion was subjects with contraindications for MRI. Patients

were recruited by their referring nephrologist.

2.2 | Reproducibility study

From January 2020 to August 2021, 20 subjects participated in this study. All patients were scanned in two MRI sessions on separate days at

least 1 week apart to assess intervisit reproducibility. These examinations are referred to as Exam 1 and Exam 2 in the text and figures. No specific

preparations, such as fasting or fluid intake restriction, were undertaken before the MR examinations; however the MR examinations were sched-

uled at the same time on both days.

All participants underwent clinical laboratory measurements of urine and blood samples, including serum creatinine. In eight patients, the

samples were collected on the day prior to the first MRI examination, whereas in the others, sample collection was carried out between 1 week

and 3 months prior to the study. In patients in which the time between the two MRI examinations was longer than 3 months, measurements of

serum creatinine were also obtained prior to the second examination. eGFR was calculated according to the Chronic Kidney Disease Epidemiology

Collaboration (CKD-EPI) equation based on creatinine.16

2.3 | MRI protocol

MR examinations were performed on a 3.0-T Siemens Skyra scanner (Siemens Healthcare GmbH, Erlangen, Germany) using a 32-channel spine

coil integrated in the scanner table and an 18-channel flexible body array coil.

First, localizers and anatomical images were acquired during breath-holds using a T2-weighted half-Fourier-acquired single-shot turbo spin

echo (HASTE) sequence in coronal orientation and a T1-weighted volumetric interpolated breath-hold examination (VIBE) sequence in axial orien-

tation. In addition, specific localizers to visualize the aorta were also acquired. Anatomical images and localizers enabled accurate positioning of

the imaging planes and labeling plane in the ASL sequence.

As previously mentioned, the protocol consisted of ASL, IVIM, and T1 mapping. The images were acquired at the same geometrical position in

coronal-oblique or sagittal-oblique orientation, centered in the transplanted kidney. Because the allograft is placed in the iliac fossa under different ori-

entations, orienting the imaging slab along the long axis of the kidney was not always possible. Three slices were acquired in each of the sequences. In

the second MR examination, the imaging planes of the first study were taken as reference, as well as the location and orientation of the labeling plane

in ASL, to match the locations between both scans. All images were acquired in free breathing. The duration of a complete examination was 30 min.

In addition, a phase contrast (PC) sequence was run in one of the two examinations (depending on the time available) to characterize the

blood velocity profile in the abdominal aorta, with the aim of evaluating the labeling efficiency by simulations. Imaging parameters for all

sequences are detailed below.

2.3.1 | Arterial spin labeling

Tissue perfusion was evaluated using a Pseudo-Continuous Arterial Spin Labeling (PCASL) sequence with a spin-echo echo planar imaging (SE-

EPI) readout, following published consensus recommendations.12

The PCASL labeling plane was located approximately 8 cm above the center of the kidney, perpendicular to the aorta. The labeling was

implemented with a train of short Hann-shaped radiofrequency pulses with a duration of 500 μs, a period of 1 ms, and a flip-angle (FA) of 24.6�,
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resulting in a B1average of 1.6 μT. The total labeling duration (τ) was 1.6 s. PCASL was unbalanced with a labeling average gradient (Gave) strength

of 0.5 mT/m and slice-selective to average gradient ratio (Gmax/Gave ratio) of 6. This strategy of lowering the average gradient and Gmax/Gave ratio

was previously reported to increase the labeling robustness to field inhomogeneities and pulsatile flow in the aorta.17

Presaturation pulses selective to the imaging slices were applied at the beginning of the PCASL sequence to saturate the in-plane signal.

Background suppression (BS)18 pulses were employed to suppress the background tissue signal for a range of T1s of 1000–2500 ms. BS was

implemented using a selective inversion Frequency Offset Corrected Inversion (FOCI) pulse prior to labeling, followed by two nonselective FOCI

pulses after the labeling. The postlabeling delay (PLD) was 1.2 s. An M0 image, in which presaturation, BS, and ASL labeling pulses were not

employed, was acquired at the beginning of the ASL sequence, followed by 25 pairs of control-label images.

The readout parameters were slice thickness = 5 mm (gap = 2.5 mm), acquisition matrix = 96 x 96, field of view (FOV) = 288 x 288 mm2,

repetition time (TR) = 5000 ms, echo time (TE) = 23 ms, Generalized Autocalibrating Partial Parallel Acquisition (GRAPPA) factor 2, 6/8 partial

Fourier, bandwidth (BW) = 1890 Hz/pixel, and phase oversampling = 25%. Fat-suppression pulses were employed before the excitation pulses

for each slice. The acquisition time was 4.5 min.

2.3.2 | Phase contrast to assess labeling efficiency

Blood flow velocity profiles were characterized for blood spins flowing through the PCASL labeling plane using a PC sequence. Therefore, the

imaging plane had the same translation and rotation as the PCASL labeling plane. A retrospectively ECG-triggered acquisition was employed dur-

ing a single breath-hold, with through plane-encoding direction and an encoding velocity (Venc) of 150 cm/s.

The PC-MRI parameters were TR = 31.2 ms, TE = 2.89 ms, FA = 20�, FOV = 332.8 x 206.3 mm2, slice thickness = 5 mm, acquisition

matrix = 256 x 160, BW = 455 Hz/pixel, partial Fourier = 7/8, GRAPPA factor = 2, and 50 reconstructed cardiac phases.

2.3.3 | Intravoxel incoherent motion

Tissue diffusion and pseudo-diffusion were assessed using IVIM with a single-shot EPI readout. The IVIM sequence was configured according to

consensus recommendations on renal diffusion.13

To separate the contribution of flow from pure diffusion, 13 b-values ranging from 0 to 800 s/mm2 were used: 0, 5, 10, 20, 30, 50, 70, 100,

200, 300, 400, 500, and 800 s/mm2. Eight low b-values were included to better characterize the fast signal decay. Monopolar gradients were

applied in three orthogonal directions (three repetitions each) and acquisitions were subsequently averaged to minimize the effects of diffusion

anisotropy.

The readout parameters were slice thickness = 5 (gap = 2.5) mm, acquisition matrix = 128 x 128, FOV = 288 x 288 mm2,

TR/TE = 5000/84 ms, GRAPPA factor = 2, BW = 1890 Hz/pixel, and phase oversampling = 25%. Fat-suppression (SPAIR) pulses were

employed. The acquisition time was 9 min.

2.3.4 | T1 mapping

To measure the longitudinal relaxation time of kidney tissue, an IR sequence with an SE-EPI readout was employed, with 14 inversion times—200,

300, 400, 500, 600, 700, 800, 900, 1000, 1200, 1400, 1600, 1800, and 2000 ms—and TR = 5 s, following published consensus recommenda-

tions.14 The readout parameters were identical to those for the PCASL-SE-EPI sequence. The acquisition time was 1.5 min.

2.4 | Image processing

Image processing was performed using custom scripts in MATLAB (MathWorks).

2.4.1 | Motion correction

Motion was corrected using a group-wise registration method based on principal component analysis19 implemented in Elastix,20 grouping

the data into two sets of images according to their image resolution: Set 1: M0, ASL label and control pairs and T1 images; and Set 2:

IVIM images.
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2.4.2 | Renal blood flow quantification

PCASL control and label images were subtracted and averaged after discarding outliers, and perfusion-weighted images (PWIs) were calculated by

normalizing voxel-wise the perfusion signal with the M0 signal. Outliers were discarded if the signal in the cortical region of interest (ROI) (see

Section 2.4.6 for further details) was higher or lower than mean ± 2 standard deviation (SD). Temporal signal-to-noise ratio (TSNR) was calculated

as the ratio between the time-averaged perfusion signal across all repetitions (including outliers) and the temporal SD.

RBF maps were computed using the single compartment model (Equation (1).12

RBF ml=min=100gð Þ¼PWI
6000λ
2αT1b

e
PLD
T1b

1�e
�τ
T1b

, ð1Þ

where α= 0.65 is the labeling efficiency, considering the PCASL efficiency as 0.75 (see the Results section for further details) and the

effect of the two BS pulses, λ= 0.9ml/g is the tissue-blood water partition coefficient, and T1b= 1.65 s is the arterial blood longitudinal

relaxation time.

2.4.3 | Blood velocity profile and labeling efficiency estimation

For this analysis, data from six patients were excluded because of ECG triggering errors. Therefore, aortic blood flow velocity profiles were

obtained for 12 patients, who were divided into two groups according to their ages (because of the known effect of age on blood flow velocity21):

Group 1 contained patients younger than 50 years and Group 2 consisted of those aged 50 years or older.

Blood velocity maps were calculated as v¼Δ;Venc=π, where Δ; is the measured phase variation. The aorta was segmented automatically in

each of the magnitude images according to a previously described procedure17 and the segmented ROI was applied to the velocity maps. Peak

and average velocities within the ROI were extracted. Group average velocity waveforms were computed. Differences in systolic peak velocity

between groups 1 and 2 were evaluated using a Mann-Whitney-Wilcoxon test.

To estimate the labeling efficiency of PCASL, the evolution of the longitudinal magnetization of the aortic blood spins crossing the labeling

plane was simulated based on Bloch equations22 for the measured range of velocities and considering off-resonance frequencies in the 0–500 Hz

interval. Inversion efficiency maps were generated as previously reported for each group.17

2.4.4 | IVIM parameter maps quantification

IVIM parameter maps were generated by fitting a bi-exponential model to the signal intensity decay (Equation (2).13

Sb ¼ fS0e
�bD� þ 1� fð ÞS0e�bD: ð2Þ

Three parameters were calculated in a voxel-wise approach: coefficient D (mm2/s), that is, the diffusion coefficient of slow molecular diffusion;

coefficient D* (mm2/s), that is, the pseudo-diffusion coefficient, reflecting the fast molecular movements associated with flow in the microvascula-

ture or renal tubules; and f, the flowing fraction (%) reflecting all pseudo-randomly flowing water spins in the voxel.

A segmented biexponential fitting approach was followed to reduce computational complexity.23 Coefficient D was calculated first employing

a cutoff b-value of 200 s/mm2, and thus assuming that pseudo-diffusion can be neglected for values higher than this threshold (i.e., solving the

second term of the equation for f= 0). Then f and D* were calculated by fitting the bi-exponential model.

2.4.5 | T1 map

T1 was calculated by fitting, on a voxel-by-voxel basis, the IR data to Equation (3)14 using the Levenberg-Marquardt algorithm:

Sk ¼M0 1�2e�
TIk
T1

� �
þM0e

�TR
T1, ð3Þ

where TIk is the TI at the kth scan and M0 is the equilibrium magnetization.
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2.4.6 | Kidney segmentation

ROIs were defined to encompass either cortex or medulla solely, as they present different signal behaviors in ASL, IVIM, and T1 data. Cortical and

medullary ROIs were manually drawn in the T1 maps and were employed for the PCASL and T1 measurements. For IVIM, cortex and medulla

were manually segmented based on the signal intensity changes in the b = 0 images. Vascular structures, collecting systems and cysts were

excluded from the ROIs. ROI examples are shown in Figure S1, and ROI volumes in Tables S2 and S3.

2.5 | Statistical analysis

Statistical analysis was performed in Python (Python Software Foundation). In all analyses, a p value of less than 0.05 was considered statistically

significant. Quantitative variables were expressed as mean (SD) in the ROIs.

Before evaluating the parameters and their correlations with eGFR, data normality was assessed visually looking at the histograms and using

Shapiro-Wilk normality tests.

2.5.1 | Reproducibility

To determine intervisit reproducibility and the agreement of mpMRI measures, the within-subject coefficient of variation (CVws) and intraclass

correlation coefficient (ICC) were calculated, and Bland-Altman analysis was performed.

The CVws (%) was defined as 100 � (SD/mean) with SD=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
x1�x2ð Þ2

� �
=2nÞ

r
, where x1 and x2 are the values of the measured parameters

in the two examinations for the same subject, n is the number of subjects, and the mean is the average value over all measurements. The ICC

model was chosen to determine the degree of absolute agreement among measurements. Thus a two-way random effects model was employed,

the type was single rater, and the definition of the relationship was absolute agreement (form ICC (2,1) according to the Shrout and Fleiss

convention).24

Finally, to explore the effect of the interval between MRI examinations on the reproducibility results, the CV of MRI parameters was calcu-

lated for each subject (as mean divided by SD) and correlations were evaluated between the individual subject CV and the time between MR

examinations employing the Spearman correlation coefficient (to allow for a nonlinear relationship).

2.5.2 | Correlation analysis

To understand the relationship among mpMRI parameters and clinical data, an exploratory correlation analysis was performed. Pairwise correla-

tions between parameters themselves and with eGFR were evaluated across the whole study group using the Pearson correlation coefficient. For

these analyses, mean parameter values across the two visits in the renal cortex and medulla were employed. For each parameter, outliers were

identified according to Tukey's fences criteria and discarded prior to computing the correlation coefficient.

3 | RESULTS

3.1 | Demographic and clinical data

Demographic and clinical data are reported in Table 1. Group mean age was 54 (14) years. Mean time since the transplant was 120 (105) months,

and the group average eGFR was 76.89 (13.96) ml/min/1.73m2. Mean time between visits was 51.67 (44.75) days. In some patients, the time

between sessions was higher than originally planned because of the COVID-19 pandemic. In subjects with a time interval between examinations

longer than 3 months, it was confirmed that serum creatinine level variation between visits was less than 0.2 mg/g. In two patients, ASL data were

not acquired.

3.2 | Labeling efficiency simulations

Measured aortic blood flow velocity profiles are shown in Figure 1A. Peak systolic velocities were significantly higher in Group 1 (96.57 [10.32]

cm/s) than in Group 2 (76.89 [12.05] cm/s).
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Simulated labeling efficiency maps are displayed in Figure 1B. In Group 1, a maximum efficiency of 79.60% was found at a Gmax/Gave ratio

(R) of 5 and Gave = 0.4 mT/m, while in Group 2 it was 79.66% for the same ratio and Gave = 0.5 mT/m. Labeling efficiency for the PCASL configu-

ration employed in this study (i.e., R = 6 and Gave = 0.5 mT/m) was estimated to be 74.87% for Group 1 and 75.86% for Group 2. The difference

F IGURE 1 (A) Group-averaged blood velocity waveforms measured at the descending aorta for Group 1 (patients aged < 50 years) and
Group 2 (patients aged ≥ 50 years). Cross-sectional maximum values are depicted, and the error bars represent the group standard deviation.
(B) Simulated labeling efficiency for the two groups. The green circle shows the maximum efficiency value and the red circle shows the efficiency
for the employed gradient configuration (Gmax/Gave ratio of 6 and Gave of 0.5 mT/m)

F IGURE 2 Example of multiparametric MRI maps acquired during the two examinations performed on separate days, in a representative
patient, showing from left to right: renal blood flow (RBF), diffusion coefficient (D), pseudo-diffusion coefficient (D*), flowing fraction (f), and T1
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in simulated efficiency between the groups was approximately 1%, indicating that using a single labeling efficiency value for RBF quantification

across the whole group was adequate.

3.3 | Multiparametric MRI results

3.3.1 | Allograft perfusion, diffusion, and T1 measurements

In Figure 2, mpMRI maps acquired in a representative subject are illustrated for RBF, D, D*, f, and T1. Quantitative maps obtained in both exami-

nations showed similar values. In Table 2, cortical and medullary parameter values averaged across the group are presented for each examination,

and in Figure 3, parameter boxplots are illustrated. For ASL data, TSNR is also reported in Table 2. It can be observed that cortical values were

much higher than medullary values for the two examinations. All variables were found to be normally distributed, except for the D* coefficient

measured in the first examination in the two compartments.

3.3.2 | Reproducibility results

Bland-Altman plots for cortex and medulla measurements are shown in Figure 4, while CVws and ICC are displayed in Table 3. The CVws was very

low (< 5%) for T1 and coefficient D in the cortex and medulla, low for cortical RBF (10.73%), and higher for medullary RBF (16.41%), f (cortex:

15.10%, medulla: 18.63%), and coefficient D* (cortex: 15.40%, medulla: 15.69%). Cortical ICC was good for RBF (0.84), moderate for T1 (0.64),

flowing fraction f (0.63), and diffusion coefficient D (0.61), and poor for D* (0.15). Medullary ICCs were lower for all the parameters, except for f

(0.67) and RBF (0.61), showing poorer reproducibility in this region (T1: 0.47, D: 0.31, and D*: 0.09).

Results of correlation analysis between individual CVs of MRI parameters and time intervals between examinations are shown in Figure S2. It

can be observed that only for f there is a trend to higher values as the time interval between examinations increases. Indeed, a significant correla-

tion was found only for f (p=0.04, rho=0.49).

3.3.3 | Correlation analysis

Figure 5 shows the correlation matrix of MRI parameters and eGFR in the cortex and medulla. Correlation coefficients were significant between

RBF and f measured in the cortex (r=0.66), between cortical RBF and eGFR (r=0.64), and D* and GFR (r=�0.57) (Figure 6). No other significant

correlations were found.

TABLE 2 Perfusion, diffusion, and T1 parameters. Values are presented as group mean (SD)

EXAM 1 EXAM 2 N

PCASL RBF (ml/min/100 g) Cortex 196.54 (53.22) 188.35 (49.44) 18

Medulla 97.30 (22.46) 102.17 (29.37) 18

PWI (%) Cortex 2.10 (0.59) 1.99 (0.57) 18

Medulla 1.04 (0.22) 1.08 (0.29) 18

TSNR (a.u.) Cortex 3.61 (1.36) 3.62 (1.19) 18

Medulla 1.44 (0.65) 1.62 (0.55) 18

IVIM D (10�3 mm2/s) Cortex 1.93 (0.16) 1.97 (0.15) 20

Medulla 1.90 (0.12) 1.98 (0.15) 20

D* (10�3 mm2/s) Cortex 15.59 (2.95) 17.47 (2.26) 20

Medulla 14.83 (2.64) 24.35 (5.07) 20

f (%) Cortex 18.64 (3.70) 16.91 (3.41) 20

Medulla 16.16 (3.08) 14.38 (3.33) 20

T1 mapping T1 (ms) Cortex 1392.11 (99.56) 1372.01 (105.70) 20

Medulla 1681.12 (60.82) 1641.51 (82.73) 20

Abbreviations: D, diffusion coefficient; D*, pseudo-diffusion coefficient; f, flowing fraction; IVIM, intravoxel incoherent motion; PCASL, Pseudo-

Continuous Arterial Spin Labeling; PWI, perfusion-weighted image; RBF, renal blood flow; TSNR, temporal signal-to-noise ratio.
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4 | DISCUSSION

In the current study, a multiparametric MRI protocol was employed in transplant patients with stable renal function with the aims of evaluating

reproducibility and assessing the range of normal values of the mpMRI parameters in this group of patients.

Cortical RBF values obtained in this study are in line with values described in the literature, although only a few articles have previously

reported RBF in renal allografts measured with PCASL. Yu et al.25 reported an RBF of 144.73 (49.33) ml/min/100 g in a group of stable patients

with a mean eGFR of 72 ml/min/1.73m2, using a PCASL 3D-FSE spiral; Wang et al.26 measured an RBF of 204.7 (44.9) ml/min/100 g in stable

patients whose eGFR was 77.1 (15.1) ml/min/1.73m2, using a similar PCASL sequence; Rankin et al.27 showed an RBF of 239 (84) ml/min/100 g

measured with PCASL 3D-TGSE in a group of transplant patients with a mean eGFR of 48 ml/min/1.73m2 and Ahn et al.28 obtained an RBF of

358 (36) ml/min/100 g with a PCASL BSSFP sequence employing several postlabeling delays, in a study performed shortly after transplantation.

The variability of the reported RBF measurements is likely due in part to differences in patient characteristics; however, variations in the

PCASL sequence implementation and data processing methods can also be a relevant factor. Currently, the major scanner vendors have a body

ASL sequence that is available in either a product or a research version. Harmonization of acquisition protocols and data analysis steps following

published consensus recommendations12 will facilitate the comparison of results across scanners.

None of the previously mentioned PCASL studies evaluated the intervisit reproducibility. In our study, an ICC of 0.84 and CVws of 10.70%

were obtained in the cortical region, demonstrating good reproducibility. Medullary RBF presented more variability and reproducibility was lower

F IGURE 3 Boxplots of cortical (in purple color) and medullary (in salmon color) MRI parameters measured in the two examinations: (A) renal
blood flow (RBF), (B) T1 values, (C) flowing fraction (f), (D) diffusion coefficient (D), and (E) pseudo-diffusion coefficient (D*)
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F IGURE 4 Bland-Altman plots of cortical and medullary renal blood flow (RBF), longitudinal relaxation time (T1), flowing fraction (f), diffusion
coefficient (D), and pseudo-diffusion coefficient (D*) measured in the two examinations. Red and blue lines represent mean difference and limits
of agreement (mean ± 2SD)
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with a CVws of 16.41% and ICC of 0.61. The lower medullary reproducibility is likely caused by the low perfusion values and TSNR (which are

approximately half those for the cortex) and it could also be affected by the difficulty in differentiating between renal medulla and other tissues in

the segmentation. Although reported, medullary RBF measurements do not appear to be as reliable as cortical RBF.

Quantification of perfusion with ASL is affected by variations in the labeling efficiency. PCASL efficiency depends on blood flow velocities in

the labeling plane, which are different throughout the aorta and can vary because of age and disease.21 Because of the location of the

transplanted kidney in the iliac fossa, the labeling plane is generally positioned at a lower aortic level than for a native kidney. In this study, aortic

blood flow profiles were characterized in kidney transplant patients and employed in simulations to assess the labeling efficiency when locating

the labeling plane at this lower position. Velocity waveforms had similar patterns in the two groups of subjects of different ages; however, systolic

peak values were 80% lower for the older patients (aged > 50 years). Comparing the velocity waveforms with results from a previous study,17 in

which blood velocity profiles were measured in the supra renal aorta in young healthy volunteers (mean age = 29.7 years), it can be observed that

peak velocities in our group of younger patients (mean age = 35.86 years) were lower (91.4 vs. 120 cm/s). These lower values were likely due to

the position of the labeling plane in the infrarenal aorta. Peak velocities in the group of older patients were further reduced, confirming the strong

effect of age on aortic blood velocities, as previously reported.17,29

TABLE 3 Reproducibility results

CVws (%)

ICC

ICC 95% CI

PCASL RBF (ml/min/100 g) Cortex 10.73% 0.84 [0.64, 0.92]

Medulla 16.41% 0.61 [0.24, 0.82]

IVIM D (10�3 mm2/s) Cortex 4.57% 0.61 [0.26, 0.83]

Medulla 6.02% 0.31 [�0.04, 0.67]

D* (10�3 mm2/s) Cortex 16.26% 0.15 [�0.21, 0.50]

Medulla 19.54% 0.09 [�0.36, 0.45]

f (%) Cortex 15.10% 0.63 [0.08, 0.75]

Medulla 18.63% 0.67 [�0.09, 0.63]

T1 mapping T1 (ms) Cortex 4.46% 0.64 [0.30, 0.84]

Medulla 3.37% 0.47 [0.07, 0.75]

Abbreviations: CI, confidence interval; CVws, within-subject coefficient of variation; D, diffusion coefficient; D*, pseudo-diffusion coefficient; f, flowing

fraction; ICC, intraclass correlation coefficient; IVIM, intravoxel incoherent motion; PCASL, Pseudo-Continuous Arterial Spin Labeling; RBF, renal blood

flow.

F IGURE 5 Correlation matrix of multiparametric renal MRI parameters and estimated glomerular filtration rate (eGFR) in the cortex (left) and
medulla (right). Positive correlations are displayed in blue, while negative correlations are shown in red. The color intensity and the size of the
circle are proportional to the correlation coefficient. D, diffusion coefficient; D*, pseudo-diffusion coefficient; f, flowing fraction; RBF, renal blood
flow. *Statistically significant correlation
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Field inhomogeneities were also expected at the labeling plane location produced by the different nearby air–tissue and bone–tissue inter-

faces. These field variations are subject dependent and affect the labeling efficiency, thus simulations included a wide range of off-resonance fre-

quencies. For the gradient parameters employed in the study, the labeling efficiency was �75% and the differences between groups were less

than 1%, indicating that using a single labeling efficiency value for RBF quantification across the whole group was adequate.

T1 values measured in our cohort of patients showed the expected corticomedullary differentiation, with medullary values being higher

than cortical values, as previously reported for both native and transplanted kidneys.30 T1 measurements on renal transplants are scarce and

comparisons across studies are hampered by variations due to field strength and acquisition schemes. Moreover, most studies have been per-

formed in patients early after transplantation, so we cannot directly compare the T1 values measured in this study with results from the liter-

ature. Nonetheless, the T1 values reported here are similar to those measured by Friedli et al.31 in a study including 33 transplant patients,

also performed at 3 T, although their study group consisted of a heterogeneous group of patients undergoing a kidney biopsy by clinical indi-

cation. Huang et al.32 measured T1 values in 15 subjects who underwent transplantation from 6 months to 31 years before the MR examina-

tion, although eGFR was higher than 60 ml/min/1.73m2 in only four of them; and more recently, Bane et al.10 studied patients with stable

function over the preceding 3 months with a mean eGFR of 71 ml/min/1.73m2, a group that is more similar to the one included in our study;

however, Bane et al.'s and Huang et al.'s studies were performed at 1.5 T and therefore the T1 values were lower than those reported here,

as expected.

Reproducibility of T1 measurements was very high, with a CVws of �4% for both cortex and medulla. This value was lower than previously

reported in Bane et al.'s study.10 The larger number of inversion times employed here probably improved the robustness of the fitting algorithm.

The IVIM parameters D, f, and D* measured in this study were in line with reported values in renal allografts with stable kidney

function,10,25,33,34 although there are only a few studies employing IVIM in this group of patients, as the majority of them have studied subjects

early after transplantation or allografts with impaired function, and the range of reported values is quite wide.

Thoeny et al.33 employed IVIM in a group of 15 transplant patients with good kidney function over the previous 3 months. Although data

were acquired at 1.5 T, results of D and f should be comparable13 and they are very close to the values measured in our cohort. D* values were

not reported by the authors. In the previously mentioned study at 1.5 T, Bane el al.10 also reported similar values of D, f, and D*, while D values

measured by Heusch et al.34 and Yu et al.25 were slightly lower.

Reproducibility of IVIM parameters was variable, with good results obtained for the diffusion coefficient D, moderate results for f, and poor

results for D*, both in cortex and medulla, in line with previous works.10,33 Although the number of b-values in the lower range was larger than in

previous studies, this did not translate into improved parameter reproducibility. Increasing the number of b-values further would not be practical

as this would increase the acquisition time of the sequence, and that is already quite long. Another strategy to increase reproducibility would be

to explore different fitting algorithms, because it has been shown that a Bayesian-based approach decreased the intersubject variability of IVIM

parameters.35

Good correlation between RBF and f was found in this study, as reported previously.8 Correlation between cortical RBF and eGFR was found

to be significant, in agreement with the literature8,25; however, the other MRI parameters did not show a significant correlation with eGFR, in con-

trast to previous reports.10,32 This could be partly explained by the smaller sample size and the narrow eGFR range in our study compared with

other studies, as all the patients were stable with an eGFR of more than 50 ml/min/1.73m2. Nonetheless, this result suggests that RBF is more

closely linked to kidney function than the other MRI parameters, which is consistent with perfusion providing the driving pressure for glomerular

filtration.

F IGURE 6 Correlations in the cortex between (A) Renal blood flow (RBF) and flowing fraction (f) (r=0.66, p=0.006), (B) RBF and estimated
glomerular filtration rate (eGFR) (r=0.49 p=0.04), (C) Pseudo-diffusion coefficient (D*) and eGFR (r=�0.57, p=0.018)
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Because of the allograft location in the iliac fossa, the MRI protocol could be performed in free breathing, simplifying the acquisition, and not

exceeding the protocol duration of 30 min. In ASL, in which perfusion is calculated as the signal difference between two images, voxel correspon-

dence is critically important. Although slight in-plane motion was detected throughout the image time series, it was successfully corrected during

postprocessing. In addition, background suppression pulses were employed to remove background signal and minimize subtraction errors. In the

case of diffusion and T1 mapping data, motion effects were also corrected during postprocessing.

4.1 | Limitations

The main limitation of this study was the sample size, which was relatively small, although this was partly compensated by the homogeneity of

the study group. Further studies in larger groups of patients with stable function will help to better characterize perfusion, diffusion, and T1 values

in this cohort.

Although IVIM-derived f and ASL-derived RBF cortical data correlated well, a bias in the ROIs could not be excluded as two manual ROIs

were drawn for the two sets of images according to their resolution and readout. This could be improved by performing intersequence registration

followed by automated ROI segmentation.

The different ROI volumes across patients could be considered another shortcoming. ROI volumes were dependent on allograft size, charac-

teristics (e.g., in kidneys with cysts the ROI volumes were reduced), and orientation, which in some cases prevented the acquisition of the images

along the long axis of the kidney.

Finally, another limitation of this work is the heterogeneity in the time interval between the two MRI examinations, which could have affected

the reproducibility measurements. However, the patients included were categorized by the referring nephrologist as clinically stable, based on

serum creatinine measurements obtained in the year prior to their inclusion, and no patients experienced any adverse event that changed their

clinical status during the period between the two examinations, thus it is reasonable to assume that their renal function and structure did not vary

during this time. Moreover, correlations between the variability of MRI parameters (as measured by the individual CV) and the time interval

between examinations were not found, except in the case of the flowing fraction (f).

4.2 | Conclusion

In the current study, the reproducibility of performing a mpMRI protocol in kidney transplant patients with stable function was evaluated. This

abbreviated protocol, employing three sequences, followed recommended implementations by expert panels,12–14 and normal values of the mea-

sured parameters in this group of patients were characterized, enabling comparisons with future studies. The results showed good reproducibility

of the techniques in the renal cortex, supporting their potential for clinical applicability.
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