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Abstract

Purpose: To investigate the utility of magnetic resonance elastography (MRE) vs. ultrasound 

(US) point shear wave elastography (pSWE) for the assessment of chronic renal allograft 

dysfunction, prediction of outcome and determine the correlation with Banff pathology scores.

Methods: In this IRB approved prospective study, 27 enrolled patients with functional (n=15) 

and chronic dysfunctional (n=12) renal allografts underwent same day 2D MRE and pSWE. 

Histogram parameters [including mean, median, standard deviation, kurtosis and skewness] of the 

magnitude of the complex shear modulus (MRE) and median Young’s modulus (pSWE) were 

measured in the cortex (MRE and pSWE) and combined corticomedullary regions (MRE). 

Histopathology was available for 16 patients (4 functional, 12 dysfunctional).

Results: MRE and pSWE stiffness were not significantly different between functional and 

dysfunctional groups (p range 0.139–0.347). The skewness of MRE corticomedullary stiffness was 

significantly lower (p=0.04) in patients with chronic dysfunction and correlated significantly with 

Banff histopathologic scores (range r=−0.518–0.567, p=0.035–0.040). MRE cortical and 

corticomedullary mean stiffness showed strong performance in predicting graft loss/relist (AUC 

0.958, p=0.011 for both). Reliable pSWE measurements were obtained in 13 patients (48%). 

pSWE stiffness did not correlate with Banff scores and did not predict outcome.

Conclusions: The skewness of MRE corticomedullary stiffness is sensitive to changes in 

chronic allograft dysfunction, while mean/median MRE renal stiffness and median US stiffness 

did not differentiate patients with stable function vs those with chronic renal allograft dysfunction. 

MRE corticomedullary mean stiffness appears to be a predictor of graft loss/relist. pSWE was not 

found to be a useful method for assessing renal allografts.
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INTRODUCTION

Renal transplantation is the most effective treatment of end-stage renal disease. However, 

despite improvements in allograft survival [1], renal allograft loss remains an important 

clinical problem [2]. Detection of renal fibrosis in renal allograft recipients is essential in 

order to tailor treatment and ensure survival of the allograft. A combination of biopsy, 

urinalysis and blood markers are currently used to monitor renal transplant health [3]. 

Biopsy is considered the reference standard by which clinicians can obtain diagnostic and 

prognostic information in renal allografts [4], however it is an invasive method and is prone 

to sampling error, and therefore its use as a surveillance tool is an area of debate [5].

Renal allograft fibrosis is a common occurrence in allograft pathology [6], and is often the 

final common pathway from a variety of allograft injuries. Because allograft fibrosis is 

associated with poor renal outcomes [7], there is a need for non-invasive methods to 

diagnose and quantify the degree of renal fibrosis. Elastography is a technique that enables 

the non-invasive quantification of mechanical properties by analyzing shear wave 

propagation through the tissue of interest and enables interrogation of the entire organ. MR 
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elastography (MRE) relies on external equipment to generate shear waves in the tissue of 

interest whereas ultrasound (US) elastography methods, such as point shear wave 

elastography (pSWE), utilize focused US beams to compress tissue and generate shear 

waves. Transient elastography, the most widely available US elastography method, is less 

suitable for use in renal allograft examination as there is no B-mode imaging capability 

integrated in the unit. Fibrosis is associated with an increased tissue stiffness due to factors 

such as collagen deposition and so elastography has become the imaging reference standard 

method to stage fibrosis in the liver [8]. More recently MR [9–12] and US-based [13–16] 

elastography approaches have been used to study renal transplants with varying results. 

There is conflicting published data, with studies showing increased stiffness in dysfunctional 

allografts using MR and US elastography [9, 14, 16], or decreased stiffness in dysfunctional 

allografts [12], or no change in dysfunctional allografts using both methods [11, 13]. The 

only previous study to evaluate MR and US elastography in the same population (n=25) 

reported a reduction in stiffness in dysfunctional allografts with both modalities [17].

In this study, we investigate the utility of MRE vs. pSWE for the assessment of chronic renal 

allograft dysfunction, prediction of outcome and determine the correlation with Banff 

pathology scores.

MATERIALS AND METHODS

Patients

This single center prospective study was compliant with the Health Insurance Portability and 

Accountability Act and approved by the local institutional review board. Between February 

2016 and February 2018, written consent was obtained from 27 patients visiting the 

Recanati/Miller Transplantation Institute, Icahn School of Medicine at Mount Sinai, who 

had received renal allografts, including 15 with functional allografts (M/F 9/6 mean age 

55.9±10.7 years, mean eGFR 71.1±15.9 ml/min/1.73m2, time since transplant 1.3±0.7 years) 

and 12 with chronic dysfunction and fibrosis (M/F 6/6, mean age 50.0±13.0 years, mean 

eGFR 30.1±15.3 ml/min/1.73 m2, time since transplant 6.5±6.1 years). Patients were 

classified as having functional or dysfunctional allografts based on serum creatinine (sCr) 

and eGFR. Functional patients were defined as having a stable eGFR > 45 ml/min/1.73m2 

with <25% change in sCr and/or eGFR over the preceding 3 months. Patients were 

considered to have allograft dysfunction if there was a ≥25% increase in sCr/decrease in 

eGFR over a period >3 months. Of these 27 patients, 16 (12/12 chronically dysfunctional 

patients and 4/15 patients with functional allografts) had clinically indicated biopsy 

performed within 1 year of imaging (mean duration between biopsy and imaging 183±71 

days). Patient characteristics are displayed in Table 1.

MRI Acquisition

MRI was performed on a 1.5T system (Aera, Siemens Healthineers, Erlangen, Germany) 

using an 18 channel flexible coil and a 32 channel integrated spine coil. Subjects were 

instructed to fast for 4 hours prior to imaging.
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After axial and coronal T2-weighted anatomical imaging (HASTE), 2D MRE data were 

acquired using a prototype spin-echo echo planar imaging (SE-EPI) sequence with motion 

encoding gradients applied in the slice-select direction. A 19 cm plastic paddle was placed 

anteriorly over the allograft and connected to an active pneumatic driver located outside the 

scan room. Ten slices were acquired in a true coronal orientation through the hilum of the 

allograft, with a repetition time of 1500ms, time to echo of 48ms, acquisition matrix 

256×256, field of view 360–400 mm2, slice thickness 3mm, slice gap 1.5mm, GRAPPA 

parallel imaging factor of 2, vibration frequency 60Hz, bandwidth 1502 Hz/px, 4 offsets of 

the wave propagation obtained in the through plane direction, and acquisition time of 17s. 

2D MRE data were reconstructed inline using a commercially available 2D multi-model 

direct inversion (MMDI) algorithm [18]. The algorithm produced magnitude, phase, 

colorized wave propagation and elastogram images. A confidence mask was also produced 

which, when overlaid on the elastogram, highlighted regions of reliable measurement 

(Figure 1). In addition to MRE and HASTE sequences, the MRI protocol also included the 

following standard sequences: axial T1-weighted VIBE, 3D in- and out-of-phase and 

diffusion-weighted imaging. Dynamic contrast enhanced MRI was performed in 10 patients 

with eGFR>30 ml/min/1.73m2, but data was not analyzed as part of this study.

MRE Analysis

MRE data were analyzed using ImageJ software [19] by an MR physicist with 4 years of 

experience (--). Freehand ROIs were drawn in the cortical (for comparison with pathology) 

and combined corticomedullary regions on MRE magnitude images with anatomical 

imaging referenced for positioning. Cortical ROIs encompassed the cortex at the periphery 

of the allograft while corticomedullary ROIs encompassed the cortex and medulla, with care 

taken to exclude the renal sinus. ROIs were drawn in each slice with edge slices discarded to 

avoid partial volume effects. Measurements were considered reliable in areas with a 

confidence threshold ≥90%. Mean and median stiffness was determined weighted by ROI 

size. Histogram parameters skewness, kurtosis and standard deviation were also measured 

over the ROI using ImageJ. The stiffness is presented as the magnitude of the complex shear 

modulus |G*| in units of kPa.

pSWE US

Immediately before/after the MRI, patients underwent a pSWE US exam, on a Siemens 

Acuson S2000 or Acuson S3000 clinical ultrasound system (Virtual Touch Quantification, 

Siemens, Erlangen, Germany) using a curved transducer (6C1 HD). pSWE capability was 

identical on both systems. pSWE measurements were acquired by one of three experienced 

radiologists (-- with 8 years’ experience, -- with 16 years’ experience and -- with 4 years’ 

experience respectively in abdominal ultrasound), each of whom were blinded to patient’s 

clinical and pathological data. With the patient in the supine position, the allograft was 

initially examined with B-mode imaging to assess for hydronephrosis, which was not 

present in our cohort. Then, a fixed ROI (0.5 × 1.0 cm) was positioned in the renal cortex 

and 10 valid measurements were performed in each of the upper, middle and lower poles of 

the renal allograft (Figure 1). Measurements were limited to a depth of 7 cm. In each pole 

the measurements were acquired from the same location to limit the inter-quartile range 

(IQR) of the measurements. Care was taken to exclude renal medulla and sinus from the ROI 
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as much as possible. Patients were instructed to suspend breathing during each 

measurement.

pSWE Analysis

pSWE values are presented as the median of 30 successful measurements, consisting of 10 

measurements in each pole. In cases where 30 successful measurements were not possible 

due to measurement failure, the median of the successful measurements is reported. pSWE 

values are acquired as shear wave speed (m/s) and converted to Young’s Modulus (E) via the 

relation E= wave speed2 x ρ, with ρ representing the density of tissue and assumed to be that 

of water (1000kg/m3). pSWE measurements were considered valid if the interquartile-range 

(IQR) was <30% of the median value [20] and success rate (percentage of successful 

measurements obtained) was >60% [21].

Pathology

All patients with chronically dysfunctional allografts and 4/15 patients with functional 

allografts underwent clinically indicated US guided biopsy prior to the MRI examination, 

with an average interval of 183±71 days (range 94–344 days). Biopsy samples were 

analyzed by a renal pathologist with 7 years’ experience (--). Banff scores for inflammation 

(i), tubulitis (t), glomerulitis (g), arteriolar hyalinosis (ah), intimal arteritis (v), interstitial 

fibrosis (ci), tubular atrophy (ct), vascular fibrous intimal thickening (cv), glomerular double 

contours (cg), peritubular capillaritis (ptc) and interstitial fibrosis and tubular atrophy in 

areas of inflammation (i-IFTA) were recorded based on the Banff 2015 classification [22]. 

Pathology parameters were grouped into those representing inflammation and tubulitis (i+t), 

interstitial fibrosis and tubular atrophy (ci+ct), glomerular and vascular change (cv+cg) and 

a combined Banff chronicity score (ci+ct+cv+cg).

Statistical Analysis

Quantitative variables are presented as mean ± standard deviation. Statistical difference 

between parameters in patients with chronically dysfunctional and stable allografts was 

assessed using Mann-Whitney U tests. Difference in categorical variables were determined 

using Fisher’s Exact test. Between pole pSWE measurement differences were assessed using 

a Kruskal-Wallis test. Correlations between each of MRI/US and pathology parameters were 

assessed using Spearman correlation analysis. Backward elimination multiple regression 

analysis was used for multivariate analysis of factors affecting MRE and pSWE stiffness 

measurement, with variables previously shown to impact MRE and pSWE stiffness 

measurements included (body mass index (BMI), age, gender, time since transplant, pSWE 

measurement depth). ROC analysis was performed to assess the predictive value of 

elastography parameters for determining graft loss or relist outcomes on follow up. A two-

tailed p-value less than 0.05 was considered to be significant. Statistical analyses were 

performed using SPSS software (Version 20, Chicago, IL).
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RESULTS

Technical success of MRE and pSWE

MRE stiffness measurements were not considered reliable in the cortical region of two 

patients due to a combination of attenuation of the shear waves by subcutaneous and 

intrabdominal fat layers and thin cortical regions. pSWE measurements were not obtained in 

two patients due to an allograft depth > 7 cm. In the remaining patients, 15/25 (60%) pSWE 

exams had IQR<30% of the median value and 22/25 (88%) exams had a success rate >60%. 

This resulted in only 13/25 (52%) valid pSWE exams. Examples of MRE and pSWE images 

are shown in Figure 1.

Functional vs chronically dysfunctional allografts

There was no significant difference in mean and median MRE stiffness measurements of the 

cortical and corticomedullary regions between stable and dysfunctional allografts (Table 2). 

No significant correlation was observed between MRE stiffness measurements and eGFR. 

Examination of MRE stiffness histogram parameters revealed a significantly lower 

corticomedullary skewness in dysfunctional vs stable allografts (0.13±0.23 vs 0.37±0.34, 

p=0.041, Figure 2), while kurtosis and SD parameters showed no significant difference 

between the groups. Backward elimination multiple regression analysis showed age, gender, 

BMI and time since transplant had no effect on MRE corticomedullary stiffness (p=0.073–

0.341).

No significant difference was observed in Young’s Modulus, E, between functional and 

dysfunctional groups when including all measurements (N=27, 13.22±4.64 vs 13.46±3.84 

kPa, p=0.89) and only reliable measurements (N=13, 13.19±2.65 vs 14.09±4.58 kPa, 

p=0.681).

There was no significant difference between the stiffness of upper, middle and lower renal 

poles as measured by reliable pSWE acquisitions (p=0.252). pSWE measurement IQR was 

significantly negatively correlated with stiffness (r=−0.564, p=0.045). Cortical MRE and 

pSWE stiffness measurements were not significantly correlated (p=0.544). Backward 

elimination multiple regression analysis found only BMI to be significantly associated with 

pSWE stiffness (p=0.004). Representative images from a functional allograft, dysfunctional 

allograft and dysfunctional allograft requiring hemodialysis following the study are shown in 

Figure 3.

Correlation with pathology

Mean and median cortical MRE stiffness did not significantly correlate with Banff 

pathology scores. However, the skewness of cortical MRE stiffness significantly correlated 

with ci+ct (r=−0.567, p=0.035), i+t (r=−0.518, p=0.040) and Banff chronicity (r=−0.559, 

p=0.038) as shown in Figure 4. pSWE stiffness did not correlate with Banff pathology 

scores (p=0.245−0.369).
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Prediction of outcomes

Patients were followed for a mean duration of 542±245 days (range 192–997 days) 

following initial imaging. In that time period, a total of three patients from the chronic 

allograft dysfunction group experienced graft loss or were relisted: two patients were 

referred for hemodialysis and another patient was relisted for transplant due to eGFR <20 

ml/min/1.73m2. No stable function patients experienced graft loss during the study follow-

up period. Patients who experienced graft loss or were relisted had significantly higher MRE 

mean stiffness than patients who did not experience progressive decline in allograft function 

over the corticomedullary (p=0.011) and cortical (p=0.011) ROIs (Table 3). ROC analysis 

showed both mean cortical and corticomedullary MRE stiffness had strong diagnostic 

accuracy for predicting graft loss/relist (AUC=0.958, p=0.011 for both), while pathology 

variables i+t (AUC 0.615), ci+ct (AUC 0.628), cg+cv (AUC 0.603) and Banff chronicity 

score (AUC 0.679) were not significant predictors of graft loss/relist (p=0.346–0.501).

DISCUSSION

In this prospective study, we investigated the ability of MRE and pSWE to differentiate 

patients with functional vs. those with chronically dysfunctional renal allografts. Our results 

indicate that the mean and median MRE and median pSWE measurements did not separate 

functional from dysfunctional allografts. However, MRE skewness appeared sensitive to 

changes inherent to renal allograft dysfunction. Mean cortical and corticomedullary MRE 

stiffness showed strong performance in predicting graft loss/relist (AUC of 0.958 for both), 

albeit in a small sample. These results suggest that MRE is promising for the assessment of 

outcome in patients with renal allograft dysfunction. pSWE was not found to be a useful 

technique for differentiating patients with functional and dysfunctional allografts, with a 

high proportion of pSWE measures found to be unreliable in this cohort.

The existing literature on elastography methods in renal allograft fibrosis is conflicting, with 

several pSWE studies (cohort range 30–91 patients) and one MRE study (11 patients) 

reporting similar findings to ours, i.e. no significant difference in mean stiffness between 

stable and chronically dysfunctional allografts [11, 13, 21, 23]. In contrast, several pSWE 

studies (cohort range 8–102 patients) have concluded that renal allograft stiffness increases 

in dysfunctional patients [14, 16, 24] with one study (95 patients) noting an increase in 

stiffness in allograft patients diagnosed with subclinical rejection [25]. Multiple studies 

(cohort range 18–164 patients) have also reported a positive correlation between allograft 

stiffness and Banff scores using pSWE [26, 27], 2D-SWE [20] and TE [28–30]. The same 

positive association between allograft stiffness and Banff score has been reported in a study 

of 16 patients utilizing MRE [9]. Contradictory findings have also been published, with a 

recent studies (22 patients) reporting a decrease in renal stiffness in dysfunctional allografts 

compared to functional allografts as measured by MRE [12]. In another study from the same 

group, both MRE and 2D-SWE stiffness was found to be reduced in dysfunctional allografts 

[17]. These studies utilized different MRE and SWE techniques (3D MRE and 2D-SWE as 

compared to 2D MRE and pSWE in our study) which may explain the contradictory 

findings. The dysfunctional cohort also included patients all undergoing hemodialysis which 

was not the case in our study. In addition to these studies, pSWE studies focused on native 
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dysfunctional kidneys have reported a decreased shear wave speed, and hence stiffness, with 

decreasing eGFR in 319 patients [31] and decreasing shear wave speed with increasing 

chronic kidney disease stage in 64 patients [32].

Faced with mixed results in previous studies, interpretation of our results is challenging. 

Previous studies did not report histogram parameters such as skewness in their analyses. We 

found allograft corticomedullary skewness was more positively skewed in stable functioning 

patients compared to dysfunctional patients. Skewness relates to the distribution of pixel 

values within an ROI. A positive skewness indicates there is a tail of higher stiffness values 

skewing the distribution to the left of the histogram. Our data reveal that in functional 

allograft patients the histogram of the corticomedullary ROI included a significantly more 

positive skew indicating the presence of higher stiffness values within the ROI. The lack of 

higher stiffness areas in the dysfunctional group may be due to changes in renal perfusion. 

The kidney is a highly perfused organ and there is evidence to suggest renal stiffness is 

related to renal hemodynamics [33, 34]. In a porcine model of native kidneys using MRE, 

acute decreases in renal blood flow were accompanied by reductions in cortical stiffness, 

with medullary stiffness also significantly decreased at 100% decrease in renal blood flow 

[35]. The lack of a significant difference in mean stiffness between functional and 

dysfunctional groups may be also due to the small sample size.

Despite finding no difference in mean stiffness values between functional and dysfunctional 

groups, we do report significantly higher baseline stiffness in patients who experienced graft 

loss or relist compared to patients with no progressive decline in allograft function during 

the study follow-up period. This suggests that changes in stiffness may not be apparent until 

the more severe stages of kidney dysfunction and that MRE could be used as a tool to 

identify patients that are at highest risk of graft loss. The findings of increased stiffness in 

patients who experienced graft loss appear to conflict with the findings of less positive 

skewness (i.e. lack of a tail of high stiffness values in the histogram) in the dysfunctional 

group. This conflict may be once again explained by changes in renal perfusion which was 

not assessed. The sample of patients who experienced graft loss/relist was also small which 

may bias results.

The lack of consensus on the ability of elastography to detect changes in renal allograft 

fibrosis highlights the complexity of the measurement. In comparison to the liver, the kidney 

is an organ with highly anisotropic structures. Diffusion-weighted imaging methods that 

probe tissue structure have shown that renal cortex and medulla display high fractional 

anisotropy (FA) values [36]. The effect of renal anisotropy on pSWE measurements was 

illustrated by Gennisson et al who found that shear wave speed of in-vivo porcine kidneys 

was dependent on the axis of measurement in relation to the main renal pyramid axis [37]. 

Furthermore, operator related variables may also effect measured renal stiffness, with 

Syversveen et al demonstrating that pSWE measurement was significantly affected by the 

force applied on the transducer during measurement [38]. In the present study, the operators 

were instructed to exert the minimum force possible on the transducer during pSWE exams, 

however in cases of deep lying allografts varying degrees of force were necessary to ensure 

successful measurement of the renal cortex, particularly in the upper and lower poles. 

Despite these considerations during pSWE exams, a high proportion of measurements were 
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found to be unreliable. An association between subject BMI and measured pSWE stiffness 

was found in our cohort. Although not previously reported in allografts, researchers have 

previously noted a correlation between BMI and pSWE stiffness in the pancreas [39] and 

found unreliable measures to be associated with BMI in the liver [40]. Thus, a variety of 

physiologic and technical factors can influence renal stiffness measurements.

Our study has several limitations. The first is the small sample size, with only 27 subjects 

included in analysis. The small sample size means results predicting outcome in 3 patients 

must be considered with caution. The second issue is that we do not perform protocol 

biopsies at our institution. All biopsies for this study were performed based on clinical 

indication, which reflects the practice standard in our institution. The third issue is the use of 

2D MRE for analysis. In 2D MRE, only the wave propagation in the through plane axis is 

encoded into the MR phase image. This is commonly used in liver MRE however the 

complex anisotropic structure of the kidney may cause wave interference in the renal 

parenchyma and potentially lead to inaccurate stiffness quantification [41]. A solution to this 

problem is the use of 3D MRE, in which three orthogonal directions of wave propagation are 

captured and incorporated into the 3D MRE specific reconstructed stiffness map therefore 

addressing the issue of oblique waves causing incorrect stiffness measurements. Future 

studies will evaluate 3D MRE for assessment of allograft dysfunction. While all three 

radiologists who acquired pSWE measurements for this study were trained, there is a risk of 

inter-observer measurement variability, which was not assessed. The high number of 

unreliable pSWE measures is a limitation of the study and may be due to the anisotropy of 

the kidney or interoperator variability. Finally, while renal perfusion is a recognized 

confounder of MRE measurement, no measurement of renal perfusion [e.g. using arterial 

spin labelling (ASL)] was assessed in this study.

In conclusion, our results in a small cohort of patients have demonstrated that MRE 

histogram parameter skewness appears to be sensitive to changes related to chronic allograft 

dysfunction. Mean MRE cortical and corticomedullary stiffness were found to be significant 

predictors of graft loss/relist. Mean and median MRE stiffness as well pSWE measurements 

were not significantly different between patients with functional allografts and chronic 

allograft dysfunction and for patients with different Banff diagnoses, likely indicating that a 

variety of concurrent pathophysiologic processes can contribute to stiffness. From our 

experience, we cannot recommend pSWE as a diagnostic tool for detecting renal allograft 

dysfunction due to the high proportion of unreliable measures obtained. Further study is 

warranted to investigate the role of MRE for interrogation of allograft outcomes.
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AUC area under the curve

BMI body mass index
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E Young’s modulus (measured with pSWE)

eGFR estimated glomerular filtration rate

|G*| magnitude of the complex shear modulus (measured with MRE)

IQR interquartile range

MRE magnetic resonance elastography

pSWE point shear wave elastography

ROC receiver operator characteristic curve

ROI region of interest

sCR serum creatinine

SE-EPI spin-echo echo planar imaging

TE echo time

TR repetition time

US ultrasound
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Highlights

• MRE histogram parameters appear sensitive to renal allograft dysfunction

• Mean MRE stiffness was a significant predictor of graft loss and relist

• pSWE did not differentiate dysfunctional allografts or correlate with 

pathology

• pSWE had a high proportion of unreliable measurements
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Figure 1: 
28-year-old male with functional renal allograft (eGFR 71.8 ml/min/1.73m2). The 

corticomedullary ROI is outlined is shaded grey, outlined in yellow; and cortical ROI is 

shaded red. Images depict a) MRE magnitude, b) MRE wave propagation, c) MRE stiffness 

map with overlaid confidence map signifying areas of reliable measurement, and d) pSWE 

measurement. MRE measured a corticomedullary stiffness of 4.26 kPa and cortical stiffness 

of 2.81 kPa. pSWE cortical stiffness was 13.0 kPa.
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Figure 2: 
Boxplot depicting significantly more positive skewness of MRE corticomedullary stiffness 

in functioning allografts compared to dysfunctional allografts.
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Figure 3: 
Example images from a patient with a functional allograft (top, 55-year-old female, eGFR 

78.4 ml/min/1.73m2), dysfunctional allograft (middle, 42-year-old male, eGFR 23.4 ml/min/

1.73m2) and a patient who was referred for hemodialysis 188 days following the study exam 

(bottom, 54-year-old male, eGFR 11.3 ml/min/1.73m2), showing MRE magnitude, MRE 

stiffness, MRE stiffness histogram, pSWE acquisition and Masson’s trichrome stained 

biopsy slides. More positive skewness is seen in the functional allograft (c, white arrow) 

compared to the dysfunctional allografts (h, m). The mean stiffness over the 

corticomedullary ROI (red) is almost identical in the functional and dysfunctional allografts 

(4.44 kPa and 4.34 kPa) but it is elevated in the allograft in the patient requiring 

hemodialysis (4.91 kPa). Significant areas of fibrosis (blue stain) are present on Masson’s 

trichrome biopsy samples from dysfunctional allografts (j, o) compared to the functional 

allograft (e).
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Figure 4: 
Scatter plots displaying significant relationships between the skewness of MRE cortical 

stiffness and Banff markers of interstitial fibrosis and tubular atrophy [scores ci+ct (left)], 

inflammation and tubulitis [i+t (middle)] and a combined Banff chronicity score (ci+ct+cg

+cv, right) in 14 patients. These data suggest patients with higher Banff pathology scores 

exhibit less positive or negative skewness within the cortical ROI.
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Table 1:

Patient characteristics for functional and chronic dysfunctional groups.

Functional (n=15) Chronic dysfunction (n=12) P

Gender (M/F) 9/6 6/6
0.707

a

Mean age (years) 55.9±10.7 (28–67) 50.0±13.0 (27–69)
0.236

b

BMI 27.8±4.7 (19.7–33.9) 31.2±6.6 (23.9–45.2)
0.277

b

Serum creatinine (mg/dl) 1.05±0.22 (0.68–1.46) 2.35±0.99 (1.25–5.02)
<0.001

b

eGFR (ml/min/1.73m2) 71.1±15.9 (50.1–107.9) 30.1±15.3 (11.3–68.3)
<0.001

b

Blood Urea Nitrogen (mg/dl) 21.1±3.8 (18–30) 41.0±12.9 (26–60)
<0.001

b

Biopsy 4/15 12/12
<0.001

a

Race/ethnicity

African American 3 6
0.194

a

Caucasian 5 3
>0.99

a

Other 7 3
0.088

a

Biopsy to imaging interval (d) 281±59 (209–344) 151±37 (94–224)
<0.001

b

Time since Tx (y) 1.34±0.71 (0.55–2.53) 6.51±6.14 (1.52–22.0)
<0.001

b

Deceased donor (%) 40% 83%
0.033

a

Banff scores

ci+ct 0.5±0.6 4.3±1.0
0.001

b

cv+cg 0±0 1.5±1.3
0.03

b

i+t 0±0 1.4±1.6
0.103

b

iIFTA 0±0 2.3±0.8
0.001

b

Banff chronicity 0.5±0.6 5.8±1.5
0.001

b

ah 0±0 2.2±1.3
0.013

b

g 0±0 0.8±1.0
0.170

b

v 0±0 0±0
>0.99

b

ptc 0±0 1.0±1.0
0.379

b

eGFR = estimated glomerular filtration rate; BMI = body mass index; ci = interstitial fibrosis; ct = tubular atrophy; cv = vascular fibrous intimal 
thickening; cg = glomerular double contours; i = inflammation; t = tubulitis; iIFTA = interstitial fibrosis and tubular atrophy in areas of 
inflammation; ah = arteriolar hyalinosis; g = glomerulitis; v = intimal arteritis; ptc = peritubular capillaritis

a
Fisher’s Exact test

b
Mann-Whitney U test
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Table 2:

MRE and pSWE stiffness measurements in patients with functional and dysfunctional allografts.

Functional (n=15) Chronic dysfunction (n=12) p*

Mean MRE corticomedullary stiffness 3.24±0.69 kPa 3.73±0.95 kPa 0.300

Mean MRE cortical stiffness 2.43±0.61 kPa 2.84±0.74 kPa 0.139

Skewness of MRE corticomedullary stiffness 0.37±0.34 0.13±0.23 0.041

pSWE stiffness 13.22±4.64 kPa 13.46±3.84 kPa 0.647

*
Mann-Whitney U test
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Table 3:

MRE measurement of mean stiffness (mean±SD) in patients who experienced graft loss or relist eligibility 

compared to patients with no progressive decline in kidney function on follow-up.

Graft loss/relist (n=3) No progressive decline (n=24) p*

Mean cortical stiffness 3.67±0.42 kPa 2.48±0.60 kPa 0.011

Mean corticomedullary stiffness 4.82±0.63 kPa 3.29±0.69 kPa 0.011

*
Mann-Whitney U test
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