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Background: Diffusion-weighted imaging (DWI) can noninvasively assess renal allograft pathologic 
changes that provide useful information for clinical management and prognostication. However, it is 
still unknown whether the bi-exponential model analysis of DWI signals is superior to that of the mono-
exponential model.
Methods: Pathologic and DWI data from a total of 47 allografts were prospectively collected and analyzed. 
Kidney transplant interstitial fibrosis was quantified digitally. The severity of acute and chronic pathologic 
changes was semi-quantified by calculating the acute composite scores (ACS) and chronic composite score 
(CCS). Mono-exponential total apparent diffusion coefficient (ADCT), and the bi-exponential parameters 
of true diffusion (D) and perfusion fraction (fp) were acquired. The diagnostic performances of both mono-
exponential and bi-exponential parameters were assessed and compared by calculating the area under the 
curve (AUC) from receiver-operating characteristic (ROC) curve analysis.
Results: ADCT, D, and fp were all significantly correlated with interstitial fibrosis, ACS, and CCS. 
Cortical fp discriminated mild from moderate and severe ACS with the largest AUC of 0.89 [95% confidence 
interval (CI), 0.77–0.96]. Noticeably, only cortical fp could differentiate severe ACS from mild-to-moderate 
ACS (P<0.001) with an AUC of 0.80 (95% CI, 0.65–0.90) and a sensitivity of 100% (95% CI, 66.4–100%). 
Strikingly, the joint use of D and fp in either the cortex or the medulla could achieve a sensitivity of 100% 
for identifying either mild or severe interstitial fibrosis. Meanwhile, the serial use of cortical D and cortical 
fp showed the largest specificity for identifying both mild [88.9% (95% CI, 70.8–97.6%)] and severe [84.4% 
(95% CI, 67.2–94.7%)] interstitial fibrosis. For identifying mild CCS, the AUC of medullary ADCT (0.90, 
95% CI, 0.78–0.97) was similar to that of cortical D (0.81, 95% CI, 0.67–0.91) and fp (0.86, 95% CI, 0.73–
0.94), but statistically larger than that of medullary D (P=0.005) and fp (P=0.01). Furthermore, the parallel 
use of cortical D and cortical fp could increase the sensitivity to 95.0% (95% CI, 75.1–99.9%), whereas 
serial use of medullary D and medullary fp could increase the specificity to 100% (95% CI, 87.2–100%). 
The AUCs for differentiating severe from mild and moderate CCS were statistically insignificant among all 
parameters in the cortex and medulla (P≥0.15).
Conclusions: Cortical fp was superior to the ADCT for identifying both mild and severe acute pathologic 
changes. Nevertheless, ADCT was equal to or better than single D or fp for evaluating chronic pathologic 
changes. Thus, both monoexponential and bi-exponential analysis of DWI images are complementary for 
evaluating kidney allograft pathologic changes, and the combined use of D and fp can increase the sensitivity 
and specificity for discriminating allograft pathologic changes severity.
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Introduction

With advances in perioperative management, the short-term 
survival rate of kidney transplants has improved dramatically. 
Counterintuitively, no significant improvements in long-
term prognosis have been documented (1). Post-transplant 
complications, such as rejection and glomerulonephritis, 
could reduce the allograft survival rate to varying degrees. 
Both acute (e.g., inflammation) and chronic (e.g., interstitial 
fibrosis) pathologic changes are common histologic features 
in biopsy samples from dysfunctional allografts. These 
pathophysiologic processes reduce the viable number of 
nephrons and are potent predictors of allograft prognosis (2). 
Furthermore, the evaluation of allograft pathologic changes 
also bears therapeutic significance. For example, clinicians 
tend to treat patients with severe allograft interstitial fibrosis 
more conservatively, while more aggressive therapies would 
be much more likely to be offered to those with only mild 
tubulointerstitial fibrosis. Regrettably, the evaluation of 
kidney allograft pathologic changes could only be made 
by biopsies, which is an invasive procedure with potential 
complications of bleeding, infections, arteriovenous fistula 
formations, or even death. Therefore, the noninvasive 
quantification of kidney transplant pathologic changes 
would significantly facilitate patient management and 
prognostication assessment.

Diffusion-weighted imaging (DWI) is beneficial in the 
evaluation of kidney transplants, allowing a noninvasive 
means of kidney allograft functional characterization (3). 
Prior studies have consistently found that the apparent 
diffusion coefficient (ADC) calculated from DWI with 
a monoexponential model correlated significantly with 
interstitial fibrosis (4,5). Nonetheless, monoexponential 
ADC does not consider the physiological process of 
microcapillary perfusion. By contrast, recent advances 
suggest that the bi-exponential models could more 
accurately characterize the molecular diffusion of water 
than mono-exponential models by separating true diffusion 
from pseudodiffusion caused by the blood microcirculation 
in capillaries. A recent study by Mao et al. (6) reported that 
intravoxel incoherent motion DWI (IVIM-DWI) could also 

characterize pathologic lesions in the kidneys. However, the 
capability of DWI parameters derived from both mono-
exponential and bi-exponential models to assess kidney 
allograft pathologic changes has not been compared, and it 
remains unclear which model is superior for categorizing 
kidney transplant pathologic changes. Moreover, earlier 
studies have focused on evaluating kidney fibrosis (4-8), but 
few have explored the capability of DWI to evaluate acute 
pathologic changes.

Thus, this study aimed to compare the diagnostic 
performances of bi-exponential IVIM-DWI with that of 
mono-exponential data analysis for evaluating the severity 
of pathologic changes in a cohort of kidney transplant 
patients, using histopathology as the reference standard.

Methods

Patients

This prospective study was approved by the local 
institutional review board, and written informed consent 
was obtained from all patients. Patients with allograft 
dysfunction (rising serum creatinine and/or proteinuria) 
who required allograft biopsy for differential diagnoses 
between July 2017 and April 2018 were recruited and 
examined. Patients with general contraindications to 
magnetic resonance imaging (MRI) were excluded from 
participation (n=4). In total, 50 patients were examined, of 
which 3 cases were excluded from the final analysis due to a 
lack of biopsy (n=1) and severe image motion artifacts (n=2). 
Finally, data from 47 patients (33 males and 14 females, 
mean age 38.2±10.9 years, and age range 18–63 years) were 
analyzed. The demographics and baseline characteristics of 
the included patients are shown in Table 1.

MRI acquisition

All patients underwent MRI imaging using a 3.0 Tesla 
clinical MRI imaging unit (Discovery MR 750; General 
Electric Medical Systems, Milwaukee, WI, USA) and a 
32-channel torso coil. Conventional coronal T1- and axial 
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T2-weighted images were routinely acquired. Multi-b 
DWI was performed by using a respiration-triggered echo-
planar sequence in the axial plane under the following 
parameters: TR, 2,857 ms; TE, 87.2 ms; section thickness,  
6 mm; number of slices, 15; field of view (FOV) 38×30.4 cm;  
matrix, 256×128; number of excitations 2. A total of  
11 diffusion gradient b values from 0 to 1,000 s/mm2 (0, 10, 
30, 50, 70, 100, 150, 200, 400, 800, 1,000) were applied in 
three diffusion directions. The total scan time for the DWI 
ranged from 4 to 6 minutes, depending on the respiratory 

rhythm of the patient.

MRI image analyses

Raw DWI images were transferred to a vendor-supplied 
imaging workstation (Advantage Workstation 4.6; General 
Electric Healthcare) and post-processed using the MADC 
program. Regions of interest (ROI) were drawn manually by 
two radiologists (YD and LP, both with more than 5 years 
of experience with abdominal radiology) independently 
and without referring to the clinical or pathologic results. 
Each radiologist placed a large ROI to encompass the 
cortex and three smaller ROIs in the medulla (20–40 mm2 
each) in each slice for three consecutive peri-hilar slices 
on the b=0 mm2/s images, as we previously reported (9). A 
typical example of ROI placement is shown in Figure S1. 
The ROIs were then copied automatically to the functional 
maps, whose readings were later averaged to be the cortical 
and medullary readings for each allograft. Caution was 
exercised to exclude area/slices with hemorrhages, cysts, or 
inhomogeneous intensities when delineating ROIs.

Mono-exponential and bi-exponential models of DWI

DWI parameters were calculated on a pixel-by-pixel basis. 
The total apparent diffusion coefficient (ADCT) was obtained 
by fitting all 11 b values using a mono-exponential model 
according to the following equation: Sb/S0 = exp (–b × ADCT), 
where Sb represents the signal intensity at a given b value, and 
S0 is the signal intensity for b=0 mm2/s. Perfusion fraction (fp), 
true diffusion coefficient (D), and perfusion-related pseudo-
diffusion coefficient (D*) were calculated by using the bi-
exponential intravoxel incoherent motion (IVIM) analysis: 
Sb/S0 = (1 – fp) exp (–bD) + fp.exp [–b (D* + D)]. Consistent 
with earlier studies (10-12), a constrained segmented 
fitting algorithm was employed. Briefly, initial D value 
was estimated using a reduced set of b values >200 s/mm2,  
and subsequently, D was kept constant when fitting for the 
determination of the fp and the pseudo-perfusion D*.

Histologic analysis

A renal allograft biopsy was performed within 1 week 
after MRI examinations. Slides stained for hematoxylin 
and eosin, periodic acid Schiff, and Masson’s trichrome 
stains were routinely prepared for pathologic evaluation. 
Masson’s trichrome-stained slides were digitized and 
quantified for tubulointerstitial fibrosis by a semi-automatic 

Table 1 Demographics and baseline characteristics of the included 
patients

Characteristics Values

Age (years) 38.2±10.9

Male: female, n (%) 33 (70.2): 14 (29.8)

Immunosuppressive regimen, n (%)

Pre + MMF + FK 28 (59.6)

Pre + MMF + CsA 13 (27.7)

Other 6 (12.7)

Causes of end-stage renal disease

Glomerulonephritides, n (%) 10 (21.3)

Vasculitis, n (%) 1 (2.1)

Unknown, n (%) 36 (76.6)

Serum creatinine, median (interquartile 
range)

2.19 (1.35–2.97)

Proteinuria, median (interquartile range) 0.67 (0.33–2.38)

Hemoglobin, g/L 115.6±25.6

Interstitial fibrosis, median (interquartile 
range)

30.1% (8.9–58.3%)

ACS, n (%)

Mild ACS 24 (51.1)

Moderate ACS 14 (29.8)

Severe ACS 9 (19.1)

CCS, n (%)

Mild CCS 20 (42.6)

Moderate CCS 14 (29.8)

Severe CCS 13 (27.6)

CsA, cyclosporine A; FK, tacrolimus; MMF, mycophenolic acid; 
Pre, prednisone; ACS, acute composite score; CCS, chronic 
composite score.
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calculation of the percentages of areas with blue color with 
the colocalization algorithm to calculate the burden of 
interstitial fibrosis (version 9; Aperio Technologies, Inc.) 
in a digital pathology platform (Aperio Scanscope XT 
Turbo Scanner, Leica, Wetzlar, Germany) as previously  
reported (13). The Banff 2015 classification (14) is an 
international consensus regarding the diagnosis and scoring 
of allograft pathologies; the calculated tubulointerstitial 
fibrosis were categorized as mild (<25%), moderate (25–
50%) or severe (≥50%).

Kidney allograft acute and chronic pathologic changes 
were retrieved from the pathology report that routinely 
reported Banff descriptor scores. The acute changes 
of interstitial inflammation, peritubular capillaritis, 
glomerulitis, and tubulitis were each scored from 0 to 
3. According to the transplantation literature, a score of 
0 indicated the absence of this lesion while a score of 3 
denoted the most severe changes (15). The score of each 
acute pathologic lesion was summed up to reach an acute 
composite score (ACS) that reflected the overall severity 
of acute changes. Similarly, a chronic composite score 
(CCS) was generated for better characterization of chronic 
pathologic changes, which included interstitial fibrosis, 
tubular atrophy, vascular intimal thickening, and chronic 
glomerulopathy. The scoring of each chronic lesion was 
like that described for acute pathologic lesions. A detailed 
description of the scoring system for acute and chronic 
pathologic lesions is described in Table S1. ACS and CCS 
were arbitrarily divided into three categories, with 0–4, 5–8, 
and 9–12 standing for mild, moderate, and severe changes, 
respectively.

Statistical analysis

The inter-rater observer agreement was assessed by 
calculating the intraclass correlation coefficient (ICC). The 
correlations between DWI parameters and tubulointerstitial 
fibrosis, ACS, and CCS were evaluated by the Pearson’s or 

Spearman’s correlation analysis, as appropriate. Receiver-
operating characteristic (ROC) curves were used to evaluate 
the diagnostic performances of both mono-exponential 
and bi-exponential parameters for distinguishing mild 
from moderate and severe ACS/CCS/tubulointerstitial 
fibrosis as well as mild and moderate from severe ACS/
CCS/tubulointerstitial fibrosis. The areas under the curve 
(AUCs) for the significant parameters were compared, as 
reported previously (16). We also calculated the sensitivity 
and specificity for parallel or serial use of D and fp at each 
optimal cutoff point. A P value of <0.05 was considered 
statistically significant in two-sided tests.

Results

Measurement reproducibility

The ICCs for cortical and medullary ADCT were 0.903 and 
0.894 respectively, the ICCs of cortical D and fp were 0.837 
and 0.874 respectively, and the ICCs of medullary D and fp 
were 0.825 and 0.883 respectively. The DWI parameters from 
both raters thus averaged and used for subsequent analysis.

Correlations between DWI parameters and pathologic 
lesions

Mono-exponential ADCT and bi-exponential D & fp in 
both the cortex and medulla were all inversely correlated 
with ACS, CCS, and interstitial fibrosis (Table 2). The 
correlation coefficient was the largest between ACS and 
cortical fp (ρ=0.68), CCS and medullary ADCT (ρ=0.77), 
and interstitial fibrosis and cortical ADCT (r=0.79).

Comparison of mono-exponential and bi-exponential 
models for assessing acute pathologic changes

Allografts with moderate and severe ACS had significantly 
reduced ADCT, compared with those with only mild ACS. 
Figure 1 illustrates typical images of DWI functional 

Table 2 Correlations between DWI parameters and histopathologic changes

Pathologic parameters Cortical ADCT Medullary ADCT Cortical D Medullary D Cortical fp Medullary fp

ACS (ρ) –0.56*** –0.52*** –0.39** –0.38** –0.68*** –0.40**

CCS (ρ) –0.76*** –0.77*** –0.63*** –0.53*** –0.71*** –0.47**

Interstitial fibrosis (r) –0.79*** –0.74*** –0.62*** –0.56*** –0.59*** –0.50***

**, P<0.01; ***, P<0.001. DWI, diffusion-weighted imaging; ADCT, total apparent diffusion coefficient; D, true diffusion; fp, perfusion 
fraction; ACS, acute composite score; CCS, chronic composite score.
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analysis in an allograft with mild ACS and one with severe 
ACS. As summarized in Table 3, ROC curve analysis 
indicated that cortical fp and ADCT distinguished mild 
from moderate and severe ACS with the largest AUC of 0.89 

[95% confidence interval (CI), 0.77–0.96] and the highest 
specificity of 100% (95% CI, 85.2–100%). Noticeably, only 
cortical fp could differentiate severe ACS from mild and 
moderate ACS (P<0.001) with an AUC of 0.80 (95% CI, 

B
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Figure 1 Pathologic slides and functional DWI maps in an allograft with no acute pathologic changes (A,B,C,D,E) and one with severe 
acute pathologic changes (F,G,H,I,J). (A) Preserved renal architecture with no inflammation (PAS stain, scale bar 100 μm); (B) b=0 image 
for the allograft shown in (A); (C,D,E) ADCT, D, and fp maps respectively for the allograft with pathology shown in (A); (F) a biopsy 
showing distorted renal architecture with avid inflammation (PAS stain, scale bar 100 μm); (G) b=0 image for the allograft shown in (F); 
(H,I,J) ADCT, D, and fp maps respectively for the allograft with pathology shown in (F); the values in (H,I,J) correspondingly decreased 
as compared with (C,D,E). DWI, diffusion-weighted imaging; ADCT, total apparent diffusion coefficient; D, true diffusion; fp, perfusion 
fraction.

Table 3 ROC curve analysis using DWI parameters for the discrimination of different categories of ACS

Parameters Cutoff AUC (95% CI) Sensitivity (95% CI) (%) Specificity (95% CI) (%) Z static, P value

Mild vs. moderate and severe ACS

Cortical ADCT (×10–3 mm2/s) 2.13 0.76 (0.61–0.87) 45.8 (25.6–67.2) 100 (85.2–100) 3.4, <0.001

Medullary ADCT (×10-3 mm2/s) 1.85 0.74 (0.59–0.86) 58.3 (36.6–77.9) 82.6 (61.2–95.0) 3.2, 0.001

Cortical D (×10–3 mm2/s) 1.45 0.69 (0.54–0.81) 83.3 (62.6–95.3) 56.5 (34.5–76.8) 2.3, 0.02

Medullary D (×10–3 mm2/s) 1.38 0.67 (0.51–0.80) 79.2 (57.8–92.9) 47.8 (26.8–69.4) 2.1, 0.04

Cortical fp 0.276 0.89 (0.77–0.96) 87.5 (67.6–97.3) 82.6 (61.2–95.0) 8.4, <0.001

Medullary fp 0.252 0.73 (0.58–0.85) 87.5 (67.6–97.3) 52.2 (30.6–73.2) 3.2, 0.002

Severe vs. mild and moderate ACS

Cortical ADCT (×10–3 mm2/s) 1.89 0.67 (0.52–0.80) 77.8 (40.0–97.2) 63.2 (46.0–78.2) 1.9, 0.06

Medullary ADCT (×10–3 mm2/s) 1.66 0.68 (0.53–0.81) 66.7 (29.9–92.5) 79.0 (62.7–90.4) 1.8, 0.07

Cortical D (×10–3 mm2/s) 1.49 0.55 (0.40–0.69) 66.7 (29.9–92.5) 57.9 (40.8–73.7) 0.4, 0.69

Medullary D (×10–3 mm2/s) 1.37 0.63 (0.47–0.76) 55.6 (21.2–86.3) 73.7 (56.9–86.6) 1.2, 0.22

Cortical fp 0.276 0.80 (0.65–0.90) 100 (66.4–100) 65.8 (48.6–80.4) 4.4, <0.001

Medullary fp 0.252 0.66 (0.51–0.80) 66.7 (29.9–92.5) 76.3 (59.8–88.6) 1.6, 0.11

ROC, receiver-operating characteristic; DWI, diffusion-weighted imaging; ACS, acute composite score; AUC, area under the curve; CI, 
confidence interval; ADCT, total apparent diffusion coefficient; D, true diffusion; fp, perfusion fraction.
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Table 4 ROC curve analysis using DWI parameters for the discrimination of different categories of interstitial fibrosis

Parameters Cutoff AUC (95% CI) Sensitivity (95% CI) (%) Specificity (95% CI) (%) Z static, P value

Mild vs. moderate and severe fibrosis

Cortical ADCT (×10–3 mm2/s) 1.90 0.92 (0.80–0.98) 95.0 (75.1– 99.9) 77.8 (57.7–91.4) 10.9, <0.001

Medullary ADCT (×10–3 mm2/s) 1.78 0.93 (0.81–0.98) 90.0 (68.3–98.8) 85.2 (66.3–95.8) 11.2, <0.001

Cortical D (×10–3 mm2/s) 1.49 0.84 (0.71–0.93) 85.0 (62.1–96.8) 70.4 (49.8–86.2) 5.9, <0.001

Medullary D (×10–3 mm2/s) 1.39 0.81 (0.66–0.91) 90.0 (68.3–98.8) 55.6 (35.3–74.5) 4.9, <0.001

Cortical fp 0.254 0.83 (0.69–0.92) 95.0 (75.1–99.9) 70.4 (49.8–86.2) 5.3, <0.001

Medullary fp 0.252 0.72 (0.57–0.84) 90.0 (68.3–98.8) 48.2 (28.7–68.1) 2.9, 0.004

Severe vs. mild and moderate fibrosis

Cortical ADCT (×10–3 mm2/s) 1.71 0.86 (0.72–0.94) 60.0 (32.3–83.7) 100 (89.1–100) 6.0, <0.001

Medullary ADCT (×10–3 mm2/s) 1.78 0.83 (0.69–0.93) 86.7 (59.5–98.3) 62.5 (43.7–78.9) 5.4, <0.001

Cortical D (×10–3 mm2/s) 1.47 0.81 (0.67–0.91) 80.0 (51.9–95.7) 71.9 (53.3–86.3) 4.7, <0.001

Medullary D (×10–3 mm2/s) 1.45 0.73 (0.58–0.85) 93.3 (68.1–99.8) 43.8 (26.4–62.3) 3.1, 0.002

Cortical fp 0.299 0.79 (0.65–0.90) 93.3 (68.1–99.8) 53.1 (34.7–70.9) 4.4, <0.001

Medullary fp 0.310 0.71 (0.56–0.83) 100 (78.2–100) 37.5 (21.1–56.3) 2.6, 0.01

ROC, receiver-operating characteristic; DWI, diffusion-weighted imaging; AUC, area under the curve; CI, confidence interval; ADCT, total 
apparent diffusion coefficient; D, true diffusion; fp, perfusion fraction.

0.65–0.90) and a sensitivity of 100% (95% CI, 66.4–100%). 
Therefore, cortical fp was superior to the ADCT for finding 
both mild and severe acute pathologic changes

Comparison of mono-exponential and bi-exponential 
models for characterizing interstitial fibrosis

When looking at the ROC curve analysis in distinguishing 
mild fibrosis from moderate and severe fibrosis (Table 4), 
AUCs for cortical and medullary ADCT were significantly 
different compared to medullary D (0.92 vs. 0.81, P=0.04; 
0.93 vs. 0.81, P=0.03 respectively) and fp (0.92 vs. 0.72, 
P=0.008; 0.93 vs. 0.72, P=0.006 respectively), but similar 
to cortical D (0.84, 95% CI, 0.71–0.93) and fp (0.83, 
0.69–0.92). Furthermore, cortical ADCT had the largest 
AUC of 0.86 (95% CI, 0.72–0.94) and a specificity of 100% 
(89.1–100.0%) for identifying severe interstitial fibrosis. 
However, the AUCs by ADCT, D, and fp in both the cortex 
and medulla were not statistically significant.

Comparison of mono-exponential and bi-exponential 
models for differentiating chronic pathologic changes

Since interstitial fibrosis is just a part of chronic change, 

we then further evaluated the ability of DWI parameters 
to assess the CCS. Table 5 shows that both cortical ADCT, 
medullary ADCT, cortical D, and fp distinguished mild 
CCS from moderate to severe CCS with good AUCs (AUC 
from 0.81 to 0.90). For identifying mild CCS, the AUC of 
medullary ADCT (0.90, 95% CI, 0.78–0.97) was similar to 
that of cortical D (0.81, 95% CI, 0.67–0.91) and fp (0.86, 
95% CI, 0.73–0.94), but statistically larger than that of 
medullary D (P=0.005) and fp (P=0.01). The AUCs for 
differentiating between severe and mild and moderate CCS 
were statistically insignificant among ADCT, D, and fp in 
the cortex and medulla (P≥0.15).

Combining D and fp for assessing renal allograft 
pathologic changes

As shown in Table 6, a maximal sensitivity of 100% (95% 
CI, 85.8–100%) was obtained with the parallel use of 
cortical D and cortical/medullary fp for distinguishing mild 
from moderate and severe ACS. Strikingly, the joint use of 
D and fp in either the cortex or the medulla could achieve 
a sensitivity of 100% for identifying either mild or severe 
interstitial fibrosis. In the meantime, the serial use of cortical 
D and cortical fp could result in the largest specificity for 
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Table 5 ROC curve analysis using DWI parameters for the discrimination of different categories of CCS

Parameters Cutoff AUC (95% CI) Sensitivity (95% CI) (%) Specificity (95% CI) (%) Z static, P value

Mild vs. moderate and severe CCS

Cortical ADCT (×10–3 mm2/s) 2.00 0.87 (0.73–0.95) 65.0 (40.8–84.6) 96.3 (81.0–99.9) 6.92, <0.001

Medullary ADCT (×10–3 mm2/s) 1.85 0.90 (0.78–0.97) 75.0 (50.9–91.3) 88.9 (70.8–97.6) 9.38, <0.001

Cortical D (×10–3 mm2/s) 1.49 0.81 (0.67–0.91) 85.0 (62.1–96.8) 70.4 (49.8–86.2) 4.8, <0.001

Medullary D (×10–3 mm2/s) 1.39 0.75 (0.60–0.86) 85.0 (62.1–96.8) 51.9 (31.9–71.3) 3.5, <0.001

Cortical fp 0.256 0.86 (0.73–0.94) 90.0 (68.3–98.8) 70.4 (49.8–86.2) 6.8, <0.001

Medullary fp 0.323 0.70 (0.55–0.83) 45 (23.1–68.5) 96.3 (81.0–99.9) 2.5, 0.01

Severe vs. mild and moderate CCS

Cortical ADCT (×10–3 mm2/s) 1.75 0.83 (0.69–0.92) 61.5 (31.6–86.1) 94.1 (80.3–99.3) 4.9, <0.001

Medullary ADCT (×10–3 mm2/s) 1.78 0.79 (0.65–0.90) 92.3 (64.0–99.8) 61.8 (43.6–77.8) 4.4, <0.001

Cortical D (×10–3 mm2/s) 1.45 0.78 (0.64–0.89) 69.2 (38.6–90.9) 76.5 (58.8–89.3) 3.9, <0.001

Medullary D (×10–3 mm2/s) 1.45 0.71 (0.56–0.83) 92.3 (64.0–99.8) 41.2 (24.6–59.3) 2.6, 0.01

Cortical fp 0.254 0.87 (0.74–0.95) 92.3 (64.0–99.8) 76.5 (58.8–89.3) 6.6, <0.001

Medullary fp 0.236 0.78 (0.64–0.89) 61.5 (31.6–86.1) 88.2 (72.5–96.7) 3.7, <0.001

ROC, receiver-operating characteristic; DWI, diffusion-weighted imaging; CCS, chronic composite score; AUC, area under the curve; CI, 
confidence interval; ADCT, total apparent diffusion coefficient; D, true diffusion; fp, perfusion fraction.

Table 6 Combining D and fp for assessing renal allograft pathologic changes

Parameters AUC (95% CI) Sensitivity (95% CI) (%) Specificity (95% CI) (%)

Mild vs. moderate and severe ACS

Cortical D and cortical fp 0.81 (0.67–0.91) 70.8 (48.9–87.4) 91.3 (72.0–98.9)

Cortical D and medullary fp 0.77 (0.62–0.88) 70.8 (48.9–87.4) 82.6 (61.2–95.0)

Medullary D and cortical fp 0.79 (0.64–0.89) 75.0 (53.3–90.2) 82.6 (61.2–95.0)

Medullary D and medullary fp 0.70 (0.55–0.83) 66.7 (44.7–84.4) 73.9 (51.6–89.8)

Cortical D or cortical fp 0.74 (0.59–0.86) 100 (85.8–100) 47.8 (26.8–69.4)

Cortical D or medullary fp 0.63 (0.48–0.77) 100 (85.8–100) 26.1 (10.2–48.4)

Medullary D or cortical fp 0.68 (0.52–0.80) 95.8 (78.9–99.9) 39.1 (19.7–61.5)

Medullary D or medullary fp 0.61(0.46–0.75) 95.8 (78.9–99.9) 26.1 (10.2–48.4)

Mild vs. moderate and severe fibrosis

Cortical D and cortical fp 0.84 (0.71–0.93) 80.0 (56.3–94.3) 88.9 (70.8–97.6)

Cortical D and medullary fp 0.80 (0.66–0.90) 75.0 (50.9–91.3) 85.2 (66.3–95.8)

Medullary D and cortical fp 0.85 (0.72–0.94) 85.0 (62.1–96.8) 85.2 (66.3–95.8)

Medullary D and medullary fp 0.79 (0.65–0.89) 80.0 (56.3–94.3) 77.8 (57.7–91.4)

Cortical D or cortical fp 0.76 (0.61–0.87) 100 (83.2–100) 51.9 (31.9–71.3)

Cortical D or medullary fp 0.67 (0.51–0.80) 100 (83.2–100) 33.3 (16.5–54.0)

Medullary D or cortical fp 0.70 (0.55–0.83) 100 (83.2–100) 40.7 (22.4–61.2)

Medullary D or medullary fp 0.63 (0.48–0.77) 100 (83.2–100) 25.9 (11.1–46.3)

Table 6 (continued)
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Table 6 (continued)

Parameters AUC (95% CI) Sensitivity (95% CI) (%) Specificity (95% CI) (%)

Severe vs. mild and moderate fibrosis

Cortical D and cortical fp 0.79 (0.65–0.89) 73.3 (44.9–92.2) 84.4 (67.2–94.7)

Cortical D and medullary fp 0.78 (0.63–0.88) 80.0 (51.9–95.7) 75.0 (56.6–88.5)

Medullary D and cortical fp 0.79 (0.65–0.89) 86.7 (59.5–98.3) 71.9 (53.3–86.3)

Medullary D and medullary fp 0.78 (0.63–0.88) 93.3 (68.1–99.8) 62.5 (43.7–78.9)

Cortical D or cortical fp 0.72 (0.57–0.84) 100 (78.2–100) 43.8 (26.4–62.3)

Cortical D or medullary fp 0.67 (0.52–0.80) 100 (78.2–100) 34.4 (18.6–53.2)

Medullary D or cortical fp 0.63 (0.47–0.76) 100 (78.2–100) 25.0 (11.5–43.4)

Medullary D or medullary fp 0.59 (0.44–0.74) 100 (78.2–100) 18.8 (7.2–36.4)

Mild vs. moderate and severe CCS

Cortical D and cortical fp 0.84 (0.71–0.93) 80.0 (56.3–94.3) 88.9 (70.8–97.6)

Cortical D and medullary fp 0.71 (0.56–0.83) 45.0 (23.1–68.5) 96.3 (81.0–99.9)

Medullary D and cortical fp 0.85 (0.72–0.94) 85.0 (62.1–96.8) 85.2 (66.3–95.8)

Medullary D and medullary fp 0.70 (0.55–0.83) 40.0 (19.1–63.9) 100 (87.2–100)

Cortical D or cortical fp 0.73 (0.59–0.85) 95.0 (75.1–99.9) 51.9 (31.9–71.3)

Cortical D or medullary fp 0.80 (0.65–0.90) 85.0 (62.1–96.8) 74.1 (53.7–88.9)

Medullary D or cortical fp 0.66 (0.51–0.79) 95.0 (75.1–99.9) 37.0 (19.4–57.6)

Medullary D or medullary fp 0.69 (0.54–0.82) 90.0 (68.3–98.8) 48.2 (28.7–68.1)

Severe vs. mild and moderate CCS

Cortical D and cortical fp 0.78 (0.63–0.89) 61.5 (31.6–86.1) 94.1 (80.3–99.3)

Cortical D and medullary fp 0.73 (0.58–0.85) 46.2 (19.2–74.9) 100 (89.7–100)

Medullary D and cortical fp 0.84 (0.70–0.93) 84.6 (54.6–98.1) 82.4 (65.5–93.2)

Medullary D and medullary fp 0.78 (0.63–0.89) 61.5 (31.6–86.1) 94.1 (80.3–99.3)

Cortical D or cortical fp 0.79 (0.65–0.90) 100 (75.3–100) 58.8 (40.7–75.4)

Cortical D or medullary fp 0.75 (0.60–0.86) 84.6 (54.6–98.1) 64.7 (46.5–80.3)

Medullary D or cortical fp 0.68 (0.52–0.81) 100 (75.3–100) 35.3 (19.7–53.5)

Medullary D or medullary fp 0.62 (0.47–0.76) 92.3 (64.0–99.8) 32.4 (17.4–50.5)

D, true diffusion; fp, perfusion fraction; AUC, area under the curve; CI, confidence interval; ACS, acute composite score; CCS, chronic 
composite score.

identifying both mild [88.9% (95% CI, 70.8–97.6%)] and 
severe [84.4% (95% CI, 67.2–94.7%)] interstitial fibrosis. 
Furthermore, parallel use of cortical D and cortical fp 
could increase the sensitivity for distinguishing mild from 
moderate and severe CCS to 95.0% (95% CI, 75.1–99.9%), 
whereas the serial use of medullary D and medullary fp 
could increase specificity to 100% (95% CI, 87.2–100%). 
However, for differentiating severe from mild and moderate 
CCS, a maximal specificity of 100% (95% CI, 89.7–100%) 
was attained by serial use of cortical D and medullary fp.

Discussion

The noninvasive assessment of renal allograft acute 
and chronic pathologic lesions are helpful for tailoring 
management and predicting prognosis. In this study, we 
found that cortical fp calculated by the bi-exponential model 
was strongly correlated with acute pathologic lesions and was 
superior to ADCT for identifying severe acute pathologic 
changes. By contrast, ADCT was equal to or better than 
single D or fp for characterizing interstitial fibrosis and 
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chronic pathologic changes. Nonetheless, combined use 
of D and fp could increase the sensitivity and specificity in 
discriminating allograft pathologic changes severity.

Acute pathologic lesions are histologically characterized 
by inflammatory cell infiltration, forming typical features 
of interstitial inflammation, glomerulitis, tubulitis, and 
peritubular capillaritis. Clinically, these types of changes 
can be ameliorated or even completely dissipated with the 
treatment of glucocorticoids. However, the evaluation of 
acute pathologic changes received little attention in the 
literature in relation to renal DWI. Inflammatory cell 
infiltration may partially account for the decreased ADCT, 
which is particularly sensitive to water diffusion restriction 
caused by increased cellular density. In line with this, 
Notohamiprodjo et al. (17) reported a significant negative 
correlation between ADCT and interstitial inflammation 
(r=–0.73) in rat models of kidney transplant rejection.

Although both cortical and medullary ADCT correlated 
with ACS and could identify early mild ACS with 
moderate AUC, they could not be used to distinguish 
severe from mild and moderate ACS. By contrast, cortical 
fp demonstrated a strong correlation with ACS and can 
be used to identify both mild and severe ACS with good 
AUC. According to the IVIM imaging theory proposed 
by Le Bihan et al. (18), fp correlated with the blood 
microcirculation in the capillary network. Nevertheless, 
studies have shown that fp in the kidney may also be related 
to the tubular flow (19). It may be explained by a decreased 
fp being related to reduced transplant capillary perfusion 
with an increasing ACS, as it has been reported that 
kidney blood microcirculation, as assessed by ultrasound, 
diminished in a peritubular capillaritis-dependent manner 
in kidney allografts (20).

Interstitial fibrosis is an irreversible lesion that has 
received considerable attention in the literature in regards 
to the native kidneys. At least a dozen studies have explored 
the utility of DWI for assessing interstitial fibrosis either in 
animal models or human subjects (4-8,13,21-27). However, 
the diagnostic performances of mono-exponential and bi-
exponential models, to the best of our knowledge, have 
been scarcely compared. In the present study, we found that 
the AUCs from cortical and medullary ADCT demonstrated 
no significant differences with those from cortical D and 
fp, suggesting that cortical IVIM-DWI parameters and 
ADCT are complementary for assessing renal allograft 
tubulointerstitial fibrosis. These results are consistent with a 
prior study by Wang et al. (13) who found that both cortical 
fp and ADCT distinguished mild from moderate and severe 

fibrosis (0.81 vs. 0.87, P>0.05) and severe from mild and 
moderate fibrosis (0.86 vs. 0.88, P>0.05) with similar AUCs. 
Nevertheless, combining fp and D could yield a sensitivity 
of 100% for identifying severe interstitial fibrosis, which 
was consistent with the study by Wáng et al., demonstrating 
that fp may be the most sensitive parameter for assessing 
liver fibrosis (28).

In addition to interstitial fibrosis, pathologic changes 
of tubular atrophy, chronic glomerulopathy, and vascular 
intimal thickening are also irreversible and should be 
routinely assessed and reported. Earlier studies have 
concluded that ADC correlated with chronic pathologic 
lesions (29), which was congruent with the good-to-
excellent diagnostic performances calculated from the 
ROC curve analysis in the present study. Additionally, 
we found that ADCT was equal to or better than some 
IVIM-DWI parameters for evaluating chronic pathologic 
changes. These results emphasize that ADCT is still a robust 
parameter for evaluating chronic pathologic burden, but 
cortical D and fp could also provide useful information.

Of further interest, we showed that the combined use 
of D and fp could significantly increase the sensitivity or 
specificity for discriminating allograft pathologic changes 
severity. This result is consistent with the finding by Ni 
et al. indicating that the combined use of cortical D and 
medullary fp could increase the specificity in identifying 
allografts that need clinical intervention (30). Given 
that IVIM-DWI parameters D and fp denote disparate 
pathophysiologic processes, it is not surprising that their 
combined use would characterize tissue microstructure 
changes more accurately.

Undoubtedly, the results of this study would be 
influenced by the number and strength of the gradient b 
values, for which there is no consensus to date. For instance, 
it is known that D is determined by higher b values  
(>100 s/mm2), while D* is significantly influenced by lower 
b values. The number of b values used in the literature 
ranges from 1 to 16 (31), with strength generally no more 
than 1,500 s/mm2 (32).

The results of the present study are subject to several 
limitations. First, the ROI in this study encompassed the 
entire renal parenchyma, while the biopsy sampled was 
only from a small region. Second, the patient population 
was small. Third, ROIs were drawn manually, which is 
time-consuming and may introduce potential biases. There 
are other studies that have used automatic segmentation 
and convolutional neural networks (33,34) which can 
increase the measurement reproducibility and reduce 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Notohamiprodjo M[Author]&cauthor=true&cauthor_uid=27820833
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labor, respectively. Finally, the IVIM parameter D* was 
not assessed in this study, since it has been reported that 
D* suffers from a notoriously low reproducibility that 
significantly impairs its clinical utility (35,36).

In conclusion, we showed that cortical fp was superior 
to the ADCT for identifying both mild and severe acute 
pathologic changes. Nevertheless, ADCT was equal to or 
better than single D or fp for evaluating chronic pathologic 
changes. Thus, both mono-exponential and bi-exponential 
analysis of DWI images are complementary in evaluating 
kidney allograft pathologic changes, and the combined use 
of D and fp can increase the sensitivity and specificity for 
discriminating allograft pathologic changes severity.
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Figure S1 An example of a ROI placement in the kidney allograft. A large ROI and three smaller ROIs were manually placed in the cortex 
and medulla, respectively. ROI, region of interest.

Supplementary



Table S1 Scoring of acute and chronic pathologic changes according to the Banff 2015 criteria

Score Pathologic changes

Interstitial inflammation

0 No inflammation or in less than 10% of unscarred cortical parenchyma

1 Inflammation in 10% to 25% of unscarred cortical parenchyma

2 Inflammation in 26% to 50% of unscarred cortical parenchyma

3 Inflammation in more than 50% of unscarred cortical parenchyma

Peritubular capillaritis

0 At least one leukocyte in <10% of cortical PTC, and/or maximum number of leukocytes <3

1 At least one leukocyte cell in >10% of cortical PTCs with 3–4 leukocyte in most
severely involved PTC

2 At least one leukocyte in >10% of cortical PTC with 5–10 leukocyte in most severely involved PTC

3 at least one leukocyte in >10% of cortical PTC with >10 leukocyte in most severely involved PTC

Glomerulitis

0 No glomerulitis

1 Glomerulitis in less than 25% of glomeruli

2 Segmental or global glomerulitis in 25% to 75% of glomeruli

3 Glomerulitis in more than 75% of glomeruli

Tubulitis

0 No mononuclear leukocytes in tubules

1 Foci with 1–4 leukocytes/tubular cross section (or 10 tubular cells)

2 Foci with 5–10 leukocytes/tubular cross section (or 10 tubular cells)

3 Foci with >10 leukocytes/tubular cross section

Interstitial fibrosis

0 Interstitial fibrosis in up to 5% of cortical area

1 Interstitial fibrosis in 6% to 25% of cortical area (mild interstitial fibrosis)

2 Interstitial fibrosis in 26% to 50% of cortical area (moderate interstitial fibrosis)

3 Interstitial fibrosis in >50% of cortical area (severe interstitial fibrosis)

Tubular atrophy

0 No tubular atrophy

1 Tubular atrophy involving up to 25% of the area of cortical tubules (mild tubular atrophy)

2 Tubular atrophy involving 26% to 50% of the area of cortical tubules (moderate tubular atrophy)

3 Tubular atrophy involving in >50% of the area of cortical tubules (severe tubular atrophy)

Vascular intimal thickening

0 No chronic vascular changes

1 Vascular narrowing of up to 25% luminal area by fibrointimal thickening

2 Vascular narrowing of 26% to 50% luminal area by fibrointimal thickening

3 Vascular narrowing of more than 50% luminal area by fibrointimal thickening

Chronic glomerulopathy

0 No GBM double contours by light microscopy or electron microscopy

1 Double contours of the GBM in 1–25% of capillary loops in the most affected non-sclerotic 
glomerulus by light microscopy

2 Double contours affecting 26% to 50% of peripheral capillary loops in the most affected glomerulus

3 Double contours affecting more than 50% of peripheral capillary loops in the most affected 
glomerulus

PTC, peritubular capillaries; GBM, glomerular basement membrane.
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