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Background. Interstitial fibrosis (IF) is the common pathway of chronic kidney injury in various conditions. Magnetic
resonance imaging (MRI) may be a promising tool for the noninvasive assessment of IF in renal allografts. Methods. This
prospective trial was primarily designed to investigate whether the results of T1-weighted MRI associate with the degree of
IF. Thirty-two kidney transplant recipients were subjected to 1.5-Tesla MRI scans shortly before or after routine allograft biop-
sies. MRI parameters [T1 and T2 relaxation times; apparent diffusion coefficient (ADC)] were assessed for cortical and med-
ullary sections. Results. Advanced IF (Banff ci score >1) was associated with higher cortical T1 (but not T2) values [1451
(median; interquartile range: 1331-1506) versus 1306 (1197-1321) ms in subjects with ci scores <1; P = 0.011; receiver
operating characteristic area under the curve for prediction of ci > 1: 0.76]. In parallel, T1 values were associated with kidney
function and proteinuria. There was also a relationship between IF and corticomedullary differences on ADC maps (receiver
operating characteristic area under the curve for prediction of ci < 1: 0.79). Conclusions. Our results support the use of
MRI for noninvasive assessment of allograft scarring. Future studies will have to clarify the role of T1 (and ADC) mapping as

a surrogate endpoint reflecting the progression of chronic graft damage.

(Transplantation Direct 2020;6: €577; doi: 10.1097/TXD.0000000000001009. Published online 15 July, 2020.)

nterstitial fibrosis (IF), the final common pathway of dif-
ferent immunological and nonimmunological mechanisms
of injury, is a key feature of chronic kidney damage.'? IF,
which is characterized by an excessive deposition of extracel-
lular matrix in the interstitium, is well known to associate
with renal prognosis in different kidney diseases.® In kidney
transplantation, IF was shown to be an early predictor of
graft dysfunction and loss.*¢ The quantification of IF relies
on biopsy as the current “gold standard.” However, biopsies
are invasive and carry a significant risk of bleeding complica-
tions.”® Moreover, a core needle biopsy involves taking only
a tiny sample of the kidney, and the often patchy distribution
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of renal scarring can lead to a profound sampling bias lim-
iting diagnostic precision.” Another caveat is a considerable
interobserver variability, especially with visual assessment.!%3

The establishment of noninvasive tools for IF monitoring
may represent a promising strategy to systematically evaluate
the progression of renal scarring, thereby potentially reducing
the need of serial follow-up biopsies (and associated complica-
tions in patients at increased bleeding risk). In this context, the
use of noncontrast magnetic resonance imaging (MRI), in par-
ticular T1 mapping and diffusion-weighted imaging (DWI) with
apparent diffusion coefficient (ADC) assessment, has gained
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increasing interest, and has entered a clinical routine in differ-
ent areas of medicine, such as hepatology and cardiology.'*'’
One potential advantage of using macroscopic imaging tech-
niques may be the possibility to obtain additional information
about the extent of chronic allograft damage, with a presum-
ably minimal degree of sampling bias and interobserver vari-
ability, owing to an objective assessment of the whole organ.
In T1 mapping sequences, which are included in most imag-
ing protocols, the tissue contrast is determined by longitudinal
(T1) relaxation times. However, only a few systematic stud-
ies have evaluated the diagnostic value of T1-weighted MRI
as a surrogate marker of transplant scarring, and their results
showed only moderate correlations with IE.!%!7 Interestingly,
the accuracy of T1 mapping was outperformed by the corti-
comedullary difference (but not absolute cortical or medullary
values) of ADC (AADC), a parameter reflecting changes in
the movement of hydrogen molecules based on the Brownian
motion.'®!” In recent studies, also alternative imaging tech-
niques were suggested to have a potential diagnostic value
for noninvasive quantification of IF, such as the assessment
of whole-kidney stiffness on MRI elastography'® or measure-
ment of the fractional anisotropy using MRI-based diffusion
tensor imaging.'” Many available studies applied 3-Tesla pro-
tocols, mostly including patients with a moderate degree of
renal injury or dysfunction, respectively. There may be a need
for further studies to: (1) evaluate the diagnostic accuracy of
1.5-Tesla protocols, which may allow for broader application
in patients with implantable devices?*?! and (2) to assess the
diagnostic value of MRI for a wider range of injury severity.

Our study, which included a representative cohort of 32
subjects, was primarily powered to assess the diagnostic value
of cortical T1 relaxation times (1.5-Tesla MRI system) in rela-
tion to the results of semiquantitative ci scoring according to
the Banff scheme.?? Thorough data analysis also allowed for
the evaluation of other MRI parameters, such as DWI and T2
mapping, in relation to IF and a variety of other morphologic
features of graft injury.

MATERIALS AND METHODS

Study Objectives and Design

The present study was designed as a prospective single-
center trial. Its primary objective was to evaluate whether
there is a correlation between the results of 1.5-Tesla MRIT1
mapping and the degree of IF in renal allografts reflected by
the Banff ci score. Secondary objectives were to asses associa-
tions of T1 relaxation times with other measures of chronic
injury, such as the percentage of cortical interstitial fibrosis,
interstitial fibrosis and tubular atrophy (IFTA), transplant
glomerulopathy (cg), or chronic vasculopathy (cv). In addi-
tion, biopsy results were correlated with parameters obtained
from DWI and T2 mapping. The study approval was obtained
from the institutional ethics committee (approval: October
2017; No. 1893/2017). All trial participants provided written
informed consent before enrollment, and all parts of the study
were conducted in compliance with the Good Clinical Practice
guidelines, the principles of the Declaration of Helsinki 2008
and the Declaration of Istanbul.

Eligibility Criteria and Patients
Key inclusion criteria were (1) a planned posttransplant pro-
tocol or indication biopsy; (2) an age >18 y; and (3) an estimated
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glomerular filtration rate (eGFR; Modification of Diet in Real
Disease equation) >10mL/min/1.73 m?. Exclusion criteria were
non-MRI-compatible metallic implants or pacemakers, known
claustrophobia and pregnancy, respectively. From December
2017 through January 2019, a total of 269 kidney transplant
recipients underwent routine allograft biopsies at the day ward
of the Vienna nephrology department. Because of organizatory
reasons (for the trial, only 1 MRI slot per week was available),
only a minor proportion of these patients were considered for
study inclusion. Thirty-six patients fulfilled all eligibility criteria.
Two of these patients underwent MRI examination, but their
scheduled renal biopsies were canceled. In another patient, MRI
investigation could not be completed because of claustrophobia,
and a fourth patient withdrew consent before imaging. The final
study cohort consisted of 32 recipients, who all underwent a
complete schedule of MRI analysis, in parallel to routine indica-
tion (n = 23) or protocol (n = 9) renal allograft biopsy. Baseline
data are provided in Table 1.

Sample Size Calculation

Sample size calculations for addressing the primary objec-
tive (relationship between MRIT1 relaxation time and ci cat-
egories) were in part based on preliminary results obtained
in a retrospective cohort of 10 renal allograft recipients, who
were subjected to clinically indicated MRI investigations and
at the same time allograft biopsies (between 1 and 374 mo
after transplantation). In these patients, cortical T1 relaxa-
tion times were 1543 = 113 ms (mean = SD). In support of a
potential diagnostic value of MRI in detecting renal scarring,
there were significant differences in relation to the Banff ci
score in concomitant biopsies [ci score of 2 or 3 (6 patients):
1606 = 83.4; ci score of 0 or 1 (4 patients): 1393 = 128;
P = 0.011]. According to these data, a 10% variance and an
expected intergroup difference of >200ms were considered
for sample size calculation. Assuming a 1:1 distribution of
patient groups, enrollment of 28 patients was considered to
yield a statistical power of 90% at a 2-sided significance level
of 0.05. Expecting an about 10% drop-out rate, we planned
inclusion of 32 patients.

Biopsies

The study included both protocol and indication biopsies,
the latter performed for allograft dysfunction and proteinuria.
Biopsies were performed under real-time ultrasound guidance
using 16-gauge needles (1-2 cores per biopsy). Morphologic
lesions were assessed on formalin-fixed paraffin-embedded
sections using standard methodology, including staining with
aniline blue, acid fuchsin, and orange G for analysis of IF.
Banff single lesions and rejection phenotypes were evalu-
ated and scored according to the Banff 2017 scheme.?> The
degree of IF was defined according to the percentage of corti-
cal area involved, applying semiquantitative Banff ci lesion
scoring [ci0: up to 5%; cil: 6%-25% (mild); ci2: 26%-50%
(moderate); ci3: >50% of cortical area (severe IF)]. For stud-
ied biopsies, the median number of glomeruli and arteries per
biopsy was 13 [interquartile range (IQR): 9-22] and 2 (1-3),
respectively. All biopsies were evaluated by 2 nephropatholo-
gists blinded to MRI results (J.K. and H.R.). Biopsy results are
detailed in Table 2. To assess the level of interobserver vari-
ability, features of chronic allograft injury were also re-eval-
uated by a third independent pathologist (M.N.). Table S1
(SDC, http://links.lww.com/TXD/A254) provides correlations
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Patient characteristics in relation to the degree of interstitial fibrosis

Degree of IF (Banff ci score)

Biopsy results All patients (N = 32) cilor1(n=13) ci2or3(n=19) P
Parameters
Female gender, n (%) 8 (25.0) 1(12.5) 7(36.8) 0.061
Age at Tx, y, median (IQR) 53.5 (43.4-68.3) 52.0 (41.0-65.0) 59.0 (47.0-68.5) 0.45
Living donor, n (%) 8 (25.0) 2(15.4) 6 (31.6) 0.30
Donor age, median (IQR) 52 5 (41.5-56.6) 52 0 (43.5-63.5) 53 0 (42.0-56.0) 0.71
Y between Tx and biopsy, median (IQR) .0(0.0-26.0) .0(1.0-9.0) 0(1.0-11.5) 0.57
HLA mismatch (A, B, DR) .0(2.0-3.0) .0(2.0-3.0 .0(2.0-4.0 0.031
First renal transplant, n (%) 26 (81.3) 0(76.9) 6(84.2) 0.51
Immunosuppression at the time of biopsy
Tacrolimus, n (%) 27 (84.4) 10 (76.9) 17 (89.5) 0.34
MMF, n (%) 30(93.8) 11 (84.6) 19 (100) 0.077
Steroid, n (%) 31(96.9) 12 (92.3) 19 (100) 0.22

Renal parameters at the time of biopsy

eGFR at biopsy, median (IQR) 34.2 (20.2-50.7) 39.8 (31.6-62.5) 26.1 (15.8-40.8) 0.075
Protein/creatinine ratio (mg/g), median (IQR) 432.5 (120-1327) 242 (101-665) 822 (218-2008) 0.037
ci, interstitial fibrosis; eGFR, estimated glomerular filtration rate; IF, interstitial fibrosis; IQR, interquartile range; MMF, mycophenolate mofetil; Tx, transplantation.
| TABLE 2.
Biopsy findings in relation to the degree of interstitial fibrosis
Degree of IF (Banff ci score)
Biopsy results All patients (N = 32) ci0or1(n=13) ci2or3(n=19) P
Lesions reflecting chronic injury, scores
Interstitial fibrosis (ci), median (IQR) 2(1-3) 1(0-1) 3(2-3) <0.001
Tubular atrophy (ct), median (IQR) 1(1-2 1(0-1) 2(1.5-3) <0.001
Glomerular double contours (cg), median (IQR) 0(0-0) 0(0-0) 0(0-2 0.32
Vascular intimal thickening (cv), median (IQR) 2(0-2) 0.5(0-1.8) 2.0 (2.0-2.5) 0.044
IF/TA, median/IQR 2(1-3) 1(0-1) 3(2-3) <0.001
Lesions reflecting inflammation
Interstitial inflammation (i), median (IQR) 0(0-0) 0(0-0) 0(0-0) 0.29
Tubulitis (t), median (IQR) 0(0-1.9 0(0-0) 0.5(0-1.8) 0.15
Intimal arteritis (v), median (IQR) 0(0-0) 0(0-0) 0(0-0) 0.21
Glomerulitis (g), median (IQR) 0(0-1) 0(0-0) 0(0-1) 0.29
Peritubular capillaritis (ptc), median (IQR) 0(0-0) 0(0-0) 0(0-0) 0.47
Total inflammation (ti), median (IQR) 1(0-2 0(0-1) 2(1-2) 0.14
i-IF/TA, median (IQR) 2(0-3) 0(0-2) 2(1-3) 0.049
Primary histological diagnosis
Normal histology, n (%) 13 (40.6) 8(61.5) 5(26.3) 0.046
Pure IFTA, n (%) 13.1) 0 1(6.3) 0.40
Banff Borderline lesion, n (%) 3(9.4) 1(7.7) 2(10.5) 0.79
TCMR, n (%) 2(6.3 2 (15.4) 0 0.077
Chronic active AMR, n (%) 4(12.5) 1(7.7) 3(15.8) 0.50
Chronic active AMR plus TCMR, n (%) 13.1) 0 1(.3 0.40
BKVAN, n (%) 26.3) 0 2(10.5) 0.23
Glomerulonephritis, n (%) 3(9.4) 1(7.7) 2(10.9) 0.79
TMA, n (%) 1@3.1) 0 1.3 0.40
Pyelonephritis, n (%) 2(6.3) 0 2(10.5) 0.23

AMR, antibody-mediated rejection; BKVAN, BK-virus associated nephropathy; IF, interstitial fibrosis; IFTA, interstitial fibrosis and tubular atrophy; i-IFTA, inflammation within areas of IFTA; IQR, inter-

quartile range; TCMR, T cell-mediated rejection; TMA, thrombotic microangiopathy.

of chronic lesions with MRI parameters for each of the 2 inde-
pendent evaluations. Kappa statistics revealed moderate levels
of agreement in assigning ci (Fleiss’ kappa: 0.61, P < 0.001) or
ct scores (0.50, P < 0.001). Proportions of patients classified
ci >1, however, were only slightly different (J.JK./H.R.: n = 17;
M.N.: n = 19), and, for cortical T1 relaxation times, receiver
operating characteristic area under the curve (ROC-AUC)

for the prediction of ¢i >1 was only marginally different
[0.76 [95% confidence interval (CI): 0.59-0.94] versus 0.78
(0.61-0.94)].

MRI Protocol and Analysis
In 6 patients, MRI examinations were performed 4.5
(IQR: 1.8-5.8; range: 1-7] d before and in 26 patients 7.5
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(3.0-14.8; 2-28) d after allograft biopsy. Based on the results
of index biopsies, 4 subjects were subjected to therapeutic
interventions before MRI (antibiotic treatment (pyelonephri-
tis): n = 2; high dose steroids and antithymocyte globulin
[T cell-mediated rejection (TCMR)]: n = 1; immunoadsorp-
tion [antibody-mediated rejection (AMR)]: n = 1). The MRI
protocol used for the study included noncontrast-enhanced
T1 mapping (MOLLI-modified Look Locker imaging),
T2-weighted turbo spin echo (HASTE, BLADE), and gradi-
ent-echo (TRUFI) sequences, as well as diffusion-weighted
sequences (b = 0, 50, 100, 200, 300, 600, and 1000 s/mm?)
with ADC mapping. MRI was performed using a 1.5-Tesla
Scanner (Avanto FIT; Siemens Healthineers; Erlangen,
Germany) with a standard body coil. Scans were performed
by radiographers specially trained to cardiac MRI (including
mapping techniques). Mapping Sequences were performed in
coronal and axial planes, adjusted to the axis of the renal
allograft. Image postprocessing was done using a cardiac
T1/T2 postprocessing software (Qmap, Medis; Leiden, The
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Netherlands). Cortical T1 and T2 relaxation times were
measured in 3 axial (cranial, middle, and caudal parts of the
kidney) and 3 coronal slices (anterior, middle, and posterior
parts of the kidney), with 6 independent regions of interest
per slice. Median T1 and T2 relaxation times were assessed
for the whole kidney or separately for axial versus coronal
slices. A representative example of T1-weighted MRI in a
kidney transplant recipient is provided in Figure S1 (SDC,
http://links.lww.com/TXD/A254). In a separate analysis,
cortical T1 relaxation times were obtained from the cranial
pole of the renal allograft (biopsy site in all study subjects).
Medullary T1 relaxation time was assessed in a similar way,
and, based on cortical and medullary values, the corticome-
dullary difference (AT1) was calculated for the whole organ.
Axial DWI was analyzed for the cranial, middle, and caudal
parts of the kidney measuring the ADC value for the cortical
and, in parallel, medullary areas. In total, 6 ADC measure-
ments per kidney were used to calculate the corticomedullary
difference of the ADC values (AADC).

-

Py L. £ LA

FIGURE 1. Representative examples of kidney allograft T1 mapping and corresponding biopsy results. Color scales indicate T1 relaxation
times (range: 0-2000ms). Cortical T1 relaxation time in the first case (A) was 1566 ms. For analysis of interstitial fibrosis (IF), acid fuchsin-orange
G staining was used. Histologic assessment revealed chronic allograft injury with severe IF (ci3), tubular atrophy (ct3), glomerular capillary double
contours (cg3), and vascular fibrous intimal thickening (cv). The second case (B) showed no features of chronic injury (ciO, ctO, cg0, and cv0) and

cortical T1 values were by far lower (1191 ms).
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Statistical Analysis

Continuous variables were expressed either as mean = SD
or median, IQR and range, as appropriate. The Kolmogorov—
Smirnov test was applied to determine whether continuous
variables were normally distributed. Categorical variables
were given as absolute and relative frequencies. For com-
parison of continuous data unpaired Student’s t or Mann—
Whitney U test, and for correlation analysis, Spearman tests
were used. ROC curves and their corresponding AUC val-
ues were calculated to assess the sensitivity and specificity
of different predictors. Fleiss’ kappa analysis was used for
assessment of interobserver agreement. A 2-sided P <0.05
was considered statistically significant. For statistical analy-
sis SPSS 2012 for Mac, Version 20 (SPSS Inc., Chicago, IL)
was used.

RESULTS

As shown in Table 1, the majority of subjects were male
(75%) and recipients of a first renal transplant (81%).
Median recipient and donor age were 53.5 and 52.5 vy,
respectively. Eight patients (25%) were recipients of a living
donor transplant. The median time between transplantation
and index biopsy was 3 y. At the time of biopsy, median
eGFR and protein/creatinine ratio were 34.2mL/min/1.73
m? and 432mg/g, respectively. Patients with moderate to
severe IF (ci > 1; n = 19) had a higher human leukocyte anti-
gen mismatch and higher levels of proteinuria than patients
with no or only mild grade IF (ci < 1; n = 13). Differences
in eGFR were nonsignificant (Table 1). Morphologic find-
ings, in the overall cohort and in the relation to ci scoring,
are provided in Table 2. Major morphologic diagnoses were
TCMR or Banff borderline (n = 5), AMR (n = 5), SV40
antigen-positive BK virus nephropathy (n = 2), pyelonephri-
tis (n = 2), and glomerulonephritis (n = 3) (Table 2). There
were no differences between indication (n = 23) and protocol
biopsies (n = 9) with respect to MRI parameters and histo-
logic features of renal scarring (Table S2, SDC, http:/links.
lww.com/TXD/A254).
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MRI T1 Relaxation Time in Relation to Biopsy
Results

Figure 1 illustrates the relationship between the results of
MRI T1 mapping and chronic transplant injury for 2 repre-
sentative study subjects. Transplants scored ci2 or ci3 showed
a significantly higher cortical T1 relaxation time than those
with lower ci scores [median: 1451 (IQR: 1331-1506) versus
1306 (IQR: 1197-1321) ms; P = 0.011] (Table 3). As shown
in Figure 2, the ROC-AUC for prediction of ¢i >1 was 0.76
(95% CI: 0.59-0.94; P = 0.012). Similar results were obtained
in separate analyses of axial or coronal cortical sequences
(Table 3; Figure 2). Groups, however, did not differ with
respect to medullary T1 values or the corticomedullary differ-
ence of T1 relaxation time (AT1) (Table 3).

As shown in Table 4, cortical T1 values were found to sig-
nificantly correlate not only with Banff ci scores (rho = 0.39),
IFTA (rho = 0.39), or %IF (rho = 0.45), but also with tubu-
lar atrophy (ct; rho = 0.51), glomerular double contours
(cg; rho = 0.36), and chronic transplant vasculopathy (cv;
rho = 0.44), respectively. Associations between T1 values
and Banff ci scores are illustrated in Figure 3. There was no
association with AMR [1353 (IQR: 1350-1539) versus 1317
(IQR: 1212-1455) ms in patients without AMR; P = 0.068]
and TCMR/borderline [1313 (IQR: 1207-1329) versus 1345
(1251-1470) ms; P = 0.51] (data not shown) or, with the
exception of total cortical inflammation (ti), scores of indi-
vidual Banff single lesions reflecting inflammation (Table 4).

Considering the possibility of a patchy distribution of renal
scarring, we then focused on the anatomic site of biopsy—in
all individuals the cranial pole of the transplant. Intergroup
differences regarding T1 relaxation time were thereby more
pronounced than in analyses of the whole organ (Figure 2),
yielding an AUC of 0.80 (95% CI: 0.62-0.97, P = 0.007).
There were also tighter correlations with ci (rho = 0.42), IFTA
(rho = 0.42), or %IF (rho = 0.46).

Finally, to exclude a relevant impact of concomitant
rejection on study results, we performed a separate analy-
sis excluding 7 patients diagnosed with AMR or TCMR. As
shown in Table S3, SDC, http:/links.lww.com/TXD/A254,

MRI parameters in relation to the degree of interstitial fibrosis

MRI parameters, median (IQR) All patients (N = 32)

Degree of IF (Banff ci score)

T1 mapping
Cortical T1 (ms)
Coronal T1 (ms)

1337 (1236-1463)
1338 (1254-1467)
Axial T1 (ms) 1336 (1216-1511)
Cranial pole T1 (ms) 1334 (1224-1477)
Medullary T1 (ms) 1617 (1501-1733)
ATH -253 (-
Diffusion-weighted imaging
Cortical ADC (mm?/s)
Medullary ADC (mm?/s)
AADC
T2 mapping
Cortical T2 (ms)
Coronal T2 (ms)
Axial T2 (ms)

180 to —349)

1.7 (1.6-1.8)
1.7 (1.6-1.8)
~0.03 (~0.08 t0 0.03)

88.8 (69.9-97.1)
89.8 (74.0-100.0)
89.6 (65.2-97.0)

ciOor1(n=13) ci2or3(n=19) P
1306 (1197-1321) 1451 (1331-1506) 0.011
1306 (1204-1336) 1437 (1322-1486) 0.011
1291 (1189-1305) 1426 (1310-1531) 0.013
1238 (1198-1325) 1458 (1341-1501) 0.006
1561 (1490-1625) 1709 (1573-1787) 0.065
—274 (—206 to —336) —249 (176 to —357) 0.91
1.7(1.6-1.9) 1.7 (1.6-1.8) 0.65
1.7(1.6-1.8) 1.8(1.7-1.9 0.15
0.03 (~0.05 to 0.06) -0.06 (-0.13t0 —0.02) 0.005
88.5 (70.0-97.0) 89.0 (70.3-97.3) 0.79
89.0 (73.6-97.9) 90.5 (75.1-100.5) 0.57
88.3 (65.1-97.0) 90.8 (65.7-96.3) >0.99

ADC, apparent diffusion coefficient; AADC, corticomedullary difference of ADC; IF, interstitial fibrosis; IQR: interquartile range; MRI, magnetic resonance imaging.
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FIGURE 2. Results of T1 mapping in relation to groups defined according to Banff ci scoring. Cortical T1 relaxation times are shown for the
whole transplant (A) and the cranial pole (B), as well as coronal (C) and axial (D) sections of the renal allograft. Box plots indicate the median,
interquartile range, and the minimum and maximum of T1 values. Outliers are indicated as circles. The Mann-Whitney U test was used for group
comparisons. The prediction of ci scores >1 by T1 mapping results is presented by receiver operating characteristic (ROC) curves and the
corresponding area under the curve (AUC) including 95% confidence interval (Cl) and P values.

differences between ci groups regarding cortical T1 values
remained significant, with an ROC-AUC for the prediction of
advanced interstitial fibrosis (ci > 1) of 0.81 (95% CI: 0.63-
0.98; P =0.011).

DWI in Relation to Biopsy Results

Groups defined according to the degree of IF (ci < 1 versus
ci > 1) did not differ with respect to cortical or medullary ADC
assessed by DWI. As shown in Figure 4, levels of AADC, how-
ever, were significantly higher among transplants with ¢ <1 as
compared to ¢i >1 [median 0.03 (-0.05 to 0.06) versus —0.06
(-0.13 to -0.02); P = 0.005]. The ROC-AUC for predicting
ci <1 was 0.79 (95% CI: 0.64-0.95; P = 0.006) (Figure 4).

Furthermore, AADC showed a significant inverse correlation
with ci scores (rho = -0.48), IFTA (rho = -0.48), and %IF
(rho = -0.49) as well as ct (rho = -0.41), cg (rho = -0.39), and
cv scores (rho = -0.41), respectively. Associations between
AADC and Banff ci score are illustrated in Figure 3. AADC
was not related to AMR [-0.06 (IQR: -0.08 to —-0.06) versus
-0.02 (-0.08 to 0.04) ms in patients without AMR; P = 0.21],
TCMR/borderline [-0.01 (IQR: -0.03 to 0.04) versus -0.05
(-0.08 t0 0.03) ms; P = 0.41] (data not shown) or Banff single
lesions reflecting inflammation (except ti and ptc) (Table 4).
As shown in Table S3, SDC, http://links.lww.com/TXD/A254,
differences in AADC in relation to the degree of fibrosis
remained significant after exclusion of rejecting subjects from
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analysis (ROC-AUC for the prediction of ci < 1: 0.83; 95%
CI: 0.66-1.0; P = 0.007).

T2 Relaxation Times in Relation to Biopsy Results

AsshowninTable 3, cortical T2 relaxation time was not different
between ci <1 and ci >1 groups. ROC-AUC for prediction of ci >1
was 0.53 (0.32-0.74, P = 0.77), respectively (Figure 4). There were
also no significant correlations with %IF or single lesions reflect-
ing chronic injury (ci, ct, cg, or ¢v) (Table 4, Figure 3). Considering
a potential of T2 mapping as a measure of tissue inflammation,
we then evaluated cortical T2 relaxation time in relation to mor-
phologic lesions reflecting inflammation. Thereby, we found a sig-
nificant correlation with glomerulitis (g) (rho = 0.38). Evaluating
rejection phenotypes, we also found higher T2 values in patients
with AMR [97.5 (IQR: 97.0-98.0) versus 76.0 (68.8-95.0) ms in
subjects without AMR; P = 0.035]. Differences between patients
with and without TCMR or Banff borderline were not significant
[71 (IQR: 67-76) versus 92 (71-97) ms in subjects without AMR;
P =0.26] (data not shown).
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MRI Results in Relation to Graft Function

To test for associations between radiological findings and
parameters of graft function patients were grouped accord-
ing to the median of computed MRI parameters (T1"" versus
T1hishy AADCl™ versus AADCPieh; T2 versus T2hsh). As shown
in Figure 5, T1he" patients had lower eGFR [20.9 (median;
IQR: 13.6-39.8) versus 45.7 (33.1-63.2) ml/min/1.73 m? in
T1%" patients; P = 0.004] and higher levels of proteinuria [pro-
tein/creatinine ratio: 1457 (389-2273) versus 128 (95-542)
mg/g; P = 0.001]. AADC"s" patients presented with a lower
protein/creatinine ratio [193 (median; IQR: 90-567) versus
1019 (352-1925) mg/g in AADCP™ patients; P = 0.015)],
but differences in eGFR were not significant [AADCMsh
34.2 (20.6-59.1) versus 33.6 (19.3-43.4) ml/min/1.73 m?
P = 0.54]. T2"e" patients showed higher levels of proteinuria
[protein/creatinine ratio: 832 (median; IQR: 350-1718) ver-
sus 158 (76-542) mg/g in T2 patients; P = 0.021], without
significant differences in eGFR [35.4 (IQR: 20.8-42.2) versus
34.2 (14.8-62.4) ml/min/1.73 m? P = 0.95].

Correlation of morphologic lesion scores with MRI parameters

MRI parameters

Cortical T1 relaxation time

Morphologic parameters rho P

Lesions reflecting chronic injury, scores

Interstitial fibrosis (ci) 0.388 0.028
% interstitial fibrosis 0.449 0.010
Tubular atrophy (ct) 0.505 0.003
IFTA 0.388 0.028
Double contours (cg) 0.363 0.049
Arteriolar hyalinosis (ah) 0.225 0.22
Vascular intimal thickening (cv) 0.442 0.027
Mesangial matrix expansion (mm) 0.273 0.14
Lesions reflecting inflammation
Glomerulitis (g) 0.302 0.11
Inflammation (i) 0177 0.34
Tubulitis () 0.208 0.26
Intimal arteritis (v) 0.250 0.20
Total inflammation (ti) 0.390 0.027
i-IFTA 0.297 0.098
Peritubular capillaritis (ptc) 0.298 0.11

AADGC Cortical T2 relaxation time
rho P rho P
—-0.475 0.007 0.063 0.73
—-0.490 0.005 0.152 0.406
-0.414 0.021 0.176 0.34
—-0.475 0.007 0.063 0.73
-0.391 0.036 0.254 0.18
-0.299 0.1 0.348 0.055
-0.412 0.045 0.125 0.55
-0.140 0.46 0.314 0.085
—-0.294 0.12 0.379 0.039
—-0.086 0.65 0.060 0.75
-0.303 0.10 -0.192 0.300
0.202 0.31 0.298 0.12
—-0.525 0.002 0.225 0.22
-0.347 0.056 0.083 0.65
-0.449 0.015 0.256 0.17

ADC, apparent diffusion coefficient; AADC, corticomedullary difference of ADC; IFTA, interstitial fibrosis and tubular atrophy; i-IFTA, inflammation within areas of IFTA; MRI, magnetic resonance imaging;

rho, correlation coefficient.
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DISCUSSION

A major result of our present study was a significant asso-
ciation between the degree of IF in allograft biopsies—visu-
ally assessed by semiquantitative Banff ci scoring—and MRI
results, in particular cortical T1 relaxation time and AADC.
Pronounced IF in subjects with higher cortical T1 values was
also reflected by inferior graft function and higher levels of
urinary protein excretion, both surrogate markers for long-
term renal allograft survival.?»** In contrast to previous stud-
ies,'®172¢ our results were obtained with 1.5-Tesla MRI, which
may allow for broader application in patients with implant-
able devices.2%2!

Our results support the use of MRI as a noninvasive tool
for the quantification of IF, a hallmark structural correlate of
chronic transplant injury.*¢ A primary finding was a signifi-
cant association of cortical T1 relaxation time with the degree
of IF, yielding an AUC of 0.76 for the prediction of moderate
to severe ci. This was in some contrast to the results obtained
by a Swiss study group.!®!” Friedli et al'® reported on 33 renal
transplant patients who were subjected to biopsy-based visual
and automated assessment of IF and a 3-Tesla MRI proto-
col established in rat models of fibrosis. In this cohort'® and
in a subsequent validation study (164 patients), only weak
associations were found.'” Moreover, in contrast to our pre-
sent and earlier studies,?”*® cortical T1 values did not asso-
ciate with kidney function. Differences to our study, which
included a representative spectrum of clinical cases with all
degrees of renal scarring, may be at least partly explained by
different characteristics of included patient populations, most
prominently, inclusion of nontransplant patients or patients

with better kidney function and lower grades of IF in the
Swiss studies.!®!” Given the variability in applied morpho-
logic staining techniques and the potentially high degree of
interobserver variation,'®'213 differences may also be due to
variable interpretation/scoring of renal fibrosis. Discrepant
study results reinforce the need of larger trials comparing dif-
ferent protocols to assess the potential of MRI-based allograft
imaging as a surrogate parameter reflecting chronic allograft
damage and to establish ranges of normal or pathological
relaxation times.?

Given the interrelationship between IF and various other
features of chronic injury, it was not unexpected that T1 relax-
ation time correlated with other lesions, including tubular
atrophy or chronic vasculopathy. There was also a significant
correlation with transplant glomerulopathy, a lesion known
to strongly predict allograft loss.>® Although there were no
associations with active AMR, i-IFTA, or tubulointerstitial
infiltrates classified as TCMR or Banff borderline, analysis of
Banff single lesions revealed a marginal correlation between
T1 values and ti scores. The finding of an association with tis-
sue inflammation was in line with the results obtained in an
earlier published experimental model of renal fibrosis.'®

Evaluating ADC, we found no correlation between
absolute cortical or medullary values and IF. This was in
accordance with earlier studies, showing no or at best weak
associations with renal scarring.!®!” A plausible explanation
may be the so-called intravoxel incoherent motion—a phe-
nomenon in which the ADC estimation is impaired by other
processes (eg, renal perfusion or tubular flow)—resulting
in a substantial interindividual variation of absolute values
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parameters. Box plots indicate the median, interquartile range, and the minimum and maximum of the measures [estimated glomerular filtration
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that presumably precludes a reliable definition of patho-
logical ranges.?!*? In contrast, corticomedullary differences
(AADC) showed a strong inverse association with IF. Indeed,
AUC levels were even higher than those computed for T1
mapping. Our observation was in line with 2 recent studies,
in which the application of a higher field strength allowed
for even higher correlation coefficients, presumably due to
improved image resolution.!”?¢ A disadvantage using higher
field strength, however, may be that some patients have to be
excluded because of nonconditional implants or electronic
cardiac devices, which may be frequent in patients with
chronic kidney disease.

In clinical practice, quantification of chronic transplant
damage, with IF being the key lesion, relies on the “gold
standard” of renal biopsy.” However, morphologic analysis of
transplant scarring has inherent limitations that considerably
affect its reproducibility.'®>!3 This may limit the accuracy of
biopsy-based analysis of IF, and at least in part explain the
moderate concordance between MRI mapping and biopsy
results. A major caveat may be the often patchy distribution
of IF, which, with the use of core needle biopsies, may lead
to a considerable sampling bias.” A major strength of MRI

analysis, including T1 mapping, DWI, diffusion tensor imag-
ing, or elastography, is that it allows for an assessment of the
whole organ, so that sampling bias becomes a minor issue. A
separate analysis of T1 relaxation times derived from the site
of biopsy (cranial transplant pole in all subjects) allowed us to
indirectly demonstrate a possible contribution of sample vari-
ation. Indeed, a separate analysis of the cranial pole predicted
IF with higher accuracy.

Another potential limitation of biopsy-based IF scoring
may be a substantial interobserver variability. Earlier studies
have shown that the visual assessment of IF may vary strongly
between different pathologists.'™'3 In a study published by
Furness et al,'" pathologists from different countries were
asked to assess IF in 55 renal allograft biopsies. After a first
assessment, feedback about the deviation of each pathologist’s
estimation from the others was given. In both rounds, varia-
tion in IF grading was large resulting in kappa values below
0.4."" Also in our study, the separate analysis of Banff ci and
ct scores by an independent pathologist revealed a significant
degree of interobserver variability (kappa values of 0.61 and
0.50, respectively), even though ROC-AUC values calcu-
lated for T1 mapping (prediction of ¢i > 1) remained only
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marginally different. One approach to minimize this type of
variability may be the use of computer-based morphometric
analysis.'>13333% Future studies will have to clarify whether
more objective approaches, such as morphometry, are able to
improve associations with the results of noninvasive diagnos-
tic tools, such as MRI.

Similarly, the interpretation of MRI results may have the
advantage that it is based on computer-generated objec-
tive parameters. Nevertheless, one may argue that a certain
[F-independent interindividual variation of such parameters
may have limited the diagnostic accuracy of MRI analysis.
Our study design did not address the accuracy to detect the
dynamics of IF in longitudinal MRI examinations and con-
comitant biopsies, an issue to be addressed in future studies.
However, one may speculate that the longitudinal evolu-
tion of MRI parameters to estimate the extent of fibrosis
without a need for sequential biopsies may serve as a useful
surrogate endpoint for interventional studies investigating
innovative therapies to counteract the process of chronic
graft damage.

In line with a previous study,'” we did not find any correla-
tion between the results of T2 mapping and renal scarring.
Secondary analyses, however, revealed significant associa-
tions of cortical T2 relaxation times with glomerulitis and the
diagnosis of AMR. Our preliminary results may add to earlier
experimental studies suggesting an association of T2 relaxa-
tion times with distinct features reflecting inflammation,?
even though we are aware that our study was not powered
to detect subtle differences in these parameters. Nevertheless,
our results may provide a basis for future in-depth analyses
assessing the value of MRI in this specific context.

We are aware that our study has several inherent limita-
tions. Our sample size calculation was based on the assump-
tion of a 1:1 ratio between fibrosis groups (16 patients per
group). At the end, however, only 13 of the 32 included sub-
jects had a ci score below 2. Notably, a post hoc sample size
calculation assuming a 4:6 ratio revealed that a number of
29 subjects would be needed (12 versus 17), which is still less
than the number included in the trial. Another limitation may
be the heterogeneity of our study cohort, with a considerable
variation in the degree of scarring and a variable pattern of
acute and chronic single lesions. Pure phenotypes, such as iso-
lated IFTA, were infrequent, and one may argue that distinct
morphologic lesions, such as allograft rejection, may have sig-
nificantly influenced the diagnostic accuracy of MRI. Notably,
after exclusion of AMR and TCMR cases from analysis, dif-
ferences between ci groups regarding T1 relaxation times or
AADCs remained significant, with ROC-AUC levels exceeding
0.80. Moreover, 2 patients underwent antirejection treatment
before MRI, which may have influenced imaging results, in
particular those related to inflammation (T2 mapping).

In conclusion, our data support a value of noninvasive
MRI-based evaluation of renal allografts as an additional
tool for assessing the degree of scarring. At the same time, our
results reinforce that tested MRI parameters cannot replace
the broad diagnostic potential of allograft biopsies. However,
we believe that our study may provide a valuable basis for
future trials designed to clarify whether serial measurements
of T1 relaxation time, AADC, or other MRI parameters allow
for a reliable assessment of the course of chronic allograft
damage, thus predicting progressive graft dysfunction and
loss.
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