




the presence of damaged myocytes (or cellular necrosis)
in EMB (former grade 2, grade 2R and grade 3R). The
pathological grading will be either confirmed by both
pathologists (local and centralised interpretation), or
will be decided by consensus between two pathologists if
the local and centralised interpretations are different.
The parameters taken into account for this objective will
therefore be: T2 values and biopsy results.

Secondary end points
1. Incidence of histological or clinical rejection within

months of an MRI/biopsy couple with normal biopsy
(grade <2R). For this purpose, rejection will be
defined with a clinical and histological combined
end point: (a) acute rejection documented by the
presence of damaged myocytes in EMB (former
grade 2, grade 2R and grade 3R), or (b) marked
decrease in the left ventricle ejection fraction
(>10%), reversible after a subsequent increase in
immunosuppressive treatment. Owing to the limits of
confidence of the echocardiographic ejection frac-
tion being close to 10%, a decrease in the left ven-
tricle ejection fraction will be considered significant
if it is above 15% for asymptomatic patients or above
10% with clinical signs (change of New York Heart
Association (NYHA) class). The parameters taken
into account for this objective will therefore be: T2

values, biopsy results, echocardiographic left ventricle
ejection fraction, NYHA classification and significant
increase in immunosuppressive treatment (eg, bolus)

2. (a) Number of major and minor AEs. Every AE will
be collected during the inclusion of patients.
Particular attention will be paid to expected compli-
cations of biopsies (pain, arterial punctures, vaso-
vagal reactions, prolonged bleeding, arrhythmia or
conduction abnormalities, perforation and pericar-
dial effusion) and MRI (claustrophobia). During the
last visit, a specific questionnaire will be proposed to
the patient to collect his feelings towards MRI and
his acceptance of this examination during his per-
sonal follow-up. (b) Physical and psychological dis-
tress assessed by the questionnaire using Likert
scales. This questionnaire will be completed by the
patient during the last visit

3. The 95% interobserver limits of agreement for T2

quantification and Cohen’s κ coefficient for histo-
logical grading. MRI and biopsy slides will be sent to
our centre. A second centralised interpretation of the
images will be performed with the same software by
physicians blinded for all patient data and previous
quantification. A second centralised interpretation of
the biopsies will be performed by qualified physicians
blinded for all patient data and previous quantifica-
tion. T2 values and histological grades from the first
local interpretation and from the second centralised
interpretation will be collected for this objective

4. The level of confidence of the expert physicians of
each centre will be assessed by the questionnaire

using Likert scales. This questionnaire will be com-
pleted by the study investigators at the end of the
study.

Data collection
Phase 1a: MRI equipment calibration
MRI will be conducted using various MR scanners from
various vendors depending on the centre. Owing to this
high variability of hardware and software equipment,
some amount of variability in the T2 values can be
expected from one scanner to another. In order to
obtain standardised T2 values comparable from one
centre to another, a calibration of each scanner will be
performed by members of our centre. This calibration
will use a set of tubes with specific stable known T2

values covering the range useful for this purpose (50–
90 ms). The aim of the calibration process will be to
verify the reproducibility of the measurements with a
given machine at a given temperature and to compute
the transformation function that will be used to correct
the measured T2 and to obtain a reference T2.

Phase 1b: radiologist training
Twenty-six cardiologists/radiologists have been identified
in the 10 centres by the preliminary questionnaire and
will be asked to run a e-learning program. The software
will use a set of 10 previously recorded anonymised
examinations so that each radiologist will be allowed to
train himself. The physicians will be trained to register
the 10 images to suppress the motion between each
breath-hold scan and to delineate the appropriate
region of interest as described below. They will be
allowed to compare their registration and their regions
of interest with the reference. The computed T2 value
will also be compared with the reference value. The car-
diologist/radiologist accreditation will be obtained when
10 successive T2 quantifications are comprised within
the CI of the reference value.

Phase 2: inclusions
Seven hundred and fifty couples (MRI/biopsies) are
required, and therefore 190 patients must be included.
The duration of enrolment will be 24 months and the
follow-up duration will be 13 months maximum
(depending on the time of enrolment). The study flow
chart is presented in figure 1 and table 1 summarises
the actions performed during each visit.
1. Patients will be included during the initial visit called

V0;
2. During the follow-up, data will be collected on a

regular basis to document acute rejections (clinical
data: NYHA stage, echocardiographic data: ejection
fraction and pathological data: biopsies grading), as
well as any AEs, during visits called V1-Vn;

3. Furthermore, 1–6 couples of MRI/biopsies will be
acquired during visits called MRI1-MRI6;

4. At the end of the follow-up, a special visit called ‘Last
Visit’ is scheduled with a questionnaire to the patient
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concerning his feeling about the use of MRI or biop-
sies in the follow-up of his graft and the possible com-
plications that these examinations could induce.
The biopsy grades will be entered in the electronic

case report form for each biopsy (even if no MRI exam-
ination was performed). The biopsies that are part of a
visit with MRI (MRI1-MRI6) and that do follow a visit
with discrepancy between an MRI and a biopsy will be
sent to Nancy for a second centralised analysis. In case
of significant disagreement between the local and cen-
tralised interpretations, a third interpretation will be per-
formed and a consensus will be obtained between the
last two interpretations.
The MRI T2 quantification will be performed within

24 h of a biopsy (maximum delay between MRI and

biopsy=24 h), four times during the year. Another two
biopsy-MR couples can be added in case of high
suspicion of acute rejection in order to increase the
rejection prevalence in the study (the usual prevalence
of moderate-to-severe rejection is close to 15% for a
routine screening).1 MRI acquisitions will be per-
formed according to the already described method13 15

based on conventional fast spin echo sequences and
illustrated in figure 2. MRI will be performed, if pos-
sible, before the biopsy; otherwise, the radiologist will
be kept blind to the biopsy results. The imaging proto-
col includes localisation sequences followed by the
selection of a single mid-ventricular short-axis slice for
T2 measurement. Slice thickness is 10 mm. This slice is
acquired 10 times with different effective echo times

Figure 1 Flow chart of the study (eCRF, electronic case report form; ICU, intensive care unit; NYHA, New York Heart

Association).
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(TE) ranging evenly from 9 to 80 ms. The sequence is
a black blood double-inversion fast spin echo/turbo
spin echo, with an echo train length/turbo factor of
16. The first inversion is non-selective and immediately
followed by a selective slice inversion. The inter-TE is
close to 4.5 ms. The repetition time (TR) is equal to
two heartbeats. As TR is relatively short, complete
recovery of the longitudinal magnetisation is not
obtained. An inversion time of 485 ms is chosen to
withdraw most of the blood-related signal.16 The main
acquisition parameters are as follows: field of view
42×42 cm, acquisition matrix 256×160 and number of
excitations equal to one. Images are obtained at the
same phase of the cardiac cycle aiming for mid-diastole
on sequential heartbeats using prospective ECG gating.
Each image is recorded during an end-expiratory
breath-hold of no more than 15 s. It is mandatory not
to change the transmission and reception gains
between two images. MRI acquisitions will be

performed with an additional calibration pad posi-
tioned on the patient thorax (dedicated pad produced
by the Nancy CIC-IT with stable and adapted T2).
The pads will be composed of adapted gel. The pad
concentration will be chosen to produce standard short
T2 values. The gel will be packaged and sealed to
ensure its stability.
All local post-processing computations will be per-

formed with dedicated software developed by the Nancy
centre in Java language. T2 quantification will be per-
formed once locally and a second time in Nancy. The
pad T2 value will be used to detect potential technical
issues during the acquisition and the examination will
be discarded if such a situation occurs. Data will be
archived in the Archimed database declared to the
French authorities (CNIL declaration number:
1410005). The T2 quantification results will be commu-
nicated to every local investigator: during Phase 3, and
each investigator will be asked to give his personal

Table 1 Patient follow-up summary

Inclusion:
V0

Routine follow-up:
V1-Vn

Visit with MRI:
MRI1-MRI6

Last
visit

Informed consent X

Verification of inclusion and non-inclusion criteria X

Medical history X

Clinical examination X X X X

Biopsy x X

MRI X

Sending MR examination (after 1st analysis) X

Sending biopsies examinations x X

Collection of data in the electronic case report form: clinic,

echography and histology (secondary objective 1)

X X X

Retrieval of adverse events (secondary objective 2) X X X

Retrieval of serious adverse events X X X

Questionnaire on patient satisfaction X

X means always; x means sometimes according to the biopsy calendar.

Figure 2 Illustration of our method to quantify myocardial T2. (A) Example of the positioning of the regions of interest for both

septal segments. In this example, the physician chose to avoid the border of the myocardium to avoid error due to imperfect

registration between the 10 images. (B) Examples of exponential fits for normal and high T2. Both curves comprise 10 points

corresponding to the signal intensity within a given septal region of interest for each image acquired with 10 different echo times.

Myocardium with higher T2 needs more time to decrease its signal intensity.
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opinion about the usefulness of T2 quantification during
the follow-up of patients with heart transplant. In case of
disagreement between the local reading of a biopsy and
the local T2 assessment (high T2 without histological
rejection or histological rejection with low T2), the clin-
ical and histological data during the next 30 days will be
considered in the analysis. In this purpose, the results of
the next biopsy (and the biopsy sample itself) will be
collected. This biopsy will be reinterpreted in Nancy. If
the patient is to be released from the study (after
12 months of study), the duration of the participation in
the study will be increased by 1 month.

Phase 3: expert opinion
The opinion of the expert physicians of each centre,
concerning the confidence they have in the MRI detec-
tion of rejection and their wish to use it for the routine
follow-up of their patients, will be recorded by question-
naire at the end of the study.

Study calendar
Duration of recruitment: 24 months. Duration of partici-
pation of each patient: maximum 13 months (maximum
12 months+another month if the last MRI-biopsy couple
shows a discrepancy).

Study population
Patients will be recruited in the heart transplant services
of the participating centres: every new patient with a
heart transplant (once the patient is transferred out of
the intensive care unit) will be considered for inclusion
as well as patients at the beginning of the first year of
their graft (with still at least 4 EMB scheduled for
routine follow-up). One hundred and ninety patients
with heart transplant, older than 18 years, will be
included. Since 10 centres are involved, there will be a
mean of 19 patients per centre in 2 years which repre-
sents <1 per month per centre. The number of new
patients with heart transplant in 2012 in these 10
centres was 255 (in 12 months). With a mean number of
4 MRI per patient, this should provide a sample of 750
biopsy/MRI couples. It is expected that several patients
will leave the study before having undergone 4 MRI
visits (eg, in case of premature death), but as several
patients will have 5 or 6 MRI/biopsy couples, the total
number of collected MRI/biopsy couples should reach
750. Indeed, to measure a sensitivity of 87% (conserva-
tive estimation based on both local studies: 89% in
200113 and 87% in 201215) with a precision of 5%
(half-CI of sensitivity lower than 5%), with an α risk of
5% and a rejection prevalence of 30% (estimation based
on both local studies with a similar design), the sample
size should be 580 MRI-biopsy couples. To take into
account the possibility that several MRI could be unread-
able (bad fit during regression), we increased this
number by 10% (in our local experience,15 7.5% of the
examinations were discarded). To take into account
the correlation due to the repetitions of observations

(MRI/biopsies) with the same patients, we proposed
another increase by 20%. Hence the total sample size of
750 MRI/biopsy couples.
This sample size will also allow a precise quantification of:
1. The specificity of the method (specificity estimation

close to 75% based on both local studies) with a 5%
precision;

2. The area under the receiver operating characteristic
(ROC) curve (estimation of 0.8) with an α risk of 5%
and a precision of 0.02.
There is no exclusion period during which participa-

tion in another study is prohibited, as soon as both pro-
tocols are compatible. A premature ending for a patient
participation to the study will occur in three situations:
(1) Withdrawal of consent. (2) Serious AE preventing
further participation in the study. (3) Discovery of a non-
inclusion criterion (eg, pregnancy during the study). No
specific follow-up is organised for patients ending pre-
maturely their participation in the study. The acute
rejection monitoring of these patients will continue on
the basis of the usual parameters (with or without MRI)
as their local physicians judge necessary. When a patient
withdraws his consent, the data acquired before the with-
drawal will be available for the statistical analysis except
in case of refusal by the patient. A procedure to replace
patients ending prematurely their participation in the
study will be implemented. No specific follow-up is orga-
nised for patients after their participation in the study.
The acute rejection monitoring of these patients will
continue on the basis of the usual parameters (with or
without MRI) as their local physicians chose.

Statistics
The primary analysis of the study will be the determin-
ation of the MRI sensitivity to detect a cardiac graft
rejection. The sensitivity will be calculated as the
number of true positive tests (ie, positive MRI with a
concurring positive biopsy) divided by the total number
of positive biopsies. The cut-off which will be used to cat-
egorise positive and negative MRI tests will be 60 ms
(after correction for the MR scanner calibration).
The specificity will be calculated as the number of

truly negative tests (ie, negative MRI with a concurring
negative biopsy) divided by the total number of negative
biopsies.
The area under the ROC curve, which measures the

overall predictive performance within all the spectrum
of MRI values, will also be calculated. The isolated per-
formance of MRI to predict cardiac graft rejection will
be assessed. In addition to determining if MRI adds sig-
nificant prediction to the usual clinical prediction of
cardiac rejection, the difference between the C-index of
the logistic regression model with cardiac graft rejection
as an end point and usual clinical variables as covariates
will be compared with the C-index of the same logistic
model with MRI variables on top of other clinical vari-
ables. The information gain between the two nested
models that predict cardiac graft rejection with either
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clinical variables or MRI in addition to clinical variables
will also be assessed with the likelihood ratio test.
Regarding the secondary end point 1, in the subset of
patients with negative biopsies, the predictive perform-
ance of MRI with regard to a diagnosis of acute myocar-
dial rejection within a month from the MRI will be
further assessed. Sensitivity, specificity and area under
the ROC curve will be determined. Again, the C-index
difference and information gain related to the addition
of MRI variables in addition to clinical variables will be
determined. A survival analysis will not be used because
the occurrence of the event rather than the timing of
the event within 1 month is of importance here.
Regarding the secondary end point 2a (proportion of
AEs), χ2 test will be performed to assess differences in
AE probability. Regarding the secondary end point 2b,
we will use the Kruskal-Wallis test to determine if the
overall physical and psychological distress scores are dif-
ferent across the two groups. Differences within subparts
of the physical and psychological distress scores will be
assessed with the Dunn post hoc test, which is a non-
parametric post hoc test. The same statistical approach
will be used for secondary end point 4. Regarding the
secondary end point 3, 95% interobserver limits of
agreement will be calculated for T2 quantification and
Cohen’s κ coefficient will be calculated for histological
grading. The choice of the statistics has been driven by
the nature of the variables: T2 is a continuous variable,
whereas histology rating is a categorical variable. For T2

quantification, a Bland-Altman graph will also be pro-
vided. Patients who withdrew consent will not be ana-
lysed. Since MRI and biopsies will be performed, within
24 h of each other, a very low number of losses to
follow-up will exist regarding the primary analysis. No
imputations will be performed. Missing data will not be
reconstructed. A p value smaller than 0.05 will be con-
sidered to be significant.

DISCUSSION
This study protocol has two distinct characteristics:
1. It was designed to guarantee good quality control

during the data acquisition process. Since we
expected many vendors, fields and different versions
of MRI scanners, we designed a calibration process to
ensure that every T2 measured would be consistent.
Every MRI acquisition will also include a control pad
to detect any change in the process (due to the new
software version, new radiologist or other confound-
ing factors). Each acquisition and each biopsy will be
interpreted twice, locally and in a centralised
manner;

2. We chose to artificially increase the prevalence of
rejection in order to obtain better statistical power.
Therefore, every patient will have four MRI examina-
tions, plus one or two more if the physicians suspect
a rejection. With the same kind of rule, we reached a
prevalence of 15% in our previous study.15

ETHICS AND DISSEMINATION
There is minimal risk to patients involved in this study as
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This trial was selected and granted by the national
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to a dissemination of the T2 quantification method at a
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mended by the ISHLT).
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