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Introduction

Despite potent immunosuppressive agents, acute car-
diac allograft rejection is still a major complication
after heart transplantation (HTX). Tight surveillance of
the transplant is of crucial importance and predomi-

nantly achieved with repeated endomyocardial biopsies
(EMB), an invasive and expensive procedure. Though
strongly desired, a generally accepted, noninvasive
method for rejection monitoring which would reliably
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Summary

Single-center studies on noninvasive rejection monitoring after heart transplantation (HTX) using intramyocar-
dial electrograms (IEGM) have already been performed and have revealed high correlation with clinical findings.
The aim of the present study was to investigate the feasibility of this method on a multicenter basis. During the
heart transplant procedure, pacemakers with wide-band telemetry capabilities and two fractal coated, epimyocar-
dial leads were implanted in 30 patients at five transplant centers. Ventricular IEGMs were recorded during both
intrinsic and paced activity and digitized to a laptop-based data acquisition device. IEGMs were recorded at fre-
quent intervals-and always on days when endomyocardial biopsies (EMB) were performed-and transferred via the
Internet to the central data processing site. Clinical patient management was blinded to the IEGM results and
varied considerably between the five centers. Using EMB together with clinical assessment of the transplant reveal-
ed 18 cases of clinically significant rejection (SR) beyond postoperative day 27 requiring rejection therapy. The
normalized parameter values extracted from the IEGM recordings during pacing associated with SR were signifi-
cantly lower (86 ± 16% versus 96 ± 22%, p < 0.005). The application of a single threshold diagnosis model to the
parameter values allowed detecting these cases with a negative predictive value of 98%. Fifty-five percent of the
EMBs could have been precluded if the method would have been used to indicate EMB. These results indicate the
usefulness of this noninvasive monitoring tool in the transplant population, if confirmed in a prospective study.
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designed for IEGMs [9] (Figure 1). Signal processing
provided an averaged, representative heartbeat electro-
gram for each sequence. After comprehensive signal
quality control, a number of parameter values were
extracted from the averaged heartbeat electrograms.
d) Statistics
To account for individual absolute levels and long-
term trends, the IEGM parameters of each patient and
lead have been normalized and expressed as percent-
ages of individual and adaptive reference values. These
reference values have been calculated as the average
value observed prior to the actual follow-up with a spe-
cial initialization procedure during the initial postope-
rative course, where the maximum parameter value
observed previously served as the reference value.
After normalization, the final value of the diagnostic
parameter has been obtained as the average of the
values from both leads.
Beginning with postoperative day 28, all observations
have been classified as presenting SR or not, based on
whether rejection therapy was initiated. A rejection
therapy was defined by administration of an additional
immunosuppressant or high steroid dosages.
The differences of the normalized IEGM parameter
values of the cases with SR versus without SR have
been tested using the two-tailed U-test. A diagnosis
model consisting of a single threshold was applied to
the normalized IEGM parameter values to test the pos-
sibility to detect the cases with SR (χ²-test) and to cal-
culate the standard diagnostic indices. p values less
than 0.05 were considered to be statistically significant.

allow significant reduction in the number of EMBs
does not yet exist [1]. Although high diagnostic relia-
bility has been reported for some noninvasive methods,
none of those has found broad clinical acceptance.
Most of these proposed methods have not been evalua-
ted in multicenter studies. This may indicate that those
methods are not yet standardized enough to be routine-
ly, clinically applicable. Thus clinicians who are not
experienced in these methods are not applying them.
Previous single-center studies on cardiac transplant
monitoring based on IEGMs and telemetric pace-
makers have already shown high correlation with cli-
nical findings [2-6], as well as a high potential of stand-
ardization [7]. The aim of the present study was to
investigate the feasibility of noninvasive rejection
monitoring based on IEGMs in a multicenter context.

Materials and Methods

a) HTX and pacemaker implantation
During the heart transplant procedure, a dual-chamber
pacemaker with wide-band IEGM telemetry capabili-
ties (0.3 to 200 Hz) and two fractal coated, epimyocar-
dial leads (Physios CTM 01 & ELC-UP, BIOTRONIK,
Germany) were implanted in patients at different trans-
plant centers. Both leads were screwed into the right
ventricle; the pacemaker unit was implanted into the
left epigastric region.
b) Clinical patient management
Except IEGM recording, the clinical patient manage-
ment was done according to the center's preference. All
EMB results were classified according to the stand-
ardized grading system for EMBs of the International
Society of Heart and Lung Transplantation [8].
c) IEGM recording and processing
In the course of each follow-up, ventricular IEGMs
were recorded during both intrinsic and paced activity
and digitized to a laptop-based data acquisition device.
IEGMs were recorded at frequent intervals during the
early postoperative phase, as well as during special cli-
nical events, and always on days when EMBs were
performed. During the data acquisition phase, both the
transplant centers and data processing centers were
blinded to the IEGM results and clinical data, respec-
tively.
IEGMs were collected at the U.S. relay site and trans-
ferred via the Internet to the central data processing site
in Graz, Austria, for automatic IEGM analysis using
the CHARM system, which has specifically been

Figure 1. Standardized IEGM processing using the
Computerized Heart Acute Rejection Monitoring (CHARM)
system.
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Results

The patient group consisted of 30 patients from five
transplant centers. Mean age at HTX was 55 ± 8 years
(range: 38 to 67). Through the end of 1997, a total of
923 follow-ups were performed, resulting in 3593
IEGM recordings and 329 EMBs. Follow-up time per
patient (time period from the first to the last recording)
was 258 ± 113 (19 to 497) days, cumulative follow-up
time was 21 patient years. At the end of the observa-
tion period, 25 patients were alive. A single pacemaker
was explanted from a patient who suffered from severe
infection, which also affected the implant. One of the
two leads of the patient who received the first implant
failed shortly after implantation, monitoring was based
on the single remaining lead in this patient. No other
complications related to the implanted pacemaker
systems have been observed. Patient management in
general (immunosuppression, rejection therapy thresh-
old), as well as EMB frequencies and grade distribu-
tions, varied considerably between the five centers.
The centers can be split into basically two groups char-
acterized by substantial differences in patient manage-
ment. Centers 1 and 2 show lower numbers of EMBs
and rejections per patient but higher average EMB
grades as compared to centers 3, 4, and 5 (table 1).
Except grade 3B (both cases of which were followed
by rejection therapy), and given that there were no
instances of grade 4, no other EMB grade was con-

sistently regarded to require or not to require rejection
therapy. Therefore, a single EMB grade cut-off being
relevant to all centers could not be defined. However,
using the EMB together with clinical assessment of the
transplant led to the initiation of rejection therapy in 15
cases. In 3 cases, rejection therapy was initiated with-
out EMB, based only on strong clinical signs of rejec-
tion. All of these 18 cases were classified as SR. In 209
follow-ups with EMBs, no rejection therapy was ini-
tiated and these cases were classified not to be asso-
ciated with SR. 
A typical averaged ventricular evoked response, as
obtained from an IEGM sequence during pacing, and
the definition of the IEGM parameter which was found
to give the best diagnostic performance based on the
prospective reference value model are displayed in
figure 2. This parameter is designated as the rejection
sensitive parameter (RSP) in the following.
Figure 3 displays the trend curve of the RSP as obtain-
ed in a patient who suffered from two episodes of SR,
both being accompanied by markedly decreased RSP
values. The first episode of SR started to develop
immediately after cessation of induction therapy, a pre-
ventive rejection therapy during the very early post-
operative period.
The RSP values associated with SR were found to be
significantly lower (86 ± 16% versus 96 ± 22%,
p < 0.005, figure 4).

Table 1. Statistics on the number of patients, EMBs per pati-
ent, rejection therapies per patient, and medians of the EMB
results at the five transplant centers during the whole
follow-up period.

Figure 2. Typical averaged ventricular evoked response as
obtained from an IEGM sequence during pacing. The rejec-
tion sensitive parameter (RSP) is calculated as the amplitu-
de of a normal distribution, which was fitted to the terminal
part of the repolarization phase using least square tech-
niques.
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the electrophysiologic status of the transplant at a certain
follow-up uses only information from previous follow-
ups; it can thus be applied in a fully prospective way.

The application of the single threshold diagnosis
model to the RSP is displayed in figure 5.

Discussion

The present study documents the first multicenter
study on telemetrically recorded IEGMs for noninva-
sive patient monitoring after heart transplantation. The
initial aim was to compare the IEGM results directly
with the EMB results. Despite the limited diagnostic
accuracy of EMBs, as shown in a number of studies
[10-12], EMB is still considered to be the gold stand-
ard for diagnosis of cardiac rejection. The present mul-
ticenter data, however, do not reveal a close correla-
tion between certain EMB grades and the initiation of
rejection therapy. Thus, clinical patient management
was only in part based on EMB and, to a large extent,
considered further rejection indicators and clinical
signs of rejection as well. The definition of SR for
cases where rejection therapy was initiated provides a
measure independent of the strategy how this decision
is made at a certain transplant center. Moreover, the
introduction of SR allows focusing on the main ques-
tion: whether it is necessary to further evaluate the
transplant in order to decide on rejection therapy. If
indicated by noninvasive monitoring, an EMB may
than be performed as part of this assessment. Though the
diagnostic performance has been evaluated retrospec-
tively, the presented IEGM processing model to assess

Figure 3. Trend curve of the RSP from a single patient and
lead, displaying two episodes of SR (denoted by "X"), and
both being accompanied by markedly decreased RSP values.
Encircled data points denote initiation or continuation of
rejection therapy. 

Figure 4. Statistics on the RSP grouped according to
whether clinical assessment found SR or not. Application of
the U-test indicates that the differences in median are statis-
tically significant.

Figure 5. Application of a single diagnostic threshold to
detect the cases with SR (encircled data points) indicates
significant correlation between the clinical and the IEGM
parameter classification (p < 0.001). Using a threshold of
93% revealed the diagnostic indices as displayed within the
figure. 55% of the EMBs could have been precluded if the
RSP values would have been used to indicate EMB. The
three cases of SR above the threshold (false negative cases)
occurred in 2 patients with multiple episodes of SR (three in
each patient) interlaced with infection episodes.
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Some initial IEGM follow-ups are necessary to estab-
lish the reference values. The exact period of time
required to get a reliable estimation for the reference
value, however, depends on the kind of patient manage-
ment, with induction therapy being of particular impor-
tance. It may take significantly longer to establish the
reference value if induction therapy is not adminis-
tered, due to the lack of an observation period without
rejection. The results indicate, however, that after three
to four postoperative weeks a reliable reference value
can be obtained in all patients. Thereafter, the method
can be used to reliably exclude rejection for patients
who show RSP values above the threshold and to sub-
stantially reduce the number of EMBs. The three false
negative cases according to figure 5 (SR present and
RSP values above the threshold) occurred in two pa-
tients with multiple rejection episodes (three in both
patients) that were interlaced with infection episodes.
Re-examination of these complex clinical courses
revealed that the decision to initiate rejection therapy
in those cases were borderline.
The optimal threshold and, therefore, the highest EMB
reduction possible, will vary for different centers due
to discrepancies in patient management. The present
data obtained at five transplant centers with substan-
tially different patient management, however, give rea-
son to assume that a considerable percentage of EMBs
can be saved at most centers.
Efficient and uniform information management is
mandatory for extended clinical studies, particularly
on a multicenter scale. Specifically designed for this
purpose, the Computerized Heart Acute Rejection
Monitoring (CHARM) system for standardized process-
ing of IEGMs and clinical data has again proven its
usefulness. Although quasi on-line evaluation was not
utilized in the course of the present study, CHARM is
already capable of providing results in such a fashion.
This allows consideration of IEGM results for clinical
patient management during a fully prospective clinical
study. The next step will be to extend the concept to a
home monitoring system-not only for sparing patients
EMBs but also routine examinations in the hospital.

Conclusion

Noninvasive cardiac transplant monitoring using tele-
metric pacemakers is a well standardized method
which can by applied on a multicenter basis. The very
high negative predictive value of the rejection sensi-

tive parameter for detection of episodes, for which
rejection therapy was initiated, highlights the useful-
ness of this noninvasive monitoring tool in the trans-
plant population. If these results can be confirmed in a
prospective study, biopsies can be reduced by a con-
siderable percentage. This would offer a method for
less invasive and more efficient patient management
after heart transplantation.

References

[1] Hosenpud JD. Noninvasive diagnosis of cardiac allograft
rejection: Another of many searches for the grail. Circulation.
1992; 85: 368-371.

[2] Auer T, Schreier G, et al. Paced epimyocardial electrograms
for noninvasive rejection monitoring after heart transplanta-
tion. J Heart Lung Transplant. 1996; 15: 993-998.

[3] Grasser B, Schreier G, et al. Noninvasive monitoring of rejec-
tion therapy based on intramyocardial electrograms after
orthotopic heart transplantation. Transplant Proc. 1996; 28:
3276-3277.

[4] Iberer F, Grasser B, et al. Introducing a new clinical method
for noninvasive rejection monitoring after heart transplanta-
tion to clinical practice: The analysis of paced intramyocardi-
al electrograms. Transplant Proc. 1998; 30: 895-899 (in
press).

[5] Grace AA, Newell SA, et al. Diagnosis of early cardiac trans-
plant rejection by fall in evoked T wave amplitude measured
using an externalized QT driven rate response pacemaker.
PACE. 1991; 14: 1024-1031.

[6] Warnecke H, Müller J, et al. Clinical heart transplantation
without routine endomyocardial biopsy. J Heart Lung
Transplant. 1992; 11: 1093-1102.

[7] Hutten H, Schreier G, et al. CHARM - Computerized Heart
Acute Rejection Monitoring. Biomed Tech. 1996; 41: 35-40.

[8] Billingham ME, Cary NRB, et al. A working formulation for
the standardization of nomenclature in the diagnosis of heart
and lung rejection: Heart rejection study group. J Heart
Transplant. 1990; 9: 587-593.

[9] Schreier G, Hutten H, et al. Remote intramyocardial electro-
gram analysis for non-invasive monitoring after heart trans-
plantation. Med Biol Eng Comput. 1996; 34: 205-206.

[10] Zerbe TR, Arena V. Diagnostic reliability of endomyocardial
biopsy for assessment of cardiac allograft rejection. Hum
Pathol. 1988; 19: 1307-1314.

[11] Nielsen H, Soerensen FB, Nielsen B. Reproducibility of the
acute rejection diagnosis in human cardiac allografts. The
Stanford classification and the international grading system. J
Heart Lung Transplant. 1993; 12: 239-243.

[12] Nakhleh RE, Jones J, Goswitz JJ. Correlation of endomyo-
cardial biopsy findings with autopsy findings in human car-
diac allografts. J Heart Lung Transplant. 1992; 11: 479-485.


