
 

GENE EXPRESSION PROFILING FOR THE DIAGNOSIS OF HEART TRANSPLANT REJECTION 

A Technology Assessment 

INTRODUCTION 

The California Technology Assessment Forum has been asked to review the scientific literature on the 
safety and efficacy of gene expression profiling for the diagnosis of heart transplant rejection. 

BACKGROUND 

Heart transplantation 

Outcomes following heart transplant have improved markedly since the procedure was first performed in 
1967. Mortality rates in the year following transplant were as high as 44%.1 More recently, one year mortality 
rates in the Registry of the International Society for Heart and Lung Transplantation have decreased from 
approximately 23% in the 1980’s to approximately 15% and continue to steadily improve.2 Median survival 
over the same period has increased from approximately eight years to greater than 11 years. 2 Acute 
transplant rejection is a common problem resulting in significant morbidity and mortality. It accounts for 
approximately 7% of deaths in the first 30 days following transplant, 12% of deaths from day 31 through one 
year and approximately 10% from years one through three.2 Cellular rejection represents the majority of 
theses cases although antibody-mediated or humoral rejection, a different form of rejection that is not easily 
diagnosed on biopsy, also contributes to morbidity in transplant recipients.3-5 Much of the improvement in 
long term mortality is thought to be due to refinements in the immunosuppressive medications that prevent 
transplant rejection.6 

After heart transplantation, patients are carefully monitored for signs of rejection.  The incidence of rejection 
peaks at about one month after transplant and then rapidly declines.7 Biopsy evidence of rejection usually is 
present before other signs and symptoms of myocardial compromise, and cardiac rejection is often 
asymptomatic. Thus, routine surveillance biopsies are the mainstay of early detection and treatment of 
acute rejection. The usual surveillance course includes endomyocardial biopsy of the right ventricle weekly 
for the first month, once or twice monthly for six months, and then on an annual basis. Because late 

1 



rejection is a rare event, some centers do not perform routine endomyocardial biopsies after one-year post-
transplant in clinically stable patients. 

In 1990, a consensus conference devised a standard system for evaluating rejection in heart biopsy 
specimens, the International Society for Heart and Lung Transplantation grading system.8 This scale ranges 
from 0 to 4, with 0 indicating no evidence of rejection and higher scores reflecting greater degrees of 
lymphocyte infiltration and myocyte necrosis (Table 1).  Low grade rejection (ISHLT grade 1A, 1B, or 2) is 
generally not treated unless there is evidence of a decline in cardiac function. Pulse steroids are usually 
used to treat higher grades of rejection (ISHLT grade 3A, 3B, or 4) and more aggressive 
immunosuppressive therapies are reserved for rejection associated with hemodynamic compromise. A 
revised scale was published in 2005,5 but it has not been used in most of the published studies evaluating 
alternatives to endomyocardial biopsy. 

Table 1: ISHLT Grading System for Acute Cellular Rejection 

Grade (1990) Revision (2005) Mononuclear cell infiltrate Myocyte injury 
0 0 None Absent 
1A 1R Focal perivascular or interstitial Absent 
1B 1R Multifocal or diffuse, sparse Absent 
2 1R Single focus, dense Present 
3A 2R Multifocal, dense Present 
3B 3R Diffuse and dense Present 
4 3R Diffuse and extensive; 

hemorrhage, edema, and 
vascular injury may be present 

Present 

 

Unfortunately, there is a high degree of inter-observer variability in the grading of the biopsy results9-11 and 
transplant rejection can occur in the setting of apparently normal biopsy results.12 Furthermore, sampling 
error from random biopsies can miss areas with the most severe/significant rejection. Thus, endomyocardial 
biopsy is an invasive and imperfect measure of rejection that has risks for significant adverse events. The 
overall risk of complications is low (<2%), but serious complications, such as cardiac perforation with 
tamponade, arrhythmias, and death, can occur.13-15 Tricuspid regurgitation, occasionally requiring valve 
replacement, is a long term complication reported in transplant patients who undergo multiple right 
ventricular biopsies.16 There is active research attempting to identify less invasive and potentially more 
accurate methods to identify transplant rejection. 

Echocardiographic17-22, electrocardiographic23-25, and MRI26 measures have been studied as early indicators 
of rejection, but none have proved sensitive or specific enough in validation studies when compared with 
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endomyocardial biopsy. A number of biomarkers have been investigated in the search for a reliable 
serologic marker for transplant rejection. These include elevated troponin levels27-30, brain natriuretic peptide 
(BNP)31, 32, c-reactive protein33-36 and soluble interleukin-2 receptor levels37. Recently, gene expression 
profiling of peripheral blood lymphocytes has generated the most excitement.38-40 

Gene expression profiling 

Gene expression profiling refers to a number of different technologies that attempt to quantify the relative 
levels of messenger RNA (mRNA) for large numbers of genes in specific cells or tissues. The goal is to 
measure differences in the level of translation (expression) of different genes and utilize patterns of 
differential gene expression in order to characterize different biological states of the tissue. One potential 
value of this approach is the identification of genes and gene products associated with a disease process 
that were not previously known. In cancer biology, the technology has been used to try to differentiate 
between different subtypes of cancers41-47, to identify tumors with good and bad prognoses41, 46, 48-54, and to 
identify subgroups of tumors with a high likelihood of responding to one therapeutic regimen compared with 
another.55, 56 In transplant medicine, the focus has been on profiling gene expression in circulating white 
blood cells in order to identify early changes in the immune system that correlate with rejection of the 
transplanted organ.57 

The most common approach to gene expression profiling utilizes arrays of DNA sequences bound to a 
surface like a glass slide. Often, tens of thousands of DNA sequences are organized on an individual 
microarray in an attempt to profile all of the 20-30,000 genes in the human genome. DNA from a test sample 
(tumor, white blood cells, normal tissue) is bound to fluorescent dye. Then, it is exposed to the surface of 
the microarray. Any sample DNA that matches DNA on the microarray (complementary sequences) is 
bound to the microarray at a specific location. The remaining sample is then washed away. The amount of 
DNA binding at each site is measured by the intensity of the fluorescent signal. Since the identity of the DNA 
at each site on the microarray is known, the degree of fluorescence can be correlated with the relative 
amount of RNA in the original sample. 

Another approach to the measurement of gene expression is known as real-time, reverse-transcriptase 
polymerase chain reaction (RT-PCR). This approach uses the reverse transcriptase enzyme to generate 
complementary DNA (cDNA) from the mRNA in a sample. The cDNA is then amplified using PCR. This 
approach is most commonly used to quantify the relative amounts of a smaller set of genes. 

Gene expression experiments usually start with microarrays containing many thousands of genes and 
compare the profiles of tissue with and without certain characteristics in order to identify a smaller subset of 
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genes that differentiate between the two states (rejection/no rejection; metastases/no metastases). This 
smaller subset of genes is then validated using new patient samples. Additional candidate genes based on 
known biological associations may also be included. 

These experiments generate tens of thousands of data points, but because of the expense of microarrays 
and the difficulty obtaining appropriate tissue, the number of patients evaluated is often quite low. Much has 
been written about the statistical dangers of evaluating thousands of predictor variables in small datasets 
(multiple hypothesis testing, overfitting).58-60 It is essential that any pattern identified by such experiments be 
independently validated. Unfortunately, excitement about the results from initial experiments has often 
overwhelmed statistical caution. One recent paper re-evaluated the data from seven gene expression 
profiles of cancer prognosis and showed that five of them were likely to predict outcome no better than 
chance.61 

AlloMap™ 

AlloMap is the only commercially available gene expression profile currently available for heart transplant 
patients. The developers of the diagnostic test hypothesized that peripheral blood mononuclear cells may 
contain information on the host response to the heart transplant and that this could be detected by 
measuring gene expression levels in these cells. A complex series of experiments (described below) were 
used to identify eleven genes that distinguish transplant rejection from quiescence. The assay also 
measures expression levels of an additional nine housekeeping genes that serve as reference standards. 
Several of the genes are known to be involved in T-cell activation and erythropoesis, but the function of 
other genes and their association with transplant rejection is not clear.  RT-PCR is used to measure the 
relative expression of these twenty genes in peripheral blood mononuclear cells. Then, a proprietary 
algorithm is applied to the results to generate a score ranging from 0 to 40. The value of the score is then 
used to predict the likelihood of rejection. The exact cut-point for low risk of rejection varies depending on 
the time since the initial transplant. 

Technology Assessment (TA) 

TA Criterion 1:   The technology must have the appropriate regulatory approval. 
 
Until recently, AlloMap and other Gene Expression Profiles were considered Home Brew tests and exempt 
from FDA oversight. However, on September 7, 2006, the FDA published draft guidance on planned 
regulation of In Vitro Diagnostic Multivariate Assays (IVMIA). Complex tests combining data from multiple 
laboratory tests using a complex algorithm, like those derived from gene expression profiles, will be subject 
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to FDA review in the future. In particular, those with direct implications for medical therapy will be 
considered Class III devices and will be subject to the Pre-Market Approval (PMA) process. 

The XDX Reference Laboratory (South San Francisco, CA) has received CLIA clearance to conduct the 
AlloMap test. 

TA Criterion 1 is met. 

 

TA Criterion 2:  The scientific evidence must permit conclusions concerning the effectiveness of 
the technology regarding health outcomes. For diagnostic tests, there is evidence that use of the test 
would result in improved medical management in a way that will benefit the patient. 

The Medline database, Cochrane clinical trials database, Cochrane reviews database and the Database of 
Abstracts of Reviews of Effects (DARE) were searched using the key words ‘heart transplantation’ and 
‘gene expression profiling’. These were cross-referenced with the keyword ‘human’. The search was 
performed for the period from 1966 through September 2006 and identified 37 articles. The bibliographies of 
systematic reviews and key articles were manually searched for additional references. The abstracts of 
citations were reviewed for relevance, and all potentially relevant articles were reviewed in full. In order to be 
included in this systematic review, articles had to compare the results of gene expression profiling with the 
results of endomyocardial biopsies. One evaluated the utility of gene expression profiles using the 
endomyocardial biopsy tissue itself.62 Three publications described gene expression profiles of peripheral 
blood lymphocytes.57, 63, 64 The literature search did not identify any studies that used the gene expression 
profile to guide patient management. Ideally, randomized clinical trials would compare the clinical outcomes 
of cardiac transplant patients managed using standard monitoring, including endomyocardial biopsy, to 
those of patients managed using information from gene expression profiling. However, such studies have 
not been performed. 

Level of evidence:  3 

TA Criterion 2 is not met. 
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TA Criterion 3: The technology must improve the net health outcomes. 

The primary outcomes of interest should be overall survival and intermediate measures such as ejection 
fraction, New York Heart Association functional status, Minnesota Living with Heart Failure quality of life 
questionnaire, and the 6-minute walking distance. An alternative method to screen for transplant rejection 
that significantly reduces the need to perform endomyocardial biopsies, while preserving survival and quality 
of life, would be a great advance. In the absence of such studies evaluating these outcomes, the sensitivity 
and specificity of gene expression profiling for the detection of rejection using the pathology results of 
endomyocardial biopsy specimens as the gold standard may be helpful. 

Morgun et al62 used microarrays to analyze the gene expression profiles of 76 endomyocardial biopsies 
from 40 patients in Brazil. The biopsies represented 27 cases of rejection or impending rejection, 15 cases 
of Chagas disease, one patient with leprosy, and 33 quiescent biopsies without Chagas disease. They 
initially developed a set of 98 genes that discriminated accurately between acute transplant rejection and 
non-rejection. Then, they repeated the process twice using different subsets of patients to develop two 
additional predictive models (130 and 188 gene respectively). The 14 genes in common between the three 
models were then used as the final model. It classified patients with 95% accuracy. They did not perform an 
independent validation in heart transplant patients, but reported that the same set of genes was able to 
accurately distinguish rejection from non-rejection in both kidney and lung transplant patients with 94% 
accuracy. Their work suggested that a common set of genes may be useful to characterize rejection in 
multiple organs. This approach does not reduce the need for endomyocardial biopsies, but may perform 
better at the detection of incipient rejection in patient biopsies that do not meet usual criteria for rejection 
requiring treatment. They note that larger, multicenter studies are needed to refine and validate their 
diagnostic model. 

Investigators in Germany published the first study to attempt to diagnose transplant rejection using 
peripheral blood mononuclear cells in early 2004.64 A total of 58 blood samples from 44 patients were 
collected on the same day that an endomyocardial biopsy was performed. The samples included 32 
diagnosed with < ISHLT grade 2 rejection and 26 with ≥ grade 2. The investigators used rt-PCR to amplify 
the mRNA of 39 genes in peripheral blood that were chosen based on their biological association with 
processes thought to be associated with transplant rejection. This was not truly an experiment in gene 
expression profiling, but was an important proof-of-principle step in applying expression profiling to 
peripheral mononuclear cells. Discriminant analysis applied to the full data set identified five genes useful in 
differentiating between rejection (ISHLT grade ≥ 2) and non-rejection (ISHLT grade < 2): perforin, CD95L, 
RANTES, COX2, and SEC7/TIC. The authors report that choosing the optimal cut point gave a sensitivity of 
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82% and a specificity of 84%. They made no attempt to cross-validate or independently validate their 
results. They note that their study was limited by the small number of patients with Grade 3 rejection and 
call for studies of larger numbers of genes and patients in order to identify additional parameters to improve 
discrimination. 

Horowitz et al63 reported the first study evaluating gene expression profiling to identify heart transplant 
rejection. The used an Affymetrix microaccray with 22,215 transcripts to compare expression levels in seven 
patients with ISHLT grade ≥ 3A rejection to those in seven patients without significant rejection (ISHLT 
grade 0 or 1A). The Statistical Analysis of Microarrays (SAM) package was used to select candidate 
markers for rejection based on a false discovery rate < 10%. Of the 22,215 mRNAs evaluated, 91 met this 
criterion. The authors further limited the gene set to include only transcripts with at least a 25% difference in 
expression levels between cases and controls.  This left 40 transcripts representing 30 unique gene 
products. Many important cellular pathways were represented including, transcription, translation, cell cycle 
regulation, immune response, and apoptosis. The investigators attempted to validate the pattern of 91 
genes identified by applying the profile to seven additional samples obtained after treatment of rejection had 
normalized subsequent biopsy results. The pattern of change observed was consistent with a response to 
therapy (p=.0001). 

The Cardiac Allograft Rejection Gene Expression Observational (CARGO) study57 was a complex series of 
studies designed to develop and validate a parsimonious set of mRNA markers that could be measured in 
peripheral blood mononuclear cells to predict acute heart transplant rejection. The only commercially 
available test is based on the results of this study. Patients were enrolled prospectively beginning in 
September 2001. Slides from each patient were sent to a central pathology department for interpretation by 
a panel of three pathologists blinded to clinical data, though it is not clear if they were blinded to the original 
interpretation or to the results of the gene expression profiling. Out of 4917 samples from 629 patients, 827 
samples from 273 patients were used in the development and validation of the diagnostic test. Patients were 
required to be at least five years old, at least 21 days post-transplant and post-rejection therapy, and at least 
30 days post blood transfusion. The authors included all samples exhibiting rejection (ISHLT grade ≥ 3A by 
at least two  of four pathologists) and a “representative” sample of ISHLT Grade 0 samples frequency 
matched on age, sex, race, use of induction center, use of cyclosporine or FK506, time since transplant, and 
clinical center. There were three phases to the study. Phase One used a custom microarray to evaluate the 
relative expression of 7,370 genes in 285 samples from 98 patients. Based on prior knowledge from 
literature reviews and correlation of gene expression levels with biopsy results, a set of 252 genes was 
selected for further evaluation. Phase Two used quantitative PCR to evaluate the 252 candidate genes in an 
additional 145 samples from 107 patients (36 grade ≥ 3A rejections and 109 grade 0 quiescent samples). 
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Phases One and Two were not completely independent. A total of 39 samples from 31 patients were used in 
both Phase One and Phase Two. Through a complex series of machine learning algorithms, a linear 
discriminant classifier was developed that utilized 11 genes. The final algorithm gives a score between 0 
and 40, with higher scores reflecting a higher likelihood of transplant rejection. Phase Three validated the 
classifier in two additional sets of samples. The primary validation used 63 samples from 63 patients not 
included in Phases One or Two of the study. The secondary validation included these 63 samples (31 grade 
≥ 3A; 32 grade 0) and an additional 184 samples, 30 of which were also used in Phase One of the study. 
The primary objective of the validation study was to test the hypothesis that the diagnostic score 
distinguishes between quiescence (ISHLT grade 0) and moderate to severe rejection (ISHLT grade ≥ 3A). 

This review will focus on the validation study results. For additional details of the methods used in Phase 
One and Two, please see the original article57 and the supplemental methods that are available online In the 
primary validation study, the score from the classifier was significantly higher in samples from patients with 
at least ISHLT Grade 3A rejection on biopsy compared with samples from patients with Grade 0 rejection 
(values not reported, p=0.0018). The investigators prospectively defined a score ≥20 as the threshold for 
rejection. Using this threshold, the test had a sensitivity of 84% (95% CI 66%-94%) and a specificity of 38% 
(95% CI 22%-56%). The larger secondary validation set gave similar results (sensitivity 76%, specificity 
41%). In a post-hoc analysis, the investigators noted that the scores increased with time post-transplant, 
usually in association with decreasing the intensity of steroid therapy. The investigators suggest that optimal 
thresholds should be a score of 28 in the period from six months to one year and a score of 30 for patients 
more than one year post-transplant. 

In an unplanned analysis, the investigators then evaluated the performance of the test in a representative 
set of 281 samples from 166 patients at least one year post-transplant (prevalent population study). This 
sample was chosen to avoid spectrum bias: the distribution of ISHLT grade in these biopsies was 
representative of patients at least one year post-transplant. Only nine of the 281 samples had ISHLT scores 
≥ 3A. Using a threshold of 30, the test had a positive predictive value of 6.8% and a negative predictive 
value of 99.6%. It is instructive to note that a test that classifies everyone as not having rejection would have 
a negative predictive value of 96.8% in this test set. Positive and negative predictive values are very 
sensitive to the prevalence of disease in the population studied. By focusing on a group of patients with a 
very low probability of rejection, the investigators could be assured of a very high negative predictive value. 
This says very little about the clinical utility of the test. 

The study offers hope that expression profiling of peripheral blood may be useful in some heart transplant 
patients. However, the results of the primary validation study, using the a priori threshold of 20, were 
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disappointing. The sensitivity of the test for rejection was 84% (95% CI 66%-94%) and the specificity was 
only 38% (95% CI 22%-56%). Both estimates had wide confidence intervals reflecting the small sample size 
in each group. Furthermore, the validation study suffered from significant spectrum bias. Biopsy specimens 
with ISHLT Grades 1A, 1B, and 2 were excluded from the initial validation study. These grades represent 
approximately 40% of the specimens used in the prevalent population study described in the paper. 
Because the AlloMap test measures white blood cell activation, test results are likely to be altered by 
infection and by the form of immunosuppressive therapy used by the patient. Further studies will need to 
evaluate the test characteristics of AlloMap in patients with active infection and in patients treated with 
different immunosuppressive regimens. Finally, in a post-hoc analysis, the investigators realized that a 
threshold of 20 was too low and that different thresholds were needed for patients at different time points in 
their post-transplant course. Additional validation studies are needed using thresholds that are defined prior 
to the start of the study before we can have confidence in the clinical utility of the test. 

Finally, it is somewhat disconcerting that none of the 11 key genes in the final CARGO study list match any 
of the 30 genes identified by Horowitz et al63 or the eight genes identified by Schoels et al.64 In a letter to the 
editor65, the CARGO study investigators note that there is some level of concordance with their larger list of 
discriminatory genes, and that some of the genes in their final set may be the most representative genes in 
a pathway identified by genes picked out in prior studies. This concern that the statistical methods may 
simply be very effective modeling of noise in a data set with an enormous number of predictor variables and 
very few outcomes, underscores the requirement for independent confirmation in a second study. 

TA Criterion 3 is not met. 

 

TA Criterion 4:   The technology must be as beneficial as any established alternatives. 
The established alternative to gene expression profiling is endomyocardial biopsy. Both are used in the 
context of the patient’s clinical history, physical exam findings, and regular echocardiographic evaluation. 
The right heart catheterization performed as part of the biopsy procedure provides important hemodynamic 
information, such as cardiac filling pressures and cardiac output, which are also used to guide patient 
management. These data would not be available to clinicians making therapeutic decisions based on the 
AlloMap score. No study has been published directly comparing management of patients based primarily on 
gene expression profiling results to management based on endomyocardial biopsy alone. Ideally, such a 
study would demonstrate equivalent clinical outcomes with a decreased need for invasive and potentially 
morbid biopsies. The high negative predictive value of the CARGO prevalent population sub-study 
suggested that patients at least a year post-transplant may be adequately assessed by gene expression 
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profiling, but the majority of biopsies have been performed in transplant patients by one year.  Some authors 
have questioned the need for routine surveillance biopsies in this population and some sites do not routinely 
perform biopsies in patients who are clinically stable. Given the modest positive predictive value of the 
AlloMap gene expression profile (6.8%), even among patients at least one year post-transplant (93/100 
patients with a positive test would not have significant rejection on biopsy), routine gene expression profiling 
has the potential to increase the number of biopsies performed. This is a significant potential harm that 
deserves careful attention in comparative trials. Further validation studies need to be performed before gene 
expression profiling can be recommended in this population. 

TA Criterion 4 is not met. 

 

TA Criterion 5:   The improvement must be attainable outside the investigational setting. 
 
The large CARGO trial reported data from eight transplant centers suggesting that the sample collection 
process can be handled reliably at centers with the expertise to perform heart transplants.  However, all of 
the tests were performed at a central laboratory. No data was presented on the reliability of the final test 
itself. Measures of the consistency of the test results when performed on the same sample would be useful. 
Given that no improvements in patient outcomes were demonstrated in the studies, TA criterion 5 is not met.  

TA Criterion 5 is not met. 

 

CONCLUSION 

Heart transplant patients face significant risks for life-threatening rejection, particularly during the first year 
after transplant. Endomyocardial biopsies are performed according to a strict schedule in order to diagnose 
significant rejection as early as possible. The search for a less invasive marker of rejection has been a 
research priority for decades. Gene expression profiling offers the potential for a non-invasive test that may 
replace endomyocardial biopsy as the gold standard for transplant rejection. However, given the history of 
poor reproducibility of other gene expression profiles in the recent past, it is prudent to require independent 
confirmation of the CARGO study results before widespread adoption of the AlloMap gene expression 
profile to monitor heart transplant patients for early detection of rejection occurs. This is particularly true 
given the post-hoc change in the threshold used to define a positive test result in the study and the small 
size of the primary validation study. Additionally, there are no studies published to date comparing the 
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clinical outcomes of patients monitored with gene expression profiling to those of patients monitored with 
endomyocardial biopsies. 

RECOMMENDATION 

It is recommended that the use of gene expression profiling does not meet Technology 
Assessment Criterion 2 through 5 for safety, effectiveness and improvement in health outcomes 
when used to manage heart transplant patients. 

The California Technology Assessment Forum panel voted unanimously to accept the 

recommendation as written. 

October 18, 2006 
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RECOMMENDATIONS OF OTHERS 

 
Blue Cross Blue Shield Association (BCBSA) 
The BCBSA Technology Evaluation Center (TEC) has not conducted a review of this technology. 
 
Centers for Medicare and Medicaid Services (CMS) 
At this time there is not a published policy regarding the use of this technology.  However, the lab providing 
the services does have a provider number. 
 
American College of Cardiology California Chapter (CA ACC) 
The CA ACC has been asked to provide an opinion regarding this technology and a representative has 
been invited to attend the meeting. 
 
 
ABBREVIATIONS USED IN THIS ASSESSMENT: 
 
mRNA: Messenger RNA 
RT-PCR:   Reverse-transcriptase polymerase chain reaction 
cDNA:   Complementary DNA 
IVMIA:   In-Vitro Diagnostic Multivariate Assays 
PMA:   Pre-Market Approval 
DARE:   Database of Abstracts of Reviews of Effects 
SAM:   Statistical Analysis of Microarrays 
CARGO:   Cardiac Allograft Rejection Gene Expression Observational 

12 



REFERENCES 

1. Caves PK, Stinson EB, Griepp RB, Rider AK, Dong E, Jr., Shumway NE. Results of 54 cardiac 
transplants. Surgery. Aug 1973;74(2):307-314. 

2. Taylor DO, Edwards LB, Boucek MM, et al. Registry of the International Society for Heart and Lung 
Transplantation: twenty-third official adult heart transplantation report--2006. J Heart Lung 

Transplant. Aug 2006;25(8):869-879. 

3. Behr TM, Feucht HE, Richter K, et al. Detection of humoral rejection in human cardiac allografts by 
assessing the capillary deposition of complement fragment C4d in endomyocardial biopsies. J 

Heart Lung Transplant. Sep 1999;18(9):904-912. 

4. Grauhan O, Muller J, v Baeyer H, et al. Treatment of humoral rejection after heart transplantation. J 

Heart Lung Transplant. Dec 1998;17(12):1184-1194. 

5. Stewart S, Winters GL, Fishbein MC, et al. Revision of the 1990 working formulation for the 
standardization of nomenclature in the diagnosis of heart rejection. J Heart Lung Transplant. Nov 
2005;24(11):1710-1720. 

6. Patel JK, Kobashigawa JA. Immunosuppression, diagnosis, and treatment of cardiac allograft 
rejection. Semin Thorac Cardiovasc Surg. Winter 2004;16(4):378-385. 

7. Kubo SH, Naftel DC, Mills RM, Jr., et al. Risk factors for late recurrent rejection after heart 
transplantation: a multiinstitutional, multivariable analysis. Cardiac Transplant Research Database 
Group. J Heart Lung Transplant. May-Jun 1995;14(3):409-418. 

8. Billingham ME, Cary NR, Hammond ME, et al. A working formulation for the standardization of 
nomenclature in the diagnosis of heart and lung rejection: Heart Rejection Study Group. The 
International Society for Heart Transplantation. J Heart Transplant. Nov-Dec 1990;9(6):587-593. 

9. Marboe CC, Billingham M, Eisen H, et al. Nodular endocardial infiltrates (Quilty lesions) cause 
significant variability in diagnosis of ISHLT Grade 2 and 3A rejection in cardiac allograft recipients. 
J Heart Lung Transplant. Jul 2005;24(7 Suppl):S219-226. 

13 



10. Winters GL, McManus BM. Consistencies and controversies in the application of the International 
Society for Heart and Lung Transplantation working formulation for heart transplant biopsy 
specimens. Rapamycin Cardiac Rejection Treatment Trial Pathologists. J Heart Lung Transplant. 

Jul 1996;15(7):728-735. 

11. Nielsen H, Sorensen FB, Nielsen B, Bagger JP, Thayssen P, Baandrup U. Reproducibility of the 
acute rejection diagnosis in human cardiac allografts. The Stanford Classification and the 
International Grading System. J Heart Lung Transplant. Mar-Apr 1993;12(2):239-243. 

12. Fishbein MC, Kobashigawa J. Biopsy-negative cardiac transplant rejection: etiology, diagnosis, and 
therapy. Curr Opin Cardiol. Mar 2004;19(2):166-169. 

13. Talwar KK, Varma S, Chopra P, Wasir HS. Endomyocardial biopsy--technical aspects experience 
and current status. An Indian perspective. Int J Cardiol. Mar 1 1994;43(3):327-334. 

14. Cooper DK, Fraser RC, Rose AG, et al. Technique, complications, and clinical value of 
endomyocardial biopsy in patients with heterotopic heart transplants. Thorax. Oct 1982;37(10):727-
731. 

15. Sekiguchi M, Take M. World survey of catheter biopsy of the heart. In: Sekiguchi M, Olsen EG, 
eds. Cardiomyopathy: Clinical, Pathological and Theroretcial Aspects. Baltimore: University Park 
Press; 1980. 

16. Alharethi R, Bader F, Kfoury AG, et al. Tricuspid valve replacement after cardiac transplantation. J 

Heart Lung Transplant. Jan 2006;25(1):48-52. 

17. Dandel M, Hummel M, Meyer R, et al. Left ventricular dysfunction during cardiac allograft rejection: 
early diagnosis, relationship to the histological severity grade, and therapeutic implications. 
Transplant Proc. Sep 2002;34(6):2169-2173. 

18. Moran AM, Lipshultz SE, Rifai N, et al. Non-invasive assessment of rejection in pediatric transplant 
patients: serologic and echocardiographic prediction of biopsy-proven myocardial rejection. J Heart 

Lung Transplant. Aug 2000;19(8):756-764. 

19. Mankad S, Murali S, Kormos RL, Mandarino WA, Gorcsan J, 3rd. Evaluation of the potential role of 
color-coded tissue Doppler echocardiography in the detection of allograft rejection in heart 
transplant recipients. Am Heart J. Oct 1999;138(4 Pt 1):721-730. 

14 



20. Moidl R, Chevtchik O, Simon P, et al. Noninvasive monitoring of peak filling rate with acoustic 
quantification echocardiography accurately detects acute cardiac allograft rejection. J Heart Lung 

Transplant. Mar 1999;18(3):194-201. 

21. StGoar FG, Gibbons R, Schnittger I, Valantine HA, Popp RL. Left ventricular diastolic function. 
Doppler echocardiographic changes soon after cardiac transplantation. Circulation. Sep 
1990;82(3):872-878. 

22. Valantine HA, Yeoh TK, Gibbons R, et al. Sensitivity and specificity of diastolic indexes for rejection 
surveillance: temporal correlation with endomyocardial biopsy. J Heart Lung Transplant. Sep-Oct 
1991;10(5 Pt 1):757-765. 

23. Bourge R, Eisen H, Hershberger R, et al. Noninvasive rejection monitoring of cardiac transplants 
using high resolution intramyocardial electrograms: initial US multicenter experience. Pacing Clin 

Electrophysiol. Nov 1998;21(11 Pt 2):2338-2344. 

24. Graceffo MA, O'Rourke RA. Cardiac transplant rejection is associated with a decrease in the high-
frequency components of the high-resolution, signal-averaged electrocardiogram. Am Heart J. Oct 
1996;132(4):820-826. 

25. Hetzer R, Potapov EV, Muller J, et al. Daily noninvasive rejection monitoring improves long-term 
survival in pediatric heart transplantation. Ann Thorac Surg. Oct 1998;66(4):1343-1349. 

26. Marie PY, Angioi M, Carteaux JP, et al. Detection and prediction of acute heart transplant rejection 
with the myocardial T2 determination provided by a black-blood magnetic resonance imaging 
sequence. J Am Coll Cardiol. Mar 1 2001;37(3):825-831. 

27. Gleissner CA, Klingenberg R, Nottmeyer W, et al. Diagnostic efficiency of rejection monitoring after 
heart transplantation with cardiac troponin T is improved in specific patient subgroups. Clin 

Transplant. Jun 2003;17(3):284-291. 

28. Mullen JC, Bentley MJ, Scherr KD, et al. Troponin T and I are not reliable markers of cardiac 
transplant rejection. Eur J Cardiothorac Surg. Aug 2002;22(2):233-237. 

29. Dengler TJ, Zimmermann R, Braun K, et al. Elevated serum concentrations of cardiac troponin T in 
acute allograft rejection after human heart transplantation. J Am Coll Cardiol. Aug 1998;32(2):405-
412. 

15 



30. Labarrere CA, Nelson DR, Cox CJ, Pitts D, Kirlin P, Halbrook H. Cardiac-specific troponin I levels 
and risk of coronary artery disease and graft failure following heart transplantation. Jama. Jul 26 
2000;284(4):457-464. 

31. Claudius I, Lan YT, Chang RK, Wetzel GT, Alejos J. Usefulness of B-type natriuretic peptide as a 
noninvasive screening tool for cardiac allograft pathology in pediatric heart transplant recipients. 
Am J Cardiol. Dec 1 2003;92(11):1368-1370. 

32. Masters RG, Davies RA, Veinot JP, Hendry PJ, Smith SJ, de Bold AJ. Discoordinate modulation of 
natriuretic peptides during acute cardiac allograft rejection in humans. Circulation. Jul 20 
1999;100(3):287-291. 

33. Eisenberg MS, Chen HJ, Warshofsky MK, et al. Elevated levels of plasma C-reactive protein are 
associated with decreased graft survival in cardiac transplant recipients. Circulation. Oct 24 
2000;102(17):2100-2104. 

34. Hognestad A, Endresen K, Wergeland R, et al. Plasma C-reactive protein as a marker of cardiac 
allograft vasculopathy in heart transplant recipients. J Am Coll Cardiol. Aug 6 2003;42(3):477-482. 

35. Labarrere CA, Lee JB, Nelson DR, Al-Hassani M, Miller SJ, Pitts DE. C-reactive protein, arterial 
endothelial activation, and development of transplant coronary artery disease: a prospective study. 
Lancet. Nov 9 2002;360(9344):1462-1467. 

36. Pethig K, Heublein B, Kutschka I, Haverich A. Systemic inflammatory response in cardiac allograft 
vasculopathy: high-sensitive C-reactive protein is associated with progressive luminal obstruction. 
Circulation. Nov 7 2000;102(19 Suppl 3):III233-236. 

37. Windsor NT, Lloyd KS, Young JB, et al. Dynamics of soluble interleukin-2 receptor levels 
immediately after heart transplantation. Attenuation of increase by OKT3 therapy. Transplantation. 

Jul 1991;52(1):78-82. 

38. Evans RW, Williams GE, Baron HM, et al. The economic implications of noninvasive molecular 
testing for cardiac allograft rejection. Am J Transplant. Jun 2005;5(6):1553-1558. 

39. Mehra MR. The emergence of genomic and proteomic biomarkers in heart transplantation. J Heart 

Lung Transplant. Jul 2005;24(7 Suppl):S213-218. 

16 



40. Seo D, Ginsburg GS, Goldschmidt-Clermont PJ. Gene expression analysis of cardiovascular 
diseases: novel insights into biology and clinical applications. J Am Coll Cardiol. Jul 18 
2006;48(2):227-235. 

41. Bhattacharjee A, Richards WG, Staunton J, et al. Classification of human lung carcinomas by 
mRNA expression profiling reveals distinct adenocarcinoma subclasses. Proc Natl Acad Sci U S A. 

Nov 20 2001;98(24):13790-13795. 

42. Blaveri E, Simko JP, Korkola JE, et al. Bladder cancer outcome and subtype classification by gene 
expression. Clin Cancer Res. Jun 1 2005;11(11):4044-4055. 

43. Maxwell GL, Chandramouli GV, Dainty L, et al. Microarray analysis of endometrial carcinomas and 
mixed mullerian tumors reveals distinct gene expression profiles associated with different histologic 
types of uterine cancer. Clin Cancer Res. Jun 1 2005;11(11):4056-4066. 

44. Sorlie T, Perou CM, Tibshirani R, et al. Gene expression patterns of breast carcinomas distinguish 
tumor subclasses with clinical implications. Proc Natl Acad Sci U S A. Sep 11 2001;98(19):10869-
10874. 

45. Wilson CS, Davidson GS, Martin SB, et al. Gene expression profiling of adult acute myeloid 
leukemia identifies novel biologic clusters for risk classification and outcome prediction. Blood. Jul 
15 2006;108(2):685-696. 

46. Yeoh EJ, Ross ME, Shurtleff SA, et al. Classification, subtype discovery, and prediction of outcome 
in pediatric acute lymphoblastic leukemia by gene expression profiling. Cancer Cell. Mar 
2002;1(2):133-143. 

47. Alizadeh AA, Eisen MB, Davis RE, et al. Distinct types of diffuse large B-cell lymphoma identified 
by gene expression profiling. Nature. Feb 3 2000;403(6769):503-511. 

48. Beer DG, Kardia SL, Huang CC, et al. Gene-expression profiles predict survival of patients with 
lung adenocarcinoma. Nat Med. Aug 2002;8(8):816-824. 

49. Pomeroy SL, Tamayo P, Gaasenbeek M, et al. Prediction of central nervous system embryonal 
tumor outcome based on gene expression. Nature. Jan 24 2002;415(6870):436-442. 

50. Ramaswamy S, Ross KN, Lander ES, Golub TR. A molecular signature of metastasis in primary 
solid tumors. Nat Genet. Jan 2003;33(1):49-54. 

17 



51. Rosenwald A, Staudt LM. Clinical translation of gene expression profiling in lymphomas and 
leukemias. Semin Oncol. Jun 2002;29(3):258-263. 

52. Rosenwald A, Wright G, Chan WC, et al. The use of molecular profiling to predict survival after 
chemotherapy for diffuse large-B-cell lymphoma. N Engl J Med. Jun 20 2002;346(25):1937-1947. 

53. van 't Veer LJ, Dai H, van de Vijver MJ, et al. Expression profiling predicts outcome in breast 
cancer. Breast Cancer Res. 2003;5(1):57-58. 

54. van 't Veer LJ, Dai H, van de Vijver MJ, et al. Gene expression profiling predicts clinical outcome of 
breast cancer. Nature. Jan 31 2002;415(6871):530-536. 

55. Ayers M, Symmans WF, Stec J, et al. Gene expression profiles predict complete pathologic 
response to neoadjuvant paclitaxel and fluorouracil, doxorubicin, and cyclophosphamide 
chemotherapy in breast cancer. J Clin Oncol. Jun 15 2004;22(12):2284-2293. 

56. Chang JC, Wooten EC, Tsimelzon A, et al. Gene expression profiling for the prediction of 
therapeutic response to docetaxel in patients with breast cancer. Lancet. Aug 2 
2003;362(9381):362-369. 

57. Deng MC, Eisen HJ, Mehra MR, et al. Noninvasive discrimination of rejection in cardiac allograft 
recipients using gene expression profiling. Am J Transplant. Jan 2006;6(1):150-160. 

58. Halloran PF, Reeve J, Kaplan B. Lies, damn lies, and statistics: the perils of the P value. Am J 

Transplant. Jan 2006;6(1):10-11. 

59. Ransohoff DF. Discovery-based research and fishing. Gastroenterology. Aug 2003;125(2):290. 

60. Ransohoff DF. Rules of evidence for cancer molecular-marker discovery and validation. Nat Rev 

Cancer. Apr 2004;4(4):309-314. 

61. Michiels S, Koscielny S, Hill C. Prediction of cancer outcome with microarrays: a multiple random 
validation strategy. Lancet. Feb 5-11 2005;365(9458):488-492. 

62. Morgun A, Shulzhenko N, Perez-Diez A, et al. Molecular profiling improves diagnoses of rejection 
and infection in transplanted organs. Circ Res. Jun 23 2006;98(12):e74-83. 

18 



63. Horwitz PA, Tsai EJ, Putt ME, et al. Detection of cardiac allograft rejection and response to 
immunosuppressive therapy with peripheral blood gene expression. Circulation. Dec 21 
2004;110(25):3815-3821. 

64. Schoels M, Dengler TJ, Richter R, Meuer SC, Giese T. Detection of cardiac allograft rejection by 
real-time PCR analysis of circulating mononuclear cells. Clin Transplant. Oct 2004;18(5):513-517. 

65. Deng MC, Eisen HJ, Mehra MR. Methodological challenges of genomic research--the CARGO 
study. Am J Transplant. May 2006;6(5 Pt 1):1086-1087. 

 
 
 
 
 
 

19 


	BACKGROUND
	Heart transplantation

	CONCLUSION
	Heart transplant patients face significant risks for life-threatening rejection, particularly during the first year after transplant. Endomyocardial biopsies are performed according to a strict schedule in order to diagnose significant rejection as early as possible. The search for a less invasive marker of rejection has been a research priority for decades. Gene expression profiling offers the potential for a non-invasive test that may replace endomyocardial biopsy as the gold standard for transplant rejection. However, given the history of poor reproducibility of other gene expression profiles in the recent past, it is prudent to require independent confirmation of the CARGO study results before widespread adoption of the AlloMap gene expression profile to monitor heart transplant patients for early detection of rejection occurs. This is particularly true given the post-hoc change in the threshold used to define a positive test result in the study and the small size of the primary validation study. Additionally, there are no studies published to date comparing the clinical outcomes of patients monitored with gene expression profiling to those of patients monitored with endomyocardial biopsies.
	RECOMMENDATION

