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1 Introduction  

Heart failure (HF) is a clinical syndrome defined by hallmark symptoms such as 

shortness of breath, ankle swelling, and fatigue, that may be accompanied by physical 

signs including elevated jugular venous pressure, pulmonary rales, and peripheral 

oedema. It results from structural and/or functional cardiac abnormalities that lead to 

increased intracardiac pressures and/or reduced cardiac output. In Europe, the incidence 

of HF is approximately 5 cases per 1000 person-years among adults. The estimated 

prevalence of HF in the adult population ranges between 1% and 2% (1). Although 

patients with chronic HF have improved outcomes with guideline-directed therapies, an 

estimated 1-10% of the overall HF population consists of patients with advanced HF. 

Furthermore, the prevalence of advanced HF is increasing, driven by the growing number 

of individuals with HF and the improved effectiveness of treatments that enhance survival 

(2). Advanced HF is characterised by persistent symptoms despite maximal therapy. Its 

prognosis remains unfavourable, with a 1-year mortality ranging from 25% to 75%. Heart 

transplantation (HTx) remains the gold standard therapy for patients with advanced HF 

in the absence of contraindications, significantly improving quality of life and survival 

(1, 3).  

Despite significant improvements in pre- and post-transplant management, the main 

challenges after HTx are related to the effectiveness and side effects of 

immunosuppressive therapy, including graft rejection, infections, cardiac allograft 

vasculopathy (CAV), late graft dysfunction, malignancy, renal impairment, hypertension, 

and diabetes mellitus (1). Early detection and treatment of acute rejection are cornerstones 

of post-transplant management to preserve allograft function, improve long-term patient 

survival, and prevent the development of CAV, a principal contributor to late graft failure 

and mortality (4). 

Endomyocardial biopsy (EMB), pioneered by Phillip Caves and Margaret Billingham 

at Stanford in the early 1970s, remains a cornerstone in the diagnostic armamentarium 

for allograft rejection; however, it has notable limitations (5, 6). Evidence indicates that 

surveillance biopsies performed in asymptomatic patients treated with calcineurin-

inhibitor- and mycophenolate-based immunosuppressive therapy have a low diagnostic 

yield for identifying moderate or severe acute cellular rejection (ACR; 1%-2%), while 

the incidence of EMB-related complications exceeds the frequency of detected acute 
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rejection episodes (7). Moreover, there is significant discordance among pathologists in 

the interpretation of acute rejection (8, 9). EMBs are associated with procedural 

complications, sampling errors, and patient discomfort, and they require hospital 

admission (Table 1) (10-12). Furthermore, an inconclusive or misinterpreted EMB may 

result in repeated procedures, overtreatment, and exposure to unnecessary risks of 

infection or malignancy (13, 14). Evidence indicates that routine, protocol-driven EMB 

has a low diagnostic yield as a screening tool for acute allograft rejection beyond six 

months following HTx (13). 

Table 1. Potential complications of endomyocardial biopsy (10-12). 

Type of complication Manifestation 

Mechanical 

Cardiac perforation, hemopericardium, cardiac 

tamponade 

Tricuspid valve injury 

Papillary muscle or chordae tendineae damage  

Right ventricular free wall rupture 

Electrical 

Ventricular ectopy/ventricular tachycardia 

Atrial arrhythmias 

Atrioventricular block 

Right bundle branch block  

Vascular and access-related 

Hematoma or bleeding 

Pseudoaneurysm, arteriovenous fistula 

Venous thrombosis or embolism 

Pneumothorax/hemothorax 

Air embolism 

Infectious Local infection, endocarditis 

Procedural Embolisation of tissue fragment 

Thus, many efforts have been made to identify noninvasive procedures and 

biomarkers to reduce or eliminate the need for surveillance EMBs. Given the low 

incidence of asymptomatic rejection, a sensitive surveillance strategy with a high negative 

predictive value may minimise the number of EMBs. Modern surveillance approaches 

should also enable earlier detection of rejection, rather than relying on histopathological 

changes that typically indicate more advanced immune activation. Additionally, blood-

based tests eliminate interobserver grading inconsistencies, which can affect the accuracy 

of EMB results. This advancement in clinical practice improves patient satisfaction and 

safety and enables earlier detection of graft injury (5). The use of B-type natriuretic 

peptides (BNPs), high-sensitivity troponin, donor-specific antibodies (DSAs), gene-
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expression profiling (GEP), and donor-derived cell-free DNA (dd-cfDNA) has been 

recommended by international guidelines and consensus documents for monitoring HTx 

rejection (Table 2) (15-17). BNPs and high-sensitivity troponins offer limited sensitivity 

and specificity (18). Noninvasive peripheral GEP (AlloMap; CareDx, Inc., Brisbane, CA, 

USA) has emerged as the most promising alternative to EMB. It was designed to 

distinguish immune quiescence from ACR as early as 55 days after HTx and has 

demonstrated non-inferiority to EMB in randomised studies evaluating rejection 

surveillance (19, 20). With a negative predictive value of 99% for ACR, GEP is highly 

effective at excluding ACR; however, its positive predictive value remains limited, and it 

was not designed to detect antibody-mediated rejection (AMR) (6). While GEP is not 

available for clinical use in Europe, increasing evidence supports the use of dd-cfDNA 

(4, 21-25).  

Table 2. Recommendations for biomarker testing (15-17). 

Biomarker Society Recommendation Level of Evidence 

B-type natriuretic 

peptide, high-

sensitivity 

troponins 

ISHLT 

ESOT 

ESOT 

Class IIb 

Weak neutral (Troponin) 

Weak against (BNP) 

C 

Very low (Troponin) 

Very low (BNP) 

Donor-specific 

antibody 
ISHLT Class IIa C 

Gene-expression 

profiling 

ISHLT 

ASTS 

ESOT 

Class I 

Class I 

Strong in favour 

B 

 

Moderate 

Donor-derived cell-

free DNA  

ISHLT 

ASTS 

ESOT 

Class I 

Class IIb 

Weak in favour 

B 

 

Low 

Abbreviations: ASTS, American Society of Transplant Surgeons; BNP, B-type natriuretic 

peptide; DNA, deoxyribonucleic acid; ESOT, European Society for Organ 

Transplantation; ISHLT, International Society for Heart and Lung Transplantation.  

Although evidence supporting dd-cfDNA testing continues to grow, a prospective 

randomised trial directly comparing post-HTx outcomes using traditional EMB versus 

dd-cfDNA monitoring has not yet been published. The ACES-EMB trial (A Comparative 

Effectiveness Study in Heart Transplant Patients of Rejection Surveillance With Cell-free 

DNA Versus Endomyocardial Biopsy), a prospective randomised study comparing 

conventional EMB-based surveillance with noninvasive approaches using the Prospera 
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dd-cfDNA testing platform (Natera, Inc., Austin, TX, USA), has completed enrolment 

(18). However, a key consideration in assessing dd-cfDNA test performance is that EMB 

is a suboptimal gold standard for diagnosing acute rejection (4, 22). Importantly, EMB 

yields negative results in more than 80% of cases with clinically relevant elevations in 

dd-cfDNA. EMB may fail to detect pathology despite substantial allograft dysfunction, 

emphasising its diagnostic limitations (4). 

Immunosuppressive therapy leaves patients vulnerable to significant side effects: it 

lacks specificity, and its use increases the risk of infectious diseases, neurotoxicity, bone 

marrow depression, renal failure, malignancies, and the development of hypertension, 

diabetes mellitus and hyperlipidemia, all of which continue to have a profound negative 

impact on patient and graft survival (26). Therefore, immunosuppressive regimens with 

fewer toxic side effects are sorely needed for the treatment of HTx recipients.  

1.1 Cardiac allograft rejection 

Acute rejection remains a significant complication after HTx, with 12.6% of patients 

transplanted between 2010 and 2016 requiring treatment for rejection between hospital 

discharge and one year post-transplant (27). For HTx recipients presenting with signs or 

symptoms of graft dysfunction, the standard of care is to perform an EMB with 

histopathological evaluation of the cardiac allograft to assess for ACR, AMR, or mixed 

rejection (16). Precise differentiation between AMR and ACR is essential, as their initial 

treatment strategies differ significantly and their long-term outcomes also vary. AMR is 

associated with more pronounced graft dysfunction, an increased likelihood of recurrent 

rejection, and a higher risk of CAV and mortality (4).  

For the assessment of HTx rejection, it is recommended to obtain a minimum of three, 

and preferably four (or more), adequately evaluable myocardial tissue samples. An 

evaluable myocardial sample should contain at least 50% myocardium, excluding areas 

composed of prior biopsy sites, scar tissue, adipose tissue, or blood clots that may 

constitute the remaining part of the specimen (28).  

1.1.1 Acute cellular rejection 

ACR is defined by an inflammatory infiltrate primarily composed of lymphocytes, 

accompanied by macrophages and occasional eosinophils. In 2004, the International 

Society for Heart and Lung Transplantation (ISHLT) led a multidisciplinary review of 

the cardiac biopsy grading system to address existing challenges and inconsistencies in 
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its application (Table 3). The revised (R) categories of cellular rejection are defined as 

follows: grade 0R indicates no rejection (unchanged from the 1990 classification), grade 

1R represents mild rejection (corresponding to 1990 grades 1A, 1B, and 2), grade 2R 

denotes moderate rejection (equivalent to 1990 grade 3A), and grade 3R represents severe 

rejection (corresponding to 1990 grades 3B and 4) (28). 

Table 3. The 2004 International Society for Heart and Lung Transplantation standardised 

cardiac biopsy grading scale for acute cellular rejection (28). 

Grade Characteristics 

0R 

No rejection 
No evidence of rejection. 

1R 

Mild 

Interstitial and/or perivascular infiltrate with up to one focus of 

myocyte damage. 

2R 

Moderate 
Two or more foci of infiltrate with associated myocyte damage. 

3R 

Severe 

Diffuse infiltrate with multifocal myocyte damage ± oedema ± 

haemorrhage ± vasculitis. 

Abbreviation: R, revised. 

High-dose intravenous corticosteroids should be the first-line therapy for 

symptomatic ACR, regardless of the EMB grade (1R, 2R, or 3R). High-dose intravenous 

corticosteroids are recommended for the management of asymptomatic severe ACR 

(ISHLT grade 3R). Asymptomatic moderate ACR (ISHLT grade 2R) may be treated with 

either intravenous or oral corticosteroids. Maintenance immunosuppressive therapy 

should be appropriately adjusted to decrease the risk of recurrent rejection (16). 

1.1.2 Antibody-mediated rejection 

AMR occurs when recipient antibodies bind to donor human leukocyte antigens 

(HLAs) expressed on the allograft endothelium. These antibodies trigger complement 

fixation and activation, leading to tissue injury. Complement activation plays a central 

role in the pathogenesis of AMR by initiating both innate and adaptive immune responses. 

The deposition of complement components and immunoglobulins within the allograft 

microvasculature triggers an inflammatory cascade characterised by endothelial cell 

activation, cytokine upregulation, macrophage infiltration, increased vascular 

permeability, and microvascular thrombosis, leading to allograft dysfunction. The 

characteristic histopathologic findings of AMR on hematoxylin and eosin-stained 

sections include interstitial capillary injury, characterised by endothelial cell swelling and 
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intravascular macrophages. The primary immunohistochemistry panel for paraffin-

embedded tissue included C4d, with a strong recommendation to incorporate the anti-

macrophage marker CD68 (29).  

Following the adoption of the 2013 Working Formulation, histologic AMR diagnoses 

have surpassed those of ACR in frequency, a trend attributable in part to increased 

recognition of AMR (Table 4) (30). 

Table 4. The 2013 ISHLT working formulation for pathologic diagnosis of cardiac 

antibody-mediated rejection (29, 31). 

Grade Characteristics 

pAMR 0 

Negative for pathologic AMR 

Histologic and immunopathologic studies are both 

negative. 

pAMR 1 (H⁺) 

Histopathologic AMR alone 

Histologic findings are present, and 

immunopathologic findings are negative. 

pAMR 1 (I⁺) 

Immunopathologic AMR alone 

Histologic findings are negative, and 

immunopathologic findings are positive (CD68⁺ 

and/or C4d⁺). 

pAMR 2 

Pathologic AMR 

Both histologic and immunopathologic findings are 

present. 

pAMR 3 

Severe pathologic AMR 

Interstitial haemorrhage, capillary fragmentation, 

mixed inflammatory infiltrates, endothelial cell 

pyknosis and/or karyorrhexis, and marked oedema 

with immunopathologic findings are present. It may 

be associated with severe hemodynamic compromise 

and poor clinical outcomes. 

Abbreviations: AMR, antibody-mediated rejection; ISHLT, International Society for 

Heart and Lung Transplantation; pAMR, pathologic antibody-mediated rejection. 

AMR can manifest as hyperacute rejection within the first 7 days post-transplant in 

recipients who are sensitised to donor HLAs. Early AMR may also develop within the 

first month following HTx, due to preexisting or de novo DSAs. Late AMR develops 

months to years after HTx (31). 

The fundamental principles in the management of AMR include the elimination of 

circulating alloantibodies (plasmapheresis), inhibition of further alloantibodies 

(intravenous immunoglobulins), suppression or depletion of plasma cells (bortezomib, 

carfilzomib), inhibition of complement (eculizumab, intravenous gamma globulin), and 

suppression of both T cell (corticosteroids, mycophenolate mofetil [MMF], anti-

lymphocyte antibodies, extracorporeal photopheresis [ECP]) and B cell (corticosteroids, 
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rituximab) immune responses (31). Daratumumab, tocilizumab, belatacept, and 

carfilzomib should be considered for patients with recurrent or refractory AMR (32). 

Most of the therapies listed above are typically administered in combination, either 

concurrently or sequentially, depending on the patient’s clinical response. In addition to 

cytotoxic or antibody-targeted therapies for managing AMR, optimisation of the baseline 

immunosuppressive regimen should also be undertaken (31). 

1.1.3 Mixed rejection 

Mixed rejection consists of concomitant ACR and AMR. It is defined by the presence 

of cellular infiltrates characteristic of ACR, along with histopathologic and/or 

immunopathologic features of AMR within the same EMB specimen (29).  

Mixed rejection is associated with substantial cardiovascular mortality, incrementally 

with the severity. In the presence of hemodynamic compromise, aggressive treatment 

with high-dose intravenous corticosteroids and cytolytic therapy is warranted. Additional 

interventions targeting AMR should also be considered. For mild forms of mixed 

rejection without significant clinical symptoms, management should generally follow the 

protocol for cellular rejection, with the option of adding intravenous immunoglobulin 

(16).  

1.2 Donor-derived cell-free DNA 

The presence of cell-free DNA (cfDNA) was first identified in 1948, when it was 

discovered in the serum of patients with cancer. They are short extracellular DNA 

fragments released continuously into the circulation by both donor graft and recipient 

cells during normal cell turnover (16). In healthy individuals, most circulating cfDNA 

originates from hematopoietic cells, with less than 1% originating from the heart (4). 

Genetic differences between the donor and recipient enable the quantification of cfDNA 

derived from the cardiac allograft (21). In the reference population of stable HTx 

recipients without evidence of rejection, dd-cfDNA is detected at very low levels (22). 

During episodes of cellular rejection or AMR, injury to the graft – characterised by 

myocyte necrosis and apoptosis – results in increased release of dd-cfDNA into the 

circulation (16). dd-cfDNA serves as an early, highly sensitive marker of graft injury with 

a high negative predictive value for both ACR and AMR (4, 21, 22). Circulating dd-

cfDNA has a very short half-life, ranging from 30 minutes to several hours, allowing for 

repeat testing within days in the appropriate clinical context for rejection monitoring. The 
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dd-cfDNA result reflects either the proportion of donor-derived cfDNA relative to the 

total amount of cfDNA (%) or the absolute quantity of the donor-derived cfDNA 

(copies/mL, or ng/mL) (Figure 1) (5).  

 

 

 

 

 

 

 

Figure 1. When donor heart injury occurs, myocytes release cell-free DNA into the  

recipient's plasma, resulting in elevated donor-derived cell-free DNA levels (33). 

Abbreviations: cfDNA, cell-free DNA; dd-cfDNA, donor-derived cell-free DNA; DNA, 

DNA, deoxyribonucleic acid; HTx, heart transplantation. 

Following the development of the AlloSure dd-cfDNA assay (CareDx, Inc., Brisbane, 

CA, USA), the D-OAR study (Utility of Donor-Derived Cell-Free DNA in Association 

With Gene Expression Profiling), which included 740 participants across 26 HTx centres, 

demonstrated that elevated dd-cfDNA levels correlate with rejection detected by EMB. 

The D-OAR study established dd-cfDNA as a specific indicator of graft injury, exhibiting 

a negative predictive value of 97% for both ACR and AMR (5, 22). The assay's high 

negative predictive value could help minimise the need for EMBs in patients with low 

clinical suspicion of acute rejection. Conversely, an elevated dd-cfDNA level may 

increase the likelihood of a positive biopsy result, thereby supporting the initiation of 
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clinical treatment for acute rejection (22). Previous studies have demonstrated that 

elevated levels of dd-cfDNA precede the diagnosis of acute rejection, as detected by 

EMB, by several months (4, 23). These elevated levels indicate early graft injury that 

precedes detectable myocyte damage on histologic examination. Monitoring with dd-

cfDNA may therefore enable early detection of rejection, allowing timely intensification 

of immunosuppressive therapy to prevent progression to more severe rejection and 

irreversible graft injury (22). dd-cfDNA represents a paradigm shift in understanding 

allograft rejection, moving from reliance on histologic assessment of inflammatory 

infiltrates and myocyte injury to a direct, quantitative evaluation of donor-derived DNA 

in the recipient’s plasma (4). Therefore, the high sensitivity of dd-cfDNA in the early 

detection of rejection has called into question the designation of EMB as the gold standard 

diagnostic method (5). 

Although dd-cfDNA levels increase in both ACR and AMR in proportion to the 

severity of rejection, distinct dd-cfDNA patterns exist between ACR and AMR (4, 21, 

22, 34). A prospective cohort study by the Genomic Research Alliance for 

Transplantation (GRAfT) across five transplant centres in the United States found that 

AMR is associated with longer lead times, a higher area under the receiver operating 

characteristic curve, and different fragment types and lengths compared with ACR. The 

guanosine-cytosine base content is higher in AMR than in ACR and non-rejection control 

samples. In AMR, cfDNA fragments are shorter than in ACR and non-rejection control 

samples. Median dd-cfDNA levels are higher in patients with AMR than in those with 

ACR, suggesting that the distinct pathogenic mechanisms underlying these rejection 

subtypes may account for the observed quantitative differences in dd-cfDNA levels. 

AMR, characterised by the presence of DSA, leads to widespread macrovascular and 

microvascular injury that can progress to pancarditis and extensive cellular DNA release. 

In contrast, ACR typically involves localised lymphocytic infiltration and injury confined 

to interstitial and perivascular tissues. A dd-cfDNA threshold of 0.25% demonstrated a 

99% negative predictive value for acute rejection (4). The dd-cfDNA level decreases 

following resolution of both ACR and AMR episodes (34). Prior studies have suggested 

that from post-HTx day 28 onwards, recipients can be monitored for allograft rejection 

using the dd-cfDNA assay (4, 5, 21). dd-cfDNA assays are designed to serve as screening 

tools for stable HTx recipients. Patients exhibiting clinical signs or symptoms suggestive 
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of rejection or evidence of graft dysfunction should undergo a for-cause EMB, 

irrespective of their inclusion in a noninvasive screening protocol (5). 

In the United States, centralised dd-cfDNA testing services are broadly utilised, either 

as stand-alone dd-cfDNA assays or as a combination of GEP and dd-cfDNA. Patient 

specimens are shipped to the manufacturer’s accredited laboratory for dd-cfDNA 

analysis, and the resulting data are subsequently reported to the clinicians. Until recently, 

dd-cfDNA testing was available only through centralised testing services. 

Decentralised dd-cfDNA testing kits provide the convenience of on-site laboratory 

testing, thereby enabling broader access to and adoption of the testing method. A study 

conducted among kidney transplant recipients at three European centres evaluated a 

decentralised, CE-IVD-marked dd-cfDNA testing kit against a widely utilised centralised 

dd-cfDNA testing service in the United States. It proved a strong correlation with the 

well-characterised, centralised dd-cfDNA assay. Both tests showed a significant 

association with allograft rejection and similarly good discrimination in predicting 

rejection (35). Another study aimed to verify the analytical performance of a 

decentralised, CE-IVD-marked dd-cfDNA assay across three European centres and 

compare it with manufacturer validation. The overall observed versus expected dd-

cfDNA results demonstrated good concordance and a strong positive correlation, as well 

as high repeatability and reproducibility within and between sites (36). 

dd-cfDNA serves as a sensitive marker of immune activation and cellular injury; 

however, its levels may be influenced by conditions other than acute rejection, such as 

myocardial ischemia, myocardial trauma, or other graft injury. Interpretation of dd-

cfDNA requires caution in cases of sepsis, systemic inflammation, cytomegalovirus 

infection, HIV, trauma, or cancer, as it may yield a falsely reduced dd-cfDNA percentage 

due to increased cfDNA release from extracardiac sites or tumour cells. Current evidence 

on dd-cfDNA in CAV suggests potential utility for detecting preclinical vasculopathy; 

however, these associations have been inconsistent to date (37). Therefore, interpretation 

of the dd-cfDNA results should always be made within the clinical context to assess the 

need for a confirmatory EMB (5, 22, 38).  

Elevated dd-cfDNA levels without EMB-proven rejection challenge the management 

of HTx recipients. Patients who demonstrate concurrent positivity for GEP and dd-

cfDNA exhibit an elevated risk of subsequent graft dysfunction and cardiovascular death, 
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even in the absence of histologic evidence of rejection. These findings indicate that 

circulating multimodal molecular signatures provide prognostic information that is not 

captured by conventional histologic assessment (39). Patients with elevated dd-cfDNA 

have an increased mortality risk compared to patients with negative GEP and dd-cfDNA, 

regardless of biopsy results. Elevated dd-cfDNA is associated with a higher risk of graft 

dysfunction and presence of DSA compared to patients with negative GEP and dd-cfDNA 

(25). Evidence also shows that asymptomatic patients with very high dd-cfDNA levels 

(>3.0%) are at increased risk of developing subsequent 1-year AMR (40). Patients with 

persistent elevation of GEP and dd-cfDNA, independent of EMB findings, have an 

increased risk of developing rejection, graft dysfunction, or cardiovascular death (41). A 

marked increase in dd-cfDNA may warrant more intensive molecular surveillance and 

therapeutic intervention, as it can reflect graft injury beyond what is evident from EMB 

findings alone (34). Addressing subclinical graft injury (i.e., molecular rejection) is the 

cutting edge of transplant medicine. Ultimately, high levels of dd-cfDNA in the absence 

of EMB-proven rejection warrant closer surveillance and should prompt careful 

assessment of the immunosuppressive regimen, evaluation of allograft function, DSAs, 

and myocardial molecular profiling (Molecular Microscope Diagnostic System [MMDx]) 

(5, 42). MMDx was initially developed to overcome the limitations of conventional 

histopathologic criteria by enabling molecular phenotyping of EMB specimens. The 

platform has since been refined to include molecular injury archetype classifications, as 

illustrated in the INTERHEART study (Diagnostic and Therapeutic Applications of 

Microarrays in Heart Transplantation, a Multicenter Study). MMDx quantifies gene 

expression in biopsy samples. It applies ensembles of machine-learning algorithms to 

analyse these data, enabling comparison of each new biopsy with a comprehensive 

reference database of prior specimens (30, 43). MMDx recommends including at least 

two myocardial tissue samples. The myocardial tissue obtained for MMDx analysis is 

immediately preserved in RNAlater to inactivate ribonucleases that would otherwise 

rapidly degrade messenger ribonucleic acid. MMDx samples are shipped to and analysed 

in central laboratories in North America. Biopsy-derived ribonucleic acid is extracted, 

labelled, and hybridised to the PrimeView microarray, enabling genome-wide GEP. The 

platform quantifies expression across approximately 49500 probe sets representing 19462 

genes, generating a “CEL file” that provides a robust, though simplified, representation 



20 

 

of transcriptomic activity. This file is subsequently analysed using MMDx software to 

produce an automated report summarising the key molecular scores for each biopsy. 

MMDx operates as an iterative discovery-application-discovery framework, in which 

EMBs from ongoing clinical studies are continuously incorporated to refine the reference 

dataset and rederive machine-learning models (43). MMDx diagnostic categories are 

classified into four groups: no rejection, ACR, AMR, and injury. Beyond its role in 

diagnosing rejection, MMDx enables assessment of parenchymal injury. Although 

myocardial injury and rejection are closely correlated in cardiac allografts, molecular 

injury remains a critical component in revealing graft dysfunction and predicting long-

term graft failure (44).  

The prospective Trifecta-Heart study compared local standard-of-care histologic 

diagnoses with a triad of centrally performed assays: MMDx, dd-cfDNA, and DSA 

testing. AMR identified by MMDx correlated more strongly with dd-cfDNA and DSAs 

than histologic AMR. In cases of MMDx-histology discordance, EMBs showing no 

histologic rejection but classified as AMR by MMDx were associated with elevated DSA 

and dd-cfDNA levels. In contrast, biopsies categorised as no rejection by MMDx but 

interpreted as AMR by histology demonstrated low DSA and dd-cfDNA levels. 

Accumulating evidence indicates that existing histopathologic criteria are no longer 

adequate for identifying clinically meaningful AMR. Histologic AMR in isolation was 

unable to discriminate between high- and low-risk HTx recipients. MMDx enabled 

reclassification of a subset of histologically positive AMR cases into a “no rejection” 

category, further supported by correspondingly low levels of dd-cfDNA and DSA. The 

findings of this study indicate that a combination of diagnostic tests is necessary to 

support clinical decision-making in these critical contexts, particularly given the high cost 

and potential adverse effects of emerging therapies for AMR. These inter-test 

relationships will be valuable for informing AMR management, including monitoring 

treatment response and detecting relapse, particularly when discrepancies arise between 

test results. Accordingly, the proposed post-AMR monitoring adopts a multimodal 

strategy – utilising dd-cfDNA (with or without EMB), echocardiography, DSA 

assessment, and/or intragraft GEP – conducted at standardised intervals during the first 

year after completion of therapy (32). However, none of the above diagnostic tests is 

without limitations, and all four may benefit from continued parallel development and 
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refinement (30, 44). The study demonstrated that, in addition to cardiac transplant 

rejection, dd-cfDNA levels were elevated in the MMDx severe injury state. These 

elevations were particularly pronounced in the late atrophy-fibrosis state, which 

corresponds to the clinical CAV phenotype. Most cases exhibiting molecular injury with 

elevated dd-cfDNA also demonstrated concurrent molecular rejection, predominantly 

AMR, especially in the late atrophy-fibrosis state (44). 

1.3 Echocardiographic assessment of the cardiac allograft function 

Echocardiography is a primary imaging modality for evaluating patients following 

HTx, providing accurate assessment of graft anatomy and function and serving as an 

integral component of routine serial evaluations throughout post-transplant follow-up 

(16). However, a principal technical challenge is that echocardiographic parameters show 

greater variability in HTx patients than in the general population. This variability 

complicates the determination of the normal transplanted heart morphology and function, 

as well as the determination of appropriate cut-off values for echocardiographic 

parameters to detect allograft dysfunction. Accordingly, in this unique patient population, 

the availability of a comprehensive individual baseline echocardiographic study for 

comparison during serial follow-up assessments is more valuable than reliance on the 

absolute value of individual measurements. A baseline evaluation should be conducted at 

least 6 months after HTx. In the early post-transplant period, factors such as adaptation 

of the donor heart to the thoracic cavity, altered positioning within the chest compared to 

the native heart, and the presence of confounding factors (e.g., early allograft dysfunction, 

pericardial effusion, sepsis, and multiorgan dysfunction) may influence 

echocardiographic findings and reduce the sensitivity of echocardiography for detecting 

acute graft rejection during follow-up (45).  

Left ventricular ejection fraction (LVEF) is a commonly used echocardiographic 

parameter for assessing cardiac function. Its simplicity and strong correlation with clinical 

outcomes have established it as a convenient tool in routine clinical practice (46). 

However, its limitations, including low sensitivity and dependence on loading conditions, 

reduce its reliability and utility as a comprehensive measure of cardiac function (47). Left 

ventricular (LV) systolic function is generally preserved following HTx. Although LVEF 

remains the strongest predictor of outcome in HTx recipients, it is neither an early marker 

of graft dysfunction nor a sensitive indicator of acute graft rejection and typically does 
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not correlate with the severity of EMB-proven rejection. A late decline in LVEF is 

frequently associated with progression of CAV and is linked to an unfavourable 

prognosis. To address specific clinical questions and enhance sensitivity in detecting 

morphofunctional changes in transplanted hearts, laboratories may utilise advanced 

echocardiographic techniques (45). 

Two-dimensional speckle-tracking echocardiography is an emerging imaging 

technique that quantifies LV deformation by measuring myocardial strain across the three 

planes of chamber motion: longitudinal, circumferential, and radial. Left ventricular 

global longitudinal strain (LVGLS) provides superior diagnostic and prognostic utility 

across a broad range of cardiovascular disorders compared with LVEF, demonstrates high 

reproducibility, and can identify subclinical dysfunction before a decline in ejection 

fraction. LVGLS is defined as the percentage change in myocardial longitudinal length 

from end-diastole to end-systole during the cardiac cycle. A large patient-level meta-

analysis has suggested that an LVGLS value greater than -16% represents an absolute 

threshold indicative of myocardial dysfunction, irrespective of vendor-specific 

differences or clinical covariates, and should prompt clinicians to undertake careful 

evaluation for underlying cardiac pathology. However, interpretation of LVGLS 

measurements within the broader clinical context remains essential, particularly for 

values in the “grey zone” of -16% to -18%, which are generally regarded as borderline or 

low-normal (48).  

LVGLS allows assessment of myocardial deformation and identification of early, 

subclinical cardiac allograft dysfunction (49, 50). While LVEF is generally preserved 

until severe damage is established, LVGLS is more significantly associated with 

myocardial injury in the case of ACR (51, 52). It has also been shown that repeated 

episodes of ACR are associated with reduced longitudinal systolic function, as assessed 

by LV longitudinal strain. Data show that global and regional LV longitudinal strain 

values are lower after HTx than in the control population (53, 54). It remains unclear 

whether the reduced LV longitudinal strain values reflect the “normal” values of the 

transplanted heart or whether they are signs of subtle alterations in the contractile function 

of the allograft (54). The correlation between dd-cfDNA and LV longitudinal strain-

derived parameters remains unknown.  
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Although LVGLS demonstrates less load dependency than LVEF, it remains 

susceptible to variations in loading conditions (55). Compared with LVGLS and LVEF, 

myocardial work accounts for loading conditions during myocardial deformation. By 

integrating LV loading conditions, pressure-strain loop analysis provides a more 

advanced method for evaluating myocardial performance. It enables quantification of 

both global and regional myocardial contractile function while offering insight into 

myocardial energetics and oxygen consumption. This comprehensive assessment 

supports the identification of subclinical myocardial dysfunction. Myocardial work is 

defined by four distinct components that contribute to the comprehensive understanding 

of LV mechanics: 

1. global work index (GWI): total work carried out by the left ventricle during systole,  

2. global constructive work (GCW): LV work that contributes to LV ejection and 

quantifies the energy consumed by the myocardium, which effectively contributes to 

the cardiac output (shortening during systole and lengthening during isovolumetric 

relaxation),  

3. global wasted work (GWW): LV work that does not result in LV ejection and 

measures the energy wasted due to lengthening during systole and shortening during 

isovolumetric relaxation, 

4. global work efficiency (GWE): reflects the percentage of myocardial work that is 

converted into cardiac output (i.e., the ratio of constructive and wasted work) (56, 57).  

Noninvasive myocardial work represents a promising emerging modality for 

assessing LV systolic function, with the potential to distinguish impaired myocardial 

performance resulting from increased afterload from that caused by reduced myocardial 

contractility. Enhanced detection of subclinical cardiac dysfunction may serve as a 

valuable surrogate marker of disease, providing mechanistic insight into cardiovascular 

pathologies and enabling earlier diagnosis (57). Myocardial work has been evaluated in 

several clinical scenarios to assess its added value relative to LVEF and LVGLS (56-58). 

However, the significance of myocardial work analysis in assessing HTx injury remains 

largely unknown. 

1.4 Extracorporeal photopheresis 

ECP is a type of apheresis technique. The leukocyte-targeted cell therapy involves 

withdrawing the patient’s peripheral blood, isolating the leukocyte-rich plasma, treating 
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it with a photosensitising agent (8-methoxypsoralen; 8-MOP), and then irradiating it with 

ultraviolet A (UVA) light. UVA-mediated activation of 8-MOP induces DNA, 

deoxyribonucleic acid (DNA) cross-link formation, leading to programmed cell death via 

apoptosis, which is recognised as the primary direct mechanism underlying ECP. 

Following reinfusion, the buffy coat – composed of leukocytes and platelets – contains a 

mixture of viable cells, apoptotic and necrotic cells, cellular debris, and soluble factors. 

UVA-treated leukocytes are phagocytosed by activated monocytes, which then 

differentiate into dendritic cells. The uptake of the leukocytes initiates a cascade of 

indirect immunomodulatory effects (31, 59, 60). ECP reduces the production of effector 

T cells, promotes the expansion of regulatory T cells, which suppress the immune system 

in an antigen-specific manner, and induces plasmacytoid (tolerogenic) dendritic cells 

(61). Evidence from multiple studies indicates that reinfused leukocytes treated with ECP 

undergo apoptosis over a period of one to two weeks, stimulating an autologous 

suppressor response – partly mediated by T cells – that acts against nonirradiated T cells 

of similar clonal origin. Furthermore, these leukocytes promote the tolerogenic activity 

of quiescent dendritic cells (and likely macrophages) with which they interact (31). ECP 

exerts a sustained immunomodulatory effect, appearing to beneficially influence both 

humoral and cellular immune responses directed against the allograft. Although the 

precise mechanism by which ECP prevents or treats HTx rejection remains incompletely 

understood, the prevailing hypothesis attributes its effect primarily to the 

immunosuppression induced by irradiated helper T cells (Figure 2). Unlike 

immunosuppressive drugs, ECP does not induce generalised immunosuppression (31, 59, 

60, 62).  

ECP is used on a chronic basis, with each treatment cycle consisting of two sessions 

on consecutive days. Therapeutic regimens vary widely, with series performed weekly or 

every 2-8 weeks over several months. Treatments are typically performed until 

improvement and/or stabilisation of both allograft function and symptoms occur (61, 63). 

There is no consensus on the optimal treatment protocol for ECP, including initiation, 

session number and frequency, tapering, and discontinuation strategies. Nonetheless, 

multiple studies have highlighted its favourable safety profile, reporting a very low 

incidence of adverse effects. The most frequently observed adverse effect is 

photosensitivity, which is generally well controlled with appropriate sun protection 
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measures. The primary challenge associated with ECP is achieving reliable vascular 

access. Although most patients can be treated via peripheral veins, some require insertion 

of a central venous catheter, a procedure associated with a low but recognised risk of 

infection, bleeding, and thrombosis (59). The literature reports anaemia, 

thrombocytopenia, hypotension, fatigue, and ECP-related fever (64, 65).  
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Figure 2. Proposed mechanisms of action of extracorporeal photopheresis (62). 

Abbreviations: APC, antigen-presenting cell; Breg, regulatory B cell; DNA, 

deoxyribonucleic acid; ECP, extracorporeal photopheresis; IL, interleukin; INFγ, 

interferon gamma; iT35, induced regulatory T cell; MDSC, myeloid-derived suppressor 

cell; NK cell, natural killer cell; NKreg cell, natural killer regulatory cell; Teff, effector 

T cell; TGF-β, transforming growth factor beta; Th, helper T cell; Treg, regulatory T 

cell; TNF, tumour necrosis factor. 

The limited evidence suggests that ECP is more commonly used in cardiothoracic 

solid-organ transplantation than in abdominal transplantation. However, across all organ 

types, the available evidence is limited by the scarcity of randomised controlled trials 

(66). The indication for ECP has expanded to include cardiac allograft rejection; although 

most previous studies used a triple-drug maintenance immunosuppressive regimen 

comprising cyclosporine, azathioprine, and corticosteroids, combined with ECP (Table 

5) (59, 60, 63-65, 67-80). The scientific societies’ recommendations for ECP therapy 

include cellular rejection, recurrent rejection, and rejection prophylaxis (Table 6) (16, 61). 

Based on current data, ECP may be indicated as prophylaxis for selected patients at high 

risk of rejection due to previous failed transplants, prior pregnancies, a high number of 

blood transfusions, high panel reactive antibody levels, and poor HLA matching. ECP 

can also be considered as a therapeutic option for allograft rejection in patients who 

require a reduction in conventional immunosuppression due to complications such as 

severe infections, renal impairment, or an increased risk of cancer recurrence (60, 72).  

 

  

https://www.sciencedirect.com/topics/medicine-and-dentistry/regulatory-t-cell
https://www.sciencedirect.com/topics/medicine-and-dentistry/t-helper-cell
https://www.sciencedirect.com/topics/medicine-and-dentistry/tumor-necrosis-factor
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Table 5. The review of the literature on extracorporeal photopheresis in heart 

transplantation. 

Study 

(year) 
Study design 

Study population, ECP 

regimen 
Key outcomes 

Barten et 

al. (2023) 

(64) 

Multicentre 

retrospective 

study 

105 HTx recipients treated 

with ECP at 7 European 

centres for ACR, AMR, or 

mixed rejection; mean 

follow-up 22.5 months 

Significant histologic 

improvement in ACR, 

AMR, and mixed rejection 

groups, with many patients 

demonstrating partial or 

complete resolution of 

rejection on follow-up 

EMBs 

Gökler et 

al. (2022) 

(72) 

Prospective 

study 

28 high-risk HTx recipients 

received 6 months of ECP 

combined with reduced 

immunosuppression; 

intensive early schedule 

followed by tapering 

sessions (24 treatments) 

Low incidence of ACR 

within the first year; no 

rebound rejection following 

ECP cessation; acceptable 

infection rates despite high 

baseline risk; no cancer 

recurrence during long-term 

follow-up 

Kirklin et 

al. (2006) 

(80) 

Retrospective 

study 

36 HTx patients with 

rejection with 

hemodynamic compromise, 

recurrent rejection, or 

DSAs, treated with ECP for 

a minimum of 3 months 

Decreased rejection risk 

after ECP; significantly 

reduced risk for subsequent 

rejection with hemodynamic 

compromise or death 

Barr et al. 

(2000) (70) 

Prospective 

randomised 

study 

23 HTx recipients 

randomised to standard 

immunosuppression alone 

or immunosuppression plus 

ECP 

ECP is associated with a 

significant reduction in 

calculated panel reactive 

antibodies and reduced 

coronary artery intimal 
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Study 

(year) 
Study design 

Study population, ECP 

regimen 
Key outcomes 

thickness at 1- and 2-year 

follow-up, suggesting a 

protective effect against 

CAV 

Dall’Amico 

et al. (2000) 

(60) 

Retrospective 

study 

11 HTx patients with 

recurrent rejection 

underwent ECP for 6 

months 

The fraction of EMBs with a 

grade 0/1A rejection 

increased, while EMBs with 

a 3A/3B rejection 

decreased; ECP allowed a 

reduction in 

immunosuppressive therapy 

Barr et al. 

(1998) (67) 

Multicentre 

randomised 

controlled trial 

60 HTx recipients 

randomised to standard 

immunosuppression with or 

without adjunctive ECP 

during the first 6 months 

post-transplant (24 

procedures per patient) 

Comparable survival 

between groups; 

significantly fewer acute 

rejection episodes and lower 

cytomegalovirus detection 

in the ECP group; no 

increase in infection rates 

Meiser et 

al. (1994) 

(75) 

Prospective 

study 

15 HTx recipients received 

standard 

immunosuppression alone 

or combined with low-dose 

or high-dose ECP 

Patients treated with ECP 

experienced significantly 

fewer acute rejection 

episodes and infections 

compared with controls; no 

ECP-related adverse effects 

Abbreviations: ACR, acute cellular rejection; AMR, antibody-mediated rejection; CAV, 

cardiac allograft vasculopathy; DSA, donor-specific antibody; ECP, extracorporeal 

photopheresis; EMB, endomyocardial biopsy; HTx, heart transplantation. 
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Table 6. Recommendations for extracorporeal photopheresis in heart transplantation (16, 

61). 

Society Indication Recommendation 

ASFA 

Cellular rejection Category II, Grade 1B 

Recurrent rejection Category II, Grade 1B 

Rejection prophylaxis Category II, Grade 2A 

ISHLT Recurrent or resistant ACR Class IIA, Level of evidence: B 

Abbreviations: ACR, acute cellular rejection; ASFA, American Society for Apheresis; 

ISHLT, International Society for Heart and Lung Transplantation.  

Although promising results have been reported for ECP therapy in treating cardiac 

allograft rejection, data on its use in HTx recipients are still needed. Studies on ECP in 

conjunction with a tacrolimus-based immunosuppressive protocol, with either MMF or 

mycophenolic acid, and methylprednisolone, as well as data on its use in patients with 

persistent ISHLT grade 1R cellular rejection, remain scarce (71).  
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2 Objectives 

Although the frequency of treated rejection has decreased, allograft rejection remains 

a major determinant of post-transplant morbidity and mortality (27). EMB has historically 

been regarded as the gold standard for rejection surveillance; however, its limitations 

restrict the timely and accurate detection and management of rejection. In contrast, dd-

cfDNA has emerged as a sensitive, reliable, and reproducible biomarker that may identify 

allograft injury months before histopathological changes become evident on EMB (4, 23, 

42). Advances in immunosuppressive therapy have substantially improved survival and 

quality of life among HTx recipients. However, the current standard-of-care 

immunosuppressive regimen is associated with significant adverse effects, including 

opportunistic infections, secondary malignancies, metabolic complications, and end-

organ damage. In this context, ECP represents an immunomodulatory treatment option 

with a favourable safety profile and no increased risk of infection (61, 66). 

Against this background, we sought to address key aspects of contemporary HTx 

rejection surveillance and treatment. First, we described the initial experience with the 

clinical implementation of a local laboratory-run, commercially available, CE-IVD-

marked dd-cfDNA assay-based monitoring programme for routine HTx rejection 

surveillance. Second, we examined whether a reduction in LV longitudinal strain 

parameters could result from early HTx injury, as assessed by dd-cfDNA (Rejection 

surveillance). Third, we investigated the efficacy of ECP in combination with a 

tacrolimus-based maintenance immunosuppressive therapy for treating cardiac allograft 

rejection in various clinical scenarios (Rejection treatment). 
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3 Methods 

3.1 Recruitment of patients 

3.1.1 Rejection surveillance 

Since October 2022, consecutive HTx recipients who have not experienced graft 

rejection requiring intensification of immunosuppressive therapy have been transitioned 

from our EMB-based surveillance protocol (approximately 12-15 EMBs performed 

during the first post-transplant year) to a monthly dd-cfDNA-guided rejection monitoring 

approach. Exclusion criteria included multi-organ transplant recipients, a blood 

transfusion containing white blood cells within the past 30 days, pregnancy, and an EMB 

performed within the previous 24 hours. We also identified a cohort of consecutive HTx 

recipients who underwent treatment for AMR (n=9). Informed consent was obtained from 

each patient, and the study was conducted in accordance with the principles of the 

Declaration of Helsinki. 

3.1.2 Rejection treatment 

We conducted a retrospective, single-centre study on adult HTx recipients who 

underwent ECP between September 2013 and October 2020. Informed consent was 

obtained from all patients before the initiation of the ECP course.  

3.2 Collection of data 

We retrospectively collected patients' clinical data from institutional electronic 

records and stored them in a separate database. 

3.3 Immunosuppression 

Induction therapy with antithymocyte globulin (1.5 mg/kg) was initiated on the first 

post-transplant day and maintained for up to 3 days, except when an active infection was 

present at the time of HTx. All patients received a calcineurin-inhibitor-based 

maintenance immunosuppressive regimen. Tacrolimus was initiated on the fifth 

postoperative day and administered twice daily. Target trough levels were maintained at 

10-15 ng/mL during the first 1-3 months post-transplant or after a moderate or severe 

rejection episode, 8-11 ng/mL between months 3-6, 7-10 ng/mL from months 6-12, and 

5-7 ng/mL beyond 12 months. In the patient cohort monitored with dd-cfDNA, one 

recipient was switched to cyclosporine due to side effects. All HTx recipients received 

mycophenolate as an antiproliferative agent. The target dose of MMF was 3000 mg/day 

until the tacrolimus target trough level was achieved; thereafter, the MMF 
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dose was adjusted to 2000 mg/day. Methylprednisolone was tapered from the 

perioperative induction doses to 8 mg/day for the first 6 months; thereafter, gradual 

tapering was initiated, and it was weaned off at the discretion of the clinicians, either by 

the first post-transplant year or 1 year after the allograft rejection episode. Both ISHLT 

grade 2R rejections and mixed rejection episodes accompanied by graft dysfunction were 

treated with intravenous pulse methylprednisolone therapy (500 mg or 1000 mg o.d.) for 

three days. Patients with AMR and cardiac allograft dysfunction additionally received 

three to five therapeutic plasma exchanges in combination with intravenous 

immunoglobulin therapy (1 g/kg) and completed with rituximab (375 mg/m2) if needed. 

In case of a rejection episode, the maintenance immunosuppressive regimen was 

increased to the early post-transplant level. 

3.4 Laboratory analysis 

Serum N-terminal prohormone of brain natriuretic peptide (NT-proBNP) 

measurements were performed during routine follow-up visits and as clinically indicated. 

Donor-specific anti-HLA class I and II antibodies were assessed at one, three, six, and 

twelve months post-transplant, then annually and as clinically indicated. DSA 

surveillance was intensified during episodes of allograft rejection. Detection and 

quantification were carried out using solid-phase microbead-based assays. A DSA was 

considered positive when the mean fluorescent intensity (MFI) exceeded 3000, while a 

high-titre DSA was defined by an MFI greater than 10000. 

3.5 Donor-derived cell-free DNA analysis 

Before introducing dd-cfDNA surveillance into clinical practice, we conducted a 

cross-sectional, retrospective pilot study to assess the feasibility of a local laboratory-run, 

targeted, next-generation sequencing-based, commercially available, CE-IVD-marked 

dd-cfDNA assay (AlloSeq, based on the well-characterised AlloSure central laboratory 

assay, CareDx, Inc., Brisbane, CA, USA). The study included 27 samples from 23 

patients, with and without rejection, collected at various times after HTx. The pilot 

analysis demonstrated the assay's reliability and reproducibility, with internal control 

samples consistently returning the predefined values (data not shown) (81). 

We performed the first dd-cfDNA measurement before simultaneous surveillance 

EMB in 24 cases (34%). For dd-cfDNA analysis, 8 mL of peripheral venous blood was 

collected into Streck cfDNA blood collection tubes (Streck, La Vista, NE, USA). The dd-
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cfDNA analysis was performed at months 2, 3, 4, 5, 6, 7, 8, 10, and 12 following HTx, 

alongside clinical evaluation, electrocardiography, echocardiography, and routine 

laboratory testing. In the patient cohort treated for AMR, dd-cfDNA was collected either 

before surveillance EMB or during routine follow-up visits. The dd-cfDNA analysis was 

performed according to the manufacturer’s instructions for use (AlloSeq cfDNA 

Instructions for Use IFU090, Version Number: 9.0, CareDx, Inc., Brisbane, CA): 

1. preservation of plasma, 

2. quantification of the input DNA, 

3. cfDNA extraction, 

4. amplification of cfDNA, 

5. sequencing of the polymerase chain reaction (PCR) products, 

6. quantification of dd-cfDNA values and quality control (35, 82). 

The AlloSeq cfDNA assay utilises differences in 202 single-nucleotide polymorphism 

loci, which vary between donor and recipient, to determine the proportion of donor-

derived cfDNA relative to the total cfDNA from a plasma sample. It does not require a 

prior donor and recipient genotyping (83). After sequencing is complete, the data is 

analysed using the AlloSeq cfDNA software, which reports the percentage of the donor-

derived cfDNA (Table 7). To ensure the accuracy and reliability of reported dd-cfDNA 

results, several quality-control metrics are established, each with a defined cutoff (82). 

Results that fell below or exceeded these thresholds were neither reported nor used in 

clinical decision-making. For each measurement, at least one control sample was 

analysed alongside the clinical samples to ensure data consistency across independent 

assessments. The turnaround time for results was three working days. A dd-cfDNA level 

of <0.25% was considered quiescence, whereas ≥0.35% indicated severe injury (22). The 

0.25-0.35% dd-cfDNA range was regarded as a grey zone (4).  
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Table 7. Workflow and equipment for the local laboratory-run donor-derived cell-free 

DNA analysis. 

Workflow Equipment 

Preservation of plasma 
Cell-free DNA blood collection tube (Streck) 

Centrifuge 

Quantification of the input DNA Qubit fluorometer (Thermo Fisher Scientific) 

Cell-free DNA extraction 

QIAamp Circulating Nucleic Acid Kit 

(QIAGEN) 

QIAvac vacuum system (QIAGEN) 

Amplification of cell-free DNA 

AlloSeq cfDNA kit (CareDx) 

Thermal Cycler (Veriti, Thermo Fisher 

Scientific) 

DynaMag-2 Magnet (Thermo Fisher Scientific) 

Sequencing of the PCR products 

Next-generation sequencing instrument 

(MiSeq, Illumina) 

MiSeq Reagent Kit (Illumina) 

Quantification of dd-cfDNA values 

and quality control 
AlloSeq cell-free DNA software (CareDx) 

Abbreviations: cfDNA, cell-free DNA; dd-cfDNA, donor-derived cell-free DNA; DNA, 

deoxyribonucleic acid; PCR, polymerase chain reaction. 

3.6 Transthoracic echocardiography 

Experienced operators performed transthoracic echocardiography using Philips Epiq 

Elite or Epiq CVx (Philips, Andover, MA, USA) (n = 151) or Vivid E95 (GE HealthCare, 

Horten, Norway) (n = 43) machines, with an electrocardiogram continuously recorded 

(84). All echocardiographic images were stored in DICOM format. Echocardiographic 

studies were performed on the same day, after blood was drawn for dd-cfDNA analysis. 

For echocardiographic assessments, patient selection was limited to individuals who had 

undergone HTx at least 6 months before inclusion (45).  

LVEF was calculated using the biplane method of disc summation. Allograft 

dysfunction was defined as an LVEF <54% in women and <52% in men (84).  

For strain analysis, each study used the 18-segment LV segmentation model. LVGLS 

and myocardial work indices were calculated offline after automated tracking of 

myocardial deformation (TomTec Imaging Systems, Munich, Germany). 

Echocardiographic examinations were excluded when tracking quality was inadequate in 

more than one segment. Regional longitudinal strain parameters, including LV basal, mid, 

and apical strain as well as LV lateral and septal strain, were evaluated. The apical sparing 

ratio was calculated by dividing the apical LV longitudinal strain by the sum of the 
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average basal and average mid LV longitudinal strain values. An apical sparing ratio of 1 

or greater was considered indicative of apical sparing (85). Myocardial work was 

evaluated noninvasively using pressure-strain loop analysis, from which GWI, GCW, 

GWW, and GWE were derived.  

LV longitudinal strain and myocardial work parameters were compared with results 

from the Normal Reference Ranges for Echocardiography (NORRE) study, conducted 

across 22 laboratories accredited by the European Association of Cardiovascular Imaging 

(EACVI) and one laboratory in the United States. The first large-scale, prospective, 

multicentre European study established contemporary normal reference values for all 

two-dimensional echocardiographic measurements of cardiac chambers, including two-

dimensional LV strain. The final NORRE study population comprised 734 healthy 

individuals. For LV strain analysis, the final study population consisted of 549 normal 

subjects, while for myocardial work analysis, it comprised 226 healthy subjects (86, 87). 

3.7 Endomyocardial biopsy 

Surveillance for HTx rejection was conducted through serial transvenous EMBs 

during the first year post-transplant, throughout episodes of rejection, and as clinically 

indicated. For each biopsy procedure, three to six myocardial tissue samples were 

collected from the right ventricular septum. 

We performed a for-cause EMB whenever dd-cfDNA results exceeded 0.35%. In the 

absence of clinical suspicion of rejection, we continued regular dd-cfDNA testing in 

patients with dd-cfDNA levels of 0.25%-0.35% (Table 8). 

Table 8. Interpretation of donor-derived cell-free DNA values in our routine clinical 

practice. 

Donor-derived cell-free DNA 

range 

Interpretation 

≤0.25% Quiescence 

0.25-0.35% Grey zone 

≥0.35% Injury 

Abbreviation: DNA, deoxyribonucleic acid. 
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The ISHLT grading scale was used to evaluate EMB specimens (16, 28, 29). Acute 

moderate cellular rejection corresponds to ISHLT grade 2R, whereas acute severe cellular 

rejection denotes ISHLT grade 3R. Persistent mild cellular rejection is defined as four or 

more consecutive episodes of ISHLT grade 1R rejection. Mixed rejection refers to a 

combination of cellular rejection and AMR, or cellular rejection in the presence of high-

titre donor-specific anti-HLA antibodies. To compare cellular rejection status in the 

cardiac allograft, the total rejection score (TRS) was calculated for each patient in both 

the pre- and post-ECP therapy periods. TRS was calculated for each patient according to 

the ISHLT criteria (0R=0, 1R=1, 2R=2, 3R=3) and normalised by dividing by the total 

number of biopsies performed during the specified period (88).  

3.8 Extracorporeal photopheresis 

ECP was initiated following the episode of cardiac allograft rejection and 

administered alongside pharmacological anti-rejection therapy. The procedure utilised a 

closed-system ECP device (UVAR-XTS in three patients and CELLEX in the remaining 

patients, both by Therakos Ltd., Staines-Upon-Thames, UK). 8-MOP was administered 

extracorporeally. ECP treatments were performed in cycles over two consecutive days. 

The therapy was more intensive in the period immediately following allograft rejection, 

with weekly or biweekly sessions. It was tapered to a monthly schedule based on allograft 

function and rejection severity. All observed adverse events were documented throughout 

the treatment. 

3.9 Statistical analysis 

Data were expressed as count (percentage), mean±standard deviation (SD), or median 

(min-max), as appropriate. The dataset's distribution was assessed using the D’Agostino-

Pearson and Shapiro-Wilk tests. Between-group differences were evaluated using the 

paired t-test, the Mann-Whitney test, or the Wilcoxon matched-pairs signed-rank test, 

depending on the distribution of the dataset. Groups were compared using either the one-

way ANOVA or the Kruskal-Wallis test. For correlation analysis, Pearson’s or 

Spearman’s correlation coefficient was used, as appropriate. The Kaplan-Meier method 

was used to analyse survival. We considered p <0.05 to be statistically significant. 

GraphPad Prism 10.4.0 software (GraphPad Software, Inc., La Jolla, CA, USA) was used 

for the statistical analyses. 
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4 Results 

4.1 Rejection surveillance 

4.1.1 Donor-derived cell-free DNA analysis 

A total of 71 patients were transitioned from our EMB-based rejection surveillance 

protocol to the dd-cfDNA-guided monitoring approach. Between October 2022 and 

November 2024, 449 dd-cfDNA samples were analysed across 26 assay runs (Table 9).  

Table 9. Patient characteristics (89). 

Variable Population 

Number of patients  71 

Number of samples  449 

Pre-transplant diagnosis  

Non-ischemic cardiomyopathy 39 (55%) 

Ischemic cardiomyopathy  24 (34%) 

Hypertrophic cardiomyopathy  5 (7%) 

Arrhythmogenic right ventricular dysplasia 1 (1%) 

Valvular heart disease 1 (1%) 

Restrictive cardiomyopathy 1 (1%) 

Female sex (%) 18 (25%) 

Mechanical support at the time of heart transplantation  

Durable circulatory support (%) 4 (6%) 

Temporary circulatory support (%) 3 (4%) 

Age at time of heart transplantation [median (min-max); years] 54 (18-67) 

Days post-transplant at enrolment [median (min-max); days] 62 (17-367) 

Enrolment without simultaneous endomyocardial biopsy (%) 47 (66%) 

Immunosuppression  

Tacrolimus/mycophenolate/methylprednisolone (%) 68 (96%) 

Cyclosporine/mycophenolate/methylprednisolone (%) 1 (1%) 

Tacrolimus/mycophenolate (%) 2 (3%) 

Tacrolimus trough level at enrolment [median (min-

max); (ng/mL)] 

13.5 (3.0-23.7) 

Patients presenting with donor-specific antibody at enrolment 

(%) 

14 (20%) 

Maximum MFI [median (min-max)] 1492 (737-15771) 

NT-proBNP level at enrolment [median (min-max); (pg/mL)] 1271 (193-35000) 

Creatinine level at enrolment [median (min-max); umol/L] 106 (57-709) 

Abbreviations: MFI, mean fluorescent intensity; NT-proBNP, N-terminal prohormone of 

brain natriuretic peptide. 

In clinically stable patients, the dd-cfDNA fraction remained low (0.13±0.06%) 

(Figure 3).  
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Figure 3. Distribution of donor-derived cell-free DNA data points in the function of time 

after heart transplantation.  

Abbreviations: dd-cfDNA, donor-derived cell-free DNA; DNA, deoxyribonucleic acid; 

HTx, heart transplantation. 

Nine dd-cfDNA measurements failed to meet quality control criteria. In one case, we 

performed an EMB because the patient was in the early post-transplant period (<4 months 

after HTx). For the remaining eight cases, dd-cfDNA testing was repeated the following 

month because substantial HTx rejection could be excluded based on other routine 

clinical parameters. Elevated dd-cfDNA levels, suggestive of myocardial injury, 

prompted 26 for-cause EMBs. Of these, one EMB identified moderate cellular rejection 

requiring intravenous steroid therapy. Six EMBs showed mild cellular rejection, and one 

EMB confirmed mild AMR. Eighteen EMBs showed no rejection: two dd-cfDNA results 

corresponded to perioperative injury (testing was performed early, <1 month post-

transplant), while one result was presumably caused by pre-analytical error. Furthermore, 

two for-cause EMBs were performed before dd-cfDNA results became available, owing 

to suspicion of rejection based on other clinical findings (NT-proBNP level, tacrolimus 

trough level, echocardiography). These confirmed moderate cellular rejection episodes 
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that required intravenous corticosteroid therapy. Patients with EMB-proven rejection 

were transitioned back to regular EMB testing. Three hundred and ninety-six (88%) 

routine surveillance EMBs that would otherwise have been performed were avoided. 

4.1.2 Echocardiographic analysis 

For the echocardiographic analysis, 194 echocardiograms from 51 patients were 

included. On average, 4±1 echocardiographic studies were analysed per patient. The 

median donor age was 45 years (range, 24-62 years), and 24% of the donors were female. 

The median recipient age at the time of imaging was 55 years (range, 18-67 years), and 

20% of the recipients were female. Echocardiographic assessments were performed at a 

median of 249 days after HTx (range, 180-434 days). The mean LVEF remained within 

the normal range at 57.2±7.0%. In contrast, the mean LVGLS and the longitudinal strain 

values obtained from the apical 4-chamber, 2-chamber, and 3-chamber views were 

reduced compared to reference values reported in the literature (Table 10) (86).  

Table 10. Two-dimensional echocardiographic parameters of left ventricular longitudinal 

strain (n=194 echocardiograms of 51 patients) compared to the results of the EACVI 

NORRE study (n=549, one echocardiogram per patient) (89). 

Abbreviations: EACVI, European Association of Cardiovascular Imaging; LVGLS, left 

ventricular global longitudinal strain; NORRE, Normal Reference Ranges for 

Echocardiography; SD, standard deviation. 

Regarding regional strain values, we found a significant difference between lateral 

and septal longitudinal strains (-17.3±3.6% vs. -12.5±4.1%; p<0.0001). Furthermore, 

longitudinal strain differed significantly across the basal, mid, and apical segments (-

16.2±4.8% vs. -12.7±3.5% vs. -14.9±6.0%; p<0.0001). We found no correlation between 

LVGLS and dd-cfDNA values (n=156; p=0.762). Similarly, no significant association 

was identified between regional longitudinal strain parameters and dd-cfDNA levels. 

 
Study examinations 

mean±SD 

EACVI NORRE 

mean±SD 

longitudinal strain, %   

apical 4-chamber 

apical 2-chamber 

apical 3-chamber 

LVGLS 

-16.0±3.3  

-14.8±4.2  

-15.4±3.5  

-15.6±2.8  

-22.6±3.0 

-23.2±3.3 

-21.6±3.2 

-22.5±2.7 
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There was no significant difference in LVEF, LVGLS, or apical sparing ratio at 6 or 

12 months after HTx. The regional longitudinal strain values were comparable between 

the two time points, except for lateral longitudinal strain, which showed a significant 

difference between indices measured at 6 and 12 months post-HTx (-16.6±2.9% vs. -

18.6±3.4%; p=0.031) (Table 11). 

Table 11. Left ventricular longitudinal strain values and left ventricular ejection fraction 

were measured 6 and 12 months after heart transplantation (89). 

 

6 months after HTx 

mean±SD 

n=20 

12 months after HTx 

mean±SD 

n=20 

p 

longitudinal strain, % 

apical 4-chamber 

apical 2-chamber 

apical 3-chamber 

LVGLS 

lateral strain 

septal strain 

basal strain 

mid strain 

apical strain 

apical sparing ratio 

LVEF, % 

   

-16.0±3.1 

-14.7±3.6 

-14.8±3.4 

-15.2±2.4 

-16.6±2.9 

-11.7±3.0 

-15.4±4.4 

-12.4±2.9 

-14.3±5.6 

0.53±0.21 

-17.6±3.7 

-15.7±3.6 

-16.1±3.4 

-16.5±2.9 

-18.6±3.4 

-11.9±7.1 

-16.0±3.9 

-13.9±3.4 

-16.8±4.8 

0.58±0.21 

0.155 

0.389 

0.188 

0.176 

0.031 

0.465 

0.823 

0.436 

0.083 

0.223 

56.9±7.1 58.7±8.3 0.596 

Abbreviations: HTx, heart transplantation; LVEF, left ventricular ejection fraction; 

LVGLS, left ventricular global longitudinal strain; NS, not significant; SD, standard 

deviation. 

Six recipients had an apical sparing ratio ≥1. There was no significant difference in 

dd-cfDNA levels between patients with apical sparing and those without an apical sparing 

ratio of 1 or greater.  

To evaluate myocardial work, 59 echocardiograms from 22 HTx recipients were 

examined. The median time from HTx was 293 (183-402) days. Compared with healthy 

subjects from the EACVI NORRE study, transplanted hearts exhibited reduced GWI, 

GCW, and GWE values, and increased GWW values (Table 12) (87). No significant 

associations were observed between myocardial work parameters and dd-cfDNA levels. 
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Table 12. Strain-derived myocardial work parameters (n=59 echocardiograms of 22 

patients) compared to the results of the EACVI NORRE study (n=226, one 

echocardiogram per patient) (89). 

 

Abbreviations: EACVI, European Association of Cardiovascular Imaging; GWI, global 

work index; GCW, global constructive work; GWW, global wasted work; GWE, global 

work efficiency; NORRE, Normal Reference Ranges for Echocardiography; SD, standard 

deviation. 

We created three subgroups based on dd-cfDNA values: dd-cfDNA <0.25% (n=171), 

0.25%-0.35% (n=11), and ≥0.35% (n=7). No significant differences were observed 

between the groups in terms of LVEF or LV longitudinal strain indices. However, NT-

proBNP values differed significantly between the groups (Table 13). When analysing the 

predefined dd-cfDNA categories (<0.25%, 0.25%-0.35%, and ≥0.35%), no correlations 

were identified between dd-cfDNA levels and LVEF, strain-derived echocardiographic 

parameters, or serum NT-proBNP levels.  

 

Study examinations 

mean±SD or median 

(min-max) 

EACVI NORRE 

mean±SD or median 

(min-max) 

GWI (mmHg%) 

GCW (mmHg%) 

GWW (mmHg%) 

GWE (%) 

1420.3±361.8 

1790.5±425.6 

142 (16-954) 

93 (70-99) 

1896±308 

2232±331 

78.5 (53-122.2) 

96 (94-97) 
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Table 13. Two-dimensional echocardiographic parameters of left ventricular longitudinal 

strain, left ventricular ejection fraction, and serum N-terminal prohormone of brain 

natriuretic peptide levels in the function of prespecified ranges of donor-derived cell-free 

DNA (n=189 echocardiograms of 51 patients) (89). 

Abbreviations: dd-cfDNA, donor-derived cell-free DNA; DNA, deoxyribonucleic acid; 

LVEF, left ventricular ejection fraction; LVGLS, left ventricular global longitudinal 

strain; NS, not significant; NT-proBNP, N-terminal prohormone of brain natriuretic 

peptide; SD, standard deviation. 

In patients with HTx rejection on for-cause EMB (n=10 rejection episodes of 9 

patients), the mean dd-cfDNA level rose to 0.77±0.79%. The mean LVEF was preserved 

(60.8±8.5%). The mean LVGLS was -15.6±5.3%. LVGLS was not pathognomonic in 

EMB-proven rejection cases either. 

The predefined patient cohort treated for AMR consisted of 9 HTx recipients (4 

females; mean age at the time of measurement was 52±10 years). None of the patients 

exhibited hemodynamic instability. We analysed 26 dd-cfDNA samples from this patient 

cohort 40±23 months after HTx. The median dd-cfDNA level was 2.76% (0.68%-

10.01%). The mean LVEF remained preserved at 58.8±9.8%, while the mean LVGLS 

was -17.4±3.3%. We found no correlation between dd-cfDNA values and either LVEF or 

LV longitudinal strain parameters.  

 

dd-cfDNA 

<0.25% 

mean±SD 

dd-cfDNA  

0.25%-0.35% 

mean±SD 

dd-cfDNA 

≥0.35% 

mean±SD 

p 

longitudinal strain, %     

apical 4-chamber 

apical 2-chamber 

apical 3-chamber 

LVGLS 

lateral strain 

septal strain 

basal strain 

mid strain 

apical strain 

-16.0±3.2 

-14.8±4.3 

-15.4±3.5 

-15.6±2.7 

-17.2±3.5 

-12.6±3.5 

-16.2±4.8 

-12.6±3.5 

-14.7±5.9 

-16.0±3.4 

-14.5±4.2 

-15.4±4.3 

-15.3±3.5 

-16.6±3.5 

-12.9±3.7 

-16.3±5.3 

-13.1±4.1 

-14.1±5.7 

-17.6±4.8 

-14.8±3.6 

-17.3±3.2 

-16.6±3.7 

-19.4±4.0 

-15.0±4.2 

-16.3±4.6 

-13.3±3.6 

-19.4±8.1 

0.690 

0.750 

0.271 

0.823 

0.314 

0.172 

0.924 

0.548 

0.265 

LVEF, % 

NT-proBNP, pg/mL 

57.1±7.0 

1451±4212 

56.1±5.2 

952±971 

63.2±6.2 

1855±1667 

0.420 

0.044 
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4.2 Rejection treatment 

4.2.1 Patient and ECP characteristics 

A total of 22 HTx recipients received a median of 11 ECP cycles (22 treatments). All 

patients completed at least one course of ECP therapy. Two individuals were classified 

as non-compliant after declining further treatment following the second and tenth 

sessions, respectively. No ECP-related adverse effects were observed (Table 14).  

Table 14. Characteristics of the heart transplant recipients and extracorporeal 

photopheresis therapy (90). 

Variable HTx patients (n=22) 

Female (%) 7 (32%) 

Indication of HTx (%) 

Dilated CMP  

Idiopathic 

Myocarditis-related CMP  

Toxic CMP  

Ischemic CMP  

Hypertrophic CMP  

Restrictive CMP 

Non-compaction CMP 

LVOT thrombus formation following valvular surgery 

 

14 (64%) 

11 (50%) 

1 (5%) 

2 (9%) 

4 (18%) 

1 (4.5%) 

1 (4.5%) 

1 (4.5%) 

1 (4.5%) 

Age at HTx (mean±SD; years) 46±10 

Age at initial ECP (mean±SD; years) 47±10 

Time from HTx to initial ECP [median (min-max); days] 179 (15-3523) 

Initiation of ECP within the first year following HTx (%) 15 (68%) 

Initiation of ECP in the second post-transplant year, (%) 2 (9%) 

Initiation of ECP after the second post-HTx year, (%) 5 (23%) 

Duration of ECP [median (min-max); days] 172.5 (1-465) 

ECP treatments [median (min-max)] 22 (2-44) 

Venous access (%) 

Peripheral 

Central 

 

21 (95.5%) 

1 (4.5%) 

Abbreviations: CMP, cardiomyopathy; ECP, extracorporeal photopheresis; HTx, heart 

transplantation; LVOT, left ventricular outflow tract; SD, standard deviation. 

Since 2013, the use of ECP has gradually increased in our HTx population (Figure 4). 

Indications for ECP included acute moderate cellular rejection (9 patients), mixed 

rejection (8 patients), and persistent mild cellular rejection (5 patients).  
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Figure 4. The use of extracorporeal photopheresis in our heart transplant recipients is 

shown by year (90). 

4.2.2 Immunosuppression 

Induction therapy was administered in twenty-one patients (95.5%). 

Immunosuppressive treatment was intensified at the time of allograft rejection before the 

initiation of ECP. Following the diagnosis of rejection, 15 patients received additional 

immunosuppressive therapy (i.e., intravenous methylprednisolone, rituximab, therapeutic 

plasma exchange, and intravenous immunoglobulin), with 5 receiving more than one 

agent. 

At the time allograft rejection was diagnosed, tacrolimus trough levels were within 

the therapeutic range in nineteen recipients (86%). A statistically significant difference in 

mean tacrolimus trough levels was observed across the four time points evaluated. The 

mean tacrolimus trough level at the final follow-up visit was significantly lower than at 

both the initial and final ECP time points. A statistically significant difference in the mean 

daily mycophenolate doses was observed across the four time points. At the time of 

allograft rejection, eighteen patients (82%) were receiving methylprednisolone. The 

number of patients maintained on corticosteroids decreased over time, and by the final 

follow-up visit, methylprednisolone had been discontinued in fourteen patients. From the 

initiation of ECP, a reduction in the daily methylprednisolone dose was achieved by the 

end of the ECP course in 79% of patients and in all recipients by the last follow-up. The 
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mean daily methylprednisolone dose at the final follow-up was significantly lower 

compared to all three preceding time points (Table 15). 

Table 15. Change in maintenance immunosuppressive therapy throughout extracorporeal 

photopheresis treatment (90). 

Immunosuppressive 

therapy 
Rejection 

Start of 

ECP 

End of 

ECP 
Last visit p 

Tacrolimus trough 

level (ng/mL) 
11.3±4.1 13.4±2.2 12.8±4.0 7.9±2.5# <0.0001 

Mycophenolate dose 

(mg/day) 
1900±447 2300±571 2025±112 1800±441 0.0013 

Methylprednisolone 

dose (mg/day) 
6.6±3.4 10.8±3.1 6.1±2.2§ 1.2±1.7$ <0.0001 

Abbreviation: ECP, extracorporeal photopheresis. 

Data are presented as mean±standard deviation. 

#On post hoc analysis, the mean daily dose of tacrolimus was significantly lower by the 

last follow-up visit compared to both initial and last ECP treatments. 

§On post hoc analysis, the mean daily dose of methylprednisolone was significantly lower 

by the last ECP treatment compared to the initial ECP treatment. 

$On post hoc analysis, the mean daily dose of methylprednisolone was significantly lower 

at the last follow-up visit compared to all three preceding specific time points. 

4.2.3 Cardiac allograft rejection 

Throughout the study period, no episodes of ISHLT grade 3R cellular rejection were 

noted. The combination of ECP with additional immunosuppressive agents successfully 

reversed all ISHLT grade 2R cellular rejection episodes. Following completion of ECP 

therapy, no allograft rejections exceeding ISHLT grade 1R were observed, and no further 

rejection episodes requiring additional immunosuppressive treatment were detected. The 

proportion of biopsies negative for cellular rejection significantly increased following the 

ECP treatment course (0.33±0.27 vs. 0.63±0.40; p=0.031). TRS was significantly lower 

in the period following the ECP course than in the preceding period (0.86±0.49 vs. 

0.37±0.40; p=0.007) (Figure 5).  
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Figure 5. Total rejection score at initial and last extracorporeal photopheresis (90).  

Abbreviation: ECP, extracorporeal photopheresis. 

4.2.4 Echocardiography 

Six patients experienced cardiac allograft dysfunction due to a rejection episode 

before starting ECP therapy. Among those who completed the full ECP treatment course, 

allograft function normalised by the end of therapy. No patients developed hemodynamic 

instability as a result of the rejection episode. Median LVEF remained stable throughout 

the ECP treatment period [62% (43%-76%) vs. 60% (52%-70%); p=0.948]. 

4.2.5 Serum NT-proBNP level 

A statistically significant difference in median NT-proBNP levels was observed 

across the four time points evaluated. By the final follow-up visit, median NT-proBNP 

levels were significantly lower compared to those recorded at the initiation of ECP 

therapy (Figure 6). 

p=0.007 
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Figure 6. Median NT-proBNP levels during the study period (90).   

Abbreviations: ECP, extracorporeal photopheresis; NT-proBNP, N-terminal prohormone 

of brain natriuretic peptide. 

4.2.6 Donor-specific antibodies 

At the start of ECP therapy, six recipients (27%) had positive DSAs, including one 

patient with both HLA class I and class II DSAs. High-titre DSAs were observed in four 

recipients. By the final follow-up, ECP therapy was associated with a non-significant 

decrease in DSA levels among patients who completed the entire treatment course (mean 

MFI: 9096±4743 vs. 6834±4665; p=0.302) (Figure 7). 
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Figure 7.   Donor-specific antibody levels in patients who completed the extracorporeal 

photopheresis therapy (90). 

Abbreviations: DSA, donor-specific antibody; ECP, extracorporeal photopheresis; MFI, 

mean fluorescent intensity. 

4.2.7 Survival 

The median follow-up time after completion of ECP therapy was 20 months (range, 

8-87 months). All patients who received ECP for cellular rejection were alive at follow-

up, demonstrating optimal functional status. Among those treated for mixed rejection, 6 

of 8 patients were alive with optimal graft function. Two patients died a median of 40.5 

days after initiating ECP due to progression of AMR; one of these patients was classified 

as non-compliant, having discontinued therapy after the second session. Both short- and 

long-term survival following ECP were favourable and aligned with ISHLT registry 

survival data for HTx recipients (91% at both 1 and 5 years) (27).  

 

 

 

 

 

p=0.302 
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5 Discussion 

Heart transplantation has been challenged for over five decades by allograft rejection, 

which significantly impairs allograft survival. EMB has traditionally served as the 

cornerstone of rejection diagnosis; however, its diagnostic performance is limited by low 

sensitivity and substantial interobserver variability. Furthermore, EMB is associated with 

a risk of potentially serious procedural complications (8, 42). Conversely, dd-cfDNA 

provides a sensitive, reliable, and reproducible method for detecting allograft injury in 

both EMB-positive and EMB-negative contexts (42).  

Although advances in immunosuppressive therapy have substantially improved 

survival after HTx, the contemporary standard-of-care immunosuppressive regimen is 

associated with significant side effects, including opportunistic infection, malignancy, 

renal failure, and neurotoxicity. Furthermore, controlling the immune mechanisms 

driving persistent or recurrent rejection may be insufficient, thereby contributing to long-

term graft failure. In contrast, clinical studies have demonstrated that ECP is an effective 

therapeutic option for cardiac allograft rejection, with a favourable safety profile. Its 

utility has been documented in the management of both ACR and AMR (65).  

To address these limitations, we first proposed using a local laboratory-run dd-cfDNA 

assay-based HTx rejection surveillance programme and integrated it into our routine 

clinical practice. Second, we facilitated the implementation of ECP for the management 

of HTx rejection across different clinical scenarios. 

5.1 Novel biomarker in cardiac transplant rejection surveillance 

We have reported the results of the first clinical experience with a standardised, 

analytically validated, local laboratory-run dd-cfDNA assay-based rejection surveillance 

programme in HTx recipients. The theory of the AlloSeq dd-cfDNA assay is the same as 

that of the widely used AlloSure test, having a strong concordance between test results 

(35). Comparable to previous studies on centralised testing, median dd-cfDNA levels 

were high early after HTx, corresponding to perioperative injury, then decreased to low 

levels and remained stable in patients with no overt, clinically significant allograft 

rejection (Table 16) (4, 21, 22, 91).  
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Table 16. Donor-derived cell-free DNA levels in patients with no heart transplant 

rejection (89). 

Study Assay Median dd-cfDNA (%) 

D-OAR (22) 

GRAfT (4) 

DEDUCE (21) 

FreeDNA-CAR (91)  

Heart and Vascular Centre,  

Semmelweis University (89) 

AlloSure (targeted NGS) 

Shotgun sequencing 

Prospera (targeted NGS) 

Allonext (targeted NGS) 

AlloSeq (targeted NGS) 

0.07 

0.03 

0.04 

0.095 

0.11 

Abbreviations: dd-cfDNA, donor-derived cell-free DNA; DNA, deoxyribonucleic acid; 

NGS, next-generation sequencing. 

A single-centre retrospective study evaluated adult HTx recipients by comparing a 

rejection-surveillance cohort utilising GEP with biopsy (transplanted between January 

2015 and December 2017) with a cohort monitored using combined GEP and dd-cfDNA 

testing (transplanted between July 2018 and December 2020). Implementation of a 

surveillance strategy incorporating paired GEP and dd-cfDNA testing was associated 

with a significant reduction in the number of EMBs performed. No significant differences 

were observed between cohorts in three-year survival, AMR-free survival, graft function, 

or the incidence of DSA development (92). These results align with the favourable patient 

outcomes reported in the multicentre Surveillance HeartCare Outcomes Registry 

(SHORE), which demonstrated a 2-year survival exceeding 90% and fewer biopsies than 

conventional rejection surveillance strategies (24). Similarly, we demonstrated that the 

dd-cfDNA assay can effectively rule out clinically significant acute rejection and reduce 

the need for routine invasive EMBs. In our clinical practice, 88% of routine surveillance 

EMBs that would otherwise have been performed were avoided. While EMBs continue 

to provide valuable diagnostic information, this strategy would reserve their use for high-

risk scenarios, such as abnormal noninvasive test results, clinical symptoms, or evidence 

of graft dysfunction (92). Current EMB surveillance protocols may warrant re-evaluation 

in the modern era (7, 18). 

In our patient cohort treated for AMR, the median dd-cfDNA level was elevated at 

2.76%. Similarly, data from the SHORE Registry showed that dd-cfDNA levels are 

significantly higher in patients with biopsy-proven AMR than in those without AMR 

(0.57% vs. 0.06%; P <0.001) (34).  While histologic and immunohistochemical analysis 

of EMB remains the established standard for identifying AMR, the diagnostic 
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determination remains characterised by substantial uncertainty. To improve diagnostic 

precision, EMB findings are increasingly integrated with molecular diagnostic 

modalities, including intragraft GEP and dd-cfDNA. This growing reliance on 

noninvasive biomarkers and molecular testing signals a significant shift toward a less 

invasive, more sensitive approach to early diagnosis of AMR (32). Findings from the 

SHORE Registry demonstrate that a dd-cfDNA threshold of 0.50% yields higher 

specificity for AMR (92.8%) compared with a lower threshold of 0.20% (84.1%). 

Applying a higher dd-cfDNA threshold of ≥0.50% may be appropriate when the pretest 

probability of biopsy-confirmed AMR is low, such as in recipients with preserved graft 

function and no detectable DSAs. Conversely, a lower dd-cfDNA threshold of 0.20% 

may be more suitable in contexts where the pretest probability of biopsy-confirmed AMR 

is higher and a positive EMB result is more likely to prompt therapeutic intervention. 

Specifically, EMBs performed solely in response to dd-cfDNA levels between 0.20% and 

0.49%, in the absence of DSAs or graft dysfunction, are highly unlikely to demonstrate 

AMR. In the absence of clinical or molecular evidence of ACR, these biopsies can largely 

be avoided (34). These findings support a nuanced Bayesian approach to interpreting 

molecular testing, suggesting that a single dd-cfDNA threshold for triggering EMB may 

not be universally appropriate for all HTx recipients. This work represents a meaningful 

step forward in integrating dd-cfDNA into clinical care, supporting a paradigm shift away 

from invasive biopsy-based monitoring toward precise, dynamic molecular surveillance 

(42).  

We demonstrated that dd-cfDNA can be reliably analysed at the local level and 

successfully implemented as the default noninvasive rejection surveillance strategy in 

clinical practice. Implementing a dd-cfDNA-based rejection surveillance programme 

requires careful consideration of the centre’s specific patient population and available 

resources. As dd-cfDNA assays are primarily designed as screening tools for stable 

transplant recipients, programmes may initially apply noninvasive surveillance to lower-

risk patients, with subsequent extension to higher-risk cohorts as institutional experience 

increases. Thresholds defining abnormal dd-cfDNA levels continue to evolve and vary 

across centres, depending on patient risk of rejection, clinician expertise, and whether the 

focus is on optimising negative or positive predictive values. Accordingly, centres should 
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routinely evaluate and refine their protocols in response to centre-specific outcomes, 

emerging evidence, and society recommendations (5).  

5.2 Evaluation of left ventricular longitudinal strain-derived parameters in 

assessment of cardiac transplant injury 

LVEF generally remains preserved until severe injury has evolved in the transplanted 

heart (53, 54). Accordingly, in our cohort, the mean LVEF was maintained, and changes 

in LVEF did not suggest graft injury, as indicated by dd-cfDNA. However, no episodes 

of hemodynamically significant rejection occurred among the patients in this study. 

Similarly, in the OAR (Outcomes AlloMap Registry) study, LVEF did not provide 

additional diagnostic value in evaluating ACR (93). Allograft dysfunction resulting from 

rejection often represents a late-stage manifestation.  

Compared with LVEF, LVGLS is more strongly associated with myocardial injury in 

ACR (51, 52). After HTx, ACR is associated with local oedema, an inflammatory 

infiltrate, myocyte damage, and the development of myocardial fibrosis, which can affect 

subendocardial myocardial fibres and reduce longitudinal myocardial function, as 

assessed by strain analysis (50). In HTx recipients with ACR, LVGLS is a significant 

predictor of mortality (50, 94). One study demonstrated that GEP correlated with LV 

longitudinal strain parameters, independent of HTx rejection, CAV, or other clinical 

variables (53). However, other studies found that LV longitudinal strain remained 

reduced regardless of biopsy-confirmed episodes of cellular rejection and that both global 

and regional LV longitudinal strain values were lower in HTx recipients than in control 

populations (53, 54, 95). We found that the mean LVGLS and the apical 4-chamber, 2-

chamber, and 3-chamber longitudinal strain values were lower than reference values 

reported in healthy individuals and were comparable to those in previous studies of HTx 

recipients (53, 54, 86). We observed that the LVGLS values remained consistent and did 

not change between months 6 and 12 post-HTx (as measured in a small cohort of 

patients), underscoring the stability of these indices over time. In a previous study, 

LVGLS values were reported to be very similar from year 1 through a median of 10.6 

years post-transplant (54). 

Although apical sparing has been evaluated in an increasing number of clinical 

scenarios, its utility in assessing the cardiac allograft remains unclear (96). In one study, 

regional longitudinal strain analysis revealed a gradient of longitudinal strain values, 
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increasing from the basal to the apical segments. Mean basal and mid segments showed 

abnormal longitudinal strain parameters, while apical segments were normal (94). 

Conversely, another study found that LV apical longitudinal strain remained persistently 

attenuated at one year post-transplant (53). When assessing regional LV longitudinal 

strain parameters, we observed consistently reduced mean basal, mid, and apical strain 

values in our HTx patient cohort. However, we found no correlation between the apical 

sparing ratio and myocardial injury assessed by dd-cfDNA. A statistically significant 

difference was noted between lateral and septal longitudinal strain values. This difference 

is likely attributable to conduction abnormalities causing dyssynchrony, a well-

documented phenomenon in HTx recipients (97).  

No association was observed between any LV longitudinal strain parameters and 

myocardial injury measured by dd-cfDNA. Since dd-cfDNA directly assesses graft injury 

and its elevation may precede EMB-confirmed rejection, the lack of correlation with LV 

longitudinal strain indices may indicate that these strain-derived parameters are less 

sensitive for detecting early transplant injury (23). Additionally, multiple factors can 

contribute to reduced LV systolic function after HTx. The decline in LV longitudinal 

strain parameters may be attributed to factors such as surgical procedure, pericardiotomy, 

allograft ischemic time, and both donor and recipient characteristics (50, 97). Donor-

related factors include advanced age, LV hypertrophy, and gender mismatch, while 

recipient-related factors involve alloimmune responses, rejection episodes, and CAV 

(53). During the early post-transplant period, factors such as graft adaptation and altered 

positioning, early graft dysfunction, pericardial effusion, sepsis, and multi-organ failure 

can influence these echocardiographic parameters (45). Non-immune contributors 

include sympathetic denervation following surgery and conduction disturbances, both of 

which can result in mechanical dyssynchrony. Additional contributing factors include 

hyperlipidemia, hypertension, diabetes mellitus, hyperhomocysteinemia, advanced age, 

and infections. Myocardial fibrosis has been associated with restrictive cardiac 

physiology and advanced CAV. Furthermore, neurohormonal activation during rejection 

episodes can alter loading conditions, thereby affecting LVGLS measurements (50, 53, 

95, 97). Nonetheless, since LVGLS has been demonstrated to remain stable from month 

six post-transplant onwards, its use as a complementary, noninvasive monitoring tool is 

emphasised. Establishing a baseline LVGLS measurement provides a valuable reference 
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point for identifying future post-transplant complications. The likelihood of HTx 

rejection increases when multiple parameters are abnormal during recipient evaluation 

(45).  

The use of LVGLS is limited by its load-dependency, which can be influenced by 

factors such as systemic hypertension and neurohormonal activation. In contrast, 

myocardial work analysis incorporates LV afterload, thus reducing its sensitivity to load 

variations and potentially offering additional insights into the evaluation of the HTx 

population (95). Myocardial work has been evaluated across various clinical scenarios to 

determine its added diagnostic value compared to LVEF and LVGLS (56-58). Emerging 

evidence suggests its potential utility in detecting CAV, acute rejection, and right 

ventricular dysfunction (95, 98, 99). A study investigated the association between 

echocardiography-derived myocardial work parameters and EMB-proven ACR in adult 

HTx recipients within their first post-transplant year. The results showed that GWE 

values were elevated in patients with ISHLT grade ≥2R cellular rejection (95). Another 

study evaluated right ventricular functional adaptation following HTx and derived the 

right ventricular myocardial work index. Pulmonary artery pressure was measured 

invasively via right heart catheterisation. Episodes of HTx rejection were associated with 

a significant reduction in myocardial work index, which was an independent predictor of 

EMB-proven rejection-related myocardial damage (99). A study assessed the correlation 

between LV myocardial work indices and the presence of CAV in pediatric HTx 

recipients. These patients underwent coronary angiography within three months of their 

echocardiographic assessment. Echocardiograms were analysed using speckle-tracking 

echocardiography to derive myocardial work indices. The study found that reduced GWE 

values were associated with pediatric CAV (98).  

It has also been demonstrated that myocardial work parameters in HTx recipients 

differ significantly from those reported in the EACVI NORRE study of healthy volunteers 

(97). Consistent with prior research, our findings showed that transplanted hearts 

exhibited lower GWI, GCW, and GWE values and higher GWW values than healthy 

volunteers in the EACVI NORRE study (95, 97). This finding may be attributed to the 

lower LVGLS values observed in the transplanted hearts (45, 50, 53, 97). Conduction 

disturbances may lead to mechanical dyssynchrony, which may account for the reduced 

GWE values and the elevated GWW value (97). No association was observed between 
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myocardial work parameters and dd-cfDNA levels in the small patient cohort. Badano et 

al. highlighted that the risk of allograft rejection increases when multiple parameters are 

abnormal during the evaluation of HTx recipients. When an abnormality is identified, a 

comprehensive review of both current and baseline imaging studies is recommended (45). 

Intraindividual variations in myocardial work parameters may indicate changes in graft 

integrity and warrant further diagnostic evaluations to identify the underlying cause. 

Additional research is needed to generate long-term outcome data, clarify the clinical 

value and diagnostic role of strain-derived myocardial work indices for detecting HTx 

injury, and evaluate their utility for monitoring cardiovascular response to therapy. 

5.3 Extracorporeal photopheresis for cardiac transplant rejection 

We demonstrated that ECP, whether combined with standard tacrolimus-based 

maintenance immunosuppression or administered following additional 

immunosuppressive therapies, was effective in reducing the severity of subsequent 

allograft rejection episodes. After completing ECP therapy, HTx recipients included in 

this single-centre retrospective study did not experience any rejection episodes exceeding 

mild cellular rejection during follow-up. As in previous studies, following the ECP 

course, a greater proportion of patients had either no rejection or ISHLT grade 1R cellular 

rejection in <50% of EMBs, compared with the pre-ECP period (67, 77).  

Previous prospective studies found that prophylactic ECP, when used alongside 

maintenance immunosuppressive therapy, reduced the incidence of acute rejection (67, 

70, 75, 100). In a retrospective analysis, Kirklin et al. reported that the use of ECP as 

secondary prophylaxis in patients with rejection and hemodynamic compromise reduced 

the incidence of rejection to levels comparable to those observed in the control HTx group 

(80). Previous research demonstrated that ECP administration facilitated an improved 

management of both recurrent and refractory or persistent cardiac allograft rejection (60, 

68, 69, 76, 78, 79, 101-103). Evidence suggests that recurrent ISHLT grade 1R cellular 

rejection is associated with adverse long-term outcomes, including increased risk of 

subsequent major rejection episodes, higher rates of ISHLT grade 2R rejection, and 

reduced rejection-free survival among this subgroup of HTx recipients (104). In our 

study, patients with persistent ISHLT grade 1R cellular rejection were treated with ECP. 

After completion of ECP therapy, we observed a trend toward a higher proportion of 
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EMBs that were negative for cellular rejection, and there were no episodes of rejection 

requiring additional or intensified immunosuppressive treatment.  

We achieved a significant reduction in the daily doses of both methylprednisolone 

and tacrolimus by the end of the ECP treatment period without an associated increase in 

rejection episodes. Corticosteroid tapering is substantial due to its wide range of potential 

adverse effects, thereby reducing long-term morbidity and improving overall survival in 

HTx recipients. Previous studies showed that immunosuppressive therapy could be safely 

reduced in patients receiving ECP (60, 69, 76-79, 102). Evidence also exists supporting 

the use of prophylactic ECP as a strategy to avoid induction therapy in HTx patients (72).  

Following the ECP treatment course, HTx recipients maintained optimal functional 

status and graft function. Among patients who developed cardiac allograft dysfunction 

secondary to rejection before initiating ECP, allograft function normalised by the end of 

therapy. In an observational study, Kobashigawa et al. reported echocardiographic 

improvement in cardiac function among patients with chronic LV dysfunction (103). 

We verified the safety of ECP therapy in managing cardiac allograft rejection. ECP 

demonstrated an excellent safety profile, with minimal adverse effects and good 

tolerability (26). In our study, the survival of HTx recipients who received ECP for 

allograft rejection was comparable to the median post-transplant survival and aligned 

with ISHLT registry data on overall survival among HTx recipients (one-year survival 

rates exceeding 85% for transplants performed between 2009 and 2015) (27). This 

favourable survival outcome may be attributed to reduced risk and severity of subsequent 

allograft rejection episodes, as well as the safe tapering of immunosuppressive therapy 

following ECP treatment. 

5.4 Limitations 

Interpretation of LV longitudinal strain-derived echocardiographic parameters is 

limited by our study’s single-centre design, the relatively small number of eligible 

echocardiographic examinations – many of which were excluded according to 

recommendations to perform baseline assessments six months after HTx – and the small 

sample sizes in subgroup analyses, including those evaluating myocardial work indices. 

These factors limit more extensive analyses and reduce the generalisability of the 

findings. The primary limitations of our study on ECP, as in most other investigations, 

include a small sample size, the absence of a control group, limited access to ECP 
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(currently available only for outpatients), and variability in treatment protocols. 

Additionally, differences in immunosuppressive regimens administered alongside ECP 

among patients may confound the outcomes. 

5.5 Future perspectives 

5.5.1 Rejection surveillance 

We confirmed the feasibility of conducting dd-cfDNA analysis at the local level and 

its successful implementation as the default noninvasive surveillance strategy in clinical 

practice, resulting in a substantial reduction in the need for invasive surveillance EMBs. 

Our findings support the expectation that a noninvasive rejection surveillance strategy 

using local laboratory-run dd-cfDNA testing will be more widely implemented in routine 

clinical practice in the future.  

In the current era of highly precise genomic assays, clinical researchers should re-

evaluate the validity of EMB as the gold standard for diagnosing rejection and consider 

alternative strategies to assess the effectiveness of novel biomarkers, such as dd-cfDNA, 

for detecting the earliest stages of allograft rejection (4). The use of dd-cfDNA, alongside 

MMDx and/or complementary biomarkers, may ultimately supplant EMB as the 

reference standard for evaluating allograft injury (4, 42).  

Discrepancies between MMDx and histologic AMR may warrant a renewed 

reconsideration of AMR definitions in the era of molecular diagnostics, particularly as 

MMDx and dd-cfDNA are increasingly adopted in HTx centres. With the expanding 

adoption of these approaches in HTx surveillance and the strong concordance observed 

between their results, they are likely to contribute meaningfully to clinical decision-

making regarding AMR (44). Improved understanding of the relationships among AMR-

related diagnostic test results may facilitate the development of standardised treatment 

strategies for AMR, particularly in the context of emerging therapeutic options. Given the 

reliability of dd-cfDNA as a marker of allograft injury, it is anticipated that dd-cfDNA 

will serve as an endpoint in future studies evaluating treatments for AMR in cardiac 

transplant recipients (34). 

Elevated dd-cfDNA levels in the absence of EMB-confirmed rejection represent a 

significant challenge in the clinical management of cardiac transplant recipients. These 

levels may reflect early graft injury and have prognostic value (25, 34, 39-41). Future 
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studies may clarify whether intensified immunosuppressive therapy benefits this patient 

group. In such cases, the immunomodulatory ECP may have a role.  

As an early, highly sensitive marker of graft injury, dd-cfDNA may enable targeted 

preventive and personalised anti-rejection therapy. Immunosuppressive agents, including 

corticosteroids and calcineurin inhibitors, could be tapered more rapidly in patients 

without evidence of graft injury and intensified in those with elevated dd-cfDNA levels. 

Consequently, immunosuppression could be optimised for recipients at increased risk of 

acute rejection, while minimising the adverse effects and toxicities of these medications 

in stable patients (22). Ultimately, dd-cfDNA may provide a more accurate representation 

of allograft injury, enabling clinicians to interpret EMB findings more precisely and 

individualise treatment decisions (34). It is anticipated that dd-cfDNA testing will 

facilitate a shift in care for HTx recipients from a reactive to a preventive approach (105). 

Key areas for future research include differentiating between ACR and AMR, 

evaluating absolute versus relative quantification of dd-cfDNA, assessing the test’s utility 

in multi-organ transplant recipients, and exploring applications beyond rejection 

surveillance (5). Further testing of dd-cfDNA is required to evaluate its diagnostic 

performance for CAV (37).  

The cost-effectiveness of dd-cfDNA testing in comparison with conventional EMB-

based surveillance strategies has not yet been evaluated. Although a reduction in 

healthcare costs was modelled for the AlloMap test, assessment is likely to be 

complicated by heterogeneity among healthcare systems, insurance models, and 

reimbursement policies across different countries (5, 106). 

5.5.2 Rejection treatment 

Identifying optimal responders, determining the most appropriate timing for initiating 

ECP, and establishing the ideal treatment frequency, tapering schedule, and therapy 

duration will require broader clinical experience. It remains unclear whether patients 

would derive additional long-term benefits from continuing ECP after clinical 

stabilisation, or whether synergistic effects exist with other treatment modalities. At 

present, there is no standardised monitoring strategy for ECP, and the precise 

immunological mechanisms underlying its effects remain incompletely understood. A 

deeper understanding of ECP-induced immune modulation in HTx recipients could 

support more targeted patient selection and individualised treatment approaches, 
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ultimately improving clinical outcomes. We speculate that, in the future, dd-cfDNA may 

serve as a biomarker for monitoring the efficacy of ECP therapy and for optimising 

treatment indication, frequency and duration. There remains a clear need for further 

evidence generated from large-scale randomised controlled trials.  
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6 Conclusions 

For the first time, we presented the clinical application of a standardised, analytically 

validated, local laboratory-run dd-cfDNA assay for routine HTx rejection monitoring. 

This approach reliably excludes clinically significant acute rejection and reduces the need 

for routine invasive EMB procedures. Our results set the stage for further clinical utility 

studies of the local laboratory-run dd-cfDNA assay in the management of solid-organ 

transplant recipients.  

LVGLS appears to be less sensitive than the dd-cfDNA assay for detecting early 

myocardial injury in HTx recipients at low risk of rejection. Further studies are necessary 

to clarify the clinical role of strain-derived myocardial work indices in identifying graft 

injury. 

We concluded that HTx recipients receiving ECP alongside standard 

immunosuppressive therapy experienced successful reversal of allograft rejection, fewer 

subsequent rejection episodes, and restoration of allograft function. We demonstrated that 

ECP could be implemented effectively and safely across a broad range of clinical 

contexts. Methylprednisolone dose reduction was shown to be safe throughout the ECP 

treatment course. In our clinical practice, indications for ECP include acute moderate and 

persistent mild cellular rejection, AMR, mixed rejection, and the presence of high-titre 

DSAs. 
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7 Summary  

Heart transplantation has significantly improved the quality of life and survival of 

patients with advanced HF. Significant advances have been made in the diagnosis and 

treatment of HTx rejection. dd-cfDNA serves as a biomarker of graft injury, rising during 

episodes of acute rejection and demonstrating excellent negative predictive value. 

LVGLS and strain-derived myocardial work indices are emerging echocardiographic 

parameters with expanding clinical utility. ECP, which does not cause generalised 

immunosuppression, has been proposed as a therapy for HTx rejection. 

First, we described the first clinical implementation of a local laboratory-run, 

commercially available dd-cfDNA assay-based molecular monitoring programme for 

routine HTx rejection surveillance. Second, we investigated whether reductions in LV 

longitudinal strain parameters could reflect early HTx injury, as assessed by dd-cfDNA 

(Rejection surveillance). Third, we evaluated the efficacy of ECP in combination with a 

tacrolimus-based maintenance immunosuppressive therapy for treating cardiac allograft 

rejection across various clinical scenarios (Rejection treatment). 

Since October 2022, HTx recipients have been transitioned from our EMB-based 

rejection surveillance protocol to a monthly dd-cfDNA-guided monitoring strategy. The 

mean dd-cfDNA fraction remained low (0.13±0.06%). By November 2024, this strategy 

had eliminated 88% of otherwise indicated surveillance EMBs. dd-cfDNA is effective at 

excluding clinically significant acute rejection and reduces the need for invasive 

surveillance EMBs. No correlation was observed between dd-cfDNA and LVGLS. 

LVGLS appears less sensitive than dd-cfDNA for detecting early myocardial injury in 

low-risk HTx recipients. ECP was indicated for acute moderate-to-severe cellular 

rejection, persistent mild cellular rejection, or mixed rejection. When combined with 

conventional anti-rejection therapy, ECP effectively reversed cardiac allograft rejection, 

reduced the incidence of subsequent rejection episodes, and restored allograft function in 

patients who completed the treatment course. Methylprednisolone dose reduction was 

safely achieved throughout the ECP treatment period. ECP can be safely utilised 

alongside standard immunosuppressive regimens for both the treatment and prevention 

of cardiac allograft rejection. 
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