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Abstract

:

Background: Cardiac allograft vasculopathy (CAV) is a leading cause of death and retransplantation following heart transplantation (HTX). Surveillance angiography performed yearly is indicated for the early detection of the disease, but it remains of limited sensitivity. Methods: We performed bolus thermodilution-based coronary flow reserve (CFR) and index of microcirculatory resistance (IMR) and fractional flow reserve (FFR) measurements in HTX patients undergoing yearly surveillance coronary angiography without overt CAV. Results: In total, 27 HTX patients were included who had 52 CFR, IMR, and FFR measurements at a mean of 43 months after HTX. Only five measurements were performed in the first year. CFR decreased significantly by 0.13 every year (p = 0.04) and IMR tended to increase by 0.98 every year (p = 0.051), whereas FFR did not change (p = 0.161) and remained well above 0.80 over time. After one year, CFR decreased significantly (p = 0.022) and IMR increased significantly (p = 0.015), whereas FFR remained unchanged (p = 0.72). Conclusions: The functional status of the epicardial coronary arteries of transplanted hearts did not deteriorate over time. On the contrary, a significant decrease in CFR was noted. In view of the increasing IMR, this is caused by the deterioration of the function of microvasculature. CFR and IMR measurements may provide an early opportunity to diagnose CAV.
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1. Introduction


Heart transplantation (HTX) is the ultimate therapy for patients with end-stage heart failure. Short-term survival after HTX has improved considerably, presently exceeding 85% in one year. On the contrary, despite advances in immunosuppression, surgical techniques, and postoperative patient care, mortality beyond 1 year after HTX has not changed, with a median survival of 14.8 years [1].



Cardiac allograft vasculopathy (CAV) remains the leading long-term cause of death and re-transplantation following HTX. According to the most recent International Society for Heart and Lung Transplantation (ISHLT) registry, CAV is responsible for 32% of patient mortality at 5–10 years. Its incidence increases over time, developing in ∼30% of patients at 5 years and almost 50% at 10 years [2,3,4].



CAV is primarily an immunologically mediated condition with immune and non-immune risk factors, the former being associated with the host’s allogeneic response, likely outweighing the latter. Cytomegalovirus (CMV) infection, the risk of which is increased in all solid organ transplant recipients, also plays an important role in the pathomechanism [5,6]. Acute rejection as well as pre-formed or de novo post-transplant donor-specific alloantibodies (DSAs), especially those targeting human leucocyte antigen (HLA) class II antigens, are key factors in the development of CAV [7,8,9].



Given that HTX results in denervated hearts, post-HTX patients experience no ischemic pain. Consequently, CAV is usually asymptomatic or is only heralded by non-specific symptoms such as fatigue, nausea, or abdominal discomfort. It may eventually result in graft dysfunction and heart failure, or can cause silent myocardial infarctions, severe arrhythmias, or sudden cardiac death.



If CAV is detected early, therapy can be modified in time, and the organ’s lifespan may be prolonged. The latest ISHLT guidelines advocate annual coronary angiography to assess the presence of vasculopathy [10], but this only provides information on large epicardial vessels. Intravascular ultrasound (IVUS) offers more detailed morphological information but is seldom applied and provides no data on the anatomy or function of the microvasculature.



Functional studies are not yet routinely used [11] but may detect microvascular dysfunction and CAV potentially at an earlier stage. Fearon et al. [12] reported on the early changes in coronary physiology in HTX patients, but little is known about the long-term alterations of epicardial and microvascular coronary physiology in these subjects.



Therefore, we sought to characterize the long-term changes in epicardial and microvascular physiology in HTX patients without overt CAV as diagnosed by invasive coronary angiography.




2. Materials and Methods


Subjects included in the study were HTX recipients who underwent a routine regular yearly check-up at the Gottsegen National Cardiovascular Center, Budapest, Hungary. During these check-ups, endomyocardial biopsy and coronary angiography were performed, followed by coronary physiology measurements. All patients received induction therapy with antithymocyte globulin followed by standard immunosuppressive therapy, including a calcineurin inhibitor (tacrolimus or cyclosporine), an antiproliferative agent (mycophenolate mofetil), and corticosteroids tapered during the first year at the discretion of the treating cardiologist. In the case of graft rejection, intravenous corticosteroids were used in accordance with the guidelines. The therapeutic serum levels of immunosuppressive agents were regularly monitored and titrated accordingly. Patients also received aspirin (ASA), beta blockers, ACE inhibitors (ACEIs), statins, and calcium channel blockers (CA) as per the discretion of the attending cardiologist. Patients provided their written informed consent.



We included patients after successful HTX who had coronary angiography, endomyocardial biopsy, and invasive functional coronary physiology measurements performed by a single operator (ZP). Patients with significant epicardial coronary artery disease found at the first examination were not included since it could not be determined with certainty if it was CAV or coronary artery disease of the donor heart. Patients with any clinical suspicion of acute rejection, graft dysfunction, or CAV at the first assessment were also excluded. No other exclusion criteria were applied.



In our study, bolus thermodilution was applied to calculate the coronary flow reserve (CFR) and index of microcirculatory resistance (IMR) using PressureWire X (Abbott, Santa Clara, CA, USA), which allowed for a measurement of the fractional flow reserve (FFR) to be taken as well.



During coronary angiography, PressureWire X was used to record changes in temperature. PressureWire X was passed to the distal third of the left anterior descending coronary artery (LAD), allowing for the simultaneous measurement of pressure and temperature. The sensor of PressureWire X and the shaft served as the sites of the temperature measurement [13] (Figure 1).



FFR was measured as per standard practice, where Pa was the mean aortic pressure and Pd was the mean distal coronary pressure measured at maximal hyperemia. Hyperemia was induced by intravenous adenosine administered via the central line (established to perform endomyocardial biopsy) at the standard dose of 140 µg/kg/min. FFR was then calculated as follows:


  F F R =    P d     P a     











2.1. Bolus Thermodilution


When a bolus of saline at a temperature lower than that of blood is briskly injected through the guiding catheter, a V-shaped, time-based temperature change will be recorded in the distal part of the artery. Usually, there is a fast descending and a slower ascending limb [14].



CFR is measured by injecting 3 mL of saline into the coronary artery three times both in resting and in hyperemic states. CFR is the ratio of hyperemic and basal flow. Since the flow and transit time are inversely proportional, CFR can be calculated from the mean transit time at rest (Tmn,rest) and the hyperemic mean transit time (Tmn,hyper) as follows [14]:


  C F R =    T  m n , r e s t      T  m n , h y p e r      











Currently, the most commonly used cut-off value is 2.0, and that has been validated in populations of heart transplant recipients. [15].




2.2. IMR


The concept of IMR was first introduced in 2003 in a study by Fearon et al. [16]. During the measurement of IMR, a proxy of minimal microcirculatory resistance, maximal hyperemia is achieved by injecting intracoronary papaverine or by intravenous adenosine infusion, like in CFR measurements. The hyperemic transit time is measured by the injection of 3 mL of room-temperature saline three times during hyperemia and averaging these. Assuming there is a negligible venous pressure compared to the distal coronary pressure measured by the PressureWire, the resistance of the microcirculation (IMR) can be calculated as follows:


  I M R =    P d     1   T  m n , h y p e r        











IMR is a dimensionless index in close correlation with the actual resistance in the microcirculation, as demonstrated by open-chest swine models by Fearon et al. [16]. There is no universally accepted cut-off value of IMR: in chronic coronary syndrome, an IMR >25 is considered abnormal, whereas in acute ST-segment elevation myocardial infarction, an IMR >40 measured in the culprit vessel immediately after primary percutaneous coronary intervention was found to portend worse prognosis.



In our study, intravenous adenosine was used in the standard dose of 140 µg/kg/min to measure IMR. Central venous pressure was not measured and was considered to be 0.




2.3. Statistical Methods


Continuous variables are presented as mean +/− standard deviation and categorical variables are presented as count (percentage). To account for the repeated measurements coming from the same subject (i.e., intra-individual correlation), mixed-effects regression was used to model the time trends, with the outcome being the measured variable—CFR, IMR or FFR—and the predictor variable was either time (assumed to have a linear effect) or, in a later model, time, CMV infection, diabetes mellitus, hypertension, hyperlipidemia, and age (without interaction). A random intercept was added per subject. The model was estimated using restricted maximum likelihood [17]. p-values and confidence intervals for the parameters were computed using Satterthwaite denominator degrees of freedom [18]. For the predictions, population-level (no random effects) confidence intervals were calculated with parametric bootstrap using 1000 replicates with the quantile method. Calculations were carried out under the R statistical program package version 4.3.1 [R Core Team (2023)].





3. Results


Overall, 27 patients were included in the present analysis who underwent orthotopic heart transplantation between 2002 and 2017. In these subjects, 52 physiological measurements were performed between 2007 and 2018. In total, 17 patients had one, 3 had two, 2 had three, 3 had four, 1 had five, and 1 had six measurements. At least 12 months elapsed between two measurements. Of note, neither AV block nor any other complication were caused in any of the measurements. The mean elapsed time between transplantation and the first measurement was 43 months; only five measurements were performed within 12 months, the vast majority after one year post-HTX. Patient characteristics are summarized in Table 1. The mean donor age was 42.5 ± 8 years, while the average age of the recipients at HTX was 54 ± 12 years. The mean cold ischemic time at HTX was 179 ± 64 min. The majority of the patient population was male with a high prevalence of classical atherosclerotic risk factors. Half of them had undergone HTX for ischemic heart failure. Echocardiography was routinely performed at every measurement. All patients had good graft function, the mean ejection fraction value during the first IMR, CFR, and FFR measurement was 64 ± 10.8%, while right ventricular systolic pressure (RVSP), as estimated by the velocity of the tricuspid regurgitation, was 40 ± 17 mmHg. During follow-up, ejection fraction and RVSP values did not show statistically significant changes, and no evidence of late graft dysfunction was detected among those with repeated measurements.



During follow-up, 85% of patients had at least one episode of—mild to moderate—cellular rejection based on the endomyocardial biopsy results. In total, 81.9% was grade I, while 18.1% was grade II. Grade III rejection was not detected in any of the samples. Humoral rejection was not diagnosed in any of the samples, but testing for humoral rejection was not performed before 2015. Patients with grade I rejection were closely followed without a change in medication, whereas all subjects with grade II acute allograft rejection events were treated by the intensification of immunosuppressive therapy, resulting in the resolution of the rejection as confirmed by follow-up endomyocardial biopsy. DSA was found in only one patient at the time of measurement. During follow-up, seven patients were lost: four died of cancer, two passed away due to acute respiratory distress syndrome caused by bacterial infections, while one died due to graft rejection. No patients underwent heart retransplantation.



CFR measured at the first investigation averaged 3.7 ± 1.79, with an average baseline mean transit time of 0.99 ± 0.41 s and average hyperemic mean transit time of 0.3 ± 0.17 s. IMR at first measurement averaged 23.49 ± 12.79, while mean FFR at first measurement was 0.89 ± 0.05.



During follow-up, CFR values decreased significantly; when extrapolating our measured values as a function of time, a mean CFR of 4.3 (95% confidence interval (CI), 3.5–5.1) was calculated around the time of HTX, and this decreased by 0.13 (95% CI, 0.01–0.25) every year, a change that reached statistical significance (p = 0.04). The calculated extrapolated IMR values at the time of HTX averaged 19.2 (95% CI, 12.5–25.9) and increased by 0.98 (95% CI, 0.00–2.0) every year; this tendency almost reached statistical significance (p = 0.051). FFR during follow-up did not change (p = 0.161) and remained well above 0.80. The mean calculated extrapolated FFR at the time of HTX was 0.91 (95% CI, 0.89–0.93) with a yearly change of 0.00 (95% CI, 0.00–0.00). This is shown in Figure 2.



In the PITA II Study, Fearon et al. [12] found that microvascular function improved, whereas epicardial physiology worsened in the first year following HTX. Therefore, as a sensitivity analysis, we investigated the effect of elapsed time on the measured physiology parameters, CFR, IMR, and FFR, after 12 months, excluding those five measurements performed during the first year. We found that both CFR (p = 0.022) and IMR (p = 0.015) showed significant changes: CFR decreased, and IMR increased after 12 months, whereas FFR remained unchanged (p = 0.72).



We also performed a second sensitivity analysis including only those patients (n = 10) who had more than one measurement in our series. In these subjects, a total of 35 measurements were performed. Based on these assessments, CFR decreased significantly by 0.16 every year (p = 0.043) and IMR had a non-significant trend to increase by 1.00 every year (p = 0.098), whereas FFR showed no change over time (p = 0.741). By extrapolation, using these figures, the calculated CFR and IMR at the time of HTX in this subgroup were 4.5 (95% CI, 3.4–5.6) and 17.7 (95% CI, 8.8–26.6), respectively. This is shown in Figure 3. These figures and changes are similar to those detected in the whole study population.



We collected data on classical atherosclerosis risk factors, such as hypertension, diabetes mellitus, and hyperlipidemia, as well as patient-specific factors, including recipient age at HTX and CMV status. No patient-related characteristics were predictive of our measured CFR, IMR, and FFR values in a model that included these as predictors in addition to time. This is shown in Table 2.




4. Discussion


CAV remains a major limitation of the long-term clinical benefit of HTX. It has been typically described as diffuse and concentric narrowing of large epicardial and small intramyocardial arteries. The characteristic findings are intimal fibromuscular hyperplasia, atherosclerosis, and vasculitis. There are numerous similarities and differences in CAV with focal atherosclerotic lesions of proximal coronary arteries in native hearts. Intimal thickening and fibrofatty plaques are common to both, though fatty streaks, intimal erosions, fibrous cap thinning, hematomas, thrombosis, marked disruption of elastic laminae, and calcium deposition are less common in CAV [10].



The traditional morphological approach to diagnosing CAV has lately been complemented by functional diagnostic modalities. Reduced myocardial flow reserve in heart transplant patients demonstrated by positron emission tomography (PET) and cardiac magnetic resonance imaging (MRI) studies, consistent with vasculopathy, has been shown to be linked with decreased survival [11]. However, coronary functional studies performed in HTX recipients remain scarce.



The salient findings of our study are as follows: in patients with normal post-HTX invasive coronary angiograms receiving appropriate medical therapy, the functional status of the epicardial coronary arteries of transplanted hearts did not deteriorate over time, as evidenced by FFR remaining unchanged and highly above the ischemic threshold. On the contrary, a significant decrease in CFR was noted. In view of the increased IMR, this is caused by a significant deterioration in the function of the microvasculature. This seems especially the case after the first 12 months, when changes in IMR were also statistically significant. While the sequelae of epicardial disease may be fought by statins, aspirin, and revascularization [19], the best approach to microvascular disease is yet to be defined.



During the first year after HTX, Fearon et al. noted a significant decrease in IMR and FFR, suggesting that microvascular damage caused by the very transplantation may disappear by the end of the first year [12]. In the PITA II study, FFR decreased significantly from 0.90 early after HTX to 0.85 at the end of the first post-HTX year. This was found to be due to an increase in plaque volume (as measured by IVUS), a decrease in vessel volume, and a significantly improved IMR. IMR was shown to significantly decrease, a change driven mostly by those with very high post-HTX IMR values. CFR was found not to change significantly, likely because of the discordant changes in the epicardial and microvascular compartments.



Our observations complement this, since 90% of our measurements were performed after the first year. Our data suggest that after one year, the function of the microvasculature worsens, resulting in an increase in IMR and decrease in CFR even among those who present with angiographically normal-appearing coronary arteries with FFR values highly above 0.80. Our data should not be interpreted to prove that the physiology of the epicardial compartment does not deteriorate in the long run because we studied a non-random sample, and those with overt coronary artery stenoses at first examination were excluded, but microvascular function seems to worsen even among those who have ‘preserved’ epicardial physiology and normal-looking vessels. This should be viewed in the context that in the PITA study, 15% of the measured FFR values in asymptomatic patients with angiographically normal coronary arteries were <0.80 [20], highlighting the inability of invasive coronary angiography to reliably rule out CAV.



In 2016, after following 112 HTX patients for 4.5 years, Yang et al. found that patients with an IMR below 20 measured at 1 year after heart transplantation had a significantly better clinical outcome in terms of survival free of retransplantation compared with those with an IMR above 20 [21]. These authors also found that an FFR < 0.90 at baseline (soon after HTX) and rejection during the first year predicted lower cumulative event-free survival. Of note, an increase from the baseline to one-year IMR value was associated with a worse outcome, whereas IVUS-derived parameters were not independent predictors of death or retransplantation. But even in this analysis, no further physiology measurements were undertaken, so the long-term changes in epicardial and microvascular physiology were not captured.



Ahn et al. enrolled 237 patients who underwent an IMR measurement early after HTX. In their multicenter study, IMR measured early after heart transplantation was found to be associated with subsequent allograft rejection at 1 year and clinical events at 10 years [22]. IMR was found to be a stronger predictor of acute allograft rejection and long-term untoward events than clinical characteristics alone. These observations highlight the capability of microvascular functional measurements to predict future adverse events.



IMR measures the minimal microcirculatory resistance and as such is specific to microvasculature, as opposed to CFR which is influenced by the epicardial compartment as well. IMR has been shown to have a better reproducibility and lower coefficient of variation compared with CFR and was shown to be independent of hemodynamic conditions, as opposed to CFR [23]. CFR is a ratio that is dependent on baseline coronary blood flow, which shows significant variability, making it challenging to interpret CFR as it pertains to microvascular function. Presently, there are two methods to measure CFR: thermodilution and Doppler-based methods. The latter is based on measuring the average peak velocities of red blood cells at baseline and at peak hyperemia. Correlation between the two is modest, with thermodilution-based CFR being generally higher than Doppler-based CFR, with a mean difference of 0.6 [24]. In the present analysis, only thermodilution-based CFR was used. Lately, a new index, microcirculatory resistance reserve (MRR), was proposed to be the most specific to the microcirculation [25], but no study of MRR in HTX recipients has been published so far. On the contrary, wire-free, angiography-based IMR [26] and non-invasive studies [27] underline the importance of microvascular cardiac allograft vasculopathy in determining the long-term prognosis of HTX.



While our study was not powered to find significant correlation between FFR, CFR, IMR values and clinical outcomes, we were able to demonstrate changes in coronary physiology long-term after HTX.



Therapeutic interventions targeting both the immune and non-immune pathogenic mechanisms involved in CAV have been investigated with variable success. Non-immunological causes of CAV include old age, male gender, infections, dyslipidemia, diabetes, trauma during surgery, and reperfusion injury. Acute cellular rejection (ACR) occurring in the first 6–12 months after transplantation is an independent risk factor for CAV progression, with recurrent episodes having a cumulative effect on the onset of CAV. There is clearly a complex interplay between immunological and non-immunological risk factors, ultimately leading to endothelial injury and the development of disease [9]. Current clinical treatment for CAV is primarily focused on preventative strategies, including CMV infection prevention, rejection avoidance, vascular risk factor management, and specific pharmacotherapies, such as statins and mammalian target of rapamycin (mTOR) inhibitors that reduce the development of disease. Percutaneous revascularization for focal obstructive coronary stenosis and retransplantation for allograft dysfunction have also been increasingly utilized. These multi-faceted interventions have improved outcomes for patients with CAV over time [28], but CAV still remains a significant clinical entity to fight in the long run after HTX.



There are several limitations of our study. Due to the low number of patients, our statistical power to demonstrate a correlation of coronary physiology parameters and clinical events was limited. Furthermore, the measurements were not performed based on a regular schedule and were not consistently measured multiple times in every patient. The time between HTX and the first performed measurements show relatively big differences. The few patients who underwent coronary revascularization for focal epicardial stenoses were not included; however, we intended to study those without overt post-HTX coronary artery disease, and the remaining subjects were not randomly sampled in the present analysis. All the measurements were performed in the LAD since, in most subjects, this vessel supplies most myocardial mass, and its length makes thermodilution-based measurements feasible. However, investigating the same vessel in all patients made our study “population” more homogeneous.




5. Conclusions


Since CAV is a leading cause of death after HTX, prevention strategies must be implemented, and surveillance techniques targeting detection of the disease are essential. Invasive functional tests, such as FFR, CFR, and IMR, performed during surveillance coronary angiography offer the possibility of tracking the changes in coronary macro- and microvasculature, and thereby the early detection of CAV. Large-scale outcome trials are needed to define the clinical value of systematic invasive functional coronary artery testing in the long-term management of HTX patients.
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Abbreviations




	ACEI
	ACE inhibitor



	ACR
	acute cellular rejection



	ARDS
	acute respiratory distress syndrome



	ASA
	aspirin



	CA
	calcium channel blocker



	CAV
	cardiac allograft vasculopathy



	CFR
	coronary flow reserve



	CI
	confidence interval



	CMV
	cytomegalovirus



	CMV-PCR
	cytomegalovirus polymerase chain reaction



	COVID-19
	coronavirus disease 19



	DSA
	Donor-specific alloantibody



	FFR
	fractional flow reserve



	HLA
	human leukocyte antigen



	HTX
	heart transplantation



	IMR
	index of microcirculatory resistance



	ISHLT
	International Society of Heart and Lung Transplantation



	IVUS
	intravascular ultrasound



	LAD
	left anterior descending coronary artery



	LVEF
	left ventricular ejection fraction



	LVOT VTI
	left ventricular outflow tract velocity time integral



	MRI
	magnetic resonance imaging



	mTOR
	mammalian target of rapamycin



	Pa
	aortic pressure



	Pd
	distal (coronary) pressure



	PET
	positron emission tomography



	PITA II
	Physiologic Investigation for Transplant Arteriopathy II



	RVSP
	right ventricular systolic pressure



	SD
	standard deviation



	TAPSE
	tricuspid annular plane systolic excursion



	Tmn,hyper
	hyperemic mean transit time



	Tmn,rest
	resting mean transit time
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Figure 1. Schematic representation of the bolus thermodilution technique. Thermo 1 denotes the proximal thermistor that records the change of temperature caused by the bolus entering the coronary artery from the guiding catheter, whereas Thermo 2 is the distal thermistor that records the change of the temperature of blood as a consequence of its complete mixing with the bolus. 
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Figure 2. Long-term changes of CFR, IMR and FFR after heart transplantation. Lines connect dots (single measurements) performed in the same individual at different time intervals. CFR coronary flow reserve, FFR fractional flow reserve, IMR index of microcirculatory resistance. 
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Figure 3. Long-term changes of CFR, IMR and FFR after heart transplantation in patients with repeated physiology measurements. Lines connect dots (single measurements) performed in the same individual at different time intervals. CFR coronary flow reserve, FFR fractional flow reserve, IMR index of microcirculatory resistance. 
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Table 1. Characteristics of the patients.
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	Patient Data
	ALL Patients (N = 27)





	Donor age; years ± SD
	42 ± 8



	Recipient age at HTX; years ± SD
	54 ± 12



	Recipient sex, male; n (%)
	19 (70%)



	Hypertension; n (%)
	15 (56%)



	Diabetes mellitus; n (%)
	12 (44%)



	Hyperlipidemia; n (%)
	20 (74%)



	Aspirin therapy; n (%)
	19 (70%)



	Statin therapy; n (%)
	20 (74%)



	BMI at first measurement; (kg/m2) ± SD
	26 ± 4



	LVEF; % ± SD
	64 ± 10.8



	TAPSE; mm ± SD
	18 ± 3.4



	LVOT VTI; mm ± SD
	17 ± 9



	RVSP; mmHg ± SD
	40 ± 17



	Cold ischemic time; minutes ± SD
	179 ± 64



	HTX indication: ischemic heart failure; n (%)
	14 (52%)



	Time from HTX to first measurement; months ± SD
	43 ± 43



	CMV-PCR positivity; n (%)
	6 (23%)







BMI—body mass index; CMV-PCR—cytomeg