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Heart transplantation continues to be the final therapeutic option for patients with end-stage
heart disease of varying etiologies, with more than 6,000 heart transplants performed
annually worldwide. As survival of patients with heart disease has improved over time

due to the availability of better medical, surgical, and device-based therapies, the heart
transplant recipient population has changed. Similarly, candidate acceptance criteria for
heart transplantation have expanded over the years. This focused report aims to document
the changes that have taken place in the adult heart transplant recipient pool over the years
and to identify important recipient characteristics and transplant processes that influence
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post-transplant outcomes. An analysis of changes in donor characteristics was published
previously?.

This 38th annual adult heart transplant report is based on data submitted to the
International Society for Heart and Lung Transplantation (ISHLT) International Thoracic
Organ Transplant (TTX) Registry on 108,034 adult recipients of deceased donor heart
transplants performed between January 1992 and June 2018. In response to the changing
regulatory environment, the ISHLT Registry is currently updating the processes involved in
data acquisition. Therefore, the patient cohort examined in this report is derived from the
same database or datasets used in the 2019 annual report2. We refer the reader to the 2019
report for a detailed description of the cohort and for additional core analyses not directly
related to this year’s focus theme.

Statistical methods

Data collection, conventions, and statistical methods

The 2021 ISHLT International TTX Registry report, as in past years, was developed using
data submitted to the Registry as of November 2, 2018, by national and multinational
transplant collectives as well as individual transplant centers. Since the Registry’s inception,
481 adult heart transplant centers have contributed data. This report presents an overview

of characteristics of adult heart recipients of deceased donor heart-alone transplants and
their associations with post-transplant outcomes, with a particular focus on how the recipient
profile has changed over time. The results reported herein seek to provide as granular detail
as possible with data retained in the ISHLT International TTX Registry for transplants
through June 30, 2018. In addition to the data presented within the primary manuscript,
extended analyses are provided in the online slide sets. The ISHLT website also contains
slide sets for previous annual reports. This report references specific online e-slides when
particular data are discussed but not shown due to space limitations. E-slide H(a) numbers
refer to the online adult heart transplant slides (https://ishlt.org/research-data/registries/ttx-
registry/ttx-registry-slides)

TaggedPThe ISHLT International TTX Registry website (https://ishlt.org/research-data/
registries/ttx-registry#data-fields-look-up-tables-forms) provides detailed spreadsheets of the
data elements collected in the Registry. The Registry required submission of core donor,
recipient, and transplant procedure variables at the time of transplantation and at annual
follow-up with low rates of missing data. Nevertheless, data quality depends on the accuracy
and completeness of reporting. Rates of missingness may significantly increase for Registry
variables that depend on voluntary reporting. The Registry uses various quality control
measures to ensure acceptable data quality and completeness before including data for
analyses.

Analytical conventions

Unless otherwise specified, analyses of combined heart-lung transplants are not included in
analyses of heart transplants. The Registry does not capture the exact occurrence date for
most secondary outcomes (e.g., cardiac allograft vasculopathy), but it does capture specific
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time periods that can narrow the event time. For the report’s analyses, we use the mid-point
between the annual follow-ups as a surrogate for the event date (i.e., the event occurred
between the first and the second annual follow-up visits). On the follow-up where a death
is reported, some under-reporting of secondary outcomes and other information is probable.
Thus, to reduce the potential for underestimating event rates or other outcomes, some
analyses are restricted to include only surviving recipients. For time-to-event analyses, we
censored the follow-up of recipients who did not experience the event of interest at the last
time the recipient was reported not to have had the event, which would either be the most
recent annual follow-up or the time of retransplantation. We truncated time-to-event graphs
(e.g., survival graphs) when the number of individuals at risk was <10. Previous Registry
reports provide additional details regarding specific donor and recipient characteristics and
outcomes.

Focus theme: recipient characteristics

Recipient characteristics

Many centers around the world have expanded adult heart transplant candidate acceptance
criteria over time as clinical experience with heart transplantation has accrued, and post-
transplant clinical outcomes have improved. This, combined with changes in population
demographics, has led to significant changes in recipient characteristics, as shown in Table
1. Here, we divided adult heart transplants into three eras: 1992-2000, 2001-2009, and
2010-2018, with a similar number of transplants performed in each era.

From the 1992-2000 era to the 2010-2018 era, the median recipient age increased slightly
worldwide. This increase in recipient age was mainly driven by changes in North America,
as shown in Figure 1A, where median recipient age increased from 53 to 57 years. Recipient
age was relatively constant in Europe (~54 years) and Other regions (~51 years). Similar

to the increase in recipient age over time, recipient body mass index (BMI) also increased
over time, from a median of 25.0 kg/m? in the 1992—2000 era to 26.5 kg/m? in the 2010—
2018 era, mainly due to an increase in median weight from 75.7 kg to 80.0 kg. As shown

in Figure 1B, this increase was seen mainly in North America, and is consistent with

current prevalence estimates for overweight and obesity worldwide3. Interestingly, recipient
kidney function at the time of transplantation, as estimated by the glomerular filtration

rate (GFR, Cockcroft-Gault formula), appeared to improve in all 3 regions over time, as
shown in Figure 1C. There are several potential explanations for this observation, including
the increasing use of simultaneous heart-kidney transplantation for candidates with severe
kidney disease (therefore resulting in higher GFR in those receiving heart only transplants),*
improved kidney function in the setting of pre-transplant ventricular assist device support,®
fewer patients transplanted for ischemic cardiomyopathy (who often have risk factors for
kidney disease such as hypertension and diabetes; eSlide H(a) 9), and increasing candidate
weight (which is used to calculate eGFR). In support of the final explanation is the
observation that median recipient creatinine was stable at 1.2 mg/dl over time.

The sex distribution of heart transplant recipients has changed over time, with an increase
in the proportion of female recipients from 19.3% in 1992-2000 to 25.6% in 2010-2018.
It is unclear whether women are still under-represented as heart transplant candidates, or
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whether we have approached the true prevalence of women who meet the criteria for a heart
transplant, as women are more likely to have heart failure with preserved ejection fraction
and present with heart failure at an older age. The distribution of recipients by blood type
has changed slightly over time, with a decrease in blood type A recipients from 45.2%

to 42%, and corresponding increases in the other blood types (particularly type B) from
1992-2000 to the most recent era (Table 1 and eSlide H(a) 8).

There has been a substantial increase in the transplantation of allosensitized patients over
time, likely due to the accrual of experience in managing these patients both before and
after transplant, increased availability of therapies for pre-transplant desensitization and
post-transplant rejection treatment,8 and improved methods for human leukocyte antigen
(HLA\) typing, antibody detection, and quantification.” As such, the percentage of recipients
with a pre-transplant panel of reactive antibodies (PRA) > 20% increased from 5.2% in
1992-2000 to 17.9% in the most recent era, and the percent of highly sensitized patients
(PRA > 80%) increased from 0.9% to 3.6% over the same period (Table 1).

In parallel with the increase in transplantation of allosensitized patients, centers are also
transplanting candidates with a greater burden of medical comorbidities. The prevalence
of diabetes (both Type 1 and Type 2) increased from 16.7% in 1992-2000 to 22.3% in
2001-2009, and 27.0% in the most recent era (Table 1 and eSlide H(a) 13). Similarly,
recipients with a previous history of malignancy increased from 3.8% to 8.7% over the same
period (Table 1 and eSlide H(a) 12), along with an increase the proportion of recipients
with a history of previous cardiac surgery from 37.8% to 50.1%. Finally, transplantation of
candidates on dialysis increased from 3.0% in the first era to 4.8% in the most recent era
(Table 1 and eSlide H(a) 12). This likely represents patients with acute kidney injury who
are felt to have a high likelihood of renal recovery, as patients with end-stage renal disease
are increasingly being referred for simultaneous heart-kidney transplantation.*

The use of temporary and durable mechanical circulatory support (MCS) has changed
significantly over time, with technological advances and changes in allocation policies
(Table 1). The use of intra-aortic balloon pumps (IABP) increased from 6.0% to 6.6% over
time, while extracorporeal membrane oxygenation (ECMO) use increased from 0.2% to
1.1%. When comparing 2001-2009 to 2010-2018, use of ventricular assist devices (VADS)
increased from 18.9% to 40.4%, total artificial hearts (TAH) increased from 0.7% to 1.3%,
and use of biventricular assist devices declined from 3.3% to 2.7%. With the increased

use of MCS, pre-transplant inotrope use fell from 46.7% to 35.7% over the three eras
studied. Increased use of bridge-to-transplant LVADs, with less use of inotropic support,
may partly account for the decline in patients hospitalized prior to transplant (60.7% to
44.6%). The cohorts analyzed in this report predate the United States revised donor heart
allocation policy, implemented in October 2018,8 and therefore do not capture more recent
data showing increased use of temporary mechanical support (IABP and ECMO)? and a fall
in bridge-to-transplant LVAD support in the United States.10

The distribution of recipient pre-transplant diagnosis (indication for transplant) has changed
over time, with an increase in nonischemic cardiomyopathy, hypertrophic cardiomyopathy
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(particularly in Europe), restrictive cardiomyopathy, and congenital heart disease, and a
decrease in transplantation for ischemic and valvular cardiomyopathy (eSlide H(a) 9).

Donor-recipient sex matching has garnered considerable recent interest.11-13 Over the years,
there has been a slight increase in female-female transplants, and a corresponding decline

in female-male transplants (eSlide H (a) 10), perhaps due to the inferior survival seen

after sex-mismatched transplants (see multivariable survival analyses below). This could

be explained by immunological differences resulting from sex-mismatched transplants,14

or to the increasing attention paid to sizematching the donor and recipient, recognizing

that the inferior outcomes seen after sex-mismatched transplants may be due to heart size
differences.! Indeed, female donor-male recipient transplants are often undersized, when
assessed by predicted heart mass, and this may partly account for subsequent increased
mortality.1®

Survival analyses

One-year survival—We next examined unadjusted associations between recipient risk
factors and one-year post-transplant survival. One-year survival has improved in the most
recent era (2012-2017, eSlide H(a) 15), compared to the two earlier eras. In unadjusted
analyses stratified by region, one-year survival is in general higher in North America when
compared to European and Other regions, and significant improvement in survival over
time is also seen in North America (Figure 2). This finding may be due to greater use of
hearts from donors with advanced age and other high-risk features in European countries,
as described in more detail in the 2020 Registry Reportl. There is also less emphasis on
one-year survival as a transplant center performance and quality control metric in Europe
than the United States, which may encourage the performance of higher-risk transplants,
resulting in increased early mortality.16:17 Not surprisingly, when stratifying 1-year survival
by recipient age (Figure 3), we see decreased survival in older recipients (age = 60 years).
In Europe, the youngest recipients (age 18-39 years) have significantly better 1-year survival
than the other two recipient age categories (40-59 years and =60 years), while in North
America and Other regions, survival was similar between 18-39 and 40-59-year-olds.
Finally, for all recipient age categories, 1-year survival has improved over time (eSlide
H(a) 18), particularly in the most recent era (2012-2017).

As mentioned previously, transplantation of allosensitized patients has increased over time.
Fortunately, short-term survival of allosensitized patients has improved over the past two
decades (Figure 4), even in highly sensitized patients with PRA = 80%, likely due to
improved technologies for monitoring donor-specific antibody development, and enhanced
prevention and treatment options for acute rejection. In fact, in the current era (2012-2017),
1-year survival of allosensitized patients is similar to that of non-sensitized patients.

In general, 1-year post-transplant survival has also improved in patients with varying
severity of chronic kidney disease at the time of transplantation (eSlide H(a) 20); however,
1-year mortality continues to exceed 20% in patients with eGFR <30 ml/min/1.73m? at
transplant, which lends evidence in support of simultaneous heart-kidney transplantation in
these candidates.

J Heart Lung Transplant. Author manuscript; available in PMC 2023 June 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Khush et al.

Page 6

Figure 5 displays 1-year survival over time in recipients with and without pre-transplant
ventricular assist device (VAD) support. While post-transplant survival was initially worse
in patients with bridge-to-transplant VADs (2000-2005), it has since improved, and is now
approaching that seen in patients without bridge-to-transplant VAD support. This likely
reflects improved VAD patient selection and management prior to transplant, improvement
in VAD technology, and improved surgical and peri-operative management of these
recipients. One-year survival of recipients with pre-transplant total artificial hearts and
biventricular assist devices remains lower than those supported with VADs, as these patients
are generally sicker, with a greater burden of end-organ dysfunction at the time of transplant
(eSlide H(a) 22).

Additional 1-year survival analyses show that recipient diabetes appears to have a small
effect on 1-year survival (eSlide H(a) 23), in contrast to its association with 5-year survival,
as discussed in the next section. As expected, patients on pre-transplant dialysis have high
one-year mortality, which supports consideration of simultaneous or staged heart-kidney
transplantation in these patients (eSlide H(a) 24). Finally, prior malignancy does not appear
to influence short-term post-transplant survival (eSlide H(a) 24).

Five-year survival, conditional on survival to one year—To examine associations
between recipient characteristics and longer-term post-transplant survival, we analyzed
5-year survival conditional on survival to one year (i.e., excluding recipients who died
within the first-year posttransplant). As seen in eSlide H(a) 26, 5-year conditional survival
has improved significantly in the most recent era (2008-2013), despite transplantation of
more complex recipients with a greater burden of comorbidities, and increasing use of
higher-risk donors. Examination of survival by location and era (eSlide H(a) 27) shows
that 5-year conditional survival has improved over time in Europe, more so in North
America, and not in Other regions. In opposition to 1-year survival, 5-year conditional
survival is better in Europe (88.5%) compared to North America (86.9%), and Other
regions (85.0%) in the most recent cohort, which may be due to lower risk recipients,

better access to healthcare, and perhaps shorter ischemic times, compared to non-European
countries. Another compelling finding of this Report concerned 5-year survival by location
and recipient age, where major differences were observed between European and North
American recipients (Figure 6). While young recipients (18-39 years) have the highest
survival in Europe, they have the lowest survival in North America. There are several
plausible explanations, such as access to medical care for young adults in Europe where
universal healthcare is more prevalent, and perhaps worse adherence with medications and
clinical follow-up in North America. Age-related disparities have been seen after lung
transplantation as well, where 18-29-year olds with cystic fibrosis have worse survival than
those 30 years or older.18 Differences in outcomes for chronic diseases have also been
observed between young adults in the United States and Europe. For example, patients with
cystic fibrosis in the United Kingdom maintain higher lung function over time, compared
to their counterparts in the United States.1® These results highlight the need to focus on
improving intermediate-term survival among young adult heart transplant recipients in North
America. Finally, analysis of 5-year conditional survival by recipient age and era (eSlide
H(a) 29) revealed no significant improvement in the youngest cohort (18-39 years) over

J Heart Lung Transplant. Author manuscript; available in PMC 2023 June 21.
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time, whereas survival has improved in those who were at least 40 years old at the time of
transplantation.

In contrast to 1-year survival (Figure 4 and eSlide H(a) 19), 5-year conditional survival

has not improved over time in allosensitized recipients (Figure 7). It is possible that

these patients continue to succumb to late antibody-mediated rejection, development of
cardiac allograft vasculopathy (CAV), and other longer-term post-transplant complications.
Similarly, 5-year conditional survival has not improved over time for patients with severe
chronic Kidney disease (eGFR <30 ml/min/1.73m2), again highlighting the need to consider
these candidates for simultaneous or staged kidney transplantation (eSlide H(a) 31), and to
develop protocols or therapies to prevent the decline in kidney function that is seen too often
after transplantation.

We also present 5-year conditional survival by era and presence of diabetes (eSlide H(a) 32)
and history of malignancy (eSlide H(a) 33). Not surprisingly, 5-year survival of recipients
with diabetes has generally improved over time, but remains inferior to that of patients
without diabetes. In contrast, 5-year survival of patients with a history of malignancy

is equivalent to those with no prior cancer diagnosis, which suggests that centers are
appropriately selecting cancer survivors for transplantation.

Freedom from cardiac allograft vasculopathy, conditional on survival to
discharge—CAV is a leading cause of long-term graft dysfunction and graft loss after
heart transplantation. While CAV pathogenesis is complex, and involves both alloimmune
and nonimmune processes, it is apparent that both donor and recipient risk factors
predispose to CAV development. We examined associations between donor risk factors and
CAV development in last year’s focus theme report! and now examine associations between
recipient risk factors and CAV. It should be noted that definitions of CAV may have varied
between centers and collectives submitting data to the ISHLT TTX Registry—a standardized
definition, such as the ISHLT CAV grading system, was not required.

Unfortunately, there has been little to no progress in freedom from CAV over the past two
decades, overall (eSlide H(a) 35) and when stratified by recipient age (eSlide H(a) 36).

At the turn of the century, statins?? and proliferation signal inhibitors?1:22 were shown to
prevent CAV development, and have been widely adopted in clinical practice. Since then,
however, there have been no major developments in drug therapy for CAV. Early use of
ramipril, an angiotensin-converting enzyme inhibitor, appeared to improve coronary artery
microvascular function, but did not reduce coronary artery plague volume in a single-center
study.23 More recently, rituximab, a monoclonal B-cell depleting antibody, unexpectedly
caused an increase in coronary artery plague volume in a multicenter clinical trial 24

Thus, there remains a pressing need to identify effective therapies for CAV prevention and
treatment.

Analysis stratified by recipient PRA and transplant era, as shown in Figure 8, was notable
for an improvement in freedom from CAV from the first (1996-2001) to the second (2002—
2007) era, but this was not sustained in the most recent era (2008—-2013), for patients with
PRA <80%. This may be a consequence of transplanting higher risk donor hearts and
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higher risk recipients. There appears to be an improvement in freedom from CAV in the
most highly sensitized patients (PRA =80%) over time; however, these comparisons do not
meet our & priori significance threshold, likely due to the small number of patients in these
categories.

Of interest is the observation that recipient diabetes does not appear to be associated with
CAV development, as shown in Figure 9. However, it is important to note that this analysis
is based on patients who had diabetes at the time of transplantation and does not account

for those who developed post-transplant diabetes. Similarly, kidney function at the time of
transplant does not appear to be a risk factor for subsequent CAV development. Thus, these
analyses do not explore associations between the development of post-transplant diabetes (or
kidney disease) and CAV development, and these complex relationships are best studied in
dedicated analyses using multivariable models in order to account for potential confounders.

Finally, analysis of freedom from CAV by recipient diagnosis (indication for transplant)
reveals few significant differences (eSlide H(a) 40), likely due to the small number

of patients in certain categories (such as restrictive cardiomyopathy, hypertrophic
cardiomyopathy, and congenital heart disease) and the multiple comparisons performed.

Multivariable analyses

We next performed multivariable proportional hazards regression analyses to identify
independent risk markers for and potential risk factors associated with subsequent mortality
and morbidity. Covariates included in the multivariable models are listed in Supplemental
Table 1. These analyses establish independent associations between risk factors and
outcomes but cannot establish causality. It is also important to recognize that categorical
and continuous risk factors for post-transplant morbidity and mortality will differ by time
since transplant. Further, long-term data reflects patients transplanted in earlier eras, and
thus the findings may not apply to current conditions. Specific associations observed among
these data should, therefore, be interpreted with caution and are better explored in more
detailed analyses of Registry data.

One-year survival—Categorical variables significantly associated with increased 1-year
mortality after adult heart transplantation (for transplants performed between 1/2000

and 6/2017, Figure 10) include the indication for transplant—valvular and restrictive
cardiomyopathy, congenital heart disease, ischemic cardiomyopathy, and retransplantation
all confer a higher risk for death than nonischemic cardiomyopathy. Prior cardiac surgery
and the use of MCS devices (VAD and ECMO) were also associated with increased

1-year mortality in multivariable analyses, as were indicators of critical illness, such as
hospitalization at the time of transplant and mechanical ventilation. We again call attention
to the fact that these analyses were performed on transplants occurring before allocation
changes in the United State that resulted in greater use of ECMO and other temporary MCS
devices.

Transplant era is also significantly associated with 1-year mortality (p<0.0001). We next
examined interactions between transplant era and risk factors of interest, to determine
whether the risk of mortality for the identified risk factors is influenced by transplant era. No
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significant interaction was seen between transplant era and recipient diabetes (eSlide H(a)
43), or transplant era and MCS device type (eSlide H(a) 44) on the outcome of interest.

Continuous variables that were significantly associated with increased risk for 1-year
mortality include older donor age, higher recipient BMI, longer ischemic time, worse
recipient kidney and liver function, lower transplant center volume, and higher recipient
pulmonary vascular resistance and PRA at the time of transplant (eSlides H(a) 45-58).

Both younger and older recipient age was associated with increased risk of 1-year mortality
in multivariable analysis (Figure 11). Analysis of recipient kidney function at the time of
transplant shows an increase in the hazard ratio (HR) for 1-year mortality with decreasing
eGFR. There is a 50% increase in the HR for eGFR of 40 vs. 80 ml/min/1.73m?2, and
doubling of the HR for eGFR of <30 vs 80 ml/min/1.73m? (Figure 12). These results may
provide data for eventual development of evidence-based guidelines for selecting candidates
for simultaneous heart-kidney transplantation.

Of additional interest is eSlide H(a) 50, which shows that increasing recipient BMI

is associated with increased 1-year mortality, in a linear fashion (Figure 13). Other

recipient risk factors/markers for 1-year mortality are rather intuitive and include pulmonary
hypertension (as measured by pulmonary vascular resistance and mean pulmonary artery
pressure, (eSlides H(a) 51-52), hepatic dysfunction (as measured by total bilirubin, (Figure
14) and allosensitization (PRA, Figure 15). In addition, the relationship between donor age
and recipient mortality (eSlide H(a) 56) was explored in more detail in the 2020 Registry
Report,! as was the association between ischemic time and mortality in the 2017 Registry
Report.2> Transplant center volume, finally, is significantly associated with 1-year mortality,
with the hazard increasing more steeply when fewer than 50-60 transplants were performed
in the preceding 3 years (Figure 16). In addition, there were no significant interactions
between transplant era and covariates of interest (i.e., recipient age, eGFR, and PRA) with
respect to 1-year survival.

Five-year survival, conditional on survival to one year—Categorical variables
associated with increased 5-year mortality, conditional on survival to one year, for
transplants performed between 1/1996 and 6/2013, (Figure 17) again include specific
indications for transplant and recipient hospitalization at transplant. Recall that hypertrophic
cardiomyopathy and congenital heart disease were associated with /ncreased one-year
mortality (HR 1.17 and 1.88, respectively). When examining conditional 5-year survival,
hypertrophic cardiomyopathy is associated with reduced mortality (HR 0.58), as is
congenital heart disease (HR 0.77). Restrictive cardiomyopathy, ischemic cardiomyopathy,
and retransplantation are still associated with increased mortality, with HR 1.14-1.35. It is
possible that underlying comorbidities are influencing longer-term survival.

Donor-recipient sex mismatch continues to be significantly associated with 5-year
conditional survival. We saw that female donor-male recipients had increased 1-year
mortality compared to the male donor-male recipient combination (HR 1.16). We now

see that the male donor-female recipient combination again has increased 5-year mortality
compared to male donor-male recipients (HR 1.1). In contrast, the female donor-female
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recipient combination is associated with lower risk (HR 0.90) compared to male-male.
While size-mismatch may partly account for these results, these sex-related differences in
survival suggest that hormonal influences on the immunological response may also come
into play.

Finally, recipient diabetes at transplant, which was not associated with 1-year mortality,
is now associated with 5-year mortality. This suggests that the chronic sequelae of
diabetes, including vascular disease and chronic kidney disease, may affect longer-term
post-transplant outcomes. There was no significant interaction between transplant era and
recipient diabetes (eSlide H(a) 61).

Continuous variables associated with 5-year mortality, conditional on survival to 1 year, are
similar to those associated with 1-year survival, and include recipient age, BMI, pulmonary
vascular resistance, and kidney function; donor age; and transplant center volume. Notably,
other risk factors associated with 1-year survival, such as recipient PRA and ischemic

time, are no longer significantly associated with 5-year survival. Associations between
individual continuous risk factors and HRs for 5-year mortality are displayed in eSlides H(a)
63-71. Importantly, there are no significant interactions between the transplant era and the
individual risk factors.

Cardiac allograft vasculopathy within 5 years, conditional on survival to
discharge—Results of multivariable analyses for the development of CAV within 5
years, conditional on survival to discharge, are shown in eSlides H(a) 73-82. Significant
categorical risk factors for CAV development include donor death due to cerebrovascular
accident, and recipient diagnoses of ischemic cardiomyopathy and retransplantation (Figure
18). Of interest is the observation that female sex, of either the donor or recipient, is
associated with reduced risk of CAV development. For example, the female donor-female
recipient combination has a HR of 0.72 for CAV, compared to male donor-male recipient.
The female donor-male recipient combination has a HR of 0.85, while the HR for male
donor-female recipient is 0.90, all compared to male-male transplants. These results run
counter to prior studies that show either a higher incidence of CAV development in female
donors26 and female recipients,?” or no sex-based differences in CAV development,28 and
deserve further investigation.

Statistically significant continuous risk factors for CAV development include donor age,
recipient age, recipient BMI, and transplant center volume. Notably, recipient and donor age
have the opposite effect on CAV development. As shown in Figure 19, younger recipient age
is associated with increased risk of CAV, albeit the confidence intervals are quite wide for
the lower age ranges. It is conceivable that younger recipients have a more robust immune
response that predisposes them to CAV development. However, another explanation is that
CAV is less likely to be diagnosed in older recipients who have more renal dysfunction

and therefore are less likely to have screening coronary angiography. Not surprising is the
observation that older donor hearts predispose the recipient to CAV (Figure 20), as has been
shown by many prior studies.129-31 Finally, there appears to be a very modest association
of center volume with CAV, with higher volume centers having a slightly higher HR of
recipient CAV (HR 1.03-1.16) for centers performing more than 120 transplants over the
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previous 3 years, eSlide H(a) 82), perhaps due to transplantation of more medically complex
recipients with a higher burden of comorbidities at the larger centers. Notably, there were no
significant interactions between transplant era and recipient age, kidney function, and PRA
at transplant.

Conclusions

In this 2021 ISHLT Adult Heart Transplantation Report, we closely examined changes in
the clinical characteristics of adult heart transplant recipients over time, and the impact

of recipient characteristics on post-transplant outcomes. We observed many changes,
including transplantation of older recipients over time, as well as transplantation of
recipients with increasing medical complexity, including diabetes, obesity, prior cardiac
surgery, and allosensitization. We also saw increased transplantation of recipients supported
with temporary and durable MCS, particularly LVADs, bearing in mind that the analysis
cohort ended in June 2018. Encouragingly, despite the increased medical complexity of
transplant recipients, we saw consistent improvements in post-transplant survival, with
regional differences. Short-term (1-year) survival is better in North America than in Europe,
for example, while the opposite is true of longer-term (5-year) survival, likely reflecting
underlying differences in the donor and recipient populations in different parts of the
world. Finally, there has been little, if any, reduction in CAV development over time,

which underscores the urgent need for effective therapies to prevent and treat this seemingly
inexorable cause of graft failure after heart transplantation.
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Figure 1.

A: Median recipient age by year and geographic location (transplants: January 1992 - June
2018). B: Median recipient body mass index by year and geographic location (transplants:
January 1992 - June 2018). C: Median recipient estimated glomerular filtration rate
(Cockceroft-Gault formula) by year and geographic location (transplants: January 1994 —

June 2018)
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Figure 2.
Kaplan-Meier survival within 12 months by location and era (transplants: January 2000-June
2017)
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Figure 3.
Kaplan-Meier survival within 12 months by location and recipient age (transplants: January

2000-June 2017)
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Figure 4.

Kaplan-Meier survival within 12 months by recipient panel of reactive antibodies (PRA) and
era (transplants: January 2000-June 2017)
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Figure 5.

Kaplan-Meier survival within 12 months by recipient mechanical circulatory support (MCS)
and era (transplants: January 2000-June 2017). VAD. ventricular assist device
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Figure 6.

Kaplan-Meier survival within 5 years, conditional on survival to 1 year, by location and

recipient age (transplants: January 1996-June 2013)
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Figure 7.

Kaplan-Meier survival within 5 years, conditional on survival to 1 year, by recipient panel of
reactive antibodies (PRA) and era (transplants: January 1996-June 2013)
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Figure 8.

Freedom from cardiac allograft vasculopathy (CAV) conditional on survival to discharge by
panel of reactive antibodies (PRA) and era (transplants: January 1996-June 2013)
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Freedom from cardiac allograft vasculopathy (CAV) conditional on survival to discharge by
recipient diabetes and era (transplants: January 1996-June 2013)
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Statistically significant categorical risk factors for 1-year mortality with 95% confidence

limits (transplants: January 2000-June 2017; N=67,223). IV: intravenous, ICM:

ischemic cardiomyopathy, NICM: non-ischemic cardiomyopathy, CVA: cerebrovascular
accident, F: female, M: male, HCM: hypertrophic cardiomyopathy, MCS: mechanical

circulatory support, VAD: ventricular assist device, VCM: valvular cardiomyopathy,

RETX: retransplant, RCM: restrictive cardiomyopathy, ECMO: extracorporeal membrane

oxygenation, CHD: congenital heart disease
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Figure 11.
Multivariable hazard ratio plot for 1-year mortality with 95% confidence limits, by recipient

age (transplants: January 2000-June 2017; N = 67,223)
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Figure 13.
Multivariable hazard ratio plot for 1-year mortality with 95% confidence limits, by recipient

body mass index (BMI) (transplants: January 2000-June 2017; N = 67,223).
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Multivariable hazard ratio plot for 1-year mortality with 95% confidence limits, by recipient

bilirubin (transplants: January 2000-June 2017; N = 67,223)
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= 67,223)

J Heart Lung Transplant. Author manuscript; available in PMC 2023 June 21.

220



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Khush et al.

Diagnosis - HCM vs NICM | —@—

Diagnosis - CHD vs NICM ——

Donor-recipient sex match - F/F vs M/M i

Donor-recipient sex match - M/F vs M/M

Risk factor

Hospitalized - Yes

Diagnosis - ICM vs NICM

Diagnosis - RCM vs NICM

Recipient diabetes - Yes

{%}§§}

Diagnosis - RETX vs NICM

Page 30

HR

LCL

ucL

pvalue N

[
[
I
[
I
I
I
I
I
|
|
[
|
[
[
I
I
I
I
I
I
|
I
[
I
I
I
I
[
I
[
[
[
[
[
I
|
1

Hazard ratio and 95% Cl

Figure 17.

0.575

0.767

0.903

1.107

1.123

1.140

1.301

1.338

1.350

0.464

0.638

0.832

1.019

1.058

1.078

1.113

1.189

1.169

0.713

0.923

0.979

1.202

1.192

1.204

1.522

1.505

1.560

<0.01

<0.01

0.01

0.02

<0.01

<0.01

<0.01

<0.01

<0.01

Statistically significant categorical risk factors for 5-year mortality, conditional on

survival to 1 year, with 95% confidence limits (transplants: January 1996-June 2013;

1225

1179

6793

5136

15264

20384

1068

6629

1167

N=53,105). HCM: hypertrophic cardiomyopathy, NICM: nonischemic cardiomyopathy,
CHD: congenital heart disease, F: female, M: male, ICM: ischemic cardiomyopathy, RCM:

restrictive cardiomyopathy, RETX: retransplant

J Heart Lung Transplant. Author manuscript; available in PMC 2023 June 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Khush et al.

Diagnosis - Other vs NICM | F——@———

Donor-recipient sex match - F/F vs M/M -
§ Donor-recipient sex match - F/M vs M/M X 2
8
®
o Donor-recipient sex match - M/F vs M/M 44—

Donor cause of death - CVA vs head trauma ""‘
Diagnosis - ICM vs NICM 2 gl
Diagnosis - RETX vs NICM ——
1
Hazard ratio and 95% Cl

Figure 18.

Page 31

HR LCL UCL

pvalueN

0.664 0.478 0.924

0.721 0.662 0.785

0.846 0.790 0.907

0.901 0.827 0.982

1.093 1.025 1.165

1.112 1.051 1.176

1.213 1.047 1.406

0.01 205

<0.01 3340

<0.01 4333

0.02 3043

<0.01 6669

<0.01 11617

0.01 711

Statistically significant categorical risk factors for cardiac allograft vasculopathy (CAV)
within 5 years, conditional on survival to discharge, with 95% confidence limits (transplants:
January 1996-June 2013; N = 26,554) NICM: nonischemic cardiomyopathy, F: female, M:
male, CVA: cerebrovascular accident, ICM: ischemic cardiomyopathy, RETX: retransplant
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Figure 19.
Multivariable hazard ratio plot for cardiac allograft vasculopathy (CAV) within 5 years with

95% confidence limits, by recipient age (transplants: January 1996-June 2013; N = 26,554)
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Figure 20.
Multivariable hazard ratio plot for cardiac allograft vasculopathy (CAV) within 5 years with

95% confidence limits, by donor age (transplants: January 1996-June 2013; N = 26,554)
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