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Background: Cytomegalovirus (CMV) is an important complication of heart
transplantation and has been associated with graft loss in adults. The data in pediatric
transplantation, however, is limited and conflicting. We conducted a large-scale cohort
study to better characterize the relationship between CMV serostatus, CMV antiviral use,
and graft survival in pediatric heart transplantation.

Methods: 4,968 pediatric recipients of solitary heart transplants from the Scientific
Registry of Transplant Recipients were stratified into three groups based on donor or
recipient seropositivity and antiviral use: CMV seronegative (CMV-) transplants, CMV
seropositive (CMV+) transplants without antiviral therapy, and CMV+ transplants with
antiviral therapy. The primary endpoint was retransplantation or death.

Results: CMV+ transplants without antiviral therapy experienced worse graft survival than
CMV+ transplants with antiviral therapy (10-year: 57 vs 65%). CMV+ transplants with
antiviral therapy experienced similar survival as CMV- transplants. Compared to CMV
seronegativity, CMV seropositivity without antiviral therapy had a hazard ratio of 1.21
(1.07–1.37 95% CI, p-value = .003). Amongst CMV+ transplants, antiviral therapy had a
hazard ratio of .82 (0.74–.92 95% CI, p-value < .001). During the first year after
transplantation, these hazard ratios were 1.32 (1.06–1.64 95% CI, p-value .014) and
.59 (.48–.73 95% CI, p-value < .001), respectively.

Conclusions: CMV seropositivity is associated with an increased risk of graft loss in
pediatric heart transplant recipients, which occurs early after transplantation and may be
mitigated by antiviral therapy.
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INTRODUCTION

Cytomegalovirus (CMV) infection is a common complication
after heart transplantation (1). There is growing evidence that in
addition to causing acute illness, CMV infection also contributes
to cardiac allograft vasculopathy and long-term graft loss in adult
heart transplant recipients (2–6). CMV infection may be
associated with poor outcomes in pediatric recipients as well,
but the data is limited and conflicting (7–9).

Large, high-quality studies from the 1990s established that
anti-CMV treatment following transplantation reduces the risk
for acute CMV illness (10) as well as cardiac
allograft vasculopathy in adult recipients (11). This has been
the main motivation for the use of CMV prophylaxis in heart
transplant recipients. However, there is not yet a consensus,
particularly in pediatric heart transplantation, regarding which
patients should receive post-transplantation antiviral therapy.

Traditionally, risk for acute CMV infection is stratified by
donor (D) and recipient (R) serostatus combination, with D+/R−
considered to be the highest risk. Thus, these patients were the
first to widely receive CMV prophylaxis. However, there is some
evidence that anti-CMV therapy may be beneficial in all CMV
seropositive transplants, regardless of whether the recipient or
donor is positive (12–15).

In order to advance post-transplant antiviral practice in
pediatric heart transplant, we sought to better characterize
both the impact of CMV serostatus and CMV antiviral
therapy on graft survival. We present the findings of a large-
scale cohort study using the Scientific Registry of Transplant
Recipients (SRTR) to answer these two questions.

MATERIAL AND METHODS

We performed a cohort study of pediatric heart transplants using
de-identified data from the SRTR database. The SRTR data
system includes data on all donor, wait-listed candidates, and
transplant recipients in the United States, submitted by the
members of the Organ Procurement and Transplantation
Network (OPTN). The Health Resources and Services
Administration (HRSA), U.S. Department of Health and
Human Services provides oversight to the activities of the
OPTN and SRTR contractors.

Our cohort included patients younger than 21 years of age at
time of transplant who underwent solitary primary heart
transplantation in the United States between 1987 and March
30, 2015. Follow-up information was available through August
2019 with a median follow-up time of 7 years. The primary
outcome for analysis was graft loss, as defined by either death
or retransplantation.

Transplants occurring on or after March 31, 2015, were
excluded, since questions regarding CMV serology and CMV
antiviral therapy were no longer included in the SRTR data
collection from that point onward. Retransplantation and
multi-organ transplants were excluded. Any transplants with
missing CMV serology status for donor or recipient were
excluded (Figure 1). A transplant was deemed to be CMV
serostatus positive if either the donor and/or recipient had
positive CMV serologies. A patient was considered to have
received CMV antiviral therapy if the registry indicated that
the patient received either ganciclovir or valganciclovir after
transplantation. An age threshold of 21 years was chosen to
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match our own clinical practice. At our pediatric institution, we
regularly perform heart transplants on young adult patients,
many of whom are diagnosed with heart disease as children
and cared for accordingly by our pediatric transplant team.

Several covariates, including recipient and donor demographic
information and medical history were extracted from the database,
and are summarized in the following section of this manuscript.
Post-transplant dialysis was specifically included since renal failure
after transplantation may be a relative contraindication to antiviral
use. Year of transplant was also included to account for era effect.
Candidates with adult listing status were converted to an equivalent
pediatric status and all pediatric statuses were simplified to status 1
or 2. Recipients were deemed to have congenital heart disease if any
of the following fields in the database were marked: valvular heart
disease, congenital heart defect, hypoplastic left heart syndrome,
congenital heart defect with surgery, or congenital heart defect
without surgery. The field for anti-CMV immunoglobulin therapy
was sparsely populated, and recipients were assumed to not have
received this treatment unless explicitly indicated in the database.

Kaplan-Meier survival models were created to estimate overall
graft survival in the entire cohort as well as by donor-recipient
CMV serostatus combination groups (D+/R+, D+/R-, D-/R+, D-/
R-). Amongst each of these four groups, additional survival
models and pairwise log-rank tests were calculated comparing
graft survival in recipients who received antiviral therapy to those
who did not.

To better characterize the relationship between CMV
serology status, antiviral therapy, and graft survival,
recipients were then stratified into three groups: recipients of

CMV serostatus negative transplants (CMV-, defined as D-/R-
transplants), recipients of CMV serostatus positive transplants
(CMV+, defined as D+/R+, D+/R-, and D-/R+ transplants) who
did not receive antiviral therapy, and recipients of CMV+
transplants who received antiviral therapy. This stratification
allows one to separate the effect of CMV positivity and antiviral
therapy, which are often confounded. CMV- transplants were
not further separated by antiviral use since antiviral therapy was
not expected to have an effect on graft survival in these
transplants. This assumption is later confirmed by the donor-
recipient subgroup analysis and is discussed in further detail in
the Results section.

Transplant characteristics and summary statistics were
computed across these three groups. Kaplan-Meier survival
curves were then calculated comparing graft survival. A
multivariable Cox proportional hazards model was created
using the trichotomous stratification above in addition to
clinically relevant covariates, which were pared down by
backwards elimination to include only statistically significant
predictors. In order to estimate the effect of untreated CMV
seropositivity on graft loss, a hazard ratio was calculated
comparing CMV negativity to CMV positivity without
antiviral therapy. Additionally, to estimate the effect of
antiviral use on graft loss, a hazard ratio was calculated
comparing CMV positivity without antiviral therapy to CMV
positivity with antiviral therapy.

To further control for potential confounding, the
multivariable model above was also recalculated with the
addition of a propensity score estimating the probability of
antiviral use amongst CMV+ transplants. The propensity score
was computed using a logistic regression model whose
components were selected from the same pool of clinical co-
variates above and pared down via backwards elimination to
include only statistically significant predictors.

A second multivariable Cox proportional hazards model was
created to estimate the risk of graft loss occurring within the
first year after transplant. Covariates were again selected by
backwards elimination and a model was created both with
and without the antiviral use propensity score. Using the
same methodology as above, a hazard ratio was calculated by
contrasting CMV- transplants to CMV+ transplants without
antiviral therapy and by contrasting CMV+ transplants that
did not receive therapy to CMV+ transplants that did. In
order to assess for the possibility of selection bias for those
who survived the early post-operative period, this 1-year
survival model was also recalculated excluding recipients
who had a graft loss event within the first week after
transplantation.

The dataset was prepared using Python 2.7 with the PANDAS
library (version 0.24.2) (16). Summary statistics and Kaplan-
Meier survival curves were created using Python 2.7 with the
SciPy (version 1.2.0) and LifeLines (version 0.19.5) libraries
(17,18). Cox proportional hazards models and propensity
scores were computed using STATA 15. p-values less than
0.05 were considered statistically significant. The study was
approved by Seattle Children’s Institutional Review Board
(approval number STUDY00002063, protocol HRP-503B).

FIGURE 1 | Cohort Selection Criteria. Flowchart depicting the inclusion
criteria used to select the cohort of transplants from the 2019 SRTR database.
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RESULTS

A total of 8,361 patients younger than 21 years of age underwent
primary, solitary heart transplantation in the United States
between May 25, 1987 and March 30, 2015. Of these, 4,968
had complete CMV serology data available and were included in
the final analysis. The median transplant year was 2008, with

4,755 transplants (96%) occurring during or after the year 2000.
There were 1,239 D+/R+ transplants, 1,482 D+/R- transplants,
920 D-/R+ transplants, and 1,327 D-/R- transplants. Within these
groups, the proportion of CMV antiviral use was 65, 71, 58, and
33% respectively. Of all included transplants, 350 (7%) ended in
retransplant and 1,544 (31%) ended in death, for a total of 1,894
(38%) graft loss events.

FIGURE 2 | Survival by Donor-Recipient Serostatus. Kaplan-Meier survival curves modeling freedom from allograft loss (A) for the entire cohort and (B) stratified by
the four donor-recipient serostatus combinations.

FIGURE 3 | Survival by Donor-Recipient Serostatus and Antiviral Therapy. Kaplan-Meier survival estimates of freedom from allograft loss comparing recipients who
received antiviral therapy to those who did not, stratified by donor-recipient serology combination. In this subgroup analysis, antiviral therapy was associated with a
statistically significant improved survival in D+/R+ and D+/R- subgroups.
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The overall estimated 10-year cohort graft survival rate was
63%. Subsequent Kaplan-Meier survival models stratified by
donor-recipient CMV serostatus showed a 10-year graft
survival of 59% for D+/R+ transplants and 64% 10-year
survival for the other three groups (Figure 2).

For each of the four CMV serology groups, Kaplan-Meier
survival curves were calculated comparing graft survival in those
recipients who received CMV antiviral therapy to those who did
not (Figure 3). Antiviral therapy was associated with improved
freedom from graft loss in D+/R+ transplants (10-year survival
of 62 vs 52%, log-rank p-value < .001) and D+/R- transplants

(10-year survival of 66 vs 59%, log-rank p-value = 0.003). The
difference in survival was observed early after transplantation
and holds throughout the follow up period. For D-/R+
transplants, there is early separation between the curves,
however, the log-rank test is not significant. As expected,
the D-/R- survival plots showed no appreciable difference
between the two treatment groups. Importantly, these
survival curves demonstrate that amongst D+ transplants,
recipients who received antiviral therapy achieved similar
overall graft survival compared to recipients of CMV-
transplants.

TABLE 1 | Demographic and clinical characteristics stratified by CMV serostatus and antiviral use.

CMV- CMV+, No Antiviral CMV+, Antiviral All N

N = 1,327 N = 1,249 N = 2,392 N = 4,968

Transplant Outcomes
Retransplant 85 (6%) 95 (8%) 170 (7%) 350 (7%) 4,968
Death 379 (29%) 471 (38%) 694 (29%) 1,544 (31%) 4,968
Graft Loss (Retransplant or Deazh) 464 (35%) 566 (45%) 864 (36%) 1,894 (38%) 4,968
Transplant Year (median ± i.q.r.) 2009 ± 8 years 2007 ± 8 years 2008 ± 8 years 2008 ± 8 years 4,968
ABO Incompatibility 44 (3%) 33 (3%) 57 (2%) 134 (3%) 4,968
Ischemic Time (min) (mean ± s.d.) 218 ± 71 212 ± 72 217 ± 74 216 ± 73 4,787
Post-Transplant Dialysis 74 (6%) 89 (7%) 145 (6%) 308 (6%) 4,968
D:R Weight Ratio (mean ± s.d.) 1.4 ± 0.5 1.3 ± 0.5 1.3 ± 0.5 1.3 ± 0.5 4,967
D:R Height Ratio (mean ± s.d.) 1.1 ± 0.2 1.1 ± 0.4 1.1 ± 0.2 1.1 ± 0.3 4,944

Recipient Characteristics
Age 4,968
<1 year 392 (30%) 373 (30%) 556 (23%) 1,321 (27%)
1–3 years 229 (17%) 158 (13%) 256 (11%) 643 (13%)
3–6 years 143 (11%) 78 (6%) 221 (9%) 442 (9%)
6–12 years 191 (14%) 195 (16%) 383 (16%) 769 (15%)
>12 years 372 (28%) 445 (36%) 976 (41%) 1,793 (36%)

Gender (Male) 742 (56%) 677 (54%) 1,336 (56%) 2,755 (55%) 4,968
Race 4,968
White 1,005 (76%) 846 (68%) 1,742 (73%) 3,593 (72%)
Black 247 (19%) 328 (26%) 476 (20%) 1,051 (21%)
Other 75 (6%) 75 (6%) 174 (7%) 324 (7%)

CMV+ Serology Status 0 815 (65%) 1,344 (56%) 2,159 (43%) 4,968
Antiviral Therapy 432 (33%) 0 2,392 (100%) 2,824 (57%) 4,968
Anti-CMV Ig Therapy 58 (4%) 73 (6%) 479 (20%) 610 (12%) 4,968
Listing Status 4,963
Status 1 1,193 (90%) 1,130 (90%) 2,149 (90%) 4,472 (90%)
Status 2 134 (10%) 117 (9%) 240 (10%) 491 (10%)

Congenital Heart Disease 632 (48%) 525 (42%) 958 (40%) 2,115 (43%) 4,968
Cardiothoracic Surgery 385 (29%) 307 (25%) 673 (28%) 1,365 (27%) 4,968
Pre-Transplant Dialysis 21 (2%) 41 (3%) 64 (3%) 126 (3%) 4,943
ECMO 59 (4%) 102 (8%) 116 (5%) 277 (6%) 4,968

Donor Characteristics
Age 4,968
<1 years 317 (24%) 315 (25%) 424 (18%) 1,056 (21%)
1–3 years 252 (19%) 173 (14%) 347 (15%) 772 (16%)
3–6 years 148 (11%) 111 (9%) 199 (8%) 458 (9%)
6–12 years 201 (15%) 172 (14%) 317 (13%) 690 (14%)
>12 years 409 (31%) 478 (38%) 1,105 (46%) 1,992 (40%)

Gender (Male) 799 (60%) 738 (59%) 1,381 (58%) 2,918 (59%) 4,968
Race 4,965
White 1,019 (77%) 936 (75%) 1,832 (77%) 3,787 (76%)
Black 270 (20%) 277 (22%) 486 (20%) 1,033 (21%)
Other 36 (3%) 36 (3%) 73 (3%) 145 (3%)

CMV+ Serology Status 0 864 (69%) 1,857 (78%) 2,721 (55%) 4,968
Diabetes 17 (1%) 4 (0%) 17 (1%) 38 (1%) 4,955
Hypertension 21 (2%) 22 (2%) 55 (2%) 98 (2%) 4,953
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Further analysis was done comparing CMV- transplants to
CMV+ transplants without antiviral therapy and subsequently
CMV+ transplants without antiviral therapy to CMV+
transplants with antiviral therapy. This method allows one to
separate the effects of CMV serostatus positivity and antiviral
therapy in a multivariable risk regression model. These are
exposures that are otherwise strongly correlated and
confounded. When all eight donor-recipient-antiviral
combinations were included in this multivariable model, no
additional predictive value was achieved, which is further
evidence that the three-group analysis is sufficient to describe
the association between CMV serostatus, CMV antiviral therapy,
and graft loss.

Table 1 summarizes the donor, recipient, and transplant
characteristics that were used to create the adjusted
multivariable risk models. There were 1,327 CMV- transplants,
1,249 CMV+ transplants without antiviral therapy, and 2,392
CMV+ transplants with antiviral therapy.

Kaplan-Meier curves (Figure 4) comparing graft survival
across the three groups showed that amongst recipients of
CMV+ transplants, those who received antiviral therapy had
significantly improved graft survival compared to those who
did not (at 10-year 65 vs 57%, log-rank p-value < .001). The
difference in graft survival between the two groups was observed
early after transplantation. Recipients of CMV+ transplants who

received antiviral therapy achieved similar rates of long-term
graft survival as recipients of CMV- transplants.

In the unadjusted Cox proportional hazards model, when
compared to CMV- transplants, CMV positivity without
antiviral therapy had a hazard ratio of 1.34 (p-value < .001,
95% CI 1.18–1.51). In a fully-adjusted multivariable model, this
hazard ratio was 1.21 (p-value = 0.003, 95% CI 1.07–1.37).
Meanwhile, in the unadjusted model, antiviral use amongst
CMV+ transplants had a hazard ratio of .77 (p-value < .001,
95% CI 0.69–0.86) when compared to CMV+ transplants that did
not receive antiviral therapy. In the fully-adjusted model, this
hazard ratio was 0.82 (p-value < .001, 95% CI .74–.92). These
hazard ratios changed minimally with the addition of an antiviral
use propensity score to the model (Table 2).

Other significant risk factors from the multivariable model
included post-transplant dialysis, donor age, donor male gender,
recipient congenital heart disease, recipient ECMO, recipient
prior cardiothoracic surgery, and SRTR-reported recipient race
of Black. Factors associated with improved allograft survival
included later transplant year, recipient male gender, higher
donor-recipient weight ratio, and donor history of
hypertension. Anti-CMV immunoglobulin was not statistically
significantly associated with graft survival. The complete results
of the fully-adjusted multivariable model are summarized in
Supplementary Table 1.

As noted in the Kaplan-Meier survival curves, the difference in
graft survival between the three groups was observed early after
transplantation. Furthermore, across the entire observation
period, the test for deviation from proportional hazards was
highly significant (p-value < .001).

Therefore, subsequent analysis focused on the first year after
transplantation. Within that time period, the proportion of graft
loss was 11% in CMV- transplants, 15% in CMV+ transplants
without antiviral therapy, and 8.4% in CMV+ transplants with
antiviral therapy. This translates to an absolute difference in graft
loss within the first year of +4% for CMV seropositivity without
antiviral use (compared to CMV negativity) and −6.6% for
antiviral use in CMV+ transplants.

In the unadjusted Cox proportional hazards model estimating
graft loss within the first year, when compared to CMV-
transplants, CMV positivity without antiviral use had a hazard
ratio of 1.40 (p-value = .002, 95% CI 1.13–1.74). Antiviral use
amongst CMV+ transplants had a hazard ratio of 0.52 (p-value <
.001, 95% CI .43–.64). In the fully-adjusted model, these hazard
ratios were 1.32 (p-value = .014, 95% CI 1.06–1.64) and .59
(p-value < .001, 95% CI 0.48–0.73), respectively. These hazard
ratios changed minimally with the addition of an antiviral use
propensity score to the model (Table 3). In this model, factors

FIGURE 4 | Survival of CMV- Transplants Compared to CMV+
Transplants with and without Antiviral Therapy. Kaplan-Meier survival curves
modeling freedom from allograft loss amongst CMV- transplants, CMV+
transplants without antiviral therapy, and CMV+ transplants with antiviral
therapy. CMV+ transplants with antiviral therapy demonstrated similar overall
graft survival when compared to CMV- transplants.

TABLE 2 | Hazard ratios for CMV seropositivity and antiviral therapy.

Unadjusted Adjusted Adjusted model with propensity
score

HR 95% CI p-value HR 95% CI p-value HR 95% CI p-value

CMV positivity without antiviral therapy 1.34 1.18–1.51 <0.001 1.21 1.07–1.37 0.003 1.25 1.10–1.42 0.001
Antiviral therapy in CMV+ transplants 0.77 0.69–0.86 <0.001 0.82 0.74–0.92 <0.001 0.82 0.73–0.92 <0.001
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significantly associated with graft loss included post-transplant
dialysis, recipient congenital heart disease, recipient history of
cardiothoracic surgery, recipient ECMO, and SRTR-reported
recipient race of Black. Factors associated with improved graft
survival included later transplant year, recipient age, and recipient
male gender. Complete results of this fully-adjusted multivariable
model are summarized in Supplementary Table 2. Finally, when
excluding recipients who experienced graft loss within the first
week of transplant from the model, the hazard ratios remained
significant at 1.33 (p-value = .024, 95% CI 1.04–1.71) and .68
(p-value < 0.001, 95% CI 0.54–0.85), respectively.

DISCUSSION

This longitudinal cohort study of a large, national database of
pediatric heart transplants demonstrates that CMV seropositivity
(recipient or donor) is associated with decreased graft survival
time in recipients who did not receive CMV antiviral therapy
after transplant. Furthermore, it demonstrates that the use of
CMV antiviral medication with either ganciclovir or
valganciclovir in CMV seropositive transplants is associated
with a significant improvement in graft survival. This
relationship is observed early after transplant.

CMV is a herpesvirus that leads to persistent latent infection
after resolution of acute illness. History of CMV infection is
common in the general population, and in immunocompetent
hosts is usually clinically insignificant (19). However, CMV
infection can cause serious morbidity in immunocompromised
persons and is of particular importance in transplant recipients.
Acute illness can occur through first-time exposure to the virus or
reactivation of latent infection. There is also growing evidence
that in addition to acute illness, CMV also contributes to graft loss
in transplant recipients through longer-term effects such as the
development of cardiac allograft vasculopathy (2–6).

Traditionally, the risk for acute CMV infection is stratified
by donor (D) and recipient (R) serostatus combination, with D+/
R- considered to be the highest risk. Thus, these patients are more
likely to receive anti-CMV medication. Although this pattern of
risk has been observed in several studies (9,20), other studies have
casted doubt on this conventional wisdom. For example, one
transplant center observed that D+/R+ transplants actually had
the highest risk for CMV infection in their prospective cohort of
pediatric heart transplant recipients (21).

There have been only a few attempts at estimating the
relationship between CMV seropositivity and CMV antiviral
therapy on graft survival. Such studies in pediatric
transplantation have yielded conflicting results. For example, a

study of pediatric heart transplant recipients at a single institution
by Hussain et al. found that recipient CMV seropositivity was
significantly associated with the development of cardiac allograft
vasculopathy and decreased graft survival (22). In this cohort,
CMV antiviral use was too infrequent to adequately analyze. On
the other hand, analysis of an earlier version of the SRTR database
by Snydman et al. demonstrated a positive association between
CMV antiviral therapy and graft survival (13). However, this
study was unable to demonstrate a statistically significant
association between CMV serostatus and graft survival.

Meanwhile, a large study of the Pediatric Heart Transplant
Society (PHTS) database by Mahle et al. failed to show any
association between CMV serostatus and graft survival or
between CMV antiviral therapy and survival (9), and an
analysis of pediatric recipients in the Registry of the
International Society for Heart and Lung Transplantation
(ISHLT) also found no association between donor-recipient
CMV serology mismatch and 1-year mortality (23).

One explanation for such inconsistent results is that the use of
antiviral therapy is naturally associated with CMV seropositivity.
Therefore, it is possible that a potentially detrimental effect of CMV
seropositivity and a potentially favorable effect of CMV antiviral
therapy may negatively confound each other, making the true
underlying impact of these exposures difficult to detect. This is
the reason for our three-group analysis, which allows one to
statistically quantify the relationship between CMV seropositivity
(without antiviral treatment) and graft survival as well as the
relationship between antiviral therapy amongst CMV+ transplants
and graft survival. Furthermore, considering all CMV+ transplants
together, regardless of whether the recipient or the donor is positive,
also reflects the growing practice of treating all donor or recipient
seropositive transplants with CMV prophylaxis (24,25).

Our analysis reveals that CMV serostatus positivity without
antiviral therapy has a significant association with decreased graft
survival when compared to CMV seronegative transplants. The
separation in the survival curves between the groups is observed
early after transplant. An adjusted model estimating the risk of
graft loss in the first year after transplant shows that CMV
positivity without antiviral therapy has a hazard ratio of 1.32
when compared to CMV- transplants.

The hazard ratio of graft loss during that same time period for
antiviral therapy amongst CMV+ transplants was .59.
Meanwhile, the unadjusted absolute difference in graft loss
between treated and untreated CMV seropositive transplants
was −6.6% after 1 year, a substantial difference for the field of
pediatric heart transplantation.

These findings seem to indicate that CMV serostatus positivity
in either the donor or recipient is a significant risk factor for post-

TABLE 3 | Hazard ratios of graft loss within the first year after transplantation for CMV seropositivity and antiviral therapy.

Unadjusted Adjusted Adjusted model with propensity
score

HR 95% CI p-value HR 95% CI p-value HR 95% CI p-value

CMV positivity without antiviral therapy 1.40 1.13–1.74 0.002 1.32 1.06–1.64 0.014 1.39 1.10–1.74 0.005
Antiviral therapy in CMV+ transplants 0.52 0.43–0.64 <0.001 0.59 0.48–0.73 <0.001 0.61 0.49–0.75 <0.001
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transplant graft loss, with a survival difference that is observed
unexpectedly early after transplantation. These are important and
novel observations from this multicenter cohort study of pediatric
heart transplant recipients. Perhaps more importantly, this study
also demonstrates that the risk of CMV serostatus positivity
appears to be mitigated by antiviral therapy.

Additional subgroup analysis of all four donor-recipient CMV
serostatus combinations showed the largest effect of antiviral
therapy was observed in donor seropositive transplants (for both
seropositive and seronegative recipients). These findings suggest
that recipient CMV serostatus positivity may not be as protective
as previously believed. Altogether this evidence supports the
more widespread use of CMV prophylaxis beyond the
traditionally high-risk D+/R- mismatched transplants.

Although a cohort study cannot determine the mechanism
underlying the observed relationships, one theory to explain both
the magnitude and early timing of graft loss is that a
cardiovascular-tropic virus such as CMV may promote early
graft failure in the setting of procurement injury and intense
immunosuppression. For example, latent CMV infection residing
in the graft or recipient endothelium may potentiate procurement
and reperfusion injury leading to additional ischemia, graft
dysfunction, or rejection in the already pro-inflammatory post-
transplant state. Regardless, the results of this study support the
need for future investigation into the biological mechanisms of
CMV-mediated graft loss and additional studies aimed at the
optimization of post-transplantation antiviral regimens.

This registry-based cohort study has inherent limitations.
Importantly, the details of dosing, timing, and duration of post-
transplant CMV prophylaxis, which varies between centers, is not
captured by the binary fields of the SRTR registry. There is also no data
on CMV viral load to assess for viremia. Furthermore, the database
contains some fields with incomplete data and the questionnaire-based
data submission process itself can be prone to errors or
oversimplification of clinical details. Another important limitation is
that due to incomplete cause of death data in this registry, we were
unable to further investigate the relationship between CMV
serostatus, antiviral therapy, and specific causes of graft loss, such
as rejection, infection, primary graft failure, multiorgan failure, or
cardiac allograft vasculopathy, which could have provided more
information as to the etiology of CMV-associated morbidity. The
interpretation of CMV serology status also has its own limitations.
CMV serology status may be falsely positive from exposure to blood
products, which are commonly used in heart failure patients. Infant
serology status is also limited by the possibility of positivity from
passively-acquired maternal antibodies (15).

Finally, like all observational studies, there may be
unmeasured confounders that could explain the observed
associations. However, thorough analysis was done to address
potential sources of bias by considering demographic
information, era (through inclusion of transplant year), and
conventional clinical characteristics in our models.
Multivariable models were also adjusted by a propensity score
estimating the use of antiviral medication as well as the
occurrence of post-transplant dialysis, since renal failure may
delay or limit the use of antiviral medication. In order to
minimize potential selection bias (e.g., the antiviral use

variable may be inadvertently selecting those recipients who
survived long enough to receive treatment) an additional
model was calculated excluding those recipients with allograft
loss within the first week after transplant. This analysis
demonstrated that these additional factors had little effect on
the strength of the association between CMV serostatus, CMV
antiviral therapy, and risk of graft loss.

CONCLUSION

This large-scale analysis of a multi-institutional national database of
pediatric heart transplant recipients demonstrates that CMV
serostatus positivity, as defined by either donor or recipient
positivity, is associated with an increased risk of graft loss that is
largely observed early after transplantation in recipients who are not
treated with CMV antiviral therapy. Additionally, this study shows
that the use of CMV antiviral therapy amongst CMV seropositive
transplants is associated with a significant improvement in graft
survival. When treated with CMV antiviral therapy, recipients of
CMV seropositive transplants experienced similar graft survival times
as recipients of seronegative transplants. These findings suggest that
patients involved in a CMV serostatus positive transplant with either
the donor or recipient being CMV+may benefit from CMV antiviral
medication after transplantation.Of course it is important to recognize
that these findings are limited by the observational and registry-based
nature of the study and do not embody all of the complexity of the
medical management of heart transplant patients. However, this
serves as strong motivation for future studies into the mechanisms
behind CMV-mediated allograft loss and prospective studies aimed at
optimizing post-transplant antiviral regimens.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found here: https://www.srtr.org/about-the-data/the-srtr-
database.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Seattle Children’s Hospital IRB. Written
informed consent from the participants’ legal guardian/next of
kin was not required to participate in this study in accordance
with the national legislation and the institutional requirements.

AUTHOR CONTRIBUTIONS

NR, RK, and YL conceived and designed the study. NR prepared
the data. NR, RK, and YL performed the analysis and
interpretation of results. NR prepared the manuscript. All
authors contributed to the critical revision of the manuscript
for important intellectual content and provided final approval for
its submission.

Transplant International | Published by Frontiers March 2022 | Volume 35 | Article 101218

Rabbani et al. Cytomegalovirus in Pediatric Heart Transplant

https://www.srtr.org/about-the-data/the-srtr-database
https://www.srtr.org/about-the-data/the-srtr-database


CONFLICT OF INTEREST

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontierspartnerships.org/articles/10.3389/ti.2022.
10121/full#supplementary-material

REFERENCES

1. Stern M, Hirsch H, Cusini A, van Delden C, Manuel O, Meylan P, et al.
Cytomegalovirus Serology and Replication Remain Associated With Solid
Organ Graft Rejection and Graft Loss in the Era of Prophylactic Treatment.
Transplantation (2014) 98(9):1013–8. doi:10.1097/tp.0000000000000160

2. Grattan MT, Moreno-Cabral CE, Starnes VA, Oyer PE, Stinson EB, Shumway
NE. Cytomegalovirus Infection Is Associated With Cardiac Allograft Rejection
and Atherosclerosis. JAMA (1989) 261(24):3561–6. doi:10.1001/jama.1989.
03420240075030

3. Shirali GS, Ni J, Chinnock RE, Johnston JK, Rosenthal GL, Bowles NE, et al.
Association of Viral Genome With Graft Loss in Children After Cardiac
Transplantation. N Engl J Med (2001) 344(20):1498–503. doi:10.1056/
nejm200105173442002

4. Chen R, Xiong S, Yang Y, Fu W, Wang Y, Ge J. The Relationship Between
Human Cytomegalovirus Infection and Atherosclerosis Development. Mol
Cell Biochem (2003) 249(1–2):91–6. doi:10.1007/978-1-4419-9236-9_12

5. Valantine HA. The Role of Viruses in Cardiac Allograft Vasculopathy. Am
J Transpl (2004) 4(2):169–77. doi:10.1046/j.1600-6143.2003.00316.x

6. Potena L, Grigioni F, Ortolani P, Magnani G, Marrozzini C, Falchetti E, et al.
Relevance of Cytomegalovirus Infection and Coronary-Artery Remodeling in
the First Year After Heart Transplantation: a Prospective Three-Dimensional
Intravascular Ultrasound Study. Transplantation (2003) 75(6):839–43. doi:10.
1097/01.tp.0000054231.42217.a5

7. Kuhn MA, Jutzy KR, Deming DD, Cephus CE, Chinnock RE, Johnston J, et al.
The Medium-Term Findings in Coronary Arteries by Intravascular
Ultrasound in Infants and Children after Heart Transplantation. J Am Coll
Cardiol (2000) 36(1):250–4. doi:10.1016/s0735-1097(00)00701-4

8. Webber SA. Cytomegalovirus Infection and Cardiac Allograft Vasculopathy in
Children. Circulation (2007) 115(13):1701–2. doi:10.1161/circulationaha.106.
686709

9. Mahle WT, Fourshee MT, Naftel DM, Alejos JC, Caldwell RL, Uzark K, et al.
Does Cytomegalovirus Serology Impact Outcome After Pediatric Heart
Transplantation? J Heart Lung Transplant (2009) 28(12):1299–305. doi:10.
1016/j.healun.2009.07.011

10. Merigan TC, Renlund DG, Keay S, Bristow MR, Starnes V, O’Connell JB, et al.
A Controlled Trial of Ganciclovir to Prevent Cytomegalovirus Disease after
Heart Transplantation. N Engl J Med (1992) 326(18):1182–6. doi:10.1056/
nejm199204303261803

11. Valantine HA, Gao S-Z, Menon SG, Renlund DG, Hunt SA, Oyer P, et al.
Impact of Prophylactic Immediate Posttransplant Ganciclovir on
Development of Transplant Atherosclerosis. Circulation (1999) 100(1):61–6.
doi:10.1161/01.cir.100.1.61

12. Hodson EM, Jones CA, Webster AC, Strippoli GF, Barclay PG, Kable K, et al.
Antiviral Medications to Prevent Cytomegalovirus Disease and Early Death in
Recipients of Solid-Organ Transplants: A Systematic Review of Randomised
Controlled Trials. The Lancet (2005) 365(9477):2105–15. doi:10.1016/s0140-
6736(05)66553-1

13. Snydman DR, Kistler KD, Ulsh P, Morris J. Cytomegalovirus Prevention and
Long-Term Recipient and Graft Survival in Pediatric Heart Transplant

Recipients. Transplantation (2010) 90(12):1432–8. doi:10.1097/tp.
0b013e3181ffba7e

14. Kotton CN, Kumar D, Caliendo AM, Huprikar S, Chou S, Danziger-Isakov L,
et al. The Third International Consensus Guidelines on the Management of
Cytomegalovirus in Solid-Organ Transplantation. Transplantation (2018)
102(6):900–31. doi:10.1097/tp.0000000000002191

15. Razonable RR, Humar A. Cytomegalovirus in Solid Organ Transplant
Recipients-Guidelines of the American Society of Transplantation
Infectious Diseases Community of Practice. Clin Transpl (2019) 33(9):
e13512. doi:10.1111/ctr.13512

16. McKinney W. Data Structures for Statistical Computing in Python. In:
S d Walt J Millman, editors. Proceedings of the 9th Python in Science
Conference (2010). p. 56–61. doi:10.25080/majora-92bf1922-00a

17. Virtanen P, Gommers R, Oliphant TE, HaberlandM, Reddy T, Cournapeau D,
et al. SciPy 1.0: Fundamental Algorithms for Scientific Computing in Python.
Nat Methods (2020) 17(3):261–72. doi:10.1038/s41592-019-0686-2

18. Davidson-Pilon C. Lifelines: Survival Analysis in Python. Joss (2019) 4(40):
1317. doi:10.21105/joss.01317

19. Staras SAS, Dollard SC, Radford KW, Flanders WD, Pass RF, Cannon MJ.
Seroprevalence of Cytomegalovirus Infection in the United States, 1988-1994.
Clin Infect Dis (2006) 43(9):1143–51. doi:10.1086/508173

20. Das BB, Prusty BK, Niu J, Sue PK. Cytomegalovirus Infection and Allograft
Rejection Among Pediatric Heart Transplant Recipients in the Era of
Valganciclovir Prophylaxis. Pediatr Transpl (2020) 24(8):e13750–9. doi:10.
1111/petr.13750

21. Fukushima N, Gundry SR, Razzouk AJ, Bailey LL. Cytomegalovirus Infection
in Pediatric Heart Transplantation. Transpl Proc (1993) 25(1):1423–5.

22. Hussain T, Burch M, Fenton MJ, Whitmore PM, Rees P, Elliott M, et al.
Positive Pretransplantation Cytomegalovirus Serology Is a Risk Factor for
Cardiac Allograft Vasculopathy in Children. Circulation (2007) 115(13):
1798–805. doi:10.1161/circulationaha.106.627570

23. Boucek MM, Aurora P, Edwards LB, Taylor DO, Trulock EP, Christie J,
et al. Registry of the International Society for Heart and Lung
Transplantation: Tenth Official Pediatric Heart Transplantation
Report-2007. J Heart Lung Transplant (2007) 26(8):796–807. doi:10.
1016/j.healun.2007.06.006

24. Lin A,Worley S, Brubaker J, Boyle G, Nasman C, Sabella C, et al. Assessment
of Cytomegalovirus Hybrid Preventative Strategy in Pediatric Heart
Transplant Patients. J Ped Infect Dis (2012) 1(4):278–83. doi:10.1093/
jpids/pis056

25. Suresh S, Lee BE, Robinson JL, Akinwumi MS, Preiksaitis JK. A Risk-Stratified
Approach to Cytomegalovirus Prevention in Pediatric Solid Organ Transplant
Recipients. Pediatr Transplant (2016) 20(7):970–80. doi:10.1111/petr.12786

Copyright © 2022 Rabbani, Kronmal, Wagner, Kemna, Albers, Hong, Friedland-
Little, Spencer and Law. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Transplant International | Published by Frontiers March 2022 | Volume 35 | Article 101219

Rabbani et al. Cytomegalovirus in Pediatric Heart Transplant

https://www.frontierspartnerships.org/articles/10.3389/ti.2022.10121/full#supplementary-material
https://www.frontierspartnerships.org/articles/10.3389/ti.2022.10121/full#supplementary-material
https://doi.org/10.1097/tp.0000000000000160
https://doi.org/10.1001/jama.1989.03420240075030
https://doi.org/10.1001/jama.1989.03420240075030
https://doi.org/10.1056/nejm200105173442002
https://doi.org/10.1056/nejm200105173442002
https://doi.org/10.1007/978-1-4419-9236-9_12
https://doi.org/10.1046/j.1600-6143.2003.00316.x
https://doi.org/10.1097/01.tp.0000054231.42217.a5
https://doi.org/10.1097/01.tp.0000054231.42217.a5
https://doi.org/10.1016/s0735-1097(00)00701-4
https://doi.org/10.1161/circulationaha.106.686709
https://doi.org/10.1161/circulationaha.106.686709
https://doi.org/10.1016/j.healun.2009.07.011
https://doi.org/10.1016/j.healun.2009.07.011
https://doi.org/10.1056/nejm199204303261803
https://doi.org/10.1056/nejm199204303261803
https://doi.org/10.1161/01.cir.100.1.61
https://doi.org/10.1016/s0140-6736(05)66553-1
https://doi.org/10.1016/s0140-6736(05)66553-1
https://doi.org/10.1097/tp.0b013e3181ffba7e
https://doi.org/10.1097/tp.0b013e3181ffba7e
https://doi.org/10.1097/tp.0000000000002191
https://doi.org/10.1111/ctr.13512
https://doi.org/10.25080/majora-92bf1922-00a
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.21105/joss.01317
https://doi.org/10.1086/508173
https://doi.org/10.1111/petr.13750
https://doi.org/10.1111/petr.13750
https://doi.org/10.1161/circulationaha.106.627570
https://doi.org/10.1016/j.healun.2007.06.006
https://doi.org/10.1016/j.healun.2007.06.006
https://doi.org/10.1093/jpids/pis056
https://doi.org/10.1093/jpids/pis056
https://doi.org/10.1111/petr.12786
https://creativecommons.org/licenses/by/4.0/

	Association Between Cytomegalovirus Serostatus, Antiviral Therapy, and Allograft Survival in Pediatric Heart Transplantation
	Introduction
	Material and Methods
	Results
	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Conflict of Interest
	Supplementary Material
	References


