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ABSTRACT
Cardiovascular mortality is the leading cause of death in ESRD. Whereas innate and adaptive immunity
have established roles in cardiovascular disease, the role of humoral immunity is unknown.We conducted a
retrospective cohort study in first-time adult kidney transplant candidates (N=161,308) using data from
the Scientific Registry of Transplant Recipients and the Centers for Medicare and Medicaid Services to
evaluatewhether anti–human leukocyte antigen antibodies,measured as panel reactive antibodies (PRAs),
are related to mortality in ESRD. Relationships between time-varying PRAs and all-cause or cardiovascular
mortality were assessed using Cox proportional hazards models. The analysis was repeated in subcohorts
of candidates at lower risk for significant comorbidities, activated on the waiting list after 2007, or un-
sensitized at activation. Competing risks analyses were also conducted. Fully adjusted models showed
increased hazard ratios (HRs [95% confidence intervals]) for all-cause mortality (HR, 1.02 [95% CI, 0.99 to
1.06]; HR, 1.11 [95% CI,1.07 to 1.16]; and HR,1.21 [95% CI,1.15 to 1.27]) and cardiovascular mortality (HR,
1.05 [95% CI,1.00 to 1.10]; HR,1.11 [95% CI,1.05 to 1.18]; and HR,1.21 [95% CI,1.12 to 1.31]) in PRA 1%–

19%, PRA 20%–79%, and PRA 80%–100% categories compared with PRA 0%, respectively. Associations
between PRA and the study outcomes were accentuated in competing risks models and in lower-risk
patients and persisted in other subcohorts. Our findings suggest that PRA is an independent predictor
of mortality in wait-listed kidney transplant candidates. The mechanisms by which PRA confers an incre-
mental mortality risk in sensitized patients, and the role of transplantation in modifying this risk, warrant
further study.

J Am Soc Nephrol 27: 570–578, 2016. doi: 10.1681/ASN.2014090894

Cardiovascular mortality is the leading cause of
death in patients with ESRD.1,2 Traditional risk fac-
tors are highly prevalent in ESRD, yet they tend to
underestimate the hazard of mortality in this vul-
nerable patient population.3 In addition to tradi-
tional risk factors, inflammation (as evidenced by
proinflammatory cytokines), C-reactive protein,4,5

and T cell–mediated immunity6,7 have been shown
to relate to cardiovascular morbidity and mortality
in dialysis patients as well as in animalmodels. How
the immune response is triggered,7 and whether

humoral immunity8 is associated with cardiovascu-
lar disease, remains unknown.
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Kidney transplant recipients exhibit a greater risk of cardio-
vascular mortality than the general population (although to a
lesser extent than dialysis and wait-listed patients).1,9 Transplan-
tation, in addition to pregnancies and blood transfusions, is a
known cause of immune sensitization against “nonself” human
leukocyte antigens (HLAs).10 The breadth of sensitization
against HLAs is routinely monitored in wait-listed patients
with ESRD using panel reactive antibody (PRA) assays.11–13

This study assessed whether PRA is an independent pre-
dictor of all-cause and cardiovascular mortality in first-time
wait-listedkidney transplant candidateswithESRD. Sensitivity
analyseswere carriedout to determinewhether the resultswere
affected by the patients’ burden of comorbidity, degree of sen-
sitization, or PRA assay. Because sensitization is a known
barrier to transplantation and sensitized patients have sub-
stantially longer waiting times,14 we also fitted models that
accounted for transplantation as a competing event.

RESULTS

Patients
During the study period, a total of 199,484 first-time kidney
transplant candidates joined the United Network for Organ
Sharing (UNOS) kidney transplant waiting list. A cohort of
161,308patientswas identified after applying the exclusioncriteria
(Supplemental Figure 1). Table 1 presents the characteristics of the
study cohort. There was a preponderance of women in the PRA
80%–100% category (87.5%) versus the PRA 0% category
(34.2%). The proportion of African-American transplant candi-
dates was 29.8% in the unsensitized category and 37.1% in the
highly sensitized category. A greater proportion of patients fell
under PRA categories 20%–79% and PRA 80%–100% from
2007 onward. Traditional cardiovascular risk factors, including
age, diabetes, obesity, hypertension, and peripheral vascular dis-
ease, were comparable across baseline PRA categories or were
somewhat less prevalent among the highly sensitized patients.

The median follow-up period after initial wait-list activa-
tionwas2.1 years (interquartile range [IQR], 1.0, 3.6).Atotal of
28,513 all-cause deaths and 12,792 cardiovascular deaths
(44.9%) were reported during 409,202 person-years of fol-
low-up. Frequencies of PRA measurements and changes in
PRA scores are presented in Supplemental Table 1.

Figure 1 depicts the continuous relationship between PRA
and the hazard ratios (HRs) for all-cause and cardiovascular
mortality. HRs of 1.02 (95% confidence interval [95% CI],
1.02 to 1.03; P,0.001) and HR, 1.02 (95% CI, 1.01 to 1.03;
P,0.001), respectively, were observed per 10% increase in
time-varying PRAs by linear models.

Extended Kaplan–Meier failure curves stratified by PRA
category (Supplemental Figure 2) or PRA category and acti-
vation era established that the risk for both end points was
most pronounced in the highly sensitized category before im-
plementation of UNOS Policy 3.5.11. Cumulative probability
of all-cause mortality was 33.1%, 33.4%, 36.8%, and 37.5%

before 2004 versus 31.7%, 31.0%, 31.4%, and 35.6% after
2004 (Figure 2A; log-rank P,0.001). Cumulative probability
of cardiovascular mortality was 17.6%, 17.9%, 20.2%, and
20.6% before 2004 versus 15.4%, 14.6%, 14.4%, and 14.6%
after 2004 (Figure 2B; log-rank P,0.001).

Table 2 shows the results of the Cox proportional hazards
models. The fully adjusted model (model 3) showed an in-
crease in the HRs for all-cause mortality (HR, 1.02 [95% CI,
0.99 to 1.06]; HR, 1.11 [95% CI, 1.07 to 1.16]; and HR, 1.21
[95%CI, 1.15 to 1.27]; P,0.001) and cardiovascularmortality
(HR, 1.05 [95% CI, 1.00 to 1.10]; HR, 1.11 [95% CI, 1.05 to
1.18]; and HR, 1.21 [95% CI, 1.12 to 1.31]; P,0.001) in PRA
1%–19%, PRA 20%–79%, and PRA 80%–100% categories
compared with PRA 0%, respectively.

HRs for both end points increased across time-fixed PRA
categories measured at wait-list activation. The risk was
accentuated in subdistribution competing risk models, dem-
onstratingHRsof1.05 (95%CI,1.01 to1.08),HR,1.20 (95%CI,
1.15 to 1.25), and HR, 1.52 (95% CI, 1.44 to 1.62) for all-cause
mortality and HR, 1.03 (95% CI, 0.98 to 1.09), HR, 1.14 (95%
CI, 1.07 to 1.22), and HR,1.46 (95% CI, 1.34 to 1.60) for
cardiovascular mortality across PRA categories.

Subgroup Analyses
HRs for all-cause mortality as a function of time-varying PRAs
were numerically higher in men, preemptively activated patients,
and patients without diabetes. However, the association between
time-varying PRAs and cardiovascular mortality did not exhibit
significant effect measure modification across the prespecified
subgroupsexcludingactivationera (SupplementalTables 2 and3).

Sensitivity Analyses
Table 3 shows the sensitivity analyses results. Adjusted HRs for
cardiovascular (HR, 1.29 [95% CI, 0.94 to 1.77]; HR, 1.64 [95%
CI, 1.17 to 2.27]; and HR, 2.03 [95% CI, 1.36 to 3.03]) and all-
causemortality (HR, 0.97 [95%CI, 0.78 to 1.20]; HR, 1.25 [95%
CI, 1.01 to 1.56]; and HR, 1.53 [95% CI, 1.18 to 2.00]) were
accentuated across PRA categories in patients at low risk for
significant comorbidity (Supplemental Figure 3). HRs of 1.05
(95% CI, 1.02 to 1.07) and 1.09 (95% CI, 1.05 to 1.13) were
observed for all-cause and cardiovascular mortality, respectively,
in this subgroup per 10% increase in PRA. The magnitude and
trend inHRs for both study endpoints persisted in subcohorts of
kidney transplant candidates who were unsensitized at baseline
or activated on the waiting list after 2007. Landmark analyses in
the subcohort activated after 2007 with repeated PRA measure-
ments showed an increase in the relative hazard of all-cause
mortality as a function of DPRA from activation to 3 months
and 12 months after activation (Supplemental Table 4).

Analyses Using Centers for Medicare and Medicaid
Services or Scientific Registry of Transplant Recipients
Data to Ascertain Cause-Specific Mortality
A total of 12,741 deaths (44.7%) reported in the Centers for
Medicare and Medicaid Services (CMS) data and 4170 deaths
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(14.6%) reported in the Scientific Registry of Transplant
Recipients (SRTR) were attributed to cardiovascular mortality
(Supplemental Table 5). Similar to the main analysis, a trend
of increasing HRs of 1.05 (95% CI, 1.00 to 1.10), HR, 1.11
(95% CI, 1.04 to 1.18), and HR, 1.18 (95% CI, 1.10 to 1.28),
as well as HR, 1.04 (95% CI, 0.95 to 1.13), HR, 1.23 (95% CI,
1.12 to 1.36), and HR, 1.45 (95% CI, 1.28 to 1.65), was ap-
parent across ascending PRA categories when CMS and SRTR
data were used to ascertain cardiovascular mortality, respec-
tively (Supplemental Table 6).

DISCUSSION

Weconducted a retrospective cohort study to determinewhether
immune sensitization is an independent risk factor formortality
in first-time wait-listed kidney transplant candidates. Our
analysis established an increased risk for all-cause and cardio-
vascular mortality as a function of time-varying PRAs. The risk
persisted in subcohorts of patients selected to be at low risk for
significant comorbidityor activatedon thewaiting list after 2007.
Baseline PRA measurements at activation were also associated
with both study end points, and the risk was more pronounced
when transplantation was considered a competing event.

In an effort to ensure equitable access to transplantation,
highly sensitized (PRA.80%) kidney transplant candidates
have received additional points on the UNOS allocation sys-
tem to compensate for their biologic disadvantage. The 2011
SRTR Annual Data Report stated that, consequent to this al-
location scheme,2 30.5% of the highly sensitized candidates
underwent transplantation within 5 years of wait-list activa-
tion compared with 36.0% of the candidates with PRA ,1%.
Our analysis showed that immune sensitization is a risk factor
for mortality on the waiting list; although immune sensitiza-
tion is most pronounced in highly sensitized patients (5-year
cumulative probability of 31.7% versus 35.6% in unsensitized
versus highly sensitized patients, after implementation of Or-
gan Procurement and Transplantation Network [OPTN] Pol-
icy 3.5.11), it is not limited to this patient population. Our
findings support the “sliding scale of allocation points” based
on the calculated PRA, which was recently implemented by
UNOS. This system ensures a more continuous prioritization
of patients based on their degree of sensitization. Whether
earlier kidney transplantation (e.g., from living donors) favor-
ably modifies the risk of mortality conferred by PRA remains
to be determined.

Although donor-specific anti-HLA antibodies have been
associated with arteriosclerosis of renal transplant arteries,15

our study is the first, to our knowledge, to link PRA and car-
diovascular mortality. Atherosclerosis is considered a chronic
inflammatory process, involving both the innate and adaptive
arms of the immune response.16 Adaptive responses occur
when an antigen is recognized as foreign by T cell receptors
and Igs on B cell membranes. Antigen recognition drives lym-
phocyte proliferation and differentiation into effectorTa
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cells with proinflammatory properties that are meant to be
protective in nature. However, this response may lead to tissue
damage and disease.16 To date, the bulk of the evidence discusses
the interplay between regulatoryT cells and the renin-angiotensin-
aldosterone system as determinants of vascular oxidative stress
and endothelial dysfunction.6,7,17,18 The roles of B cell7 and hu-
moral autoimmunity8 or alloimmunity in the pathogenesis of
vascular disease are not as well documented.

Anti-HLA antibodies may be the cause of increased
mortality (either directly or through an intermediate process)
or there may be a common cause that leads to both increased
mortality and sensitization. This causal paradigm implies that
anti-HLA antibodies induce a proinflammatory state that
contributes to vascular injury. Interestingly, a U-shaped re-
lationship has been described between parity and cardiovas-
cular mortality, with multiparous women demonstrating a
decreased risk and grand multiparous women demonstrating
an increased risk compared with nonparous women.19–26 Al-
though it is plausible that grand multiparous women are

highly sensitized, whether PRA is an independent predictor
of cardiovascular mortality in this population is unknown.

Membership in a specific PRA category is not the result of a
random procedure. In this context, the elevated risk for
mortality by PRA category membership may be confounded
with unmeasured patient characteristics, and the elevated risk
for mortality associated with PRA may be an epiphenomenon
of aheightenedmortality risk related toprocesses suchas severe
anemia requiring blood transfusions or an elevated comor-
bidity burden. To address this possibility, we conducted
sensitivity analyses in a subcohort of patients who were not
transfused before wait-listing as well as a subcohort with lesser
dialysis exposure and a lower comorbidity burden. The effect of
PRA on mortality persisted in the former subcohort and was
accentuated in the latter. Our study has a number of strengths,
including the large sample size and comprehensive coverage of
United States kidney transplant candidates in the SRTR.

Figure 1. HR of all-cause mortality (A) and cardiovascular mor-
tality (B) on the waiting list for kidney transplantation as a function
of time-varying PRAs.

Figure 2. Extended Kaplan–Meier failure curves of all-cause
mortality (A) and cardiovascular mortality (B) among wait-listed
kidney transplant candidates by PRA category and waiting-list
activation era. KM, Kaplan–Meier.
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Moreover, the consistencyofourfindings across subcohorts and
various analytical methods increases the robustness of our
primary results. Our analysis also demonstrates a temporal and
dose-response relationship between PRA and mortality among
wait-listed kidney transplant candidates, strengthening the
validity of our inferences.

Despite these strengths, some limitations should be noted.
First, PRA was only measured in wait-listed patients. Therefore,
our findings cannot be generalized to the general population or
to nonwaitlisted patients with ESRD. Second, variability in
estimates of sensitization may be observed depending on the
assay selected to identify anti-HLA antibodies.27 To ensure that
our findings were not related to increasing utilization of more
sensitive solid-phase assays28 (versus cytotoxicity assays) over
time, we repeated the analysis in a subcohort of patients wait-
listed after 2007 who were more likely to undergo PRA testing
by solid-phase assays, and we found similar results. Third, to
address concerns regarding the absence of validation studies to
corroborate causes of death obtained from the SRTR, the
cause-specific mortality variable in the SRTR was augmented
with CMS data. Furthermore, analyses using all-cause mortal-
ity, which is obtained by the SRTR from multiple sources, as
well as a sensitivity analysis using secondary end points of car-
diovascular mortality as reported by the CMS or the SRTR also
identified a similar relationship with PRA.

In summary, our study suggests thatPRA is anovel predictor
of all-cause and cardiovascularmortality inwait-listed patients
with ESRD.Multivariable and competing risksmodels indicate
that this relationship is independent of dialysis vintage or
comorbid disease burden. Organ allocation schemesmay need
to consider this additional risk of mortality in sensitized
candidates awaiting kidney transplantation. Further research is
required to confirm our findings in prospective cohort studies
accounting for all relevant covariates (e.g., history of anemia
and hospitalizations) and to elucidate the mechanism(s) by
which PRA confers an increased risk for mortality. Whether
minimizing sensitization and/or receiving a kidney transplant

will modify the elevated risk of cardiovas-
cular mortality in sensitized wait-listed pa-
tients remains to be determined.

CONCISE METHODS

Study Population
We conducted a retrospective cohort study of all

United States adult kidney transplant candidates

(aged $18 years) placed on the waiting list for

their first kidney transplant between January 1,

2000, and October 1, 2009. Pediatric patients

(aged #8 years), multiorgan transplant recipi-

ents, and candidates missing PRA information

or with implausible dates (e.g., wait-list activa-

tion after death or transplantation) were

excluded. Wait-list activity was assessed at a can-

didate (not registrant) level.29 When candidates were registered at

multiple centers, listings were combined such that the first activation

date, first event of interest, and patient characteristics were consid-

ered for each candidate.

Data Sources
Data from the SRTR and the CMS were used for these analyses. The

SRTR includes data on all donors, wait-listed candidates, and

transplant recipients in the United States, submitted by the members

of the OPTN.30 Data from the CMS are derived from the US ESRD

Network program and contain information on baseline demograph-

ics, comorbidity, dialysis modality, and outcomes (e.g., cause of

death).31

Exposure and Outcome Measurements
The exposure of interest was PRA, measured serially from wait-list

activation to transplantation. PRA was modeled as a time-varying

continuous and categorical variable (highly sensitized, PRA 80%–

100%; moderately sensitized, PRA 20%–79%; mildly sensitized,

PRA 1%–19%; and nonsensitized, PRA 0%).2 The nonsensitized

PRA category was used as the referent for all analyses. The frequency

of PRA testing varied across transplant centers. The most recent PRA

value was related to the risk of mortality over the subsequent interval.

The main study end points were all-cause and cardiovascular

mortality. All-causemortalitydata from theOPTNwere supplemented

by the SRTR through linkage with the Social Security Death Master

File.30 Cardiovascular mortality was defined as death resulting from

an acute myocardial infarction, sudden cardiac death, death as a result

of heart failure, death due to stroke, and/or death owing to other

cardiovascular causes. Cause-specificmortalitydata fromSRTRwere sup-

plemented by patient-level linkage with data from the CMS.30 The causes

of death among wait-listed patients in the SRTR were obtained from

follow-up forms provided by the transplant centers to the OPTN. Car-

diovascular mortality, captured in the CMS-2746 Form, has been shown

to be highly specific althoughmodestly sensitive, comparedwith the cause

of death determined by an outcomes review committee.32 Patients with

relevant death dates, but with missing/unknown causes, were considered

Table 2. The relative hazard of all-cause and cardiovascular mortality by time-
varying PRA category

Cox Model PRA 0% PRA 1%–19% PRA 20%–79% PRA 80%–100%

All-cause mortality
1 Referent 1.00 (0.96 to 1.03) 1.05 (1.01 to 1.09) 1.13 (1.08 to 1.18)
2 Referent 1.03 (1.04 to 1.07) 1.13 (1.09 to 1.18) 1.26 (1.20 to 1.32)
3 Referent 1.02 (0.99 to 1.06) 1.11 (1.07 to 1.16) 1.21 (1.15 to 1.27)

Cardiovascular
mortality

1a Referent 1.01 (0.97 to 1.07) 1.00 (0.97 to 1.07) 1.09 (1.01 to 1.17)
2 Referent 1.06 (1.00 to 1.11) 1.12 (1.06 to 1.19) 1.26 (1.17 to 1.36)
3 Referent 1.05 (1.00 to 1.10) 1.11 (1.05 to 1.18) 1.21 (1.12 to 1.31)

Data are presented as HRs (95% CIs). Model 1 includes the PRA category. Model 2 includes the PRA
category, age, sex, race, bodymass index, and cause of ESRD.Model 3 includes the PRA category, age,
sex, race, body mass index, cause of ESRD, dialysis modality, time from dialysis initiation to activation,
activation era, multilisting, diabetes, peripheral vascular disease, and HCV.
aThe omnibus test for this model did not reach statistical significance (P=0.15). The P value of the
omnibus test in all other models was ,0.001.
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as noncardiovascular deaths. Consequently, the incidence of cardiovascu-

lar deaths may be underestimated.9 Cardiovascular mortality data from

the SRTR or CMS were also considered separately.

Model Covariates
Modelcovariates includedcandidateage,sex,race,causeofESRD,andbody

mass index. Comorbidity data (including diabetes, peripheral vascular

disease, and the candidate’s indication for acceptance of an organ from a

donor infected with hepatitis C virus [HCV] used as a surrogate marker

forHCV status29)were obtained from the SRTRat the time ofwait-listing.

ThemodeofRRT, time fromdialysis initiation to activation, activation era,

and multilisting for transplantation were also recorded. Dialysis modality

wasmissing in 6% of the final cohort, and amissing indicator was used in

multivariable analysis. Other variables were missing in #5% of the final

cohort, and thus a complete case analysis was conducted.

Statistical Analyses
The distributions of baseline characteristics were evaluated using

summary statistics for continuous andcategorical variables. Studyend

points were evaluated across time-varying PRA categories stratified

by activation era (before or after the implementation of OPTN Policy

3.5.11) using extended Kaplan–Meier failure curves.33 The time or-

igin for survival analyses was the time of wait-list activation. Time at

risk included time spent as status 1, time spent as status 7,29 or time

after removal from the waiting list for a reason other than transplan-

tation or death.29 Patients were censored at kidney transplantation or

on November 30, 2010, if they neither died nor received a transplant

by that time. We used univariable (model 1) and multivariable

(models 2 and 3) Cox proportional hazards models to examine the

association between PRA categories and study end points. Each mul-

tivariable model sequentially incorporated an expanded set of clini-

cally relevant covariates. Model 2 included candidates’ age, sex, race,

body mass index, and the cause of ESRD, whereas model 3 also in-

cluded candidates’ comorbidities (diabetes mellitus, peripheral vas-

cular disease, and HCV), dialysis modality at listing, time from

dialysis initiation to activation, activation era, and multilisting. Ad-

justment for clustering of outcomes by follow-up center was also

performed using a robust sandwich estimator34,35 and by fitting

Cox proportional hazards models with shared frailty by center.36

To flexibly capture the continuous relationship between time-

varying PRAs and study end points, we used restricted cubic splines37

and found better fit using the Bayesian Information Criterion when

modeling a linear relationship between exposure and outcomes. To

assess whether the effect of PRA on study end points was modified

within prespecified subgroups, we introduced interaction terms be-

tween PRA categories and the candidates’ baseline characteristics.

Cox proportional hazards models were utilized to assess the

relationship between time-fixed PRA category at wait-list activation

and the main study end points. Subdistribution hazards models

handled noncardiovascular mortality as a competing event for

cardiovascular mortality and transplantation as a competing event

for cardiovascular or all-cause mortality.38,39 Multivariable models

were fitted to evaluate the association between time-varying PRAs

and the secondary cardiovascular mortality end points reported in

the SRTR or CMS. Statistical analyses were performed using Stata/IC

12.0 software. A two-tailed P value of ,0.05 was considered statisti-

cally significant. The research ethics boards at the University of

Toronto and the University Health Network approved the study. The

study was reported in accordance with the Strengthening the Report-

ing of Observational Studies in Epidemiology statement.40

Sensitivity Analyses
To determine the robustness of our main results to various design and

analytical assumptions, we conducted sensitivity analyses. These analyses

evaluated the relationship between PRA categories and the study end

points in subcohorts of kidney transplant candidates who (1) had a lower

risk of comorbid disease burden (defined as patients aged ,40 years

without a history of coronary artery disease, diabetes, or peripheral vas-

cular disease having spent,12months on dialysis), (2) were unsensitized

(i.e., peak PRA 0%) at activation, (3) were not transfused before wait-

listing, and (4) were activated after 2007 (during which time PRA was

likely measured by the most up-to-date solid-phase assays). Landmark

analyses41 evaluating the effect of DPRA (difference between PRA at 3, 6,

or 12 months versus PRA at activation) on study end points were also

conducted in the subcohort activated after 2007.
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