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Background.Neurological complications are common after lung transplantation. However, no large cohort studies have exam-
ined the incidence, predictors, and clinical significance of neurological events sustained by lung transplant recipients.Methods.

We conducted a retrospective cohort analysis of a consecutive series of lung transplant recipients, transplanted at Duke University
Medical Center between May 2014 and February 2017 (n = 276). Early neurological complications (ie, occurring during the first
week after transplant) were documented by transplant mental health specialists and included delirium, ischemic injury, and poste-
rior reversible encephalopathy syndrome. Analyses accounted for age, native disease, sex, type of transplant, lung allocation
score, and primary graft dysfunction. The objectives of the study were to characterize the prevalence and predictors of early neu-
rological sequelae (NSE), occurring during the first week posttransplant, and the association betweenNSE and subsequent clinical
outcomes, including length of stay andmortality.Results.Neurological sequelae were common, occurring in 123 (45%) patients.
Fifty-seven patients died over a follow-up interval of 2.1 years. Themost commonNSEwere postoperative delirium (n = 110 [40%])
and posterior reversible encephalopathy syndrome (n = 12 [4%]), followed by stroke/transient ischemic attack and neurotoxicity.
Higher lung allocation score was the strongest predictor of delirium. The presence of a NSE was associated with longer
length of hospital stay (32 days vs 17 days, P < 0.001) and greater mortality (hazard ratio, 1.90; 95% confidence interval,
1.09-3.32], P = 0.024), with the greatest mortality risk occurring approximately 2 years after transplantation.Conclusions.

Neurological events are relatively common after lung transplantation and associated with adverse clinical outcomes.

(Transplantation Direct 2018;4:e353; doi: 10.1097/TXD.0000000000000766. Published online 19 March, 2018.)
Lung transplantation remains an important treatment op-
tion for many individuals with advanced pulmonary dis-

ease, now a leading cause of death in the United States.1,2

Among solid organ transplant recipients, lung patients
have experienced the most dramatic increase in recipient
age over the past decade3 and are now tend to be older
(ie, median age of approximately 60 years at transplant)
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and are on higher amounts of oxygen support at the time
of transplant due to the implementation of the lung alloca-
tion system (LAS).4,5 Despite the steady growth of lung trans-
plantation and the increasing age of lung transplant recipients,
relatively few studies have examined neurological sequelae af-
ter transplantation,6,7 and available studies have been limited
by small sample sizes, select patient groups, and a small range
of neurological events examined.8 In addition, neuroimaging
correlates of neurological sequelae have yet to be characterized
among lung transplant recipients.

Understanding the incidence and clinical consequences of
postoperative neurological sequelae has important implications
for lung transplant recipients. First, intact neurocognition is
critical for long-term management of a complex medical
regimen.9-11 Second, neurocognitive functioning appears to
worsen in the presence of delirium and other untoward neu-
rological events12,13 and has been shown to be predictive of
long-term survival.14 Third, it is possible that the risk of some
neurological sequelae, and biobehavioral consequences after
transplantation, can be mitigated by greater understanding
of the occurrence and etiology of these events.15,16We therefore
sought to examine the incidence, predictors, and clinical im-
plications of early postoperative neurological events in a recent
cohort of lung transplant recipients.
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MATERIALS AND METHODS

The present study is a retrospective examination of a con-
secutive series of lung transplant recipients from Duke Uni-
versity Medical Center, transplanted between May 2014
and February 2017. The protocol was approved by the Duke
Institutional Review Board (Pro00080875). Consistent with
lung transplant guidelines at Duke, no patients were taking
benzodiazepines or narcotics before transplantation. During
their hospitalization, patients were managed postoperatively
for pain with Propofol infusions until ready for extubation,
at which point all sedatives were discontinued and thoracic
epidural analgesia was provided.

Neurological Events

Comprehensive chart reviews were accomplished by 5
transplant psychologists (P.J.S., B.M.H., G.L.S., K.K.I., C.S.)
and a transplant psychiatrist (B.W.) for neurological sequelae
(NSE) occurring within the first postoperative week. Criteria
for delirium were based on previously described approaches
for retrospective chart review in which key neurobehavioral
terms and/or the presence of mental status or behavioral
changes are identified by a trained clinical abstractor.17 This
chart-based review methodology has been shown to have
good concordance with the Confusion Assessment Method.17

Deliriumwas not adjudicated until after sedationwasweaned.
Criteria for possible posterior reversible encephalopathy syn-
drome (PRES) were modeled after previously published data
from theCYPRESS group.18 Posterior reversible encephalopa-
thy syndromewas therefore defined as a combination of acute
neurological changes (eg, consciousness impairment, seizures,
visual abnormalities, focal neurological signs, etc) associated
with neuroimaging findings consistent with PRES, such as
vasogenic edema on magnetic resonance imaging. Acute hy-
pertensive es were also documented, although not necessarily
required for PRES diagnosis if neurobehavioral changes and
magnetic resonance imaging evidence of PRES were ob-
served. Neurotoxicity was also documented and included se-
rotonin syndrome or tacrolimus toxicity for the purposes of
our analyses.

Neuroimaging Data

A subset of patients underwent neuroimaging assessments
posttransplant as part of their clinical evaluation to rule out
stroke/transient ischemic attack (TIA), PRES, or other neurolog-
ical etiologies of altered mental status. Although these patients
were selected based on their clinical features (ie, patientswith al-
teredmental statusweremore likely to have hadneuroimaging),
these data can provide important information on the prevalence
of occult neurological risk factors (eg, whitematter burden, cor-
tical atrophy, etc) that would otherwise not be examined in the
context of routine, pretransplant assessments. Consistent with
prior literature among patients undergoing cardiothoracic inter-
ventions, these data were used in secondary analyses to provide
data on possible risk factors for NSE.

Demographic and Medical Predictors

Demographic and medical data were obtained from elec-
tronic medical records and verified with United Network
for Organ Sharing data. Background characteristics included
patient age at the time of transplant, sex, use of psychotropic
medications (including antidepressants and anxiolytics), and
native disease. To reduce the number of predictor variables in
our analyses, we grouped native diseases a priori into 4
groups: pulmonary fibrosis (IPF), cystic fibrosis (CF), chronic
obstructive pulmonary disease (COPD)/emphysema, and
other (eg, sarcoidosis, primary pulmonary hypertension, etc).
Medical predictors included LAS at the time of transplantation
and primary graft dysfunction (PGD) at 72 hours. For PGD,
we used a 3-level grading operationalization based on arterial
blood gas levels (0/1, 2, or 3).19 We also examined the use of
intraoperative mechanical support, including extracorporeal
membrane oxygenation (ECMO) and cardiopulmonary by-
pass (CPB).

Length of Hospital Stay and Survival

Mortality data were obtained from electronic medical re-
cords, with patients censored based on the timing of their last
laboratory testing or contact with a health provider. To ac-
count for deaths occurring during transplant hospitalization,
length of stay (LOS) for individuals who died in the hospital
was imputed using the longest sample LOS, consistent with
prior studies.20

Data Analysis

All analyses were conducted using SAS 9.4 (Cary, NC) and
R 3.4.1 (https://cran.r-project.org/). Examination of predic-
tors of postoperative delirium was conducted using logistic
regression, with postoperative delirium serving as the binary
criterion variable.Within our delirium risk analyses, individuals
who developed other forms of NSE were eliminated to reduce
the potential for confounding of related neurological outcomes,
leaving a total of 252 individuals. For all other analyses of NSE
and clinical outcomes, the full sample of 276 participants was
utilized. Following predictive modeling recommendations, we
examined univariate predictors of delirium using a liberal
threshold for inclusion (P < 0.20) with only predictors demon-
strating at least a modest association with delirium retained in
our final model (P < 0.50).21,22 To examine the association be-
tween NSE and LOS, we examined both generalized regression
models using a negative binomial distribution to account for
overdispersion, as well as a linear regression in which LOS days
were log-transformed to reduce the impact of longer LOS and
in-hospitalmortality. Results frombothmethodswere identical.
Cox proportional hazards models were used to examine the as-
sociation between NSE and mortality.
RESULTS

Background and medical characteristics are presented in
Table 1. As shown, 276 participants were included in the
present analyses. Participants tended to have IPF, were middle-
aged, and male. Neurological sequelae were common, occurring
in 119 recipients. The most common NSE was postopera-
tive delirium (n = 110 [40%]), followed by PRES (n = 12
[4%]), stroke/TIA (n = 11 [4%]), and neurotoxicity (n = 2
[1%]). Several patients who experienced a mild stroke/TIA
subsequently developed either delirium (n = 7) or PRES
(n = 4) and were therefore included in both diagnostic
groups. Neuroimaging data were collected for clinical evalu-
ation after transplantation on a subset of 109 of patients,
among whom 84 (77%) experienced an NSE, including 71
(65%) delirious patients, 13 (12%) ischemic injury, and 12
(11%) with PRES. Results revealed that more than half of
patients demonstrated evidence of microvascular/ischemic
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TABLE 3.

Full model predicting hospital LOS after transplantation

Predictor (IQR) OR (95% CI) P

PGD 0.14 (−0.01 to 0.29) 0.060
Mechanical support (ECMO/CPB) 0.55 (0.29-0.81) <0.001
NSE 0.64 (0.48-0.80) <0.001

TABLE 1.

Background and demographic characteristics of sample
(n = 276)

Variables

Native disease
IPF, n (%) 110 (40%)
CF, n (%) 59 (21%)
Chronic obstructive pulmonary disease, n (%) 47 (17%)
Other, n (%) 60 (22%)

Age, y 54.5 (15.7)
Sex: male, n (%) 163 (59%)
Race, white, n (%) 241 (87%)
LAS 45.4 (14.9)
PGD, grade
0/1, n (%) 202 (73%)
2, n (%) 63 (23%)
3, n (%) 11 (4%)

Mechanical Support (ECMO/CPB), n (%) 27 (10%)
Psychotropic medication use, n (%) 124 (45%)
Evidence of microvascular disease, n (%)a 70 (64%)
Evidence of cortical atrophy, n (%)a 10 (9%)
a Neuroimaging data were available for 109 participants.
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disease (n = 70 [64%]) with fewer patients (n = 10 [9%])
showing evidence of cortical atrophy.
Delirium Risk Factors

Due to the relatively small number of individuals with
otherNSE outcomes (eg, PRES, stroke/TIA, and neurotoxicity),
as well as potential differences in potential etiologies of different
NSEs, our analyses of NSE predictors were restricted to delir-
ium. Greater pretransplant LAS score (odds ratio [OR], 1.48;
95% confidence interval [CI], 1.15-1.89; P = 0.002), CF native
disease (OR, 0.47; 95% CI, 0.19-1.14; P = 0.009 compared
with COPD), “other” native disease (OR, 1.74; 95% CI,
0.78-3.84; P = 0.015 compared with COPD), mechanical sup-
port (ECMO/CPB: OR, 3.80; 95% CI, 1.49-9.68; P = 0.005),
and use of psychotropic medications (OR, 1.61; 95% CI,
0.97-2.68; P = 0.068) were all predictive of postoperative delir-
ium on univariate analysis. Examination of delirium rates
across native diseases revealed that 22% of CF, 36% of IPF,
38% of COPD, and 52% of ‘other’ native diseases developed
delirium postoperatively. In a final model including all predic-
tors, greater LAS score (P = 0.028) and native disease remained
the strongest predictors of delirium (Table 2).
TABLE 2.

Full model predicting risk of delirium

Predictor (IQR) OR (95% CI) P

Native disease
CF vs COPD 0.27 (0.10-0.72) 0.003
PF vs COPD 0.76 (0.36-1.64) 0.611
Other vs COPD 1.05 (0.45-2.47) 0.088

LAS (13) 1.39 (1.04-1.85) 0.028
PGD 1.36 (0.82-2.26) 0.231
Mechanical support (ECMO/CPB) 2.41 (0.82-7.07) 0.109
Psychotropic medication use 1.67 (0.97-2.88) 0.065
Neurological Events and Clinical Outcomes

To examine the association between NSE and clinical out-
comes, we examined the association between NSE and trans-
plant LOS, as well as posttransplant mortality. Median LOS
was 19 days (interquartile range [IQR], 21; range 6-304
days). Patients who experienced an NSE has substantially
longer hospitalization compared to those patients without a
posttransplant NSE (b = 0.70 [0.55, 0.86], P < 0.001). Other
factors predicting longer LOS in univariate analyses included
greater PGD severity at 72 hours (b = 0.18 [0.02, 0.34],
P = 0.031), mechanical support (ECMO/CPB: b = 0.68
[0.39, 0.96], P < 0.001), and higher LAS score (b = 0.13
[0.05, 0.20], P = 0.001). In our multivariate model
(Table 3), greater PGD severity at 72 hours (P = 0.048) and
mechanical support during transplantation (ECMO/CPB)
(P < 0.001) were also associated with longer LOS, in addition
to NSE (P < 0.001). Estimated LOS among individuals with
NSE was 32.3 days (28.8-36.3) compared with 17.2 days
(15.5-19.1) among those without NSE, corresponding to
more than a 2-week longer hospitalization after accounting
for background and medical predictors. In sensitivity analyses,
participants who died during their transplant hospitalization
were eliminated, results were unchanged with greater NSE
continuing to predict longer LOS (P < 0.001).

Over a median follow-up of 2.1 years (range, 1 day to
3.2 years), 57 patients (21%) died. The causes of death were
respiratory failure (n = 18 [32%]), chronic rejection (n = 11
[19%]), infection (n = 8 [14%]), multiorgan failure (n = 8
[14%]), cardiovascular (n = 7 [12%]), and malignancy
(n = 5 [9%]). Examination of univariate predictors of
posttransplant mortality revealed that greater age (hazard ra-
tio [HR], 1.96; 95%CI, 1.24-3.08; P = 0.004), IPF native dis-
ease (HR, 2.35; 95% CI, 0.91-6.05; P = 0.078), use of
psychotropic medications (HR, 0.60; 95% CI, 0.35-1.04;
P = 0.067), and NSE (HR, 1.79; 95% CI, 1.06-3.01;
P = 0.030) all demonstrated associations with greater
posttransplant mortality. In a multivariate model, greater
age (P = 0.002) and the presence of NSE (P = 0.024) were
TABLE 4.

Full model predicting posttransplant mortality

Predictor (IQR) HR (95% CI) P

Native disease
CF vs COPD 3.75 (1.08-12.98) 0.037
PF vs COPD 1.98 (0.75-5.21) 0.166
Other vs COPD 2.03 (0.69-6.00) 0.198

Age, 22 y 2.61 (1.41-4.82) 0.002
Mechanical support (ECMO/CPB) 1.91 (0.84-4.31) 0.121
PGD 0.70 (0.39-1.23) 0.211
Psychotropic medication use 0.57 (0.32-1.01) 0.054
NSE 1.90 (1.09-3.32) 0.024



FIGURE 1. NSE and mortality during follow-up, adjusted for native
disease and LAS score.
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the strongest predictors of posttransplant mortality (Table 4,
Figure 1). In sensitivity analyses in which in-hospital deaths
were removed, mortality findings were unchanged, with NSE
continuing to predict poorer survival (HR, 2.04; 95% CI,
1.17-3.55; P = 0.012). In addition, we found that the
association between NSE and mortality varied significantly
across time (P = 0.001 for proportional hazards test), with the
strongest associations between NSE and mortality occurring
approximately 2 years after transplantation (Figure 2).
DISCUSSION

These findings suggest that perioperative neurological
events, particularly posttransplant delirium, are relatively com-
mon after lung transplantation affecting nearly half of patients
undergoing lung transplantation, and are predictive of subse-
quent clinical outcomes.6-8 These findings extend previous
FIGURE 2. Time-dependent association betweenmortality and NSE am
shown, the association between NSE and mortality varied over time (P <
association approximately 2.5 years after transplant.
evidence suggesting that a substantial subset of patients ex-
perience significant neurological complications after trans-
plant,6 although the predictors of neurological events and
clinical implications have not been thoroughly examined.7,8

Previous studies have reported that the overall presence of
neurological events among lung transplant recipients is high,
occurring in as many as 80% of some cohort studies,7 and
that significant neurological complications (eg, stroke) were
associated with greater mortality.6,7,14 although most previ-
ous studies had examined severe neurological changes, recent
studies from our group12 and others8 have suggested that
between 36% and 44% of patients exhibit postoperative
delirium, which is associated with worse short-term clinical
outcomes. Although delirium has frequently been associated
with mortality in geriatric and other critical care samples,23

our is the first to demonstrate an association between delirium
and subsequent mortality. Of note, although previous studies
have generally suggested that delirium is associatedwithworse
6-month24 and 12-month mortality,25 our findings suggest
that the association between NSE (which was primarily delir-
ium) and posttransplant mortality increased over time, rising
to its greatest magnitude approximately 2 years postopera-
tively. Although the reasons behind the timing of this associ-
ation are unclear, it is possible that impaired cognition,
which is one of the primary long-term effects of severe de-
lirium, leading to nonadherence with medical regimen or
to more debilitated state, could explain this association.26

Neurological sequelae and impaired cognition are increas-
ingly recognized as an important consideration among lung
transplant recipients,27 in large part because of the increasing
age of all solid organ transplant recipients.28-30 Although
originally envisioned as a treatment for younger patients,
the average age of transplant recipients has steadily increased
as the number of patients with IPF has risen, increasing from
an average age of approximately 45 years in the 1980s to
nearly 60 years at present.31 Indeed, patients 65 years or older
ong participants with (red) and without (blue) NSE after transplant. As
0.01 for interaction), with mortality risk demonstrating the strongest
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constitute approximately one third of all recipients,32-34 who
experience comparatively lower quality of life improvement
relative to younger recipients.32

Although the mechanisms bywhich lung transplant affects
NSE are unknown, it is likely that a combination of individual
patient risk factors and perioperative events together contribute
to risk. In the present study, we found a tendency for PGD to
be associated with greater delirium risk, similar to our prior
study.19 In addition, individual risk factors are the strongest
predictor of postoperative NSE,35 with greater age, poorer
cognition, and medical acuity all increasing risk.12 This is
consistent with the finding that greater LAS predicted risk
of delirium in the present study. In addition to diagnosed
NSE, manymore patients will likely experience undiagnosed,
subclinical neurological changes after surgery,36 suggesting
that neuroimaging assessments could provide critical insights
into how the brain is affected after lung transplantation.36

Indeed, available evidence suggests that greater microvascular
disease and systemic dysregulation of multiple brain networks
are the key contributors to postoperative neurobehavioral
impairments among pulmonary patients, but may only be
detected using sensitive neuroimaging approaches.37

The present study must be viewed with several limitations
in mind. First, we documented NSE largely based on retro-
spective chart review. Future studies should therefore system-
atically collect data on NSE to determine the association
between early postoperative NSE and clinical outcomes.
However, the rates of adverse NSE reported here are nearly
identical to those previously reported in similar cohorts, sug-
gesting our assessments were reasonably sensitive to captur-
ing NSE occurrences.8,12 Second, we only had a limited
number of outcome assessments, primarily LOS and mortal-
ity. Future studies should examine the impact of NSE on rel-
evant behavioral risk factors, such as adherence, as well as
chronic lung allograft dysfunction. Finally, we do not have
any mechanistic data to understand the etiology of NSE, or
the causal association between NSE, LOS, and mortality. Fu-
ture studies would therefore benefit from more comprehen-
sive assessment of mechanistic data to further elucidate the
association between NSE and clinical outcomes.19 For exam-
ple, we have previous demonstrated that poorer cerebral per-
fusion pressure is predictive of delirium in lung transplant
recipients19 and that alterations in default mode network
brain circuitry are closely associated with postoperative cog-
nitive decline after cardiac surgery.38 In addition, cognitive
impairment has been shown to predict noncompliance with
medication adherence across multiple medical popula-
tions,10,39 and both cognitive impairment14 and medication
nonadherence40 have been shown to predict mortality in lung
transplant recipients.

In conclusion, we found that NSEs are common and associ-
ated with adverse clinical outcomes. If replicated, these findings
suggest that future interventions to either prevent ormitigate the
impact of NSEsmay be a strategy to improve patient outcomes.
In addition, future studies should examine the impact of NSEs
on patient quality of life, which would likely be adversely im-
pacted and is one of the primary goals of treatment.
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