
Survival After Bilateral Versus Single-Lung Transplantation for
Idiopathic Pulmonary Fibrosis
Gabriel Thabut, MD, PhD; Jason D. Christie, MD, MS; Philippe Ravaud, MD, PhD; Yves Castier, MD, PhD; Gaëlle Dauriat, MD;
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Background: Patients with end-stage idiopathic pulmonary fi-
brosis (IPF) are increasingly having bilateral rather than single-
lung transplantation.

Objective: To compare survival after single and bilateral lung trans-
plantation in patients with IPF.

Design: Analysis of data from the United Network of Organ Shar-
ing registry.

Setting: Transplantation centers in the United States.

Patients: 3327 patients with IPF who had single (2146 patients
[64.5%]) or bilateral (1181 patients [35.5%]) lung transplantation
between 1987 and 2009.

Measurements: Survival times and causes of death after lung
transplantation. Selection bias was accounted for by multivariate
risk adjustment, propensity score risk adjustment, and propensity-
based matching.

Results: Median survival time was longer after bilateral lung trans-
plantation than single-lung transplantation (5.2 years [CI, 4.3 to 6.7
years] vs. 3.8 years [CI, 3.6 to 4.1 years]; P � 0.001). However,
survival times for the 2 procedures did not differ after adjustment
for baseline differences, with adjusted hazard ratios (HRs) for mor-

tality with bilateral transplantation ranging from 0.89 (95% CI,
0.79 to 1.02) to 0.96 (CI, 0.77 to 1.20) in different analyses.
Bilateral lung transplantation seemed to result in harm within the
first year (HR, 1.18 [CI, 0.98 to 1.42]) but survival benefit there-
after (HR, 0.72 [CI, 0.59 to 0.87]). Primary graft failure was a more
common cause of death among patients who had bilateral rather
than single-lung transplantation (3.7% vs. 1.9%; P � 0.002). Can-
cer was a more common cause of death among patients who had
single rather than bilateral lung transplantation (unadjusted HR for
death among single vs. bilateral transplant recipients, 3.60 [CI, 2.16
to 6.05]; P �0.001).

Limitation: Causes of death were ascertained without an adjudi-
cation committee and must be interpreted cautiously.

Conclusion: Survival did not differ between patients who had single
and bilateral lung transplantation. Single-lung transplantation confers
short-term survival benefit but long-term harm, whereas bilateral trans-
plantation confers short-term harm but long-term survival benefit.
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Idiopathic pulmonary fibrosis (IPF) often progresses to end-
stage lung disease and is the second most common reason

for lung transplantation (1, 2), accounting for more than 25%
of lung transplantation procedures (2). The procedure can
involve single or bilateral lung transplantation (1–3). Single-
lung transplantation was considered the procedure of choice
after the first report of successful transplantation for patients
with IPF by the Toronto Group (4, 5). However, patients
with IPF are having bilateral lung transplantation with greater
frequency, and the procedure now accounts for almost 50%
of all lung transplantations in patients with IPF (2). The rea-
son for this progressive shift toward bilateral transplantation is
unclear. Because no randomized, controlled studies have ad-
dressed this issue, current evidence comes from observational
studies and yields conflicting results (6–9).

Using data from the United Network for Organ Shar-
ing (UNOS), we aimed to compare survival rates after sin-
gle and bilateral lung transplantation for patients with IPF
by using multivariate model risk adjustment, propensity
score risk adjustment, and propensity-based matching
techniques to account for confounding factors.

METHODS

Patients
The UNOS supplied all data as a standard analysis and

research file, based on Organ Procurement and Transplan-

tation Network data as of February 2009, and included
coded transplant-center identifiers. The registry contains
data on all patients who had lung transplantation in the
United States since the registry’s inception in 1987. Before
May 2005, recipients were allocated organs on the basis of
wait-list times. Since May 2005, priority on the waiting list
has been determined by the Lung Allocation Score, which
ranks patients according to the difference between survival
benefit and survival on the waiting list (10). All adult pa-
tients were eligible for the study if they had cadaveric single
or bilateral lung transplantation for IPF (code 1604 of the
UNOS data set) and the date of transplantation, date of
last follow-up, and vital status at last follow-up were
known.
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We collected data on donor, surgery, and recipient
characteristics at the time of transplantation from the
UNOS registry. We excluded variables for which data were
sparse or those that described clinically uncommon or rare
characteristics, and we calculated several variables from
those that were available (such as donor and recipient body
mass indexes and mismatches of sex and blood type). The
Appendix Table (available at www.annals.org) lists the
variables we included in the analyses.

Outcomes
The primary outcome was recipient survival. We as-

sessed cause of death of the lung recipient as a secondary
end point.

Statistical Analysis
We adjusted for confounding factors by using multi-

variate model risk adjustment, propensity-score risk adjust-
ment, and matching on the propensity score.

Multivariate model risk adjustment is a conventional
modeling approach that incorporates all known confound-
ers, including interactions, into a regression model. Con-
trolling for these confounders produces a risk-adjusted
treatment effect and removes overt bias due to these fac-
tors. We used Cox proportional hazards regression models
to compare mortality rates between the single and bilateral
lung transplantation groups, adjusted for covariates. We
used purposeful selection of covariates, as described by
Hosmer and Lemeshow (11), to select the multivariate
model. The first step was the inclusion of all variables sig-
nificant at the 20% level in the bivariate analysis, as well as
all variables known to be clinically relevant (12). The sec-
ond step was to remove, one by one, variables that did not

significantly contribute to the multivariate model on the
basis of the Wald test P value and the change in the coef-
ficient of the remaining variables. We assessed the scale of
the continuous covariates by using residual analysis (13).
We only considered first-order interactions with surgical
procedure. We took transplant center effects into account
by including centers in the multivariate analyses as a ran-
dom effect with a Gaussian distribution. Residual plots
supported a linear relation between all continuous covari-
ates and the log hazard for death. No significant interac-
tion was retained in the final model; interactions between
age at transplantation and procedure and between systolic
pulmonary artery pressure and procedure were not signifi-
cant. The final model included recipient variables (age,
body mass index, functional status, and mean pulmonary
artery pressure), donor variables (body mass index and
cytomegalovirus status), and procedure-related variables
(transplantation year, surgical procedure, lung transplanta-
tion center, and lung transplantation center volume).

In our analyses of cause of death, we used the cumu-
lative incidence estimator and the proportional subdistri-
bution hazard model described by Fine and Gray (14) to
account for competing causes.

Propensity scores estimate the probability that a pa-
tient with specific pretreatment characteristics will receive a
treatment, in this case bilateral rather than single-lung
transplantation (15, 16). Within propensity score strata,
covariates in both groups tend to be similarly distributed.
We computed propensity scores by using logistic regres-
sion, in which surgical procedure was the dependent vari-
able and the variables listed in the Appendix Table (avail-
able at www.annals.org) were independent variables. We
judged the success of the propensity score modeling by
assessing balance on baseline characteristics within deciles
of propensity score or after matching propensity scores for
patients in the single and bilateral lung transplantation
groups, and found balanced distribution of variables within
deciles.

We used Cox proportional hazards regression to esti-
mate the effect of bilateral lung transplantation on survival,
adjusting for the propensity score (on the linear predictor
scale) and surgical procedure. In another analysis, we took
only data with propensity score overlap into account and
adjusted the estimates on the deciles of the propensity
score. We used a 1:1 matching algorithm without replace-
ment to match patients, with calipers defined to have a
maximum width of 0.25 SD of the logit of the estimated
propensity score. We used marginal Cox models, account-
ing for correlation within matched pairs, to compare the
single and bilateral lung transplantation groups in terms of
adjusted survival (17).

We used several statistical methods to assess whether
the effect of surgical procedure was constant over time
(proportional hazards assumption), including residual plots
(as described by Grambsch and Therneau [18]) and fitting
of additive regression models (as described by Aalen [19]).

Context

Patients with end-stage lung disease caused by idiopathic
pulmonary fibrosis often have bilateral lung transplanta-
tion, but the benefits of this procedure over single-lung
transplantation are unclear.

Contribution

In this comparison of outcomes for patients who received
1 or 2 lungs, overall survival did not differ but causes of
death did. Bilateral transplantation seemed to increase
mortality in the first year and decrease mortality there-
after.

Caution

Unmeasured variables associated with transplantation
might have contributed to the study’s findings.

Implication

Single and bilateral lung transplantation carry different
short- and long-term benefits and harms for patients with
idiopathic pulmonary fibrosis.

—The Editors
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For variables involved in the multivariate model risk
adjustment and propensity score analysis, we imputed
missing data by using the multiple imputations by chained
equation method (20), which resulted in 20 imputed data
sets. We independently analyzed each of the 20 data sets.
We averaged estimates of the variables to give a single
mean estimate and adjusted SEs according to the Rubin
rules (20–22). The Appendix (available at www.annals
.org) lists the steps of the imputation procedure.

All analyses were performed by using R, version 2.5 (R
Foundation for Statistical Computing, Vienna, Austria),
and Stata, version 10.2 (StataCorp, College Station,
Texas), for Windows XP. Propensity-score matching was
done by using the “Matching” package for R.

Role of the Funding Source
This study received no funding. The authors had full

access to all data in the study and had final responsibility
for the decision to submit for publication.

RESULTS

The UNOS database included data for 33 252 pa-
tients registered on a waiting list for lung transplantation in
the United States during the study period; 18 333 (55.1%)
had lung transplantation. Of these, 3411 (18.6%) had re-
ceived a diagnosis of IPF at the time of transplantation. We
excluded 11 patients who received grafts from non–heart-
beating donors, 25 patients who were younger than 18
years at the time of transplantation, and 48 patients whose
survival time was unknown. The final analysis included the
remaining 3327 patients who had lung transplantation in
88 U.S. centers (median, 120 lung transplantations per
center [25th to 75th percentile, 22 to 323 transplantations
per center]).

The number of patients who had lung transplantation
for IPF increased over time, from 59 in 1992 to 409 in
2008; 2146 (64.5%) had single-lung transplantation and
1181 (35.5%) had bilateral lung transplantation. The pro-
portion of patients who had bilateral lung transplantation

Table 1. Main Baseline Patient Characteristics, by Type of Lung Transplantation

Characteristic Nonmissing Data,
n (%)

Single-Lung
Transplantation
(n � 2146)

Bilateral Lung
Transplantation
(n � 1181)

Standardized
Difference, %*

Recipient
Mean age (SD), y 3327 (100) 57.1 (9.0) 54.0 (10.0) 32.1
Age distribution, n (%) 3327 (100)

�50 y 424 (19.8) 362 (30.7) 25.3
51–55 y 324 (15.1) 188 (15.9) 2.3
56–60 y 552 (25.7) 279 (23.6) 4.9
�60 y 846 (39.4) 352 (29.8) 20.3

Women, n (%) 3327 (100) 705 (32.9) 358 (30.3) 5.5
Functional status, n (%)† 2852 (85.7)

Class I 464 (26.0) 213 (19.9) 14.6
Class II 928 (52.1) 483 (45.1) 13.9
Class III 390 (21.9) 374 (35.0) 29.3

Diabetes, n (%) 3044 (91.5) 279 (14.7) 186 (16.2) 4.1
Oxygen required at rest, n (%) 2498 (75.1) 1318 (76.1) 642 (83.8) 19.4
Mean FVC (SD), % predicted 3082 (92.6) 49.0 (16.0) 47.4 (17.9) 9.3
Mean pulmonary capillary wedge pressure (SD), mm Hg 2842 (85.4) 8.8 (5.9) 10.1 (6.1) 22.8
Mean pulmonary artery pressure (SD), mm Hg 2474 (74.4) 23.4 (8.8) 28.4 (11.5) 49.2
Mean body mass index (SD), kg/m2 3193 (96.0) 27.2 (4.5) 26.8 (4.3) 11.0

Donor
Mean age (SD), y 3327 (100) 32.2 (13.6) 33.0 (14.9) 5.3
Female, n (%) 3327 (100) 775 (36.1) 532 (45.0) 18.3
Mean body mass index (SD), kg/m2 3146 (94.6) 24.8 (5.1) 25.0 (5.1) 3.2
Diabetes, n (%) 3060 (91.9) 76 (4.0) 46 (4.0) 0
Cause of death, n (%) 3149 (94.6)

Anoxia 136 (6.8) 98 (8.5) 6.3
Stroke 740 (37.1) 445 (38.6) 3.0
Head trauma 1105 (55.4) 599 (51.9) 7.0
CNS tumor 14 (0.7) 12 (1.0) 3.6

Donor-to-recipient
Cytomegalovirus status mismatches, n (%) 2361 (71.0) 610 (44.3) 434 (44.2) 0.2
Sex mismatches, n (%) 3327 (100) 616 (28.7) 418 (35.4) 14.4
Blood group mismatches, n (%) 3327 (100) 221 (10.3) 101 (8.6) 6.0
HLA mismatches, n (%) 2735 (82.2) 4.6 (1.1) 4.7 (1.1) 7.6

CNS � central nervous system.
* Mean difference divided by the pooled SD, expressed as a percentage.
† Ranges from class I to III, indicating that the patient performs activities of daily living with no, some, or total assistance, respectively.
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also increased over time, from 6 of 59 total procedures
(10.2%) in 1992 to 223 of 409 procedures (54.5%) in
2008 (Appendix Figure 1, available at www.annals.org).
Appendix Figure 2 (available at www.annals.org) shows the
proportion of bilateral lung transplantation by transplant-
ation center volumes for IPF and all indications and suggests
that high-volume centers were more likely than low-volume
centers to perform bilateral lung transplantation.

Recipient Characteristics, by Procedure
Table 1 details characteristics of recipients and donors

by recipient procedure. We found large, standardized
between-group differences in recipient age, functional sta-
tus, pulmonary artery pressures, and transplantation date
(Appendix Figure 1, available at www.annals.org). Except
for a small imbalance in sex, donor characteristics in gen-
eral did not differ between recipients of single-lung and
bilateral lung transplantation, either overall or by recipient
pulmonary artery pressure (data not shown).

Patients who had bilateral lung transplantation had a
significantly longer total graft ischemic time than those
who had single-lung transplantation (5.5 hours [SD, 1.7]
vs. 4.0 hours [SD, 1.4]); P � 0.001) and a longer median
hospital stay (14 days [25th to 75th percentile, 9 to 24
days] vs. 17 days [25th to 75th percentile, 11 to 31 days];
P � 0.001).

Survival
Median follow-up time was 1.6 years (range, 0 to 17.0

years). During follow-up, 1556 patients (46.8%) died, 52
(1.6%) were lost to follow-up, 94 (2.8%) had retransplan-
tation, and 1625 (48.8%) were alive at last follow-up. Me-
dian survival after transplantation was 4.0 years (95% CI,
3.8 to 4.3 years). Survival rates were 76.1% (CI, 74.6% to
77.6%) at 1 year, 58.6% (CI, 56.7% to 60.6%) at 3 years,
and 43.9% (CI, 41.7% to 46.2%) at 5 years. Survival im-
proved in more recent years (median before 2002, 3.2 years
[CI, 2.9 to 3.6 years] [1149 patients]; from 2002 onward,
4.7 years [CI, 4.3 to 5.3 years] [2178 patients]; P �
0.001).

Median survival was significantly longer after bilateral
lung transplantation than single-lung transplantation (5.2
years [CI, 4.3 to 6.7 years] vs. 3.8 years [CI, 3.6 to 4.1
years]; P � 0.001) (Figure 1, top), but the difference was
not evident in an analysis restricted to patients who had
lung transplantation from 2002 onward (5.0 years [CI, 4.2
to �] [960 patients] vs. 4.6 years [CI, 4.2 to 5.1 years]
[1218 patients]; P � 0.29). Retransplantation was less
common among patients who had bilateral transplantation
than those who had single-lung transplantation (20 pa-
tients [1.7%] vs. 74 patients [3.4 %]; P � 0.03).

An unadjusted multivariate analysis suggested lower
mortality with bilateral than with single-lung transplanta-
tion (unadjusted hazard ratio, 0.80 [CI, 0.71 to 0.89]),
but the effect was attenuated and no longer statistically
significant when we adjusted for recipient, donor, and
procedure-related variables (adjusted hazard ratio, 0.92
[CI, 0.81 to 1.06]; adjusted hazard ratio in a complete-case
analysis, 0.96 [CI, 0.81 to 1.15]). We observed similar
results when we restricted the analysis to the 2178 patients
who had lung transplantation from 2002 onward (adjusted
hazard ratio, 1.0 [CI, 0.84 to 1.21]). Recipient age and
transplantation year seemed to be the strongest con-
founders (data not shown); the effects of bilateral trans-
plantation did not differ by pulmonary artery pressure at

Figure 1. Kaplan–Meier estimates for survival after lung
transplantation.

Su
rv

iv
al

, %

Time, y

Single LT

Bilateral LT

At risk, n

Single LT 2146 1378 1003 765 551 404

Bilateral LT 1181 648 435 284 199 129

Total 3327 2026 1438 1049 750 533

0 1 2 3 4 5

0

25

50

75

100

At risk, n

Single LT 795 499 333 235 153 112

Bilateral LT 795 456 325 225 164 105

Total 1590 955 658 460 317 217

Su
rv

iv
al

, %

Time, y

Single LT

Bilateral LT

0 1 2 3 4 5

0

25

50

75

100

LT � lung transplantation. Top. For 3327 patients with idiopathic
pulmonary fibrosis. Bottom. For 795 pairs of patients who were matched
by propensity score.

Article Lung Transplantation for Idiopathic Pulmonary Fibrosis

770 1 December 2009 Annals of Internal Medicine Volume 151 • Number 11 www.annals.org

Downloaded From: http://annals.org/ by a Penn State University Hershey User  on 02/04/2015



the time of transplantation (Appendix Figure 3, available at
www.annals.org).

We obtained similar results from a multivariate analy-
sis that adjusted for propensity score only (adjusted hazard
ratio, 0.89 [CI, 0.79 to 1.02]) and for propensity score
with the other recipient, donor, and procedure-related vari-
ables (adjusted hazard ratio, 0.90 [CI, 0.78 to 1.03]) and
from analyses restricted to patients with propensity score
overlap (adjusted hazard ratio, 0.90 [CI, 0.78 to 1.03]).

In addition, we successfully matched 795 patients who
had single-lung transplantation with 795 patients who had
bilateral lung transplantation on the basis of propensity
score. Table 2 gives the main characteristics of these pa-
tients by procedure and shows that we had a good balance
of baseline characteristics between the 2 groups, with all
standardized mean differences less than 10%. In a Cox
model that accounted for correlation within matched
pairs, the hazard ratio for mortality was 0.96 (CI, 0.77
to 1.20). Figure 1, bottom, shows survival of the patients
matched on propensity score, by transplantation proce-
dure.

Despite our generally consistent findings of no ad-
justed differences in mortality between procedures, tests of
the analyses’ proportional hazards assumptions with resid-
ual plots and additive models suggest an increased relative
risk for death with bilateral lung transplantation in the
early postoperative period, followed by a decreased rel-
ative risk for death (Figure 2). We confirmed these find-
ings with a separate analysis of hazard ratio according to
2 postoperative periods (within the first postoperative
year and after 1 year following lung transplantation) for
both the full data set and the propensity score–matched
data set (Table 3).

Causes of Death
Among the 1556 patients who died during follow-up,

the cause of death was available for 1391 (89.4%). Table 4
lists the main causes of death. Among patients who had
bilateral lung transplantation, 44 of 1181 (3.7%) died of
primary graft failure, compared with 40 of 2146 (1.9%) of
those who had single-lung transplantation (P � 0.002).
Conversely, the single-lung transplantation group had a
higher incidence of death due to cancer than the bilateral
lung transplantation group (Appendix Figure 4, available
at www.annals.org). The hazard ratio for death due to can-
cer between single and bilateral lung transplantation was
3.60 (CI, 2.16 to 6.05; P � 0.001) in univariate analysis
(Fine and Gray model) and 2.67 (CI, 1.59 to 4.48; P �
0.001) after we adjusted for recipient age and transplanta-
tion year.

DISCUSSION

In our observational study of mortality among patients
with IPF who had single or bilateral lung transplantation
between 1987 and 2009, we detected no statistically sig-
nificant differences in survival between the 2 interventions

in several analyses that accounted for potential confound-
ing factors. Unilateral transplantation seems to have short-
term survival benefit but long-term harm, whereas bilateral
transplantation seems to have short-term harm but long-
term survival benefit.

Successful single-lung transplantation was first re-
ported in 1986 in 3 patients with IPF (4); in 1990, the
same group detailed the functional results in 20 patients
with fibrotic lung diseases (5). After these reports, single-
lung transplantation was considered the procedure of

Table 2. Main Baseline Characteristics of Patients Matched
by Propensity Score, by Type of Lung Transplantation

Characteristic Single-Lung
Transplantation
(n � 795)

Bilateral Lung
Transplantation
(n � 795)

Standardized
Difference,
%*

Recipient
Mean age (SD), y 56.0 (8.4) 55.9 (8.4) 0.7
Age distribution, n (%)

�50 y 172 (21.6) 180 (22.6) 2.4
51–55 y 134 (16.9) 126 (15.8) 2.7
56–60 y 218 (27.4) 214 (26.9) 1.1
�60 y 271 (34.1) 275 (34.6) 1.1

Women, n (%) 244 (30.7) 229 (28.8) 4.2
Functional status,

n (%)†
Class I 179 (22.5) 173 (21.8) 1.8
Class II 369 (46.4) 376 (47.3) 1.8
Class III 247 (31.1) 246 (30.9) 0.3

Diabetes, n (%) 143 (18.0) 125 (15.7) 6.0
Oxygen required at

rest, n (%)
674 (84.8) 672 (84.5) 0.7

Mean FVC (SD),
% predicted

48.9 (16.6) 48.5 (17.4) 2.4

Mean PCWP (SD),
mm Hg

9.7 (6.0) 9.5 (5.6) 4.5

Mean pulmonary
artery pressure
(SD), mm Hg

24.8 (8.6) 24.7 (8.7) 0.3

Body mass index (SD),
kg/m2

27.2 (4.4) 26.9 (4.2) 5.8

Donor
Mean age (SD), y 32.9 (13.8) 33.3 (15.0) 2.5
Female, n (%) 334 (42.0) 329 (41.4) 1.3
Mean body mass index

(SD), kg/m2
25.0 (5.2) 25.0 (5.1) 0.2

Diabetes, n (%) 31 (3.9) 36 (4.5) 2.0
Cause of death, n (%)

Anoxia 64 (8.1) 68 (8.6) 1.8
Stroke 297 (37.4) 305 (38.4) 2.1
Head trauma 425 (53.5) 412 (51.8) 3.3
CNS tumor 9 (1.1) 10 (1.3) 1.2

Donor-to-recipient
Cytomegalovirus status

mismatches, n (%)
363 (45.7) 354 (44.5) 2.3

Sex mismatches, n (%) 248 (31.2) 248 (31.2) 0
Blood group

mismatches, n (%)
75 (9.4) 74 (9.3) 0.4

HLA mismatches,
n (%)

4.6 (1.0) 4.6 (1.1) 3.4

CNS � central nervous system; PCWP � pulmonary capillary wedge pressure.
* Mean difference divided by the pooled SD, expressed as a percentage.
† Ranges from class I to III, indicating that the patient performs activities of daily
living with no, some, or total assistance, respectively.
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choice for patients with IPF. Despite the availability of
bilateral lung transplantation by the end of the 1980s,
most lung transplantation centers preferred single-lung
transplantation, with the procedure accounting for up to
80% of lung transplantations performed in patients with
IPF in the 1990s. From 2000 onward, the proportion of
bilateral lung transplantations performed in patients with
IPF increased sharply; these now account for almost 50%
of all lung transplantation procedures in the International
Society for Heart and Lung Transplantation (ISHLT) reg-
istry (2). We cannot explain this trend.

Several retrospective studies compared outcomes after
either procedure; they yielded conflicting results (6–9).
The first study (8) describes 45 patients with IPF but re-
veals no difference between single (32 patients) and bilat-
eral lung transplantation (13 patients) in terms of survival,
hospital stay, or occurrence of bronchiolitis obliterans. An-
other study (7), based on data from the UNOS Registry,
focused on 821 patients who had lung transplantation
(636 single and 185 bilateral) for IPF over more than 6
years in the United States. Comparing survival by proce-
dure within 3 age groups, the authors found that in pa-
tients younger than 60 years, survival was higher after
single-lung transplantation than bilateral lung transplanta-
tion. Similarly, for 830 patients with IPF in the ISHLT
Registry who had bilateral or single-lung transplantation,
bilateral lung transplantation (as well as increasing pulmo-
nary artery pressure) was identified as an independent risk
factor for 90-day mortality (9). In contrast, a more recent

study (6) that compared the results of both procedures in
82 patients with IPF in a single center concluded that
single-lung transplantation was associated with worse sur-
vival than bilateral transplantation. Finally, for the first
time, unadjusted analyses in the latest report from the
ISHLT Registry (2) indicate a survival advantage with bi-
lateral lung transplantation in more than 3300 patients
with IPF who had single or bilateral lung transplantation.
Methodological considerations, including how confound-
ing factors were dealt with, could explain these conflicting
results.

We investigated cause of death as a secondary end
point. Primary graft failure was more frequently reported
as a cause of death after bilateral transplantation than after
single-lung transplantation and could explain the increased
early mortality that we and previous investigators observed
after bilateral lung transplantation. We also found a higher
incidence of cancer after single-lung transplantation than
after bilateral lung transplantation, which persisted even
after we adjusted for recipient age. In cases of single-lung
transplantation, complications involving the remaining
lung could account for this observation.

Our study has several strengths. First, we included pa-
tients who had lung transplantation up to 2009. Because
survival with lung transplantation has changed over time,
the results for patients who had lung transplantation 5
years ago may no longer apply. Second, we included many
prognostic factors in our models that have never been
taken into account in previous studies. For instance, the
year of transplantation is linked to survival and to the like-
lihood of having bilateral lung transplantation (Appendix
Figure 1, available at www.annals.org) and may thus be an
important confounding factor. Including such a large
number of patients gave us the opportunity to adjust for
this confounding factor (and many others), whereas previ-
ous studies could not. Third, we applied several methods
of adjustment to take potential selection biases into ac-
count, and we attempted to address the potential limita-
tions of this study by performing sensitivity analyses. The
fact that all these methods yielded similar conclusions fur-
ther strengthens the soundness of our results. Previous

Figure 2. Estimate of the hazard ratio for death associated
with bilateral lung transplantation as a function of time
after lung transplantation.
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This plot is a smoothing of the scaled Schoenfeld residuals as described
in reference 18.

Table 3. Multivariate Cox Regression Analysis for
Association Between Bilateral Lung Transplantation
and Death, by Postoperative Period*

Postoperative
Period

Hazard Ratio (95% CI)

Complete Data
Set (n � 3327)

Matched Data
Set (n � 1590)

�1 y 1.18 (0.98–1.42) 1.30 (1.03–1.64)
�1 y 0.72 (0.59–0.87) 0.68 (0.53–0.86)

* Adjusted for recipient variables (age, body mass index, functional status, and
mean pulmonary artery pressure), donor variables (body mass index and cytomeg-
alovirus status), and procedure-related variables (transplantation year, lung trans-
plantation center, and lung transplantation center volume).
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studies were either not powerful enough to adjust for con-
founding factors or involved only conventional modeling
approaches.

Conventional modeling approaches can produce bi-
ased estimates if background characteristics are extremely
unbalanced or the effect of a surgical procedure is not con-
stant across values of background characteristics. To cir-
cumvent this limitation, we used propensity scores, which
have been shown to reduce bias considerably (15–17, 23).
The propensity score is the probability of a person being
treated (that is, of having bilateral lung transplantation),
on the basis of that person’s covariate values. Covariates in
both groups are similarly distributed within propensity
score strata, and the score can be incorporated in the anal-
ysis by stratification or by matching each treated patient
with 1 control patient within a preset amount (or caliper)
of the treated patient’s propensity score. In our study, we
found 795 pairs of patients who shared close propensity
scores. This approach was successful in creating pairs of
patients with similar background covariates, as shown in
Table 2. None of these statistical methods can be viewed as
the gold standard for removing bias, and all have draw-
backs. However, all methods yielded similar results in our
study, which supports the robustness of our findings.

Our study also has limitations. First, we used observa-
tional data to study the effect of surgical procedure on
long-term survival. Although we used several statistical ap-
proaches to take a large number of confounders into ac-
count, residual confounding is possible. Only a random-
ized, controlled trial would definitely answer this question.
To take an expected 5% difference in 5-year survival into
account, such a trial should enroll and follow more than
3000 patients for 5 years. Such a large-scale trial seems
unlikely to be performed in lung transplantation. How-
ever, in certain respects, our approach produced results
that could be more useful than those from a randomized,
controlled trial, especially in terms of external validity.
Most randomized, controlled trials recruit only a small
proportion of the patients with the disease of interest, and
those recruited are likely to systematically differ from those
not recruited. Second, the choice of the procedure is driven
by several additional variables, such as computed tomogra-
phy results, exercise capacity, exertional desaturation, or
diagnostic methods that are not available in the UNOS
data set. We could not account for right ventricular func-
tion, a clinically and physiologically important variable.
Third, we ascertained causes of recipient death without
using an adjudication committee and our findings must
be interpreted cautiously. As others have shown (24),
cause of death is difficult to assess reliably without the
use of an adjudication committee. Finally, although we
considered only patients who received a diagnosis of IPF
both at the time of inclusion on the wait list and time of
transplantation, misdiagnosis may have occurred for
some patients.

The question of the optimal transplantation procedure
for IPF is not insignificant. Idiopathic pulmonary fibrosis
is the second most frequent disease for which lung trans-
plantation is performed, and according to the latest report
of the ISHLT registry (2), the frequency of lung transplan-
tation for IPF has increased markedly since 2000 (from
15% to 26%). Because the decision to favor bilateral rather
than single-lung transplantation has important conse-
quences in terms of absolute number of lung transplanta-
tions performed worldwide, the decision should be sup-
ported by sound data. Because we did not demonstrate the
superiority of bilateral over single-lung transplantation for
patients with IPF, it seems reasonable to favor single-lung
transplantation for IPF in a setting where donor organs
remain in short supply. Alternatively, in patients who are
deemed to have low operative risk or in the rare setting
where donor organs are less scarce, the lower long-term
complications rate of bilateral transplantation may favor
that procedure. Our data also do not discount the common
clinical understanding that bilateral lung transplantation
might be a better option for some subsets of patients, such
as those with high pulmonary pressure, pretransplantation
Aspergillus colonization, large cystic cavities in the honey-
combing areas, marked traction bronchiectasis with recur-
rent bacterial exacerbations, or daily bronchorrhea (25).
We adjusted for level of pulmonary artery pressure, but
lack of data prevented us from investigating outcomes for
the other patient subsets.

In conclusion, our study does not support the rou-
tine use of bilateral lung transplantation for patients
with IPF for perceived survival benefit. In a setting
where lung donors are scarce, single-lung transplanta-
tion may be the procedure of choice to allow for better
utilization of organs, provided that suitable recipients
are available. Furthermore, because we found shorter-
term survival benefits and longer-term harms with
single-lung transplantation and shorter-term harms and
longer-term survival benefits with bilateral lung trans-
plantation, the optimal procedure may be considered in
the context of the patient’s risk profile.

Table 4. Main Causes of Death, by Type of Lung
Transplantation

Cause of Death Single-Lung
Transplantation
(n � 1150), n (%)

Bilateral Lung
Transplantation
(n � 406), n (%)

Infection* 278 (24.2) 89 (21.9)
Primary graft failure 40 (3.5) 44 (10.8)
Cancer† 142 (12.3) 16 (3.9)
Chronic rejection 99 (8.6) 32 (7.9)
Respiratory failure 136 (11.8) 46 (11.3)
Other 338 (29.4) 131 (32.3)
Missing data 117 (10.2) 48 (11.8)

* Includes fungal, bacterial, and viral infection regardless of graft involvement.
† Includes neoplastic diseases (solid or not) regardless of lung involvement and
metastatic diseases.
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Hôpital Bichat, 46 rue Henri Huchard, 75018 Paris, France.
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APPENDIX: MULTIPLE IMPUTATION METHOD USED TO

HANDLE MISSING DATA

Like most large registries, the UNOS registry contains miss-
ing values. Most data analysts exclude observations with any
missing variable values from the analysis—the standard complete-
case analysis. This approach ignores the information contained in
incomplete cases and the possible systematic differences between
the complete and the incomplete cases. Several procedures have
been developed to deal with missing values. We used the multiple
imputation by chained equation method to handle missing data
(20). Multiple imputation is a Monte Carlo technique in which
the missing values are replaced by m (in this study, 20) simulated
versions. The missing values are drawn from an appropriate dis-
tribution that characterizes the conditional relation of the im-
puted variables to other variables. Because the missing values are
drawn from a distribution, a range of values is imputed for each
missing value, with this variation reflecting the uncertainty about
the missing value.

We implemented our multiple imputation on the basis of
the procedure described by Raghunatan and colleagues (21) by
using the MICE package for R, version 2.5.

In brief, the multiple-imputation-by-chained equation pro-
ceeds as follows:

1. For each variable in turn, missing values are filled in with
randomly chosen observed values.

2. Filled-in values in the first variable are discarded, leaving
the original missing values. These missing values are then im-
puted by regression imputation on all other variables.

3. The filled-in values in the second variable are discarded.
These missing values are then imputed by using proper regression
imputation on all other variables.

4. This process is repeated for each variable in turn. A cycle
is completed when each variable has been imputed by the regres-
sion method. The process continues for 10 cycles.

After imputation, each of the m completed data sets is ana-
lyzed separately, and the results are combined by using the fol-
lowing formulas (20, 22).

Within-imputation variance is calculated as follows:

v�within �
1

m
�
i�1

m

v̂i

Between-imputation variance is calculated as follows:

v�between �
1

m � 1
�
i�1

m

��̂i����2

Total variance is calculated as follows:

v�total � v�within � �1 �
1

m�v�between

where m � the number of sets imputed and analyzed; �̂i �
point estimate from analyzing the ith set; v̂i � variance estimate
from analyzing the ith set; �� � combined estimate of �; and v� �
combined estimate of v.

�� �
1

m
�
i�1

m

�̂i

The between-imputation variance reflects the uncertainty re-
lated to missing observations.
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Appendix Table. Variables Tested for Association With
Survival After Lung Transplantation

Donor-related characteristics: age, sex, height, weight, cause of death,
history of diabetes, blood group, cytomegalovirus status, HLA typing,
and gas exchange

Surgery-related characteristics: surgical procedure (single or bilateral
transplantation), graft ischemic time, transplantation year, transplantation
volume, and transplantation center

Recipient characteristics: age; sex; height; weight; history of diabetes; blood
group; cytomegalovirus status; HLA typing; previous cancer; ventilatory
support; hospitalization within 90 d before transplantation; functional
status; oxygen requirement; FEV1; FVC; systolic, mean, and diastolic
pulmonary artery pressure; pulmonary capillary wedge pressure; cardiac
output; 6-min walking distance; and Pco2

Calculated variables: blood group mismatch, cytomegalovirus status
mismatch, number of HLA mismatches, sex mismatch, and donor and
recipient body mass index

Appendix Figure 1. Rates of single and bilateral lung
transplantation over time in patients with idiopathic
pulmonary fibrosis.
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Data are from the United Network for Organ Sharing registry.

Appendix Figure 2. Proportion of bilateral lung
transplantations, by center volume.
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Appendix Figure 3. Hazard ratios for death associated with
bilateral lung transplantation, by recipient mean pulmonary
artery pressure at transplantation.
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We adjusted the ratios for recipient age, body mass index, functional
status, and mean pulmonary pressure; donor body mass index and cyto-
megalovirus status; transplantation year; and lung transplantation center
and center volume.

Appendix Figure 4. Cumulative incidence of cancer, by type
of lung transplantation.
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