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Abstract

Rationale: In the United States, an algorithm known as the
“match-run” creates an ordered ranking of potential recipients for
available lung allografts. A potential recipient’s match-run position,
or “sequence number,” is available to the transplant center when
contacted with a lung offer. Lung offers with higher sequence
numbers may be interpreted as a crowd-sourced evaluation of poor
organ quality, though the association between the sequence number
at which a lung is accepted and its recipient’s post-transplant
outcomes is unclear.

Objectives: We sought to evaluate the primary reasons provided
when a lung offer was refused by a transplant center, transplant
center and donor/organ factors associated with a higher sequence
number at acceptance, and the association of the sequence number
at acceptance with post-transplant mortality and graft failure.

Methods:Match-run outcomes for lung offers that occurred in the
United States from May 2007 through June 2014 were merged with
recipient follow-up data through December 2017. Associations
between the sequence number at the time of acceptance and selected
transplant center and donor characteristics were estimated using
multivariable logistic and multinomial regression models. The

associations between the final sequence number and recipient
survival and graft survival were estimated using multivariable
time-to-event models.

Results: Of 10,981 lung offer acceptances, nearly 70% were
accepted by one of the top 10 ranked candidates. Higher median
annual center volume and potential indicators of organ quality (e.g.,
abnormal chest radiograph or bronchoscopy) were associated with a
higher sequence number at acceptance. There was weak evidence for
a small positive relationship between the sequence number at
acceptance and both mortality and graft failure. For example, the
unadjusted and adjusted hazard ratios for death associated with the
log-sequence number at acceptance were 1.019 (95% confidence
interval, 1.001–1.038) and 1.011 (95% confidence interval, 0.989–
1.033), respectively. On the absolute scale, using the multivariable
model, a 10-fold increase in the sequence number translated into a
0.8% absolute decline in the predicted 5-year survival.

Conclusions: Acceptance of a donor lung offer at a later point in
the match-run was associated with measurable indicators of organ
quality, but not with clinically meaningful differences in post-
transplant mortality or graft failure.

Keywords: transplant; survival; organ allocation

(Received in original form February 27, 2018; accepted in final form December 11, 2018 )

*Statistical Editor, AnnalsATS. Their participation complies with American Thoracic Society requirements for recusal from review and decisions for authored
works.

Supported by National Institutes of Health (NIH)/National Heart, Lung, and Blood Institute (NHLBI) grant K99 HL141678 (M.O.H.), research grants from the
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Donor lung allocation in the United States
is performed through an algorithm
that considers medical and biological
compatibility, geography, and medical
urgency (1, 2). This process, known as the
“match-run,” generates a list of prioritized
candidates, each with a sequence number
that defines where on that list each potential
recipient resides. Lung offers are made to
transplant centers based on the order in
which their patients appear in the match-
run, progressing from the candidate with
sequence number 1 on to those with higher
numbers if the lung offer is not accepted.
Criteria for acceptance can be subjective
(e.g., a function of a program’s/surgeon’s
risk tolerance), and can vary significantly
within and between transplant centers.
When a lung offer is made to a candidate,
information on the candidate’s sequence
number in the match-run, along with the
reason why prior offers, if they have
occurred, have been refused, are made
available to the transplant center. Though
transplant providers incorporate numerous
data when making decisions to accept an
organ, some may view a higher sequence
number as a crowd-sourced evaluation of
organ quality or as a reflection of difficulty
in placing an available organ (3). The goals
of this study were to examine the lung offer
process in the United States and to estimate
the association between the sequence
number at the time that a lung offer was
accepted for transplant and post-transplant
outcomes.

Methods

Study Design and Participants
This study used data from the U.S. United
Network for Organ Sharing (UNOS). We
merged lung transplant recipient follow-up
data from the UNOS Standard Transplant
Analysis Research (STAR) file, which
contained information on waiting list
registrations and transplants in the United
States through December 31, 2017 with lung
offer (match-run) data from the Potential
Transplant Recipient (PTR) database
from May 1, 2007 through June 30, 2014.
Exclusion criteria (age ,18 yr at the
time of waitlisting, listing for multiorgan

transplantation, or a prior transplant) were
applied to the STAR file to generate an
analytic dataset of lung offers made to adult,
first-time lung transplant recipients. The
rationale for these restrictions and
additional details regarding the study
design, methods, and statistical analysis are
provided in the METHODS in the online
supplement.

Analytic Sample and Donor Lung
Sequence Number
To construct our analytic dataset, we first
curated the PTR file (see the METHODS in
the online supplement). Next, we applied
selected restrictions (as summarized
previously) to the STAR file. We then
merged these two files using both the
encrypted donor and recipient identification
numbers. A flow diagram summarizing this
process is shown in Figure 1.

Once generated, a lung offer to each
ranked candidate on a match-run can result
in a refusal, bypass, or acceptance. A refusal
or bypass both result in the progression
of the match-run onto the next ranked
candidate. Bypasses can occur for numerous
reasons, including medical urgency or
directed donation. Before applying recipient
exclusion criteria, we removed donor
match-runs associated with a bypass for
direct donation (n = 10) and where the
maximum offer limit was exceeded (n = 2).
We then evaluated each match-run with a
bypass, including the free-text explanations
when provided. Based on the observations
during the analysis of bypasses, which are
summarized in the METHODS in the online
supplement, we chose to analyze two
analytic samples. The primary sample
excluded donor match-runs that had their
first bypass occur in the first five offers
(sequence numbers 1 to 5) for emergent
reasons, multiorgan placement, or an
irreconcilable free-text field. This
methodology defines a cohort in which 50%
of organs would normally already have been
allocated, so bypasses after this threshold
likely still reflect difficulty placing higher-
risk organs (see Figure E1 in the online
supplement). In addition, no adjustments
were made to the sequence number reported
in the PTR database to discount bypasses, as
the match-run sequence number would

remain the same regardless of preceding
actions by other centers. Acknowledging
that bypasses may create complexities with
the interpretation of a sequence number
at the time of acceptance, we completed a
secondary analysis in which we evaluated
a cohort where a bypass did not occur.

Analytic Strategy
We first summarized the primary reason
that lung transplant centers provided when
a lung offer was refused. Next, among
accepted offers, we examined potential
preprocurement factors associated with the
match-run position (i.e., sequence number)
at the time of offer acceptance, as well as the
association of this position with mortality
and graft failure (a composite outcome
indicating allograft failure, retransplantation,
or mortality).

Categorization of Lung Offer Refusal
Codes
There are three ways that a lung offer refusal
reason can be provided in the PTR database:
primary reason, secondary reason, or in a
free-text field. For this study, we only
examined pre-established, numerically
submitted, primary reasons for refusal. In
certain instances, we collapsed the primary
refusal codes provided in the PTR
database into alike categories, which are
summarized in the METHODS in the online
supplement.

Factors Associated with Later
Acceptance in the Match-Run
For this analysis, the primary outcome was
the sequence number at the time of organ
offer acceptance. We selected variables,
as available in the STAR file, that we
hypothesized could be associated with
center or surgeon preprocurement decision-
making. These variables comprised donor or
organ factors, including bronchoscopy and
chest radiograph results, pulmonary
infection, cause of death, and partial
pressure of oxygen (PO2), as well as yes/no
indicators for known donor smoking history
and classification of increased risk for blood-
borne disease transmission using U.S. Public
Health Service criteria. We also hypothesized
that center factors, specifically, center
volume and the calendar day (Friday,
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Saturday, or Sunday, compared with
other days) of the offer may be associated
with organ acceptance. Specifically, we
hypothesized that higher volume centers
may be more willing to take organs with a
higher sequence number, and that smaller-
volume centers may be less likely to pursue
organ offers that occurred during periods of
reduced staffing during the weekend. Center
volume was examined as a continuous and
categorical variable (median annual lung
transplant volume over the study period
<40 as low, 41–80 as medium, and >81
as high), and was calculated before any
restriction criteria were applied to best
capture true transplant volume.

We first examined unadjusted
associations with the aforementioned
variables and the sequence number at the
time of acceptance using violin plots and
boxplots. Next, we estimated several
multivariable logistic and multinomial
logistic regression models to compare the
association of these variables with higher
sequence numbers compared with lower
sequence numbers at acceptance (see the
METHODS in the online supplement). We

examined several different contrasts, as
there was no obvious sequence number cut
point for the analysis. The fitted regression
models accounted for dependence among
observations that were transplanted at the
same center or that had the same donor
(i.e., two single lungs from one donor; see
the METHODS in the online supplement).

Association of the Final Sequence
Number with Transplantation
Outcomes
For this analysis, the primary exposure was
the sequence number at the time of lung
offer acceptance. The outcomes of clinical
interest were all-cause mortality and graft
failure. Time to death was defined as
the period from a recipient’s date of
transplantation through their date of death.
In this analysis, recipients that underwent
retransplantation, but were still alive at the
end of follow-up, were categorized as alive.
The time to graft failure was defined as
the period from a recipient’s date of
transplantation to the date of
retransplantation, UNOS recorded graft
failure, or death (i.e., a composite outcome

capturing the earliest date recorded for any
of these events).

Unadjusted survival and graft failure–
free survival were first visualized using
the Kaplan-Meier method. As some
categorization is required for displaying
the survival functions in a Kaplan-Meier
plot, we present two, albeit arbitrary,
categorizations for descriptive visual
assessments. Given that there is substantive
statistical evidence against the categorization
of continuous exposures when there is no
natural categorization (4–6), we next used
fractional polynomials to model a possible
nonlinear association between the accepted
organ sequence number and recipient
outcomes. The fractional polynomial
methodology permits the continuous nature
of the sequence number distribution to be
preserved while allowing flexible nonlinear
relationships to be identified (7–9). The
unadjusted fractional polynomial model
identified a log-linear–like relationship
between the sequence number at acceptance
and both outcomes. Thus, we examined
multivariable models with both an
untransformed and log-transformed sequence
number exposure variable.

Next, we constructed mixed-effects
multivariable Cox proportional hazards
regression models (10) that were informed
by published studies, clinical experience,
and the Scientific Registry of Transplant
Recipients post-lung transplant survival and
graft survival prediction models (11). The
models included recipient characteristics
(age, sex, race, lung allocation score,
transplant type [single vs. double lung],
primary disease category categorized as
obstructive lung disease, pulmonary
vascular disease, cystic fibrosis or
bronchiectasis lung disease, or restrictive
lung disease, type of insurance coverage,
highest educational attainment, body
mass index, and blood type) and donor
characteristics (age, sex, race, body mass
index, cause of death, and indicators for
abnormal PO2, history of pulmonary
infection, tobacco use, and drug abuse). A
random effect for a recipient’s transplant
center was added to the model, as prior
research showed variability in survival
across U.S.-based lung transplant centers
(12) and because transplant center staff and
protocols may be associated with organ
acceptance. The Cox regression method has
attractive qualities for modeling time-to-
event outcomes. However, the resultant
estimate, the hazard ratio (HR), can be

Potential Transplant Recipient (PTR) database
n = 11,559 donor match runs

n = 11,402 donor match runs

UNOS to PTR merge on encrypted recipient 
and donor identification numbers

n = 10,981 first-time lung transplant recipients 
n = 10,057 donors

Exclusions
-  Direct or military donation (n = 10)
-  Maximum offer limit exceeded (n = 2)
-  Bypass due to multi-organ placement, medical urgency,
   OPO operational issues, or irreconcilable free-text
   explanation for lung offer  5 (i.e., sequence number 1
   to 5, n = 145)

United Network of Organ Sharing (UNOS) Registry

Exclusions
-  Age < 18 years at listing
-  Listed for multi-organ transplantation
-  Listed with a prior transplantation

Figure 1. Data assembly and participant flow for the primary analysis. OPO =Organ Procurement
Organization.
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difficult to interpret and place into a clinical
context (13, 14). Therefore, we also used the
adjusted mixed-effects Cox regression
models to generate 5-year predicted survival
and graft survival estimates so that the
clinical associations could be assessed on the
absolute risk scale.

Analyses were performed using Stata
version 15 (StataCorp LLC) and R statistical
software package version 3.5.0 (The R
Foundation for Statistical Computing).

Results

The primary analytic sample included
information on lung offers from 10,057
donors that resulted in 10,981 lung
transplants (Figure 1). Related lung offer
refusal codes were collapsed into discrete
categories and were primarily attributed to

donor factors (see the METHODS in the online
supplement and Figure 2). Over 50% of lung
offers were accepted by the top 5 ranked
candidates, and nearly 70% of lung offers
were accepted by the 10th offer (Figure E1).
There were 68 lung transplant centers
included in the analysis. Higher annual
median center volume, abnormal donor
bronchoscopy and chest radiograph results,
U.S. Public Health Service increased-risk
donor status, and known donor smoking
history were associated with higher
sequence numbers at acceptance (Figure 3,
Table E1). These associations, particularly
with high annual center volume, generally
persisted in multivariable regression
analyses (Figures E2–E4). Donor cause of
death, presence of a pulmonary infection,
and the calendar day of the lung offer (day
of the week, or weekday [Monday to
Thursday] compared with weekend [Friday

to Sunday]) exhibited weaker and less-
consistent associations with the sequence
number at acceptance.

During the follow-up period, 5,534
(50.4%) lung transplant recipients died and
5,873 (53.5%) recipients experienced the
composite outcome of graft failure. The
Kaplan-Meier plots for overall survival and
graft survival for individual sequence
numbers and sequence number categories
showed considerable overlap, and there was
no suggestion of a dose response (i.e., lower
survival) with incrementally higher
sequence numbers or sequence number
categories (Figure 4). The unadjusted
fractional polynomial estimate was similar
for both outcomes, though weaker for graft
failure, and showed a slightly nonlinear
relationship and a higher hazard for higher
sequence numbers at acceptance compared
with a sequence number of 1 (Figure 5).
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Unadjusted Cox proportional hazards
regression analyses of the log-transformed
sequence number similarly showed weak
evidence of a higher hazard for each
outcome with higher sequence numbers at
acceptance (HR for the natural logarithm of
sequence number of 1.019, 95% confidence
interval [CI], 1.001–1.038, P = 0.043 for
death and 1.015, 95% CI, 0.997–1.034, P =
0.10 for graft failure). After adjustment for
recipient characteristics, transplant center,
and donor characteristics, the HR for the
sequence number at acceptance was
attenuated for both outcomes. For example,

the adjusted HR for death associated with
one more log (natural logarithm) of the
sequence number at acceptance was 1.011
(95% CI, 0.989–1.033) and 1.025 (95% CI,
0.974–1.078) using log10.

To summarize, we did not find strong
statistical evidence of an effect of sequence
number in any adjusted model for either
patient or graft survival. However, the point
estimate of the unadjusted and adjusted HR
always remained slightly above 1 in analyses
of a log-transformed and non–log-
transformed sequence number exposure.
Therefore, to contextualize the change in

risk that might be associated with a higher
sequence number, we calculated predicted
5-year survival probabilities. Let us consider
a lung transplant recipient with a predicted
5-year survival equal to the cohort average
of 55.7%. The final adjusted model showed
that if this recipient had received a lung
transplant with a final sequence number 10-
fold higher (i.e., offer 1 to 10, by which time
nearly 70% of lungs had been accepted or 10
to 100, by which time over 90% of offers
have been accepted), this would translate
into a 0.8% lower predicted 5-year survival
(54.9% instead of 55.7%). In comparison,
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the predicted 5-year survival for a
recipient with identical characteristics and
transplanted with the same organ, in the
same center, but who was 10 years older,
would be 3.7% lower (52.0% instead of
55.7%). Similarly, an equivalent recipient
with a lung allocation score score 10 points
higher would have a 2.1% lower 5-year
survival probability (53.6% instead of 55.7%).

In addition, based on the strong
association that we observed between center
volume and acceptance, we tested for, but
did not find evidence of a center volume–
by–sequence number interaction on
mortality or graft failure. Finally, we also
undertook the above analyses in a sample
that only included the sequence number at
acceptance from match-runs without any
bypasses. The results of these analyses were
consistent with the reported effect estimates,
and did not suggest different conclusions.

Discussion

In this study of lung allografts accepted for
transplantation in the United States from
May 2007 to June 2014, almost 70% were
accepted by one of the top ten matched
candidates (i.e., sequence numbers 1 to 10).
The most common reason reported for
organ decline was donor quality, followed by
donor size (Figure 2). Indicators of poor
organ quality were associated with higher
sequence numbers at acceptance for
transplant. In addition, larger-volume
centers were more likely to accept organs
with higher sequence numbers than smaller-
volume centers. There was weak evidence
that a higher sequence number was
associated with the day of the week that
an offer occurred, suggesting that center-
specific human resource limitations were
not strong factors in acceptance (Figure 3

and Figures E2–E4). In addition, though
there was an apparent increase in the point
estimate of the hazard of graft failure and
death associated with a higher sequence
number at acceptance, this relationship was
neither clinically significant nor robust in
adjusted statistical models.

There are at least two possible, and not
mutually exclusive, interpretations of our
study results. First, our findings may suggest
that the number of offers preceding the
acceptance of a lung offer is not informative
beyond traditional donor information.
Indeed, we found a correlation between a
higher final sequence number and several
donor factors (Figure 3 and Figures E2 and
E3). However, many of these associations,
as well as the association with mortality
and graft failure, were attenuated in
multivariable regression models when a
recipient’s transplant center was included
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(Figure E4). Thus, a second possible
mechanism that could explain our results is
that centers are selecting the offers they
accept appropriately. For example, smaller
centers could be appropriately selecting
cases to maximize lung transplant outcomes
based on potentially limited local center
resources. Furthermore, large centers may
be using higher-risk organs because of their
collective experience and available resource
support.

The results of our study complement
several recent examinations of the organ
offer process for heart, kidney, liver, and
lung transplantation (3, 15–20). Studies of
the liver (15) and kidney (3, 16) offer
processes have not found a meaningful
association between the sequence number
(match-run position) at acceptance and
graft failure or mortality. In regard to the
lung offer process, Wey and colleagues (17)
documented considerable U.S. program-
level variability in lung offer acceptance
practices, and found that higher program-
level acceptance was associated with a lower
incidence of patient removal from the
waitlist due to death or becoming too sick.
In addition, in a recent analysis of U.S. lung
offers, Singh and colleagues (20) found that
lungs that were transplanted after having
been refused by other centers specifically for
reasons of poor donor quality were not
associated with worse post-transplant

survival. Though the analytic approach of
Singh and colleagues differed from that of
our study, their findings align with the
analyses we present herein. In a response to
a letter to the editor regarding their analysis
of the kidney match-run, Cohen and
colleagues (16) suggested the need for a
randomized trial testing whether centers
that are blinded to prior lung offer outcomes
make different acceptance decisions. Our
results, together with other studies of the
lung offer process, suggest that a similar
study would be informative for the U.S. lung
allocation process, potentially revealing
mechanisms to improve lung allograft
utilization.

There are important considerations
and limitations to this study, many of which
suggest the need to improve and expand
data collection regarding the organ
acceptance and refusal process. First, we
used an administrative database in which
data were sometimes missing or unable to be
reconciled. Second, there is the potential for
measurement error and misclassification of
the reported reasons for an offer refusal due
to variation across transplant centers and
providers in the rationale for selecting
specific refusal reasons (15). It is also
possible that some of the codes that were
entered do not reflect the actual reason that
an offer was declined, as the system is not
audited, and a code may be entered in error

or for convenience. Third, other donor,
candidate, and provider factors that we did
not (or could not) examine were likely also
associated with offer refusal and acceptance.
Mixed-methods research with transplant
teams or national surveys will be important
to inform future empirical analyses. Fourth,
the factors we examined in our acceptance
analysis were static, and do not capture
changes in available donor information as
the allocation process progressed. Fifth,
we focused only on mortality and graft
failure, which could be considered “hard”
endpoints, and thus the lack of a
relationship with these outcomes does not
necessarily imply a lack of association with
other recipient outcomes not included in
our study. Sixth, we did not include
pediatric, multiorgan, and retransplant
recipients in our analysis due to different
decision-making and considerations in
these populations. Future studies are needed
to understand barriers to organ allocation
within these patient groups. Finally,
different research groups may have
approached the primary sample selection
process differently. However, our sensitivity
analyses, in which we analyzed several
different data samples, revealed minimal
sampling variability in the effect estimates
that we observed.

In conclusion, we examined the
reasons for lung offer refusal, the number
of refusals (and, in some match-runs,
the combined number of refusals and
bypasses) before lung offer acceptance, and
the association of the sequence number
at the time of acceptance with several
hypothesized measures of organ quality,
as well as post-transplant survival and
subsequent graft failure. We conclude that
a sequence number in isolation is not a
suitable proxy for lung allograft quality,
given the small effect size and weak
evidence for an association between
the sequence number at the time of
acceptance and recipient outcomes after
transplantation. In light of recent changes
to the U.S. lung allocation policy (2, 21, 22),
ongoing monitoring of organ acceptance
practices is warranted. n
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Figure 5. Unadjusted fractional polynomial hazard ratio (HR) estimate for death and graft failure for
the sequence number at the time of lung offer acceptance relative to sequence number 1. Offer
acceptances above sequence number 100 were included in the analysis but not visualized to support
readability as the HR estimates do not change. The histogram indicates the percent of offer
acceptances at each sequence number out of all 10,981 acceptances included in the analysis. For
example, 24.7% of all offers were accepted on the first offer, and 12.5% were accepted on the second
offer. CI = confidence interval.
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