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Abstract

Rationale: The natural history of lung function in patients with
bronchiolitis obliterans syndrome (BOS) after allogeneic hematopoietic
cell transplant is poorly characterized. Understanding the trajectory of
lung function is necessary for prompt clinical recognition and treatment
and also for the rational design of prospective studies.

Objectives:To describe the longitudinal trajectory of lung function
parameters, including FEV1, in patients with BOS after
hematopoietic cell transplant.

Methods: Subjects with BOS defined byNational Institutes ofHealth
consensus guidelines criteria from a recent multicenter prospective
trial of combination treatment with fluticasone, azithromycin and
montelukast and a retrospective cohort fromFredHutchinson Cancer
Research Center were included. Longitudinal change in FEV1 for each
patient was calculated on the basis of available pulmonary function
tests in three periods: pre-BOS, from BOS diagnosis to 6 months, and
6–18 months after diagnosis. The effect of treatment on FEV1

trajectory was analyzed by univariate and multivariate linear
regression. The Kaplan-Meier method was used to estimate survival.

Measurements and Main Results: The FEV1 percent predicted
value at diagnosis was 46% (interquartile range, 35–57%) for trial

participants and 53% (interquartile range, 41–64%) for the
retrospective cohort. There was a concomitantmild reduction in FVC,
as well as amarked reduction in forced expiratory flow, midexpiratory
phase, at diagnosis. While there was individual heterogeneity, the
overall FEV1 trajectory was characterized by a marked decline within
6 months prior to BOS diagnosis, followed by stability of FEV1 early
after diagnosis anda slowrate of declinebeyond6months.The effect of
the trial medications on FEV1 trajectory after BOS diagnosis was a
mean rate of change of 0.92% predicted per month (95% confidence
interval,20.53 to 2.37) compared with the retrospective cohort, but
this was not statistically significant. Two-year overall survival rates
were 76% and 72% for the study participants and the retrospective
cohort patients, respectively. Earlier time to diagnosis after
hematopoietic cell transplant and severity of FVC at diagnosis were
significantly associated with reduced survival.

Conclusions: The FEV1 trajectory in patients with BOS after
hematopoietic cell transplant in a contemporary era of management
follows a predominant pattern of rapid FEV1 decline in the 6months
prior to diagnosis, followed by FEV1 stabilization after diagnosis.
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Bronchiolitis obliterans syndrome (BOS)
is a devastating complication of allogeneic
hematopoietic cell transplant characterized
by new-onset fixed airflow obstruction,
first recognized over 40 years ago in
association with chronic graft-versus-host
disease (GVHD) (1). BOS was also
recognized in recipients of lung transplants
(2), suggesting an alloimmune mechanism
for the development of the common
pathologic lesion of obliterative
bronchiolitis (3). In lung transplantation,
the trajectory of lung function decline
after BOS diagnosis is variable and is
influenced by sex, type of allograft, and
underlying transplant indication (4).
Although the pathologic lesion is
histologically identical, the natural history
of the disease for allogeneic hematopoietic
cell transplant recipients may not be the
same as lung transplant recipients.

While progress has been made in
standardizing the diagnosis of BOS after
allogeneic hematopoietic cell transplant
through spirometric criteria (5) and clinical
features, there remains a paucity of
information on the clinical course and
factors that influence lung function. BOS
is usually recognized after the onset of
clinical symptoms, at which point the risk of
nonrelapse mortality has already increased
(6). Routine pulmonary function screening
has been recommended (7), but it has not
been widely adopted. An understanding of
the course of BOS over time is critical for
disease recognition, clinical management,
and rational design of prospective trials. The
prevalence of BOS is 5.5% in all allogeneic
hematopoietic cell transplant recipients and
14% in those with chronic GVHD (8), and it
is likely to increase with improved
survivorship (9), an increasing number of
hematopoietic cell transplants performed
every year, and the concomitant prevalence
of chronic GVHD (10).

The primary aim of this study was
to describe the longitudinal trajectory
of FEV1 and other spirometric parameters
of patients with BOS in a contemporary
era of allogeneic hematopoietic cell
transplantation. Additional aims were to
determine if combination treatment with
fluticasone, azithromycin, and montelukast
(FAM) influences FEV1 trajectory and if
lung function at diagnosis is associated with
outcomes. We used data derived from a
recent prospective study of FAM for newly
diagnosed BOS (11) with a previously
described cohort that was treated per

clinical preference that did not include
FAM (8). FAM treatment was associated
with stable lung function, reduced systemic
corticosteroids, and improved quality of life
at 3 months (11).

Methods

Study Cohort
Subjects were required to have a diagnosis
of BOS defined by spirometric criteria
according to modified National Institutes
of Health (NIH) consensus guidelines: FEV1

less than 75% predicted and a greater than
10% decline from pretransplant baseline,
an FEV1/FVC ratio less than 0.7, and absence
of concurrent pulmonary infection (5, 12, 13).
Two previously described cohorts were used.

The first cohort (FAM) included all
subjects enrolled from June 2011 to June
2014 in a multicenter, prospective, single-
arm trial testing combination FAM therapy
for newly diagnosed BOS after allogeneic
hematopoietic cell transplant (11). Oral
prednisone of 1 mg/kg/d for 2 weeks
followed by a taper over 5 weeks was
permitted at the discretion of the provider.
Clinical data were collected prospectively
for the clinical trial and were supplemented
via chart review outside the study window.

The second cohort (Fred Hutchinson
Cancer Research Center [FHCRC])
included patients from the FHCRC who
received allogeneic hematopoietic cell
transplants between January 2002 and
June 2006 (8). Treatment of BOS was
determined at the discretion of the provider
and usually included prednisone. Chart
review was performed to determine if the
patient would have met FAM trial eligibility
criteria (11) at diagnosis. Patients were
included if they met the NIH criteria
for BOS and excluded if they had been
treated with an inhaled corticosteroid or
a leukotriene inhibitor for more than
1 month in the 3 months prior to diagnosis,
or if they had received FAM therapy at
diagnosis. Follow-up was defined from as
the period from diagnosis of BOS to the
date of last contact as of September 4, 2015.

Written informed consent was
provided by all participants in the FAM
clinical trial, as previously reported. Prior
to undergoing hematopoietic cell transplant,
all subjects in the FHCRC cohort signed
informed consent forms allowing the use
of their clinical data for research. Additional
informed consent for this study was waived

on the basis of minimal risk to the
subjects. This study was approved by the
institutional review board of FHCRC and
participating FAM trial centers.

Lung Function Trajectory
Pulmonary function tests (PFTs) were
performed within the clinical pulmonary
function laboratories of participating
institutions according to institutional
practice. All allogeneic hematopoietic cell
transplant recipients perform pretransplant
PFTs as part of the pretransplant evaluation.
Routine screening PFTs after transplant
varied among the 10 centers: 4 had no
screening protocol, 4 (including FHCRC)
screened at Day 80 and at 1 year, 1 screened
at Day 80 and every 6 months after
hematopoietic cell transplant through
2 years, and 1 screened every 3 months if
chronic GVHD was present.

The results of PFTs were collected as
part of the FAM trial or abstracted from the
medical record. Prebronchodilator
spirometric parameters (FEV1, FVC, and
forced expiratory flow, midexpiratory phase
[FEF25-75]) were expressed as percent
predicted values calculated according to
published formulae (14). Individual
spirometric measurements for each subject
were plotted against time and aggregated
into a spaghetti plot. Automated smoothing
splines were produced using SAS/STAT
version 9.4 software (SAS Institute, Inc.,
Cary, NC) to provide a view of the
aggregate overall trajectory over time.

Changes in FEV1 and FVC for each
subject were expressed as a monthly rate
of absolute change in percent predicted
values. Change in absolute FEV1 was also
expressed in milliliters per month. These
spirometric values were assessed per the
following time windows: 6 months pre-BOS
to BOS diagnosis (with pre-BOS defined as
Day 2210 to Day 0), BOS diagnosis to
6 months after diagnosis (referred to
hereinafter as “early BOS,” defined as Day
0 to Day 210), and from 6 to 18 months
after diagnosis (referred to hereinafter as
“late BOS,” defined as Day 150 to Day 570).
A minimum of two studies at least 30 days
apart were required to calculate a slope.

Because the decline in FEV1 prior to
BOS diagnosis appeared to occur within
6 months for those patients with available
studies, that time frame was chosen to
calculate the pre-BOS rate of change.
Except at BOS diagnosis, a 30-day allowance
was added for the nominal 6- and 12- month
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windows to incorporate additional PFT
assessments. The date of the PFT that
corresponded to clinical recognition of BOS
diagnosis, or the date of enrollment into the
FAM trial if this occurred after clinical
recognition of BOS, was considered the
date of BOS diagnosis and designated as
Day 0. The FAM protocol allowed a
maximum of 6 months between clinical
recognition of BOS and enrollment.

Statistical Analysis
Patient characteristics were reported as means
with SDs or as medians and ranges for
continuous variables, and as count and
percentage for categorical variables. PFT
measurements were analyzed as average rates
of change per month, as estimated by linear
least squares for each patient (described above).

To test the hypothesis that FAM
treatment was associated with reduced FEV1

decline compared with standard treatment,
univariate and multivariate linear regression
was used. Multivariate analysis was
performed to adjust for factors that could
potentially affect FEV1 trajectory, including
systemic corticosteroids, which is the first-
line treatment for chronic GVHD, and other
factors that have previously been associated
with poor prognosis, including early onset
after hematopoietic cell transplant (15, 16)
and severity of FEV1 at diagnosis (15, 17, 18)
and FVC (19) as expressed in tertiles.

Overall survival analysis was based on
a landmark time of 6 months after BOS
diagnosis. The Kaplan-Meier method was
used to estimate overall survival. Cox
regression was used to explore the
association of FEV1 trajectory and
covariates, including those listed above,
with survival. Additional factors that may
influence survival in hematopoietic cell
transplant recipients were included in the
evaluation of overall survival. These factors
included patient age (20), cytomegalovirus
serostatus (9), pre–hematopoietic cell
transplant conditioning intensity (20), and
donor type (20). Statistical analyses were
performed with SAS/STAT version 9.4
software (SAS Institute, Inc., Cary, NC) and
R version 3.1.1 software (R Foundation for
Statistical Computing, Vienna, Austria).

Results

Cohort Characteristics
Eighty-two subjects (FAM, n = 36; FHCRC,
n = 46) with NIH criteria–defined BOS were

included in this study (Figure 1). Clinical
characteristics are shown in Table 1. In the
FHCRC cohort, 11 subjects (26%) were
started on inhaled corticosteroids, 5 (13%) on
azithromycin, 1 (2%) on both inhaled
corticosteroids and azithromycin, and none
on montelukast. The majority of patients (42
of 46 [91%]) were already on prednisone at
diagnosis. None of the subjects had
prednisone prescribed as a new medication,
but the dosage was increased in 18 subjects
(39%). In the FAM cohort, prednisone was
prescribed as a new medication or increased
in 25 patients (70%) at BOS diagnosis; the
remaining continued prednisone without an
alteration in dose.

The median durations to last follow-up
among surviving patients were 115 months
(range, 57–130) for the FHCRC cohort
and 23 months (range, 9–48) for the
FAM group. The median number of PFTs
per patient used to estimate lung function
trajectories is shown in Table 2. Of the
entire cohort, 48% had at least one pre-BOS
PFT within 6 months of diagnosis. In
addition, 94% had available early BOS
studies, and 62% had late BOS studies, from
which an FEV1 slope could be estimated.

FEV1 Trajectory
Qualitatively, individual FEV1 trajectories
after BOS diagnosis to date of last contact
were heterogeneous (Figure E1 in the online
supplement), but a predominant pattern
emerged (Figure 2). The overall trajectory of
FEV1 in the pre-BOS time frame for both
cohorts was notable for marked FEV1

decline within 6 months to BOS diagnosis,
followed by relative stability in FEV1 (Table
2 and Figure E2). There was a concomitant
mild reduction in FVC and a marked
reduction in FEF25-75 at BOS diagnosis.

Pretransplant lung function parameters
were within normal limits for FEV1 and
FVC, with some variability in FEF25-75
(Table 3). At BOS diagnosis, the median
FEV1 percent predicted was 46%
(interquartile range [IQR], 35–57) for
the FAM cohort and 53% (IQR, 41–64)
for the FHCRC group. For the entire
cohort (FAM1 FHCRC), FEV1 percent
predicted at diagnosis expressed in tertiles
was greater than 58.8% for the upper tertile,
44.0–58.8% for the middle tertile, and less
than 44.0% for the lower tertile. The
median FVC percent predicted at diagnosis
was 72% for both cohorts (FAM IQR, 65–80;

FAM trial, 2011–2014
n=36

Clinically recognized
n=52

Not clinically recognized
n=11

NIH criteria not met
n=1

ICS >1 month at
clinical recognition

n=2

Started on FAM
n=3

FHCRC cohort
n=46

Final Cohort
n=82

FHCRC cohort, 2002–2006
n=63

Figure 1. Schema of cohort of patients with bronchiolitis obliterans syndrome (BOS) as defined by
updated National Institutes of Health (NIH) spirometric criteria. All 36 participants in the fluticasone,
azithromycin, and montelukast (FAM) trial were included (11). Only patients with clinically recognized
BOS from the Fred Hutchinson Cancer Research Center (FHCRC) retrospective cohort were
included. Patients from the FHCRC cohort were excluded for factors that would confound analysis of
treatment with FAM on FEV1 trajectory. ICS = inhaled corticosteroid.
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FHCRC IQR, 63–78). The FVC percent
predicted values in tertiles were as follows:
greater than 77.5% for the upper tertile,
67–77.5% for the middle tertile, and less than
67% for the lower tertile. FEF25-75 percent
predicted at diagnosis was 17% (IQR, 12–27)
for the FAM group and 25% (IQR, 15–34)
for the FHCRC cohort.

Because FEV1 is the primary
spirometric parameter used in clinical
practice to evaluate BOS, subsequent
analysis was focused on FEV1. For subjects
with available PFTs pre-BOS, the FAM and
FHCRC cohorts had a similar slope of
FEV1 percent predicted decline to

diagnosis. The mean change in absolute
FEV1 percent predicted per month in the
pre-BOS window was 26.886 8.44% for
the FAM group versus 26.716 5.87% for
the FHCRC cohort (Table 2).

In the early BOS period, the rate of
change for FEV1 percent predicted ranged
from 217.6% per month to 18.2% per
month for the entire cohort. The mean
changes in absolute FEV1 percent predicted
per month from BOS diagnosis to 6 months
were 0.066 2.24% and 20.866 3.73% for
the FAM and FHCRC groups, respectively
(Table 2). FVC remained stable during this
time frame (Table 3 and Table E1).

In the late BOS period, themean changes
in FEV1 percent predicted per month were
20.046 1.25% and 20.126 0.80% for
the FAM and FHCRC groups, respectively.
To gain a perspective on lung function loss
over time, the change in FEV1 was
estimated in milliliters per year (Table E2).
In the late BOS period, the estimated
declines in FEV1 were 83 ml/yr (12 3 26.9
ml/mo) for the FAM group and 60 ml/yr
(12 3 25.0 ml/mo) for the FHCRC cohort.

To evaluate factors affecting the FEV1

percent predicted trajectory early after
diagnosis, FAM treatment, new or
increased use of prednisone, time of onset
after hematopoietic cell transplant, and
FEV1 severity at diagnosis were considered.
In univariate regression analysis of rate of
change from BOS diagnosis to 6 months,
the effect of FAM on FEV1 slope was a
difference in the mean rate of change of 0.92%
predicted per month (95% confidence interval
[CI], 20.53 to 2.37), which means that the
FAM cohort had a slightly better rate of
change in FEV1 percent predicted relative to
the FHCRC group, but this was not
statistically significant (P = 0.21). This result
did not change with the exclusion of FHCRC
subjects who were started on inhaled
corticosteroids or azithromycin (data not
shown) or in multivariate analysis adjusted for
treatment with prednisone at diagnosis, timing
of diagnosis after hematopoietic cell transplant,
or FEV1 percent predicted at diagnosis
(0.79%; 95% CI, 20.78 to 2.34; P = 0.31).

Outcomes after BOS Diagnosis
The estimated 2-year overall survival times
from BOS diagnosis were 76% (95% CI,
61–91%) for the FAM group and 72% (95%
CI, 59–85%) for the FHCRC cohort. Nine
patients in the FAM group and 29 patients
in the FHCRC group died in the respective
follow-up period for each cohort.

An exploratory analysis of survival was
performed to determine if FEV1 trajectories
and other factors were associated with
worse outcomes. Survival analysis at a
6-month landmark after BOS diagnosis
(n = 75) suggested that patients with a
change of FEV1 percent predicted from
BOS diagnosis to 6 months above the
median (20.30%/mo) had better survival
than those with a change below the median,
although this difference was not statistically
significant (Table 4). Factors that were
associated with survival in univariate
analysis were included in a multivariate
analysis; only diagnosis within 1 year and

Table 1. Patient characteristics of patients in the fluticasone, azithromycin, and
montelukast trial and retrospective Fred Hutchinson Cancer Research Center cohorts

FAM Cohort
(n = 36)

FHCRC Cohort
(n = 46)

Age at allogeneic hematopoietic cell
transplant, yr, median (range)

53 (23–70) 47 (13–67)

Months to bronchiolitis obliterans
syndrome, median (range)

17.9 (5.0–131) 13.9 (5.0–39.9)

Sex, n (%)
Female 17 (47) 16 (35)
Male 19 (53) 30 (65)

Cytomegalovirus, n (%)
Negative 16 (50) 20 (43)
Positive 16 (50) 26 (57)

Conditioning, n (%)
Nonmyeloablative 14 (39) 18 (39)
Myeloablative 22 (61) 28 (61)

Stem cell source, n (%)
Peripheral blood 31 (86) 42 (91)
Bone marrow 5 (14) 4 (9)

Donor, n (%)
Related 21 (58) 24 (52)
Unrelated 15 (42) 22 (48)

Definition of abbreviations: FAM= fluticasone, azithromycin, montelukast; FHCRC= Fred Hutchinson
Cancer Research Center.

Table 2. Lung function trajectory calculated as FEV1 percent predicted per month

Time Frame n Median Number*
(Range)

Mean
Slope (SD)

Median
Slope (IQR)

Pre-BOS
FAM 15 2 (2–4) 26.88 (8.44) 26.54 (212.1 to 0.32)
FHCRC 24 2 (2–5) 26.71 (5.87) 25.27 (29.36 to 22.79)

Early BOS
FAM 35 5 (3–7) 0.06 (2.24) 20.10 (21.43 to 0.79)
FHCRC 39 4 (2–10) 20.86 (3.73) 20.45 (21.48 to 1.13)

Late BOS
FAM 22 3 (2–8) 20.04 (1.25) 0.04 (20.63 to 0.54)
FHCRC 29 5 (2–14) 20.12 (0.80) 20.10 (20.35 to 0.35)

Definition of abbreviations: BOS = bronchiolitis obliterans syndrome; FAM= fluticasone, azithromycin,
montelukast study cohort patients; FHCRC= Fred Hutchinson Cancer Research Center retrospective
cohort patients; IQR = interquartile range.
*This is the median number of pulmonary function tests per subject used in the calculation of trajectory.
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FVC in the lowest tertile remained
significantly associated with decreased
survival (Table 4 and Figure 3). The hazard
ratio for an FVC less than 67% was 2.67
(95% CI, 1.2–6.0; P = 0.02). The correlation
of FEV1 to FVC was r = 0.66, r2 = 43
(P, 0.0001) (Figure E3).

Discussion

In two contemporary cohorts of patients with
BOS, we observed that the trajectory of FEV1

in patients with BOS after hematopoietic cell
transplant was variable. We observed a
predominant pattern of rapid FEV1 decline in
the 6 months prior to clinical recognition of

BOS, followed by a period of relative FEV1

stabilization, with a concomitant mild
reduction in FVC and a marked reduction in
FEF25-75. FEV1 impairment was severe at
diagnosis. Patients who survived beyond 6
months experienced a slow decline in FEV1

over time. The rate of FEV1 decline after BOS
diagnosis was not affected by type of
treatment analyzed and was not associated
with survival. Overall 2-year survival rates
were greater than 70%. In an exploratory
analysis, diagnosis within 1 year after
hematopoietic cell transplant and FVC less
than 67% predicted at diagnosis were
associated with reduced survival.

Our data indicate that the magnitude of
FEV1 decline before diagnosis greatly

exceeded the diagnostic requirement of a
greater than 10% decline compared with
baseline FEV1 (5) as well as the annualized
rate of FEV1 percent predicted decline of
5%/yr described by Chien and colleagues
(21). Given that FEV1 preceded BOS
diagnosis within 6 months, and in some
cases within 3–4 months, it is possible that
the majority of these patients would have
met the criteria for BOS weeks to months
prior to formal diagnosis, offering an
opportunity to intervene before significant
lung function was lost (22).

The precision of FEV1 trajectory was
limited by the lack of standardized intervals
of PFT monitoring. Thus, the rates of
FEV1 decline to diagnosis may be less
severe than reported, as they do not take
into account patients who may have had a
more indolent course to BOS diagnosis.
Conversely, the time intervals between the
pre-BOS measurements used to calculate
the slope may underestimate the true rate
of decline for those with rapid onset of
severe disease. These data are unable to
pinpoint the precise onset of lung function
decline; they simply indicate the time at
which patients met the BOS criteria.

This limitation highlights the larger
problem of a lack of an effective strategy
for the early detection of BOS after
allogeneic hematopoietic cell transplant.
The optimal frequency for routine PFT
testing has never been established, and
screening protocols do not exist at many
centers. At some centers in the United
States, including the FHCRC, allogeneic
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Figure 2. Trajectory of FEV1 percent predicted values after allogeneic hematopoietic cell transplant. Bronchiolitis obliterans syndrome (BOS) diagnosis is
designated as time 0. Individual trajectories (n = 82) are plotted with a smoothed regression line to illustrate the aggregate trajectory of the entire cohort over time.

Table 3. Spirometric parameters at baseline before hematopoietic cell transplant, at
bronchiolitis obliterans syndrome diagnosis, and at 6 months after bronchiolitis
obliterans syndrome diagnosis

Pretransplant BOS Diagnosis 6 mo

n Median (IQR) n Median (IQR) n Median (IQR)

FEV1, % predicted
FAM 33 94 (85–103) 36 46 (35–57) 25 49 (43–60)
FHCRC 45 87 (77–97) 46 53 (41–64) 25 54 (42–64)

FVC, % predicted
FAM 33 99 (88–105) 36 72 (65–80) 25 77 (65–83)
FHCRC 45 91 (83–100) 46 72 (63–78) 25 71 (63–80)

FEF25-75, % predicted
FAM 33 81 (66–100) 36 17 (12–27) 25 21 (15–27)
FHCRC 45 77 (63–92) 46 25 (15–34) 25 32 (18–38)

Definition of abbreviations: BOS = bronchiolitis obliterans syndrome; FAM= fluticasone, azithromycin,
montelukast study cohort patients; FHCRC= Fred Hutchinson Cancer Research Center retrospective
cohort patients; IQR = interquartile range.
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hematopoietic cell transplant recipients
undergo PFTs at Days 80–100 and at 1 year
post–hematopoietic cell transplant, or more
frequently as dictated by the clinical
scenario.

The severe degree of lung dysfunction
at diagnosis seen in our study suggests that
BOS is diagnosed late in the course of the
disease with current practices. The stability
of FEV1 after diagnosis may reflect lung
function that had already plateaued to a
new baseline by the time BOS was clinically
recognized in some patients. The FEV1

trajectory of our cohort is similar to that
described in a cohort of lung transplant
recipients (4), but the rates of decline are
shifted by 6 months, again supporting the
notion that BOS after hematopoietic cell
transplant is diagnosed too late.

The need for early detection and
treatment is well recognized within
the transplant community (22); however,
there are significant roadblocks to the
implementation of screening protocols.
BOS is rare after hematopoietic cell
transplant; unlike in lung transplant
recipients, relapse of malignancy, not
pulmonary dysfunction, is the primary
clinical concern after transplant.
Performing routine PFTs is onerous for
the patient in the context of other
symptomatic post–hematopoietic cell
transplant complications, particularly if
the patient is discharged to community care
far from a hematopoietic cell transplant
center. Current guidelines recommend
testing patients at high risk, specifically
those with newly diagnosed chronic

GVHD, every 3 months (7), but this is not
the standard of care at most centers.

The poor prognosis associated with
BOS diagnosed within 1 year of allogeneic
hematopoietic cell transplant is consistent
with prior observations (15, 16, 23) and
suggests that close interval screening should
occur well before the 1-year milestone.
Home monitoring by using spirometry with
a portable handheld device, as is done for
lung transplant recipients, could be used in
high-risk hematopoietic cell transplant
recipients (24), which may alleviate the cost
and inconvenience of performing frequent
PFTs in a laboratory setting and help detect
BOS earlier. Weekly or monthly
measurements with consecutive FEV1

decline should prompt immediate
evaluation.

Effective detection of early disease
depends upon an understanding of the
natural history of the disease and innovation
of spirometric or clinical biomarkers
more sensitive than current methods. In
lung allograft recipients, clinically
symptomatic BOS may be preceded by an
isolated decline in FEF25-75, also known as
“BOS 0-P” (25, 26), which may also be the
case in hematopoietic cell transplant
recipients (27). Analysis of FEF25-75 prior to
BOS diagnosis in our study was limited
owing to the lack of available spirometry,
but there was a marked reduction of
FEF25-75 at diagnosis, which is consistent
with the pathophysiology of small airway
obstruction (28, 29). The theoretical utility
of this parameter is possible only if PFTs
are done frequently enough to detect
isolated FEF25-75 reduction prior to FEV1

decline.
While the stability of lung function

after diagnosis may reflect an already fixed
decline in FEV1, there remains a possibility
that treatment directed at BOS could
prevent further decline. The retrospective
design and noncontemporaneous cohorts
did not allow us demonstrate an effect of
FAM compared with standard of care;
however, given the likelihood that some
individuals will be recognized during the
steep part of FEV1 decline, the pattern
of FEV1 stabilization may be due to
treatments initiated for these individuals.
A recent prospective trial in which patients
with a median FEV1 of 55–65% predicted at
BOS diagnosis were randomized to receive
inhaled budesonide/formoterol versus
placebo without addition of systemic
corticosteroids provides evidence that

Table 4. Exploratory analysis of risk factors for mortality at 6 months after onset of
bronchiolitis obliterans syndrome (n = 75, with 31 deaths)

Univariate Multivariate

HR (95% CI) P Value HR (95% CI) P Value

FAM 1.04 (0.4–2.7) 0.94 —– —–
Slope FEV1, % predicted
greater than 20.30/mo

0.61 (0.3–1.3) 0.21 —– —–

Diagnosis 0–1 yr post-HCT 1.97 (0.9–4.1) 0.07 2.30 (1.0–5.1) 0.04
FEV1 ,44% predicted 2.12 (1.0–4.4) 0.04 1.40 (0.6–3.1) 0.40
FVC, % ,67% predicted 2.36 (1.2–4.8) 0.02 2.67 (1.2–6.0) 0.02
Myeloablative conditioning 0.54 (0.3–1.1) 0.09 0.59 (0.3–1.2) 0.12

Definition of abbreviations: CI = confidence interval; FAM = fluticasone, azithromycin, montelukast
study cohort; HCT = hematopoietic cell transplant; HR = hazard ratio.
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Figure 3. Kaplan-Meier survival estimates at 6-month landmark after bronchiolitis obliterans
syndrome (BOS) diagnosis, stratified by tertiles of FVC percent predicted values for the entire cohort
(n = 75): upper tertile, greater than 77.5% (black line); middle tertile, 67–77.5% (blue line); and lower
tertile, less than 67% (red line). The comparisons are lowest versus highest, hazard ratio (HR) of 2.31
(95% confidence interval [CI], 1.0–5.7; P = 0.06); lowest versus middle, HR of 2.40 (95% CI, 1.0–5.6;
P = 0.04); and lowest versus middle/highest, HR of 2.36 (95% CI, 1.2–4.8; P = 0.02).
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reversing lung function decline is possible if
BOS is diagnosed at a less severe stage of
lung dysfunction (30). Again, this
underscores the need for early detection to
reduce long-term lung dysfunction.

The 2-year survival rates of patients
with BOS after hematopoietic cell transplant
of 76% and 72% in the FAM and FHCRC
cohorts, respectively, are an improvement
on an oft-quoted historical 2-year survival
rate of 44% (15, 23). Improvement in
supportive care for patients with severe
lung function in the last two decades may
have improved survival even for individuals
with severe lung dysfunction. Our analysis
did not show a significant association of
FEV1 trajectory with outcomes, which
may be biased if patients with declining
lung function were too ill to perform
PFTs. Clinical events such as respiratory
infection are likely to contribute to FEV1

deterioration and subsequent mortality in
patients with BOS, as is the case in other
chronic airway diseases such as chronic
obstructive pulmonary disease (31–33) and
cystic fibrosis (34). The impact of
respiratory infections was beyond the scope
of this study and should be investigated
prospectively.

The severity of FVC, not FEV1, was
significantly associated with mortality in
this cohort. FEV1 was not associated with
worse outcomes in analyses by Dudek
and colleagues (23) and Bergeron and
coworkers (16), the latter of whom used a
cutpoint of FEV1 less than 50% predicted.
However, Ahn and colleagues showed that
a very severe FEV1 less than 30% predicted
at diagnosis was significantly associated
with mortality (17), consistent with what is

seen clinically in patients with end-stage
disease. While there is some degree of
correlation of FVC with FEV1, our analysis
suggests that FVC is an independent risk
factor for mortality, which is consistent
with what has recently been observed in
lung transplantation (19, 35). The modest
reduction in FVC at diagnosis, as observed
in our cohort, likely reflects reduced
ventilatory capacity due to air trapping
from obliterated distal small airways
(13, 16). However, the effect of severe FVC
reduction on mortality may be due to
factors such as thoracic cage restriction
from sclerotic GVHD, noninfectious
pneumonia, or neuromuscular weakness.
Our data suggest that the diagnostic and
prognostic roles of FVC in this disease
are more important than previously
appreciated and should be evaluated in
future studies.

Limitations
In addition to the lack of standardized
PFT intervals, this study was limited in
several ways. The retrospective design and
noncontemporaneous comparison cohorts
limited our ability to adequately control
for important clinical confounding factors,
including treatment with prednisone,
which also has potential for slowing FEV1

decline. Prior to the use of FAM at the
FHCRC in 2008 (36), the prevailing
clinical practice for treatment of BOS was
the use of prednisone, which was also
permitted in the FAM trial.

We were unable to assess the effect of
extrathoracic manifestations of chronic
GVHD, which could accelerate FEV1

decline, because the FAM cohort was

assessed prospectively according to an
updated symptom-based scale (12, 37) that
was not available for the FHCRC cohort.
The survival analysis was exploratory and
must be interpreted with caution. The long-
term impact of treatment on lung function
and survival requires prospective studies
with larger numbers of patients and longer
follow-up.

Conclusions
Despite the limitations of our study, this
description of lung function trajectory
provides insight into the clinical course of
BOS after hematopoietic cell transplant in
the current treatment era and in a context
with other chronic lung diseases. Notably,
the estimated yearly rate of FEV1 loss
beyond 6 months after clinical recognition
in our study exceeds FEV1 decline due to
normal aging (38) and is similar to the rate
of FEV1 loss in emphysematous chronic
obstructive pulmonary disease (39).

Our observations suggest that any
intervention should be targeted before or
during the steep part of the slope of FEV1

decline. Clinical trials for the treatment of
BOS must incorporate a means of identifying
and treating patients early in the course of
the disease. An appropriate endpoint could
be stabilization of lung function above a
minimal degree of FEV1 impairment. For
this to be possible, more work needs to be
done to define early BOS and to standardize
serial lung function monitoring after
allogeneic hematopoietic cell transplant in
individuals with chronic GVHD. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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