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BACKGROUND: Pulmonary function test (PFT) impairments are common after allogeneic he-
matopoietic stem cell transplantation. The prognostic significance of these declines on outcomes
is not well understood. The objectives were to determine the frequency of declines in pulmonary
function (FVC, FEV,, and diffusing capacity for carbon monoxide [Dyco]) in the early post-
transplantation period; and to determine the prognostic significance of these declines on mortal-
ity or development of bronchiolitis obliterans syndrome. METHODS: This was a retrospective
cohort study conducted at Mayo Clinic, Rochester, Minnesota. PFTs were obtained at baseline
and at day +100. Competing risk survival models were developed, which accounted for pre-
transplantation pulmonary function and relapse status. RESULTS: Between January 1, 2005,
and December 31, 2020, 1,145 subjects underwent allogeneic hematopoietic stem cell transplanta-
tion and had a pre-transplantation PFT performed. Of these, 900 (78.6%) survived to day 100
and had post-transplantation PFTs performed (median [interquartile range] 97 [94-103] d). A
decline of =10% in FEV,, FVC, or Dyco was seen in 401 of 900 subjects (44.5%). Declines of
=>20% in FEV, (hazard ratio 1.65, 95% CI 1.07-2.56; P = .02), FVC (hazard ratio 1.72, 95%
CI [1.11-2.67]; P = .02), and Dy o (hazard ratio 1.46, 95% CI 1.04-2.07; P = .028) were all
associated with reduced survival when compared with those with < 10% decline in PFT meas-
ures. These findings were independent of pre-transplantation pulmonary function or relapse sta-
tus. Bronchiolitis obliterans syndrome was diagnosed in 118 subjects (10.3%), and there was no
relationship between early PFT decline and a subsequent diagnosis of bronchiolitis obliterans
syndrome. The subjects who received myeloablative conditioning with cyclophosphamide plus
total body irradiation or cyclophosphamide plus fludarabine plus total body irradiation were
more likely to have lower spirometry values after hematopoietic stem cell transplantation. The
subjects who received reduced intensity conditioning or nonmyeloablative conditioning with flu-
darabine plus total body irradiation were more likely to have higher post-hematopoietic stem
cell transplantation FEV,, FVC, and Dy co. CONCLUSIONS: An absolute decline of =20% in
FEV,, FVC, or Dy co were associated with reduced survival independent of pre-transplantation
pulmonary function or relapse status. In contrast to previous work, early declines in PFT meas-
ures were not associated with future development of bronchiolitis obliterans syndrome. Key
words: Bone marrow transplantation, pulmonary function; spirometry; diffusing capacity,; bronchiolitis
obliterans. [Respir Care 2023;68(10):1406-1416. © 2023 Daedalus Enterprises]

Introduction

Pulmonary complications are common after hematopoi-
etic stem cell transplantation.'” Pulmonary function testing
(PFT) is part of the routine pre-transplantation evaluation.®
These PFTs provide baseline values when diagnosing pul-
monary toxicities from chemotherapy and radiation ther-
apy,” and in diagnosing specific post-hematopoietic stem
cell transplantation syndromes, for example, bronchiolitis
obliterans syndrome. PFTs also have a prognostic component:
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poorer baseline PFT is associated with an increased risk of
post-transplantation pulmonary complications and reduced
overall survival.>*'" Given the prognostic importance of
pre-transplantation pulmonary function, the hematopoietic
stem cell transplantation comorbidity index incorporates
pre-transplantation FEV, and diffusing capacity for carbon
monoxide (Dy o) in its composite risk score.'*!

Previous studies that looked at the significance of early
post-transplantation spirometry predominantly focused on
to what extent early declines in expiratory flow, especially
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FEV |, are predictive of subsequent bronchiolitis obliterans
syndrome.'®'” The largest such study found that the abso-
lute values of FEV and forced expiratory flow in the mid-
part of the FVC maneuver at the day +80 PFT were associ-
ated with subsequent bronchiolitis obliterans syndrome
development.'® Studies that looked at impact of early
post—hematopoietic stem cell transplantation lung function
on overall survival are more limited. One study that
assessed this determined that lower absolute values of
FVC, FEV/, and Dy ¢ collected at day +80 after hemato-
poietic stem cell transplantation were associated with
reduced survival.'® However, this study did not incorpo-
rate pre-transplantation reference values, so it is unclear if
the worse outcomes seen in those with greater impair-
ments in pulmonary function after hematopoietic stem cell
transplantation were merely a reflection of preexisting
pulmonary dysfunction. The impact of the changes in pul-
monary function between the time of the pre-transplanta-
tion PFT and the early post-hematopoietic stem cell
transplantation period is not well studied. Our objective
with this study was to determine the frequency of early
decline in pulmonary function and whether such declines
have prognostic implications beyond that of preexisting
pulmonary function parameters.

Methods

This was a retrospective cohort study conducted at Mayo
Clinic, Rochester. The Mayo Clinic Institutional Review
Board (Rochester, Minnesota) approved the study protocol
(13 - 002869) before study initiation. The requirement for
written informed consent was waived by the institutional
review board. The study population included adult subjects
(ages = 18 years) who underwent first-time hematopoietic
stem cell transplantation at Mayo Clinic, Rochester,
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Current knowledge

Pulmonary complications are a major threat to the
survivorship of the recipient of an allogeneic hemato-
poietic stem cell transplantation. Pre-transplantation
lung function is a known predictor of non-relapse
mortality in recipients of an allogeneic hematopoietic
stem cell transplantation. After allogeneic hematopoi-
etic stem cell transplantation, declines in lung func-
tion are commonly seen, but it is not known precisely
how frequently these occur or what threshold of
decline should prompt concern.

What this paper contributes to our knowledge

In this retrospective cohort study, 20% absolute declines
in FEV;, FVC, and D;co were associated with an
increased risk of non-relapse mortality, independent of
pre-transplantation lung function. We found that early
declines in lung function from pre-transplantation base-
line is a predictor of mortality and determined a 20%
absolute decline should be particularly concerning
when recipients are seen at their day +100 milestone
visit.

Minnesota, between January 1, 2005, and December 31,
2020. For those subjects who had >1 hematopoietic stem
cell transplantation, the first hematopoietic stem cell trans-
plantation was used as the index event. Follow-up occurred
until August 31, 2022. The subjects were included if (a) they
provided consent for the use of the medical records for
research purposes, (b) they had a pre-transplantation PFT
performed, and (c) they had at least one PFT performed after
hematopoietic stem cell transplantation.

A bronchiolitis obliterans syndrome diagnosis was
performed via manual chart review by 2 authors (HY,
MH) in line with 2014 National Institutes of Health
Consensus Statement'® for diagnosis of chronic graft-
versus-host disease after allogeneic hematopoietic stem
cell transplantation and before published work by our
group.”’ Specifically, this included (a) FEV, < 75% of
predicted and an irreversible = 10% decline in < 2 years;
(b) the FEV |—to—vital capacity less than either 0.7 or the
lower limit normal; (c) absence of infection; and (d) one
of the following: (i) a preexisting diagnosis of chronic
graft-versus-host disease, (ii) air trapping by expiratory
computed tomography scan of the chest, or (iii) air trap-
ping on PFTs as measured by residual volume. All 4 cri-
teria were met in 90 of 118 subjects, whereas 28 of 118
subjects only met 3 of the 4 criteria. Specifically, these
subjects met criteria a, ¢, and d but had a FEV,/FVC
above the lower limit of normal. These 28 of 118 subjects
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were diagnosed and treated as having bronchiolitis obliter-
ans syndrome by their primary clinician.

All spirometry and diffusing capacity measurements
were performed by a trained pulmonary function technician
in the Pulmonary Function Laboratory at Mayo Clinic,
Rochester. The American Thoracic Society and European
Respiratory Society technical standards were followed in
the performance and interpretation of all testing.?' The
PFT laboratory follows American Thoracic Society and
European Respiratory Society guidelines for quality assur-
ance with daily calibrations and regular biologic quality
control checks.”>** Dy o whenever possible. To account
for the effects of age-related decline in lung function (~20-
30 mL/year for FEV, and FVC),? all comparison measures
were performed with the percent of predicted values, which
accounted for these age-related declines. When we reported
differences in percentages, this reflects an absolute differ-
ence in the percent of predicted unless otherwise stated. For
example, a subject whose FEV; percent of predicted went
from 80% to 60% would be said to have a 20% decline in
FEV,. Global Lung Initiative reference equations were
used for normative value calculations.>**’ For the pre-trans-
plantation reference value, the spirometry and diffusing
capacity measurement immediately before transplantation
was used. For post-hematopoietic stem cell transplantation
spirometry and diffusing capacity measurements, the first
PFT performed was used. If the subjects had pre- and post-
bronchodilator measurements taken at the same visit, the
best value was used.

Subject demographics and clinical characteristics were
described by using proportions and percentages for dichot-
omous and categorical variables. Categorical variables
were summarized as counts and percentages, and were
compared across case status by using the chi-square and
Fisher exact tests. Continuous variables were summarized
as mean = SD and compared between subjects with a
paired ¢ test and across case status by using an unpaired
¢t test. Survival analyses were analyzed in a competing
risks model, with relapse and death considered as compet-
ing events.”®** Results from 2 competing risk models
were reported: cause-specific hazard models and subdistri-
bution hazard models.”'* A 2-sided P < .05 was consid-
ered statistically significant. JMP Pro software (SAS
Institute, Cary, North Carolina) was used for data collec-
tion and handling. Data analysis was performed in R 3.6.3
(R Foundation for Statistical Computing, Vienna, Austria)
by using the R Studio 2022.02 integrated development
environment (PBC, Boston, Massachusetts)."”

Results

Between January 1, 2005, and December 31, 2020, 1,249
patients underwent first-time allogeneic hematopoietic
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stem cell transplantation. Of these, 19 declined the use of
their medical records for research purposes and 83 did not
have a pre-transplantation PFT performed. Therefore,
1,145 subjects were eligible for inclusion in the study. Of
these 1,145, 1,036 (90.5%) were alive at day 100 and 838
(73.2%) were alive at 1-year post—hematopoietic stem cell
transplantation. Baseline characteristics are outlined in
Table 1. A study flow diagram is outlined in Figure 1.

Of the 1,145 subjects, 900 (78.6%) had a PFT done
within 6 months of hematopoietic stem cell transplantation
at a median (interquartile range) of 97 (94-103) d, typically
coordinating with the day +100 milestone visit (Table 2).
All the subjects were able to complete spirometry assess-
ment. Twenty-two subjects of 900 were unable to perform
the maneuvers required for diffusing capacity assessment.
Declines in PFT measures were common: 180 (20.0%) had
a >10% decline in FEV, 188 (20.8%) had a >10% decline
in FVC, and 326 (36.2%) had a >10% decline in Dy o
compared with their pre-transplantation referent value. In
total, 401 of 900 (44.5%) had a decline in at least one of the
3 measures. Lower absolute values of either the pre-trans-
plantation or the first post-transplantation FEV,, FVC, and
D1 co were associated with reduced overall survival at 1- and
2-years (Table 3). For the 1-year survival, the odds ratios
(OR) for mortality were 0.63 (95% CI 0.53-0.75; P = .003)
and 0.57 (95% CI 0.45-0.72; P < .001) per liter increase in
FEV, for the pre- and post-transplantation measures, respec-
tively. Similarly, the ORs for mortality were 0.72 (95% CI
0.63-0.82; P < .001) and 0.67 (95% CI 0.56-0.81; P <
.001) per liter increase in FVC for the pre- and post-trans-
plantation measures, respectively. Also, the ORs for mortal-
ity were 0.94 (95% CI 0.92-0.96; P < .001) and 0.93 (95%
CI 0.89-0.96; P < .001) per mL/min/mm Hg Dy o for the
pre- and post-transplantation measures, respectively.

After adjusting for pre-transplantation reference values,
10% declines in FEV; (OR 1.56, 95% CI 1.00-2.39; P =
.046), FVC (OR 1.65, 95% CI 1.07-2.50; P = .02), and
D co (OR 1.57, 95% CI 1.05-2.35; P = .026) were associ-
ated with reduced overall survival. After adjusting for pre-
transplantation reference values, >20% declines in all 3 pa-
rameters were associated with reduced overall survival: FEV,
(OR 2.89, 95% CI 1.60-5.06; P < .001), FVC (OR 2.51,
95% CI 1.35-4.51; P = .003), and Dy o (OR 2.40, 95% CI
1.47-3.87; P < .001). Broadly, similar findings were seen for
the 2-year survival (Table 3).

Across all measures of PFT decline, effect estimates
were greater in those with a =20% decline in PFT meas-
ures compared with those with a 10-20% decline in PFT
measures. One hundred and thirty-four subjects (14.9%)
had a = 10% decline in Dy co, alongside a = 10% decline
in either FEV; or FVC. The OR for mortality at 2 years for
those with a = 10% decline in Dy ¢ plus spirometry mea-
sure was 1.80, 95% CI 1.20-2.67 (P = .004). Thirty-nine
subjects (4.3%) had a =20% decline in Dy ¢ as well as a
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Table 1.  Baseline Characteristics of the Study Population
Characteristic Subjects Undergoing First Time Allogeneic Hematopoietic Stem Cell
Transplantation With a Pre-Transplantation PFT Available
Subjects, N 1,145
Women 471 (41.1)

Age at transplantation, median (interquartile range) y
Race
White
Asian
Black or African American
American Indian or Alaskan Native
Native Hawaiian or other Pacific Islander
Unknown, other, mixed
Ethnicity
Hispanic or Latino
Not Hispanic or Latino
Unknown or chose not to disclose
Underlying diagnosis
Acute myelogenous leukemia
Acute lymphocytic leukemia
Myelodysplastic syndrome
Hodgkin lymphoma
Non-Hodgkin lymphoma
Aplastic anemia
Myeloma or plasma cell disorder
Chronic myelogenous leukemia
Other
Donor type
Related
Unrelated
Conditioning
Myeloablative
Reduced intensity or nonmyeloablative
Conditioning regimen
Busulfan + fludarabine
Cyclophosphamide + busulfan
Cyclophosphamide + fludarabine + total body irradiation
Cyclophosphamide + total body irradiation
Fludarabine + total body irradiation
Melphalan
Melphalan + fludarabine
Melphalan + total body irradiation
Melphalan + fludarabine + total body irradiation
Other

Data are presented as n (%) unless otherwise indicated.
PFT = pulmonary function test

54.8 (43.5-61.8)

1,058 (92.4)
27 (2.4)
12 (1.0)

4(0.4)
2(0.2)
42 (3.7)

20 (1.7)
1,014 (88.6)
111 (9.7)

446 (39.0)

154 (13.5)

273 (23.4)
8(0.7)
353.1)
38 (3.3)
66 (5.8)
47 (4.1)
78 (6.8)

577 (50.4)
568 (49.6)

641 (56.0)
504 (46.0)

129 (11.3)
167 (14.6)
60 (5.3)
239 (20.9)
95 (8.3)
11 (1.0)
348 (30.4)
38 (3.3)
29 (2.5)
29 (2.5)

= 20% decline in either FEV; or FVC. The OR for mortal-
ity at 2 years for those with a =20% decline in Dy o plus
spirometry measure was 4.15, 95% CI 2.14-8.15 (P <
.001). We, in addition, analyzed non-relapse mortality with
similar results seen (Supplementary Table 2, see the supple-
mentary materials at http://www.rcjournal.com). Specifically,
a decline of > 20% resulted in an OR for mortality at 1 year
of 3.02 (95% CI 1.54-5.64; P < .001) for FEV, 2.75 (1.35-
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5.28) for FVC, and 3.16 (1.86-5.31) for Dy co. A decline of
> 20% resulted in an OR for mortality at 2-years of 3.07
(1.68-5.52) for FEV|, 3.21 (1.74-5.82) for FVC, and 291
(1.82-4.62) for Dy co.

Of 1,145 subjects, 118 were diagnosed with bronchioli-
tis obliterans syndrome at a median of 14 months after
hematopoietic stem cell transplantation. Absolute values
of PFT parameters at the early post—hematopoietic stem
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Patients with
hematopoietic

stem cell
transplantation
1,249
Excluded
_ 102
" |Declined to participate: 19
¥ No pre-transplant PFT: 83
Subjects with
pre-transplant
PFT
1,145
Excluded
_ 245
Died within 100 d: 109
4 No post-transplant PFT: 136

Surviving subjects with
pre-transplant PFT and
post-transplant PFT
900

Fig. 1. Flow chart. PFT = pulmonary function testing.

cell transplantation PFT were not associated with subse-
quent bronchiolitis obliterans syndrome development.
Specifically, there was no difference between the subjects
with bronchiolitis obliterans syndrome versus the subjects
without bronchiolitis obliterans syndrome for FEV;
(95.1% vs 98.1% of predicted; P = .08), FVC (97.4% vs
98.0% of predicted; P = .72), or Dy co (73.6% vs 75.4%
of predicted; P = .21). Declines of 10% or 20% in PFT
measures from the pre-transplantation reference value
were also not associated with subsequent bronchiolitis
obliterans syndrome development. Specifically, 25 of 118
subjects (21.1%) who went on to develop bronchiolitis

obliterans syndrome had a decline in FEV; of 10% at the
time of the first PFT compared with 155 of 614 subjects
(20.1%) who did not go on to develop bronchiolitis oblit-
erans syndrome (P = .79). Eight of 118 subjects (6.8%)
who went on to develop bronchiolitis obliterans syndrome
had a decline of =20% in FEV, compared with 57 of 712
(7.4%) of those who did not go on to develop bronchiolitis
obliterans syndrome (P = .80).

Declines in FEV, FVC, and D o were modeled in an
overall survival analysis (Figure 2). Hazard ratios for 5-
year survival were then calculated with relapse and death
considered as competing risks (Figure 3, Table 4). Results
were consistent with the 2 competing risk models used. In
the subdistribution hazard model for those without relapse,
declines of =20% in FEV; (hazard ratio 1.65, 95% CI
1.07-2.56; P = .02), FVC (hazard ratio 1.72 [1.11-2.67];
P = .02), and Dy o (hazard ratio 1.46, 95% CI 1.04—
2.07; P = .03) were all associated with reduced survival
when compared with those with a <10% decline in PFT
measures. There was no significant difference in mortal-
ity in those with a 10-20% decline in PFT measures com-
pared with those who had a <10% decline in PFT. As a
sensitivity analysis, we repeated this survival analysis,
including only those subjects who did not go on to de-
velop bronchiolitis obliterans syndrome. Findings were
similar to the parent analysis (Supplementary Table 1, see
the supplementary materials at http://www.rcjournal.com).
A decline in pulmonary function parameters stratified by year
of transplantation is outlined in Supplementary Figure 1 (see
the supplementary materials at http://www.rcjournal.com).
Declines in D; o and FEV, remained stable over time. A

Table 2.  Pulmonary Function Measurements Before and After Hematopoietic Stem Cell Transplantation

Pulmonary Function Pre-Transplantation:

Pre-Transplantation: Only Those with

Post-Transplantation PFT p

Parameter Entire Cohort (N = 1,145) Post-Transplantation PFT (n = 900) (n =900)
FEV,
L 3.30 (2.77-3.90) 3.32(2.80-3.92) 3.21 (2.67-3.83) <.001
Percent predicted 100.2 (90.2-110.5) 101.3 (91.6-111.4) 98.9 (87.8-108.9) <.001
Z score 0.01 (—0.73 t0 0.77) 0.08 (—0.63 to 0.85) —0.12 (—0.93 to 0.60) <.001
FVC
L 4.17 (3.49-4.98) 4.20 (3.52-5.02) 4.01 (3.34-4.87) <.001
Percent predicted 100.7 (91.5-110.0) 101.7 (92.3-110.6) 98.8 (87.7-107.9) <.001
Z score 0.06 (—0.63 to 0.69) 0.12 (—0.55t0 0.75) —0.10 (—0.94 to 0.58) <.001
FEV,/FVC
Ratio 0.81 (0.77-0.85) 0.81 (0.77-0.84) 0.80 (0.75-0.84) .02
Z score 0.03 (—0.53 to 0.60) 0.02 (—0.52t0 0.61) 0 (—0.58 to 0.56) .10
Drco
mmoL CO/min/kPa 21.9 (18.2-25.7) 21.9 (18.3-25.8) 19.8 (16.6-23.9) <.001
Precent predicted 81.1(72.5-90.9) 81.7 (73.5-91.7) 75.5 (65.2-84.9) <.001

Data are presented as median (interquartile range).

*Paired ¢ test for those subjects who had both a pre- and post-transplantation PFT performed.
PFT = pulmonary function testing
D co = diffusing capacity for carbon monoxide
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Table 3.  The Association Between First Post-Transplantation Spirometry and Diffusing Capacity Measures and Overall Survival At 1 And 2 Years
After Hematopoietic Stem Cell Transplantation

1-Year Mortality 2-Year Mortality

PFT Parameter Variable P P
OR 95% CI OR 95% CI

FEV, Pre-Transplantation 0.63 0.53-0.75 <.001 0.63 0.54-0.73 <.001
First post-Tx PFT 0.57 0.45-0.72 <.001 0.56 0.46-0.68 <.001
10% decline in the first yearf 1.56 1.00-2.39 .046 1.39 0.95-2.00 .08
20% decline in the first yearf 2.89 1.60-5.06 <.001 3.03 1.79-5.12 <.001

FVC Pre-Transplantation 0.72 0.63-0.82 <.001 0.73 0.64-0.82 <.001
First post-Tx PFT 0.67 0.56-0.81 <.001 0.67 0.57-0.78 <.001
10% decline in the first year: 1.65 1.07-2.50 .02 1.59 1.11-2.27 011
20% decline in the first yeari 251 1.354.51 .003 2.84 1.65-4.84 <.001

Dico Pre-Transplantation 0.94 0.92-0.96 <.001 0.93 0.91-0.96 <.001
First post-Tx PFT 0.93 0.89-0.96 <.001 0.91 0.88-0.94 <.001
10% decline in the first year§ 1.57 1.05-2.35 .03 1.60 1.15-2.23 .006
20% decline in the first year§ 2.40 1.47-3.87 <.001 2.34 1.53-3.56 <.001

*For pre-transplantation and first post-transplantation FVC and FEV,, ORs correspond to the mortality risk per liter of the corresponding spirometry value; for pre-transplantation and first post-transplan-

tation Dy o, ORs correspond to the mortality risk per mL/min/mm Hg.
‘tAdjusted for pre-transplantation FEV/.

FAdjusted for pre-transplantation FVC.

§Adjusted for pre-transplantation Dy co.

PFT = pulmonary function test

OR = odds ratio

Tx = transplant

Dy co = diffusing capacity for carbon monoxide

decline in FVC at the first post-transplantation PFT was sig-
nificantly lower in the subjects who underwent hematopoietic
stem cell transplantation toward the end of the cohort com-
pared with those at the start of the cohort (P = .02 for trend).
As an exploratory analysis, we evaluated the relation-
ship between the 6 most common conditioning chemother-
apy regimens and the change in pulmonary function
parameters after hematopoietic stem cell transplantation
(Table 5). After adjusting for age and underlying disease,
cyclophosphamide plus fludarabine plus total body irradi-
ation was associated with lower post-transplantation FEV
percent of predicted (4.1% lower, P = .038), whereas cy-
clophosphamide plus total body irradiation was associated
with lower post—hematopoietic stem cell transplantation
FVC percent of predicted (2.3% lower, P = .049). Certain
conditioning regimens (given in reduced intensity condi-
tioning or nonmyeloablative conditioning) were associ-
ated with higher post-transplantation pulmonary function.
Specifically, the subjects who received fludarabine plus
total body irradiation had higher FEV, (7.1% higher, P =
.002), FVC (6.4% higher, P = .004), and Dyco (5.4%
higher, P = .03) percent of predicted. Busulfan plus flu-
darabine was also associated with better post-transplanta-
tion Dy o percent of predicted (5.9% higher, P < .001).

Discussion

In this large study of subjects undergoing first-time alloge-
neic hematopoietic stem cell transplantation, we demonstrated
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that declines in early post-transplantation pulmonary func-
tion was associated with mortality. The key findings of our
study are that (a) almost half of patients who undergo allo-
geneic hematopoietic stem cell transplantation will have a
decline of =10% or one PFT measure; (b) declines of
=20% in any of FEV,, FVC, and Do were associated
with reduced survival and this risk was independent of both
pre-transplantation pulmonary function and relapse status;
and (c) in contrast to previous reports, early post-transplan-
tation spirometry changes do not seem to be associated
with subsequent bronchiolitis obliterans syndrome develop-
ment. Clinicians who are looking after recipients of alloge-
neic hematopoietic stem cell transplantation are often
unclear about the significance of changes in pulmonary
function after allogeneic hematopoietic stem cell transplan-
tation. Our findings are not only novel but also provide
much needed context for clinicians interpreting PFTs after
allogeneic hematopoietic stem cell transplantation.

A key finding of our study was that pulmonary function
declined in almost half of the recipients of allogenic hema-
topoietic stem cell transplantation at the day +100 visit,
irrespective of whether the subjects went on to develop
bronchiolitis obliterans syndrome. Previous studies indicate
that post-transplantation spirometric and Dy o values were
associated with increased mortality.'® However, these anal-
yses looked at absolute indices rather than accounting for
pre-transplantation lung function. In that context, it is
unclear to what extent the mortality risk is due to the base-
line pulmonary dysfunction and to what extent it is due to
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had > 20% declines in FEV, and FVC (but not diffusing capacity for carbon monoxide [D_co)).
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Fig. 3. Cumulative incidence of relapse and death without relapse stratified by degree of decline at the time of the first post-transplantation pul-
monary function test. A: Forced vital capacity, B: FEV4, and C: D, co. Hazard ratios for mortality are presented in Table 5.

the decline in PFT measures after transplantation. Our
study found that absolute values of FEV, FVC, and D; o
were significantly associated with mortality risk when
using either pre- or post-transplantation pulmonary function
measures. Interestingly, the effect estimates for these 2
time points are similar, which suggests that the mortality
difference seen in previous studies may have reflected pre-
transplantation pulmonary function. Although smaller
declines (10-20%) in pulmonary function measures do not
seem to be associated with increased mortality risk,
declines of =20% were associated with mortality risk.
These findings remained robust after adjustment for pre-
transplantation pulmonary function and relapse status as
well as in sensitivity analyses that excluded those subjects
who went on to develop bronchiolitis obliterans syndrome.
The data with regard to the additive risk of mortality attrib-
utable to a decline in pulmonary function had not been pre-
viously reported.

Further work is needed to also determine why these
declines in pulmonary function are associated with reduced
survival. Some pulmonary conditions with high mortality,
such as ARDS and idiopathic pneumonia syndrome (IPS),
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are associated with impairments in pre-transplantation pul-
monary function.*® Because PFTs are effort dependent, they
may be a marker of overall health, debility, and functional
decline. Such patients may have had more post-hematopoi-
etic stem cell transplantation complications and, as such,
may have a greater risk of subsequent illness. Irrespective,
our study highlights that patients who experience = 20%
declines in percent of predicted of any pulmonary function
parameter should have closer clinical monitoring.

In contrast to previous studies, we did not find that pre-
or post-transplantation pulmonary function parameters
were associated with subsequent bronchiolitis obliterans
syndrome development. There are several possible reasons
for this discrepancy. First, our study was smaller than the
largest previous study on this topic, which had a 3-fold
greater number of subjects.'® Given the P value of the dif-
ference in FEV; between the subjects with bronchiolitis
obliterans syndrome and the subjects without bronchiolitis
obliterans syndrome was 0.08, it is possible that this smaller
sample size led to a type-2 error. Second, previous studies
used a protocolized definition of bronchiolitis obliterans
syndrome in line with National Institutes of Health criteria.
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Table 4.  Hazard Ratios for Either Relapse or Death Based on the First Post-Transplantation PFT By Using Competing Risk Survival Modeling: 2
Different Competing Risk Models are Reported (subdistribution hazard modeling and cause-specific hazard modeling) with Consistent Results Across
Both Models
Subdistribution Hazard Model Cause-Specific Hazard Model
PFT Parameter Variable Subjects, n : :
(N = 900) Relapse P Death Without P Relapse P Death Without
Relapse Relapse
FEV, No decline 720 NA NA NA NA NA NA NA NA
10-20% decline 116 1.31(0.81-2.12) .28 0.64(0.41-1.01)  .063 1.26(0.78-2.03) .40  0.66 (0.42-1.03) .07
>20% decline 64 1.55(0.90-2.66) .11 1.86(1.27-2.72)  .001 1.73(1.01-2.99) .048 2.05(1.41-2.98) <.001
FVC No decline 712 NA NA NA NA NA NA NA NA
10-20% decline 127 1.23 (0.78-1.94) .40 1.08 (0.76-1.53) .74 1.25(0.79-1.97) .32 1.12(0.79-1.60) .46
>20% decline 61 1.62(0.91-2.88) .10 2.12(1.42-3.17) <.001 1.84(1.03-3.28) .046 2.36(1.58-3.51) <.001
Dy co No decline 552 NA NA NA NA NA NA NA NA
10-20% decline 194 1.22 (0.81-1.83) .39 1.16(0.86-1.57) .27 1.21(0.81-1.83) .39 1.20(0.88-1.63) .31
>20% decline 132 1.13 (0.73-1.74) .64 1.39(1.01-1.90)  .044 1.19(0.77-1.84) .42  1.42(1.04-1.94) .03

PFT = pulmonary function test
NA = not applicable
D co = diffusing capacity for carbon monoxide

These criteria are specific but may lack adequate sensitivity
in capturing the real-world spectrum of bronchiolitis oblit-
erans syndrome seen after allogenic hematopoietic stem
cell transplantation.®®

In chronic lung allograft dysfunction after lung trans-
plantation, ~20-30% of patients have a mixed and/or
restrictive phenotype.*® Unlike chronic lung allograft dys-
function, hematopoietic stem cell transplantation—bronchioli-
tis obliterans syndrome phenotypes are less well defined.
Bergeron et al'’ did identify a subset of subjects with predom-
inantly restrictive features (FEV; < 80%, FVC < 80%, nor-
mal FEV,/FVC). These patients may have a restrictive form
of lung graft-versus-host disease or have restrictive PFTs due
to chest wall limitation from graft-versus-host of other organs
(eg, pleura). Many such patients, who do not qualify for inclu-
sion if a strict definition of the 2014 National Institutes of
Health bronchiolitis obliterans syndrome criteria is used, are
nonetheless managed as having bronchiolitis obliterans syn-
drome by their hematologist. As such, we included this
broader definition of hematopoietic stem cell transplantation—
bronchiolitis obliterans syndrome in our cohort because we felt
that was more reflective of contemporary clinical practice. This
difference in inclusion criteria may be another reason why our
findings differed from previous reports on the significance of
early post-hematopoietic stem cell transplantation FEV; on
subsequent bronchiolitis obliterans syndrome development.

Another notable finding of our study was the association
between 2 myeloablative regimens (cyclophosphamide plus
fludarabine plus total body irradiation and cyclophosphamide
plus total body irradiation) and reduced spirometry meas-
ures after hematopoietic stem cell transplantation (Table 5).
Although the association between cyclophosphamide-based
conditioning regimens and post-hematopoietic stem cell
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transplantation pneumonitis has been well described,”’ this
was the first evidence that specific conditioning chemother-
apy regimens are associated with reduced pulmonary func-
tion after hematopoietic stem cell transplantation. Similarly
certain reduced intensity conditioning or nonmyeloablative
conditioning regimens were associated with better post—
hematopoietic stem cell transplantation pulmonary function
(fludarabine plus total body irradiation and busulfan plus
fludarabine). Notably, not all reduced intensity condition-
ing or nonmyeloablative conditioning regimens had this
finding. Melphalan plus fludarabine is a common reduced
intensity conditioning or nonmyeloablative conditioning
regimen and was not associated with any differences in pul-
monary function compared with other conditioning regi-
mens. These exploratory findings will be informative
when considering future studies that evaluate the impact
of chemotherapy and conditioning regimens on long-term
pulmonary function.

Our study had several strengths worth noting. This was a
large, contemporary cohort of recipients with allogeneic he-
matopoietic stem cell transplantation and with high rates of
follow-up and protocolized post-transplantation PFT moni-
toring at regular intervals after hematopoietic stem cell
transplantation. The subjects had standardized measure-
ment of spirometry indices and diffusing capacity in a large
pulmonary function laboratory with rigorous quality assur-
ance and control procedures in place. PFT is highly depend-
ent on subject effort, and performance of testing in a
laboratory with rigorous quality assurance and control
ensures accurate assessment of pulmonary function. Our
statistical analyses were also robust. When assessing over-
all survival (Table 4), we adjusted for pre-transplantation
pulmonary function when assessing post-transplantation
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Table 5.  Relationship Between the 6 Most Common Conditioning Chemotherapy Regimens and PFT Changes
FEV, FvC Di.co
Conditioning Regimen Subjects, 7 Difference, percent Difference, percent Difference, percent P
predicted predicted predicted
Univariate analyses
Busulfan + fludarabine 106 2418 .053 2.649 .02 6.358 <.001
Cyclophosphamide + busulfan 144 -0.631 57 —1.002 33 -1.352 27
Cyclophosphamide + fludarabine + total body 41 —4.177 .035 -3.361 .066 -2.816 18
irradiation
Cyclophosphamide + total body irradiation 184 -1.817 .07 -2.577 .005 —4.436 <.001
Fludarabine + total body irradiation 73 4.324 .004 3919 .004 3.812 .02
Melphalan + fludarabine 278 0.433 .61 1.234 12 0.792 41
Multivariate analyses (adjusted for underlying
diagnosis and age)
Busulfan + fludarabine 106 2.222 .084 2.232 .059 5.938 <.001
Cyclophosphamide + busulfan 144 -0.218 .86 -0.601 .59 -1.374 .30
Cyclophosphamide + fludarabine + total body 41 —4.112 .038 -3.374 .065 -3.2 13
irradiation
Cyclophosphamide + total body irradiation 184 —-1.489 23 -2.261 .049 —4.494 .001
Fludarabine + total body irradiation 73 7.103 .002 6.384 .003 5.423 .03
Melphalan + fludarabine 298 -0.25 .81 0.523 58 0.092 93

Results are presented for univariate analyses as well as with adjustment for underlying disease and age. Absolute values represent the difference in the percent of predicted between the post-transplantation
PFT and the pre-transplantation PFT for that conditioning chemotherapy regimen compared with others. A negative value indicates lower pulmonary function relative to other conditioning regimens while

a positive value indicates higher pulmonary function relative to other conditioning regimens.
PFT = pulmonary function test
Dy co = diffusing capacity for carbon monoxide

PFT changes. Effect estimates were consistent across PFT
measures and between 1- and 2-year survival, and seemed
to be linear: increasing impairments of pulmonary function
were associated with greater mortality risk. When assessing
relapse-free survival, we had consistent results with 2 dif-
ferent competing risk models, again adding to the confi-
dence of our findings.

Our study also had several limitations. The single-cen-
ter nature of the study limits generalizability. The retro-
spective nature of the study meant that we were reliant on
clinician ordering of PFTs. Although our institution proto-
colizes performance of PFTs at routine milestone visits,
this is not always carried out. A prospective study that
evaluates pulmonary function after allogeneic hematopoi-
etic stem cell transplantation would address these issues
but clearly represents a substantial resource burden. The
protocolized nature of our PFT also means that we do not
routinely perform lung volume measurement. Rather,
lung volume (ie, total lung capacity) measurements are
performed if FVC, FEV,, or Dy o are below the lower
limit of normal. Because that is uncommon before hema-
topoietic stem cell transplantation, few subjects in our
cohort had baseline lung volume measurements (total
lung capacity or residual volume).

However, our study highlights the importance of PFT
monitoring after hematopoietic stem cell transplantation
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and supports such studies being performed in the future.
The demographics of our study population were predomi-
nantly white, which limits generalizability to more diverse
populations. The subjects were classified as having or not
having bronchiolitis obliterans syndrome based on retro-
spective chart review. This likely adds imprecision with
regard to the true number of patients who develop bron-
chiolitis obliterans syndrome. Moreover, we did not have
the data to characterize the frequency of specific post—he-
matopoietic stem cell transplantation pulmonary compli-
cations, an important analysis for future work. Such
pulmonary complications could lead to reduced PFT
measures and increased mortality. The subjects with early
relapse or mortality may not undergo PFTs either because
their goals of care change or they are never well enough to
undergo a more comprehensive out-patient evaluation.
Also, it is possible that those with severe pulmonary com-
plications were hospitalized before PFTs could be per-
formed and our study was not able to capture their decline
in pulmonary function parameters.

Conclusions
Pulmonary function declines are common after hemato-

poietic stem cell transplantation. Absolute declines of
=20% of predicted in FEV, FVC, or Dy o were associated
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with increased mortality, independent of relapse status or
pre-transplantation lung function or whether the patient
goes on to develop bronchiolitis obliterans syndrome.
Further research is needed to better understand why these
impairments lead to increased mortality and whether fur-
ther physiologic monitoring might be warranted in patients
particularly at high risk.
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