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Abstract
Background  Bronchiolitis obliterans syndrome (BOS) represents a significant source of morbidity and non-relapse 
mortality among children and young adults treated with allogeneic hematopoietic stem cell transplantation (aHSCT). 
Pulmonary function testing (PFT) pre- and post-aHSCT may allow for pre-symptomatic detection of BOS, and thus 
early intervention. Current guidelines and practices vary regarding which tests to perform and timing relative to 
transplant. A systematic review evaluating PFT before and after pediatric aHSCT was conducted to inform American 
Thoracic Society clinical practice guidelines on detection of BOS.

Objective  To determine the optimal approach to conducting PFT prior to and after pediatric aHSCT.

Study Design  We performed a systematic review of the literature to identify studies of PFT in human aHSCT 
recipients < 25 years of age to address two questions: (1) Should pre-transplant screening PFT be performed in pediatric 
patients who will undergo aHSCT? (2) At what frequency should pediatric patients who have had aHSCT undergo PFT? 
We searched in Medline through August 2022 for studies that enrolled patients < 25 years of age being treated with 
aHSCT for whom PFT data were reported before or after transplant.

Results  The 30 studies with pre-transplant PFT data showed a wide range of findings, with the majority 
demonstrating abnormalities. In studies reporting respiratory symptoms, 85–100% of patients were asymptomatic. In 
the 21 studies reporting post-transplant PFT, 11 used a surveillance strategy where at least one test was performed 
in the first year post-transplant. Median time to BOS diagnosis was 6–12 months in the regular surveillance studies, 
and 6–24 months in the others. Forced expiratory volume in one second at the time of BOS diagnosis was 38–84% 
predicted in studies with regular surveillance versus 44–57% predicted in studies with no surveillance. In the 
surveillance group, BOS was identified in some patients who were asymptomatic. Data quality in studies reviewed 
was moderate to very low.
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Background
Allogeneic hematopoietic stem cell transplantation 
(aHSCT) is an important modality for treating hema-
tologic malignancies as well as many non-malignant 
conditions in children and young adults. Pulmonary 
complications are relatively common after pediatric 
aHSCT and cause significant morbidity and mortality 
[1–5]. Bronchiolitis obliterans, in which immune-medi-
ated injury to the small- and medium-sized airways 
results in worsening irreversible obstruction with air 
trapping, is the primary pulmonary manifestation of 
chronic graft versus host disease (cGVHD) after aHSCT 
[6]. As lung biopsy may be associated with morbidity in 
this population [7–9], bronchiolitis obliterans syndrome 
(BOS), based on clinical criteria, is used as proxy. Cur-
rent diagnostic criteria for BOS are based primarily on 
post-transplant changes in lung function as measured by 
spirometry, with supporting features from chest imaging 
and static lung volumes [10]. As with the form of BOS 
seen in lung transplant recipients with allograft rejection 
[11], BOS due to cGVHD can be associated with rapid 
clinical decline [6].

Under current National Institutes of Health consen-
sus criteria [10], pulmonary function testing (PFT) is 
required to diagnose BOS. This is established by (1) 
forced expiratory volume in one second (FEV1) < 75% 
predicted and an irreversible decline ≥ 10% in under two 
years, (2) ratio of FEV1 to vital capacity < 0.7 or below the 
lower limit of the 90% confidence interval, (3) absence 
of infection, and (4) either: (a) cGVHD in at least one 
organ system, or air trapping evidenced by (b) expira-
tory chest computed tomography, or (c) residual vol-
ume (RV) > 120% predicted or RV/total lung capacity 
(TLC) > 90% confidence interval.

Monitoring aHSCT recipients with serial PFT allows 
for objective longitudinal assessment, with the goal of 
identifying pre-symptomatic BOS. A greater impair-
ment in lung function at the time of diagnosis has been 
associated with worse outcomes in cohort studies includ-
ing mostly adult transplant recipients [12, 13]. Although 
currently available therapies for BOS are somewhat lim-
ited [14], evidence from adult studies suggests that early 
intervention could potentially arrest or slow decline 
in lung function with improved outcomes [13, 15, 16]. 
While all current pediatric guidelines recommend PFT 
surveillance in aHSCT recipients, the recommended fre-
quency ranges from every three months to annually in 
the first year post-transplant, with variability in which 

specific tests are recommended [17–20]. Additionally, 
practice patterns vary across pediatric transplant centers 
[21].

In 2022-23, an American Thoracic Society (ATS) work-
ing group prepared clinical practice guidelines on the 
detection of bronchiolitis obliterans in pediatric aHSCT 
patients [22]. Two of the questions addressed by these 
guidelines relate to the timing of PFT and specific tests 
to be performed prior to and after aHSCT. The follow-
ing systematic review was completed to inform the 
guideline committee’s recommendations regarding these 
questions.

Methods
We synthesized the best available evidence for the follow-
ing two Population, Intervention, Comparator, and Out-
come (PICO) questions:

1. Patients: Children and young adults (< 25 years of 
age) scheduled to undergo aHSCT.

Intervention: Pre-transplant PFT using spirometry, 
measurement of static lung volumes, or diffusion capac-
ity for carbon monoxide (DLCO).

Comparator: No PFT.
Outcomes: Diagnostic yield (abnormal PFT), BOS 

diagnosis post-transplant, BOS severity at diagnosis, 
post-transplant mortality.

2. Patients: Children and young adults (< 25 years of 
age) who underwent aHSCT.

Intervention: Post-transplant surveillance PFT (at least 
two tests in the first 12 months after aHSCT) using spi-
rometry, measurement of static lung volumes, or DLCO.

Comparator: No surveillance PFT.
Outcomes: Diagnostic yield (abnormal PFT), timing of 

BOS diagnosis, BOS severity at diagnosis, mortality, sup-
plemental oxygen use.

Electronic literature searches were conducted by a 
medical librarian. Standard methodology for conduct-
ing systematic reviews as per guidelines provided by the 
Cochrane Handbook for Systematic Reviews of Interven-
tions were followed [23]. Search results were reported 
according to the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) guidelines 
[24].

Study identification and eligibility
Study identification and eligibility criteria were devel-
oped and documented in a search strategy (Table  1) 
using the PICO framework as described in the Cochrane 

Conclusions  Abnormalities in PFT are common in children prior to aHSCT. Regular monitoring in the first 1–2 years 
post-aHSCT may improve early and/or pre-symptomatic identification of BOS, but significant limitations may still be 
seen at the time of diagnosis. Higher quality data are needed.
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Handbook [23]. We performed literature searches in July-
August 2022 in Medline (via OvidSP) to identify stud-
ies describing pulmonary function testing in children 
and young adults undergoing aHSCT transplantation. 
In addition to bibliographic databases, a manual search 
was performed on the reference lists of identified eligible 
studies, and the guideline panelists were asked to identify 
additional studies that may be relevant which were not 
identified in the search.

Study screening and ascertainment of eligibility
Eligibility criteria were developed by the project team and 
checked by the lead methodologist. Before the screen-
ing began, duplicate studies and those that did not meet 
language or date restrictions were excluded. The screen-
ing procedure was conducted in a two-step process: (1) 
title/abstract screening and (2) full-text screening. Title/
abstract screening was conducted by two screeners using 
Covidence systematic review software (Veritas Health 
Innovation, Melbourne, Australia) and checked by the 
lead methodologist. Full-text screening was conducted 
by two independent reviewers. Discrepancies between 
reviewers were identified and resolved by an independent 
third reviewer.

We included observational studies that reported results 
of PFT before or after the transplantation of any follow-
up duration. We only included studies reported as full 
text articles. Conference abstracts were not included in 
this review. We included studies of patients < 25 years of 
age who were either scheduled for or received aHSCT. 
Studies of adult and pediatric patients where data from 
children and young adults were separately reported were 
also included. We did not exclude any primary conditions 
leading to aHSCT.

Data extraction
Data from relevant studies were extracted using a specifi-
cally developed standardized data extraction form. For 
each trial, study, patient, and treatment characteristics, as 
well as PFT results, and data about BOS were extracted. 
For cohort studies, the proportion of patients diagnosed 
with PFT abnormalities prior to transplant were noted. 
We recorded the changes in post-transplant PFT results 
over time, proportion of patients diagnosed with BOS, 
and the symptomatology of patients at the time of BOS 
diagnosis.

Risk of bias assessment
Risk of bias (study quality) of included studies was 
assessed using the Newcastle-Ottawa Scale (NOS) for 
assessing the quality of non-randomized studies [25]. In 
brief, this tool includes three domains: patient selection, 
comparability, and outcomes. The risk of bias for each 
study and the overall risk of bias for individual outcomes 
is reported in three categories which correspond to no 
serious risk, serious risk and very serious risk of bias.

Evidence tables
Evidence tables were created to summarize estimated 
effects on an outcome-by-outcome basis. The evidence 
tables were used by the guideline committee to inform 
clinical recommendations.

Protocol Registration
The protocol for the systematic review has been reg-
istered with the International Platform of Registered 
Systematic Review and Meta-analysis Protocols [26] (reg-
istration number: INPLASY202450075, DOI:​h​t​t​p​​s​:​/​​/​d​o​i​​.​
o​​r​g​/​​1​0​.​​3​7​7​6​​6​/​​i​n​p​​l​a​s​​y​2​0​2​​4​.​​5​.​0​0​7​5). Details of the protocol 

Table 1  Search strategy utilized to identify the 2003 abstracts selected for full-text review
1 exp Pediatrics/ or exp Infant/ or exp Child/ or exp Adolescent/ 3,896,875
2 (pediatric* or infant* or baby or babies or child or children or adolescent* or teen*).ti, ab, kw, kf. 2,118,118
3 1 or 2 4,377,917
4 exp Bone Marrow Transplantation/ or exp Stem Cell Transplantation/ 135,602
5 ((bone marrow or stem cell) adj3 (transplant* or graft*)).ti, ab, kw, kf. 95,124
6 4 or 5 164,354
7 exp Lung Diseases/ or exp Respiratory Function Tests/ 1,309,370
8 ((bronchiolit* adj2 (obliteran* or obliterative* or constrictive* or exudative* or proliferative*)) or (pulmonary adj2 

(graft versus host or graft vs. host)) or (lung adj2 disease*) or ((lung or pulmonar* or respirator*) adj2 function test*) 
or airway resistan* or blood gas analysis or oximetry or bronichial provocation or capnography or lung compliance 
or lung volume measure* or total lung capacit* or maximal respiratory pressure* or plethysmography or pulmonary 
gas exchange or pulmonary diffusing capacit* or ventilation-perfusion ratio* or forced expiratory flow rate* or 
forced expiratory volume* or maximal voluntary ventilat* or spirometr* or bronchospirometr* or valsalva maneuver 
or ventilation-perfusion scan* or work of breathing or DLCO or diffusion capacit* or diffusing capacit* or transfer 
factor* or residual volume* or multiple breath washout or lung clearance index or inert gas washout or ((peripheral 
airway* or small airway*) adj2 (disease* or function*))).ti, ab, kw, kf.

180,549

9 7 or 8 1,364,529
10 3 and 6 and 9 2003

https://doi.org/10.37766/inplasy2024.5.0075
https://doi.org/10.37766/inplasy2024.5.0075
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for the systematic review can be accessed at ​h​t​t​p​​s​:​/​​/​i​n​p​​l​a​​
s​y​.​​c​o​m​​/​i​n​p​​l​a​​s​y​-​2​0​2​4​-​5​-​0​0​7​5​/.

Results
For the two PICO questions, we screened 2003 abstracts. 
Of these, two were duplicates, and from the 2001 unique 
abstracts, we selected 121 for full review. We ultimately 
utilized 30 studies [27–56] to address PICO 1, and 21 
studies [27–29, 31, 34, 37, 38, 42, 46, 48, 50, 54–63] to 

Fig. 1  PRISMA diagram illustrating selection of studies for PICO 1

 

https://inplasy.com/inplasy-2024-5-0075/
https://inplasy.com/inplasy-2024-5-0075/


Page 5 of 19Gower et al. BMC Pediatrics          (2025) 25:250 

address PICO 2. The PRISMA flow diagrams are illus-
trated in Fig. 1 (PICO 1) and Fig. 2 (PICO 2). All studies 
included are summarized in Table 2 (PICO 1) and Table 3 
(PICO 2).

Pre-transplant testing
We gathered data on PFT results pre-aHSCT and asso-
ciation with development of BOS as well as the follow-
ing additional clinical outcomes: post-aHSCT pulmonary 
complications, intensive care unit (ICU) admissions, and 
mortality. The studies selected included patients who 
underwent any type of aHSCT -- most received bone 

Fig. 2  PRISMA diagram illustrating selection of studies for PICO 2
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Study
Design
Location
Years

Number of subjects Population enrolled Key results

Alonso-Riofrio 2004
Cohort
Spain
1992–2002

77 Patients surviving > 100 days 
post-aHSCT

Mean pre-aHSCT FEV1 = 97% predicted

Bruno 2004
Cohort
France
1984–2000

80 Children receiving aHSCT Only change in spirometry from base-
line to 2 yrs reported

Duncan 2008
Cohort
US
2001–2005

216 Children receiving aHSCT Mean pre-aHSCT:
FEV1 = 99% predicted
FEV1/FVC = 90% predicted

Friedman 2021
Cohort
US
2012–2017

19 Children with sickle cell disease 2 
to 21-yo receiving aHSCT

Pre-aHSCT: 7 patients (41%) had 
FEV1 < 80% predicted, 3 (18%) had 
an FEV1/FVC < 0.80, 2 (12%) had a 
TLC < 80% predicted, and 11 (65%) had 
DLCO < 80% of predicted

Gassas 2013
Cohort
Canada
2009–2011

39 Children receiving aHSCT Mean pre-aHSCT FEV1 = 95% predicted

Inaba 2010
Cohort
US
1990–2005

89 Children receiving aHSCT Pre-aHSCT abnormalities (prevalence): 
FEV1 = 22%, FEV1/FVC = 18%, FEF25-
75% = 17%, FVC = 16%, TLC = 12%, 
DLCO = 19%

Isgro 2017
Cohort
Nigeria
2010–2015

37 Children with sickle cell disease 
receiving aHSCT

Pre-aHSCT:
11/25 (44%) had restrictive pattern
18/25 (72%) had reduced FEV1

Jung 2021
Cohort
South Korea
2006–2017

21 Children with post-aHSCT BOS Pre-aHSCT mean ± SD:
FEV1 = 93 ± 13% predicted
FVC = 88 ± 15% predicted
FEF25-75% = 113 ± 24% predicted

Kaplan 1992
Cohort
US
1977–1988

46 Children receiving mostly aHSCT 
whose long- term PFT data were 
available

Pre-aHSCT < 80% predicted: FVC = 24%, 
FEV1 = 27%, and FEV1/FVC = 29%

Kaplan 1994
Cohort (divided into aplastic anemia and 
malignancy)
US
1977–1988

46 Children receiving mostly aHSCT 
whose long- term PFT data were 
available

Pre-aHSCT < 80% predicted: 
FVC = 6–9%, FEV1 = 13–27%, FEV1/
FVC = 9–20%, FEF25-75% = 3–9%

Kaya 2009
Cohort
US
1996–2006

110 Children receiving aHSCT Pre-aHSCT abnormalities: FVC = 19%, 
FEV1 = 20%, FEV1/FVC = 13%, TLC = 9%, 
DLCO = 58%

Kim 2021
Cohort
South Korea
2009–2017

46 Children post-aHSCT with ob-
structive lung disease

Pre aHSCT mean ± SD:
FEV1 = 105% ± 25% (unfavorable 
prognosis)
FEV1 = 106% ± 15% (favorable 
prognosis)

Lee 2021
Cohort
Korea
2010–2018

176 Children > 6-yo receiving aHSCT 
for malignant disease

Pre-aHSCT DLCOadj was significantly 
lower in the non-relapse mortality 
(NRM) group compared to disease-
related mortality (DRM) group 
(survivors = 76 ± 13%; DRM = 78 ± 15%; 
NRM = 62 ± 14%; p = 0.02)

Table 2  Summary of the 30 studies included for PICO 1
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Study
Design
Location
Years

Number of subjects Population enrolled Key results

Madanat-Harjuoja 2014
Cohort
Finland
1993–2005

51 Children > 6-yo receiving aHSCT 8 (16%) patients had an abnormal 
baseline PFT, 5 restrictive and 3 mild 
obstructive changes (all diagnosed 
with asthma)
Prior to aHSCT, mean FVC = 93% pre-
dicted (range 60–121) and median was 
92%; mean FEV1 = 95% (range 74–116) 
and median was 95%; mean FEV1/
FVC = 0.98 (0.79–1.00)
Patients with abnormal pre-aHSCT 
spirometry result were at increased 
risk of abnormal spirometry result 
following transplant (HR 4.82, 95% CI 
1.02 – 22.84)

Nysom 1996
Cohort
Denmark
Before 1990

25 Children receiving aHSCT Almost all had below normal pre-
aHSCT FEV1/FVC, FVC, or DLCO

Park 2011
Cohort
South Korea
2002–2009

127 Children receiving aHSCT Mean pre-aHSCT FEV1 = 101% 
predicted

Piesiak 2013
Cohort
Poland
2007–2010

23 Children/adults receiving aHSCT 6/23 (26%) had abnormalities: 4 in 
DLCO, 1 obstructive, and 3 restrictive
Mean pre-aHSCT percent predicted: 
FEV1 = 81%, FVC = 87%, FEV/FVC = 84%, 
DLCO = 85%, TLC = 81%, RV = 121%

Prais 2014
Cohort
Israel
1998–2008

57 Children > 6-yo receiving mostly 
aHSCT

27% had abnormal pre-transplant spi-
rometry: 9% obstructive, 7% restrictive, 
11% isolated diffusion abnormality
Mean percent predicted values 
FEV1 = 91%, FVC = 87%, FEV1/
FVC = 91%, FEF25-75 = 105%, 
DLCO = 88%

Quigg 2012
Cohort
US
2001–2006

41 Children 5 to 19-yo receiving 
aHSCT

71% had one or more abnormal PFT 
parameters pre-aHSCT: 22% obstruc-
tive, 34% low DLCOadj and DLCOadj/VA

Sanchez 1997
Cohort
Spain
1981–1995

20 Children post-aHSCT with ob-
structive lung disease

Normal spirometry before aHSCT

Table 2  (continued) 
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Study
Design
Location
Years

Number of subjects Population enrolled Key results

Srinivasan 2014
Cohort
US
1990–2009

410 Children receiving aHSCT Abnormal spirometry pre-aHSCT: 
FEV1 = 15% (7% had FEV1 < 70% pre-
dicted), FVC = 16% (6% had FVC < 70% 
predicted), FEF25-75% = 28% (13% had 
FEF25-75% <70% predicted), TLC 29% 
(12% had TLC < 70% predicted). 3% 
DLCO was < 50% predicted
5% had obstructive pattern, 27% 
restrictive pattern, 2% mixed
Logistic regression analysis: each unit 
decrease in FEF25–75% resulted in a 
threefold increased risk of developing 
pulmonary complications (P = 0.02)
Multivariate analysis: RV < 50% pre-
dicted, FRC < 50% predicted, TLC < 50% 
predicted, and T-cell depletion 
predicted death due to pulmonary 
complications
Multivariate analysis: FEV1 < 70% pre-
dicted, FVC < 70% predicted, TLC < 60% 
predicted, RV < 50%, and the presence 
of restrictive pattern associated with 
poor survival

Srinivasan 2017
Cohort
US
1990–2009

410 Children receiving aHSCT Only change in spirometry from base-
line reported

Uderzo 2007
Cohort
Italy
1994–1997

162 Children receiving aHSCT 21/99 (21%) had abnormal pre-aHSCT 
spirometry

Uhlving 2013
Cohort
Denmark
1990–2010

130 Children receiving aHSCT Pre-aHSCT FEV1 abnormal in 26%

Uhlving 2015
Case-control
Denmark
2002–2009

128 (64 cases) Cases: children < 16-yo receiving 
aHSCT
Controls: healthy children/adults

Only change in spirometry from base-
line reported

Uhlving 2019
Cohort
Denmark
2010–2012

30 Children between 3 to 16-yo who 
underwent aHSCT

Pre-aHSCT: 13% abnormal FEV1, 70% 
abnormal DLCO
Abnormal FEV1 pre-aHSCT gave OR of 
12.0 (95% CI 0.8-177.4) for developing 
BO/BOS

Versluys 2015
Cohort
Netherlands
2008–2013

142 Children who underwent aHSCT 66% had pre-aHSCT spirometry
Mean pre-aHSCT percent predicted: 
FEV1 = 83%, FVC = 87%, TLC = 86%, 
DLCO = 81%

Walther 2020
Cohort
Germany
2000–2017

14 Children with post-aHSCT BOS Spirometry normal before aHSCT

Wieringa 2005
Cohort
Netherlands
2001–2003

39 Children undergoing aHSCT Only change in spirometry from base-
line reported

Table 2  (continued) 
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marrow transplantation -- and had pre-transplant PFT 
results reported. Not all studies used the same norma-
tive data for determining percent of predicted values, 
and abnormalities were defined differently across stud-
ies. Similarly, those that defined restrictive and obstruc-
tive patterns used slightly different definitions. Of the 
six studies that reported pre-transplant static lung vol-
umes, one utilized gas washout [32], and the others, body 
plethysmography [30, 37, 43, 47, 53]. When available, we 
included data on the development of BOS. The age range 
for patients included in the selected studies was 0.3–23 
years of age. The year of transplant was before 2000 for 
all patients in 12 studies, after 2000 for all patients in 16 
studies, while two included patients transplanted both 
before and after 2000. Of the 37 studies used for either 
PICO 1 or 2 (Tables  2 and 3), 14 reported data both 
before and after aHSCT [27–29, 31, 34, 37, 38, 42, 46, 48, 
50, 54–56].

The findings for pre-aHSCT spirometry parameters 
and DLCO are summarized in Table  4. Because of the 
wide prevalence ranges of abnormalities and retrospec-
tive cohort nature of all studies, most were determined 
to be of moderate quality. Most studies for PICO 1 were 
determined to have low risk of bias. For those that had 
higher risk, this was due to a lack of diversity in diagno-
sis requiring aHSCT, thus limiting the generalizability of 
the findings from these studies (Fig. 3 and Supplemental 
Table 1).

Spirometry  All studies included reported some spi-
rometry data. The definition of abnormal results varied 
between studies, but most used a threshold of < 80% of 
predicted value, although different reference equations 
were utilized. As shown in Table 4, the most commonly 
reported pre-aHSCT parameter was FEV1 in 16 studies 
[29–32, 35–37, 40, 42, 45–47, 50, 52, 54, 56]. Ten reported 
forced vital capacity (FVC) [32, 35–37, 40, 41, 47, 50, 54, 
56], thirteen reported ratio of FEV1/FVC [27, 29, 30, 32, 
35–37, 40, 41, 50, 52, 55, 56], and four reported forced 
expiratory flow between 25 and 75% of vital capacity 
(FEF25-75%) [32, 36, 47, 56].

Total lung capacity  As shown in Table 4, pre-transplant 
TLC was reported in six studies. The mean TLC was within 
normal limits in one [30], and among the remaining five 

studies [32, 37, 41, 43, 47], the prevalence of abnormalities 
ranged from 9 to 29%.

Diffusion capacity  Results from the ten studies report-
ing DLCO [30, 32, 37, 41, 43, 45, 47, 50, 52, 55] are sum-
marized in Table 4.

Restriction and obstruction  Nine studies [32, 33, 40, 
43–45, 47, 48, 55] reported patterns of abnormalities, 
either from spirometry, static lung volumes, or both. The 
prevalence of a restrictive pattern ranged from 7 to 50%, 
obstructive pattern 0–24%, and mixed pattern 1–2%.

Respiratory symptoms  Five studies [37, 52, 53, 55, 64] 
provided data on presence of respiratory symptoms, with 
85–100% reporting no symptoms prior to transplant.

Association with BOS  Association between pre-aHSCT 
spirometry was analyzed in seven studies [29, 34, 38, 42, 
54, 56, 64] but none reported any statistically significant 
association between any pre-aHSCT spirometry param-
eter and development of BOS.

Mortality and other clinical outcomes  Kaya et al. [37] 
found that lower pre-transplant FEV1 and/or FVC were 
associated with increased odds of respiratory failure lead-
ing to mechanical ventilation, with high rates of mortality 
among ventilated patients. Lee et al. [39] reported an asso-
ciation between lower pre-aHSCT hemoglobin-adjusted 
DLCO and higher mortality. Quigg et al. [45] found 
abnormal pre-aHSCT DLCO adjusted for hemoglobin 
and alveolar volume was predictive of mortality in uni-
variate analysis. Srinivasan et al. [47] reported decreased 
FEV1, FVC, TLC, RV, and the presence of restrictive lung 
disease were all associated with poor survival in multi-
variate analysis.
Five studies examined pre-aHSCT PFT results in rela-
tion to pulmonary outcomes other than BOS, ICU 
admissions, and mortality, with mixed findings. One 
found that pre-aHSCT PFT results were not predic-
tive of post-transplant severe obstructive lung disease 
or worsening changes on chest computed tomography 
scan [38]. Another compared patients who developed any 
late-onset non-infectious pulmonary complications ver-
sus those who did not, and found that pre-aHSCT PFT 

Study
Design
Location
Years

Number of subjects Population enrolled Key results

Yoon 2015
Cohort
South Korea
2009–2012

110 Children undergoing aHSCT Pre-aHSCT mean ± SD: 
FEV1 = 102 ± 16%
Abnormal in 6% of patients

Table 2  (continued) 
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Study
Design
Location
Years

Number of 
subjects

Population enrolled Spirometry
schedule

Key results

Alonso Riofrio 2004
Cohort
Spain
1992–2002

77 Patients surviv-
ing > 100 days 
post-aHSCT

Pre
Post: 1–3, 3–6, 6–12, 
and 12–24 mos

Median time to BOS diagnosis = 184 days
Mean FEV1 at diagnosis = 57% predicted

Gassas 2013
Cohort
Canada
2009–2011

39 Children receiving 
aHSCT

Pre
Post: 1, 3, 6, 9, 12, 18, 
and 24 mos

Median time to BOS diagnosis = 192 days
Mean FEV1 just prior to diagnosis = 58% predicted

Jung 2021
Cohort
South Korea
2006–2017

21 Children with post-
aHSCT BOS

Pre
Post: every 3 mos

Mean time to BOS diagnosis = 14 mos
Mean at diagnosis: FEV1 = 38% predicted, 
FVC = 62% predicted, FEF25-75% = 16% predicted

Kaya 2009
Cohort
US
1996–2006

110 Children receiving 
aHSCT

Pre
Post: 3, 6, 12, and 24 
mos

FEV1 reduced in 46% at 3 mos, 49% at 6 mos, and 
35% at 12 mos
Spirometry at 3 mos predicted pulmonary 
complications

Kim 2021
Cohort
South Korea
2009–2017

46 Children post-aHSCT 
with obstructive lung 
disease

Pre
Post: 3, 6, 12, and 24 
mos

At time of obstructive lung disease diagnosis: un-
favorable prognosis mean FEV1 = 52% predicted, 
favorable prognosis = 84% predicted
Median time from aHSCT to obstructive lung 
disease with unfavorable prognosis = 382 days, 
interquartile range (IQR) = 136–580
Median time from aHSCT to obstructive lung 
disease with favorable prognosis = 372 days, 
IQR = 137–571

Link 1986
Cohort
Germany
1980

26 All who attended 
institutional follow-up 
post-aHSCT

Pre
Post: 1–6 mos

In 3 patients with BOS, pre-aHSCT mean 
FEV1 = 91% predicted; after diagnosis, mean 
FEV1 = 46% predicted

Park 2011
Cohort
South Korea
2002–2009

127 Children receiving 
aHSCT

Pre
Post: 3 and 12 mos

Mean time to diagnosis = 259 days
2 with BOS had spirometry; post-aHSCT 3 mos 
FEV1 = 103% predicted, at time of diagnosis 
FEV1 = 46% predicted

Srinivasan 2017
Cohort
US
1990–2009

410 Children receiving 
aHSCT

Pre
Post: 3 and 6 mos, 
then yearly thereafter

Post-aHSCT FEV1 median change in recovery 
group (n = 171):
0-100 days = -0.95, 101–365 days = -1.39, > 365 
days median=
-1.01
Post-aHSCT FEV1 median change in ‘no recovery’ 
(n = 137): 0-100 days = -1.53; 101–365 days median 
= -2.38; >365 days = -2.22
BOS diagnosis time: 0-100 days 2 patients, 
101–365 days 2 patients, > 365 days 1 patient

Uhlving 2013
Cohort
Denmark
1990–2010

130 Children receiving 
aHSCT

Pre
Post: 3 and 12 mos, 
then yearly thereafter

3–9 mos: FEV1 normal in 55%
9–18 mos FEV1 normal in 56%
> 18 months: FEV1 normal in 66%

Wieringa 2005
Cohort
Netherlands
2001–2003

39 Children receiving 
aHSCT

Pre
Post: <1 year, then 
> 1 year

Difference in FEV1:
pre-aHSCT and 1 year = -10%
< 1 year and > 1 yr= -7%
pre-aHSCT to > 1 year = -4%

Yoon 2015
Cohort
South Korea
2009–2012

110 Children receiving 
aHSCT

Pre
Post: 3, 6, and 12 mos

3 mos: mean FEV1 = 98% predicted, normal in 90%
6 mos: mean FEV1 = 98% predicted, normal in 91%
9 mos: mean FEV1 = 98% predicted, normal in 90%
12 mos: mean FEV1 = 97% predicted, normal in 
92%
Mean FEV1 at time of diagnosis = 42% predicted

Table 3  Summary of the 21 studies included for PICO 2
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parameters were similar in both groups [42]. In 2014, 
Srinivasan et al. [47] reported that lower pre-transplant 
FEF25–75% was associated with increased risk of subse-
quent pulmonary complications. Finally, a later study by 
Srinivasan et al. [48] found that T-cell depletion, reduced 
pre-transplantation FEV1, and cGVHD were associated 
with increased risk for pulmonary complications.

Frequency of post-transplant testing
The studies reviewed for this PICO question are listed 
in Table  3. We gathered data on whether PFT was per-
formed post-transplant, and if so, the frequency of test-
ing. We categorized studies into those that included at 
least one scheduled PFT measurement within the first 12 
months post-transplant (regular surveillance) and those 
where PFT was not performed during this time frame, or 

Study
Design
Location
Years

Number of 
subjects

Population enrolled Spirometry
schedule

Key results

Bruno 2004
Cohort
France
1984–2000

80 Children receiving 
aHSCT

Pre
Post: 2 and 5 yrs

Mean difference at 2 yrs:
FEV1 = -8% predicted, FVC = -7% predicted
One patient with BOS at 2 years

Ciki 2019
Cohort
Turkey
2005–2015

195 All who attended 
institutional follow-up 
post-aHSCT

Pre
Post: yearly

Progressive FEV1 decline in patients with pulmo-
nary complications
Median time to diagnosis = 9 mos (range 1-181)

Duncan 2008
Cohort
US
2001–2005

216 Children receiving 
aHSCT

Pre
Post: at 1 yr

10/18 BOS had pre-aHSCT spirometry, and 16 had 
PFT at time of diagnosis
Mean at BOS diagnosis: FEV1 = 57% predicted, 
FEV/FVC = 73% predicted
Median time to diagnosis = 328 days (range 
48–927)

Ferry 2007
Cohort
France
1985–2000

112 All patients who sur-
vived at least 1 year

Post: Yearly Median time for lung complication with obstruc-
tive syndrome = 775 days (range 173–1587)

L’excellent 2019
Cohort
France
2000–2004

35 35/90 followed up 
long term

Post: at some point 
5–10 years

13 symptomatic patients had mean FEV1 Z-score 
= -2.8
5/13 diagnosed with BOS

Moutafidis 2021
Cohort
Greece
2014–2019

12 Patients post-aHSCT 
with respiratory 
symptoms

Once at diagnosis/
presentation

FEV1 mean Z-score time of diagnosis = -3.6
Median time to diagnosis = 608 days

Ratjen 2005
Cohort
Germany
not reported

9 Patients with BOS Pre
Post: at BOS 
diagnosis

FEV1 normal pre-aHSCT, lowest at time of 
diagnosis, mild improvement after first 3 mos of 
treatment and stable during follow-up
Mean time to diagnosis = 56 ± 80 days

Sanchez 1997
Cohort
Spain
1981–1995

20 Children post aHSCT 
with obstructive lung 
disease

Pre
Post: time of symp-
toms, then 6–12 
monthly

At time of diagnosis, 35% had mild obstruction 
(FEV1 > 50% predicted), 35% had moderate (FEV1 
30–50% predicted), 30% had severe obstruction 
(FEV1 < 30% predicted)
Mean FEV1 at diagnosis = 44% predicted (range 
12–80%)

Schultz 1994
Cohort
Canada
1980–1992

67 All patients who 
attended institutional 
follow-up post-aHSCT

Post: 1 year and with 
symptoms

10 with permanent obstructive lung disease
Pre-aHSCT mean FEV1 = 106% predicted
onset mean FEV1 = 51% predicted
3 had temporary obstruction with pre-aHSCT 
mean FEV1 = 103% predicted, mean FEV1 at onset 
of obstruction = 63% predicted
Median time 7.5 months (range 3 to 55)

Walther 2020
Cohort
Germany
2000–2017

14 Children with post-
aHSCT BOS

Pre
Post: at BOS 
diagnosis

FEV1 at BOS diagnosis = 58% predicted

Table 3  (continued) 
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Table 4  Evidence profile of pre-transplant PFT data (PICO 1)
Quality assessment No. of 

patients
Result Quality Impor-

tanceNo. of 
studies

Design Risk 
of 
bias

Inconsistency Indirectness Imprecision Other

Diagnostic yield: FEV1
16 Observational No 

seri-
ous 
risk 
of 
bias

Serious* None None Pos-
sibility 
of very 
large 
percent-
age of 
abnor-
mal 
tests

2200 All with 
normal 
FEV1 in 3 
studies
Range of 
preva-
lence of 
abnor-
mal: 
4–41%. 
Severe 
abnor-
malities: 
0–13%

Moderate Important

Diagnostic yield: FEV1/FVC
13 Observational No 

seri-
ous 
risk 
of 
bias

Serious* None None Pos-
sibility 
of very 
large 
percent-
age of 
abnor-
mal 
tests

909 All with 
normal 
FEV1/
FVC in 2 
studies
Range of 
abnor-
malities: 
5–20%

Moderate Important

Diagnostic yield: FEF25-75%
4 Observational No 

seri-
ous 
risk 
of 
bias

Serious* None None Pos-
sibility 
of very 
large 
percent-
age of 
abnor-
mal 
tests

655 Range of 
abnor-
malities: 
3–28%

Moderate Important

Diagnostic yield: FVC
10 Observational No 

seri-
ous 
risk 
of 
bias

Serious* None None Pos-
sibility 
of very 
large 
percent-
age of 
abnor-
mal 
tests

1543 All with 
normal 
FVC in 2 
studies
Range of 
abnor-
malities: 
10–31%

Moderate Important

Diagnostic yield: DLCO
10 Observational No 

seri-
ous 
risk 
of 
bias

Serious* None None Pos-
sibility 
of very 
large 
percent-
age of 
abnor-
mal 
tests

914 All with 
normal 
DLCO in 1 
study.
Range of 
abnor-
malities: 
3-100%

Moderate Important

*Wide range of pre-transplant PFT abnormalities across studies
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only in patients with symptoms. As with PICO question 
1, we collected data on development of BOS or obstruc-
tive lung disease, and additional clinical outcomes 
including pulmonary complications, ICU admission, and 
mortality.

The aggregate findings for studies with regular surveil-
lance versus those without are summarized in Table  5. 

Several studies for PICO 2 were determined to have 
serious risk of bias, and the data thus were deemed low 
to very low quality. A wide range of BOS severity was 
reported among studies, and some studies included 
only patients with BOS. Some studies only described 
obstructive airway disease without specifically address-
ing whether formal criteria for BOS were met. For this 

Fig. 3  Risk of bias assessment for the 30 studies used to address PICO 1
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review, we treated obstructive lung disease as synony-
mous with BOS, understanding that this may result in 
some misclassification. Additionally, confounding vari-
ables such as conditioning regimens and pre-existing 
abnormal lung function tests were not controlled in most 
studies (Fig. 4 and Supplemental Table 2).

Post-transplant surveillance  The year of transplant was 
before 2000 for all patients in nine studies, after 2000 for all 
patients in ten studies, while two studies included patients 
transplanted before and after 2000. Of the 21 studies, 11 
reported regular post-aHSCT surveillance of PFT, and ten 
reported no regular surveillance. In nine of these 11, sur-
veillance was performed with spirometry, measurement 
of static lung volumes, and DLCO. The other two studies 
used only spirometry. All studies reported FEV1 at a mini-
mum. Of the nine studies reporting static lung volumes, 
five used body plethysmography [27, 37, 38, 48, 57], two 
used gas dilution [50, 55], and the authors did not state 
which technique was used in the remaining two [31, 56]. 
Among the 11 with regular surveillance, the frequency of 
testing ranged from one test in the first six months post-

transplant in the oldest study [57] to every three months 
[27, 37]. All studies included pre-transplant PFT results 
for each patient, which were used as baseline values. 
Three studies reported regular PFT through 24 months 
post-aHSCT, and two performed PFT annually after the 
first 12 months. The most common schedule for PFT 
was pre-transplant, then 3, 6, 9–12, and 24 months post-
transplant. Among patients both with and without BOS, 
a decline in lung function was observed between 3 and 
9 months post-transplant; while some showed improve-
ment between 6 and 24 months, others had continued 
decline for up to 10 years, sometimes without symptoms 
[28, 58, 60].

Identification of BOS  Median time to identification 
of BOS in the 11 studies with regular surveillance was 
6–12 months, with a range of 1–60 months. Mean per-
cent predicted FEV1 was 38–84% at the time of diagnosis 
[34, 38]. Two studies reported a total of four patients who 
had not yet developed respiratory symptoms at the time 
of BOS diagnosis [31, 34]. Abnormalities in PFT results 
were associated with presence of cGVHD in other organ 

Table 5  Evidence profile of post-transplant outcomes for patients undergoing post-transplant surveillance PFT versus patients who 
did not receive post-transplant surveillance PFT (PICO 2)
Quality assessment No. of 

patients
Result Quality Im-

por-
tance

No. of 
studies

Design Risk of 
bias

Inconsistency Indirectness Imprecision Other

Timing of BOS diagnosis
21 Cohort 

studies
Serious* None None None None 1895 Surveillance: 

Most studies 
report median 
time to BOS di-
agnosis = 6–12 
mos
No surveillance: 
Median time to 
BOS diagno-
sis = 6–24 mos

Low Criti-
cal

FEV1 decline at the time of diagnosis
21 Cohort 

studies
Serious* Serious† None None None 1895 Surveillance: 

38–84% pre-
dicted; 2 stud-
ies reported 4 
patients being 
asymptom-
atic at BOS 
diagnosis
No surveillance: 
44–57% pre-
dicted and in 
one study FEV1 
Z-score time of 
diagnosis − 3.62 
(-4.77,
-2.48)

Very Low Criti-
cal

*Wide range of BOS severity among studies; some studies only included patients with BOS. Some studies only described obstructive airway disease without sub-
classifying them into BOS. Confounding variables such as conditioning regimens and pre-existing abnormal lung function tests were not controlled in most studies

†Wide range of FEV1 Z-score/percent predicted at diagnosis between studies
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systems. One study that utilized spirometry, DLCO, and 
static lung volumes reported that DLCO and TLC were 
most associated with respiratory failure in the setting 
of BOS [37]. Jung et al. [34] reported that the extent of 

drop in FEV1 from pre-aHSCT to the time of diagnosis 
of BOS was not associated with mortality; however, the 
values of FEV1 were significantly lower at 6, 9, and 18 
months after BOS diagnosis for patients who eventually 

Fig. 4  Risk of bias assessment for the 21 studies used to address PICO 2
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died or received lung transplantation. Ten studies did not 
utilize regular post-transplant PFT. In these, participants 
were tested at the time of symptom onset or some point 
thereafter. The median time to diagnosis of BOS was 6–24 
months in these studies, with diagnosis occurring as far 
out as 107 months post-transplant. Mean percent pre-
dicted FEV1 at diagnosis was 44–57% [46, 63], with one 
study reporting a mean FEV1 z-score of -3.62 [61]. In a 
small cohort study of 20 children with obstructive lung 
disease after aHSCT, reduced mid-expiratory flow rate 
and elevated RV at the time of diagnosis of obstruction 
were associated with decreased response to immunosup-
pressive therapy [46].

Discussion
This systematic review was conducted to inform ATS 
guidelines on detection of BOS among pediatric aHSCT 
recipients. We have identified data suggesting that per-
forming PFT pre-transplant, and at regular intervals in 
the first 1–2 years after transplant, may improve early 
identification of BOS. However, the data suggest some 
limitations of this approach, as BOS was often diagnosed 
at a point where significant pulmonary function impair-
ment had already occurred.

The reviewed literature suggests that assessment of 
pre-aHSCT pulmonary function is useful for several rea-
sons. The first is that abnormal pulmonary function is 
not uncommon prior to transplant. This is not surprising 
given that pediatric patients undergoing aHSCT are often 
at risk of pulmonary disease from a number of possible 
causes: sequelae of the primary disease process, airway or 
parenchymal injury from respiratory infections, as well as 
damage from prior chemo- or radiation therapy [1]. Iden-
tification of pulmonary function impairment pre-aHSCT 
allows for thorough evaluation and treatment of any 
identified pathology prior to transplant. Further, accu-
rate determination of pre-aHSCT pulmonary function 
is vital for interpreting post-transplant results. If pulmo-
nary function impairment is not identified pre-aHSCT, 
its discovery post-transplant will trigger concern for a 
transplant-related complication, resulting in a cascade 
of unnecessary investigation and treatment which could 
lead to patient harm. Lastly, there are data to suggest that 
pre-aHSCT pulmonary function is associated with post-
transplant outcomes, pulmonary complications, need for 
mechanical ventilation, and mortality. If these findings 
are confirmed in future studies, then pre-aHSCT pulmo-
nary function may allow for more personalized monitor-
ing strategies for pulmonary complications, and more 
informed counseling of patients and families regarding 
the risks of aHSCT.

Post-transplant surveillance PFT also has value as it 
can lead to identification of BOS before overt symptoms 
develop, with a shorter median time to diagnosis than 

using symptom-triggered testing. Even with earlier detec-
tion of BOS, the level of pulmonary function impairment 
at the time of BOS diagnosis is significant. This is true 
even in studies which used the most frequent surveil-
lance schedule of testing every three months, suggesting 
that BOS-related pulmonary function impairment occurs 
rapidly. While even more frequent testing may allow for 
detection of very early disease, studies are needed to 
assess the feasibility and efficacy of such an approach.

Because evidence suggests existing therapies may be 
more effective if given early in disease evolution [13, 15, 
16], patients ideally would be diagnosed before signifi-
cant impairment has occurred. Further evaluation [65] 
may be necessary when PFT abnormalities are detected, 
as it is possible that pulmonary function limitations in 
patients with cGVHD could reflect involvement of the 
chest wall fascia or respiratory muscles, or acute respi-
ratory infection, rather than the airway injury typical of 
bronchiolitis obliterans [6]. Interventions or infections 
over the course of the transplant may also affect post-
transplant PFT results. Some studies have reported cases 
of histology-proven bronchiolitis obliterans which do 
not meet criteria for BOS [29, 66], indicating that biopsy 
may still be considered in cases where suspicion is high 
regardless of PFT results. Development of pediatric-spe-
cific diagnostic criteria for BOS may offer the opportu-
nity for improved detection in this population [2, 67].

When assessing the implementation of post-aHSCT 
surveillance testing, in addition to diagnostic yield, it is 
important to consider additional factors such as access 
(both to the test, and care that is needed for any abnor-
mal results), cost, and experience of patients and fami-
lies. In general, aHSCT is performed in highly-resourced 
settings, with previous work showing ample access to 
PFT as well as any subsequent tests and medical care 
that are needed following an abnormal result [21]. The 
costs of surveillance PFT are negligible compared to the 
aggregate costs of transplantation. Patients who receive 
aHSCT experience surveillance testing for other post-
transplant complications, and PFT are non-invasive and 
generally acceptable.

The studies reviewed here have some limitations, 
many of which are related to cohort effects. Most stud-
ies included are single-center, and thus results may reflect 
practices specific to the study sites, which introduces het-
erogeneity and may limit generalizability. Inclusion crite-
ria differ across studies, resulting in variability in several 
domains, including patient age, primary diagnosis, and 
type of transplant. We utilized a broad age range in our 
search strategy to be fully inclusive of the entire popula-
tion that may be treated at pediatric transplant centers. 
Our inclusion of young adults may not reflect the popula-
tion treated at all pediatric centers, limiting generalizabil-
ity. The broad age range makes detection of associations 
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more difficult, as susceptibility of patients to BOS and/or 
ability of PFT to detect changes may vary by age. Because 
transplantation is a dynamic field, practices change over 
time, and patients in older studies may differ in important 
ways from those currently undergoing aHSCT. Samples 
sizes in many of the studies are relatively small, resulting 
in limited statistical power to detect subtle associations. 
The use of different reference datasets, and variable defi-
nitions of restrictive and obstructive disease, limits the 
comparability of studies. In studies without regular PFT 
surveillance, death from undiagnosed BOS may lead to 
survivorship bias in post-transplant PFT results. Lastly, 
limited data are available regarding whether surveillance 
PFT impacts important clinical outcomes such as ICU 
admission and mortality.

This review also highlights several areas where data 
are lacking. Prospective studies are needed to more fully 
characterize the relationships between pre-transplant 
PFT with later pulmonary complications and mortality. 
More data are required to determine optimal monitor-
ing schedules and techniques to detect complications 
and optimize outcomes. Research is also needed on other 
modalities of testing more suited to younger patients, 
such as infant PFT, oscillometry, and multiple breath 
washout [68]. Large multicenter studies and registries 
would be ideal to address these and other critical ques-
tions to improve outcomes in this vulnerable population.
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