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Longitudinal data on pulmonary function after pediatric allogeneic or autologous hematopoietic stem cell transplantation (HSCT)
are rare. We examined pulmonary function and associated risk factors in 5-year childhood cancer survivors (CCSs) longitudinally. We
included 74 CCSs diagnosed between 1976 and 2010, treated with HSCT, and with at least two pulmonary function tests performed
during follow-up. Median follow-up was 9 years (range 6–13). We described pulmonary function as z-scores for lung volumes
(forced vital capacity [FVC], residual volume [RV], total lung capacity [TLC]), flows (forced expiratory volume in 1 s [FEV1], maximal
mid-expiratory flow [MMEF]), and diffusion capacity for carbon monoxide (DLCO) and assessed associations with potential risk
factors using multivariable regression analysis. The median z-scores for FEV1, FVC, and TLC were below the expected throughout
the follow-up period. This was not the case for RV, MMEF and DLCO. Female gender, radiotherapy to the chest, and relapse were
associated with lower z-scores of FEV1, FVC, MMEF, RV or DLCO. Childhood cancer survivors after HSCT are at risk of pulmonary
dysfunction. The complex and multifactorial etiology of pulmonary dysfunction emphasizes the need for longitudinal prospective
studies to better characterize the course and causes of pulmonary function impairment in CCSs.
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INTRODUCTION
Childhood cancer survivors (CCSs) treated with hematopoietic
stem cell transplantation (HSCT) are at increased risk of pulmonary
dysfunction, which reflects different structural and functional
damage to the lung [1–4]. This can result from oxidative stress
induced by lung-toxic chemotherapeutics (busulfan, bleomycin,
carmustine and lomustine), free radical formation during radio-
therapy, or transplant-specific pulmonary complications, such as
idiopathic pulmonary syndrome or bronchiolitis obliterans [5–8].
Because the lung has a large functional reserve, it can take years
to decades until pulmonary dysfunction manifests with symptoms.
Pulmonary function testing (PFT) might allow to detect pulmonary
dysfunction during the pre-symptomatic period. Spirometry and
body plethysmography measuring lung volumes and flow, are
widely available but supposedly less sensitive than the diffusion
capacity for carbon monoxide (DLCO) [9, 10].
Literature on longitudinal course of pulmonary function in CCSs

after HSCT is sparse and previous studies had only short follow-up
periods of up to 6.8 years [3, 4, 11, 12]. With this population-based
retrospective cohort study we aimed to close this knowledge gap
by describing pulmonary function trajectories up to 15 years from

cancer diagnosis and to investigate predictors of pulmonary
dysfunction in a cohort of long-term CCSs treated with HSCT.

METHODS
Study population and design
The study population consisted of participants of the Swiss Childhood
Cancer Survivor Study (SCCSS), a questionnaire-based, national cohort study
of all children and adolescents registered in the Swiss Childhood Cancer
Registry (SCCR), who had survived ≥5 years [13, 14]. We included SCCSS
participants, who had been treated in a Swiss pediatric oncology clinic
between 1976 and 2010, had undergone autologous or allogeneic HSCT, and
had at least two pulmonary function tests (PFTs) performed within 15 years
after the cancer diagnosis (Supplementary Fig. S1). We collected information
on treatment and PFT results from medical records at the clinics where the
patients had been treated or had received HSCT. The Ethics Committee of
the Canton of Bern approved the SCCR and SCCSS (KEK-BE: 166/2014). The
SCCSS is registered at ClinicalTrials.gov (identifier: NCT03297034).

Pulmonary function tests
We extracted the following PFT parameters from medical records: forced
expiratory volume in first second (FEV1), forced vital capacity (FVC), and
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maximal mid-expiratory flow (MMEF) from spirometry, residual volume (RV)
and total lung capacity (TLC) from body plethysmography, and DLCO
corrected for hemoglobin if available. We divided DLCO expressed as
[cmH2O/L/sec] by 2.98 to convert it into [mmol/min/kPa] [15]. We used the

Global Lung function Initiative equations (GLI 2012) to convert FEV1, FVC,
and DLCO into age-, height- and sex-standardized z-scores. For MMEF, TLC,
and RV, where no GLI reference values are available, we used the reference
equations by Zapletal et al. for children (4–17 years) and the European
Community of Coal and Steel (ECCS) equations for adults (≥18 years) [16–
18]. We defined lower limits of normality as z-scores of less than −1.645
[19]. We checked z-scores for outliers and corrected data entry errors if
necessary. We excluded PFT results if poor cooperation, cough or cold
were noted in the records. Two authors independently assessed PFT
quality by evaluating the flow-volume curve and loop according to official
criteria [20, 21]. We excluded 23 tests of 8 CCSs that were done ≥15 years
from cancer diagnosis (mean 23 years; range 15–34), as such long-term
data were available for few only. Including those might have led to
selection bias.

Treatment characteristics
We extracted information on all chemotherapeutics classified as lung-toxic
in long-term follow-up guidelines (bleomycin, busulfan, carmustine, and
lomustine) from medical records and calculated cumulative doses [22–24].
We converted busulfan administered orally to intravenously by multiplying
it by 0.8 [25]. We additionally extracted information on thoracic
radiotherapy and surgery [22]. For HSCT we collected information on
source of transplant, stem cell donor, and graft versus host disease (GvHD)
and categorized GvHD into acute and chronic according to medical
records.

Statistical analyses
We used medians and interquartile ranges (IQR), numbers and proportions to
characterize the study population and the PFT results. We compared results
from the first and last PFT of each CCS using Wilcoxon rank-sum test. This was
not done for DLCO, which was missing in >50% of first or last tests. We plotted
the longitudinal trajectories of pulmonary function parameters over time for
each CCS, and the median of the cohort. In a sub-cohort we analyzed FEV1 and
FVC z-scores before HSCT (baseline), <2 years, 3–4 years, and ≥5 years from
HSCT. If CCSs had more than one PFT within one of these time periods, we
took the mean of these tests. To assess predictors of the longitudinal course of
pulmonary function parameters, we used mixed effects multivariable linear
regression analysis including a random intercept and random slope for time
since diagnosis, to account for repeated measurements within patients. We
included gender, type of HSCT, thoracic radiotherapy, lung-toxic chemother-
apy, relapse, and decade of diagnosis in all models. Additionally we tested
possible interactions between these variables and time since diagnosis. We
included interaction terms in the final model if the p value was <0.05. The
model allowed for correlation of residuals within survivors using an exponential
autocorrelation function. Male patients treated with autologous HSCT,
diagnosed in 1980–1990, and not exposed to any of the other risk factors
were modeled as a reference (Supplementary Explanation E1). In a sensitivity
analysis, we restricted the follow-up period to the first five years after
diagnosis, to assess whether risk factors had a greater influence on changes in
pulmonary function in the first five years compared to the entire observation
period. We used the statistical software Stata (StataCorp LLC, Version 16).

RESULTS
Patient characteristics
Among 142 SCCSS responders treated with HSCT, we found at least
two PFTs of good quality in the medical records of 74 CCS
(Supplementary Fig. 1). The median age at diagnosis was 7.4 years
(IQR 3.5–12.2). The median time between diagnosis and HSCT was
0.8 years (IQR 0.5–2.6). The most frequent diagnosis was leukemia
(69%). Busulfan was the most frequently used lung-toxic treatment.
Seventy percent of CCSs had received thoracic radiotherapy,14%
thoracic surgery. Most CCSs were transplanted allogeneic (68%)
(Table 1). Additional information on cancer diagnosis, transplant
source, and GvHD is available in Supplementary Table S1.

Pulmonary function
Of the 74 CCSs we retrieved 411 good quality PFTs, on average 5
tests per survivor (range 2–12). The median time from diagnosis to
the first PFT was 3 years (IQR 1–5) and 9 years (IQR 6–12) to the
last PFT. Because not all six outcome parameters (FEV1, FVC, FEV1/
FVC, MMEF, TLC, and RV) had been measured in the first and the
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last test, we analyzed changes between the two tests for FEV1 (72
CCSs), FVC (66 CCSs), MMEF (42 CCSs), TLC (58 CCSs), and RV (55
CCSs.) For the longitudinal analysis, FEV1 was available from 407
PFTs, TLC from 390, and DLCO from 185. We could analyze 147
tests of 25 CCS which had at least one test performed
before HSCT.
Half of the CCSs (51%) had at least one abnormal parameter in

their last test (Table 2). Only the FEV1/FVC ratio decreased
significantly between the first and the last test. The median
z-scores of FEV1, FVC, and MMEF tended to be lower in the last test,
TLC tended to increase in the last test. Also RV was slightly above
predicted at both time points (Table 2). Graphically, the median
z-score of each pulmonary function parameter remained below the
expected for FEV1, FVC, and TLC, and undulated around the
expected for MMEF, DLCO and RV (Fig. 1, Supplementary Fig. S2).
We observed a large inter-individual variability in the longitudinal
trajectories of all lung function parameters. In some CCS parameters
deteriorated or improved over time in others they showed a variable
course. Of the 25 CCSs who had a baseline PFT, FEV1 was available
for 24 CCSs and FVC for 23. The median FEV1 z-score deteriorated
from−0.96 at baseline (IQR−1.89–0.01) to−1.66 (IQR−3.16–−0.41)
in tests performed ≥5 years from HSCT (Fig. 2a). We also observed a
significant decrease from baseline to ≥5 years from HSCT for FVC
(Fig. 2b). Supplementary Fig. S3 shows the changes of FEV1 and FVC

z-scores for all CCS who had a baseline test before HSTC. The
reasons why only some CCS were followed-up for more than 5 years
was not evident from the available data.

Risk factors for decreased pulmonary function
Being female, thoracic radiotherapy, and relapse were associated
with lower lung function. Females had lower intercepts for FEV1 and
MMEF, but no differences in the slopes for any parameter (Table 3).
Treatment with radiotherapy was associated with lower intercepts
for FEV1 (−1.31 z-scores; 95% CI −2.06–−0.56) and FVC (−1.47
z-scores 95% CI −2.21–−0.74), but not with slopes. Relapse was
associated with higher intercepts for TLC, but contributed to a
decrease over time of TLC and RV. Children treated more recently
had lower intercepts for DLCO. We observed no effect of
transplantation type or treatment with lung-toxic chemotherapy
on the intercept or slope of any parameter (Table 3). The results
remained similar in the sensitivity analysis restricted to the first five
years after diagnosis (Supplementary Tables S2–S7).

DISCUSSION
In this study of 74 CCSs followed-up to 15 years after HSCT, 51% had
at least one abnormal pulmonary function parameter. Median
z-scores for FEV1, FVC, and TLC were below expected throughout

Table 2. Comparison of first and last available pulmonary function test in transplanted childhood cancer survivors; N= 74.

FIRST test LAST test

na (%) Median (IQR) na (%) Median (IQR) Mean difference p valueb

Follow-upc [years] 3.04 (1.23–5.38) 9.33 (6.08–12.27)

FEV1 z-score

Whole cohort 72 −0.76 (−2.12–0.08) 72 –1.01 (−2.19–−0.55) −0.32 (−1.09–0.35) 0.115

Normal 48 (67) 47 (65)

Reduced 24 (33) 25 (35)

FVC z-score

Whole cohort 66 −0.87 (−2.18–−0.22) 66 −1.16 (−2.21–−0.61) −0.31 (−0.96–0.35) 0.182

Normal 45 (68) 41 (62)

Reduced 21 (32) 25 (38)

FEV1/FVC

Whole cohort (ratio) 66 0.93 (0.89–0.97) 66 0.91 (0.87–0.94) −0.02 (−0.05–0.01) 0.031

Ratio ≥0.7 65 (99) 65 (99)

Ratio <0.7 1 (1) 1 (1)

MMEF

Whole cohort 42 0.11 (−1.11–0.94) 42 −0.07 (−0.98–0.35) −0.14 (−0.85–0.85) 0.421

Normal 35 (83) 39 (93)

Reduced 7 (17) 3 (7)

TLC z-score

Whole cohort 58 −1.26 (−2.55–−0.22) 58 −0.81 (−2.14–0.23) 0.15 (−0.97–1.44) 0.309

Normal 33 (58) 39 (68)

Reduced 25 (42) 19 (32)

RV z-score

Whole cohort 55 0.55 (−1.22 – 2.05) 55 0.31 (−0.51–1.32) −0.43 (−1.44–0.87) 0.521

Normal 49 (89) 50 (91)

Reduced 6 (11) 5 (9)

At least one abnormal test 44 (59) 38 (51)

Normal: measured value ≥−1.645 z-score.
Reduced: measured value <−1.645 z-score.
aTotal number of CCSs differ between lung function parameters as not all survivors had all parameters performed at first and last test.
bWilcoxon rank sum test comparing median z-score between first and last test.
cTime between diagnosis and pulmonary function test.
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the entire observation period, with a large variability between CCSs.
Median FEV1 and FVC z-scores were already below expected in CCS
with baseline testing and further declined with elapsing time.
Female gender, radiotherapy, and relapse were associated with
reductions in at least one pulmonary function parameter.
Our results, with half of CCSs having at least one reduced

pulmonary function parameter, are comparable to other studies
(38–77%), with a follow-up of at least 5 years [1–3, 26–28].
Differences in the study populations and in reporting of results
may explain the variability between studies. Some studies
included CCSs transplanted autologous [28], allogeneic [2, 3, 27],
or both [1, 26]. The use of different reference equations
complicated the comparison. The population analyzed by Cerveri

et al. was most similar to ours. They found that 38% of CCSs had at
least one abnormal pulmonary function parameter, defined as z-
score <−1.645, 5 years from HSCT, among whom 23% had
reduced FVC z-score, 10% reduced FEV1, and none had an
abnormal FEV1/FVC [26]. The cohort by Cerveri et al. was similar to
our cohort for exposure to radiotherapy (75% vs. 70%) and
treatment with busulfan or carmustine, but our cohort was
diagnosed more recently (1976–2010 vs. 1986–1994).
Our trajectories of FEV1, FVC, and DLCO are comparable to

results from Griese et al., who plotted PFT results of 83 CCSs over
14 defined time points from baseline to 10 years after HSCT [12].
Similar to our study, none of the lung function parameters showed
a clear decline over time. However, they found an initial decrease,
subsequent improvement, followed by an undulating course.
Griese et al. did not analyze MMEF, RV, and TLC. Except for RV and
MMEF, all graphical trajectories started at z-scores below expected
in our cohort. The use of different reference equations may have
contributed to this relatively better start of MMEF and RV. Poor
general condition, pulmonary involvement or acute toxicities may
have contributed to the negative z-scores of FEV1, FVC, TLC, and
DLCO shortly after diagnosis in our cohort. Also the reference
equations used may not perfectly fit the Swiss population. While
validation of GLI 2021 equations showed satisfactory fitting in
some populations [29], there was an underestimation of FEV1/FVC
in others [30]. As MMEF is correlated with FEV1 and FVC, we would
have expected similar courses [31]. In contrast to FEV1 and FVC,
MMEF was normal in most first tests and remained rather stable
during follow-up. This makes relevant peripheral airway obstruc-
tion rather unlikely.
Four other studies had assessed changes in pulmonary function

from baseline, to defined time points thereafter [2, 3, 11, 32]. In our
CCSs with baseline testing, median FEV1 and FVC z-scores
continuously decreased from a negative baseline value to each of
the three follow-up points. In the other studies, the lowest z-scores for
both parameters were measured between 3 months and 1 year after
HSCT, improved thereafter, followed by a further decrease [3, 11, 32].
The use of broader time categories since HSCT in our study may have
potentially masked transient improvement. All studies found that
pulmonary function parameters were reduced before HSCT already,
probably due to damage by previous treatments or underlying
conditions.
Inaba et al. used a mixed effects linear regression analysis with a

random slope to identify risk factors [2]. They analyzed 660 baseline
and follow-up PFTs of 89 CCSs treated with allogeneic HSCT.
Females had significantly steeper slopes for RV, FVC, and TLC in the
cohort by Inaba et al., but gender was not related to changes in the
slope in our cohort. Exposure to radiotherapy or chemotherapy were
not associated with changes in the slope of any parameter in both
studies. Inaba et al. included only survivors of hematological
malignancies. CCSs of both cohorts were therefore exposed to
different treatment combinations and chemotherapeutics, which
might contribute to the differences in identified risk factors between
the studies. This combined toxicity makes it also difficult to assess
the effect of single risk factors. However, the longitudinal trajectories
of pulmonary function parameters suggest that CCSs exposed to
pulmonary toxic treatment modalities, especially radiotherapy,
might benefit from regular screening.

Strengths and limitations
The strengths of this study are the national design, the large
sample size of CCSs with several PFTs, the high-quality data on
diagnosis and treatment, and the long follow-up period. The use
of z-scores, verification of data entry by a second person, rigorous
assessment of pulmonary function quality, control for outliers, and
the exclusion of PFTs with poor quality are additional strengths.
The retrospective design with a long observation period may

have affected the data availability and quality. We did not know why
PFTs have been performed, and not all parameters have been
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assessed each time. PFTs have been performed in different
laboratories with changes in equipment and testing procedures.
We assume that the tests have been performed according to
standard recommendations [33–35]. Only 71% of eligible CCSs
treated with HSCT participated in the SCCSS, and for only half of
them (n= 74, 37% of the total population) we found at least two
pulmonary function tests. We do not know if this has biased our
findings. While we found little evidence that response bias affects
prevalence estimates in the SCCSS [36], it is possible that CCSs with
pulmonary symptoms received more PFTs than asymptomatic CCSs,
so that our results might overestimate the burden of pulmonary
dysfunction. Not all CCSs with available baseline testing had at least

one PFT result at the last follow-up point, which might have
introduced attrition bias. However, we found only little differences
between the groups (Supplementary Table S8). The cohort is
heterogeneous in terms of relapsed disease and exposure to
treatment modalities. Therefore, we were unable to understand the
precise pathophysiology for the complex and heterogeneous lung
function trajectories. In addition, we had no information on
pulmonary symptoms, diseases or other co-morbidities prior to
the cancer diagnosis other than what was recorded in the hospital
records. However, severe lung disease leading to pulmonary
restriction is rare in children and we expect that this would have
been documented as a secondary diagnosis.
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Table 3. Effects of risk factors on longitudinal changes in FEV1, FVC, MMEF, TLC, RV, and DLCO z-scores in childhood cancer survivors after
hematopoietic stem cell transplantation with repeated pulmonary function tests available.

Coefficientb pc 95% Conf. Interval

FEV1 z-score (n= 407 PFTs, 74 CCSs)

Final modela

Intercept 0.499 0.69 −0.921 1.919

Gender (ref. male) −0.664 0.013 −1.187 −0.140

Type of HSCT (ref. autologous) 0.481 0.113 −0.113 1.076

Radiotherapy to lung (ref. no) −1.306 0.001 −2.055 −0.558

Lung-toxic chemotherapy (ref. no) −0.559 0.123 −1.270 0.152

Relapse (ref. no) 0.395 0.154 −0.148 0.937

Decade of diagnosis (ref. 1980–1990)

1991–2000 −0.667 0.183 −1.647 0.314

2001–2010 −0.197 0.678 −1.131 0.736

Time since diagnosis [decrease per year] −0.061 <0.001 −0.094 −0.027

FVC z-score (n= 395 PTFs, 73 CCSs)

Final modela

Intercept 0.147 0.837 −1.252 1.546

Gender (ref. male) −0.387 0.152 −0.916 0.143

Type of HSCT (ref. autologous) 0.533 0.077 −0.058 1.123

Radiotherapy to lung (ref. no) −1.473 <0.001 −2.207 −0.739

Lung-toxic chemotherapy (ref. no) −0.647 0.069 −1.347 0.051

Relapse (ref. no) 0.237 0.395 −0.309 0.783

Decade of diagnosis (ref. 1980–1990)

1991–2000 −0.312 0.531 −1.287 0.663

2001–2010 −0.083 0.861 −1.008 0.843

Time since diagnosis [decrease per year] −0.058 0.003 −0.097 -0.019

MMEF z-score (n= 268 PTFs, 61 CCSs)

Final modela

Intercept 1.340 0.146 −0.469 3.149

Gender (ref. male) −0.887 0.008 −1.538 −0.237

Type of HSCT (ref. autologous) 0.402 0.328 −0.404 1.208

Radiotherapy to lung (ref. no) −0.664 0.156 −1.583 0.253

Lung-toxic chemotherapy (ref. no) −0.494 0.275 −1.383 0.394

Relapse (ref. no) 0.374 0.252 −0.266 1.016

Decade of diagnosis (ref. 1980–1990)

1991–2000 −1.142 0.059 −2.327 0.042

2001–2010 −0.982 0.106 −2.172 0.208

Time since diagnosis [decrease per year] −0.003 0.918 −0.058 0.052

TLC z-score (n= 390 PFT, 74 CCSs)

Final model: time interaction for type of HSCT and relapse

Intercept −1.584 0.251 −4.293 1.124

Gender (ref. male) 0.729 0.134 −0.224 1.682

Type of HSCT (ref. autologous) −0.510 0.479 −1.923 0.903

Radiotherapy to lung (ref. no) −0.717 0.292 −2.051 0.616

Lung-toxic chemotherapy (ref. no) −0.587 0.364 −1.855 0.681

Relapse (ref. no) 1.704 0.015 0.333 3.075

Decade of diagnosis (ref. 1980–1990)

1991–2000 −1.052 0.241 −2.814 0.711

2001–2010 −0.204 0.811 −1.874 1.465

Time since diagnosis (continuous per year) 0.103 0.236 −0.067 0.272

Interaction Type of HSCT (ref. autolog.) 0.123 0.136 −0.038 0.284

Interaction relapse (ref. no) −0.258 0.001 −0.414 −0.103
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In conclusion, our results confirm that CCSs after HSCT are at high
risk of pulmonary dysfunction, but also highlight the complexity and
multifactorial etiology of pulmonary problems. This suggests that
pulmonary function testing before HSCT is essential to have an
individual baseline and that pulmonary long-term follow-up care of
CCSs after HSCT including preventive and supportive measures is
needed.
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