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Abstract

Introduction Although five-year survival rates for childhood cancer have surpassed 85%, childhood cancer survivors continue
to suffer from long-term effects decades after treatment completion. The prevalence of pulmonary dysfunction is very common
at 65.2% in adulthood. This study explores early changes in the trajectory of pulmonary function in pediatric cancer patients
who received pulmonary toxic therapy. Methods In this single-center, retrospective cohort study, we included pediatric cancer
patients diagnosed at <18 years old between January 1994 and December 2014. Patients were included if they received
pulmonary toxic exposure: either chemotherapy (bleomycin, busulfan, lomustine carmustine or cyclophosphamide) or thoracic
radiation. Outcomes included percent predicted values for spirometry, lung volumes, and diffusion capacity of the lungs
post-treatment. Results Of 86 children who met inclusion criteria, 99% received pulmonary toxic chemotherapy, and 79%
received thoracic radiotherapy. Patients showed an overall decrease in all three lung function parameters immediately post-
treatment. Between one- and four-years post-treatment, there was a larger sustained decline in percent predicted lung function
parameters for females (mean Forced Expiratory Volume in 1 Second, FEV1=81.0% +15.7) than males (FEV1=93.2% +10.2).
Sensitivity analysis of 65 children who received radiation and bleomycin revealed pulmonary function trends similar to the overall
population. Conclusions Our results reveal that male and female patients experience different lung function trajectories following
pulmonary toxic cancer treatment, with females performing more poorly over time despite similar baseline function. Further
research is needed to better understand the factors associated with poor lung function and impaired recovery post-treatment,

particularly in females.
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Abstract
Introduction

Although five-year survival rates for childhood cancer have surpassed 85%, childhood cancer survivors con-
tinue to suffer from long-term effects decades after treatment completion. The prevalence of pulmonary
dysfunction is very common at 65.2% in adulthood. This study explores early changes in the trajectory of
pulmonary function in pediatric cancer patients who received pulmonary toxic therapy.

Methods

In this single-center, retrospective cohort study, we included pediatric cancer patients diagnosed at <18
years old between January 1994 and December 2014. Patients were included if they received pulmonary
toxic exposure: either chemotherapy (bleomycin, busulfan, lomustine carmustine or cyclophosphamide) or
thoracic radiation. Outcomes included percent predicted values for spirometry, lung volumes, and diffusion
capacity of the lungs post-treatment.

Results

Of 86 children who met inclusion criteria, 99% received pulmonary toxic chemotherapy, and 79% received
thoracic radiotherapy. Patients showed an overall decrease in all three lung function parameters immediately
post-treatment. Between one- and four-years post-treatment, there was a larger sustained decline in percent
predicted lung function parameters for females (mean Forced Expiratory Volume in 1 Second, FEV1=81.0%
£15.7) than males (FEV1=93.2% =£10.2). Sensitivity analysis of 65 children who received radiation and
bleomycin revealed pulmonary function trends similar to the overall population.

Conclusions

Our results reveal that male and female patients experience different lung function trajectories following
pulmonary toxic cancer treatment, with females performing more poorly over time despite similar baseline
function. Further research is needed to better understand the factors associated with poor lung function and
impaired recovery post-treatment, particularly in females. [248 words]

Introduction

Over the last few decades, improved antineoplastic therapies have resulted in significant improvements in
cancer survival rates. For childhood and adolescent cancers, the 5-year survival has risen to over 85%!,



creating a growing population of childhood cancer survivors (CCS). In 2015, over 360,000 CCS were living
in the United States’.

Although treatment regimens, which can include radiation, chemotherapy, and surgery, are highly effective,
they can also cause significant long-term morbidity and mortality as these young survivors age. Secondary
malignancies and organ dysfunction can develop just a few years after the successful cure of the primary
cancer?. By thirty years post- diagnosis, over 70% of CCS will suffer from a chronic health condition?.

While pulmonary dysfunction is the second leading cause of mortality in CCS*, it is also one of the most
common morbidities of treatment, with a prevalence of 65.2% in adulthood®. The increase in prevalence of
pulmonary morbidity over time may be due to lung injury occurring during a period of lung development,
leaving a deficit in growth potential, thereby amplifying the natural decline in lung function with ageS.
Alternatively, lungs may be more susceptible to the toxic effects of radiation and immunosuppression during
this growth phase leading to ongoing damage even after completion of treatment. Common pulmonary toxic
therapies, including bleomycin, busulfan, lomustine, carmustine, and thoracic radiation have been shown to
result in sequelae including pulmonary fibrosis, and interstitial pneumonitis” which can result in progressive
lung damage. Radiation can also cause hypoxia and oxidative stress, leading to long-term tissue damage,
and chronic inflammation®?.

Improved understanding of the early trajectory of pulmonary dysfunction in CCS can improve early detection
and facilitate treatment to prevent or reduce associated morbidities, as well as improve decision-making
surrounding the use and dosage of pulmonary toxic therapies in certain subpopulations during treatment.

In this retrospective cohort study, we sought to better understand the early trajectory of lung function and
explore impacting factors in children who received pulmonary toxic cancer therapies. Through cross-sectional
pediatric and adult studies, we know that lung function is altered in this population, but the onset and early
trajectory of pulmonary function change is not well characterized.

Methods
Study Design

We performed a retrospective cohort study of children who received pulmonary toxic chemotherapy or
thoracic radiation for treatment of childhood cancer over a twenty-year period and observed the trajectory
of lung function up to four years after the completion of cancer treatment. This study was approved by the
Research Ethics Board of the Children’s Hospital of Eastern Ontario (CHEO) and is reported in accordance
with the STROBE statement!?.

Participants and Setting

We included all patients diagnosed and treated at CHEO between January 1994 and December 2014 for
a diagnosis of Hodgkin Lymphoma (HL), Wilms Tumour (WT) or extracranial germ cell tumour (GCT).
WT and GCT are two types of embryonal tumours. CHEO is a tertiary care pediatric hospital in Ottawa,
Canada with a medium-sized pediatric oncology program, treating approximately 70 new oncology patients
per year. Included patients were <18 years at diagnosis and received both pulmonary function testing and
pulmonary toxic treatment. We limited inclusion to children with a minimum of two acceptable pulmonary
function tests (PFT), with at least one test performed within 90 days following treatment completion and
prior to any relapse, in order to capture the onset of pulmonary function changes related to initial treatment.
Our centre only performs pulmonary function testing on children 6 and older, so children below this age
cut-off were excluded.

Pulmonary Function Evaluation Outcomes

The main study outcome was percent predicted forced expiratory volume in one second (FEV;) as measured
using spirometry. Secondary outcomes were total lung capacity (TLC), measured using body plethysmogra-
phy, and diffusion capacity of the lungs for carbon monoxide (DLCO), which was adjusted for the patient’s
hemoglobin level when a recent value was available (DLCO,q;). Trained respiratory therapists performed



and independently interpreted all PFTs for acceptability and reproducibility at the time of test completion
in accordance with American Thoracic Society standards''. Pulmonary function was measured with the
Vmaz®) Encore PFT system(Care Fusion, Yorba Linda, CA), and a modified version of the Morris et al.
reference equations was used to determine percent predicted values, which were adjusted for patient age, sex
and height!?. All available PFTs performed from 30 days pre-diagnosis were collected retrospectively from
patients’ medical records.

As per routine care practices at CHEOQ, all children who received pulmonary toxic therapy underwent pul-
monary function testing at the end of treatment regardless of the presence of symptoms. For patients with
one or more recurrences of their primary cancer, all treatment and pulmonary function data beyond the
date of the relapse was censored and excluded from the analysis. This ensured that analysis was limited to
lung function changes solely due to initial pulmonary toxic exposure and to avoid any confounding effects of
cumulative treatment exposures due to relapse.

Primary Ezposure: Pulmonary Tozxic Therapy

Agents with significant pulmonary toxic properties identified from the literature include pulmonary radiation
and select chemotherapy agents (bleomycin, busulfan, carmustine, lomustine and cyclophosphamide). While
cyclophosphamide is not traditionally considered by oncologists to be a pulmonary toxic chemotherapy agent,
it is well-reported to cause multiple lung sequelae including early and late onset pneumonitis and pulmonary
fibrosis!®. We stratified thoracic radiation into high volume or low volume depending on the volume of lung
included in the radiation field. Mantle, mediastinum, whole lung and total body irradiation were considered
high-volume thoracic radiation, while neck, abdominal, inverted Y, para-aortic, flank or supraclavicular
radiation were considered low volume thoracic radiation. Internationally approved standardized pediatric
oncology treatment protocols based on cancer type and extent of disease were used for both chemotherapy
and radiation therapy. These were consistent throughout the study time period.

Additional Variables

Variables examined in this study also included patient demographics (age, height, weight, sex, past medi-
cal history), cancer characteristics (diagnosis, sites of disease, staging, relapse history), treatment history
(chemotherapy agents, dates and dosage, radiation fields and dosage, bone marrow transplant or thoracic
surgery). Side effects of therapy with the potential to affect measured pulmonary function such as pneumoni-
tis and allergic reactions, and hospital inpatient admissions and emergency department visits of a respiratory
cause (e.g. pneumonia, atelectasis) were also captured. Data were collected retrospectively from 30 days prior
to patient diagnosis from medical records at CHEQ, including local hospital health administrative data for
health care visit dates.

Statistical Analysis

Descriptive statistics were summarized for the primary and secondary outcomes as well as demographics,
therapeutic exposures, hospitalizations and other clinical variables. These summary measures were compared
at baseline for the overall study cohort, at various time periods both before and after treatment completi-
on, and for females and males separately. Mean and standard deviation (SD) or median and interquartile
range (IQR) were used for continuous outcomes. Binary outcomes were summarized using frequency and
percentages.

Given the retrospective nature of the study, lung function testing was performed at variable time points in
coordination with treatments or follow up clinic visits. Therefore, data was summarized in monthly intervals,
to allow comparability of the measurements across patients and to allow formal longitudinal investigation of
the trajectories for the various outcomes considered. Hence, for each child, the mean outcome values across
all visits within a given month were used as the monthly value of the outcome.

The visit date for the last recorded cancer treatment (radiation or chemotherapy) was defined as time zero.
Data was summarized into intervals before and after treatment completion, with the post-treatment time-
period further subdivided into within one year (immediate effect), between one year and four years (short



term effect) and after four years (long term effect). These periods were defined after careful consideration of
the distribution of the primary and secondary outcomes and the corresponding time trajectories.

Exploratory analyses were done to investigate lung function trajectories over time for all three pulmonary
function outcomes (FEV1, TLC and DLCO,q;), and to evaluate similarities and differences in lung function
trajectories before and after cancer treatment. Specifically, lung function trajectory was stratified by sex
to determine if there were any differences between groups. To determine the potential additive pulmonary
toxic effects, sensitivity analyses were performed to explore differences in lung function trajectories among
a subgroup of children who received both chemotherapy and radiation therapy.

All analysis was performed using the R statistical software package'?.
Results

Over the twenty-year study period from January 1994 to December 2014, 212 children were diagnosed with
HL, GCT or WT at CHEO. Of these, 86 met inclusion criteria for both pulmonary toxic treatment exposure
and pulmonary function testing (Figure 1).

Characteristics of included patients are presented in Table 1. The median age at diagnosis for included
patients was 14.95 [12.2, 16.0] years. A significant proportion (14.0%) reported respiratory symptoms at
diagnosis, and 14.0% had evidence of malignancy in the lungs. In total, 22.1% had a complication that
included either an emergency department visit or inpatient admission for a respiratory cause between their
date of diagnosis and 1-year post-treatment completion. During follow-up, approximately 12.8% and 17.4%
reported ever smoking tobacco or marijuana respectively, and 14.0% have had an asthma diagnosis. None of
the patients in the study cohort received busulfan, lomustine, or thoracic surgery, which are common causes
of pulmonary dysfunction'®. Carmustine was excluded from analysis because it was only used post-relapse.
Reactions linked to bleomycin were documented or suspected in four patients, and were considered mild
(e.g., pneumonitis, rash). Thirteen (15.1%) children relapsed following their initial treatment, after which
their treatment and pulmonary function data were censored. Five (5.8%) patients died before the end of the
study period and were also censored at the date of death.

Given the difference in treatment protocols, patients with a diagnosis of HL had shorter treatment duration
and larger doses of pulmonary toxic chemotherapy, on average, than patients with WT or GCT. The median
time from treatment start to treatment completion was 4 [3, 6] months, and follow-up (time from diagnosis
to last recorded pulmonary function test) was 19 [13, 31] months. Characteristics of the study population
throughout and following treatment are shown in Table 2.

Overall, from pulmonary function testing, there were a total of 404 FEV; measurements, for an average of 4.7
per patient. There were 387 TLC and 328 DLCO,q; measurements. Analysis of lung function data revealed
that a greater proportion of patients with lung function below 80% predicted were female than male. Further
analysis stratified by sex revealed that females showed a different trajectory and had lower lung function
than males post-treatment, despite similar lung function pre-treatment (Figure 2). During treatment, females
and males showed similar increases in FEV; and TLC and decreases in DLCO,q4;. Although in males the
lung function recovered to baseline or improved post-treatment, females continued to decline and eventually
stabilized at a lower percent predicted value. This divergence in lung function persisted throughout follow-up,
to 80 months post-treatment. This was consistent across all three lung function outcomes (FEV;, DLCO,g;,
and TLC). The breakdown of lung function outcomes during and post treatment are shown in Table 3.

Additional descriptive statistical analysis stratified by sex shows poorer lung function in females despite
being exposed to fewer factors that could explain this difference. Females tended to be diagnosed at an
older age and receive less radiation and pulmonary toxic chemotherapy than males (E-table 1 — Females and
E-table 2 — Males).

Sensitivity analysis of children who received both radiation therapy (pooled high and low volume radiation
therapy exposure) and bleomycin (n=65) showed similar lung function trajectories compared to the overall
population (E-image 1).



Discussion

This study is one of the first to explore the early trajectory of pediatric lung function following pulmonary
toxic therapy using objective pulmonary function testing. Overall, we observed that children treated for
childhood cancers with pulmonary toxic therapies experience three key phases in pulmonary function change,
(1) a transient change in pulmonary function throughout treatment “immediate effect”, (2) a sharp drop in
pulmonary function immediately following treatment completion “short term effect”, and (3) slow recovery
in pulmonary function starting months after the end of treatment “long term effect”.

We suspect that the increase of FEV; and TLC in the immediate period resulted from a combination of
cancer location and resolution of an acute illness. Mediastinal masses, which are commonly found in HL,
can decrease pulmonary function and present with respiratory symptoms at diagnosis'®. Patients presenting
with respiratory symptoms have been seen to have an average decrease in FEV; of up to 28%, compared
to asymptomatic patients'®. Thus, tumour shrinkage with treatment may have played a role in the initial
rise of lung function. Additionally, certain lung function tests like spirometry are effort-dependent and thus
values may increase as patients experience improved health towards the end of their treatments, despite our
inclusion of only acceptable and reproducible PFTs.

In the short term, we suspect that chest wall or more likely lung inflammation as in radiation pneumonitis
may play a role in the acute but short-term drop in pulmonary function outcomes in the first few months post-
treatment. Radiation pneumonitis is a well-documented side effect of treatment, often occurring within the
first two to four months post-radiation!”, and has been previously shown to cause decreases in both FEV
and DLCO'®. Acute drops in pulmonary function can also be seen with bleomycin-induced pneumonitis,
which occurs in up to 46% of patients, and can decrease both TLC and DLCO'?:?°though only a portion of
our study population received this treatment.

In the long term, our results show that most children recover pulmonary function within a year followi-
ng pulmonary toxic treatment. While this may be an observation secondary to overall improved health,
energy and ability to provide a maximal effort during pulmonary function testing, interestingly, we found
a difference in the degree of lung function recovery between males and females. Furthermore, DLCO is an
effort-independent measure and also did not recover as quickly or fully in females as in males. Key factors
such as age at diagnosis, treatment exposure did not explain the divergence in lung function over time. This
suggests that sex may influence lung function following exposure to pulmonary toxic therapies resulting from
cancer treatment. The adult literature suggests that women may be at greater risk of lung injury as a result
of receiving similar radiation treatment protocols despite having smaller average lung volumes?'. Another
consideration is the hormonal effect of puberty on lung function. Previous reports have shown that lung func-
tion measured by plethysmography and single breath gas transfer (TLC and DLCO respectively) in healthy
children rise discontinuously during puberty for males and correlate with an increase in thoracic volume, but
this increase is not seen in females?2. This sex difference has also been demonstrated during puberty when
measuring FEV;23. This natural difference in lung growth may contribute to the difference in lung function
recovery from pulmonary toxic treatment during this important phase of development. Additionally, females
have been shown to experience disproportionate negative effects of cancer treatments on their lung function
and mortality compared to their male counterparts?. Similar sex-related differences in pulmonary function
and poorer health outcomes among females after puberty have been shown in other lung diseases including
asthma and cystic fibrosis?4 2.

The high rate of respiratory complications which included respiratory-related ED visits or admissions indica-
tes that complications often happen early (Table 1). Additionally, although it is known that years following
treatment, CCS suffer disproportionally from pulmonary issues such as restrictive, or obstructive disease,
and diffusion defects compared to the general population®?”2°, our results also suggest there may also be
a difference between male and female lung function trajectories that begins very early following treatment
completion.

Despite smoking and marijuana use being reported in patient medical records at various time points during



follow-up, because these habits are not routinely asked for in children, it was not possible to know whether
this exposure was present at the time of onset of lung function changes. Nevertheless, we found smoking rates
similar to the rest of Ontario’s pediatric population, with previous studies reporting that 16% of Ontario
7th to 12 graders had smoked in the last year and 19% had used marijuana®’. The prevalence of asthma in
our cohort was below the provincial prevalence in youth, which can be up to 28% in males 10-14 years, and
suggests that treating clinicians may under-recognize the prevalence of asthma among oncology patients®!.

In our sensitivity analysis that compared lung function trajectory in patients who received radiation therapy
in conjunction with bleomycin (n=65), we found it did not differ significantly from the full cohort. Nevert-
heless, due to the limited sample size, and because radiation is a known potentiator of the pulmonary toxic
effects of bleomycin therapy3? 34 that correlates with greater rates of interstitial pneumonitis, fibrosis, and
mortality, patients who receive this combined treatment should be carefully monitored through pulmonary
function testing at regular intervals even in the absence of clinical symptoms. Despite the observational de-
sign, one important strength of our study lies in that all children had lung function testing at the end of their
treatment, regardless of symptoms. This thus reduces the potential risk of bias caused by a disproportionately
higher number of PFTs being performed in children with respiratory dysfunction.

One potential limitation of this study was our lack of a control group. However, as we used percent predicted
lung function measures as our outcome, these are inherently referenced against a control population and
are adjusted for height, age, and sex, thereby negating the need for a control group as in other longitudinal
studies. Given our small sample size and single center design, we were limited in our ability to explore
individual patient lung function trajectories and thus only powered to explore the overall trajectory of lung
function in our cohort. The small sample size further limited our ability to explore a larger number of clinical
predictors (e.g. age, treatment dosage, comorbidities) that could affect lung function trajectory beyond the
effect of sex and the combination of bleomycin with radiation.

Our study sheds light on important factors to consider in follow-up of childhood cancer survivors, especially
in females who may be more vulnerable to the pulmonary toxic effects of cancer treatment. This exploratory
analysis of lung function trajectory in CCS provides several hypotheses upon which to design a future study
looking at a longer period of follow up, or a prospective multicentre study to increase sample size, and better
understand the onset and contributing factors that influence lung function outcomes in this vulnerable
population.
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Figure Legends
FIGURE 1. Flow Diagram of Patient Inclusion

FIGURE 2. Trajectory of percent predicted lung function outcomes over time pre and post-treatment by
sex (a) Trajectory of Forced Expiratory Volume in 1 Second (FEV1) (b) Trajectory of Diffusion Capacity of
the Lungs for Carbon Monoxide Adjusted for Hemoglobin (DLCOadj) (c) Trajectory of Total Lung Capacity
(TLC).



Each point represents the average pulmonary function of one or more individual patients during that one-
month time period. FEV1 was available for n=86 (100%), DLCOadj for n=78 (91%), and TLC for n=86
(100%). The y-axis dotted line represents the lower limit of normal for lung function in children. The x-axis
dotted line represents the date of treatment completion, or time zero. The blue line represents the trajectory
for the overall population.

E-IMAGE 1. Trajectory of percent predicted Forced Expiratory Volume in 1 Second pre and post-treatment
in a subset of patients (n=65) receiving both bleomycin and radiation therapy. FEV; Forced Expiratory
Volume. The y-axis dotted line represents the lower limit of normal for lung function in children. The x-axis
dotted line represents the date of treatment completion, or time zero. The blue line represents the trajectory
for the overall population.

Hosted file

Pediatric Pulmonology Tables May 27.docx available at https://authorea.com/users/327309/
articles/454896-trajectory-of-lung-function-change-in-childhood-cancer-survivors-an-
exploratory-analysis

Eligible Patients
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* No pulmonary toxic therapy (N=4)
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(N=86)

During Treatment Post Treatment

Gender

Female
90- Te Male

FEV1 Percent Predicted

60-

I

I

I
20 -0 0 10 20 30 40 50 60 70 80
Number of Months

10


https://authorea.com/users/327309/articles/454896-trajectory-of-lung-function-change-in-childhood-cancer-survivors-an-exploratory-analysis
https://authorea.com/users/327309/articles/454896-trajectory-of-lung-function-change-in-childhood-cancer-survivors-an-exploratory-analysis
https://authorea.com/users/327309/articles/454896-trajectory-of-lung-function-change-in-childhood-cancer-survivors-an-exploratory-analysis

Post Treatment

K
5 B
o
=
5
o

Gender
“ Female
~ Male

~ Male

80

50
50

40
40

Post Treatment
11

30
Number of Months

30
Number of Months

160-

During Treatment

-10

During Treatment

20
20

S o
S )

40-

160~

120-
40-

&

pajoIpald JusdIad Palshipy 001a pajIpald Jusdiad 0L

“Lreuruurord aq Aewr vy pPamorad 1wad ueaq jou sey pue jutideld e SUT, — 9GLETLER TERIN6ST R/ THGEE 0T/S10'10p/ /:8d)iy — uorsstuiad INOTIIAM 9SNAI ON “POAIDSAT SPSIL [[y "Iopunj/1otine ay) st wp[oy JSAdod o], — (g0 LRI\ 8¢ BIOYINY UO PaIsO]



K 2
[ [
5 5% 5 EQ
s d= s =
Q [
o Bl o HE

=3 g
< 2
-2 .o
= =
-8 2
] @
=) .2
i) ]
t t
o o
£ E
s ] H )
2 o
= e £ T
3 o 3 o
8 = 8 =
a — a P
o o
B 25
Q Qo
£ £
= S
z z
) o
S <
.
.
.
. B . = o 2
.
. -
) o
B
.
.o . 9
73 t
@ . o
£ £
® = ® =)
o 0 o :
[ [ 1
[ o 1
c c 1
£ =
=3 ) f
[s] o [s] ! <
. . LN . | . N
=) < =) =) =) =3
e g s g g 2 ¥
P3joIpald Juddiad A3 pajoIpald Jusdiad pajsnipy 001Q
“Kreururprd aq Aeur vy pPomorrdl 1wad ueaq jou sey pue juudeld e SUT, — 9GLETLES RTERI06ST e/ THGTE 0T/S10'10p/ /:sdyy — ‘uorsstuiad MO 9SNa1 ON “PoATasal sPSI [[y "Iopunj/Iotine oy st op[oy ystddos ay ], — (

12

AR\ 8 BAIOYINY UO PoISOJ



Post Treatment

3
Q
5 b3
en.FM
o B

60

40
13

30

Number of Months

160-

During Treatment

120-
8
40-
20

P3joIpald jusdiad 0L

“Lreuruurord aq Aewr vy pPamorad 1wad ueaq jou sey pue jutideld e SUT, — 9GLETLER TERIN6ST R/ THGEE 0T/S10'10p/ /:8d)iy — uorsstuiad INOTIIAM 9SNAI ON “POAIDSAT SPSIL [[y "Iopunj/1otine ay) st wp[oy JSAdod o], — (g0 LRI\ 8¢ BIOYINY UO PaIsO]



