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Abstract

Background: Respiratory viruses are a common cause of infection in immunosup-

pressed children undergoing cancer therapy. Pulmonary sequelae have been

documented following respiratory viral infections (RVIs) in hematopoietic stem cell

transplant (HSCT) recipients; however potential late effects in children undergoing

nonmyeloablative chemotherapy have not been investigated.

Aim: To evaluate the long‐term pulmonary morbidity of respiratory viral infections

during chemotherapy in children with acute lymphoblastic leukemia (ALL).

Methods: Childhood ALL survivors, aged 7 to 18 years, greater than 6 months

posttreatment were recruited. Exclusion criteria included HSCT or proven bacterial/

fungal respiratory infection during treatment. Subjects were classified into “viral” or

“control” groups according to retrospective medical records that documented the

presence of laboratory‐proven RVIs during chemotherapy. Symptom questionnaires

(Liverpool, ISAAC) and lung function testing (spirometry, plethysmography, diffusing

capacity, forced oscillation technique to ATS/ERS standards) were then performed

cross‐sectionally at the time of recruitment.

Results: Fifty‐four patients (31 viral, 23 control) were recruited: median (range) age

11.2 (7.2‐18.1) years, and at 4.9 (0.5‐13) years posttherapy. Abnormalities were

detected in 17 (31%) individuals (8 viral, 9 control), with the most common being

DLCO impairment (3 viral, 4 control) and reduced respiratory reactance at 5 Hz (5

viral, 6 control). Children with RVIs during chemotherapy reported more current

respiratory symptoms, particularly wheeze (odds ratio [OR], 3.0; 95% confidence

interval [CI]: 0.9‐10.0; P = .09) and cough (OR, 2.7; 95% CI: 0.8‐9.5; P = .11). No

differences in lung function tests were observed between the two groups.

Conclusions: Our study found children with RVIs during chemotherapy developed

more long‐term respiratory symptoms than controls; however, differences did not
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reach statistical significance. No differences in static lung function were found

between the two groups. Overall, pulmonary abnormalities and/or significant ongoing

respiratory symptoms were detected in nearly a third of ALL survivors treated

without HSCT. Larger, prospective studies are warranted to evaluate the etiology and

clinical significance of these findings.
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1 | INTRODUCTION

Pulmonary dysfunction is one of the most prevalent causes of morbidity

and premature mortality in pediatric cancer survivors.1,2 Long‐term
follow‐up studies have found respiratory‐related deaths to be second

only to subsequent malignancy, and pulmonary abnormalities have been

detected in up to 81% of survivors before the age of 50 years. Of all

childhood cancers, acute lymphoblastic leukemia (ALL) is the most

common and carries an excellent prognosis with a 10‐year survival

exceeding 90%.3 In an era of rising cure rates, late pulmonary effects will

become increasingly important for a growing population of survivors.4

Historically, research has focused on identifying pulmonary‐toxic
therapies, such as radiation and hematopoietic stem cell transplant

(HSCT), to inform risk‐based pulmonary follow‐up.4-6 However,

respiratory infections are also a significant cause of pulmonary

morbidity during treatment.7 In particular, recent studies using

polymerase chain reaction (PCR) diagnostics have found respiratory

viral infections (RVI) cause up to 57% of febrile episodes, and that

children undergoing chemotherapy are at risk of more severe RVIs

with a prolonged clinical course and higher viral loads.7-11

In general population‐based studies, respiratory syncytial virus

(RSV) and rhinovirus (HRV) bronchiolitis during infancy have been

associated with subsequent wheeze and obstructive defects.12,13

RVIs have also been shown to precipitate late airflow decline14 and

alloimmune lung syndromes15 in transplant recipients. However, the

long‐term pulmonary sequelae of these RVIs in children undergoing

chemotherapy alone have not been investigated. Currently, the

Children’s Oncology Group (COG)16 have not prescribed recommen-

dations for long‐term pulmonary function screening for this cohort.

This study aimed to evaluate the long‐term pulmonary morbidity

of respiratory viral infections during chemotherapy in childhood ALL

survivors, as defined by (a) static lung function tests and (b)

respiratory symptoms beyond 6 months posttherapy. We hypothe-

sized that children with RVIs during chemotherapy would demon-

strate increased respiratory symptoms and poorer lung function,

compared to those without RVI during treatment.

2 | MATERIALS AND METHODS

This cross‐sectional cohort study of childhood ALL survivors was

conducted at two tertiary pediatric hospitals. Lung function assessments

were performed to compare respiratory outcomes in children with and

without proven RVIs during chemotherapy. Ethical approval was granted

by The Sydney Children’s Hospitals Network Human Research Ethics

Committee (LNR/15/SCHN/309). Written, informed consent was ob-

tained from all caregivers and participants where applicable.

2.1 | Subjects and recruitment

Childhood survivors of primary ALL, aged 7 to 18 years, at least 6

months posttherapy were eligible for this study. Exclusion criteria

included: pulmonary‐toxic therapy as prescribed by COG long‐term
follow‐up (LTFU) guidelines,16 including craniospinal irradiation;

HSCT; proven bacterial or fungal respiratory infections (microbiolo-

gically detected from sputum) during chemotherapy; and develop-

mental or psychosocial preclusions as determined by their oncologist.

Hospital‐based oncology databases were reviewed for all patients

diagnosed with primary ALL from 1 April 1999 to 1 April 2015 at our

two sites. Eligible patients were recruited in an order determined by

an online random sequence generator, and classified into the “viral”

or “control” group by the presence or absence of retrospectively

documented RVIs during chemotherapy respectively. For the

purposes of this study, a RVI was defined by (a) microbiologically

detected respiratory virus on nasopharyngeal aspirate, sputum, or

bronchoalveolar‐lavage specimens, associated with (b) clinical acute

respiratory illness, defined as any new‐onset cough, rhinorrhoea, sore
throat, dyspnoea, tachypnoea or abnormal lung examination. All

retrospectively documented RVIs satisfying these criteria, in both the

inpatient and outpatient setting, were included.

Before June 2011, viral cultures and immunofluorescence were

used for the detection of viruses: RSV; HRV (culture only); adenovirus;

parainfluenza virus 1, 2, and 3; influenza A and B. Testing for human

metapneumovirus (hMPV) became available in September 2008. From

June 2011, PCR (MagNa Pure, Roche) was used to test for all

aforementioned viruses (See Gene respiratory pathogen panels). From

June 2012, PCR testing also included parainfluenza virus 4, bocavirus,

and coronaviruses 229E/NL63 and OC43.

2.2 | Study design

All participants underwent an assessment of (a) static lung function

testing: forced oscillation technique (FOT), pre and postbronchodi-

lator spirometry, body plethysmography, and diffusion capacity for
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carbon monoxide (DLCO) in the order shown, and (b) respiratory

symptoms by questionnaire. Participants were clinically well at the

time of assessment.

2.3 | Lung function testing

FOT was conducted with a multifrequency composite waveform (5‐
37Hz) using the tremoFlo C‐100 device (Thorasys, Canada) in

accordance with published recommendations.17,18 A minimum of

three technically satisfactory 60 seconds recordings were obtained,

as defined by: stable tidal breathing pattern; no signs of cough, leak,

glottic closure, or volume drift; and respiratory system resistance at

5 Hz (R5) values within 15%. R5, reactance at 5 Hz (X5), the

frequency dependence of resistance (R5‐19), resonant frequency

(Fres), and reactance area (AX) were reported as the mean value of

all satisfactory tests. Z‐scores for R5, X5, R5‐19 and percent

predicted values for Fres were calculated using published reference

equations,19 whilst AX was presented as its raw value, as normative

data are poorly established within this age range.

Standard spirometry (pre and postbronchodilator), body plethys-

mography, and single‐breath DLCO was then performed (VIASYS

Vmax system; Sensormedics, Yorba Linda, CA) as per ATS/ERS

standards.20,21 Forced expiratory volume in 1 second (FEV1), forced

vital capacity (FVC), FEV1/FVC ratio, and forced expiratory flow 25%

to 75% (FEF25–75) were expressed as z‐scores using Global Lung

Initiative reference equations.22 A positive bronchodilator response

was defined by greater than 12% and greater than 200mL in FEV1

and/or FVC. Total lung capacity (TLC), residual volume (RV), and

DLCO were evaluated as percent predicted values as per published

normative data.23 Due to limitations in blood sampling, DLCO values

were uncorrected for hemoglobin. All children with abnormal DLCO

values had hemoglobin results within normal limits when tested

within the prior 3 months.

In accordance with our laboratory protocol, pulmonary function

results were considered abnormal if: FEV1, FVC, FEV1/FVC, FEF25‐75,

R5, X5, R5‐19 were beyond 1.64 standard deviations from the

reference mean; TLC < 80% predicted, RV > 120% predicted, RV/TLC

ratio > 30%; or DLCO < 80% predicted.

2.4 | Respiratory questionnaire

Respiratory symptoms were assessed by the International Study of

Asthma and Allergies in Childhood (ISAAC) questionnaire24 and the

Liverpool Respiratory Symptom Questionnaire (LRSQ).25

The ISAAC questionnaire evaluates the presence of atopic diseases

including asthma, eczema, hay fever and their associated symptoms.

The LRSQ consists of 32 questions across 8 domains, assessing

respiratory symptoms and their impact on the child and family over the

last 3 months (Table 1). Each item was scored on a five‐point Likert

scale from “not at all” (0) to “everyday” (4) and then totaled for a domain

score and overall score. As previously recommended, the snoring

question in the “night‐time” domain was excluded.25 The prevalence of

day, night, and exercise symptoms including wheeze, cough, and

dyspnoea were also extracted. Responses “not at all” or “few days”

were classified as “infrequent”; and responses “some days”, “most days”,

or “everyday” were classified as “frequent.” These symptoms were

specifically analyzed, as they were considered to be clinically significant

and have been noted in the COG‐LTFU guidelines.16

2.5 | Sample size

The primary outcome measure for this study was the total

respiratory system resistance at 5 Hz, as determined by FOT. This

was chosen for its sensitivity to peripheral airway function.26 Based

on a previous asthma study,27 a difference of 0.99 cmH2O/L/s was

considered clinically meaningful. Assuming a standard deviation of

1.25, 26 subjects per group (52 total) were required for a power of

80% at 5% statistical significance. During the testing period,

recruitment between the two groups was unequal. Power calcula-

tions demonstrated that for a patient ratio of 1.3:1, 30 viral patients

and 23 controls were needed.

2.6 | Data analysis

Primary comparisons between the viral and control groups were

made using the student t test for continuous variables, and Fisher’s

exact test for categorical variables. To adjust for potential con-

founders, multiple regression models were built for each lung

function and symptom outcome using the forwards sequential

method. Previous RVI was retained in the model as the variable of

interest. Covariates including sex, prematurity, maternal smoking,

site, age at diagnosis, years posttherapy, ALL type, ALL risk, and ALL

protocol were tested by Pearson’s correlation, t test, or Fishe’s exact

tests and then added in order of univariate significance. Variables

TABLE 1 Liverpool respiratory symptom questionnaire domains

Domain Items assessed

1. Daytime symptoms

2. Night‐time symptoms Wheeze

3. Symptoms with colds Cough

4. Interval symptoms

(without colds)

Rattly chest

5. Activity or exercise‐
related symptoms

Shortness of breath

6. Other symptoms Noisy breathing not from the chest,

noisy breathing from the throat, fast

breathing

7. Effects on child Eating, activity, sleep, fatigue

8. Effects on family Family activities, life adjustment,

sleep, worry

Note: The Liverpool Respiratory Symptom Questionnaire consists of eight

domains which assess respiratory symptoms and their impact on the

child/family over the last three months. The frequency of each item is

indicated on a five‐point Likert scale and assigned a corresponding score,

from “not at all” (0) to “everyday” (4). Item scores are totalled for a

domain score and overall score.
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were retained if their P value was < .10 without inflating standard

error greater than 10%. Due to correlation between “years

posttherapy” and “age at testing” (P < .001), and “age at testing”

being already adjusted for by lung function endpoints expressed as

z‐scores, only “years posttherapy” was tested for a parsimonious

model.

Statistics were performed using SPSS version 23.0 (IBM) with

significance assigned when P < .05.

3 | RESULTS

3.1 | Subjects

Between 1999 and 2015, 355 children treated for ALL across our

two institutions were eligible for this study. Of the 116 patients

contacted, 54 (47%) were enrolled (Figure 1). Demographic and

clinical characteristics were not different between those patients

who consented and those who declined to participate (Table S1).

Baseline characteristics of our study population (N = 54) are

displayed in Table 2. The viral (n = 31) and control (n = 23) group had

no significant differences in demographic or clinical characteristics.

Children were of a median (range) age of 11.2 (7.2‐18.1) years when

evaluated within this study, originally diagnosed with ALL at 4.5 (1.1‐
13.5) years of age, and evaluated at 4.9 (0.5‐13) years posttherapy.

All patients were treated on 2‐year regimens with Berlin‐
Franklin‐Munster based protocols: BFM‐95 (before 2002),28 AN-

ANZCHOG Study 8 (2002‐2011),29 or AEIOP‐BFM ALL 2009 study

(after 2011). Chemotherapy regimen included methotrexate, cyclo-

phosphamide, and anthracycline. Cumulative exposure to steroids

was 3413mg/m2 prednisone (1mg dexamethasone = 6.67 mg pre-

dnisone), and high‐risk patients received additional reconsolidation

therapy with dexamethasone (equivalent to 2934mg/m2 prednisone)

and high‐dose methotrexate (15 g/m2).

3.2 | Respiratory viruses during chemotherapy

Patients in the viral group (n = 31) had a median of 3 (range 1‐7)
proven RVIs during chemotherapy. Ten (32%) patients had a single

infection, 5 (16%) had two, 8 (26%) had three, 6 (19%) had four, 1

(3%) had six, and 1 (3%) had seven. Of the total 81 RVI episodes

documented, 65 (80%) involved hospital admission and 16 (20%)

were detected in the outpatient setting. All “viral” patients had been

admitted for at least one RVI, with a mean hospital stay of 4.3 days

per episode. The most commonly detected virus was HRV (27 of 81),

followed by RSV (25 of 81), PIV 3 (9 of 81) and influenza A (9 of 81),

parainfluenza type 3 (7 of 81), influenza B (6 of 81), hMPV (6 of 81),

adenovirus (3 of 81), parainfluenza type 1 (3 of 81), coronavirus 229

(2 of 81) parainfluenza type 2 (1 of 81), and coronavirus OC43 (1 of

81). Twenty‐one (68%) children had ever isolated RSV, 16 (32%) ever

isolated HRV, and 6 (11%) ever isolated hMPV. Fourteen (45%)

children had coinfections with greater than 2 viruses. The mean time

between the last viral episode and lung function testing was 6.1

(range, 1.9‐14) years.

3.3 | Lung function testing

Acceptable and repeatable FOT, spirometry, body plethysmography

and DLCO data were obtained in 48 (88%), 51 (94%), 48 (88%), and

F IGURE 1 CONSORT flow diagram of recruitment. †Patients may have been excluded due to several criteria. ‡Note: After sufficient patients
were recruited for the viral group, patients continued to be randomly selected until adequate controls were recruited. In this period, 13

additional “viral” patients were randomly selected, but not invited to participate
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50 (93%) subjects, respectively (Table 3). No significant differences in

any lung function parameter were observed between the viral and

control groups.

For all lung function tests, mean results were within normal limits

for both the viral and control groups. Individually, 14 (26%) patients (6

viral; 8 control) had one or more abnormal lung function parameter.

The most common abnormality was reduced DLCO, with 8 mild (60%‐
79% predicted) and 3 moderate (40%‐59% predicted) degrees of

impairment. Seven subjects (13%) had decreased reactance (X5; − 4.43

to 1.92 z‐score), with none demonstrating abnormal respiratory

resistance (R5, R5‐19). Eleven (20%) children (5 viral; 6 control) had

Fres values greater than 150% predicted. Two patients (1 viral; 1

control) had decreased FEV1 and FEF25‐75 consistent with obstruc-

tive disease, and one subject had a positive bronchodilator response.

Three (5%) patients had mild reductions in TLC, and two (4%) had an

increased RV/TLC ratio. Of the 14 children with abnormalities, 6

reported respiratory symptoms and 8 were asymptomatic. A further

three children with normal lung function testing demonstrated

significant respiratory symptoms warranting follow‐up as determined

by a respiratory physician. The demographic, clinical, and lung function

profiles of these 17 (31%) patients with pulmonary function and/or

symptomatic abnormalities are detailed in Table S2.

3.4 | Respiratory symptoms and quality of life

The prevalence of wheeze, cough, and dyspnea in each group are

shown in Table 4. No differences reached statistical significance. The

largest effect size found was that the viral group demonstrated a

threefold increase in odds of current wheeze (45% vs 22%; odds ratio

[OR], 3.0; P = .09), and nocturnal cough (45% vs 26%; OR, 2.7; P = .11).

As underlying asthma could be an intervening variable, subgroup

analysis in the 48 non‐asthmatic patients (27 viral, 21 control) was

performed, revealing similar results: wheeze OR, 3.5 (P = .10), and

nocturnal cough OR, 2.9 (P = .13).

TABLE 2 Patient characteristics in viral and control groups

Viral (n = 31) Control (n = 23) All (N = 54)

Male, n (%) 17 (55%) 17 (74%) 34 (63%)

Age, y 11.2 (7.2‐18.1) 12.7 (7.5‐18.1) 11.2 (7.2‐18.1)

Height, cm 145.3 ± 17.2 154.6 ± 18.0 149.3 ± 18.0

Weight, kg 45.9 ± 16.2 50.6 ± 16.4 47.9 ± 16.3

Premature,a n (%) 2 (6%) 4 (13%) 6 (11%)

Years posttherapy 5.2 (0.5‐13) 4.3 (1.3‐10.5) 4.9 (0.5‐13)

Age at diagnosis, y 3.3 (1.1‐11.4) 4.6 (1.9‐13.5) 4.4 (1.1‐13.5)

ALL type, n (%)

Pre‐B cell 31 (100%) 19 (83%) 50 (93%)

T‐cell 0 (0%) 4 (17%) 4 (7%)

ALL risk, n (%)

High 2 (6%) 1 (4%) 3 (6%)

Medium 14 (45%) 11 (48%) 25 (46%)

Standard 15 (48%) 11 (48%) 26 (48%)

ALL protocol, n (%)

Study 9 5 (16%) 5 (22%) 10 (19%)

Study 8 23 (74%) 18 (78%) 41 (76%)

BFM95 3 (10%) 0 (0%) 3 (5%)

Duration of

treatment

protocol, y

2 2 2

Note: No statistically significant differences were found between the viral

and control groups for any parameter. Data are presented as mean ± SD

or median (range), unless otherwise stated.
aPremature: defined as less than 37 weeks gestation.

TABLE 3 Lung function results in viral and control groups

Viral (n = 31) Controls (n = 23) P value

FOT, n 27 21

R5, cmH2O/L/s 4.99 (1.60) 4.80 (1.92) 0.72

z‐score −0.27 (0.41) 0.01 (0.48) 0.27a

X5, cmH2O/L/s −2.02 (0.81) −1.78 (0.94) 0.33

z‐score −0.25 (0.95) −0.45 (1.31) 0.37b

R5‐19, cmH2O/L/s 0.86 (0.80) 0.79 (1.13) 0.80

z‐score 0.08 (0.20) 0.10 (0.31) 0.77

Fres, Hz 19.2 (5.4) 16.6 (5.3) 0.11

% Predicted 128.5 (29.9) 121.7 (29.0) 0.43

AX, cmH2O/L 15.9 (12.1) 12.3 (11.0) 0.29

Spirometry, n 29 22

FEV1% predicted 105.0 (12.2) 102.3 (10.4) 0.41

z‐score 0.43 (1.05) 0.20 (0.89) 0.41

FVC % predicted 106.7 (12.6) 104.8 (12.8) 0.61

z‐score 0.54 (1.05) 0.41 (1.08) 0.65c

FEV1/FVC ratio, % 86.3 (5.1) 84.8 (6.6) 0.39

z‐score −0.23 (0.70) −0.30 (1.07) 0.81d

FEF25‐75 z‐score 0.09 (1.02) −0.26 (0.97) 0.23

Body plethysmography,

n

27 21

TLC % predicted 101.6 (13.1) 102.6 (14.8) 0.76e

RV % predicted 85.1 (34.5) 83.8 (25.6) 0.89

RV/TLC ratio, % 18.2 (5.3) 17.1 (4.2) 0.45

DLCO, n 27 23

% Predicted 91.0 (12.9) 85.3 (16.1) 0.99f

Note: Data are presented as mean (SD), unless otherwise stated.

Abbreviations: AX, reactance area; FEV1, forced expiratory volume in 1

second; Fres, resonant frequency; FVC, forced vital capacity; R5‐10,
frequency dependence of resistance; Rrs 5 Hz, respiratory system

resistance at 5 Hz; RV, residual volume; TLC, total lung capacity; Xrs 5 Hz,

reactance at 5 Hz.
aP values were adjusted for site.
bP values were adjusted for sex and prematurity.
cP values were adjusted for age at diagnosis for less than 5 years.
dP values were adjusted for ALL type.
eP values were adjusted for sex.
fP values were adjusted for sex in multivariable models.
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The viral group totaled a slightly higher overall LRSQ score (17.7 vs

14.5, P = .51), with increased scores across every symptom and quality

of life domain except “symptoms during colds”which were equivalent to

the control group (Figure 2). Statistical significance was only reached in

the “other symptoms” domain, which assessed “noisy breathing not from

the chest,” “noisy breathing from the throat” and “fast breathing”.

ISAAC questionnaire results demonstrated that the prevalence of

atopic disease was similar between the viral and control groups:

asthma 4 of 31 vs 2 of 23 (P = 1.00); allergic rhinitis 4 of 31 vs 2 of 23

(P = 1.00); eczema 6 of 31 vs 2 of 23 (P = .44).

4 | DISCUSSION

To our knowledge, this is the first study to investigate the long‐term
pulmonary morbidity of respiratory viruses during chemotherapy in

childhood cancer survivors. Compared to controls, children with RVIs

during chemotherapy had more ongoing respiratory symptoms

particularly wheeze and cough, although these results did not reach

statistical significance. No differences in static lung function were

found between the two groups. Overall, pulmonary abnormalities

were detected in nearly a third of ALL survivors when evaluated up

to 13 years posttherapy. Of note, these patients were treated

without pulmonary‐toxic therapies recognized by the COG‐LTFU
guidelines and thus, do not receive routine lung function screening.

Our results suggest that children with proven RVIs during

chemotherapy may be at risk of developing more long‐term
respiratory symptoms. A threefold increase in odds of wheeze and

nocturnal cough was observed, and the viral group reported a higher

prevalence in nearly all other symptoms and LRSQ scores. These

results however were not statistically significant. As our study was

not powered for symptom outcomes, particularly for wheeze (OR,

2.7, P = .09) and cough (OR, 2.7, P = .11), the moderate effect sizes

were considered a type II error and suggest larger studies are

warranted in future. These findings are similarly documented

following infant RSV and HRV bronchiolitis, where RVIs have been

associated with subsequent asthma and atopy.12,13 While the

pathogenesis of early‐life respiratory viruses remains unknown,

some studies have implicated excess type 2 immunity and aberrant

lung remodeling.30,31 The complexity of this however, is further

highlighted by studies which suggest that inherent susceptibility to

any type of respiratory episode, including bacterial infections, is more

important than viral triggers.32 In our study, only one child had a

positive bronchodilator response and atopy was low in both the viral

and control groups. This suggests a different phenotype of disease in

our cohort, who were older but more severely immunosuppressed.

We hypothesize cancer survivors may have suffered direct tissue

damage or neuroimmune modifications of respiratory mucosa

following the RVI; however, further study is required to examine

the role of other pathogens such as bacteria. As with infant

bronchiolitis, there also remains the question of cause and effect:

whether RVIs during chemotherapy predispose respiratory morbid-

ity, or if children with pre‐existing defects are more susceptible to

RVIs.

Static lung function testing found no differences between the

viral and control groups. In isolation, this is an important negative

finding that supports conservative management of RVIs during

cancer therapy and suggests viral infections do not confer long‐term
airflow defects. It is possible that immunosuppression and a failure to

mount inflammatory responses were protective against scarring and

lung damage.33,34 This is however, incongruent with a 12‐year
retrospective study reporting late airflow decline associated with

RVIs in HSCT recipients, independent of alloimmune lung disease.14

Here, prolonged viral‐shedding and subsequent airway inflammation

were proposed to be the mechanisms of injury. These findings

suggest that the pathogenesis of RVIs in immunosuppressed cohorts

is unique and remains poorly understood.

In our patients with RVIs, there may be several explanations for

the preservation of lung function despite an increase in respiratory

symptoms. Firstly, the reliability of self‐reported symptoms may be

questioned; however a difference in the same patient‐reported
outcomes was observed using validated questionnaires (LRSQ and

ISAAC) between our viral and control group. Alternatively, our lung

function tests only assessed static physiology and may not have

stressed the pulmonary system to detect functional abnormalities as

possible with cardiopulmonary exercise testing. Elevated Fres values

in this cohort, which have been previously associated with increased

capacitance and distal airway pathology, further suggest that

multiple breath washout may be needed to better characterize

peripheral ventilation inhomogeneity.35

This study also provided a cross‐sectional evaluation of lung

function in a homogeneous cohort of ALL survivors, treated on

contemporary protocols without HSCT or chest radiation. Pulmonary

abnormalities were detected in 31% of individuals, of whom half

were asymptomatic. The most common defects were reduced DLCO

and X5, a parameter which reflects lung stiffness35 and may suggest a

TABLE 4 Respiratory symptoms in viral and control groups

Viral
(n = 31)

Control
(n = 23) OR (95% CI) P value

Wheeze, current 45% 22% 3.0 (0.9, 10.0)a .09

Day time, frequent

Cough 39% 30% 1.4 (0.5, 4.5)a .57

Dyspnea 13% 13% 1.0 (0.2, 4.9)a 1.00

Night time, frequent

Cough 45% 26% 2.7 (0.8, 9.5)b .11

Dyspnea 10% 9% 1.1 (0.2, 7.3)a 1.00

Exercise‐induced,
frequent

Wheeze 13% 9% 1.6 (0.3, 9.3)a 1.00

Cough 32% 22% 1.7 (0.5, 6.0)a .54

Dyspnea 23% 13% 1.9 (0.4, 8.5)a .49

aIn the final multivariate model built using the forwards sequential

method, no covariates were retained. Thus, this OR is unadjusted.
bAdjusted for years posttherapy greater than 5 years.

1826 | LIN ET AL.



picture of fibrosis. Although imaging was not a part of our formal

study protocol due to ethical considerations; of the 11 children with

abnormal DLCO values, four received follow‐up HRCTs which all

demonstrated diffuse mild to moderate gas trapping and were

suggestive of smaller airways disease. While it is difficult to draw

conclusions from this limited sample, these findings contribute to the

justification for further investigation.

Five studies have previously reported on the pulmonary function

of childhood leukemia survivors, none of which analyzed the impact of

respiratory infections.36-40 These found restrictive lung defects and

diffusion impairment in up to 65% of patients, most of whomwere also

asymptomatic. This literature predates 2000, and mostly investigated

patients treated with recognized pulmonary‐toxic therapies (HSCT or

chest radiation). A recent study of leukemia and lymphoma survivors

has been conducted in an Egyptian institution with routine pulmonary

function, impulse oscillometry, and CT scans.41 Although diffusion

capacity was not assessed, subclinical abnormalities were detected in

52% of the 25 ALL survivors. In contrast to our study, Tantawy et al41

reported elevated R5 in 25% of their cohort which may be due to their

heterogeneous patient cohort and a different chemotherapy regimen.

There is a paucity of literature describing the long‐term lung function

in contemporary cancer survivors treated without established

pulmonary‐toxic therapies. Although it was not the primary aim of

this study, our finding of abnormality in nearly a third of ALL survivors

suggests research is warranted to investigate unrecognized aetiologies

and to inform the need for respiratory surveillance and future LTFU

guidelines.

To date, this is one of the largest cross‐sectional lung function

studies in leukemia survivors, and the only report to examine the late

morbidity of respiratory viruses. All lung function data were cross‐
sectionally collected and included objective pulmonary function

measures and patient‐related outcomes. Our patients were a

homogenous cohort of primary ALL survivors, treated on contem-

porary chemotherapy protocols. Exclusion of children exposed to

known pulmonary‐toxic therapies and proven bacterial/fungal

respiratory infections enabled respiratory viruses to be examined

with minimal confounders.

However, this retrospective study also had a number of limitations.

With our relatively small sample size, results did not reach statistical

significance and thus these data should only be considered hypothesis‐
generating. While sufficient patients were recruited to test R5, power

calculations were based on an asthma study, and this study was not

powered to evaluate specific risk factors or viruses and their subspecies.

To preserve a parsimonious model, only covariates with a univariate

P> 0.1 could be retained in the multivariate regression analysis. Thus

some clinically important factors, such as “age at diagnosis” were not

retained as they were weak predictors in our small sample size, and

require larger studies to power statistical models that can meaningfully

test the impact of covariates. As this was a retrospective study, we relied

on past medical records of microbiological testing on sputum samples

collected from patients at the time of therapy. These data were used to

classify the “viral” and “control” groups, and exclude children with proven

respiratory bacterial and fungal infections, although sputum samples

would not have been routinely tested on all patients. Incomplete medical

records also precluded characterization of RVIs by severity, and as upper

or lower tract infections. Furthermore, the microbiological methods used

to isolate respiratory viruses were variable, where cell culture and

immunofluorescence had limitations in the diagnosis of specific viruses

such as HRV and HMPV as compared to newer molecular techniques.

Thus, our viral cohort may only represent children with severe infections

warranting investigation, or only those with viruses detectable by the

microbiological method available at time of testing. As these children did

not receive pulmonary assessments prior or during therapy, we also lack

longitudinal data to evaluate trends in pulmonary function or the

chronology of respiratory symptoms with respect to therapy.

Future investigation into the long‐term sequelae of respiratory

viruses requires prospective, longitudinal studies from diagnosis to

post‐therapy with the standardized use of active PCR‐based viral

surveillance. More comprehensive lung function testing, such as with

cardiopulmonary exercise testing and multiple breath washout, may

help further characterize and underlying clinical and subclinical lung

function deficits. Understanding the prevalence, etiology, and

trajectory of pulmonary dysfunction into adulthood will be important

to inform future LTFU guidelines and survivor care.

F IGURE 2 Liverpool respiratory

symptom questionnaire score
results. Comparison of the frequency of
respiratory symptoms and their impact on

the child and family between the viral and
control groups
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5 | CONCLUSION

Our study found children with respiratory viral infections during

chemotherapy developed more long‐term respiratory symptoms

than controls, however these differences were not statistically

significant. No differences in static lung function outcomes were

found between the two groups. Overall, pulmonary abnormalities

and/or significant ongoing respiratory symptoms were detected in

nearly a third of our ALL survivors treated with non‐myeloablative

chemotherapy, when evaluated up to 13 years posttreatment.

These findings warrant future prospective studies into the etiology,

clinical significance, and therapeutic options for these respiratory

complications. Long‐term respiratory follow‐up should be consid-

ered in ALL survivors to facilitate early detection and management

of late pulmonary effects.
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