
Pulmonary Function after Whole Lung Irradiation in Pediatric
Patients with Solid Malignancies

Megan S Motosue, MD1, Liang Zhu, PhD2, Kumar Srivastava, PhD2, Dennis C Stokes, MD,
MPH3,4, Melissa M Hudson, MD1,3, Valerie McPherson1, Saumini Srinivasan, MD3,4,
Matthew J Krasin, MD5, Daniel M Green, MD1,3, Sheri L Spunt, MD1,3, and Hiroto Inaba, MD,
PhD1,3

1Department of Oncology, St. Jude Children’s Research Hospital, Memphis, Tennessee
2Department of Biostatistics, St. Jude Children’s Research Hospital, Memphis, Tennessee
3Department of Pediatrics, University of Tennessee Health Science Center, Memphis, Tennessee
4Program in Pediatric Pulmonary Medicine, St. Jude Children’s Research Hospital, Memphis,
Tennessee
5Department of Radiological Sciences, St. Jude Children’s Research Hospital, Memphis,
Tennessee

Abstract
BACKGROUND—Although whole lung irradiation (WLI) is used to treat pulmonary metastases
of pediatric solid malignancies, few studies have addressed its long-term pulmonary
consequences.

METHODS—We conducted a retrospective study of longitudinal changes in 171 pulmonary
function tests (PFTs) and their relationship with clinical features in 48 survivors of pediatric
malignant solid tumors treated with WLI.

RESULTS—Although active respiratory symptoms were seen in only 9 (18.8%) patients,
abnormalities in forced vital capacity (FVC; 58.3%), forced expiratory volume in 1 second (FEV1;
64.6%), total lung capacity (TLC; 72.9%), and diffusion capacity of carbon monoxide corrected
for hemoglobin (DLCOcorr; 70.8%) were common. At a median follow-up of 9.7 years after WLI,
FVC, FEV1, and TLC significantly declined longitudinally (P = .04, .03, and .02, respectively).
Focal pulmonary boost irradiation was significantly associated with abnormal FEV1/FVC (P = .
03), forced expiratory flow between 25% and 75% forced vital capacity (FEF25%–75%; P = .005),
residual volume (RV; P = .005), and RV/TLC (P = .002). Ten patients had baseline PFTs, and
FVC, FEV1, TLC and DLCOcorr worsened immediately after radiation, followed by transient
improvement but subsequent decline. Thirteen of 32 (40.6%) patients over the age of 18 were
smokers.

CONCLUSIONS—Pulmonary dysfunction, especially in lung volumes, was prevalent after WLI
and worsened over time although most patients were asymptomatic. Boost irradiation impaired
pulmonary function, and a significant proportion of patients were smokers. Further studies are
planned to assess the predictors and clinical consequences of progressive PFT abnormalities and to
evaluate educational interventions.
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INTRODUCTION
Because of the increased survival rates of pediatric patients with cancer, more attention is
being paid to the long-term effects of their treatment.1,2 Whole lung irradiation (WLI) has
been used to treat children with pulmonary metastasis of Wilms tumor, Ewing sarcoma, and
rhabdomyosarcoma. Evaluating pulmonary function during and after WLI is important
because growing lung tissue is sensitive to radiation. The Childhood Cancer Survivor Study
showed that 5-year survivors who received chest or total body irradiation had a significantly
increased relative risk of reporting long-term pulmonary complications, such as lung
fibrosis, a need for supplemental oxygen, recurrent pneumonia, chronic cough or shortness
of breath, and abnormal chest wall development.3

The purpose of this study was to determine the long-term changes in pulmonary function
after WLI and to determine the relationship between abnormal pulmonary function values
and clinical parameters in a cohort of pediatric patients with malignant solid tumors.

PATIENTS AND METHODS
Patients

This retrospective medical record review was approved by the St. Jude Children’s Research
Hospital Institutional Review Board. We reviewed clinic notes and pulmonary function tests
(PFTs) of patients who survived for more than 1 year after WLI that was administered
between 1971 and 2003 to treat pulmonary metastasis of a solid malignancy. Each patient’s
smoking history and second-hand smoke exposure were addressed during follow-up visits.

Pulmonary Function Testing
PFTs were performed only in children 6 years of age and older. All tests were performed in
the same laboratory, by experienced pediatric pulmonary function technicians, and
according to the guidelines of the American Thoracic Society.4,5 PFTs included spirometry,
lung volume measurements, and single-breath carbon monoxide–diffusion capacity.
Spirometry was performed by using a pneumotachograph, and lung volumes were
determined by using the open-circuit nitrogen washout method. The diffusion capacity of the
lung for carbon monoxide (DLCO) was measured by using the single-breath technique and
corrected for hemoglobin concentration to yield the DLCOcorr. The observed values of each
patient were compared with those predicted for the patient’s age, race, gender, and height on
the basis of reference equations.5–8

The forced vital capacity (FVC), forced expiratory volume in 1 second (FEV1), total lung
capacity (TLC), and DLCOcorr measurements were considered abnormal if they were less
than 80% of the predicted normal values. The measurement of forced expiratory flow
between 25% and 75% forced vital capacity (FEF25%–75%) was considered abnormal if it
was less than 67% of the predicted value. The value of DLCOcorr for alveolar volume
(DLCO/VA) was considered abnormal if it was below the 95th percentile value of normal
population. The functional residual capacity (FRC) and residual volume (RV) measurements
were classified as abnormal if they were more than 120% of the predicted normal values.
FEV1/FVC was considered abnormal if the ratio was less than 80%. RV/TLC was
considered abnormal if the ratio was greater than 30%.
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Statistical Analyses
In this study, 10 PFT outcome measures were of interest: FVC, FEV1, FEV1/FVC,
FEF25%–75%, TLC, FRC, RV, RV/TLC, DLCOcorr, and DLCO/VA. The predicted values of
these PFT parameters were plotted against time to assess their longitudinal changes and a
smooth spline fit to the data was obtained by using a spline routine. We further classified
each PFT measurement as normal or abnormal according to the predicted values.5–7 Then,
for each PFT outcome measure, logistic regression analysis was applied to model the
probability of having an abnormal measurement on 3 independent variables: years since
WLI, focal pulmonary boost radiation, and pulmonary wedge resection. The analysis was
conducted by using a generalized linear mixed model with the logit link function and the
power covariance structure.9 An odds ratio significantly greater than 1 indicates an increased
chance of having abnormal PFT results. All the analyses were performed by SAS 9.2 (SAS
Institute Inc, Cary, North Carolina).

RESULTS
Patient Characteristics

Forty-eight patients who were treated with WLI and had PFTs after completion of WLI were
identified. This comprises 45% of all 107 patients who survived one or more years after
WLI in our institution. Thirty-nine (81%) were alive in the last follow-up. On the other
hand, among 59 patients who did not have PFTs, only 15 (25%) were alive. A total of 171
evaluable PFTs was analyzed; each patient performed a median of 3 PFTs (range, 1 to 10
PFTs). The median follow-up time was 9.7 years (range, 0.7 to 21 years), and the solid
tumor diagnoses represented were Wilms tumor, rhabdomyosarcoma, Ewing sarcoma,
synovial sarcoma, and thymoma (Table 1). The median age at diagnosis was 5.8 years
(range, 0 to 17.4 years), and the median age at lung irradiation was 6.2 years (range, 0.5 to
20.2 years); a median WLI dose of 12 Gy was given (range, 10.5 to 18 Gy). Of the 48
patients, 17 (35.4%) received focal pulmonary boost radiation treatment (median dose, 18
Gy and range, 8.5 to 36 Gy), and 20 (41.7%) underwent partial pulmonary resections (Table
1).

Respiratory Symptoms
At the last clinic visit, most patients did not have active pulmonary symptoms. Of the 48
patients, only 9 (18.9%) reported symptoms; 4 had shortness of breath with exertion, 3 had
coughs, and 2 reported a history of asthma.

Pulmonary Function Testing
The prevalence and patterns of patients with abnormal PFT values are shown in Table 2. A
high percentage (> 50%) of patients had at least one abnormal value, particularly of FVC,
FEV1, TLC, and DLCOcorr. Abnormal values of FEV1/FVC, FEV25%–75%, FRC, RV, and
DLCO/VA were less frequent.

Longitudinal Changes in Pulmonary Function Tests
At a median follow-up of 9.7 years from WLI therapy, FVC, FEV1, and TLC values had
decreased (Figure 1, A–C). Every year after WLI, the odds of having abnormal values of
FVC, FEV1, and TLC increased by a factor of 1.11 (P = .04), 1.12 (P = .03), and 1.12 (P = .
02), respectively, indicating that the proportion of patients with abnormal values of FVC,
FEV1, and TLC increased over time (Table 3). Among the clinical parameters examined,
focal boost lung irradiation was associated with significant declines in pulmonary function
values. Compared to patients who did not receive boost irradiation, patients who received
boost irradiation had a significantly higher chance to have abnormal FEV1/FVC (P = .03),
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FEF25%–75% (P = .005), RV (P = .005), and RV/TLC(P = .002) (Table 3). Compared to
patients who did not receive pulmonary wedge resection, patients who received pulmonary
wedge resection had a significantly lower risk of having an abnormal RV/TLC (P=.002)
(Table 3).

Changes from Baseline Pulmonary Function Tests
To evaluate the immediate change in pulmonary function after WLI, we assessed PFTs in a
subgroup of patients who underwent PFTs both before and after WLI. Because of the young
age of our patient population at diagnosis, only 10 patients were old enough to have baseline
PFTs prior to WLI. Figures 2A–D show time plots to compare their PFT parameters before
and after WLI. Profile plots of FVC, FEV1, TLC, and DLCOcorr show an immediate
reduction from baseline values after radiation, then an increase over the next 3 years, and a
subsequent gradual decline.

Smoking Incidence
At the last visit, 13 of the 32 patients (40.6%) older than 18 years and 1 of the 16 patients
(6.2%) younger than 18 years reported any history of smoking. Information on secondhand
smoke exposure was obtained from 17 of the 34 non-smokers, and 7 had family members in
their residence who smoked. The patients’ smoking histories were not associated with worse
pulmonary function (data not shown).

DISCUSSION
Upon review of 171 PFTs in 48 pediatric patients who received WLI for solid malignancies,
we found that the prevalence of abnormal PFT parameters was high and increased over time.
Boost radiation also contributed to the decline of pulmonary function. Despite the known
adverse consequences of smoking on pulmonary function, 40% of at-risk adult survivors
were smokers.

Among the PFT parameters, FVC, FEV1, TLC, and DLCOcorr were frequently abnormal in
our study. Littman et al. found that patients treated with WLI had lower vital capacity,
FEV1, and TLC values than did non-irradiated patients.10 A recent retrospective study of
children who received WLI to treat metastatic disease also showed reduced FVC (53% of
patients), FEV1 (50%), TLC (60%), and DLCO (81%) values.11 These findings suggest that
WLI leads to restrictive pulmonary defects as well as impairments in diffusion capacity. As
there was a high incidence of abnormalities in TLC and DLCOcorr, we evaluated the DLCO/
VA to determine if the decrease in DLCOcorr was solely due to decreased TLC or, in
addition, to the presence of parenchymal disease. Among the 46 patients evaluated, only 6
(13%) had abnormal DLCO/VA, suggesting that the majority of patients have a decrease in
lung volume and diffusion area. In our study, only 48 of the 107 patients who survived more
than 1 year after WLI had PFTs. Although it is possible that they are a selected subgroup of
patients who were in their routine follow-up, few complained of respiratory problems.
Eighty-one percent of the studied population were long-term survivors whereas the majority
of patients who did not have PFT had expired due to progressive disease. We believe that
our study represents the natural history of pulmonary function of long-term survivors.
However, this study was based on retrospective review of PFTs and clinical notes, and
prospective studies of routinely performed PFTs and evaluation of clinical symptoms are
necessary.

In our study, FVC, FEV1, and TLC values deteriorated significantly over time. When the
longitudinal effects of WLI were evaluated in children with Wilms tumor, declines in VC,
TLC, FRC, and dynamic compliance were observed during follow-up.12 This radiation-
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induced pulmonary impairment occurred in 3 chronological phases. The acute phase
occurred within the first few months after radiation therapy when initial worsening of
pulmonary function was seen. The second phase, during which no further deterioration
occurred, covered the next 2 years. The third phase occurred when pulmonary function
progressively deteriorated again. The first-phase changes are thought to be due to acute lung
injury from radiation, and the later effects are attributed to parenchymal sequelae of acute
lung injury (i.e., destruction of or failure to develop alveoli and peripheral airways) and
impaired chest wall growth.12 The PFT changes in our small subset of patients who had
PFTs performed prior to WLI support these observations. We also observed a similar
longitudinal pattern of pulmonary function decline in a separate study of survivors of
hematopoietic stem cell transplantation, most of whom received total body irradiation.13

The type of chemotherapy, its timing in relation to the WLI, and the boost dose may all
influence the pulmonary outcome. Most of the patients received vincristine, doxorubicin and
actinomycin D, which can affect long-term pulmonary function.14 Vincristine can cause
dysplasia of alveolar lining cells and inflammation of interstitial and alveolar cells. High
cumulative dose of doxorubicin is associated with cardiopulmonary sequelae. Furthermore,
both doxorubicin and actinomycin D are known for a radiation sensitizing effect. In addition
to chemotherapy, PFT changes may be caused by less physical activity, poor neurocognitive
status preventing from good performance of PFT, and pulmonary opportunistic infections.
Thus, it would be important to compare these results between those treated with and without
WLI in a larger number of survivors. In addition, the thoracic wall deformations following
irradiation can affect PFT results, especially lung volume.12 We evaluated the height of our
patient population and mean z-score was −0.79 compared with sex, race and age matched
control (p< 0.001, data not shown), suggesting that patients in our study are significantly
shorter. For this purpose, we evaluate lung parenchymal volumes with CT scan as well as
sitting height in a prospective study.

We examined risk factors associated with pulmonary dysfunction after WLI. Patients who
received focal pulmonary boost radiation had worse FEV1/FVC and FEF25%–75% as well as
RV and RV/TLC. The boost radiation more than doubled the radiation exposure in most of
the cases and this outcome is consistent with current knowledge that larger radiation doses
are associated with increased pulmonary morbidity, and careful monitoring is necessary in
this population.10,15–17 In addition, those who receive boost radiation have advanced
metastatic disease which typically requires additional chemotherapy. They can have further
inflammatory reactions from disease itself, chemotherapy effect, and opportunistic
infections, which can lead to additional pulmonary abnormalities such as obstructive defects
and air trapping.

In our study population, there was a significant incidence of smoking, especially among
those older than 18 years. Smoking is a major risk factor in the pathogenesis of chronic
obstructive pulmonary disorder (COPD) and early exposure to cigarette smoke is linked to
higher rates of childhood asthma.18,19 Smoking cessation improves respiratory symptoms
and prevents accelerated pulmonary impairments in patients with either COPD or
asthma.20,21 In patients previously treated with WLI, smoking may further compromise
already impaired pulmonary function and cessation efforts should be particularly vigorous.
Smoking was not a predictor of poor pulmonary function in this cohort of patients. This
might be due to our small sample size and/or because most of the PFTs were performed
before they started smoking. It is also possible that those young people and teenagers are
only experimenting with cigarette use and they may not be really addicted as the percentage
of smokers seems higher than that in the whole American society.22 Nevertheless, patient
counseling should include information about smoking cessation, the benefits of living in an
area with minimal air pollution, and vaccinations to avoid influenza and pneumococcal
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infections.23–25 Prospective longitudinal studies of lung function after WLI may better
define the risks of smoking, family history, and co-morbidities such as asthma and COPD on
the decline of lung function.

In conclusion, our study emphasizes the importance of continuous long-term follow-up of
pulmonary function as well as the development of measures to minimize pulmonary
morbidity and mortality in pediatric patients who receive WLI. Although most patients in
the current study did not have respiratory symptoms at the last clinic visit, the follow-up was
relatively short and the cohort was quite young. Because deterioration of pulmonary
function can occur longitudinally, we suggest long-term follow-up of these patients even
when they are asymptomatic and have normal PFTs. We recommend that PFT monitoring
be continued beyond the third year after radiation and that patients who received boost
radiation be carefully observed. We have initiated prospective studies to better define the
clinical consequences of progressive PFT abnormalities as well as to identify risk factors
associated with significant pulmonary dysfunction after WLI and to promote counseling and
education of long-term survivors.
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Figure 1.
Longitudinal changes in pulmonary function tests after whole lung irradiation. During
follow-up, the patients’ FEV1 (A), FVC (B), and TLC (C) values were measured and
compared to values predicted by measurements in the control population. Each line plotted
represents the percent of the predicted test value that was measured from an individual
patient at the time of each PFT. A smooth line was fitted to the data by using a spline-
interpolation method for each response variable along the year after whole lung irradiation.
The gray shaded area indicates the range of abnormal test values.
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Figure 2.
Longitudinal changes in pulmonary function, including FEV1 (A), FVC (B), TLC (C), and
DLCOcorr(D), before and after whole lung irradiation in survivors having baseline
pulmonary function tests. A smooth line was fitted to the data by using a spline-interpolation
method for each response variable along the year after whole lung irradiation.
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Table 1

Characteristics of Study Patients

Characteristic
No. of patients (%)

N = 48

Sex

 Female 23 (48)

 Male 25 (52)

Race

 White 32 (67)

 Black 13 (27)

 Other 3 (6)

Primary diagnosis

 Wilms tumor 38 (79)

 Rhabdomyosarcoma 5 (10)

 Ewing sarcoma 3 (6)

 Synovial sarcoma 1 (2)

 Thymoma 1 (2)

Chemotherapeutic agents

 Vincristine 47 (98)

 Doxorubicin 45 (94)

 Actinomycin D 44 (92)

 Etoposide 28 (58)

 Ifosfamide 24 (50)

 Carboplatin 19 (40)

 Cyclophosphamide 14 (29)

 Topotecan 9 (19)

 Bleomycin 0 (0)

Focal pulmonary boost

 Yes 17 (35)

 No 31 (65)

Pulmonary wedge resection

 Yes 20 (42)

 No 28 (58)
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Table 2

Frequency of Lung Function Abnormality After Whole Lung Irradiation

Pulmonary defect
No. patients with abnormal values at any time point (%)

N = 48

FVC 28 (58)

FEV1 31 (65)

FEV1/FVC 11 (23)

FEF25%–75% 12 (25)

TLC 35 (73)

FRC 3 (6)

RV 11 (23)

RV/TLC 19 (40)

DLCOcorr
* 34 (74)

DLCO/VA* 6 (13)

DLCOcorr, diffusion capacity of the lung for carbon monoxide corrected for hemoglobin; FEF25%–75%, forced expiratory flow between 25%
and 75% forced vital capacity; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; FRC, functional residual capacity; RV,
residual volume; TLC, total lung capacity

*
Forty-six patients

Cancer. Author manuscript; available in PMC 2013 March 1.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Motosue et al. Page 12

Ta
bl

e 
3

C
lin

ic
al

 F
ac

to
rs

 a
nd

 A
bn

or
m

al
 V

al
ue

s i
n 

Pu
lm

on
ar

y 
Fu

nc
tio

n 
Te

st
s

O
ut

co
m

e 
(Y

)
Y

ea
rs

 a
fte

r 
W

L
I (

X
1)

Pu
lm

on
ar

y 
bo

os
t r

ad
ia

tio
n 

(X
2)

Pu
lm

on
ar

y 
w

ed
ge

 r
es

ec
tio

n 
(X

3)

PF
T

 p
ar

am
et

er
O

R
95

%
 C

I
P 

va
lu

e
O

R
95

%
 C

I
P 

va
lu

e
O

R
95

%
 C

I
P 

va
lu

e

FV
C

1.
11

1.
01

–1
.2

3
0.

04
1.

57
0.

55
–4

.5
1

0.
41

0.
47

0.
17

–1
.2

8
0.

15

FE
V

1
1.

12
1.

01
–1

.2
4

0.
03

1.
8

0.
61

–5
.3

4
0.

29
0.

59
0.

21
–1

.6
4

0.
31

FE
V

1/F
V

C
0.

95
0.

82
–1

.1
0.

47
4.

43
1.

19
–1

6.
53

0.
03

3.
32

0.
84

–1
3.

05
0.

09

FE
F 2

5%
–7

5%
1.

06
0.

97
–1

.1
7

0.
22

3.
83

1.
56

–9
.3

9
0.

00
5

1.
85

0.
75

–4
.5

5
0.

19

T
L

C
1.

13
1.

02
–1

.2
4

0.
02

1.
31

0.
5–

3.
48

0.
59

1.
21

0.
47

–3
.0

9
0.

7

FR
C

0.
88

0.
68

–1
.1

4
0.

33
8.

43
0.

49
–1

45
.1

4
0.

15
0.

95
0.

11
–8

.1
1

0.
96

R
V

0.
93

0.
83

–1
.0

5
0.

24
6.

01
1.

85
–1

9.
54

0.
00

5
0.

73
0.

26
–2

.0
4

0.
55

R
V

/T
L

C
0.

96
0.

88
–1

.0
5

0.
41

4.
17

1.
76

–9
.8

8
0.

00
2

0.
31

0.
13

–0
.7

7
0.

00
2

D
L

C
O

co
rr

1.
02

0.
93

–1
.1

2
0.

71
0.

63
0.

25
–1

.5
8

0.
33

0.
94

0.
38

–2
.3

2
0.

89

D
L

C
O

/V
A

0.
97

0.
81

–1
.1

7
0.

77
3.

08
0.

51
–1

8.
51

0.
23

0.
78

0.
13

–4
.7

8
0.

79

Y
, t

he
 re

sp
on

se
 v

ar
ia

bl
e 

in
 th

e 
m

od
el

; X
1,

 X
2,

, a
nd

 X
3,

 th
e 

in
de

pe
nd

en
t v

ar
ia

bl
es

 in
 th

e 
m

od
el

; C
I, 

co
nf

id
en

ce
 in

te
rv

al
; D

LC
O

co
rr

, d
iff

us
io

n 
ca

pa
ci

ty
 o

f t
he

 lu
ng

 fo
r c

ar
bo

n 
m

on
ox

id
e 

co
rr

ec
te

d 
fo

r
he

m
og

lo
bi

n;
 F

EF
25

%
–7

5%
, f

or
ce

d 
ex

pi
ra

to
ry

 fl
ow

 b
et

w
ee

n 
25

%
 a

nd
 7

5%
 fo

rc
ed

 v
ita

l c
ap

ac
ity

; F
EV

1,
 fo

rc
ed

 e
xp

ira
to

ry
 v

ol
um

e 
in

 1
 se

co
nd

; F
V

C
, f

or
ce

d 
vi

ta
l c

ap
ac

ity
; F

R
C

, f
un

ct
io

na
l r

es
id

ua
l

ca
pa

ci
ty

; O
R

, o
dd

s r
at

io
; P

FT
, p

ul
m

on
ar

y 
fu

nc
tio

n 
te

st
: R

V
, r

es
id

ua
l v

ol
um

e;
 T

LC
, t

ot
al

 lu
ng

 c
ap

ac
ity

; V
A

, a
lv

eo
la

r v
ol

um
e;

 W
LI

, w
ho

le
 lu

ng
 ir

ra
di

at
io

n

Cancer. Author manuscript; available in PMC 2013 March 1.


