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Summary

We investigated the effect of modern radiation techniques on pulmonary function in non-small cell
lung cancer patients. We found that lung diffusing capacity for carbon monoxide (DLCO) is
reduced in the majority of patients after radiation. Moreover, we found that multiple factors,
including pretreatment DLCO <50% and lung and heart dosimetric data >median were associated
with larger posttreatment declines in DLCO.

Purpose—Definitive radiotherapy for non-small cell lung cancer (NSCLC) adversely affects
pulmonary function. However, the extent of these effects after radiation delivered with modern
techniques is not well known.

Methods and Materials—We analyzed 250 patients who had received =60 Gy
radio(chemo)therapy, for primary NSCLC in 1998-2010 and had undergone pulmonary function
tests (PFTs) before and within one year after treatment. Ninety three patients were treated with 3-
dimensional conformal radiotherapy, 97 with intensity-modulated radiotherapy (IMRT), and 60
with proton beam therapy (PBT). Post-radiation PFT values were evaluated amongst individual
patients compared to the same patient's pre-radiation value at the following time intervals: 0 to 4
(T1),5t0 8 (T2), and 9 to 12 (T3) months.

Results—Lung diffusing capacity for carbon monoxide (DLCO) is reduced in the majority of
patients along the 3 time periods after radiation, whereas the forced expiratory volume in 1 second
per unit of vital capacity (FEV1/VC) showed an increase and decrease after radiation in a similar
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percentage of patients. There were baseline differences (stage, RT dose, concurrent chemotherapy)
among the radiation technology groups. On multivariate analysis, the following features were
associated with larger posttreatment declines in DLCO: pretreatment DLCO, gross tumor volume
(GTV), lung and heart dosimetric data, and total radiation dose. Only pretreatment DLCO was
associated with larger posttreatment declines in FEV1/VC.

Conclusions—DLCO is reduced in the majority of the patients after radiotherapy with modern
techniques. Multiple factors, including GTV, pre-radiation lung function and dosimetric
parameters, are associated with the DLCO decline. Prospective studies are needed to better
understand whether new radiation technology such as PBT or IMRT may decrease the pulmonary
impairment through greater lung sparing.

Keywords

non-small cell lung cancer; radiation therapy; diffusing capacity of the lung for carbon monoxide;
pulmonary function

Introduction

Thoracic radiotherapy (RT) is associated with significant alterations in lung function as
assessed by objective pulmonary function tests (PFTs) [1, 2]. The extent of residual lung
function is a major determinant of a patient's functional status after treatment. Studies at our
institution [3] and others [1, 4] have shown that the largest and most consistent changes in
PFT values after definitive RT for non-small cell lung cancer (NSCLC) occur in the
diffusing capacity of the lung for carbon monoxide (DLCO). The decrease in DLCO has
also been directly associated with respiratory morbidity [1, 4].

Novel RT techniques such as intensity-modulated radiotherapy (IMRT), four-dimensional
computed tomography (4D CT) —based treatment planning, and proton beam radiotherapy
(PBT) have been shown to deliver lower doses to critical normal structures than older
techniques [5]. However, the translation of dosimetric superiority to clinical advantages such
as long-term respiratory function is still being established.

We performed this study to investigate the extent of change in pulmonary function over time
after definitive RT with modern techniques and to identify predictors of changes in
pulmonary function based on patient, tumor, and treatment characteristics.

Patients and Methods

Patient selection criteria

This retrospective analysis was approved by The University of Texas MD Anderson Cancer
Center institutional review board and was in compliance with Health Insurance Portability
and Accountability Act regulations. Patients had a primary diagnosis of NSCLC and were
treated with RT at MD Anderson from November 1998 to October 2010 and DLCO
analyses before and after RT. Figure 1 illustrates the patient selection process. Patients who
underwent postradiation PFT analysis after locoregional or distant relapse were excluded to
avoid introducing confounding factors related to recurrent disease or salvage therapy. In
addition, we did not analyze PFTs during the active period of symptomatic pneumonitis
(grades =2) in order to avoid introducing confounding factors related to the treatment, with
“active” being defined as between 1 month prior to the diagnosis of radiation pneumonitis
and 2 months afterwards. Ultimately, 250 patients met the selection criteria for this study; 93
of them had been treated with 3DCRT, 97 with IMRT, and 60 with PBT. Three-dimensional
conformal therapy was started at our institution in 1997-1998 [5-7]. The transition from
3DCRT to IMRT occurred in 2004, and PBT has been used after 2005. Only patients treated
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with involved field radiotherapy were included in this study. Complete dosimetric data
(including mean lung dose [MLD], volume of normal lung receiving 5 Gy or more [lung
V5], lung Vo mean heart dose [MHD], volume of normal heart receiving 40 Gy or more
[heart V40]) and gross tumor volume (GTV) were available for 235 patients (94%). Data on
previous respiratory or cardiovascular disease were collected for all patients.

Pulmonary function tests

The two characteristics of pulmonary function that were the focus of this study were
diffusing capacity and obstruction. On the basis of the American Thoracic Society and the
European Respiratory Society recommendations [8], the DLCO (percentage of predicted
value) was used as a measure of diffusion capacity and the forced expiratory volume in 1
second per unit of vital capacity (FEV1/VC) was used as a measure of obstruction. All
patients included in this study had undergone both evaluations.

Study endpoints and follow-up

Results

Stata/SE 11.1 (Stata Corp LP, College Station, Texas) was used for data analyses. Post-
radiation PFT values (percentage of predicted) were evaluated amongst individual patients
compared to the same patient's pre-radiation value at the following time intervals: 0 to 4
(T1),5t0 8 (T2), and 9 to 12 (T3) months. In patients that had more than one post-treatment
PFT value within a time period, the lowest value within that time period was used for
analysis and compared to the baseline value. Each time period was used for analysis and
compared to the individual's baseline value. We used the linear regression model for the
PFT evaluation at different time intervals. Additionally, we used the logistic regression
model to evaluate predictors of major changes in pulmonary function after RT (DLCO or
FEV1/VC decrement greater than the upper tertile).

Univariate and multivariate analyses were used to evaluate the effects of radiation
fractionation, use of chemotherapy, patient factors (age, sex, smoking habits, Karnofsky
performance status, and respiratory and cardiovascular comorbidities), tumor factors (stage
and GTV), treatment factors (technique and dosimetric variables), and pretreatment PFT
values. Medians were used as cut-off values for the dosimetric data. In multivariate analysis,
the dosimetric variables were assessed in the model separately (lung Vs, lung Voq, heart
V49, MHD, MLD) due to the high correlation with each other.

Patient characteristics, treatment characteristics, and dosimetric information for all three
treatment groups are shown in Table 1. All patients had good performance status (Karnofsky
performance score >70) and underwent RT 5 days a week to a total dose of 60-87.5 Gy/
GyEquivalent[E] (median 69.6 Gy/GyE) at 1.2 to 2.5 Gy/fraction. Forty-three patients had
1.2 Gyl/fraction twice a day to 69.6 Gy/58 fractions. Two hundred and five patients (82%)
received platin- and taxane-based concurrent chemotherapy. Other treatment approaches
included induction chemotherapy followed by radiation (n=15), induction chemotherapy
followed by concurrent chemotherapy and radiation (n=85), concurrent chemotherapy and
radiation without induction treatment (n=120), and radiation alone (n=30).

Diffusing capacity

DLCO decreased after treatment in 84 patients in T1 (82%), 126 in T2 (79%), and 59 (76%)
in T3; increased in 15 patients in T1, 33 in T2, and 16 in T3; and remained unchanged in 4
patients in T1, 1 in T2, and 3 in T3. The same median DLCO change (17% of reduction)
was observed for the 3 time periods after radiation therapy evaluated (Figure 2A). When
evaluating those patients who had PFTs at T1 and T2 (N = 37), for those patients who had a
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DLCO decrease at T1 (N = 30; 82%), we observed that 14 (47%) worsened again at T2 and
16 (53%) improved. In contrast, for those who had a DLCO increase at T1 (N = 7; 18%), we
found that 5 (71%) worsened at T2 and two (29%) improved again. Additionally, we
evaluated those patients having PFTs at T2 and T3 (N = 46). We observed that for patients
who had a DLCO decrease at T2 (N = 38; 83%), half of them worsened again at T3, two
were stable, and 17 (45%) improved. The two patients that were stable at T2, worsened at
T3. Finally, we observed that four out of the six patients that improved at T2, worsened at
T3. The remaining two patients improved again.

On univariate analysis (Table 2), a history of respiratory disease, advanced disease stage
(11, 1V), concurrent chemotherapy, pretreatment DLCO <50%, and pretreatment FEV1
<60% were significantly associated with larger posttreatment declines in DLCO during T1.

Secondly, radiation total dose >median (69.6 Gy/GyE), GTV =100 cm3, advanced disease
stage, pretreatment DLCO <50%, twice-daily radiotherapy fractionation and 3DCRT were
associated with larger posttreatment declines in DLCO during T2. Additionally, lung (MLD,
Vs, and V) and cardiac dosimetric parameters (MHD and Vg) also associated with the
DLCO change.

Thirdly, GTV =100 cm3, advanced disease stage, history of respiratory disease, and
pretreatment DLCO <50% were associated with larger posttreatment declines in DLCO
during T3. Moreover, the total radiation dose, lung Vs, and heart V4 associated with the
DLCO change after RT. MLD and lung V4 had marginal significance (P =0.056 and P
=0.052, respectively).

After adjusting for the variables listed in Table 1, only pretreatment DLCO <50% was
associated with larger posttreatment declines in DLCO during T1 (P <0.001). At T2, the
following features retained statistical significance: pretreatment DLCO (P =0.002), GTV (P
=0.035), and lung and heart dosimetric data except lung Vs (MLD, P <0.001; lung Vg, P
=0.002; MHD, P =0.009; heart V4o, P =0.001). Finally, the radiation total dose (P =0.012),
and the pretreatment DLCO (P =0.005), retained statistical significance at T3. When
excluding on the multivariate analysis those variables which were not available for all
patients (GTV and dosimetric data), we found that pretreatment DLCO, 3DCRT (vs IMRT)
and concurrent chemoradiation retained significance in T1 (P <0.001, P =0.008, and P
=0.037, respectively); pretreatment DLCO and 3DCRT (vs IMRT and vs PBT) in T2 (P
=0.001, P =0.042, and P =0.009, respectively); and pretreatment DLCO and radiation dose
in T3 (P=0.007 and P=0.021, respectively).

We also evaluated the effect of pretreatment PFT values as well as patient, tumor and
treatment factors on major changes in pulmonary function after RT, with the cutpoint set as
the upper tertile of DLCO decrement. Patients with heart V4o >median had a greater risk of
DLCO impairment than did those with <median at T1 (OR: 2.65, P =0.040). At T2, a greater
DLCO decrease was observed in those patients with GTV =100 cm3 (OR: 3.44, P =0.003),
twice-daily radiotherapy fractionation (OR: 3.96, P =0.002), MLD >median (OR: 2.36, P
=0.029), or heart V49 >median (OR: 2.53, P =0.022). In contrast, patients who underwent
IMRT had lower DLCO impairment compared with those who received 3DCRT (OR: 0.38,
P =0.026). Finally, a greater DLCO decrease was observed in those patients with GTV =100
cm3 (OR: 4.87, P =0.013), MHD >median (OR: 4.48, P =0.033), MLD >median (OR: 4.19,
P =0.027), or lung V5 >median (OR: 3.4, P =0.047) at T3.

After adjusting for other covariates, only heart V49 >median retained significance (OR: 3.69,
P =0.009) at T1. At T2, GTV 2100 cm? and twice-daily radiotherapy fractionation retained
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significance (OR: 3.54, P =0.004 and OR: 6.44, P =0.001, respectively). Finally, no factor
retained significance at T3.

FEV1/VC decreased after treatment in 54 patients in T1 (52%), 89 in T2 (56%), and 52
(67%) in T3; increased in 48 patients in T1, 70 in T2, and 26 in T3; and remained
unchanged in one patient in T1 and T2. We observed a decrease in the median FEV1/VC
level after RT of 0.6%, 1.4%, and 3.7% in T1, T2, and T3, respectively (Figure 2B). When
evaluating those patients who had PFTs at T1 and T2, for those patients who had an FEV1/
V/C decrease at T1 (N = 20; 54%), we observed that 8 (40%) worsened again at T2 and 12
(60%) improved. In addition, for those who had an FEV1/VC increase at T1 (N = 17; 46%),
we found that 11 (65%) worsened at T2 and 6 (35%) improved again. We then evaluated
those patients having PFTs at T2 and T3. We observed that for patients who had an FEV1/
V/C decrease at T2 (N = 26; 56%), 14 (54%) worsened again at T3 and 12 (46%) improved.
Finally, we observed that 15 out of the 20 patients that improved at T2 worsened at T3. The
remaining 5 patients improved again.

On univariate analysis (Table 3), only pretreatment DLCO <50% was associated with larger
posttreatment declines in FEV1/VC during T1; twice-daily radiotherapy fractionation in T2;
and pretreatment FEV1 <60% in T3. When evaluating those patients who had pretreatment
main bronchus obstruction (by CT image) due to tumor compression (n=18) compared with
those who had not, we did not observe a significant FEV1/VC change difference at any time
interval between the two groups. After adjusting by covariates, only pretreatment DLCO
retained statistical significance during the initial time period, T1 (P =0.024). When
evaluating the effect of predictors of major changes in the FEV1/VC after RT (decrement
greater than the upper tertile), we did not find a significant association with any of the
patient, tumor, treatment, and pre-RT PFT factors assessed.

Discussion

To our knowledge, this is the largest study comparing changes in pulmonary function after
definitive RT for NSCLC delivered with three modern techniques: 3DCRT, IMRT, and
PBT. We observed that DLCO was more often affected than obstruction, with a much larger
percentage of patients experiencing a decline in DLCO after RT, regardless of technique.
Several factors were associated with a decline in diffusing capacity, including GTV,
pretreatment DLCO, and dosimetric data, consistent with prior studies [3, 9].

Several prior studies have examined the effect of RT on pulmonary function with time [3,10,
11]. Miller et al. [11] reported that by 1 year, the median FEV1 and forced vital capacity
were similar as baseline and the median DLCO was 90% of baseline. Contrary to Henderson
et al [10], we found that baseline pulmonary function predicted decreased pulmonary
function after treatment. Those patients with pretreatment DLCO <50% were associated
with larger posttreatment declines in DLCO. Divergences in early stage (100% vs 20%) and
radiation technique (stereotactic body radiotherapy vs 3DCRT/IMRT/PBT) between the two
studies may explain in part this apparently contradictory result.

Our finding that diffusing capacity is affected more often and to a greater extent by radiation
therapy than airway obstruction, is consistent with those of others who have reported that the
largest and most consistent changes in PFT values after RT occur in DLCO [3, 4]. It may be
that lung overexpansion, though affecting both FEV1 and DLCO, cannot compensate for the
loss of functional alveolar surface area that is reflected in the DLCO [12, 13]. In addition,
we observed a parallel in terms of the pre-treatment DLCO value as prognosis factor for
post-treatment pulmonary dysfunction between lung cancer patients receiving RT and those
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treated with surgery. It seems that in both cases, the pre-treatment DLCO plays an important
role as prognosis factor for not only pulmonary dysfunction but also for postoperative lung
complications [4, 14]. We further found that DLCO is reduced in the majority of patients
along the 3 time periods after radiation, whereas increased vs. decreased over time in a
similar number of patients. Our findings suggest that interventions such as bronchodilators
may have only modest effects on improving posttreatment pulmonary function and that
patients with a substantial radiation dose to the lung would benefit instead from an intensive
pulmonary rehabilitation program [15, 16].

With respect to our final aim, we found several dosimetric factors to be associated with
decreased pulmonary function after RT. Specifically, the mean dose to the lung and heart, as
well as lung Vg and heart V4, all correlated with posttreatment pulmonary function on
univariate and multivariate analysis during the interval of 5 to 8 months after RT. However,
the lung V5 did not retain significance after adjustment by other covariates. Although the
specific lung and heart variables that correlate most strongly with lung toxicity is still
debated in the literature [17], both the lung and heart dose are important for predicting
radiation-induced lung injury and its clinical sequelae [18-20]. Our current findings add to
the increasing body of literature suggesting that lung injury is multifactorial and that
radiation doses to the lung and heart influence long-term cardiopulmonary function.
Moreover, while we certainly acknowledge the importance of both low- and high-dose
radiation in contributing to posttreatment pulmonary complications, the current study found
that V5 was not associated with significant DLCO impairment. We are currently assessing if
posttreatment DLCO can be used as an objective measure of lung toxicity given its
relationship to radiation pneumonitis.

This study had several limitations. First, the study period was long and the population was
heterogeneous in terms of both patient factors and treatment factors. As noted above,
differences in type of treatment and disease stage among the radiation technology groups
may have confounded the comparison of treatment modalities, although the magnitude of
this effect is unclear. Prospective studies with similar baseline characteristics among groups
are needed to better understand whether novel radiation techniques such as PBT or IMRT
decrease the magnitude of pulmonary impairment by greater lung sparing. Moreover, the
number of PFTs obtained for each patient varied, such that the results were in some respect
driven by the patients who had had more posttreatment PFTs. We attempted to minimize this
confounding factor by comparing PFTs for each individual patient at three time intervals
before pooling the results for analysis. Finally, although we measured the potential
association of various parameters on posttreatment PFTs, we did not assess the effect of
these changes on clinical outcomes. That investigation is part of another study examining
the effect of reductions in PFTs on performance status and survival.

In conclusion, we have found that, with definitive radiation therapy using modern
techniques, diffusing capacity of the lung is reduced in the majority of the patients. We were
able to elucidate several patient and treatment factors which were associated with greater
reductions in lung function after treatment, including GTV and pre-radiation lung function,
all of which could be used to estimate the impact of radiation therapy on an individual's
respiratory status, possibly in the setting of objective models that could aid in counseling
patients prior to treatment.
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Cohort selection. NSCLC, non-small cell lung cancer; DLCO, diffusing capacity of the lung
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Decrease (percent change from baseline) in lung diffusing capacity for carbon monoxide
(DLCO) and forced expiratory volume in 1 second per unit of vital capacity (FEV1/VC)
after radiotherapy. Positive values indicate increase. Extreme values located over the thin
line represent the maximum and minimum whereas those located over the thick line
represent the interquartile range.
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