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ABSTRACT

Aims and background. Radiation-induced lung toxicity occurs frequently in patients
with esophageal carcinoma. This study aims to evaluate the clinical and three-di-
mensional dosimetric parameters associated with lung toxicity after radiotherapy for
esophageal carcinoma.

Methods and study design. The records of 56 patients treated for esophageal carci-
noma were reviewed. The Radiation Therapy Oncology Group criteria for grading of
lung toxicity were followed. Spearman’s correlation test, the chi-square test and logis-
tic regression analyses were used for statistical analysis.

Results. Ten of the 56 patients developed acute toxicity. The toxicity grades were grade
2 in 7 patients and grade 3 in 3 patients; none of the patients developed grade 4 or
worse toxicity. One case of toxicity occurred during radiotherapy and 9 occurred 2
weeks to 3 months after radiotherapy. The median time was 2.0 months after radio-
therapy. Fourteen patients developed late irradiated lung injury, 3 after 3.5 months, 7
after 9 months, and 4 after 14 months. Radiographic imaging demonstrated patchy
consolidation (n = 5), atelectasis with parenchymal distortion (n = 6), and solid con-
solidation (n = 3). For acute toxicity, the irradiated esophageal volume, number of
fields, and most dosimetric parameters were predictive. For late toxicity, chemothera-
py combined with radiotherapy and other dosimetric parameters were predictive. No
obvious association between the occurrence of acute and late injury was observed.

Conclusions. The percent of lung tissue receiving at least 25 Gy (V25), the number of
fields, and the irradiated length of the esophagus can be used as predictors of the risk
of acute toxicity. Lungs V30, as well as chemotherapy combined with radiotherapy, are
predictive of late lung injury.

Introduction

Radiotherapy (RT) is indicated in patients with unresectable or medically inopera-
ble esophageal carcinoma as a definitive or palliative treatment, with a 5-year survival
benefit of 8.3% to 12%1. Three-dimensional conformal radiotherapy (3D-CRT) has
greatly improved the local control of esophageal carcinoma but not the long-term
survival2. Radiation-induced lung toxicity is a common dose-limiting toxic effect in
patients receiving thoracic radiation therapy for esophageal carcinoma. In patients
receiving definitive RT along with chemotherapy for stage III or IV unresectable
esophageal carcinoma, this is particularly problematic because the doses are typical-
ly higher than those delivered in the preoperative or postoperative setting.

The clinical endpoints for radiation-induced lung injury have traditionally been di-
vided into acute radiation pneumonitis (RP) and chronic lung fibrosis. Acute RP de-
velops in 5% to 15% of patients a few weeks to months after radiation3. Additionally,
the increasing use of concomitant chemotherapy appears to have increased the risk
of acute and possibly late lung injury4. In recent years, acute and late irradiated lung
injury has been more common in patients with unresectable esophageal cancer5.
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Three-dimensional treatment planning systems
provide detailed information about the dose-volume
distribution in the structures of interest. The risk of
lung toxicity appears to be related to dose-volume
parameters such as the irradiated lung volume;
mean lung dose (MLD); percentage of the lung re-
ceiving at least 20 Gy (V20), 25 Gy (V25), or 30 Gy
(V30); and total dose, although the precise nature of
the relationships remains unclear6-9. Prediction of
the risk of lung toxicity in esophageal carcinoma
treated after RT with or without chemotherapy is im-
portant in clinical practice so that preventive meas-
ures can be adopted. Based on the experience of the
Fourth Hospital of Hebei Medical University, a retro-
spective analysis was carried out to evaluate the clin-
ical and dose-volume predictors of lung toxicity in
patients with esophageal carcinoma treated with 3D-
CRT.

Material and methods

Patient eligibility criteria for this study included (1) un-
resectable or medically inoperable middle and lower tho-
racic esophageal carcinoma treated by 3D-CRT as defini-
tive or palliative treatment; (2) histologically or cytologi-
cally proven squamous cell carcinoma; and (3) Karnofsky
performance status greater than or equal to 70.

Patient characteristics

Between January 2002 and June 2004, 56 consecutive
patients at the Fourth Hospital of Hebei Medical Uni-
versity were eligible for the study. The study was ap-
proved by the institutional review board. The initial
evaluation included a complete history, physical exam-
ination, chest radiograph, and chest computed tomog-
raphy (CT). The patients’ characteristics are shown in
Table 1. There were 41 men and 15 women with a medi-
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Table 1 - Univariate analysis of association between irradiated lung injury and clinical parameters

Patient Number Acute radiation Late radiation
characteristics of patients pneumonitis lung injury

Rate Chi-square P Rate Chi-square P
(%) value value (%) value value

Age (year) 0.770 0.380 0.024 0.877
≤64 29 24.1 24.1
>64 27 14.8 25.9

Chemotherapy combined 0.827 0.363 6.372 0.012
with 3D-CRT

Yes 11 27.3 54.5
No 45 15.6 17.8

Comorbidities 0.438 0.508 1.867 0.172
Yes 16 12.5 37.5
No 40 20.0 20.0

Smoking history 0.901 0.342 0.096 0.757
Yes 26 23.1 26.9
No 30 13.3 25.9

Total lung volume (cm3) 0.487 0.485 1.524 0.217
≤3300 28 14.3 17.9
>3300 28 21.4 32.1

Clinical stage 2.991 0.084 0.057 0.811
I + II 25 8.0 20.0
III + IV 31 25.8 29.0

Irradiated esophageal
length (cm) 4.209 0.040 7.108 0.008

≤7.0 33 9.1 12.1
>7.0 23 30.4 43.5

CT infiltrated diameter (cm) 0.812 0.368 0.079 0.738
≤4.0 35 14.3 17.1
>4.0 21 23.8 14.3

Total dose (Gy) 3.881 0.049 2.885 0.089
≤64 27 7.4 14.8
>64 29 27.6 34.5

Number of fields 6.858 0.009 0.389 0.533
≤5 32 6.3 21.9
>5 24 33.3 29.2

3D-CRT, three-dimensional conformal radiotherapy; CT, computed tomography.
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tionation was 20-34 Gy in 10-17 fractions and 30-42 Gy
in 15-21 fractions, respectively. The total dose was 50-76
Gy in 25-38 fractions over 6-7 weeks, with a median dose
of 60 Gy. The radiation fields of the early-course con-
ventional radiotherapy consisted of a pair of anterior-
posterior and posterior-anterior opposite parallel fields
in 17 cases, and 3 isocentric fields in 8 cases. The re-
maining 31 patients underwent whole-course 3D-CRT
with a median dose of 64 Gy (range, 50-70 Gy) in 30 frac-
tions (range, 25-35 fractions) over 6 weeks (range, 5-7
weeks).

The dose-volume parameters of early-course conven-
tional radiotherapy cases were calculated at the point of
the geometrical center of the GTV according to the
dose-volume histograms (DVH) and dose distributions
in each CT plane after the fields were corrected to the
later 3D treatment planning. These parameters were an-
alyzed as follows: MLD, percentage of lung receiving a
dose of at least 5 to 40 Gy (V5-V40). Ninety to one hun-
dred percent of the corresponding target volume (GTV,
CTV, PTV) receiving doses were referred to as GTVD90-
GTVD100, CTVD90-CTVD100, and PTVD90-PTVD100. The
percentages of the corresponding target volumes (GTV,
CTV, PTV) receiving a dose of 50 Gy were referred to as
GTVV50, CTVV50 and PTVV50.

Evaluation of irradiated lung toxicity and follow-up

After treatment, patients were followed up at 4-6 week
intervals for the first year, and then every 3-4 months.
Acute RP typically occurs 1-3 months after RT. Chronic
lung fibrosis usually develops 3 months to several years
after treatment. A diagnosis of irradiated lung injury
was based on clinical and/or radiographic changes ob-
served within the first 6 months after RT. Irradiated lung
injury was scored according to the criteria of the Radia-
tion Therapy Oncology Group (RTOG) for scoring of
acute radiation morbidity in the lung. Because of the
difficulty of accurately scoring lower grades of lung in-
jury, only grade 2 and above were reported. The median
follow-up for all patients was 21.0 months (range, 6.1-47
months).

Statistical analysis

It was expected that clinical parameters such as age
(≤64 vs >64 years), comorbidities, smoking history, and
history of chemotherapy might affect the risk of devel-
opment of lung injury after RT. Descriptive information
is summarized as frequencies or percentages for cate-
gorical variables. Logistic regression analyses and the
chi-square test were used to test the relationship be-
tween the different factors and lung injury. Correlations
between dose-volume parameters were assessed with
the Spearman correlation test. All statistical tests were
performed with SPSS version 13.0. P ≤0.05 was chosen
as the level of statistical significance.

an age of 64 years (range, 31-81 years). Three patients
had stage I disease, 22 patients stage II, 27 patients stage
III, and 4 patients stage IV. Forty-four patients had car-
cinomas located in the middle thoracic esophagus and
12 in the lower thoracic esophagus. Lesion length by
esophagogram was 2-16 cm, with a median of 6 cm. All
patients were treated with curative intent. Of the 56 pa-
tients, 31 underwent whole-course 3D-CRT and 25 pa-
tients underwent early-course conventional radiothera-
py plus late-course 3D-CRT. Concurrent chemotherapy
(n = 11) and induced or consolidated chemotherapy (n
= 25) were also part of the treatment. The chemothera-
py consisted of cisplatin (20 mg/m2 on days 1 to 5 of
each cycle) plus 5-FU (750 mg/m2 on days 1 to 5 of each
cycle), ranging from 1 to 4 cycles. Among these 36 pa-
tients, 75% (n = 27) accepted 2 or more chemotherapy
cycles and 25% (n = 9) only finished 1 cycle and refused
further treatment because of their poor performance
status. The other 20 patients only received radiotherapy
to local esophageal lesions because of old age, poor per-
formance status, or contraindications to chemotherapy.

Three-dimensional treatment planning, delivery and
dose-volume parameters

Patients were placed in the treatment position during
planning. CT scanning was performed using a CT simu-
lator (SOMATOM Volume Zoom, Siemens Medical Sys-
tems). CT scans were obtained during quiet respiration
and included the entire lung volume. The thickness of
the individual sections of the scan was 3-5 mm. The CT
scanning image data were directly transferred to the 3-
dimensional planning system (Focus 4.1, Computerized
Medical Systems, Inc).

In cases treated with 3D-CRT, targets were defined as
follows in accordance with a report by the International
Commission on Radiation Units and Measurements
(ICRU)10: the gross tumor volume (GTV) encompassed
all detectable tumors observed by esophagogram and
esophagoscope and lymph nodes observed on CT scans
with a short-axis diameter greater than 1 cm. The clini-
cal target volume (CTV) included the GTV and extended
a 5- to 8-mm margin around the circumference and a
20- to 25-mm margin in the long axis. The planning tar-
get volume (PTV) included the CTV plus a 5-mm mar-
gin. Target volumes and normal tissues (heart, spinal
cord and lungs) were contoured on each section. Both
lungs were treated as a single organ for radiation treat-
ment planning and dose calculation. Dose distribution
was computed without tissue heterogeneity correction.
The prescribed dose was specified at the reference point
(isocenter) of the PTV, as recommended by ICRU.

RT was delivered by means of 6-MV x-ray linear accel-
erators (ONCOR, Siemens Medical Systems). Of the 56
patients, 25 underwent early-course conventional ra-
diotherapy plus late-course 3D-CRT, with no time inter-
val between the 2 parts of radiotherapy. The dose frac-
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Results

Clinical parameters

Ten of the 56 patients (17.9%) developed acute RP,
grade 2 (n = 7) or grade 3 (n = 3); no grade 4 or worse
acute toxicity occurred. Toxicity occurred in one patient
during RT, while it developed 2 weeks to 3 months after
RT in the remaining 9 patients. The median time was 2.0
months after RT. The irradiated esophageal length (≤7.0
cm vs >7.0 cm), number of fields (≤5 vs >5) and total dose
(≤64 Gy vs >64 Gy) were significantly associated with the
occurrence of grade 2 or worse acute RP (Table 1).

Fourteen (25.0%) patients developed late irradiated
lung injury 3.5 months (n = 3), 9 months (n = 7) and 14
months (n = 4) after RT. Irradiated esopheageal length
(≤7.0 cm vs >7.0 cm) and chemotherapy combined with
RT were significantly associated with the development
of late lung injury (Table 1).

Dosimetric parameters

The results of univariate analysis to investigate the as-
sociation between dose-volume parameters and the oc-
currence of lung injury are summarized in Table 2 and
Table 3. Many dosimetric and volumetric factors were
significantly associated with acute RP of grade 2 or
worse (P <0.05). Among these parameters, the number
of fields, V15, V20 and MLD were the most statistically
significant factors (P <0.01). V5-V40, and MLD were sig-
nificantly associated with the occurrence of late lung in-
jury (P <0.05). Subsequently, the incidence of lung in-
jury as a function of dose-volume parameters (V5-V40,
as well as MLD) was calculated (Table 4). Data from the
chi-square test showed that the incidence of lung injury
was significantly lower in patients with V5 less than

60%, V10 less than 50%, V15 less than 35%, V20 less than
25%, V25 less than 20%, and MLD less than 14 Gy (P
<0.05). Additionally, the incidence of late lung injury
was also significantly lower in patients with V30 less
than 15%, V35 less than 10%, and V40 less than 5% (P
<0.05). In multivariate analysis, V25, number of fields,
and irradiated esophageal length were retained as single
factors for acute RP (Table 5), and V30 and combined
chemotherapy for late lung injury (Table 6). No obvious
association between the presence of acute injury and
the development of late injury was found (P = 0.188).

Discussion

The reported incidence of radiation-induced lung in-
jury after RT ranges from 5% to 36%7,11-14. It has been
observed that radiation-induced lung injury occurs in
esophageal carcinoma during RT and the incidence
varies for different esophageal tumor sites. Theoretical-
ly, the radiation volume to the lungs in middle thoracic
esophageal carcinomas might be more than that in up-
per thoracic carcinomas because of the shape charac-
teristics of the lungs. Thus, it is desirable to predict the
risk of development of radiation-induced lung injury.

There is no uniform toxicity reporting system and the
toxicity scales vary according to different definitions. In
our study, we adopted the radiation-induced lung toxic-
ity scoring system recommended by the RTOG. The in-
cidence of acute and late radiation-induced lung injury
was 17.9% and 25.0%, respectively. Spearman’s correla-
tion test showed no significant association between the
occurrences of the 2 types of lung injury. There were
some exceptions due to different lung volume dose and
pulmonary function, although patients with acute RP
might possibly develop late lung injury.

Many dose-volume models for quantitative analyses
of normal tissue effects have been designed since the

Table 2 - Analysis of dose-volume parameters for predicting
acute radiation pneumonitis

Parameter Acute radiation pneumonitis

Yes No T P
(n = 10) (n = 46) value value

Irradiated esophageal 8.4 ± 2.7 6.3 ± 2.4 2.523 0.015
length (cm)

Total dose (Gy) 6747 ± 486 6278 ± 585 2.449 0.018
Number of fields 6.7 ± 2.0 5.0 ± 1.5 3.165 0.003
Lung V5 (%) 71.5 ± 10.8 57.0 ± 17.2 2.658 0.010
Lung V10 (%) 54.6 ± 10.8 42.5 ± 14.6 2.558 0.013
Lung V15 (%) 42.3 ± 10.3 32.0 ± 11.5 2.711 0.009
Lung V20 (%) 33.6 ± 8.3 22.7 ± 9.3 3.529 0.001
Lung V25 (%) 23.6 ± 8.7 16.7 ± 8.2 2.506 0.015
MLD (cGy) 1587 ± 246 1234 ± 396 2.805 0.007
PTVD90 (cGy) 6195 ± 231 5963 ± 289 2.144 0.037
PTVV50 (%) 96 ± 9 88 ± 13 1.928 0.048

Lung V5-V25: percent of the lungs receiving at least 5 to 25 Gy; MLD,
mean lung dose; PTVD90, doses of 90% planning target volume;
PTVV50, percentage of planning target volume receiving a dose of 50
Gy.

Table 3 - Analysis of dose-volume parameters for predicting
late radiation lung injury

Parameter Late radiation lung injury

Yes No T P
(n = 14) (n = 42) value value

Irradiated esophageal 8.8 ± 3.1 6.0 ± 2.0 3.870 0.000
length (cm)

Lung V5 (%) 69.3 ± 11.8 56.7 ± 17.5 2.508 0.015
Lung V10 (%) 54.2 ± 10.4 41.8 ± 14.7 2.934 0.005
Lung V15 (%) 43.1 ± 8.9 30.9 ± 11.3 3.668 0.001
Lung V20 (%) 32.6 ± 7.1 22.2 ± 9.6 3.736 0.000
Lung V25 (%) 24.8 ± 7.4 15.8 ± 7.9 3.747 0.000
Lung V30 (%) 17.14 ± 5.7 9.7 ± 5.3 4.397 0.000
Lung V35 (%) 11.4 ± 5.7 9.7 ± 5.3 3.750 0.000
Lung V40 (%) 7.9 ± 6.3 4.0 ± 3.0 3.086 0.003
MLD (cGy) 1614 ± 302 1200 ± 370 3.778 0.000

Lung V5-V40: percent of the lungs receiving at least 5 to 40 Gy; MLD,
mean lung dose.



publication of the paper by Emami et al.15 in 1991. The
DVH reduction model16 remains the most widely used,
although it is not always considered an ideal represen-
tation of the 3D doses.

The DVH reduction model shows some limitations16.
For example, it estimates the complication probability
under uniform irradiation, which assumes all regions to
be of equal functional importance and discards all or-
gan-specific spatial information. Moreover, it is usually
based on a single planning CT scan that does not ac-

count for anatomic variations during RT. Despite these
caveats, this model is sufficiently flexible and predictive
for clinical practice to allow representation of various
dose-volume dependencies. A series of DVH-based
studies8,17-22 have been published with the aim of pre-
dicting the risks of RP and thereby minimizing its oc-
currence. Although the published data on the associa-
tion of DVH parameters and radiation-induced lung in-
jury in patients with esophageal carcinoma receiving RT
are not unified, most of this information has been de-
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Table 4 - Observed rates of lung injury as a function of dose-volume parameters

Patient n Acute radiation Late radiation
of lungs pneumonitis lung injury

Rate Chi-square P Rate Chi-square P
(%) value value (%) value value

V5 3.881 0.049 5.364 0.021
≤60% 27 7.4 11.1
>60% 29 27.6 37.9

V10 4.209 0.040 4.156 0.041
≤50% 33 9.1 15.2
>50% 23 30.4 39.1

V15 4.926 0.026 4.029 0.045
≤35% 29 6.9 13.8
>35% 27 29.6 37.0

V20 4.926 0.026 4.029 0.045
≤25% 29 6.9 13.8
>25% 27 29.6 37.0

V25 8.461 0.004 8.086 0.004
≤20% 34 5.9 11.8
>20% 22 36.4 45.5

V30 2.222 0.136 14.894 0.000
≤15% 39 12.8 10.3
>15% 17 29.4 58.8

V35 2.739 0.098 11.667 0.001
≤10% 40 12.5 12.5
>10% 16 31.3 56.3

V40 0.901 0.342 4.691 0.030
≤5% 30 13.3 13.3
>5% 26 23.1 38.5

MLD (cGy) 4.383 0.036 9.524 0.002
≤1400 28 7.1 7.1
>1400 28 28.6 42.9

Lung V5-V25: percent of the lungs receiving at least 5 to 25 Gy; MLD, mean lung dose.

Table 5 - Multivariate logistic regression analysis of acute ra-
diation pneumonitis

Variable Coefficient Sx Chi-square P RR
value value value

Lung V25 4.107 1.662 6.110 0.013 60.785
Number of fields 2.261 1.076 4.419 0.036 9.594
Irradiated esophageal 5.511 2.249 6.005 0.014 247.459

length

Lung V25: percent of the lungs receiving at least 25 Gy; RR, relative
risk.

Table 6 - Multivariate logistic regression analysis of late irra-
diated lung injury

Variable Coefficient Sx Chi-square P RR
value value value

Lung V30 2.153 1.141 3.563 0.045 8.614
Chemotherapy 3.761 1.687 4.970 0.026 10.023

combined
with 3D-CRT

Lung V30: percent of the lungs receiving at least 30 Gy; 3D-CRT, 3-di-
mensional conformal radiotherapy; RR, relative risk.



rived from studies of lung cancer patients. These stud-
ies13,23,24 have reported that DVH parameters, such as
V5-V25, MLD, and mean biological lung dose are signif-
icantly associated with the occurrence of RP. Especially,
studies7,21,22,28 suggested V20 or V30 as a single predic-
tive factor for the risk of RP.

The findings of our study suggested that total dose,
V20, V25, V30 and MLD were significantly predictive of
the risk for at least grade 2 acute RP. Our data showed
that the incidence of acute RP and late lung injury was
significantly lower in patients with V25 <20% and V30
<15%, respectively. The statistical difference could not
be analyzed between patients with comorbidities and
those without because only a few patients (n = 6) com-
pleted the pulmonary function test before RT.

According to the traditional concept of radiation-in-
duced lung toxicity, injury to critical target cells within
the lungs and their consequent depletion leads to the
sequence of early and late pulmonary injury. When the
irradiated esophageal length increases, the area of radi-
ation fields and the normal lung tissues included in the
target volume correspondingly become larger, which
will lead to acute radiation reactions or even lung injury.
Likewise, the data from our study showed that the irra-
diated lesion length was a single factor for the risk of
acute or late lung injury.

The size of radiation fields is determined in part by
the volume of PTV. The PTV involved in PTVD90 is larger
than that in PTVD95 and PTVD100. Consequently, when
PTVD90 or PTVV50 become larger, the dose or volume ra-
tio of the irradiated lung increases correspondingly.
Nutting and colleagues25 suggested that 4 radiation
fields in 3D-CRT increased the local target dose and sig-
nificantly reduced the incidence of RP compared with 9
fields in intensity-modulated radiotherapy (IMRT). Our
study showed that a lower dose to larger volumes was
likely to produce a larger inflammatory response than a
higher dose to a smaller volume. So it may be reason-
able to design 3 or 4 beams for curative RT in
esophageal carcinoma, especially for middle or lower
thoracic lesions.

It has also been reported that chemotherapy, particu-
larly when combined with thoracic RT, was associated
with an increased risk of radiation-induced lung in-
jury26,27. Of 11 patients who received chemotherapy
combined with RT in our study, 3 (27.3%) developed
acute RP of grade 2 or higher and 6 (54.5%) developed
late lung injury. So chemotherapy combined with RT, as
a single factor, was significantly associated with the risk
of late lung injury.

Given the pitfalls of describing radiation-induced
lung toxicity and the DVH-based model, predicting the
occurrence of lung toxicity is not an easy task. The qual-
ity of the predictions is related to the endpoint chosen
and the model used to calculate the complication prob-
ability. Firstly, it must be kept in mind that our current
findings are based on data from 56 esophageal cancer

patients, of whom only 10 developed acute RP and 14
developed late lung injury. Secondly, there was a lack of
radiation field calibration in the 25 patients undergoing
early-course conventional RT, which might increase the
risk of lung injury caused by an additional isocentric
dose to the corresponding radiation fields. Thirdly, 5 of
the 14 patients with late lung injury had presented acute
RP at an earlier stage. Although no evidence supported
the late lung injury resulted from the acute RP occurring
during RT, relating the late lung injury to the whole-
course DVH might also be suboptimal.

Furthermore, we did not employ lung heterogeneity
correction for dose calculations. There are several rea-
sons for this omission. Firstly, there is no consensus
about which algorithm should be used to correct het-
erogeneity, as most RTOG protocols for the treatment of
thoracic tumors mandate treatment planning without
inhomogeneity correction. Secondly, some studies29,30

reported that heterogeneity correction may result in
isocenter doses greater than with uncorrected calcula-
tion. Dose planning for lung cancer has long been based
on clinical experience and performed without correc-
tion for inhomogeneity, and there has been fear that
heterogeneity correction may result in insufficiency of
the radiation dose to the primary tumor.

In conclusion, our results suggest that 3 dose-volume
parameters (V25, the number of fields, and irradiated
esophagus length) may be used as predictors of the risk
for acute RP and that V30, as well as combined
chemotherapy with RT, may be predictive for late lung
injury. Among these parameters, V25 and V30 are partic-
ularly useful and should be limited to less than 25% and
15%, respectively, to minimize the risk of radiation-in-
duced lung injury following 3D-CRT for esophageal car-
cinoma.

References

1. Ishikura S, Nihei K, Ohtsu A, Boku N, Hironaka S, Mera K,
Muto M, Ogino T, Yoshida S: Long-term toxicity after defin-
itive chemoradiotherapy for squamous cell carcinoma of
the thoracic esophagus. J Clin Oncol, 21: 2697-2702, 2003.

2. Ajani JA, Winter K, Komaki R, Kelsen DP, Minsky BD, Liao Z,
Bradley J, Fromm M, Hornback D, Willett CG: Phase II ran-
domized trial of two nonoperative regimens of induction
chemotherapy followed by chemoradiation in patients
with localized carcinoma of the esophagus: RTOG 0113. J
Clin Oncol, 26: 4551-4556, 2008.

3. Movsas B, Raffin TA, Epstein AH, Link CJ Jr: Pulmonary ra-
diation injury. Chest, 111: 1061-1076, 1997.

4. Schwarte S, Wagner K, Karstens JH, Bremer M: Radiation
recall pneumonitis induced by gemcitabine. Strahlenther
Onkol, 183: 215-217, 2007.

5. Kocak Z, Evans ES, Zhou SM, Miller KL, Folz RJ, Shafman
TD, Marks LB: Challenges in defining radiation pneumoni-
tis in patients with lung cancer. Int J Radiat Oncol Biol
Phys, 62: 635-638, 2005.

6. Seppenwoolde Y, Lebesque JV: Partial irradiation of the
lung. Semin Radiat Oncol, 11: 247-258, 2001.

7. Hernando ML, Marks LB, Bentel GC, Zhou SM, Hollis D,

LUNG TOXICITY IN ESOPHAGEAL CARCINOMA 601



Das SK, Fan M, Munley MT, Shafman TD, Anscher MS, Lind
PA: Radiation-induced pulmonary toxicity: a dose-volume
histogram analysis in 201 patients with lung cancer. Int J
Radiat Oncol Biol Phys, 51: 650-659, 2001.

8. Allen AM, Henning GT, Ten Haken RK, Hayman JA, Martel
MK: Do dose-volume metrics predict pulmonary function
changes in lung irradiation? Int J Radiat Oncol Biol Phys,
55: 921-929, 2003.

9. Wang JY, Chen KY, Wang JT, Chen JH, Lin JW, Wang HC, Lee
LN, Yang PC: Outcome and prognostic factors for patients
with non-small-cell lung cancer and severe radiation
pneumonitis. Int J Radiat Oncol Biol Phys, 54: 735-741,
2002.

10. ICRU: Prescribing, recording, and reporting photon beam
therapy. In: ICRU report, Volume 50, Bethesda: Interna-
tional Commission on Radiation Units and Measurements;
1993.

11. Martel MK, Ten Haken RK, Hazuka MB, Turrisi AT, Fraass
BA, Lichter AS: Dose-volume histogram and 3-D treatment
planning evaluation of patients with pneumonitis. Int J Ra-
diat Oncol Biol Phys, 28: 575-581, 1994.

12. Marks LB, Munley MT, Bentel GC, Zhou SM, Hollis D, Scar-
fone C, Sibley GS, Kong FM, Jirtle R, Jaszczak R, Coleman
RE, Tapson V, Anscher M: Physical and biological predic-
tors of changes in whole-lung function following thoracic
irradiation. Int J Radiat Oncol Biol Phys, 39: 563-570, 1997.

13. Graham MV, Purdy JA, Emami B, Harms W, Bosch W, Lockett
MA, Perez CA: Clinical dose-volume histogram analysis for
pneumonitis after 3D treatment for non-small cell lung can-
cer (NSCLC). Int J Radiat Oncol Biol Phys, 45: 323-329, 1999.

14. Byhardt RW, Martin L, Pajak TF, Shin KH, Emami B, Cox JD:
The influence of field size and other treatment factors on
pulmonary toxicity following hyperfractionated irradiation
for inoperable non-small cell lung cancer (NSCLC)-analy-
sis of a Radiation Therapy Oncology Group (RTOG) proto-
col. Int J Radiat Oncol Biol Phys, 27: 537-544, 1993.

15. Emami B, Lyman J, Brown A, Coia L, Goitein M, Munzen-
rider JE, Shank B, Solin LJ, Wesson M: Tolerance of normal
tissue to therapeutic irradiation. Int J Radiat Oncol Biol
Phys, 21: 109-122, 1991.

16. Marks LB, Yorke ED, Jackson A, Ten Haken RK, Constine LS,
Eisbruch A, Bentzen SM, Nam J, Deasy JO: Use of normal
tissue complication probability models in the clinic. Int J
Radiat Oncol Biol Phys, 76 (3 Suppl): S10-S19, 2010.

17. Robnett TJ, Machtay M, Vines EF, McKenna MG, Algazy KM,
McKenna WG: Factors predicting severe radiation pneu-
monitis in patients receiving definitive chemoradiation for
lung cancer. Int J Radiat Oncol Biol Phys, 48: 89-94, 2000.

18. Rancati T, Ceresoli GL, Gagliardi G, Schipani S, Cattaneo
GM: Factors predicting radiation pneumonitis in lung can-
cer patients: a retrospective study. Radiother Oncol, 67:
275-283, 2003.

19. Inoue A, Kunitoh H, Sekine I, Sumi M, Tokuuye K, Saijo N:
Radiation pneumonitis in lung cancer patients: a retro-

spective study of risk factors and the long-term prognosis.
Int J Radiat Oncol Biol Phys, 49: 649-655, 2001.

20. Marks LB: Dosimetric predictors of radiation-induced lung
injury. Int J Radiat Oncol Biol Phys, 54: 313-316, 2002.

21. Fu XL, Huang H, Bentel G, Clough R, Jirtle RL, Kong FM,
Marks LB, Anscher MS: Predicting the risk of symptomatic
radiation-reduced lung injury using both the physical and
biologic parameters V(30) and transforming growth factor
beta. Int J Radiat Oncol Biol Phys, 50: 899-908, 2001.

22. Jenkins P, D’Amico K, Benstead K, Elyan S: Radiation pneu-
monitis following treatment of non-small-cell lung cancer
with continuous hyperfractionated accelerated radiother-
apy (CHART). Int J Radiat Oncol Biol Phys, 56: 360-366,
2003.

23. Wang SL, Liao Z, Vaporciyan AA, Tucker SL, Liu H, Wei X,
Swisher S, Ajani JA, Cox JD, Komaki R: Investigation of clin-
ical and dosimetric factors associated with postoperative
pulmonary complications in esophageal cancer patients
treated with concurrent chemoradiotherapy followed by
surgery. Int J Radiat Oncol Biol Phys, 64: 692-699, 2006.

24. Kwa SL, Lebesque JV, Theuws JC, Marks LB, Munley MT,
Bentel G, Oetzel D, Spahn U, Graham MV, Drzymala RE,
Purdy JA, Lichter AS, Martel MK, Ten Haken RK: Radiation
pneumonitis as a function of mean lung dose: an analysis
of pooled data of 540 patients. Int J Radiat Oncol Biol Phys,
42: 1-9, 1998.

25. Nutting CM, Bedford JL, Cosgrove VP, Tait DM, Dearnaley
DP, Webb S: A comparison of conformal and intensity-
modulated techniques for oesophageal radiotherapy. Ra-
diother Oncol, 61: 157-163, 2001.

26. Tsujino K, Hirota S, Endo M, Obayashi K, Kotani Y, Satouchi
M, Kado T, Takada Y: Predictive value of dose-volume his-
togram parameters for predicting radiation pneumonitis
after concurrent chemoradiation for lung cancer. Int J Ra-
diat Oncol Biol Phys, 55: 110-115, 2003.

27. Yamada M, Kudoh S, Hirata K, Nakajima T, Yoshikawa J:
Risk factors of pneumonitis following chemoradiotherapy
for lung cancer. Eur J Cancer, 34: 71-75, 1998.

28. Byhardt RW, Scott C, Sause WT, Emami B, Komaki R, Fish-
er B, Lee JS, Lawton C: Response, toxicity, failure patterns,
and survival in five Radiation Therapy Oncology Group
(RTOG) trials of sequential and/or concurrent chemother-
apy and radiotherapy for locally advanced non-small-cell
carcinoma of the lung. Int J Radiat Oncol Biol Phys, 42: 469-
478, 1998.

29. Chang DT, Olivier KR, Morris CG, Liu CY, Dempsey JF, Ben-
da RK, Palta JR: The impact of heterogeneity correction on
dosimetric parameters that predict for radiation pneu-
monitis. Int J Radiation Oncology Biol Phys, 65: 125-131,
2006.

30. Klein EE, Morrison A, Purdy JA, Graham MV, Matthews J: A
volumetric study of measurements and calculations of
lung density corrections for 6 and 18 MV photons. Int J Ra-
diat Oncol Biol Phys, 37: 1163-1170, 1997.

602 S ZHU, W SHEN, Z LIU ET AL


