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Correlation between Lung
Fibrosis and Radiation
Therapy Dose after
Concurrent Radiation Therapy
and Chemotherapy for
Limited Small Cell Lung
Cancer1

PURPOSE: To evaluate the relationship between physician-identified radiographic
fibrosis, lung tissue physical density change, and radiation dose after concurrent
radiation therapy and chemotherapy for limited small cell lung cancer.

MATERIALS AND METHODS: Fibrosis volumes of different severity levels were
delineated on computed tomography (CT) images obtained at 1-year follow-up of
21 patients with complete response to concurrent radiation therapy and chemo-
therapy for limited small cell lung carcinoma. Delivered treatments were recon-
structed with a three-dimensional treatment planning system and geometrically
registered to the follow-up CT images. Tissue physical density change and radiation
dose were computed for each voxel within each fibrosis volume and within normal
lung. Patient responses were grouped per radiation and chemotherapy protocol.

RESULTS: A significant correlation was noted between fibrosis grade and tissue
physical density change and fibrosis grade. For doses less than 30 Gy, the probability
of observing fibrosis was less than 2% with conventional fractionation and less than
4% with accelerated fractionation. Physical lung density change also showed a
threshold of 30–35 Gy. For doses of 30–55 Gy and cisplatin and etoposide (PE)
chemotherapy, fibrosis probability was 2.0 times greater for accelerated fraction-
ation compared with conventional fractionation (P , .005) and was correlated to
increasing dose for both fractionation schedules.

CONCLUSION: Lung tissue physical density changes correlated well with fibrosis
incidence, and both increased with increasing dose greater than a threshold of
30–35 Gy. With concurrent PE chemotherapy, fibrosis probability was twice as great
with accelerated fractionation as with once-daily fractionation.

Concurrent chemotherapy and radiation therapy have been shown to improve survival in
patients with limited small cell lung cancer. In a study by Turrisi et al (1), twice-daily
accelerated fractionation compared with standard daily fractionation resulted in a higher
survival rate. On the basis of the radiosensitivity of small cell lung cancer, it was expected that
multiple small fractions would reduce damage and late effects in normal tissues. An increase
in esophageal toxic reaction was observed but no increase in pulmonary toxic reaction. In a
related study, Geara et al (2) examined fibrosis in a subset of the patients in the Turrisi et al
study (1) and found a correlation between dose and fibrosis. In contrast with expectations,
more severe fibrosis was found in the group that received accelerated fractionation.

The appearance of radiation pneumonitis and radiation fibrosis on computed tomo-
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graphic (CT) images has been described as
four separate patterns of consolidation (3–
5). The first, a homogeneous slight increase
in attenuation that uniformly involves the
irradiated lung, represents diffuse minimal
early radiation pneumonitis. The second
pattern is a patchy consolidation con-
tained within the irradiated lung. This con-
solidation does not conform to the radia-
tion portal and is considered to represent
nonhomogeneous radiation pneumonitis.
The third pattern is a discrete consolida-
tion conforming to the radiation portal but
without uniform involvement. It may re-
flect focal organizing pneumonitis or fibro-
sis. The fourth pattern, more indicative of
radiation fibrosis, is a solid consolidation
conforming to and totally involving the
irradiated portion of the lung. In several
studies (6,7), the use of CT for quantifying
radiation damage has been investigated.
Van Dyk and Hill (6) and Nicholas and
Down (7) assessed early and late radiation
damage to mouse lung. Despite the physi-
cal limitations of CT measurements in
mouse lung, the authors of both studies
found that postirradiation attenuation
changes coincided with changes in breath-
ing rate. Nicholas and Down (7) also found
a correlation between attenuation changes
and marked microscopic changes in the
lung.

In previous research at the University
of Texas M. D. Anderson Cancer Center
(2), 25 patients with limited small-cell
carcinoma of the lung who had unequiv-
ocal complete responses to radiotherapy
and chemotherapy, as determined with
radiographic studies, were selected from
two chemotherapy protocols. Only pa-
tients with complete responses were cho-
sen to eliminate the effects of residual or
recurrent disease on the radiographic ap-
pearance of the lung. Analysis of the data
identified total dose and fractionation as
factors influencing the severity of lung
fibrosis. It was found that the risk for and
severity of lung fibrosis increased with
the total dose and the accelerated frac-
tionation schedule.

We hypothesized that lung physical
density changes as calculated from CT
would correlate with physician-identified
radiographic fibrosis and could be used as
an objective measure of radiation dam-
age. We also hypothesized that the inci-
dence and severity of fibrosis and lung
physical density changes would increase
with dose. Thus, the purpose of our study
was to evaluate the relationship between
fibrosis, lung tissue physical density
change, and radiation dose after concur-
rent chemotherapy and radiation ther-
apy for limited small cell lung cancer.

MATERIALS AND METHODS

Between 1989 and 1994, the University
of Texas M. D. Anderson Cancer Center
participated in a cooperative prospective
study in which twice-daily accelerated ra-
diation therapy was compared with stan-
dard daily fractionation thoracic radia-
tion therapy, both with concurrent
chemotherapy (cisplatin and etoposide
[PE]). Radiation was delivered by using
conventional fractionation (1.8 Gy per
fraction, 1 fraction per day, and 5 frac-
tions per week for 5 weeks) or accelerated
fractionation (1.5 Gy per fraction, 2 frac-
tions per day with a 6-hour or greater
interfractional interval, and 10 fractions
per week for 3 weeks) for a total dose of
45 Gy. The PE chemotherapy protocol
consisted of 60 mg/m2 of intravenously
administered cisplatin (Platinol-AQ; Bris-
tol-Myers Squibb, Princeton, NJ) on day 1
and 120 mg/m2 of orally administered
etoposide (Vepesid; Bristol-Myers Squibb)
on days 1–3. This regimen was repeated
every 21 days for four cycles.

In a second prospective study in which
twice-daily accelerated radiation therapy
was performed, a modified chemother-
apy protocol, cisplatin, ifosfamide, and
etoposide (PIE), consisting of 20 mg/m2

of intravenously administered cisplatin
and 1,200 mg/m2 of intravenously ad-
ministered ifosfamide (Ifex; Bristol-Myers
Squibb) on days 1–3 with 40 mg/m2 of
etoposide on days 1–14 was compared
with the PE chemotherapy. Each patient
received 240 mg/m2 of mesna (Mesnex;
Bristol-Myers Squibb) intravenously be-
fore initiation of ifosfamide administra-
tion and 480 mg/m2 of mesna 4 hours
after initiation of ifosfamide administra-
tion. This chemotherapy regimen was re-
peated every 28 days for four cycles. Eli-
gibility criteria were the same for both
protocols. Institutional review board ap-
proval and patient informed consent
were obtained for both of these studies.

Fifty-six patients with limited small-
cell lung cancer were enrolled in these
protocols. Their disease was staged by
performing CT of the chest and upper
abdomen, chest radiography, laboratory
testing, CT or magnetic resonance (MR)
imaging of the brain, bone marrow ex-
amination, and review of pathologic
specimens from the primary tumor.
Twenty-five of these patients, all those
with complete responses to chemother-
apy and radiation, were selected for the
current study. In these patients, abnor-
mal appearance of the lung tissue on ra-
diographs or CT scans could be unequiv-

ocally ascribed to fibrosis and not
confused with persistent or recurrent dis-
ease. These patients were the same ones
included in a previous study by Geara et
al (2). Subsequently, one patient was ex-
cluded from the current study because he
was treated with a tissue compensator for
which the three-dimensional (3D) treat-
ment planning (TP) system could not be
used to reconstruct the delivered doses.
Three other patients were excluded be-
cause their TP or follow-up CT images
were not available in a digital format.

Of the 21 patients in the study, eight
received conventional fractionated radia-
tion therapy with PE chemotherapy.
Thirteen patients received twice-daily ac-
celerated radiation therapy, eight with PE
chemotherapy and five with PIE chemo-
therapy. Radiation treatment consisted
of opposed anteroposterior-posteroante-
rior (AP-PA) beams with 1.5–2.0-cm mar-
gins followed by reduced oblique opposed
beams. With conventional fractionation, a
dose of 39.6 Gy or 41.4 Gy was delivered
with the AP-PA fields, and then 5.4 Gy or
3.6 Gy was delivered with the boost
fields. Two patients were treated by using
AP-PA fields only. With the accelerated
treatment, a 30-Gy dose was delivered
with the AP-PA beams, followed by 15 Gy
with the boost fields. All patients under-
went prophylactic irradiation of the
brain with a 25-Gy dose given in 10 frac-
tions over 2 weeks.

For all patients, CT was performed by
using a HiLight Advantage scanner (GE
Medical Systems, Milwaukee, Wis) with
10-mm sections. TP CT images were ob-
tained through the treatment volume.
Follow-up CT of the entire lung volume
was performed immediately after treat-
ment and then every 6 months. Fibrosis
was evaluated on the 1-year follow-up CT
images obtained at 10–16 months fol-
lowing therapy (median, 13 months).

Definition of Fibrosis Volumes

An experienced radiation oncologist
(R.K.) in consultation with diagnostic ra-
diologists examined each follow-up im-
age for each patient and manually out-
lined fibrosis volumes by using the RTOG
(Radiation Therapy Oncology Group)
scoring system for late morbidity (Table
1) as a guide. Although the scoring sys-
tem includes symptomatic criteria, only
the radiographic ones were used. The
RTOG scores for radiographs were ap-
plied to the CT images as follows: Grade 0
indicated no change in opacity; grade 1,
slight opacity changes; grade 2, patchy
opacity changes; and grade 3, dense

Volume 221 z Number 3 Correlation between Lung Fibrosis and Radiation Therapy Dose z 615



opacity changes. Figure 1 shows typical
fibrosis volumes drawn on a single sec-
tion. To minimize interpatient variations
in scoring, window and level settings for
all images were the same for all patients
and as close as possible to the values used
for the diagnostic hard copy images. Fi-
brosis volumes were identified according
to grade assignment. Lung regions with
no fibrosis (grade 0) were also outlined
and identified as ipsilateral or contralat-
eral. All five regions were treated as sep-
arate structures in the data analysis.

Three-dimensional Reconstruction
of Delivered Doses

The volumetric dose distribution deliv-
ered to each patient was reconstructed by
using a 3D TP system, COPPER-Plan (9),
developed at the University of Texas
M. D. Anderson Cancer Center. The
lungs, trachea, and spinal cord were out-
lined by using manual entry (T.A.F.,
R.K.). The skin surface, clavicles, and ver-
tebrae were automatically outlined with
the COPPER-Plan software by using
threshold techniques and were then
manually edited (T.A.F.), if needed. The
shape of each radiation port was digitized
into the system from the simulator image
used for constructing treatment blocks.
Beams were placed by aligning beam cen-
ters and edges with radiopaque catheters
on the skin and by comparing beams-
eye-view projections with simulator films
(T.A.F., R.K., I.I.R.). The COPPER-Plan TP
system used a 3D photon convolution
algorithm for dose computation (10,11),
and all doses were corrected for tissue
density variations.

Geometric Registration of Data Sets

The follow-up images and correspond-
ing TP images were geometrically regis-
tered by using an image alignment pro-
cess based on the method of Antolak et al
(12) (T.A.F., I.I.R.). All CT scans were ob-
tained with the patient’s head first as the
patients lay in a supine position. The ori-
entation of the coordinate system was 1x
toward the patient’s left side, 1z toward
the patient’s anterior side, and 1y to-
ward the patient’s head. Transverse, sag-
ittal, and coronal projection images were
created for each examination. The fol-
low-up images were interactively trans-
lated, scaled, and/or rotated until the
best visual agreement with the TP im-
ages was obtained. Out-of-plane rota-
tions about the patients’ x (left-right)
and z (anteroposterior) axes were as-
sumed to be negligible and were omit-

ted. Agreement was guided by match-
ing lung tissue between image data sets
rather than matching soft tissue, bone,
or skin. During alignment, a 3D coordi-
nate transformation matrix was main-
tained and updated after each change
in the orientation or size of the fol-
low-up data set.

Projection images were created in a
two-step process. First, a portion of the
3D image data set was defined by setting
clipping limits in each direction. Only
voxels within the clipping volume were
used to create the images. High and low
threshold values for the CT numbers
were defined to emphasize specific anat-
omy. To display only the lungs, the CT
number thresholds were set at 100 and
800. To view the soft tissues, the CT
number thresholds were set at 800 and
2,000. In computing the projection im-
ages, the contribution of each voxel was
the smaller of [(CT number) 2 (low
threshold)] or [(high threshold) 2 (CT
number)]. For a sagittal image, CT num-
bers were summed along rows in the x
(left-right) direction. For a coronal image,
CT numbers were summed along col-
umns in the z, or anteroposterior, direc-

tion. For a transverse projection image, a
single transverse section was selected,
and the threshold operation was applied
to the pixels in that section. Each projec-
tion image was displayed at a resolution
of 300 3 300 pixels by using 256 gray
levels.

Image alignment started with coarse ad-
justment using a coronal-sagittal-transverse
registration window (Fig 2). TP images were
shown on the left, and corresponding fol-
low-up images were shown on the right. A
superimposed reference graticule aided in
adjusting image size. The follow-up images
were moved and scaled manually until the
image sets were in approximate alignment.
This window was always open, showing the
current positions of the data sets.

A second window, the three transverse
image window, showing three transverse
projection images was then used to refine
the alignment in the superior-inferior di-
rection (Fig 3). The displayed transverse
images were selected to represent supe-
rior, middle, and inferior regions through
the lungs. Again, TP images were shown
on the left, and corresponding follow-up
images were shown on the right. The fol-
low-up images were computed on the ba-

TABLE 1
RTOG/European Organization for Research and Treatment of Cancer Late
Radiation Morbidity Scoring Scheme for Lung

Grade No. Description

0 No change
1 Asymptomatic or mild symptoms (dry cough), slight radiographic appearance
2 Moderate symptomatic fibrosis or pneumonitis (severe cough), low-grade

fever, patchy radiographic appearance
3 Severe symptomatic fibrosis or pneumonitis, dense radiographic changes
4 Severe respiratory insufficiency, oxygen requirement, assisted ventilation

Note.—From reference 8.

Figure 1. Transverse CT section shows typical fibrosis volumes.
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sis of the current value of the transforma-
tion matrix. Alignment along the y, or
superior-inferior, direction was based on
the locations of the head of the clavicle
and of the sternum and carina.

Final adjustments were made by us-
ing an interactive alignment window
that showed three composite transverse
images in a horizontal panel (Fig 4).
Follow-up images in yellow were super-
imposed onto TP images in gray. The
position and orientation of the fol-
low-up image data relative to the TP
image data were modified interactively
and displayed by using two presenta-
tions. In one presentation, thresholds
were used to emphasize lung tissue in
both image sets (Fig 4). In the second
presentation, an edge image of the fol-
low-up study was superimposed on a
soft-tissue image of the TP study (Fig 5).
Edge images (13) were computed by av-
eraging central differences along the x
and y directions:

FE 5
1
2

uD2x p f u 1
1
2

uD2y p f u, (1)

where

D2x 5 @21 0 1#

is the operator applied in the x direction,

D2y 5 F 1
0

21
G

is the operator applied in the y direction,
f is the input image, and FE is the output
edge image.

During alignment, translations were
computed by changing the offset be-
tween the two images. Rotations were ac-
complished by using an algorithm that
decomposes the two-dimensional rota-
tion matrix into the product of three
shear matrices (14). First, an image is
skewed in the x direction. The resulting
image is then skewed in the y direction.
The final rotated image is obtained by
skewing in the x direction again. For
speed, only the projection images were
changed during interactive alignment,

not the entire underlying follow-up im-
age data set. The individual adjustments
were recorded by continuously updating
a 4 3 4 transformation matrix. Periodi-
cally, new projection images were com-
puted on the basis of the total trans-
formation matrix to eliminate the accu-
mulation of approximation errors. After
alignment was completed, the follow-up
image data and anatomy outlines were
transformed to the TP coordinate system
by using the final value of the 4 3 4
matrix. This produced a data set that con-
tained the CT images, anatomy outlines,
and doses in a single coordinate system.

Lung Physical Density Change
versus Fibrosis

A physical density corresponding to
each CT image voxel was computed from
the attenuation value by using a look-up
table calibrated to the CT scanner and
x-ray energy (120 kVp). The original un-

Figure 2. Example of the coronal-sagittal-transverse registration
window (top to bottom) shows images after data set alignment. Left,
TP images; right, corresponding follow-up images.

Figure 3. Example of the three transverse image registration win-
dows shows images representing the superior, middle, and inferior
regions of the lungs. Left, TP images; right, corresponding follow-up
images. This display was used to verify or adjust alignment in the
superior-inferior direction.
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transformed follow-up data sets were
used to avoid the interpolations of CT
values required in the geometric transfor-
mation process. The true lung physical
density change resulting from irradia-
tion, the difference in physical density in
each voxel before and after irradiation,
was impossible to measure. An approxi-
mation to the unirradiated baseline phys-
ical density value was measured (T.A.F.)
for each patient by using the average
physical density of voxels in the con-
tralateral lung receiving less than 2 Gy.
For each delineated fibrosis volume in
each patient, an average fibrosis physical
density was computed from the physical
densities of the voxels in the volume.
Then, for each patient, the lung tissue
physical density change corresponding
to each fibrosis grade was obtained by
subtracting the baseline physical density
from the average fibrosis volume physical
density. Finally, tissue physical density
changes for the individual patients were
averaged to associate an average tissue
physical density change with each fibro-
sis grade.

Tissue physical density changes were
assigned to ranges corresponding to the
different fibrosis grades. The physical
densities associated with grade 0 (no fi-
brosis) ranged from 0 g/mL to 2 standard
errors less than the mean physical den-
sity associated with grade 1 opacity. The
physical densities associated with grade 1
opacity started at the upper end of the
grade 0 range and ended halfway be-
tween the mean physical densities asso-
ciated with grades 1 and 2 opacity. Sim-
ilarly, the physical densities associated
with grade 2 opacity started at the upper
end of the grade 1 range and ended half-
way between the mean physical densities
associated with grades 2 and 3 opacity.
The physical densities associated with
grade 3 opacity started at the upper end
of the grade 2 range and ended at 2 stan-
dard errors greater than the mean physi-
cal density associated with grade 3 opac-
ity.

Probability of Fibrosis and Lung
Density Change

For probability calculations, doses
were aggregated into 5-Gy intervals. The
probability of observing fibrosis as a
function of dose was computed for each
grade individually and for all grades to-
gether by using Equations 2 and 3 (Ap-
pendix). The probability of measuring a
tissue physical density change of a given
grade as a function of dose was computed
for each patient for each grade individu-

ally and for all grades together by using
Equations 4 and 5 (Appendix). At each

dose level, probabilities were computed
for the individual patients and then av-

TABLE 2
Mean Tissue Physical Density Change in 21 Patients

Patient No.

Tissue Physical Density Change
Baseline Physical

DensityGrade 1 Grade 2 Grade 3

3 0.223 6 0.187 0.471 6 0.206 0.739 6 0.107 0.240
4 . . . 0.125 6 0.133 0.566 6 0.282 0.158
5 0.103 6 0.164 0.225 6 0.204 0.650 6 0.152 0.258
6 . . . 0.591 6 0.218 0.879 6 0.127 0.201
7 0.137 6 0.139 0.351 6 0.218 0.774 6 0.167 0.154
8 0.154 6 0.176 0.448 6 0.251 0.676 6 0.193 0.193
9 0.205 6 0.000 0.320 6 0.229 0.728 6 0.182 0.205

10 0.105 6 0.109 0.408 6 0.218 0.750 6 0.101 0.207
11 0.300 6 0.000 0.370 6 0.228 0.704 6 0.175 0.193
12 0.142 6 0.151 0.427 6 0.226 0.525 6 0.000 0.246
13 0.119 6 0.186 0.245 6 0.223 0.693 6 0.233 0.122
14 0.242 6 0.196 0.527 6 0.266 0.776 6 0.000 0.176
15 0.242 6 0.170 0.363 6 0.233 0.638 6 0.205 0.180
16 0.198 6 0.145 0.500 6 0.181 0.759 6 0.089 0.225
17 0.198 6 0.168 0.373 6 0.228 0.745 6 0.149 0.187
18 0.207 6 0.169 0.358 6 0.230 0.719 6 0.171 0.194
19 0.171 6 0.144 0.308 6 0.189 . . . 0.171
21 0.261 6 0.169 0.434 6 0.205 0.720 6 0.184 0.209
22 0.330 6 0.091 0.484 6 0.246 0.736 6 0.179 0.156
23 0.242 6 0.159 0.494 6 0.235 0.701 6 0.172 0.205
24 0.201 6 0.151 0.311 6 0.223 0.682 6 0.094 0.194

Mean change 0.197 6 0.037 0.361 6 0.047 0.731 6 0.034 0.194 6 0.033

Note.—Data are for each physician-identified radiographic fibrosis grade for each patient and are
in grams per milliliter. The baseline physical density is the average physical density of all voxels in
the contralateral lung receiving less than 2 Gy. For individual patients, the SD is shown. For the
sample mean, the standard error is given.

Figure 5. Example of the interactive alignment registration using a
soft-tissue display of the transverse TP image and an edge display of
the transverse follow-up image. Left, before alignment; right, after
alignment.

Figure 4. Example of the interactive alignment registration window used for final adjustment of
the alignment between the follow-up and transverse TP images. In this example, thresholds were
used to emphasize the lung tissue.
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eraged separately for each fractionation
and chemotherapy combination.

Statistical Analysis

The relationship between tissue physi-
cal density change and physician-identi-
fied fibrosis grade was tested for statistical
significance by using the Student t test. A
P value of .05 was considered to be statis-
tically significant. The probabilities of fi-
brosis and physical density change for
the different treatment protocols were
compared by using paired ratios.

RESULTS

The relationship between physician-
identified radiographic fibrosis and mea-
sured change in tissue physical density is
shown in Table 2. The mean physical
density change within each fibrosis vol-
ume is shown for each patient and for the
group as a whole. The large variation in
physical density changes within each
grade of fibrosis reflects the subjective na-
ture of the scoring system. For the group
as a whole, the physical density changes
associated with fibrosis grades 1, 2, and 3
were 0.197 g/mL 6 0.037 (standard er-
ror), 0.361 g/mL 6 0.047, and 0.731
g/mL 6 0.034, respectively. The mean
baseline physical density was 0.194
g/mL 6 0.033. The tissue physical den-
sity changes associated with the clinical
grades were statistically different (Stu-
dent t test, P , .05). The mean values and
their uncertainties are also shown in Fig-
ure 6, along with the divisions between

the physical density change grades. Phys-
ical density changes greater than 0.799
g/mL were considered to be anomalies
resulting from inexact registration of TP
and follow-up images.

For analysis, patients were divided into
three treatment groups: conventional
fractionation with PE chemotherapy (n 5
8), accelerated fractionation with PE che-
motherapy (n 5 8), or accelerated frac-
tionation with PIE chemotherapy (n 5 5).
Doses greater than 55 Gy were omitted
because they occurred in only two pa-
tients.

Probability of Fibrosis

The probabilities of observing each
grade of fibrosis individually (Eq [2]) and
all grades combined (Eq [3]) are shown in
Figure 7 as functions of dose for all pa-
tients individually. The large interpatient
variability in response is evident. For sev-
eral patients, the probability of fibrosis
decreased unexpectedly at doses greater
than 45 Gy because of the inexact align-
ment of the TP and follow-up images,
missed voxels in the outlining process, or
both.

For each dose level, the individual pa-
tient probabilities were averaged for the
different fractionation and chemother-
apy combinations (Fig 8 and Table 3).
When the dose was limited to less than
30 Gy, the average probability of observ-
ing fibrosis was less than 2% for the con-
ventional fractionation and less than 4%
for the accelerated fractionation. At doses
of 50–55 Gy, this probability increased to

24.7% for conventional fractionation,
55.0% for accelerated fractionation with
PE chemotherapy, and 18.6% for acceler-
ated fractionation with PIE chemother-
apy. For doses of 30–55 Gy, the probabil-
ity of fibrosis was correlated with
increasing dose for the conventional frac-
tionation plus PE chemotherapy combi-
nation (r 5 0.932, Pc ' 0.02) and for the
accelerated fractionation plus PE chemo-
therapy combination (r 5 0.954, Pc '
0.01), where Pc is the probability that the
data are not correlated. Accelerated frac-
tionation plus PIE chemotherapy showed
a trend toward increasing probability of
fibrosis with dose, but the correlation was
not statistically significant, probably be-
cause of the small sample size.

For the patients receiving PE chemo-
therapy, fibrosis was more likely with ac-
celerated fractionation. For doses of
30–55 Gy, the average probability of any
grade fibrosis with the accelerated frac-
tionation schedule was 2.00 6 0.34 times
higher than that with conventional frac-
tionation, and this ratio was significantly
greater than one (paired ratios, Student t
test, P , .005). The probability of fibrosis
from the accelerated fractionation plus
PIE chemotherapy regimen more closely
matched the conventional fractionation
plus PE protocol but was not statistically
different from either of the others.

Probability of Tissue Physical
Density Change

The probabilities of observing tissue
physical density changes showed pat-
terns similar to those of the probabilities
of observing fibrosis, but the differences
between the fractionation chemotherapy
combinations were not statistically sig-
nificant. The probabilities for each grade
individually (Eq [4]) and all grades com-
bined (Eq [5]) as functions of dose are
shown in Table 4 and Figure 9. For doses
of 30–55 Gy, the probability of observing
a physical density change increased with
increasing dose, but the correlation was
not statistically significant because of the
large uncertainties. The probabilities of
tissue physical density changes at doses
greater than 30 Gy were not significantly
different for the three treatment combi-
nations (paired ratios, Student t test).

DISCUSSION

The probability of observing radio-
graphic lung fibrosis in the current study
was found to increase with dose greater
than a threshold of 30–35 Gy, similar to
the result reported by Geara et al (2),

Figure 6. Graph shows the mean physical density change corre-
sponding to each physician-identified radiographic fibrosis grade.
Dashed lines separate ranges of tissue physical density changes asso-
ciated with the different grades of fibrosis. Error bars 5 61 standard
error.
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which was an apparent threshold for fi-
brosis at 30–40 Gy. Geara et al (2) also
found that for doses greater than 40 Gy,
accelerated fractionation produced a
higher incidence of grade 3 fibrosis com-
pared with conventional fractionation.
We used more accurate 3D alignment of
the delivered dose to the follow-up im-
ages and separated the patients into three
fractionation and chemotherapy sched-
ules. Consequently, we found that the
risk and severity of fibrosis depended on
the chemotherapy, as well as on the frac-
tionation and dose. For the PE chemo-
therapy, the probability of any grade fi-
brosis was twice as great for accelerated
fractionation as for conventional frac-
tionation. With PIE chemotherapy, the
accelerated fractionation produced less
fibrosis and more closely approximated
the conventional fractionation with PE
chemotherapy. The consistency of our
results with those of Geara et al (2) is due
in part to the use of the same patient
data. In addition, we eliminated poten-
tial observer bias by having the fibrosis
volumes delineated without concurrent
knowledge of the dose distribution.

We found that the change in lung tis-
sue physical density was strongly corre-
lated with the grade of physician-identi-
fied radiographic fibrosis. It was expected
that changes in tissue physical density
would correlate better to dose than
would physician-identified grade, but
they did not. This is probably because
lung tissue is not homogeneous. Bronchi-
oles and associated blood vessels intro-
duce soft-tissue opacities at all dose lev-
els; these opacities fall in the grades 1 and
2 opacity ranges. We found many voxels
that received doses less than 5 Gy and
registered physical density changes in
ranges corresponding to fibrosis. These
voxels corresponded to normal unit
physical density tissues in the lung (eg,
the bronchi) and did not represent true
physical density changes; they only ap-
peared to have physical density changes
because a single global baseline physical
density value was used.

Delineation of fibrosis volumes on CT
images is very difficult. Fibrosis volumes
usually do not have sharply defined edg-
es; this is especially true for the lower
grades. Furthermore, the uninvolved
lung often has an abnormal appearance
because of concomitant disease or func-
tional compensation for the involved
lung. Consequently, the absolute physi-
cal density of fibrosis is not uniform
among patients, and there are large
variations in baseline physical density
(0.122–0.258 g/mL in the current study).

Figure 7. Graph shows the probability of physician-identified radiographic grade 1, 2, or 3
fibrosis or any fibrosis as a function of dose for each patient. The large interpatient response
variability is evident. For several patients, the probability of fibrosis unexpectedly decreased at
doses greater than 45 Gy because of the inexact alignment of the TP and follow-up images, missed
voxels in the outlining process, or both. bid 5 twice-daily treatment, conv 5 conventional
(once-daily) treatment.

Figure 8. Graph shows the average probability of occurrence of physician-identified radio-
graphic grade 1, 2, or 3 fibrosis or any fibrosis as a function of dose for each fractionation and
chemotherapy combination. For doses of 30–55 Gy and PE chemotherapy, the risk of fibrosis (any
grade) with the accelerated fractionation schedule was 2.01 6 0.34 times higher than that with
conventional fractionation (P , .005). The probability of fibrosis with the PIE chemotherapy was
not statistically different from either of the other schedules. bid 5 twice-daily treatment, conv 5
conventional (once-daily) treatment. Error bars 5 61 standard error.
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The accuracy of correspondence be-
tween dose and effect (incidence of fibro-
sis and degree of tissue physical density
change) depends on the accuracy of the
registration process. Some difficulties in
aligning pretreatment lung volumes with
posttreatment lung volumes are unavoid-
able. They arise from changes in the anat-
omy caused by tumor shrinkage, con-
traction of normal tissues (eg, lung pa-
renchyma and pleura) from the radia-
tion-induced fibrosis, and compensatory
changes in uninvolved and/or untreated
lung tissue. Other alignment problems
existed for the patients in the current
study. The follow-up images were not ob-
tained with the patient in the treatment
position, the TP images did not always
include the entire lung volume, and dif-
ferent breathing methods were used dur-
ing scan acquisition. It appeared that the
benefits of computer-assisted 3D registra-
tion of dose to anatomy did not compen-
sate for the inherent differences in the
image sets and the large interpatient vari-
ations.

In conclusion, tissue physical density
changes computed from CT correlated
well with physician-identified radio-
graphic fibrosis, and both increased with
increasing dose greater than a threshold
of 30–35 Gy. With concurrent PE chemo-
therapy, the probability of fibrosis after
radiation therapy for limited small-cell
lung cancer was twice as great with accel-
erated fractionation as with once-daily
fractionation.

APPENDIX

Probabilities of Fibrosis

The probability of observing a specific
grade of clinical fibrosis was calculated as
a function of dose based on voxel counts
as follows:

P~Fi, d! 5 the probability of observing

fibrosis grade i from dose d

5 N~Fi, d!/N~T, d! (A1)

P~FT, d! 5 the probability of observing

any fibrosis from dose d

5 O
i 5 1

3

P~Fi, d!, (A2)

where N(Fi, d) 5 the number of voxels in
fibrosis volume of grade i receiving dose
d, and N(T, d)5 the total number of vox-
els in the lung receiving dose d. Doses
were aggregated into 5-Gy intervals start-
ing at 0 Gy.

TABLE 3
Mean Probabilities of Fibrosis for Highest Dose Levels

Dose (Gy)

Probability of Fibrosis, any Grade*

Conventional
Fractionation 1 PE

(n 5 8)

Accelerated
Fractionation 1 PE

(n 5 8)

Accelerated
Fractionation 1 PIE

(n 5 5)

30.0–34.9 1.8 6 0.6 3.7 6 2.0 3.6 6 1.8
35.0–39.9 1.9 6 0.8 8.4 6 3.3 7.3 6 2.7
40.0–44.9 6.4 6 1.2 13.5 6 4.3 9.3 6 2.9
45.0–49.9 22.7 6 5.3 38.8 6 7.5 25.1 6 6.4
50.0–54.9 24.7 6 5.9 55.0 6 13.1 18.6 6 8.3

Note.—Patients are separated into three groups according to fractionation and chemotherapy.
* Means 6 standard errors are percentages.

TABLE 4
Mean Probabilities of Physical Density Changes for the Highest Dose Levels

Dose (Gy)

Probability of Physical Density Change, any Grade*

Conventional
Fractionation 1 PE

(n 5 8)

Accelerated
Fractionation 1 PE

(n 5 8)

Accelerated
Fractionation 1 PIE

(n 5 5)

30.0–34.9 5.8 6 1.2 6.2 6 2.5 8.3 6 2.3
35.0–39.9 7.5 6 1.2 5.6 6 2.9 13.0 6 3.1
40.0–44.9 12.8 6 1.4 8.9 6 3.4 15.8 6 2.9
45.0–49.9 17.9 6 3.3 24.9 6 6.9 22.7 6 2.8
50.0–54.9 17.5 6 3.9 42.4 6 12.8 28.1 6 1.1

Note.—Patients are separated into three groups according to fractionation and chemotherapy.
* Means 6 standard errors are percentages.

Figure 9. Graph shows the probability of measuring a given physical density change as a
function of dose for each fractionation and chemotherapy schedule. The results for the three
combinations are not statistically different. The probability of observing a physical density
change becomes significant above a threshold of 30–35 Gy. bid 5 twice-daily treatment, conv 5
conventional (once-daily) treatment. Error bars 5 61 standard error.
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Probabilities of Lung Physical
Density Change

The probability of measuring a specific
grade of lung physical density change
was calculated as a function of dose on
the basis of voxel counts as follows:

P~Dri, d! 5 the probability of measuring

a lung physical density

change of grade i from dose d

5 N~Dri, d) / N(T, d) (A3)

P~DrT, d! 5 the probability of observing

a physical density change

of any grade from dose d

5 O
i 5 1

3

P~Dri, d!, (A4)

where N(Dri, d)5 the number of voxels
with physical density change of grade i
receiving dose d.

Doses were aggregated into 5-Gy inter-
vals starting at 0 Gy.

References
1. Turrisi AT, Kyungmann K, Blum R, et al.

Twice-daily compared with once-daily
thoracic radiotherapy in limited small-
cell lung cancer treated concurrently with
cisplatin and etoposide. N Engl J Med
1999; 340:265–271.

2. Geara FB, Komaki R, Tucker SL, Travis EL,
Cox JD. Factors influencing the develop-
ment of lung fibrosis after chemoradia-
tion for small cell carcinoma of the lung:
evidence for inherent interindividual
variation. Int J Radiat Oncol Biol Phys
1998; 41:279–286.

3. Libshitz HI. Radiation changes in the
lung. Semin Roentgenol 1993; 28:303–
320.

4. Davis SD, Yankelevitz DF, Henschke Cl.
Radiation effects on the lung: clinical fea-
tures, pathology, and imaging findings.
AJR Am J Roentgenol 1992; 159:1157–
1164.

5. Libshitz HI, Shuman LS. Radiation-in-
duced pulmonary change: CT findings.
J Comput Assist Tomogr 1984; 8:15–19.

6. Van Dyk J, Hill RP. Post-irradiation lung
density changes measured by computer-
ized tomography. Int J Radiat Oncol Biol
Phys 1983; 9:847–852.

7. Nicholas D, Down JD. The assessment of
early and late radiation injury to the
mouse lung using x-ray computerised to-

mography. Radiother Oncol 1985; 4:253–
263.

8. Cox JD, Stetz J, Pajak TF. Toxicity criteria
of the Radiation Therapy Oncology
Group (RTOG) and the European Organi-
zation for Research and Treatment of
Cancer (EORTC). Int J Radiat Oncol Biol
Phys 1995; 31:1341–1346.

9. Starkschall G, Bujnowski S, Wang L, et al.
A full three-dimensional radiotherapy
treatment planning system (abstr). Med
Phys 1991; 18:647.

10. Boyer AL, Mok EC. Calculation of photon
dose distributions in an inhomogeneous
medium using convolutions. Med Phys
1986; 13:503–509.

11. Zhu Y, Boyer AL, Desobry GE. Dose dis-
tributions of x-ray fields as shaped with
multileaf collimators. Phys Med Biol
1992; 37:163–174.

12. Antolak JA, Rosen II, Childress CH, Zagars
GK, Pollack A. Prostate target volume
variations during a course of radiother-
apy. Int J Radiat Oncol Biol Phys 1998;
42:661–672.

13. Rosenfeld A, Kak AC. Digital picture pro-
cessing. Vol 2. Orlando, Fla: Academic
Press, 1982.

14. Paeth A. A fast algorithm for general ras-
ter rotation. In: Glassner A, ed. Graphic
gems. Cambridge, Mass: Academic Press
Professional, 1990; 179–190.

622 z Radiology z December 2001 Rosen et al


