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LINICAL INVESTIGATION Lung

REGIONAL DIFFERENCES IN LUNG RADIOSENSITIVITY AFTER
RADIOTHERAPY FOR NON–SMALL-CELL LUNG CANCER

YVETTE SEPPENWOOLDE, PH.D., KATRIEN DE JAEGER, M.D., M.SC.,
LIESBETH J. BOERSMA, M.D., PH.D., JOSÉ S. A. BELDERBOS, M.D., AND

JOOS V. LEBESQUE, M.D., PH.D.

Department of Radiotherapy, The Netherlands Cancer Institute, Antoni van Leeuwenhoek Hospital, Amsterdam, The Nethe

Purpose: To study regional differences in lung radiosensitivity by evaluating the incidence of radiation pneu-
monitis (RP) in relation to regional dose distributions.
Methods and Materials: Registered chest CT and single photon emission CT lung perfusion scans were obtained
in 106 patients before curative or radical radiotherapy for non–small-cell lung cancer. The mean lung dose
(MLD) was calculated. The single photon-emission CT perfusion data were used to weigh the MLD with
perfusion, resulting in the mean perfusion-weighted lung dose. In addition, the lungs were geometrically divided
into different subvolumes. The mean regional dose (MRD) for each region was calculated and weighted with the
perfusion of each region to obtain the mean perfusion-weighted regional dose. RP was defined as respiratory
symptoms requiring steroids. The incidence of RP for patients with tumors in a specific subvolume was
calculated. The normal tissue complication probability (NTCP) parameter values for the TD50, and an offset
NTCP parameter for tumor location were fitted for both lungs and for each lung subvolume to the observed data
using maximum likelihood analysis.
Results: The incidence of RP correlated significantly with the MLD and MRD of the posterior, caudal, ipsilateral,
central, and peripheral lung subvolumes (p between 0.05 and 0.002); no correlation was seen for the anterior,
cranial, and contralateral regions Similarly, a statistically significant correlation was observed between the
incidence of RP and the perfusion-weighted MLD and perfusion-weighted MRD for all regions, except the
anterior lung region. For this region, the dose–effect relation improved remarkably after weighting the local dose
with the local perfusion. A statistically significant difference (p � 0.01) in the incidence of RP was found between
patients with cranial and caudal tumors (11% and 40%, respectively). Therefore, a dose-independent offset
NTCP parameter for caudal tumors was included in the NTCP model, improving most correlations significantly,
confirming that patients with caudal tumors have a greater probability of developing RP.
Conclusion: The incidence of RP correlated significantly with the MLD and MRD of most lung regions, except
for the anterior, cranial, and contralateral regions. Weighting the local dose with the local perfusion improved
the dose–effect relation for the anterior lung region. Irradiation of caudally located lung tumors resulted in a
greater risk of RP than irradiation of tumors located in other parts of the lungs. © 2004 Elsevier Inc.
Radiation pneumonitis, NTCP, Lung cancer, Radiotherapy.
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INTRODUCTION

stimation of the probability of developing radiation pn
onitis (RP) after treatment with high-dose radiother

RT) is important for patients with inoperable non–sm
ell lung cancer (NSCLC). RP is a severe complication
ccurs within the first 6 months after RT and may

ife-threatening. Clinical symptoms range from fever, d
nea, and cough to death from respiratory failure. The
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f developing RP limits the maximal radiation dose that
e safely delivered to thoracic tumors. Knowledge of
elationship between the three-dimensional dose dist
ion and the incidence of RP is essential for designin
reatment plan that maximizes the tumor dose and m
izes the normal tissue complication probability (NTC
ost theoretical models that have been developed to
ate the risk of RP were based on three-dimensional
istributions (1–8). Dose–volume histograms were c
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749Differences in regional radiosensitivity of lung ● Y. SEPPENWOOLDE et al.
tructed considering either each lung as a single organ or
oth lungs as one organ. These models, however, do not
ake into account possible spatial differences in lung radi-
sensitivity. Graham et al. (9) found in a study of 70 lung
ancer patients that the incidence of RP correlated with the
ocation of the tumor, irrespective of the dose–volume pa-
ameters. Patients with lower lobe tumors had a much
reater risk of RP than those with upper lobe tumors. In a
ore recent study by Yorke et al. (10), commonly used

osimetric and NTCP models were used to evaluate possi-
le regional differences in radiosensitivity. Equally strong
orrelations were found between RP and mean doses in the
ower portion of the lungs and the ipsilateral lung, but not
ith the mean dose in the upper portion or contralateral

ung.
Also the results in animal models have indicated that the

audal lung regions are more sensitive to radiation. Graham
t al. (8), Moiseenko et al. (11), and Travis et al. (12) found
hat the lung base of mice is more sensitive than the apex
sing either breathing rate or lethality as assays of RP. In
ddition, Khan et al. (13) reported that irradiation of the
ower lung resulted in more DNA damage than irradiation
f the upper lung in rats.
The purpose of this study was to analyze the regional

ifferences in lung radiosensitivity by determining the re-
ional dose–effect relations for RP. Therefore, we fitted the
TCP parameter values of TD50, m, and an offset NTCP
arameter for tumor location (14) for several different lung
egions to the observed incidence of RP in a large group of
atients treated for lung cancer. To study whether regional
ifferences in function (as assessed by registered single
hoton emission CT [SPECT] lung perfusion scans) influ-
nced the NTCP parameter values, we reanalyzed the data
fter weighting the locally delivered radiation dose with the
ocal perfusion.

METHODS AND MATERIALS

A total of 106 patients with medically inoperable or
ocally advanced NSCLC and good prognostic factors
weight loss �10%, Eastern Cooperative Oncology Group
erformance status �2) were included in this study (Table
). The eligibility criteria were the presence of visible tumor
n a diagnostic chest CT scan, availability of CT and
PECT scans before RT (all acquired in the treatment
osition, which was supine with the arms raised above the
ead in a forearm support), and a minimal follow-up of 6
onths. Of these 106 patients, 58 were treated with con-

entional doses (49.5–70 Gy, 2 Gy/fraction) and 48 were
reated according to the protocol of a dose-escalation study
15), with doses between 60.8 and 94.5 Gy (2.25 Gy/
raction). Thirty-six patients received elective nodal RT and
0 received involved-field RT. Most patients were treated
ith two to five coplanar nonintensity-modulated beams.
ll treatments were delivered using 8-MV photons. Only 6
f 106 patients received chemotherapy with an interval of at
east 4 weeks until the start of RT. The scheme consisted of
platinum compound combined with gemcitabine. The
ocal hospital ethics committee approved the study and all
atients provided written informed consent.

ata acquisition
Before RT, SPECT lung perfusion and chest CT scans

ere obtained. In this study, lung perfusion was considered
o be representative of the regional functionality of the lung.
o obtain lung SPECT perfusion scans, 99mTc-labeled al-
umin microaggregates were injected intravenously. The
elatively large albumin is trapped in the small capillaries in
he lungs. For SPECT acquisition, a dual-head gamma cam-
ra (ADAC Genesys or ADAC Vertex) equipped with me-
ium-energy general-purpose collimators was used. After
dministration of about 4 mCi of 99mTc-macroaggregated
lbumin to the patient in the supine position, SPECT lung
erfusion scans were made (scan time approximately 15
in). The scans were reconstructed using filtered back

rojection with software provided by the manufacturer. The
umber of voxels was 64 � 64 � 64, and the voxel size was
pproximately 6 � 6 � 6 mm3. The resolution of the
econstructed SPECT images was 20–25 mm (full width at
alf maximum), as measured with a line source filled with
9mTc. All local SPECT values were normalized to the
verage number of SPECT counts, as described previously
16).

Table 1. Patient, tumor, and treatment characteristics

ender (n)
Male 79
Female 27

ge (y)
Median 73
Range 37–88

erformance status (ECOG) (n)
0–1 94
2 12

moking history (n)
Nonsmoker 8
Former smoker 69
Current smoker 29

hronic obstructive pulmonary disease (n)
Yes 58
No 48

revious lung surgery (n) 3
ardiac morbidity (n) 16
umor stage (n)
I (IA/IB) 29 (13/16)
II (IIA/IIB) 17 (2/15)
III (IIIA/IIIB) 60 (33/27)

TV before RT (cm3)
Mean 111.7
Range 2–901

T dose to GTV (Gy)
Mean 72.7
Range 49.5–92.5

hemotherapy before RT (n) 6
T alone (n) 100

Abbreviations: ECOG � Eastern Cooperative Oncology Group;
TV � gross tumor volume; RT � radiotherapy.
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A CT scan with a 5-mm slice thickness was made within
week of the accompanying SPECT scan, with the patient

n the same position (CT scanners used included Siemens,
omatom Plus, or General Electric LX1). Both CT and
PECT acquisition were performed under normal breathing
onditions (no “breathhold” procedure) and included the
ntire lung volume.

ung contour matching
To obtain lung contours, the CT images were segmented

y binary thresholding. The threshold value was chosen at a
ensity of 0.7 g/mL. The gross tumor volume (GTV) was
xcluded from the lung volume. For correlation of the CT
nd SPECT scans, chamfer matching (17) was applied to the
ung contours. The lung contours from SPECT were con-
tructed by segmenting the lung perfusion scans by binary
hresholding using an adjustable threshold. During match-
ng with the lung contours in the CT scan, the best fitting
hreshold was obtained. After correlating the SPECT lung
erfusion scans with the CT images, a first order Chang-like
18) attenuation correction (19) was applied to the SPECT
erfusion scans using the CT density inhomogeneities.

ose calculation
Computed tomography–based dose calculations were

erformed, as described previously (20), using a three-
imensional treatment planning system (U-MPlan, Univer-
ity of Michigan), with tissue inhomogeneity correction
ased on an equivalent pathlength algorithm. For inhomo-
eneous dose distributions, the dose per fraction differs
reatly for different regions of the lungs. To take this
ose/fraction effect into account, the physical dose distri-
ution was converted into the normalized total dose distri-
ution (21), using the linear-quadratic model with an �/�
atio of 3 Gy (22). The normalized total dose is defined as

Fig. 1. Schematic overview of construction of different
details and also Table 4.
he total biologic equivalent dose given in fractions of 2 Gy
23). All radiation doses in the data presented in this paper
ere biologic equivalent doses.

omplications
The severity of RP occurring in the first 6 months after

reatment was scored according to the Southwest Oncology
roup toxicity criteria. Grade 1 (mild) RP applies when

nfiltrative radiographic changes within the radiation field
on chest X-ray or CT scan) are observed or symptoms
evelop that do not require steroids. Grade 2 (moderate) is
cored when treatment with steroids is required. For Grade
(severe), oxygen is needed, and for Grade 4 (life-threat-

ning), assisted ventilation is required because of persistent
ough and/or dyspnea complaints. For all patients the fol-
ow-up time was at least 6 months. Because the scoring of
rade 1 RP is clinically irrelevant and unreliable, the end-
oint of this study was RP of Grade 2 or worse. Grade 2 RP
ccording to the Southwestern Oncology Group corre-
ponds to Grade 3 according to the Radiation Therapy
ncology Group scoring system (10).

ose–volume parameters of total lung and subvolumes
We have previously reported that the incidence of RP

trongly depends on the dose distribution, with no relation
o the prescribed dose (14). Also, the fraction sizes used (2
nd 2.25 Gy) have too little variation to evaluate the impact
f fraction size on the risk of RP.
First, we determined the dosimetric parameters consider-

ng both lungs as one organ. The mean lung dose (MLD)
as defined as the average dose throughout the total lung
olume minus the GTV. Subsequently, the MLD was
eighted with the local perfusion resulting in the mean
erfusion-weighted lung dose (MpLD).
In each patient, the total lung volume was also divided

egions in (A) frontal and (B) axial views. See text for
lung r
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nto several regions (Fig. 1). The ipsilateral lung was de-
ned as the lung containing the largest fraction of the GTV.
he opposite lung was defined as contralateral. The linear
istance between the most cranial and caudal voxels con-
aining lung tissue in the CT scan was measured, and a plane
alfway between them was defined to obtain the cranial and
audal lung subvolumes. Similarly, the distance between the
ost anterior and posterior voxels containing lung tissue
as measured, and a plane halfway divided the lung into the

nterior and posterior lung subvolumes. Furthermore, two
lanes were defined at 25% and 75% between the most left
nd right lung voxels to determine the central and peripheral
ung regions. These geometrically defined lung subvolumes
re complementary but do not correspond to the anatomic
obes of the lung, and the volumes of the opposite regions
re not necessarily equal.

In each patient, we calculated for each lung subvolume
he mean regional dose (MRD). The mean regional perfu-
ion was calculated by averaging the local perfusion over all
oxels within that region. The mean perfusion-weighted
egional dose (MpRD) was calculated by first multiplying
he local dose with the local perfusion.

The position of the GTV was determined in relation to the
bove-mentioned regions. A tumor was considered to be in
certain region if the bulk of the GTV was located in that

egion. If the GTV volume was located on more than three
T slices in the opposite region, the location was defined as
halfway.”

ormal tissue complication probability
The NTCP was calculated from the MLD, MpLD, MRD,

r MpRD, assuming a sigmoid (integrated normal distribu-
ion) relation between the complication and MLD, MpLD,

RD, or MpRD:

NTCP �
1

�2� �
��

t

e
�x2

2 dx � offset parameter

ith

t �
M(p)RD � TD50

m · TD50

The shape of the NTCP relation is determined by three
arameters (14): TD50, m, and an offset. TD50 represents the
ose that will cause a 50% complication rate (without the
ffset). The parameter m is the slope parameter (steepness
f the curve increases with decreasing m). In this article, a
ose-independent offset NTCP parameter was used to ac-
ount for tumor location.

tatistical analysis
First, we studied whether a statistically significant differ-

nce in the incidence of RP was present between patients
ith tumors in opposite lung regions, using a chi-square
est. In addition, we tested whether differences existed in the
LD and MpLD between patients with tumors in opposite

ung regions using the two-tailed t test.
Regional differences in perfusion were tested using the

aired two-tailed t test. The correlation between the MRD
nd MLD was tested by calculating the Pearson correlation
oefficient. Subsequently, for each region, we studied
hether the MRD correlated with the incidence of RP.
herefore, we fitted the NTCP model to the observed data

or the whole lung and for the different subvolumes. In a
aximum likelihood analysis (5), the best fitting parameter

alues were those for which the likelihood function L has a
aximum. The value of L is a measure for the agreement

etween the measured results and the results as predicted by
he model, which, in our case, were the NTCP values
alculated from the associated MRDs. Given the model
arameter values for a data set containing N patients, the
-associated NTCP values Pi (i � 1..N) can be calculated.
ach patient in the data set has an associated measured
ndpoint ep, which is either 0 or 1. The expression for the
atural logarithm of the likelihood function L is

n(L) � ln ��
i�1

N

Li� � �
i�1

N

ln(Li)

� �
i�1

N

[epi ln(Pi) � (1 � epi)ln(1 � Pi)]

Fitting of the model was performed by automatically
djusting TD50, m, and the offset to maximize ln(L) using
he Excel Solver Add-In. The significance of these relation-
hips was determined with binary logistic regression using
tatistical Package for the Social Sciences, version 9 (site

icense). To calculate the impact of the offset, a likelihood
atio test was performed (24) by comparing the maximal log
ikelihood values of the model with the offset to that of the
odel without the offset. Adding an extra parameter (degree

f freedom) to a model will always result in an increase of
he maximal log likelihood. To correct for this effect, an
ncrease in the maximal log likelihood was only considered
tatistically significant when this value was equal to or
arger than one-half of the �2 value associated with a con-
dence level of 0.05 and one extra degree of freedom (24).

RESULTS

Of the 106 patients with NSCLC enrolled in this study, 17
eveloped RP of at least Grade 2, corresponding to a crude
ncidence of 16%. One patient experienced a Grade 3 and
nother patient a Grade 4 complication within 6 months of
ollow-up.

umor location
The tumor location was not distributed equally over the

ifferent lung regions (Table 2). In 15 patients only, the
umor was located in the caudal lung region. In 6 of these
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atients, RP occurred, corresponding to an incidence of
0%. This incidence was significantly greater (p � 0.01)
han for those with tumors located in the middle and cranial
art of the lungs (incidence 16% and 11%, respectively).
his difference could not be explained by a difference in the
LD, because the MLD was similar for these groups (Table

). The MpLD, however, was somewhat greater for patients
ith caudal tumors than for patients with cranial tumors (16
y vs. 13 Gy, p � 0.05). Although patients with central and
eripheral tumors had a similar incidence of RP, the MLD
nd the MpLD were significantly greater (p � 0.001 and p

0.05, respectively) in patients with central tumors than in
hose with peripheral tumors. For patients with tumors lo-
ated in the other opposite regions (left vs. right, anterior vs.
osterior), neither the incidence of RP nor the MLD and
pLD were significantly different statistically (Table 2).

egional perfusion
The mean local perfusion in different lung regions was

alculated for all patients (Table 3). The mean perfusion,
veraged over all patients, was greater in the contralateral,
eripheral, and posterior lung regions than in the ipsilateral,

Table 2. Comparison of incidence of RP, MLD, and M

Tumor localization
Tumors

(n)

Patients with
RP Grade

�2 (n)
R

nterior 23 2
alfway 30 5
osterior 53 10
ranial 72 8
alfway 19 3
audal 15 6
eft 44 7
ight 62 10
entral 57 10
alfway 27 3
eripheral 22 4

Abbreviations: RP � radiation pneumonitis; MLD � mean lun
Data presented as average value, with SD in parentheses, unles
Difference in incidence of RP between opposite lung regions te
* Statistically significant at p � 0.05.

Table 3. Mean perfusion in different lung regions averaged over
all patients

Region
Mean regional

perfusion p

nterior 0.85 (0.12) �0.001
osterior 1.10 (0.08)
ranial 0.98 (0.19) 0.15
audal 1.03 (0.18)

psilateral 0.88 (0.20) �0.001
ontralateral 1.11 (0.26)
entral 0.96 (0.10) �0.001
eripheral 1.04 (0.08)

Data presented as average value, with SD in parentheses.
entral, and anterior lung regions (p � 0.001). Between the
ranial and caudal lung regions, there could be large differ-
nces in individual patients, but, on average, the difference
n the mean regional perfusion was not statistically signif-
cant (p � 0.15). The average difference was largest be-
ween the anterior and posterior and ipsilateral and con-
ralateral lung regions (Table 3). Because the volumes of the
pposite lung regions were not equal (Table 4), the average
erfusion of two opposite regions was not necessarily equal
o 1 (Table 3).

ean regional dose
The mean lung dose MLD for the entire lung volume was

6 Gy, averaged over all patients. The ipsilateral lung had
he highest MRD (26 Gy) and the contralateral the lowest (6
y; Table 4), because beam incidences were often chosen

uch that RT of the contralateral lung was avoided. The
ifferences between the other lung regions were smaller,
ith the cranial region having a greater MRD than the

audal and the central subvolumes having a greater MRD
han the peripheral (Table 4). This was because most tumors
ere situated in the regions that received a greater mean
ose. The anterior and posterior lung regions had, on aver-
ge, almost the same mean dose, although more tumors
ere located in the posterior region (Table 2). In all regions,

he MRD correlated significantly with the MLD; the corre-
ation was best for the posterior region (r2 � 0.93; Fig. 2A)
nd worst for the cranial and caudal regions (r2 � 0.64 and
.59, respectively; Fig. 2B)

ean perfusion-weighted regional dose
The MpLD was, on average, 14 Gy and slightly lower

han the average MLD. The MpRDs were, on average,
ower than the MRDs (Table 4), because perfusion defects
ere usually localized near the tumor and received a high
ose. Well-perfused regions (e.g., in the contralateral lung)
ften received a lower dose or no dose at all. For some of

etween patients with tumors in opposite lung regions

ence
p

Average MLD
(Gy)

Average MpLD
(Gy)

17 (5) 15 (5)
0.5 17 (5) 15 (5)

15 (5) 14 (5)
15 (5) 13 (5)

0.01* 17 (4) 16 (4)
15 (5) 16 (5)

1 16 (5) 15 (4)
16 (5) 14 (5)
17 (5) 15 (5)

0.7 16 (5) 16 (5)
12 (5) 12 (5)

; MpLD � mean perfusion-weighted lung dose.
rwise noted.
sing chi-square test.
pLD b

P incid
(%)

9
17
19
11
16
40
16
16
18
11
18

g dose
s othe
sted u
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he lung regions, the MpRD, averaged over all patients, was
ower than, and for others it was equal, to, the MRD (Table
). For individual cases, the MpRD could be greater than the
RD, but, on average, the MpRD was lower than the MRD

n the irradiated areas, because perfusion of lung tissue
djacent to the tumor was often reduced.

adiation pneumonitis
Good correlations between the MLD or MpLD and the

ncidence of RP were observed for the whole lung (Fig. 3A,
). The MRD in the posterior, caudal, ipsilateral, and both
entral and peripheral lung regions correlated significantly
p varied from 0.05 [central] to 0.002 [posterior] with the
ncidence of RP (Fig. 3 and Table 4). For the anterior,
ranial, and contralateral lung, no correlation was observed
etween the MRD and the incidence of RP. To account for
he influence of a greater RP incidence in patients with
umors in the lower lung region, an offset NTCP parameter
as included in the NTCP model for patients with caudal

umors. The inclusion of an offset resulted in a significantly
etter fit of the model to the patient data for a number of
ung regions. The parameter values and p values of the fitted
TCP curves and the offset NTCP parameter for caudal

Table 4. Parameter values of

Region/volume (L)
Dose

parameter MpRD (Gy) T

ntire lung/4.3 (1.3) MLD 16 (5)

MpLD 14 (5)
nterior/1.8 (0.7) MRD 17 (7)

MpRD 13 (6)

osterior/2.5 (0.8) MRD 15 (5)

MpRD 15 (6)

ranial/2.0 (0.8) MRD 23 (9)
MpRD 19 (8)

audal/2.3 (0.8) MRD 10 (7)
MpRD 10 (8)

psilateral/2.1 (0.7) MRD 26 (9)

MpRD 22 (9)
ontralateral/2.2 (0.8) MRD 6 (4)

MpRD 6 (5)
entral/2.1 (0.7) MRD 19 (7)

MpRD 16 (6)

eripheral/2.2 (0.7) MRD 13 (5)
MpRD 12 (6)

Abbreviations: MRD � mean regional lung dose; MpRD � me
Data in parentheses are SD.
* Corresponding p values for parameter values for each lung re
† p values for regions for which an offset parameter included fo

arameters including this offset parameter are given.
‡ Statistically significant at p � 0.05.
umors (if significant) with corresponding p values are given
n Table 4. In the analysis for the whole lung, the offset
TCP parameter was 28%, indicating that patients with

audal tumors had a 28% greater incidence of RP, irrespec-
ive of the MLD. The effect of this offset for the whole lung
s illustrated in Fig. 4. The offset NTCP parameter is only
alid in the studied dose range.
When the MpRD was used, similar results were again

ound for the whole lung (Fig. 3B) and for most subvolumes
Table 4). The MpRD of the posterior, ipsilateral, central,
nd peripheral regions showed good correlation with the
robability of RP (p [including an offset NTCP parameter
or caudal tumors, if significant] ranging from 0.05 [ipsilat-
ral] to 0.006 [whole lung]). Again, no correlation was
ound for the contralateral lung (Table 4). For the caudal
egions, the correlation was borderline statistically signifi-
ant (p � 0.07). The most striking change using the perfu-
ion-corrected MRD was, however, that the difference be-
ween the anterior and posterior part of the lung almost
ompletely disappeared (Fig. 3C, D).

A wide variety in the values for TD50 was found (Table
). Restricting the analysis to the regions in which a statis-
ically significant correlation between the MRD or MpRD

model for each lung region

y) m

Offset (%)
for caudal

tumors

p

Binary
logistic* �2 offset†

0.45 0.02‡

0.37 28 0.002‡ 0.01‡

0.45 0.01‡

0.66 0.2
0.58 0.04‡

0.54 27 0.006‡ 0.01‡

0.37 0.002‡

0.31 27 0.0002‡ 0.01‡

0.48 0.02‡

0.48 23 0.007‡ 0.04‡

1.00 0.9
0.92 0.8
0.66 0.02‡

0.75 0.07
0.51 0.03‡

0.44 27 0.004‡ 0.02‡

0.60 0.05‡

0.86 0.6
0.80 0.2
0.53 0.05‡

0.39 31 0.002‡ 0.01‡

0.55 0.06‡

0.51 27 0.006‡ 0.01‡

0.55 0.04‡

0.53 0.01‡

fusion-weighted regional dose; other abbreviations as in Table 2.

al tumors significantly improved the fit; for these regions, the fit
NTCP

D50 (G

30
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49
33
37
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30
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nd the incidence of RP was found, we observed that the
D50 tended to be somewhat greater in the central vs.
eripheral regions. For anterior vs. posterior regions, the
D50 was similar after correction for regional perfusion
ifferences. However, because the NTCP models using dif-
erent MRDs or MpRDs were not nested, no statistical test
as available to determine whether a particular MRD or
pRD was most significant for the prediction of RP.

DISCUSSION

Estimation of the NTCP for RP after treatment with
igh-dose RT is very important in dose-escalation studies
or patients with NSCLC. The pathogenesis of RP is cur-
ently poorly understood, and it has been suggested that in
ddition to dosimetric parameters, patient-related factors
e.g., chemotherapy, pulmonary function, or coexisting lung
isease) also influence the risk of RP.

The purpose of this study was to determine whether
egional differences in radiation response were present in
he lung, independent of the overall dose–volume parame-
ers. The most striking finding was that patients with tumor
n the caudal region had a statistically significantly greater
isk of RP than patients with tumor in the cranial region.
he observed difference in the dose–response relation be-

ween the anterior and posterior regions of the lung disap-
eared when we weighted the local dose with the local
erfusion. A small difference was observed between the

Fig. 2. Mean lung dose (MLD) vs. mean regional dose (
and posterior, (B) caudal and cranial, (C) contralateral a
entral and peripheral regions, but whether these differences
ere statistically significant could not be tested. Finally, the
ifference in the dose–response relation between the ipsi-
ateral and contralateral lung was ascribed to the very low
oses delivered to the contralateral lung and that the dose
ange delivered in the contralateral lung was too small.

ethods of analysis
To study the regional differences, we first analyzed

hether a difference existed in the incidence of RP between
atients with tumors in the opposite lung regions. To study
he differences in more detail, we analyzed the MRD in
elation to the incidence of RP, according to the study of
orke et al. (10). They also calculated the MRDs for several

egions in 63 patients treated for NSCLC. Logistic regres-
ion analysis was performed to determine whether a corre-
ation could be found between the MRD and the incidence
f RP Grade 3 (Radiation Therapy Oncology Group criteria,
orresponding to Grade 2 Southwestern Oncology Group).
he main limitation of using these MRDs was, however,

hat the probability of developing RP is not only dependent
n the MRD, but also on the dose to the rest of the lungs. In
ur study, the MRDs all correlated significantly with the
LD (Fig. 2). Also, no large differences were found in the
LD between patients with tumors in opposite lung regions

Table 2), indicating that the observed differences in RP were
robably not caused by interference with the dose to the rest of
he lungs. However, because no statistical tests are available to

for each patient and different lung regions; (A) anterior
ilateral, and (D) central and peripheral.
MRD)
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ompare the fit to the NTCP models for the different regions,
he results must be interpreted with caution.

Because it has been hypothesized that regional differ-
nces in sensitivity may be a result of a difference in
unctional subunit density (25) we used registered SPECT
nd CT data to estimate local functionality. This is the first
tudy in which regional differences in the incidence of RP
ere studied using the “perfusion-corrected” regional dose.

ranial–caudal differences
To account for the greater incidence of RP observed with

audal compared with cranial tumors (40% vs. 11%), a
ose-independent offset NTCP parameter for caudal tumors
as included in the NTCP model, resulting in a significantly

mproved fit for a number of lung regions (Table 4). Apart
rom the difference between patients with caudal and cranial
umors, we also analyzed the correlation between the MRD
nd the incidence of RP for the cranial and caudal regions.
his showed a good correlation with the MRD in the caudal

ung region, but no correlation at all in the cranial region.
hese data together suggest that the irradiation of caudal

ung tissue carries a greater risk of developing RP than
rradiation of the cranial lung. This observation is in line
ith the results of a study by Yorke et al. (10), which also
Fig. 3. Complication rate (NTCP) vs. mean dose to (A) total lung, (B) perfusion-weighted total lung, (C) posterior and
anterior lung regions, (D) perfusion-weighted posterior and anterior lung regions, (E) caudal and cranial lung regions,
and (F) ipsilateral and contralateral lungs. Curves fitted to data using maximal likelihood method. Coefficients with and
without offset correction given in Table 4. Points obtained from data by calculating average fraction of RP incidence
within 6-Gy bins. Error bars represent 68% confidence interval.
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howed differences in dose–response relationship for the
ranial and caudal lung subvolumes, with a strong correla-
ion for the caudal MRD, and a lack of correlation for the
ranial MRD. They also calculated other dose volume pa-
ameters, such as Deff and fdam (fraction of damaged func-
ional subunits) for each region, all yielding a much better
orrelation in the caudal lung than in the cranial lung. In a
tudy including 220 lung cancer patients, Yu et al. (26)
ould not confirm that the mean dose to the lower lung
alves was more predictive of the development of RP than
he mean dose to the superior half of the lungs. However, in
u’ s study, patients with lower lobe tumors did not have a

ignificant higher rate of RP as compared to patients with
pper lobe tumors (24% vs. 18%, respectively).
Travis et al. (12) used a mouse model to study regional

ifferences in lung radiosensitivity. The response of mouse
ung to partial volume irradiation was heterogeneous and
ritically depended on the specific location of the irradiated
ubvolume in the lung (i.e., a given subvolume in the base
as consistently more sensitive than the same subvolume in

he apex using either breathing rate or lethality as an assay
f RP). Khan et al. (13) found in a rat model that irradiation
f the lower lung structure resulted in more DNA damage
han irradiation of the upper lung. In addition, irradiation of
he lower lung resulted in DNA damage in the shielded
pper part of the lungs. However, irradiation of the upper
ung did not result in DNA damage in the shielded lower
ung, suggesting that, for example, circulating agents such
s cytokines may play a role in the induction of radiation

Fig. 4. MLD vs. NTCP for patients with caudal tumors (w
Curves fitted to data using maximal likelihood method w
Table 4. Error bars represent 68% confidence interval.
amage. It was suggested that partial irradiation of the heart
nd/or liver in the lower lobe tumors might mediate in this
rocess (27). In all our patients with caudal lung tumors, the
iver received a very low dose. In addition, we could not
bserve an obvious relation between the irradiated heart
olume and the incidence of RP; however, the number of
atients in this subgroup was very small.
Another mechanism that may explain the cranial–caudal

ifference is breathing-induced effects (10), especially in
ower lung regions (28). Respiration-dependent motion al-
ers the position of lung tumors and normal lung tissue so
hat more lung tissue is actually irradiated to a low dose than
stimated from the “static” dose distribution. Modeling of
otion effects and its influence on the dose distribution is a

opic of ongoing research.

nterior and posterior differences
Although a difference in the incidence of RP was ob-

erved for patients with anterior and posterior tumors, this
ifference did not reach statistical significance (Table 2).
evertheless, we did find a different response of these

egions in the sense that a very good correlation was found
etween the MRD and the incidence of RP for the posterior
egions and no correlation at all for the anterior regions.

An explanation may be that this difference was due to a
ifference in regional function. Because gravity reallocates
erfusion to the posterior (29, 30) and because patients were
canned and treated in the supine position, the posterior

ircles) and tumors in other parts of lungs (black circles).
fset parameter for caudal tumors. Coefficients given in
hite c
ith of
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egion was much better perfused. Incorporating the local
erfusion data in the MRD, the difference between the
nterior and posterior regions completely disappeared (Fig.
c, d). This suggests that the posterior region may not be
ore sensitive, per se, but that it may only be more sensitive

ecause of better perfusion. In that case, it should only be
ore sensitive when the patient is in the supine position. It

ould be postulated that in the presence of a better perfu-
ion, more oxygen is present, and more oxygen radicals can
e formed.

entral–peripheral differences
Although no difference in the incidence of RP was found

etween patients with central and peripheral tumors, the
LD was significantly different for these patient groups (17
y vs. 12 Gy; Table 2). In addition, the TD50 for the central
RD was greater than for the peripheral MRD (38 Gy and

1 Gy, respectively), also suggesting that peripheral tissue
ay be more radiosensitive. However, from these data, it

ould not be tested whether this really means a statistically
ignificant difference in the dose–response relation. In ad-
ition, if present, the difference seemed to be modest com-
ared with the difference between the caudal and cranial
egions.

ontralateral–ipsilateral differences
We found a different dose–response relation for the con-

ralateral and ipsilateral lung that could not be explained by
ither a difference in the MLD between these groups or by
difference in local perfusion. However, the MRDs did

how a large difference, with the average MRD of the
ontralateral lung much lower than the average MRD of the
psilateral lung (6 Gy vs. 26 Gy). These data are very similar
1

1

1

o the results of Yorke et al (10), who also found a differ-
nce in the dose–response effect and a large difference in
he MRD (6.6 Gy vs. 26.3 Gy). The MRD of 6 Gy probably
ontributed too little to the MLD to be able to detect a
ose–response effect.
All dose calculations in this study were performed using

n equivalent path length algorithm. As previously pub-
ished (31), this algorithm does not account for the increased
ange of secondary electrons in low-density lung tissue. In
he contralateral lung, we found a consistent average over-
stimate of the dose of about 30%.

Another finding was that the TD50 of the ipsilateral lung
as much greater than the TD50 of both lungs together (57
y vs. 30 Gy. respectively). The TD50 of both lungs was

omparable to the TD50 values previously published by our
roup (14, 31). This finding indicates that different values
or TD50 should apply if one considers both lungs as one
rgan or both lungs separately.

CONCLUSION

We found that irradiation of caudal tumors is associated
ith a greater incidence of RP than irradiation of other

umor locations, irrespective of dose–volume parameters.
his difference could not be explained by a difference in

egional perfusion. It is not yet clear whether these data
ean a real difference in radiosensitivity exists or that the
RD in the caudal region is underestimated owing to

reathing movements. Respiration-correlated CT studies are
urrently underway to study this issue in more detail. In
ddition, we found a difference in the dose–response effect
etween the anterior and posterior lung regions, which was
robably due to the better perfusion of the posterior lung
ecause the patient was in the supine position.
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