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Abstract
Purpose
Lung fibrosis is common after stereotactic body radiotherapy (SBRT) for lung tumors,
but the influence of treatment technique on rates of clinical and radiological pneumonitis
is not well-described. After implementing volumetric modulated arc therapy (RapidArcTM
[RA], Varian Medical Systems) for SBRT, we scored the early pulmonary changes seen
with arc and conventional 3-dimensional SBRT (3D-CRT).
Methods
Twenty-five SBRT patients treated with RA were matched 1:2 with fifty SBRT patients
treated with 3D-CRT. Dose-fractionations were based on a risk-adapted strategy. Clinical
pneumonitis was scored using Common Terminology Criteria for Adverse Events,
version 3.0. Acute radiological changes three months post-treatment were scored by three
blinded observers. Relationships between treatment type, baseline factors, and outcomes
were assessed using Spearman’s correlation, Cochran-Mantel-Haenszel tests, and logistic
regression.
Results
The RA and 3D-CRT groups were well-matched. 43 patients (57%) had radiological
pneumonitis 3 months after treatment. 28 patients (37%) had CT findings of patchy or
diffuse consolidation, and 15 patients (20%) had ground glass opacities only. Clinical
pneumonitis rates was uncommon, with no differences seen between 3D-CRT vs. RA in
rates of grade 2/3 clinical pneumonitis (6% vs. 4%, respectively; p=0.99),
moderate/severe radiological changes (24% vs. 36%, respectively, p=0.28), or patterns of
CT changes (p=0.47). Radiological severity scores were associated with larger planning
target

volumes

(p=0.09)

and

extended

fractionation

(p=0.03).

Conclusions
Radiological changes after lung SBRT are common with both approaches, but no
differences in early clinical or radiological findings were observed after RA. Longer
follow-up will be required to exclude late changes.
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Introduction
Radiographic pneumonitis has been reported to occur in more than 60% of
patients following lung stereotactic body radiotherapy (SBRT).1,

2

However, clinical

pneumonitis is uncommon, with incidence of less than 10% in many series.1-4 Acute CT
changes occurring within 6 months of treatment include development of consolidation
and ground glass opacities (GGO) in the region of the tumor.2, 5, 6 Classification systems
with five categories of acute CT changes after lung SBRT have been proposed,5 but no
standard system of classification exists.
Differentiating between treatment effects and residual/recurrent tumor is
challenging, but the distinction is crucial as benign CT changes are much more common
than recurrence. Proper identification of residual or recurrent disease allows for surgical
salvage; however, misinterpreting treatment effects as malignancy could expose patients
to unnecessary interventions.7 Currently, a range of SBRT techniques are in clinical use,
including 3D conformal radiotherapy (3D-CRT), intensity modulated radiation therapy
(IMRT), helical tomotherapy, and volumetric modulated arc therapy, all of which could
result in different patterns of radiological pneumonitis due to differences in dose
distributions.
The VU University Medical Centre (VUMC) implemented lung SBRT in 2003
using 3D-CRT3 until September 2008, when RapidArc™ (RA; Varian Medical Systems,
Palo Alto, USA) was introduced.8 Key advantages of RA include shorter treatment time
and improved sparing of the chest wall,8 but as a trade-off the low-dose regions are larger
and more commonly involve the contralateral lung. Figure 1 shows RA and 3D-CRT
plans for a single patient, depicting all areas receiving more than 3 Gy. During postSBRT follow-up, isolated anecdotal observations were made of radiological pneumonitis
that appeared to be more extensive than expected findings after conventional 3D-CRT
SBRT (Figure 2). This prompted us to perform the present study, in order to compare
patterns of radiological changes after SBRT with RA and 3D-CRT, and evaluate the
severity of acute clinical and radiological pneumonitis.
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Figurre 1. Illustraation of volu
umetric modu
ulated arc thherapy (RapiddArc) and 3-D conformaal
radiattion therapy
y (3D-CRT) for stereotacctic hypofraactionated luung radiotherrapy (SBRT
T),
with the plannin
ng target vollume outlineed in red. R
Regions receeiving 3 Gyy or more arre
show
wn, with dosee colorwash scale at left.. Although tthe RA planss are more cconformal annd
impro
ove chest wall sparin
ng, the low
w-dose regioons are larrger and innvolve morre
contrralateral lung
g.
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Figurre 2.

A.
A “Severe”” radiologiccal pneumoonitis 3-moonths after stereotactiic

hypofractionated lung radioth
herapy (55 Gy
G in 5 fractiions) using vvolumetric m
modulated arrc
therap
py (RA). B. The corresp
ponding RA
A treatment pplan, showinng regions reeceiving morre
than 10 Gy, with the planning
g target volu
ume outlinedd in red.
A.

B.

Mateerials and Methods
M
Patien
nt Selection
Patien
nts were id
dentified fro
om a prospeective databbase of SBR
RT patients. Our routinne
practice requires outpatient assessments
a
months post--SBRT, withh a diagnostiic
at 3 and 6 m
scan performed at
a each visit. Patients weere selected ffor this studyy if they hadd been treateed
CLC with SB
BRT, and haad a follow--up scan com
mpleted withhin 4 monthhs.
for a stage I NSC
Patien
nts were exccluded if thee planning target volum
me (PTV) waas >100 cc oor if they haad
receiv
ved previou
us radiotheraapy for a lung
l
cancer.. Twenty-fivve RA patiients met thhe
inclusion criteriaa, two of wh
hich had two
o PTVs in cclose proxim
mity. Convenntional SBR
RT
nts were selected by maatching with RA patientss in a 2:1 raatio, with a ppreference foor
patien
choossing the mo
ost recently treated conv
ventional SB
BRT patientts. Matches were choseen
based
d on the folllowing criteeria, in ordeer of imporrtance: dose//fractionatioon, PTV sizee,
tumor location [p
peripheral vss. central (deefined as wiithin 2 cm oof mediastinaal structuress);
(
to th
he carina), and
a left vs. riight], age, annd gender. M
Matching waas
upperr vs. lower (relative
done without kn
nowledge off outcomes, using a seemi-automatted method in Microsooft
Access (Microsoft Corporatio
on, Redmon
nd, Washingtton, USA). F
For RA patieents with tw
wo
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PTVs, matches were sought with two similar-sized PTVs in the same location; otherwise
a match with a larger PTV in a similar location was chosen.
Treatment Details
The risk-adapted fractionation schemes and treatment planning techniques have
been described in detail previously.3,

8

Treatment planning for 3D-CRT patients was

performed with the BrainLab software (Brainscan v. 5.2, BrainLab Inc., Feldkirchen,
Germany) using 8–12 noncoplanar static beams and 6 MV photons. Each RapidArc plan
consisted of at least one pair of 358° clockwise and counter-clockwise coplanar arcs
using 6 MV photons, with the first optimized arc used as a base dose plan for
optimization of the second arc. Up to five arcs were needed, depending on the fraction
dose, with each arc delivering a maximum of 999 monitor units. These multiple arcs
consisted of copies of the first and second optimized arcs.
Fractionation choice was dependent on tumor size and location. T1 tumors
surrounded by lung parenchyma were treated in 3 fractions. T2 tumors and T1 tumors
with broad contact with the chest wall were treated in 5 fractions. Centrally located
tumors and tumors adjacent to the brachial plexus were treated in 8 fractions. The
nominal prescribed doses depended on the dose calculation algorithm used.9 With the
pencil beam algorithm used for 3D-CRT patients, the three fractionations were: 3 x
20 Gy, 5 x 12 Gy, or 8 x 7.5 Gy, whereas with the AAA algorithm used for the RA
patients, the fractionations were 3 x 18 Gy, 5 x 11 Gy, or 8 x 7.5 Gy. No patients received
chemotherapy. SBRT doses were prescribed at the 80% isodose line. Four-dimensional
(4D) CT scans (GE Medical Systems, Waukesha, USA) were used to delineate internal
target volumes (ITVs). A PTV margin was added to account for potential baseline tumor
shifts and setup errors. For 3D-CRT, the PTV margin was 3 mm and 100% of the PTV
was covered with the 80% isodose, whereas for RA the margin was 5 mm and 95% of the
PTV was covered with the 80% isodose.
Set-up prior to each fraction was performed using the ExacTrac system (BrainLab
Inc., Feldkirchen, Germany) for 3D-CRT, or co-registration between kV cone beam CT
scan (CBCT) and the average intensity projection dataset of the 4DCT scans based on a
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tumor match, for RA. The latter was verified by a physicist and/or radiation oncologist
prior to treatment.
Scoring of Radiological and Clinical Pneumonitis
There is no standard system for classifying or scoring CT changes after thoracic
radiation. Older studies have defined CT changes relative to radiotherapy portals,10, 11 an
approach that is not directly applicable to arc-based techniques or if multiple noncoplanar beams are used. Other classification systems have been proposed recently,5, 12
but have three important limitations: imprecise definition of categories, the use of
categories that are not “mutually exclusive and collectively exhaustive” (i.e. some lesions
could be classified into more than one group, or into no group at all), and the absence of
measurements of severity. For example, Kimura et al 5 distinguished 5 categories of acute
CT changes after lung SBRT, two of which are “diffuse consolidation” and “patchy
consolidation with ground glass opacities (GGO)”. However, criteria to distinguish
between “diffuse” and “patchy” were not specified. A patient with patchy consolidation
without GGO would not belong to any of the categories, and patients in the “diffuse
consolidation” category could have widely different amounts of consolidation (e.g. a
whole lung vs. half a lung), obscuring differences between patients.
Due to the abovementioned shortcomings, we created a scoring system similar to
the classification used by Kimura et al,5 but with explicit definitions of categories (Table
1). Specifically, we applied the term “diffuse” to abnormalities that were at least 5 cm in
maximum diameter. If there were portions of normal aerated lung interspersed within the
abnormal region, the term “diffuse” was applied only if the region contained more than
50% abnormal lung. The term “patchy” was applied if the largest lesion was less than 5
cm in size, or if the affected region contained less than 50% abnormal lung.
In addition, our system specified a subjective overall impression of the severity of
radiographic findings as follows: “severe” (more extensive than would be expected;
Figure 2); “moderate” (changes that are common; Figure 3A), “minor” (slight changes
felt to be of little importance; Figure 3B), or “none”. Changes in the contralateral lung
were scored separately. Scoring by consensus was performed for each patient by 3
radiation oncologists (S.S., F.L. and C.H.), who together had treated and followed a total
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of more than 500 patients who had undergone lung SBRT. Scorers were blinded to
patient identifiers and treatment technique, and scoring was performed in two sessions in
a meeting room with all images projected digitally on a large screen. A representative
slice of the planning CT scan and the complete follow-up scan were projected, and when
changes suggestive of radiological pneumonitis were found, the full planning CT scan
was also viewed and used for comparison.
Table 1. Modified 5-point scoring system for classifying radiological changes after
stereotactic body radiotherapy (SBRT). Modifed from Kimura et al.5
Category
1

Name
Diffuse consolidation

2

Patchy consolidation

3

Diffuse ground glass
opacities (GGO)

4

Patchy GGO

5

No evidence of increased
density

Description
Consolidation more than 5 cm in largest dimension.
The involved region contains more consolidation
than aerated lung.
Consolidation less than 5 cm in largest dimension
and/or the involved region contains less consolidation
than aerated lung.
More than 5 cm of ground glass opacification,
(without consolidation). The involved region contains
more GGO than normal lung.
Less than 5 cm of ground glass opacification,
(without consolidation), and/or the involved region
contains less GGO than normal lung.
No new abnormalities. Includes patients with tumors
that are stable, regressing or resolved, or fibrosis in
the position of the original tumor that is not larger
than the original tumor.

The 3-month follow-up CT scan was used to assess radiological pneumonitis.
Patients were excluded if the first follow-up scan was performed more than 5 months
after treatment, to avoid misclassification of fibrosis as pneumonitis. Clinical
pneumonitis was assessed using the Common Terminology Criteria for Adverse Events,
version 3.013 without reference to CT scans. Cases with radiological findings only (grade
1 pneumonitis) were included in the “no symptom” group, since radiological findings
were scored in detail separately.
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Statisstical Analyssis
Due to
t the naturee of the data as 2:1 match
hed sets, thee exact Cochhran-Mantel--Haenszel test
for differences
d
between
b
treaatment grou
ups in radioological seveerity scoress and clinicaal
pneum
monitis rates was performed, whilee stratifying for patient matching. A generalizeed
Coch
hran-Mantel--Haenszel teest was perfformed for the equivallent test in CT patternns.
Correelations betw
ween baselin
ne variables and outcom
mes were assessed usingg Spearman’s
correlation coeffiicient.
An exploratory analy
ysis testing the associattion betweenn baseline aand treatmennt
factorrs and severrity of radiollogical changes was perrformed, adjuusting for treatment typee.
For each
e
factor (age, gender, location central vs.. peripheral, location lleft vs. righht,
locatiion upper vss. lower, PT
TV and numb
ber of fracti ons) a logisstic regressioon model waas
consttructed with
h severity ≥ 2 as the ou
utcome, andd treatment type as a ccovariate. A
All
statistical tests were
w
two-sided with p≤0
0.05 indicatiive of statisttical significcance, and aall
statistical analysses were peerformed usiing the Stattistical Packkage of Soccial Sciencees
(SPSS version 15
5.0, Chicago, USA) or R (version 2.99.2, Vienna, Austria).
Figurre 3. Radio
ological pneeumonitis classified
c
ass A. moderrate and B. minor. Thhe
corresponding treeatment plan
ns are shown
n in panels C
C. and D., w
with isodosee legend as iin
Figurre 2.
A.

B.
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C.

D.

Resu
ults
The clinical
c
and treatment characteristic
c
cs of the 75 patients aree shown in Table 2. Thhe
two cohorts
c
weree well-match
hed. As exp
pected, the 33D-CRT patients were ttreated earlieer
than RA
R patients (median treatment datess March 20008 and Marchh 2009, resppectively), buut
somee overlap waas observed as 20% of 3D-CRT
3
pat
atients were treated afterr initiation oof
orrelation was
RA. A strong co
w seen between PTV
V size and uuse of moree fractionateed
regim
mens (Figuree 4; Spearmaan’s p<0.000
01).
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Table 2. Clinical and treatment characteristics for 25 patients treated with volumetric
modulated arc therapy (RA) for stereotactic lung radiotherapy and 50 matched controls
treated with 3D-conformal radiotherapy (3D-CRT). IQR=interquartile range. Dosefraction schedules were 3x18 Gy, 5x11 Gy or 8x7.5 Gy with the RA planning system, or
3x20 Gy, 5x12 Gy or 8x7.5 Gy with the 3D-CRT planning system, but are assumed to be
equivalent.9
Variable
Age (median, IQR)
Gender (no, %)
Female
Male
PTV volume (mL) [median, IQR]
Tumor location (no, %)
Central
Peripheral
Upper
Lower
Right
Left
Dose and Fractionation (no, %)
3 x 18 Gy
5 x 11 Gy
8 x 7.5 Gy
Months from treatment to CT scan
follow-up [median, IQR]

RA patients
73 (68-78)

3D-CRT patients
74 (66-77)

7 (28%)
18 (72%)
40 (26-61)

14 (28%)
36 (72%)
38 (26-54)

5 (20%)
20 (80%)
17 (68%)
8 (32%)
13 (52%)
12 (48%)

10 (20%)
40 (80%)
26 (52%)
24 (48%)
27 (54%)
23 (46%)

9 (36%)
9 (36%)
7 (28%)
3.2 (3.0 - 3.7)

18 (36%)
18 (36%)
14 (28%)
3.5 (3.2 - 3.7)
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variables on radiological severity could not be ascertained. Severity of radiological

8

changes was not associated with age (p=0.77), gender (p=0.95), central vs. peripheral
location (p=0.25), right vs. left location (p=0.14), or upper vs. lower location (p=0.85).
Table 3. Patterns of radiological pneumonitis for 25 patients treated with volumetric
modulated arc therapy (RA) for stereotactic lung radiotherapy and 50 matched controls
treated with 3D-conformal radiotherapy.
Pattern of Ipsilateral CT changes
1. Diffuse Consolidation
2. Patchy Consolidation
3. Diffuse Ground Glass Opacities
4. Patchy Ground Glass Opacities
5. No Increased Density

RA patients
(no, %)
8 (32%)
2 (8%)
1 (4%)
4 (16%)
10 (40%)

3D-CRT patients
(no, %)
7 (14%)
11 (22%)
2 (4%)
8 (16%)
22 (44%)

Contralateral lung density changes were found in only three patients (6%). Two
RA patients had mild patchy consolidation, and one 3D-CRT patient had diffuse
consolidation scored as severe.
A total of only 4 patients (5.3%) developed symptomatic pneumonitis, and none
had grade 4 or 5 pneumonitis. The one patient who was scored as developing grade 3
pneumonitis after treatment with RA (requiring oxygen transiently) had severe pretreatment chronic obstructive pulmonary disease with a Global Initiative for Chronic
Obstructive Lung Disease (GOLD) score of IV14 and refused pulmonary rehabilitation
and supplemental oxygen therapy in the months prior to treatment. No differences in rates
of clinical pneumonitis were observed between the RA and 3D-CRT patients (grade 2/3
symptoms vs. no symptoms; Table 5; Exact Mantel-Haenszel p=0.99). Of these four
patients, one had moderate diffuse GGO on CT, one had patchy GGO on CT, and two
had no CT findings. There was no correlation between clinical pneumonitis score and
radiological severity score (Spearman’s p=0.74).
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Table 4. Severity of radiological pneumonitis for 25 patients treated with volumetric
modulated arc therapy (RA) for stereotactic lung radiotherapy and 50 matched controls
treated with 3D-conformal radiotherapy.
Severity of Ipsilateral CT changes
None
Mild
Moderate
Severe

RA patients
(no, %)
10 (40%)
6 (24%)
6 (24%)
3 (12%)

3D-CRT patients
(no, %)
22 (44%)
16 (32%)
11 (22%)
1 (2%)

Table 5. Severity of clinical pneumonitis for 25 patients treated with volumetric
modulated arc therapy (RA) for stereotactic lung radiotherapy and 50 matched controls
treated with 3D-conformal radiotherapy. Clinical pneumonitis was assessed using the
Common Terminology Criteria for Adverse Events, version 3.0.13
Grade of Clinical Pneumonitis
No symptoms (Grade 0/1)
Grade 2/3

RA patients
(no, %)
24 (96%)
1 (4%)

3D-CRT patients
(no, %)
47 (94%)
3 (6%)

Discussion
To the best of our knowledge, this is the largest study examining radiological
changes after SBRT, and the first to compare two different treatment planning techniques
for SBRT. Our findings show that acute radiological changes occur in 57% of patients,
but that clinical symptoms occur in only 5% of patients. At 3 months post-treatment,
most of the radiological changes were consolidative and a minority of patients had only
GGO. Our study demonstrates that RA and 3D-CRT techniques result in similar, low
rates of clinical pneumonitis, and similar severity and patterns of radiological changes.
Implementation of RA can provide benefits over conventional IMRT in terms of
improved dose distributions, treatment time, and monitor unit requirements,8,

15-17

but

both RA and IMRT techniques tend to increase the volume of tissue receiving low doses
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compared to 3D-CRT, as shown in Figure 1. The main drawback of increased low-dose
volumes is the theoretical risk of secondary malignancies,18 but low-dose regions could
also affect radiation tolerance in the high-dose regions, in a phenomenon known as the
‘bath-and-shower effect’. Animal studies have shown that radiation tolerance in the
parotid and spinal cord is reduced when high dose regions (“shower regions”) are
surrounded by areas of low dose (“bath regions”).19,

20

This “bath-and-shower” effect

could theoretically influence lung tolerance when RA or IMRT techniques are used for
lung SBRT. In our current study, there appears to be no difference in severity of clinical
or radiological sequelae after RA for SBRT.
The CT findings observed in this study are consistent with those reported by other
groups. In general, after lung radiotherapy, the acute phase of radiation induced lung
injury typically manifests within 4-12 weeks of treatment, and appears as consolidation
or GGO.6. Occasionally, findings of radiation pneumonitis are seen in areas not receiving
radiotherapy. Findings in the contralateral lung were seen in a small minority (4%) of
patients in this study. Radiation fibrosis usually develops at 6 months or later, and is
associated with consolidation, traction bronchiectasis, and volume loss.6
Specific comparisons of patterns of CT changes between different studies are
hampered by differences in the classification systems used, and a lack of scoring of
severity in most studies.1, 5, 12, 21 The results of Kimura et al are most directly comparable
to this study.5 They described CT patterns of acute radiation pneumonitis in 45 patients
treated with 3D-CRT for SBRT as follows: 38% of patients had diffuse consolidation;
15% had patchy consolidation with GGO, 12% had diffuse GGO, 2% had patchy GGO
and 33% had no evidence of increasing density. These results appear to be most similar to
our RA arm, but the lack of precise category definitions precludes any definitive
comparisons. Trovo et al recently published a report on 68 patients treated with SBRT
and used a similar scoring system. In 33 patients assessed between 2 and 6 months after
treatment, diffuse consolidation was noted in 27%, patchy consolidation with GGO in
33%, diffuse GGO in 12%, patchy GGO in 6%, and no findings in 21%.21
Data correlating CT changes after lung radiotherapy with clinical symptoms are
limited. In our study, only four patients developed clinical pneumonitis, two of whom had
no CT findings at 3 months post-treatment, and there was no correlation found. This is
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similar to the results reported by Trovo et al., where grade 2 lung toxicity occurred in 3
of 68 patients (4%).21 In the study by Kimura et al, rates of clinical symptoms were high
(47% had grade 2 pneumonitis or higher), although median follow-up was longer at 18
months, and an association was found between the diffuse consolidation pattern and
clinical pneumonitis.5 Ma et al reported a weak relationship between changes in CT lung
density and lung function as measured by pulmonary function tests or single photon
emission computed tomography in a group of 111 patients treated for lung or breast
cancer.22 Several studies have demonstrated a relationship between CT density changes
and pulmonary complications after breast radiotherapy.23-25 It is possible that the low
event rate for symptomatic pneumonitis in our study precluded the detection of
relationship between CT findings and clinical symptoms.
Our study demonstrates a relationship between radiologic pneumonitis, PTV size,
and dose/fractionation. The exact relationship between PTV size and CT pneumonitis is
difficult to ascertain, due to the risk-adapted strategy used. Overall, patients with larger
PTVs, who were therefore treated with prolonged fractionation, had higher rates of
radiologic pneumonitis, although this was not reflected in increased rates of clinical
symptoms.
Several important limitations of this study must be kept in mind. We examined
acute pneumonitis at 3 months, but it is possible that radiological findings of acute
pneumonitis could occur in the window between 3-6 months and therefore not be
captured here. We felt it important to examine early outcomes in light of the isolated
severe findings seen in some RA patients. Further follow-up is clearly needed to evaluate
the CT changes 6 months after treatment and beyond, as radiological changes can
continue to evolve for over a year.1 However, radiation-induced changes occurring after 6
months are more likely to represent fibrosis rather than pneumonitis.12, 26 Although our
study is relatively large for SBRT studies, with 75 patients it may be underpowered to
detect small differences in radiological outcomes between the two treatments.
Furthermore, because RA distributions are coplanar whereas 3D-CRT are not, it may be
more difficult for the judges to appreciate pneumonitis after 3D-CRT if the changes are
subtle and lie in oblique planes. Finally, aspects of the scoring system are subjective and
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scores could vary with different groups of judges. A quantitative method of scoring
pneumonitis, such as using changes in CT density, could be useful for further research.
In conclusion, both 3D-CRT and RA are safe techniques for delivering lung
SBRT, with very low rates of clinical pneumonitis. The severity and patterns of
radiological pneumonitis are similar between the two treatments. Further follow-up is
needed to assess the evolution of late clinical and radiological findings six months after
treatment and beyond.
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