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Abstract
Materials and methods. The aim was to retrospectively investigate correlations between potential predictive parameters and
the occurrence of radiation-induced lung injury in patients with primary or secondary lung tumours treated with stereotactic
body radiation therapy (SBRT). Sixty patients (63 tumours) underwent SBRT, with a dose of 45 Gy in 3 fractions over
5 days or 26 Gy in single fraction. The following parameters were tested for correlation with Radiation Therapy Oncology
Group (RTOG) lung toxicity score: planning target volume (PTV), tumour location, primary vs. metastatic tumour, and
Mean Lung Dose (in 2 Gy fractions, MLD2). Normal Tissue Complication Probability (NTCP) values were then
estimated. Results. The median follow-up time was 30.9 months (range 6.7�56.7). RTOG grade 0�1 toxicity was observed in
54/63 (85.7%) and grade 2�3 in 9/63 (14.3%) cases. Mean values of MLD2 for RTOG grade 0�1 and 2�3 were respectively
11.2 Gy (95% Confidence Interval (CI) 10.1�12.3 Gy) and 20.3 Gy (95% CI 16.6�23.9 Gy). NTCP mean values for
RTOG grade 0�1 and 2�3 were respectively 4% (95% CI 2�5.9%) and 37% (95% CI 11.6�62.3%). Univariate analysis,
performed with t-Student test, showed a statistically significant difference between MLD2 values in the two groups (t�5.93
and p 5 0.001). Logistic regression analysis showed a good correlation between MLD2 and toxicity scores 2�3 (p�0.008,
odds ratio 1.5). From logistic regression relationship between the observed rates of grade 2�3 and MLD2, a D50�19.8 Gy
and a g50�2.2 were obtained. From the sigmoid-shaped dose-response relationship between NTCP and MLD2, a
D50�22.4 Gy and g50�2.2 were derived. Discussion. MLD2 is strongly associated to the risk of lung injury. Higher NTCP
values are associated with a higher risk, but when comparing the expected to the observed toxicity rate, NTCP seems to
underestimate the risk.

Dose-escalation studies using three-dimensional

conformal radiation therapy (3D-CRT) as well as

other retrospective series clearly suggest a benefit in

terms of tumour control probability when higher

radiation doses are delivered in non-small cell lung

cancer (NSCLC) [1].

In conventionally fractionated 3D-CRT, major

limitations to the use of higher doses are represented

by the prolonged overall treatment time and the

higher risk of deleterious effects on healthy tissues,

such as radiation-induced lung injury. In recent

years, these considerations have led to the design

of aggressive hypo-fractionated stereotactic body

radiation therapy (SBRT) schedules in treating

extra-cranial neoplasms, mainly represented by

pulmonary tumours. Currently, these approaches

are usually reserved for selected early stage NSCLC

patients, medically or functionally unfit for surgery,

or to patients with lung metastases from different

primary tumour sites. Preliminary results from

several clinical series in this setting showed excellent

outcomes, with local control rates in the range of

80 � 100% [2�7]. 3D conformal planning combined

with stereotactic localization using specifically

designed body frames allows an adequate localiza-

tion of tumours. In turn, set-up errors are signifi-

cantly reduced allowing for smaller treatment fields

and a good physical sparing of normal tissues, with a

very sharp gradient of dose. Nevertheless, the risk of

pulmonary toxicity in this subgroup of patients,
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employing previously uninvestigated high doses,

remains an open issue. In estimating the risk, the

potential selection bias of these patients, who are

often not amenable to surgery due to reduced

pulmonary function or medical comorbidities, also

has to be taken into account. Moreover, an inter-

stitial fibrosis is more likely to occur after radiation

pneumonitis (RP), with a subsequent further

impairment of pulmonary function. Together with

the progressive development of advanced planning

and delivery processes to improve radiation treat-

ment conformality, the identification of predictive

factors for lung injury in these patients is of

significant clinical interest. In this paper, we retro-

spectively analysed the incidence and grade of lung

toxicity in patients treated with SBRT at our

Institution, in the context of a mono-institutional

study in primary and secondary lung tumours. A

statistical analysis was then performed to investigate

the potential correlation between different para-

meters (mainly dosimetric) and lung toxicity.

Materials and methods

Patients’ selection

From May 2003 to June 2006, 60 patients (63

tumours) with primary NSCLC or lung metastases

were treated with SBRT. The treatment technique

was based on the method first described by Blomg-

ren and colleagues [2]. The eligibility criteria for

SBRT were stage I NSCLC (IA and IB less than

5 cm) not amenable with surgery for medical

contraindications or patient’s refusal, and ‘‘oligo’’

lung metastases (5 3), ECOG performance status

5 2, and no prior radiation therapy to the site of

SBRT. Lesions located less than 2 cm away from

major airways or less than 1 cm from major blood

vessels were considered not eligible for SBRT.

Diagnostic work-up included CT scan (thorax,

abdomen, brain) with intravenous contrast medium

and 18FDG-PET-CT scan to better evaluate disease

extent. Thirty-eight of 41 patients affected by

primary NSCLC were assessed by a thoracic sur-

geon and deemed medically or functionally inoper-

able because of the presence of significant

comorbidities and high surgical risk; three patients

refused the proposed surgical approach. The most

common clinical comorbidities included chronic

obstructive pulmonary disease and age. Twenty-

five patients had histologically proven NSCLC. In

16 patients, in whom a fine-needle biopsy was

unsuccessful or could not be performed, a clinical

proof of malignancy was presumed due to a growing

lesion on sequential CT scans, and/or due to positive
18FDG-PET findings (SUV values�2.5). Nineteen

patients had a diagnosis of lung metastases, from

different primary tumour sites. Three of 19 had a

diagnosis of bilateral disease. Patients and tumours

characteristics are listed in Table I. All patients were

included in the study and treated according to the

recommendations of Helsinki Declaration and sub-

sequent amendments; a written informed consent

was obtained from every patient (this study was a

part of a prospective phase II trial ongoing at our

Institution on thoracic SBRT).

Treatment technique

Each patient was immobilized in a supine position

with an individually fitted vacuum pillow and a

stereotactic body frame (SBF, ELEKTA† Oncology

System). Set-up was checked on SBF using a laser

system and permanent chest and legs skin markers.

Tumour breathing motion was studied by fluoro-

scopy. An abdominal compression device was em-

ployed in 13 patients (21.6%), when target volume

shifting exceeded 10 mm in a cranio-caudal direc-

tion; if the tumour was not visible, we evaluated the

diaphragm motion as a surrogate for tumour motion.

Patients underwent a planning CT scan of the

entire thorax using 2.5 mm thick slices without

intravenous contrast media. Each CT slice was

scanned with an acquisition time of 3 seconds to

include the whole phase of one respiratory cycle.

The target was outlined in sequential axial CT

images and the gross tumour volume (GTV)

Table I. Patients and tumours characteristics

Gender

Male 50 (83.3%)

Female 10 (17.7%)

Age

Median (range) 71.7 (53-85)

Primary NSCLC Histology

Squamous Cell Carcinoma 5 (12.1%)

Adenocarcinoma 8 (19.5%)

Anaplastic Large Cell Carcinoma 3 (7.5%)

NOS 8 (19.5%)

Bronchiolo-alveolar Cracinoma 1 (2.4%)

Unknown 16 (39%)

Metastases Histology

Lung 11 (58%)

Colo-rectal 3 (15.5%)

Pancreas 1 (5.3%)

Breast 1 (5.3%)

Kidney 1 (5.3%)

Liver 1 (5.3%)

Head&Neck 1 (5.3%)

Central Location 35 (55.6%)

Peripheral Location 28 (44.4%)

Upper Lobe 39 (61.9%)

Median Lobe 4 (6.3%)

Lower Lobe 20 (31.8%)
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was contoured using a CT lung window setting

(1600-400 Hounsfield units) and including parench-

ymal spiculae. Clinical target volume (CTV) corre-

sponded to GTV, as previously reported [6]. With

the help of an automatic 3D contour generation tool

(OTP, Nucletron†, The Netherlands), the planning

target volume (PTV) was generated adding to the

CTV a margin of 5 mm in the axial plane and of

10 mm in the longitudinal direction. Adjacent

organs-at-risk (oesophagus, heart, spinal cord, both

lungs) were outlined. OTP version 1.5 software

(Nucletron†, The Netherlands) was employed for

treatment planning. SBRT was delivered with

an Elekta Precise† Linear Accelerator using 6 to 8

static non-opposing, non-coplanar shaped photon

beams of 6 MV and 10 MV. Three fractions of 15 Gy

in 1 week (48 hrs interval, Monday through Friday)

prescribed to the PTV-enclosing 80% isodose with

normalization to 100% at the isocenter (18.75 Gy)

were administered to 41 primary and 17 metastatic

tumours, and one fraction of 26 Gy was delivered to

five metastatic tumours (32.5 Gy to the isocenter).

To take lung heterogeneity into account, the dose

distribution was calculated by collapsed cone algo-

rithm. Isocenter location was verified before each

treatment session by a visual comparison between

two orthogonal (08 and 908/ 2708) electronic portal

images (5x5 cm2 field size) and the corresponding

digitally reconstructed radiographs obtained from

the treatment planning system. If the set-up error

was estimated to be 3 mm or more in any direction,

patients were repositioned and portal images

acquired and verified again. The mean time for

each session was approximately 45 minutes.

Radiation-induced lung injury scoring

Lung toxicity was graded using the RTOG acute

radiation toxicity score (for events occurring

between day 1 and 90 from the end of radiation

treatment) and RTOG late radiation toxicity score

(for events occurring after day 90). RTOG scoring

system is reported in details in Table II. We did not

consider as toxicity the presence of radiological

changes without symptoms. All patients have been

assessed by the same Radiation Oncologists’ Team

during routine clinical and radiological follow-up.

All records were accurately evaluated to avoid the

risk to confound RT-related toxicities with COPD

exacerbations and /or infections. In patients with

documented co-morbidities (majority of patients

with primary NSCLC and deemed medically inop-

erable) we considered the diagnosis of RP only if a

deterioration of the previous clinical status was

clearly evident and another possible diagnosis

reasonably excluded.

Follow-up in the first year included clinical

examination, thorax CT scan 45 days after treat-

ment and then every 3 months. After the first year a

CT scan every 6 months was planned. CT-PET scan

was done 3 and 9 months after treatment in order to

add some potential functional information to mor-

phological imaging, mainly in terms of SUV mod-

ifications as potential predictors of outcome (this will

be part of another investigational research protocol)

or as potential contribution in terms of differential

diagnosis between tumour re-growth and treatment-

induced pulmonary fibrosis.

Mean Lung Dose (MLD) and Normal Tissue

Complication Probability (NTCP)

Mean Lung Dose was calculated from ipsilateral

lung DVH excluding CTV. The Equivalent Dose in

2 Gy fractions (MLD2) was obtained from the

differential DVH’s, and all doses to the partial

volumes re-scaled using Biological Effective

Dose (BED) formula derived from LQ model

(with an a/b�3 Gy for normal lung tissue) [8].

Normal Tissue Complication Probability (NTCP)

values for lung were estimated for each case in order

to evaluate the validity of NTCP model in SBRT, for

comparison with MLD2 and for potential future use

in radiobiological modelling.

NTCP was calculated taking into account only the

ipsilateral lung. This choice was justified by the low

dose received by the contralateral lung in SBRT

(steep dose gradient of SBRT plans) in our patients.

Lung was thus defined as ipsilateral lung minus

CTV. For NTCP calculation a Matlab† program

developed at our Institute was employed. The

3D dose and volume matrix from normalized lung

DVHs elaborated by Masterplan Treatment Plan-

ning System (Nucletron†, The Netherlands) were

extracted and NTCP values calculated according to

Lyman-Kutcher-Burman (LKB) model [9] for each

plan. Assuming an a/b�3 Gy for the ipsilateral

normal lung, we re-scaled the dose axis of the DVH

to the Equivalent Dose in 2 Gy fractions according

to the LQ model and the method described by Van

den Heuvel [7]. To calculate the NTCP value

(ipsilateral lung) the following parameters were

used: TD50�24.5 Gy, n�0.87, m�0.18 [9].

A binary logistic regression analysis was also

performed in order to correlate the observed toxi-

cities (grade 0�1 vs. 2�3) with the MLD2 values,

according to the method described by Willner and

colleagues [10]; from this curve the D50 (dose for

50% complication probability rate) and g50 (normal-

ized slope of the sigmoid dose-response curve)

values were obtained. At this point a gaussian fit

was performed in order to correlate the predicted
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toxicities (by NTCP) and the MLD2 values. The

corresponding predicted values of D50 and g50 were

extracted also from this curve [10].

Statistical analysis

The following predictive parameters were consid-

ered for the statistical analysis and tested for

correlation with RTOG lung toxicity score: PTV,

primary vs. metastatic tumours, tumour location

(central vs. peripheral, lower vs. median vs. upper

lobe), MLD2. Tumour location was defined as

peripheral when the CTV external margin was

located at a distance of less than 1 cm from the chest

wall (pulmonary mantle lesions) and as central in all

other cases (excluding lesions close to mediastinal

structures as previously specified).

Univariate analysis was performed with 2-way

contingency tables using x2 test; multivariate analy-

sis was performed with logistic regression. A p-value

5 0.05 was considered as statistically significant. In

the statistical analysis, we did not consider NTCP as

separate predictive parameter due to its strong

dependence on MLD2.

STATA† Statistical Software (College Station,

TX) was employed for data analysis.

Results

All 60 patients (63 tumours) included in the study

protocol were considered for analysis. The median

follow-up time was 30.9 months (range 6.7�56.7).

RTOG grade 0�1 pulmonary toxicity was

observed globally in 54/63 lesions (85.7%), while

RTOG grade 2�3 pulmonary toxicity was observed

in 9/63 (14.3%); median interval of occurrence of

grade 2�3 pulmonary toxicity was 4.8 months (range

1.9�22.4 months) from the treatment.

On the whole cohort, the mean MLD2 was 11.3

Gy (range 3.7�28.5 Gy) and NTCP quartiles were

respectively Q25�0.05%, Q50�1% and Q75�9.5%

(range 0.05�92%). Mean values of MLD2 in grade

0�1 and 2�3 lung toxicity were respectively 11.2 Gy

(95% Confidence Interval (CI) 10.1�12.3 Gy) and

20.3 Gy (95% CI 16.6�23.9 Gy). Univariate analy-

sis, performed with t-Student test, showed a statis-

tically significant difference between MLD2 mean

values in the two groups (grade 0�1 vs. grade 2�3),

with t�5.93 and p5 0.001. Mean values of the

predicted NTCP in RTOG grade 0�1 and 2�3 lung

toxicity were respectively 4% (95% CI 2�5.9%) and

37% (95% CI 11.6�62.3%) (Table III).

Pearson’s test did not show any correlation

between tumour location (peripheral vs. central,

x2�4.7, p�0.2, and upper vs. medium vs. lower

lobe, x2�9.12, p�0.17) and the occurrence of

RTOG grade 2�3 lung toxicity. Similar results were

found when investigating a potential correlation

between primary vs. metastatic tumours (x2�2.08,

p�0.55) and RTOG grade 2�3 pulmonary toxicity.

Logistic regression analysis (Table IV) showed a

good correlation between MLD2 and RTOG lung

toxicity scores 2�3 (p�0.008, odds ratio 1.52), and

no other statistically significant correlation with

other parameters.

The graph shown in Figure 1 represents the

observed grade 2�3 lung toxicity frequency, divided

in 3 Gy MLD2 intervals; the dotted line represents

the logistic regression relationship between the

observed rates of grade 2�3 lung toxicity and

MLD2. D50 and g50 calculated values were 19.8

Gy and 2.2.

Table III. MLD2 and NTCP mean values according to RTOG

lung toxicity score

Grade 0-1 Grade 2-3

MLD2 11.2 Gy (95% CI

10.1-12.3 Gy)

20.3 Gy (95% CI

16.6-23.9 Gy)

NTCP 4% (95% CI 2-5.9%) 37% (95% CI 11.6-62.3%)

Table II. RTOG lung toxicity scoring system

RTOG scoring system for ACUTE toxicity

0 1 2 3 4

No change Mild symptoms of dry

cough or dyspnea on

exertion

Persistent cough requiring

narcotic, antitussive

agents/ dyspnea with

minimal effort but not

at rest

Severe cough unresponsive

to narcotic antitussive

agent or dyspnea at rest/

clinical evidence of acute

pneumonitis/ intermittent

oxygen or steroids may be

required

Severe respiratory

insufficiency/ continuous

oxygen or assisted

ventilation

RTOG scoring system for LATE toxicity

0 1 2 3 4

None Asymptomatic or mild

symptoms (dry cough)

Moderate symptomatic

fibrosis or pneumonitis

(severe cough) Low

grade fever

Severe symptomatic

fibrosis or pneumonitis

Severe respiratory

insufficiency/ Continuous

O2/ Assisted ventilation
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From the sigmoid-shaped dose-response relation-

ship between NTCP (predicted toxicity) and MLD2,

the D50 and g50 calculated values were 22.4 Gy and

2.2.

Discussion

Radiation pneumonitis is a relatively common event

in conventionally fractionated 3D-CRT for lung

cancer; when delivering total doses up to 60�66

Gy, its reported incidence is in the range 10�20%. In

SBRT, the achievable high grade of conformality

drastically reduces the amount of irradiated normal

lung, but the aggressive hypo-fractionation sche-

dules generally employed could potentially influence

the risk of toxicity. Extremely heterogeneous regi-

mens have been tested and different toxicity scales

(NCI-CTC, SWOG, and RTOG) employed in

phase II trials, with a consequent difficult compar-

ison between different published studies [3�7].

In a recent series by Guckenberger and colleagues

[11], clinically symptomatic radiation pneumonitis

(graded with NCI-CTC score) was observed in 10%

of patients, even if only 5/10 required a specific

therapy.

As pointed out by Kocak and colleagues [12], in

thoracic radiation therapy (conformal or stereotactic)

there are some concerns in defining radiation lung

injury, mainly because of the common presence of

confounding medical conditions. The time onset of

radiation acute/sub-acute clinical toxicity seems to be

different between SBRT and 3D-CRT (longer after

SBRT, as confirmed by our report, with a median

interval of occurrence of 4.8 months), while the

radiological presentation is similar. An interesting

finding of the previously cited study [11] is that, after

6 months, the proportion of patients with no evidence

of radiological changes after SBRT is only 22%,

suggesting a lack of correlation between radiological

changes and the occurrence of clinically symptomatic

lung injury.

Considering lung function, in a phase I study by

Timmerman and colleagues [6], including 37 pa-

tients in a dose-escalation protocol, ten patients

treated with SBRT showed a 10% decline in at least

one of the evaluated pulmonary function tests

(FEV1, FVC, DLCO), while six patients showed

clinical symptoms related to radiation-induced lung

injury. Ohashi and colleagues did not demonstrate

an alteration in pulmonary function one year after

Table IV. Logistic regression analysis (correlation with RTOG grade 2-3 pulmonary toxicity)

Odds Ratio Std. Err. z p 95% Confidence Interval

MLD2 1.52 0.24 2.66 0.008 1.12 2.08

Primary/ Metastatic 3.03 3.98 0.84 0.399 0.23 39.79

Central/Peripheral 0.54 0.70 �0.48 0.634 0.04 6.75

Superior/Median/Inferior

Lobe

1.53 0.89 0.73 0.464 0.49 4.79

PTV 1.03 0.03 1.05 0.293 0.98 1.08

Figure 1. MLD2, NTCP and observed lung toxicity for ipsilateral lung. The histogram shows the percentage of RTOG grade 2�3 toxicity

(the values in the bars indicate the number of patients with grade 2�3 toxicity over the total number of patients at risk within the same MLD

range), while the dotted line the binary logistic fitting of observed data; the continuous line represents the gaussian fit between NTCP and

MLD2.
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SBRT when considering TLC, FVC, FEV 1.0, and

DLCO [13].

Paludan and colleagues did not show any worsen-

ing of clinical symptoms after SBRT in patients with

pulmonary comorbidities, with a minimal impact on

dyspnea aggravation [14].

To our knowledge, a few data are currently

available on the correlation between dose-per-

fraction, total dose, dose-volumetric predictive

factors and radiation-induced lung injury in patients

treated with SBRT. NTCP, MLD, and dose-volume

parameters (Vdose) have instead been intensively

investigated in 3D-CRT.

In a systematic review by Rodrigues and collea-

gues [15] on 3D-CRT toxicity in lung cancer, MLD,

NTCP, and Vdose resulted to be predictive, even with

low sensitivities, in the range of 50�75% for Vdose,

19�36% for MLD, and 0�44% for NTCP. MLD was

significantly associated with RP risk in studies by

Yorke and colleagues (ipsilateral, lower lung, and

total lung) [16] and by Hernando and colleagues,

where a MLDB10 Gy was associated to a 10%

radiation pneumonitis rate, 11�20 Gy to 16%,

21�30 Gy to 27%, and�30 Gy to 44.5% [17]. In

the analysis performed by Graham and colleagues,

which considered the lungs as a paired organ, an

increasing rate of toxicity was associated to progres-

sively higher values of MLD (without a statistically

significant correlation), while V20 was selected as the

most significant dosimetric predictive parameter

[18].

In 3D-CRT, NTCP is usually estimated by

considering the lungs as a paired organ excluding

CTV or PTV, with the assumption that NTCP

follows a sigmoid dose-response relationship. Ran-

cati and colleagues did not detect a significant

correlation between NTCP and RP in univariate

analysis [19], and a recent update of the Memorial

Sloan-Kettering Cancer Centre dose-escalation trial

indicates that MLD and NTCP, as whole-lung

dosimetric variables, are predictive of lung injury

[20]. Hernando and colleagues [17] and Armstrong

and colleagues [21] detected a significant correlation

between NTCP and lung injury risk, and a NTCP

value of 12% was defined as cut-off. Marks reported

that higher sensitivity and accuracy are achievable

for NTCP when patients with very poor pre-RT

pulmonary function are excluded from analysis [22].

A possible explanation is that patients with very low

pre-RT pulmonary function are more likely to

develop non-radiation-related symptoms [19].

A Vdose parameter equivalent to V20 or V13 in

3D-CRT has not been previously defined for SBRT,

and there are still few data available on the predictive

value of MLD and NTCP when highly hypo-

fractionated regimens are employed. Song and

colleagues reported retrospectively that when

NTCP values (calculated on both lungs excluding

CTV) are below 20%, the risk of pulmonary toxicity

is negligible [[23], and personal communication].

Kontrisova and colleagues, comparing lung dosime-

try in SBRT in different respiration conditions (free

breathing, deep inspiration and expiration breath

hold), estimated NTCP with LKB model and

correction for fractionation, similarly to us, and

generally obtained very low NTCP values (only

5 patients of 13 with NTCP�1%) [24].

In our series, we did not observe any severe

pulmonary toxic event when MLD2 was below

12 Gy. Higher NTCP values were associated with

a higher risk, but when comparing the predicted

toxicity rate with the observed rate, the correspond-

ing NTCP model seemed to underestimate the risk

(D50 22.4 Gy vs.19.8 Gy), while the steepness of the

two dose-response relationships (g50 values) resulted

to be equal. Probably if we considered for the NTCP

calculation both lungs, NTCP values would have

been further lower, increasing the risk of under-

estimation. These results are partially in contrast

with those obtained by Willner and colleagues on

MLD and NTCP (calculated on ipsilateral lung)

as predictive factors in conventionally fractionated

3D-CRT [9]. In their study NTCP overestimated

the risk of lung injury, but, very interestingly, the

predicted D50 and g50 values obtained from dose-

response relationships were very similar to ours.

With little clinical data currently available, MLD2

seems to be a useful parameter in predicting risk of

lung injury in the clinical decision making process,

appearing as a well suited parameter to be used at

the stage of treatment planning. The possibility to fit

clinical toxicity data with MLD2, generating an

experimental dose-response relationship for SBRT

could be useful in comparing results from previously

published studies and in obtaining parameters for

toxicity risk prediction in SBRT. Due to the low

number of major toxic events, the related uncer-

tainty of this prediction is still relatively large, and we

think that to confirm our findings and to definitively

validate MLD2 as a standard predictive parameter

an analysis of toxicity data from other prospective

trials in thoracic SBRT is needed. In any case, in our

clinical activity, we are currently employing MLD2

as dose constraint for pulmonary toxicity.
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