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 Abstract 
 Radiological pneumonitis and fi brosis are common after stereotactic body radiotherapy (SBRT) but current scoring systems 
are qualitative and subjective. We evaluated the use of CT density measurements and a deformable registration tool to 
quantitatively measure lung changes post-SBRT.  Material and methods . Four-dimensional CT datasets from 25 patients 
were imported into an image analysis program. Deformable registration was done using a B-spline algorithm (VelocityAI) 
and evaluated by landmark matching. The effects of respiration, contrast, and CT scanner on density measurements were 
evaluated. The relationship between density and clinician-scored radiological pneumonitis was assessed.  Results.  Deformable 
registration resulted in more accurate image matching than rigid registration. CT lung density was maximal at end-
expiration, and most deformation with breathing occurred in the lower thorax. Use of contrast increased mean lung density 
by 18 HU (range 16 – 20 HU; p  �  0.004). Diagnostic scans had a lower mean lung density than planning scans (mean 
difference 57 HU in lung contralateral to tumor; p  �  0.048). Post-treatment CT density measurements correlated strongly 
with clinician-scored radiological pneumonitis (r  �  0.75; p  �  0.001).  Conclusions.  Quantitative analysis of changes in lung 
density correlated strongly with physician-assigned radiologic pneumonitis scores. Deformable registration and CT density 
measurements permit objective assessment of treatment toxicity.    
Stereotactic body radiation therapy (SBRT) for stage 
I non-small cell lung cancer (NSCLC) is a highly 
effective local therapy, and is accompanied by radio-
logical pneumonitis and fi brosis in more than 50% 
of patients [1 – 3]. Radiological fi ndings will usually 
develop within three months, but can evolve beyond 
one year [2,4], making it important to differentiate 
treatment-induced changes from disease progression 
in order to avoid the risk of unnecessary salvage 
interventions [5]. However, current scoring systems 
for post-SBRT radiological fi ndings are largely 
qualitative in nature and have not yet been formally 
validated [1 – 3]. 

 Lung density measurements on computed tomo-
graphy (CT) have been used in studying of pulmonary 
emphysema, where it correlates well with lung function 
and pathological fi ndings [6,7]. Previous work 
suggests that density changes on CT scan can be used 
to quantify radiation lung damage [8]. However, major 
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challenges exist in using serial CT scans for density 
measurements after radiotherapy. Studies of lung den-
sity measurements have used spirometry or respiratory 
coaching in order to ensure that all scans are done with 
the same degree of inspiration [9 – 11]. Radiotherapy 
planning and subsequent diagnostic follow-up scans 
are generally not done at uniform levels of inspiration 
and may not co-register accurately, potentially intro-
ducing errors in density comparisons. In addition, dif-
ferent CT scanners are used for planning and follow-
up scans, which could affect density measurements 
[10], and patient positioning and/or couch shape can 
differ. Finally, the use of intravenous (IV) contrast may 
differ between planning and follow-up scans. 

 In light of these challenges, we evaluated the use 
of quantitative CT density measurements using 
deformable registration to study acute changes in 
lung density in patients who had completed lung 
SBRT.  
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 Material and methods 

 The goal of this study was to determine the feasibility 
and validity of measuring early CT density changes 
after lung SBRT, using a deformable registration 
algorithm. We assessed the changes in CT Hounsfi eld 
unit (HU) density with breathing, the effect of IV 
contrast on lung density, and differences in density 
measurements between planning vs. diagnostic scan-
ners. Finally, the accuracy of deformable registration 
between planning and follow-up scans and correlation 
between CT density and severity of radiological pneu-
monitis was evaluated. A total of 25 patients were 
included in various sub-analyses in this study, although 
not all patients were used for each assessment. 

 Four-dimensional (4D) CT scans (GE Medical 
Systems, Waukesha, USA) acquired at 140 kVp and 
100 – 110 mAs were used for treatment planning, as 
previously described [12]. All diagnostic CT scans, 
either pre-treatment or post-treatment used here 
were performed on one of three different scanners at 
the VU Medical Center [Siemens Volume Zoom 
4-slice, Siemens Sensation 64-slice (Siemens Neder-
land N.V., Den Haag, Netherlands) or Philips 
Brilliance iCT 256-slice (Royal Philips Electronics, 
Inc., Amsterdam, Netherlands)]. Machine settings 
were 120 kVp, 100 mAs, with spiral acquisition and 
a 0.5 s rotation time. Seventy milliliters of contrast 
was administered with a delay of 25 s. Scans were 
acquired at inspiratory breath hold. A summary of 
differences between planning and follow-up scans is 
shown in Table I. 

 Image registration and deformation was per-
formed using VelocityAI (version 2.2.1, Velocity Med-
ical Solutions, Atlanta, Georgia, USA) running on a 
Pentium dual core PC platform equipped with Win-
dows XP (Microsoft Corporation, Redmond, Wash-
ington, USA). Rigid registration of images with scaling 
was applied and manually inspected before deforma-
tion. A modifi ed B-spline calculation algorithm com-
puted the 3D displacement necessary for voxels to 
reach optimal fi ts, and contours attached to specifi c 
voxels were warped with the same 3D displacement. 
Graded levels of deformation from  “ coarse ”  to  “ fi ne ”  
were performed using increasing number of control 
points (nodes). Coarse deformations were applied 
  Table I. Summary of differences between planning and follow-up scan

  Planning scan  

 Timing Pre-radiotherapy
 Breath control Free breathing, with binning by respiratory ph
 Machine settings 140kVp and 100 – 110 mAs
 Slice thickness 2.5 mm
 Intravenous contrast None
 Positioning Supine, arms above head on fl at table
fi rst, and if further deformation was needed based on 
visual inspection, fi ne deformation was applied. 

 VelocityAI uses a modifi ed B-spline-based calcu-
lation algorithm combined with the Mattes formula-
tion of the mutual information metric. B-spline 
algorithms allow for substantial local/regional varia-
tion in the deformation map. The underlying algo-
rithm parameters are not user-defi ned but inherent 
in the program, and the number of control points is 
not specifi cally stated but users choose between 
 ‘ coarse ’  and  ‘ fi ne ’  settings on a scale. After deforma-
tion, matching was assessed qualitatively by compar-
ing locations of major structures (e.g. great vessels, 
vertebrae, major airways). Voxel-HU density histo-
grams were created for quantitative assessments of 
lung density, and mean lung densities were derived.  

 Lung density changes with breathing 

 To assess whether changes in normal lung density 
associated with breathing are detected with CT den-
sity measurements, the end-expiration phase of the 
4D-CT was registered and deformed to nine other 
breathing phases for four patients. The lung contral-
ateral to the patient ’ s tumor was used for analysis. 
The changes in mean lung density of three defi ned 
regions of interest (ROI) were assessed on each phase 
of the original 4D-CT and on the deformed end-
expiration scan, namely (i) whole lung, (ii) upper 
lung ROI, and (iii) lower lung ROI. The ROIs used 
were cylinders 2 cm in height x 3 cm diameter, and 
were exported from the planning system along with 
lung volumes. Density measurements on each phase 
of the 4D-CT were used to assess changes with 
breathing, whereas density measurements on the 
deformed end-expiratory scan were done to deter-
mine if lung densities are altered by the deformation 
process.   

 Infl uence of contrast and scanner 

 In order to study the infl uence of contrast on CT 
density measurements, patients in whom 4D-CT 
scans had been obtained with and without contrast 
at the same imaging session were identifi ed. Our 
protocol calls for administration of IV contrast only 
s.  

  Diagnostic scan  

 � 3 months post-radiotherapy
ase (4-dimensional) At inspiratory breath hold

120kVp and 100 mAs
2.5 – 5 mm
Yes, unless contra-indicated
Supine, arms above head on rounded table
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in select cases to assist with contouring or centrally 
located tumors, and three such patients were identi-
fi ed in whom only the tumor-bearing region was 
scanned. For this assessment, the lung contralateral 
to the primary tumor was contoured in the contrast 
scan, and this scan was registered and deformed to 
the non-contrast scan. Changes in mean lung density 
on end-expiratory 4D-CT phases with and without 
contrast were compared. 

 To quantify differences in lung density between 
scans performed on a diagnostic scanner (with con-
trast) and a planning scanner (without contrast), 
scans of fi ve patients who underwent diagnostic CT 
scans at our hospital in the month prior to SBRT 
were identifi ed. The phase of the corresponding plan-
ning scan that best matched the lung volumes on the 
diagnostic scan was chosen, co-registered and 
deformed to the diagnostic scan. The mean lung HU 
density difference between the two scans was calcu-
lated for both lungs. 

 It was hypothesized that the images from differ-
ent scanners would have different HU densities, but 
that these differences would be the similar for both 
lungs, allowing for correction of the ipsilateral lung 
density changes based on changes in the contralateral 
lung. This hypothesis was tested using one-third of 
the contralateral lung (upper, middle, or lower) that 
was furthest from the planes of the primary tumor. 
Differences measured in this contralateral region 
were subtracted from the ipsilateral density changes, 
and the accuracy of this correction was assessed. 
This correction factor incorporates both the use of 
contrast and the difference in CT scanners.   

 Discrimination of radiological pneumonitis 

 In a previous study, CT scans of SBRT patients were 
scored for acute radiological pneumonitis post-
treatment by a consensus of three experienced tho-
racic radiation oncologists who were blinded to 
patient identifi ers and treatment outcomes [1]. In 
addition to scoring morphologic changes, judges 
subjectively scored the severity of radiographic fi nd-
ings as follows (Figure 1):  “ severe ”  (more extensive 
than would be expected with SBRT);  “ moderate ”  
(changes that are common with SBRT),  “ minor ”  
(slight changes felt to be of little importance). The 
three-month follow-up CT scan was used to assess 
radiological pneumonitis. 

 For the present study, fi ve patients were chosen 
from each of the fi rst three categories (i.e.  ‘ none ’ , 
 ‘ mild ’ , and  ‘ moderate ’ ), and three from the  ‘ severe ’  
category (due to the infrequency of this latter desig-
nation). These patients had been treated with SBRT 
using either 3D-conformal radiotherapy (3D-CRT) 
with 8 – 12 noncoplanar static beams or volumetric 
modulated arc therapy (RapidArc TM  [RA] ,  Varian 
Medical Systems Inc., Palo Alto, California), consist-
ing of 2 – 5 arcs. Fractionation was based on tumor 
size and location. With the pencil beam algorithm 
used for 3D-CRT patients, the three fractionations 
were: 3 � 20 Gy, 5 � 12 Gy, or 8 � 7.5 Gy, whereas 
with the AAA algorithm used for RA patients, the 
equivalent fractionations were 3 � 18 Gy, 5 � 11 
Gy, or 8 � 7.5 Gy [13]. The planning target volume 
consisted of an internal target volume (ITV) that 
encompassed all motion observed on 4DCT, with an 
additional margin of 3 – 5 mm for set-up error. 

 Clinical characteristics of these patients were as 
follows: Median age 72 years (range 50 – 81 years), 13 
(72%) were male, 13 (72%) had peripheral tumors 
more than 2 cm from the mediastinum, and 11 (61%) 
had tumors above the level of the carina. Seven 
patients (39%) received the 8-fraction schedule, six 
(33%) received 5 fractions and fi ve (28%) received 3 
fractions. The median PTV volume was 47 cm 3  (range 
6 – 96 cm 3 ). Clinical symptoms of pneumonitis were 
uncommon: of these 18 patients, one (5.5%) had 
grade 2 radiation pneumonitis; none had grade 3 or 
higher pneumonitis. Given the low frequency of 
symptomatic pneumonitis, no correlation was 
attempted between density changes and symptoms. 

 For each patient, the phase of the 4D-CT that 
best matched the lung volumes on the follow-up 
  
Figure 1.     Examples of radiological pneumonitis scored as mild, moderate, or severe.  
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diagnostic scan was chosen, then co-registered and 
deformed to the diagnostic scan. The accuracy of 
rigid registration and deformable registration were 
assessed by contouring ten structures of interest on 
both the planning scan and diagnostic scan in ten 
patients, chosen from all four severity categories. 
These landmarks were selected to be easily identifi -
able and representative of whole thorax, including 
components of the chest wall (sternal notch, spinous 
process of T5), mediastinum (carina, origin of bra-
chiocephalic artery), bronchial tree (origins of right 
upper lobe and left lower lobe bronchi), and lung 
volumes (bilateral apices of lungs and diaphragms). 
If the selected bronchial landmarks could not be 
identifi ed on the scan, an alternative bronchial land-
mark in the region was contoured. The contours 
from the planning scan were warped as per the 3D 
displacement of the rigid or deformable registration 
and transferred to the diagnostic scan. The contoured 
structure on the diagnostic scan was considered the 
 ‘ gold standard ’ . The locations of the centers of mass 
were compared to calculate the 3D displacement 
error. For the apices of the lungs and diaphragms, 
the axial displacement between the highest position 
of the structures was calculated. 

 Changes in lung density three months after treat-
ment were assessed in two volumes: the whole ipsi-
lateral lung, and the peri-tumoral region. In order to 
provide a standardized volume for all patients, the 
 ‘ peri-tumor region ’  was defi ned as a 3 cm 3D expan-
sion around the ITV (not including the ITV itself), 
excluding the chest wall and mediastinum. Changes 
in density due to scanner type were corrected using 
one-third of the contralateral lung volume remote 
from the tumor, as described above. The correlation 
between lung density changes and pneumonitis 
scores were assessed.   

 Statistical analysis 

 The matched-pair t-test and Spearman ’ s correlation 
were used as appropriate. All statistical tests were 
two-sided with p � 0.05 indicative of statistical sig-
nifi cance, and all statistical analyses were performed 
using the Statistical Package of Social Sciences (SPSS 
version 15.0, Chicago, Illinois).    

 Results 

 A representative illustration of rigid and deformable 
registrations for a single patient is shown in Figure 2A. 
In general, rigid registration provided a good match 
for bony structures but not for lung infl ation, which 
could result in errors in matching at the tumor loca-
tion. In unique situations, such as pneumonitis 
occurring in the region of a resolved pleural effusion 
(Figure 2B), limitations were observed since the 
algorithm presumes that the scans contain mutual 
information and may not distinguish two high-den-
sity pathological processes occurring at different 
times but in the same location.  

 Breathing and lung density changes 

 Most deformation occurred in the inferior regions of 
the thorax, as would be expected since these regions 
are closest to the diaphragm. The median diaphrag-
matic excursion for these four patients was 1.2 cm, 
and the mean change in the volume of the contralat-
eral lung between end-expiration and end-inspiration 
was 134 cm 3 . Density changes with breathing fol-
lowed a predictable pattern through the phases of the 
4D-CT, with lung density maximal at end-expiration 
and minimal at end-inspiration (Figure 3A). The mean 
difference in HU between end-expiration and end-
inspiration was 42 HU (range 19 – 65 HU; p  �  0.027). 
However, on the end-expiration scan that was 
deformed to each phase of the 4D-CT scan, the lung 
densities did not change as the scan was deformed 
through the respiratory cycle (Figure 3B), indicating 
that the algorithm does not appreciably change 
density information.   

 Effect of contrast and scanner 

 Addition of contrast for the planning 4D-CT scan 
resulted in a mean increase in mean lung HU density 
of 18 HU (range 16 – 20 HU), corresponding to an 
increase of 2.4% in mean lung density. Despite the 
small sample size, this difference was statistically sig-
nifi cant (paired-sample t-test p  �  0.004). The effect 
of contrast was most apparent on the highest HU 
range of the voxel-HU histograms, likely represent-
ing blood fl ow in small vessels. 

 Lung densities on diagnostic pre-treatment scans 
were lower (less dense) than on planning scans for 
the ipsilateral lung (n  �  5, mean difference 47 HU; 
p  �  0.05) and the contralateral lung (mean differ-
ence 57 HU; p  �  0.048). Using differences in a 
remote portion of the contralateral lung to correct 
the ipsilateral lung density reduced the mean differ-
ence to 10 HU (range −29 to 65 HU). Although it 
was not possible to perfectly correct for differences 
between scanners using this method, on average the 
ipsilateral lung density was corrected to within 1% 
between the planning and diagnostic scanners (range 
−3 to 8%).   

 Discrimination of Radiation Pneumonitis at 3 months 

 A quantitative comparison of deformable and rigid 
registration for aligning planning and three-month 
follow-up scans is shown in Table II. For most 
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structures, the accuracy of deformable registration 
was within 3 – 5 mm, and signifi cantly better than 
rigid registration. This advantage of deformable 
registration was most evident for structures that are 
highly mobile, such as the diaphragms, carina, and 
smaller bronchi. 

 The correlation between CT density changes and 
physician-graded radiological pneumonitis scores is 
shown in Figure 4, with an example of pre- and post-
SBRT scans shown in Figure 5. There was no cor-
relation between severity of pneumonitis and changes 
in HU density in the whole ipsilateral lung (Spear-
man ’ s r � 0.30; p � 0.22). However, local density 
changes in the region around the target correlated 
strongly with increased severity of radiological pneu-
monitis (Spearman ’ s r � 0.75; p � 0.001). Correla-
tions were very similar and remained strong (all 
r � 0.70) if the uncorrected density changes were 
used, or if the end-expiratory phase of the 4D-CT 
scan was used for baseline density measurements.    

 Discussion 

 This study demonstrates that CT density measure-
ments using a deformable registration technique 
allow for quantitative assessment of radiological 
pneumonitis, and correlate strongly with physician-
assigned pneumonitis scores. Our fi ndings are in 
agreement with previous data showing that CT den-
sity measurements correlate with radiation dose and 
symptoms after conventionally fractionated thoracic 
radiotherapy, in which larger fi elds which encompass 
the primary tumor and/or associated nodal regions 
were applied [8,14,15]. Changes in CT lung density 
can increase in a dose-dependent fashion [8,14], 
with the largest increases noted in regions receiving 
more than 50 Gy [16]. 

 In contrast to previous studies, we exclusively 
studied patients who had undergone SBRT. Our 
data suggests that rigid registration techniques lack 
the accuracy required to adequately compare den-
sity changes after SBRT. Deformable registration 
better accounts for changes in lung volumes and 
tumor position, and such precise spatial informa-
tion is needed due to the steep dose fall-off with 
SBRT. Better spatial information on density changes 
may help in evaluating optimal SBRT techniques as 
a variety of dose-fractionation regimens and treat-
ment delivery techniques are now in use [1 – 3]. For 
patients who develop new radiographic fi ndings in 
the years following treatment, the technique could 
be used to relate previous dose distributions to the 
location of the new radiological fi ndings, which 
could represent benign changes, recurrent disease, or 
Figure 2.     A. Representative example of using deformable registration to account for breathing. B. A unique situation illustrating the limits 
of deformable registration. The left-sided pleural effusion has resolved, but pneumonitis occurs in the same region. The deformed lung 
volume (outlined in white) does not include the region of pneumonitis.  
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primary lung tumors that arise at a rate of 1 – 3% 
per year [17]. 

 At present, the clinical application of deformable 
registration in lung cancer has generally been limited 
to treatment planning and delivery, rather than 
assessment of radiological outcomes [18,19]. In this 
study, deformable registration was used to match 
images that could be fundamentally different, such 
as pre- and post-treatment scans with differences in 
tumor size and/or the presence of pneumonitis. This 
can lead to two problems due to the algorithm ’ s 
assumption that the scans contain the same anatomic 
information: fi rstly, since the algorithm is based 
on local relationships between HU values (voxel 
intensity), inaccuracies can occur when different 
high-density abnormalities occur in the same loca-
tion (such as in Figure 2B). This prevents adequate 
registration in some patients, and therefore limits the 
application of this technique; Secondly, the algorithm 
in theory will endeavor to deform the two scans to 
match exactly. For example, the algorithm could 
deform pneumonitis until it matches the original 
tumor. For this reason, we used coarse deformation 
techniques with relatively few control points, result-
ing in good visual matches for lungs, normal tissues, 
and tumor position, without apparent local distor-
tion of the tumor or pneumonitis itself. 

 It is important to keep in mind the fact that mea-
sured lung density depends on degree of inspiration, 
regional blood fl ow, and the presence of disease such 
as COPD [20 – 22]. In addition, degree of contrast 
enhancement can be affected by factors such as 
patient weight, renal function, age, gender, and tim-
ing of contrast delivery [23], and we were unable to 
Figure 3.     A. Changes in lung Hounsfi eld unit density with breathing for four patients. Mean values are plotted for each phase of the 
breathing cycle. Standard deviations range from 0.001 to 0.04 (not shown). B. Lung density values as measured on the end-expiratory 
phase of the 4D-CT scan, after it was deformed to match each of the other phases of breathing, indicating that the HU density values 
did not change appreciably when the scans were deformed.  
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  Table II. Accuracy of rigid registration vs. deformable registration. ∗   

  Structure  
  Rigid 
(mm)  

  Deformable 
(mm)    p-value  

Apex right diaphragm 15.9  �  2.6 4.0  �  1.1 0.001
Apex left diaphragm 12.4  �  2.9 3.5  �  1.1 0.009
Sternal notch 10.5  �  1.7 8.0  �  3.1 0.37
Right brachiocephalic 

artery origin
8.9  �  1.3 5.9  �  1.2 0.047

T5 spinous process 8.7  �  0.7 4.7  �  0.9 0.001
Orifi ce of right upper 

lobe bronchus
7.9  �  1.5 3.2  �  0.4 0.011

Orifi ce of left lower 
lobe bronchus

7.4  �  1.5 3.4  �  0.6 0.032

Carina 6.6  �  1.1 3.4  �  0.4 0.023
Apex right lung 4.6  �  1.3 3.1  �  0.8 0.36
Apex left lung 3.9  �  1.0 4.2  �  2.1 0.88

∗For ten patients, ten landmark structures were contoured on an 
end-inspiratory planning scan and transferred to a 3-month 
follow-up diagnostic scan using either rigid or deformable 
registration. The contoured landmark on the diagnostic scan was 
considered the ‘gold standard’, and mean (�SE) 3D displacement 
error of the centre of mass was calculated. Note that scans were 
done in different positions, and deformable registration was not 
fully optimized, to avoid overfi tting differences between tumor and 
pneumonitis.
evaluate the effects of these variables individually in 
our study. We did not attempt to correlate CT density 
changes with clinical pneumonitis rates, given the 
low event rate in the SBRT population ( � 5%), which 
is compounded by the diffi culty distinguishing clini-
cal pneumonitis from COPD exacerbations and 
other respiratory diseases. We found that diagnostic 
scans had lower lung HU densities than planning 
scans performed with contrast, although this study 
was not powered to assess these differences for diag-
nostic scanners from different manufacturers. Though 
apparently counter-intuitive, it is likely due to the 
fact that the diagnostic scans are of higher quality 
(i.e. resulting in lung tissue that appears darker, or 
less dense), and that the contrast-bearing vessels are 
mostly in the mediastinum, which is not included in 
the contoured lung volumes. 

 The anatomic errors associated with deform-
able registration appear to be small, despite the 
fact that baseline and follow-up scans were done 
in different positions (with the potential for fl ex-
ion/extension, rotation and translation), they were 
separated in time by three months, and that the 
deformation was not fully optimized (to avoid 
overfi tting differences between tumor and pneu-
monitis). For most structures, accuracy was within 
3 – 5 mm, and deformable registration showed the 
greatest advantage for highly mobile structures. It 
may be possible to further improve this technique 
by using CT scans with thinner slices, on the order 
of 1 – 2 mm. Our measurements are in keeping with 
other studies: a multi-institutional study showed 
the mean absolute error associated with deform-
able registration between end-expiratory and end-
inspiratory phases of a 4D-CT scan to be less than 
2.5 mm [24], and B-spline deformation can model 
lung volume changes with breathing to within 
3 mm [25]. 

 In conclusion, our study demonstrates that CT 
lung density measurement after deformable registra-
tion is a feasible and accurate technique that corre-
lates strongly with physician-graded radiologic 
pneumonitis scores. This tool will allow for quantita-
tive, objective comparisons of radiological changes 
after lung cancer radiotherapy. 
  
Figure 4.     Changes in ipsilateral whole lung density (left) for all 18 patients (left) did not correlate with degree of pneumonitis (Spearman ’ s 
r  �  0.30; p  �  0.22) whereas changes in lung density in the peri-tumoral region (right) showed strong correlation with radiological 
pneumonitis (Spearman ’ s r  �  0.75; p  �  0.001). Mean values for each category are denoted by open circles, and error bars represent one 
standard error (SE). HU: Hounsfi eld units.  
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