informa

healthcare

Acta Oncologica, 2013; 52: 1405-1410

ORIGINAL ARTICLE

Quantification of radiation-induced lung damage with CT scans:
The possible benefit for radiogenomics
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Abstract

Background. Radiation-induced lung damage (RILD) is an important problem. Although physical parameters such as
the mean lung dose are used in clinical practice, they are not suited for individualised radiotherapy. Objective, quantita-
tive measurements of RILD on a continuous instead of on an ordinal, semi-quantitative, semi-subjective scale, are needed.
Methods. Hounsfield unit (HU) changes before versus three months post-radiotherapy were correlated per voxel with
the radiotherapy dose in 95 lung cancer patients. Deformable registration was used to register pre- and post-CT scans
and the density increase was quantified for various dose bins. The dose-response curve for increased HU was quantified
using the slope of a linear regression (HU/Gy). The end-point for the toxicity analysis was dyspnoea = grade 2. Resulzs.
Radiation dose was linearly correlated with the change in HU (mean R?>=0.74 = 0.28). No differences in HU/Gy between
groups treated with stereotactic radiotherapy, conventional radiotherapy alone, sequential or concurrent chemo-
radiotherapy were observed. In the whole patient group, 33/95 (34.7%) had dyspnoea = G2. Of the 48 patients with a
HU/Gy below the median, 16 (33.3%) developed dyspnoea = G2, while in the 47 patients with a HU/Gy above the
median, 17 (36.1%) had dyspnoea =G2 (not significant). Individual patients showed a nearly 21-fold difference in
radiosensitivity, with HU/Gy ranging from 0 to 10 HU/Gy. Conclusions. HU changes identify objectively the whole range
of individual radiosensitivity on a continuous, quantitative scale. CT density changes may allow more robust and accu-
rate radiogenomics studies.

Side effects of radiotherapy are important: they
hamper radiation dose escalation or optimal combi-
nation of radiotherapy with systemic treatment, may
be detrimental for patients’ wellbeing and can be a
source of increased treatment costs. Currently
used radiotherapy dose, fractionation and volume
schedules are in general based on physical con-
straints aiming to limit severe side effects to 5-10%
of the patient population. However, this also means
that about 90% of patients could receive a higher

radiotherapy dose without undue side effects, which
may in turn lead to higher local tumour control
rates. Although the physical models are of great
value in current clinical practice and have allowed
for a more objective and individualised approach,
they have several shortcomings.

In radiotherapy of lung cancer, radiation-induced
lung damage (RILD) is one of the most important
dose limiting side effects. The probability for RILD
is typically inferred from the mean lung dose (MLD)
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or the V20 (percentage of the lung volume receiving
more than 20 Gy); however, the area under the curve
(AUC) of the receiver operator curve (ROC) for
development of RILD is typically only 0.60-0.65,
which leaves much room for improvement [1,2]. The
addition of dosimetric parameters for other organs
such as the heart may improve the prediction of
RILD; however, still discarding huge differences
between individuals in their radiosensitivity [3,4].
The latter observation has fuelled research to cor-
relate genetic features with radiation-induced side
effects; a field termed “radiogenomics”. Although
correlations between some single nucleotide poly-
morphisms (SNP) and RILD have been reported,
reproducibility remains problematic, as it is in radiog-
enomics in general [5-15].

The inability to find correlations between genetic
features and RILD may be caused by the inaccuracy
with which this side effect is scored. First, all scoring
systems are semi-quantitative at best and have ordi-
nal scales that differ between research groups [16,17].
The consequence is that the continuous nature of
lung damage is discarded and that the resolution of
the system is low. Some scoring systems include the
use of medication (steroids), which may be partially
related to the physician preferences. The use of med-
ication is a binary endpoint as is the grading of dys-
pnoea according to a certain threshold, e.g. dyspnoea
grade 2 or more. It is thus not surprising that the
detection resolution is low. Equally important is the
difficulty to know the causal relationship between
dyspnoea or the use of steroids and the administra-
tion of radiotherapy [18]. Uncertainty was observed
in about 25-50% of patients, i.e. in up to half of the
individuals’ dyspnoea or the use of steroids was
scored as RILD and attributed to radiotherapy, while
it may have been due to other medical conditions
such as heart disease, exacerbation of chronic
obstructive lung disease (COPD) or infections.

An objective system that allows defining radiation
injury of the lung on a continuous scale would there-
fore be highly welcomed. Lung density changes dur-
ing and after radiotherapy measured on CT scans
have been reported to be a robust way to measure
radiation-induced changes after stereotactic radio-
therapy [19,20]. In this study, we use CT density
changes after radiotherapy to investigate more spe-
cifically lung damage induced by radiotherapy.

Methods and patients
Patients

CT scans of lung cancer patients treated with
radiotherapy with curative intent were retrospec-
tively retrieved from the prospective database of the

University Hospitals Leuven and Maastro clinic. All
patients had a planning CT scan prior to radiother-
apy and an a priori scheduled CT scan three months
after radiotherapy. With the latter inclusion criterion,
individuals that would have been entered that under-
went a CT of the chest that was specifically requested
because of symptoms were avoided. Patients were
treated with radiotherapy alone, sequential chemo-
therapy and radiotherapy or concurrent chemo-
radiotherapy.

For non-small cell lung cancer INSCLC), in case
of induction chemotherapy, three cycles of cisplatin
and gemcitabine were given, with at least three weeks
between the last infusion of gemcitabine and the first
day of radiotherapy. Patients were scheduled to
receive up to 70 Gy to the planning target volume
(PTV). Concurrent chemotherapy consisted of two
cycles of either cisplatin and vinorelbine or cisplatin
and etoposide given during radiotherapy tot a
dose up to 69 Gy. Patients treated with stereotactic
radiotherapy (SBRT) had coin lesions and received
three fractions of 18 Gy. Small cell lung cancer
(SCLC) patients were treated with concurrent cis-
platin and etoposide and 45 Gy (1.5 Gy twice-daily).
Planning and execution of radiotherapy was accord-
ing to European Organisation for Research and
Treatment of Cancer (EORTC) guidelines in both
institutions [21].

Dyspnoea was scored with the CTCAE 4.0 (com-
mon toxicity criteria for adverse events) instrument
before and during therapy and every three months
thereafter. In this study, the maximal dyspnoea
immediately after the end of radiotherapy to four
months after radiation was used as an endpoint.

A total of 95 patients were included, 71 with
NSCLC and 24 with SCLC. Radiotherapy was
given as a single treatment modality in 19 patients,
including 14 treated with SBRT. Sequential chemo-
therapy and radiotherapy was given in 30 NSCLC
patients and concurrent chemo-radiotherapy in 46
(24 SCLC and 22 NSCLC). There were 71 males
and 24 females, with a mean age of 66.3 * 8.4 years
(range 43-83). The pre-treatment FeV1 (forced
expiratory volume at 1 second) was 2.0 = 0.8 litres
(range 0.8-3.77). The smoking status was: current
smoker 32 patients (33.6%), former smoker (quitted
smoking more than one year before treatment) 54
patients (56.8%), never smoker two patients (2.3%),
smoking status unknown seven patients (7.3%). The
mean MLD was 13.6 = 4.3 Gy (range 3.6-22.0).

Imaging

Radiation treatment planning four-dimensional
(4D)-CT scans were used as baseline scans, with all
breathing cycles available. Follow-up scans were



acquired in the inspirational breath-hold on a diag-
nostic CT scanner with a curved table top. To com-
pensate for different positioning and breathing state,
deformable registration between the baseline and
follow-up scans was used. In Maastro clinic, this
was done with an in-house developed non-rigid reg-
istration package (Mathworks, Natick, MA, USA)
validated for image registration inside the thorax
[22]. In Leuven, MIM-VISTA (MIM Software Inc.,
Cleveland, OH, USA) was used [20]. Delineations
of the lung and the PTV, together with the 3D dose
distribution (AAA calculation algorithm, or superpo-
sition algorithm) were exported from the treatment
planning system (Eclipse, Varian Medical Systems,
Inc., Palo Alto, CA, USA and XiO, Elekta, Stock-
holm, Sweden). As at the boundaries between the
lungs and the ribs slight erroneous registrations may
lead to huge differences in HU, lung contours were
eroded by 5 mm.

The dose distribution within the eroded lung
contours and excluding the PTV was binned into
dose bins. A dose response curve (DRC) was gener-
ated for each patient, showing the average HU change
as a function of dose per bin. The DRCs of all patients
for each treatment group were combined to create
population DRCs. The population curve was created
from the weighted contribution of each patient
based on the relative lung volume at that dose.

The dose in all dose bins in all patients was
re-calculated to equivalent dose in 2 Gy fractions
with an o/f value of 3 Gy.

Variations in HU may be due to technical rea-
sons, breathing [23] and changes over time in
the same individual [24]. This may introduce a vari-
ation of about 15 HU. Intravenous contrast increases
HU by 15-20 HU [25], which is considered to be
an important enhancement. In order to take into
account variability and to be sure to deal with a sig-
nificant increase of HU, we arbitrary decided that
patients with an increase of more than 0.5 HU per
Gy dose in each voxel of lungs (i.e. 35 HU increase
for a radiotherapy dose of 70 Gy) were considered
as having a significant increase.

Statistical analysis

Results are expressed as mean * standard deviation
(SD) or 95% confidence intervals (CI). The range is
given between brackets. Linear regression was used
to correlate HU change over time with radiation
dose. Differences between groups were calculated
with Wilcoxon’s signed rank tests and correlations
with a Spearman’s statistic. Proportions were com-
pared with a y2-test. P-values less than 0.05 were
considered to be significant.
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Results
Dyspnoea after radiotherapy

Dyspnoea grade 2 or more occurred in 33/95 (34.7%)
of patients after radiotherapy and was significantly
higher with increasing MLD, but only with a weak
correlation (R=0.08; p=0.027). Dyspnoea =G2
incidence was 9/34 (26.5%) in the group with a
MLD <10 Gy, 12/27 (44%) when the MLD was
10-14.9 Gy and 11/34 (32%) with MLD-values
between 15.0-22.0 Gy. The distribution of MLD is
given in Figure 1.

HU changes and correlation with dyspnoea

The mean HU/Gy in patients from Maastricht was
1.8 £2.1; those from Leuven 1.4+ 1.3 (none of
the differences were significant).

HU change (AHU) at baseline compared to three
months post-treatment was linearly correlated
with the radiotherapy dose: mean R?>=0.74+0.28
(0.24-0.99), p=0.07 (Supplementary Figure 1,
available online at http://informahealthcare.com/doi/
abs/10.3109/0284186X.2013.813074).

The distribution of AHU per Gy is depicted
in Supplementary Figure 2 (available online at
http://informahealthcare.com/doi/abs/10.3109/
0284186X.2013.813074). The HU increase per Gy
for each treatment group were: for SBRT: 1.4 = 1.3
for the o/B corrected values and 2.1 1.9 for the
non-o/B corrected slope, for non-SBRT radiotherapy
alone: 1.7 = 1.7; for sequential chemo-radiotherapy:
1.5+1.6; and for concurrent chemo-radiation:
2.1+2.8 (all differences not significant, p-values
>0.35). We therefore pooled all treatment groups.
For the whole group, the mean AHU/Gywas 1.7 = 2.0
(range —1.6-10.7), the median AHU/Gy was 1.1.

A striking heterogeneity between patients in
AHU /Gy was observed (Figure 2). Of the 48
patients with a AHU/Gy below the median, 16
(33.3%) developed dyspnoea = G2, while in the
47 patients with a AHU/Gy above the median, 17
(36.1%) had dyspnoea =G2 (p=0.77).

As the radiation response of the lungs has an
important volume dependency, volume effects were
investigated. Only a small volume effect on the AHU
/Gy was observed (Supplementary Figure 3, avail-
able online at http://informahealthcare.com/doi/abs/
10.3109/0284186X.2013.813074). With a change
of 0.5 HU/Gy considered to be of importance,
26 patients had no significant HU changes, whereas
69 had. Of the 26 patients without significant
changes, eight patients (31%) had dyspnoea =G2.
In the 69 individuals with HU change, 25 patients
(36%) had dyspnoea =G2 (p<0.001).
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Figure 1. Distribution of the mean lung dose (MLD), with the corresponding proportion of patients per bin developing dyspnoea

grade 2 or more.

HU changes identify more appropriately individuals
with a radiosensitive phenotype than dyspnoea

In the whole patient group, 33/95 (34.7%) had
dyspnoea = G2, whereas 69/95 (72.6%) had a sig-
nificant change in HU.

Assuming that a change in HU of more than
0.5/Gy is relevant (see methods section), the 69
patients with HU changes had a range between
0.51 HU/Gy and 10.7 HU/Gy. Twenty-five of these
69 patients had dyspnoea = G2.

Discussion

RILD is of obvious relevance for it is an important
dose-limiting toxicity and it impairs patients’
wellbeing and quality of life. Dose-volume parame-
ters such as the MLD or V20 are used in clinical

12 4
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Figure 2. Changes in Hounsfield units (HU) per Gy (y-axis) for
each individual patient (x-axis) (n=95).

practice as safe thresholds [21]. As these systems
ignore the large individual variability in radiation
susceptibility, much research has been reported on
genetic correlations with RILD [5-10]. Examples
include SNPs for TGF-B, heat-shock proteins, ATM
polymorphisms, polymorphisms for base excision
repair genes and non-homologous end joining gene
and inflammation-related genes. However, repro-
ducibility of these results appear difficult [14,15].
An important reason is that the endpoints for
RILD vary between studies and investigator groups
and are typically scored on a partly subjective,
ordinal scale [16,17]. Moreover, dyspnoea or ste-
roid use after radiotherapy, both typically used as
surrogate measures of RILD, may be due to other
causes than RILD in up to 50% of patients [18].
There is therefore a genuine need to develop more
specific tools to determine objectively RILD on a
continuous scale that allows the broad spectrum
of individual radiosensitivity to be taken into
account.

Changes in lung density due to radiotherapy
have been proposed as a way to quantify RILD
[19,20,25-28]. In the present study, we show the
huge range of individual sensitivity for radiotherapy.
Differences up to 20-fold in AHU/Gy were observed.
No relation was observed between HU changes
and important dyspnoea: in patients with a HU/Gy
below the median, 33.3% developed dyspnoea = G2,
while in patients with a HU/Gy above the median
36.1% had shortness of breath. Over 70% of patients



showed significant increases of HU units, thus show-
ing radiation susceptibility.

The use of CT density changes may thus allow a
more robust correlation with radiogenomics features
than shortness of breath for it identifies double as
much radiosensitive individuals than dyspnoea and
take into account large quantitative differences in
sensitivity. This study is presently ongoing. Further-
more, it is an objective measure that can be used to
compare results across studies.

The present study has some obvious shortcom-
ings. First, the patients received different types of
treatment and are inhomogeneous regarding their
smoking status and gender. However, no significant
differences between the AHU/Gy values were
observed. Second, the CT scans in the follow-up
were acquired in another position and on other
machines than those taken for radiation planning
purposes. This may have introduced some inaccura-
cies. Third, the elastic deformation algorithms were
not the same in the two institutions. The dose-HU
slopes nevertheless turned out to be similar. Lung
density changes between the mid-ventilation and the
maximal inspiration or expiration position are on
average 18 HU, which would not change our conclu-
sions. Registration errors range between 0.5 mm
and 4.0 mm, which also would not lead to different
conclusions. Fourth, the number of patients is rea-
sonable, but not large enough to use them as an
external validation set. Lastly, no correlations with
genetic features were made.

In our opinion, this study provides data that
support the use of CT density changes in future
radiogenomics research.
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