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ABSTRACT

Background: '®F-fluoro-2-deoxyglucose positron emission tomography (‘®F-FDG-PET) may be used for
assessing radiation induced alterations in the lung. However, there is a need to further develop meth-
odologies to improve quantification. Using computed tomography (CT), a local structure method has
been shown to be superior to conventional CT-based analysis. Here, we investigate whether the local
structure method based on '®F-FDG-PET improves radiotherapy (RT) dose-response quantification for
lung cancer patients.

Material and methods: Sixteen patients with lung cancer undergoing fractionated RT were examined
by '8F-FDG-PET/CT at three sessions (pre, mid, post) and the lung was delineated in the planning CT
images. The RT dose matrix was co-registered with the PET images. For each PET image series, mean
(1) and standard deviation (o) maps were calculated based on cubes in the lung (3 x 3 x 3 voxels),
where the spread in pre-therapy p and o was characterized by a covariance ellipse in a sub-volume of
3 X 3 x 3 cubes. Mahalanobis distance was used to measure the distance of individual cube values to
the origin of the ellipse and to further form local structure ‘S’ maps. The structural difference maps
(AS) and mean difference maps (Ap) were calculated by subtracting pre-therapy maps from maps at
mid- and post-therapy. Corresponding maps based on CT images were also generated.

Results: AS identified new areas of interest in the lung compared to conventional Ap maps. AS for
PET and CT gave a significantly elevated lung signal compared to a control group during and post-RT
(p < .05). Dose-response analyses by linear regression showed that AS between pre- and post-therapy
for "8F-FDG-PET was the only parameter significantly associated with local lung dose (p =.04).
Conclusions: The new method using local structures on '8F-FDG-PET provides a clearer uptake
dose-response compared to conventional analysis and CT-based approaches and may be valuable in
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future studies addressing lung toxicity.

Introduction

Radiotherapy (RT) is important for both curative and pallia-
tive care of patients with non-small cell lung cancer (NSCLC).
Nevertheless, patients receiving thoracic RT are at risk of radi-
ation induced lung toxicity (RILT) such as pneumonitis and
fibrosis [1]. RILT is one of the most important side effects for
NSCLC patients and may affect patients’ quality of life and
also treatment costs [2]. To have a better understanding of
RILT, the relationship between the local dose and changes in
image-features using lung imaging could be useful. RT may
cause changes in the lung such as edema, cell infiltration
into air spaces and thickened alveolar walls [3]. These
changes may be quantified by employing morphological
imaging such as computed tomography (CT) scans [4,5] that
is widely used as a proxy for tissue density. The standard
way of measuring changes in the lung is to calculate the

mean density of the whole lung or of the irradiated part of
the lung. However, using the mean lung density alone may
not be sufficient, as hyperinflation may cause an increase in
lung density heterogeneity which is due to a combination of
focal density increase and decrease [3,6]. In this regard, a
method developed by van Luijk et al. [7] for quantification of
radiation induced lung damage uses a combination of mean
density changes from CT scans and corresponding standard
deviations. This method has been shown to be more sensi-
tive in terms of assessing RILT and predicting normal tissue
complications both from animal and human studies [8,9].
Functional imaging such as '8F-fluoro-2-deoxyglucose
positron emission tomography ('®F-FDG-PET) is employed in
both staging and assessment of treatment for lung cancer
[10]. '8F-FDG-PET is reported to be superior to CT for staging
and prognostication of lung cancer [11,12]. Moreover,
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'8F-FDG-PET can be used to visualize and quantify lung tissue
toxicity resulting from RT and chemotherapy [13-16], as
inflammatory responses result in greater pulmonary uptake
of '"8F-FDG [17]. Also, lung inflammation may augment hyper-
inflation [18], indicating that '®F-FDG-PET may depict early
signs of hyperinflation. In the current work, the aim was to
evaluate changes in pulmonary '8F-FDG uptake as a conse-
quence of lung irradiation during and after RT compared to
before treatment for NSCLC patients. The evaluation was
done using two different methods: (1) measuring changes in
the mean lung '8F-FDG uptake and (2) measuring changes in
the lung using a combination of mean '8F-FDG uptake and
corresponding standard deviation. The sensitivity in terms of
providing local dose-response relationships of these two
methods was assessed and further compared to results from
identical analysis of CT images.

Material and methods
Study design

Sixteen patients with stage Ill-IV NSCLC included in ThoRaT
(Thoracal Radiotherapy and Tarceva) randomized phase |l trial
(NCT02714530), between 30 November 2012 and 5 May
2015, were selected. The median (£SD) patient age was
67+7.5 years (range, 47-81 years) and 13 patients (87%)
were male. In the trial, patients are randomly assigned to
receiving either RT alone (56%) or RT concurrently with oral
erlotinib (44%) once every day (150 mg p.o.), from the day
before start of RT and during RT. RT was done using two
opposed 6 MV photon beams with a total dose of 30Gy in
10 fractions, once every weekday, at a linear accelerator. The
population based median of the mean lung dose was 9.4 Gy
(range, 3.9-15.3 Gy). The study was approved by the Regional
Committee for Medical and Health Research Ethics. A written
informed consent was received from all patients.

Imaging and contouring

For each patient, a planning CT scan was performed with a
light speed ultra-scanner (GE Medical Systems, Chicago, IL,
USA) prior to treatment. The planning CT images were
exported to the RT planning system (Oncentra® External Beam,
Elekta, Sweden) for delineation of gross tumor volume (GTV),
lymph nodes, lung, heart, thoracic vertebrae and esophagus.
Moreover, patients also underwent at most three '8F-FDG-PET/
CT examinations using a Biograph 16-scanner (Siemens,
Erlangen, Germany); one prior to RT, one at mid-therapy (after
one week) and one six weeks post-RT. All patients fasted for at
least 6 h prior to mean administration of 375 MBq '8F-FDG.

All procedures regarding image analyses and quantifica-
tion were implemented in IDL (Interactive Data Language, v
8.3, Research Systems, Boulder, CO, USA). Standardized
uptake value maps were derived from PET images using
injected activity, time interval between '8F-FDG injection and
image acquisition, and patients’ body weight. RT dose
images were obtained from the treatment planning system,
giving a voxel-by-voxel mapping of planned doses in units of
Gy. CT image series from the planning and PET/CT data were

also collected. PET, CT and RT dose images were re-binned
to the same isotropic voxel resolution (3 mm). PET/CT images
taken at different sessions were rigidly registered to the plan-
ning CT by applying an algorithm maximizing the correlation
between bony structures in the respective CT series [19]. The
RT dose image series were given in the same frame of refer-
ence as the planning CT series.

The delineated lung region of interest (ROI) from the plan-
ning CT was transferred to the registered PET/CT and RT
dose images. To avoid PET signal spillover from tissues other
than normal lung, the ROIs for GTV, lymph nodes, heart, thor-
acic vertebrae and esophagus with margins of 1.2-1.5cm
were removed from the lung ROl in the event of overlap.
Furthermore, only voxels exclusively having Hounsfield Units
(HUs) between —924 and —224 in the CT images were con-
sidered to ensure that only lung parenchyma were included
in the analyses.

Image-based quantification of lung changes

To visualize and evaluate pulmonary changes following thor-
acic RT using '®F-FDG-PET two methods were explored. The
pre-therapy PET image was in both cases defined as a control
image reflecting a functionally normal situation. Changes in
the lung '8F-FDG uptake were then assessed by the following:

Mean value method

The p map was calculated as the local mean '®F-FDG uptake
in small cubes (1 cube =3 x 3 x 3 =27 voxels) of the lung
throughout the PET image. This was done for images
acquired at all available sessions. Changes from pre- to mid-
therapy or pre- to post-therapy were obtained by calculating
mean difference maps (Ap). The Ap map thus represents a
smoothed voxel-by-voxel difference in the 'F-FDG uptake,
and may be analyzed together with voxel-by-voxel dose dis-
tributions in the lung. Here, it was chosen to only include
cubes that contain 27 voxels with lung parenchyma defined
within the HU-window described above.

Local structure method

This outline follows the procedures described by van Luijk
et al. [7] for assessing structural changes in the lung based
on CT images. Standard deviation (g) map was calculated as
the standard deviation within cubes of 27 voxels throughout
the lung PET image. p maps were calculated as described
above. In the pre-therapy PET image, the spread in pu and ¢
in a sub-volume of 3 x 3x3 cubes represents a normal vari-
ation in the un-irradiated lung (Details can be found in
Supplementary material). This spread of (u, o)-values over the
sub-volume can be visualized as local covariance ellipse and
quantified by a 2 x 2 variance-covariance matrix COV(W, o).

!

For a given pair of observations | = (g, >, the distance, S,

from | to the center of the local ellipse may be found from
the Mahalanobis distance:

S* =1"COV(n, )7, M
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where [T is the transposed of / and COV(u, o)~ is the inverse
of the variance-covariance matrix. The center of the covari-
ance ellipse thus represents the average of the (y, g)-distribu-
tion and S is the distance from a pair of observations to the
center. A large S may indicate a high mean uptake, a high
standard deviation in the uptake, or both, relative to the
(1, o)-distribution. Defining pre-therapy S as the expectation
value of the distance, the pre-therapy PET image was
assumed to provide control sets. Thus, S map can be calcu-
lated for all voxels in the lung. To quantify radiation-induced
changes in the lung, maps of structural difference (AS) were
calculated by subtracting the pre-therapy S map from the S
maps of mid- and post-therapy.

The procedure described above for PET images was also
carried out for CT images of the same patients using the CT
scans from PET/CT sessions. In this case, 1, ¢ and S maps
were generated based on the lung HU distributions.

Dose-r esponse curves

The differences in the y, ¢ and S maps from pre- to mid- and
post-therapy, using PET and CT data, can be assessed against
the RT dose using matching single-cube values in the lung.
RT dose was classified into bins of 2Gy and Apmeans AGmean
and ASean Were then calculated in each dose bin up to the
prescription dose for each patient at mid- and post-therapy.
On a population level, a further average of Apmeans AGmean
and ASpean from individual patients were calculated for each
RT dose bin. RT dose data were presented in terms of % of
delivered dose as the RT dose ranged between 0 and 15 Gy
for mid-therapy and between 0 and 30Gy for post-therapy
session. In order to investigate the relationship between lung
density and '8F-FDG uptake and RT dose at mid- and post-
therapy, first-order linear regression was used.

Detection threshold level

A detection threshold was calculated based on three sarcoma
patients with two sets of '8F-FDG-PET/CT scans covering un-
irradiated lung. The two scans from each patient were spa-
tially aligned and 1, ¢ and S maps were generated. For each
patient local Ap, Ao and AS values were binned and further
averaged based on the voxels falling in the same AS range.
These values were then averaged inside the whole delineated
lung. As a final step, detection threshold levels were calcu-
lated by averaging lung values from the three patients.
Threshold levels for each modality and image-based metrics
were produced.

Statistics

Dose-response parameters, slopes and intercepts, in mid-
and post-therapy sessions were compared for statistical sig-
nificance using 95% confidence intervals (Cls) estimated from
the linear regression. Goodness-of-fit was estimated from
Pearson’s correlation coefficient squared. t-Test assuming
unequal variances was performed when looking for statistic-
ally significant differences between Ay, Ac and AS from PET
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and CT data and corresponding threshold levels. Statistical
significance was taken at p <.05.

Results

Sixteen patients with pre- and mid-therapy '®F-FDG-PET/CT
scans were eligible for analyses. All had pre- and mid-therapy
scans, while nine had '®F-FDG-PET/CT examinations six weeks
post-therapy. Threshold levels (+SD) based on the sarcoma
patients, for Ay, Ae and AS were 0.92+0.41, 0.30+0.08 and
0.65 +0.30 using CT data and 0.014 +0.004, 0.005 +0.000 and
0.008 £ 0.002 using PET data.

Figure 1 shows the RT dose distribution together with Ay,
Ac and AS maps from (a) CT images and (b) '8F-FDG-PET
images at mid- and post-therapy for one patient. First, as the
CT image has a higher resolution, finer structures were
observed in all CT maps compared to PET maps. Second,
maps derived from PET and CT images visualize different
aspects as they are mirroring functional and morphological
patterns of the lung, respectively. Third, the structural differ-
ence maps identified new areas of interest in the lung com-
pared to the mean difference maps, both for CT and PET,
reflecting the impact of including standard deviation map
and employing the subsequent Mahalanobis distance
estimate.

Figure 2 shows lung (a) CT density and (b) '®F-FDG uptake
dose-response curves generated for Ap, Ac and AS maps
using PET and CT images at mid- and post-therapy. The
inter-patient coefficient of variation at post-therapy Ap, Ac
and AS were 1.73, 2.59 and 0.44 using CT data and 1.02, 2.32
and 0.65 using PET data, respectively. The lower coefficient
of variation for AS in both modalities indicated that the local
structure method yielded less heterogeneous results. For CT,
both at mid- and post-therapy, An and A were not signifi-
cantly different from corresponding threshold levels. For PET,
Ao was not significantly different from its threshold level at
both sessions, but Ap at mid-therapy was significantly differ-
ent from its threshold level from 20% up to 50% of total
dose. At post-therapy PET, Ap was significantly different from
the threshold from 10% of total dose. AS data were always
significantly different from the respective threshold levels,
irrespective of dose and imaging session for PET and CT
images. Looking at the association between lung signal and
radiation dose (Figure 2), as data seem to plateau after about
50% of the delivered dose, the linear regression analyses
were employed up to this point in the response curves.
Dose-response parameters were further used to compare the
sensitivity of the methods in detecting any dose-related
changes in the lung image-features following RT. Analyses of
RT dose-responses can be found in Table 1. The only dose-
response slope significantly different from zero was for AS
taken between post- and pre-therapy PET (p =.04).

Discussion

In the current work, we applied a method previously estab-
lished for CT to assess treatment-related changes in the lung
using "8F-FDG-PET. The local structure method applied on CT



Downloaded by [University of Groningen] at 03:31 03 October 2017

4 A. ABRAVAN ET AL.

>

RT dose
distribution

Mid-therapy

;}"
o
20
—
L
=
=]
A
7]
=]
=9

Mid-therapy

Post-therapy

|

0.6 0.8

1.0

Figure 1. Visualizing axial (a) CT and (b) "®F-FDG-PET images. Left: RT dose distribution registered with planning CT for one patient with dose ranges from 0 to
30 Gy (left most color bars). Right: A, Ac and AS maps were displayed during (top) and six weeks post (bottom) treatment. Units are HU for CT, while PET values
are unitless. AS maps both in mid- and post-therapy visualized new regions of interest that were not visible in the Ap maps.

and PET gave, in most cases, a greater separation in lung sig-
nal between the lung cancer patients and the control group
compared to conventional analysis based on mean signal
change. Furthermore, AS based on PET was the only metric
showing a significant association with local radiation dose.
This implies that local structure maps based on '8F-FDG-PET
could be useful for image-based assessment of changes in
the normal lung following thoracic RT.

Although RT represents a good treatment option for
patients with lung cancer, radiation induced lung damage
can affect treatment outcome. Predicting and assessing dam-
age to the lung, however, is vital in order to further adapt
the treatment in a way that minimizes such damages. In
many studies, both in human and animal models, mean
density changes from CT have been used as a surrogate for
radiation-induced alterations in the lung [4]. However, a com-
bination of mean density changes from CT scans and corre-
sponding standard deviations has been shown to be a better
predictor for normal tissue damage both in rats [8] and
humans [9]. This novel method showed that the quantifica-
tion of local structural changes using CT images can be a
representative of lung damages because such changes corre-
lated well with local histologic endpoints. On the other hand,
some studies have been done to detect RILT using '8F-FDG

uptake from PET images. However, voxel-averaged '®F-FDG
uptake in such studies has typically been used [15,16].
Knowing that '8F-FDG uptake could be superior in detecting
RILT [12], this method was therefore adapted based on local
structures in the '8F-FDG-PET/CT images. In the current work,
this method was employed to derive dose-response relation-
ships which were further compared with standard image sub-
traction using mean difference mapping. We observed
varying spatial patterns of response in the lung, both when
comparing CT- and PET-derived maps and when inspecting
the changes in the local structure ‘S’ map at mid- and post-
therapy '8F-FDG-PET/CT. Changes in the local lung response
patterns may both be due to increase in mean change and in
local variation, quantified as the structural difference, AS, in
this study. The new patterns seen may thus reflect that focal
changes take place following RT in our cohort of patients.

In the current work, a positive relationship was obtained
between the local radiation dose and changes in the
'8E_-FDG-PET local lung structures post-RT. However, the var-
iations of the difference maps among patients were substan-
tial, indicating significant variations in the lung response for
individual patients. Also, we included patients randomized to
either RT or RT plus concomitant erlotinib, and have previ-
ously found a difference in the lung '8F-FDG uptake between
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Figure 2. Population based Ay, Ag and AS dose-response curves based on (a) density (CT-based HU) and (b) '8F-FDG uptake in the lung at mid- and post-therapy
across patients treated with RT. Horizontal gray bars show the mean of changes over entire lung in the control group (mean + SD).

these two study arms post-therapy [20]. This difference was
still observed in the current analysis (only including patients
with post-therapy '8F-FDG-PET scan in addition to pre-ther-
apy scan) both in AS and Ap (data not shown). However, the
current work was focused on implementing the local struc-
ture methodology, and further subgroup analysis (with lim-
ited statistical power) was not pursued here. Linear
regression up to 50% of total dose was used to assess the

dose-response, as the population data seemed to reach a
plateau thereafter. We also tested other approaches such as
first or second order polynomials over the entire dose range,
but the adjusted goodness-of-fit were in these cases lower
than for the linear fit up to 50% of total dose (data not
shown). The changes in the lung per local dose were statis-
tically significant for post-therapy AS for '8F-FDG-PET only.
This may imply that the mid-therapy data (one week into RT)
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Table 1. Analyses of dose-response relationships.

Ap (95% Cl) Ac (95% Cl) AS (95% Cl)

ca
Mid-pre
Slope 34 (-1.0,7.7) 0.3 (—0.6, 1.1) 0.1 (—0.1, 0.2)
Intercept 19.5 (—19.8, 58.9) 3.7 (—4.2,11.6) 6.4 (5.1,7.7)
Post-pre
Slope 49 (=2.5,122) 0.5 (—0.8, 1.8) 0.1 (=0.1, 0.2)
Intercept 26.5 (—41.1, 94.2) 4.4 (-7.6, 16.5) 7.1 (5.7, 8.6)
PET
Mid-pre
Slope 0.1 (0.3, 0.6)° 0.1 (0.0, 0.2)° 0.1 (-0.1, 0.2)
Intercept 7.9 (3.9, 12.0° 1.2 (0.3, 2.4)° 5.2 (3.9, 6.5)
Post-pre
Slope 0.6 (—0.3, 1.5)° 0.1 (0.0, 0.2)° 0.2 (0.1, 0.4)
Intercept 0.1 (0.0, 0.2) 0.9 (—0.2, 2.0 4.7 (2.8, 6.6)

Population-based analyses for changes in the pulmonary dose-response
parameters between mid-pre and post-pre imaging sessions using either CT or
'8F-FDG-PET scans. Slopes and intercepts with corresponding 95% confidence
intervals (Cls) are given.

*Multiplied by a factor 100.

are acquired too early for any significant lung changes to
occur. It has been shown that lung '8F-FDG uptake increases
under inflammation [21], and it could thus be that recruit-
ment of inflammatory cells in the irradiated parts of the lung
is rather slow and data need to be acquired some weeks
after the end of RT. However, a general elevation in the lung
'8E-FDG uptake was partly observed compared to the control
group already one week after RT. Previous studies suggested
that the changes in lung density can be quantified typically
3-6 months after RT using CT [22]. Nevertheless, a dose-res-
ponse is observed by Ghobadi et al. [9] only six weeks post-
RT in a curative patient cohort. Still, we could not observe a
significant dose-response using CT in our cohort of patients
receiving palliative RT. The patients included in the current
study had advanced disease and were treated with a rather
simple RT technique, where the gross tumor and local nodes
were covered by two opposed parallel beams. Therefore, the
lung dose distribution is rather unselective, covering most
often central parts of the lung and bronchi. Thus, this differs
substantially from the lung dose distribution resulting from
curative treatment of well-defined, low-stage disease using
volumetric modulated arc therapy, stereotactic RT or similar
high-conformity RT techniques. The non-specific dose depos-
ition pattern in our cohort may explain why less clear dose-r-
esponse relationships were found compared to other studies.
Furthermore, patients with advanced disease may suffer from
comorbidities such as chronic obstructive pulmonary disease,
which may also give rise to elevated lung '8F-FDG uptake
[23]. This may again explain why less clear dose-response
patterns where found, but could also explain the generally
elevated lung '8F-FDG uptake in our patients compared to
the control group of sarcoma patients with no evident lung
disease. Still, the new structure method based on PET seems
more sensitive in terms of providing a more comprehensive
dose-response six weeks after initiation of treatment com-
pared to standard image subtraction and CT analysis, and
may be valuable in future studies addressing RILT.

Previous studies have shown that lung 'F-FDG uptake
assessed typically six weeks after end of RT is associated with
local radiation dose in the lung [15,16]. However, as pointed
out in our previous study [20], this association may be false-

positive due to other factors (anatomical/biological) showing
high spatial correlation with radiation dose. Thus, difference
map where the pre-therapy image series are implicitly taken
as a control is most likely a better option. However, test-
retest studies with '8F-FDG-PET have shown a repeatability in
liver and tumor uptake of typically 10-20% (lung not previ-
ously reported to our knowledge) [24]. Thus, from error
propagation, difference maps may have an inherent uncer-
tainty of typically 15-30%, which will impact and possibly
obscure dose-response relationships assessed by '8F-FDG-
PET. Conversely, HUs are much more robust and CT is thus
expected to have less uncertainty in the image values used
to assess pulmonary response. Still, the fact the lung '®F-FDG
uptake showed the strongest association with radiation dose
in our study implies that the biology reflected in the
'8E-FDG-PET images may be a better marker for lung
response, at least at an early stage after therapy where
changes in the lung HU is not yet clearly apparent.

In conclusion, dose-response derived from the local struc-
ture method in the lung using '8F-FDG PET post-RT appears
to be more sensitive compared to measuring differences in
the '8F-FDG uptake and CT analysis. We aim to employ our
methodologies in future studies using '8F-FDG-PET for
patients with low-stage disease treated with stereotactic
approaches to further assess the validity of our image-based
metrics.
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