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Evaluating the use of optimally respiratory gated '®F-FDG-PET
in target volume delineation and its influence on radiation
doses to the organs at risk in non-small-cell lung cancer

patients

Robin Wijsman?, Willem Grootjans®, Esther G. Troost"®",
Erik H. van der Heijden®, Eric P. Visser®, Lioe-Fee de Geus-Oei®® and

Johan Bussink?®

Objective This radiotherapy planning study evaluated
tumour delineation using both optimally respiratory gated
and nongated fluorine-18 fluorodeoxyglucose-PET
(*®F-FDG-PET).

Methods For 22 non-small-cell lung tumours, both scans
were used to create the nongated and gated (g) gross
tumour volumes (GTVg) together with the accompanying
clinical target volumes (CTV) and planning target volumes
(PTV). The size of the target volumes (TV) was evaluated
and the accompanying radiotherapy plans were created to
study the radiation doses to the organs at risk (OAR).

Results The median volumes of GTVg, CTVg and PTVg
were statistically significantly smaller compared with the
corresponding nongated volumes, resulting in a median TV
reduction of 0.5 cm?® (interquartile range 0.1-1.2), 1.5 cm®
(- 0.2 to 70) and 2.3cm® (- 0.5 to 11.3) for the GTVg, CTVg
and PTVg, respectively. For the OAR, only the percentage of
lung (GTV included) receiving at least 35 Gy was
significantly smaller after gating, with a median difference in
lung volume receiving at least 35 Gy of 5.7 cm? (interquartile
range — 0.8 to 30.50).

Introduction

"The overall survival rates for advanced stage non-small-cell
lung cancer (NSCLC) remain poor [1]. Treatment inten-
sification such as concurrent chemoradiotherapy showed
some benefit compared with sequential regimens,
increasing the 2-year overall survival from 30.3 to 35.6% at
the cost of increased acute oesophageal toxicity [2]. For
radiotherapy  dose-escalation  strategies with  three-
dimensional conformal radiotherapy, treatment-related
toxicity is often the dose-limiting factor [3]. Compared
with these older techniques, modern intensity-modulated
radiation therapy and volumetric modulated arc therapy
techniques enable more conformal high-dose irradiation of
the tumour [4,5]. Hence, radiation dose escalation is pos-
sible at the cost of a limited increase in toxicity [6-8].

Besides improved radiotherapy delivery techniques, a
better depiction of the primary tumour decreases uncer-
tainties of tumour delineation, which may contribute
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Conclusion Compared with nongated '8F-FDG-PET, the
TVs obtained with optimally respiratory gated '®F-FDG-PET
were significantly smaller, however, without a clinically
relevant difference in radiation dose to the OAR. Nuc/ Med
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towards smaller target volumes. Bradley ¢z a/. [9] showed
that the gross tumour volume (GTV) as delineated on
fluorine-18 fluorodeoxyglucose ("*F-FDG) PET was
significantly smaller than the GTV derived from com-
puted tomography (CT) alone. This increased accuracy
of "SF-FDG-PET tumour delineation was confirmed in
studies comparing the delineated CT and 'F-FDG-
PET volumes with the pathology specimens [10,11].
Thus, "*F-FDG-PET/CT incorporated into radiotherapy
planning may contribute towards more conformal treat-
ment plans. Moreover, "*F-FDG-PET/CT can be used
for functional response monitoring [12] and it provides
the possibility to define certain tumour subvolumes
harbouring unfavourable tumour characteristics (e.g.
high-metabolic activity) that can be a specific target for
radiotherapy dose escalation [13,14].

Because of the relatively long acquisition time of
BF_-FDG-PET, patients breathe freely during image
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acquisition. For lung tumours, this results in motion
artefacts underestimating tracer uptake and over-
estimating the tumour volume [15]. To overcome this
problem, several respiratory gating systems have been
developed [16]. These systems usually rely on the
simultaneous acquisition of a respiratory signal that is
used to select specific parts of the "*F-FDG-PET data
corresponding to the same respiratory phase. This results
in a decrease in respiratory motion from the ""F-FDG-
PET image showing reduced blurring of the tumour.
Amplitude-based optimal respiratory gating in "*F-FDG-
PET imaging resulted in a significant increase in mean
tracer uptake [17,18], with a concordant significant
decrease in lesion volume, while maintaining good image
quality [18]. This indicates that the use of gated
BE.-FDG-PET improves tumour visualization and the
quantification of tumour volume, which is important in
tumour staging, treatment response assessment and
probably also for radiotherapy planning.

We hypothesize that the smaller target volumes obtained
with gated ""F-FDG-PET lead to smaller target volumes
for radiotherapy planning and thus improve healthy tis-
sue sparing. Therefore, we investigated the effect of
amplitude-based optimally respiratory gated '*F-FDG-
PET imaging compared with conventional nongated
¥F_-FDG-PET imaging on radiotherapy planning with
respect to the radiation dose delivered to healthy tissues.

Methods

"This retrospective study evaluated the added value of
high-resolution optimally respiratory gated '*F-FDG-
PET imaging on radiotherapy planning. We used the
diagnostic "*F-FDG-PET scans of patients with NSCLC
as acquired in the study by Grootjans e «/. [18]. In 21
patients, 22 equally distributed primary tumours (eight
upper lobe, eight lower lobe and six located at the lung
hilum) were analysed showing the largest differences
in the gated versus nongated tumour volumes. After
coregistration with the low-dose CT scans, the '*F-FDG-
PET/CT images were transferred to the radiotherapy
planning system Pinnacle® (Version 9.6; Philips Radiation
Oncology Systems, Best, the Netherlands). Information
on image acquisition and image reconstruction will be
described briefly as more detailed information has
been described elsewhere [18]. After administration of
BF-FDG (adjusted to patients’ weight; 3.2+0.2 MBg/
kg), whole-body "F-FDG-PET gated and nongated
images covering the thorax and upper abdomen were
acquired using a Siemens Biograph 40 mC'T PET/CT
scanner (Siemens Medical Solutions USA Inc., Knoxville,
Tennessee, USA). The respiratory signal was obtained
using an Anzai AZ-733V respiratory gating system (Anzai
Medical Co., Tokyo, Japan). Respiratory gating of the
PET data was performed using an optimal amplitude-
based respiratory gating algorithm (HD-Chest) using 35%
of the acquired PET data, providing a good balance
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between motion rejection and image quality [18]. For the
purpose of attenuation correction, anatomical reference
and radiotherapy planning, a free-breathing total-body
low-dose CT was performed. The "*F-FDG-PET images
were reconstructed using the TrueX algorithm (Siemens
Medical Solutions USA Inc.) with time of flight mea-
surements incorporated. Image reconstruction was per-
formed with three iterations, 21 subsets and a matrix size
of 400 x400 (2.04 X 2.04 mm).

All primary tumours were delineated twice: once using
the nongated "*F-FDG-PET images and once using the
respiratory gated '’F-FDG-PET images. To minimize
intraobserver variation because of manual contouring,
automatic delineation of the tumour was performed with
a fixed threshold region growing segmentation algorithm.
The threshold chosen to represent the GTV was 40% of
the maximum standardized uptake value (40% SUV .
Fig. 1) [19], which was checked visually for plausible
segmentation results. According to the local protocol, a
10 mm circumferential margin for the clinical target
volume (C'TV) was added to both G'TVng and GTVg (ng
and g refer to nongated and gated, respectively). Organs
at risk (OAR), that is healthy lung tissue (delineated
twice, once including the GTV and once excluding the
GTV), heart, oesophagus and spinal cord, were deli-
neated as well (for detailed information, see the Materials
and methods section in the study by Hoffmann ez /. [8])
and subtracted from the CTV in case tumour involve-
ment was absent. When the tumour was located near
other healthy tissues such as the thoracic wall or spine,
these noninvolved structures were manually delineated
creating a single contour, which could also be subtracted
from CTVng and CTVg. The planning target volume
(PTV) was generated by expanding the CTVng and
CTVg with a 5 mm circumferential margin. Although this
margin may seem inappropriate (especially in the case of
increased tumour motion), this approach was considered
adequate for the evaluation of the added value of
gated "®F-FDG-PET imaging in radiotherapy planning.
Treatment plans were generated for both the PTVng and
the PTVg planning 66 Gy in 33 fractions using a volu-
metric modulated arc therapy technique. To avoid dif-
ferences in outcome because of different planning
strategies, all factors involved in treatment planning (such
as beam angles, number of segments, objectives and
constraints) were maintained equal for both treatment
plans. A dose coverage of 99% for the 95% isodose for the
PTV was aimed for. If a 99% coverage was not achieved
because of unacceptable high doses to the OAR, a lower
coverage was accepted to generate a clinically acceptable
treatment plan. For both plans, the dose coverage for the
PTV was equalized manually by adjusting the number of
monitor units (which quantifies the amount of radiation
delivered by the linear accelerator). Treatment plans
were evaluated for the following endpoints: PTV dose
coverage, maximum dose to the organ at risk (D,.),
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Fig. 1
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Target volume reduction: a clinical example. An optimally gated fluorine-18 fluorodeoxyglucose PET image (fused with the accompanying low-dose
computed tomographx) showing a remarkable reduction in gated (g) gross tumour volume (GTV, red; 0.45 cm®) compared with the nongated (ng)
)

GTV (yellow; 0.87 cm
this patient. SUV, standaradized uptake value.

. The bar graph shows both the nongated and gated GTV, clinical target volume (CTV) and planning target volume (PTV) for

mean dose to the organ at risk (D,,,c.n) and the percentage
of an organ exceeding a certain dose (for example
20% of the lung receiving 5 Gy or more, denoted as
Vsiung=20%). The latter was done for organ volumes
receiving doses from 5 to 70 Gy with 5 Gy intervals. The
isodose lines (range 5 to 70 Gy, again with 5 Gy intervals)
were converted into contours; thus, the actual volume
(cm®) of an organ receiving a certain radiation dose was
calculated.

The study was carried out in accordance with the national
applicable rules on the review of research ethics com-
mittees and informed consent.

Statistics
All statistical analyses were carried out using the
Wilcoxon signed-rank test for paired variables (SPSS

software, version 20.0; SPSS Inc., Chicago, Illinois, USA).
A P-value of less than 0.05 was considered statistically
significant. The reported P-values are adjusted for mul-
tiple testing using the Bonferroni correction.

Results

As reported by Grootjans ef a/. [18], optimally respiratory
gated "*F-FDG-PET resulted in a significant increase in
SUV can (mean standardized uptake value), with a con-
comitant significant decrease in lesion volume. The
latter was also true for our results as all except two
of the gated GTVs were smaller compared with the
nongated GTVs (Table 1). The median volumes of
GTVg, CTVg and PTVg [4.6cm’ interquartile range
(IQR) 2.2-13.9, 50.8cm’ (32.8-109.6) and 99.8 cm®
(70.7-189.8), respectively] were statistically significantly
smaller compared with the corresponding nongated

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.
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Table 1 Volumes (cm®) of the individual target volumes (22 primary NSCLC in 21 patients)
GTVng  GTVg AGTV  %AGTV  CTVng CTvg ACTV %ACTV PTVng PTVg APTV %APTV
Upper lobe
Right 6.63 5.38 —1.25 —18.85 41.94 35.14 —6.80 —16.21 87.21 74.56 —12.65 —14.51
Right 14.86 13.04 —1.82 —12.25 111.10 107.69 —3.41 —3.07 191.23 186.42 —4.81 —2.52
Right 2.94 2.78 —0.16 —5.44 50.76 53.43 2.67 5.26 102.15 107.20 5.05 4.94
Right 2.79 2.30 —0.49 —17.56 29.07 28.73 —0.34 —-1.17 63.71 62.69 —1.02 —1.60
Left 8.79 8.15 —0.64 —7.28 67.74 66.04 —1.70 —2.50 125.55 123.02 —2.53 —2.02
Left 3.60 351 —0.09 —250 33.53 34.12 0.59 1.76 71.83 73.31 1.48 2.06
Left 1.54 1.47 —0.07 —4.55 19.71 19.92 0.21 1.07 47.70 48.45 0.75 1.57
Left 1.28 1.19 —0.09 —7.08 19.88 20.05 0.17 0.86 48.01 48.37 0.36 0.75
Hilum
Right 26.95 23.26 —3.69 —13.69 154.08 146.34 —7.74 —5.00 256.48 245.30 —11.18 —4.36
Right 4.98 3.74 —1.24 —24.90 56.96 49.45 —7.51 —13.18 109.41 97.79 —11.62 —10.62
Right 35.56 25.58 —9.98 —28.07 217.23 188.02 —29.21 —13.45 348.71 309.45 —39.26 —11.26
Left 6.87 6.20 —0.67 —9.75 61.69 61.10 —0.59 —0.96 115.15 114.70 —0.45 —0.39
Left 9.39 8.83 —0.56 —5.96 71.01 68.68 —2.33 —3.28 140.73 136.59 —4.14 —2.90
Left 27.03 27.07 0.04 0.15 129.61 128.23 —1.38 —1.10 213.86 211.89 —1.97 —0.90
Lower lobe
Right 8.87 7.78 —1.09 —12.29 54.79 52.18 —2.61 —4.76 105.26 101.73 —3.63 —3.35
Right 16.93 16.28 —0.65 —3.84 115.25 115.18 —0.07 —0.06 199.74 199.98 0.24 0.12
Right 2.47 2.03 —0.44 —17.81 45.48 35.76 —9.72 —21.37 94.02 77.23 —16.79 —17.86
Right 1.42 1.55 0.13 9.15 23.05 25.59 254 11.02 53.06 57.55 4.49 8.46
Left 0.87 0.45 —0.42 —48.28 21.43 15.82 —5.61 —26.18 49.62 39.12 —10.50 —21.16
Left 3.91 3.38 —0.53 —13.55 37.08 37.84 0.76 2.05 76.75 77.78 1.03 1.34
Left 3.05 2.57 —0.48 —15.74 40.71 39.50 —1.21 —2.97 82.57 81.10 —1.47 —1.78
Left 78.53 72.38 —6.15 —7.80 297.20 288.66 —8.54 —2.90 459.58 447.68 —11.90 —2.59

A and %A mark the absolute and relative differences between gated and nongated target volumes, respectively.
A negative sign represents a volume reduction in favour of the gated target volume.
CTV, clinical target volume; g, gated; GTV, gross tumour volume; ng, nongated; NSCLC, non-small-cell lung cancer; PTV, planning target volume.

volumes [5.8 cm?® (2.7-15.4), 52.8 em® (32.4-112.1) and
103.7cm® (69.8-193.4); P=0.003, 0.021 and 0.036,
respectively]. This resulted in a median target volume
reduction of 0.5 cm® (IQR 0.1-1.2), 1.5 cm® (= 0.2 to 7.0)
and 2.3cm® (=0.5 to 11.3) for the GTVg, CTVg and
PTVg, respectively (Fig. 2).

Subsequently, we analysed the effect of these smaller
target volumes on the radiation doses to the OARs. Only
the volume of lung (GTV included) receiving at least
35 Gy was significantly smaller for the treatment plans
with the gated target volumes [median volume 265 cm®
(gated) versus 284 cm’® (nongated); P=0.048]. This cor-
responded to a median difference in lung volume of
5.7cm® (IQR —0.8 to 30.5), comprising 0.15% of the
median total lung volume. Dose distributions for the lung
minus GTV and the other OAR did not show any sig-
nificant difference (Fig. 3). Dose coverages for PTVng
and PTVg were identical (the median coverage by the
95% isodose was 99% for both P'T'Vs; P=0.878).

We repeated the analysis taking into account anatomical
differences that may influence tumour motion. Three
subgroups were defined (upper lobes, lung hilum and
lower lobes), showing only the gated upper lobe GT'Vs to
be significantly smaller. The differences were small, with
a median volume of the gated upper and lower lobe
GTVs of 3.1cm® (IQR 1.7-7.5) and 3.0cm® (1.7-14.2),
respectively, compared with the respective nongated
GTVs [3.3cm’ (1.9-8.3) and 3.5 cm”® (1.7-14.9); P=0.036
and 0.051, respectively]. No statistically significant
reductions in the median volume of the upper lobe C'TVs

(nongated 37.7 cm® versus gated 34.6 cms; P=1.0), lower
lobe CTVs (nongated 43.1cm’ versus gated 38.7 cm’;
P=0.28), upper lobe PTVs (nongated 79.5cm’ versus
gated 73.9 cm®; P=1.0) and lower lobe PTVs (nongated
88.3cm® versus gated 79.4 cm®; P=1.0) were found.
Accordingly, no significant differences in dose volume
distribution could be identified.

Discussion

The incorporation of optimally respiratory gated
F.FDG-PET imaging into radiotherapy planning for
NSCLC shows that the acquired gated GTVs, CTVs and
PTVs are significantly smaller, however, without the
desirable relevant reduction of radiation dose to the
OAR. Although the lung volume receiving at least 35 Gy
(V3s1ung) Was significantly smaller for the gated "*F-FDG-
PET planned treatment plans, the actual median Visjyng
reduction was minimal. The evaluation of tumour loca-
lization on target volume resulted in smaller GTVs for
the upper lobes, but again, without any effect on the
corresponding dose distributions.

Although smaller target volumes are generated using
gated ""F-FDG-PET, the expected beneficial effect on
treatment planning was small. This is indicated by the
fact that only one isodose level appeared to be sig-
nificantly different, showing a relative decrease in
volume of the lung receiving at least 35 Gy of only 0.15%.
Albeit statistically significant, this small decrease in
radiation exposure to healthy lung tissue is most likely
clinically irrelevant.

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.
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Fig. 2
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The explanation for the discrepancy between reduced
target volumes with almost no gain in radiotherapy
planning lies in the fact that the absolute reduction in
target volume is small. This might be a result of the
method that we used for gating as the software identifies
the smallest amplitude range of the respiratory signal
while still using 35% of the total acquired PE'T data (duty
cycle). This ‘movement-weighted’ approach often selects
the ""F-FDG-PET data from the end-expiration phase to
reconstruct the image [17]. Notwithstanding that reduc-
tion of tumour motion is achieved, residual tumour
motion may still be present. This residual tumour motion
still causes blurring of the 'SF-FDG-PET image,
diminishing the potential reduction in target volume.
Another physical aspect is the wider photon beam
penumbra in lung tissue. Because of extended electron
ranges in lung tissue, the distance from beam edge to
target volume increases to achieve full dose coverage of
the target volume. From our results, the target volume
reduction is apparently not large enough to compensate
for this. Moreover, the applied identification of the 40%
SUV ,..x by means of interpolation of pixel values may not
be optimal. Compared with pixel-per-pixel delineated
volumes, this interpolation of pixels at the border of the
40% SUV .« volume may possibly increase the deli-
neated volume.

Although a limited number of tumours has been asses-
sed, increasing the number of patients studied will most
probably not significantly increase the differences in
radiation dose to the OAR. This is because the tumours
have been selected beforehand as they showed the lar-
gest reduction in gated tumour volumes compared with
the corresponding nongated volumes.

After sorting the tumours according to localization within
the lungs, the reduction in CTV and PTV lost sig-
nificance. This is counterintuitive as one may expect a

larger effect on lower lobe tumours compared with upper
lobe tumours as tumour movement has been shown to be
larger for that lung subvolume [20]. The loss of sig-
nificance is probably because of the avoidance of healthy
tissue when the CTV is created by circumferential
expansion of the GTV. Furthermore, as the GTV shape
is often irregular, circumferential expansion of such an
irregular G'TV (resembling for example a horseshoe fig-
ure) creates a sphere like C'T'V, resulting in a (partial) loss
of the target volume reduction achieved with respiratory
gating.

The target volumes created with gated '*F-FDG-PET
were the subject of investigation in two other studies.
Guerra ef al. [21] analysed 13 lung cancer patients
undergoing a free-breathing C'T together with a gated
BE.FDG-PET/CT. The latter was reconstructed into six
breathing phases used for the delineation of one internal
target volume (I'TV). Despite the fact that the ITVs were
significantly increased using gated *F-FDG-PET/CT,
the accompanying P'TVs were significantly reduced. This
unexpected result can be explained by the different
expansion margins used: a 10 mm circumferential margin
for free-breathing target volumes versus anisotropic
margins of 7-8 and 5mm for gated target volumes.
Indeed, a target volume margin reduction may be
appropriate as tumour motion is already (in part) incor-
porated into the CTV. However, it remains unclear
whether or not the smaller PTVs are because of this
margin reduction, the use of gated imaging or a combi-
nation of both. For this reason, we decided to apply equal
margins for nongated and gated treatment plans as only
the added value of gated "F-FDG-PET was under
investigation, not the delivery of gated radiotherapy.
Aristophanous e a/. [22] evaluated 22 lung tumours in 10
patients undergoing gated "*F-FDG-PET/CT imaging
before radiotherapy. The mean gated target volume was

Copyright © 2016 Wolters Kluwer Health, Inc. All rights reserved.
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35% larger compared with the nongated target volume,
with the lower lobe target volumes showing a more pro-
nounced increase compared with the upper lobe target
volumes. In both the above-mentioned studies, the I'TV
concept was applied. This concept considers the extreme
ends of tumour motion to be the boundary of the GTV,
which often results in overestimation of the target
volume as the tumour is located relatively short in that
extreme position during the breathing cycle [23].
Without being at the expense of good dose coverage, this
overestimation can be decreased by avoiding the incor-
poration of the extreme ends of tumour motion using an
average position method as described by Wolthaus ez a/.
[23]. Although not yet evaluated, our method of GTV
delineation using optimally respiratory gated *F-FDG-
PET may be considered such an average position
approach. This explains the fact that, compared with the
I'TV concept, our target volumes are on average reduced
instead of increased as the incorporation of the extreme
ends of tumour motion is avoided.

In our study, we not only analysed the target volumes
created with gated '""F-FDG-PET imaging but also
evaluated the actual impact on the dose distributions
with respect to the radiation doses for the OAR, the latter
being of special interest in, for example, radiation dose-
escalation strategies to the entire tumour volume where
the avoidance of high dose to healthy tissues is of utmost
importance. Although the incorporation of gated PET
into radiation therapy planning failed to show clinically
relevant dose reductions for the OAR in our study, it may
still be useful in defining biologically unfavourable sub-
volumes within the GTV that are suitable for dose
painting as the true tumour volume and tracer uptake can
be more accurately assessed with gated PET [24].

Instead of the commonly used 40% SUV,,.., one may
consider different thresholds or other segmentation
techniques. However, there is no consensus on the
optimal segmentation technique. Although one may
suggest using, for example, probabilistic or gradient-
based approaches to reduce the influence of partial
volume effects, the partial volume effect is small in our
scans as we applied high-resolution PET with a matrix
size of 400 X400 (pixel spacing of 2.04 mm). Furthermore,
the autosegmentations were visually checked for plausi-
bility; hence, major delineation inconsistencies are unli-
kely. Because our primary goal was to evaluate the impact
of gated PE'T on treatment planning and its theoretical
sparing of healthy tissues, we studied only one segmen-
tation method, not the differences between segmentation
methods per se. The methodology that we applied may
have introduced a mismatch in attenuation correction
because a phase-matched low-dose C'T for attenuation
correction of the gated "*F-FDG-PET was not available.
We used the nongated low-dose CT for this purpose
instead, which may result in a small bias in PET data.
"T'his is a subject of further research at our institution.

Conclusion

"This study evaluated the impact of optimally respiratory
gated "F-FDG-PET on radiotherapy target volumes
including the effect on radiotherapy planning and the
radiation doses for healthy tissues. Although the
respiratory gated target volumes were reduced, the ben-
efit in this selected group of NSCLC patients was too
small to show clinically significant dose reduction for the
healthy tissues.
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