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ABSTRACT
Introduction: Minimizing the planning target volume (PTV) while ensuring sufficient target coverage
during the entire respiratory cycle is essential for free-breathing radiotherapy of lung cancer. Different
methods are used to incorporate the respiratory motion into the PTV.
Material and methods: Fifteen patients were analyzed. Respiration can be included in the target
delineation process creating a respiratory GTV, denoted iGTV. Alternatively, the respiratory amplitude
(A) can be measured based on the 4D-CT and A can be incorporated in the margin expansion. The
GTV expanded by A yielded GTVþ resp, which was compared to iGTV in terms of overlap. Three meth-
ods for PTV generation were compared. PTVdel (delineated iGTV expanded to CTV plus PTV margin),
PTVr (GTV expanded to CTV and A was included as a random uncertainty in the CTV to PTV margin)
and PTVP (GTV expanded to CTV, succeeded by CTV linear expansion by A to CTVþ resp, which was
finally expanded to PTVP).
Results: Deformation of tumor and lymph nodes during respiration resulted in volume changes
between the respiratory phases. The overlap between iGTV and GTVþ resp showed that on average
7% of iGTV was outside the GTVþ resp implying that GTVþ resp did not capture the tumor during the
full deformable respiration cycle. A comparison of the PTV volumes showed that PTVr was smallest
and PTVR largest for all patients. PTVr was in mean 14% (31 cm3) smaller than PTVdel, while PTVdel was
7% (20 cm3) smaller than PTVR.
Conclusions: PTVr yields the smallest volumes but does not ensure coverage of tumor during the full
respiratory motion due to tumor deformation. Incorporating the respiratory motion in the delineation
(PTVdel) takes into account the entire respiratory cycle including deformation, but at the cost, however,
of larger treatment volumes. PTVR should not be used, since it incorporates the disadvantages of both
PTVdel and PTVr.
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Introduction

Radiotherapy of lung cancer is challenging due to a high risk
of toxicity when delivering curative doses [1–3]. Keeping the
treatment volumes as small as possible while treating the
whole target volume is therefore essential. Margins in radio-
therapy take into account the different uncertainties associ-
ated with planning and delivering radiotherapy, ensuring
sufficient target coverage [4–5]. Population-based uncertain-
ties are used for delivery uncertainties and inter- and intra-
fractional uncertainties [6–9]. On the other hand, the
respiratory motion can be measured pretreatment for each
patient and should therefore be taken into account patient
specifically. Different methods to obtain patient-specific mar-
gins are available. The respiration can be incorporated into
the delineation of the gross tumor volume (GTV) [10–12] or
the center of mass (CM) peak-to-peak amplitude (A) can
be measured and introduced as a random uncertainty in
the margin calculation [4,13–15]. The two concepts are

conceptually different, and in this study, we compare these
two concepts in terms of the size of treatment volumes
generated and in terms of their ability to take into account
the respiration cycle including target deformation during
respiration.

Material and methods

Patient selection

Fifteen consecutive patients with lung cancer treated with
definitive chemo-radiotherapy were selected for the study.
The study group consisted of four SCLC patients, 10 NSCLC
patients and one patient with a NSCLC recurrence. Staging
was IIIa (7pts), IIIb (4 pts), IIa (1 pt), IIb (2pts) and Ia (1pt). The
median age was 69 years [53–77 years]. Eleven females and
four males were included. Stage, histology, performance sta-
tus and tumor and lymph node location was displayed for
each patient in Table 1.
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Target definition

A combined phase-sorted 4D-CT with 10 phases and 3D
FDG-PET scan were acquired on a Phillips PET-CT scanner for
all patients for radiotherapy planning. The 4D-CT scans were
acquired with a 3mm slice thickness but for the purpose of
this study interpolated to a 1mm slice thickness to ensure
sufficient resolution for distinguishing the different margin
strategies. GTVs for the primary tumor (GTV-T) and the lymph
nodes (GTV-N) were delineated on the mid-ventilation (mv)
phase of the 4D-CT [14] visually guided by the PET scan.
Furthermore, GTVs accounting for respiration (iGTV-T and
iGTV-N) were delineated in a three-step process: The GTVs
were deformably propagated from the mv phase to all
phases of the 4D-CT, followed by accumulation, producing
iGTV. The iGTVs were finalized by manual correction for
deformation errors using visual inspection of all phases as
well as a Maximum Intensity Projection scan (MIP) [10]. All
delineations and deformations were performed in ARIA 13.7
(Varian Medical Systems) by one experienced radiation
oncologist to ensure consistency. For both GTV and iGTV, an
isotropic 5mm expansion, corrected for invasion into bones
and large blood vessels, generated the clinical target vol-
umes CTV-T, CTV-N, iCTV-T and iCTV-N. After delineation, all
scans and delineations were exported to MIM (MIM Software
Inc., Cleveland, OH, USA), where all subsequent margin gen-
eration and analysis were performed. CTV-PTV margins were
generated separately for CTV-T and CTV-N and combined to
a total PTV.

Measuring the respiratory amplitude

GTV-T and GTV-N were propagated deformably to all phases of
the 4D-CT scan. The CM position was found on each phase and
the respiratory amplitude was found in 6 directions: Left (AL),
Right (AR), Dorsal (AD), Ventral (AV), Superior (AS) and inferior (AI).

Investigation of target deformation during respiration

The tumor may deform during the respiratory cycle, (Figure 1).
The deformation is included in iGTV. We compared the volumes

of iGTV and GTV expanded by A (AL, AR, AD, AV, AS, AI), denoted
GTVþ resp in order to investigate the effect of deformation. The
overlap between iGTV and GTVþ resp was obtained and com-
pared to the volume of iGTV and GTVþ resp. The analysis was
performed for both tumor and lymph nodes in all patients
(Figure 1).

Methods to include respiratory motion

Three methods were investigated:

� Delineation on all phases approach: The respiratory
motion from all phases was taken into account in the
delineation of iGTV. The iGTV was expanded to iCTV and
shaped to bones and large vessels.

� Random uncertainty approach: The GTV was expanded to
CTV and shaped to bones and large vessels. Respiration
was taken into account as a random uncertainty of Ax/3
in the CTV-PTV generation as described by [4,14–15].

� Systematic uncertainty approach: The GTV was expanded
to CTV and shaped to bones and large vessels. The CTV
was subsequently expanded to CTVþ resp by adding Ax
in all six directions [15].

Planning target volumes

To compare the planning target volumes (PTVs) for the differ-
ent methods, CTV to PTV margins were calculated for all
three methods and used to expand the CTV to PTV. All sys-
tematic (

P
) and random (r) uncertainties contributing to

the PTV margin are listed in Table 2. The margins calculated
are based on daily treatment set-up on the primary tumor as
described in [6,16] and different uncertainties are listed for
primary tumor and lymph nodes. The margins were calcu-
lated using the margin formula of van Herk et al. with a soft
tissue penumbra of rp¼3mm [5]: M¼ 2.5

Pþ 1.64 (r�rp)
Three methods for calculation of PTV was studied (Figure 2)

� Delineation on all phases approach: The respiratory
motion was taken into account in the patient specific
iCTV-T and iCTV-N. The margin calculated in Table 2 was

Table 1. Characteristic and respiratory motion for each patient.

Volume
[cm3]

Resp. A, GTV-T
[mm]

Resp. A, GTV-N
[mm]

Patient number NSCLC /SCLC Stage GTV-T Location� GTV-N Station £ PS GTV-T GTV-N LR AP SI LR AP SI

1 SCLC IIIa LU 5 1 19 1 3 2 2 2 1 1
2 SCLC IIIb RU 3A; 4Rþ 10R 1 10 37 2 3 3 3 3 2
3 NCSLC IIb RUþM – 1 67 – 2 2 4 – – –
4 NSCLC IIIa LU 4L,5þ 10L 0 4 6 3 5 1 3 1 3
5 NSCLC IIIb# RUþMþL – 1 361 – 6 3 5 – – –
6 SCLC Ia RU – 2 22 – 1 1 2 – – –
7 NSCLC IIIb RU 4R 0 9 29 1 2 2 1 3 5
8 NSCLC IIb RL 3A, 4R, 7, 11R 2 64 19 1 2 11 3 5 7
9 NSCLC IIa RL – 0 46 – 2 3 5 – – –
10 NSCLC rec IIIa – 7,10L 1 – 4 – – – 5 1 7
11 SCLC IIIa LUþ L 4L,7 2 17 11 2 2 4 2 1 3
12 NSCLC IIIa RU 4R 1 10 18 2 6 11 2 2 6
13 NSCLC IIIa LU 4L;5 0 14 5 5 2 5 1 4 9
14 NSCLC IIIa RL 2Rþ 4Rþ 7þ 10Rþ 11R 2 15 126 1 5 16 4 2 9
15 NSCLC IIIb RU 4R,7 0 4 8 2 1 1 1 1 3

#Undistinguishable tumor and lymph node conglomerate.�L: left; L: lower lobe; M: middle lobe; R: right; U: upper lobe. £According to [27]. Conglomerates of nodes are marked by a plus.
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used to expand the iCTVs and create a total PTV for this
method: PTVdel.

� Random uncertainty approach: Respiration was taken into
account as a random uncertainty of Ax/3 for each of the
six directions. For each of the directions left, right, dorsal,
ventral, superior and inferior a patient-specific margin was
calculated and used to expand the CTV-T and CTV-N and
create a total PTV for this method: PTVr.

� Systematic uncertainty approach: CTV-Tþ resp and
CTV-Nþ resp were expanded to PTV-T and PTV-N by use
of the margins in Table 2 and a total PTV was created:
PTVR.

Results

Eleven patients presented with both GTV-T and GTV-N, while
one patient had only GTV-N and three patients had only
GTV-T. The mean [min;max] GTV (TþN) volume was 62 cm3

[4;361 cm3]. The peak-to-peak respiratory motion for GTV-T
was in mean [min;max] 2mm [1;6mm] (left-right (LR)), 3mm
[1;6mm] (anterior-posterior (AP)) and 5mm [1;16mm] (super-
ior-inferior (SI)). For GTV-N, the corresponding amplitudes
were 2mm [0;5mm] (LR), 2mm [1;5mm] (AP) and 5mm
[1;9mm] (SI). The volumes and respiratory motion of GTV-T,
GTV-N were displayed for each patient in Table 1.

Figure 1. Left: Schematic illustration of deformation of tumor during the respiratory cycle. For simplification only three phases and only S-I motion is shown. All
directions of motion were taken into account in the study. Middle: total volume of iGTV and GTVþ resp. Right: Overlay of iGTV and GTVþ resp, showing regions
included in only one of the structures. Centre of mass of the medventilation phase is illustrated by a blue dot.

Table 2. Uncertainties used for margin calculation.

Tumor (LR, DV,SI) Lymph nodes (LR, DV,SI)

R r R r Origin

Baseline shift and residual deformation after match 0.8, 0.8, 0.8mm 1.4, 1.4, 1.4mm 1.3, 1.0, 1.1mm 1.3, 1.5, 1.3mm � [6]
intrafractional baseline shift 0.5, 0.6, 1.1mm 1.1, 0.8, 1.2mm 0.5, 0.6, 1.1mm 1.1, 0.8, 1.2mm �(submitted for

publication)
Lymph node surrogate – – 0.6, 0.5, 0.7mm 0.8, 0.8, 0.9mm �[6]
CBCT isocentre uncertainty 0.7 0.7 #
Uncertainty in match and couch shift 0.6 0.6 #
CT distortion 0.2 0.2 #
MLC positional uncertainty 0.2 0.2 #
Margin without respiration included. 3.8, 3.8, 4.8mm 5.2, 4.6, 5.7mm
�Data from similar patient group.
#Determined locally, not published.
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The delineation of GTV-T and GTV-N on all phases
revealed a volumetric change between phases. The GTV-T
and GTV-N on the mv phase were on average 17% (T) and
9% (N) smaller than the phase with largest volume and 14%
(T) and 15% (N) larger than the phase with the smallest vol-
ume. These volume changes are due to tumor and lymph
nodes deforming during respiration as shown for two patient
examples in Figure 3. To investigate this effect further, the
overlap of iGTV and GTVþ resp were investigated. The per-
centage of the iGTV (inclusion of full respiratory cycle)
included in the GTVþ resp (inclusion of respiration only by
the CM amplitudes) was in mean [min;max] 93% [89;99%] for
T and 93% [89;98%] for N. This illustrates that on average 7%
of the iGTV is outside of GTVþ resp and thus, GTVþ resp did
not fully represent the tumor during the respiratory motion.
The percentage of the GTVþ resp not included in the iGTV
was 89% [76;94%] for T and 82% [57;91%] for N. This shows
that the GTVþ resp included tissue that was not part of the
actual respiratory tumor motion. Taking the respiration into
account as a random uncertainty in the PTV calculation,
makes the effect of this overestimation on the treatment vol-
ume negligible. This is due to a low weight of the random
component and many factors adding up in the margin
calculation.

The comparison of the three PTV volumes is shown in the
box plot in Figure 4. For all patients, PTVr was smallest and
PTVR largest. The difference between PTVr and PTVdel was
statistical significant when compared with a Wilcoxon signed
rank test (p<.001). Likewise, for PTVdel, PTVR (p<.001). On
average, the PTVr was 14% (31 cm3) smaller than PTVdel,
while PTVdel was 7% (20 cm3) smaller than PTVR.

Discussion

Delineating the tumor during the entire respiratory motion
on the 4D-CT scan ensures treatment of the tumor through-
out the full respiratory cycle. However, it also results in treat-
ment of the whole respiratory cycle as a systematic
uncertainty. This yields PTVs (PTVdel) that are on average 14%
larger than PTVs achieved by including the respiration ampli-
tude as a random uncertainty in the margin calculation
(PTVr). The PTVs are further enlarged (7% on average) if the
systematic inclusion of the respiratory motion is based on
the measured amplitudes (PTVR), rather than delineating the
actual motion (PTVdel). Wolthaus et al. found that PTVR
yielded volumes that were on average 33% larger than PTVr
[15], which is much larger than the 18% we found in

Figure 3. Patient examples illustrating how different parts of the tumor have different respiratory motion patterns leading to tumor deformation between the dif-
ferent respiratory phases. Green arrows indicate areas with small respiratory motion. Pink arrows indicate areas with large respiratory motion.

Figure 2. Illustration of three different PTVs generated.
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this study. This discrepancy could be due to smaller GTV vol-
umes and larger superior-inferior tumor motion in [15]. In
clinical practice, PTVr and PTVdel are commonly used [11–13].
PTVR has been used as a surrogate for PTVdel [15] but as
shown here, PTVR overestimates the PTVdel volume size.

Several studies show correlation between the PTV volume
treated and the incidence of radiation pneumonitis [17–19].
Tvilum et al showed in a nonrandomized study introducing
soft-tissue match and adaptive radiotherapy that reducing
the PTV volumes by on average 199 cm3 (599–400 cm3) led
to a decrease in mean lung dose (14.4 Gy to 12.6 Gy) and a
4% (22–18%) reduction in severe pneumonitis [17]. The clin-
ical effect of a 14% PTV reduction therefore appears to be
minor except in the case of large tumor burdens. Less than
one out of four patients had PTV larger than 300 cm3, for
which a 14% reduction corresponds to 42 cm3. The same
study also illustrated that the PTV volume reduction due to a
change of setup strategy from bone match to soft-tissue
match, had a much higher volumetric impact (199 cm3 on
average) compared to choosing PTVr instead of PTV del

(31 cm3 on average). The same can be concluded for the
dosimetric deterioration during treatment due to target and
normal tissue position uncertainties: respiratory uncertainties
have been shown to exhibit negligible impact compared to
inter-fractional baseline shifts and especially anatomical
changes [20]. The dose deterioration due to respiration was
investigated for SBRT, where recalculation of dose plans opti-
mized on a 3D CT scan and subsequently recalculated on a
full 4D-CT. The 4D-CT recalculation maintained the target
dose coverage [21].

PTVr and PTVR are based on reducing the respiratory
motion to a rigid movement of the tumor on the mv phase
with the amplitude measured on the 4D-CT. As shown in this
study, there is a high degree of tumor deformation during
the respiration and the volume changes between the phases.
On average, 7% of the tumor delineated on all phases is not

accounted for using the measured amplitudes only. In many
cases, the deformation originates from part of the tumor (e.g.
the caudal part) moving more than other parts (e.g. the cra-
nial part) as shown in Figure 3. The same observation was
made by Donnely et al, who described a larger motion of
the edge of both primary tumor and lymph node targets
compared to the CM motion [22]. Volumetric differences
between tumor volume in different respiratory phases were
also observed by Reitzel et al. [23].

All methods described for respiratory motion inclusion is
based on a single 4D-CT scan before treatment. This assump-
tion is based on several studies showing good inter-fractional
stability of the respiratory amplitude with only small varia-
tions in the respiratory amplitude [9,24–26]. The respiratory
amplitude has been measured separately for tumor and
lymph nodes because the respiratory motion of the two typ-
ically deviates from each other [7,22].

In conclusion, incorporating respiratory motion in the tar-
get delineation process ensures that the entire respiratory
motion, including tumor deformation, is accounted for, at
the cost of larger PTV volumes. The PTVr yields the smallest
volumes, but does not take the full respiratory motion and
tumor deformation into account. PTVR should not be used,
since it incorporates the disadvantages of both PTVdel and
PTVr.
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