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Abstract

Purpose Four-dimensional (4D) CT scanning provides information on respiratory  
induced tumor motion (TM), which can be utilized to construct a patient-specific plan-
ning target volume (PTV). Internal target volume (PTVITV), exhale gated radiotherapy 
(PTVGating) and a new proposed mid-position (PTVMidP; time-weighted mean tumor 
position) PTVs will be discussed and compared with the conventional free-breathing 
CT scan PTV (PTVConv). 

Methods and Materials Respiratory motion induces systematic and random  
geometrical uncertainties. Their contribution to the clinical target volume (CTV)-to-
PTV margins differs for each PTV approach. The uncertainty margins were calculat-
ed using a dose-probability based margin recipe (based on patient statistics). TM in 
4D CT scans was determined using a local rigid registration of the tumor. Geometri-
cal uncertainties for inter-fractional setup errors and tumor baseline variation were 
included. For the PTVGating, the residual motion within a 30% gating(-time)-window 
was determined. The concepts were evaluated in terms of required CTV-to-PTV 
margin and PTV volume for 45 patients.

Results Over the patient group, the PTVITV is on average larger (+6%), and the  
PTVGating and PTVMidP are smaller (-10%) than the PTVConv using an offline (bony 
anatomy) setup correction protocol. Using an online (soft tissue) protocol the  
difference in PTV compared to PTVConv were +33%, -4% and 0%, respectively.

Conclusions The ITV method resulted in a significantly larger PTV than conventional 
CT scanning. The exhale Gating and MidP approaches were comparable in terms 
of PTV. However, MidP (or mid-ventilation) is easier to use in the clinic since it only 
affects the planning part of treatment and not the delivery. 
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INTRODUCTION1. 
The current prognosis for non-small-cell lung cancer (NSCLC) is poor, with a 
5-year survival rate of only 15%, partly owing to a high local recurrence rate [1]. For 
radiotherapy, several studies have shown that a higher radiation dose is associated 
with a better failure-free and overall survival [e.g., 2]. However, surrounding healthy 
lung tissue, the heart and the oesophagus are dose-limiting organs [3]. Increasing 
the dose without reducing the irradiated volume results in an increase of the mean 
lung dose (MLD). This leads to a higher probability of radiation pneumonitis [4]. 
Moreover, there is also an increase in the dose to other organs-at-risk. Therefore, to 
enable safe dose escalation, target volumes and the associated irradiated volumes 
of normal tissue should be minimized. 
The construction of a target volume [5] begins with a manually delineated gross  
tumor volume (GTV), which is, in general, the visible tumor in the planning CT or PET 
scan. The GTV is expanded with a margin accounting for microscopic extensions, 
rendering the clinical target volume (CTV). An extra margin for systematic and  
random geometrical errors (e.g., variability in patient positioning, respiration, and 
other internal organ motion) is then added to minimize underdosage of the tumor 
in case of erroneous events, resulting in the planning target volume (PTV; Figure 
6-1). 
Because of breathing, tumor motion (TM) excursions up to 2 cm are common in 
lung. Use of a conventional free-breathing 3D CT scan leads to several geometrical  
distortions, (e.g., image artifacts in tumor shape and position, delineation errors, 
etc). To account for these geometrical uncertainties, large target volumes are  
needed, thereby limiting the effectiveness of the radiotherapy [6]. 
To reduce geometrical uncertainties in CT images, time-resolved four-dimensional 
(4D) CT scanning techniques have been developed [7-9]. These 4D CT scans 
potentially allow a reduction of margins from CTV to PTV, thus reducing the volume 
of irradiated normal lung tissue. 
Various approaches for using 4D CT scans in treatment-planning have been reported 
recently. In this chapter we compare internal target volume (ITV; encompassing the 
entire tumor excursion in one breathing cycle) [10], gated treatment (Gating; irradiation 
to a restricted portion of the respiratory cycle) [11,12], and the newly proposed 
mid-position approach (MidP; irradiation at the geometrical time-weighted mean  
tumor position, a refinement of the mid-ventilation approach [13]; see Chapter 5). 
On the basis of patient-specific data (motion amplitude and GTV), a simulation study 
was performed, using a dose-probability based margin recipe (based on patient  
statistics) [14], comparing margins and PTV volumes resulting from the ITV, Gating, 
and MidP approaches with those resulting from free-breathing conventional 3D CT 
scanning (i.e., non-time-resolved). 
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We investigate both the effect of an offline correction protocol (aligning bony  
anatomy, reducing the systematic component) and an online correction protocol 
(aligning soft tissue mean tumor position, reducing the systematic and random  
component) on the margins and PTVs.

METHODS AND MATERIALS2. 

Patient group2.1. 

Four-dimensional CT data sets of 45 subsequent patients (31 male and 14 female) 
with various stages of lung cancer were used in this retrospective study (56% upper 
thorax tumors and 44% lower thorax tumors). 

Simulation of the different planning concepts2.2. 

Acquisition of respiration-correlated 4D CTa. 
During 4D CT scanning, the patient was instructed to breathe normally. The respira-
tion of the patient was registered with a thermocouple inserted into the entry of a 
regular oxygen mask, which measures temperature changes in the airflow during 
inhalation (cold) and exhalation (warm). The helical cardiac scanning mode of the 
CT scanner (24 slice Somatom Sensation Open, Siemens, Forchheim, Germany) 

Figure 6‑1. Schematic overview of different treatment‑planning concepts: Conventional free‑breathing, in‑
ternal target volume (ITV), gating (at exhale) and mid‑position. GTV = gross tumor volume, CTV = clinical 
target volume, PTV = planning target volume.
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was used for the respiration-correlated imaging. A 4D CT scan of 10 respiratory 
phases (10 frames, each frame being 1/10th of the breathing period and containing 
approximately 100 slices) was reconstructed using phase-sorting (scan slice resolu-
tion was 512x512 pixels).

Determination of tumor motion by local rigid registrationb. 
The tumor motion in the 4D CT scan was determined as described previously [9, 15] 
(Chapter 2). First, the scan slice resolution was reduced to 256x256 pixels. A region-
of-interest (ROI) was then defined around the tumor in a reference CT frame using a 
manually drawn mask, encompassing the tumor. This ROI was subsequently regis-
tered to the scans of the other respiratory phases on the basis of the correlation ratio 
of all voxels within the ROI. This procedure was repeated three times for three differ-
ent reference CT frames (at 0%, 30%, 70% of the breathing cycle). From each tumor 
motion curve the mean tumor position was subtracted to obtain relative motion curves. 
The three curves were averaged to reduce small registration inaccuracies, resulting 
in one (relative) motion curve that was used for further analysis (Figure 6-2). Inter-
fraction variability in tumor amplitude is small and therefore ignored in this study [16].

Planning Target Volume, margin recipe and contributing uncertaintiesc. 
The GTV, used in this simulation study for the different treatment-planning approach-
es, was determined from the delineation in the clinical treatment plans (from MidV 

Figure 6‑2. An example of a tumor trajectory showing hysteresis of the tumor motion (in mm) due to 
respiration. Tumor trajectory was determined from the four‑dimensional CT scan. The spheres show the 
positions of the tumor relative to phase 0%.
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CT scans). In this study, target delineation uncertainties were not included. The  
delineation uncertainties are expected to become smaller using 4D treatment-plan-
ning, owing to an improved visualization of the tumor shape, but specific data are at 
present not available. No margin for microscopic extensions was taken into account 
in this study (thus GTV or ITV = CTV). 
The different target volume strategies discussed in this chapter were compared by 
evaluating the treatment margins from GTV to PTV and the resulting volumes of the 
PTV. For each patient individually, the margin necessary to deliver a dose of at least 
95% of the prescribed dose to the CTV (for 90% of the population) can be computed by 
the margin recipe of van Herk et al. [14,17,18]: MPTV p p= + + −2 5 1 64 1 642 2. . .Σ σ σ σ
[mm], where Σ and σ denote the standard deviations (SDs) of the systematic  
errors (localization errors in planning imaging) and random errors (localization errors  
during treatment), respectively. σp denotes the standard deviation of the dose  
gradient or “penumbra”, for which we use a value of 6.4 mm in lung tissue [18]. The 
various components of the systematic and random uncertainties are summed in 
quadrature to generate the margin.

Table 6-1 The systematic (Σ) and random (σ) baseline variation and setup errors of the patient group.

Σ (mm) σ [mm]

LR CC AP LR CC AP

Baseline variation 1.6 3.9 2.8 1.2 2.4 2.2

Setup 1.6 1.7 1.5 2.9 4.0 2.0

Margin (mm) 6.7 12.7 8.8

Data are derived from four-dimensional cone-beam CT scans for the left-right (LR), cranio-caudal 
(CC), and anterior-posterior (AP) directions. The last row gives the required margin when no respira-
tory motion is present (for all four methods). Only setup errors and baseline variation will then contrib-
ute to this margin.

Table 6-2 Overview of the error contributions to the different treatment-planning approaches.

Conv CT ITV Gating Mid-position

Σ σ Σ σ Σ σ Σ σ

Respiration contribution

Periodic motion SD(TM) SD(TM) - - - - Reg.err. SD(TM)

Baseline  
variation

ΣBaseline σBaseline ΣBaseline σBaseline ΣBaseline* σBaseline* ΣBaseline σBaseline

Setup  
contribution

ΣSetup σSetup ΣSetup σSetup ΣSetup σSetup ΣSetup σSetup

ITV motion 
expansion

- Apeak-peak/2 (Residual Apeak-peak) 
/2             

-

Σ and σ refer to the systematic and random errors, including those for baseline variation and setup. 
SD denotes standard deviation. TM and Apeak-peak denote tumor motion and peak-to-peak amplitude, 
respectively. Reg.err. stands for deformable image registration error.
* The variation in end-exhale tumor position is estimated to be the same as the baseline variation 
(See section 6-2.2f)
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The patient-specific motion contributions differ for the different approaches and are 
discussed in the following sections. The inter-fraction baseline variation (day-to-day 
variation in the mean time-weighted tumor position; ΣBaseline, σBaseline) and treatment 
setup uncertainty (ΣSetup, σSetup) in Table 6-1 [16,19] were obtained from 4D respira-
tion-correlated cone-beam CT (4D CBCT) [20] data from roughly the same patient 
group. Note that patient population statistics were used, not individual patient data, 
because (patient individual) baseline and setup data can only be obtained accurately 
after complete treatment. Baseline variation and treatment setup uncertainty were 
taken into account for each concept in this simulation. Patient setup uncertainty  
depends on the institution and setup correction protocol (here, a shrinking-action-
level protocol on bony anatomy was used), but the values used in this study can be 
seen as a guide. An overview of the error contributions for the different approaches 
is given in Table 6-2 and will be explained in the following paragraphs.

Planning target volume for conventional time-uncorrelated CT (PTVd. Conv)
 A conventional, time-uncorrelated 3D CT scan (Conv CT) consists of images without 
time information from the moving tumor and anatomy. Using a fast multi-slice CT 
scanner, the 3D CT scan is an arbitrary snapshot (freezing the anatomy in an arbitrary 
breathing phase). This uncertainty results in an undefined displacement of the tumor 
with respect to the mean tumor position, which is a systematic error because the plan-
ning CT scan is only made once. Systematic (and random) errors due to respiratory 
motion can be estimated using the standard deviation of the tumor motion (approxi-
mately 1/3 of the peak-to-peak amplitude; Apeak-peak) [17] and were computed for each 
patient individually. Additionally, tumor shape deformation in the image can occur 
because the image representation depends on tumor ànd scanner velocity [6,21]. 
McKenzie [22] derived a margin formula for shape changes (2.5Σ) showing that the 
margin necessary for shape changes is similar to the margin necessary for displace-
ment errors. Considering the fact that a fast scan has a large displacement uncer-
tainty with a small shape distortion and vice versa for a slow scan, a first-order ap-
proximation is that the combination of tumor displacement errors and shape changes 
is constant (independent of tumor size and scan speed). The “combined” systematic 
motion error (ΣTM) is therefore estimated by SD of the tumor motion. Note that in this 
study no “real” Conv CT is used but that the uncertainty data are used to simulate its 
performance (a single “real” Conv CT would not represent all possible states).
During treatment, the patient is breathing freely, which also results in a tumor  
position uncertainty. However, in contrast to the acquisition of a planning CT, the 
radiation treatment is not delivered in a short time period (0-30 seconds per beam,  
multiple fractions) relative to a typical respiratory cycle length. The tumor motion  
during treatment is therefore a random uncertainty component: σTM = SD(TM). 
The planning target volume for conventional time-uncorrelated CT (PTVConv) was the 
reference PTV to which the other concepts were compared.
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PTV for the internal target volume concept (PTVe. ITV)
 A commonly used approach is to expand the CTV to cover the entire motion [5]. 
The resulting ITV (Figure 6-1) is defined by the volume encompassing the entire 
displacement of the CTV. Therefore, the ITV concept aims to provide 100% dose 
coverage to the CTV during the respiratory cycle. The ITV to PTV margin expansion 
therefore only contains contributions from setup error and baseline variation. The 
ITV can be delineated in a maximum intensity projection image [10,23] or in the 4D 
CT frames separately, subsequently taking the envelope [24]. 
In contrast to clinical practice to obtain an ITV, in this simulation study the ITV was 
constructed by the GTV with an extension (linear addition to the GTV) of half of the 
peak-to-peak TM amplitude for each direction (positive and negative) separately. 
Note that asymmetry of the respiration in time was not incorporated because the 
asymmetry does not influence the overall margin or volume. 

PTV for idealized gated radiotherapy (PTVf. Gating)
For gated radiotherapy, the tumor is irradiated only during a part of the breathing 
cycle (gating window). During treatment, the respiration is measured externally by 
respiration sensors (e.g., skin markers or belt) [25] and/or internally by fluoroscopy 
[26,27] to determine when the beam should be on and off. Gated treatment is mostly 
performed with patients free-breathing [27]; however, breath-hold irradiation [28] is 
also described. Moreover, advanced techniques like tumor-tracking (irradiating the 
tumor dynamically with a moving beam) [11] result in similar target volumes as gat-
ing. In this simulation we assume ideal gating  (i.e., with a perfect tumor tracing 
system –further discussed in Section 6-4.2–). 
Although gating primarily affects the treatment part of radiotherapy for lung cancer 
patients, correct definition of the target volume for gating is essential. Gating is gen-
erally performed during exhalation because exhalation respiration phase is more 
reproducible and takes longer than inspiration [28]. The corresponding planning CT 
is then obtained by selecting the maximum exhalation frame from a 4D CT or by  
acquiring a (deep) expiration breath-hold CT scan [29] to delineate the GTV. The 
width of the time-window that will be irradiated (the gate) is commonly chosen as 
30% [28] of the respiratory cycle. 
In this simulation study, the residual motion within the 30% gating window at the 
maximum exhalation phase was derived from the full TM curve for each patient  
individually. Since the motion curves contain data from only 10 frames, motion data at 
time-percentages between these frames were computed using spline interpolation. 
Residual motion was taken into account by expanding the GTV to a “gated-ITV” 
covering the residual tumor motion in the 30% gating window [30] (linear addition to 
the GTV). 
Concerning gated radiotherapy, the variation in tumor position during exhale should 
be used instead of tumor baseline variation (variation of the mean of the whole 
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respiratory cycle). However, several publications report exhale tumor position varia-
tion that is similar to the tumor baseline variation [16,31]. For simplicity, the baseline 
variation was therefore used as well for gated treatment-planning in this simulation 
study.

PTV for the mid-position concept (PTVg. MidP) and mid-ventilation concept 
(PTVMidV)
Due to the presence of the wide beam-penumbra in lung, Engelsman et al. [32] 
and Witte et al. [18] showed that if a treatment plan is designed for the tumor in its 
(time-weighted) average position during the respiration cycle, a good dose coverage 
is still obtained even if the tumor is not fully within the PTV during a small part of 
the breathing cycle. Such a treatment plan can be designed on the mid-ventilation 
(MidV) CT scan, a single 3D CT frame from a 4D data set representing the tumor 
closest to its mean tumor motion position [13] (Chapter 2). The TM curve (see Sec-
tion 6-2.2b) was used to determine the time-percentage (0-100% a full cycle) with 
the tumor closest to its time-weighted mean position. Subsequently, from the 4D 
raw data set, a new CT scan at that particular time-percentage was reconstructed.  
Using this 3D MidV CT scan, the systematic contribution due to breathing motion 
can be reduced to nearly zero, permitting a reduction of the treatment margin. The 
expected dose-blurring effect of the respiration can be accounted for in the CTV to 
PTV margin [14]. However, a (small) systematic geometrical error with respect to 
the mean position (εh) is introduced owing to hysteresis in the tumor motion (tumor 
moves asynchronously in more than one direction, resulting in a 3D elliptical tumor 
trajectory instead of a line [33]; Figure 6-2). To overcome the problem of hysteresis, 
we will use the mid-position (MidP) concept (Chapter 5), which reconstructs a new 

Figure 6‑3. Three frames of a four‑dimensional CT image and the average of the frames in coronal view. 
The transformed CT images were reconstructed using the displacements computed by the deformable re‑
gistration method (Chapter 4). The red (dashed) line is a guide to emphasize the relative displacements.
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CT scan from the 4D CT data set. The MidP CT concept is a refinement of the MidV 
concept and comprises all the internal structures, including the tumor, in their exact 
time-weighted mean position of the respiratory motion. As a result of this approach, 
the systematic error due to hysteresis is eliminated; therefore, the MidP is more  
applicable to the outcome of Engelsman et al. [32] and Witte et al. [18] than the MidV. 
In this study, we therefore discuss only the results of the MidP approach.
We adapted an existing motion estimation method based on optical flow [34] to  
determine the motion for each voxel and modified (warped) each frame of the 
4D CT scan by transforming all features from their position in a certain frame to 
their time-weighted mean position with the estimated motion [35] (see Chapter 5).  
Subsequently, averaging over the frames (respiratory phases) of the transformed 
4D CT scan results in a MidP CT scan. The GTVMidP is defined by the volume of the  
tumor in the MidP CT scan, but in this simulation study the GTV of the MidV scan was 
used. Besides the elimination of the geometrical error due to hysteresis, a less noisy  
image (higher signal-to-noise ratio) can be obtained by averaging the transformed 
CT frames (Figure 6-3), which potentially will result in smaller delineation errors. 
The used image registration technique has an uncertainty. Although the data of the 
uncertainty are preliminary, the average accuracy of our deformable registration 
methods in the tumor neighborhood is comparable to that of rigid registration [35], 
which has an average accuracy of approximately 0.5 mm [15]. Therefore this error 
was set to 0.5 mm in this simulation. A more extensive discussion is given in Section 
6-4.3, comparing errors due to hysteresis and registration errors.  The random error 
distribution due to respiration is identical to the Conv CT method (σTM = SD(TM)) 
because respiration is still present during treatment. 

Table 6-3 The average GTV volume (VGTV), estimated tumor diameter for a spherical tumor, and the 
tumor motion in the three directions for 45 patients.

VGTV (cm3) Estimated Tumor motion (mm)

diameter (mm) LR CC AP

Upper thorax

  Mean 27.1 30.9 1.7 3.7 3.1

  St. Dev. 41.4 14.7 1.3 2.8 2.5

Lower thorax

  Mean 56.3 43.6 2.3 11.6 3.1

  St. Dev. 50.5 13.7 1.3 4.8 2.1

Total

  Mean 40.1 36.6 1.9 7.2 3.1

  St. Dev. 47.5 15.5 1.3 5.5 2.3

Abbreviations as in Table 6-1. Values are mean (SD). Data are shown for the whole patient group as 
well as divided according to the position of the tumor in the thorax.
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Results3. 
For the group of 45 patients, GTV volumes were between 2 and 200 cm3, corre-
sponding to tumor diameters between 15 and 72 mm (Table 6-3). Peak-to-peak  
motion amplitudes were between 0.3 and 5.5 mm for left-right (LR), 0.8 and 24.0 mm 
for cranio-caudal (CC) and 0.6 and 11.6 mm for anterior-posterior (AP). Sixty-four 
percent of the patients had a CC tumor motion smaller than 10 mm, 98% had a CC 
tumor motion smaller than 20 mm. 
The mean systematic and random motion error (standard deviation of the motion 
Section 6-2.2d) over the whole patient group was LR 0.7, CC 2.7 and AP 1.1 mm. 
The large range in GTV volume and tumor motion indicated that the results were 
representative for a large variety of patients. 
An example of the margin calculations for all four concepts for a patient of this patient 
group with 15 mm peak-to-peak amplitude in the CC direction, using an offline (on 
bony anatomy) and an online (on tumor) setup correction protocol is given in Table 
6-4.  Only CC motion is illustrated, not LR and AP motion. The residual tumor motion 
within 30% gating-window was 2.3 mm. The example showed that with an offline 
correction protocol the margin for the ITV is similar to the margin for the conventional 

Table 6-4 An example of the margin calculations in the cranio-caudal direction for all four concepts of 
a patient with 15 mm peak-to-peak amplitude in the cranio-caudal direction only, using an offline (on 
bony anatomy) and an online (on tumor) setup correction protocol.

Conv CT ITV Gating Mid-position

Σ σ Σ σ Σ σ Σ σ

Offline correction protocol
Respiration contribution

  Periodic motion (mm) 5.0 5.0 - - - - 0.5 5.0

  Baseline variation (mm) 3.9 2.4 3.9 2.4 3.9 2.4 3.9 2.4

Setup contribution (mm) 1.7 4.0 1.7 4.0 1.7 4.0 1.7 4.0

Total 6.6 6.8 4.3 4.7 4.3 4.7 4.3 6.8

ITV motion expansion (mm) 7.5 2.3

Total margin (mm) 20.6 20.2 15.0 14.9

Perfect Online correction protocol
Respiration contribution

  Periodic motion (mm) 0.0 5.0 - - - - 0.0 5.0

  Baseline variation (mm) 0.0 2.4 0.0 2.4 0.0 2.4 0.0 2.4

Setup contribution (mm) 0.0 4.0 0.0 4.0 0.0 4.0 0.0 4.0

Total 6.6 6.8 4.3 4.7 4.3 4.7 4.3 6.8

ITV motion expansion (mm) 7.5 2.3

Total margin (mm) 4.2 9.6 4.4 4.2

Abbreviations as in Table 6-2. The contribution to Σ and/or σ of the periodic motion was estimated 
using 1/3 of the peak-to-peak amplitude [50].
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Figure 6‑4. Overview of the margins for the four different approaches in the three directions as a function 
of the tumor amplitude. The upper row contains the results using an offline setup correction protocol. The 
minimum margin using an offline protocol is plotted along the vertical axis. The bottom row contains the 
results when an online correction protocol is used and all systematic and random errors could be dealt 
with perfectly. Note that the horizontal tumor motion (in mm) axis is different for each direction. Conv = 
conventional, ITV = internal target volume, MidP = mid‑position.
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free-breathing CT scan concept (approximately 20 mm). The margins necessary in 
the Gating and MidP methods (approximately 15 mm) were considerably smaller. 
Using an online protocol, the margins for Conv CT, Gating, and MidP approaches are 
similar, but the margin for ITV approach is twice as large.
For the whole group of 45 patients, without any respiratory motion, the margin nec-
essary to cover baseline and setup errors was LR 6.7 mm, CC 12.7 mm and AP 8.8 
mm (Table 6-1, Figure 6-4). With motion, for all four methods, the average required 
margin was largest in the CC direction (Table 6-5). The variation in margin was  
largest in the Conv CT method and smallest when using gated radiotherapy, which 
is explained by the reduced dependency on the patient-specific tumor motion. The 
ITV approach resulted in a significant increase (>7%, Table 6-5) of the average  
margin compared to Conv CT scanning in the AP and LR direction (p<0.01, pairwise 
t-test) but it was not significant in the CC direction (p=0.5). The two other methods 
showed a significant reduction of the margin (≥12% in the CC direction, p<0.01). The 
large standard deviation is due to the large systematic respiratory contribution for the 
Conv CT method, which results in a large variation in margin.
The bottom row of Figure 6-4 shows the results when a (perfect) online image-
guided radiotherapy correction (to the mean tumor position) protocol was used (i.e., 
when systematic respiratory and registration errors, baseline variation and setup 
errors were zero). For all tumor motion amplitudes, the order of the size of the  
margin was as follows: ITV (largest), Conv CT/MidP (are equal) and Gated treatment  
concept (smallest). The average difference (over the patient group) in margin in the CC  
direction compared to Conv CT concept was +800% (PTVITV, the Conv CT margins 
became very small, almost singular), -29% (PTVGating) and 0% (PTVMidP; consider the 
slopes of Figure 6-4). Variation in margins at equal tumor motion amplitudes was due 
to different asymmetry of the respiration, resulting in different standard deviations 
(Section 6-2.2d) and therefore in different systematic and random contributions.
Using offline setup correction, the volume of the PTV for this group of 45 patients, 
compared to the Conv CT concept, increased for the ITV concept (by 6%) and  
decreased for the Gating (by 11%) and MidP (by 9%) concepts (Table 6-6). Using 
an online setup correction on tumor, the change in PTV was +33% (increase), -4% 
(decrease) and 0% for the ITV, Gating and MidP concepts, respectively.

Discussion4. 
Improvements in radiotherapy of lung cancer are often focused on the reduction of 
the PTV to enable dose escalation. The benefit of a new method to determine the 
target volume should therefore be that the treatment margin could be significantly 
reduced for a large group of patients. This work shows that the PTV can be reduced 
compared to conventional free-breathing time-uncorrelated 3D CT PTVs by using 
motion information from 4D CT scans in the treatment-planning process. 
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PTV for internal target volume concept4.1. 

The ITV concept covers the entire tumor motion and therefore effectively treats 
all respiration motion as a systematic error. Therefore, the ITV method overesti-
mates the influence of the motion on the tumor dose. This overestimation results in  
irradiation of too much surrounding healthy tissue (larger margins and PTVs  
compared with Conv CT). Therefore, concerning margin reduction, the ITV method 
is not suitable for dose escalation.
For the Conv CT concept, the relationship between the margin and the tumor motion 
has a quadratic component (Figure 6-4) due to the square summed (large) contribu-
tions of the systematic errors (2.5Σ). Because in the ITV approach the motion extent 
is linearly added to the CTV, a linear relationship between motion and CTV-PTV 
margin results. With an offline setup correction protocol, these two curves intersect 
for TM of approximately 13 mm (Figure 6-4). This intersection point depends on the 
baseline variation and setup errors and can differ between different institutes and 
correction protocols. The margins in the LR and AP directions were always (except 
for one instance) larger for the ITV than for the Conv CT concept (TM<13 mm, Table 
6-5, Figure 6-4). In the CC direction, however, for some patients the motion is larger 
than 13 mm, rendering a smaller margin than Conv CT. Considering the PTV, it 
seemed that for 6 of the 45 patients there was a reduction in the PTV compared with 
the PTVConv. Thus, the ITV method results in a PTV reduction (compared with Conv 
CT) for only a small group of patients. 
On average over all patients, using an online setup correction protocol (to the 
mean tumor position), the CC margin differed 800% compared with the Conv CT  
concept. Compared with the results of an offline protocol, both concepts have reduced  
margins; however, the Conv CT margins reduce more. This is because (using an 
online protocol) for the Conv CT concept the systematic respiration contribution is 
also corrected besides baseline and setup error corrections, giving very small mar-
gins (Figure 6-4). Note that, by canceling out the systematic errors in the Conv CT 
concept, the margin becomes rather insensitive to the patient-specific motion. 

Table 6-5 Margin (necessary to have a 95% prescribed dose inside the clinical target volume), and 
margin change (%), determined for all 45 patients individually.

Conv CT ITV Gating Mid-position

LR CC AP LR CC AP LR CC AP LR CC AP

Margin (mm)

  Mean 7.1 16.2 9.7 7.6 16.4 10.4 6.8 13.0 9.1 6.9 13.8 9.1

  SD 0.5 4.3 1.3 0.7 2.7 1.1 0.1 0.2 0.2 0.1 1.2 0.3

Relative change (%)

  Mean +8 +3 +7 -4 -16 -6 -3 -12 -5

  SD 3 8 4 5 16 9 5 12 7

Abbreviations as in Table 6.2.
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Three comments have to be made. First, a perfect correction protocol will never 
be possible. These results must therefore be seen as the lower boundary. Second,  
although the tumor displacement in the Conv CT concept is corrected using an  
online correction protocol, small image distortions still remain. Using an offline  
correction protocol, these distortions are combined in the systematic error contribu-
tion (Section 6-2.2d), but have to be taken into account in the margin computations 
for the perfect online correction protocol. Finally, in some institutes, the margin for 
the Conv CT approach is expanded by the estimated full range of tumor motion, 
rather than using the standard deviation of the periodic motion in a margin recipe.  
This approach resembles the ITV approach with similar results for margin and PTV, 
but the difference compared with PTVGating and PTVMidP will be larger.

PTV for idealized gated radiotherapy4.2. 

The Gating approach gives the smallest PTV compared with the other three  
approaches (a reduction of 11% (Table 6-6) compared to Conv CT, offline correction 
protocol). From Figure 6-4 it can be seen that because of the small residual motion, 
the linear relation (“gated-ITV”) between the margin and tumor motion has a very 
shallow slope. The systematic errors due to breathing are significantly reduced, and 
the margin becomes insensitive to patient-specific motion. 
With an online correction protocol, the margin will be less than 1 mm and therefore 
negligible. PTV reductions compared with the Conv CT concept will be (on average) 
4% depending on the size of the CTV.
In an idealized gated treatment the tumor position should be directly monitored, 
and the delivery of radiation is allowed only when the tumor is in the correct  
position. The main requirements are then precise and real-time tumor localization and 
prompt linear accelerator reaction to the gating signal. Direct detection of the tumor  
motion is difficult. Therefore external (Varian RPM-system, thermo-couple) or internal  
(fiducials, gold markers, diaphragm) surrogate signals are often used. Variations in 
the correlation between tumor movements and surrogate signals can lead to uncer-
tainties resulting in a poor treatment outcome. Especially in gated treatment with 
external respiration monitoring, the lack of correct internal information on which to 
gate may lead to underestimation of the geometrical errors [36,37]. These types of 
errors were not taken into account, but would considerable increase the PTV.

PTV for the mid‑position concept4.3. 

The mid-position concept is a simple method to obtain a safe PTV definition, with 
(on average) almost the same margin outcomes as idealized gated radiotherapy 
(12% reduction instead of 16% for the Gating concept for the CC direction averaged 
over all patients; Table 6-5). The MidP approach only involves the reconstruction of 
a new planning CT scan and leaves other treatment-planning and treatment delivery 
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aspects unchanged. No complex treatment-planning (not 4D) and additional verifica-
tion is necessary, which makes the MidP approach easy to implement. This results in 
an average PTV volume reduction of 9%.
When applying an online correction protocol (on tumor), the results showed that 
there is no difference in margin compared with the Conv CT (ignoring shape defor-
mations). Because for both methods the systematic and the inter-fraction random 
errors were corrected, the same random errors remain, resulting in the same margin. 
The absolute differences between the PTVGating and the PTVMidP concept become 
negligible. 
Whether to choose for gating treatment or the MidP concept, a threshold for the  
tumor motion amplitude was derived. Limiting the difference in margin between Gat-
ing and MidP methods to 2 mm (approximately two times the standard deviation in 
margin) results in a threshold of 13 mm peak-to-peak amplitude. With this threshold, 
only five patients of the cohort would have benefit from gated treatment. However, 
when taking other uncertainties into account, this threshold will increase consider-
ably.
The MidP method needs a deformable image registration approach, which is  
currently not commercially available. In this simulation, image registration uncer-
tainties were estimated to be 0.5 mm for the tumor region, which may be slightly 
underestimated. However, note that multiple registrations were used (9 frames to 
a reference frame), which, combined together, increases the overall registration  
accuracy of the tumor. The displacements due to hysteresis in the tumor motion 
were also small (over the patient group, mean±1SD: 0.1±0.4 mm –LR–, -0.3±0.7 mm 
–CC– and –0.4±1.2 mm –AP–). Comparing these uncertainties shows that a minority 
of the patients really benefits from the advanced MidP method. In other words, the 
simpler MidV CT scan is sufficient for a large group of lung patients (on average 8% 
volume reduction compared with Conv CT). However, the increase in image quality 
that can be obtained with MidP CT scans is an advantage because delineation is 
easier and shape artifacts can be removed, possibly resulting in smaller delineation 
uncertainties.

Table 6-6 Relative volume change (%) for the internal target volume (ITV), gating at exhale and mid-
position concepts compared to the conventional free-breathing method using an offline and perfect 
online setup correction protocol.

ITV Gating MidP

Mean SD Mean SD Mean SD

Offline correction +6 5 -11 11 -9 9

Online correction +33 20 -4 6 0 0

Abbreviations as in Table 6.2.
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Intra‑fraction tumor position variation and stereotactic treatment4.4. 

During treatment, mean tumor position may vary (intra-fraction baseline variation 
or drift). From stereotactic treatments, whereby 4D CBCT scans were made prior 
and after treatment, this intra-fraction variation has been measured. The systematic 
and random errors were approximately 1.5 mm [38]. These numbers will be smaller 
for conventional fractionation because treatment time is approximately 1/3 of the  
stereotactic treatment time. With an offline correction protocol, the intra-fraction base-
line variation can be ignored compared with the setup uncertainties, because they 
need to be summed in quadrature. However, the relative contribution to the margin 
of this small uncertainty increases when an online-correction protocol is used.
The results in this chapter consider conventional fractionated treatments with 95% 
of the prescribed dose to the PTV. However, in stereotactic treatment schemes the 
dose is generally prescribed to an iso-dose level of approximately 80%. The mar-
gin recipe in Section 6-2.2c changes to MPTV p p, % . . .80

2 22 5 0 8 0 8= + + −Σ σ σ σ [14], 
resulting in even smaller margins. The margins for Gating and MidP methods then 
become almost equal. Especially with small number of fractions, inaccuracies have 
to be reduced. Therefore cone-beam image-guided radiotherapy systems have been 
developed, allowing verification and correction of the target position prior to each 
radiotherapy session for each patient.

Conclusions5. 
Four-dimensional CT scanning in combination with gating, mid-position or mid-venti-
lation treatment-planning helps to reduce PTV volumes and enable dose escalation 
and irradiation of larger tumors. With an offline bony anatomy correction protocol, the 
PTVs for the Gating and MidP concepts were on average reduced with 10% com-
pared to the PTV for conventional free-breathing CT scans based on a dose-proba-
bility-based margin recipe. However, the PTVITV increased on average with 6%. 
Using an online soft tissue correction protocol the margins and PTV volumes  
decreased for all concepts and were similar for the Gating, MidP and Conv CT  
approach. The margin for the ITV approach was considerably larger than the Conv 
CT concept, resulting in a PTV volume difference of 33% compared to Conv CT (i.e., 
the ITV concept overestimates the influence of respiration during treatment).
For the majority of patients the results for gating and mid-position were similar. We 
therefore advise consideration of gated treatment only for patients with large tumor 
movements.  The mid-position concept can be safely applied to patients with large 
tumor motion when using an online correction protocol (or in stereotactic treatment).
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