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A B S T R A C T   

Purpose: To assess the interplay effect amplitude between different planned MU distributions and respiratory 
patterns in the CyberKnife system when treating moving targets with static tracking technique. 
Methods: Small- and Large-Respiratory Motions (SRM and LRM) differing in amplitude and frequency were 
simulated in a semi-anthropomorphic dynamic thorax phantom. The interplay effect was evaluated for both 
respiration motions in terms of GTV coverage and conformity for three plans designed with an increasing range 
of MU per beam (small, medium and large). Each plan was delivered three times changing the initial beam-on 
phase to assess the inter-fraction variation. Dose distributions were measured using radiochromic films placed 
in the GTV axial and sagittal planes. 
Results: Generally, SRM plans gave higher GTV coverage and were less dependent on beam-on phases than LRM 
plans. For SRM (LRM) plans, the GTV coverage ranged from 95.2% to 99.7% (85.9% to 99.8%). Maximum GTV 
coverage was found for large MU plans in SRM and for small MU plans in LRM. Minimum GTV coverage was 
found for medium MU plans for both SRM and LRM. For SRM plans, dose conformity decreased with increasing 
MU range while the variation was reduced for LRM plans. Large MU plans reduced the inter-fraction variation for 
SRM and LRM. 
Conclusions: We confirmed the interplay effect between target motion and beam irradiation time for CyberKnife 
static tracking. Plans with large MU per beam improved the GTV coverage for small motion amplitude and the 
inter-fraction dose variation for large motion amplitude.   

1. Introduction 

Small lung tumors with respiratory correlated motion can be treated 
with the CyberKnife™ (CK; Accuray Incorporated, Sunnyvale, CA, USA) 
using real-time tumor tracking techniques such as fiducial markers- 
based tracking with Synchrony™ or fiducial-free tracking with XSight 
Lung Tracking™ (XLT) [1–7]. Both tracking techniques use a correlation 
model between respiratory phase and tumor position. That model is 
generated by the continuous acquisition of respiratory signals matched 
with continually updated kV stereoscopic image pairs of fiducial 
markers or tumor tissue density for Synchrony or XLT, respectively. The 
correlation model is then used during treatment to predict the tumor 
position and drive the robotic arm to track the rigid target movement 
accordingly. 

Nonetheless, both tracking techniques have several limitations. For 
Synchrony, the implantation of fiducial markers presents risks of 
pneumothorax [8], fiducial markers can also be misplaced or they can 
migrate from their original position, resulting in sub-optimal treatments 
or delays [9]. XLT requires that tumors have a minimum diameter of 15 
mm [10] although larger sizes provided best results (tumors larger than 
35 mm were successfully tracked more than 80% of the time[11]). Tu
mors also need to be located at least 15 mm away from any bone 
structure with their projections not aligned at 45 degrees to the spine 
[12]. Finally, XLT requires adequate tumor density in order for the 
system to visualize it [10]. 

When neither of these two dynamic tracking techniques can be used 
because of the aforementioned issues, an indirect tracking technique 
combined with a motion management strategy is a possible alternative 
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[7]. The XSight Spine Tracking™ (XST) static tracking technique is 
intended to track displacements of skeletal structures such as the 
vertebrae, while correcting for patient displacements in 6 degrees of 
freedom (translations and rotations). In principle, the vertebra adjacent 
to the moving tumor is used as a surrogate for the whole patient align
ment. An 81-node grid region of interest (ROI) is typically centered on 
the adjacent vertebra when the plan is created to then be used by the 
tracking algorithm during delivery in order to compute and correct for 
displacements of nodes between reference and daily images. X-ray im
ages are taken at time intervals ranging from 15 s to 60 s. 

Since the target motion is not taken into account by the tracking 
algorithm, using the XST technique for moving tumors necessitates 
including the whole target motion within the irradiation volume by 
defining an Internal Target Volume (ITV) based on the Gross Tumor 
Volume (GTV) contoured on the 4D image dataset and a Planning Target 
Volume (PTV) that accounts for systematic and random errors on the 
reference 3D respiration CT phase [13]. The specificity of the CK in this 
context is the use of a large number of small beams with each one only 
partially irradiating the PTV allowing for dose gradients steeper than 
any other ITV- and linac-based technique and consequent dose reduction 
to normal tissues. As the tumor is not tracked in real time, the GTV will 
receive full, partial, or even no primary dose from a given beam because 
of the interplay effect between tumor motion and collimator movement. 
This means that even an excellent planned coverage of the PTV may not 
guarantee a sufficient GTV coverage. The amplitude of this kind of 
geographical miss depends not only on the irradiation technique and its 
intrinsic planning parameters, but also on the irradiation beam start 
time with respect to the respiratory phase [14] 

The typical planning parameters that can affect the interplay effect in 
this specific context are the beam collimator size(s), the number of 
collimators, the isodose prescription, and the dose per fraction. Previous 
studies have already investigated the interplay effect between planning 
parameters and tumor motion patterns differing in amplitude and fre
quency and have shown limitations when using the XST technique with 
moving tumors [15,16]. 

However, to our knowledge, no studies have yet investigated the 
direct role of the number of Monitor Units (MU) per beam (MUpb) on the 
interplay effect. The MUpb range can be varied in the Precision TPS 
(Accuray Inc., Sunnyvale, CA, USA) setting the minimum and maximum 
number of MUpb. These parameters define the minimum and maximum 
number of MU delivered by a single beam in a certain position with a 
defined collimator size. Hence, the choice of this parameter determines 
the planned MU distribution for each collimator size used. As MU is by 
definition a surrogate of irradiation time, different planned MU distri
butions will have a different impact on the delivered dose distribution, 
because of the different interplay effect between beam irradiation time 
and tumor motion. 

The aim of this study was to provide the evidence and the evaluation 
of the magnitude of this specific interplay effect for the CK when treating 

moving targets by means of an indirect and static tracking technique. We 
tested the impact of three different planned MU distributions on the 
intra- and inter- fraction delivered dose to the tumor volume for two 
typical breathing cycles. 

2. Materials and methods 

2.1. Moving phantom setup 

The Dynamic Thorax Phantom (DTP; CIRS Inc.; Norfolk, VA, USA) 
used in this study was designed with three different types of epoxy resins 
that are radio-equivalent to soft tissue, lung, and spine. It featured a 
moving lung-like rod equipped with a spherical target (∅=25 mm) for 
which films can be placed orthogonally in the axial and sagittal planes 
[17]. 

The DTP was mounted on a two-axis motor enabling three- 
dimensional movement (see Fig. 1). The center of the spherical target 
was off-centered from the axis of the rod so that rotations induced 
left–right (LR) and anterior-posterior (AP) movements whereas the 
longitudinal axis of the motor provided movement in the inferior- 
superior (IS) direction. Therefore, sagittal film orientations continu
ously change during irradiation due to continuous trans-rotational mo
tion of the target. The linear and angular motion accuracies were 0.05 
mm and 0.2 degrees, respectively [18]. 

Small respiratory motion (SRM) and large respiratory motion (LRM) 
were designed based on a cos4 function that provides the highest cor
relation with patient respiratory motion [19]. Both SRM and LRM were 
modeled by the function: 

x(t) = x0 +Acos4
(

t⋅
π
T

)

Where x0 is the initial position (end inhale), A is the amplitude vector 
given byALR;AAP;ASI[mm] , and T is the period [s]. 

SRM had the shortest breath interval and smallest thoracic expansion 
mimicking a fast and shallow respiration, while LRM had the slowest 
and deepest respiration producing the largest tumor motion amplitude. 
Table 1 summarizes the parameters used for SRM and LRM. 

Fig. 1. The Dynamic Thorax Phantom (A) and the lung-equivalent rod with the cube containing the spherical target (in white) disassembled to show how films can 
be inserted (B). 

Table 1 
Details of respiratory motion patterns. AAP,ALRandASI denote the peak-to-peak 
displacement range of tumor center on nominal AP, LR and IS axis, respectively.   

Motion parameters 
Motion Type AAP(mm)  ALR(mm)  ASI(mm)  T(s)  

SRM 2 3 10 3 
LRM 4 6 40 6  
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2.2. 4DCT simulation, target definition and ITV determination 

Four-dimensional CT images of 1.0 mm thickness were acquired on 
an Aquilion LB CT scanner (Canon Medical Systems Europe) together 
with the AZ-733 V respiratory gating system (Anzai Medical, Tokyo, 
Japan) with the belt respiratory sensor mounted on the chest plate of the 
DTP. For each 4DCT dataset, 10 equally time-binned 3D-CT datasets 
were extracted and transferred to Raystation v9.B TPS (RaySearch 
Laboratories, Stockholm, Sweden). 

The spherical target was contoured on each phase and defined as 
GTV. ITV was defined on the mid-ventilation CT phase as the union of 
the GTVs obtained in each CT phase providing the position of the GTV 
closest to its mid-position [18]. A margin of 3 mm was added in each 
direction to the ITV to generate the PTV in line with our current clinical 
practice (see Fig. 2). The planning was performed in the Precision TPS. 

2.3. Treatment planning optimization and plan delivery 

The XST technique integrated with the CK system necessitated 
defining the ROI-node grid to be tracked. We used an 80 mm high ROI, 
centered so that the full spine region adjacent to the PTV was symmet
rically encompassed in the x and y axis and was at the same height as the 
geometric center of PTV along the z axis. IRIS-based collimators of 25 
mm and 35 mm were used for both SRM and LRM cases. These two 
collimator dimensions represented a trade-off between a good dose 
conformity (25 mm diameter as the GTV dimension) and a minimal 
treatment time (35 mm diameter) 

The optimization process was carried out with the VOLO™ algorithm 
[20]. The prescription dose of 60 Gy (7.5 Gy/fraction) was initially 
optimized using the Ray-Tracing (RT) algorithm (type A) in order to 
cover at least 98% of the PTV with the prescribed dose, and then Monte 
Carlo (MC) algorithm (type B) was used to recalculate and rescale the 
dose to ensure 100% coverage of the GTV with the prescribed dose. The 
rescaling consisted of lowering the percentage isodose prescription once 
the dose was recalculated with MC. We followed the method proposed 
by Lacornerie et al [21] avoiding the prescription to the PTV when type B 
dose calculation algorithms (i.e. Monte Carlo) are used for fluence 

optimization. 
Three different configurations in terms of minimum and maximum 

number of MUpb were tested:  

• Small MU (sMU) plan: 6 ≤ MUpb per fraction ≤ 62.5 (i.e. 48 ≤ MUpb 
per plan ≤ 500);  

• Medium MU (mMU) plan: 30 ≤ MUpb per fraction ≤ 90 (i.e. 180 ≤
MUpb per plan ≤ 720);  

• Large MU (lMU) plan: 60 ≤ MUpb per fraction ≤ 120 (i.e. 360 ≤ MUpb 
per plan ≤ 960). 

The sMU plan configuration was also what would have been used for 
a similar real case in the clinical setting. All remaining planning pa
rameters were kept fixed for both SRM and LRM cases: the maximum 
number of nodes of 117 (corresponding to its maximum value) and a MU 
penalty factor [20] of 1 (no attempt made from optimizer to decrease or 
increase the planned number of MU). Each plan was delivered to the 
DTP three times with beam-on synchronized with the initial respiratory 
phase being end inhale (I), end exhale (E) and mid-ventilation (M). Each 
time the DTP was repositioned to the table to evaluate also the inter- 
fraction dose variation. We performed a total of 18 irradiations. 

2.4. Film dosimetry and analysis 

We evaluated the delivered dose using Gafchromic EBT3 films 
(Ashland Advanced materials, Bridgewater, NJ, USA; type XLT, lot 
number 02122002X). The size of the films was 3.175 × 3.175 cm2 and 
they were precut in pairs to fit the spherical target corresponding to the 
initial axial (AL) and sagittal (AS) orientations, respectively. Since the 
films were delivered precut without any information about the orien
tation of the sensitive layer and because scan response of EBT3 depends 
on the film orientation on the scanner [22], they were all scanned before 
irradiation to check for consistency (with no impact on the darkening). 
Films were scanned (Epson V700, Seiko Epson Corporation, Japan) 15 h 
and 39 h after irradiation to obtain two different post-irradiation cali
brations. The film scanning was performed with a resolution of 150 dots 
per inch, all image enhancement filters turned off and in positive 48 bits 

Fig. 2. The DTP CT contoured for SRM (upper panel) and LRM (lower panel). The volumes shown are: Blue = GTV, Yellow = ITV, Red = PTV. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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colors. Films were scanned in the inner region of the flat bed by means of 
a positioning frame in order to minimize the inter-scan variability. 

Films were calibrated in absorbed dose to water using a 6MV photon 
beam of an Elekta Synergy linear accelerator (Elekta AB, Stockholm, 
Sweden) at 5 cm water equivalent depths with dose levels ranging from 
0.5 to 15 Gy for a total of 10 films including the zero dose level. The 
protocol we currently use for film absorbed dose calibration lead to an 
uncertainty of 4% [23]. 

The TIFF images of scanned films were processed in MATLAB. The 
red channel of the images was extracted from the RGB image to increase 
the calibration curve sensitivity [22]. A circular ROI (∅=25 mm) placed 
on the film center was superposed to every image to mimic the central 
projections of the GTV. The intersection of the film region and the cir
cular tumor was defined as GTV on both AL and AS films. 

By analogy with DVH in three dimensions, relative and absolute 
dose-area histogram (DAH) in two dimensions were computed for the 
whole film and the GTV. The GTV coverage was defined as the volume 
(%) of the GTV receiving 7.5 Gy. The dose conformity was calculated 
using the new conformity index (nCI) defined as: 

nCI =
AGTV ⋅Afull, 7.5 Gy

A2
GTV,7.5 Gy 

Where AGTV is the area of GTV, Afull,7.5Gy the area of full film receiving 
7.50 Gy, and AGTV,7.5Gy the area of GTV receiving 7.50 Gy. A nCI of 1 
means a complete conformity between the isodose of the prescribed dose 
and the GTV. For a spherical target, a good conformity should result in 
nCI less than 1.1, while for more complex or elongated targets, values of 
up to 1.4 can be considered acceptable [24] . The GTV coverage and the 
nCI were obtained from the computed DAHs. 

3. Results 

3.1. Treatment planning optimization 

Table 2 summarizes the number of beams and the mean value of 
MUpb per fraction for the three plans tested and two respiratory motions. 

As expected, the average of MU systematically increased with the 
range of MU set in the plan for both respiratory motions. Plans with 

larger MUpb led to fewer beam numbers. The mean MUpb value was 
found to be systematically lower for LRM due to the increased number of 
beams. 

Cumulative histograms (over the 8 fractions) of MUpb for sMU, mMU, 
and lMU plans are presented in Fig. 3 for SRM and LRM. Both minimum 
and maximum MUpb values were higher than the set values. This was 
due to the rescaling of the dose once MC was used for recalculation. The 
MU distribution comparison between RT and MC algorithms are re
ported in Fig. 1s of the Supplementary Material. 

For sMU plans, the optimization algorithm maximized the beams 
with less MU providing a non-uniform MU distribution. For mMU and 
lMU plans, MUpb distributions were found to be more uniform, in 
particular for LRM. The analysis of the MU histograms sorted by colli
mator size (see Figs. 2s and 3s of the Supplementary Material) suggested 
a different use of collimators between the respiratory patterns: the 
averaged MU value per collimator was found to be similar for SRM while 
it was higher for 35 mm than 25 mm for LRM. 

3.2. Film analysis 

The sensitive layer orientation was found to be consistent among the 
films (less than 2%) as declared by the manufacturer once the anterior 
label (A) was aligned with the long axis of the scanner for both AL and 
AS films. 

Dose distributions measured in the central sections of the GTV for the 
SRM case are reported in Figs. 4 and 5 for AL and AS films, respectively. 

AL films placed on the axial central section of the GTV never reached 
the edge of the ITV. For these films dose distributions were quite sym
metric with respect to the GTV central axis for all different MU plans. AS 
films instead provided dose distribution rotating along the sagittal axis, 
the SI edges of the films were expected to reach the edges of the ITV in 
both directions. In this case, the dose distribution (see the 750 cGy for 
instance in Fig. 5) resulted asymmetric in the SI direction showing a shift 
towards the inferior side that tend to reduce with the increasing MU/ 
beam. In both planes, dose increased according to the number of MUpb. 
The mid phase resulted in a lower dose delivered to the GTV in both 
planes. 

Similarly, for the LRM case, dose distributions are reported in Figs. 6 
and 7 for AL and AS films, respectively. Here the interplay effect was 
more pronounced and difficult to describe as measured dose distribu
tions varied differently between MU plans through the different respi
ratory phase in both planes. Although reduced in its amplitude, the 
asymmetry of the dose distribution in the AS films was still observed 
similarly to the SRM case. 

DAH of SRM and LRM are reported in Figs. 4s and 5s, respectively, in 
the Supplementary Material. The results for the GTV coverage of 
different MU plans for both SRM and LRM cases are summarized in 

Table 2 
Comparison of number of beams and mean MUpb per fraction. Standard devia
tion for the mean MUpb value is reported in brackets.   

Number of beams per 
fraction 

Mean (standard deviation) MUpb per fraction 

sMU mMU lMU sMU mMU lMU 

SRM 73 28 14 26.9 (19.0) 74.0 (19.9) 137.9 (15.3) 
LRM 143 51 25 21.6 (13.9) 59.9 (19.8) 112.9 (16.5)  

Fig. 3. MUpb distribution obtained from different MU plans for SRM (a) and LRM (b). Values reported are relative to the total number of fractions (i.e. the plan) and 
relative to the MC dose calculation. 
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Table 3, with the average value and standard deviation of three initial 
delivery phases. Generally, the SRM cases tended to have higher GTV 
coverage and less dependency on beam-on phases than the LRM cases. 
For SRM, the best GTV coverage was found with the lMU plan. For SRM, 
all different MU plans tested provided that the prescribed dose was at 
least delivered to 95% of the GTV. For LRM, the mMU plan presented the 
lowest GTV coverage and largest discrepancy between beam-on phases. 
sMU and lMU plans had similar GTV coverage for both AL and AS films, 
while the coverage was relatively independent from beam-on phase for 
the lMU plan only. For LRM, all different MU plans tested were not able 

to provide an average delivery of the prescribed dose to more than 95% 
of the GTV over the three fractions tested. 

The conformity index for SRM and LRM cases for various MU plans 
and the initial delivery phase are shown in Table 4. For SRM, nCI 
increased along with the increased number of MUpb and showed little 
inter-fraction variation. For LRM, the averaged nCI varied slightly 
among different MU plans. Interestingly, the lMU plan provided a lower 
value of nCI as well as inter-fraction variation for LRM with respect to 
SRM. As observed for the target coverage for LRM, the mMU plan pro
vided the worst results with the highest nCI. The nCI for AS films was 

Fig. 4. Dose distributions measured in the axial plane (AL film) through the center of the GTV for the SRM case. In each image, anterior (A) and Left (L) directions are 
on the top and left side, respectively. The white circle depicts the extent of the GTV. Different MU plans are shown in columns (sMU, left; mMU central and lMU right) 
while initial treatment phases are shown in rows (max phase, upper; mid phase, central and min phase lower). Three isolines are displayed: 600, 750 (the prescription 
dose), and 900 cGy. Color table is in cGy. 
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found to be larger than for AL films for both respiratory motions due to 
the asymmetry of dose distribution in the SI direction. 

4. Discussion 

In this study, we investigated the magnitude of the interplay effect 
existing between the planned MU distribution of the CyberKnife system 
and a moving tumor for the clinical scenarios that may benefit from an 
indirect tracking focused on a static bone structure as an alternative to 
the real-time motion tracking. 

We intentionally varied the MU distribution range in the planning to 
assess its impact on the interplay effect with two different respiratory 
motions programmed in a dynamic thoracic phantom. 

Our results show that this specific interplay effect also occurred for 
small respiratory motion and its magnitude increased with the ampli
tude of the respiratory motion. 

Evaluating the planned MU dose distributions provided us with a 
first indication as to how the VOLO™ optimization algorithm works in 
beam segmentation. As mentioned in the previous section, the number 
of maximum nodes (and thus beams) was kept fixed to its highest 

Fig. 5. Dose distributions measured in the sagittal plane (AS film) through the center of the GTV for the SRM case. Anterior (A) and Superior (S) directions are on the 
top and left side, respectively. The white circle depicts the extent of the GTV. Different MU plans are shown in columns (sMU, left; mMU central and lMU right) while 
initial treatment phases are shown in rows (max phase, upper; mid phase, central and min phase lower). Three isolines are displayed: 600, 750 (the prescription 
dose), and 900 cGy. Color table is in cGy. 
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available value among different MU plans. Nevertheless, for all plans 
this value was never reached, and for mMU and lMU plans in particular 
the number of beams was found to be very small. This could suggest a 
segmentation process in which the MUpb are maximized within the 
available range set by the user in order to deliver the treatment in the 
shortest time. When both minimum and maximum MU thresholds are 
increased, as was done in this study, the process led to a dramatic 
reduction of beams, in particular for SRM where the target dimensions 
were smaller. When a small number of beams is involved, this may lead 
to the reduction of dose conformity and the increase of hot spots around 

the tumor and at the beam entrances [25]. 
Despite the ITV approach used, that consisted also of 3 additional 

mm margin for PTV generation, the objective to cover 100% of the GTV 
with the prescription dose was never met. In fact, although the average 
GTV coverage was found to be better for SRM, it reached an acceptable 
value for the lMU plan only at the cost of dose conformity. For lung 
tumors, our current approach for clinical cases involves the use of 6 
minimum and 80–100 maximum MUpb per fraction as typical values. 
Although, on the one hand, this allows for a high number of beams 
involved and hence an optimal dose conformity, it would not always be, 

Fig. 6. Dose distributions measured in the axial plane (AL film) through the center of the GTV for the LRM case. Anterior (A) and Left (L) directions are on the top 
and left side, respectively. The white circle depicts the extent of the GTV. Different MU plans are shown in columns (sMU, left; mMU central and lMU right) while 
initial treatment phases are shown in rows (max phase, upper; mid phase, central and min phase lower). Three isolines are displayed: 600, 750 (the prescription 
dose), and 900 cGy. Color table is in cGy. 
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on the other hand, the best approach in terms of dose delivery robust
ness. In fact, the lMU plan was found to be the most robust in terms of 
intra- and inter-fraction delivery for SRM, suggesting that increasing the 
average of the MU plan distribution may overcome the geographical 
miss for small respiratory motions. Indeed, while for LRM a large intra- 
and inter-fraction variation was expected, it was surprising to observe 
how the variation of the MUpb range had an impact on the dose delivery 
for SRM too. The same approach of increasing the MUpb range can also 
be used when large respiratory motion occurs. For LRM, target coverage 

was found to be similar for sMU and lMU plans. However, this latter plan 
provided less inter-fraction variability. 

Although increasing the mean value of the MU distribution might 
enable a better GTV coverage and a reduced inter-fraction variation, the 
dose conformity unfortunately decreased due to the limited number of 
beams, in particular for SRM. The nCI of 1.33 measured for the lMU plan 
was close to the limit regarding acceptance criteria. This approach 
should be avoided for small lesions positioned near the chest wall to 
avoid any extra irradiation of the ribs and a consequent radio-induced 

Fig. 7. Dose distributions measured in the axial plane (AS film) through the center of the GTV for the LRM case. Anterior (A) and Superior (S) directions are on the 
top and left side, respectively. The white circle depicts the extent of the GTV. Different MU plans are shown in columns (sMU, left; mMU central and lMU right) while 
initial treatment phases are shown in rows (max phase, upper; mid phase, central and min phase lower). Three isolines are displayed: 600, 750 (the prescription 
dose), and 900 cGy. Color table is in cGy. 
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toxicity [26]. 
In particular for LRM, the mMU approach provided the worst results 

in terms of both target coverage and dose conformity. In order to provide 
a time-equivalent comparison with the respiratory cycle, given the CK 
dose rate of 900MU/min, the mMU plan had mean irradiation time per 
beam of approximately 4 s (see Table 2) while for the sMU and lMU 
plans it was 1.7 and 7.5, respectively. Therefore, our results suggest that 
for large respiratory motion it may be preferable to use either an 
approach involving many beams with a short (less than the respiratory 
period) irradiation time or the opposite, meaning fewer beams with a 
long (more than the respiratory period) irradiation time. In fact, both 
sMU and lMU plans were found to be quite equivalent for LRM in terms 
of target coverage. 

Overall, when static tracking is employed in treating moving tumors 
with the Cyberknife, we strongly recommend never reducing the PTV 
margins nor ignoring the ITV approach. Furthermore, the way of pre
scribing does should also be carefully considered. As previously 
mentioned, the dose was prescribed so that 98% of the GTV should have 
received the prescription dose calculated with a type B algorithm. As a 
consequence, the resulting median dose to the GTV was at least 1 Gy 
higher than the prescribed dose and, as demonstrated, this dose was not 
enough to guarantee the delivery of the prescribed dose to the whole 
GTV. For this specific clinical scenario, the prescription to the median of 
the GTV used for real-time tracking treatments [21,27] may end up 
being a sub-optimal choice that could introduce a systematic under
dosage of the GTV. In fact, for gated treatments, deviations between 
planned and delivered dose only slightly affect the GTV coverage [28], 
while for non-gated delivery it may drop to 90% when pre-treatment CT 

verification are adopted [29]. Here, where the interplay effects are 
sensibly larger in magnitude and imaging verification does not take into 
account the tumor directly, the dose should be prescribed to the 100% of 
the GTV to ensure an appropriate dose delivery. 

Obviously, this study has some limitations. Indeed, our results were 
affected by several other parameters (both planned and respiratory- 
based) apart from minimum MUpb such as collimator size and tumor 
motion range that could also affect the interplay effect. In this study, 
collimator sizes of 25 mm and 35 mm were adopted in the balance of 
conformity and efficiency. Our results confirmed a published study [15] 
that suggested the use of large collimators (30 mm) in treating moving 
lung tumors with XST, especially when small tumor motion range (less 
than 10 mm) occurs. 

Although our choice of collimator size seems reasonable considering 
the size of the GTV, different approaches may be used. In particular, 
smaller collimator sizes would have improved dose conformity at the 
cost of delivery time and potential increasing of intra-fraction motion. 
On the other hand, the use of larger collimator size would have produced 
moderate dose fall-off reducing the benefit of CK. In terms of tumor 
motion, in this study only two respiratory patterns were evaluated. An 
additional group of different respiratory patterns with different motion 
amplitudes and respiratory periods might benefit a more comprehensive 
discussion on the effect of respiratory motion. The inter-fraction dose 
variation observed over three fractions was significantly larger (up to 
ten times) for LRM than SRM. These results are in line with those pub
lished by Chan et al [15] who observed a linear increase of inter-fraction 
dose variation with respiratory motion in the SI direction. 

As per the intrinsic nature of this in-phantom study, our results 
remain valid for regular motion patterns and for tumors that do not 
show any base-line shift. We do recommend to verify prior or ideally 
during every fraction motion amplitude by means of several available 
devices and the presence of any base-line tumor drifts through imaging. 
Our current practice is to check the consistency between respiratory 
signals carried out with the Anzai belt at the time of planning CT and of 
treatment. Although belts do not generally provide an absolute refer
ence, their signal reproducibility may be improved by carefully posi
tioning the sensor on the patient and optimized selection of the offset 
and gain parameters properly. Similarly, the base-line shift should be 
assessed prior every fraction to consider the planned ITV still adequate 
by means of 4DCT or fluoroscopy [29] It is recommended to treat 
moving lesions which are adjacent or in proximity to the spine where the 
surrogacy relationship is the best. In this way, both tumor and bone 
structure can be visualized in the orthogonal images providing infor
mation on their mutual position. 

The results we have shown were extrapolated from two orthogonal 
films that may not represent the full picture of the GTV. It is possible that 
target coverage and dose conformity may also vary along other plans, 
providing better or worse results in terms of three-dimensional dosim
etry. To overcome this limitation, the use of 3D polymer-based dosim
etry could be implemented in commercially available dynamic 
phantoms. The limited size of the films also represented a limitation 
since the area outside of the GTV was too small to draw any conclusion 
in terms of dose delivered. Finally, the only moving part of the phantom 
was the tumor rod neglecting any possible spine motion that may 
introduce a further level of inaccuracy while treating real patient. The 
in-phantom accuracy of the XST of less than 1 mm has been shown to be 
similar in real patient [30]. However, when XST is employed for indirect 
lung tracking, on-line imaging should be performed at its maximum rate 
to minimize any further interplay effect due to systematic spine 
misalignement. 

Despite these limitations, this study provides clear indications for a 
future planning strategy. The results have led us to reconsider our 
clinical practice; from now on we will privilege an increased mean of 
MUpb value for targets not placed close to the thoracic wall. 

Table 3 
The GTV coverage (expressed in % of volume receiving 7.5 Gy) and standard 
deviation is listed according to the different breathing pattern and different MU 
plans.  

Breathing 
pattern 

SRM LRM 

MUpb plan sMU mMU lMU sMU mMU lMU 

AL max 97.8 97.9 99.9 85.9 98.9 96.2 
mid 95.2 95.2 99.2 94.2 75.7 88.8 
min 98 97.1 99.9 99.7 91.9 90.9 
average 97 ±

1.6 
96.7 ±
1.4 

99.7 ±
0.4 

93.3 ±
6.9 

88.8 ±
11.9 

92 ±
3.8 

AS max 96.5 97.6 99.9 89.1 98.5 93.7 
mid 95.8 95 99.9 95.3 80.1 94 
min 97.1 97.6 100 99.8 92.2 97.6 
average 96.5 ±

0.7 
96.7 ±
1.5 

99.93 ±
0.06 

94.7 ±
5.4 

90.3 ±
9.4 

95.1 ±
2.2 

Overall 
average 

96.8 ± 
1.7 

96.7 ± 
1.5 

99.8 ± 
0.4 

94.0 ± 
8.8 

89.6 ± 
15.2 

93.6 ± 
4.4  

Table 4 
Conformity number and standard deviation is listed according to the different 
breathing pattern and different MU plans.  

Breathing 
pattern 

SRM LRM 

MUpb plan sMU mMU lMU sMU mMU lMU 

AL max 1.07 1.12 1.30 1.18 1.15 1.10 
mid 1.08 1.19 1.22 1.13 1.51 1.14 
min 1.07 1.08 1.31 1.16 1.11 1.13 
average 1.07 ±

0.01 
1.13 ±
0.05 

1.28 ±
0.05 

1.15 ±
0.03 

1.26 ±
0.22 

1.13 ±
0.02 

AS max 1.13 1.19 1.30 1.25 1.23 1.20 
mid 1.14 1.14 1.27 1.26 1.41 1.21 
min 1.15 1.16 1.41 1.34 1.24 1.22 
average 1.14 ±

0.01 
1.17 ±
0.02 

1.33 ±
0.07 

1.28 ±
0.05 

1.29 ±
0.10 

1.21 ±
0.01 

Overall 
average 

1.11 ± 
0.01 

1.15 ± 
0.06 

1.30 ± 
0.09 

1.22 ± 
0.06 

1.27 ± 
0.24 

1.17 ± 
0.02  
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5. Conclusions 

This study confirmed the presence of the interplay effect between 
target motion and beam irradiation time when a static spine tracking 
technique was adopted in CyberKnife. The impact was non-negligible 
especially for large respiratory motion when the GTV coverage fell 
below 90%, while it remained relatively independent of MU for small 
respiratory motion. 

In general, large numbers of minimum MUpb should be used. This 
enables a maximization of the GTV coverage for small motion amplitude 
and, in turn, a minimization of the inter-fraction dose variation, for large 
motion amplitude. 
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