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Purpose: This study conducts a comparative evaluation of the skin dose in CyberKnife (CK) and 
Helical Tomotherapy (HT) to predict the accurate dose of radiation and minimize skin burns in head-
and-neck stereotactic body radiotherapy. 

Materials and Methods: Arbitrarily-defined planning target volume (PTV) close to the skin was 
drawn on the planning computed tomography acquired from a head-and-neck phantom with 19 
optically stimulated luminescent dosimeters (OSLDs) attached to the surface (3 OSLDs were 
positioned at the skin close to PTV and 16 OSLDs were near sideburns and forehead, away from 
PTV). The calculation doses were obtained from the MultiPlan 5.1.2 treatment planning system 
using raytracing (RT), finite size pencil beam (FSPB), and Monte Carlo (MC) algorithms for CK. For 
HT, the skin dose was estimated via convolution superposition (CS) algorithm from the 
Tomotherapy planning station 5.0.2.5. The prescribed dose was 8 Gy for 95% coverage of the PTV. 

Results and Conclusions: The mean differences between calculation and measurement values 
were −1.2±3.1%, 2.5±7.9%, −2.8±3.8%, −6.6±8.8%, and −1.4±1.8% in CS, RT, RT with contour 
correction (CC), FSPB, and MC, respectively. FSPB showed a dose error comparable to RT. CS and 
RT with CC led to a small error as compared to FSPB and RT. Considering OSLDs close to PTV, MC 
minimized the uncertainty of skin dose as compared to other algorithms.
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Introduction

The stereotactic body radiotherapy (SBRT) or stereotactic 

radiosurgery (SRS) has been considered for definitive reir-

radiation of recurrent or second primary head-and-neck 

cancer.1) For patients with head-and-neck cancer, scalp 

irradiation is often used to treat skin cancer cases such as 

lymphoma, Kaposi’s sarcoma, and angiosarcoma.2,3) 

Newer radiation delivery machines have been used for 

scalp irradiation. Helical TomoTherapy (HT; Accuray Inc, 

Sunnyvale, CA)4,5) is a megavoltage computed tomography 

(MVCT)-guided system that uses 6-MV beams modulated 

by a 64-leaf binary multileaf collimator (MLC). HT is well-

matched because it can deliver a tangential beam to any 

point on the scalp without any problems in field-matching. 

Another modality is CyberKnife (CK; Accuray Inc, Sunny-

vale, CA),6,7) comprising 6-MV flattening filter free treat-

ment beam with noncoplanar beam geometry and high 
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dose rate. More recently, the use of MLC has made it pos-

sible to generate dose distributions similar to the intensity 

modulated radiotherapy, by delivering many modulated 

fields with various source positions and angles.8) 

However, the dosimetric verification of scalp irradiation 

is necessary to minimize technical and dosimetric uncer-

tainties. In this study, we focused on a comparative evalu-

ation of the skin dose in HT and CK to predict an accurate 

dose and to minimize skin burns in head-and-neck SBRT. 

We performed experiments using optically stimulated lu-

minance dosimeters (OSLDs)9,10) attached on the surface of 

a head-and-neck phantom11) (Model RS-108T, Radiological 

Support Devices, Long Beach, CA, USA). 

Materials and Methods

1. Measurement setup

The in-vivo measurements using the OSLDs were com-

pared with the predicted dose in the treatment planning 

system (TPS). Nineteen OSLDs were attached on the sur-

face of a head-and-neck phantom, especially near the side-

whiskers, forehead, and planning target volume (PTV) as 

shown in Fig. 1. In order to ensure reproducibility of the 

measurements, OSLD chip boundaries were prepainted 

on the tape attached to the phantom surface to place the 

OSLD chips in the same location for each measurement. 

Planning CT image was obtained by a fan-beam multide-

tector CT scanner (Aquilion LB 16-detector row CT, Toshi-

ba Medical Systems, Nasu, Japan) with a 1-mm scan size. 

For dose calculations, we used two TPSs: TomoTherapy 

planning station 5.0.2.5 (Accuray Inc., CA, USA) and Multi-

Plan 5.1.2 (Accuray Inc., CA, USA). 

2. Treatment plans in CK and HT

The PTV and the 19 regions-of-interest (ROIs) containing 

OSLDs were manually contoured on the planning CT im-

ages. Treatment plans for CK and HT were designed to de-

liver a dose of 8 Gy to at least 95% of the PTV. TomoTherapy 

planning station supports convolution superposition (CS)12) 

algorithm with voxel-less optimizationTM (VoLO). In the 

CS algorithm, the prior beam attenuation is determined in 

each voxel, and then a dose kernel is applied to each voxel 

to model the scatter. Energy decomposition at and around 

the photon interaction sites is computed. For the HT plan, 

a treatment plan was created with dynamic jaws and plan-

ning parameters such as a field width of 2.51 cm, pitch of 

0.43, and modulation factor of 2.0. The calculation grid size 

used for the dose calculation was 0.195×0.195 cm2. 

MultiPlan TPS for CK provides raytracing (RT)13) for the 

fixed cone, Monte Carlo (MC)13) for the fixed cone, and 

finite size pencil beam (FSPB)14) for multileaf collimator 

(MLC). For all the plans in CK, the template path was set 

as the full path, and the tracking method was 6D Skull 

tracking. Dose calculation resolution was assigned to be 

high mode. For RT, we created two plans for the conditions 

with or without contour correction (CC).15,16) The two plans 

consisted of 70 nodes and 92 beams. The RT algorithm 

was used to calculate the dose contributed to a target voxel 

for each beam in the treatment plan using look-up tables 

such as tissue-phantom ratio, off-center ratio, and output 

factor. It considers the effective path length along the cen-

tral axis of a beam. To estimate the effective depth value 

for any point that is not on the central axis of a beam, the 

CC algorithm first precalculates the effective depth values 

along the lines located on the surface of a set of concen-

tric cones, which have the same central axis as the beam. 

Fig. 1. Nineteen OSLDs attached on 
the surface of a head-and-neck phan-
tom.
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Then, the algorithm finds the four lines surrounding the 

given point, and it performs a bilinear interpolation on the 

angle and radius to calculate the estimated effective depth 

using the depth look-ups on the surrounding lines. On the 

contrary, the MC dose calculation algorithm includes user 

inputs that increase or decrease the uncertainty of the dose 

calculation. Because the algorithm describes the heteroge-

neity effect on the scattered dose, it is possible to make an 

ideal choice for areas with significant inhomogeneity. For 

the MC plan, 69 nodes and 91 beams were used with the 

uncertainty of 2%. The FSPB algorithm was used only for 

the MLC collimator. This algorithm discretizes any MLC 

beam into small rectangular finite pencil beams. The dose 

of a single pencil beam is modeled as the product of energy 

fluence and a dose deposition kernel. Energy fluence and 

kernel are determined from the commissioning data. The 

dose to a single point is the sum of all pencil beam doses 

at that point. In this study, the numbers of nodes, beams, 

and segments used for the MLC plan using FSPB were 61, 

61, and 92, respectively. For each plan, a dose distribution 

was calculated by inverse optimization, and the mean dose 

within each ROI was assigned as the calculated dose.

3. OSLD measurements

The MicroStar system (Landauer Ltd.), which is a porta-

ble reader, has been utilized for the single-point measure-

ment of the OSLD nanoDot. The calibration of the OSLD 

was applied according to the MV energy level. To correctly 

evaluate the measurements, we ensured that the OSLD 

calibration curve represented the relationship between the 

converted value and the calculated dose, with exposures 

in the range 0 to 10 Gy using Farmer chamber and water-

equivalent RW3 slab phantom including housing plates 

for Farmer chamber and OSLDs. The second polynomial 

function was used as the calibration curve fitter. After each 

beam delivery, OSLD chips were read three times using 

the MicroStar reader in cGy unit. The values for every chip 

were averaged and determined to be the exposure dose. 

For all measurements, the OSLD was read 1 hour after ir-

radiation. The variations in the reader’s sensitivity prior to 

each OSLD reading were measured by quantifying three 

counts: dark signal, photomultiplier tube (PMT) counts 

from the carbon (14C) source, and PMT counts with the 

shutter open and the LEDs on to specify beam intensity. 

The beam delivery was performed more than twice to 

verify the reproducibility of the measurement for the same 

conditions.

Results and Discussion

Five treatment plans using different dose calculation 

algorithms in HT and CK were created and delivered using 

the head-and-neck phantom with OSLDs. The mean dif-

ferences between the calculated and the measured values 

for 19 OSLDs, as well as three OSLDs close to the PTV, are 

summarized in Table 1.

Fig. 2 plots the dose difference between the calculated 

and the measured values at 19 OSLD positions attached to 

the surface of the head-and-neck phantom when RT with 

and without the CC were used. In particular, in the three 

OSLDs (#9, #10, and #11) close to the PTV, mean differ-

ence between the calculation and the measurement values 

was −0.7±6.8% and 17.9±9.4% for RT with and without CC, 

respectively. Based on this result, it was observed that the 

RT without the CC overestimates the skin dose by an aver-

age of 15% higher than the actual measurement value. The 

RT algorithm uses effective path length to account for the 

density variation when calculating dose. However, con-

sidering only the primary path heterogeneity correction 

Table 1. Comparison of dose calculated by five dose calculation algorithms and measured dose.

Modality Dose calculation algorithms All (19 OSLDs) [%] Near PTV (3 OSLDs) [%]

Helical TomoTherapy CS with VoLO −1.2±3.1 −6.8±3.6

CyberKnife RT for fixed cone 2.5±7.9 17.9±9.4

RT with CC for fixed cone −2.8±3.8 −0.7±6.8

MC for fixed cone −1.4±1.8 −2.7±2.2

FSPB for MLC −6.6±8.8 −24.3±5.7
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may cause inaccuracies near the density interfaces. On the 

other hand, the inclusion of the CC produced distinct pat-

terns of decreased differences between the calculated and 

the measured doses because the effective depth value for 

any point not on the central axis of a beam was considered 

when the RT dose calculation method was used. 

Fig. 3 depicts the dose differences between the CS and 

the RT with CC at 19 OSLD positions. For the CS dose cal-

culation algorithm, the mean difference between the cal-

culation and the measurement was −6.8±3.6% in the area 

near the PTV. In contrast, considering all positions near 

the side-whiskers and forehead, a slightly lower mean dif-

ference was achieved in the CS algorithm (−1.2±3.1%) than 

in RT with CC (−2.8±3.8%). Overall, CS and RT with CC 

showed similar patterns.

Fig. 4 plots the dose difference between the calculated 

and the measured values at 19 OSLD positions using the 

MC and CS. In particular, in the MC dose calculation algo-

rithm, a distinct reduced plot pattern was observed with 

the mean dose difference of −2.7±2.2% near the PTV and 

−1.4±1.8% at all OSLD positions. This is because the MC 

algorithm considers the scatter from the entire phantom 

and accounts for the heterogeneity effect on the scattered 

dose. Therefore, there is an ideal choice for skin areas with 

significant inhomogeneity. 

Fig. 5 shows the dose differences between RT and FSPB 

RT with CC
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Fig. 2. Comparison of the dose dif-
ference between calculated and mea-
sured values in 19 OSLDs using RT 
with and without CC.

Fig.  3.  Comparison of the dose 
difference between calculated and 
measured values in 19 OSLDs using 
CS and RT with CC.
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at 19 OSLD positions. In the area of the skin near the PTV, 

FSPB showed a large difference error of −24.3±5.7%. Over-

all, FSPB showed a dose error similar to RT.

Conclusion

We verified the skin dose comparison based on five dose 

calculation algorithms used in CK and HT. FSPB showed a 

dose error similar to RT. CS and RT with CC led to a small 

error, compared to FSPB and RT. Considering OSLDs close 

to the PTV, MC was able to minimize the uncertainty of the 

skin dose compared to other algorithms.
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Fig. 4. Comparison of the dose dif-
ference between calculated and mea-
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Fig. 5. Comparison of the dose dif-
ference between calculated and mea-
sured values in 19 OSLDs using FSPB 
and RT.
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