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Abstract
Purpose: The treatment of superficial head tumors with standard linear 
accelerators (linacs) often requires a bolus and/or multiple non-coplanar 
beams to increase surface dose and ensure adequate skin coverage. This 
study evaluates whether the CyberKnife (CK) system can serve as a valid 
alternative to these conventional methods.

Methods: Fourteen patients with superficial tumor in the head were 
treated at our Institution with CK. All patients were retrospectively re-
planned for linac treatment with bolus and in some cases with multiple no-
coplanar beams. CK and linac plan quality was evaluated and compared 
through dose volume histogram (DVH) and dose distribution metrics. Plan 
deliverability was also verified through 2D gamma analysis.

Results: For both techniques, all plans produced gamma pass rates above 
90%. Target coverage resulted significantly higher for CK plans, while 
the volume of brain receiving 95% of prescription dose (V95, brain) was 
significantly lower. Dose distribution parameters analysis highlighted 
better conformity and gradient metrics in favor of CK plans, while 
no difference in homogeneity was noticed. Delivery time for CK plans 
resulted significantly higher with respect to VMAT plans. Regarding 
clinical outcome, of the 8 patients that showed at follow-up after 2 years, 
7 had total response and 1 had partial response.

Conclusions: CyberKnife is a valid alternative for treating superficial head 
tumors, offering superior dosimetry performance without the need for a 
bolus. Additionally, CK eliminates the need for couch movements required 
by non-coplanar linac techniques, improving treatment reproducibility and 
reducing setup uncertainties.
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Introduction
The incidence of skin cancer is increasing worldwide due to factors such as 

sun exposure, climate change, and photosensitizing conditions [1]. Malignant 
melanomas (MM) account for only 3% of cases, whereas the vast majority 
are non-melanoma skin cancers (NMSCs) [2]. Among these, squamous cell 
carcinoma (SCC) represents approximately 25% of cases [3,4]. Despite their 
generally favorable prognosis, SCCs can exhibit local invasion, recurrence, 
and even metastasis, highlighting the need for comprehensive research 
into their molecular mechanisms, risk factors, diagnostic approaches, and 
therapeutic strategies, particularly in relation to superficial tumors of the head. 
Other types of cancers affecting the skin are primary cutaneous lymphomas 
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(PCLs) which are a heterogeneous group of B and T-cell 
lymphomas presenting in the skin without evidence of 
extracutaneous involvement at the time of diagnosis. In the 
Western world, cutaneous T-cell lymphomas are the most 
common type of PCL in the form of mycosis fungoides. Most 
patients with mycosis fungoides have limited stage disease 
at the time of diagnosis and a favorable prognosis, but skin 
lesions can appear in variable numbers and gradually spread 
with a high rate of relapsed/refractory disease following front 
line therapy [5]. The investigation of an efficient treatment 
modality is therefore of fundamental importance and must 
always be considered in a multidisciplinary context. The 
main goal in the treatment of superficial tumors in the head 
must be increasingly personalized, providing the maximum 
oncologic efficacy and the best possible management of 
collateral effects. Treatment options for superficial tumors 
in the head include surgery, cryotherapy, electrode dilation 
and curettage, topical drugs, photodynamic therapy (PDT), 
and radiation therapy (RT) [6]. Surgery is generally the 
first treatment option, but it can have disfiguring cosmetic 
outcomes. For this reason, RT is considered a viable 
alternative to surgery for the primary treatment of superficial 
tumors in the head, not only because of its positive cosmetic 
outcomes [7,8] but also for its high rate of local control. As 
a result, considerations of functionality, cosmetic outcome, 
and patient preference may lead RT to treatment of choice, 
not limited only to patients that are not suitable for surgery 
or in a postoperative scenario [9]. RT can be administered 
as external beam radiotherapy (EBRT) with electron, photon 
or proton beams, or as low dose rate (LDR)/high dose rate 
(HDR) brachytherapy (BRT) [10]. Often, the primary goal of 
RT is to relieve symptoms such as pain, bleeding, ulceration, 
and obstruction caused by the tumor, improving patient’s 
functions and quality of life. However, RT can be used at 
any stage of the disease, with curative or palliative intent, 
as an exclusive, adjuvant treatment or in conjunction with 
systemic treatments [11-13]. In skin cancer cases, EBRT is 
usually performed with volumetric modulated arc therapy 
(VMAT) techniques with standard linacs and requires the use 
of a specific device, named bolus, able to superficialize the 
dose and ensure adequate coverage of target surface. Most 
common bolus consists of a moldable slab of water-like 
material. In tumors located at head surface, the perfect fitting 
of the bolus to patient skin is not always achievable due to 
anatomical irregularities represented for example by ears, 
nose or eye sockets. Air gaps between the bolus and the skin 
could severely affect target coverage at the surface and thus 
treatment reproducibility [14]. Sometimes the use of several 
non-coplanar beams/arcs can improve target coverage even if 
the bolus is not employed [15]. In fact, when using multiple 
accesses, the radiation is delivered in a more tangential 
manner to every point of the surface, allowing better skin 
coverage. However, couch motion during the treatment with 
non-coplanar beams could increase the uncertainty of the body 

position relative to the couch and thus undermine treatment 
reproducibility [16]. The CyberKnife device (Accuray 
Incorporated) is a compact linear accelerator mounted on 
an industrial robot producing several non-is centric non-
coplanar photon beams around the patient [17-19], without 
requiring significant couch movements. CK is a treatment 
machine specifically designed for stereotactic treatments that 
require the administration of high doses in 1-5 fractions. The 
treatment of superficial lesions, instead, is usually delivered 
over 25-30 fractions with conventional doses per fraction. 
However, the use of CK in the treatment of superficial tumors 
could present some advantages with respect to standard 
treatments. For example, its multiple accesses beam delivery 
makes the use of bolus redundant. Moreover, CK is equipped 
with two orthogonal imaging systems that provide image 
guidance during the whole treatment process. This tracking 
system allows the advantage of using tighter margins around 
the target with an improvement in normal tissue sparing. The 
aim of this study is to explore and describe our experience 
in the treatment of superficial tumors in the head with 
CK. Original CK plans were retrospectively reoptimized, 
simulating VMAT treatments with standard linacs, using 
multiple non-coplanar beams and/or virtual bolus. CK and 
VMAT plans were compared in terms of DVH and dose 
distribution, to assess the feasibility of CK employment in 
the treatment of superficial tumors in the head.

Materials and Methods
CyberKnife device

CyberKnife–M6 device is a linear accelerator mounted on 
an industrial robot with a 6-axis manipulator arm, producing 
6 MV flattening filter free (FFF) photon beams at a fixed dose 
rate of 800 MU/min. The device ensures sub-millimetric 
accuracy, tracking the target position with two orthogonal 
integrated x-ray imaging systems. CK is provided with 
three collimator types: (i) 12 fixed collimators, with circular 
apertures ranging from 5 to 60 mm diameter, defined at 800 
mm source-to-axis distance (SAD); (ii) an Iris collimator, 
composed of 2 hexagonal banks of tungsten segments 
producing dodecagonal apertures with the same sizes of fixed 
collimators; (iii) an InCiseTM Multileaf collimator (MLC), 
with 2 banks of 41 tungsten leaves 2.5 mm wide and 90 mm 
thick with full interdigitation and overtravel, to create shapes 
as small as 7.6 × 7.5 mm2, and as large as 100.0 × 97.5 mm2 
at 800 mm SAD. Fixed and Iris collimators are particularly 
suitable for stereotactic treatments such as brain metastases. 
MLC collimators are more versatile and allows the treatment 
of targets with irregular shape, like prostate or spine cases. 
For superficial head tumors cases, MLC collimators were 
employed.

Patients
Fourteen patients (median age: 74.5y; range 53-91y) with 
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skin lesions were treated at our Institution with CK device 
between November 2021 and July 2024. Eleven patients 
with diagnosis of NMSC had lesions localized at the level of 
the head region, three patients presented superficial lesions 
at the level of the scalp and forehead related to mycosis 
fungoides. Computed tomography (CT) images with a slice 
thickness of 1.25 mm were acquired using a Philips Big Bore 
scanner (Koninklijke Philips N.V., Netherlands). Patient 
setup and immobilization was guaranteed with the use of a 
short thermoplastic mask. Radiation oncologists contoured 
the clinical target volume (CTV) and organs at risk (OARs) 
following standard protocols, using Eclipse treatment 
planning system (TPS) (Varian Medical Systems, Inc., Palo 
Alto, USA) version 15.6 to. In CK plans, planning target 
volume (PTV) was obtained giving a 1.5 mm margin to CTV, 
while in VMAT plans a 5 mm margin was given. All patients 
were prescribed with a dose of 60Gy in 30 fractions. Dose 
inhomogeneity up to 110% of prescription dose inside the 
target was allowed. 

Treatment planning
CK clinical plans were calculated with the Precision 

TPS (Accuray Incorporated, Sunnyvale, USA), version 
2.0.1.1. The optimization was performed using the VOLO™ 
optimizer [20-21]. Were possible, beam direction was set 
to never intersect the eyes and/or the mouth. On average, 
three shells were used to control the dose gradient around 
the target. The maximum number of nodes was set at the 
highest available value, allowing the maximum freedom 
of movement to the robotic arm. The final dose calculation 
was performed with the Monte Carlo algorithm, a dose 
calculation uncertainty of 1%, and high dose grid resolution 
that corresponds to the CT step (1mm). VMAT plans were 
calculated with the Raystation TPS (RaySearch, Stockholm, 
Sweden) version 12A. A virtual bolus with water-like density 
and 5 mm thickness was added to all patients CTs so as to 
cover the whole target surface. Beams with a dose rate of 
600 MU/min and a photon energy of 6 MV produced by a 
TrueBeam linear accelerator (Varian Medical Systems Inc., 
USA) were employed. In some cases, in order to improve 
target coverage non-coplanar beams were used. For VMAT 
plans also dose calculation was performed with the Monte 
Carlo algorithm, a dose calculation uncertainty of 1% and a 
dose grid resolution of 1.2 mm.

Delivery Quality Assurance (DQA)
For both CK and VMAT plans, deliverability was assessed 

with the SRS MapCHECK detector used in combination 
with StereoPHAN phantom (Sun Nuclear Corp, Melbourne, 
USA). SRS MapCHECK is a high-density solid-state array 
of 1013 diodes with sub-millimetric resolution (0.48 mm × 
0.48 mm area) and an active area of 77 mm × 77 mm [22-
24]. StereoPHAN is a polymethyl methacrylate (PMMA) 
head-shaped phantom with a proper housing to accommodate 

the detector. The agreement was assessed using the SNC 
software version 8.3 (Sun Nuclear Corp., Melbourne, USA) 
by means of 2D gamma analysis, evaluating the percentage 
of points for which the gamma index is ≤1. A global-pixel-
dose difference of 2%, a distance-to-agreement of 2 mm and 
a gamma pass-rate of 90% criterion was employed.

Plan comparison
CK and VMAT plan comparison was based on (i) DVH 

metrics, (ii) plan quality metrics, and (iii) treatment delivery 
time. Regarding DVH metrics, PTV coverage and the dose to 
the main OAR, i.e. the brain, were considered. In particular, 
for PTV the dose received by 95% of volume (D95, PTV) 
was evaluated. For the brain, the volume receiving 95% 
of prescription dose (V95, brain) and the organ integral dose, 
defined by equation 1 [25], were analyzed. 

			        (1)

In equation 1, Dmean,brain is the mean dose to the brain 
expressed in Gy and Vbrain is the brain volume expressed in 
liters.

Regarding plan quality, we analyzed conformity, 
homogeneity, and gradient metrics. The Conformation 
Number (CN) is defined by equation 2 [26].

					           (2)

V100, PTV (cm3) is the target volume receiving the 
prescription dose, VPTV (cm3) is the total target volume and 
V100 (cm3) is the body volume receiving the prescription dose. 
CN is less than or equal to 1, the latter case being the ideal 
one. 

The Homogeneity Index (HI) is defined by equation 3 
[27] as the ratio between the maximum point dose in the plan 
(Dmax) and the prescription dose (PD).

			      	      	       (3)

The novel gradient index (NGI50) is described by equation 
(4) [28].

 				          (4)
where V50 (cm3) is the body volume covered by the 50% 

isodose line.

Statistical analysis
Statistical analysis was performed using SPSS software 

version 29  (SPSS inc., Chicago IL, USA). The continuous 
variables were reported through means, standard deviations 
(SD), medians and their min-max range, while categorical 
variables were reported through absolute frequencies 
and percentages.  The Shapiro-Wilk normality test for all 
continuous variables was calculated. Differences between 
continuous variables were assessed with the Mann-Whitney 
test or Student T test, as appropriate. Statistical significance 
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was set at p-values less than 0.05. Graphical representations 
were elaborated with RStudio version 4.1.2 (RStudio: 
Integrated Development for R. RStudio, PBC, Boston, MA).

Results 
Dosimetric analysis

For both CK and VMAT plans, QA verification with SRS 
MapCHECK system produced gamma pass rates above 90%.

Table 1: shows the results obtained for all parameters 
analyzed.

Student T test
D95, PTV differed significantly between the two techniques 

in favor of CK plans, while no difference in plan Dmax was 
observed. Regarding the dose to the brain, V95, brain resulted 
significantly lower for CK plans, although no difference in 
the ID was evidenced. Dose distribution parameters analysis 
highlighted higher CN and NGI50 values in CK plans, while 
no difference in HI was noticed. Delivery time for CK plans 
resulted also significantly higher with respect to VMAT 
plans.

Technique

 
CK VMAT Mann-Whitney test

Median (min-max) Median (min-max) p-value

VPTV (cc) 18,22 (7,37-70,13) 39,09 (14,15-103,49) 0,081

Dmax (cGy) 6634,00 (6397,00-6897,00) 6647,00 (6519,00-6832,00) 0,779*

D95,PTV (cGy) 5859,00 (5339,00-6100,00) 5700,00 (5535,00-5753,00) <0,001

V95,brain (cc) 0,00 (0,00-5,16) 0,27 (0,00-16,80) 0,015

IDbrain (GyL) 0,34 (0,05-1,11) 0,42 (0,17-1,40) 0,435

CN 0,68 (0,44-0,89) 0,53 (0,43-0,67) <0,001*

HI 1,11 (1,07-1,15) 1,11 (1,09-1,14) 0,779*

NGI50 1,10 (0,39-2,38) 0,58 (0,24-0,97) 0,005*

Time (min) 16,50 (10,00-20,00) 1,16 (0,57-2,41) <0,001

Table 1: Comparison between CK and VMAT plans for all metrics analyzed.

Clinical outcomes
Figure 1 shows clinical results. Eight patients (57%) 

showed at follow-up (FUP) after 2 years. Of these patients 
7 had total response, and 1 had partial response, with a 
reduction of at least 30% in the sum of diameters of target 
lesions compared to the baseline diameters sum.

Discussion
RT plays a significant role both in curative and palliative 

settings for skin cancer patients [29-32]. However, the data 
on its use in terms of modalities or fractions are often quite 
heterogeneous. In this study, we proposed CK treatments as 
an alternative to standard linac treatments for patients with 
superficial tumors in the head. The CK is an advanced robotic 
radiosurgery system that allows tumours and lesions to be 
treated with extreme precision while reducing damage to 
surrounding healthy tissue. Although it is widely used for the 
treatment of brain, spinal and lung tumours, its use in skin 
treatments represents an innovative and minimally invasive 
option for some dermatological diseases. Fourteen patients 
treated at our Institution with CK device were retrospectively 
replanned for VMAT treatments. In general, our results 
suggested that similar plan quality can be achieved on either 
linac or CK platforms, respecting all dosimetric constraints. 

In VMAT plans, target margin was larger than CK (5 mm 
vs 1.5mm) but no statistical difference between target volumes 
was observed. However, it should be noted that the choice of 
the margins used could be affected by individual technology 
and protocols, thus might vary among Institutions. Dosimetric 
comparison between CK and VMAT plans evidenced how 
CK could produce plans with better target coverage (+2.8%) 
with similar plan Dmax. In addition, we found a significantly 

 
Figure 1: Histogram of clinical outcomes. N/A column refers to 
patients that did not show at FUP.
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always be evaluated by a multidisciplinary team to ensure the 
best personalized therapeutic strategy for each patient.

Conclusion 
The treatment of superficial tumors localized at the head 

region with CK device is feasible and provides several 
advantages with respect to standard VMAT treatments. First 
of all, it ensures the maximum treatment reproducibility since 
there is no need to use the bolus, and patient positioning is 
constantly monitored by the tracking system. Moreover, 
thanks to the tracking system it is possible to use tighter 
margins around the target with significant improvement 
in brain sparing. On the other hand, CK treatment time is 
significantly higher compared to a standard VMAT treatment. 
In the cost-effectiveness assessment this should be taken into 
account considering that superficial head tumors treatments 
are delivered over 30 fractions. The final therapeutic decision 
should be borne by the radiation oncologist, according to the 
department workload.
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