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A B S T R A C T

Background and Purpose: Head-Neck (HN) patients may experience severe acute skin complications that can
cause treatment interruption and increase the risk of late fibrosis. This study assessed a method for accurately
monitoring skin dose changes during helical tomotherapy for HN cancer based on deformable image registration
of planning computed tomography (CT) and mega-voltage CT (MVCT).
Materials and Methods: Planning CTs of nine patients were deformably registered to mid-treatment MVCT
(MV15) images resulting in CTdef images. The original plans were recalculated on both CTdef and mid-treatment
kilo-voltage CT (CT15) taken as ground truth. Superficial layers (SL) of the body with thicknesses of 2, 3 and
5mm (SL2, SL3, SL5) were considered as derma surrogates. SL V95%, V97%, V98%, V100%, V102%, V105%
and V107% of the prescribed PTV dose were extracted for CT15/CTdef and compared (considering patients with
skin dose > 95%). For comparison, doses were calculated directly on the calibrated MVCT and analyzed in the
same way.
Results: Differences between SL2/SL3/SL5 V95%-V107% in CT15/CTdef were very small: for eight of nine pa-
tients the difference between the considered SL2 Vd% computed on CTdef and CT15 was less than 1.4 cm3 for all
d%. A larger value was found when using MVCT for skin dose calculation (4.8 cm3 for SL2), although CTdef body
contour matched CT15 body with accuracy similar to that of MV15.
Conclusions: Deforming the planning CT-to-MVCT was shown to be accurate considering external body contours
and skin DVHs. The method was able to accurately identify superficial overdosing.

1. Introduction

Malignant tumours of Head-Neck (HN) constitute around 3.8% of all
cancers worldwide; they rank as the seventh most frequent type of tu-
mour by incidence, and the ninth most common cause of cancer death
[1]. Radiotherapy is a common treatment modality for these malig-
nancies, often in combination with chemotherapy. Nevertheless,
avoidance of radiation-induced side effects is critical, due to both the
presence of numerous organs at risk (OARs) and significant patient
anatomical variations that may occur during treatment [2–4]. For this
purpose, Intensity Modulated Radiation Therapy (IMRT) is widely used
to reduce toxicity thanks to superior dose conformation to the Planning
Target Volume (PTV); combination with Image Guided Radiotherapy
(IGRT) assures correct patient set-up, with the possibility of

incorporating anatomical changes during treatment by means of
Adaptive Radiotherapy (ART) [2,5–9]. Despite these improvements, HN
patients still experience severe complications, two of the most frequent
being xerostomia and mucositis [3,10]. In recent years, several authors
have focused attention also on skin toxicity [11–14]. Indeed, HN pa-
tients may experience severe acute skin complications that can cause
treatment interruption and increase the risk of late fibrosis [15]. More
specifically, skin complications were reported as frequent in patients
treated with Helical Tomotherapy (HT) [16]: very interestingly, an
incidence approximately three times that of volumetric modulated arc
therapy was recently reported by a French National consortium in a
large group of patients treated with the same clinical protocol [17].

In-room imaging may be exploited also to compute patients’ daily
dose distribution (“dose of the day”) with the aim of monitoring the
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treatment and facilitating the evaluation of the need for and timing of
re-planning [18–20]. Various methods have been proposed for dose of
the day calculation. Direct dose calculation on Cone Beam Computed
Tomography (CBCT) and Megavolt Computed Tomography (MVCT)
images is capable of good dosimetric accuracy, but requires specific and
frequent calibrations [21–25]. Furthermore, MVCT provides poor con-
trast for soft tissue imaging [26] in comparison with CT and CBCT.
Thus, the development of alternative methods for combining up-to-
date, on-board anatomy information and better soft tissue definition is
of interest. Various methods based on Deformable Image Registration
(DIR) between planning CT and CBCT/MVCT daily images have been
proposed to this end. These methods have the advantages of producing
images with higher soft tissue contrast than CBCT or MVCT, and
without the need for specific image value-density tables or tissue seg-
mentation for dose computation, while resulting in comparable or su-
perior dosimetric accuracy [19,27].

In a previous study [27], the validation of a DIR-based method for
dose of the day calculation in HT was presented with a particular focus
on dosimetric accuracy. In the current work, a DIR-based method based
on a different DIR algorithm was analyzed with the specific aim of
assessing whether this method is suitable for the accurate monitoring of
skin dose changes during treatment, and thus, if it could be considered
for skin-sparing treatment adaptation.

2. Materials and methods

At our institution, HN patients are treated with HT [28]. Most pa-
tients are treated following an institutional protocol consisting of a
Simultaneous Integrated Boost (SIB) scheme delivering 54/66/69 Gy in
30 fractions, to low-risk lymph nodes (PTV1), tumour and positive
lymph nodes (PTV2) and FDG-PET positive volumes respectively [29].
A sample of ten consecutive HN patients was here analyzed: eight pa-
tients were treated with SIB and two with a sequential scheme deli-
vering 54 Gy to PTV1 followed by a boost to PTV2 (70.2 Gy), with a
daily dose of 1.8 Gy/fr.

A DIR approach was implemented to compute the dose of the day by
using the constrained intensity-based DIR algorithm of the commercial
software MIM (Cleveland, Ohio): the planning CT (CTplan) was de-
formably registered to the MVCT corresponding to the 15th fraction
(MV15) resulting in a deformed image (CTdef), and the original plan
was employed to recalculate the dose on CTdef. To assess the geometric
and dosimetric accuracy of the proposed method, a diagnostic kilo-
voltage CT (CT15) was specifically acquired-on the same day as MV15
with same patient set-up, and the original plan was recalculated on
CT15 in the same way as for CTdef. CT15 was considered as ground
truth and taken as reference for the assessment of the method. Details of
the imaging protocols employed are described elsewhere [27].

2.1. Deformable image registration

In order to decrease MVCT image noise while preserving sharp
edges for tissues with different densities, a gradient anisotropical dif-
fusion filter was applied to MVCTs, as proposed by Lu et al. [30]. This
filtering was performed with the “Gradient Anisotropic Diffusion” tool
of 3D-Slicer (Insight Toolkit) [31]. Subsequently, for each patient a
CTplan was first rigidly registered to MV15 employing MIMfusion, the
rigid registration MIM tool, which uses mutual information (MI) as si-
milarity metric. The rigid registration was then refined with the “Box-
Based Assisted Alignment” rigid registration tool focusing on spinal
column matching. Starting from the rigidly registered CTplan, the de-
formable registration was performed by the MIM tool “VoxAlign De-
formation Engine” using constrained intensity-based deformable regis-
tration, with the deformable smoothness factor (DSF) value set to 2.0,
resulting in CTdef. The accuracy of this method has been demonstrated
in intra modality or CT-to-CBCT registrations [32–34]. CT15 was rigidly
registered with CTdef through MIMfusion taking CT15 as moving image

to minimize any slight positioning differences. The resulting images
were saved in DICOM format and made square by adding a band of
black voxels with a Matlab script, given that squared images are man-
datory for dose computation in the Tomotherapy system.

2.2. Dose computation

In order the recalculate the original plan, registered CTdefs and
CT15s were imported into the DQA (dosimetry quality assurance,
TomoHD System, DQA Station 5.1.0.4, Accuray Incorporated,
Sunnyvale, CA) Station module of the HT planning system (where only
manual registrations are possible) as “phantoms” for QA, and the
“Tomo” couch was added. In order to properly recalculate the dose,
CT15 was manually registered to CTplan and CTdef to CTplan sepa-
rately, matching external markers and spine anatomy with the overlaid
CTplan structures. Sinograms of the original HT were then recalculated
on both CTdef and CT15 with fine resolution grid (0.15× 0.15 cm2)
and the resulting doses were exported with images from the DQA
Station for geometric and dosimetric analyses.

2.3. Overall dosimetric accuracy analysis

Geometrical accuracy of DIR methods was first assessed qualita-
tively in order to check for evident inconsistencies generated in CTdef
images. To compare the dose distributions recalculated on CTdef and
CT15, 3D global gamma index [35] analyses (2%-2mm, threshold 10%
of the global maximum) were then performed for points inside CT15
body using Slicer RT (3D Slicer software platform, version 4.0.5-1)
[36]. A rigid registration was performed in Slicer RT between the two
dose distributions (by moving CTdef dose distribution). This last step
was performed in order to minimize manual rigid registration errors in
the DQA Station module. Moreover, Dose Differences (DD), computed
with MapCheck SNC Patient software (SunNuclear Corporation, Mel-
bourne, United States) were performed for all patients in a similar way
as described in [27] where DIRs were performed with a 3D Slicer tool
using MI as similarity metric.

2.4. Validation of the method for skin dose computation

To validate the use of DIR for computing the dose of the day in
superficial body layers, we analyzed DVHs of inner body rings with
thicknesses of 2, 3 and 5mm taken as surrogates of derma and con-
toured on CTdef and CT15. In particular, body contour was auto-
matically segmented with MIM by the “Whole Body” contouring tool
and inner rings were constructed using the “Expand/Contract Contour”
tool. The cranial-caudal extensions of these external rings were defined
corresponding to the high–dose PTV extension (PTV2). DVHs of the
inner rings were calculated in MIM and exported for analysis.

We focused on the ability of the method to assess skin dose dis-
tributions with the main aim of investigating whether the “high-dose”
skin regions of CT15 dose distributions were in agreement with the
corresponding CTdef values. The external layer DVHs V95%, V97%,
V98%, V100%, V102%, V105% and V107% of the prescribed PTV2
dose (66 Gy/30 fractions) were extracted for both CT15 and CTdef. One
patient with a central PTV2, resulting in a skin dose much lower than
95%, was excluded from the analysis, thus reducing the number of
patients considered for the validation of the skin dose application to
nine. For V95–V107%, the linear correlation between the corre-
sponding absolute volume estimated with CT15 and CTdef was eval-
uated: R2 values of the corresponding linear plots and Spearman's rank
correlation coefficients were used to quantify correlations. To estimate
the 90% confidence level of the agreement between the skin dose cal-
culated on CT15 and CTdef, the absolute difference value between Vd%
of CTdef and CT15 for which eight of nine patients were in agreement
for each considered dose d% was taken (disregarding the largest value
of the difference).
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To test whether CTdef can detect dose changes according to CT15,
for each patient, the difference between CT15 and CTplan DVHs was
compared against the difference between CTdef and CTplan DVHs.
Because skin dose monitoring should be more important for the SIB
technique due to higher dose/fraction, this analysis was focused on the
seven patients treated with SIB fractionation and superficial dose >
95%. Mean changes from planning values of V95%–V107% were also
considered.

In order to assess whether the assumption of using CT15 as ground
truth for skin dose computation employing the proposed DIR method is
sufficiently accurate, the surface-to-surface (unsigned) distance be-
tween CT15 and CTdef body contours (along PTV2 extension) was
calculated with the RayStation software platform (ver. 7, RaySearch
Laboratories, Stockholm, Sweden) considering CT15 contours as gold
standard. In particular, a surface ROI was constructed by expanding/
contracting CT15 body by 0.3mm, thus defining a 0.6mm thick layer
(CT15 surface). This allowed us to consider for the analysis only points
near the skin surrounding the head-neck, while excluding the trans-
versal surfaces at the cranio-caudal extremities of the ROI. The choice
of expanding/contracting by 0.3mm was dependent on the capability
of RayStation to correctly construct a continuous layer with thicknesses
equal to or larger than 0.3mm in axial slices, and by the need for a
symmetric expansion/contraction around the CT15 external surface to
calculate distances accurately. Thus, in analyzing images exported from
the DQA Station, the resulting differences of external surface definitions
deriving from all possible sources of error (differences in patient posi-
tioning, precise body contour definition in MVCT image, deformable
image registration in MIM, manual rigid registrations in DQA Station
and automatic body segmentation) between CT15 and CTdef were
taken into account.

2.5. Comparison with skin dose computed on MVCT

To assess whether a difference in superficial dose calculation ac-
curacy was present when using CTdef in place of a direct dose calcu-
lation on MVCT, the original (unfiltered) MV15s were employed for
dose calculation considering the HU-to-density table measured in the
trimester of each treatment. Similarly to CT15s and CTdefs, MV15s
were imported into the DQA Station and manually registered (rigidly)
to the CTplan. Inner rings were defined and analyzed as above.

Differences between the considered Vd% calculated on MVCT and
CTdef were compared by means of Wilcoxon rank sum tests for paired
samples, with a p-value of 0.05 or lower considered statistically sig-
nificant.

As before, in order to quantify external differences of body surface
definition between CT15 and MV15, both with same PTV2 extension,
surface-to-surface distances were evaluated as described for CT15-to-
CTdef surfaces distance. Furthermore, the geometrical similarity be-
tween body contours of CTdef and MV15 (exported from the DQA
Station) was analyzed by calculating the surface-to-surface distance
within PTV2 extension as described above. In this case, a 0.6 mm thick
layer was defined by expanding/contracting the CTdef body taken as
reference. The differences with respect to CT15 body surfaces between
CTdef and MVCT were tested by the Wilcoxon rank sum test. Statistical
tests were performed with RStudio software, version 1.1.447 (RStudio,
Boston, USA).

3. Results

3.1. Overall dosimetric accuracy analysis

When examining the subtraction images of CT15 and CTdef (Fig. 1),
neither the current method nor the 3D-Slicer DIR method previously
analyzed by our group demonstrated a clear superiority. Accurate
matching of the body contour between the deformed image and MV15
was achieved with both methods, although some inconsistencies were
observed at the level of the shoulders (Fig. 1). Dosimetric accuracy was
analyzed both slice by slice and volumetrically (Table 1): 88%±1% of
the voxels had a dose difference less than 2% (of the maximum dose
value in each slice), and 95.0% ± 0.7% of body voxels passed the
global 3D gamma analysis (2%/2mm, considering a dose threshold of
10% of the global maximum).

3.2. Validation of the method for skin dose computation

DVHs of the inner body rings of 2, 3 and 5mm for CT15 and CTdef
are shown in Fig. 2: for all patients considered, only small differences
were present. A very high correlation between external layers DVHs
estimated on CT15 and CTdef was found by comparing V95%–V107%
(Table 2 and Supplementary Material): the average value of R2 values

Fig. 1. subtraction images in HU scale of CT15 and CTdef for patient 2 with highlighted CT15 body contour for the proposed method (above) and for 3D-Slicer
method, whose analysis was presented in [19]. MIM produces the largest inaccuracies at the level of the shoulders; elsewhere results are generally acceptable.
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was 0.91, while the Spearman rank test showed that five Vd% of the
seven analyzed were significantly correlated (p-values < 0.05) be-
tween CT15 and CTdef for the 2mm layer structures, and six of seven
for the 3mm layer structures. When considering the absolute differ-
ences between V95% and V107% on CTdef against CT15, the maximum
deviations in the 2mm inner body ring was -2.6 cm3. The suggested
90% confidence level was found to range between 0.0 cm3 and 1.4 cm3

for the 2mm layer at different d%, with an average value of

approximately 0.6 considering all d% (Fig. 3) and approximately
0.8 cm3 if excluding V105%–V107%.

Interestingly, differences between the CT15-CTplan and the CTdef-
CTplan were also very small (Supplementary Material). For one patient
diagnosed with base of tongue carcinoma showing a significantly
higher delivered skin dose (CT15) compared to the planned skin dose,
this radiotherapy induced change was consistently detected also on
CTdef (Supplementary Material). Of the seven patients treated with SIB
technique, one patient received an increase in skin dose relative to
planned dose with at least one ΔVd%>1.4 cm3 for the considered DVH
points, while two patients showed a decrease in skin dose with at least
one ΔVd%<−1.4 cm3. The other patients presented absolute skin Vd
% variations smaller than 1.0 cm3.

CTdef body contour matched CT15 body with good accuracy. In
fact, the average value of the mean distances between CT15 and CTdef
external surfaces was 0.28 ± 0.21 cm (mean ± one SD), whereas the
median value was 0.16 cm (Fig. 4).

3.3. Comparison with skin dose computed on MVCT

Computing the dose directly on calibrated MVCT resulted in lower
accuracy than when using CTdef. The estimation of the 90% confidence
level was carried out in the same way as for CTdef, and ranged between
0.2 and 4.8 cm3 for the 2mm layer at different d% with an average
value of 1.9 cm3 for the 2mm layer considering all d% and 2.6 cm3

Table 1
Average 3D gamma (2%/2mm, threshold 10%) pass-percentages in CT15 body
and 2D DD2% pass-percentages considering slices with maximum > 10% of
the prescribed dose.

Patient 3D γ (2%/2mm) ΔD < 2%

1 93.5 87.3 ± 0.9
2 93.0 87.7 ± 0.9
3 96.4 90.1 ± 0.1
4 96.6 79.6 ± 1.1
5 95.0 89.1 ± 1.1
6 96.9 89.9 ± 0.7
7 90.4 81.7 ± 2.6
8 94.0 91.6 ± 0.7
9 97.0 91.0 ± 0.6
10 97.2 91.0 ± 0.4
Mean 95.0 ± 0.7 87.9 ± 1.3

Fig. 2. DVHs of 2mm, 3mm and 5mm layers (from top to bottom) for the patient with best results (left) and with worst results (right).
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excluding V105%–V107% (Fig. 3). The differences between CTdef and
MVCT were statistically significant (Wilcoxon test) for all Vd% except
V105% and V107%.

Of note, the average distance from CT15 to MV15 body surfaces was
very similar to that from CT15 to CTdef (0.26 ± 0.15 cm vs
0.28 ± 0.21 cm, respectively) demonstrating that the geometric mis-
match between CT15/CTdef and CT15/MV15 is comparable (Fig. 4). In
fact, the differences between CTdef-to-CT15 and MV15-to-CT15 surface
distances for each patient were very small (0.5 ± 0.5mm), and not
statistically significant (Wilcoxon test). This result was confirmed also
by the analysis of the corresponding surface-to-surface distance be-
tween CTdef and MV15, with an average value of 1.5 ± 0.7mm
(Fig. 4).

4. Discussion

The development and validation of a method to accurately calculate
the skin dose of the day delivered in HT of HN patients was in-
vestigated. To our knowledge, this is the first study to assess the

accuracy of a method to monitor skin dose during radiotherapy treat-
ment and validate its use for potential skin-sparing adaptive applica-
tions.

Through DIR of the planning CT to daily MVCT, a synthetic CT can
be generated and dose can be calculated upon it without the need for
frequent Image Value to Density table calibration of MVCTs.
Deformable registration results were consistent and qualitatively good
for body contour matching, despite the fact that, on rare occasions,
images showed some artificial “fluidity”, especially in the shoulder
region, probably due to loose regularization strength of the algorithm.
For this reason, a higher than default value was used for the deformable
smoothness factor (DSF) of the MIM constrained-intensity based DIR
algorithm; increasing this parameter even further did not substantially
affect the results (data not shown).

The overall dosimetric agreement (CTdef vs CT15) showed a frac-
tion of body voxels with gamma 2%/2mm≤1 of 95.0%±0.7%. Thus,
from the point of view of dose of the day calculation, the method
presented an accuracy comparable to that using standard kVCT.
Shoulder contraction due to limited MVCT FOV was present in CTdef
images, as reported also for the 3D-Slicer software [27], but does not
significantly affect the gamma test, as the shoulders are routinely
blocked during plan optimization and delivery. The passing rates of
γ(2%, 2mm) and DD2% found in our study are similar to those reported
by Veiga et al. [19], where the planning CT was deformably registered
to on-board CBCT (97.1%±1.1% and 90.0 ± 0.9%), as well as to
those found in a preliminary study by our group [27] when using 3D-
Slicer for planning CT-to-MVCT DIR (94.6%±0.8% and
87.9%±1.2%) or directly computing the dose on calibrated MVCT
(95.7%±0.4% of voxel passing γ test).

The Tomotherapy dose calculation algorithm is the collapsed cone
convolution model, whose accuracy in calculating skin dose in the head
and neck region has been previously reported [37–41]. Other studies
have also confirmed its accuracy, although relatively small over-
estimates have been noted [42–46]. In this work, the feasibility of skin
dose monitoring during HT was focused upon: the DIR-based method
was found to be very promising in the challenging application of cap-
turing a possible overdosing of the first few mm from the body surface.
Differences between CT15 and CTdef < 1.4 cm3 for at least eight of
nine patients at each dose d% were found for the 2mm body layer in a
typical HN patient population. This value corresponds to a minor
fraction of the SL2 volumes that range from 52.7 to 241.3 cm3 (average
value 116.3 ± 58.7 cm3). This is remarkable, considering that a 5mm
positioning error could result in an impact of from −3% to+9% on
surface dose [47]. We thus suggest that the method may be used with a
high level of confidence to track Vd% changes larger than approxi-
mately 1.4 cm3 or, equivalently, to a skin surface of 7 cm2.

Table 2
R2 values for trendlines of fixed dose DVH points for CT15 and CTdef DVH of
external layers. *Spearman rank test p-values < 0.05.

Percent of dose (%) 2mm layer R2 3mm layer R2 5mm layer R2

95 0.97* 0.98* 0.99*

97 0.95* 0.97* 0.98*

98 0.93* 0.96* 0.98
100 0.89* 0.94* 0.96
102 0.80* 0.88* 0.93
105 0.83 0.83 0.87
107 0.83 0.86* 0.77*

Fig. 3. Boxplot of the difference between Vd% calculated on CTdef and CT15
(a) at each considered dose d% for 2mm external layers and corresponding
boxplot for MV15 (b).

Fig. 4. Boxplot of the surface-to-surface distance between CTdef and CT15,
MV15 and CT15, MV15 and CTdef.
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The DIR method was also compared against the direct skin dose
calculation method using calibrated MVCTs. It is interesting that skin
dose calculated on MV15 was found to be less accurate than that cal-
culated on CTdef with a reasonable lowest detectable shift from plan-
ning CT of 4.8 cm3 versus 1.4 cm3 when using CTdef. This result re-
presents added value in using DIR for precise skin dose assessment
during treatment.

A thorough geometric analysis of the distance between CTdef and
MVCT body surfaces demonstrated that the DIR method employed is
accurate in reproducing updated body contours with average errors
lower than 1.5mm and a standard deviation of 0.7mm. This is re-
markable, considering the gross mismatch in body contours when the
CTdef and MVCT were rigidly aligned to CTplan in the DQA station.
The largest errors were found in the shoulder region, where strict pa-
tient immobilization is more difficult, but as noted previously, this
should not affect dose distributions significantly, given the use of
planning blocks.

The assumption of using CT15 as ground truth has been assessed by
means of a surface-to-surface distance analysis with CTdef/MV15. The
average distances of 2.8 ± 2.1/2.6 ± 1.5mm can be considered a
good result, especially considering that for each patient the average
body surface distances CT15-CTdef and CT15-MV15 were very close
(0.5 ± 0.5mm), and that the experimental setting reproduces real
patient positioning during treatment. This result suggests that dosi-
metric errors are probably inherent to dose computation on MVCT
images rather than geometric mismatches between CT15 and MV15
body contours. Future work will be aimed at a detailed investigation of
MVCT air-body interface definition.

This study presents certain limitations: the number of patients
considered is limited, and different MV15 voxel sizes and different
CT15/MV15 slice thicknesses were considered. In particular, voxel size
and slice thickness could impact on dose computation. Nonetheless, the
study provides a thorough validation of the method for skin dose cal-
culation using DIR and MVCT in a typical group of HN patients.

Having completed the validation of the methodology to compute
skin dose of the day, the proposed method was employed in a mon-
itoring analysis of skin dose during treatment on a larger number of HN
patients. This analysis was recently completed and is the focus of a
more specific work. In particular, the selection of the patients who
could benefit from re-planning and the determination of skin dose
constraints for the prevention of skin complication has been carefully
investigated.

In conclusion, a CT-plan-to-MVCT DIR-based methodology for skin
dose of the day monitoring in HT of Head Neck has been assessed,
showing satisfactory results regarding the dosimetric and geometric
accuracy of the method. A limiting value of 1.4 cm3 was reasonably
suggested as minimum detectable volume shift from planned DVH in
the range of 95–107% of the prescribed PTV dose. Planning CT-to-daily
MVCT DIR can thus be reliably used to inform adaptive skin-sparing
procedures for HN patients.
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