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Abstract

Introduction: We investigated the correlation between optical surface imaging using
a three-dimensional (3D) scanner and magnetic resonance imaging (MRI) for sug-
gesting feasibility in the clinical process of tracking volume changes in head and
neck patients during radiation treatment.

Methods: Ten patients were divided into two groups depending on the location of
their tumor (i.e., right or left side). With weekly imaging data, the change in volume
based on MRI was evaluated during the treatment course. Four volumes of interest
(VOIs) were calculated on the 3D surface image of the facial and cervical areas
using an optical 3D scanner, and the correlation between volumetric parameters
were analyzed.

Results: The target volume changed significantly overall for both groups. The
changes parotid volume reduced by up to 3.8% and 28.0% for groups A (right side)
and B (left side), respectively. In Group A, VOI 1 on the facial area and VOI 3 on
the cervical area decreased gradually during the treatment course by up to 3.3%
and 10.7%, respectively. In Group B, only VOI 4 decreased gradually during the
treatment course and reduced by up to 9.2%. In group A, the change in target vol-
ume correlated strongly with right-side parotid, VOI 1, and VOI 3, respectively. The
parotid also showed strong correlations with VOIs (P < 0.01). The weight loss was
strongly correlated with either PTV or parotid without statistical significance
(P> 0.05). In group B (left side), the change in target volume correlated strongly
with each volumetric parameter, including weight loss. For individual patient, PTV
showed more correlation with VOIs on the cervical area than VOIs on the facial
area.

Conclusions: An optical 3D scanner can be applied to track changes in volume
without radiation exposure during treatment and the optical surface image corre-
lated with MRI.
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1 | INTRODUCTION

Head and neck (H&N) cancers are often treated using radiation ther-
apy.! Advanced radiation techniques such as intensity-modulated radia-
tion therapy (IMRT) and volumetric modulated arc therapy (VMAT) can
deliver highly conformal doses to the target volumes while sparing the
adjacent normal tissue.? During the course of treatment, patients exhi-
bit significant anatomical changes related to tumors response and
weight loss.®>-> Anatomical changes in both tumor and normal tissues
can result in underdosage or dose inhomogeneity for the target and
overdosage for the organs at risk (OARs). Wang et al. reported that the
parotid and submandibular glands (SMG) shrunk during radiation ther-
apy.® Shreerang et al. investigated the weekly volume changes in target
volumes and OARs using repeated computed tomography (CT) scans.”
The most significant volumetric changes and dosimetric alterations in
tumor volumes and OARs during a course of chemotherapy with IMRT
occurred by week 2 of radiotherapy.

Adaptive radiotherapy (ART) is a novel approach in which the treat-
ment plan is adjusted during the course of treatment to account for
anatomical changes and improve therapeutic gain. Recently, clinical
outcomes have been reported for H&N ART.81° Schwartz et al. per-
formed a trial investigating ART for oropharyngeal squamous cell carci-
noma in order to examine toxicity and survival outcomes.'**? They
concluded that ART can provide a dosimetric benefit with only one or
two re-planning interruptions and that properly timed re-planning deliv-
ers achievable dosimetric improvement a majority of the time. ART is
directly associated with image-guided radiotherapy (IGRT) using in-
room megavoltage (MV) CT, CT-on-rails, or cone-beam CTs (CBCT)

obtained prior to daily treatment.*®

Currently, adaptive magnetic reso-
nance image-guided radiation therapy (MR-IGRT) has been reported
and clinically implemented.1**> Acharay et al. reported the first suc-
cessful clinical application of online adaptive MR-IGRT.*> They con-
cluded that the trigger for re-optimization should be considered with
changes in anatomy because not all patients derive the same benefit
from ART. However, there are several limitations to the high cost of
installation, the operational experience required by the operator, and in
the case of IGRT, additional radiation exposure.

Optical 3D surface scanning systems have been applied to radia-
tion therapy because of their advantages of low cost, accuracy,
speed, and flexible handling without unnecessary radiation exposure.
All studies on 3D scanning systems only analyzed the accuracy of
the patient positioning.2*"1? There was no study to volumetric analy-
sis using an optical 3D scanner. In this study, we investigated the
feasibility of using optical 3D scanner surface imaging for predicting
volume changes during the treatment course and evaluated the cor-
relation between MRI and these images.

2 | MATERIALS AND METHODS

2.A | Patient selection and MRI imaging

In this study, ten prospective patients among the H&N cancer

patients in our institution were randomly enrolled. It was approved
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by the institutional review board of Seoul National University Col-
lege of Medicine/Seoul National University Hospital (IRB No.1505-
055-671) for this study. All patients in this manuscript have signed
informed consent forms and agreed to publish these case details.
Patients were divided into two groups depending on the location of
their tumor (i.e., right or left side). Table 1 summarizes the patient
characteristics. Each patient underwent CT scans with the Brilliance
CT Big Bore™ (Phillips, Cleveland, OH, USA) at a slice thickness of
3 mm and treated with a VMAT plan generated with the Eclipse™
system (Varian Medical Systems, Palo Alto, CA, USA). Prescription
doses of 67.5 Gy were delivered to the PTV in 30 fractions using
6 MV photon beams of Trilogy™ with the Millennium 120™ MLC
(Varian Medical Systems, Palo Alto, CA, USA). The PTV was defined
by adding 3-mm margins in every direction from the clinical target
volume (CTV). Ninety-five percent of the PTV was covered by pre-
scription dose and the OARs did not exceed their respective toler-
ance doses. The normal tissue tolerance levels followed the
recommendation by the Radiation Therapy Oncology Group 0615
protocol (RTOG 0615).2° ViewRay™ (ViewRay Inc., Cleveland, OH)
has been clinically implemented at our institution. This MR-IGRT sys-
tem was used to acquire weekly MR images for volume changes dur-
ing the treatment course (7 weeks), including follow-up after
treatment. MR images were acquired with true fast imaging with
steady state precession (TRUFI) sequence, which is a type of fast
gradient echo sequence. The MRI resolution was
1.5 x 1.5 x 1.5 mm?® with a typical imaging time of 3 min and a field
of view of 50 cm. The MR imaging unit of the system provides a 50-
cm diameter spherical field of view. The target volume and OAR
structures were delineated on the weekly MRI by one physician to

avoid the interpersonal variation.

2.B | Surface imaging with the 3D optical scanner

We used a portable structured-light 3D scanner, a price of about $
20 000, weighing 950 g (Go!SCAN 50™ CREAFORM Inc., Canada)
to generate high-resolution 3D images of the subjects (0.5 mm) at

the stand-off distance of 400 mm. The scanner, which has a capable

TaBLE 1 Patient characteristics.

Patient group Sex Age Type Stage Chemotherapy

A (Right side) M 63 Tonsil T2N2b Yes
M 77 SMG T4N1 Yes
M 61 Tongue T4aN2c  Yes
M 57 Tonsil TcN2c Yes
F 50 Parotid_Rt  T4aNO No

B (Left side) M 47 Tonsil T2N2b Yes
M 53 Tongue T1N2b Yes
F 43 NPx T3N2 Yes
F 41 NPx T3N2 Yes
M 76 Parotid_Lt  T4bN2 No

F, female; M, male; SMG, submandibular gland; NPx, Nasopharynx.
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of 550 000 measurements per second, comprised two digital cam-
eras and one digital coler camera, with each camera surrounded
by a set of four white light-emitting diodes (LEDs) and a white
light pattern projector. The projector emitted a white light pattern
on the object. The pattern distortion on the object was recorded
using the three digital cameras. The entire light pattern was used
for acquisition. The collected geometry information was used to
build the surface with real-time positioning. The volumetric accu-
racy was 0.3 mm/m based on the International Organization for
Standardization (ISO) 10360 standard.?* The scanning images from
the well-calibrated 3D scanner were processed in real-time using a
3D software platform (VXelements™, CREAFORM Inc., Canada).
To ensure reproducibility, the upper half of the body not in a
treatment position for each patient was scanned with the same
posture weekly; the process took <5 min without analysis. Fig-
ure 1 is a picture of the patient scanning using the 3D optical

scanner.

2.C | Evaluation of volume changes

PTV and parotid volumes were calculated with the MRI to evaluate
the changes during the treatment course. The PTV volume was
defined from the contoured CTV in the weekly MRI. The volume
changes of the spinal cord and brainstem were not included in the
analysis. The surface images from the 3D optical scanner were used
to envelop the volume and surface area through postprocessing soft-
ware. The 3D reconstructed polygonal mesh data from VXele-
ments™ were transferred to volume graphic analysis software
(PolyWorks Inspector™, InnovMetric Software Inc., Canada). Four

volumes of interest (VOIs) on the reconstructed polygonal surface

image were defined on the facial and cervical areas. VOI 1 and VOI 2

were divided into right and left sides in the facial area. VOI 3 and
VOI 4 were also divided into right and left sides in the cervical area.
First, we defined the coordinate system so that the tip of nose was
the origin. Then, the central plane was determined along the central
axis and we defined the polylines on the surface image of the facial
and cervical areas. The polylines for each VOI consisted of several
points that could serve as landmarks on the head and neck. Finally,
each VOI were defined as the volume between the surface formed
by polyline and the central plane as shown in Fig. 2. Each VOI on the
reconstructed surface image were calculated to evaluate the changes
during the treatment course. The polylines defined in the initial 3D
surface image were applied to other 3D surface images for one
patient. We performed the rigid image registration using the polylines
defined. Figure 3 shows a sample of 3D surface image registration.
The color map indicates the difference between the registered 3D
surface images. In each patient group parotid and VOIs on the same
side as the location of the tumor were evaluated. The percent weight
loss was also evaluated during the treatment course. All changes
were evaluated according to the differences in values obtained from
weekly images and that obtained from the images of the first week.
Spearman’s correlation analysis was performed to investigate the
relationship among the above calculated variables.?? P value was also
calculated for each value of the correlation coefficients (r) to examine
the statistical significance of the values. Correlations between aver-
aged volume changes obtaining from 3D surface images and MRI
images were analyzed against the volumetric parameters (PTV, Paro-
tid, VOIs, and Weight) to evaluate the feasibility of the 3D scanner
to applicate on clinical practice. In addition, the volume change of
PTV and VOIs were evaluated for each patient to identify the appro-
priate case for clinical application, and the correlation was also calcu-
lated during the treatment period.

Fic. 1. Patient scanning using an optical
three-dimensional scanner.
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Fic. 2. Representative VOIs on a
reconstructed surface image for (a) right
facial area (VOI 1) and for left cervical
areas (VOI 4).

FiGc. 3. Sample after image registration
between three-dimensional (3D) surface
images and the polylines defined on the
initial 3D surface image when applied to
other 3D surface images for one patient.
The color map indicates the difference
between the registered 3D surface images.

3 | RESULTS

3.A | Changes in structure volume

Table 2 summarizes the mean value with standard deviation of the rel-
ative change calculated from each patient during the treatment course
compared to the first week. The changes in the PTV and parotid vol-
umes (ipsilateral) were observed from the organ structures in the
weekly MRI, and VOIs were obtained from the 3D optical scanner.
The average PTVs were 89.7 + 76.1 cc and 60.2 + 37.0 cc for patient
groups A and B, respectively. The PTV changed significantly during the
treatment course for both groups. In Group A (right side), the PTV
deviation was lager and showed more significant changes than that in
Group B (left side). The changes in the averaged PTV in Group A
showed a temporary increase of 5.6% after 1 week treatment. At
3 weeks of treatment, the PTV in Group A decreased by 13.6%

(a) Facial volume of interest

Central plane

(b) Cervical volume of interest

compared to the initial volume and then showed a reduction of 50.7%

after the final treatment. Three tonsil cancer patients showed the lar-
gest reduction in PTV after the last treatment at approximately 90%
compared to the initial volume in both groups. In Group A, for the
change in parotid volume, there was no significant difference between
patients, and the deviation was not large. However, the parotid vol-
ume change in Group B showed more significant changes than that in
Group A. The changes in the averaged parotid volume showed a tem-
porary decrease of 5.5% after 2 weeks of treatment in group B. Subse-
quently, the averaged parotid volume reduced by up to 3.8% and
28.0% for groups A and B, respectively. The 3D surface images were
used to observe the changes in the averaged VOlIs separately. In
Group A, VOI 1 on the facial area and VOI 3 on the cervical area
decreased gradually during the treatment course. Subsequently, the
averaged VOIs reduced by up to 3.3% and 10.7% for VOI 1 and VOI 3,
respectively. In Group B, only VOI 4 decreased gradually during the
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TasLE 2 Normalized mean value with standard deviation of the relative change calculated from each patient during the treatment course

compared to the first week.

Patient group Parameters Week2 Week3

A (Right side) PTV -5.6 + 31.2% 13.6 + 24.8%
Parotid_Rt -13.7 £ 13.7% 2.5 + 55%
VOI 1 -0.2 £0.9% 0.9 + 0.9%
VOI 3 0.7 £ 21% 0.9 + 4.6%
Weight 0.1 +0.2% 09 +1.1%

B (Left side) PTV 5.0 + 54% 10.2 + 9.8%
Parotid_Lt 0.8 + 8.3% 5.5+ 9.8%
VOI 2 0.0 + 1.4% -02 +1.2%
VOI 4 -1.5 + 1.6% 43 +£7.6%
Weight -0.3 £ 0.8% -0.7 £ 0.8%

Week4 Week5 Weeké Week7

40.8 £ 47.5% 47.5 £ 47.9% 45.2 + 54.8% 50.7 + 44.4%
3.1 +10.8% 0.9 + 24.8% -1.4 + 46.5% 3.8 + 33.2%
1.9 +1.9% 24 +2.0% 2.6 +19% 3.3+21%
25+51% 6.8 + 3.7% 7.4 + 5.6% 10.7 £ 4.3%
0.3 £ 2.0% 1.4 +2.0% 3.2+ 3.1% 49 +43%

18.6 + 21.5%
10.2 + 18.1%

32.8 £ 25.5%
17.5 £ 21.2%

36.9 £ 30.7%
17.0 £ 15.9%

424 + 26.8%
28.0 £ 12.1%

-0.1 £ 0.8% 0.6 + 1.3% 1.2 +£1.2% 1.0 £ 1.2%
3.6+11% 6.4 +4.6% 7.1+32% 9.2+42%
1.1 +£28% 31+41% 3.1+ 3.6% 4.4 + 3.7%

PTV, planning target volume; Rt, right; Lt, left; VOI 1, 3D surface volume of right facial area; VOI 2, 3D surface volume of left facial area; VOI 3, 3D sur-
face volume of right cervical area; VOI 4, 3D surface volume of left cervical area.

treatment course and reduced by up to 9.2%. VOI 3 and VOI 4 on the
cervical area changed more than VOI 1 and VOI 2 on the facial area.
Figure 4 shows the normalized volume changes of PTV and VOIs for
each patient during the treatment course. In Group A, the changes in
VOlIs tended to be similar overall for patients who showed gradual
change in PTV during treatment period. In four out of five patients,
VOI 3 decreased gradually similar to changes in PTV. In Group B, VOI
2 did not show the significant change during treatment period in all
patients. VOI 4 was changed during treatment period, but two patients
showed the strong correlation with the changed in PTV. In particular,
one patient with right tongue cancer, as depicted in Fig. 5, showed a
significant change in VOI 3 (right cervical area) and MRI, respectively,
after 5 weeks of treatment. The volume change was 10% from the ini-
tial volume (225.8 cc). Finally, the average weight loss was tracked
during the treatment course. All patients showed gradual weight loss

in both groups.

3.B | Correlation analysis

Spearman’s correlation coefficients (r) with absolute values of aver-
aged volume were calculated for correlation analysis between the
volumetric parameters, as summarized in Table 3. In Group A (right

Group A

side), the change in PTV correlated strongly with right-side parotid,
VOI 1, and VOI 3, respectively. The r value between PTV and paro-
tid was 0.825 with statistical significance (P < 0.05). The r values
between PTV and VOI showed strong correlations with statistical
significance (P < 0.01). The parotid also showed strong correlations
with VOIs (P < 0.01). The weight loss was not strongly correlated
with either PTV or parotid, whereas it was with VOI 1 (r = 0.847
with P < 0.05) and VOI 3 (r = 0.929 with P < 0.01). In Group B (left
side), the change in PTV correlated strongly as positive with each
volumetric parameter, including weight loss. These correlations were
statistically significant. There was a strong correlation (r = 0.818 with
P < 0.05) between parotid and VOI 2. With VOI 4, the parotid
showed a stronger correlation (r = 0.943 with P < 0.01). In this
group, the weight loss was correlated with other volumetric parame-
ters. Spearman’s correlation coefficients (r) with absolute values for
each patient were calculated between the PTV and VOls, as summa-
rized in Table 4. The change in PTV correlated strongly with VOI 1
and VOI 3 in three patients in Group A. One patient only showed
the strong correlation between PTV and VOI 3. As shown in Fig. 4,
the 5th patient in Group A has no correlation between PTV and
VOls. The PTV also showed more correlation with VOI 4 on the cer-
vical area than VOI 2 on the facial area in Group B.
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PTV and VOIs volume changes were observed for each patient (pt #) during the treatment course.
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Fic. 5. Representative case with right
tongue cancer for (a) three-dimensional
(3D) surface imaging and MRI with contour
at simulation (b) 3D surface imaging and
MRI with contour after 5 weeks. The
contours indicate brainstem (brown), spinal
cord (green), target (blue), PTV (black),
parotid_Rt (lime), parotid_Lt (violet); MRI,
magnetic resonance imaging; 3D, three
dimensional.

(a) At simulation

(b) After 5 weeks

TasLe 3 Averaged correlation coefficients (r) among the evaluated volumetric parameters for patient group.

Patient group Parameters Parotid
A (Right side) PTV 0.825 (P = 0.022)
Parotid_Rt -
Vol 1 -
VOI 3 -
B (Left side) PTV 0.981 (P < 0.001)
Parotid_Lt =
VOl 2 -

VOI 4 -

0.873 (P = 0.01)
0.818 (P = 0.025)

VOI 1 or 2 VOI 3 or 4 WL

0.962 (P = 0.001) 0.889 (P = 0.007) 0.706 (P = 0.076)

0.910 (P = 0.004) 0.823 (P = 0.023) 0.745 (P = 0.054)
- 0.958 (P = 0.001) 0.847 (P = 0.016)
- - 0.929 (P = 0.002)

0.926 (P = 0.003)
0.943 (P = 0.001)
- 0.755 (P = 0.05)

0.937 (P = 0.002)
0.952 (P = 0.001)
0.895 (P = 0.006)
0.844 (P = 0.017)

PTV, planning target volume; Rt, right; Lt, left; VOI 1, 3D surface volume of right facial area; VOI 2, 3D surface volume of left facial area; VOI 3, 3D sur-
face volume of right cervical area; VOI 4, 3D surface volume of left cervical area; WL, weight loss.

4 | DISCUSSION

We investigated the feasibility of optical 3D scanner surface imaging
for predicting the volume changes of head and neck cancer patients
during treatment. Ten patients with different types of H&N cancer
were involved in this feasibility study. It is well-recognized that all
patients are individuals and respond differently to radiation therapy,
even if they have the same type of cancer in the same location.?32*
Therefore, to achieve these individual therapeutic benefits, we con-
sidered the ART treatment plan approach that reflects each anatomi-
cal change. However, the ART process is time- and resource-

intensive, requires additional imaging, and does not lead to a

clinically relevant benefit for all patients. Ahn et al. reported their
experiences with 23 H&N patients who had prospectively planned
rescans at 11, 22, and 33 fractions; 35% of the patients did not
receive a dosimetric benefit with ART, which underscores the need
for careful selection.?®> Thus, it is imperative that patients who are
likely to require ART are identified and the ideal time when re-plan-
ning is necessary decided.

With no standardization, little data have been published on iden-
tifying factors that can predict the need for ART.82%27 Some studies
suggest prognostic factors of shrinkage by weight loss, patient age,
and radiation dose.?82° However, these results are inconsistent and

unclear. Sanguineti et al. investigated a change in volume as
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TaeLe 4 Correlation coefficients (r) between PTV and VOIs for each patient.

Patient group Parameters (PTV) VOl 1
A (Right side) Pt1 0.893 (P = 0.007)
Pt 2 0.893 (P = 0.007)
Pt 3 0.607 (P = 0.148)
Pt 4 0.929 (P = 0.003)
Pt 5 0.18 (P = 0.699)
B (Left side) Pt 1 -
Pt 2 -
Pt 3 -
Pt 4 -
Pt 5 -

VOI 2 VOI 3

- 0.893 (P = 0.007)

- 0.946 (P = 0.001)

- 0.893 (P = 0.007) -
)
)

VOI 4

- 0.786 (P = 0.036
- 0.126 (P = 0.788
0.607 (P = 0.148) -
0.595 (P = 0.159) -
0.893 (P = 0.007) -
0.179 (P = 0.702) -
0.893 (P = 0.007) -

0.857 (P = 0.014)
0.607 (P = 0.148)
0.964 (P < 0.001)
0.393 (P = 0.383)
0.786 (P = 0.036)

PTV, planning target volume; Pt, patient; VOI 1, 3D surface volume of right facial area; VOI 2, 3D surface volume of left facial area; VOI 3, 3D surface

volume of right cervical area; VOI 4, 3D surface volume of left cervical area.

predictive factors using weekly CT scans and reported that parotid
gland shrinkage during IMRT was not linear.®* Accordingly, in this
study, the averaged patient data, for patients with the same-side
tumor, were adopted rather than patient-specific analysis in order to
investigate the feasibility of using optical 3D scanner surface imaging
to predict volume changes. Based on the correlations between the
MR and 3D surface images, the volume changes of PTV and the par-
otid could be predicted with optical 3D scanner surface imaging.
Patient weight loss may be an indicator of adaptive planning. Lee
et al. reported that major weight loss above 6% needs adaptive plan-
ning.>2 Duma et al. reported no correlation between weight loss and
volume changes of regions of interest (ROls), except for a strong
positive correlation with shrinkage of the parotid.3® In this study,
weight loss showed a strong positive correlation with the volume
changes of ROls. After the final week of treatment, however, the
weight loss was above 4-5%, and it was not a local reduction in the
volume of the H&N region. The optical 3D scanner surface images,
which were for local regional volume, also showed a strong positive
correlation with the volume change of the ROIs. Compared with the
first week treatment, the volume changes of VOIs on the facial area
showed the decrease of 1%-3% at the final week of treatment. For
the VOIs on the cervical area, the volume changes showed the
decrease of 9-10% in this study. These reductions were not signifi-
cant, but the volume could be measured from the 3D surface image
with sub-cubic millimeter accuracy.

Based on these results, it shows that 3D surface images are use-
ful to monitor the anatomy change and to apply as surface surrogate
to trigger ART. Due to benefits from relatively low cost, ease of use,
and advantage of no additional radiation exposure, the feasibility of
using optical 3D scanners in clinical practice can be considered.
Dong et al., used this optical scanner to investigate the surface
image registration for image-guided neurosurgery.®* In future works,
the number of patients can be increased for the re-verification of
statistical significance, and this methodology can be applied to other
treatment regions with large volume changes on the body surface
can be carried out. Owing to individual patient responses, much

additional work is needed to increase model prediction confidence,

including in dosimetric analysis.

5 | CONCLUSION

In this study, we verified that the volume changes undergone by
H&N cancer patients during treatment can be detected by surface
imaging using optical 3D scanners. The optical 3D scanner could be
applied to track changes in volume without additional radiation

exposure.
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