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Abstract

Purpose: Three-dimensional printing has been implemented at our institution to create custom-
ized treatment accessories, including lead shields used during radiation therapy for facial skin cancer.
To effectively use 3-dimensional printing, the topography of the patient must first be acquired. We
evaluated a low-cost, structured-light, 3-dimensional, optical scanner to assess the clinical viabil-
ity of this technology.

Methods and materials: For ease of use, the scanner was mounted to a simple gantry that guided
its motion and maintained an optimum distance between the scanner and the object. To character-
ize the spatial accuracy of the scanner, we used a geometric phantom and an anthropomorphic head
phantom. The geometric phantom was machined from plastic and included hemispherical and tet-
rahedral protrusions that were roughly the dimensions of an average forehead and nose, respectively.
Polygon meshes acquired by the optical scanner were compared with meshes generated from high-
resolution computed tomography images. Most optical scans contained minor artifacts. Using an
algorithm that calculated the distances between the 2 meshes, we found that most of the optical
scanner measurements agreed with those from the computed tomography scanner within approxi-
mately 1 mm for the geometric phantom and approximately 2 mm for the head phantom. We used
this optical scanner along with 3-dimensional printer technology to create custom lead shields for
10 patients receiving orthovoltage treatments of nonmelanoma skin cancers of the face. Patient,
tumor, and treatment data were documented.
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Results: Lead shields created using this approach were accurate, fitting the contours of each pa-
tient’s face. This process added to patient convenience and addressed potential claustrophobia and

medical inability to lie supine.

Conclusions: The scanner was found to be clinically acceptable, and we suggest that the use of
an optical scanner and 3-dimensional printer technology become the new standard of care to gen-
erate lead shielding for orthovoltage radiation therapy of nonmelanoma facial skin cancer.

Crown Copyright © 2018 Published by Elsevier Inc. on behalf of the American Society for
Radiation Oncology. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The first uses of 3-dimensional printing in medicine ap-
peared shortly after its invention.' Three-dimensional printing
is now well established in clinical practices that range from
surgical planning** to individualized medical implants.* For
radiation therapy applications, cancer treatment centers, in-
cluding ours, are currently implementing 3-dimensional
printing to create customized accessories including shield-
ing, boluses, and immobilization.” To create accurate
accessories, the topography of the patient must be known
and is typically acquired using computed tomography
(CT).%7 Although CT has excellent geometric fidelity, it is
resource intensive and excessive because it exposes the
patient to unnecessary radiation, especially when only to-
pography is required.

Optical scanning offers an alternative approach for ac-
quiring 3-dimensional images, and a number of technologies
have been developed.*’ Even though optical scanning has
been used for radiation therapy applications,' these scan-
ners are relatively expensive. Recently, 3-dimensional optical
scanners have been developed for the consumer market that
are low cost and can quickly acquire both topographical
and textural information of a patient. Because of their low
cost, a radiation therapy department can evaluate this tech-
nology without having to justify an expensive purchase.

Three-dimensional printing is a complimentary tech-
nology to optical scanning. The use of 3-dimensional
printing technology is well suited for the treatment of su-
perficially located tumors, specifically nonmelanoma skin
cancer, which is the most common form of cancer.!' This
technology has been shown to improve the dosimetric con-
formity of skin bolus by improving the fit of the bolus on
complex skin surfaces and thus reducing air gaps.™'> Con-
sequently, the clinical use of 3-dimensional printed bolus
is emerging as an alternative to commercially made bolus.'**
This technology can also be used for the creation of lead
shielding,'’ which is needed to protect vulnerable organs
at risk when using orthovoltage energy radiation.

Orthovoltage radiation therapy is commonly used during
treatment of nonmelanoma facial skin cancers as a widely
accepted alternative to surgical resection.”” However, the
creation of the shielding can be especially difficult because
of the many complex contours of the human face. Con-
ventional methodology involves creating a plaster of Paris

model of the patient’s face by first creating a negative im-
pression mold of the face while the patients is lying supine.
This mold is then filled with plaster of Paris to create a posi-
tive model of the face. Subsequently, a thin layer of lead
is formed to the surface of the positive model.

A limitation of this approach is the need for a number
of patient visits. Because of mobility and transportation
issues, these visits are especially difficult for elderly pa-
tients, in whom radiation therapy is more commonly used.
Because patients are required to have plaster laid over their
face, this approach is also not appropriate for patients who
are claustrophobic or medically unable to lie supine for long
periods of time. A solution to these problems is to use optical
scanning to quickly acquire an image of the patient’s face
and then use a 3-dimensional printer to produce the re-
quired model.

In this paper, we characterize a structured, light,
3-dimensional optical scanner and use a scanning gantry
to assess the clinical viability of this technology for radia-
tion therapy. We also show how the optical scanner can be
used with 3-dimensional printer technology to create lead
shields for use in orthovoltage radiation therapy of
nonmelanoma skin cancers of the face. We report the first
institutional experience of using these shields to treat 10
patients.

Methods and materials

The optical scanner (Fig 1A) is a consumer-grade device
(3D Systems Sense) that uses a structured infrared light
source along with an infrared camera to determine the lo-
cation of points on an object’s surface. Most of the data
processing is handled by proprietary hardware (PrimeSense
Carmine) within the scanner, as described elsewhere.'®!
The scanner also has a visible-light camera that acquires
photographic (texture) data. The use of this particular type
of consumer-grade optical scanner is limited within radia-
tion oncology; however, Park et al have successfully used
a similar device to create compensators used in total body
irradiation."®

The optical scanner is designed to be handheld or
mounted on a tripod. We found that this scanner required
all data to be acquired in 1 pass (ie, the patient had to remain
within the field of view, or tracking was lost). In addition,
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Figure 1 (A) Optical scanner used to acquire 3-dimensional
images. Structured light is projected in the infrared and de-
tected with a camera. (B) Gantry and optical scanner. The scanner
is moved by hand. The bed height can be adjusted to place the
scan region at the isocenter.

the manufacturer indicated that the minimum scanner-to-
patient distance was 35 cm. Moving the scanner too close
or too far from the patient resulted in data truncation (ie,
no measurements). Thus, for ease of use, the scanner was
mounted to a simple gantry (Fig 1B) that guided its motion.
This gantry was manufactured in-house and consisted of
a circular hoop formed from square aluminum tubing with
a diameter of 126.5 cm.

The optical scanner was mounted to an arm that could
be moved isocentrically along the circumference of the hoop.
The scanner-to-surface distance was adjustable to accom-
modate differently sized regions of the body. The gantry
could also tilt through £20 degrees with respect to the patient
table, allowing for acquisition of topography from various
directions. The distance from the isocenter to the table top
could be adjusted by varying the table height. In this study,
each scan resulted in a 3-dimensional triangulated mesh that
was saved to disc in polygon file format, which described
a single object consisting of polygons.

Scanner characterization

To characterize the spatial accuracy of the scanner,
2 phantoms were used. The first was a geometric
phantom (Fig 2A) that we designed using CAD software
(SolidEdge, Siemens) and machined from plastic with a
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Figure 2 (A) Renderings of meshes from (left) computed to-
mography and (right) optical scans of the geometric phantom. A
number of artifacts are visible in the optical scan. (B) The effect
of the field-of-view setting on the root mean square differences
between meshes obtained with computed tomography and the
optical scanner. Results are for the geometric phantom and show
that reducing the field of view generally increases the accuracy
of the optical measurements.

computer-controlled milling machine (Haas Automation).
This phantom had overall dimensions of 24 X 15 cm and
included a hemispherical and a tetrahedral protrusion of
roughly the dimensions of an average forehead and nose,
respectively."”

The second phantom was an anthropomorphic head
(Fig 3A), which was originally intended for radiographic
imaging (manufacturer unknown). To obtain images with
the optical scanner, each phantom was placed at the isocenter
of the gantry, and the optical scanner was moved by hand
in an arc about the isocenter. Scans also included tilting
the gantry through a range of approximately £15 degrees
while the scanner was at the 12 o’clock position. The head
phantom was positioned so that the field of view was cen-
tered about the nose. The optical scanner’s acquisition
software was set to give the highest resolution possible.

For comparisons, both phantoms were also scanned with
x-ray CT (Brilliance, Philips Medical Systems), which was
taken as the gold standard for this study. CT images were
acquired at a high spatial resolution (ie, 1024 x 1024 matrix;
0.8 mm slice thickness with 0.4 mm spacing and a field of
view of 250 mm). The resulting CT images were automati-
cally segmented with commercial software (Eclipse, Varian
Medical Systems) and exported as a 3-dimensional mesh
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Figure 3 (A) Renderings of meshes from computed tomography (left) and optical scan (right) of a head phantom. The optical scanner
produced artifacts in the region of the nose. (B) Spatial difference between the optical and computed tomography scans. (C) Cumula-
tive frequency plot corresponding to the image shown in (B). Differences are between meshes obtained with computed tomography
and the optical scanner. Most measurement points (89%) agree within 2 mm.

in stereolithography file format, which described the
3-dimensional object as a surface consisting of triangles.

To ensure that the segmentation of the CT images for
each phantom was accurate, the threshold CT number was
adjusted until the width of the segmented image agreed with
the known width of the phantom. For optical scans of the
geometric phantom, the rough edges along the bottom
(where it rested on the table top) were trimmed in soft-
ware (Meshmixer, Autodesk). For optical scans of the head
phantom, all rough edges at the periphery of the phantom
were trimmed, but no further processing was performed on
the scans.

Polygon meshes acquired by the optical scanner were
compared to meshes generated from the CT images using
several routines that were implemented in open-source soft-
ware (MeshLab).” To enable comparison, the 2 meshes were
first aligned with each other. As a starting point, the 2 meshes
were roughly aligned from several pairs of matching points
that were manually selected on each mesh. Subsequently,
a more refined alignment was obtained using an iterative
closest point algorithm.?' The implementation of this al-
gorithm in Meshlab is relatively complex and relies on
various optimization techniques to improve efficiency.”

Once aligned, we applied an algorithm, as described by
Cignoni et al,” that calculated distances between the 2
aligned meshes. Briefly, the mesh generated by the optical
scanner was sampled thousands of times. The distance
between each sample’s location and the nearest location
in the mesh generated by the CT scanner was found. The
results are shown as an image and as a cumulative fre-
quency plot of these distances. In addition, the root mean
square (RMS) distance was calculated using the same
technique.

The acquisition software for the optical scanner allowed
the field of view to be adjusted, which also changed the
mesh density (ie, a larger field of view resulted in a lower
mesh density). To evaluate the effect of the field-of-view
setting, optical scans were obtained of the geometric
phantom with settings that ranged from 30 cm to 120 cm.

RMS differences over this range were used to select an ap-
propriate field-of-view setting.

Lead shielding

Between July 1, 2015 and December 1, 2016, patients
with nonmelanoma skin cancers of the face who required
radical radiation using low-energy photons were identi-
fied as requiring lead shielding to protect vulnerable organs
at risk. Patient, tumor, and treatment-specific data were col-
lected retrospectively using an electronic charting system
(ARIA, Varian Medical Systems). These data included age
at diagnosis (based on tissue biopsy), sex, tumor histol-
ogy, tumor location, clinical stage, radiation dose, radiation
fractionation, and treatment energy.

Patients were initially seen in the clinic by a radiation
oncologist, who defined a clinical treatment field by out-
lining it directly on the patient with a permanent marker.
This included a clinical treatment volume, planning target
volume, and penumbra. Using the optical scanner, a surface
image of each patient’s face was obtained while the patient
was lying supine. This scan usually was conducted during
the patients’ initial visit. Once an optical scan was ob-
tained, mesh editing software (MeshMixer, Autodesk) was
used to repair objectionable artifacts and crop the volume
to a size suitable for printing. In addition, the treatment field
border that was previously identified by the radiation on-
cologist was embossed into the mesh so that the field would
be visible in the finished print. Subsequently, the files were
converted to g-code, which is the numerical control pro-
gramming language used to control the 3-dimensional
printer, using open-source software (Slic3r).

To produce lead shields, a positive model of each face
was printed on a consumer-grade 3-dimensional printer (M2,
MakerGear). This printer used fused deposition model-
ling to lay down layers of melted thermoplastic (ie, polylactic
acid). Generally, a 0.3 mm layer thickness was used. The
infill settings were chosen so that the resulting models would
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Figure 4 (A) Spatial difference between meshes obtained with the optical scanner and computed tomography (Fig 2A). The optical
scanner used a 40 cm field of view. (B) Cumulative frequency plot corresponding to the image of the geometric phantom shown in
(A). The differences are between the 2 meshes obtained with computed tomography and the optical scanner. Most measurement points

(93%) agree within 1 mm.

be very rigid and durable. To improve print quality, the
printer was operated at a relatively slow speed of 30 mm/
second. The print time was approximately 12 hours per
model.

The resulting model was used as a form to shape the
lead. Using a hammer, a 3 mm thick layer of lead was
formed to closely fit the contours of the model. An aper-
ture was then cut into the lead shield to match the embossed
field border. Finally, the lead shield was painted for pro-
tection of the patient and staff. Each lead shield was placed
on the patient’s face during radiation treatment delivery to
protect the organs at risk.

Ethics approval and institutional review board refer-
ence numbers were obtained through the University Health
Research Ethics Board and our facility’s Research Re-
source Impact Committee.

Results

Scanner characterization

The total time to acquire an optical scan using the gantry
was approximately 1 minute. A typical optical scan of the
geometric phantom is shown in Figure 2A, along with the
mesh generated from the CT images for reference. The
optical scan is noticeably rougher than the CT scan. Also
visible are artifacts near the edges of the tetrahedron and
hemisphere. These artifacts are asymmetric about the scan
axis and may be a result of how the structured light source
was blocked during parts of the scan.

To select an appropriate field-of-view setting, the geo-
metric phantom was used and the RMS differences between
meshes obtained with CT and with the optical scanner were
calculated and plotted (Fig 2B). For all settings, the RMS
difference was quite good (ie, less than 1 mm). In addi-
tion, there was a general increase in the geometric accuracy
of the optical scan as the field of view was reduced. The
reduction in RMS differences for field-of-view settings over

80 cm was likely due to smoothing of the data by the large
mesh elements. For all subsequent measurements, the field
of view was set to 40 cm because this was an appropriate
size to easily acquire scans of the entire head phantom. A
smaller field-of-view setting resulted in unwanted crop-
ping, and larger settings resulted in the inclusion of
extraneous details from the table and other background
objects.

The spatial differences between the CT and optical data
were calculated and are shown in Figure 4A as an image,
where the color bar indicates the differences. Red corre-
sponds to good agreement and blue to a difference of 5 mm.
In this case, the optical data were acquired with a field-
of-view setting of 40 cm. Although most measurements
agree well with CT, the differences are larger in regions
that contain artifacts. To further quantify these measure-
ments, a cumulative frequency plot of the differences is
shown in Figure 4B. It can be seen that most (93%) of the
measurements made with the optical scanner agree within
1 mm of those from CT.

To simulate a more realistic case, the previous analy-
sis was repeated with the anthropomorphic head phantom,
and the resulting optical and CT scans are shown in
Figure 3A. There are artifacts on and close to the nose. The
spatial differences between the CT and optical data were
calculated and are shown in Figure 3B. The largest differ-
ence is in the shoulder region, which was well away from
the center of the optical scan. These results are quantified
as a cumulative frequency plot (Fig 3C), in which most
(89%) of the measurements made with the optical scanner
agree within 2 mm of those from CT.

Lead shielding

Ten patients were identified as requiring lead shield-
ing. Details of the patients’ tumor and treatment data are
listed in Table 1. Seven patients were female, and 3 were
male. The average age at diagnosis was 75.5 years. Two
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Table 1 Patient, tumor, and treatment characteristics
Patient number Sex Age (y) Histology Location Stage Dose (Gy) Fractions Energy (kV)
1 M 76 BCC Nose T1NO 40 10 250
2 F 78 BCC Nose T2NO 40 10 250
3 M 77 BCC Nose TINO 40 10 250
4 F 84 1) BCC 1) Nose 1) TINO 1) 40 1) 10 1) 250
2) BCC 2) Nose 2) TINO 2) 40 2) 10 2) 250
5 F 69 BCC Nose TINO 40 10 250
6 F 78 BCC Nose TINO 36 6 100
7 M 67 BCC Nose T2NO 30 5 180
8 F 85 PNT/MCC Nose TINO 55 22 250
9 F 79 BCC Nose TINO 40 10 250
10 F 62 1) BCC 1) Nose 1) TINO 1) 55 1)22 1) 250
2) BCC 2) Lip 2) TINO 2)55 2)22 2) 250

BCC, basal cell carcinoma; F, female; M, male; PNT/MCC, primary neuroendocrine tumor/Merkel cell carcinoma.

patients had concurrent diagnoses of 2 skin cancers (pa-
tients 4 and 10), for a total of 12 tumors in the study. Eleven
of 12 tumors were determined to be basal cell carcinoma
by biopsy. All but 1 tumor was located on the nose. Ten
of 12 tumors were staged as TINO, and 10 of 12 tumors
were treated with radical-intent radiation therapy. One patient
with Merkel cell carcinoma was treated with palliative-
intent radiation therapy. Only 1 patient (patient 1) had radical
surgical resection and went on to receive adjuvant intent
radiation therapy. Most tumors (7 of 12) were treated with
a radiation dose of 40 Gy in 10 fractions. Ten of the 12
tumors were treated with a beam energy of 250 kV.
Once the clinical treatment field was defined by the on-
cologist, the optical scan was acquired quickly (in
approximately 1 minute) and without incident in all 10 cases.
An example using a volunteer is shown in Figure 5. We
found that the resulting optical scans allowed for offline
treatment planning without further inconvenience to the
patient. Interdisciplinary discussions were held prior to the
manufacture of the lead shield to define various param-
eters, including the extent of the lead shield needed to
adequately cover the organs at risk. The printing of the facial
models took approximately 12 hours each. No significant

issues were reported by the physicians, physicists, or ra-
diation therapists when using this technique.

All lead shields were successfully used during radia-
tion treatment in all 10 patients. For each of the 10 patients,
the fit of the shield and the accuracy of the treatment field
border was assessed by the radiation oncologist. In all 10
cases, the fit was deemed acceptable, and the patients did
not report any physical discomfort or feelings of claustro-
phobia. Acceptable protection of organs at risk was
confirmed by visual inspection in all cases. At our insti-
tution, this approach has become the standard of care for
creating lead shielding for the treatment of nonmelanoma
skin cancers of the face.

Discussion

An optical scanner and gantry have been evaluated and
found to enable quick and easy acquisition of topographi-
cal information. Although the optical scanner can be used
freehand, we found that using the gantry made acquisi-
tion much easier by maintaining an optimum distance
between the scanner and the object. The gantry diameter

1o

Figure 5 (A) On the left is the unaltered data obtained with the optical scanner. On the right is the final, edited data set that was used
to print the 3-dimensional model. (B) The 3-dimensional printed model with a 3 mm lead shield molded to fit the complex facial con-
tours. Also visible is the cutout area representing the clinical treatment field on the right side of the nose. (C) The final product, the
lead shield sits on the volunteer patient’s face, offering protection of the organs at risk from radiation damage.
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was constrained by the minimum scanner-to-patient dis-
tance, the intended use, and the overall height. This gantry
was intended primarily for scanning the head and may need
to be larger if body scans of large patients are required.
However, too large a gantry could be impractical for some
staff because it may be too high to easily operate.

We found that tilting the gantry at the 12 o’clock po-
sition allowed for better coverage of the nostrils. However,
this technique was limited because the gantry pivoted about
its bottom, which caused the head to move out of the field
of view when the tilt angle exceeded 15 degrees. Future
designs would be improved by having the tilt take place
about the isocenter. The gantry also ensured that scans were
performed in a consistent and reproducible manner, which
is important when the resulting images are used in the treat-
ment of patients. Because the time to acquire a scan was
approximately 1 minute, motion artifacts are not ex-
pected to be a major concern. The gantry was built in-
house with a total cost of approximately $500; it is very
lightweight and easy to setup and store.

Most of the scans contained noticeable artifacts (Figs 2A
and 4A) although in most instances these were consid-
ered minor, either because they were small (less than 1 mm)
or easily removable with postprocessing techniques. In
general, artifacts presented as either surface roughness or
localized indentations. We found that objectionable arti-
facts could be rendered insignificant by straight-forward
postprocessing in software such as MeshMixer because most
artifacts were small and easily distinguished from the true
contours and consequently could be replaced by a smoothed
surface. During clinical use, optical scans were inspected
immediately after acquisition to ensure that the quality was
adequate for the intended task. Because the acquisition time
was approximately 1 minute, a scan was repeated very
quickly when needed. Although postprocessing was always
required before the mesh could be used to design treat-
ment accessories, it was often a quick task (eg, 10 minutes).

We found that the scanner’s 40 cm field-of-view setting
was an appropriate size for head scans and provided good
accuracy (Fig 2B). As described, a limitation of the optical
scanner is that all data had to be acquired in 1 pass (ie, patient
or table always had to be in the field of view, or tracking
was lost). For larger scans (eg, of the legs), the gantry could
be modified by allowing the table to travel. Otherwise, sepa-
rate scans could be acquired and then combined in software
such as Meshlab. The visible-light camera incorporated into
the scanner was sufficient for acquiring skin markings, typi-
cally used to delineate treatment regions, which is important
for planning treatments and designing accessories. Because
its light source is invisible, the optical scanner is well suited
for scanning anxious patients who would otherwise be
stressed by alternate scanning techniques.

In a radiation therapy facility, patient contours are typi-
cally acquired using either CT or a medium such as plaster
of Paris, depending on the application. When comparing
the acquisition of contours using the optical scanner with

those using traditional molding techniques (eg, plaster of
Paris), there are 2 distinct advantages: 1) there is no re-
quirement for direct patient contact, which can cause
discomfort when there is disease on the surface of the skin,
and 2) the time that the patient’s presence is required is
greatly reduced because the scan time is short compared
with the time required to create a traditional mold. Both
of these should help improve the patient experience.

Scanning is also advantageous in patients who are claus-
trophobic and cannot tolerate a plaster mask. By using optical
scanner technology, this source of potential patient anxiety
is completely removed. In addition, optical scanner tech-
nology is immensely helpful when treating patients who
cannot lie supine for prolonged periods because of condi-
tions such as congestive heart failure or lung disease. These
conditions are more commonly seen in elderly patients, who
are more likely to be treated with radical radiation therapy
as opposed to surgical resection. Using optical scanner and
3-dimensional printer technology also adds to patient con-
venience. The optical scan can be performed on the same
day as the initial patient appointment, which eliminates ad-
ditional clinical visits that are necessary when using
conventional methods. This is especially important in elderly
populations who are more likely to have mobility issues or
less likely to drive or otherwise get to medical appointments.

One goal of this paper was to compare the perfor-
mance of the optical scanner with the very best tool available
clinically (ie, CT). If the optical scanner generates images
with resolution similar to that of the CT scanner, the optical
scanner should be acceptable for clinical use. A compari-
son of the optical and high-resolution CT scans shows that
the 2 techniques agreed within approximately 2 mm (Figs 3
and 4). However, Ogden et al showed that the choice of
CT acquisition parameters and segmentation method will
affect the resulting accuracy.”* We minimized these sys-
tematic errors by choosing thresholds so that the
segmentations agreed with the known dimensions of the
phantoms. The field of view used for Figure 3 was much
larger than required to produce a lead shield; the agree-
ment between CT and the optical scanner would have been
improved if the images were cropped. However, these results
would be useful in the case of producing a large bolus or
large immobilization device.

The resolution of the optical scanner is clinically ac-
ceptable for a number of radiation therapy applications. As
described, we routinely use this optical scanner along with
a 3-dimensional printer to design lead shielding for low-
energy photon treatments. We also intend to use the optical
scanner to design other customized treatment accessories,
including immobilization and bolus for photon and elec-
tron treatments.

One potential concern is that inaccuracies in a scan used
to design an accessory could result in small air gaps between
the accessory and the patient surface. This could have im-
plications for the fit of the accessory, the reproducibility
of accessory placement, and the dosimetry if the accessory
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is used as a bolus material. However, for electron treat-
ments, a small air gap between the skin and bolus has no
significant effect.”>*° For photon treatments, air gaps of less
than a few millimeters are anticipated to have no signifi-
cant effect on the surface dose.””? In practice, the actual
effect of an air gap is nuanced and depends on the details
of a treatment, and one should consider this effect for each
specific case. For routine clinical work, we recommend that
a quality assurance program be implemented; this could be
as simple as regularly scanning and printing objects with
known dimensions.

We have described how to use this technology to make
lead shielding for 10 patients. For each of the 10 patients
in this study, a qualitative inspection by the oncologist veri-
fied that the shielding had an excellent fit and provided
excellent protection to the organs at risk. In principle, a more
quantitative assessment of the fit would have been desir-
able; however, the lead shielding precluded imaging with
CT or magnetic resonance imaging. The reliance on a quali-
tative assessment is acceptable because any air gaps between
the shielding and skin would not have compromised pro-
tection of the organs at risk. Consequently, it was not critical
to have an exact fit.

Although we included only a small number of study pa-
tients within a single institutional setting, we found that this
approach had a number of advantages over the traditional
molding technique that uses plaster of Paris. The main ad-
vantages were the noncontact method of manufacture and
the ability to quickly scan the patient. Secondary benefits
included a reduction in manual labor and in mess such as
dust. Because the optical scanner was quite compact, it re-
quired a modest amount of clinic space.

If a lead shield needs to be remade because of damage
or necessary modifications, this is easy to do by using either
the existing face model or by reprinting another model based
on the original scan. This saves physician time, and there
is no need for the patient to return for an extra appoint-
ment. This could eventually lead to substantial cost savings
because it may be possible for more patients to be seen in
a timely manner. Our experience is consistent with that of
Canters et al,"” who demonstrated that 3-dimensional print-
ing technology in the radiation oncology setting can save
substantial amounts of valuable time for both radiation thera-
pists and physicians.

For this work, the choice of printer is important. These
models use a relatively large amount of consumables, and
cost must be considered when choosing a printer. We used
a consumer-grade 3-dimensional printer, not only because
of its low capital cost but more importantly because of the
low cost of consumables (eg, polylactic acid filament). Al-
though the models may take approximately 12 hours to print,
the 3-dimensional printer runs overnight and unsuper-
vised. Of note, we deliberately slowed the print time to
improve quality and reduce the probability of a print failure.

A significant advantage of using these lead plates is their
low cost. The process of hammering the lead and cutting

the aperture was fairly quick (eg, approximately 15 minutes).
There are alternative 3-dimensional printing methods
for producing the shields, such as pouring molten
lead or Cerrobend into a 3-dimensional printed mold.*
Stereolithography is excellent for producing high-quality
molds and can easily accommodate hot Cerrobend. A mold
for a face mask would be printed as 2 or 3 pieces. All
3-dimensional printing approaches require some degree of
postprocessing, and these mold pieces would require removal
of supports and cleaning. After removal of mold flash and
painting, the final product would be a very good-looking
shield, although functionally equivalent to the shield de-
scribed in this manuscript.

Printing the shield with a 3-dimensional printer that di-
rectly prints metals®' is an interesting consideration.
Unfortunately, printers that are capable of printing metal
are currently intended for high-value applications such as
aerospace and surgical implants and may be too expen-
sive for this application.’> We do not know of any printers
that work with pure lead, but an interesting option would
be to use fused deposition modeling with a filament con-
taining tungsten (eg, GMass, Turner Medtech). Because this
filament has a density that is approximately half that of lead,
the shield would need to be approximately twice as thick.
Regardless of the manufacturing process, the shield and its
aperture would always be verified by an oncologist.

The use of optical scanner and 3-dimensional printer tech-
nology requires a high level of technical knowledge, which
was provided by the medical physics department at our in-
stitution. Those implementing this technology at other
centers may struggle with its steep learning curve. This
problem can be remedied by using an interdisciplinary ap-
proach, as we did at our center. We found that with increased
clinical usage, there was a commensurate increase in in-
stitutional confidence and comfort level.

Conclusions

The geometric accuracy of the optical scanner is ac-
ceptable for radiation therapy purposes. We found the
scanner to be clinically acceptable and have used it along
with 3-dimensional printer technology to create lead shield-
ing used in the treatment of skin cancers of the face. This
method worked extremely well, and we will continue to
increase its use at our center. We recommend that easily
implementable optical scanner and 3-dimensional printer
technology be adopted as the new standard of care for cre-
ating lead shielding used in the orthovoltage radiotherapeutic
management of nonmelanoma skin cancers of the face.
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