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Abstract

Purpose: We designed a bi-valve vaginal speculum high-dose-rate (HDR) interstitial gynecologic brachytherapy
applicator. This allows for both a direct view of the cervix and image-guided brachytherapy applicator placement. The
purpose of this study was to assess the validity of the new applicator.

Material and methods: The applicator was designed to have a 25-mm arc, which can be spread transversely to
35-mm wide, with 10 insertion holes; it was produced using a stereolithographic printer with biocompatible Dental SG
resin. For resin radiodensity was measured in Hounsfield units (HU) using computed tomography (CT). Comparing
the new applicator with a conventional intracavitary applicator, we evaluated the treated volume (including dimen-
sions of 100% isodose volume at the central axis), V;qy/Dgo/ Dgg for a hypothetical cervix (a 2-cm-long and 4-cm-diam-
eter cylinder), and dose points of organs at risk (OARs) (at 25 and 30 mm from the tandem). Based on dose-volume
histogram (DVH) analysis of the cervix and dose points of OARs, the range of tolerance for the percent dose difference
in the prescription dose was set at 5%.

Results: The mean radiodensity of the Dental SG resin, which was magnetic resonance imaging compatible, was
118 HU. Dimensions of the 100% isodose volume measured at the central axis were 4.4 x 6.6 x 7.4 cm for the new appli-
cator and 4.3 x 6.0 x 7.7 cm for the intracavitary applicator. The 100% prescription dose volumes were 110 cc and 113 cc
for the new and conventional applicator, respectively. The percent difference in the hypothetical cervix V4, Doy, and
Dyg between the new and intracavitary applicator were within 5%. The percent differences in dose points of OARs at

25 and 30 mm between the new and conventional applicators were within 5%.
Conclusions: Our speculum applicator can reproduce a conventional pear-shaped dose distribution. Our current
clinical practice will use this applicator, which can improve the patient’s treatment results.
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Purpose

High-dose-rate (HDR) interstitial brachytherapy
(ISBT) has been used in definitive gynecologic radiother-
apy in patients with advanced cervical carcinoma [1].
Significant improvements in survival have been reported
with the addition of image guidance [2]. Excellent clini-
cal outcomes have been achieved with HDR ISBT using
computed tomography (CT)-guided catheter placement
for gynecologic cancer patients [3], and we routinely per-
form this procedure at our institution.

In ISBT with CT-guided catheter placement, we use
an iterative approach of catheter implantation and adjust-
ment with serial image acquisition, which is similar to the
real-time CT-guided approach of Lee et al. [3]. After CT
images are acquired to evaluate the initial catheter posi-
tion, catheter adjustment and additional catheter implan-

tation are performed with serial image acquisition to en-
sure that the tumor is fully encompassed by the catheters.
To avoid generating a cold spot, based on the position of
initial catheters including a vaginal fornix applicator (e.g.,
the ovoid applicator), both insertion points and directions
of additional needles at target sites can be determined.

To identify the appropriate location of additional nee-
dles, both insertion points and directions of additional
needles are determined while confirming the positional
relationship between catheters by direct visualization.
However, in this situation, the conventional vaginal for-
nix applicator does not have visible insertion points due
to its placement within the vagina. This lack of visibility
of the cervix due to the presence of the vaginal applicator
makes it difficult to identify the insertion point by direct
visualization.
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To address this problem, we designed a new bi-valve
vaginal speculum applicator that allows for both a direct
view of the cervix and CT-guided catheter placement. Our
ISBT applicator also includes an intracavitary applicator.
This should improve the intracavitary dose distribution
through use of additional interstitial needle applicators
under CT guidance, while expanding the entire vaginal
canal and visually confirming the positional relationship
between the needle tip and the tumor location or enabling
a clear positional relationship between catheters.

To assess the validity of the bi-valve vaginal specu-
lum HDR brachytherapy applicator in our current clinical
practice, we explored whether conventional pear-shaped
isodose distribution is achieved using the novel specu-
lum brachytherapy applicator and tandem and ovoid
conventional applicators.

Material and methods
Applicator design

A novel brachytherapy applicator was designed to
have a shape similar to a bi-valve vaginal speculum,
which allows the vaginal cavity to be opened and allows
for a clear view of the cervix. The bi-valve vaginal spec-
ulum applicator was also designed to have interstitial
multi-catheter holes, similar to the MUPIT or Syed-Neb-
lett applicator [4,5], for interstitial brachytherapy. Based
on the MUPIT or Syed-Neblett cylinder applicator [4,5],
the bi-valve design of the new applicator has a partially
cylindrical shape. The interstitial multi-catheter holes
(small circular arc grooves for insertion) in the speculum
applicator are arranged on the outer surface of the par-
tial cylindrical shape at equal intervals so that the inter-
val becomes approximately 5 mm (5 holes in each valve,
10 holes in total). The diameter of the insertion holes
was designed to accommodate standard after-loading
catheters (o.d. 5 or 6 French). The bi-valve vaginal spec-
ulum applicator can be spread transversely during use.
In a clinical setting, the inside of a vaginal speculum ap-
plicator is generally filled with water jelly using gauze.
Therefore, the effect of air inside the vaginal speculum
applicator is negligible.

A vaginal speculum applicator with needle insertion
holes can be generated using the computer-aided design
(CAD) software Fusion 360 (Autodesk, Inc., San Francis-
co, CA, USA), as shown in Figure 1A-C. The bi-valve vag-
inal speculum applicator was produced using a laptop
and stereolithographic printer (Form 2; Formlabs, Inc.),
coupled with synergistic biocompatible resin (Dental SG;
Formlabs, Inc.), which is certified to comply with the in-
ternational standards for class I biocompatibility, Inter-
national Organization for Standardization (ISO) standard
10993-1. This 3D printing technology has become popular
in implant dentistry for constructing surgical guides [6,7].
As shown in Figure 1D, the 3D prints had a thickness of
0.05 mm per layer. After printing, the resins were washed
using anhydrous ethanol for 30 min. To maximize print-
ed material strength, the materials were exposed to ultra-
violet radiation for 30 min at a temperature of 60°C using
Form Cure (Formlabs, Inc). In this study, to fit the aver-

age Japanese patient’s vaginal size, the bi-valve vaginal
speculum applicator was designed to have a 25-mm arc,
which can be spread transversely to 35 mm, with 10 inser-
tion holes of 3-mm in diameter (Figure 1), although a cus-
tom-sized, optimal bi-valve vaginal speculum applicator
size can be designed and generated by modifying the CAD
data to fit the patient’s vaginal size. The actual distance
between the centers of the multi-catheter holes of the new
applicator was approximately 5 mm (4.6 mm), similar
to the distance between the dwell positions in the ovoid
of the conventional intracavitary applicator. Figure 2
shows the closed and opened states of the speculum ap-
plicator. Each partially cylindrically shaped blade has
a hinge structure, similar to that of the vaginal speculum.
The speculum applicator is introduced into the vagina
with the two blades closed, which facilitates its insertion;
the two blades of the applicator are then spread trans-
versely and maintained in an open position by fixation
with a thread.

Evaluation of the radiation attenuation
properties of biocompatible resin for use
in a 3D-printed brachytherapy applicator

For evaluation of the synergistic biocompatible resin
(Dental SG; Formlabs, Inc.), CT was performed (1-mm
slice thickness; Aquilion LB; Canon Medical Systems,
Tochigi, Japan). The radiodensity in Hounsfield units
(HU) was measured in an 8 x 8 x 8-voxel area of a Dental
SG resin testing apparatus.

High-dose-rate brachytherapy planning

We used a hypothetical uterine cervix for HDR
brachytherapy planning. Based on comparison of the
new and conventional applicators, we produced each
dose distribution using the new or conventional intra-
cavitary applicator. As the conventional intracavitary
applicator, we used the ovoid of the unshielded specific
Fletcher Williamson HDR applicator (Elekta Instrument
AB, Stockholm, Sweden), the most commonly used ap-
plicator in Japan.

CT scans of the applicator were acquired with 1-mm
slice spacing. Three-dimensional planning was per-
formed on the Elekta Nucletron Oncentra Planning Sys-
tem (Version 4.3; Elekta Instrument AB, Stockholm, Swe-
den). HDR brachytherapy planning was generated using
an %2Ir source. To simplify the comparison, a straight tan-
dem with 5-cm active length was used for planning each
applicator (Figure 3). For DVH analysis, the hypothetical
cervix was defined as a 2-cm-long, 4-cm-diameter cylin-
der centered along the tandem.

During vaginal speculum applicator planning for the
hypothetical target, catheter reconstruction was simulat-
ed using catheter holes without insertion of interstitial
needles. Eleven catheters were used, including 1 inserted
centrally along the tandem. The vaginal speculum appli-
cator was spread transversely so that the width at the out-
ermost needle tips was 35 mm. Intracavitary applicator
planning was generated using mini-size ovoid applica-
tors (Ovoid Pair, Mini; Elekta Instrument AB, Stockholm,
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Fig. 1. Projection views and bird’s eye view of speculum applicator generated using computer-aided design (CAD) software
(A-C) and the print settings of the speculum applicator (D). (A) Top, (B) side, and (C) bird’s eye views of the applicator are
shown. The bi-valve vaginal speculum applicator is designed to have a 25-mm arc with 10 insertion holes of 3 mm in diameter
and with a fixed groove to hook a thread. Each speculum blade has a hinge structure similar to that of the vaginal speculum.
During the 3D printing setup of the speculum applicator (D), the prints were set to have a thickness of 0.05 mm per layer (in
the direction indicated by the orange arrow) and the print supports were generated

Sweden). Each ovoid applicator was spread transverse-
ly to 35 mm. Ovoid applicators with 2-cm active length
were used.

In each plan, 11 dwell positions were activated every
5 mm along each tandem. In the peripheral insertion holes
of the speculum applicator plan, the first dwell position
at the tip of each hole was activated (10 dwell positions
in total). In each ovoid of the intracavitary plan, 5 dwell
positions were activated at intervals of 5 mm along each
ovoid (10 dwell positions in total). Each tandem had the
same number of dwell positions, and the total number
of dwell positions in each plan was the same. The dwell
times of all sources were evenly weighted to produce the

pear-shaped isodose distribution in each plan. The pre-
scribed dose was administered to Point A (pA). Figure 3
illustrates both plans. No manual adjustment of dwell
time or graphical optimization was performed.

Verification of bi-valve vaginal speculum
brachytherapy applicator accuracy

It is important to verify whether a new applicator
can provide a pear-shaped dose distribution equivalent
to that with a conventional tandem/ovoid applicator. To
compare the new and conventional applicator planning,
we evaluated treated volume (including the dimensions
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Speculum applicator

Vaginal speculum

a__ Opened

Speculum applicator

Fig. 2. The 3D-printed speculum applicator after polymerization. Each partially cylindrically shaped blade has a hinge struc-
ture, similar to that of the vaginal speculum. The applicator is shown with both blades closed (A), which facilitates its insertion,
and opened (B), to allow a direct view of the cervix to be obtained. During implantation (B), the blades of the 3D-printed specu-
lum applicator can be spread transversely to 35-mm wide, and then fixed via a black thread fed through the groove to maintain

the applicator in an open position

of the 100% isodose volume), the dose-volume histogram
(DVH) for a hypothetical cervix, and the dose points of
organs at risk (OARs), such as the bladder and rectum.
The dimensions of the 100% isodose volume were mea-
sured at the central axis.

In DVH analysis, the following metrics were used:
percentage of the hypothetical target covered by 100% of
the prescription dose (V44,) and minimum dose received
by 90% and by 98% of the hypothetical target, expressed
as a percentage of the prescription dose (Dgy and Dyg, re-
spectively).

To evaluate and compare doses to OARs, dose points
of OARs in each plan were plotted at 25 and 30 mm from
the tandem in the inferior plane of the hypothetical cervix.

Based on DVH analysis of the cervix and dose points
of OARs, the range of tolerance in the percent dose differ-
ence in the prescription dose was set at within 5%.

Results

Radiation attenuation properties of
biocompatible resin

No CT artifacts were visible inside the speculum ap-
plicator. The mean radiodensity of the Dental SG resin
was 118 HU (standard deviation: 10 HU). This biocom-
patible Dental SG resin was therefore confirmed to be
magnetic resonance imaging-compatible.

Comparison of treatment volume, DVH, and dose
points of OARs

Dimensions of the 100% isodose volume were mea-
sured at the central axis for each plan. The dimensions
were 44 x 6.6 x 74 cm for the new applicator and

43 x 6.0 x 7.7 cm for the intracavitary applicator. The
100% prescription dose volumes were 110 cc and 113 cc
for the new and conventional applicator, respectively.

The treatment volumes receiving 100%, 110%, 120%,
130%, 140%, 150%, 160%, 170%, 180%, 190%, and 200% of
the prescription dose for the new and conventional appli-
cator are plotted in Figure 4.

Percentages of the hypothetical cervix receiving
a higher dose in each applicator plan are shown in Fig-
ure 5. The percent differences in V4, Dgy, and Dgg be-
tween the new and intracavitary applicator were within
5%. Figure 6 shows dose points of OARs plotted at 25 and
30 mm for the new and intracavitary applicators. Percent
dose differences between the new and conventional ap-
plicator at each point were within 5%.

Discussion

Better target coverage in ISBT depends on the accu-
racy of catheter positioning. Image guidance is required
to accurately implant catheters. Direct visibility of the
gross tumor is also critical when radiation oncologists
perform catheter implantation. Image-guided placement
with the addition of a real-time direct view of the cervix
using our speculum applicator can improve the quality of
catheter positioning and, by extension, clinical outcomes.
No ISBT applicator allowing for a direct view is commer-
cially available at present, and existing applicators do not
provide a direct view and are inconvenient for radiation
oncologists. Our bi-valve vaginal speculum applicator
resolves this problem. Thus, we believe that our novel
speculum applicator will have a considerable impact on
patient treatment outcomes when an intracavitary ap-
plicator is insufficient to cover the tumor, such that an
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Fig. 3. Pear-shaped isodose distribution in the speculum applicator and conventional applicator. Each applicator can be spread
transversely to 35 mm wide, and the 100% dose prescription is administered to Point A (pA). (A) Coronal and (B) sagittal views
of the speculum applicator plan and (C) coronal and (D) sagittal views of the conventional applicator plan. During speculum
applicator planning (E), the first dwell position at the tip (10 dwell positions in total), and 11 dwell positions (every 5 mm) along
the tandem, are activated. In conventional applicator planning (F), 5 dwell positions at intervals of 5 mm along each ovoid
(10 dwell positions in total) and 11 dwell positions (every 5 mm) along the tandem are activated. The dose distributions are
shown in blue lines (50%), red lines (100%), and white lines (150%). The hypothetical cervix (dotted red or pink rectangular
ranges) receives a dose of approximately 100%. In each applicator plan, the reconstructed catheters are shown. The speculum
applicator can reproduce conventional pear-shaped isodose distributions, similar to the conventional applicator
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Fig. 4. Treatment volumes receiving 100%, 110%, 120%,
130%, 140%, 150%, 160%, 170%, 180%, 190%, and 200% of
the prescription dose plotted for the new applicator (solid
line) and for the conventional applicator (dotted line). The
treatment volumes appear to be overlapping, including the
higher dose volumes
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Fig. 6. Dose points of OARs (such as the rectum or blad-
der) plotted at 25 and 30 mm. Percent dose differences be-
tween the new (solid line) and conventional (dotted line)
applicator at each point were within 5%

additional interstitial technique could improve treatment
results. However, we acknowledge the greater degree of
trauma associated with interstitial techniques, and the
increased size of high-dose areas, as seen when commer-
cially available ISBT applicators are used.

In HDR ISBT using our novel speculum applicator,
which provides a view of the cervix, we can implant in-
terstitial brachytherapy needles at the intended positions.
We can then leave the speculum applicator in place and
irradiate a target without the deformation caused by
the exchange of a vaginal speculum for a vaginal fornix
applicator. In HDR ISBT, a vaginal fornix applicator is
placed after needle implantation, or needles are inserted
after placement of a vaginal fornix applicator. The former
can generate deformation caused by the vaginal fornix
applicator, and the latter can result in poor visibility of
the cervix due to the vaginal applicator. Deformation of

Fig. 5. Dose volume histogram of the hypothetical cervix
for the new applicator (solid line) and for the conventional
applicator (dotted line). The percent differences in the hy-
pothetical cervix V,y, Dy, and Dgg between the new and
intracavitary applicator were within 5%. The volume for
the higher doses (e.g., 150% or 200%) is slightly higher for
the new applicator than for the conventional applicator.

the vaginal fornix may decrease the dose coverage of the
clinical target volume. The view of the cervix ensured by
a speculum can guide the brachytherapy catheters to the
intended positions.

The development of a brachytherapy applicator is
important for improved target coverage. To improve
brachytherapy dose distributions, many investigators
have proposed novel applicator designs and methods,
including 3D-printed custom-made vaginal cylinders,
vaginal vault brachytherapy with a CT imaging-derived
applicator, an MRI-compatible intracavitary/intersti-
tial gynecologic brachytherapy applicator, an inversely
designed 3D-printed personalized template-guided in-
terstitial vaginal applicator, and 3D-printed HDR skin
brachytherapy applicators [8,9,10,11,12].

In this study, the validity of the new applicator was
verified by comparison of the pear-shaped isodose dis-
tribution. Our novel ISBT applicator is combined with an
intracavitary applicator; hence, it should be considered
an advanced intracavitary applicator. Radiation oncolo-
gists will be able to exploit the direct view capability of
our applicator to improve the conventional pear-shaped
dose distribution, via use of additional interstitial needle
applicators, thus enhancing target coverage. If necessary,
radiation oncologists will also be able to insert an ISBT
applicator into the target via fixed insertion holes with-
in the two speculum blades. To determine the validity of
our combined intracavitary and ISBT applicator, we com-
pared its dose distribution to the dose distribution typical
of conventional intracavitary applicators (e.g., tandem
plus ovoids). The main goal of this study was to assess
whether our proposed speculum applicator could consis-
tently generate a conventional pear-shaped dose distri-
bution. The results showed that the difference in dosage
between the vaginal speculum brachytherapy applicator
and the intracavitary brachytherapy applicator was min-
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imal in a clinical setting. There was a minimal difference
in the dimensions of the 100% isodose volume. Visual
inspection of Figure 4 demonstrates that the treatment
volumes overlapped, including the higher-dose volumes.

There is a difference of several millimeters in the
dwell position between the vaginal speculum and ovoid
applicators. Although the number of dwell positions in
the new speculum planning was equal to that of conven-
tional planning, the distance between the dwell position
and the inferior plane of the hypothetical cervix was
6 mm for the new applicator and 9 mm for the conven-
tional applicator. Due to this difference, visual inspection
of the dose distributions showed that the new applica-
tor had larger volumes with a higher dose (such as 150%
isodose, shown in Figure 3) around the inferior plane
of the hypothetical cervix compared to the convention-
al applicator. Visual inspection of Figure 5 reveals that
the dose volume histograms for the hypothetical cervix
overlapped, although the volume of the higher dose
(e.g.,150% or 200%) using the new applicator was slightly
greater than that with the conventional applicator. With
regard to the central higher dose to the hypothetical cer-
vix, we allowed for the larger volume of the new appli-
cator (Figures 3, 5) because the potentially radioresistant
tumor cells of cervical cancer are often centrally located
around the cervical os.

We performed a preliminary dosimetric analysis of
the speculum applicator to demonstrate a conventional
pear-shaped dose distribution and support the clinical
usefulness of this novel applicator.

After demonstrating that the new speculum applica-
tor can improve patient treatment outcomes, we used it
to treat cervical cancer that had spread to the lower part
of the vagina. In such cases, it is difficult for a standard
ovoid applicator to cover the lower lesion of the vagi-
na, and for standard cylinder applicators (such as the
MUPIT) to fit onto the vaginal fornix (because the vaginal
fornix is wider than the vaginal opening). Therefore, we
used our speculum applicator and introduced it into the
vagina with both blades closed to facilitate insertion; this
procedure was performed in a room with a dedicated CT
scanner capable of scanning a patient in the lithotomy po-
sition. After introduction, the two blades of the applicator
were spread transversely and maintained in an open po-
sition by fixation with a thread. The applicator was loose-
ly fixed to the vagina. Subsequently, transrectal ultra-
sound (TRUS)- and CT-guided catheter placement, with
visualization of the cervix, was performed using flexible
needles (0.d. 5 French, ProGuide Sharp Needle; Nucle-
tron B.V., Veenendaal, The Netherlands). As shown in
Figure 7, a non-central intrauterine plastic catheter, and
an additional plastic needle emanating from inside the
two speculum blades, were implanted under the direct
view. Six plastic catheters were easily inserted, via inter-
stitial holes, into the cervix. After all catheters had been
implanted, the inside of the vaginal speculum applicator
was filled with water jelly using gauze. The applicator was
sutured to the perineal skin with a thread to avoid dis-
placement; planning CT was then performed. The HDR
brachytherapy plan was generated using the Nucletron
Oncentra treatment planning system, with the inverse

Fig. 7. Axial computed tomography (CT) image of the
bladder (yellow line), rectum (green line), and cervix (be-
tween bladder and rectum) receiving 50% (blue lines),
100% (red lines), and 150% (white lines) of the prescription
dose in a patient with cervical cancer. The Dental SG resin
applicator (black arrow) can easily be visualized (mean ra-
diodensity: 118 HU) in the vaginal fornix. An intrauterine
plastic catheter (red arrow) is introduced into the non-cen-
tral intrauterine cervix, and an interstitial flexible catheter
(blue arrow) is implanted into the cervix from inside the
speculum applicator. Reconstruction of the plastic cathe-
ters was performed using the inner air defects of the cath-
eters (0.d. 5 French). The high-dose-rate brachytherapy
plan was generated in the Nucletron Oncentra treatment
planning system using the inverse planning simulated an-
nealing (IPSA) optimization algorithm

planning simulated annealing (IPSA) optimization al-
gorithm applied (and without any steps related specif-
ically to the use of the speculum applicator; Figure 7).
The patient was treated in the lithotomy position on the
CT table, and remained still after implantation; the im-
plant was then removed.

A Dental SG resin speculum applicator exhibits less
reflection than a stainless steel speculum. To address this
issue, a light is needed to view the cervix. Our bi-valve
vaginal speculum applicator can be used in advanced
cervical cancer that has spread to the lower part of the
vagina, whereas the standard ovoid applicator does not
always cover the lower lesion of the vagina. Future stud-
ies should evaluate the usefulness of our applicator us-
ing different hypothetical target models such as cervical
cancer that has spread to the lower part of the vagina. In
future studies, we will compare our applicator with other
applicators including interstitial components.

Conclusions

We designed a novel vaginal speculum applicator
with needle insertion holes for combined intracavitary
and interstitial GYN HDR brachytherapy. Our speculum
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applicator, which allows for combined observation of
the cervix through direct and imaging views for accurate
catheter positioning and is produced using a 3D printer
with biocompatible resin, can reproduce a conventional
pear-shaped dose distribution. Our current clinical prac-
tice will use this applicator, which can improve patient
treatment results.
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