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bility and accuracy of computer-assisted techniques
in the interstitial brachytherapy of the deep regions of the head and neck.
MATERIALS AND METHODS: A computer-assisted brachytherapy workflow was applied to 10
patients with tumors in the deep regions of the head and neck. Based on the brachytherapy treat-
ment preplan, we constructed a digital stereotactic model to accurately transfer the virtual plan into
the navigation system, and subsequently printed the individual templates. The navigation system
and the individual template were combined together to visualize and guide brachytherapy needle
implantation. Preoperative and intraoperative image data were reconstructed and registered to mea-
sure and analyze the needle deviation.
RESULTS: A total of 58 needles were successfully inserted in 10 patients with the guidance of
computer-assisted techniques and a mean deviation of 5.2 mm. The inserting trajectories and depths
of the needles were as follows: from the parotid and masseter regions to the infratemporal fossa or
skull base, the range was 15.7e74.6 mm; from the submandibular and retromandibular regions to
the infratemporal fossa or skull base, the range was 15.6e70.6 mm; from the infraorbital region to
the pterygomandibular region, the range was 63.7e69.7 mm; and from the periorbital region to the
intraorbital region, the range was 47.6e61.8 mm. The dose distribution met the treatment require-
ment well.
CONCLUSIONS: The computer-assisted interstitial brachytherapy workflow was proven to be
feasible and accurate for the deep regions of the head and neck. � 2018 American Brachytherapy
Society. Published by Elsevier Inc. All rights reserved.
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Introduction

Permanent interstitial brachytherapy has been cumula-
tively used and has resulted in good outcomes for primary
or adjuvant treatment of prostate cancer, gynecologic ma-
lignancies, and certain head and neck tumors (1e7). By
means of radioactive sources (usually 125I, 192Ir, or
103Pd), which are implanted into the target area via percu-
taneous needles, the treatment can deliver high doses of ra-
diation into the tumor mass while sparing the adjacent
normal tissues (8e10), an ability that is especially benefi-
cial for the treatment of tumors in the deep regions of the
head and neck (9e11).

To ensure that radiation doses cover the target area while
also minimizing side effects, brachytherapy needle trajec-
tories and seed distribution locations are preplanned
hed by Elsevier Inc. All rights reserved.
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according to the tumor sites and the surrounding anatomical
structures in the brachytherapy treatment planning system
(BTPS) before operation. As radioactive sources are im-
planted via percutaneous needles, the success of brachy-
therapy depends largely on the precise placement of these
needles. Nevertheless, it is extremely difficult to perform
brachytherapy if the target area locates in the deep regions
of the head and neck. First, the application of brachyther-
apy in deeper anatomic regions may cause adverse events
because of mechanical injuries or prompt radiation damage
to adjacent critical organs and tissues (e.g., carotid artery,
jugular vein, eyes, bones, nerves). Second, the complex bo-
ny structures, including the maxilla, mandible, zygomatic
arch, and sphenoid bone, obstruct needle implantation into
the deep regions of the head and neck and may eventually
impact dose distribution (12). Moreover, the paranasal si-
nuses in the craniofacial bone limit the placement of radio-
active seeds to a degree. Therefore, it is vital to accurately
transfer the optimized virtual preplan to the implantation
procedure to provide effective and precise brachytherapy
in these regions. Even though the needle-insertion proced-
ure can be image-guided [for example, by way of ultra-
sound (13), computed tomography (CT) (14), or magnetic
resonance imaging (15, 16)] or template-guided (17e19),
the application of brachytherapy to the deep regions of
the head and neck is generally technically challenging to
surgeons and oncologists.

However, with the rapid and ongoing development of
novel methods, computer-assisted techniques are becoming
widely used and have obtained satisfactory outcomes in
head and neck surgery (20e23). The techniques consist
of virtual surgical simulation, computer-aided design/com-
puter-aided manufacture, rapid prototyping, reverse engi-
neering, and surgical navigation. However, only a few
reports have been published at this time on the subject of
the entire workflow of computer-assisted techniques for
interstitial brachytherapy of the deep regions of the head
and neck. To provide intraoperative visualization of the pre-
planned needle trajectories and the real-time needle posi-
tions to improve needle-insertion accuracy, a preplanned
interstitial brachytherapy workflow assisted by digital tech-
niques has been established in our institute, applying both
individual template guidance and infrared navigation sys-
tem guidance. In this clinical study, we report on the appli-
cation results of the workflow in 10 patients, with the
purpose of determining the feasibility and accuracy of the
process in the deep regions of the head and neck.
Fig. 1. Overview of the computer-assisted brachytherapy workflow.
Methods and materials

Patients

Ten patients with histologically proven, locally
advanced, or recurrent head and neck tumors were included
in the present study. After informed consent was obtained,
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the individuals were treated according to the computer-
assisted brachytherapy workflow (Fig. 1) at the Peking Uni-
versity School and Hospital of Stomatology in Beijing,
China. Initially, patients underwent medical history review
and completed physical and radiological examinations.
They were reviewed by surgical colleagues and deemed un-
suitable for salvage surgery. The tumors involved skull
base, infratemporal fossa, pterygoid fossa, deep lobe of
the parotid gland, and parapharyngeal space. The histologic
types included rhabdomyosarcoma (five cases), adenoid
cystic carcinoma (two cases), desmoid-type fibromatosis
(one case), mucoepidermoid carcinoma (one case), and
primitive neuroectodermal tumor (one case). The present
study was approved by the ethics committee of the Peking
University School and Hospital of Stomatology.
Workflow

Brachytherapy treatment planning
Before implantation, a contrast-enhanced CT scan was

acquired for each patient. Data presented in the Digital Im-
aging and Communications in Medicine (DICOM) format
were imported into a BTPS (Beijing Astro Technology
Ltd Co., Beijing, China) to generate a brachytherapy treat-
ment plan. The planned target volume was defined as gross
tumor volume and its surrounding potential subclinical le-
sions or microscopic lesions. Based on the key factors of
that the determined dose was optimally delivered to the
target area, and that normal tissues were minimally injured,
the entrance and end point and orientation of the needle tra-
jectories as well as the distribution of 125I radioactive seeds
ce Centre from ClinicalKey.com by Elsevier on November 15, 2019.
 Copyright ©2019. Elsevier Inc. All rights reserved.
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were planned. The activity of 125I radioactive seeds (model
6711, Beijing Atom and High Technique Industries Inc.,
Beijing, China) ranged from 0.5 mCi to 0.7 mCi. Specif-
ically, high-risk needle trajectories (e.g., the trajectory that
was adjacent to the carotid artery in Fig. 2a) were finely
adjusted and defined as key needle trajectories. The posi-
tion data of the needle trajectories were exported.

Computer-assisted preoperative preparation
The CT data were imported into Mimics software

(version 10.01; Materialise, Leuven, Belgium) to recon-
struct the three-dimensional (3D) appearance of the skin
in the head and neck region. Following this, reverse engi-
neering, by way of the Geomagic Studio 2012 (3D Sys-
tems, Morrisville, NC, USA), was used to read the 3D
skin appearance data in standard triangulation language
format and the position data of the needle trajectories.
Then, the digital model of the individual template was de-
signed and printed through a rapid prototyping technique,
which was detailed in a previously published study (19,
24). Notably, the individual template contains the informa-
tion of skin contour, and the cylinders on it can guide
Fig. 2. Needle implantation from preplan to implementation in the deep regions

depth in brachytherapy treatment planning system. The red target on the green lin

model and CT data were imported into iPlan CMF software to create the navigat

gular vein were marked. (c) Intraoperative image-guided needle insertion (yello

actual position of the needle. (For interpretation of the references to color in thi
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needle insertion according to the preplan. On the basis of
the digital individual template model, digital models of
the key needle trajectories were constructed according to
the position data. The digital model of one needle trajectory
was made up of a right circular cone object and a cylinder
object. The coordinates of virtual midpoint of the deepest
seed in a needle trajectory were used to create the apex
of cone object, and the axis of cone object and cylinder ob-
ject was set according to the coordinates of the virtual nee-
dle trajectory. Between five and seven digital needle
trajectory models were constructed in one case and were
added to the digital individual template model with applica-
tion of a Boolean operation to obtain the final digital model
(Fig. 3), which was defined as the digital stereotactic model
(DSM). Then, the DSM in standard triangulation language
format and the patient’s CT data in DICOM format were
imported into the iPlan CMF 3.0 software (BrainLAB,
Feldkirchen, Germany) to create the navigation plan. The
needle trajectories were marked according to DSM, and
the apices of the cone objects were set as targets. The ca-
rotid artery and jugular vein were additionally marked ac-
cording to CT data (Fig. 2b).
of the head and neck: (a) The preplanned needle-insertion trajectory and

e represented the end point of the implantation. (b) The digital stereotactic

ion plan. The needle-insertion trajectory (blue line), carotid artery, and ju-

w line). (d) A CT scan was performed after needle insertion to verify the

s figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. The appearance of digital stereotactic model on three-quarter view (a), anterior view (b), and inferior view (c). The actual position of needles and

individual template were in accordance with digital stereotactic model (d).

220 G.-H. Zhang et al. / Brachytherapy 18 (2019) 217e223
Navigation system preparation
Before surgery, the navigation system (BrainLAB, Feld-

kirchen, Germany) was set up in the CT room. The naviga-
tion system consists of the computer platform with a screen
and the localization system. The localizer is composed of
two optical cameras, which emit infrared light and receive
reflective light to detect the location of the reflective marker
spheres in real time. The reflective marker spheres are
mounted on the reference frame, which is fixed on patient’s
head, the surgical probe, and the percutaneous needle. Un-
der general anesthesia, the patient was placed on the CT
bed. After the navigation registration process, the patient’s
actual head position was correlated to the virtual head po-
sition in the navigation system. Moreover, DSM that con-
tained the position information of the individual template
and needle trajectories, CT data of the patient, the surgical
probe, and the percutaneous needle were displayed in real
time on the screen of the computer platform (Fig. 2c).
Fig. 4. The needles were implanted with the guidance of the individual

template and the navigation system.
Needle implantation and seed delivery
Initially, the individual template was put into position in

three steps: first, it was placed on the patient’s facial area
according to the skin contour; second, the position of the
individual template was finely adjusted under the assistance
of the navigation system, confirming that the actual posi-
tion of the individual template was in line with the virtual
plan; and third, the operator implanted three needles with
shallow depths in the margin area of the individual template
to immobilize the template. The final location of the indi-
vidual template was thereafter verified by intraoperative
Downloaded for Anonymous User (n/a) at Peking University Health Scien
For personal use only. No other uses without permission.
CT. Afterward, the needles in key needle trajectories were
implanted with guidance of the preplanned virtual needle
trajectories on the screen of the navigation computer plat-
form and the cylinders on the individual template
(Fig. 4). The inserting orientation was adjusted in real time
according to the virtual trajectory in the navigation system,
and the implantation was deemed completed when the nee-
dle reached the target on platform screen (Fig. 2c). A CT
scan was performed when all of the targets were reached
to evaluate and adjust the actual needle positions (Figs.
2d and 3d). After completion of the needle insertion ac-
cording to the key needle trajectories, the remaining nee-
dles were inserted with the guidance of cylinders on the
ce Centre from ClinicalKey.com by Elsevier on November 15, 2019.
 Copyright ©2019. Elsevier Inc. All rights reserved.



Table 1

The tumor sites, the number of needles in key needle trajectories, and the

distance deviation in terms of the needle tip

No. Localization

No. of

needles

Deviation (mm)

Mean Range SD

1 Skull base 6 5.0 2.5e6.5 1.7

2 Skull base 5 2.6 1.5e3.5 0.8

3 Parapharyngeal space 6 4.0 1.3e6.0 1.7

4 Skull base 6 6.1 5.1e7.4 0.9

5 Skull base 6 4.4 2.4e6.8 1.5

6 Deep lobe of parotid gland 5 7.0 1.8e12.8 4.3

7 Pterygoid fossa 7 5.4 4.1e7.3 1.2

8 Skull base 5 4.3 2.7e7.1 1.8
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individual template. Next, 125I seeds were delivered via the
needles according to the preplan, and CT scans were ac-
quired for intraoperative dose distribution verification.
The general anesthesia ended after verification of the dose
distribution.

Accuracy evaluation

Needle position error
To evaluate the accuracy of needle implantation, the DI-

COM format files from the preoperative CT scan and intra-
operative CT scan were imported into the Mimics software.
Based on segmentation technology, we reconstructed the
preoperative craniofacial bone. The preplanned digital nee-
dle trajectory models were added to the craniofacial bone
model while applying Boolean operation in Geomagic soft-
ware, which made up the preoperative model. Subse-
quently, we reconstructed the intraoperative CT to obtain
the intraoperative model, which consisted of the intraoper-
ative craniofacial bone model and the placed needle
models. Applying a ‘‘best-fit registration function’’, the
preoperative and intraoperative models were registered ac-
cording to the periorbital and frontal regions of the bone
(considered as the fixed anatomical structure). Therefore,
the preplanned needle trajectories and the intraoperative
placed needles were rigidly transformed into the same co-
ordinate frame for comparison. Specifically, the needle de-
viation was measured in terms of the needle tip position,
namely the distance from the apex of the cone object in
the preoperative needle trajectory model to the tip of the in-
traoperatively placed needle model. The actual insertion
depth from the entrance point on the skin surface to the
needle tip was measured using the CT data.

Postoperative verification
Based on intraoperative CT data obtained following 125I

seeds delivery, the dose distribution was evaluated. The D90

(dose delivered to 90% of the target volume), V100 (the per-
centage of the target volume receiving at least 100% of the
planned dose), and V150 (the percentage of the target vol-
ume receiving at least 150% of the planned dose) were
calculated in the BTPS.

Statistical analysis

Statistical analysis was carried out using the SPSS
version 13.0 for Windows software (SPSS Inc., Chicago,
IL, USA). The Pearson correlation coefficient was used to
analyze the correlation between the needle distance devia-
tion and the actual insertion depth. A two-sided p value of
! 0.05 was considered to be statistically significant.
9 Infratemporal fossa 6 6.7 4.5e9.9 1.9

10 Infratemporal fossa 6 5.9 2.6e13.2 4.1

SD 5 standard deviation.

Mean indicates mean deviation of all the needles in key needle trajec-

tories of each case, and range indicates the range of deviation, from the

minimal deviation to the maximum deviation of each case.
Results

For all the 10 patients, computer-assisted interstitial
brachytherapy was feasible in the deep regions of the head
Downloaded for Anonymous User (n/a) at Peking University Health Science
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and neck. Intraoperative real-time visualization and guid-
ance of needle implantation were accomplished. The oper-
ator implanted the needles following the digital workflow,
and the radioactive seeds were delivered as planned. The
average procedure time was 120.2 minutes for each patient
from the beginning of setting up the navigation system to
the end of general anesthesia, during which the preparation
time of the digital workflow was approximately 30 minutes,
and the mean needle implantation time (from individual
template placement to the point of all needle implantations
being accomplished) was 41.7 minutes. As a result, there
was no adverse effect reported in any of the 10 patients.

A total of 58 needles were inserted in key needle trajec-
tories. The mean needle distance deviation was 5.2 mm for
each needle, and needle deviations ranged from 1.3 mm to
13.2 mm (Table 1). The needle-insertion trajectories and
depths were as follows: from the parotid and masseter re-
gion to the infratemporal fossa or skull base, the range
was 15.7e74.6 mm; from the submandibular and retroman-
dibular region to the infratemporal fossa or skull base, the
range was 15.6e70.6 mm; from the infraorbital region to
the pterygomandibular region, the range was 63.7e
69.7 mm; and from the periorbital region to the intraorbital
region, the range was 47.6e61.8 mm. The correlation be-
tween needle distance deviation and the actual insertion
depth was nonsignificant at a 0.05 level.

As for dose distribution, the mean D90 was
105.3 Gy � 16.8 Gy (range: 79.4e131.0 Gy), and it was
larger than the planned dose in all patients. In addition,
the V100 was larger than 90% and the V150 was less than
50% in all patients.
Discussion

Brachytherapy can deliver high and conformal radiation
doses to the target area and ensure minimal trauma is
caused to adjacent normal tissues, which in particular has
 Centre from ClinicalKey.com by Elsevier on November 15, 2019.
opyright ©2019. Elsevier Inc. All rights reserved.
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advantages in the treatment of tumors in the deep regions of
the head and neck (9e11). Before operation, it is beneficial
to create a precise plan in a BTPS, which gives oncologists
enough time to optimize the needle trajectories and seed
distribution locations (5e7,9,19,25). Nevertheless, an ideal
virtual plan in a BTPS does not necessarily imply the pre-
cise execution of the plan. In deep regions of the head and
neck, brachytherapy has to be performed under general
anesthesia, so it is vital to insert needles in the desired po-
sition(s) during a one-time procedure. If not, the time of
anesthesia must be prolonged or even another operation
must be performed under anesthesia to correct seed distri-
bution, significantly increasing the risk of complications.
To accurately transfer a virtual plan into a clinical proced-
ure, a computer-assisted workflow has been established,
whose preliminary results have demonstrated that the work-
flow was clinically feasible. The deviation was measured
regarding the planned versus placed needle tips, and the
mean deviation was 5.2 mm for 58 needles of the 10
patients.

As far as we know, a very limited number of reports
have been published to date regarding the evaluation of ac-
curacy of brachytherapy guidance (8,19,26e28). In the
literature, the mean needle deviation ranged from 1 mm
to 15 mm in various body regions. Among them, Bale
et al. reported three cases with tumors involving deep re-
gions of the head and neck (the skull base), where brachy-
therapy was performed with the guidance of a frameless
stereotactic navigation system (8). The approximate mean
needle deviation of the three cases reported was 2 mm,
3 mm, and 13 mm, respectively. In our study of 10 patients,
the deviation was measured precisely through image recon-
struction and registration. The mean distance deviation of
the planned and placed need tips was 5.2 mm. Considering
the long insertion depth and complex surrounding anatomy,
the workflow was proven to be accurate even without fixing
the head. Various factors may influence the accuracy of
needle insertion. Notably, phantom studies reported that
the targeting error of the needle was positively correlated
with the insertion depth (11, 29). However, in our study,
the correlation of the needle distance deviation and the
actual insertion depth was nonsignificant at a 0.05 level,
which may be attributed to our limited sample size.
Furthermore, because of the research methods used, we
can hardly estimate the uncertainties in each part of the pro-
cess respectively, such as deviation of navigation registra-
tion, deviation of template placement, anatomic change,
needle deflection, and so on. However, in this study, the
D90, V100, and V150 met the treatment requirements well,
indicating that the distance deviation of needle implantation
is acceptable for the individual cases included, with no rele-
vant compromise of target coverage.

From our institute, Huang et al. published the applica-
tion of a 3D-printed individual template for needle guid-
ance in head and neck brachytherapy (19, 24). The
individual template consists not only of the information
Downloaded for Anonymous User (n/a) at Peking University Health Scien
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of a patient’s skin surface appearance, which is used to
assist placement, but also of the data of the needle entrance
point and inserting orientation, making needle implantation
a quick, accurate, and single-attempt procedure. In the
computer-assisted workflow, the infrared navigation system
and 3D-printed individual template are combined together
to visualize and guide needle implantation. In one trajec-
tory, the deepest 125I seed is delivered first and then the nee-
dle is retracted 1e1.5 cm each time to deliver the
remaining 125I seeds sequentially, according to the preplan.
Thus, the virtual midpoint of the deepest seed in the BTPS
is set as the target point of needle insertion. As virtual plan-
ning data are incompatible between the BTPS and the iPlan
CMF software, the DSM serves as a ‘‘bridge’’ to accurately
transfer the virtual planning data from the BTPS to the
iPlan CMF software.

The computer-assisted brachytherapy workflow has
certain advantages. For example, with the planned and
actual needle trajectories displayed simultaneously on the
screen, the operator can compare and correct needle devia-
tion during implantation, and the use of the individual tem-
plate can avoid sources of human error. Furthermore, in a
single case, multiple needle trajectories can be designed
and needles can be guided to be inserted in different orien-
tations without moving position of the head. Besides, all the
needle trajectories are preplanned and prepared for intrao-
perative guidance, making the operation of needle implan-
tation a one-time and easy procedure, which shortens the
operation time and reduces adverse reactions. Moreover,
even though the navigation system and individual template
do not allow real-time monitoring of soft tissue mobility
and displacement during needle insertion, the intraoperative
CT imaging provides authentic feedback and allows for
real-time verification and adjustment of the needle position.
Last but not least, with the distributions of radioactive seeds
and radiation doses accurately preplanned and imple-
mented, the target area is covered with a lesser number of
seeds.

Nevertheless, the use of a computer-assisted workflow
does have some disadvantages: as the procedure of prepara-
tion is based on the preoperative CT data, alterations in the
volume and the shape of tumor or organ between the time
of the preplan and the needle implantation may lead to
inaccurate outcomes as well as prolonged time in registra-
tion and guidance procedures. Also, owing to facial soft tis-
sue deformation, the placement of the individual template
was not stable in the first few implantations of needles. In
addition, the preparation time of the workflow is longer
as compared with the regular procedure. Therefore, a sub-
sequent study will focus on the development of an updated
workflow, in which the brachytherapy treatment plan and
the computer-assisted preparation will be based on intrao-
perative CT data. The individual template will additionally
be designed to cover hard tissues (e.g., teeth) to limit move-
ment. Moreover, even though the additional preparation
time is beneficial to the patient and can improve the overall
ce Centre from ClinicalKey.com by Elsevier on November 15, 2019.
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outcomes, the working team will be trained to become
more skillful and the operation procedures will be arranged
in a more connected fashion to shorten the preparation
time.

Conclusions

The computer-assisted interstitial brachytherapy work-
flow employed in the present study was proven to be
feasible and accurate in deep regions of the head and neck.
A 3D individual template and an infrared navigation system
were successfully combined together to precisely provide a
virtual treatment plan in the operation and guidance of nee-
dle insertion.
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