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Abstract

Purpose: Recent advances in real time 3D ultrasound, EM tracking, needle position optimiza-

tion, and rapid prototyping support a radically new prostate high dose rate (HDR) brachytherapy

workflow that uses custom needle guides to insert needles. The purpose of this study is to evaluate

one part of this workflow: the needle placement error associated with using a rapidly prototyped

(3D printed) needle guide to insert skew-line needle arrangements and the effect this error has on5

treatment quality.

Method: We created four gelatin phantoms to simulate prostate cancer cases. We used Needle

Planning by Integer Program (NPIP) to generate a skew-line needle arrangement for each phan-

tom. A dose distribution was computed for each needle arrangement using Inverse Planning by

Integer Program (IPIP). We 3D printed a needle guide to accommodate each needle arrangement10

and used it to insert the needles into the phantoms. We did not use any feedback or sensing

information to alter the trajectory of the needles into a more desirable arrangement. We evaluated

the implanted needle arrangements by placement error, critical structure puncturing, and the final

dose distribution.

Results: Three phantoms were successfully implanted without puncturing any non-target struc-15

ture. One case punctured the urethra, and we considered this case a failure. The RMS distance

between the planned and implanted needles was 3.6 mm, 3.0 mm, 4.5 mm, and 2.3 mm, respec-

tively. Most of this error was along the needle insertion direction, i.e., z-direction. The RMS

distance between the planned and implanted needles was 1.4 mm, 1.7 mm, 1.5 mm, and 0.9 mm,

respectively, when only the x- and y-direction error was included. Despite these placement errors,20

a satisfactory dose distribution for our clinic was achieved for every case. The maximum difference

in target coverage between the planned and implanted needle arrangement was 2%.

Conclusion: Without the use of real-time feedback, needle insertion using custom needle guides

leads to substantial placement errors. These placement errors do not seem to affect the ability to

meet clinical dose objectives. Future work will explore these needle guides in the context of a more25

complete brachytherapy delivery system.

Keywords: HDR brachytherapy, needle planning, custom needle guides, NPIP, optimization
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FIG. 1. Recent advances in real time 3D ultrasound, EM tracking, needle position optimization,

and rapid prototyping provide the means to radically change the prostate high dose rate (HDR)

brachytherapy workflow. In this study, we evaluate the placement errors associated with inserting

needles using a custom needle guide for optimized skew-line needle arrangements, which is one part

of this workflow. Shown above is a phantom that was implanted using a custom needle guide.

I. INTRODUCTION

High dose rate (HDR) brachytherapy is a radiation therapy for cancer that places a

radioactive source in or near the tumor volume using an arrangement of temporarily inserted

needles. The dose is delivered to the patient by sequentially threading the radioactive source

through each needles, where it can halt at pre-specified dwell positions within the needle.

The dose distribution is controlled by altering the dwell time at each dwell position. Studies

have shown that HDR brachytherapy is an effective treatment for cancer in the prostate,

breast, vagina, cervix, uterus, head, and neck [1–5].

In prostate HDR brachytherapy, the catheters are inserted interstitially through the per-

ineum with the assistance of a rigid needle guide. Although needle guides help maintain a

stable trajectory during insertion, they restrict the possible needle arrangements to parallel

patterns and offer few opportunities to avoid puncturing organ at risk (OAR) structures such

as the neuromuscular bundles near the penile bulb (bulb). Roy et al [6] used custom needle

guides to insert non-parallel needle arrangements to help overcome pubic arch interference

in prostate permanent-seed implant (PPI) brachytherapy. A few groups have developed

freehand, ultrasound-guided, needle insertion techniques that do not require a needle guide
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[7]. Freehand techniques allow the physician to adjust the needle trajectories on the fly to

improve the final dose distribution and avoid puncturing OAR. However, the effectiveness

of freehand techniques is highly skill dependent, and it can take years to master.

Recently there has been a research trend away from parallel needle arrangements in HDR

brachytherapy. Foster et al [8] showed that inverse dose planning could compensate for small

placement perturbations in needle arrangements. Cunha et al [9] and Xu et al [10] showed

that needle arrangements made up of skew-lines (i.e., non-parallel, non-intersecting lines)

could achieve brachytherapy dose objectives while avoiding puncturing the bulb. Siauw et al

[11] developed Needle Planning by Integer Program (NPIP), which is an inverse planning tool

for computing patient-specific, skew-line needle arrangements, and Garg et al [12] showed

that a robotic workflow could insert NPIP-generated needle arrangements in a clinical setting

with sufficient accuracy to meet dose objectives and avoid puncturing OAR.

Although robot-assisted brachytherapy is a promising framework for performing skew-

line, brachytherapy needle insertion, recent advances in 3D ultrasound technology and rapid

prototyping allow an alternative framework for this purpose. This framework assumes a

clinical environment with real-time, 3D trans-rectal ultrasound [13, 14] , electro-magnetic

(EM) needle tracking [15, 16], a rapid prototyping method such as 3D printing or CNC

milling/drilling, and an integrated planning system capable of dose planning and needle

position planning [11, 17, 18] in addition to the regular brachytherapy delivery infrastructure,

i.e., operating room, afterloader, etc. A system with these components could ultrasound scan

the patient, design a needle arrangement and custom needle guide, manufacture the guide,

and allow the physician to use it to insert the needles. This system would not require

the patient to move between rooms to acquire a CT scan. The patient might also benefit

from a needle arrangement with fewer needles that avoids puncturing non-target structures

while meeting dose objectives, and this needle arrangement could be implanted with the

consistency of traditional needle guides and the assistance of EM tracking.

The purpose of this study is to evaluate one part of this framework. Specifically, we

evaluate the placement error associated with inserting needles according to a custom needle

guide and the effect this error has on the number of structures punctured and the ability

to meet treatment objectives. For this study, the needle insertion is performed outside the

context of the overall system. Specifically, we do not use any real time feedback to alter the

needle arrangement or avoid puncturing non-target structures, and thus the needle insertion
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FIG. 2. We performed our needle insertion study on prostate gelatin phantoms (left). The regions

of interest included the prostate, urethra, bladder, rectum, penile bulb, and pubic arch. The

phantom was registered to the needle guide using a base built specifically for this study (right).

The base contained two base rods, which interfaced with the custom needle guide. This figure

shows the base from top view.

is open-loop. We perform several placement experiments on prostate gelatin phantoms and

discuss implications for the overall workflow. Figure 1 shows our experimental endpoint

with a custom needle guide, phantom, and implanted needles.

II. METHOD AND MATERIALS

A. Gelatin Phantoms

Four gelatin phantoms were constructed to simulate human prostate cancer cases. These

phantoms cases were labeled C1, C2, C3, and C4, respectively. The anatomical structures

included the prostate, urethra, bladder, rectum, penile bulb, and pubic arch. The prostate,

bladder, and penile bulb were made from small, latex water balloons filled with a water-milk,

gelatin mixture. A plastic drinking straw segment was inserted into the prostate balloon to

simulate the urethra length within the prostate. The pubic arch was constructed from clay,

which was not puncturable by our needles. The rectum was simulated by a 1 inch (2.5 cm)

diameter plastic tube. The phantom was housed in a 4 in × 4 in × 5 in (10 cm × 10 cm ×

12 cm) acrylic box. The anatomical structures were supported by a water, gelatin matrix

that had a strong CT contrast to the mixture used for the prostate, bladder, and penile

bulb. Figure 2 (left) shows a phantom used in this study. The relevant components and
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measurements are labeled.

The contoured prostate volumes for each phantom were 27 cm3, 26 cm3, 31 cm3, and 32

cm3, respectively.

B. Phantom Registration

A base was constructed to register the phantom to the planning system and the cus-

tomized guide (Figure 2 (right)). The base was constructed out of wood, which did not

produce CT artifacts that could interfere with structure identification and segmentation.

The base was designed such that the insertion face of the phantom and the needle guide

would be parallel and 2 cm apart. The phantom was immobilized by side supports that were

tight to the outer housing of the phantom. The base was designed to hold a rectangular

needle guide measuring 12 cm wide × 10 cm tall × 2 cm thick. The guide was immobilized

by two rods that were perpendicular to the base and 11 cm apart. These rods were con-

structed from 3/8 in. (4.8 mm) wooden dowels embedded into the base. Each shaft had an

associated mating hole in the designed guide.

C. Needle and Dose Optimization

The phantom was placed into the base and scanned using a spiral CT in 3 mm thick

slices. The anatomical structures manually segmented in Oncentra v4.3. No margins were

added to any of the structures. The base and the phantom housing were also segmented to

help register the phantom with the planning system.

A needle arrangement was computed for each anatomical structure set using Needle

Planning by Integer Program (NPIP) [11]. Given a set of anatomical structures, NPIP

computes the smallest needle arrangement (fewest needles) such that every voxel within the

target is within a user-specified distance, δ, from at least one needle in the arrangement.

NPIP guarantees that the needles in the arrangement do not come within a distance, γ,

from each other (i.e., collision free) and do not puncture any non-target structures. For this

study, the γ parameter was set to 4 mm, which was twice the diameter of the needles used

in this experiment. In addition to the anatomical structures and δ and γ parameters, NPIP

requires an entry zone definition, i.e., convex polygon, through which needles can be inserted
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FIG. 3. We computed a planned needle arrangement (red lines) using Needle Planning by Integer

Program (NPIP). NPIP is an algorithm for computing custom skew-line needle arrangements that

avoid puncturing non-target structures while covering the entire prostate region. A needle guide

mesh for the computed needle guide was then computed (red mesh). The coordinate axis convention

is also shown.

into the body. In practice, the entry zone for needles is on the surface of the perineum. Since

the perineum was not modeled in our phantoms, the entry zone was taken to be a 6 × 6 cm

square, perpendicular to the z-axis, centered at the center of mass of the contoured housing

of the phantom. By design, this entry zone was expected to be at the back face of the guide,

and smaller than the working area of the phantom, which was 10 × 10 cm. In practice,

the entry zone is most restricted by the pubic arch. Specifically, needles must be inserted

at a location and trajectory such that they will avoid the pubic arch. Since the pubic arch

was a contoured structure in this study, the location of the entry zone did not need to be

restricted by the structure geometry, only the guide geometry.

The final NPIP needle arrangement is selected from a candidate needle set - a large,

randomly generated set of skew-line (i.e., non-parallel, non-intersecting) segments that orig-

inate from the entry zone. For this study, the initial number of needles generated for the

candidate needle set was 5000. Candidate needles that do not intersect the prostate, or

7



intersect an OAR before intersecting the prostate, are removed from the candidate needle

set. The remaining needles are truncated to the last (most superior) dwell position within

the prostate, or the last dwell position in the prostate before intersecting an OAR. For this

study, the δ parameter was initially set to 32.5% of the prostate radius, which was defined to

be the radius of a sphere with equivalent volume to the prostate. This selection of δ usually

produces needle arrangements with approximately 14-16 needles [11], where 16 needles is

the standard number of needles used at our clinic for HDR brachytherapy. The δ parameter

was adjusted from this value as needed to produce a dose plan that met dose objectives.

In NPIP, the final needle arrangement is evaluated by computing a dose plan for it using

Inverse Planning by Integer Program (IPIP) [19]. IPIP is a dose planning algorithm that

directly optimizes dosimetric indices. It maximizes target coverage and is guaranteed to meet

OAR sparing constraints. For this study, dose plans were computed using a prescription dose

of 950 cGy, and the source used was Ir-192. Dwell positions were created every 5mm along

each needle starting at the tip. Only dwell positions inside the prostate were activated for

dose planning. The dose rate parameters were calculated using the point-source formula

found in the TG-43 dose calculation protocol [20]. The dose objectives used for this study

were the standard dose objectives used at our clinic, and they can be found in the second

column of Table I. These dose objectives are based on the recommendations found in the

Radiation Therapy Oncology Group (RTOG) 0321 protocol [21]. If the dose plan met the

target coverage requirement, and therefore all the requirements, then the needle arrangement

was finalized. Otherwise, the δ parameter was adjusted until dose objectives were met by

IPIP.

The optimization calculations were carried out using the Matlab interface for CPLEX

12.4, an industrial-grade optimization toolbox by IBM. All calculations were performed on

an iMac with a 3.2 GHz Intel Core i5 processor and 16 GB of RAM.

The final planned needle arrangements were labeled P1, P2, P3, and P4, for C1, C2, C3,

and C4 respectively. The final number of needles in the arrangements computed for each

phantom was 14, 14, 13, and 15, and the target coverage was 95%, 96%, 95%, and 96%,

respectively. All other dose constraints were met for the planned arrangements.
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FIG. 4. The guide mesh contained cylindrical channels for each of the needles and two larger

base shafts to interface with the base rods (left). We wrote this mesh to a Standard Tesselation

Language (STL) file, which is the standard input for 3D printers and 3D printed the needle guides

in ABS plastic (right) using a uPrint Plus (Stratasys).

D. Needle Guide Design and Construction

Once a needle arrangement was computed, a triangle mesh was generated for a guide

that would produce that arrangement and interface with the base. The surface mesh was

generated using in-house software specifically designed for this use-case. The guide was

designed to be 12 ×10 × 2 cm with a working area (i.e., space available for needles) of

10 × 10 cm in the x-y plane, centered on the guide, and the front face of the guide was

expected to be 2 cm from the entry face of the phantom. The guide had two circular shafts

to interface with the base rods. The shafts were parallel to the y-axis with centers 1 cm from

either side on the x-axis, and centered on the guide along the z-axis. Thus the shafts were

11 cm apart, as required by the base. The shafts were designed to be 6 mm in diameter,

which is approximately 1 mm more than the measured diameter of the rods. Each needle

was intersected with the workspace of the guide and a cylindrical hole, along the direction

of the needle, was added to the surface mesh to accommodate it. The holes were created 2

mm in diameter for 1.8 mm diameter needles. The triangle mesh was written to a Surface

Tesselation Language (STL) file, which is a standard file format for input to 3D printers.

The guides were printed from the STL files using a uPrint SE Plus (uPrint). The uPrint

has a minimum slice resolution of 0.254 mm, which was used for this study, and it has a

building volume size of 8 × 8 × 6 in. (204 × 204 × 152 mm). The guides were printed

in ABS plastic, and the support material was an SR-30 soluble material. The guides were
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FIG. 5. Planned needle arrangements (red) and actual needle arrangements (black) for each case.

The units of the axis are in millimeters. Most of the error is in the z-direction, which is along the

needle insertion direction. We expect these errors to be reduced when needles are inserted in the

context of a brachytherapy workflow with real-time ultrasound feedback, electromagnetic tracking,

and software integration.

printed using the lowest density setting and laid out such that the smallest guide dimension

(2 cm) was perpendicular to the printing slices. This layout was used to conserve support

material and speed up printing time. The guides each took approximately 4 hours to print,

and the support material was dissolved in a lye bath, which took between 4 and 8 hours.

The printed guides fit tightly to the base rods, which did not allow movement between

the base and the guide.

E. Needle Insertion

To perform the needle insertion, the phantom and needle guide were placed onto the base.

Our experimental setup is shown in Figure 1. A visual interface was designed to assist with

the needle insertion step. This interface visually displayed a diagram of the back side of the

guide, with needle numbers and insertion depths. The number of each needle was marked

on its associated hole. HDR brachytherapy needles were numbered, and rubber stoppers cut

from 1/16 in. diameter (1.6 mm) rubber tubes were placed on each needle at the insertion

depth specified by the needle insertion interface. The insertion depth was measured from

the back of the needle tip. Loading the rubber stoppers onto the needles took less than 10

minutes for each case.

The needles were inserted one at a time up to the stoppers. The needles were twisted
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back and forth as they were inserted to facilitate the puncturing of the prostate membrane.

There was no ultrasound imaging during needle insertion, and no attempt was made to

deviate from the needle arrangement set by the guide. Inserting the needles took less than

5 minutes.

F. Post-processing

Once the needles were inserted, the inner metal stylets of the needles were removed.

The phantom, base, guide, and needles were CT scanned. The anatomical structures and

needles were segmented in Oncentra. The coordinate systems between the pre- and post-

implant scans were registered together using the corner points of the phantom housing. The

registration transformation between these two point sets was computed using the Coherent

Point Drift Algorithm (CPD) [22]. The actual implanted needle arrangements were labeled

A1, A2, A3, and A4, for C1, C2, C3, and C4, respectively. A dose plan was generated using

IPIP for each implanted arrangement.

We recorded the volumetric dose distribution and the placement error of the needles

for each planned and actual needle arrangement. We also computed a trauma metric that

was proposed in Garg et al [12], which is defined as the structure volume displaced by a

puncturing needle.

III. RESULTS

The planned and actual needle arrangements for each case are shown in Figure 5. The

needles were inserted up to the rubber stoppers at the pre-specified depth. However, some

of the needles were pushed out a few millimeters by pressure from the gelatin after they

were inserted and had to be pushed back in. The relevant numerical results for this study

are shown in Table I. The largest difference in prostate volume between the pre- and post-

implant was 6% (2 cm3). Target coverage and OAR sparing constraints were always met

for both the planned and actual arrangements. Target coverage between the planned and

actual arrangements were within 2% for every case. The trauma metric is computed by the

structure volume displaced by the needle arrangement. This value was computed as the

product of the number of penetrated slices, the CT slice thickness, which was 3mm, and the
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FIG. 6. Failure case for this study. The shown structures are the prostate (blue), urethra (magenta),

and penile bulb (cyan). Due to placement error, the planned needle (red) hit the urethra. Since

the urethra was modeled by a plastic drinking straw, it could not be punctured (as it would have

in a real case) and so the needle turned into the urethra (black).

cross sectional area of the needle, which was conservatively taken to be 1 mm radius. There

were three bulb slices punctured in C2, which resulted in a trauma of 28 mm3. The urethra

was also punctured in C2, which is described in more detail in the following paragraph. The

trauma metric was 0 for every structure in every other case.

We considered C2 a failure because one needle hit the inside of the bottom of the urethra,

and since the urethra was made from a plastic straw, which was not amenable to puncturing,

the needle turned in the direction of the urethra and penetrated it throughout its entire

length. This failure mode could not happen in a real case because the urethra would been

punctured. The same needle also punctured the penile bulb. A diagram of this failure case

is shown in Figure 6. The dwell positions in the needle that punctured the urethra in C2

were not included in dose planning.

We used the method in Garg et al [12] to evaluate needle placement error. Points were

generated along each planned and actual needle from the tip to 6 cm of its length spaced at

1 mm. The total placement error was computed as the root mean squared error (RMSE)

between the corresponding points in the planned and actual arrangements. The total RMSE

were 3.6 mm, 3.0 mm, 4.5 mm, and 2.3 mm, respectively. This is larger than the errors

reported in Garg et al [12]. The majority of this error is in the z-direction, which is primarily
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C1 C2 C3 C4

unit P1 A1 P2 A2 P3 A3 P4 A4

VProstate cm3 27 27 26 28 31 33 32 33

Needles # 14 14 (13) 13 15

VProstate
100 ≥ 90 % 95 94 96 97 95 95 96 94

VProstate
150 ≤ 45 % 39 38 35 26 39 42 35 36

VUrethra
125 ≤ 0.1 cm3 0.07 0.07 0.06 0.04 0.08 0.07 0.06 0.08

VUrethra
150 = 0 cm3 0 0 0 0 0 0 0 0

VBladder
75 ≤ 1 cm3 0.16 0 0.48 0.85 0.30 0.52 0.90 0.62

VBladder
100 = 0 cm3 0 0 0 0 0 0 0 0

VRectum
75 ≤ 1 cm3 0 0 0 0 0 0 0 0

VRectum
100 = 0 cm3 0 0 0 0 0 0 0 0

VBulb
75 ≤ 1 cm3 0 0 0 0.05 0 0 0 0

VBulb
100 = 0 cm3 0 0 0 0 0 0 0 0

VBody
100 = 0 cm3 0 0 0 0 0 0 0 0

TBulb mm3 0 0 0 28 0 0 0 0

RMSEx mm 0.7 (0.7) 1.4 (1.2) 1.2 (1.1) 0.6 (0.6)

RMSEy mm 1.2 (0.5) 0.9 (0.9) 0.9 (0.6) 0.7 (0.6)

RMSEz mm 3.4 (1.8) 2.5 (2.4) 4.2 (2.4) 2.1 (1.7)

RMSE mm 3.6 (1.9) 3.0 (2.8) 4.5 (2.8) 2.3 (1.9)

RMSExy mm 1.4 1.7 1.5 0.9

TABLE I. Dosimetric data, trauma metrics, and needle placement errors for this study. The needle

placement errors are reported as the root mean squared error (RMSE) between points generated

along each needle in the planned and actual needle arrangement. The RMSE errors are reported

in the x-, y-, and z-direction separately, the total distance, and in only the x- and y-direction. Our

results showed that most of the error was along the needle insertion direction. In parenthesis are

the RMSE after the planned and actual needle arrangements were rigidly registered. Since these

errors are still large, registration error is not a likely cause of the total error in our experiment.

along the needle insertion direction and least restricted by the guide. The RMSE between
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the planned and actual needles was 1.4 mm, 1.7 mm, 1.5 mm, and 0.9 mm, respectively,

when considering only the error in the x- and y-direction. We used CPD to compute the

rigid transformation between the planned and actual needle arrangement and the associated

errors, which are shown in parenthesis in Table I. The RMSE after the planned and actual

arrangements were registered was 1.9 mm, 2.8 mm, 2.8 mm, and 1.9 mm, respectively. The

majority of the reduction in RMSE came from an improvement in the z-direction.

IV. DISCUSSION

Our results suggest that skew-line needle guides can achieve high needle insertion accuracy

in the x- and y-direction but have large errors in the z-direction. There are two likely causes

for high error in the z-direction. Since the needle insertion direction is primarily in the

z-direction, the errors in the z-direction could be caused by uncertainty in needle insertion

depth due to reinserting the needles, or the error could be caused by uncertainty in finding the

needle tip during segmentation, since the scans were taken in 3 mm slices in the z-direction.

The needle placement errors are not likely caused by errors in registration since performing

a least-squares transformation between the planned and actual needle arrangements did not

eliminate the majority of the error.

The needle placement errors resulted in one failure case. Although in practice this case

would have been catastrophic, the custom needle guides explored in this study are expected

to be used in the context of a system that includes real-time ultrasound feedback and EM

tracking, which would allow the user to abort the needle if it was about to puncture an

OAR. Needle guides could be populated with redundant channels that could be used as

alternatives in this case. The ultrasound and EM tracking could also potentially reduce the

overall placement errors found in this study.

Currently the vast majority of the workflow time is spent in printing the needle guides.

However, it is possible that 3D printing speed will improve as the technology continues to

develop. It is also possible to produce the needle guides using a 5-axis CNC drill. However

for this study, we did not have access to a CNC drill, and it is reasonable to assume that

hospitals will be equipped with 3D printers in the future given the amount of work in medical

applications of 3D printing [23], including in brachytherapy [24].
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V. CONCLUSION

We evaluated the needle placement errors associated with using custom, skew-line needle

guides for prostate HDR brachytherapy. The placement errors in the x- and y-direction

were small, but there were substantial errors in the z-direction. This error did not affect the

ability to meet treatment dose objectives. To reduce errors, future work should evaluate the

use of custom needle guides in the context of a system that includes real time ultrasound,

EM tracking, and novel optimization techniques.
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