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Radiation therapy frequently involves highly customized and
complex treatments, employing sophisticated equipment, that
require extensive patient-specific validation to verify the accuracy
of the treatment plan as part of the clinical quality assurance (QA)
process. This paper introduces a novel, reconfigurable QA phan-
tom developed for the spatial validation of radiosurgery treatments
of multiple brain metastases (MBM). This phantom works in con-
Junction with existing electronic portal imaging detector (EPID)
technology to rapidly verify MBM treatment plans with submillim-
eter accuracy. The device provides a 12x12x 12c¢ni’ active
volume and multiple, independently configurable markers, in the
form of 3 mm diameter radiopaque spheres, which serve as surro-
gates for brain lesions. The device is lightweight, portable, can be
setup by a single operator, and is adaptable for use with external
beam radiotherapy (EBRT) techniques and stereotactic linear
accelerators (LINACs). This paper presents the device design and
fabrication, along with initial testing and validation results both in
the laboratory, using a coordinate measuring machine (CMM) and
under simulated clinical conditions, using a radiosurgery treat-
ment plan with 15 lesions. The device has been shown to place
markers in space with a 0.45 mm root-mean-square error, which is
satisfactory for initial clinical use. The device is undergoing fur-
ther testing under simulated clinical conditions and improvements
to reduce marker positional error. [DOIL: 10.1115/1.4044402]

1 Introduction

There are over 30 x 10° cancer patients worldwide and this
number keeps growing [1]. Twenty to forty percent of these
patients will have their cancer spread to the brain (brain metasta-
ses) [2]. Lung, breast, renal, and colorectal cancers are most com-
mon to metastasize into the brain [2]. The single most common
form of treatment for brain metastases is external beam radiation
therapy (EBRT), which uses ionizing radiation to kill cancer cells
[1], which are commonly small in nature (on the order of mm to
cm) and often present in multiple locations (multiple brain metas-
tases (MBM)) [3]. Due to the delicate nature of irradiating the
brain, advanced EBRT techniques such as volumetric modulated
arc therapy (VMAT) are used to target MBM lesions, while spar-
ing healthy tissue [1,4]. These advanced treatment techniques are
preferred because they are based on highly conformal treatment
plans, capable of precisely targeting millimeter-sized lesions in a
single fraction [5].

To target cancerous lesions, ionizing radiation is delivered to
patients using a medical linear accelerator (LINAC) in a hospital
setting. Modern LINACSs generate microwaves using a magnetron
or klystron. The microwaves accelerate electrons, inside the
LINAC’s gantry, to 6-15MeV. The accelerated electrons strike a
tungsten foil, causing it to emit Bremsstrahlung X-rays. The
X-rays are then shaped into a beam by a sequence of coarse aper-
tures and dynamically filtered to ensure optimal dose across the
entire irradiation volume [6,7]. Finally, the beam passes through a
multileaf collimator (MLC), which dynamically shapes it while
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the gantry rotates about the patient. In this way, the X-ray flux is
modulated in three dimensions (3D) to conform to the exact shape
of the tumor being targeted [1,8,9].

While the precision of modern LINACs has enabled high-
precision treatments, it has not eliminated all of the errors associated
with EBRT treatments [4]. Common sources of error associated
with EBRT treatments stem from image-guided patient setup,
patient movements during treatment, and spatial inaccuracies in the
beam caused by LINAC gantry and MLC motions as well as MLC-
shaped beam modeling by the medical personnel [10,11]. In a recent
radiotherapy report, however, it is observed that errors can arise
from a number of different sources, some of which are hospital-
specific and some systemic [1]. These sources include decline in
LINAC precision over lifetime (10 yr), insufficient training, experi-
ence or competence of hospital staff, stressed or fatigued personnel,
bad procedural design, overreliance on automation, poor communi-
cation and lack of team work, hierarchal department structure that
discourages ground-up initiative, working conditions, availability
of resources, and presence of distractions and frequent or sudden
procedural changes [1]. The cumulative effect of these errors can
lead to large differences between intended and delivered dose, and
grave consequences for the patient [1,12].

To reduce the sources of error during the radiosurgery process,
extensive quality assurance (QA) is required, which has driven up
the cost of MBM treatments [13—16]. Specifically, QA is required
to verify the patient-specific treatment plan in order to validate the
geometric accuracy and dosage before irradiating the patient
[12,17]. Figure 1 shows the typical steps in the radiosurgery
process using VMAT, with the critical steps of the QA process
highlighted in the box.

Medical personnel use various hardware and software-based QA
systems daily, monthly, and yearly to calibrate equipment and ver-
ify treatment plans [1,12,18,19]. In detail, the following state-of-
the-art hardware and software-based techniques are currently used
for QA of MBM treatments plans: (a) film two-dimensional (2D)
dosimetry [17], (b) 2D detector arrays (diode or ionization cham-
ber arrays) [17], (c) electronic portal imaging detector (EPID)
transmission dosimetry [17,20,21], (d) LINAC log-file-based com-
putational dosimetry [19,22], and (e) radiosensitive gel 3D dosime-
try [17,19]. Film dosimetry is a hardware-based technique that
uses radiosensitive film to show the radiation beam pattern formed
by the MLCs [22]. It has a high spatial resolution but only makes
2D measurements, can be time-consuming, and prone to errors due
to film calibration and film scanning [17,22]. Commercial detector
array QA systems are hardware-based systems that use an array of
detectors to measure spatial accuracy and dosage. They have insuf-
ficient spatial resolution in the plane of the detector for MBM
treatments and cannot provide reliable 3D dose data directly in the
locations where the tumors are present [17,21-24]. Devices with
multiple detector arrays at various locations can measure dose for
all MBM lesions but they are very time-consuming and not feasi-
ble for routine verification. EPID systems are hybrid systems that
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perform computations based on data from a physical detector
aligned with the LINAC’s X-ray beamline. They measure the
beam shape formed by the MLCs and predict dose with high spa-
tial resolution in 3D but do not verify dose directly at the location
of the lesions [25,26]. Similarly, log-file QA systems are software-
based systems that perform dose computations solely using MLC
position data from sensors on the LINAC and are prone to algorith-
mic or modeling errors [22]. Radiosensitive gel 3D dosimetry is
the most advanced hardware-based technique that uses a volume
of radiosensitive gel that polymerizes upon radiation [27]. It pro-
vides both high spatial resolution and makes dose measurements in
3D, but it requires optical tomography scanning, which adds cost
and is inefficient in routine QA [17,19,27].

In general, patients mimicking physical devices, also known as
phantoms, are preferred for QA because they provide a direct
measurement of dose and spatial accuracy of treatment plan prior
to irradiating the patient [17]. To ensure accurate and repeatable
results, phantoms are placed on the treatment couch and aligned
and calibrated to the coordinate system of the treatment room.
Optical line lasers mounted on the walls of the treatment room
and cone beam computed tomography (CBCT) imaging are used
to automatically align the phantom with the line lasers [10]. The
LINAC coordinate system is defined by carefully positioned line
lasers that intersect at the desired origin, called the isocenter
of the LINAC [12]. Figure 2 shows a sample LINAC setup on a
Varian Edge STx LINAC (Varian, Palo Alto, CA) used for radio-
surgery with our phantom on the treatment couch.

Due to the complex and experimental nature of radiotherapy
treatments and QA, there is limited published data on the
cost-effectiveness of specific QA systems [14-16]. In 2003, a
cost-analysis technique called activity-based costing (ABC)
was applied to radiotherapy to quantify costs associated with
radiotherapy treatments [16]. The technique allocates cost to
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Fig.2 LINAC setup labeled with major components
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activities based on resource consumption. In a recent study,
comparing costs of the Leuven University Hospital in Belgium
from 2000 to 2009, the ABC technique concluded that the QA
costs had the largest rise from 7% to 17% of total costs associ-
ated with radiotherapy. It is suggested that the sophistication of
new QA equipment has led to this spike in QA costs [14].
Despite these conclusions drawn by the ABC cost-analysis
technique, the lack of real data on specific QA systems makes it
is difficult to quantify and compare time and cost associated
with specific QA systems. Thus, with only anecdotal data,
there is no standard on treatment plan QA, leaving radiation
oncologists to use QA systems based on needs, experience, and
comfortability with each device.

Hardware-based phantoms that use EPID, film dosimetry,
detector arrays, or gel dosimetry technology are currently used for
MBM treatments but they have the aforementioned limitations.
Specifically, film dosimetry and gel dosimetry phantoms require
scanners, which add extra time, cost, and potential for errors to
the QA process. In contrast, detector array systems can be used
stand-alone but require extensive time for routine QA due to their
complexity. Additionally, detector array-based phantoms have
integrated electronics, which poses a potential risk of damage
with complicated treatment plans. Last, in the present commercial
detector array, or EPID QA systems, simulation of treatment with
nonzero couch angles is not possible, which is a serious limitation
of such systems in end-to-end tests. In general, there is no “one
size fits all” commercially available brain phantom due to the
complexity and time it takes to configure current phantoms [1,3].
As a consequence, in practice, a combination of commercially
available or custom-made, in-house QA systems is typically used
to calibrate the LINAC and verify the treatment plan.

Because of these limitations, the gold standard is to employ a
simple-to-use patient-specific phantom with fiducials, detectors,
or dosimeters placed at the treatment locations and directly mea-
sure dose with sufficient spatial accuracy to validate the entire
treatment plan in a single fraction. In this context, both high
spatial resolution and an efficient QA system for a direct measure-
ment of targeting of MBM lesions in a single treatment are essen-
tial for maintaining high QA of the MBM treatments.

We conjecture that a higher standard of QA, yet to be offered
by any prior device, could be accomplished by enabling “full
rehearsal.” In other words, an end-to-end QA procedure in which
the phantom exactly replicates the topology of a patient’s lesions
and allows all mechanical, optical, and radiative components of
the LINAC setup to act in the exact same sequence, as they will
during treatment of the actual patient, would provide a higher
standard of QA. To achieve this, we propose a highly accurate
mechanical phantom that is capable of placing physical markers
to simulate lesions, in 3D space. Used with existing EPID technol-
ogy, available on all modern LINACs, the QA system will verify

Table 1

both, dosage delivered and spatial accuracy of the radiation
beam at the direct location of each lesion, thus verifying the total
accuracy of the treatment plan.

This paper presents the design, fabrication, and testing of a
manual, easily customizable, and reconfigurable proof-of-concept
phantom capable of representing multiple, patient-specific MBM
targets in 3D space. The phantom has sufficient resolution to vali-
date the spatial accuracy of treatment plans in a single step, which
represents an advance over existing phantoms that must be used in
a piecewise manner, requiring multiple irradiations to the same
treatment plan, or in conjunction with other equipment. The phan-
tom relies on manual setup to combat an overreliance on automa-
tion. The phantom will reduce error from lack of training by
offering a fast and easy procedure for placing markers. In addi-
tion, the phantom is customizable and reconfigurable to adapt to
any patient and any EBRT technique and increase the efficiency
and verification of the pretreatment QA process. In practice, it is
able to accurately position of up to 20 fiducial markers in a
12x 12 x 12cm® active volume, with minimal obstruction and
attenuation of the irradiating beam by the structure of the phan-
tom. The phantom will thereby allow for “full rehearsal,” a higher
standard of QA.

2 Methodology

The design process utilized a coarse-to-fine methodology begin-
ning with broad functional requirements, determined from the clin-
ical needs and the limitations of current QA methodologies, then
reduced to target specifications. Various distinct designs for the
strategies were presented to the clinicians and peer-reviewed prior
to the fabrication and testing of the current prototype.

2.1 Functional Requirements. The phantom’s requirements,
outlined in Table 1, are comprised of both technical and, equally
important, usability requirements as specified by the clinical team.
Requirements nos. 1-4 are hard requirements that stem from the
clinicians’ experience with various state-of-the-art phantoms and
radiotherapy techniques as well as the knowledge of radiobiologi-
cal response of normal brain and brain metastases to treatment.
Specifically, the 0.2 mm positional error requirement (no. 2) was
chosen because it is in agreement with previous studies and it is
one order of magnitude smaller than the maximum acceptable
error of 1 mm associated with LINAC-based radiosurgery. It has
been shown in radiosurgery literature that the actual treatment
plan delivered to the patient can have errors stemming from
CBCT-based patient setup, patient movements, and LINAC gan-
try sag and MLC motions alone that can exceed 1 mm [28,29].
Therefore a phantom that is accurate down to 0.2 mm is sufficient.

The 5deg increment rotation in requirement no. 5 was not
a hard requirement but is very important in enabling QA for

Requirements for phantom

No. Requirement

Requirement details

1 Independent marker placement in active
volume

To represent the MBMs in various locations in the brain, the position of each marker, up to 12
markers, must be independently adjustable in 3D space using a Cartesian coordinate system

(X, Y, Z), in an active treatment volume of no less than 12 x 12 x 12 cm?’.

2 Marker resolution and positional error

Markers can have discrete 5 mm resolution in the X and Y axes, but must have continuous

position control in the Z-axis (cranio-caudal axis). The total allowed marker positional error was
estimated to be up to 0.2 mm in any arbitrary direction from the desired position of the marker.

3 Radiolucent and resistant to radiation

The entire phantom, excluding the markers, must be radiolucent—transparent to megavoltage

radiation—with the markers able to be clearly seen in X-ray images. In addition, every
component of the phantom must be made of materials that have long-term resistance to radiation
damage, e.g., radiation can warp and embrittle certain plastics.

4 Setting and locking the X, Y, and Z axes

The X, Y, and Z axes must have clear labels and provide a means for the operator to easily set the

marker positions. Once set, at the desired (X, Y, Z) coordinates, all the markers must be locked in
place and not move during simulation of the patient treatment.

5 Phantom rotation and position features

The entire phantom must rotate manually at discrete 5 deg increments, relative to the LINAC,

while on the treatment couch, and must have crosshair features to align with the room laser posi-

tioning system.

Journal of Medical Devices
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Fig. 3 Initial prototypes displaying matrix of discrete rods with
attached markers

patient-specific treatment plans with multiple treatment couch
irradiation angles. Allowing the phantom to precisely be posi-
tioned at different angles, while the couch is aligned with the
Z-axis, makes delivery of all treatment arcs possible due to couch-
EPID clearance. A common issue associated with nonzero couch
angles is that the EPID detector collides with the couch during
gantry motions. This precludes EPID for treatment plans requiring
arcs with a rotated couch. To our knowledge, no commercial
phantoms are able to be discretely or continuously rotate about
their Y-axis while on the treatment couch to allow for rapid QA at
various couch angles.

The main goal of the phantom was to serve as a reconfigurable
QA device able to simulate multiple brain lesions at custom loca-
tions, in 3D space, thus allowing clinicians to validate the treat-
ment plan in a single fraction. With this goal in mind, the team set
out to build a proof-of-concept device that is robust and compati-
ble with high-definition MLC LINACS (2.5 mm MLC leaf width)
equipped with EPID and CBCT with 1mm accuracy. In this
context, robust is defined as capable of being setup by a single
operator in under 30 min, and lasting for up to the lifetime of the
LINAC (10yr).

2.2 Concept. Using the requirements listed in Table 1, various
low fidelity prototypes were constructed out of LEGO™ bricks
(LEGO, Billund, Denmark). Shown in Fig. 3, the most promising
concept for marker placement that emerged comprised two dis-
creetly adjustable axes and one continuously adjustable axis. At
left, the markers are placed extending upward (in the Y-direction)
from a base plate, as a function of the addition on discrete seg-
ments (blocks), while at right, they slide in and out (in the Z-direc-
tion) of a vertical plate with more flexibility in the Z-direction.
Additional concepts with electromechanical actuation were consid-
ered, but a prepositioned, mechanical solution provided a more
robust, less complex path toward meeting the radiolucent and
resistance to radiation requirement. Additional feedback from
LINAC operators indicated that they would be satisfied with a “set
and forget” system and that minimizing complexity of operation
and storage was important. The design at right was selected pri-
marily to decrease complexity, by using a single sized rod. Follow-
ing additional analysis regarding constraints, trade-offs, and with
further input from LINAC operators, all of the individual compo-
nents of the phantom underwent rigorous engineering design and
error budgeting to address the functional requirements.

3 Design and Fabrication

3.1 Phantom Design Overview. The full phantom design is
shown in Fig. 4, with individual modules labeled on the CAD ren-
dering. On the left, the phantom is shown as it would sit on the
LINAC couch. On the right is the Z-set fixture, which is used for
setting the position of the markers along the Z-axis. Each module
was engineered to minimize its contribution to the overall error

045003-4 / Vol. 13, DECEMBER 2019
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Fig. 4 A CAD rendering (top) and the fabricated (bottom) phan-
tom assembly and Z-set fixture

budget, which was used to predict marker positional error,
described on a per-module basis.

3.2 Module Design. Frame: The frame, shown in Fig. 5, con-
sists of two walls (bulkheads), structurally connected with carbon
fiber (CF) tubes. A clear acrylic shell surrounds the frame to protect
the markers and is scribed with crosshair marks to meet require-
ment no. 5 (Table 1). The crosshairs are used in conjunction with
the treatment room’s line lasers, marking the center of the LINAC
(isocenter), and the room coordinate system to align the phantom’s
center with the LINAC’s isocenter. The CF tubes were chosen to
maximize bending moment, while minimizing material that could
interfere with imaging, so as to meet requirement no. 3.

Each bulkhead consists of a pair of 6.35mm thick, precision
ground flat aluminum plates that are press fit together. The two

Bulkheads

CF tubes
flexures

(b)

N O d ®©

N

clear acrylic
shell

(@) A

’E‘ (c)

Fig. 5 A CAD rendering of (a) the phantom’s frame, (b) pin and
flexures for bulkhead plate alignment, and (c) irregular shaped
hole geometry
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Fig. 6 A CAD rendering of the rod-marker assembly (left) and
rod collar (right)

plates of each bulkhead are aligned with nine pins and spacers
that project from one plate and engage flexures on the mating
plate, thus using elastic averaging to avoid errors and stresses due
to over constraint [30,31]. The plates are separated by 6.54 mm;
which accommodates the locking mechanism. To meet require-
ment no. 2, each plate is perforated with holes spaced 5 mm apart
on each axis on a 29 x 29 grid. Each hole’s geometry is nominally
circular with two flats to enable exact constraint of each rod-
marker assembly, when positioned in the hole. Last, projecting
from the bottom of each bulkhead are two hemispherical contacts.
These couple with the V-shaped grooves on the indexing base to
provide the rotational positioning to meet requirement no. 5. The
bulkheads are the most intricate part of the frame, designed to
contribute only a few microns of marker positional error, as a
function of tolerances in the hole diameter, and plate misalign-
ment. This error was assumed to be negligible.

Rod-Marker Assembly: Each independent assembly, as shown
in Fig. 6, consists of a 3mm tungsten-carbide marker that is
bonded to the end of a 150 mm alumina rod fitted with a custom
polycarbonate rod collar that sets the rod’s Z-axis position. The
rod collar has a three-prong, internal flexure feature [32,33] that
provides a controlled interference fit with the rod. The outer collar
diameter was kept under 10mm, large enough to be manually
manipulated by an operator, but small enough to only block the
four directly adjacent holes on the bulkhead. The primary source
of error in the rod-marker assembly was the straightness of the alu-
mina rods, specified by the manufacturer (CoorsTek, Golden, CO),
which contributed 0.1 mm of expected error at maximum insertion.
Other errors due to bending under gravity, marker outer diameter
tolerance, marker-to-rod assembly, marker sphericity, and thermal
expansion were at least one order of magnitude less.

Locking Mechanism: The locking mechanism shown in Fig. 7,
is comprised of a Durometer 50 silicone elastomer sheet, with the
same hole pattern as the bulkheads, which sits inside a polycar-
bonate frame. This assembly is placed into the space between the
walls of the bulkhead and constrained laterally with a vertical slid-
ing fit between the bulkhead’s alignment pins and spacers. With
the rods passing through both, the bulkhead and the locking mech-
anism, depressing the polycarbonate frame causes the elastomer
to engage and push down on all inserted rods, simultaneously
positioning them against the bulkheads’ holes’ flats, whereupon
the locking mechanism is secured in the depressed position with
two locking pins. Based on the permitted frame travel, the clear-
ance in the elastomer’s holes, and the stiffness of the elastomer,
approximately 3 N of normal force is applied to each rod in the ¥
direction, resulting in a pull-out force of 25N in the Z direction,
which is sufficient to retain the rods during configuration and
usage of the phantom. The primary source of error associated with
the locking mechanism is bending of the rods caused by the lock-
ing force, which contributes a total of 0.0004 mm marker position
error in the Y direction. Error due to deformation and lashing of
the elastomer sheet in the Z direction is negligible.

Indexing Base: This important feature of the phantom, shown in
Fig. 8, allows the operator to simulate patient treatment at
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Fig. 7 A CAD rendering of (a) bulkhead showing locking mech-
anism and locking pins and (b) features of locking mechanism

Fig. 8 A CAD rendering of indexing base for phantom to be
rotated at 5 deg increments

different couch angles. To accomplish this, the phantom sits on an
indexing base that is equipped with two locating holes that grip
the pegs protruding from the LINAC treatment couch bar. The
base then allows the phantom to be positioned and rotated in dis-
crete Sdeg increments, to enable simulation of a multitude of
treatment plans. The base is made of 12 mm thick Delrin chosen
for durability and radio-transparency. Machined V-grooves
engage with the hemi-spherical contacts in the base of the phan-
tom frame. Two are full hemispheres and two are half hemi-
spheres, for a total of six points of contact; thus, the frame is
exactly constrained to the base using a split-groove kinematic
coupling [34,35]. This design provides reliable angular engage-
ment, without wobble. Two bubble levels provide the operators a
visual confirmation that the phantom is nominally level. Because
the phantom position is subsequently zeroed to the LINAC’s iso-
center, the base does not contribute to marker positional error.
Z-Set Fixture: This module is used to position the rod collar
along the length of each rod, thus setting each marker’s Z-axis
coordinate. This fixture, as shown in Fig. 9, consists of a com-
mercially available vertical height gauge, accurate to 0.01 mm
(iGaging Digital Electronic Height Gauge with magnetic base, 6
in.), a base with a conical hole that engages the marker, and a
machined block connected to the gauge’s arm that holds each
rod. When using this device, the operator sets gauge at the
desired Z-axis coordinate for the marker using the scale on the

DECEMBER 2019, Vol. 13 / 045003-5
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Fig.9 Z-set fixture for rod-marker assembly

Table2 Theoretically calculated errors and values

Type Value

Theoretical sum of error in X-direction 0.24 mm
Theoretical sum of error in Y-direction 0.25 mm
Theoretical sum of error in Z-direction 0.13 mm
Total maximum theoretical expected error 0.37 mm

device, inserts a rod-marker assembly into the hole on the
machined block, and pushes the rod-marker assembly down
until it hits the base of the gauge, leaving the collar in the cor-
rect position. The rod-marker assembly is then transferred to the
appropriate (X, Y) position hole on the phantom and the process
is repeated until all rods are placed to map the multiple lesion
centers. The sources of error in the Z-set fixture arise from the
gauge manufacturer’s specified accuracy, surface contamination
during use, flatness of the base plate, and tolerance on the hole
of the machined block, which when added up, contribute a total
of 0.085 mm error in the Z direction.

3.3 Fabrication. The phantom was completely fabricated and
assembled in-house at MIT. The bulkhead plates were CNC
milled using a Haas VF2 vertical mill (Haas Automation Inc.,
Oxnard, CA). The locking mechanism frame, elastomer, and rod
collars were cut on an OMAX 5555 Waterjet. The indexing base’s
outline was cut on an OMAX waterjet with the grooves and other
features postmachined on a Prototrak Mill. The custom parts of
the Z-set fixture were manually milled on the Prototrak Mill and
then bonded to the height gauge with Loctite 495 Instant Adhe-
sive. The frame was assembled on a surface plate using gauge

blocks for perpendicular alignment and adhered to the CF tubes
with Loctite EA E-30CL Epoxy. Prior to assembly, all surfaces
were cleaned with acetone and precision ground flat stones to get
rid of small debris. Finally, the acrylic shell was adhered to the
phantom using Loctite EA E-30CL Epoxy and postassembly the
crosshairs were CNC scribed with the Prototrak mill.

3.4 Error Budget. The reconfigurable phantom’s primary
performance metric is the ability to accurately position each
marker; therefore, the errors for each module, discussed in the
preceding section, were summed to arrive at the total maximum
theoretical expected error, defined as the Euclidian distance from
the center of each spherical marker to the theoretical true position
of the center of each marker, shown in Table 2. This did not take
into account human errors during phantom setup and the manufac-
turing process, in particular the bulkhead assembly process and
the frame assembly process, which were later shown to be signifi-
cant contributors to error (Figs. 5-9).

3.5 Phantom Setup. This section describes the procedural
flow for planning, setup, and use of the phantom, during the typi-
cal QA steps outlined in Fig. 1. Figure 10 shows a procedural
flowchart for setting up the phantom prior to irradiation.

After the steps in Fig. 10 are executed, the clinicians exit the
treatment room and enter the control room where they can safely
irradiate the phantom and view the live treatment with EPID
imaging in cine (video) mode. EPID imaging enables the clini-
cians to see the MLC-shaped treatment beams enveloping the
markers as a function of delivery time and dose. Each frame of
the EPID video can then be fed into an image processing algo-
rithm, where the theoretical position of the MLC apertures and
markers can be compared to the true positions to compute the
errors. The clinicians can use this data to adjust the treatment plan
accordingly. At the present stage of development, image process-
ing to compute errors was not pursued.

4 Experimental Setup

Laboratory Validation: First, the bulkhead’s plates were
checked for misalignment, which would cause the inserted rods to
angle out of perpendicularity. The assembled frame was placed on
a precision surface plate and, using an iGaging Digital Electronic
Height Gauge with 0.01 mm accuracy, each plate’s height was
measured relative to its mating plate. Then the frame was rotated
90deg and the measurement repeated. This identified the X-Y
skew between plates, from which the angular misalignment of an
inserted rod could be calculated, along with the consequent Abbe
error in marker position when at maximum Z insertion.

Second, measurements using a ZEISS eclipse coordinate
measuring machine (CMM) (ZEISS, Oberkochen, Germany) were

’T'Using pre-treatment brain CT images, obtain the coordinates of each lesion, referenced to the LINAC’s isocenter. |

]

| 2 | Map coordinates to the phantom’s (X,Y,Z) coordinate system using mapping algorithm developed by authors. |

3 Set Z-Coordinate 4

\ 4

for each rod using Z-Set Fixture.

Insert and push rods into
(X,Y) positions on the phantom.

5 |Engage Locking Mechanism.

ll Place phantom on /ndexing Base at the desired

¥

6 | Place Indexing Base on treatment couch and

angular orientation. N

constrain on couch bar pegs.

'

[?' Align LINAC lasers with phantom cross-hairs using the couch controller and CBCT-based auto-align command.

Fig. 10 Flowchart showing steps of radiotherapy QA process, highlighting steps for setting up the phantom with markers
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Fig. 11 (Left) The 27 marker positions probed with a CMM with the error indicated. Nine (X, Y)
locations were used with the markers inserted to three different Z positions. (Right) Test setup

in the CMM.

performed to evaluate the fully assembled phantom’s marker posi-
tional error, with markers placed in a test configuration. As men-
tioned earlier, the error in position of each marker was defined as
the absolute distance from the center of each spherical marker to
the theoretical true position of the center of each marker. The
error at 27 positions, with different X, Y, and Z coordinates, within
the phantom’s active area were tested to attain an overall charac-
terization of the marker placement accuracy within the device.
The CMM’s reference point was the midpoint of the top outer
surface of the bulkhead into which the rods were inserted. Since
the CMM operates with a threshold trigger force of 300 mN,
which could cause deflection in the cantilevered rods, multiple
measurements were taken around each marker and the center posi-
tion calculated.

Clinical Validation: The practical use of the phantom was eval-
uated in a clinical setting at Brigham and Women’s Hospital in
Boston, MA. A mock patient treatment plan with 15 lesions was
selected to irradiate the phantom at 0deg couch angle with the
gantry rotating around the Z-axis (cranio-caudal axis). The phan-
tom was configured and positioned as described in Sec. 3.5.
The plan was delivered on Varian Edge STx LINAC (Varian,
Palo Alto, CA) and marker placement was recorded using EPID
(Varian, Palo Alto, CA) in cine (video) mode.

5 Results and Discussion

5.1 Laboratory Validation Results. The largest measured
misalignments between the two plates of each bulkhead, measured
with the iGaging Digital Electronic Height Gauge on a surface
block, were 0.16 mm and 0.07 mm along the X and Y axes, respec-
tively. The resulting Abbe errors solely due to this bulkhead plate
misalignment, at the tip of a fully inserted rod-marker assembly,
were calculated as 1.39mm and 0.77mm in the X and Y axes,
respectively. This shows that bulkhead misalignment introduced a
larger marker positional error than predicted.

Figure 11 shows the distribution of the marker positions within
the active error of the phantom and the errors measured at each
position using the CMM. A maximum error of 0.834 mm and a
root-mean-square error of 0.45mm were computed over the 27
different measurements, with a standard deviation of 0.20 mm.
The average error across all of the positions was measured to be
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0.41 mm. The native uncertainty of the CMM is an order of
magnitude lower at 0.025mm. The largest error measurements
were observed at the halfway point between the plates, where the
Z-coordinate was maximum. This is consistent with the expecta-
tion that Abbe Error from misaligned plates should dominate and
grow with the length of the cantilever.

The height gauge measurements point to large errors in bulk-
head plate misalignment as a primary reason that the 0.2mm
marker positional error requirement was not met. While it was
predicted that elastic averaging of the machined flexures would
result in micron-level alignment between the two plates [30,31],
we hypothesize this misalignment could be due to several causes.
The potential causes of this are predicted to be human errors dur-
ing machining or contamination errors during the assembly of
the bulkhead plates. Each bulkhead was machined separately and
required 12h of machining time. Due to this large machining
time, we believe errors in edge-finding or shifting of the work
stop could have caused the alignment features and consequently
the 29 x 29 grid of holes to be offset. Alternatively, while care
was taken to clean the work area in the machine shop, it was
possible particles contaminated the bulkhead plate assembly
process.

The CMM measurements confirmed that the phantom has larger
than predicted marker positional errors. We hypothesize these
errors, which vary spatially, are either caused by the manufactur-
ing process or the phantom setup process. The bulkhead assembly
and the frame assembly were the two processes identified in man-
ufacturing, which had the potential for the largest errors. First, the
measured bulkhead plate misalignment was sufficient to offset
the markers by a maximum of 1.39 mm in the X-axis. Second, the
manufacturing assembly process was performed with clamps,
straightedges, and tooling blocks on a surface plate. This could be
improved by developing a standard operating procedure and cus-
tom fixtures to support the components during assembly and cur-
ing. Furthermore, the design should be reviewed with respect to
design for assembly and assembly performed in a clean room to
reduce error from potential particle contamination.

The use of the locking mechanism, the Z-set fixture, and han-
dling of the rod-marker assembly were identified as the steps of
the phantom setup (steps 3-5 in Fig. 10) that could introduce large
human errors. First, while the locking mechanism locks all rods
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Fig. 12 The phantom setup with five markers in (left) isometric
view and (right) view of X-Y plane

securely, it was noted that the rods are free to move prior to
engaging the locking mechanism. Any sudden impulse or move-
ment of the phantom during this setup process could cause the
rods to shift prior to locking them. Second, failure to lock the
manual height gauge of the Z-set fixture or slight movement dur-
ing use could cause errors in the Z-axis. Finally, accidental shift-
ing of the rod collar on the rod-marker assembly or bumping of
the rods or phantom prior to locking the locking mechanism could
cause the rods to shift in the Z-axis. These issues will be addressed
by redesigning the Z-set fixture and locking mechanism in future
prototypes. An automated Z-set fixture could help reduce errors
from manually setting and locking the Z coordinate of each
marker. Furthermore, solutions will be considered to lock each
rod-marker assembly independently to reduce shifting during
phantom setup.

5.2 Clinical Validation Results. The phantom was config-
ured with 15 markers, with 5 markers positioned in each of 3 dif-
ferent X-Y planes. Treatment beams were designed to irradiate
five markers (on the same X—Y plane) at a time. Figure 12 shows
the phantom setup with five markers.

An example of EPID image is shown in Fig. 13, representing a
single frame taken in cine (video) mode during the radiation of
the mock VMAT plan with the MLC dynamically adjusting to
restrict the beam to the specified treatment regions. In Fig. 13(a),

| (@) | Raw EPID frame |

a6

the darker regions correspond to areas of high X-ray flux, while
the brighter regions are either collimated by the MLC (and not
irradiated) or attenuated by the tungsten-carbide markers. Inside
each of the five dark treatment apertures can be seen a white spot
corresponding to a marker. To better visualize the low resolution
results in Fig. 13(a), the image was processed using PERFRACTION
(Sun Nuclear Corporation, Melbourne, FL) to show the locations
of the markers inside the treatment beams in Fig. 13(b). This
processed frame provides a means to readily confirm the actual
locations of MLC apertures with respect to the actual marker posi-
tions. These actual positions of the MLC apertures and markers
can be compared to ideal positions in the treatment planning soft-
ware (TPS) as shown in Fig. 13(c¢) and positional errors between
the two can be determined (Fig. 13(d)).

At the present stage of development, extensive image analysis
software for precise determination of MLC aperture positions and
quantifying errors in position and dosimetry was not pursued, but
will be the focus of future clinical research. However, this visual-
ization of the markers, demonstrates their potential use as station-
ary reference points for the dynamically conforming MLC, as a
function of delivered dose and LINAC gantry angle. Most impor-
tantly, the results show the phantom fulfills its main goal of pre-
cisely representing multiple targets in 3D space for treatment plan
QA. The basic outline of how these results can be used in a clini-
cal setting, pending further software development to accompany
this phantom, is provided below. The procedure to determine the
positional errors of the MLC apertures and overall treatment plan
is as follows:

(1) Export EPID video frames and use software to automatically
determine the actual positions of all markers in the EPID
frames as a function of LINAC gantry angle and time.

(2) Use EPID frames to obtain the actual locations of the MLC
apertures, with respect to the reference points, as a function
of LINAC gantry angle.

(3) Compare the actual MLC aperture locations and the marker
locations to the ideal locations defined in the TPS.

(4) Calculate the positional and LINAC gantry errors for each
lesion. It is important to note that, radiation oncologists will
not accept positional errors significantly larger than 1 mm
in targeting each lesion.

(5) Provide feedback for the clinical decision involving various
treatment scenarios: Adjust treatment plan, improve CBCT-

(c) | EPID Frame in TPS

Ideal MLL.C
aperture position

N

=

il

‘ (b) ‘ Processed EPID frame I

Actual MLC
aperture position

Ideal marker position

()

Superimposed (b) and (c) showing errors

Actnal marker position

~r:\ 0
L

Fig. 13 A frame of EPID from cine (video) mode shown as (a) raw frame, (b) processed frame to show the actual marker posi-
tions and MLC aperture positions, (¢) frame in TPS to show ideal marker and MLC aperture positions, and (d) the processed

and TPS frames superimposed showing positional errors
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based setup, repair or calibrate LINAC gantry and MLC,
and address potential human errors accordingly to account
for these errors.

The procedure to determine dosimetry errors is as follows:

(1) Export EPID video frames and use software to automati-
cally determine the actual positions of all markers in the
EPID frames as a function of LINAC gantry angle and
time.

(2) Use EPID frames to obtain the actual locations of the MLC
apertures, with respect to the reference points, as a function
of LINAC gantry angle.

(3) Compute dosage to each lesion using an independent dose
calculation algorithm (similar to commercially available
software such as PERFRACTION by Sun Nuclear Corporation),
using the known true positions of the lesions, represented
by the markers of the phantom.

(4) Adjust treatment plan parameters accordingly to account
for dosimetric errors.

In addition, considering the need for robustness and operation
by a single operator, the clinical team evaluated the setup effi-
ciency of the phantom in the actual clinical environment by timing
a single trial of the mock treatment plan. The QA steps of the
treatment plan with 15 markers took 20 min to perform. For com-
parison, it usually takes the clinicians about 15-30min to setup
and warm up the electronics of the commercially available Delta4
Phantom (ScandiDos, Uppsala, Sweden), up to an additional
5 min for each lesion targeted (due to phantom shifts on the treat-
ment couch), and 10 min to take it down and store it elsewhere,
due to its size and weight (27 kg) and the need for a transport cart
(added cost of equipment as this is specialized cart). Compara-
tively, our phantom can validate the treatment plan for all lesions
simultaneously, weighs less than 5 kg and can be stored inside the
treatment room due to its compact size and weight. The team
believes that the setup time of the phantom could be reduced by
as much as 50% if parts of the phantom setup such as the Z-set fix-
ture and the coordinate mapping algorithm are automated in future
versions. In addition, time could also be reduced by allowing
clinicians to have more experience using the phantom.

6 Conclusions and Future Work

Overall, we can conclude that this proof-of-concept phantom
accomplished its primary objective of serving as a reconfigurable
QA phantom able to simulate multiple brain lesions at custom
locations, in 3D space. Furthermore, we showed that a reconfigur-
able and purely manual phantom with sufficient accuracy for
patient-specific QA can be achieved. Based on the laboratory and
clinical validation, the phantom met the requirements of securely
placing fiducial markers arbitrarily within the treatment volume
(#1, 4), while not degrading the image (#3), and successfully
aligning with the treatment room’s coordinates (#5). However, the
maximum measured marker positional error was approximately
four times greater than the requirement (#2) and predicted by the
error budget. The possible causes of this were discussed and it is
predicted that this can be addressed in future iterations. In prac-
tice, radiotherapy errors up to 1 mm are generally accepted by sur-
geons so requirement no. 2, set by the clinical team may be more
stringent than necessary.

The primary potential users of this phantom, clinicians at
Brigham and Women’s Hospital in Boston, MA indicated that it
possesses the required clinical features and, specifically, is readily
configurable within the QA steps of MBM treatment plans using
VMAT. Furthermore, the clinical tests showed that the phantom
has several important advantages over existing commercially
available phantoms. First, the phantom is able to be setup with
multiple markers by a single person in 20min. Second, the
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phantom can be imaged with multiple markers simultaneously in
a single fraction. Third, the images could be used by clinicians to
determine positional and dosimetry errors associated with the
treatment plan based on the actual locations of the markers and
MLC apertures. And finally, the clinicians indicated that one of
the most important features of the phantom was the indexing base,
giving the clinicians the ability to perform an end-to-end test with
all couch angles as in the patient treatment plan, a procedure that
is not feasible with other devices. We believe, the phantom intro-
duced in this research shows promise as being the first reconfigur-
able QA phantom for MBM treatment plan verification in a single
pass. As with any medical device, a further usability study should
be undertaken to ensure reliable operation by LINAC operators.

The device is currently undergoing further clinical tests and the
team has already explored options for improving the accuracy of
future devices. Future work will focus on adding design for
assembly features, developing standard operating procedures, and
designing custom fixtures to reduce assembly errors and redesign-
ing the Z-set fixture and locking mechanism, to reduce phantom
setup errors. Postredesign, end-to-end repeatability studies with
the CMM and in a clinical setting will be performed to help deter-
mine potential errors introduced in the manufacturing process and
during the phantom setup. Further usability tests will guide the
designs of these modules to make the phantom easy to use and
intuitive with the ultimate goal of having this phantom utilized for
monthly, and annual treatment plan QA. This versatility will
streamline procedural design and ultimately help in increasing the
efficiency of the QA process and decreasing the possibility of mis-
treatment associated with MBM radiosurgery.

As technologies used for radiation therapy are in constant
evolution, we believe a relatively inexpensive, simple, highly reli-
able mechanical device that may provide process stability and
gain widespread adoption because of low cost barrier to entry.
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