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ABSTRACT

Background and purpose: Post-operative spine stereotactic body radiation therapy (SBRT) represents a significant
challenge as there are many restrictions on beam geometry to avoid metal hardware as it surrounds the target
volume. In this study, an international multi-institutional end-to-end test using an in-house spine phantom was
developed and executed. The aim was to evaluate the impact of titanium spine hardware on planned and
delivered dose for post-operative spine SBRT.

Materials and methods: Five centers performed simulation, planning and irradiation of the spine phantom, with/
without titanium metal hardware (MB/B), following our pre-specified protocol. The doses were calculated using
the centers’ treatment planning system (TPS) and measured with radiophotoluminescent glass dosimeters
(RPLDs) embedded within each phantom.

Results: The dose differences between the RPLD measured and calculated doses in the target region were
within + 5% for both phantoms studied. Differences greater than 5% were observed for the spinal cord and the
out-of-the target regions due to steeper dose gradient regions that are created in these plans. Dose measurements
within + 3% were observed between RPLDs that were embedded in MB and B inserts. For the spinal cord and the
out-of-target regions surrounded by metal hardware, the dose measured using RPLDs was within 3% different
near the titanium screws compared to the dose measured near only the metal rods.

Conclusion: We have successfully performed the first multi-institutional end-to-end dose analysis using an in-
house phantom built specifically for post-operative spine SBRT. The differences observed between the

measured and planned doses in the presence of metal hardware were clinically insignificant.

1. Introduction

Patients with spinal metastases could require decompressive surgery
and surgical stabilization to reverse neurological deficits, and improve
the grade of epidural disease to maximize the effectiveness of post-
operative radiation [1-3]. In such patients, post-operative spine ste-
reotactic body radiation therapy (SBRT) might be an optimal thera-
peutic option aimed at delivering high biologically effective doses to
maximize local control [4,5]. However, titanium spinal implants are

typically used which could pose problems with respect to the accuracy of
the calculated dose which is critical for SBRT.

In order to deliver dose to the targets that surround metal implants,
we must identify the shape and density of the metal implants, accurately
calculate dose and perform dose delivery with high precision. Different
groups have evaluated the impact of metal implants on dose prescription
accuracy [6-10]. However, the current literature has not addressed the
specific issue of these effects on spine SBRT. Post-operative spine SBRT
represents a significant challenge in accurately delivering dose to the
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target volume as it is not possible to create a beam geometry that
completely avoids the metal hardware, given that the target volume
surrounds the implants. More specifically, as metal spinal hardware is
usually adjacent to the spinal cord, a greater understanding of the
dosimetric impact on the spinal cord is needed.

In order to evaluate the dosimetric impact of spine SBRT on the
spinal cord in the presence of adjacent metal hardware, we have devised
an in-house phantom and executed an end-to-end test which was per-
formed at multiple radiation therapy departments with an established
post-operative spine SBRT program.

2. Materials and methods
2.1. In-house phantom for mailed dosimetry

A phantom with multiple inserts was constructed to simulate a
vertebral column with and without titanium rods and screws. The
phantom was constructed using an outer acrylic shell and three different
anthropomorphic inserts, as described below and illustrated in Fig. 1.
The outer phantom was filled with water to simulate tissue. The phan-
tom including inserts with the acrylic shell empty of water was mailed
with planning and delivery instructions to all participating centers.

2.1.1. Reference insert

Reference (REF) insert was made up of a water-equivalent solid
phantom (Tough Water Phantom WD, Kyoto Kagaku Co., Kyoto, Japan)
and aimed to assess an institution’s output with basic beam geometry
(Fig. 1(b) left). The density was 1.01 g/cmg.

2.1.2. Simply bone insert

The simply bone (B) insert was constructed from tough water, inner
and cortical bone-equivalent solid phantom (Tough Inner Bone Phan-
tom, and Tough Cortical Bone Phantom, Kyoto Kagaku Co., Kyoto,
Japan) to represent the spinal cord, target bone, and healthy thoracic
vertebral bodies respectively. The densities of the inner- and cortical
bone-equivalent solid phantom were 1.24g/cm? and 1.50g/cm?,
respectively.

2.1.3. Metal-Bone insert

Metal-Bone (MB) insert was constructed similarly to the B insert,
with the addition of titanium hardware (Medtronic, Minneapolis, MN,
US, see Fig. 1(b) right).

2.2. Dosimetry methods

2.2.1. Point dose measurement using radiophotoluminescent glass
dosimeters

Radiophotoluminescent glass dosimeters (RPLDs, GD-302 M, Asahi
Glass CO., Tokyo, Japan) were used to measure point dose in relevant
regions. The diameter and length of the RPLD (and readout region) were
1.5 (1.0) mm and 12 (6) mm, respectively, and the measurable dose
range was 0 to 10 Gy. The RPLDs irradiated by each participating center
were returned to the study location and converted to absolute dose,
similar to the methods described by Mizuno et al. [11], which calibrated
the sensitivity of each RPLD and reader. The detail of how the absolute
dose was determined is summarized in Supplement 1. The measurement
uncertainty of our RPLD system was estimated to be 1.8% with a
coverage factor of k = 2 for each RPLD. This was estimated considering
reproducibility, energy correction, and the phantom correction factor
uncertainties [12].

Fig. 1(c) illustrates the holes in the phantom where twenty RPLDs
were embedded for measurement. Each insert was constructed to hold
twelve RPLDs. The positions of the RPLDs in the MB and B inserts are
illustrated in Fig. 1(d) and 1(f). The positions of the RPLDs were
designed such that three were placed in different planes of the “target”
region and three were placed in different planes of the “out-of-target”
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region. Within the regions where we expected the spinal cord, where
high dose gradient was often observed, two RPLDs were inserted at three
different positions. Six RPLDs (#13-18) were used as “control” (i.e.
irradiated with a known dose), and the remaining two RPLDs (#19 and
#20) were used to check the “background” dose (i.e. not irradiated).
A reference measurement (RPLD #5) was acquired at each centre
using REF insert with a field size of 10 x 10 cm? and dose of 6 Gy.

2.2.2. Dose profile measurement using gafchromic films

A dose profile was measured across the gafchromic EBT3 films (ISP,
Wayne, NJ, US) that were embedded in the phantom. Two EBT3 films
were placed in the axial and sagittal planes through the target and the
spinal cord. The profiles were chosen to best represent a line across the
center of the spinal cord and two lines across the metal screws. All films
were digitized using an Epson GT-X980 flatbed scanner (Epson, Suwa,
Japan) with a resolution of 72 dpi and analyzed using the red channel
(16 bit). The optical density (OD) value of the film was converted to dose
using an OD-dose calibration table specific to the EBT3 film and scanner
used. RPLD #5, located close to the central axis, was used to normalize
the film dose distributions. SNC Patient software (Sun Nuclear Corp.,
Melbourne, FL, US) was used to obtain the film dose distributions.

2.3. Treatment planning and delivery

A computed tomography (CT) scan of the MB phantom was acquired
and an SBRT was planned following the center’s specific spine SBRT
planning workflow (Figure S1). “Contour and planning objectives list”
(Table S1) accompanied the phantom to provide consistent contour
names, prescription dose and organs-at-risk (OAR) constraints for
planning.

Planning doses to those in practice at the University of Toronto [1]
were linearly scaled in order to deliver dose within the limitation of
RPLD dosimetric range. Dose to the 0.035 cm? of spinal cord planning
organ at risk volume (PRV.yq; spinal cord plus a 2-mm uniform
expansion) was constrained to a dose proportional to 17 Gy [13].

The plan created on MB phantom was transferred and recalculated
on the CT scan of the B phantom. The two plans were then delivered to
the phantom with corresponding inserts. The doses measured by RPLD
and EBT3 film were inclusive of all imaging and planned doses. Imaging
doses were considered negligible and not accounted for in the planned
dose in this study.

2.4. Participating institution information

Five academic institutions with established post-operative spine
SBRT programs (from Singapore, Australia, Canada and two centers
from Japan) participated in this study. Table S2 summarizes information
on the treatment planning system (TPS), machine and technique utilized
for spine SBRT at each institution. All centres used either a step-and-
shoot intensity modulated radiation therapy (IMRT) or a volumetric
modulated arc therapy technique using a linac with cone-beam CT
image guidance. All treatment plans were calculated with a Monte Carlo
(dose to medium) or convolution/superposition technique with het-
erogeneity corrections and used a < 2.5 mm grid resolution.

Titanium hardware and CT artifacts caused by the presence of high
density material were accounted for according to institution protocol.
Institution A used a dual energy CT (SOMATOM Definition Flash,
Siemens, Forchheim, Germany) as a secondary image acquisition, which
provided a method to reduce metal artifacts from beam hardening. The
delineated hardware was assigned an electron density of titanium, and
its artifacts were defined as water. Institution B used CT images with the
algorithm interactive metal artifact reduction (iMAR) to calculate dose.
iMAR, developed by Siemens, is based on frequency split MAR, which
enhances the visibility of fine details. Institution B assigned the titanium
hardware to its electron density. Institutions C and D separated the
hardware and artifacts semi-automatically using uncorrected CT images.
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Fig. 1. (a-c) Photograph of our in-house spine phantom. (a) the anthropomorphic outer acrylic shell which was filled with water for the study, (b) (left) reference
insert, (right) Metal-Bone “MB” (or only Bone “B”) inserts, (c) internal structure of the MB insert. All inserts had twelve holes that could house radiophotoluminescent
glass dosimeter (RPLD) and could place two films into axial and sagittal planes through the center of target (pink). (d-g) A schematic of the MB insert shown in two
different views (d) axial, (f) sagittal and its computed tomography images (e) axial and (g) sagittal with the representative dose distributions shown on the right. In
(d), the positions of RPLDs were shown as circles. (f) the sagittal plane through metal screws. The positions of RPLD were shown using rectangles. The dimensions
were shown in millimeters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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The two centres assigned the physical densities of titanium and water to
the hardware and artifact contours respectively. Institution E delineated
titanium hardware and the artifacts semi-automatically and assigned a
physical density of water to these contours.

2.5. Data analysis

All DICOM-RT files (CT, STRUCT, PLAN, DOSE for phantoms with
MB and B inserts) from each institution were imported into MIM version
6.2.6 (MIM software, Cleveland, OH, USA) at the study center. The RPLD
readout regions were delineated using the CTs and the mean calculated
dose to each RPLD was extracted from the plan. D5, and DEFS denoted
the mean doses calculated by TPS and DYFIP, and DRPLD were the
measured doses using RPLDs for the phantoms with MB and B inserts
respectively.

Four different evaluations were performed as follows:

1) Accuracy of beam delivery was evaluated by comparing the calcu-
lated and measured doses in the presence of titanium hardware. The
ratio of DRI to DIPS (DRFLD /DTFS) was compared with the ratio of
DEPLD to DIPS (DRPLD /DIPS). For RPLDs in the “target” and “out-of-
target” volumes, each measurement point was compared, and for the
dose to the “spinal cord” region the average of the two RPLDs located
in the same plane was studied. The maximum distance-to-agreement
(DTA) for 4.2 Gy (the proportional dose constraint for the PRV qq)
between the calculated and EBT3 film measurement was used to
evaluate the calculation accuracy in the dose-fall-off region.

The ratio of the DELP to the DEPLD (DRPLD /DRPLD) was used to eval-
uate how much perturbation was introduced by the presence of the
metal.

The impact of metal hardware (titanium rods and screws) on the
maximum point dose (Dp,ax) of the “spinal cord” region was studied
by Dmax points calculated on the three different axial planes through
the “target” region when hardware was present. The point Dy,,x was
compared between the plans on phantom with MB and B inserts.
Dose-volume statistics were studied and compared to D and Dy
in both “target” and OAR regions. The specific dose-volume metrics
studied were total dose to 99%, 95%, 50%, 2% volumes (Dgg, Dgs,
Dsp, and D3), and mean dose (Dpeapn) to the planning target volume
(PTVey, defined as PTV excluding the PRV q4). The total doses to
5.0, 1.0, and 0.035 cm® (Dsce, D1ces and Do p3see,) Of the spinal cord
were selected and compared with the DR, DIFS in each region.
Specifically, the relationship between the value of Dgg35¢c Of the
spinal cord and DRI was studied as the maximum dose to the spinal
cord can be used as a predictor of radiation myelopathy [13-16].

2

—
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-
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3. Results

In all institutions, the measured dose under the reference conditions
agreed with each reported dose to within 3%. All centers produced spine
SBRT plans on the MB phantom that satisfied the specified objectives as
shown in Table S1. Fig. 1(e) and 1(g) showed CT images and a typical
axial and sagittal dose distributions. The RPLDs in the “out-of-target”
volume and spinal cord were located close to the field edge and at the
steep dose gradient region. The total volume of titanium hardware was
defined as 14.3 cm?® (A), 23.7 cm® (B), 15.0 cm®(C) and 12.9 cm® (D).
Institution E did not distinguish between the titanium hardware and its
artifacts.

Fig. 2 summarizes the data on dose perturbation evaluation. The data
from different centers showed differences in the calculated to measured
dose with and without the presence of the titanium hardware. For the
target, the difference in all DX-? and Dify were within & 5%. For the
spinal cord and the out-of-the target volume, larger differences between
DRPLD and DIfSwere observed for three centers, however, for centers C
and D the differences were < 5%. Similar findings were observed be-
tween DEFIP and DJPS. For E, measured dose was much higher than
calculated dose in spinal cord region.

All differences between DRFP and DRPLD (Fig. 2 right) were
within + 3%, except for a section in the out-of-target and spinal cord
region. These regions that presented a larger difference (RPLD #2, 3, 10,
11 in the spinal cord, and #4, 12 in the out-of-target regions) were
adjacent to the titanium screws (Fig. 1(d)). Note that the dose difference
between DRFID and DRPIP tended to be larger in these regions than those
compared in the absence of the titanium screws (existence of rods only).
In the region of spinal cord, the median (range) difference was 1.7 (0.1 —
9.2)%. In the region of “out-of-target”, the median (range) difference
was 2.5 (1.0 - 5.5)%. In the target, for the RPLDs that were not
embedded between the metal screws, the median (range) difference was
0.5 (0.1 - 1.1)%. The EBT3 measurement data compared well with
calculated profiles (Fig. 3) and this was consistent from all institutions.
The maximum dose profile displacement (4.2 Gy in the spinal cord) was
within 2 mm.

The maximum calculated dose to the spinal cord on a plane through
the center of the target region and two planes between the metal screws
in the phantom, with the MB insert and those at the same positions in the
B insert are summarized in Table 1. For institutions A, B and C, where
metal hardware was delineated and assigned titanium density, the
maximum dose within the spinal cord region between the metal screws
was 0.14 Gy lower than that measured with the B insert. However, for
Institution E, in which the metal hardware was delineated and over-
ridden to water, the calculated dose difference between the phantoms
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Target Spinal cord : Out of target Target | Spinal cord Out of target Target | Spinal cord Out of target
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Fig. 2. Ratio of RPLD measurement and the calculated doses by treatment planning system (TPS). Di55, and DS were the doses calculated by TPS for metal-bone

(MB) and bone (B) phantoms, respectively, and DiP,

matching shapes to letters indicated results from the different institutions.

and DEP'P were the doses measured using RPLDs for the MB and B phantoms, respectively. The legend for the
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Fig. 3. Plots of dose profiles taken from scanned films from Institutions A to E. (I) right-left profiles taken from an axial film. (II) Posterior-anterior profiles taken
from a sagittal film. Each gray line was the calculated dose profile taken from DICOM dose file. The center spike of the dose profile I in Institution C was due to a crack

in the film.

was negligible. Fig. 4 summarizes the major DVH metrics studied. PTV,y
DRED and DTS were higher than Dgg, and 6 Gy, the proportional pre-
scription dose. In terms of the spinal cord, for Institutions A to D, we
observed that both DEFP and DTS did not exceed Dy g3s¢c Of the spinal
cord. However for Institution E, a 25% difference was observed between
DRMLD and DTS (see Fig. 2), and one of the DEP was higher than their

spinal cord Dg g3scc-
4. Discussion
Specifically for spine SBRT, it is critical to minimize dose delivery

prediction uncertainty caused by the presence of metal hardware. This
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Table 1
Calculated maximum point dose of spinal cord on three different axial planes for
each phantom.

Diax (Gy) of spinal cord
calculated in

Institution  Position of axial (i) Metal (ii) Bone @) - (D)
plane phantom phantom (Gy)

A Center of target 3.02 3.08 —0.06
Metal hardware 3.15 3.29 —0.14
(Cranial)
Metal hardware 3.30 3.50 —0.20
(Caudal)

B Center of target 3.31 3.31 0
Metal hardware 3.08 3.20 —0.12
(Cranial)
Metal hardware 3.13 3.26 -0.13
(Caudal)

C Center of target 2.93 2.92 0.01
Metal hardware 3.01 3.12 -0.11
(Cranial)
Metal hardware 2.93 3.10 —0.17
(Caudal)

E Center of target 3.36 3.35 0.01
Metal hardware 3.26 3.28 —0.02
(Cranial)
Metal hardware 3.36 3.42 —0.06
(Caudal)

Institution D submitted only the values of TPS-calculated point doses for RPLD in
the Bone phantom. Therefore, those data were excluded from this table. Ab-
breviations: Dp.x = Maximum point dose.

multi-institutional end-to-end dose analysis, with a spine anthropo-
morphic phantom using RPLDs and films, evaluated the impact of metal
hardware on the dose calculation results. Different clinical planning
strategies and beam deliveries from multiple centers that treat spine
SBRT were compared using the same phantom.

Previously published studies on the impact of spinal metal hardware
on the dose calculation, and the beam delivery specific to spine SBRT
using IMRT techniques [17-19] have been limited. For example, Son
et al. investigated the effects of titanium spinal implants on the dose
calculated by the TPS for various delivery techniques such as ARTISTE,
TomoTherapy and CyberKnife using three different types of imaging
namely kVCT, extended kVCT and MVCT with an in-house homoge-
neous phantom with/without the titanium pedicle screws [17]. The
difference between the planning dose and the measured dose in the
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space between the metal screws, using a CCO1 (0.01 cc) ionization
chamber, was reported to be within + 3%. However, their study only
compared one point dose measurement at the center of a circular-shaped
target. Furthermore, the plan that was compared was a simple plan as
opposed to a highly complex spine SBRT plan. Cheng et al. also evalu-
ated the dose prediction accuracy near titanium hardware for spine
SBRT using immersed gafchromic films embedded within an in-house
water phantom with titanium spinal hardware [19]. A comparison be-
tween the measured and calculated doses for a simple plan with six
open-fields was performed, and showed greater than 95% agreement
with a gamma criterion of 2%/2mm for the commercial TPS dose
calculation algorithms. They suggested that these results were due to the
averaging effects of the multiple inter-modulated beams, and concluded
that the accuracy of the dose calculation was clinically acceptable in
spine SBRT. However, they only reported the relative dose analysis using
film and data were acquired utilizing only a uniform density water
phantom. Huang et al. reported approaches to reducing TPS dose
calculation errors near metal implants using an in-house spine phantom
with ion chamber measurements [20]. In their study, the comparison of
the TPS dose calculation errors with and without titanium rods was
performed, and they reported negligible differences (<1.0%) using un-
corrected imaging methods. They also investigated the dosimetric
impact of several commercial CT MAR methods in detail, and concluded
that the studied artifact reduction methods did not have a large, or even
positive effect on dose calculation accuracy. Our study was specific to
dose calculation differences in the presence and absence of titanium
hardware for post-operative spine SBRT, and confirms aspects of
Huang’s report [20]. We also present a more clinically relevant spine
SBRT planning study by performing an inter-comparison with a collec-
tion of multi-institutional end-to-end test data using a realistic in-house
spine phantom. The design of the phantom was such that not only we are
able to study the effect of titanium rods and titanium screws on the
spinal canal region, but also the calculation issues that could be present
when hardware densities are not accounted for in the dose calculations.

With regard to the definition of hardware, it should be noted that the
volumes of the delineated titanium hardware in Institutions A and B
were substantially different, though both centers utilized CT MAR
techniques. Furthermore, the titanium hardware volume identified by
Institution A was similar to those of the institutions using uncorrected
CT images. This variation was most probably due to the window level
and width differences in delineating the metal hardware, which
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Fig. 4. Plots of dose-volume-histogram metrics of Dgg, Dgs, D5, D5 and the mean dose (Dyean) for PTV,y; (@) and Dscc, Dicc, and Dy o3scc for spinal cord (b) in Metal
phantom plan by institutions A to E. Dx meant the total dose to X% (or cc) of each volume. The point measured- (Dirin), calculated-dose (Dyrs,,) was also plotted in
(a) and (b). * showed the point measured doses with different greater than 5% from the calculated doses.
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highlights the challenge in correctly defining the shape of metal im-
plants in RT planning.

In this study, we also addressed four specific aspects of planning
post-operative spine SBRT in the presence of titanium hardware and
conclude: 1) Regardless of the presence of the titanium hardware, the
degree of the dose calculation differences was different among the three
regions studied; target, spinal cord and out-of-target. A possible reason
for this observation was the RPLD measurement uncertainty being
greater for very steep dose gradient regions, and not due to the accuracy
of the dose calculations. Molineu et al. also reported a similar reasoning
in the differences observed using TLDs when studying the region be-
tween the OAR and PTV for head-and-neck IMRT [21]; 2) Dose pertur-
bation introduced by the presence of metal was studied with the
difference observed between DRFLP and DRPLP, which was within 3% in
the target and the spinal cord. This small difference indicates that the
impact of titanium hardware on dose delivery is in a clinically accept-
able range. This result is consistent with Huang et al.’s study [20].
Although these differences were small, a larger dataset would be
required to reduce uncertainties in the phantom setup; 3) Our results
from regions tested near the hardware (Table 1) showed that the dose
calculation with the metal hardware density assignment did impact on
our results for the calculated Dpay of the spinal cord, especially at the
region near the metal screws. This observation has not been previously
reported. However, we must note that our dataset was limited and a
larger investigation would be required to confirm our results and reduce
the uncertainty; 4) Point dose calculation differences greater than 5%
(the point with an asterisk shown in Fig. 4) should be a concern in spine
SBRT. However, target D} and DS that were measured to be higher
than Dy, and the prescription dose were considered clinically accept-
able with spine SBRT as we try to maximize the PTV receiving the
prescription dose. Similarly, if the measured RPLD dose was sufficiently
lower than the spinal cord Dpy, this difference could be considered
clinically negligible. However, a substantial dose calculation difference
where the measured dose was larger in the spinal cord region, as
observed from Institution E (greater than25%), would not be acceptable
because the measured dose was larger than Dg g3scc of the spinal cord.
This particular difference points to a beam modelling discrepancy. We
asked Institution E to confirm the large beam delivery difference for the
spinal cord using their customary quality assurance tools, and they
confirmed this error by measurements with a two-dimensional diode
array detector.

It should be noted that the delivery of these plans could be more
challenging than clinical plans as leaf motion and gantry speed would
increase due to the halving of the prescription dose. To address this
concern, the study institution confirmed the integrity of plan delivery
with a three-dimensional diode array detector on a test “halved” plan.
The results showed a pass rate of gamma analysis of 93.2% with the
criteria of 3% dose difference and a 2mm distance-to-agreement.
Therefore, we concluded that the increased speed of the leaves and
gantry caused by halving the dose likely yields negligible impact on
beam delivery. We also acknowledge that our phantom study does not
simulate a post-operative patient with spinal metastases perfectly, and
in some situations the spinal cord position in vivo might be closer or
further away from the hardware which may limit the generalizability of
these observations.

We conclude that when density corrections are applied and adequate
dose calculation algorithms used, there is a small clinical impact on the
dose delivered to the target and the spinal cord regions in the presence of
metal hardware. However, care should be taken with regard to the
proximal region between metal hardware and the spinal cord.

5. Responsible for statistical analyses

Tomohisa Furuya was responsible for them.
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6. Summary

This multi-institutional phantom study evaluated the impact of metal
hardware on the accuracy of dose calculation specific to post-operative
spine stereotactic body radiation therapy (SBRT), given that accurate
evaluation of dose in this scenario is critical. A phantom was created
with multiple inserts and circulated to five international centers. We
have shown that the dose to the target could be calculated within + 5%
despite the presence of metal hardware adjacent to the spinal metastases
target volume.
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