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Abstract

Purpose: Stereotactic ablative radiation therapy (SABR) for oligometastatic prostate cancer (OMPC) may improve clinical outcomes,
but current challenges in intrafraction tracking of multiple small targets limits treatment accuracy. A biology-guided radiation therapy
(BgRT) delivery system incorporating positron emission tomography (PET) detectors is being developed to use radiotracer uptake as a
biologic fiducial for intrafraction tumor tracking to improve geometric accuracy. This study simulates prostate-specific membrane
antigen (PSMA)-directed BgRT using a cohort from our phase II randomized trial of SABR in men with recurrent hormone sensitive
OMPC and compares dose distributions to clinical SABR (CSABR).
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Methods and Materials: A research treatment planning system (RTPS) was used to replan 15 patients imaged with PSMA-targeted '®F-
DCFPyL PET/computed tomography and previously treated with CSABR using conventional linear accelerators (linacs). The RTPS
models a prototype ring-mounted linac incorporating PET and kilo-voltage computed tomography imaging subsystems and can be
used to optimize BgRT plans, as well as research SABR (RSABR) plans, which use the prototype linac without radiotracer
guidance. CSABR, RSABR, and BgRT plans were compared in terms of maximum planning target volume (PTV) dose (Dyax),
mean dose to proximal organs at risk (Doar), conformity index, as well as voxel-wise correlation of dose with PET specific uptake
values to investigate possible dose-painting effects.

Results: RSABR and BgRT plans resulted in mean =+ standard deviation increases in Dy, 0f 4 + 11% (P = .21) and 18 &+ 15% (P <
.001) and reductions in Doagr of —20 £ 19% (P <.001) and —10 £ 19% (P = .02) compared with CSABR. Similar target coverage
was maintained with conformity indices of 0.81 £ 0.04 (P < .001) and 0.72 4 0.08 (P = .44) for RSABR and BgRT compared with
0.74 £ 0.08 for CSABR. Dose and log (specific uptake values) had Pearson correlation coefficients of 0.10 (CSABR), 0.16 (RSABR),
and 0.31 (BgRT).

Conclusions: BgRT plans provided similar PTV coverage and conformity compared with CSABR while incorporating underlying PET
activity. These results demonstrate feasibility of BgRT optimization enabling online PSMA-targeted, PET-based tracked dose delivery
for OMPC.

© 2019 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction by directly imaging the tumor. Given potential vari-
ability in radiotracer uptake within and between tumors,
this BgRT approach is designed to enable the optimi-
zation of an intensity modulated radiation therapy
(IMRT) plan before treatment delivery based on physi-
cian contours and conventional dose-volume histogram
(DVH) objectives. The radiotracer data acquired at the
time of treatment is then used to reconstruct PET images,
which are normalized and used to adjust the machine
delivery parameters to target the tumor location. Rapidly
reconstructed partial PET images, similar to those used
in the present BgRT approach, have previously been
shown to provide lung tumor positions within 2 mm
under realistic free-breathing conditions."” A user-
defined mask may also be applied to the reconstructed
PET images to prevent the treatment of normal tissues
exhibiting nonspecific uptake. This BgRT tumor
tracking approach differs from previously proposed
emission-guided radiation therapy approaches, which

Prostate cancer remains one of the leading causes of
cancer-related death in the United States,' with mortality
preceded by the development of metastatic disease. It has
been proposed that some patients may exhibit an inter-
mediate state between localized disease and widespread
metastasis, referred to as oligometastasis, where cancer is
confined to a limited number of sites and is potentially
curable with metastasis-directed treatments.” Stereotactic
ablative radiation (SABR) has been investigated for the
treatment of oligometastatic prostate cancer (OMPC), and
preliminary evidence suggests that this may be an effec-
tive treatment option for multiple metastatic sites”” and
may lead to improved overall survival.'"” However, dis-
ease control after SABR for OMPC depends critically on
the ability to accurately deliver high doses to the tumors
while sparing adjacent normal tissues. Prostate-specific
membrane antigen (PSMA) is a cell surface protein . N .
overexpressed in prostate cancer.'! PSMA-targeted posi- directly targeted coincident gamma rays emitted by ra-

tron emission tomography (PET) using agents, including d}iotracers. Theh dprev10(lilsd eI.n¥ss1]§)n-gu1ded .radlatlog
68Ga-HBED-CC'? and 'SF-DCFPyL,"> has demonstrated t erapy approach depende critically on consistent an
specific radiotracer uptake to dose-paint the target and

avoid normal tissues.'®

The purpose of the present study is to describe and
evaluate a pretreatment BgRT plan optimization approach
making use of simulation computed tomographic (CT)
scans and coregistered PET images to optimize machine
delivery parameters based on contours and DVH objec-
tives while defining a mapping from normalized radio-
tracer uptake to dose. When used with the BgRT machine,
these plans will enable an online PET-based tracked dose
delivery with an average latency of 400 ms. The BgRT
machine can also be used in a mode that does not use
PET, in which case kilo-voltage fan-beam CT (FBCT) is
used for patient set up. BgRT and these research SABR

high sensitivity and specificity for recurrent prostate
cancer'” and may be ideal for tumor localization for
metastasis-directed SABR treatment planning.'’
Biology-guided radiation therapy (BgRT) is currently
being developed to directly guide radiation therapy (RT)
delivery using PET emission data, thereby overcoming
limitations in sensitivity and specificity to cancer of
existing anatomic imaging modalities used to guide RT
such as x-ray, ultrasound, and magnetic resonance im-
aging.'® By incorporating PET detectors with a high-
speed ring-mounted linear accelerator (linac), a BgRT
approach has been proposed that is able to track PET-
avid structures during treatment delivery, thereby
compensating for setup uncertainties and internal motion
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(RSABR) plans are produced in a cohort of castration-
sensitive OMPC patients imaged using 'SF-DCFPyL
PET/CT as a part of a phase II randomized trial investi-
gating metastasis-directed SABR.'” The BgRT and
RSABR plans are compared with clinical SABR
(CSABR) plans produced using standard IMRT optimi-
zation in terms of target coverage, dose heterogeneity,
conformity, normal tissue dose, and possible dose-
painting effects.

Methods

BgRT system

A research treatment planning system (RTPS; version
2017, RefleXion Medical, Hayward, CA) was developed
modeling a prototype 6 MV linac with a high-speed bi-
nary multileaf collimator (MLC) consisting of 64 leaves
mounted to a slip-ring gantry incorporating PET and kilo-
voltage FBCT imaging systems. The BgRT machine is
currently under development. The BgRT machine and
RTPS are briefly described here, with further details
provided in the supplementary document.

BgRT machine

A schematic of the prototype system is shown in Fig 1,
which has been modified from a previously proposed
emission-guided linac design.'”'® Briefly, the system is
designed to enable initial patient setup using FBCT and to

image the tumor using PET before and during treatment
delivery. A BgRT plan is optimized before treatment
delivery, and the system delivers this plan to the tumor
location based on the online PET images. Opposing
gantry-mounted PET detectors enable coincident gamma-
ray detection during treatment within the current plane of
treatment delivery. The gantry completes one revolution
per second and can acquire a full “ring” of coincident
gamma-rays every 500 ms. The system can reconstruct a
partial PET image, which is then used to define beam
delivery parameters based on the BgRT plan. A “sliding
window” approach is used to reconstruct the partial PET
images, using the preceding 500 ms of PET data and
updated every 100 ms.

BgRT plan optimization

BgRT plans are produced by optimizing fluence based
on contours and DVH objectives using a gradient descent-
based approach,”” analogous to an accelerated version of
conventional DVH-based IMRT optimization.”' Simul-
taneously, a linear mapping between incident fluence and
tumor radiotracer uptake is defined using a coregistered
pretreatment PET/CT image, described further in Fig. S1.
This mapping allows the system to update machine de-
livery parameters using the online PET images to provide
a tracked dose delivery. During treatment planning, the
user also defines a mask surrounding the target to exclude
the treatment of normal tissue exhibiting nonspecific
radiotracer uptake, referred to as the biology-tracking
zone (BTZ). The BTZ is intended to encompass the
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Figure 1

Schematic indicating prototype linac components and biology-guided beam delivery. (a-c) Image acquisition steps, (d-f)

image reconstruction and analysis, and (g) beam delivery. (h-i) The difference between standard target volumes and biology-guided
radiation therapy (BgRT) target volumes. In both cases, plans are optimized to cover the PTV. The major difference is that the BgRT
approach does not require an internal target volume (ITV) to account for internal tumor motion. Instead, internal motion is tracked during
delivery within a valid boundary defined by the biology-tracking zone (BTZ). Abbreviations: CTV = clinical target volume; GTV =
gross tumor volume; PET = positron emission tomography; PTV = planning target volume.
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internal motion of the target as illustrated in Fig 1h-i, and
is aligned at the start of treatment using FBCT. RSABR
plans are optimized using the same algorithm as the BgRT
plans, but do not model fluence as a function of PET
activity so do not require a pretreatment PET/CT image or
a BTZ.

Treatment planning workflow

Fifteen patients were included in this study, selected
from the cohort treated with SABR using standard linacs
as part of an institutional review board-approved phase II
randomized trial of SABR for men with recurrent
hormone-sensitive OMPC."” A single PET-avid lesion
was selected for each patient for replanning using the
RTPS. Patient characteristics are summarized in Table 1.

Image acquisition

Patients were imaged for clinical treatment simulation
using a Brilliance Big Bore CT scanner (Philips Medical
Systems, Cleveland, OH) with 2-mm slice thickness.
PSMA-targeted PET/CT was acquired before SABR and
at 6 months postrandomization using the radio-labeled
PSMA-targeted ligand '®F-DCFPyL."* PET/CT images
were acquired 1 hour after injection using either a Bio-
graph mCT (Siemens, Erlangen, Germany) or Discovery
RX (GE Health care, Waukesha, WI) scanner. PET im-
ages had isotropic 4-mm voxel dimensions. The initial
PET/CT scan was rigidly registered to the simulation CT
using Velocity software (Varian Medical Systems, Palo
Alto, CA), ensuring optimal registration in the region to
be treated.

Clinical treatment planning

CSABR plans were produced using the Pinnacle 9.10
TPS (Philips Medical Systems, Fitchburg, WI) using
either volumetric modulated arc therapy (13 cases) or step
and shoot intensity modulated radiation therapy (2 cases).
Treatments were delivered using either a Synergy linac
with Beam Modulator MLC, or a Versa HD linac with
Agility MLC (Elekta, Stockholm. Sweden). Normal tissue
constraints were selected in accordance with AAPM
TG101 guidelines.”” No dose painting techniques were
used for CSABR planning. The clinical dosimetrists
added structures for plan optimization as needed, typically
including concentric shells around the PTV. Six plans did
not incorporate a maximum target dose objective, allow-
ing for increased target dose heterogeneity to improve
proximal normal tissue sparing.”” The remaining 9 plans
incorporated varying maximum target dose objectives
with mean (range) values of 114% (100%-133%) of the
prescription dose.

Research treatment planning

RSABR and BgRT plans were produced using the
RTPS, beginning with the CT scan, contoured PTV and
organs at risk (OARs), prescription dose, and fraction-
ation used for clinical plan optimization. The BTZ
structure was produced by applying a 4-mm isotropic
expansion to the PTV. Dose shaping structures were
produced for all patients including 2 concentric 1 cm
thick shells encompassing the PTV or BTZ for the
RSABR and BgRT plans, respectively, and an external
avoidance structure including the external patient con-
tour and excluding the PTV, BTZ, and shells. Dose

Table 1  Patient characteristics

Patient No. of metastatic Replanned site Prescription dose PTV PTV volume (mL)
sites expansion (mm)

1 4 Left 5th rib 9Gy x 3 5 14.4

2 3 Left external iliac node 7.25 Gy x 5 4 24.2

3 4 Left sacroiliac joint 9 Gy x 3 3 19.4

4 1 External iliac node 8Gy x 5 4 14.2

5 1 Right iliac node 9Gy x5 5 9.2

6 2 Left iliac node 9.5 Gy x 3 4 13.3

7 3 Presacral node 7Gy x5 5 15.3

8 6 Right iliac node 8 Gy x5 5 32

9 2 Subcarinal node 6.4 Gy x 5 6 21.2

10 2 RP node 9Gy x5 5 15.4

11 1 Presacral node 7.25 Gy x 5 5 3.7

12 1 L1 vertebral body 12 Gy x 4 4 6.6

13 1 Left common iliac node 7.25 Gy x 5 6 5.8

14 2 Left internal iliac node 11 Gy x 3 5 8.0

15 1 Sacrum 11 Gy x 3 4 5.3

- Median (range) - - Median (range) Mean (SD)
2 (1-6) 5 (3-6) 11.9 (6.6)

Abbreviations: PTV = planning target volume; RP = retroperitoneal; SD = standard deviation.
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objectives for optimization were input based on the
clinical dose constraints set by the physician. No
maximum dose objective was placed on the PTV for all
cases. An iterative process was used to optimize dose
objectives until acceptable RSABR and BgRT plans
were achieved. The RTPS user was not blinded to the
clinical treatment plans during optimization and
attempted to mimic the trade-offs in PTV coverage and
OAR dose where possible to produce a set of comparable
plans.

Plan evaluation

Dose metrics

After optimization, CSABR, RSABR, and BgRT
treatment plans were exported for analysis using Slicer
RT.** Dose metrics were calculated including the
maximum PTV dose (Dp.y), the fraction of the PTV
receiving 95% of the prescription dose (V95%), Paddick

a PSMA-PET/CT

\
}

b ciinical saBrR e

conformity index,”” and gradient index.”® The 2 OARs
nearest to the PTV were also selected for each patient and
used to calculate maximum and mean OAR dose.
Maximum and mean doses were expressed as a percent-
age of the prescription dose for each patient. Dose metrics
were compared between planning approaches using
repeated measures analysis of variance followed by post
hoc paired ¢ tests. To investigate the relationship between
target and OAR dose, the maximum PTV and OAR doses
produced by the RTPS were normalized by the corre-
sponding clinical values. The resultant relative maximum
OAR dose was then plotted versus the relative maximum
PTV dose, and Pearson correlation coefficients were
calculated.

Correlation of dose with PET activity

To investigate the effect of underlying PET activity on
the BgRT plans in comparison with the CSABR plans,
the dose to each voxel within the PTV from each
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Figure 2 Example images, dose distributions, and cumulative dose-volume histogram (DVH) curves for 2 patients with prescription
doses of 27 Gy in 3 fractions (a-e) and 35 Gy in 5 fractions (f-j), respectively. Subfigures include (a, f) prostate-specific membrane
antigen/positron emission tomography (PSMA-PET) coregistered with the simulation computed tomography, (b, g) clinical SABR, (c,
h) research SABR, and (d, i) biology-guided radiation therapy (BgRT) dose distributions and (e, j) cumulative DVH curves. (e, j) Solid,
dashed, and dotted lines correspond to the CSABR, RSABR, and BgRT plans, respectively. Note that the BgRT dose distribution in (i)
does not exactly match the PSMA-PET uptake in (f), resulting from the DVH-based plan optimization, which does not directly optimize
dose based on radiotracer uptake. Abbreviation: PTV = planning target volume.
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Table 2 Mean =+ standard deviation (P value) dose metrics for each planning approach
PTV Dyhax PTV V95% Conformity index Gradient index OAR D« OAR D can
(% of Rx) (% of Rx) (% of Rx)
CSABR 128 £ 11 0.94 £ 0.05 0.74 £ 0.08 4.47 £+ 0.63 73 £ 27 11 £8
RSABR 133 £8 0.95 + 0.04 0.81 £ 0.04 5.06 + 0.38 73 £33 (P =.89) 98 (P = .001)
P = 21) P = 21 (P < .001) (P = .02)
BgRT 150 + 13 0.95 £+ 0.03 0.72 £+ 0.08 5.40 £+ 0.83 77 £ 35 (P = .06) 10 £ 8 (P = .02)
(P < .001) (P = .16) (P = .06) (P = .003)

Abbreviations: BgRT = biology-guided radiation therapy; CSABR = clinical stereotactic ablative radiation therapy; OAR = organs at risk; PTV =
planning target volume; RSABR = research stereotactic ablative radiation therapy; Rx = prescription.
P values are results of post hoc paired ¢ tests comparing RSABR and BgRT to CSABR.

planning approach was plotted versus the logarithm of
the corresponding PET activity. This analysis was per-
formed at the resolution of the dose grid, which had
isotropic 2-mm voxel dimensions for all plans. PET ac-
tivity was converted to a standardized uptake value
(SUV) for each voxel using body weight for semi-
quantitative comparison.”’ Pearson correlation co-
efficients were determined between dose and the
logarithm of SUV to determine differences between the
relationship of dose and PET activity for each planning
approach. In addition to voxel-wise analysis of dose
versus SUV, the maximum PTV dose was plotted versus
the maximum PTV SUV for each patient to determine
intrapatient effects of variation in PET activity. All sta-
tistical analysis was performed using R.*®

Results

Dose metrics

Figure 2 shows coregistered CT simulation and
PSMA-targeted PET images, planning structures, isodose
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lines, and cumulative DVH curves for each planning
approach for 2 example patients. Table 2 provides mean
+ standard deviation dose metrics for each planning
approach along with P values from post hoc paired ¢ tests
comparing RSABR and BgRT to CSABR. Additional
statistics are provided in Fig. S1. Target coverage was
similar between planning approaches indicated by similar
PTV VO95% values. In general, target dose heterogeneity
was increased when using the RTPS as indicated by the
higher D,,.x associated with the research SABR and
BgRT plans. RSABR and BgRT plans provided mean +
standard deviation relative increases in D, of 4% =+
11% (P = .21) and 18% + 15% (P < .001) compared
with CSABR, respectively. Target conformity was high-
est for the RSABR approach, indicated by statistically
significantly higher conformity index values than the
CSABR and BgRT approaches. Low-dose bath was
increased by the RTPS as indicated by the higher gradient
index values. Maximum OAR doses were similar between
the RTPS and clinical TPS. Mean =+ standard deviation
decreases in mean OAR dose were observed for RSABR
(—20% =+ 19%, P <.001) and BgRT (—=10% =+ 19%, P =
.02) relative to CSABR.
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Figure 3

(a-c) Two-dimensional histograms of voxel-wise normalized dose versus the logarithm of standardized uptake value (SUV)

for voxels within the PTVs from 15 patients. Lines of best fit are indicated in red. Abbreviations: BgRT = biology-guided radiation
therapy; PTV = planning target volume; SABR = stereotactic ablative radiation therapy.
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Correlation of dose with PET activity

Figure 3a-c depicts voxel-wise dose as a function of
SUV, indicating voxel-wise correlations of dose with
underlying PET activity. Pearson correlation coefficients
for the CSABR, RSABR, and BgRT plans were 0.10
(P <.001), 0.16 (P <.001), and 0.31 (P <.001), respec-
tively. Figure 4a shows correlation of maximum PTV
dose with maximum PTV SUV for each planning
approach; Pearson correlation coefficients for the
CSABR, RSABR, and BgRT planning approaches were
—0.14 (P = .61), —0.11 (P = .69), and 0.60 (P = .018).

Figure 4b shows relative maximum OAR dose versus
relative maximum PTV dose for the RSABR and BgRT
plans. Maximum OAR dose and maximum PTV dose
were not significantly correlated, with Pearson correlation
coefficients for the RSABR and BgRT plans of —0.11
(P = .56) and —0.16 (P = .39), respectively. The ma-
jority of points for both approaches were below unity
(blue line), indicating a reduction in the ratio of OAR to
PTV dose compared with the CSABR plans in most cases.

Discussion

BgRT treatment plans were produced for OMPC pa-
tients using PSMA-targeted PET with comparable dose
distributions to those achievable clinically while enabling
online PSMA-targeted, PET-guided delivery. In partic-
ular, similar target coverage between approaches was
achieved despite heterogeneous radiotracer uptake within
tumors and between tumors in different patients. These
plan characteristics are achievable because of the design
of the BgRT planning and delivery subsystems. By
reconstructing partial PET images during treatment de-
livery, regions of elevated radiotracer uptake in the target
act as biologic fiducials indicating where the dose
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distribution should be positioned. The BgRT dose distri-
bution itself is optimized before treatment based on DVH
objectives, so does not directly mimic the pattern of radio-
tracer uptake within the target, enabling the treatment of
targets with heterogeneous or partial uptake as illustrated
in Fig 2f and 2i. Although not the intended purpose of this
BgRT approach, the observed moderate dose-painting
effect may provide additional therapeutic benefit relative
to CSABR if desired.” The dose-painting effect may also
be mitigated through additional dose objectives on the
target not used in this study, such as a homogeneity
objective.

Without a homogeneity or maximum PTV dose
objective, the BgRT plans resulted in higher maximum
PTV doses while decreasing mean dose to the OARs.
Increasing target dose heterogeneity is a technique
routinely used in stereotactic radiosurgery and standard
SABR to improve dose gradients and normal tissue
sparing.”” In the present study, 6 CSABR plans also did
not incorporate maximum PTV dose objectives; however,
the remaining plans incorporated some form of maximum
PTV dose objective with varying values and weights. The
objectives used for these 9 patients likely contributed to
the differences in maximum PTV doses observed between
planning approaches. Limiting analysis to the 6 patients
without any maximum PTV dose objectives on the
CSABR plans, the observed trend remained consistent
across planning approaches with mean + SD maximum
PTV doses of 133% + 13%, 136% + 8%, and 149% =+
18% for the CSABR, RSABR, and BgRT approaches,
respectively. However, mean differences with CSABR
were no longer statistically significant for RSABR (P =
.37) or BgRT (P = .08) in this small patient subset. The
RTOG 0915 guidelines suggests a maximum PTV dose of
167% of the prescription, corresponding to prescribing to
the 60% isodose line.”” Three BgRT plans exceeded this
constraint, suggesting that clinical implementation of the
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(a) Scatter plots of maximum normalized planning target volume (PTV) dose versus the logarithm of maximum PTV

standardized uptake value, with corresponding lines of best fit. (b) Scatter plots of maximum organs at risk (OAR) dose versus
maximum PTV dose, both relative to the clinical stereotactic ablative radiation therapy (CSABR) values. The blue identity line (slope =
1) is provided for comparison. Abbreviations: BgRT = biology-guided radiation therapy; RSABR = research stereotactic ablative

radiation therapy; Rx = prescription.
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BgRT technique may necessitate a maximum PTV dose
objective in some instances.

The distributions of maximum OAR doses were
similar between all 3 planning approaches; however, the
RTPS did lead to increased maximum OAR doses in
some instances. Specifically, the research dose distribu-
tions exceeded clinical constraints more frequently than
the CSABR plans, with 4%, 8%, and 10% of constraints
exceeded by the CSABR, RSABR, and BgRT plans,
respectively. The RTPS tended to decrease mean OAR
dose to a greater extent than maximum OAR dose,
providing statistically significant improvements in mean
OAR dose relative to CSABR. A current limitation of the
RTPS is an inability to add additional planning structures
within the software after the plan has been initialized,
which can be added and used to modulate dose in the
clinical TPS. Additional planning structures would enable
patient-specific reductions of maximum OAR doses that
were not possible in this study.

A major motivation for BgRT is the ability to
perform intrafraction tumor tracking using PET, miti-
gating the effect of internal target motion on treatment
uncertainty. This preliminary study did not directly
investigate the ability to perform intrafraction tumor
tracking using the BgRT approach, but focused on the
ability to optimize plans using the RTPS, clinical con-
tours, and coregistered PSMA-PET, which is a prereq-
uisite to BgRT delivery. A prototype linac capable of
BgRT delivery has been constructed and is currently
being evaluated. Ongoing work involves motion phan-
tom studies investigating the ability to track PET-avid
targets during treatment delivery using the prototype
system described in this study.

Conclusions

A research TPS has been developed enabling the
optimization of BgRT treatment plans using PSMA-
targeted PET for OMPC patients. Results suggest that
optimized BgRT plans provide similar target coverage
and normal tissue sparing compared with conventional
SABR plans in the presence of heterogeneous PET tracer
uptake, but the BgRT plans did exhibit a moderate
metabolism-based dose-painting effect. These plan char-
acteristics indicate that BgRT based on PSMA-targeted
PET is feasible for OMPC and may improve clinical
outcomes after metastasis-directed SABR.

Supplementary data

Supplementary material for this article can be found at
https://doi.org/10.1016/j.adro.2019.10.006.
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