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Abstract

Purpose: Compared to CONV-RT (with conventional dose rate), FLASH-RT
(with ultra-high dose rate) can provide biological dose sparing for organs-at-
risk (OARs) via the so-called FLASH effect, in addition to physical dose sparing.
However, the FLASH effect only occurs, when both dose and dose rate meet
certain minimum thresholds. This work will develop a simultaneous dose and
dose rate optimization (SDDRO) method accounting for both FLASH dose and
dose rate constraints during treatment planning for pencil-beam-scanning pro-
ton therapy.

Methods: SDDRO optimizes the FLASH effect (specific to FLASH-RT) as well
as the dose distribution (similar to CONV-RT). The nonlinear dose rate con-
straint is linearized, and the reformulated optimization problem is efficiently
solved via iterative convex relaxation powered by alternating direction method of
multipliers. To resolve and quantify the generic tradeoff of FLASH-RT between
FLASH and dose optimization, we propose the use of FLASH effective dose
based on dose modifying factor (DMF) owing to the FLASH effect.

Results: FLASH-RT via transmission beams (TB) (IMPT-TB or SDDRO) and
CONV-RT via Bragg peaks (BP) (IMPT-BP) were evaluated for clinical prostate,
lung, head-and-neck (HN), and brain cases. Despite the use of TB, which is
generally suboptimal to BP for normal tissue sparing, FLASH-RT via SDDRO
considerably reduced FLASH effective dose for high-dose OAR adjacent to the
target. For example, in the lung SBRT case, the max esophageal dose constraint
27 Gy was only met by SDDRO (24.8 Gy), compared to IMPT-BP (35.3 Gy) or
IMPT-TB (36.6 Gy);in the brain SRS case, the brain constraint V12Gy<15cc was
also only met by SDDRO (13.7cc), compared to IMPT-BP (43.9cc) or IMPT-TB
(18.4cc). In addition, SDDRO substantially improved the FLASH coverage from
IMPT-TB, e.g., an increase from 37.2% to 67.1% for lung, from 39.1% to 58.3%
for prostate, from 65.4% to 82.1% for HN, from 50.8% to 73.3% for the brain.
Conclusions: Both FLASH dose and dose rate constraints are incorporated
into SDDRO for FLASH-RT that jointly optimizes the FLASH effect and phys-
ical dose distribution. FLASH effective dose via FLASH DMF is introduced to
reconcile the tradeoff between physical dose sparing and FLASH sparing, and
quantify the net effective gain from CONV-RT to FLASH-RT.

KEYWORDS
dose rate optimization, FLASH dose modifying factor, IMPT, proton therapy

Med Phys. 2021;1-12.

wileyonlinelibrary.com/journal/mp

© 2021 American Association of Physicists in Medicine 1


mailto:hgao2@kumc.edu
https://wileyonlinelibrary.com/journal/mp

SDDRO oF THE FLASH EFFECT

2 | MEDICAL PHYSICS
1 | INTRODUCTION

The radiation delivered at ultra-high dose rates (FLASH
radiotherapy (RT)), can reduce normal tissue toxicities,
compared to the radiation of the same dose delivered at
conventional dose rates (CONV-RT)."'% Such biologi-
cal or biochemical sparing of normal tissues while pre-
serving the tumor response via FLASH is often referred
to as the FLASH effect. In addition to the requirement of
ultra-high dose rates (e.g., 40 Gy/s), the occurrence of
the FLASH effect also requires the sufficiently high dose
(e.g.,8 Gy)."!"

Although the understanding of FLASH mechanisms
is still under development,'''° a key for FLASH is the
radiation at ultra-high dose rates. For clinical FLASH
treatments, proton RT is a natural choice for its capa-
bility of delivering ultra-high dose rates to deep tumor
targets.'®1” The feasibility of FLASH delivery has been
demonstrated on various commercially available pro-
ton systems.'®27 Currently a clinical trial?® and several
large-animal studies (e.g., ref. 27) via proton FLASH are
under investigation.

Despite the critical dependence of ultra-high dose
rates to achieve the FLASH effect, existing treatment
planning methods do not optimize the dose rate distribu-
tion and only optimize the dose distribution.282° Given
the importance of dose rate distribution to FLASH, we
developed a new optimization method that optimizes
both dose and dose rate distributions, called Simulta-
neous Dose and Dose Rate optimization (SDDRO).3°
However, in Gao et al *° the FLASH effect was assumed
to depend only on the dose rate. Given that the FLASH
effect also has the minimum dose threshold, this work
will also incorporate the dose dependence of the FLASH
effect into SDDRO, which will optimize dose and dose-
rate constraints for the FLASH effect and the dose dis-
tribution at the same time. The details are provided in
Section 2.1.

However, the optimization of the FLASH effect and the
optimization of dose distribution pose a tradeoff in treat-
ment planning, for two following reasons. First, for normal
tissues that may qualify for the FLASH effect, while the
goal of dose optimization is to minimize the dose, the
satisfaction of the FLASH effect requires the dose to be
at least a certain minimum threshold (e.g., 8 Gy), and
therefore the FLASH optimization may have to increase
the dose in order to achieve the FLASH effect. Second,
regardless of the first reason, maximizing the FLASH
effect and minimizing the dose to normal tissues are two
competing optimization objectives that can form a plan-
ning tradeoff in the sense of multi-criteria optimization.>'
Note that the tradeoff between FLASH maximization
and dose minimization to normal tissues is generic to
FLASH, and not specific to SDDRO methods.

In light of the tradeoff between FLASH optimization
and dose optimization, one needs to address: (1) Is
there any gain to normal tissues via FLASH-RT? (2) If

so, what is the net change from CONV-RT to FLASH-
RT? To answer these questions, we propose the use of
FLASH effective dose as a post-optimization evaluation
tool, which is a voxel-by-voxel product of physical dose
and Dose Modifying Factor (DMF) owing to the FLASH
effect, in order to quantify the effective gain via FLASH-
RT. The details are provided in Section 2.3.

2 | METHODS AND MATERIALS

2.1 | FLASH optimization via SDDRO
While our previous work accounts for the minimum dose
rate threshold y,, the major contribution of this work
is to also include the minimum dose threshold d, that
triggers the FLASH effect. In addition, we will improve
the optimization algorithm by linearizing the dose rate
constraint.

To illustrate new methods in this work, we consider a
simplified SDDRO problem

x3 > x%g
min ||Ax — bl|%st,d y>v0 - (1)
d>dy

In Equation (1), x represents proton spot weights
to be optimized, b the weighted vector of objective
constraint values, A the forward system matrix that
is a linear operator mapping from x to b, and g
the minimum spot weight threshold (namely minimum
monitor-unit (MU) constraint). Without loss of generality,
Equation (1) skips the optimization of g and con-
solidates dose influence matrix D, projections from
the entire dose to different volumes corresponding to
dose-volume constraints, and objective weighting into
A, to better illustrate new SDDRO components in this
work.

The constraints in Equation (1) include (1) the mini-
mum MU constraint on the spot weight x that x is non-
negative and x>g holds for positive x; (2) the FLASH
dose rate constraint on y; (3) the FLASH dose constraint
on d. Since the FLASH effect (requiring high dose and
dose rate) usually only occurs close to the treatment
target, the FLASH constraints are enforced in a region
of interest (ROI) in the vicinity of the target instead
of everywhere. Without loss of generality, we skip the
robust optimization and optimize with respect to the
planning target volume (PTV), and enforce the FLASH
constraint region only in ROl = PTV10mm, which is
a 10 mm expansion of PTV. Note that the choice of
10 mm is empirically optimal compared to 5 mm, 20 mm,
and 40 mm (see Supplementary Material of ref. 39), in
terms of achieving balanced plan quality and ultrahigh-
dose-rate coverage. However, the optimal choice of the
margin can be case-dependent, for example, a larger



SDDRO oF THE FLASH EFFECT

margin than 10 mm may be needed to capture the entire
high-dose region for a certain target.
The physical dose d is computed by

Ny

dj = Dyx;,i < Ng. (2)
Jj=1

Here, D is the dose influence matrix, N, the number of
proton spots, and N, the number of spatial voxels. Note
the subtle difference between A and D: A is not the same
as D, although A consists of D and also other compo-
nents (projection and weighting for planning objectives).

The dose rate y depends on x via dose-averaged dose
rate formula (DADR)?8

1 & i

MZ

vi= @)

Il
-

Here, t is the delivery time of minimum MU g, and
therefore g/t corresponds to the beam intensity. While
t is often set to a constant, g can be energy-layer
dependent.3? However, for our purpose, D, g, and t are
consolidated into Bin Equation (3), a single operator that
denotes the computation of mean dose rate.

Since the x dependence in y appears in both denomi-
nator and numerator of Equation (3), the direct dose rate
constraint in Equation (1) is nonlinear with respect to x.
To avoid optimization difficulty due to the nonlinearity, we
introduce

C=B-yyD. (4)

and linearize the dose rate constraint in Equation (1), so
that SDDRO is reformulated as

min ||Ax — b||?

x3 > x%g
st,{ Cx>0 . (5)
Dx > do

Note that the constraints in Equation (5) are a lin-
ear optimization problem except the minimum MU con-
straint. However, the minimum MU constraint can be
solved with an analytical formula (Equation 10), and
therefore there is no need to linearize the minimum MU
constraint.

2.2 | Optimization algorithm

The linearized SDDRO can be conveniently solved by
Alternating Direction Method of Multipliers (ADMM) 3334
Here we briefly provide ADMM based solution algorithm
for solving Equation ( (5), for which the dummy variables
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(z4, zo, z3) are introduced corresponding to each con-
straint. Then the optimizer of Equation (5) is to iteratively
solve the following augmented Lagrangian of Equation

()

L(x, uy, 24, Up, 2, U3, Z3)
2
= ||Ax = bl1? + wql1x — z¢ + uq]15

+ 2| |CX — 2 + Uy |3 + u||1DX — 25 + us] |3

35 52
z7 > 739

st,? z,>0 , (6)
Z3 > dy

in which (u4, u,, u3) are dual variables of (z4, z», z3) and
(m1, 4o, u3) are regularization parameters for each con-
straint.

That is, the solution of Equation (5) is obtained via the
following iterations indexed by k

-

k+1 _ ; Kok ok ko ko k
X _argxmmL(x,z1,u1,22,u2,23,u3)

kel _ - K41 kK ko k ok ik
zZt = argz1m|n L(x , 24, Uy, Z5, Us, Z3, u3)
uk+1 — uk +Xk+1 _Zk+1
1 1 1
k+1 _ f k+1 Sk+1 , k+1 k Sk .k
1 &= argz;’nln L(x I ARNTALY & uz,za,u3)
K+1 _ Kk k+1 _ Sk+1
u,” =u,+ Cx z,
k+1 _ : k+1 Sk+1 , k+1 k+1 , k+1 k
zt = argzgnm L(x - AARNTALN SUNT AL & u3)
k+1 _ , k k+1 _ Sk+1
| u," =us+ Dx z,
(7)

The x-subproblem is a differentiable least-square
problem, which can be solved by

K = (ATA+ g + upCTC + u3D™D)
X (ATh + s (¥ = uf) + ppCT (2 — uf)
+ usD' (25 — uk)) (8)

In the implementation, there is no need to explicitly
form the entire matrix and then take its inverse, and
Equation (8) can be efficiently solved via the conjugate
gradient method since the matrix is symmetric positive
definite.

The z-subproblems have analytical solutions, i.e.,

k+1 K
ZH = ST+ uk, g)

A+ = max(Cxk*1 + uk, 0) (9)

k+1
3

V4

z§* = max(Dx " + uk, do)
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where

0,z<g/2

S(z,9) = . 10
(z9) {max(z, 9),ifz>g/2 (10)

Note that the full version of SDDRO* will need to
account for dose-volume constraints (nonconvex), and
optimization of g, which can be solved by iterative con-
vex relaxation3°-3° together with ADMM.

2.3 | FLASH effective dose via DMF
As explained in the introduction, the FLASH optimiza-
tion and the dose optimization for normal tissues
pose a generic tradeoff for FLASH treatment plan-
ning. Moreover, the optimization of the FLASH effect
does not yet directly translate to certain dosimetric
benefit. For these two reasons, we propose the use
of FLASH effective dose to reconcile the tradeoff
and quantify the net effective change of FLASH from
CONV.

FLASH effective dose d, is the voxel-by-voxel prod-
uct of the original dose d and DMF owing to the FLASH
effect, that is,

d, = d - DMF. (11)

The DMF can be defined via the product of two indi-
cator functions

DMF =1+ (f=1) - 15,0 - 1gsap- (12)

That is, DMF = f, only for the voxels where both dose
and dose rate FLASH constraints are met; otherwise,
DMF = 1,thatis,no FLASH effect. Here fis a given DMF
constant from the literature, that is, f = 0.7,'® while DMF
is a function to model the FLASH effect. Note that DMF
is deliberately set to 1 in the tumor target, to reflect the
current understanding of the FLASH effect.

Alternatively, the occurrence of the FLASH effect can
be modeled as smoothly varying functions with respect
to (yo, dp) instead, e.g., by replacing step indicator func-
tions in Equation (12) with sigmoid functions and fitting
to multiple f values at different combinations of (y,, dp),
that is,

DMF = 1 +(f—1)-s<k1 CX> -s(kZDXCj_d"), (13)
0

Y0

where the sigmoid function is

S(X) = —— (14)

The parameters k; and k, in Equation (13) are to con-
trol the transition speed in y and d respectively from
CONV (DMF = 1) to FLASH (DMF = f). FLASH effec-
tive dose here will be based on Equation (13), which can
model the transition from CONV to FLASH; in contrast,
Equation (12) is binary without the translation.

While Equations (12—-13) allow the use of voxel or
organ-specific DMF, f is a constant in this work, which
will be sufficient to evaluate the net effective change
from CONV to FLASH. Based on a review paper on
FLASH DMF,'® here we set f= 0.7 (i.e., the normal-tissue
damage caused by 0.7 Gy from CONV is equivalent
to that by 1 Gy from FLASH), with the FLASH thresh-
olds yo= 40 Gy/s and dyp= 8 Gy. On the other hand,
without loss of generality, the FLASH model Equation
(13) with rapid translation from CONV to FLASH (i.e.,
ky = ko= 100) based on a single set of (yq, dp, f) is
used here, which is sufficient for this proof-of-concept
study, although (k4, k») can be fitted from multiple sets of
(vo, dg, f), which do not pose an additional mathematical
challenge to the proposed plan optimization via Equa-
tion (1) and the plan evaluation via Equation (13).

24 | Materials
CONV was planned with standard Bragg peaks (BP)
via IMPT (“IMPT-BP”). FLASH was planned with
transmission beams (TB) via IMPT (“IMPT-TB”) and
SDDRO (“SDDRO”), respectively. Three methods IMPT-
BR, IMPT-TB, and SDDRO were compared for lung
(12 Gy x 3 fractions), prostate (12 Gy x 3 fractions),
head-and-neck (HN) (15 Gy x 4 fractions), and brain
(16 Gy x 1 fraction) cases. The dose-volume planning
constraints for organs at risk (OAR) from HyTEC*? were
used for these SBRT/SRS plans. The FLASH effect was
optimized for SDDRO in ROl = PTV10mm (a 10 mm
expansion of PTV). All plans were normalized to have
D95 = 100% to PTV. After the optimization with respect
to the physical dose, FLASH effective dose was retro-
spectively evaluated via Equation (13) with y, = 40 Gy/s,
dp=8 Gy, f=0.7,and k; = k, = 100 for all methods.
The dose influence matrices D were generated via
MatRad*' with 5 mm spot width (full width half maxi-
mum), and 3 mm lateral spacing on 3 mm? dose grid.
For BP, 3 mm longitudinal spacing was used for spot
energy discretization; for TB, only 229 MeV energy was
used. The beam angles for CONV and FLASH were both
(0°,120°, 240°) for lung and brain, (90°,270°) and (50°,
310°) respectively for prostate, (45°, 135°, 225°, 315°),
and (0°, 45°,90°, 135°) respectively for HN. The choice
of beam angles was empirical, with the general principle
to maximize angular gaps between beam angles. How-
ever, note that the range of beam angle choice for TB
is effectively 180° instead of 360°, because a TB of 6°
is essentially the same as TB of 6°+180°, that is, the
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FIGURE 1

Lung. IMPT-BP: plot of dose in (a); IMPT-TB: plots of physical dose, FLASH effective dose, and FLASH coverage in (b)-(d);

SDDRO: plots of physical dose, FLASH effective dose, and FLASH coverage in (e)-(g); DRVH for ROl in (h); DVH for PTV, ROI, lung, esophagus,
trachea, and bronchus in (i)-(n). The dose plot window is [0%, 110%]. 100% isodose line, 80% isodose line, and PTV are highlighted in dose
plots; ROl = PTV10mm is highlighted in FLASH coverage plots, in which the blanked region is without the FLASH effect

opposing beams do not provide additional optimization
degrees of freedom for TB.

In the tables, the conformal index (Cl) is defined as
V1002/(V X V1100) (V100: PTV volume receiving at least
100% of prescription dose; V: PTV volume; V/4q: total
volume receiving at least 100% of prescription dose;
ideally Cl = 1); the FLASH coverage of ROI refers to
the percentage of ROI volume receiving both y>y, and
dZdo
3 | RESULTS
The results for lung, prostate, HN, and brain are pre-
sented in Figures 1—4,respectively,for CONV (IMPT-BP)
and FLASH (IMPT-TB or SDDRO). The dose parame-

ters with respect to physical dose and FLASH effective
dose are calculated and summarized in Table 1 and 2

respectively. The dose-rate coverage and FLASH cover-
age are summarized in Table 3.

3.1 | Improving FLASH coverage via
SDDRO

The FLASH coverage (i.e., y>40Gy/ls and d>8Gy)
comparison between IMPT-TB and SDDRO for
ROI =PTV10mm in Table 3 indicates SDDRO improved
the FLASH coverage from IMPT-TB, i.e., an increase
from 37.2% to 67.1% for lung, from 39.1% to 58.3%
for prostate, from 65.4% to 82.1% for HN, and from
50.8% to 73.3% for the brain. The improved FLASH
coverage via SDDRO is also confirmed through the
comparison of the binary plots for FLASH cover-
age between IMPT-TB (Figures 1-4d) and FLASH
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Prostate. IMPT-BP: plot of dose in (a); IMPT-TB: plots of physical dose, FLASH effective dose, and FLASH coverage in (b)-(d);

SDDRO: plots of physical dose, FLASH effective dose, and FLASH coverage in (e)-(g); DRVH for ROl in (h); DVH for PTV, ROI, bladder, rectum,
femoral head, and penile bulb in (i)-(n). The dose plot window is [0%, 110%]. 100% isodose line, 80% isodose line, and PTV are highlighted in
dose plots; ROl = PTV10mm is highlighted in FLASH coverage plots, in which the blanked region is without the FLASH effect

(Figures 1-4q), in which the colored region is with the
FLASH effect, and the blanked region is without the
FLASH effect. On the other hand, the dose rate vol-
ume histogram (DRVH) for ROI (Figures 1—4h) shows
SDDRO improved FLASH dose rate coverage from
IMPT-TB.

3.2 | Tradeoff between FLASH and dose
optimization

Although the FLASH coverage was improved via
SDDRO (see Section 3.1),the dose coverage was sacri-
ficed to a certain extent. For example, for lung (Table 1),
the Cl decreased from 0.70 to 0.63, the mean physical
dose of ROI increased from 26.6 Gy to 27.3 Gy, and
the V20Gy of lung increased from 10.4cc to 11.2cc; this
was also shown as an enlarged 80% isodose region in
SDDRO (Figure 1e) compared to IMPT-TB (Figure 1b).
Similar tradeoffs between FLASH and dose optimiza-

tion were also observed from other cases as shown
in Table 1 and Figures 1—4. Note that this tradeoff is
generic to FLASH, not specific to SDDRO, because max-
imization of the FLASH effect may have to increase the
physical dose to meet the FLASH dose threshold (e.g.,
d>8Gy).

3.3 | Resolving the tradeoff via FLASH
effective dose

Given the tradeoff between FLASH and dose optimiza-
tion, the physical dose d and the FLASH DMF were
combined into FLASH effective dose d,, with FLASH
effective dose parameters summarized in Table 2 and
FLASH effective dose plots in Figures 1—4.In light of the
tradeoff, the results demonstrate that SDDRO improved
the FLASH effective dose from IMPT-TB. For example,
for lung, in terms of FLASH effective dose (Table 2),
the Cl increased from 0.85 to 0.95, the mean dose for
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FIGURE 3 HN.IMPT-BP: plot of dose in (a); IMPT-TB: plots of physical dose, FLASH effective dose, and FLASH coverage in (b)-(d);
SDDRO: plots of physical dose, FLASH effective dose, and FLASH coverage in (e)-(g); DRVH for ROl in (h); DVH for PTV, ROI, larynx,
esophagus, mandible, oral cavity, and parotid in (i)-(0). The dose plot window is [0%, 110%]. 100% isodose line, 80% isodose line, and PTV are
highlighted in dose plots; ROl = PTV10mm is highlighted in FLASH coverage plots, in which the blanked region is without the FLASH effect

the ROI decreased from 22.5 Gy to 19.9 Gy, and the
V20Gy of lung decreased from 9.0cc to 8.0cc; SDDRO
(Figure 1f) had a tighter 80% isodose region to the tar-
get than IMPT-TB (Figure 1c).

3.4 |
FLASH

Net effective change from CONV to

The results demonstrate that FLASH can spare more of
high-dose OAR regions (e.g., ROl = PTV10mm) near
treatment targets than CONV. In Table 2, the mean

FLASH effective does of ROI from CONV (via IMPT-
BP) to FLASH (via SDDRO) reduced from 23.7 Gy to
19.9 Gy for lung, from 20.8 Gy to 18.9 Gy for prostate,
from 38.4 Gy to 30.8 Gy for HN, and from 8.6 Gy to
7.2 Gy for brain; these net effective changes were also
demonstrated by DVH plots for ROI (Figure 1-4j), and
the tighter 80% isodose region to the target by SDDRO
(Figure 1f) than IMPT-BP (Figure 1a).

Noticeably, because of a reduced high dose near the
target, FLASH can improve the target coverage from
CONV. For example, in Table 2, the CI values increased
from 0.89 to 0.95 for lung, and from 0.91 to 0.95 for HN,
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FIGURE 4 Brain. IMPT-BP: plot of dose in (a); IMPT-TB: plots of physical dose, FLASH effective dose, and FLASH coverage in (b)-(d);
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highlighted in FLASH coverage plots, in which the blanked region is without the FLASH effect

from IMPT-BP to SDDRO. Note that Cl = 0.95 is optimal
under the plan normalization D95% = 100%.

3.5 | Meeting SBRT/SRS OAR
constraints via SDDRO

The OAR planning constraints followed SBRT/SRS
recommendations from recent HyTEC reports and
others*0#>~44 FLASH via SDDRO was able to meet
some OAR constraints that CONV (IMPT-BP) failed to
meet. For lung, per RTOG 0618,*? the max dose con-
straint 27 Gy for esophagus was only met by FLASH
via SDDRO (24.8 Gy), not CONV (35.3 Gy) or FLASH
via IMPT-TB (36.6 Gy); the max dose constraint 30 Gy
for trachea and bronchus was substantially relaxed to
22 Gy by SDDRO. For prostate, SDDRO substantially

decreased V32Gy to nearly Occ. For brain, compared
to CONV, SDDRO substantially decreased V12Gy from
43.9cc to 13.7cc; note that V12Gy<15cc is required to
reduce the likelihood of symptomatic radiation necro-
sis per HyTEC reports** All these improved high-dose
sparing of OAR by FLASH via SDDRO may poten-
tially enable proton SBRT/SRS that could otherwise
fail to meet dose constraints by CONV, for example,
the reduction of V12Gy from 43.9cc to 13.7cc to meet
V12Gy<15cc for this case to be eligible for brain SRS.

4 | DISCUSSION

We have shown that, compared to CONV-RT, FLASH-
RT via SDDRO can provide not only better sparing for
high-dose OAR (e.g., PTV10mm), but also better dose
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TABLE 1 Physical dose parameters TABLE 2 FLASH effective dose parameters
Quantity Quantity

d Structure  (Unit) IMPT-BP IMPT-TB SDDRO d, Structure  (Unit) IMPT-BP IMPT-TB SDDRO

Lung PTV Cl 0.89 0.70 0.63 Lung PTV Cl 0.89 0.85 0.95
ROI Dmean (Gy) 23.7 26.6 27.3 ROI Dmean (Gy) 23.7 225 19.9
Lung V20Gy (%) 6.0 10.4 11.2 Lung V20Gy (%) 6.0 9.0 8.0
Esophagus Dmax (Gy) 35.3 371 37.2 Esophagus Dmax (Gy) 35.3 36.6 24.8
Trachea Dmax (Gy) 30.4 31.9 324 Trachea Dmax (Gy) 30.4 31.4 22.2
Bronchus  Dmax (Gy) 28.2 294 30.0 Bronchus  Dmax (Gy) 28.2 29.4 221
Body Dmean (Gy) 1.4 2.3 2.3 Body Dmean (Gy) 1.4 2.2 21

Prostate PTV Cl 0.94 0.75 0.75 Prostate PTV Cl 0.94 0.92 0.95
ROI Dmean (Gy) 20.8 23.9 25.2 ROI Dmean (Gy) 20.8 19.6 18.9
Bladder V32Gy (cc) 5.4 8.4 8.3 Bladder V32Gy (cc) 54 0.0 0.0
Rectum V32Gy (cc) 5.2 19.2 20.3 Rectum V32Gy (cc) 52 13.6 0.1
Body Dmean (Gy) 1.2 2.2 23 Body Dmean (Gy) 1.2 21 2.2

HN PTV Cl 0.91 0.77 0.74 HN PTV Cl 0.91 0.92 0.95
ROI Dmean (Gy) 38.4 43.4 448 ROI Dmean (Gy) 38.4 323 30.8
Esophagus Dmean (Gy) 31.6 37.0 36.8 Esophagus Dmean (Gy) 31.6 31.8 28.0
Larynx Dmean (Gy) 38.6 40.2 40.4 Larynx Dmean (Gy) 38.6 33.1 31.8
Mandible Dmean (Gy) 20.0 31.6 32.2 Mandible Dmean (Gy) 20.0 25.1 24.4
Cavity Dmean (Gy) 20.3 26.5 26.6 Cavity Dmean (Gy) 20.3 22.4 21.6
Parotid Dmean (Gy) 19.3 28.6 28.6 Parotid Dmean (Gy) 19.3 24.8 23.2
Body Dmean (Gy) 3.7 5.5 5.8 Body Dmean (Gy) 3.7 4.9 5.0

Brain PTV Cl 0.95 0.90 0.90 Brain PTV Cl 0.95 0.94 0.95
ROI Dmean (Gy) 8.6 9.9 10.2 ROI Dmean (Gy) 8.6 7.8 7.2
Brain V12Gy (cc) 43.9 50.1 50.5 Brain V12Gy (cc) 43.9 18.4 13.7
Scalp V12Gy (%) 54 6.0 6.1 Scalp V12Gy (%) 54 4.3 3.9
Body Dmean (Gy) 0.7 1.0 1.0 Body Dmean (Gy) 0.7 0.9 0.9

conformality to treatment target (e.g., Cl), despite worse
integral dose (e.g., the body mean dose in Tables 1
and 2). These promising FLASH results can be better
appreciated, by realizing that FLASH-RT was planned
with TB, which is usually suboptimal to BP (used for
CONV-RT) for normal tissue sparing, since TB does not
have the sharp dose falloff after exiting the target that
can be achieved by BP. On the other hand, FLASH can
be potentially achieved through other delivery mecha-
nisms besides TB, such as TB based spread-out BP
(SOBP) via ridge filters,?>2”45 joint TB and BP*° and
BP via proton LINAC with ultra-high dose rates for all
energies,*® for which SDDRO can be developed to opti-
mize the FLASH effect. Although these delivery methods
should offer better low-dose sparing of normal tissues
similar to CONV-RT (e.g., the integral dose), TB is suf-
ficient to demonstrate the unique benefit of FLASH-RT
for sparing high-dose OAR, as shown in this study.
Different treatment planning and delivery methods
need re-optimization of plan parameters. For example,
the beam angles suitable for BP and TB are differ-
ent (e.g., unlike BP, the opposing beams for TB provide

non-distinguishable dose influence matrices and thus
are redundant), which can be solved for by beam angle
optimization for a specific combination of treatment
planning and delivery methods; spot distribution and
weights after optimization are different (e.g., TB tends to
have fewer spots with larger weights than BP; SDDRO
tends to have higher minimum-MU g than IMPT-TB, and
fewer spots with larger weights for a given g, owing to
the dose rate optimization); the best weightings between
plan objectives can also be different, since the inclusion
of dose-rate or FLASH optimization and the use of TB
instead of BP will change the Pareto surface from the
multi-criteria optimization.

In current SDDRO formulation, the FLASH dose con-
straint and the FLASH dose rate constraint are enforced
separately, i.e., the voxel meeting one constraint may not
necessarily meet the other one. Given that the occur-
rence of the FLASH effect requires both dose and dose
rate constraints, ideally these two constraints should be
enforced jointly, that is, to maximize the volume meeting
both constraints, and also to enforce neither constraints
for the rest volume, for which the physical dose can



SDDRO oF THE FLASH EFFECT

© | \EDICAL PHYSICS

TABLE 3 Dose-rate and FLASH coverage. Dose-rate coverage
P,: The percentage of an OAR volume receiving y>40Gy/s; FLASH
coverage P, 4: The percentage of an OAR volume receiving
y>40Gy/s and d>8Gy. Both P, and P, 4 from IMPT-BP are zeros for
all structures, and not individually listed in this table

P,IP, 4 Structure IMPT-TB SDDRO
Lung ROI 48.7/37.2 96.5/67.1
Lung 24.6/3.3 41.2/8.2
Esophagus 18.4/2.2 32.8/4.1
Trachea 38.0/16.6 58.9/24.6
Bronchus 32.3/0.9 93.6/16.6
Prostate ROI 59.0/39.1 90.8/58.4
Bladder 33.3/10.4 36.8/11.3
Rectum 13.2/7.2 39.8/24.4
HN ROI 73.0/65.4 95.2/82.1
Esophagus 64.3/37.9 100.0/61.1
Larynx 84.0/51.9 100.0/63.0
Mandible 77.2/142.6 94.5/51.1
Cavity 80.3/31.0 95.8/37.6
Parotid 56.4/24.6 92.0/35.5
Brain ROI 65.3/50.8 97.0/73.3
Brain 34.6/10.4 43.7/12.0
Scalp 25.2/8.5 33.2/10.9

be better optimized. However, the joint requirement of
two FLASH constraints becomes mathematically non-
convex and may subsequently pose additional chal-
lenges for the optimizer. This will be investigated in the
future.

Although the FLASH parameters (e.g.,79,dp,f) used in
this work are taken to be constants, the general frame-
work of SDDRO Equation (1) and DMF model Equa-
tion (13) allows for heterogenous FLASH parameters.
That is, the following can be modeled at no additional
cost in terms of methodology and algorithm: (1) organ-
dependent or voxel-based FLASH parameters and (2)
multi-parametric FLASH parameters for a specific organ
or voxel (i.e., via fitting (k4, k») from multiple sets of (yo,
d0= f))

On the other hand, instead of retrospective plan eval-
uation of FLASH effective dose via DMF it is possi-
ble to incorporate DMF model into plan optimization
and directly optimize FLASH effective dose for improved
plan quality, which will be a future direction. Moreover, the
evaluation or optimization of the overall effective dose
can also include the linear energy transfer (LET)*/—4°
However, LET is not considered in this study, because
LET is not specific to FLASH, and the FLASH dose via
TB has limited variation in LET.

The DADR is a mean dose rate. If needed, the instan-
taneous dose rate can also be regularized at voxels
for each beamlet. Moreover, DADR does not account
for spot scanning trajectory and beam-off time between

spots, which can be modeled by pencil beam scanning
(PBS) dose rate.’® In addition, the FLASH constraints do
not account for the beam-off time between angle switch-
ing. Based on radiolytic oxygen depletion theory,'"-'° the
oxygen level is sufficiently replenished after each beam
switching (e.g., on the order of seconds). Therefore, the
FLASH constraints can be regularized per beam angle
instead, in which dose and dose-rate constraints for the
FLASH effect are evaluated per field and FLASH effec-
tive doses are computed per field and then summed
together for total FLASH effective dose. The current
method is subject to these limitations, and we will inves-
tigate this in future work and update SDDRO with dose
and dose rate constraints pertinent to the FLASH effect,
to match the state-of-the-art understanding of FLASH
mechanisms. Also note that the parameters and con-
clusions of this work based on DADR may subject to
considerable changes for other forms of dose rate, for
example, PBS dose rate.

The conclusions here are based on a specific set of
FLASH parameters (yp= 40 Gy/s, dyp= 8 Gy, f = 0.7
and k; = k, = 100) and planning parameters (e.g., tar-
get dose per fraction). Without a detailed sensitive anal-
ysis for these parameters, we remark that the effec-
tive gain from CONV to FLASH should be enhanced for
smaller dose rate threshold y,, smaller dose threshold
dp, smaller f, smaller k4 and ky, and larger target doses
per fraction.

The availability of SBRT/SRS is often hindered by
dose-limiting toxicities to OAR. We demonstrated that
compared to CONV-RT, FLASH-RT via SDDRO can
substantially relax the high-dose constraints (e.g., Dynax)
for OAR close to the target (see Section 3.5),and there-
fore could be clinically significant in the sense that it may
enable SBRT/SRS that are not allowed by CONV-RT
due to the violation of critical dose constraints for OAR.

5 | FUTURE OUTLOOK

The contribution of SDDRO is to optimize the dose
and dose-rate parameters associated with the FLASH
effect, which IMPT do not explicitly optimize. However,
SDDRO in its current form may not generate the desir-
able FLASH plan with maximized FLASH effect, for
which we have the following future outlooks.

1. Modeling of state-of-the-art understanding of the
FLASH effect. Although the exact mechanism and
parameters that define the FLASH effect in humans
are unknown, it may not prevent us from treating
patients with FLASH, given the success of radiother-
apy (RT) despite that we still do not have the exact
answers to many fundamental RT questions (e.g.,
the exact mechanism and parameters for defining
spatially-fractionated RT or linear energy transfer, or
even the basic question how RT works). However, the
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FLASH optimizer should keep up with the state-of-
the-art understanding of the FLASH effect, e.g., a
quantitative FLASH model,®' and incorporate these
FLASH models into the optimizer.

2. Optimization with respect to FLASH effective dose.
Given the tradeoff nature between physical dose
coverage and FLASH coverage, it is imperative to
develop the optimization method that directly opti-
mizes FLASH effective dose, which accounts for both
physical dose and FLASH DMF. The modeling of
DMF can be based on a simple step or sigmoid func-
tions, or more complex spatiotemporal models (e.g.,
via radiolytic oxygen depletion’"). Moreover, the avail-
ability of this optimizer can also enable the testing
and optimizing of FLASH models and parameters via
in-vivo studies.

3. Need of new optimization algorithms. The optimiza-
tion of the FLASH effect is technically demanding, as
it may involve spatiotemporal optimization of multi-
scale (instantaneous or mean) dose and dose rate.
For example, the optimization of PBS pattern (which
is a combinatorial optimization problem) should be
important to optimize the PBS dose rate (which is
also a nonlinear optimization problem itself)°°; the
optimization of plan quality with large minimum-MU
threshold g (for achieving ultrahigh dose rate) is a
highly nonconvex problem. All these nonconvex and
nonlinear optimization problems from FLASH present
technical challenges, which may also be new to the
optimization community.

6 | CONCLUSION

We have developed a new FLASH-RT plan optimization
method via SDDRO that can account for both FLASH
dose and dose rate constraints, and jointly optimize
the FLASH effect and physical dose distribution. As a
post-optimization evaluation tool, the FLASH effective
dose that combines physical dose and FLASH DMF
model has been proposed to resolve the generic trade-
off between optimization of the FLASH effect and opti-
mization of physical dose for normal tissues, and quan-
tify the net effective change from CONV-RT to FLASH-
RT. The FLASH effective dose results clearly show that
FLASH-RT via SDDRO can improve the high-dose spar-
ing of OAR from CONV-RT.
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