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Abstract

Background:Diffusing alpha-emitters Radiation Therapy (“Alpha DaRT”) is a
new technique that enables the use of alpha particles for the treatment of
solid tumors. Alpha DaRT employs interstitial sources carrying a few uCi of
224Ra below their surface, designed to release a chain of short-lived atoms
(progeny of 224Ra) which emit alpha particles, along with beta, Auger, and con-
version electrons, x- and gamma rays. These atoms diffuse around the source
and create—primarily through their alpha decays—a lethal high-dose region
measuring a few millimeters in diameter.

Purpose:While previous studies focused on the dose from the alpha emissions
alone, this work addresses the electron and photon dose contributed by the
diffusing atoms and by the atoms remaining on the source surface, for both a
single Alpha DaRT source and multi-source lattices. This allows to evaluate the
low-LET contribution to the tumor dose and tumor cell survival,and demonstrate
the sparing of surrounding healthy tissue.

Methods:The low-LET dose is calculated using the EGSnrc and FLUKA Monte
Carlo (MC) codes. We compare the results of a simple line-source approxima-
tion with no diffusion to those of a full simulation, which implements a realistic
source geometry and the spread of diffusing atoms. We consider two opposite
scenarios: one with low diffusion and high 2'?Pb leakage, and the other with
high diffusion and low leakage. The low-LET dose in source lattices is calcu-
lated by superposition of single-source contributions. Its effect on cell survival
is estimated with the linear quadratic model in the limit of low dose rate.
Results:For sources carrying 3 uCi/cm 22*Ra arranged in a hexagonal lattice
with 4 mm spacing, the minimal low-LET dose between sources is ~ 18 — 30 Gy
for the two test cases and is dominated by the beta contribution. The low-LET
dose drops below 5 Gy ~ 3 mm away from the outermost source in the lat-
tice with an effective maximal dose rate of < 0.04 Gy/h. The accuracy of the
line-source/no-diffusion approximation is ~ 15% for the total low-LET dose over
clinically relevant distances (2—4 mm). The low-LET dose reduces tumor cell
survival by a factor of ~ 2 — 200.

Conclusions:The low-LET dose in Alpha DaRT can be modeled by conven-
tional MC techniques with appropriate leakage corrections to the source activity.
For 3 uCi/cm 22Ra sources, the contribution of the low-LET dose can reduce
cell survival inside the tumor by up to two orders of magnitude. The low-LET
dose to surrounding healthy tissue is negligible. Increasing source activities

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2023 The Authors. Medical Physics published by Wiley Periodicals LLC on behalf of American Association of Physicists in Medicine.

Med Phys. 2023;1-14.

wileyonlinelibrary.com/journal/mp 1


mailto:larazi@bgu.ac.il
http://creativecommons.org/licenses/by/4.0/
https://wileyonlinelibrary.com/journal/mp
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmp.16885&domain=pdf&date_stamp=2023-12-14

THE LOW-LET RADIATION DOSE IN ALPHA-DART

2 | MEDICAL PHYSICS

lattice spacing.

KEYWORDS

1 | INTRODUCTION

The therapeutic potential of alpha particles in the
treatment of cancer has long been recognized,'>
leading to multiple clinical studies as Targeted Alpha
Therapy (TAT),*® and to the approved use of 2?3RaCl,
treatments for bone metastases in castration-resistant
prostate cancer’ Because of the short range of alpha
particles, TAT is generally considered suitable for the
treatment of single cells and micrometastatic disease,
although recent results with PSMA-TAT show efficacy
also against macroscopic metastases® In contrast,
Diffusing alpha-emitters Radiation Therapy (“Alpha
DaRT”) is a new modality which a priori focuses on
the use of alpha particles against solid tumors. Pre-
vious publications have covered its basic principle
and physics,>'® pre-clinical studies on mice-borne
tumors as a stand-alone treatment,'*~' in combination
with chemotherapy,'”~2° anti-angiogenesis therapy2°
and immunotherapy?'2’ as well as first clinical
results.2829

Alpha DaRT utilizes radioactive sources embed-
ded with a few uCi of 2?*Ra, which are inserted into
malignant tumors for a duration of at least two weeks.
Once inside the tumor, the sources are designed to
continuously release from their surface the short-lived
daughters of 22*Ra: 220Rn, 216po, 212pp, 212Bj, 212pg,
and 2%8TI, ending with stable 2°8Pb (Figure 1). The
radioactive atoms disperse in the tumor mainly by
diffusion, creating, through their radioactive emissions,
a lethal high-dose region around each source with a
diameter of typically 3-5 mm, where the alpha dose
is 10 Gy or higher?'516.18.19 | the first-in-human
trial 8 focusing on locally advanced and recurrent
squamous cell carcinoma of the skin, head and neck,
tumors were treated with sources carrying 2 uCi
(74 kBq) %?*Ra with a nominal spacing of 5 mm
between sources. All 28 lesions treated showed positive
response (30%—100% reduction in their longest diam-
eter) and 22/28 (78.6%) displayed complete response
(i.e., disappeared on the macroscopic level). In all
cases side effects were mild to moderate, with no indi-
cation of radiation-induced damage either locally or
systemically.

The size of the high-dose region around each source
depends on the dispersal of the radioactive atoms.

by a factor of 5 can bring the low-LET dose itself to therapeutic levels, in
addition to the high-LET dose contributed by alpha particles, leading to a “self-
boosted” Alpha DaRT configuration, and potentially allowing to increase the

Alpha DaRT, brachytherapy, Low-LET dose calculations

To describe this process inside the tumor, a simpli-
fied approach (“the Diffusion-Leakage (DL) model”)
was developed,' aiming to serve as a zero-order
approximation for treatment planning. This model also
considers the leakage of 2'?Pb out of the tumor through
the blood. It describes the migration of the atoms as
being purely diffusive and was initially used to estimate
the alpha radiation dose by approximating sources
as lines, and summing the contribution of point-like
segments along their length. A more recent work, imple-
menting a finite-element scheme, extended this to two
dimensions to describe the alpha dose for realistic
source geometries.'?

Past work focused on the alpha particle dose as the
main contributor in Alpha DaRT tumor dosimetry. Here
we present, for the first time, detailed calculations of
the dose from the fast electrons and gamma/x rays
(low-LET radiation) emitted by 22Ra and its daugh-
ters. The dose is calculated as a function of distance
from a point source in water to establish dose point
kernels (DPKs) of the low-LET emissions of 2?*Ra,
212pp, 212Bj, and 2%8TI, using the EGSnrc®*3! and
FLUKA32:33 Monte Carlo (MC) codes for electron and
photon transport. These DPKs are used to calculate the
total low-LET dose from an Alpha DaRT point source,
including the contributions of both the atoms remaining
on the source and those diffusing in its vicinity. We use
the point source expressions to understand the main
factors affecting the low-LET dose and show that the
effect of diffusion can be neglected to first order. The
analysis is then extended to a realistic Alpha DaRT
source geometry using a full MC calculation by FLUKA,
which accounts for the spatial spread of the diffusing
atoms. We show that a line-source/no-diffusion model
leads to a reasonable first-order approximation to the
full MC calculation, provided that 2'2Pb leakage is
accounted for as an effective reduction in the release
rate of 22Ra daughters from the source. We use the
full MC calculation as a basis for source lattice cal-
culations and investigate the low-LET dose inside the
lattice and in the tumor periphery. Lastly, we consider
the effect of the low-LET dose on cell survival and
discuss how boosting the low-LET contribution can
improve tumor control without increasing the systemic
dose, while potentially allowing for increased source
spacing.
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FIGURE 1 The ??*Ra decay chain.

2 | SINGLE-SOURCE CALCULATIONS

21 |
data

Beta and gammal/x-ray emission

The ??*Ra decay scheme is displayed in Figure 1, with
the maximal endpoint energies given for all beta emit-
ters. The doses in the following sections were calculated
for the beta electrons emitted by 212Pb, 212Bi, and 2°8T|
and the gamma/x-ray emissions of 22*Ra, 212Pb, 212B;,
and 298T|. The ratio between the total energy deposited
by conversion and Auger electrons and that deposited
by beta emissions is 68.2% for 2'2Pb, 2.0% for 212Bi
and 6.5% for 208Tl, as listed in the Nudat3 database®
(with average values of energy per decay of 69 keV
for 212Pb, 4 keV for 2'?Bi, and 36 keV for 298Tl). For
224Ra the electron contribution is completely negligible.
Since our focus is on the total low-LET dose, and—
as shown below—the contribution of 2'2Pb is smaller
by several orders of magnitude compared to 2'2Bi and
208T|, we did not include Auger and conversion electrons
in the present calculations. The beta spectra, gamma-
and x-ray data were taken from the ENDF/B-VIII.0 library
as published in JANIS3%36 Only gamma and x-ray
emissions with intensities > 1% were considered:

1. 224Ra:241.0 keV (4.1%).

2. 212pp: 10.8 keV (6.7%), 13.0 keV (5.7%), 15.4 keV
(1.1%),75.1 keV (10.0%), 77.4 keV (16.8%), 87.1 keV
(1.9%), 87.6 keV (3.6%), 90.0 keV (1.4%), 238.6 keV
(43.6%), and 300.1 keV (3.3%).

3. 212Bj: 10.3 keV (3.7%), 12.2 keV (2.9%) 39.9 keV
(1.1%), 727.3 keV (6.7%), 785.4 keV (1.1%), and
1620.5 keV (1.5%).

MEDICAL PHYSICS——

4. 208T]: 10.5 keV (1.4%), 12.6 keV (1.2%), 73.0 keV
(2.0%),75.2 keV (3.4%),277.4 keV (6.6%),510.8 keV
(22.6%), 583.2 keV (85.0%), 763.1 keV (1.8%),
860.6 keV (12.5%), and 2614.5 keV (99.8%).

The normalized beta spectra of 212Pb, 2'2Bi, and 298|
are presented in Figure 2.

2.2 | Dose point kernels

DPKs are routinely used in medical applications of
radioactive sources. Conventionally, DPKs are found
using MC simulations by calculating the dose as a func-
tion of distance from a point source in water>”-3® Here,
we calculate the beta and gamma/x-ray DPKs using
both the EGSnrc®%3! and FLUKA3%33 MC codes. The
DPKs are subsequently used as a basis for calculating
the total low-LET dose from a point Alpha DaRT source.

The calculation was performed separately for each
isotope and type of emitted particle, with a total of
seven simulations—four gamma/x-ray emitting isotopes:
224Ra, 212pDb, 212Bi, 298T|, and three beta emitting iso-
topes: 212Pb, 212Bj, 208T|. The contribution of each decay
product to the dose was considered according to the
branching ratio and the decay probability.

The FLUKA calculations of the beta dose from 2'2Pb,
212Bj and 298T| were done with a minimum of 5-108
histories per isotope. The number of histories was deter-
mined according to the calculation statistics. A statistical
error lower than 10% was considered acceptable and
most results are reported with a statistical error of less
than 1%. The minimum energy threshold for the electron
transport was setto 10 keV and to 1 keV for photons. The
threshold was selected according to the particle’s range
or mean free path in water, such that it does not exceed
the thickness of the dose calculation interval. The dose
from a point source in water (density of 1.0 g/cm?3)
was calculated as a function of radial distance r up to
15 mm with a 100 um grid in cylindrical coordinates p — z
(i.e., Ap = Az=0.1 mm). FLUKA calculates the dose
per beta decay at a radial distance r from the source
by dividing the total energy deposited in the associated
ring at p, z with widths Ap, Az (r = v/p2 + z2) by the ring
mass and the total number of histories.

EGSnrc calculations of the dose per beta decay were
performed in spherical coordinates with 5-107 histories
for each isotope. A statistical error lower than 10% was
considered acceptable and most results are reported
with a statistical error of less than 1%. The minimum
energy threshold was set as 1 keV for photons and
10 keV for electrons but the cross section data included
in the EGS tables has an internal energy threshold of
10 keV for both particle types. The dose was calculated
as a function of distance from the source up to 15 mm
with a 200 um radial grid.
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FIGURE 2 The beta spectra of 2'2Pb, 212Bj, and 2°8TI. The curves are normalized to an integrated area of 1.
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DPKs calculated using FLUKA and EGSnrc. (a) Beta DPKs for 2'2Pb, 212Bi and 2%8TI; (b) Gamma/x-ray DPKs for 224Ra, 2'2Pb,

212Bj and 298T|. The beta DPKs are defined here as the dose per beta decay, while the gamma/x-ray DPKs are the dose per radioactive decay.

Figure 3a presents the beta DPKs as calculated by
FLUKA and EGSnrc. The dose is dominated by the
decays of 2'2Bi and 2'2Tl, with similar contributions
at therapeutically-relevant distances (~2—-3 mm)
from the source. For each isotope, the flat tail at large
distances (above the “knee”), arises from energy deposi-
tion by bremsstrahlung photons. The relative difference
between the two codes for 2'?Bi and 2%8 Tl is ~ 6% — 11%
at a radial distance of 2 — 3 mm; for 2'2Pb, whose con-
tribution is smaller by ~ 4 orders of magnitude, the
relative difference over the same range is ~ 15% — 20%.

The gamma/x-ray DPKs, shown in Figure 3b, were cal-
culated similarly to the beta DPKs. Unlike the beta DPKs,
which are defined here as the dose per beta decay, the
gamma/x-ray DPKs are defined as the dose per radioac-
tive decay, with the individual photon emissions sampled
according to their intensities. The gamma/x-ray dose is
dominated by the 2.615 MeV gamma of 208T|. At a dis-
tance of ~2—3 mm from the source it is > 30-fold
smaller than the beta dose, and becomes the dominant
low-LET term only for r > 8 mm, where—as we show

below—the absolute dose is negligibly small. The rela-
tive difference between the codes is ~ 5% — 8% for 208T|
and ~ 17% — 30% for 2"2Pb at r = 2 — 3 mm.

2.3 | Low-LET dose from an Alpha DaRT
point source

Both the beta and gamma/x-ray doses from an Alpha
DaRT source are the sum of contributions from emis-
sions by atoms located on the source itself (src) and by
atoms which have been released from the source and
diffuse in its vicinity (dif):

Doseg(r, t) = DoseS™(r, 1) + Dosegff (r,t) (1)

Dose, (r, t) = Doses’(r, t) + DoseZ" (r, t) 2)

As done previously for the alpha dose,'! we begin with
an Alpha DaRT point source as the basic building block
for an arbitrary configuration of line sources, which—as

55UB017] SUOLLILIOD SA1IE810 3 o1 fdde 3Ly Aq pouie0b 8.2 SILE YO 95N J0'S3INI 10y ARRil1 BUIIUO AB]1A UO (SUONIPUOD-PLE-SLLLIBILLCO" A1 ARG pUIUO//SdIY) SUONIPUOD PUe Swis | 3L 39S [¥202/20/50] U0 AI1TauIluO /B|IA * [PeIS| aLeIo0D) Ad G889T 'dLU/Z00T OT/10p/LI0D /5| I ALRIq Ul uO"Widee// SNy oI} POpeOIUMOQ ‘0 ‘60ZVELYZ



THE LOW-LET RADIATION DOSE IN ALPHA-DART

we show below—can provide a first-order approxima-
tion for realistic Alpha DaRT sources when calculating
the low-LET dose. For the point source, the 3D position
vector r appearing in Equations (1) and (2) is simply
replaced by the radial distance from the point source r.

2.3.1 | Contribution from the source to the
beta and gamma/x-ray dose

The beta dose at a radial distance r from the point
source at time t (where t =0 is the time of source
insertion into the tumor) is calculated by summing con-
tributions from the decays of 212Pb, 212Bj, and 298TI on
the source:

Dosez,”c(r, t)

t
- /O (TER()2,(r) + 0BATE(E)E () + TSR(E (1) )t

@)

where T32(t'), T§°(t') and T5°(t') are the 212Pb, 212Bi,

and 208T]| activities on the source at time ¢/, and fﬁb(r),

fgl.(r), and ffl(r) are their respective beta DPKs. This
expression accounts for the 64% branching ratio of the
212Bj peta decay. Defining the asymptotic dose as the
dose from source insertion to infinity (in practice several
weeks):

Dosezsy‘sm(r)

= /0 (rgg(t/)fﬁb(r)+0.64rg’f(t')f§i(r)+r~;70(t')f$,(r))dt'

src B src N B src B
= NdecayS(Pb)be(r) + 0'64Ndecays(Bl)fo(r) + Ndecays(T/)fT/(r)
4)
where NjgccayS(Pb), Nj;ccays(Bi) and NggccayS(T/) are the

total number of decays of 2'2Pb,212Bi,and 2°8Tl, respec-
tively, on the source. The 2'2Pb activity on the source at
time t is given by [11]:

— —Appt
[SI9(t) = IS°(0)e e

Apb eff src —ARat _1
+m<1 _Pdes(Pb)>rRa(o)(e Ra" — e ’115)

where Ap, and Agr, are the respective decay rate con-
stants of 2'2Pb and ?**Ra, I'}°(0) and T'37(0) are the
initial 224Ra and 2'2Pb activities on the source, and
P (Pb) is the effective desorption probability of 212Pb,
that is, the probability that a decay of a ?**Ra atom on
the source results in the release of one atom of 2'2Pb

MEDICAL PHYSICS——

into the tumor, including prior release of either 22°Rn or
216pg from the source (typically P (Pb) = 0.55)."" The

des
initial 224Ra activity can be adjusted according to clinical

needs and is usually 3 uCi.
The total number of 2'2Pb decays on the source is
therefore:

NEC, (D) = /O PSSt = TS(0)

+(1 — peff (Pb))rgC(O)rRa (6)

des a

where tp, = 1/1pp and tr, = 1/Ar, are the mean life-
times of 2'2Pb and 22*Ra, respectively. Each decay of
212pp gives rise to one atom of 2'2Bi, which, due to
the low recoil energy in beta decay (few eV) can be
assumed to remain on the source. Lastly, 2% Tl is created
through the alpha decay of 2'2Bi, which has a branch-
ing ratio of 36%. Although it does recoil from the source
into the tumor, it has a short half-live (3.05 min) and likely
forms chemical bonds with surrounding molecules, with
a small effective diffusion coefficient compared to a free
ion. We therefore assume that 2%8T| generated by alpha
decays of 2'2Bj on the source essentially decays on
the source itself, such that N3°_ (TI) = 0.36N%_ (Bi).

decays decays
With this, the asymptotic beta dose coming directly from

the source is:

Dose?**"°(r)

B

- [rgg(O)rpb + (1 - ngs(Pb))rstg(O)rRa]

: (f[jb(r) + 0.64f2 (1) + o.safﬁ,(r)) 7)

When received at the hospital, the source is con-
tained in an applicator needle filled with glycerin, which
serves two purposes: (1) prevention of unwanted
220Rn release from the applicator prior to the treat-
ment, and (2) retention of the source inside the
needle by viscous friction. Typically, the time from
source production to the treatment is long compared
to the half-life of 2'?Pb, such that 2'?Pb and ??*Ra
are in secular equilibrium inside the applicator, and

A .
riot(0) ~ o Tra(0) = 1.14T2(0). Here, IS is the

total 2'2Pb activity, including the activity on the source
itself and inside the glycerin. When the source is
inserted into the tumor some of the glycerin filling the
needle accompanies it. For simplicity, we associate the
212pp activity contained in the glycerin which enters the
tumor with the initial 2'2Pb on the source, T57(0). Since
the exact amount of glycerin activity is unknown, we
consider two extreme cases: (1) the entire activity of
212pp contained in the glycerin enters the tumor, such
that T77(0) = 1.14T2°(0); (2) No glycerin enters the
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tumor, such that F,s;g(O) =1.14(1 - Pef (pb))rsrc(o)

0.51T27(0). From Equation (7), the sou?f:se beta dose in
the second case (no glycerin contribution) is 0.90 times
its value in the first case (full glycerin contribution).
Assuming a nominal case halfway between these two
extremes, the associated uncertainty in the source
beta dose is ~ 5%. Assuming further that the source
contributes ~ 60% — 80% of the total beta dose to the
tumor, the associated uncertainty in the total low-LET
dose is ~ 3%.

Similarly to the beta dose, the asymptotic gamma/x-
ray dose from the source is:

asy,src (r) =

Dose; I2C(0)TRalL, (1)

+ [rgg(O)be +(1-pP2f (Pb))rgg(O)fRa]

des
(L) + (1) + 03617() ) (8)

where f}, (r),f}, (r), f}.(r), and f7 (r) are the gamma/x-ray
DPKs of 224Ra, 212Pb,2'2Bj, and 208TI, respectively. Here,
as well, reasonable variations in I';7(0)/T3<(0) lead to
variations of a few % in the photon dose arising from
the source itself.

2.3.2 | Contribution from the diffusing
atoms to the beta and gammal/x-ray dose

The contribution of the diffusing atoms to the beta dose
at a point r is calculated by integrating over all space,
summing the dose contributed from infinitesimal volume
elements. Designating by r’ the running integration point,
we have:

Dose" (1) = | [ {assnmn(e, 0y ~r')
t=0 JQ
+0.642gng (', s (Ir — 1))

+ Al (I = 1) 't (9)

where the integration is over all space (the entire tumor,
formally designated by “Q”) and |r —r’| = R is the dis-
tance between the fixed point r at which the dose
is sought and the integration point r’. While the local
specific activities of 2'2Pb and 2'2Bi are calculated
individually, we assume that 2%8 Tl is in local secular equi-
librium with 212Bi: Ar;n7(r, t) = 0.364,ng,(r, t). Thus, for
the asymptotic dose we have:

Dose ()= [ [ {Aeumes(e’, 0 (Ir ~ )
t=0 JQ

running
integration point

source point of dose

calculation

FIGURE 4 Integration scheme for calculating the beta and
gamma dose from the diffusing atoms for the point source geometry.

+ Aging(r', 1) | 0.647% (Ir — r']) + 0.36F2(Ir - r'|)] }d3r'dt

(10)

For the point source the integration is carried out as
illustrated in Figure 4. We fix the origin for the integration
at the point r (whose distance from the source is r).
We scan the entire space at increasing distances from
the point r with the vector R (with R = |R| running from
0 to o0). Because of rotational symmetry about the
line passing through the source and the point r the
integration is carried out over infinitesimal rings (coaxial
with the line of symmetry), defined by R and 8, where
& is the angle between the vector R and the symmetry
axis. The distance from any point on the ring (R, 9) to

the source is r' = V/R2 + r2 — 2Rrcos$. The volume of
the infinitesimal ring (R, 9) is dV,jpg = 27R%sind dR d$9.
Thus, the integral becomes:

(o] [oo] w
Dosez,sy Miry = / / / {Apbnpb(r’, t)fﬁb(R)
t=0 JR=0 J$8=0

+ Aging(r', £) [0.64f§’.(R) + 0.36f$,(R)] }ZnstinS dR d9 dt

(11)

The asymptotic gamma/x-ray dose contributed by the
diffusing atoms is similarly:

© © T
Doseasyd/f (r) = / / / {lpbnpb(r', t)f;b(R)
t=0 JrR=0 J9=0

+ Aging(r, 1) [fgi(R) + 0.36f$,(R)] }271R23in8 dRd$ dt
(12)

The local 2'2Pb and 2'2Bi number densities appearing
in Equations (11) and (12), npp(r’, t) and ng;(r’, t),can be
either calculated numerically by solving the time depen-
dent equations of the DL model, or approximated by
assuming a uniform (“0D”) time dependence throughout
the tumor, which does not consider the radial depen-
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FIGURE 5 Asymptotic beta dose (a) and gamma/x-ray dose (b) for an Alpha DaRT point source, showing the exact solution, 0D
approximation and “no-diffusion” approximation for a high-diffusion/low-leakage case. DPKs were calculated by EGSnrc. The source parameters

are: I'¢(0) = 3 uCi, Pyes(Rn) = 0.45, P

a des

dence of the delayed buildup of 2'2Pb away from the
source."’ Another approximation which—as we show
below—provides a good estimate of the dose up to a
few mm for the source is the following. We assume that
212pp gtoms that leave the source (either directly or fol-
lowing the prior release of 22°Rn or 2'6Po) may leak
out of the tumor with a probability P, (Pb) before their
decay,'" but—if they remain inside the tumor—diffuse to
negligible distances from the source; we further assume
that the resulting 2'?Bi and 2%8T| atoms decay at the
same location as 2'2Pb. In this “no diffusion” approxima-
tion the asymptotic beta and gamma/x-ray doses of the
diffusing atoms are replaced by:

sno—dif
Dose””"*""(r) = PSL T 3¢(0)tra(1 — Piea(PD))

: (fﬁb(r) +0.6415(r) + 0.36f$,(r)) (13)

and

Dose]™"*~"(r) = PS T%(0)tRa(1 — Pieak(Pb))

: (fgb(r) + 11 (r) + 0.36f;,(r)) (14)

while the dose contribution of the source remains the
same as in Equations (7) and (8). Note that the prod-

uct PSZSF,S{;(O)rRaU — Pjeax(Pb)) is the total number of

212pp decays outside of the source but inside the
tumor.

The advantage of the no-diffusion approximation is
that it removes the need for modeling diffusion, and is
therefore universal across all tumor types. The 2'2Pb
leakage probability should still be considered and acts
as an effective reduction in the source activity (limited
to the contribution of the atoms outside the source).

(Pb) = 0.55. The tumor tissue parameters are: Lg, = 0.3 mm, Lp, = 0.6 mm, P (Pb) = 0.3.

Figure 5 compares the exact beta and gamma/x-ray
asymptotic doses—calculated by numerically solving
the DL equations and evaluating the integrals in Equa-
tions (11) and (12)—to the results of applying the 0D
approximation'! combined with the above integrals and
to the results of the no-diffusion approximation. All cal-
culations account for the source contribution, and were
done using the EGSnrc DPKs. The dose was calculated
for a point source with T'2°(0) = 3 uCi and Pzgs(Pb) =
0.55. The diffusion lengths of 22°Rn and 2'2Pb—which
govern the spatial profile of the number densities and
alpha dose''—were taken to represent a high-diffusion
scenario with Lg, = 0.3 mm and Lp, = 0.6 mm, and
the 2'2Pb leakage probability was set as Py (Pb) =
0.3 to provide a low leakage level. Other parameters’’
were Pdes(Rn) =0.45,Lg =0.1 LPb and ag; = 0.The OD
approximation of the beta and gamma/x-ray dose is
accurate to < 1% up to a few millimeters from the source
(~0.1% at r ~ 2 — 3 mm). The no-diffusion approxima-
tion underestimates the exact beta dose by 14% — 17%
over the range r =2 — 6 mm and the exact gamma/x-
ray dose by ~ 2% —5% over the same range. For a
low-diffusion/high-leakage scenario, with Lg, = 0.3 mm,
Lpp = 0.3 mm and P, (Pb) = 0.8, underestimation of
the beta dose drops to ~ 3% for r = 2 — 6 mm, while the
gamma/x-ray dose is accurate to ~ 2%.

2.4 | Low-LET dose from a realistic
Alpha DaRT source

To estimate the low-LET dose for a realistic cylindrical
Alpha DaRT source, including the contribution of dif-
fusing atoms, we solved the 2D equations of the DL
model numerically using the DART2D code,'? to pro-
vide the total number of decays of 2'2Pb and 2'2Bi per
unit volume throughout a cylindrical domain surrounding
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Dose distribution around a realistic source (a) Total asymptotic low-LET dose under high-diffusion/low-leakage conditions, as

calculated using FLUKA for a spatial distribution of the diffusing atoms calculated using DART2D. (b) Asymptotic alpha, beta, gamma/x-ray, and
RBE-weighted total dose as a function of distance in the source mid-plane; The source parameters are: FSR’aC(O) = 3 uCi, Pyes(Rn) = 0.45,

P (Pb) = 0.55. The tumor tissue parameters are: Lg, = 0.3 mm, Lp, = 0.6 mm, Pjeax(Pb) = 0.3.
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the source. These were then used to define the source
location of beta and gamma/x-ray emissions in FLUKA.
The 2D model was employed for two opposite cases
mentioned above:

1. High-diffusion/low-leakage (“High spread” scenario):
Lry = 0.3 mm, Lpy, = 0.6 mm, Pjgax(Pb) = 0.3.

2. Low-diffusion/high-leakage (“Low spread” scenario):
Lr, =0.3mm,Lp, = 0.3 mm, Pleak(Pb) =0.8.

Other parameters used in both cases were: Lg; =
0.1Lpp, Pges(RN) = 0.45 and ngs(Pb) = 0.55.

The MC simulation included the source geometry and
material to account for interactions of the beta elec-
trons and photons with the source structure. The source
was taken as a stainless steel cylinder, with an outer
radius of 0.35 mm and 10 mm in length. The simula-
tion also comprised an inner poly-propane cylinder with
a radius of 0.2 mm, representing a central suture used
clinically to deploy chains of stranded sources. 22*Ra
and its daughter atoms remaining on the source were
assigned uniformly to the source wall, with no activity on
the cylinder bases, as is the case for real Alpha DaRT
sources. Note that according to the manufacturer, vari-
ations in the activity density across the wall are below
~ 10%.

Figure 6a shows the results of the FLUKA calcula-
tion for the total asymptotic low-LET dose (electrons +
photons) in the rz plane of a realistic source with an ini-
tial 22*Ra activity of 3 uCi. Figure 6b shows the radial
profiles of the asymptotic alpha, beta, and gamma/x-
ray dose in the source mid-plane (the alpha dose was
extracted directly from DART2D). The calculation was
done for the high-spread scenario. The low-LET dose
on the source surface is >100 Gy and is dominated by
the beta contribution, as shown in Figure 6b. Alpha parti-

cles are the main contributor to the dose below ~ 3 mm,
while the beta dose dominates at larger distances. Note
that the alpha, beta, and gamma/x-ray curves represent
the physical dose, without accounting for relative biolog-
ical effectiveness (RBE). The RBE-weighted sum curve
represents the total equivalent dose, accounting for an
alpha-particle RBE = 5 (as recommended by the MIRD
22 pamphlet® for deterministic alpha-particle biologi-
cal effects). The equivalent alpha dose is the dominant
contributor up to r ~ 5 mm.

Figure 7 shows a comparison between the full MC cal-
culation for a realistic source with the diffusing atoms,
and a line-source/no-diffusion approximation, calculated
similarly to the point source in Section 2.3.2, where the
line source is divided into point-like segments. The com-
parison is made for both the asymptotic beta dose (a)
and gamma/x-ray dose (b). The doses were calculated
for both the high- and low-spread scenarios. The com-
parison indicates a reasonable agreement between the
line-source/no-diffusion approximation (which takes into
account the correct 2'2Pb leakage probability) and the
full MC calculation for r ~ 2 — 3 mm, with better accuracy
for the low-diffusion/high-leakage case.

The relative difference (underestimation) for the
gamma/x-ray dose calculation is < 12% for the high-
diffusion/low-leakage case, and < 10% for the low-
diffusion/high-leakage scenario for r>2 mm, and
decreases with increasing distance from the source.
The line-source/no-diffusion approximation overesti-
mates the beta dose by < 10% for the low-spread case,
and underestimates it by ~ 10% — 15% for the high-
spread scenario at r = 2 — 3 mm. The asymptotic beta
dose at a distance of 2 mm from the source is 10.6 Gy
under high-diffusion/low-leakage conditions and 6.0 Gy
for the low-diffusion/high-leakage case, for an initial
224Ra activity of 3 uCi.
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FIGURE 7 Total low-LET dose for the high-spread (Lg, = 0.3 mm, Lp, = 0.6 mm, Pg4«(Pb) = 0.3) and low-spread (Lg, = 0.3 mm,
Lpp = 0.3 mm, Pjga¢(Pb) = 0.8) scenarios. Comparison between the line-source/no-diffusion approximation and full MC calculation that includes
a realistic source and the diffusing atoms. (a) Beta dose (with the inset focusing on the range 1.4—4 mm); (b) Gamma/x-ray dose.
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3 | LATTICE CALCULATIONS

In this section we discuss the low-LET dose in a
hexagonal DaRT source lattices, which—as shown
previously'3—provide the optimal alpha dose coverage
for a given source spacing inside the tumor. As for the
alpha dose, the dose at any point inside and outside
of the lattice is a linear superposition of contributions
from all sources. However, unlike the alpha dose, whose
rapid radial fall-off results in negligible contribution from
sources beyond the three nearest ones, the beta and
gamma dose profiles drop more slowly, and additional
sources contribute to the dose at any point.

Figure 8 shows the asymptotic low-LET dose in
a 5 x 5 hexagonal lattice comprising sources car-

rying 3 uCi/lcm 2?*Ra with 4 mm spacing for the
high-diffusion/low-leakage case. The dose calculations
include the contribution of all sources in the lattice.
Figure 8a shows the dose distribution across the source
midplane and Figure 8b displays it in a plane containing
the source axes. The dose to surrounding tissues out-
side of the lattice drops to < 5 Gy at a distance of 3 mm
away from the outermost source. We define the effective
initial dose rate as the asymptotic dose divided by the
mean lifetime of 22*Ra. We use the term “effective”since
the low-LET dose rate from the diffusing atoms builds up
from zero to a maximal value (around 1 day after source
insertion), before reaching secular equilibrium with the
source. With this definition, the effective initial dose rate
3 mm away from the outermost source is < 0.04 Gy/h.
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FIGURE 9 Asymptotic low-LET dose (left axis) and effective
initial dose rate (right axis) at the center between three adjacent
sources deep inside a large hexagonal lattice for the
high-diffusion/low-leakage and low-diffusion/high-leakage scenarios.

Figure 9 shows the low-LET asymptotic dose (left
axis) and effective initial dose rate (right axis) at the
center-of-gravity between three adjacent sources deep
inside a hexagonal lattice as a function of the source
spacing for the low- and high-spread conditions defined
above. At 4 mm spacing, the minimal low-LET dose is
~30 Gy for the high-spread case and 18 Gy for low-
spread conditions. For random source placement errors
on the scale of ~ 0.5 mm, the relative change in the min-
imal beta dose between three sources is ~ 20% — 30%.
The effective initial dose rate is on the same scale as
that of conventional low-dose-rate brachytherapy treat-
ments (for example, 0.21 Gy/h with '%3Pd and 0.07 Gy/h
with 125] treatments for prostate cancer>?)

4 | EFFECT OF THE LOW-LET DOSE ON
CELL SURVIVAL

Cell survival and tumor control probability (TCP) model-
ing in Alpha-DaRT are nontrivial, because of the strong
spatial variation of the tumor dose and the stochastic
nature of alpha-particle hits to cell nuclei. A thorough
study of Alpha-DaRT microdosimetry is presently ongo-
ing and deferred to a separate publication. However, one
can estimate the contribution of the low-LET dose to cell
survival with three simplifying assumptions: (1) it can be
modeled macroscopically without considering stochas-
tic effects; (2) it acts independently of the alpha dose; (3)
it is most important to consider cell survival in the tumor
regions subject to the lowest radiation doses.
Assumption (1) can be justified by considering the
typical number of beta-electron trajectories crossing the
cell nucleus. Consider a spherical nucleus with a radius
Rpue = 2.5 um. The average chord length crossing the
nucleus is = 4R/3 = 3.3 um“*’ and the nucleus mass

(assuming liquid water density) is M,,,. = 6.5 - 10~"% kg.
Assuming dE/dX = 0.2 keV/um, the average dose
contributed by one beta electron crossing the nucleus
is d = dE/dX -1/M,,,c = 1.6 - 1073 Gy. If the total low-
LET absorbed dose in this region is 25 Gy, the mean
number of electron hits to the nucleus is therefore
~ 1.5.10% with a relative standard deviation of 0.8%.
Thus, stochastic variations in the low-LET dose are
on the percent level and can be expected to have a
second-order effect on cell survival.

Assumption (2) means that the low-LET dose acts
on cells that are either already dead (i.e., have lost
their multiplicative potential) or free of any DNA
damage. Mathematically, it can be expressed as:
SF(Dyot; independent) = SF(D,,) - SF(Dg,,) (where SF
is the surviving fraction). In a true mixed-field analysis,
one should obviously consider the case where DNA
damage induced by low-LET electrons crossing a given
nucleus adds up to existing sublethal damage by alpha
particles (and vice versa).*'**? This would result in lower
survival:  SF(Dyo; mixed  field) < SF(Dy) - SF(Dg,.)-
Thus, the assumption of independent action of the
high-LET and low-LET components underestimates
the true cell-killing effect of the mixed field and is
therefore conservative.

Assumption (3) stems from the rapid spatial variation
of the alpha dose with the distance from the source
within source lattices. For alpha particles, the regions
of minimal dose between 3 adjacent sources dominate
the overall cell survival and TCP. Even a sub-mm shift
from these points increases the local alpha dose by
a large factor, dramatically reducing local cell survival.
Since the low-LET dose attains its minimal value (inside
the lattice) at the same locations as the alpha dose,
these are the points where its contribution to the TCP
is most important.

Under these assumptions, and since Alpha-DaRT is a
form of protracted radiotherapy, the local surviving frac-
tion arising from the action of the low-LET dose is given
by the linear-quadratic (LQ) model with a dose-rate
correction factor q(f):

— — 2
SF(Dﬁ-H/(t)) =e aDg.y (1) ﬁQ(t>Dﬁ+y(1) (15)

with t representing the time from source insertion.
For a protracted therapy, where the dose rate decays
proportionally to e~#!, q(t) is given by [43]:

q(f)
_ 20wy
(1= (A/w?)(1 —e-1)
e~ A+t + %(1 _ e—2/1t) _ 1 +;_2M (16)
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where p is the DNA damage repair rate (inverse of
the mean time for repair, ~ 0.5 -5 h, that is, u ~ 0.2 —
2/h).1’44'45

In Alpha-DaRT, if the source is in secular equi-
librium at insertion, its contribution to the low-LET
dose rate is proportional everywhere to e *ral. The
low-LET dose rate arising from the diffusing atoms
reflects the initial buildup phase of 2'2Pb. Under the
0D time-dependence approximation'” it is proportional
everywhere to (e *ral — g=(Arotarn)l) where ap, is the
clearance rate coefficient of 2'2Pb by the blood, related
to the leakage probability by Pjeak(Pb) = app/(App +
app).For Pga(Pb) = 0.5,Ar,/(App + app) = 0.06,so that
up to < 10% error, the dose rate from the diffusing atoms
is also proportional to e~*ra!. Therefore, one can adopt
Equation (16) for g(t) in Alpha-DaRT, with 1 = Ag,.

For a treatment duration of several weeks, 1g,f > 1.
In this limit:

A

Jim_q(t) = q(co) = T+ (17)

Taking, for example, u = 1/h, this gives g(c0) = 0.008.
For a typical value of /8 =10 Gy and a low-LET
asymptotic dose Dg,, =25 Gy, the ratio between
the quadratic and linear terms in Equation (15) is,
in this case, ﬁq(oo)D§+y/ocDﬁ+y = 0.02. Therefore, the
quadratic term has a second-order effect on the asymp-
totic surviving fraction of the low-LET dose, and:

. Pasy
SFDYY) ~e sy (18)

Compilations of clinical « values*® indicate a typi-
cal range of ~ 0.02 — 0.2/Gy with some dependence on
tumor type. For a low-LET asymptotic dose of 25 Gy, this
gives SF(ngyy ) ~ 0.007 — 0.6. The TCP (i.e., the proba-
bility that no clonogenic cells survive the treatment) is
given by [47,48]:

TCP = e_Nsurvive (19)

where Ny, is the average number of surviving clono-
genic cells expected in the treatment. Consider a case
where, in the absence of the low-LET dose, N, ive =
0.69 and TCP = 0.5. For a low-LET surviving fraction
in the range 0.007 — 0.6, the inclusion of the low-LET
dose gives Ng,ie = 0.005 — 0.4, increasing the TCP to
0.76 — 0.997. This shifts the TCP curve by up to a few Gy
to lower values relative to the alpha-only case, where
the dose corresponding to TCP = 0.5 is ~ 10 — 20 Gy,
depending on the nucleus size, cellular radiosensitiv-
ity and tumor volume:*® Preliminary calculations, to be
discussed in detail in a separate publication, indicate
that the reduction in the required alpha dose is more
pronounced for small nuclei with high radiosensitivity.

MEDICAL PHYSICS——
5 | SUMMARY AND DISCUSSION

Alpha DaRT has shown promising results in treating
solid tumors. This success is attributed primarily to the
migration of the alpha-emitting atoms, which creates a
high-LET, high-dose region over a few mm around each
source, and was the subject of several previous publica-
tions. Here we provide a first in-depth discussion of the
non-negligible low-LET dose accompanying the Alpha
DaRT treatment.

We first examined the isotope-specific beta and x-
ray/gamma DPKs of 2*Ra and its daughters, which we
calculated using the EGSnrc and FLUKA MC codes.
We showed that the most significant contributions to
the low-LET dose at therapeutically relevant distances
from the source (r ~2—3 mm) come from the beta
decays of 2'2Bi and 2%8TI. The x-ray/gamma dose is
governed by the 2.615 MeV gamma of 2%8T| and, over
this range, is > 30-fold smaller than the beta dose. We
found good agreement between the two codes, par-
ticularly for the leading dose contributions. Differences
between the codes can be attributed, at least in part,
to energy cutoffs. The cutoffs for electrons and pho-
tons were selected as 10 keV and 1 keV respectively
for both codes. While this applies to particle production
in the two codes, the EGSnrc cross-section libraries that
were used have a lower limit of 10 keV for both elec-
trons and photons. Thus, particles below 10 keV are
forced to deposit their energy locally in EGSnrc. This
should result in higher energy depositions closer to the
source compared to the FLUKA results. Larger differ-
ences between the codes were indeed observed in the
dose from decay products with lower energies and espe-
cially energies that are closer to the cutoff energies, for
example, the 11 keV photons emitted from 212Pb with
14.3% emission probability.

Next, we considered the total beta dose and x-
ray/gamma dose from an Alpha DaRT point source,
accounting separately for electron and photon emission
from atoms located on the source itself, and from atoms
diffusing in the source vicinity. The ratio between the
contribution of the diffusing atoms and that of the
source is roughly 1 — Py, (Pb), and thus for typical
values of the 2'°Pb leakage probability (~ 0.3 —0.7),
the source contributes ~ 60% — 80% of the total the
low-LET dose. The source contribution depends on the
ratio between the 2'2Pb and ??*Ra activities it carries
at the time of treatment. Here, variations in the amount
of 212Pb activity contained in the glycerin surrounding a
real source can result in ~ 5% variations in the total low-
LET dose. Concerning the low-LET dose contributed
by the diffusing atoms, we showed that “switching off”
their diffusion and assuming that all their beta and
x-ray/gamma emissions originate from the source itself
provides a reasonable first-order approximation when
212pp |eakage is properly accounted for. This holds
because the range of the beta electrons emitted by
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212Bj and 298T| (and clearly the mean free path of the
2.615 MeV gamma ray of 298Tl) is much larger than the
diffusion lengths governing the spread of the diffusing
atoms.

After studying the different factors affecting the
low-LET dose, we moved on to describe a realistic
geometry of an Alpha DaRT source. We employed a
full MC calculation in FLUKA, including contributions
from atoms residing on the source surface and from
atoms diffusing around the source. The latter was found
by solving numerically the time-dependent DL model
equations to provide the starting point for the emission
of beta electrons and x-ray/gamma photons. The cal-
culation was done for both high-diffusion/low-leakage
and low-diffusion/high-leakage cases. We showed that
a line-source/no-diffusion approximation provides an
accuracy of ~ 10% — 15% for the total low-LET dose at
therapeutically-relevant distances for both cases.

For Alpha DaRT source lattices, we found that the
minimal low-LET dose between three adjacent 3 uCi/cm
224Ra sources in a hexagonal lattice with 4 mm spacing
is ~ 30 Gy for the high-diffusion/low-leakage scenario
and ~ 18 Gy for the low-diffusion/high-leakage case.
The minimal dose changes by ~ 20% — 30% for +£0.5 mm
changes in the source spacing. The low-LET dose drops
below 5 Gy ~ 3 mm away from the outermost source
in the lattice, with an effective maximal dose rate of
< 0.04 Gy/h, ensuring the sparing of healthy tissue
(at the same distance the alpha dose is typically
below ~ 1 Gy).

A minimal nominal dose of 25 Gy in a 4 mm lattice
with 3 pCi/cm sources can help reduce cell survival
by a significant factor. Since the dose rate is very low,
one can neglect the quadratic term in the LQ model,
and the low-LET-associated survival reduction factor is
SF(Dgy,) = e~“Pe+r _With clinical « values in the range
~0.02 - 0.2/Gy, S(Dg.,) ~ 0.007 — 0.6. This, in turn, can
shift TCP curves to lower alpha doses by up to a few Gy.

Further significant improvement can be obtained by
increasing the 22*Ra activity on the source by, for
example, a factor of 5 (to 15 nCi) while reducing the
desorption probabilities of 22°Rn and 2'2Pb by the same
amount. This will drive the minimum low-LET dose
between sources to therapeutic levels. It will further
allow increasing the lattice spacing while maintaining
the total equivalent dose inside the tumor and the same
level of dose to distant organs (due to leakage of
212pp into the circulation'®). As an example, consider
a low-diffusion/high-leakage case (Lg, = 0.3 mm, Lp, =
0.3 mm, P, (Pb), = 0.8), where the spacing required for
tumor control in a particular tumor type with standard
3 uCilcm 22*Ra Alpha DaRT sources is known to be
4 mm. Using DART2D, the minimal alpha dose between
three sources, in this case, is 13.9 Gy, and from Figure 9
the beta dose at the same point is 18 Gy. If we assume
that for alpha particles RBE = 5, the equivalent total

dose is 88 GyE. From Equations (7) and (13) the total
low-LET dose is roughly proportional to T3°(0) - (1 -

Psgs(Pb)P,eak(Pb)). Setting T'22(0) = 15 uCi, Pges(Rn) =
0.09 and PZZS(Pb) = 0.11 will therefore boost the low-
LET dose by a factor of ~ 8. With the boosted low-LET
dose the spacing can now be increased to 5 mm to main-
tain the same equivalent tumor dose: the minimal alpha
dose between three sources at 5 mm spacing is 2.0 Gy
and the minimal boosted beta dose is ~ 9.8 Gy x8 =
78.4 Gy, so for RBE = 5 the total equivalent dose is
again ~ 88 GyE. Note that a boosted low-LET dose can
also be used to improve tumor control in case it is not
sufficiently high with standard Alpha DaRT sources, by
keeping the same lattice spacing, or increasing it by a
smaller amount than suggested above. Additionally, a
boosted low-LET dose can potentially improve tumor
control in cases where hexagonal source placement is
not practical. On the other hand, the low-LET dose in
a boosted scenario will extend further (by ~ 2 — 3 mm)
into the surrounding healthy tissue—for example, drop-
ping to 5 Gy ~ 5 mm away from the outermost source
in a 5 mm lattice for a 5-fold boost in activity. Clearly,
such calculations are only indicative in nature (in par-
ticular, with respect to the actual RBE), and should only
be considered as an aid to choosing the starting point
for clinical trials in terms of source activity and nominal
spacing.

6 | CONCLUSION

In this work, we provided the first discussion of the
low-LET dose in Alpha DaRT. We showed that the low-
LET dose is dominated by the beta emissions of 212Bi
and 29Tl (from both the source and diffusing atoms,
where the source contribution is typically higher), with
a negligible effect of x- and gamma rays. Depending
on the diffusion and leakage conditions, the minimal
low-LET dose inside a hexagonal lattice of 3 uCi/cm
224Ra sources with 4 mm spacing is ~ 18 — 30 Gy, which
helps to reduce cell survival by a considerable factor.
The low-LET dose drops to negligible levels already
~ 3 mm away from the treated region, ensuring the spar-
ing of surrounding healthy tissue. Increasing the source
activity by, for example, a factor of 5, while reducing
the desorption probabilities of 22Ra daughters from
the source by the same amount, can boost the low-
LET dose itself to therapeutic levels, potentially allowing
a high probability of tumor control with an increased
source spacing.
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