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Abstract

Background: Diffusing alpha-emitters radiation therapy (“DaRT”) is a new
method, presently in clinical trials, which allows treating solid tumors by alpha
particles. DaRT relies on interstitial seeds carrying uCi-level 22*Ra activity on
their surface, which release a chain of short-lived alpha emitters that spread
throughout the tumor volume primarily by diffusion. Alpha dose calculations in
DaRT are based on describing the transport of alpha emitting atoms, requiring
new modeling techniques.

Purpose: A previous study introduced a simplified framework, the “diffusion—
leakage (DL) model,” for DaRT alpha dose calculations, and employed it to a
point source, as a basic building block of arbitrary configurations of line sources.
The aim of this work, which is divided into two parts, is to extend the model to
realistic seed geometries (in Part I), and to employ single-seed calculations to
study the properties of DaRT seed lattices (Part Il). Such calculations can serve
as a pragmatic guide for treatment planning in future clinical trials.

Methods: We employ the superposition of single-seed solutions, developed in
Part |, to study the alpha dose in DaRT seed lattices and investigate the sen-
sitivity of the required seed activity and spacing to changes in the DL model
parameters and to seed placement errors.

Results: We show that the rapid fall-off of the dose, which guarantees sparing
healthy tissue already 2—3 mm away from the tumor, strongly favors a hexago-
nal, rather than square, seed placement pattern. Realistic variations in the seed
manufacturing parameters (22*Ra activity and emission rate of its daughters)
are shown to have a negligible effect on the required lattice spacing. On the other
hand, tumor parameters (i.e., diffusion lengths and 2'2Pb leakage probability),
as well as seed placement errors, have a significant effect.

Conclusions:In most cases, hexagonal lattice spacing on the scale of ~3.5-4.5
mm using seeds carrying a few uCi/cm 22*Ra will enable overcoming realis-
tic uncertainties in measured tumor environment parameters, as well as seed
placement errors, and result in therapeutically relevant alpha dose levels.
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2 | MEDICAL PHYSICS
1 | INTRODUCTION

Diffusing alpha-emitters radiation therapy (DaRT) is
a new method, which enables the treatment of solid
tumors by alpha particles.! It relies on the insertion
of multiple sources (“seeds”) carrying a few uCi of
224Ra below their surface into the tumor. As long as the
seeds remain inside the tumor (typically > 14 days),
they release from their surface a chain of alpha emitters
(progeny of 224Ra), which diffuse over a few mm around
each seed, leading to effective dose coverage of the
entire tumor volume by their alpha decays. A simplified
framework for DaRT alpha dose calculations, called
“the diffusion—leakage (DL) model,” was introduced and
described in detail in a previous publication,? focusing on
a point source as a basic building block for line-source
configurations. In the present two-part publication, the
discussion is extended to realistic seed geometries. In
Part |, single-seed calculations were covered, including
both analytical and numerical schemes for solving the
DL model equations in one or two dimensions (called
“‘DART1D” and “DART2D,” respectively). Here, lattice
calculations are the focus, showing the optimal grid
geometry, the seed activities required to reach a tar-
get alpha particle dose, and finally, a comprehensive
study of how the required lattice spacing is affected by
uncertainties in the various model parameters.

2 | DaRT LATTICE CALCULATIONS

Studies of DaRT seed lattices are based on the single-
seed calculations presented in Part | of this publication.
The optimal arrangement of DaRT seeds is a hexag-
onal lattice, as it provides the highest packing density
of circles in the two-dimensional Euclidean plane? In
this geometry, seeds are set at the vertices of a grid
consisting of equilateral triangles of side a (the /attice
spacing). Each seed occupies a hexagonal unit cell, of

cross-sectional area \/§a2 /2 formed by the bisectors to
the lines connecting the seed to its six nearest neighbors
(Figure 1). Equivalently, the unit cell can be defined as an
equilateral triangle of side a formed by seed triplets. The
minimum dose is found at the center of gravity of each
triangle (the hexagon vertices).

Because of the very rapid fall off of the alpha dose,
only the three seeds defining a triangle contribute to the
dose inside it. In principle, if the seed spacing is compa-
rable to their diameter, the dose should be calculated for
the full geometry, with all three seeds included. However,
for realistic seed diameters (<0.7 mm) and spacing (>3
mm), the dose can be calculated to subpercent accu-
racy by adding in superposition the contributions from
each seed independently of the others. This is shown in
Figure 2, where the results of a full 3D calculation with
COMSOL Multiphysics™ are compared to a superposi-

FIGURE 1 Hexagonal DaRT lattice geometry. Blue points mark
seed centers. Each seed occupies a hexagonal unit cell (gray) of

area \/§a2/2, where a is the distance between adjacent seeds.
Equivalently, the unit cell can be defined as a triangle formed by three
adjacent seeds.

tion of single-seed solutions obtained from a COMSOL
2D calculation, for a lattice with either 3 or 4 mm spac-
ing. The comparison is done along a line from one of
the seeds towards the center of gravity of the triangle.

Since the one-dimensional time-dependent solution
provided by DART1D is accurate to within a few per-
cent up to ~2 mm from the seed edge (as shown Part
), this approximation is used to study lattice proper-
ties in the plane perpendicular to the seed axis (away
from the edge), allowing for fast parameter scans with
sufficient accuracy. For actual treatment plans, however,
one should rely on a superposition of 2D single-seed
solutions, as done in conventional brachytherapy using
TG-43-like lookup tables* A recipe for casting the DaRT
2D dose model into TG-43-like format will be provided
in a separate publication.

Figure 3 shows an example for a hexagonal DaRT
seed lattice for a low-diffusion case Lg, =0.3 mm,
LF’b = 0.1 mm,with Pleak = 0.5,LB,' = 0.1Lpb,and agj = 0
(see Part | for a definition of the model parameters).
The seeds carry 3 uCi/cm 2?*Ra with Pyes(Rn) = 0.45,
PSZS(Pb) = 0.55. The calculation was done by a super-
position of 2D single-seed solutions. The seed radius
is Rg = 0.35 mm. The lattice spacing is a =4 mm. The
total asymptotic alpha particle dose is shown in the seed
midplane (a),and in a plane parallel to the seeds (b). The
plane in (b) is chosen to pass through the points of the
lowest dose (the center of gravity between three adja-
cent seeds). The minimal alpha dose between seeds
(in the seed midplane) is 14.4 Gy. The dose falls off to
negligible levels (<1 Gy) 3 mm away from the seeds.
As shown in (b), the dose is lower close to the seed
edges (between seeds). Roughly, the isodose pattern in
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(a) Total alpha particle dose profiles calculated as a superposition (SP) of three DaRT seeds and a full 3D calculation of three

such seeds, along a line from one seed towards the center of gravity of the triangle. The calculation was repeated for a lattice spacing of 3 and
4 mm, with the following model parameters: Lg, = 0.3 mm, Lp;, = 0.6 mm, Pjga = 0.5, Lg; = 0.1Lpp,, and ag; = 0. The seeds carry 3 uCi/cm

224Ra with Pges(Rn) = 0.45, P2 (Pb) =

defined as err = (SP — 3D)/3D.
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FIGURE 3 Example for a hexagonal DaRT seed lattice, representing a low-diffusion case: Lg, = 0.3 mm, Lp, = 0.1 mm, with Pj,,, = 0.5,

Lgi = 0.1Lpp, and ap; = 0. Seed activity is 3 uCi/cm ?2*Ra with Pyes(Rn) =

0.45, Psgs(Pb) = 0.55. The lattice spacing is a = 4 mm. Shown is the

total asymptotic alpha particle dose in the seed midplane (a), and in a plane parallel to the seeds (b). The plane in (b) is chosen to pass through
the points of lowest dose (the center of gravity of adjacent seeds). The dashed line in (b) represents a projection of the seed on this plane.

(a) suggests that the outermost plane of seeds (here,
the top plane) should be inside the target volume, not
more than ~1 mm from its edge, while (b) suggests
that the seeds protrude ~1 mm out of the target vol-
ume. Specific clinical recommendations should depend
on the required dose for a particular tumor type and the
diffusion lengths considered to best describe the tissue
close to the edge of the target volume.

Figure 4 shows the seed 22Ra activity (per cm seed
length) required for a minimal nominal alpha dose of
10 Gy (chosen as a convenient reference) in hexag-
onal lattices as a function of Lp, for Lg, = 0.2, 0.3,
0.4, and 0.5 mm. (The term “nominal” here means that
uncertainties in the model parameters or seed posi-
tions are not considered.) For each value of Lg,, we
show a band of activities corresponding to the range
Pieak(Pb) = 0.2 — 0.8, with the solid line representing
Pieak = 0.5.(The lower edge of the band corresponds to
Pieak(Pb) = 0.2 and the higher to Pj,,((Pb) = 0.8.) The

case Lg, = 0.5 mm is included to account for the pos-
sibility of considerable vascular enhancement of the
spread of 220Rn. Three cases of lattice spacing are
considered: 5 mm (a), 4 mm (b), and 3 mm (c). The
other parameters are P,4(Rn) = 0.45, ngs(Pb) = 0.55,
Lg; = 0.1Lpp, ag; = 0. Note that the dose at any point
in the lattice is proportional to the seed activity. There-
fore, if the desired minimal dose is other than 10 Gy, one
can directly extract from these curves the required activ-
ity by multiplying the plotted value by a constant factor:
f = (desired dose in Gy)/10.

Figure 4a indicates that at 5-mm spacing, thera-
peutic dose levels (e.g., 10-20 Gy) can be reached
with seed activities of a few uCi 22*Ra only for large
values of the diffusion lengths (e.g., Lpp = 0.5 mm
for Lg, $0.3 mm, or Lg, 2 0.4 mm for any value of
Lpp). For low values of the diffusion lengths (e.g.,
Lr, £0.3 mm and Lp, < 0.2 mm) at 5 mm spacing,
the required seed activity is tens of uCi, while for the
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FIGURE 4 Hexagonal lattice calculations: 22Ra seed activity (in xCi/cm) required to ensure a nominal alpha dose higher than 10 Gy

throughout the lattice interior as a function of the 212Pb diffusion length for varying values of the 229Rn diffusion length for 5-mm spacing (a),
4-mm spacing (b), and 3-mm spacing (C). Individual bands correspond to Pje.x(Pb) = 0.2 — 0.8 with the solid curves for Pjg,,(Pb) = 0.5.In all
cases, Lg; = 0.1Lp, and ap; = 0. Seed radius is 0.35 mm, Pye5(Rn) = 0.45, PgZS(Pb) = 0.55, and the treatment duration is 30 d.

extreme case Lgp,, Lpp $ 0.2 mm, it reaches hundreds
of uCi. Such high activity values are unrealistic, and
would significantly reduce the maximal tumor volume,
which can be treated without systemic toxicity due to
212pp uptake in distant organs® This situation can be
mitigated by reducing the seed spacing to 4 mm, as
shown in Figure 4b. Here we see that therapeutic dose
levels can be reached with seeds carrying a few uCi
224Raif Lg, ~ 0.3 mm, irrespective of Lp,. However, the
extreme case Lg,, Lpp $ 0.2 mm can only be handled
realistically at ~3- mm spacing, as shown in Figure 4c.
(Additional calculations show that if Lg, =0.25 mm,
the spacing can be relaxed to 3.5 mm for few-uCi
seeds.)

As evident from Figure 4, reducing the seed spacing
allows using lower-activity seeds to obtain the desired
dose. Nontrivially, this has the additional benefit of low-
ering the required 22*Ra activity per unit volume of the

tumor (= Ff{§(0)/(\/§/2 a?l)). Consequently, since the

maximal tolerable activity of ??*Ra is limited by the dose
to distant organs (and expected to be a few mCi°), work-
ing at small spacing allows treating larger tumors, or
several distinct lesions. This is demonstrated in Figure 5
for the case Lpp, = 0.2 mm (a) and Lp, = 0.4 mm (b),
where the specific 22Ra activity (in xCi/cm?3) required
to guarantee a minimal nominal alpha dose of 10 Gy, as
a function of the (hexagonal) lattice spacing, is shown
for different values of Lg,. The effect is especially
pronounced for low-diffusion tumors. For example, for
the case L, = 0.3 mm and Lpp, = 0.2 mm, the required
224Ra specific activity at 4.5-mm spacing (for 10 Gy) is
33.1 uCilcm? (for Pja(Pb) = 0.5), whereas at 3.5-mm
spacing, it drops to 7.1 uCi/cm?®. Assuming, for example,
a maximal 22*Ra activity of 3 mCi, the largest volume
that can be treated at 4.5-mm spacing is ~90 cm?, while
at 3.5-mm spacing, it is ~420 cm3. This effect becomes
more pronounced for decreasing values of the diffusion
lengths. In the extreme case of Lg,=0.2 mm and
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FIGURE 6 Hexagonal versus square lattices: 22Ra seed activity
(in uCi/lecm) required to ensure a minimal nominal alpha dose higher
than 10 Gy throughout the lattice interior as a function of Lp;, for

Lr, = 0.3 mm and P, = 0.5. The curves are for hexagonal and
square lattices with 4-mm spacing and for a square lattice that has
the same 224Ra activity per unit volume as a hexagonal lattice with
4-mm spacing. The other parameters are Lg; = 0.1Lpp, agj = 0,

Ry = 0.35 mm, Pges(Rn) = 0.45, PsgS(Pb) = 0.55. Treatment duration
is 30 d.

Lp, = 0.2 mm, the maximal treatable volume grows
from ~20 cm3 at 4-mm spacing to ~260 cm?® at 3-mm
spacing (assuming a required dose of 10 Gy). As shown
in (b), for larger values of Lp,, the general behavior is
qualitatively the same, but the slopes of the curves
are smaller and the bands (defined by the range of
Pieak(Pb)) become wider and begin to overlap.

The effect of lattice geometry on the required seed
activity is addressed in Figure 6. The figure shows
the 224Ra seed activity (per unit length) required to

(Pb) = 0.55. Treatment duration is 30 d.

ensure a minimal nominal alpha dose of 10 Gy as a
function of Lp, for a fixed choice Lg, = 0.3 mm and
Pieak(Pb) = 0.5. The results are compared for a hexag-
onal lattice with a = 4-mm spacing, a square lattice with
4-mm spacing, and a square lattice in which the cell
cross-section area is the same as that of a hexagonal
lattice with 4-mm spacing: @’ = (1/3/2a2)!/2 = 3.72 mm.
In low-diffusion tumors (Lpp < 0.3 mm), for the same
seed spacing, the hexagonal lattice requires ~4-4.5
less activity for the same dose when compared to a
square one. For the same unit cell area (i.e., same
224Ra activity per unit volume), the hexagonal seed
arrangement requires ~ 2 — 2.4 less activity. The effect
becomes smaller for high-diffusion tumors, but remains
on the scale of ~1.5-2. Similar behavior is observed
for other choices of lattice spacing, with the advan-
tage of hexagonal geometry increasing with the ratio

a/LR,,.

3 | PARAMETER SENSITIVITY TESTS

In this section, we investigate the effect of variations in
seed placement, seed properties, and tissue parameters
on the required nominal lattice spacing for administering
a therapeutic alpha dose. The analysis is based on fix-
ing the seed 22*Ra activity to a constant value (initially
3 uCi/cm and later 6 uCi/cm) and finding the nominal
spacing that guarantees a minimal alpha dose in the
range 10-20 Gy with 90% confidence, for a given level
of uncertainty in each parameter.

The lattice cell is nominally an equilateral triangle, and
each case study involves random variations in one or
two parameters for each of the three seeds defining the
cell. For single-parameter studies the target dose is set
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FIGURE 7

The nominal spacing required to ensure, with 90% confidence, that at least 10 Gy (upper limit of each filled range) or 20 Gy

(lower limit of each filled range) are delivered in the cold-spot of a single triangular lattice cell as a function of uncertainties (standard
deviations) in individual seed placement locations (a), 2'2Pb leakage probability (b), and individual seed activities (c). The diffusion lengths are
given in the plot. In all cases, Pges(Rn) = 0.45, Psgs(Pb) =0.55,Lg; = 0.1Lpp. In (a) and (b), I32(0)// = 3 uCilem. In (@) and (c), Pjeak (Pb) = 0.5.

to the range 10-20 Gy, while for two-parameter scans, it
is fixed to 15 Gy for presentation purposes.

The basic procedure is as follows. For each parame-
ter study, 1000 sets of values are randomly generated
for each of the three seeds comprising the lattice cell.
The values are generated independently for each seed,
and in studies where two parameters are examined, both
are generated independently. The values are sampled
from a normal distribution around a nominal value with
a given standard deviation (SD). For each generated set
of random values, the dose map inside the lattice cell is
calculated and the lowest (“cold-spot”) dose is recorded.
For each vector of cold-spot doses, the percentage of
values above the target dose is saved. This is repeated
for increasing lattice spacing. Finally, the minimal spac-
ing, which yields the desired dose with 90% confidence,
is recorded. The entire process is repeated with increas-
ingly higher SDs, recording the required nominal spacing
for each case.

In studies where seed parameters were examined
(initial 22*Ra activity and desorption probabilities), the
values of SDs were scanned over 0—10% of their nom-
inal value. This is, in fact, more conservative than the
quality control procedures of the seed manufacturer,
which dictate rejecting seeds with deviations larger than
10% compared to the nominal value. In studies where
physical parameters of the tissues were examined (dif-

fusion lengths and 2'2Pb leakage probability), the SDs
were scanned over 0-50% of the nominal value. In the
seed placement error study, the SDs of the x and y
coordinates relative to the nominal seed location were
increased from 0 to 0.5 mm, estimated as a reason-
able level of uncertainty. All tests were repeated for
three scenarios: low lead diffusion, with Lg, = 0.3 mm
and Lpp = 0.1 mm, equal diffusion lengths, with Lg, =
0.3 mm and Lp, = 0.3 mm, and high lead diffusion,
with Lg, = 0.3 mm and Lp, = 0.6 mm. In all scenarios,
we set Lg; = 0.1Lp, and ag; = 0. Other nominal values
used in all studies are I'37(0)// = 3 uCilcm, Pyes(Rn) =
0.45, PjZS(Pb) = 0.55, RO = 0.35 mm, and Pj.,«(Pb) =
0.5. The treatment duration is 30 d.

It should be noted that except for the seed location
study, which was done using the 1D numerical solution
(DART1D), all dose maps were calculated, for the sake
of computational efficiency, using the 0D closed-form
approximation for an infinite cylindrical source. As shown
in Part |, at a radial distance of ~2—2.5 mm from the
seed, where the cold spot typically lies, this introduces
an error of ~5% in the analysis of the high diffusion
scenario, and negligible error for the others.

Figure 7 shows the required spacing as a function
of uncertainties in individual seed placement locations
(a), 22Pb leakage probability (b), and individual seed
activities (c). The filled colored bands in each panel
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FIGURE 8 The nominal spacing required to ensure, with 90% confidence, that at least 15 Gy are delivered in the cold-spot of a single
triangular lattice cell as a function of uncertainties (standard deviations) in the diffusion lengths for the low lead diffusion case (a), equal

diffusion lengths case (b), and high lead diffusion case (c). In all cases, "

Lgi = 0.1Lpp.

represent the 10-20-Gy range, with the lower edge
corresponding to 20 Gy and the upper one to 10 Gy for
each diffusion scenario. It is clear that seed placement
errors have a significant effect on the required nominal
lattice spacing: the observed decrease in the required
spacing reaches up to ~0.8 mm for a SD of 0.5 mm
in seed placement for the three diffusion length sce-
narios. Uncertainties in the 2'2Pb leakage probability,
as expected, only affect the required spacing in the
case of lead-dominated diffusion (up to ~0.5 mm).
Uncertainties arising from the variations in the initial
seed activity have a completely negligible effect.

Figure 8 shows a color map of the required spacing
as a function of uncertainties in the two diffusion lengths
for the three different scenarios described above (both
Lr, and Lp, were sampled separately for each seed).
Here, the target alpha dose was taken as 15 Gy. Uncer-
tainties in the diffusion lengths are significant, but only
in the dominant one of the two. In the radon-dominated,
low-diffusion case (Lg, =0.3 mm, Lp, =0.1 mm), a

99(0)/1 = 3 uCilem, Pioay (Pb) = 0.5, Pyes(Rn) = 0.45, PST (Pb) = 0.55,

SD of 50% (0.15 mm) in Lg, would require reducing
the nominal spacing from ~3.9 to ~3 mm. For the case
of equal diffusion lengths (Lg, =Lp, =0.3 mm), a
SD of 50% in both parameters would require reduc-
ing the spacing from ~4.2 to ~3.7 mm. Last, for the
high-diffusion lead-dominated scenario (Lr, = 0.3 mm,
Lpp, =0.6 mm), a SD of 50% in Lp, would require
reducing the nominal spacing from ~5.2 to ~4.5
mm. Note, however, that—as discussed in a separate
publication describing the experimental measurements
of the diffusion lengths—typical SDs for a given cell
line are not more than ~20%. This relaxes the required
reduction in the nominal spacing to ~0.2-0.3 mm in
all cases.

Figure 9 shows the nominal spacing required to
ensure an alpha dose of 15 Gy with 90% confidence as
a function of variations in the desorption probabilities
for the three diffusion scenarios. Similarly to the seed
activity, variations in the desorption probabilities have a
negligible effect. Note that the color scale in Figure 9
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FIGURE 9 The nominal spacing required to ensure, with 90% confidence, that at least 15 Gy are delivered in the cold-spot of a single
triangular lattice cell as a function of uncertainties (standard deviations) in desorption probabilities for the low lead diffusion case (a), equal
diffusion lengths case (b), and high lead diffusion case (c). Note that the color scales are changed for each plot for presentation purposes. In all

cases, T°(0)// = 3 uCilcm, Pjoay(Pb) = 0.5, Lg; = 0.1Lp.

was changed for each plot in order to show the range of
spacing variation.

As can be seen from all tests shown here, the two most
significant parameters in the uncertainty analysis are the
seed placement locations and the diffusion lengths, and
in the case of diffusion lengths, only the dominant one
is of importance. In light of this, a final set of plots is
givenin Figures 10 and 11, showing the required spacing
as a function of uncertainties in both the seed loca-
tion and the dominant diffusion length, for initial %?*Ra
seed activities of 3 uCi/cm (Figure 10) and 6 uCi/cm
(Figure 11). As before, the parameter scan is up to 50%
uncertainty in the dominant diffusion length. Consider-
ing the full range of uncertainties in both parameters,
the maximal required reduction in seed spacing is ~1.2
mm in all cases. However, when uncertainties in the dif-
fusion length are limited to 20%, the required reduction
in spacing is essentially dominated by seed placement
errors and is limited to a maximal value of ~0.9 mm. As
shown in Figure 11, increasing the initial seed activity to

6 uCi/cm relaxes the required seed spacing by ~0.4-0.5
mm compared to 3 uCi/cm seeds.

4 | DISCUSSION

In this work, which constitutes the second part of a two-
part publication, the single-seed calculations described
in Part | were utilized to study the properties and key
dependencies of DaRT seed lattices.

As a starting point for the discussion of DaRT lat-
tices, we showed that for a uniform medium, one can
accurately calculate the dose from multiple seeds by
simple superposition. This is a major simplification,
since complete 3D finite element solutions for multiple-
seed configurations are extremely time consuming. With
superposition validated, we showed that the rapid fall
off of the DaRT alpha dose ensures that in an array of
seeds of uCi-scale 22*Ra activity, the dose drops to neg-
ligible levels already ~2—3 mm away from the outermost
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FIGURE 10 3-uCi/cm seeds: the required nominal spacing in order to ensure, with 90% confidence, that at least 15 Gy are delivered in the

cold-spot of a single triangular lattice cell as a function of uncertainties (standard deviations) in seed locations and the dominant diffusion
length for the low lead diffusion case (a), equal diffusion lengths case (b), and high lead diffusion case (c). In all cases,Pjg,«(Pb) = 0.5,

Pges(Rn) = 0.45, PZZS(Pb) =0.55,Lg =0.1Lpp.

seeds, leading to excellent conformity and ensuring that
adjacent healthy tissue is spared. A useful consequence
of this rapid fall off is that for alpha dose calculations,
one needs to consider contributions only from seeds up
to a distance of <3 mm from the point of interest.

The accuracy of the 1D solution for an infinite
cylindrical source up to ~2 mm from the seed edge,
together with the need to consider contributions only
from adjacent seeds, served as the basis for efficient
lattice calculations, which allowed us to identify the
key parameters affecting the lattice properties—namely,
the interplay between the seed activity and spacing
required to ensure sufficient coverage of the tumor with
therapeutic dose levels.

Hexagonal arrangements of seeds—which can be
expected a priori to be the optimal geometry—were
indeed shown to be much more efficient in utilizing the
seed activity than square lattices, even if the spacing of
the latter is reduced to maintain the same 2**Ra activ-
ity per unit volume. Therefore, it is recommended that,

when possible, seeds are inserted using a hexagonal
grid, rather than a square one as is commonly done in
low-dose-rate brachytherapy.

The most important parameters affecting the DaRT
dose field are the diffusion lengths of 22°Rn and 2'2Pb,
with a less significant contribution by the 2'2Pb leakage
probability. Assuming, as a starting point, an ideal lattice
geometry (i.e., perfect seed placement on the hexago-
nal grid points) and a uniform medium, we investigated
the dependence of the seed activity required to guar-
antee a nominal alpha dose of 10 Gy (as a convenient
reference for a therapeutic alpha dose) on the diffu-
sion lengths for a given seed spacing. We found that the
spacing must be adjusted based on the diffusion lengths
to allow for therapeutic dose coverage with uCi-scale
seeds. A spacing of 5 mm can be used for high-diffusion
tumors (e.g., Lpp 2 0.5 mm or Lg, 2 0.4 mm) using
few-uCi seeds, but requires 10-fold higher seed activ-
ities for low-diffusion tumors (e.g., Lg, < 0.3 mm and
Lpp < 0.2 mm). Such tumors can be effectively covered
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6-uCi/cm seeds: the required nominal spacing in order to ensure, with 90% confidence, that at least 15 Gy are delivered in the

cold-spot of a single triangular lattice cell as a function of uncertainties (standard deviations) in seed locations and the dominant diffusion
length for the low lead diffusion case (a), equal diffusion lengths case (b), and high lead diffusion case (c). In all cases, P (Pb) = 0.5,

Pges(Rn) = 0.45, Peff

des

(Pb) = 0.55, Lg; = 0.1Lpp,.

by few-uCi seeds if the spacing is reduced to ~4 mm.
Reducing the spacing has an additional benefit: it allows
using a significantly lower 22*Ra activity per unit volume,
and therefore, enables the treatment of significantly
larger tumors or several lesions without reaching sys-
temic toxicity due to 2'2Pb uptake in distant organs. The
feasibility of seed insertion at 4-mm spacing, including
the use of hexagonal grids, has already been demon-
strated in ongoing clinical trials, that will be described in
separate publications.

The nominal lattice calculations were followed by a
sensitivity analysis, aimed at understanding how uncer-
tainties in the model parameters affect the required
lattice spacing. These were performed for three rep-
resentative scenarios: low lead diffusion, high lead
diffusion, and equal diffusion lengths. The results show
that uncertainties in desorption probabilities and initial
seed activities, under the quality control procedures of
the manufacturer, have negligible effect on the required
lattice spacing. The 2'2Pb leakage probability has a

stronger effect, but only in the lead-dominated diffu-
sion scenario. In all studies, the strongest dependence
was observed for uncertainties in the seed locations
and diffusion lengths. Compensation for the leading
uncertainties can be done by reducing the nominal seed
spacing, typically by ~ 0.8 — 1 mm, or by increasing the
initial 22*Ra seed activity, for example, from 3 to 6 £Ci/cm
(which relaxes the required spacing by ~ 0.5 mm). The
importance of seed placement accuracy again moti-
vates the use of hexagonal grid templates to physically
guide seed insertion.

The randomization process employed in this work is
simplistic, in the sense that each random parameter is
assigned a single value per seed, ignoring nonuniformi-
ties in the activity and desorption probabilities over the
seed surface and local (voxel-by-voxel) variations in the
tissue parameters (diffusion coefficients and clearance
rate constants). Another simplification is the assump-
tion that the seeds remain parallel to each other. Global
variations in the seed parameters have—as shown
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above—a negligible effect on the required seed spacing.
In practice, actual local variations over the seed surface
are within ~ 10% of their average values, and are, there-
fore, “covered” in the present analysis. Local variations
in the tissue parameters are harder to model realistically
and require a full 3D simulation, and angular variations
in seed orientation call for a different analysis scheme
than the one employed here. We defer the treatment of
both issues to future studies.

Treatment plans should take into account that the dif-
fusion lengths and 2'2Pb leakage probability are likely
not uniform, on the macroscopic scale, throughout the
tumor volume. The well-vascularized regions close to
the tumor edge are expected to display higher leak-
age and less diffusion than the tumor interior, due to
the rapid clearance of 2'?Pb by the blood and the
absence of necrotic domains. Assuming a fixed lattice
spacing, this requires treatment plans to adopt conser-
vative assumptions regarding the values of the diffusion
lengths and the leakage probability. This way, a plan aim-
ing at sufficient dose coverage in outer tumor regions
can be expected to yield much higher alpha doses in the
interior.

The target alpha dose in the tumor periphery can
be estimated based on clinical experience with low-
LET radiation, by aiming for a biologically effective dose
(BED) known to achieve a high rate of tumor con-
trol, with an appropriate choice of relative biological
effectiveness (RBE) value for alpha particles. To com-
pensate for uncertainties in the RBE, seed placement
errors (relative to the ideal grid) and local variations
in the diffusion lengths, it may be advisable to plan
for a higher alpha dose than the nominal value BED
considerations require.

The current study does not consider additional contri-
butions from the beta and gamma dose in DaRT lattices,
which will be addressed in a separate publication. For
3-uCilcm seeds, typical levels of the low-LET dose are
~ 10 — 20 Gy at the center of gravity of seed triplets,
depending on the lattice spacing and the 2'?Pb leakage
probability. This extra dose, although subdominant com-
pared to the alpha dose with its associated high RBE,
can, in fact, have a non-negligible effect on local tumor
cell survival, and can, therefore, allow relaxing the seed
spacing to some extent. Given the low activity of the
seeds, the low-LET dose also drops to negligible levels
~ 3 mm away from the outermost seeds.

Importantly, the results of the first-in-human DaRT
clinical trial on locally advanced and recurrent squa-
mous cell carcinoma of the skin and head and neck
showed that “free-hand” placement of 2 uCi seeds at
a nominal spacing of 5 mm led to a 100% positive
response (tumor shrinkage by > 30% in the longest
diameter, 28/28), and 79.6% complete response (CR,
macroscopic disappearance of the tumor, 22/28), with
77% (17/22) of the tumors displaying CR not relaps-

MEDICAL PHYSICS——

ing in the follow-up period. Considering placement errors
(enhanced because of the lack of grid) and uncertain-
ties in the local diffusion lengths, the high success rate
of this trial may indicate that either the diffusion lengths
were larger than expected from mice experiments, or
that additional effects, not accounted for in the DL model,
were in play. Such effects may be of a physical nature—
for example, enhanced spread of the diffusing atoms by
convective effects—or of a biological origin—for exam-
ple, damage to the tumor blood supply, activation of
an immune response, or bystander effects.” The pos-
sible role of these mechanisms will be the subject of
future studies.

5 | CONCLUSION

This work reports on alpha dose calculations in DaRT
seed lattices and their sensitivity to the geometry and
model parameters. A parameter scan was performed
where the uncertainties related to seed specifications,
tissue characteristics, and the seed placement were
considered. The required seed spacing was shown to
be mostly affected by variations in seed placement and
the dominant diffusion length. A therapeutic alpha dose
(in the range of ~ 10 — 20 Gy) was shown to be achiev-
able with a nominal seed spacing of ~ 3.5 —-4.5 mm,
including compensation for uncertainties in the main
model parameters. This spacing can be relaxed by
~ 0.5 mm by increasing the initial 22*Ra seed activ-
ity from 3 to 6 uCi/cm. While multiple seed placement
at such spacing is challenging, ongoing clinical stud-
ies, to be described elsewhere, indicate that they are
clinically feasible.
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