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Abstract

There is increasing interest in using alpha particle emitting radionuclides for cancer therapy
because of their unique cytotoxic properties which are advantageous for eradicating tumor cells.
The high linear energy transfer (LET) of alpha particles produces a correspondingly high density
of ionizations along their track. Alpha particle emitting radiopharmaceuticals deposit this energy
in tissues over prolonged periods with complex dose rate patterns that depend on the physical
half-life of the radionuclide, and the biological uptake and clearance half-times in tumor and
normal tissues. We have previously shown that the dose rate increase half-time that arises as a
consequence of these biokinetics can have a profound effect on the radiotoxicity of low-LET
radiation. The microcontroller hardware and software described here offer a unique way to deliver
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these complex dose rate patterns with a broad-beam alpha particle irradiator, thereby enabling
experiments to study the radiobiology of complex dose rate patterns of alpha particles. Complex
dose rate patterns were created by precise manipulation of the timing of opening and closing of
the electromechanical shutters of an a-particle irradiator. An Arduino Uno and custom circuitry
was implemented to control the shutters. The software that controls the circuits and shutters

has a user-friendly Graphic User Interface (GUI). Alpha particle detectors were used to validate
the programmed dose rate profiles. Circuit diagrams and downloadable software are provided to
facilitate adoption of this technology by other radiobiology laboratories.
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Introduction

Targeted radiopharmaceutical therapies are one of most promising modalities for treating
disseminated cancer cells and their resulting micrometastases (Sgouros and Goldenberg,
2014; Marcu et al., 2018). These therapies are achieved by conjugating radionuclides that
emit a particles, p particles, or Auger electrons to cancer-targeting molecules such as

a peptides or monoclonal antibodies (Poty et al., 2018a, b). The radiolabeled targeting
molecules bind to cancer cells and the emitted particles irradiate the targeted tissue
chronically. The most commonly used radionuclides emit a and  particles which differ
radiobiologically in significant ways (Wheldon and O’Donoghue, 1990). The linear energy
transfer (LET) of a-particles is about 100 times that of g-particles (ICRU, 1984, 1993),
making these short-range high-LET particles highly effective at killing cancer cells. As a
consequence, a-emitters can, in principle, deliver more localized tumor cell killing power
with less damage to surrounding healthy tissue than p particle emitters (McDevitt et al.,
1998).

Dose rate is a major factor in determining biological response to low-LET radiations and
there is a large body of literature on the topic for constant and exponentially decreasing
dose rates (Dale, 1985; O’Donoghue and Wheldon, 1989; Fowler, 1990; Baechler et al,
2008). However, little is known about how dose rate patterns that are commensurate with
the uptake and clearance of radiopharmaceuticals can affect biological response (Rao and
Howell, 1993; Howell ez a/,, 1994; Howell et al., 1998; Behr et al., 1998; Sefl et al., 2016).
Recently, Solanki et al. showed that cell Killing with -y-rays was surprisingly sensitive to the
rate of increase in dose rate (i.e. uptake half-time of radiopharmaceutical) and they attributed
this to a radioadaptive phenomenon (Solanki et al., 2017). Others have shown that cells
irradiated acutely with alpha particles can induce radioadaptive responses in bystander cells
(lyer and Lehnert, 2002; Choi et al., 2010; Choi et al., 2012). Furthermore, pretreatment
with low-LET gamma rays can affect alpha particle induced bystander responses (Zhou

et al., 2003). In contrast, early studies found that dose rate effects were not observed

for cell killing with high-LET alpha particles when the radiation insult was delivered in
fractions (Barendsen, 1964); a lethally irradiated (40 Gy, 250 kV x-rays) feeder layer

was used in these and other early studies which may have influenced outcome. Others
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have demonstrated some dose rate effects when alpha particles are delivered chronically
(Stevens et al., 2014; Rao et al., 1991; Miller et al., 1993). In view of these observations,
and their potential importance to targeted radionuclide therapy, there is a need to study if
complex dose rate patterns of alpha particles affect biological responses of tumor and normal
tissues. Accordingly, in the present article we describe the design and construction of a
microcontroller that facilitates the delivery of a particles with a variety of dose rate patterns;
these include acute, chronic constant, exponentially increasing, exponentially decreasing,
and multi-component exponential which facilitates dose rate patterns encountered in tumor
and normal tissues during targeted radionuclide therapy. These dose rate patterns parallel
those available on our low dose rate 137Cs vy irradiator (Howell et al,, 1997b; Pasternack and
Howell, 2013).

Materials and Methods

Irradiator

The a-particle irradiator used in the present work was described in detail by Neti et al.
(Neti et al.,, 2004). Briefly, the irradiator consists of 4 irradiation ports, each equipped with
a planar source of 241Am that serves as the source of a particles (figure 1). The 241Am
sources activities in ports 1, 2, and 3 are 20 MBq (0.34 MBq cm~2); port 4 has no source
and is used for controls (Neti ef a/., 2004). The sources are rotated continuously to ensure
beam uniformity, and the beam is directed vertically upward and collimated to reduce the
maximum angle of incidence of a particles on the bottom of custom cell culture dishes
with 1.5-um thick Mylar™-bottoms. The collimator consists of a stainless steel honeycomb
mounted on an orbital shaker to avoid dead spots above the septa of the collimator. Each port
has a Copal Model DC-392 electromechanical shutter (Nidec Copal Corporation, Tokyo)

to control the radiation exposure to a Mylar™-bottomed culture dish positioned above the
source. In the original design, the shutters were controlled by a simple timer that facilitated
the delivery of a single fraction of a particle radiation (Neti et a/., 2004).

Microcontroller

The current work was to create microcontroller hardware and software that enables a user
to deliver complex dose rate patterns by manipulating the timing of opening and closing of
the electromechanical shutters of the a-particle irradiator described above. All parts needed
to assemble the microcontroller are detailed in Supplementary Table 1. An Arduino Uno
Rev2 board with ATmega328 chip (PART#1) was implemented to control the shutters. It has
a clock speed of 16 MHz, which is much faster than the rate limiting step of the 125-ms
shutter speed. The Arduino 5V signal outputs were connected to optical relay modules
(PART#2) to control the current from a 24V 3A DC power supply to the electromechanical
shutters. This arrangement electrically decoupled the main Arduino board from the 24V
power supply (PART#3) to protect the microcontroller board from the voltage surge that
arise when activating the shutter. A second optical relay module (PART# 2) was used to
control the 120V AC power for the collimator and rotary motors for the sources. The
Arduino, relays, and connecting wires were housed inside a 17.8x12.7x7.6 cm (7x5%3
inch) aluminum enclosure (PART#4). Figure 2 shows the enclosure compartment with the
corresponding electronic components.
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The Arduino programming language, based on C/C++, was used to write a program to
accept input from a user operating a personal computer (PC) with a Windows environment.
The Arduino program is provided as a supplementary file available on line to allow others
to adopt this system. The Arduino receives input data from the PC via a shielded USB
connector, and sends output signals in the form of 5V ON/OFF to the output pins on the
Arduino board. It is essential to use a shielded USB cable to prevent signal noise created
by operation of the electromagnets. As described above, the output pins are wired to the
corresponding relay modules, which are in turn connected to the electromagnetic shutters.
The circuit diagram is depicted in figure 3.

Graphical User Interface and Irradiator Control

Overview.—The software that controls the shutters was written in Visual Basic 2010; it is
provided as a supplementary file available on line to allow others to adopt this system. The
software displays a Graphic User Interface (GUI) that is user-friendly, and can be operated
by users with basic computer skills. Upon loading, the software retrieves from MICROSOFT
REGISTRY the most recent settings that were used by the user from prior operation. When
the software is opened for the first time, default settings are used. The settings can be found
in the ‘Settings’ tab (not shown), and include the mean absorbed dose rate to the cell nuclei
of cultured cells adhering to the growing surface inside the Mylar™-bottomed dishes that
are placed above each radiation source. This dose rate is dependent on the activity of the
241 Am sources that are placed in each of the four ports, and also on the average diameter

of the cell nucleus (see Eq. 1 below). In our set up, the sources have the following mean
absorbed dose rates when the default cells (AG1522) are irradiated (Neti ef al., 2004):
Sourcel: 0.082 Gy min~! (4.9 Gy h™1), Source2 0.080 Gy min~1 (4.8 Gy h™1), Source3
0.073 Gy min~1 (4.4 Gy h™1), Source4: 0 Gy min~1 (no source present). These default
values were established in our earlier publication (Neti ef a/., 2004), and can be changed

by the user according to the activity of the sources used and the mean diameter of the

cell nuclei of the irradiated cells; the software will take these changes into account when
performing various calculations. Also under the *Settings’ tab, the user can set the mode of
operation of the collimator. The collimator and rotary motors can be set to be turned on at all
times during a fractionated exposure, or set to be turned on only when the shutters are open.
The latter setting preserves the life of these components when irradiating chronically with a
large number of fractions.

The GUI allows the user to deliver alpha particles to each of the ports in four different
modes of dose rate profiles. Each mode has its own dedicated tab: *Single Fraction’,
‘Multiple Fractions’, ‘Exponential’, and ‘Multi-Exponential’. All the tabs have a similar
interface, with checkboxes above each port header to indicate which ports will be used

for the experimental run. It is important to note that each mode delivers the exposure in
fractions. That is because the irradiator uses shutters, each having two discrete states - either
ON or OFF. This makes the shutter-state a discrete variable as opposed to a continuous
variable. Hence, discrete math was employed to manipulate the temporal pattern of the
fractionation and thereby simulate different dose rate patterns.
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Single Fraction tab.—This tab of the GUI enables the user to specify a mean absorbed
dose to each of the ports and deliver each with a single fraction (figure 4). Each source

port is designated by its own panel, each with its own set of user-selectable parameters.
These parameters are: ‘Dose’, ‘Exposure Time’, ‘% nuclei hit once’, ‘% nuclei hit twice’,
‘% nuclei NOT hit’. These parameters are interrelated, such that the user only needs to
specify a single parameter, and the rest of the parameters are calculated by the software

and automatically populated on the screen (figure 4). To describe the relationship between
the parameters, the concept of traversal is in order. Charlton and Sephton quantified the
absorbed dose to the cell nucleus from a single a-particle traversal, as well as the percentage
of cells traversed (Charlton and Sephton, 1991). The mean dose to the cell nucleus per
traversal is given by &= LET x 0.16 / A, where LET is the linear energy transfer of the alpha
particle and A is the cross-sectional area of the cell nucleus (Charlton and Sephton, 1991).
The percentage of cells traversed is given by a Poisson distribution:

P(D, i) = il,(p/d)"e—w/d) o

where the function P(D,J) is the percentage of cells hit by /traversals, Dis the mean
absorbed dose to the cell nuclei, and ¢'is the dose to the cell nucleus per traversal. The
variables and parameters in equation 1 and elsewhere in this article are summarized in Table
1. Using AG1522 cells as an example, it can be shown that for AG1522 cells flattened on
our Mylar™bottomed dishes, the absorbed dose to the cell nucleus from a single a-particle
traversal is d= 0.15 Gy (Neti et al., 2004); the value of ddiffers for other cells depending
on A, LET, and culture conditions. The software provides the user with the following
probabilities: ‘% nuclei hit once’ = AD, 1), ‘% nuclei hit twice’ = AD,2), and ‘% nuclei
NOT hit’ = AD,0). Equation 1, together with the relationship Dose Rate = Dose/Time,
provides the relationship among all the parameters. If AD, 1) or A D, 2) is specified, the
inverse function P~1(D,/=1 or 2) has two solutions for a given value of D. For example,
when n=1and &= 0.15 Gy, the values of AD,1) are equal for D = 0.050 and D = 0.336
Gy: P(0.050,1) = P(0.336,1) = 0.239. Thus, when the user chooses to modify ‘% nuclei hit
once’ or ‘% nuclei hit twice’, the option of deciding between the two solutions becomes
available to the user in the form of radio buttons at the bottom of the screen. The rest of the
parameters will still be automatically calculated and populated on the screen.

When ready to begin the experimental run, click the Start button at the bottom of the video
monitor. This uploads the parameters for each port to the Arduino. The Arduino uses the
uploaded values to control the amount of time that each shutter on the corresponding port
will remain open, and synchronizes this information with the progress window on the screen
in real time. The progress window has graphical representations of the exposures for each
port, along with corresponding countdown timers that notify the user of the time remaining
for each of the ports. If the user chooses to terminate operation, the Cancel button can be
clicked during any point along the experimental run. If the experimental run is allowed to
run to completion, a pop-up window informs the user of completion.

Multiple Fractions tab.—The total dose delivered can be divided into equal fractions.
These fractions are equally spaced along a specified time span. The user inputs the ‘Number

Phys Med Biol. Author manuscript; available in PMC 2021 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nawrocki et al.

Page 6

of Fractions (n)’, the “Total dose (D)’ to be equally divided into 72 fractions, and the ‘Overall
treatment time” (toveran) @long which the fractions will be equally distributed. When these
parameters are inserted (Supplementary figure 1), a display of the characteristics about the
radiation delivery is shown in sub-panels. The sub-panel with heading “TOTAL DOSE”
provides the total dose to be delivered, the total exposure time corresponding to the total
dose, and the percentage of nuclei hit by the total dose. The sub-panel “FRACTIONS”
provides characteristics about individual fractions, such as ‘Fraction size (d)’, ‘Exposure
time’ per fraction, and percent nuclei hit during a single fraction. The sub-panel with
heading “TIME DEPENDENT” shows the calculated ‘Fraction rate’, which is the frequency
that the fractions occur, and the ‘Interfraction interval’, which is the spacing between
fractions in units of time.

When the experimental run is ready to be executed, the user clicks Start, which uploads the
parameters for each port to the Arduino. A progress window provides live information about
the shutters’ open/closed state for each of the ports. This information is depicted in graphs,
with the vertical axis depicting open/closed state and horizontal axis depicting time. As the
experimental run progresses, a vertical line scans the graphs from left to right to indicate
how far along the graphs the experiment has progressed. The right hand side of the window
has representations of the shutters’ state, with filled circle representing shutter closed state
and unfilled circle representing shutter open state. Each port also has a countdown timer to
indicate the time remaining for each of the ports.

Exponential tab.—This module simulates an exponentially increasing or decreasing dose
rate (Supplementary figure 2). To simulate these time dependent dose rates, we assign the
times at which the shutters open to represent the time-dependent variable. To stay consistent
with our current theme, we fix the fraction size (d) (i.e. time the shutter is open to deliver

a single fraction tgaction) t0 @ Value based on the user’s input. The user enters n, D, and

the “‘Overall treatment time” (tgyveran) during which the fractions will be distributed in an
exponentially increasing or decreasing temporal pattern. The user may instead choose to
input dand the rest of the parameters will automatically be set by the relation D= nd. It

is important to note that to approximate an exponential curve, at least 3 time points must be
specified. Therefore, the software will give an error message for 1<2.

The software uses the following continuous function as the basis for modeling exponentially
increasing or decreasing dose rates 7(2):

+1n2%¢t
(1) = ro e a, @

where Ty is the dose rate half-time. To be clear, ryis a scaling parameter and not the dose
rate delivered during a single fraction which is fixed because of the long physical half-life
(432 years) of the 241Am sources. The software uses an algorithm to arrange the fractions
temporally in an exponential fashion. The algorithm first assigns a fraction to occur at the
beginning of the experimental run (#= 0), and another fraction to begin at a time tgraction
before the end of the experimental run (7= toyerall — tfraction)- TO determine the positions
of fractions within the time domain (tmin, toveran), the algorithm first evenly divides the
function’s range (r(0), r(toveran)) into 71 segments.
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F(toveran) — r(0)

m=12,...n—-2 3)
n—1

r(t,) = m X
The algorithm takes the inverse function 71 to determine the time t,,, at which the
corresponding /77" fraction will occur. The functional form of the fractionation pattern,
calculated by the algorithm, is previewed on a graph generated by the software. The
graph also includes a plot of the fractions laid out in an exponential temporal pattern.
The experimental run is initiated by clicking the Start button (Supplementary figure 2). A
progress window opens up, which shows the progress of the experimental run.

Multi-Exponential tab.—As before, the user inputs the “Number of fractions (7)’, the
“Total dose (D)’ to be equally divided into 7 fractions, and the ‘Overall treatment time’
along which the fractions will be distributed in a multi-exponential fashion. The software
simulates a multi-exponential dose rate pattern (figure 5)

H(t) = ro(ae-ln(Z)*Vle (- a)e—ln(Z)*Vsz B be_ln(Z)*VTi) @

where T; is the dose rate increase half-time, and Tq41 and T are the dose rate decrease
half-times for the first and second component of the exponential decrease in dose rate (Rao
and Howell, 1993; Howell et al., 1994; Howell et al., 1998; Solanki et al., 2017). As was
the case for the exponential mode, an algorithm assigns a fraction to occur at the beginning
of the experimental run (= 0), and another fraction to occur at the end of the experimental
run (¢= toverall —tfraction). Because the multi-exponential function does not have an inverse
function, the algorithmic method described for exponential mode cannot be used. Instead, it
is recognized that the absorbed dose is the integral of the dose rate over the overall time that
the experiment is conducted.

toverall
Ditoveranl| = [; r(t) dt ®)

The algorithm determines the time £,, at which the percentage of the total dose delivered is
equal to the 772" percentile,

Im
mx— 1 T = / r(t)dt/ D(toyera)) wherem=1, 2,...,n =2 (6
- 0

Calibration of the Dose Rate Patterns

Alpha Particle Energy and LET Spectra: The energy spectrum of the alpha particle

beam was measured to ensure the beam characteristics were consistent with those reported
in our previous communication (Neti ef a/., 2004). Briefly, a Canberra (Meriden, CT)
system comprising CAM300 passive implanted planar silicon (PIPS) detector with an active
area of 300 mm?, associated electronics, multichannel analyzer (MCA), and Genie 2000
spectroscopy software were used. The detector was calibrated for energy response in a
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vacuum using a Model S94-4 planar 239Pu calibration standard (427,445 cpm/2rt) from
Eberline (Albuquerque, NM). The irradiator box was filled with helium and the flow rate
for the irradiator chamber was set to 0.5 L min~1. The PIPS detector was positioned on

the Mylar™ growing surface of the stainless steel culture dish and alpha particle energy
spectra were acquired for each source. To determine the LET spectrum of the alpha particles
incident on the cells growing in the Mylar™-bottomed culture dishes, the LET values
corresponding to the energies associated with each of the 4096 channels of the MCA were
calculated by interpolating the tables for liquid water in ICRU Report 49 (ICRU, 1993; Neti
et al., 2004). The LET spectrum was obtained by creating bins of width 5 keV pm=1 (e.g.
80-85 keV pm~1, 85-90 keV um™1, etc.) and then summing counts into the appropriate bins
(Neti et al., 2004).

Fluence and Absorbed Dose: The fluence rates through the Mylar™ growing surface were
measured with the PIPS detector to be 0.0038, 0.0037 and 0.0034 tracks um=2 min~1 for
sources 1, 2 and 3, respectively (Neti et al,, 2004). The mean absorbed dose to the nuclei

of the cells adhering to the Mylar™ is calculated according to the methods in Neti et

LET

al. (Neti et al., 2004). The absorbed dose per traversal, d = 0.16 x — where A is the

cross sectional area of the cell nucleus. Fluence rate was then calculated according to

(Average counts)
t+(PIPS detector active area

a given irradiation time interval. Lastly, the mean absorbed dose to the cell nuclei was
calculated according to the derivation of Charlton & Sephton (Charlton and Sephton, 1991):

N:

3 (tracks um~2 min~1) as was fluence, ® (tracks pm=2) for

D=®Ad @

Dependence of Fluence on Number of Fractions: The shutter speed of the Copal
electromechanical shutters is 0.1 s. Therefore, it was anticipated that the number of fractions
(n) may affect the fluence delivered for a fixed total exposure time. This was tested by
conducting a series of 120 s irradiations with 0, 100, 200, 300, and 400 fractions and
recording the alpha particle counts for each trial with the PIPS detector.

Continuous versus Switched Operation of the Collimator for Fractionated Exposures:
Fractionated exposures that extend over time periods from hours to days can put unnecessary
strain on the collimator mechanism. Each fraction requires the shutter to be open for seconds
whereas the interfraction spacing may be minutes to hours. To avert wear and tear, the user
can elect to have the collimator oscillate only when the shutter is in the open position. The
alpha particle counts for a 180 s exposure time delivered in 100 fractions was measured

with the collimator operating continuously and with the collimator operating only when the
shutter was open. No significant difference in the fluences were observed.

Exponential Dose Rate Patterns: A series of measurements of alpha particle counts were
made with the PIPS detector to determine that the microcontroller delivered the a particles
with a multi-exponential dose rate pattern with the desired Tj and T4. The exponential down
pattern was tested by measuring the alpha particle counts over 0.5 h intervals for an overall
treatment time of 18 h with T4 = 6 h. The exponential up and down pattern was tested by
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measuring the counts over 1.0 h intervals, for an overall treatment time of 72 h, with T; =
16 hand T4 = 24 h. In each case, the total exposure time was fixed at 120 s (i.e. shutter
was open for a total of 120 s). Measurements were made automatically using the Canberra
(Meriden, CT) Genie 2000 spectroscopy software which permits repeated acquisitions over
fixed time intervals.

Absorbed Dose from Gamma Rays that Leak through the Shutter: In addition to alpha
particles, the 241Am sources also emit 59 keV gamma rays. The absorbed dose to cells
growing on the Mylar™ bottomed dish from gamma rays that penetrate (“leak’) through the
thin metal shutter is negligible compared to the absorbed dose delivered by alpha particles
when acute irradiations are conducted over a period of minutes. However, chronic irradiation
over days can result in a significant absorbed dose from gamma rays. Accordingly,
commercial thermoluminescent dosimeters (Landauer®) were placed in triplicate on top

of each shutter and allowed to remain there for 72 h with the photographic shutter in the
closed position.

The measured alpha particle energy spectra for the 239Pu calibration standard Sources 1, 2,
and 3 had centroids (frequency means) of 2.8, 2.7, and 2.7 MeV (Supplementary figure 3),
respectively, consistent within 5% of previous measurements (Neti ef a/., 2004). The fluence
rate of the particles (particles pm=2 min~1) that penetrated through the Mylar™ bottom of
the culture dishes were consistent with previous measurements when a helium flow rate of
0.5 L min~1 was used. The calculated LET values of the alpha particles in liquid water
ranged from 70 to 230 keV um~2, with a mean value of 132 keV pm~1 for Sources 2 and

3 of the irradiator and 128 keV pm™1 for Source 1 of the irradiator. These values indicate
that the beam characteristics of the alpha particle irradiator are consistent with our previous
findings (Neti et al., 2004).

Table 2 shows the dependence of the alpha particle counts, acquired by the PIPS detector
during the 120 s total exposure time, on the number of fractions used to deliver the 120 s
exposure. As a reminder, the fraction size decreases correspondingly with increasing number
of fractions. There was a linear increase in the counts as a function of the number of
fractions (Counts(s) = (1 + 0.00050 1) Counts(1), where r7is the number of fractions and
Counts(1) is the counts when delivered in a single fraction of length 120 s). This translates
to a 5% increase in fluence per 100 fractions. Accordingly, the fluence and corresponding
mean absorbed dose should be corrected when large numbers of fractions are used. This is
important when comparing the radiobiological impact of a fixed mean absorbed dose that is
delivered with different numbers of fractions.

Figure 6 shows alpha particle count measurements made for exponential (T4 =6 h) and
multiexponential (T; = 16 h, T4 = 24 h) dose rate patterns. As indicated in the Materials

and Methods, the alpha particle counts were measured over 0.5 or 1.0 h intervals. Therefore,
several fractions were delivered during each measurement interval and the number of counts
recorded during any given measurement interval (represented by a datum point on the graph)
is a multiple of the number of counts expected for a single fraction (shutter opened a fixed
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amount of time for each fraction). Accordingly, when a total of 100 fractions were delivered
during the lengthy chronic irradiation, it was commonplace for the shutter to open the same
number of times during consecutive measurement intervals such that the average number of
counts recorded during consecutive intervals were often very similar. Accordingly, the data
has a discretized appearance along the abscissae with a trend that matches the functional
form of the expected patterns. The counts for the exponential down pattern were fit to the
function y = a e~ 0693 £/ Td which yielded T4 = 6.0 + 0.3 h. The counts for the exponential
up and down pattern were fit to the function Counts = a e~ 0-693 ¢/ Td _ (1-3) ¢~ 0-693 t/Ti gng
yielded T;=15.9+4.8hand Tq=24.5+8.8h.

Thermoluminescent dosimeter measurements of the absorbed dose received over 72 h from
the 59 keV gamma rays emitted by the 242Am sources yielded 0.000967 + 0.0000058 Gy,
0.000907 £ 0.0000058 Gy, 0.000887 + 0.0000058 Gy for sources 1, 2, and 3, respectively.
The mean value is 0.000920 + 0.000036 Gy which corresponds to an absorbed dose rate of
0.0000128 Gy h™L. No significant dose (< 0.00001 Gy) was measured for the control shutter
which did not have an 242Am source below it.

Discussion

The unique capabilities of this microcontroller for shutter-controlled alpha particle
irradiators can be used to acquire radiobiological data on the consequences of low dose
rates of high-LET ionizing radiation delivered at constant and variable dose rates under
highly controlled experimental conditions. It can facilitate delivery of a single fraction,
multiple fractions equally spaced in time, or multiple fractions spaced temporally to simulate
exponentially increasing and decreasing dose rates. The errors encountered in the total mean
absorbed dose delivered depend on the number of fractions delivered with about a 5%
increase in total dose per 100 fractions compared to a single fraction. This can be accounted
for readily when setting up experiments that involve samples that receive the same mean
absorbed dose delivered with different numbers of fractions. Notably, the dose rate when
the shutter is open is just under 5 Gy h™1. Therefore, dose rates ranging from 5 Gy h™! to
very low dose rates can be accommodated depending on the fraction size and fractionation
schedule. Therefore, even the in vivo absorbed dose rates required to deliver tumorcidal
doses of ~ 10 Gy with alpha particle emitters with short physical half-lives (e.g. 7 h for
211At) can be simulated with this irradiator (Back et al., 2005).

When implementing this microcontroller system on shutter-controlled alpha particle
irradiators, users should be aware of the potential for chronic gamma irradiation when using
alpha particle sources that emit such radiations. The 24LAm sources used in our irradiator
emit 59 keV gamma rays. However, the gamma ray dose rates are extremely low (0.0000128
Gy h1), delivering an average absorbed dose to the cell monolayer of approximately 1
mGy during a 72 h irradiation. A dose of 1 mGy;, for instance, from 137Cs gamma-radiation
leads to an average of 2.5 energy deposition events per ng tissue; i.e., per cell in tissue
(ICRU, 1983; Feinendegen, 2016). Even lower numbers may be anticipated for cells that are
monolayered on the Mylar™ bottomed dishes because the number of secondary electrons
arising from interactions of the upward trajectory photons with the thin 1.5-um Mylar™ are
lower than expected in solid tissue. While this low dose delivered chronically by gamma
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rays is not anticipated to cause observable detrimental damage compared to that caused
by the alpha particles, it is possible that it may elicit some degree of adaptive protection
(Azzam et al., 1996; Feinendegen, 2016; Solanki et al., 2017).

The first clinical trial on the use of a particle emitters for radiolabeled antibody therapy

of cancer were reported in 2002 (Marcu et a/., 2018; Jurcic et al., 2002). Subsequent trials
have shown promising results in the treatment of recurrent ovarian cancer (Andersson et

al., 2009), recurrent brain tumor (Cordier et al., 2010; Zalutsky et al., 2008), non-Hodgkins
lymphoma (Witzig et al., 1999; Wiseman et al., 2000), myelogenous leukemia (Jurcic et

al., 2002; Sgouros et al., 1999; Burke et al., 2003), and metastatic melanoma (Allen et

al.,, 2011; Allen et al., 2005). In the meantime, the FDA-approved 223Ra dichloride (2013),

a prolific alpha particle emitter, is having considerable success in extending the lives of
patients with castrate-resistant prostate cancer metastatic to bone (Parker et al., 2013).

Our GUI controlled irradiator can be utilized to study the radiobiology of this and other
alpha particle emitting radiopharmaceuticals. The pharmacokinetics of radiopharmaceuticals
in tumor and normal tissues conform typically to an exponential increase to a maximum
followed by an exponential decrease, thereby delivering a correspondingly complex dose
rate pattern (Pasternack and Howell, 2013; Solanki et al., 2017; Howell et a/., 1997b). The
ability to simulate these complex dose rate patterns in the laboratory may lead to new
understanding of how the dose rate pattern affects the relative biological effectiveness (RBE)
of radiopharmaceuticals labeled with a- versus p-particle emitters (Hobbs et al., 2014;
Sgouros et al., 2010; Howell et al., 1997a; Howell et al., 1992).

There are also a number of radiobiological questions that the unique capabilities of this
irradiator can help to clarify. For example, exposure to low doses of ionizing radiation has
increasingly become a matter of scientific and public concern and debate. Public exposure to
ionizing radiation is due mainly to chronic irradiation by “ubiquitous background” radiation
from radon (Thurston, 2010). Radon is natural radioactive gas that is found in homes across
the country. It is estimated that 10 to 14% of all lung cancer deaths are linked to radon gas,
and radon gas is the second leading cause of lung cancer (after smoking), according to the
National Cancer Institute at the NIH (Noh et a/.,, 2016; BEIR-VI, 1998). The GUI controlled
irradiator can simulate the constant or periodic dose rate patterns delivered by this high-LET
background radiation. Of particular importance in this context, and other related scenarios,
the GUI controlled alpha particle irradiator presented in this paper can be used to study how
dose rate affects bystander effects which arise from nearby alpha-irradiated cells (Gonon et
al., 2013; Nagasawa and Little, 1992; Deshpande et al., 1996; Azzam et al., 2003).

Finally, the capabilities of this microcontroller are not restricted to our irradiator. There

are numerous shutter-controlled alpha particle irradiators in use around the world that can
implement the hardware and software developed in this work (Inkret ef a/., 1990; Goodhead
et al., 1991; Metting et al., 1995; Zarris et al., 1998; Esposito et al., 2009; Seideman et al.,
2011; M et al., 2013; Nilsson et al., 2015; Lee et al., 2016; Soyland and Hassfjell, 2000;
Sgyland et al., 2000; Wang et al., 1989). The detailed table and figures in this article are
intended to serve as a guide for others to build their own hardware, and our software is
available as a downloadable supplement.

Phys Med Biol. Author manuscript; available in PMC 2021 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nawrocki et al. Page 12

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

This work was supported in part by Grant Number RO1 CA198073 from the National Cancer Institute. Thanks

to Harvey Ozer and Gwendolyn Mahon for supporting Tomer Nawrocki in the Cancer Summer Student Research
Program, supported by NCI 5R25CA019536-32. The content is solely the responsibility of the authors and does not
necessarily represent the official views of the National Institutes of Health (NIH).

References

2013 FDA approves radiopharmaceutical for metastatic prostate cancer. Cancer discovery. 3 :OF1.

Allen BJ, Raja C, Rizvi S, Li Y, Tsui W, Graham P, Thompson JF, Reisfeld RA and Kearsley J 2005
Intralesional targeted alpha therapy for metastatic melanoma Cancer Biol Ther 4 1318-24 [PubMed:
16322682]

Allen BJ, Singla AA, Rizvi SM, Graham P, Bruchertseifer F, Apostolidis C and Morgenstern A 2011
Analysis of patient survival in a Phase | trial of systemic targeted alpha-therapy for metastatic
melanoma Immunotherapy 3 1041-50 [PubMed: 21913827]

Andersson H, Cederkrantz E, Back T, Divgi C, Elgqvist J, Himmelman J, Horvath G, Jacobsson
L, Jensen H, Lindegren S, Palm S and Hultborn R 2009 Intraperitoneal alpha-particle
radioimmunotherapy of ovarian cancer patients: pharmacokinetics and dosimetry of (211)At-MX35
F(ab’)2--a phase I study J Nucl Med 50 1153-60 [PubMed: 19525452]

Azzam El, de Toledo SM and Little JB 2003 Oxidative metabolism, gap junctions and the ionizing
radiation-induced bystander effect Oncogene 22 7050-7 [PubMed: 14557810]

Azzam El, de Toledo SM, Raaphorst GP and Mitchel RE 1996 Low-dose ionizing radiation decreases
the frequency of neoplastic transformation to a level below the spontaneous rate in C3H 10T1/2
cells Radiat Res 146 369-73 [PubMed: 8927708]

Back T, Andersson H, Divgi CR, Hultborn R, Jensen H, Lindegren S, Palm S and Jacobsson L
2005 211At radioimmunotherapy of subcutaneous human ovarian cancer xenografts: evaluation of
relative biologic effectiveness of an a-emitter in vivo J. Nucl. Med 46 20617 [PubMed: 16330571]

Baechler S, Hobbs RF, Prideaux AR, Wahl RL and Sgouros G 2008 Extension of the biological
effective dose to the MIRD schema and possible implications in radionuclide therapy dosimetry
Med Phys 35 1123-34 [PubMed: 18404947]

Barendsen GW 1964 Modification of Radiation Damage by Fractionation of the Dose, Anoxia, and
Chemical Protectors in Relation to Let Annals of the New York Academy of Sciences 114 96-114
[PubMed: 14126012]

Behr TM, Memtsoudis S, Sharkey RM, Blumenthal RD, Dunn RM, Gratz S, Wieland E, Nebendahl
K, Schmidberger H, Goldenberg DM and Becker W 1998 Experimental studies on the role of
antibody fragments in cancer radioimmunotherapy: Influence of radiation dose and dose rate on
toxicity and anti-tumor efficacy Int. J. Cancer 77 787-95 [PubMed: 9688314]

BEIR-VI1 1998 Health Effects of Exposure to Radon (BEIR VI). (Washington, D.C.: National
Academy Press)

Bentzen SM, Dorr W, Gahbauer R, Howell RW, Joiner MC, Jones B, Jones DT, van der Kogel
AJ, Wambersie A and Whitmore G 2012 Bioeffect modeling and equieffective dose concepts
in radiation oncology - Terminology, quantities and units Radiother Oncol 105 266—-8 [PubMed:
23157980]

Burke JM, Caron PC, Papadopoulos EB, Divgi CR, Sgouros G, Panageas KS, Finn RD, Larson
SM, O’Reilly RJ, Scheinberg DA and Jurcic JG 2003 Cytoreduction with iodine-131-anti-CD33
antibodies before bone marrow transplantation for advanced myeloid leukemias Bone marrow
transplantation 32 549-56 [PubMed: 12953125]

Charlton DE and Sephton R 1991 A relationship between microdosimetric spectra and cell survival for
high-LET irradiation Int. J. Radiat. Biol 59 447-57 [PubMed: 1671694]

Phys Med Biol. Author manuscript; available in PMC 2021 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nawrocki et al.

Page 13

Choi VW, Cheng SH and Yu KN 2010 Radioadaptive response induced by alpha-particle-induced
stress communicated in vivo between zebrafish embryos Environmental science & technology 44
8829-34 [PubMed: 21067204]

Choi VW, Ng CY, Cheng SH and Yu KN 2012 alpha-Particle irradiated zebrafish embryos rescued
by bystander unirradiated zebrafish embryos Environmental science & technology 46 226-31
[PubMed: 22103474]

Cordier D, Forrer F, Bruchertseifer F, Morgenstern A, Apostolidis C, Good S, Muller-Brand J, Macke
H, Reubi JC and Merlo A 2010 Targeted alpha-radionuclide therapy of functionally critically
located gliomas with 213Bi-DOTA-[Thi8,Met(02)11]-substance P: a pilot trial Eur J Nucl Med
Mol Imaging 37 1335-44 [PubMed: 20157707]

Dale RG 1985 The application of the linear-quadratic dose-effect equation to fractionated and
protracted radiotherapy Br. J. Radiol 58 515-28 [PubMed: 4063711]

Deshpande A, Goodwin EH, Bailey SM, Marrone BL and Lehnert BE 1996 Alpha-particle-induced
sister chromatid exchange in normal human lung fibroblasts - Evidence for an extranuclear target
Radiat. Res 145 260-7 [PubMed: 8927692]

Esposito G, Antonelli F, Belli M, Campa A, Simone G, Sorrentino E and Tabocchini MA 2009
An Alpha-Particle Irradiator for Radiobiological Research and its Implementation for Bystander
Effect Studies Radiation Research 172 632-42 [PubMed: 19883232]

Feinendegen LE 2016 Quantification of Adaptive Protection Following Low-dose Irradiation Health
Phys 110 276-80 [PubMed: 26808882]

Fowler JF 1990 Radiobiological aspects of low dose rates in radioimmunotherapy Int. J. Radiat. Oncol.
Biol. Phys 18 1261-9 [PubMed: 2347734]

Gonon G, Groetz JE, de Toledo SM, Howell RW, Fromm M and Azzam EI 2013 Nontargeted stressful
effects in normal human fibroblast cultures exposed to low fluences of high charge, high energy
(HZE) particles: kinetics of biologic responses and significance of secondary radiations Radiat Res
179 444-57 [PubMed: 23465079]

Goodhead DT, Bance DA, Stretch A and Wilkinson RE 1991 A versatile plutonium-238 irradiator for
radiobiological studies with alpha-particles Int J Radiat Biol 59 195-210 [PubMed: 1671067]

Hobbs RF, Howell RW, Song H, Baechler S and Sgouros G 2014 Redefining relative biological
effectiveness in the context of the EQDX formalism: implications for alpha-particle emitter
therapy Radiat Res 181 90-8 [PubMed: 24502376]

Howell RW, Goddu SM, Narra VR, Fisher DR, Schenter RE and Rao DV 1997a Radiotoxicity of
gadolinium-148 and radium-223 in mouse testes: Relative biological effectiveness of alpha particle
emitters /n vivo Radiat. Res 147 342-8 [PubMed: 9052681]

Howell RW, Goddu SM and Rao DV 1994 Application of the linear-quadratic model to
radioimmunotherapy: Further support for the advantage of longer-lived radionuclides J Nucl Med
35 1861-9 [PubMed: 7965170]

Howell RW, Goddu SM and Rao DV 1997b Design and performance characteristics of an experimental
Cs-137 irradiator to simulate internal radionuclide dose rate patterns J. Nucl. Med 38 727-31
[PubMed: 9170437]

Howell RW, Goddu SM and Rao DV 1998 Proliferation and the advantage of longer-lived
radionuclides in radioimmunotherapy Med. Phys 25 37-42 [PubMed: 9472824]

Howell RW, Narra VR, Hou DY, Terrone DA, Harapanhalli RS, Sastry KSR and Rao DV 1992
Biophysical Aspects of Auger Processes, ed Howell RW, et al. (Woodbury, NY: American Institute
of Physics (http://www.aapm.org/pubs/books/PROC_8.pdf)) pp 290-318

ICRU 1983 Microdosimetry. International Commission on Radiation Units and Measurements,
Bethesda, MD)

ICRU 1984 Stopping Powers for Electrons and Positrons. International Commission on Radiation
Units and Measurements, Bethesda, MD)

ICRU 1993 Stopping Powers and Ranges for Protons and Alpha Particles. (Bethesda, MD:
International Commission on Radiation Units and Measurements, Bethesda, MD)

ICRU 2011 ICRU Report No. 85. Fundamental quantities and units for ionizing radiation Journal of
the ICRU 11 1-30

Phys Med Biol. Author manuscript; available in PMC 2021 October 20.


http://www.aapm.org/pubs/books/PROC_8.pdf

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nawrocki et al.

Page 14

Inkret WC, Eisen Y, Harvey WF, Koehler AM and Raju MR 1990 Radiobiology of alpha particles. 1.
Exposure system and dosimetry Radiat Res 123 304-10 [PubMed: 2217728]

lyer R and Lehnert BE 2002 Alpha-particle-induced increases in the radioresistance of normal human
bystander cells Radiat Res 157 3-7 [PubMed: 11754635]

Jurcic JG, Larson SM, Sgouros G, McDevitt MR, Finn RD, Divgi CR, Ballangrud AM, Hamacher
KA, Ma D, Humm JL, Brechbiel MW, Molinet R and Scheinberg DA 2002 Targeted alpha particle
immunotherapy for myeloid leukemia Blood 100 1233-9 [PubMed: 12149203]

Lee KM, Lee US and Kim EH 2016 A practical alpha particle irradiator for studying internal alpha
particle exposure Applied Radiation and Isotopes 115 304-11 [PubMed: 27475622]

M VJ, Shinde SG, S SK, Ali M, Vasumathy R, Kumar A, Kolekar R, Kumar M, Nema P, Bhagwat PV
and Pandey BN 2013 Dosimetry and radiobiological studies of automated alpha-particle irradiator
Journal of environmental pathology, toxicology and oncology : official organ of the International
Society for Environmental Toxicology and Cancer 32 263-73

Marcu L, Bezak E and Allen BJ 2018 Global comparison of targeted alpha vs targeted beta therapy
for cancer: In vitro, in vivo and clinical trials Critical reviews in oncology/hematology 123 7-20
[PubMed: 29482781]

McDevitt MR, Sgouros G, Finn RD, Humm JL, Jurcic JG, Larson SM and Scheinberg DA 1998
Radioimmunotherapy with alpha-emitting nuclides Eur. J. Nucl. Med 25 1341-51 [PubMed:
9724387]

Metting NF, Koehler AM, Nagasawa H, Nelson JM and Little JB 1995 Design of a benchtop alpha
particle irradiator Health Phys. 68 710-5 [PubMed: 7730069]

Miller RC, Randers-Pehrson G, Hieber L, Marino SA, Richards M and Hall EJ 1993 The inverse
dose-rate effect for oncogenic transformation by charged particles is dependent on linear energy
transfer Radiat Res 133 360-4 [PubMed: 8451387]

Nagasawa H and Little JB 1992 Induction of sister chromatid exchanges by extremely low doses of
alpha-particles Cancer Research 52 63946 [PubMed: 1423287]

Neti PV, de Toledo SM, Perumal V, Azzam EI and Howell RW 2004 A multi-port low-fluence alpha-
particle irradiator: fabrication, testing and benchmark radiobiological studies Radiation research
161 732-8 [PubMed: 15161346]

Nilsson J, Bauden MP, Nilsson JM, Strand SE and Elgqvist J 2015 Cancer Cell Radiobiological
Studies Using In-House-Developed alpha-Particle Irradiator Cancer Biother Radiopharm 30 386—
94 [PubMed: 26560194]

Noh J, Sohn J, Cho J, Kang DR, Joo S, Kim C and Shin DC 2016 Residential radon and environmental
burden of disease among Non-smokers Annals of occupational and environmental medicine 28 12
[PubMed: 26985395]

O’Donoghue JA and Wheldon TE 1989 Dose-rate effects in biologically targeted radiotherapy Int J
Radiat Biol 56 745-9 [PubMed: 2573672]

Parker C, Nilsson S, Heinrich D, Helle SI, O’Sullivan JM, Fossa SD, Chodacki A, Wiechno P, Logue
J, Seke M, Widmark A, Johannessen DC, Hoskin P, Bottomley D, James ND, Solberg A, Syndikus
I, Kliment J, Wedel S, Boehmer S, Dall’Oglio M, Franzen L, Coleman R, Vogelzang NJ, O’Bryan-
Tear CG, Staudacher K, Garcia-Vargas J, Shan M, Bruland OS, Sartor O and Investigators A 2013
Alpha emitter radium-223 and survival in metastatic prostate cancer The New England journal of
medicine 369 213-23 [PubMed: 23863050]

Pasternack JB and Howell RW 2013 RadNuc: a graphical user interface to deliver dose rate patterns
encountered in nuclear medicine with a 137Cs irradiator Nucl Med Biol 40 304-11 [PubMed:
23265668]

Poty S, Francesconi LC, McDevitt MR, Morris MJ and Lewis JS 2018a alpha-Emitters for
Radiotherapy: From Basic Radiochemistry to Clinical Studies-Part 1 J Nucl Med 59 878-84
[PubMed: 29545378]

Poty S, Francesconi LC, McDevitt MR, Morris MJ and Lewis JS 2018b alpha-Emitters for
Radiotherapy: From Basic Radiochemistry to Clinical Studies-Part 2 J Nucl Med 59 10207
[PubMed: 29496984]

Rao DV and Howell RW 1993 Time-dose-fractionation in radioimmunotherapy: implications for
selecting radionuclides J Nucl Med 34 1801-10 [PubMed: 8410301]

Phys Med Biol. Author manuscript; available in PMC 2021 October 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nawrocki et al.

Page 15

Rao DV, Narra VR, Howell RW, Lanka VK and Sastry KSR 1991 Induction of spermhead
abnormalities by incorporated radionuclides: dependence on subcellular distribution, type of
radiation, dose rate, and presence of radioprotectors Radiat. Res 125 89-97 [PubMed: 1986404]

Sefl M, Kyriakou | and Emfietzoglou D 2016 Technical Note: Impact of cell repopulation and
radionuclide uptake phase on cell survival Med Phys 43 2715 [PubMed: 27277018]

Seideman JH, Stancevic B, Rotolo JA, McDevitt MR, Howell RW, Kolesnick RN and Scheinberg DA
2011 Alpha particles induce apoptosis through the sphingomyelin pathway Radiat Res 176 434-46
[PubMed: 21631289]

Sgouros G, Ballangrud AM, Jurcic JG, McDevitt MR, Humm JL, Erdi YE, Mehta BM, Finn RD,
Larson SM and Scheinberg DA 1999 Pharmacokinetics and dosimetry of an alpha-particle emitter
labeled antibody: 213Bi-HuM195 (anti-CD33) in patients with leukemia J Nucl Med 40 1935-46
[PubMed: 10565792]

Sgouros G and Goldenberg DM 2014 Radiopharmaceutical therapy in the era of precision medicine
Eur J Cancer 50 2360-3 [PubMed: 24953565]

Sgouros G, Roeske JC, McDevitt MR, Palm S, Allen BJ, Fisher DR, Brill AB, Song H, Howell
RW, Akabani G, Bolch WE, Meredith RF, Wessels BW and Zanzonico PB 2010 MIRD Pamphlet
No. 22 (abridged): radiobiology and dosimetry of alpha-particle emitters for targeted radionuclide
therapy J Nucl Med 51 311-28 [PubMed: 20080889]

Solanki JH, Tritt T, Pasternack JB, Kim JJ, Leung CN, Domogauer JD, Colangelo NW, Narra VR
and Howell RW 2017 Cellular Response to Exponentially Increasing and Decreasing Dose Rates:
Implications for Treatment Planning in Targeted Radionuclide Therapy Radiat Res 188 221-34
[PubMed: 28541775]

Soyland C and Hassfjell SP 2000 A novel 210Po-based alpha-particle irradiator for radiobiological
experiments with retrospective alpha-particle hit per cell determination Radiat Environ Biophys 39
125-30 [PubMed: 10929381]

Sgyland C, Hassfjell SP and Steen HB 2000 A new alpha-particle irradiator with absolute dosimetric
determination Radiat Res 153 9-15 [PubMed: 10630972]

Stevens DL, Bradley S, Goodhead DT and Hill MA 2014 The influence of dose rate on the induction
of chromosome aberrations and gene mutation after exposure of plateau phase V79-4 cells with
high-LET alpha particles Radiat Res 182 331-7 [PubMed: 25117623]

Thurston J. 2010; NCRP Report No. 160: lonizing Radiation Exposure of the Population of the United
States. Phys Med Biol. 55 :6327.

Wang J, Roeske WR, Hawkins KN, Gehlert DR and Yamamura HI 1989 Quantitative autoradiography
of MY muscarinic receptors in the rat brain identified by using a selective radioligand[H-3]AF-DX
116 Brain Res. 477 322—6 [PubMed: 2702492]

Wheldon TE and O’Donoghue JA 1990 The radiobiology of targeted radiotherapy Int. J. Radiat. Biol
58 1-21 [PubMed: 1973428]

Wiseman GA, White CA, Stabin M, Dunn WL, Erwin W, Dahlbom M, Raubitschek A, Karvelis
K, Schultheiss T, Witzig TE, Belanger R, Spies S, Silverman DH, Berlfein JR, Ding E and
Grillo-Lopez AJ 2000 Phase I/11 90Y-Zevalin (yttrium-90 ibritumomab tiuxetan, IDEC-Y2B8)
radioimmunotherapy dosimetry results in relapsed or refractory non-Hodgkin’s lymphoma
European journal of nuclear medicine 27 766-77 [PubMed: 10952488]

Witzig TE, White CA, Wiseman GA, Gordon LI, Emmanouilides C, Raubitschek A, Janakiraman N,
Gutheil J, Schilder RJ, Spies S, Silverman DH, Parker E and Grillo-Lopez AJ 1999 Phase I/I1
trial of IDEC-Y2B8 radioimmunotherapy for treatment of relapsed or refractory CD20(+) B-cell
non-Hodgkin’s lymphoma Journal of clinical oncology : official journal of the American Society
of Clinical Oncology 17 3793-803 [PubMed: 10577851]

Zalutsky MR, Reardon DA, Akabani G, Coleman RE, Friedman AH, Friedman HS, McLendon RE,
Wong TZ and Bigner DD 2008 Clinical experience with alpha-particle emitting 211At: treatment
of recurrent brain tumor patients with 211At-labeled chimeric antitenascin monoclonal antibody
81C6 J Nucl Med 49 30-8 [PubMed: 18077533]

Zarris G, Georgakilas AG, Sakelliou L, Sarigiannis K and Sideris EG 1998 alpha and gamma-
irradiation of aqueous DNA solutions Radiat Meas 29 611-7

Phys Med Biol. Author manuscript; available in PMC 2021 October 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nawrocki et al.

Page 16

Zhou H, Randers-Pehrson G, Geard CR, Brenner DJ, Hall EJ and Hei TK 2003 Interaction between
radiation-induced adaptive response and bystander mutagenesis in mammalian cells Radiat Res
160 512-6 [PubMed: 14565832]

Phys Med Biol. Author manuscript; available in PMC 2021 October 20.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Nawrocki et al.

Figurel.
Photograph of the irradiator and microcontroller.
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Figure2.
Microcontroller enclosure containing Arduino Uno R2 and optical relay modules for

shutter control. A breadboard on the right has lamps that indicate circuit status; these are
helpful for troubleshooting. This figure is included to assist the reader in constructing the
microcontroller.
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Circuit diagram for the alpha particle irradiator microcontroller. M1, M2 and M3 are
electromagnetic shutters; rot1, rot2, and rot3 are rotary motors that spin the 241LAm sources
to ensure field uniformity. The 100 puF bypass capacitors (PART #5) were placed to dampen
noise coming from the switching of motor states.
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Single Fraction tab. Graphic user interface for delivering a single fraction of alpha particles.
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Figureb.

Multi-Exponential tab. Graphic user interface for delivering multi-exponential dose rate
patterns of alpha particles. This facilitates delivery of increasing and decreasing dose rates.
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Figure 6.
Serial measurements of alpha particle counts acquired with a PIPS detector for different

dose rate patterns. A total of 100 fractions were delivered for each irradiation protocol. The
counts were recorded automatically by the multichannel analyzer over contiguous 0.5 h or
1.0 h intervals, respectively, for A) exponential with Tq= 6 h, and B) multi-exponential with
T;=16 h and Tq=24 h.
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Table 1:
Quantities and parameters.
Symbol Units Definition Reference

A um? Cross sectional area of the cell nucleus.

a Gy Absorbed dose per fraction. (Bentzen et al., 2012)

D Gy Absorbed dose. (ICRU, 2011)

@ - Fluence (particles um?) (ICRU, 2011)

n - Number of fractions. (Dale, 1985)

N particles min=t Fluence rate. (ICRU, 2011)

Hm?
P(D,) - P(D,1) is the percentage of cells hit by /traversals. (Charlton and Sephton, 1991)
r Gyht Absorbed dose rate. (ICRU, 2011)
I Gy ht Extrapolated initial dose rate. (Howell et al., 1994)
trotal Time required to deliver the total absorbed dose.
teraction Time required to deliver a single fraction.
T; h Dose rate increase half-time. Approximate time required for dose (Howell et al., 1997b; Pasternack and
rate to increase to one-half of its maximum value. Howell, 2013)
Ty h Dose rate decrease half-time. Approximate time required for dose (Howell et al., 1997b; Pasternack and
rate to decrease to one-half of its maximum value. Howell, 2013)
Tar Dose rate decrease half-times for the first component of the (Rao and Howell, 1993; Howell et al.,
exponential decrease in dose rate. 1994; Howell et al., 1998; Solanki et al.,
2017)
T2 Dose rate decrease half-times for the second component of the (Rao and Howell, 1993; Howell et al,
exponential decrease in dose rate. 1994; Howell et al., 1998; Solanki et al.,
2017)
Tp h Physical half-life of radionuclide
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Table 2.

Dependence of alpha particle fluence on number of fractions ™

Number of fractions Irradiation Timeper Fraction Counts Increasein Fluence (%)
1 120s 1293421 0
100 12s 1357536 5.0
200 06s 1421956 9.9
300 0.45s 1487177 15
400 03s 1551131 20

*
fixed total shutter-open time of 120 seconds.
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