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Abstract

Purpose: “FLASH?” radiotherapy (RT) is a potential paradigm-changing RT technology with
marked tumor killing and normal tissue sparing. However, the mechanism of the FLASH effect is
not well understood. We hypothesize that the ultra-high dose rate FLASH-RT significantly reduces
the killing of circulating immune cells which may partially contribute to the reported FLASH
effect.

Methods: This computation study directly models the effect of radiation dose rate on the killing
of circulating immune cells. The model considers an irradiated volume that takes up A% of
cardiac output and contains B% of total blood. The irradiated blood volume and dose were
calculated for various A%, B%, blood circulation time, and irradiation time (which depends on the
dose rate). The linear-quadratic model was used to calculate the extent of Killing of circulating
immune cells at ultra-high vs. conventional dose rates.

Results: A strong sparing effect on circulating blood cells by FLASH-RT was noticed; i.e.,
killing of circulating immune cells reduced from 90-100% at conventional dose rates to 5-10% at
ultra-high dose rates. The threshold FLASH dose rate was determined to be ~40 Gy/second for
mice in an average situation (A% = 50%), consistent with the reported FLASH dose rate in animal
studies, and it was approximately one order of magnitude lower for humans than for mice. The
magnitude of this sparing effect increased with the dose/fraction, reached a plateau at 30-50 Gy/
fraction, and almost completely vanished at 2 Gy/fraction.
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Conclusion: We have calculated a strong sparing effect on circulating immune cells by FLASH-
RT, which may contribute to the reported FLASH effects in animal studies.

Keywords

FLASH Radiotherapy; Circulating immune cells; Radiation induced immune toxicity; Normal
tissue toxicity; Tumor control

1. INTRODUCTION

FLASH radiotherapy (RT) delivers ultra-fast radiation treatment with a dose rate several
orders of magnitude higher than conventional dose rates [1-7]. It has been reported that
FLASH-RT can significantly spare normal tissues in comparison to RT at conventional dose
rates, whereas tumor responses are the same as or better than those resulting from
conventional dose rate RT [1-7]. This FLASH effect has been demonstrated in various
experimental animal models (mice, zebrafish, pigs, cats), various organs (lung, gut, brain,
skin) and by various research groups [1-7]. Therefore, FLASH-RT is considered a potential
paradigm-changing RT technology [7]. However, the mechanism of the FLASH effect is not
well understood.

Oxygen depletion has been proposed to be one mechanism responsible for the FLASH-RT-
related normal tissue sparing [8]. Under the extremely high dose rates of FLASH-RT, tissue
oxygen is consumed much faster than the transport of oxygen into tissues, resulting in a
transient hypoxia and radiation protection. However, one study suggested that a 10-Gy
single fraction of radiation would reduce tissue oxygen tension by only 4.2 mm Hg, which is
not sufficient to significantly change the oxygen content and induce significant radiation
protection [8]. Furthermore, FLASH-RT could deplete oxygen in tumors as well. Therefore,
the oxygen depletion theory may not fully explain the reported therapeutic gain with
FLASH-RT.

In this study, we hypothesized that FLASH-RT significantly reduces the killing of
circulating immune cells and thus may contribute to the reported FLASH effect [9-11]. At an
ultra-high FLASH dose rate, a large radiation dose is delivered in a very short time (<0.1
second), so that only those circulating immune cells within the treatment volume are
irradiated and killed. On the other hand, at a conventional dose rate, circulating immune
cells continuously flow into the irradiated volume with the blood, so that more immune cells
are irradiated and killed. Therefore, it is reasonable to consider that FLASH-RT may spare a
substantial portion of the circulating immune cells in comparison to a conventional dose
rate. In addition, it has been reported that the immune system plays a role in both normal
tissue toxicities [12-14] and tumor control [15-17], and radiation-induced lymphopenia is a
negative prognostic factor for overall survival of patients treated with RT for various solid
tumors [11, 18-21]. Thus, if FLASH-RT could spare circulating immune cells, it would
result in normal tissue sparing and therapeutic gain enhancement similar to the reported
FLASH effect in animal studies.
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2. METHODS AND MATERIALS

2.1 A doserate-dependent dose model for circulating blood

We used a previously described model to compute the dose to circulating immune cells in
blood [22-23], which was modified from another blood dose computation model first
reported by Yovino et al. [11]. The blood circulation system is composed of the heart and
numerous blood-containing organs with complex parallel and/or series connections. As
shown in Fig. 1, for a partial irradiation, we assumed that the irradiated volume can be
simplified as a single blood-containing organ, and the rest of the non-irradiated organs be
simplified as a heart, a series-connection organ (non-irradiated volume 1), and a parallel-
connection organ (non-irradiated volume 2). We considered that the cardiac output, which is
the amount of blood pumped out from the heart at a unit time, is Ag liters/second, and the
total amount of blood in the system is Bg liters. In addition, the percentage cardiac output
that flow into the irradiated organ is A%, and the percentage of total amount of blood in the
irradiated organ is B%.

Considering a Dy dose delivered to the irradiated organ in one fraction, the delivery time ¢

depends on the dose rate, witht = Dy / DoseRate )

We further considered that the blood circulation time for one cycle is 7= Byl Ag. When £<<
7, there is almost no blood flow during irradiation so that only B% of blood is irradiated,
and the dose to the cells within this volume of blood is Dy. When #= T, all the A% of
cardiac output in one cycle flows through the volume, and is irradiated with a dose of D=
Dy*(B%/A%). Therefore, generally, when ¢< 7, the irradiated blood volume is

V% =B% +(A% —B%) =t/ T (2a)
and the dose to the irradiated blood is

B%

(2b)

When ¢> T, the irradiated blood completes one cycle of circulation and flows through the
irradiated volume again. We assume that the irradiated blood mixes with unirradiated blood
completely before flowing into the irradiated volume. Therefore, for the scenario of t=2*T7,

the blood is irradiated with 2 cycles. The radiation dose to the blood in each cycle is

B
A%

exposed to one cycle of radiation, and exposed to 2 cycles of radiation. The dose and volume
of the 3 portions can be calculated as:

d= g = (D * ) / 2. The total blood can then be divided into 3 portions: unirradiated,

1) For the first portion, i =0,d; 2 =0, v, =(1—-A%) * (1 —A%) (3a)
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2) For the second portion, i = 1,d; o = (Dg * II:—Z))/Z, Vi2=2%(1-A4A%) *
()
A%

(3b)

3) For the third portion, i = 2,d; » = Dy * f—Zj, Via=A% * A% (3¢c),
0

where the number “2” in d; » and V4 » stands for the number of irradiation cycles.

More generally, when ¢= n* 7, the total blood is irradiated with n cycles. The radiation dose
B%
A%

irradiation, the blood can be divided into j+1 portions with different doses. We assume that
agijand v;(i=0,1,2...]) are the dose and volume of the #h portion after jcycles of
irradiation. Then we have:

to the blood in each cycle isd = % = (Dy * ) / n. Similarly, after j (j = 1,2...n) cycles of

1) Whenj=1,d; 1 =i % (Dy * i—Z;)/l;vo,l =(1-A%);v1,1=A4% (4a)

2) Whenj =2,di’2=i % (DO * f—?)/z;v()J: UO,] k (1 —A%);U172= UO,l
0

* A% + 01,1
* (1—A%);1)2,2=U1’1 * A%

(4b)

3) Whenj =3.d3 =i % (Do * 500) /300.3= tp,5 # (1= A%)ivy3 = b0,

o
* A% +01,2 (4c)
* (I—A%);02’3=1}1’2 * A% + U0 * (1—A%);U3’3=U2,2 * A%;

4) Whenj=n,d; , =i * (Dy * f—?)/n;vo,,,zvo,n_l * (1=A%);01p
0

=Up,p—1 % A% +

Vip—1 % (1 =A%)00 y=01 y_1* A% + 02 1% (L=A%);..00_ 1 n=Uyp—2.n-1
* A% tUi—1n-1% (I_A%);Un,nzvn—l,n—l * A

%

(4n)

Using equations (2a-2b) and (4a-4n), the blood dose volume distribution under various
conditions can be accurately determined. The blood dose volume distribution depends on the
dose rate through #in equations (2a-2b), and through n in equations (4a-4n). We have used a
program in Excel to calculate the complicated dose volume distribution for equations
(4a-4n) for n up to 30 cycles.

2.2 Modeling radiation killing of circulating immune cells

The linear-quadratic model was used to calculate the percentage of killed immune cells in
circulating blood. When #< 7, the percentage of killed immune cells was calculated as
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P=V% x Exp(—aD—ﬂDz):[B% + (A% — B%) *% «

B% B% ®
= 2
v P (Do pp) ]

Exp|—a * Dy *

where a and P are parameters describing the immune cell’s radiosensitivity, and V% is
determined from equation (1a).

When ¢> T, the immune cells move multiple times through the irradiated volume so that
various portions of immune cells would receive various doses. The percentage of killed
immune cells would be the summation of killed cells in each portion. Thus,

P= 27=1”Ln kexp(—a s djp—f * di,nz) (6)
where i , and ; , are determined from equations (4a-4n).

2.3 Study of ultra-high dose rate effect for various parameters

Using equations (1-6), we first studied the radiation dose rate effect on killing of circulating
immune cells to determine whether there is a significant difference between different dose
rates, and whether there is a threshold FLASH dose rate, at which the killing of circulating
immune cells is much less than that at a conventional dose rate, and further increasing the
dose rate would not significantly reduce the killing. We then studied how various
physiological or dosimetric parameters alter the dose rate effect.

The dose rate ranged from 0.1 to 20000 Gy/minute (or 0.0017 to 333 Gy/second) in this
study. As indicated in equation (1), Dy affects zand may also be a parameter that affects the
dose rate effect. Dy was typically 10-40 Gy in those animal studies that reported FLASH
effects [1-7]. Here we studied the effect of [ values ranging from 2 to 50 Gy. The blood
circulation time (7) in one cycle is a physiological parameter. The effect of 7 on the dose
rate effect was studied. The typical value of 7for an adult human is 60 seconds [24] and
5-10 seconds for adult mice [24-26].

The parameters of A% and B% reflect the volume and location of the irradiated organ and
may vary substantially. We studied the dose rate effect for wide ranges of A% and B%.
Typically, we would assign A%=100%, B%~8% if the heart is considered as the irradiated
organ; A%=100%, B%~12% for total lung; A%=50%, B%~6% for half lung; A%~20%, B
%-~10% for whole brain; and A%~5-10%, B%~1-5% for partial skin. For an irradiation
involving tumor and multiple organs, B%=10% corresponds to an irradiated volume of 7000
cc for a typical adult human, if blood distribution in the irradiated volume is average. The
volume may be much less in blood-rich regions and vice versa. A% would typically be
20-50% depending on the location.

We used a=0.4 Gy~ and a/B=2 Gy (or p=0.2 Gy~2) for most of the simulations in this
study. These data were based on a study that directly measured the radiosensitivity of
cultured lymphocytes from blood samples [27], and our own study that models radiation-
induced lymphocyte loss during radiotherapy [23]. However, the actual a and B values for
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immune cells have large uncertainties. The radiosensitivity of the immune cells may vary
greatly for different species (humans, mice, rats), for different individuals within the same
species, and for different types of immune cells. Therefore, the variation of a and p values
on the dose rate effect was also studied.

3. RESULTS

Sparing of circulating immune cells by ultra-high dose rate FLASH-RT is clearly shown in
Figure 2 for a typical scenario of A%=50%, B%=10%, 0,=30 Gy and 7=60 seconds. The
percentage of killed circulating immune cells varies with the dose rate, following a sigmoid-
shaped curve. At conventional dose rates (<5 Gy/minute), the killing reaches nearly 95%,
whereas it is only 10% at extremely high dose rates (>200 Gy/minute). Considering the
maximal killing at low dose rate as Ppax, and the minimal killing at the extremely high
dose rate as PN, the amplitude of this sparing effect is Ay = Pmax - Pmins and the sparing
index (Sn), which reflects the effectiveness of the spring effect, is Sy = Am/Pmin- Here we
define a threshold FLASH dose rate (D) as the dose rate at which further increase of the
dose rate would reduce the Killing by only 5% of Ap. That is, the percentage killing at Dg is
P(Dr) = Ppmin + 5%*Ayy, as illustrated in Fig. 2. Thus, at the condition in Fig. 2, Ay = 85%,
Sin = 8.5, and D = 280 Gy/minute = 4.7 Gy/second.

The threshold FLASH dose rate O is inversely proportional to 7, the blood circulation time
of one cycle, as shown in Figs. 3a-3c, which show the variation of immune cell killing with
dose rate for different values of 7{5, 10, 20 and 40 seconds) under 3 different A% values: a)
A%=20%, b) A%=50%, and c) A%=80%. The parameter B% was kept constant as B
%=10% (as shown later, B% had relatively small effect on D). The sigmoid curves shift to
the left with increasing 7for all three A% values. Using the definition of Dr in Fig. 2, we
determined the Dk value for each 7and A%, and plotted the variation of O with (1/7), as
shown in Fig. 3d. We found that Dg can be expressed as Dg = k/T, where kis 71, 283 and
490 for A%=20%, 50% and 80%, respectively. Considering that 7'is ~7 seconds in mice, D
is 10, 40 and 70 Gy/second, for A% = 20%, 50% and 80%, respectively, with O = 40 Gy/
second for the average A% = 50%. Considering that A% is approximately 10% for
irradiation volume in skin, 20% for whole brain, 50% for abdomen or half lung, and 100%
for heart and total lung, the corresponding Ok for these irradiation volumes would be
estimated to be 5, 10, 40 and 90 Gy/second, respectively. According to a review article that
summarized all the published FLASH effect data [10], the minimal dose rate for FLASH
effect was 2.5-17 Gy/second for skin, 30-37 Gy/second for whole brain, 40 Gy/second for
lung, and 70 Gy/second for abdomen, suggesting that our estimated Or is on the same order
of magnitude as the reported data in the animal studies. It should be noted that for humans, 7
~ 60 seconds, the corresponding Ok is approximately one order of magnitude lower than that
for mice.

The sparing effect on immune cells by ultra-high dose rate FLASH-RT depends strongly on
Dy, the delivered dose in one fraction, as shown in Fig. 4, which shows the variation of
immune cell killing with dose rate for different O values (2, 5, 10, 20, 30 and 50 Gy) under
4 different scenarios: (a) A%=10%, B%=5%; (b) A% =50%, B%=5%; (c) A%=20%, B
%=10%; and (d) A%=50%, B%=10%. When Dy =30 Gy, the killing of circulating immune
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cells at conventional dose rates reaches 90-100%, while the killing is only 5-10% for
FLASH-RT, depending on the B% value. The Sparing index (S is about 8.5 for Dy=30 Gy
with B%=10%, and it achieves 17 for B%=5%. S\ rapidly reduces with decreasing Dy.
When Dy=5 Gy, S is only about 1.2 for both B%=5% and 10%. Sy reduces to 0 when
Dp=2Gy, indicating no sparing effect when conventional fractionation is used.

The impact of the parameters A% and B% on the sparing effect are shown in Fig. 5.
Specifically, Fig. 5a shows the variation of sparing effect for various A% values (5% to
100%) with parameter B% fixed at 5%. Figs. 5b, 5c, and 5d show the variations of sparing
effect for various B% values with parameter A% fixed at 10%, 50% and 100%, respectively.
We note from these figures: 1) Parameter A% affects the threshold FLASH dose rate (the
larger the A%, the higher the threshold FLASH dose rate). 2) Parameter B% has a relatively
small effect on the threshold FLASH dose rate and the sparing index when B% is relatively
small (B%<20%); however, the absolute killing of immune cells at all dose rate levels
increases with increasing B%. 3) The sparing effect varies less with increasing B% when B
% is large (B%>20%), and the sparing effect vanishes when B%=100%.

The impact of the parameters a and B (or the radiosensitivity of immune cells) on the
sparing effect is illustrated in Fig. 6. Specifically, Fig. 6a shows the killing of circulating
immune cells vs. dose rate for various a values with fixed a/p ratio = 2 Gy, and Fig. 6b
shows the Kkilling of circulating immune cells vs. dose rate for various a/p ratios with a fixed
a = 0.4 Gy~1. These data indicate that 1) different a and p values have a relatively small
effect on the threshold FLASH dose rate; 2) the more radiosensitive immune cells, which are
represented by larger a values or smaller a/p ratios, would have larger sparing effect (higher
sparing index) than the less radiosensitive immune cells.

4. DISCUSSION

We showed a FLASH dose rate effect on the killing of circulating immune cells by directly
modeling the dose to the circulating blood. Specifically, we showed: 1) irradiation with a
dose of =30 Gy in a single fraction may kill 90-100% of the circulating immune cells at
conventional dose rates, but only 5-10% at the extremely high dose rates of FLASH-RT,; 2)
the calculated threshold FLASH dose rates are in the same order of magnitude as the
reported FLASH dose rates in animal studies; 3) the threshold FLASH dose rate for humans
is about one order of magnitude lower than that for mice due to the longer blood circulation
time in humans, suggesting it may be less challenging to achieve photon-based FLASH RT
in humans than previously expected; 4) the sparing effect on circulating immune cells
decreases with decreasing dose per fraction, and almost vanishes when the dose is reduced
to 2 Gy/fraction; 5) the sparing effect gradually decreases with increasing irradiation
volume, and completely vanishes when the total body is irradiated.

This is the first computation study that illustrates a very strong sparing effect in killing of
circulating immune cells by ultra-high dose rate FLASH-RT. This strong sparing of immune
cells may have the potential to reduce radiation-induced normal tissue toxicities. Elements
of the immune system, including lymphocytes and cytokines such as TGF-p and IL-8, have
been reported to be associated with radiation-induced pneumonitis and lung fibrosis [12-14].
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Others have speculated that the immune system is recruited for the repair of radiation-
induced damage to the various cells and tissues that compose an organ of concern [12]. An
injured immune system may not be able to repair damage in these cells and tissues and
consequently may cause more final functional damage of the organ. Therefore, radiation-
induced organ toxicity may be the combined effect of both radiation damage to the immune
system and damage directly to the cells and tissues of the organ. Further studies are needed
to quantify both effects to better understand radiation-induced organ toxicities.

Additionally, this immune sparing effect may improve tumor control. It has been widely
reported that radiation-induced lymphopenia inversely correlates with patient survival for a
variety of cancers treated with RT [18-21]. Patients with absolute lymphocyte counts <500
have significantly poorer survival than patients with lymphocytes count >500 [21],
suggesting that damage to the immune system by radiation affects patient survival or tumor
control. Mice that received a single radiation dose of 30 Gy to their tumor achieved good
tumor control, while mice receiving additional radiation of 30 Gy to the tumor had poorer
tumor control, more lung metastases [28], and fewer immune cells [28]. We have observed
that the baseline level of IDO (a primary immune modulator) inversely correlated with the
survival of lung cancer patients treated with chemotherapy and RT [29-30]. The IDO level
significantly decreased during RT and increased post RT. A lower level of IDO post RT
significantly correlated with better overall survival, progression free survival and less
metastasis. A similar result was also observed in lung cancer patients treated with
stereotactic body RT, but with a different IDO change pattern during RT [30].

Interestingly, the calculated threshold FLASH dose rates for various conditions are in the
same order of magnitude as the FLASH dose rates observed in animal studies. This result
and the potential that immune sparing may reduce normal tissue toxicities support the
hypothesis that our calculated immune sparing effect by the FLASH-RT may be an
important factor contributing to the reported FLASH effect in animal studies. However,
FLASH-RT was shown to increase cell survival compared to conventional RT in an in vitro
experiment with appropriate physiological oxygen levels [31], and of course there was no
immune system present. In addition, an oxygen depletion model by FLASH-RT appeared to
well describe the dose-rate dependent novel object recognition rate for mice with 10-Gy of
whole brain radiation [32]. Therefore, it might be the combination of the immune sparing
and the oxygen depletion that contributes mainly to the FLASH effect. The immune sparing
and oxygen depletion effect both have the positive contribution to the normal tissue toxicity,
so that their combined effect is positive. However, the immune sparing effect is positive,
while the oxygen depletion effect is negative for tumor control, so that the combination may
be positive, neutral or negative, depending on situations. It should be noted that all the
reported mice studies on normal tissue toxicities were conducted in immunogenic mice [10],
while those on tumor controls were conducted either in immunogenic or immune
compromised nude mice [10, 33].

It is also interesting that the threshold FLASH dose rate for humans is about one order of
magnitude less than that for mice. This suggests that developing a clinical photon-based
FLASH-RT technology could be much less challenging than what has been previously
anticipated. When the tumor is in locations other than the thorax, or not close to the aorta or
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vena cava, A% could be less than 20%. Considering that humans have a 7~60 s, the
corresponding threshold FLASH dose rate for A=20% is 1.2 Gy/second, or 7200 cGy/
minute. Since the maximum dose rate for current commercially available linacs is 2400 cGy/
minute, FLASH-RT conditions could be realized for treating those tumors with A% < 20%
by reducing the source to isocenter distance from 100 cm to 50 cm, or by simultaneously
using 3 linacs, or by a combination of both methods.

The immune sparing effect by FLASH-RT depends on the total dose delivered in a single
fraction. This effect increases with increasing dose/fraction, and gradually achieves
maximum when the dose/fraction reaches 30-50 Gy/fraction. It is relatively weak at 5 Gy/
fraction, and almost completely vanishes at 2 Gy/fraction. This result suggests that the
FLASH-RT technology might only work for RT fractionation schemes similar to stereotactic
radiosurgery (SRS) or stereotactic body radiotherapy (SBRT). However, current clinical
experience indicates that SRS/SBRT only works for relatively small tumors. For large
tumors, there is a concern of normal tissue toxicities with a large dose/fraction. While the
FLASH-RT technology has the potential to reduce the normal tissue toxicities, as discussed
above, a quantitative model that is able to estimate the amount of normal tissue sparing for
various conditions is required to determine whether a hypo-fractioned FLASH-RT is better
than conventional RT. Only with the availability of such model can optimized-utilization of
FLASH technology be achieved.

It should be pointed out that immune cells not only present in circulating blood, but also in
the lymphatic system including lymph nodes and ducts, lymphatic organs such as spleen,
thymus, and bone marrow, and lymphatic tissues in non-lymphatic organs such as lung, liver,
and bowel. A comprehensive consideration of dose to these structures is required to model
radiation damage to the entire immune system [23]. The sparing effect for the entire immune
system may be substantially less than the calculated sparing effect of immune cells in
circulating blood. In addition, the amplitude of sparing effect may be reduced when the
immune sparing is translated into the normal tissue sparing. Therefore, further studies are
required to directly connect the calculated immune sparing effect to the reported FLASH
effect and consequently build a model to predict the FLASH effect for various conditions.

This computation study indicated a strong sparing effect on circulating immune cells
induced by ultra-fast FLASH-RT. This extraordinary sparing of circulating immune cells
may be a major factor contributing to the reported FLASH effect in animal studies, because
the calculated threshold FLASH dose rate is in the same order of magnitude as that reported
in the literature. Whether it is or is not a mechanism of the reported FLASH effect, the
sparing of immune cells may be beneficial to radiation treatment of cancers due to the
importance of the immune system in tumor control and in normal tissue toxicities.
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. FLASH-radiotherapy is a hot topic and potential paradigm-changing
technology

. Present a strong FLASH effect in sparing of the circulating immune cells
using computer simulation

. Calculated threshold FLASH dose rate for mice is almost the same as the
reported FLASH dose rate in animal studies

. Threshold FLASH dose rate for humans is about one order of magnitude less
than that for mice, suggesting that it may be much less challenging to develop
a clinical FLASH-RT system than previously anticipated.
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1-A%
Heart Non-
Irradiated
A Volume 2
Non-
Irradiated
Volume 1
Figure 1.

Modeling the dose to the circulating immune cells. A% of cardiac output branches into the
path through the irradiated volume and the non-irradiated volume 1, while the remainder
(100-A%) of cardiac output flows through the non-irradiated volume 2. B% of total blood is
contained in the irradiated volume, while the remainder (100-B%) of blood is contained in
the combination of heart, non-irradiated volume 1 and non-irradiated volume 2. The dose
received by and volume of the circulating blood can be determined according to the
continuality principle. They depend on A%, B%, the dose delivered to the irradiated volume
(Dy), the delivery time (), and the blood circulation time for one cycle (7).
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1

10 100 1000 10000
Dose rate (Gy/min)

Change of circulating immune cell killing with RT dose rate in a typical situation (A% =
50%, B% = 10%, Dy = 30 Gy, 7 =60 seconds). The plot is shown as a sigmoid-shaped
curve. We define the maximal percentage of killing at the very low dose rate as Pyax , the
minimal percentage Killing at the extremely high dose rate as Ppn, and Ay = Pmax — Pmin
as the amplitude of the sparing effect. We further define the threshold dose rate (Of) as the
dose rate at which further increase of dose rate would only reduce killing of immune cells by
5% of the amplitude, or P(DOr) = Ppin + 5%*Am. Ok ~ 280 Gy/minute in the figure.
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Figure 3.

Dependence of the threshold dose rate on the blood circulation time in one cycle (7). Panels
a-c show the variation of immune cell killing with the dose rate for different values of 7 (5,
10, 20 and 40 seconds) under the condition of three different A% values: a) A%=20%, b) A
%=50%, and c) A%=80%. Panel d shows the dependence of Dr on 7. Dr = k/T, where kis
71, 283 and 490 for A%=20%, 50% and 80%, respectively.
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Figure 4.

Dependence of sparing effect of immune cells on the dose/fraction (D). The figure shows
the sparing effect in single fraction RT for different Dy values (2, 5, 10, 20, 30 and 50 Gy)
under 4 different scenarios: (a) A%=10%, B%=5%; (b) A% =50%, B%=5%; (c) A%=20%,
B%=10%; and (d) A%=50%, B%=10%. The magnitude of this sparing effect increases with
the dose/fraction, reaches a maximum by 40-50 Gy/fraction, and almost completely vanishes

at 2 Gy/fraction.
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Impact of parameters A% and B% on the immune sparing effect. (a) Variation of the sparing
effect for various A% values (5% to 100%), with B% fixed at 5%. It shows that the threshold
dose rate increases with increasing A% value, while the amplitude of the sparing effect
changes little. (b-d) Variations of sparing effect for various B% values with A% fixed at 10%
(b); 50% (c) or 100% (d). The parameter B% has a relatively small effect on the threshold
dose rate and the sparing effect when B% is relatively small (B%<20%); however, the
absolute Killing of immune cells at all dose rate levels increases with increasing B%. The
sparing effect varies less with increasing B% when B% is large (B%>20%), and the sparing
effect completely vanishes when B%=100%.
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Effect of a and B values (or the radiosensitivity of immune cells) on the immune sparing
effect, assuming A% = 50%, B=10%, T=40 seconds, and D=30 Gy. (a) for various a values
with a fixed a/p ratio = 2 Gy, and (b) for various a/p ratios with a fixed a = 0.4 Gy™1. These
data indicate that 1) a and p values have a relatively small effect on the threshold dose rate;
and 2) the more radiosensitive immune cells (larger a values or smaller a/f ratios) would
have a greater sparing effect than the less radiosensitive immune cells.
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