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Highlights

• The linear-quadratic model, commonly used to analyze the impact of radiation on cells, has shown 
restrictions when applied to lymphocytes.

• Our research presents the saturation model, which considers a negative exponential relationship 
between radiation dose and cell response to radiation, addressing potential non-linear responses of 
lymphocytes to radiation.

• The saturation model offers a more accurate representation of lymphocyte response to radiation.
• The saturation model can be used to assess T lymphocyte survival following exposure to X-ray and proton 

irradiation and observe time dependencies.
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Abstract

Background and purpose: The linear-quadratic (LQ) model has been pivotal for evaluating the effects of radiation 
on cells, but it is primarily characterized by linear responses, which has exhibited limitations when applied to 
lymphocyte data. The present research aims to address these limitations and to explore an alternative model 
extended from the conventional LQ model.

Materials and methods: literature providing lymphocyte counts from assays investigating apoptosis and survival 
after in vitro irradiation was selected. To address the nonlinearity in lymphocyte responses to radiation, we 
developed a saturation model characterized by a negative exponential relationship between radiation dose and 
cellular response. We compared the performance of this saturation model against that of conventional models, 
including the LQ model and its variants (linear model LM and linear-quadratic-cubic model LQC), as well as the 
repair-misrepair (RMR) model. The models were evaluated based on prediction-residual plots, residual standard 
errors, and the Akaike information criterion (AIC). We applied the saturation model to two additional datasets: 
(1) a dataset from the existing literature that assessed stimulated and unstimulated human lymphocytes exposed 
to gamma irradiation in vitro and (2) a novel dataset involving T lymphocytes from rodent spleens after exposure 
to various radiation types (X-rays and protons).

Results: The literature (n=15 out of 2342) showed that lymphocyte apoptosis varies with dose, time and 
experimental conditions. The saturation model had a lower AIC of 718 compared to the LM, LQ, LQC and RMR 
models (AIC of 728, 720, 720 and 734, respectively). The saturation model had a lower residual error and more 
consistent error distribution. Integrating time as a covariate, the saturation model also had a better AIC for 
demonstrating time-dependent variations in lymphocyte responses after irradiation. For datasets involving 
unstimulated lymphocytes before irradiation, the saturation model provided a more accurate fit than did the LM, 
LQ, and RMR models. In these cases, the fit of the saturation model was comparable to that of the LQC model but 
offered an advantage when extrapolating to higher doses, where the LQC model might underestimate survival. 
For stimulated lymphocytes, which are radioresistant, all the models approximated the LM. Both the LQ and 
saturation models indicated greater radiosensitivity to protons in vitro.

Conclusion: The new “saturation model” performed better than the LQ model in quantifying lymphocyte 
apoptosis and survival, estimating time dependency and assessing the role of radiation modalities or lymphocyte 
stimulation. Further experiments are warranted to experimentally explore the validity of the saturation model as 
a promising alternative in the clinical setting.

Keywords: lymphocyte, radiosensitivity, linear-quadratic model, radiation dose‒response
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Lymphocyte radiosensitivity: a substitution model to the linear-quadratic model?

A saturation model for lymphocyte radiosensitivity

1 Introduction

Beyond its effectiveness in controlling tumor growth, radiotherapy can result in weakening of the body’s immune 
system by causing radiation-induced lymphopenia (RIL). RIL occurs in miscellaneous cancer types in patients [1,2]. 
One of the hypotheses underlying RIL is the high radiosensitivity of lymphocytes exposed to radiation doses during 
radiotherapy. Following this hypothesis, several studies have aimed to model the effects of direct lymphocyte 
exposure to radiation by 1) modeling the dose that each lymphocyte receives during irradiation and 2) modeling 
the dose effect on lymphocytes (i.e., lymphocyte radiosensitivity). In addition, the radiation-induced lymphocyte 
apoptosis assay (RILA) has recently emerged as a potential predictor for radiation-induced normal tissue 
complications in various types of solid cancers, such as breast cancer [2–6]. However, correlations between RILA 
and outcomes are not fully consistent across studies [6] and with previous modeling studies using the most 
common radiosensitivity model, i.e., the linear-quadratic (LQ) model. Therefore, better prediction of lymphocyte 
radiosensitivity may be needed to understand clinical outcomes.

The LQ model dates back to 1962 when Douglas Lea initially fitted the average yield of chromosomal aberrations 
per cell in the form of an LQ relationship with a single dose [7]. Since then, theoretical approaches at different 
physical and biological scales, such as molecular damage reparability and lethal chromosomal aberration yields in 
tumor and normal tissue cells, all approximate the LQ formulation [8]. The LQ model showed good agreement 
with experimental data over the ranges typically used in colony formation assays [9].

Beyond the LQ model, there are numerous variants and other mechanistic-based models tailored specifically for 
different cancer cell lineages. Within the realm of lymphocytes, however, the LQ model without the quadratic 
component (i.e., the linear model ,LM) has gained prominence for in vitro prediction of lymphocyte survival under 
irradiation. The better performance of the LM over the LQ model was considered due to the high radiosensitivity 
of lymphocytes, and the double-hit effect of the quadratic component was not needed [10,11]. In addition, the 
LQ model is also more effective for tissues that repopulate slowly, such as those in the central nervous system 
(e.g., brain and spinal cord) [12]. However, this is not the case for lymphocytes. Lymphocyte repopulation can be 
accelerated when irradiation is below a certain threshold [13]. Consequently, a high repopulation rate of surviving 
lymphocytes after radiation exposure may align better with the linear model.

In addition, with advancements in biological assays, more assays beyond colony survival assays have been 
employed to investigate more mechanistic aspects of lymphocyte radiosensitivity. One major mechanism of 
lymphocyte cell death is apoptosis [6], and other assays, such as the Annexin V assay for cell apoptosis or the RILA 
assay for lymphocyte apoptosis, are being used. When the LQ model was applied to fit multiple in vitro datasets, 
the resulting curve failed to accurately represent the data, particularly when alternative assays were used instead 
of the colony survival assay [14].

Under these considerations, we develop a new model, the saturation model, in an attempt to outperform the LQ 
model. We further investigated the time dependency and differences in lymphocyte survival under exposure to 
X-ray or proton irradiation using LQ and saturation models.

2 Materials and methods

2.1 Literature search of published data on lymphocyte apoptosis following irradiation in vitro

Lymphocyte apoptosis following irradiation in vitro data were collected by searching the PubMed database using 
the search terms “lymphocyte radiosensitivity in vitro” or “radiation-induced lymphocyte apoptosis” from 1980 
to 2023. The data were digitally extracted using PlotDigitizer [15]. The data were stratified according to the 
endpoint (cell survival, apoptosis/non-apoptosis fractions), lymphocyte type and assay used for radiosensitivity.
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2.2 Lymphocyte radiosensitivity model

2.2.1 Linear-quadratic model and its variants

Since the early stages of radiobiological research, the LQ has been viewed primarily as an empirical fitting model 
to represent dose-effect relationships [7]. The widespread applicability of LQ models to radiosensitivity data has 
led to several biological interpretations supporting their relevance [16]. Among these interpretations, one of the 
most prominent is based on the hit theory [9]. The LQ model assumed (eq. 1) a linear relationship between dose 
and non-repairable damage and radiation dose; (2) a quadratic relationship between dose and repairable DNA 
damage and radiation dose; and (3) a Poisson distribution of cell survival over DNA damage.

𝑆𝐹 = 𝑒𝑥𝑝 ―𝛼𝐷 ― 𝛽𝐷2  (𝑒𝑞.1)

where 𝑆𝐹(%) is the fraction of surviving cells, 𝐷 is the radiation dose (Gy), 𝛼 (Gy-1) represents the lethal damage 
caused by a single incident particle (unrepaired damage), and 𝛽 (Gy-2) represents 'multiple hit' cell death (damage 
from different radiation tracks) [9].

In 1990, Nakamura and colleagues conducted an in vitro investigation to assess the radiosensitivity of proliferating 
lymphocytes using a colony formation assay [17]. In their study, the observed cell survival curves conformed to a 
linear-quadratic dose‒response pattern, as determined by the linear quadratic model with α=0.29±0.01 (Gy-1) and 
β=0.14±0.01 (Gy-2).

Notably, however, the response curves in the majority of the in vitro studies examined typically exhibit either an 
exponential or upward-sloping trend with a saturation in response at higher doses when some assay other than 
the colony formation assay is applied [14]. This suggests that (1) lymphocytes are a very radiosensitive cell line 
with lethal unrepaired DNA damage. (2) The relationship between non-repairable damage and radiation dose is 
linear when the dose is low and is saturated when the dose is high. A substitution for the LQ model could be the 
linear dose‒response model (so-called linear model, eq. 2), where only lethal DNA damage is accounted for and 
sublethal DNA damage is neglected (β fixed as 0).

𝑆𝐹 = 𝑒𝑥𝑝( ―𝛼𝐷) (𝑒𝑞.2)

Furthermore, the LQ model describes the cellular response to ionizing radiation extremely well at doses less than 
5–6 Gy and is the preferred model for this dose range [18]. Some observations have indeed shown that at higher 
doses, the survival response of cells is often found to more closely resemble a linear relationship between –
log(survival fraction) and dose [18]. Thus, at a higher dose range, modifications to the original LQ model include 
adding a term proportional to the cube of the dose but with an opposite sign to the linear and quadratic terms, 
creating the linear-quadratic-cubic (LQC) model (eq. 3) [16,18].

𝑆𝐹 = 𝑒𝑥𝑝 ―𝛼𝐷 ― 𝛽𝐷2 + 𝛾𝐷3  (𝑒𝑞.3)

2.2.2 Repair-misrepair model

The repair-misrepair (RMR) model, one of the earliest mechanistic-based radiosensitivity models, is based on the 
sublesion hypothesis [16,19], in which the production of DNA lesions and subsequent expression of biological 
effects are distinctly different phases of the entire process [19]. The function U(t), proposed by Tobias in 1985 
[19], reflects the mean number of lesions before any repair activation.

𝑆𝐹 = 𝑒𝑥𝑝( ―𝛿𝐷) 1 +
𝛿𝐷
𝜖

𝜖

 (𝑒𝑞.4)

where 𝑆𝐹(%) is the fraction of surviving cells, 𝐷 (Gy) is the irradiation dose, 𝛿 (Gy-1) is the proportion between the 
initially induced lesions and radiation dose, and 𝜖 is the relative repair ratio between self-repair and misrepair.
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2.2.3 Saturation model

We derived a new model from the current linear-quadratic model. Similar to the mechanistic inference of the 
linear-quadratic model, we assumed a Poisson distribution of cell survival over DNA damage.

𝑆𝐹 = 𝑒𝑥𝑝( ―𝐷𝑁𝐴 𝑑𝑎𝑚𝑎𝑔𝑒)

where 𝑆𝐹(%) is the fraction of surviving cells. Then, we assumed a negative exponential relationship between the 
dose and DNA damage.

𝐷𝑁𝐴 𝑑𝑎𝑚𝑎𝑔𝑒 = 𝐷𝑁𝐴 𝑑𝑎𝑚𝑎𝑔𝑒𝑠𝑎𝑡 ∗ (1 ― 𝑒―𝜇𝐷)

where 𝐷 is the radiation dose in Gy. 𝐷𝑁𝐴 𝑑𝑎𝑚𝑎𝑔𝑒𝑠𝑎𝑡 is the maximum proportion of DNA damage when the dose 
is high (𝐷→ + ∞) and is independent of the dose 𝐷. 𝜇 (Gy-1) is the increase in the rate of DNA damage when the 
dose 𝐷 increases. The minimum survival rate at a high dose (𝐷→ + ∞) corresponding to the maximum proportion 
of DNA damage (𝑆𝐹𝑠𝑎𝑡) was calculated as

𝑆𝐹𝑠𝑎𝑡 = 𝑒𝑥 𝑝( ―𝐷𝑁𝐴 𝑑𝑎𝑚𝑎𝑔𝑒𝑠𝑎𝑡) ⇔𝐷𝑁𝐴 𝑑𝑎𝑚𝑎𝑔𝑒𝑠𝑎𝑡 = ―𝑙𝑜𝑔(𝑆𝐹𝑠𝑎𝑡)

 Since 𝑆𝐹𝑠𝑎𝑡 ≤ 1, log(𝑆𝐹𝑠𝑎𝑡) ≤ 0. The new surviving fraction estimate becomes:

𝑆𝐹 = 𝑒𝑥𝑝 ― 𝐷𝑁𝐴 𝑑𝑎𝑚𝑎𝑔𝑒𝑠𝑎𝑡 ∗ (1 ― 𝑒―𝜇𝐷) = 𝑒𝑥𝑝 𝑙𝑜𝑔(𝑆𝐹𝑠𝑎𝑡) ∗ (1 ― 𝑒―𝜇𝐷)  (𝑒𝑞.5)

where 𝑆𝐹(%) is the fraction of surviving cells and 𝑆𝐹𝑠𝑎𝑡(%) is the value 𝑆𝐹 at which 𝑆𝐹 is stable and stops increasing 
with increasing dose 𝐷(Gy). Since 𝜇 (Gy-1) signifies the rate of increase in DNA damage as the dose increases, a 
higher 𝜇 value means that 𝑆𝐹(%) reaches 𝑆𝐹𝑠𝑎𝑡(%) at a lower radiation dose (Supplementary section 1, Figure S1). 

At low doses (𝐷→0), the saturation model approximates the linear model with 𝑙𝑜𝑔 1
𝑆𝐹𝑠𝑎𝑡

∗ 𝜇 (Gy-1) (see 

supplementary section 2).

For model evaluation, we included only data analyzing total peripheral lymphocyte radiosensitivity and used 
Annexin V to quantify lymphocyte apoptosis.

2.3 Model performance comparison

The performance of the saturation model was compared with that of other radiosensitivity models. Data from 
human peripheral blood lymphocytes undergoing apoptosis (i.e., Annexin V positive) were selected for model 
development from the literature (N=15 publications).

2.4 Model application

2.4.1 Example 1: Comparison of the radiosensitivity of lymphocytes irradiated after stimulation with 
CD3/CD28 antibodies or without stimulation

We applied the saturation model to a dataset from Heylmann et al. 2018 [20] of either stimulated or unstimulated 
peripheral blood lymphocytes (PBLs), helper T lymphocytes (Ths), and cytotoxic T lymphocytes (CTLs) extracted 
from healthy donors. Cells were either stimulated or not with CD3/CD28 antibodies within 48 hours. One hour 
following stimulation, the cells were exposed to γ-irradiation at doses ranging from 0.125 to 2 Gy. Apoptotic cells 
were quantified using an Annexin V assay at 12 hours post-irradiation (details in [20]). Data on the fraction of cells 
undergoing apoptosis were extracted using PlotDigitizer [21].

2.4.2 Example 2: Comparing lymphocyte radiosensitivity following X-ray or proton irradiation

We applied the saturation model in our experimental dataset of T-CD8+ lymphocyte survival following exposure 
to X-ray or proton irradiation to explore its potential impact on radiosensitivity. T-CD3+ lymphocytes were 
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extracted from the spleens of healthy Swiss mice. An EasySepTM Mouse T-Cell Isolation Kit (19851, StemCell) was 
used to isolate lymphocytes from single-cell splenocyte suspensions by negative selection.

Undesired cells were separated using an EasySepTM magnet (18000, StemCell), and lymphocytes were seeded in 
24-well plates pre-coated with 1 µg/mL of anti-CD3ε (100340, Biolegend) in RPMI medium supplemented with 20 
U/mL of IL-2 (21212, PeproTech), and 1 µg/mL of anti-CD28 (102116, Biolegend) was added to the isolated 
lymphocyte suspension before seeding at 1 mL/well.

After 48 hours of culture, cells were irradiated with either X-rays (FAXITRON, Cyceron, Caen, France) or protons 
(from an IBA ProteusOne at the Normandy Proton Therapy Center CYCLHAD, Caen, France) at 0.5, 1, 2 or 4 Gy. X-
ray exposure was performed at 2 Gy/min (130 keV/5 mA/Cu filter). For protons, the LET was calculated to be 4.6 
keV/µm.

After irradiation, the cells were incubated for 24, 48, or 72 hours before cell counting. The fraction of surviving 
cells was calculated in percentage. The whole dataset of X-ray- and proton-irradiated cells was fitted with the 
saturation model considering time after irradiation (eq. 6). The 𝑆𝐹𝑠𝑎𝑡 parameter was estimated separately for the 
X-ray and proton data. The surviving fraction at 2 Gy (SF2) of lymphocytes undergoing X-ray or proton irradiation 
was then calculated from the model.

2.5 Statistical methods

Fitting of the model parameters was performed using the nlme package version 3.1-160 [22,23] with RStudio 
version 4.1.2 [24]. Model performance was first evaluated by plotting the prediction versus residual values. A 
better model resulted in a less or insignificant correlation between the predicted and residual values. The 
likelihood ratio test was used to assess the significance of differences in model performance between different 
models. A better model fit was defined by a lower residual standard error (RSE, calculated with respect to the 
survival fraction) and Akaike information criterion (AIC).

3 Results

Fifteen publications were identified [17,20,25–37], of which six analyzed total peripheral lymphocytes and others 
analyzed lymphocyte subtypes (supplementary section 3, Table S1). The literature selection flowchart is illustrated 
in Figure 1 (see supplementary section 3, Table S2 for details of the selected studies). Of the five Annexin V assay 
publications [25,26,28,29,31], one analyzed the impact of dose rate on bovine lymphocyte survival in vitro. There 
was a decreasing trend in the non-apoptotic lymphocyte fraction as both dose and time increased, with saturation 
starting at 5 Gy or extended times of ≥ 48 hours following irradiation (Figure 2A, B). Regarding the dose rate effect, 
a low dose rate induced a decrease in bovine lymphocyte survival in vitro [38]. It was suggested that the inverse 
effect of the dose rate on lymphocyte survival occurred immediately after irradiation, suggesting interphase death 
by membrane damage rather than cell killing by DNA damage [38]. There was considerable cell loss at a low dose 
rate, which was negligible when the dose rate increased to higher than 0.3 Gy/min (Figure 2C). The dose effect on 
lymphocytes at a very small dose (0.006 Gy/min) followed LQ function (Figure 2D). However, a small dose rate of 
≤ 0.3 Gy/min is not relevant to clinical external beam radiotherapy. Therefore, the effect of the dose on the 
lymphocyte radiosensitivity model was considered negligible.

Next, we compared the performance of the LM, LQ, LQC, and saturation models based on lymphocyte apoptosis 
data from post-irradiation Annexin V assays using photon beams at a minimum of 0.5 Gy/min. Our analysis 
revealed significantly different performances between the models (supplementary section 4, Table S3). The linear 
model displayed a correlation between the residual error and the predicted value (p = 0.02) (Figure 3B.1). In 
contrast, the LQ, LQC, and saturation models exhibited no correlation between the residual error and the 
predicted value (p > 0.1, as detailed in Figures 3B.2, 3, and 4), indicating a better fit to the data compared to the 
LM. Parameter estimation for both the LQ and LQC models yielded negative values for parameters β and γ, 
contradicting the expected positive values based on the models' theoretical frameworks. The saturation model 
returned a lower residual error and AIC (p < 0.05 using Fisher’s exact test) compared to the linear, LQ, and LQC 
models (supplementary section 4, Table S3). Such better performances were also observed when the data were 
fitted separately for each study (lower residual error and AIC, p < 0.05 using Fisher’s exact test; see supplementary 
section 5, figures S2-S5, tables S4-S7). 
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We then compared the saturation model fitting with either common 𝑆𝐹𝑠𝑎𝑡 or separated 𝑆𝐹𝑠𝑎𝑡 models for each 
time after irradiation. The saturation model with a separated 𝑆𝐹𝑠𝑎𝑡 for each incubation time after irradiation 
resulted in better performance compared to one with a common 𝑆𝐹𝑠𝑎𝑡 estimation (lower residual error and AIC, 
p < 0.05 using Fisher’s exact test; Figure 4; for details, see supplementary section 6, Table S8). In the saturation 
model with separated 𝑆𝐹𝑠𝑎𝑡 for each time after irradiation, 𝑆𝐹𝑠𝑎𝑡 had a positive correlation with the post-
irradiation time (Figure 4C).

We introduced the effect of time after irradiation in the saturation model.

𝑆𝐹 = exp log(𝑆𝐹𝑠𝑎𝑡) ∗ (1 ― 𝑒―𝜇𝐷)  𝑤𝑖𝑡ℎ 𝑆𝐹𝑠𝑎𝑡 = 1 ― 𝑘𝑡 (𝑒𝑞. 6)

where 𝑡 is the time after irradiation in hours.

A difference in model performance between the saturation model without or with time effects was detected 
(Table 1D, G, p < 0.05 using Fisher’s exact test). Considering the effect of incubation time after irradiation on 
𝑆𝐹𝑠𝑎𝑡, the model returned a lower RSE and AIC with better residual distribution (Figure 4A). The saturation and 
conventional LM incorporating time effects were compared (eq. 7).

𝑆𝐹 = exp( ―𝛼𝐷) 𝑤𝑖𝑡ℎ  𝛼 = 1 ― 𝑘𝑡 (𝑒𝑞.7)

where 𝑡 is the time after irradiation in hours.

When incorporating time into the model, the saturation model outperformed the LM (lower residual standard 
error and AIC, supplementary section 7, Table S9), and there was no correlation between RSE and PV in the 
saturation model (p > 0.1, Figure 5A.1) versus a significant correlation in the LM (p < 0.05, Figure 5A.2). In addition, 
there was no significant change in parameter estimates and better model performance when data uncertainty 
was considered (further details are provided in supplementary section 8, figure S6, and table S10).

We subsequently compared the performance of the linear and saturation models using a restricted dataset where 
the dose did not exceed 5 Gy. The performances were similar (Table 5, p > 0.05 under Fisher’s exact test). This 
similar performance was expected as the LM is mathematically contained as a special case in the SM (see 
supplementary section 2). Additionally, neither model showed a correlation between the residuals and the 
predicted values (Figure 5B). 

To illustrate the utility of the saturation model, we applied the saturation model to two scenarios. First, we utilized 
the dataset from Heylmann et al. 2018 [20] of either stimulated or unstimulated peripheral blood lymphocytes 
(PBLs), helper T lymphocytes (Ths), and cytotoxic T lymphocytes (CTLs) extracted from healthy donors. For the 
unstimulated PBLs, Ths, and CTLs, the saturation and linear-quadratic-cubic models achieved better fits than did 
the linear-quadratic and repair-misrepair models (Figure 6A, lower AIC values, p < 0.01, according to Fisher’s exact 
test; see supplementary section 9, Tables S11-15). Upon stimulation with a CD3/CD28 antibody, PBLs, Ths, and 
CTLs exhibited increased radioresistance compared to that of the unstimulated population. For stimulated PBL, 
Th, and CTL, all the models, including linear, linear-quadratic, linear-quadratic-cubic, repair-misrepair, and 
saturation models, yielded similar results (Figure 6A, see supplementary section 9, tables S11-15 for parameter 
estimation).

According to the saturation model, the survival fractions at 2 Gy (SF2) for stimulated PBL, Th, and CTL were 84.5%, 
84.6%, and 87.1%, respectively. In contrast, SF2 for the unstimulated populations was significantly lower: 55.6% 
for PBL, 46.6% for Th, and 53.2% for CTL. The SFsat for stimulated PBL, Th, and CTL was found to be 84.1%, 84.7%, 
and 87.1%, respectively, while for the unstimulated groups, they were 54.7% for PBL, 46.5% for Th, and 53.2% for 
CTL. These SF2 values approached the corresponding lowest survival rates (SFsat) for each population, i.e., a dose 
of 2 Gy was sufficient for these lymphocyte populations to reach their saturated survival value.

Second, we utilized our own experimental dataset of T-CD8+ lymphocyte survival following exposure to X-ray or 
proton irradiation. The reduction rate of 𝑆𝐹𝑠𝑎𝑡 with time for both the X-ray and proton data was better estimated 
with the saturation model than with the linear model (p < 0.01 for likelihood ratio test). Parameter estimates for 
each radiation type separately showed a greater rate of decrease in the saturated steady-state level over time 
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with protons compared to X-rays (for a higher value of 𝑘, see supplementary section 10, Table S16). Model fitting 
of dose‒survival curves indicated that rodent splenic T-CD8+ lymphocytes were more sensitive to X-rays than to 
protons (Figure 6A). The SF2 of lymphocytes subjected to X-rays was 86.84%, 73.05% and 58.41% at 24, 48 and 
72 hours post-irradiation, respectively. These values were higher than those observed with proton irradiation, 
which were 81.02%, 60.56% and 37.66%, respectively.

4 Discussion

We developed a new model, the “saturation model”, to overcome some limitations of the LQ model when applied 
to the context of lymphocyte radiosensitivity and to adapt to new radiobiological endpoints other than classical 
colony-forming assays. The LQ model, developed by Douglas Lea in 1962 [7], has been a foundational concept in 
radiation biology. This study has provided valuable insights into the dose‒response relationship in various cell 
lines, particularly for chromosomal aberrations and SF2. However, new radiobiological endpoints have arisen, 
particularly based on apoptosis testing in lymphocytes. Given the heterogeneity in in vitro irradiation conditions 
(including dose, dose rate, and analysis time after irradiation) observed across studies evaluating correlations 
between radiation-induced lymphocyte apoptosis and effects on normal tissues [6], accurate models are needed 
to describe lymphocyte radiosensitivity. Nakamura in 1990 examined the radiosensitivity of dividing T-CD4+, T-
CD8+ and total blood lymphocytes using colony formation assays and observed cell survival patterns consistent 
with the linear-quadratic dose‒response model [14,17]. In contrast, most recent studies use other biological 
assays, where response curves typically have a saturated response at higher doses after an exponential trend [14].

Based on data from the literature, we introduced the concept of a saturation model, which assumes a negative 
exponential relationship between radiation dose and cell survival, following a Poisson distribution of DNA 
damage. This model addresses the inherent radiosensitivity of lymphocytes and the non-linearity of the 
dose‒response relationship at high doses. Saturation of the lymphocyte response at higher doses was previously 
mentioned [14]. Our findings demonstrate that the saturation model exhibits superior performance compared to 
the conventional LQ model and its variants. This not only results in a lower residual error but also results in an 
insignificant correlation between the residual and the predicted value. The traditional LQ model is based on the 
assumption of a linear relationship between the energy delivered by radiation doses and the balance between 
unrepaired and repaired DNA damage [9]. Lymphoid and hematopoietic cells, such as lymphocytes, are known to 
exhibit high radiosensitivity, predominantly due to unrepaired DNA damage [14,35]. Conventionally, this 
radiosensitivity in lymphocytes was modeled using a linear approach [14,17]. However, the literature data indicate 
a nonlinear dose‒response curve for lymphocytes at high radiation doses. This observation can be attributed to 
saturation of the response and subsequent DNA damage with increasing dose. Another possible mechanistic 
explanation for saturation could be the subset of radioresistant cells [39]. Based on Chinese hamster ovary cell 
lines subjected to gamma irradiation [40,41], some researchers have hypothesized that a resistant lymphocyte 
subpopulation dominates non-apoptotic cells or clonogenic survival. Other studies have indicated that 
lymphocyte subpopulations are heterogeneous, with varying levels of radiosensitivity [14]. For example, 
stimulated lymphocyte subpopulations displayed some radioresistance, with proportions of apoptotic cells 
remaining above 80% [20]. Radioresistance could be attributed to mixed lymphocyte populations of both 
unstimulated and stimulated cells in mammalian blood [42], leading to a saturation effect, as described by the 
saturation model [20]. In addition, some cancer cell lines exhibit a saturation effect under carbon ion irradiation, 
as evidenced by the negative beta value when fitted with the LQ model [39,43,44]. This observation suggests the 
potential applicability of the saturation model to cell lineages other than lymphocytes. 

Indeed, several modifications to the LQ model have aimed at better aligning with observations in lymphocytes. 
One such adaptation involves incorporating an additional term into the LQ model proportional to the cube of the 
dose and signed opposite to both the linear and quadratic terms (known as the LQC model) [18]. However, our 
findings suggest that the LQC model less adequately captures the radiosensitivity of lymphocytes than does the 
saturation model. Although the LQ and LQC models can sometimes perform comparably to the SM, they often 
result in negative parameter estimates, which are inappropriate given their mechanistic interpretations. 
Additionally, these models are fundamentally empirical and based on polynomial functions, making extrapolation 
beyond the observed dose range inappropriate and potentially leading to unrealistic predictions. Beyond 
empirical approaches, various models, ranging from semi-mechanistic to fully mechanistic, have been developed 
to focus on DNA repair processes under irradiation, such as the RMR model. These models were evaluated based 
on the observation that survival plots at high doses deviate from the LQ model [45]. It has been proposed that a 
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kinetic model, such as the lethal–potentially lethal (LPL) model [46], may offer a more accurate representation of 
the response to large fractions or acute doses ranging from 15–24 Gy [45]. None of these models have effectively 
accounted for the rapid depletion and subsequent saturation state of lymphocyte survival at higher doses. Our 
results indicated that the application of the RMR model is not suitable for the lymphocyte dataset, as the 
estimation of the epsilon parameter is typically not significantly different from zero. This suggests that the model 
approximates a linear model.

The incorporation of the immune system into oncological treatments has highlighted the necessity of accurately 
modeling how treatments such as radiotherapy impact lymphocytes. A critical component of these models is the 
assumption of how lymphocytes respond to irradiation, which traditionally follows a linear dose‒response 
relationship [10,47]. The saturation model, in place of the linear model, could enhance the precision of these 
onco-immunological models. The saturation model seems to better capture lymphocyte radiosensitivity patterns. 
However, in clinical settings, radiation is often administered in fractionated doses of typically approximately 2 Gy, 
which falls within the range where differences between the saturation and linear models seem small. The use of 
a saturation model rather than a linear model may be more relevant to higher or single doses and 
hypofractionation, such as 18 Gy for non-small cell lung cancer [48] or 25 Gy for hepatocellular carcinoma [49]. 
The distinction here lies in the saturation model's ability to more accurately reflect the biological response of 
lymphocytes under such conditions.

An interesting discovery was the greater residual errors at lower dose values, suggesting time-dependent 
variations in lymphocyte responses after irradiation. The saturation model revealed a negative linear relationship 
with time after irradiation, which underlines the potential utility of the saturation model in capturing time-
dependent response variations. The observed time-dependent effect might be attributed to mitotic catastrophe, 
a phenomenon initiated by unrepaired DNA damage that prevents cells from successfully completing mitosis. The 
consequence of mitotic catastrophe is that the cell becomes senescent or dies through apoptosis or necrosis 
[50,51]. This theory aligns with our findings of a decrease in the survival rate over time at a rate of 0.009 per hour 
(0.9% reduction in survival rate per hour). Although this rate may seem negligible for enzymatic DNA repair 
processes, it has a significant effect on cell repopulation, approximating a doubling time of approximately ln 
(2)/0.009 or 77 hours (approximately 3 days). This duration is consistent with the rapid turnover of lymphocytes 
(3-4 days), which expand in a lymphopenic environment in vivo [52]. 

Our research also investigated the influence of dose rate on lymphocyte survival. Low dose rates resulted in 
decreased lymphocyte survival during irradiation, with the inverse effect becoming evident immediately after 
irradiation. This finding implies that cell death is primarily induced by membrane damage rather than cell death 
due to DNA damage [38]. A study by Konings et al. demonstrated that at a sufficiently low dose rate of 0.006 
Gy/min, lymphocyte survival linearly correlated with the dose rate [38]. These findings underline the complexity 
of lymphocyte responses to radiation and the importance of considering the temporal aspect. Similarly, a study 
by Nakamura et al. revealed that at sufficiently low doses (0-5 Gy) and prolonged incubation times post-irradiation 
(up to two weeks), the saturation model also approximates the LQ model for human lymphocyte radiosensitivity 
[17]. These observations align with our findings. Within the restricted dataset ranging from 0 to 5 Gy, there was 
no significant difference between the linear or saturation models. The LQ model without a beta component fitted 
with data from Nakamura et al. in 1990 was used as a lymphocyte radiosensitivity model to explain the in vivo RIL 
[53]. However, since RILs appear very early, within days following radiotherapy, assessing lymphocyte 
radiosensitivity early following irradiation is necessary. In such cases, the saturation model appeared to be more 
effective, which could also cover the circumstances in which the LQ model could be applied.

The introduced saturation model has potential for broader applications, including the exploration of differences 
in radiosensitivity between various lymphocyte subtypes or under different radiation conditions. The biological 
effect of proton beams is considered to be 10% greater than that of photon beams at the same radiation dose 
across multiple cancer cell lineages [54]. However, few studies have explored the differences in the 
radiosensitivity of peripheral blood lymphocytes under X-ray or proton irradiation in vitro. By applying the 
saturation model to the dataset of rodent splenic T-CD3+ lymphocyte survival, we revealed a greater cell-killing 
effect of protons than of X-rays. This observation aligns with previous research, which has suggested that X-rays 
and protons induce lymphocyte death through distinct mechanisms [25]. Protons, in particular, lead to relatively 
greater rates of cell death and necrosis when compared to X-rays [25]. Moreover, at the chromosomal level, 
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proton irradiation was shown to induce a greater rate of chromosomal aberrations than X-ray irradiation in human 
lymphocytes in vitro [55]. 

In addition, there was an association between radiation-induced apoptosis of T lymphocytes and a significantly 
lower risk of late-onset toxicity in patients treated with radiation in different tumor locations, especially tumors 
in the head and neck, uterine cervix, breast, and prostate [56]. This is the foundation of the RILA test. The current 
RILA test is based on the quantification of CD4 and CD8 T-cell apoptosis 48 hours after in vitro irradiation with 8 
Gy; this is the condition that showed the most robust and reproducible results, with inter-individual variations far 
greater than the variations between samples from the same patient [56,57]. Evaluating a more precise 
radiosensitivity model for lymphocytes would allow further investigation of the correlation and association 
between lymphocytes at the in vitro level and patients at the in vivo level, such as in the case of RILA. For instance, 
the model allows investigation of the rate of lymphocyte reduction following irradiation or the saturation state 
the lymphocyte could reach for the survival rate at a high radiation dose and how these features correlate to the 
toxicity level of patients who underwent radiotherapy. Furthermore, radiosensitivity models were applied in other 
models as part of sub-models. For example, multiple types of immune-oncology models are affected by the impact 
of radiotherapy [47,58,59]. In these models, the linear model was applied to simulate the fraction of lymphocyte 
or T-CD8+ lymphocyte death induced by irradiation either in the tumor microenvironment or in the circulating 
blood. Since the linear model seems to overestimate the fraction of lymphocyte death at the high dose near the 
saturation level, the saturation model could be used as a substitution for a more accurate estimation.

5 Conclusion

The LQ model's limitations may be overcome in studying circulating lymphocyte radiosensitivity by a more suitable 
saturation model. The saturation model has potential applications in studying different types of lymphocytes and 
how they react to radiation and therefore could be applied to assays assessing interindividual radiosensitivity 
based on lymphocyte apoptosis, such as RILA.
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Figure captions

Figure 1. Literature selection strategy flowchart.

Legend: To ensure consistency in model evaluation, quantitative methods other than annexin V assays or focused 
on species other than human lymphocytes were excluded.

Figure 2. Effect of different parameters (dose, time following irradiation, and dose rate) on lymphocyte 
radiosensitivity (A) Fraction of radiation-induced lymphocyte apoptosis by dose according to previous studies 
[25,26,28,29,31]; (B) Fraction of radiation-induced lymphocyte apoptosis by time after irradiation according 
to previous studies [25,26,28,29,31]. (C) Effect of dose rate on bovine lymphocyte survival immediately after 
irradiation; (D) effect of dose immediately after irradiation at 0.006 Gy/min

Legend: The size of the dot in figure A represents the incubation time after in vitro irradiation in each study. The 
size of the dot in figure B represents the dose applied in each study. For both figures A and B, the dots represent 
the data extracted from the literature and the curve was fitted with the data using locally estimated scatterplot 
smoothing to represent the data trend. The different colors represent data from different publications.

Figure 3. (A) Model fitting of the linear model, linear quadratic (LQ) model, linear-quadratic-cubic (LQC) model, 
repair-misrepair (RMR) model, and saturation model with the data of human peripheral blood lymphocytes 
by radiation dose. (B) Residual versus fitted values for the linear model (B.1), LQ model (B.2), LQC model (B.3), 
RMR model (B.4), and saturation model (B.5)

Legend: For panel A, the dot represents the data extracted from the literature; the size of the dot represents the 
incubation time after in vitro irradiation in each study; and the curve represents the model fit of the data with 
either a linear model (blue), linear quadratic model (yellow), linear-quadratic-cubic model (gray), repair-misrepair 
model (red) or saturation model (light blue). In panel B, R represents the Pearson correlation coefficient of the 
fitted and residual values.

Figure 4. Model fitting of the saturation model with the data with distinct estimates of the saturated survival rate 
(SFsat) according to different incubation time post-irradiation. (A) Model fitting of the saturation model with the 
data stratified by time after irradiation; (B) residual versus fitted value, with Pearson correlation coefficient R; 
and (C) linear relationship between the saturated survival rate (SFsat) and incubation time post-irradiation.

Legend: For figure A, dots represent the literature data; the curve represents the model fitting of the data with 
the saturation model, and the different colors represent different incubation times after in vitro irradiation: 4 
hours (blue), 24 hours (yellow), 48 hours (gray), and 72 hours (red). For figure B, R represents the Pearson 
correlation coefficient of the fitted and residual values.

Figure 5. Saturation model (A) and linear model (B) with post-irradiation time effect on model parameters. (A.1, 
B.1) Model fitting of the saturation model (A.1) or linear model (B.1) with the total dataset stratified by time 
after irradiation; (A.2, B.2) Model fitting of the saturation model (A.2) or linear model (B.2) with the restricted 
dataset where the dose did not exceed 5 Gy stratified by time after irradiation.

Legend: The dots represent the data extracted from the literature; the curve represents the model fitting of the 
data with the saturation model, and the different colors represent different incubation times after in vitro 
irradiation: 4 hours (blue), 24 hours (yellow), 48 hours (gray), and 72 hours (red).

Figure 6. Application of the saturation model to (A, B) human lymphocytes extracted from Heylmann et al. 2018 
[20], which included peripheral blood lymphocytes, helper T lymphocytes, cytotoxic T lymphocytes, and 
lymphocyte progenitor cells. The cells were either left unstimulated (A) or stimulated (B) with CD3/CD28 
antibodies. (C) rodent splenic T-CD8+ lymphocyte survival data stratified by time and radiation dose under 
either X-ray or proton irradiation using a saturation model (C.1) or linear model (C.2).

Legend: Dots represent our original data; the curve represents the model fitting of the data with the models. For 
panels A and B, different colors in the curves represent different models, including the linear model (blue), linear-
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quadratic model (yellow), linear-quadratic-cubic model (gray), repair-misrepair model (red), and saturation model 
(light blue). In panel C, the different colors represent different incubation times after in vitro irradiation: 24 hours 
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