
Abstract. Background: Natural killer (NK) cells are
important in destroying tumor cells. However, they are
damaged by radiation therapy. We studied the effects of
single and fractionated irradiation on the viability and
cytotoxicity of human non-selected NK cells and sub-groups
with cluster of differentiation (CD) CD16+ and CD56+ in
vitro. Only very few studies dealing with the standard
radiobiological parameters for characterizing NK cells exist
in the literature. Materials and Methods: NK cell
populations were isolated from buffy coats using different
methods and irradiated with single doses up to 80 Gy and
fractionated doses of 10 or 30 Gy with different numbers of
applications and at different intervals. The study end-points
were viability using propidium iodide (PI), trypan blue and
intracellular adenosine triphosphate (ATP) assays, and
cytotoxicity using the 51Cr-release assay. The standard
radiobiological parameters α and β of the linear-quadratic
(L-Q) model and the mean inactivation dose D̅ taken as the
area under the curve (AUC) were calculated to characterize
the radiosensitivity of different NK cell populations. Results:
The AUC values of the 51Cr release data in the dose range
of 0-40 Gy were as follows: for non-selected NK cells, 23.6-
20.9 Gy; for CD16+ and CD56+ cells, 14.5-13.2 Gy. The
AUC values of ATP, trypan blue and propidium iodide
methods equally well described the viability of irradiated
NK cells. The α/β ratio for cytotoxicity and viability data in
the L-Q model corresponded to the acutely responding

tissues. Splitting a 30-Gy dose into two fractions applied at
different intervals caused a significant rise in ATP levels
and cytotoxicity. Dividing the total dose into four doses
applied at fixed intervals also resulted in significant
elevations of ATP content and cytotoxicity of NK cells at 10
Gy. Conclusion: According to the L-Q method, irradiated
NK cells behaved similarly to acutely responding human
tissues with respect to cytotoxicity and viability. The AUC
proved very useful for comparing the effects of irradiation
on NK cells. 

Natural killer (NK) cells were originally defined functionally,
based on their ability to mediate non-histocompatibility-
restricted cytotoxicity against different tumor target cells (1)
including de novo (2) and existing tumor cells (3). NK cells
can also control the metastatic spread of malignant cells (4).
Furthermore, NK cells contribute to the natural resistance
against microbial infections, the grafting of bone marrow
transplants, and graft versus host disease, and regulate the
differentiation of hematopoietic and other cells (5). NK cells
represent approximately 10-15% of peripheral blood
mononuclear lymphocytes. They are characterized
phenotypically by possessing CD56 and NKp46 receptors,
and comprise of two major sub-groups, CD56+ and CD16+,
which have distinctive properties. They do not display the
CD3+ T-cell phenotype. 

Autologous or allogenic NK cells, alone or activated by
interleukin-2, have been used in cancer therapy (6-7). In
addition to cytokines current development in therapy has
brought potential drugs like lenalidomide and bortezomib,
enhanced NK cell function with monoclonal antibodies,
adoptive therapy using expanded and activated NK cells, and
use of NK-cell chimeric antigen receptors. For recent
reviews of NK cell-based immunotherapy, see McDowell et
al. (8) and Terme et al. (9).

Radiotherapy, one of the most common cancer therapies,
may impair NK activity (10). The radiosensitivity of NK cells
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is controlled by X-linked genes and varies considerably
among individuals (11, 12). Radiotherapy effectively inhibits
the post-binding stage of NK cell-mediated natural target cell
lysis (13). On the other hand, radiotherapy has been used for
immune-priming of tumor cells and tumor microenvironment.
Therefore, combination of radiotherapy and immunotherapy
has been investigated (14).

Only a very limited number of systematic in vitro studies are
available to document the effects of irradiation, fractionated
and single-dose schemes of irradiation, observation time after
irradiation and parameters of radiobiological models (10, 15).
Radiobiological effects are commonly quantified by the linear-
quadratic model with two parameters, linear term α and
quadratic term β, which can be determined by fitting the model
to the dose–effect data (16). The model enables for the
separation of radiation sensitivity for lethal and sublethal
radiation injuries and facilitates categorizing the cells as early
or late responders. A simpler method in the quantification of
the radiosensitivity is to determine the area under the
dose–effect curve (AUC) (16). The AUC is commonly used in
calculations of the effects of cytotoxic drugs (17, 18).

Our aim in this study was to elucidate the radiobiological
effects of single and fractionated gamma and X-ray irradiation
on non-selected NK cells, as well as the CD16+ and CD56+

subsets. The study end-points were viability, as measured by
propidium iodide (PI), trypan blue and intracellular adenosine
triphosphate (ATP) assays, and cytotoxicity, as measured by
the 51Cr-release assay. The standard radiobiological
parameters α and β, as well as the mean inactivation dose D̅ as
the AUC, were calculated to characterize the radiosensitivity
of the different NK cell populations.

Materials and Methods

Enrichment of NK cell populations. NK cells were isolated from
buffy coats obtained from the Finnish Red Cross Transfusion
laboratory with permission of the ethical committee of the Finnish
Red Cross Blood Service (customer number 6129, approval number
331/2013, tutkijaluvat@veripalvelu.fi) in accordance to Finnish law.
Before blood donation, donors were informed that blood samples
that are not required for patient treatment can be used anonymously
for research work. Buffy coats were prepared on the day of use.

Non-selected and highly purified CD56+ and CD16+ NK cell
populations were enriched using different methods as described
previously (submitted to Int J Radiat Biol by Hietanen T., Pitkänen
M., Kapanen M., Kellokumpu-Lehtinen P-L., 2015). In brief, we
used Ficoll-Paque (method I) and Percoll gradient centrifugation
(method II) and a Dynal NK cell negative isolation kit (Dynal
Biotech ASA, Oslo, Norway) (method III). The CD16+ and CD56+

subgroups were isolated using flow cytometry (method IV) and
magnetic depletion of non-NK cells and positive selection using
MACS CD56dim CD16+ and CD56bright CD16- NK cell Isolation
Kits  (Miltenyi Biotec, Bergisch Gladbach, Germany) (method V).
The purity of preparations was confirmed by Giemsa-stained
cytocentrifuge preparations and flow cytometry. 

Flow cytometric assay. For the phenotypic analysis of enriched NK
cells, we used R-phycoerythrin-conjugated mouse monoclonal
antibody to human CD16+ and allophycocyanin-conjugated mouse
monoclonal antibody to human CD56+ (BD Pharmingen, San Diego,
CA, USA) as described elsewhere (19). The cells were analyzed on
a FACScan flow cytometer (Becton-Dickinson, San Jose, CA, USA).

Irradiation. The cells were irradiated in an early phase of the study
using a 137Cs device (GAMMACELL 2000, Mølsgaard Medical,
Risø, Denmark) and later with a clinical radiotherapy accelerator
(Varian TrueBeam STx, Varian Medical Systems Inc., Palo Alto,
CA, USA) as described in our previous work (submitted to Int J
Radiat Biol by Hietanen et al. 2015). In viability studies, the
radiation dose ranged from 0 Gy to the non-therapeutic dose of 80
Gy to explore the whole dose–response curve for radiobiological
calculations. The effects on cytotoxicity were investigated in the
dose range from 0 to 40 Gy, according to our previous study
(submitted to Int J Radiat Biol by Hietanen et al. 2015).

In the split-dose studies, doses of 10 and 30 Gy were selected
from the upper and lower linear part of the semi-logarithmic part of
the dose–response curve. These doses were split into two, with each
dose divided into two fractions applied at intervals from 0 to 24
hours, or split up to three equal fractions applied at 3-hour intervals.

Assessment of viability. Viability was measured by flow cytometry
using PI (Sigma Chemical Co., St Louis, MO, USA) as described
previously (20). Briefly, isolated lymphocytes were incubated with
fluorescein isothiocyanate (FITC)-conjugated monoclonal antibodies
for 30 minutes on ice, washed, and then PI was added at a final
concentration of 4 μM. The percentage of PI-stained cells, i.e. non-
viable cells, was measured using flow cytometry based on the red
fluorescence, while viable lymphocytes exhibited green
fluorescence.

In the trypan blue exclusion method (21), 0.1 ml of the NK cell
suspension and 0.1 ml of 0.2% trypan blue solution were mixed.
After 10 minutes, 200 cells were examined under a microscope, and
all blue and damaged cells were counted as dead.

Commercial kits from LKB Wallac (Turku, Finland) were used
for the intracellular ATP method (22) according to the
manufacturer’s instructions. The amounts of ATP were then
measured using an LKB Wallac 1251 luminometer, and the results
were obtained as millivolts and expressed as values normalized to
those of non-irradiated controls. Viability assays were performed at
different times, from 0 to 72 hours post-irradiation.

Cytotoxicity test. The cytotoxicity of enriched cell populations was
measured by the modified 51Cr release assay described by Timonen
et al. (23) using K-562 cells (LGC Standards GmbH, Wesel,
Germany) as a target. The relative cytotoxicity was calculated using
the following formula: Cx (%)=((exp.-spont.)/(max.-spont.)) where
exp is experimental release; spont. is spontaneous release, and max.
is maximal release from K-562 cells lysed with 1% Triton X-100.
The spontaneous release was less than 10% of the maximal release.
The effector-to-target ratio (E:T) of 12.5:1 used for the cytotoxicity
studies was based on pilot studies. The cytotoxicity at this ratio was
52.1±11.5% (SD) of the maximal release. The results were
normalized to those of the controls.

The characteristics of the isolated non-selected NK cell
populations, including the viability, purity and cytotoxicity, and
those of the CD16+ and CD56+ subsets, were presented in our
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previous paper (submitted to Int J Radiat Biol by Hietanen et al.
2015). CD16+ cells enriched using methods IV and V were equally
cytotoxic. The same is also true for CD56+ cells. Therefore, we
combined the CD16+ cells and CD56+ cells for further cytotoxicity
analyses. These sub-populations were called CD16+ and CD56+,
respectively.

Calculation of the radiobiological parameters. The following
standard mathematical radiobiological models were used to
quantify the radiation dose–response curves: I: The linear-quadratic
model S=e–(αD+βD2), where S represents the surviving fraction, and
D is the radiation dose in Gy (24). The linear-quadratic model has
two inactivation parameters, the linear term α (Gy–1) and the
quadratic term β (Gy–2). When negative values were obtained for β,
and thus biologically meaningless, the negative values were
assigned a value of zero, and the linear-quadratic model was re-
fitted as suggested by Fertil et al. (25). II: The mean inactivation
dose  D̅   (Gy)=∫ S(D)dD represents the area under the survival curve
(AUC) in linear coordinate representation (16), where S(D)
represents the survival probability and D the radiation dose. The
AUC was not calculated from the fitted linear-quadratic model but
by direct integration of the dose–response curve in question. 

The two models were fitted to the experimental data using the
OriginPro 2015 program (OriginPro Corporation, Northampton,
MA, USA).

Culture conditions. Cells were cultured as described in our previous
work (submitted to Int J Radiat Biol by Hietanen et al. 2015). The
effector NK cells and target K-562 cells were cultured in RPM-1640
medium (Orion Diagnostica, Vantaa, Finland) supplemented with 10%
heat-inactivated fetal calf serum (Flow Laboratories, Irvine, Scotland),
L(+)-glutamine (0.3 g/l) (Fluka, Buchs, Switzerland) and gentamycin
(20 μg/ml) (Flow Laboratories). The experiments were conducted at
37˚C in a humidified air atmosphere containing 5% CO2.

Basis of data presentation and statistical analysis. For statistical
calculations, the SPSS 15.0 statistical package (SPSS Inc., Chicago,

IL, USA) was used. The results are presented as the mean±SD or
standard error (SE). Analysis of variance (ANOVA) with post hoc
testing using Bonferroni’s modification of the t-test or non-parametric
tests such as the independent-samples Mann–Whitney U-test, the
Kruskal–Wallis test and Spearman’s rho test were applied. Differences
with a p-value of 0.05 or less (two-sided) were considered significant.
The results of the PI, ATP, trypan blue and 51Cr-release assays were
normalized to those for the non-irradiated controls.

Results 

Effect of single-dose irradiation on the killing capacity of NK
cells. The killing capacity of the irradiated NK cells enriched
using the methods I-V was measured using the 51Cr-release
assay. The results showed that the cytotoxicity of the cells
enriched using method I remained highest up to 40 Gy
(Figure 1). The parameters of the linear-quadratic model (α
and β) based on these data in Figure 1 are presented in Table
I. The β values of the cytotoxicity data were positive only
with methods II and III, resulting in α/β-ratios of 8.3 Gy and
14.4 Gy, respectively, which are characteristic for acutely
responding tissues. The other β values were negative and
replaced with 0, and re-fitted, as described above. For these
cases, the new α values representing the linear part of the
α/β model were added to Table I. The α values were 0.03
Gy–1 for non-selected NK populations and 0.07 and 0.09
Gy–1 for CD16+ and CD56+ cells, respectively. 

The 18 hours post-irradiation AUC values for the
cytotoxicity data obtained with the irradiation doses ranging
from 0 to 40 Gy (Figure 1) were between 21 and 23 Gy for
the non-selected NK cells enriched using methods I-III
(Table II), whereas the AUC was approximately 13-14 Gy
for CD56+ and CD16+ cells combined. 

However, there were no significant differences between
the populations (p=0.714).

Effect of single-dose irradiation on the viability of NK cells.
For detailed viability studies, irradiated, non-selected NK
cells enriched using method II were used. The viability was
measured using trypan blue exclusion, PI and ATP
measurements. The data are presented in Figure 2. The
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Table I. Linear-quadratic model parameters of the cytotoxicity data of
the irradiated natural killer cells obtained using the 51Cr-release
method (dose range from 0 to 40 Gy). The cytotoxicity test was
performed 18 h post-irradiation. Standard errors of the parameters
(±SE) and p-values are given. CD16+ enriched with methods IV and V
were combined, as well as CD56+ cells.

Enrichment α (Gy–1) ± SE β (Gy–2) ±SE p-Value
method

Method I 0.03199 0.008 –2.57E-05 0.000 0.000 
Method I * 0.0313 0.003 0 0 1
Method II 0.01362 0.030 0.00164 0.001 0.002
Method III 0.01532 0.001 0.00106 0.000 0.000 
CD16+ 0.08985 0.029 –7.55E-04 0.001 0.009
CD16+ * 0.0732 0.011 0 0 1
CD56+ 0.0885 0.032 –3.66E-04 0.001 0.008
CD56+ * 0.0807 0.011 0 0 1

*When β was negative and assigned a value of zero, a new α value was
re-determined. 

Table II. Area under the survival curve (AUC) values calculated for the
51Cr-release data of natural killer cells 18 h post-irradiation.

Enrichment method AUC (Gy)

Method I 23.6
Method II 24.1
Method III 20.9
Methods IV+V: CD16+ 14.5
Methods IV+V: CD56+ 13.2



corresponding α and β values are presented in Table III.
Only the ATP data resulted in positive β values. The α/β-
ratio was 39.6 Gy, corresponding to the acutely responding
tissues. For trypan blue exclusion and PI data, the refitted α
values were 0.040 Gy–1 and 0.019 Gy–1, respectively.

The AUC values obtained with the trypan blue exclusion,
PI and ATP methods were 29.9 Gy, 25.6 Gy and 16.8 Gy,
respectively. All of these methods were equally good to
describe NK cell death caused by irradiation (p=0.387).

The proportion of dead NK cells was evaluated up to 45 h
post-irradiation using the trypan blue exclusion method (Figure
3). Two hours after irradiation, practically no effect was
observed on viability within the dose range from 0 to 80 Gy.
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Figure 1. Natural killer cells enriched using methods I-V were
irradiated using doses ranging from 0 to 40 Gy. The cytotoxicity was
measured by the 51Cr-release assay 18 hours post-irradiation. The α
(Gy–1), β (Gy–2) and the area under the survival curve (Gy) values were
determined from the data of these curves. Error bars represent the
standard deviation of the mean. 

Figure 3. The long-term effects of single irradiation doses up to 80 Gy
on the viability of non-selected natural killer cells were studied by the
trypan blue exclusion test 2, 6, 18 and 45 h after irradiation. Error bars
represent the standard deviation of the mean. 

Figure 4. ATP content of irradiated natural killer cells as a function of
irradiation dose and time post-irradiation. Non-selected NK cells were
irradiated with single doses ranging from 0 to 80 Gy. The ATP content
of cells was measured at time points from 0 to 72 h post-irradiation.
Error bars represent the standard deviation of the mean. 

Figure 2. Viability of non-selected natural killer cells enriched using
method II irradiated with a single dose (from 0 to 80 Gy). The viability
was measured by trypan blue exclusion, propidium iodide and ATP
methods 18 h after irradiation. The results are expressed as fractions of
the non-irradiated controls. The α (Gy–1), β (Gy–2) and the area under
the survival curve (Gy) values were determined from the data of these
curves. Error bars represent the standard deviation of the mean. 
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Figure 5. Natural killer cells enriched using method II were irradiated with total doses of 10 and 30 Gy split into two fractions. The interval between
fractions ranged from 0 to 24 h. The radiation effect was measured with 51Cr release (A) and ATP (B). Error bars represent the standard deviation
of the mean. 

Figure 6. Natural killer cells enriched using method II were irradiated with doses of 10 Gy and 30 Gy. The target-effector ratio was 1:12.5. The doses
were split into several fractions applied at 3-h intervals. 51Cr-release (A) and ATP (B) and were measured and normalized to those of the controls.
Error bars represent the standard deviation of the mean. 



Thereafter, the viability decreased almost linearly up to the
dose of 60 Gy, followed by a plateau up to 80 Gy.
Consequently, all values in the radiobiological models were
strongly dependent on the selected time point after irradiation.
The decrease in viability as a function of time is also reflected
by the AUC for the trypan blue exclusion data. After 2, 6, 8
and 45 h, the AUC values were 39.5 Gy, 33.5 Gy, 20.4 Gy and
12.5 Gy, respectively. Conversely, the AUC values for living
NK cells changed from 69.5 Gy to 10.6 Gy in 48 h.

The ATP content of non-selected NK cells was measured up
to 72 h after irradiation using doses from 0 Gy to 80 Gy. The
dose range of 0-1 Gy produced practically no changes in the
ATP content 2 h after irradiation (Figure 4). From 1 Gy to 6-8
Gy, an elevation of ATP levels was seen (108.9±6.5%). This
effect disappeared within 4-6 h. A steep fall was observed with
doses between 10 and 40 Gy. Thereafter, a plateau was reached
up to doses of 60 Gy and over. During the time course, the ATP
levels dropped very rapidly within 1-2 h, followed by a slow
and continuous fall for up to 48 h, after which there was hardly
any further decrease. 

Effects of fractionated irradiation at different intervals on the
cytotoxicity and viability of NK cells. When splitting the total
dose into two equal fractions applied at different intervals (1,
2, 3, 4, 8, 12, 16, 20 and 24 hours), 51Cr-release measurements
at 10 Gy resulted in non-significant changes (Figure 5A). At
30 Gy, a continuous rise of 51Cr release was observed up to 6
h. However, the rise was not significant (p=0.664). A slow
decline in values was observed over longer intervals.

The fractionation did not affect the ATP levels of NK cells
significantly at the 10-Gy dose (p=0.063). However, at 30
Gy, changing the fraction interval from 0 to 6 hours caused
a progressive 2.1-fold rise (p=0.002). After 12 h, a slow
decrease was observed until 24 h (Figure 5B).

Effects of fractionated irradiation with different numbers of
fractions on the cytotoxicity and viability of NK cells. The
total dose of 10 Gy was divided into fractions of 2×5 Gy,
3×3.3 Gy, 4×2.5 Gy applied at 3-h intervals. The cytotoxicity

of NK cells was significantly elevated when 10 Gy was
divided into two fractions (p=0.04). Splitting 30 Gy into
several (up to three) fractions resulted in a 2.7-fold rise in
51 Cr release (Figure 6A). However, the increase was not
significant (p=0.130). The radiation effects were still
detectable after 3 days, although to a lesser extent.

When the total dose of 10 Gy was divided into fractions of
2×5 Gy, 3×3.3 Gy, 4×2.5 Gy applied at 3-h intervals, ATP
levels were not significantly affected. However, when 30 Gy
was divided into multiple fractions (2×15 Gy, 3×10 Gy, 4×7.5
Gy), a steady rise in the ATP levels was observed up to 1.4-
fold that of the controls at 3 fractions (p=0.001) (Figure 6B).

Discussion

The aim of this work was to characterize the radiosensitivity
of non-selected NK cells, and CD56+ and CD16+ sub-groups
using viability and cytotoxicity as end-points. For viability,
we used several methods, including trypan blue exclusion,
PI and ATP methods. These methods describe different
aspects of cell death. According to our results, they describe
NK cell viability and death equally well. Our cytotoxicity
and viability data were strongly dependent on the irradiation
dose, time after irradiation and NK cell-enrichment methods.

We applied mathematical models developed for clonogenic
dividing cells to describe the radiation dose–survival
relationship to functional data such as cytotoxicity and
viability. NK cells do not divide without biological response
modifiers (26). The α/β ratio is currently used in practical
radiotherapy to calculate radiobiological effects, particularly
for different fractionation schemes. It is also useful in
describing functional data (27, 28). In our experiments, the
α/β ratio of cytotoxicity data measured by the 51Cr release
assay was relatively high and of the same order as for acutely
responding tissues. The same is true for the viability data
obtained by the ATP, PI and trypan blue exclusion methods. 

The mean inactivation dose D̅ is also applicable to non-
dividing cell populations and produces more consistent
results than other parameters (such as α/β) when comparing
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Table III. The linear-quadratic model applied to the survival data of irradiated natural killer cells enriched using method II. Viability was measured
using trypan blue exclusion, propidium iodide and ATP methods 18 h after irradiation. The standard errors of the parameters (SE) and p-values are
given.

Isolation method α (Gy–1) SE Β (Gy–2) SE p-Value

Trypan blue II 0.0478 0.011 −2.71546E-4 0.0003 0.000
Trypan blue* 0.0397 0.004 0 0 1
Propidium iodide II 0.0287 0.002 −1.8565E-4 0.000 0.000
Propidium iodide* 0.0187 0.0018 0 0 1
ATP II 0.0109 0.006 2.7524E-4 0.000 0.000

*Negative β values were replaced by zeros, and the linear-quadratic model was refitted. 



repeated experiments and different cell lines. It quantifies the
radiation reactions well over the whole dose range (16). It is
recommended by the International Commission on Radiation
Units & Measurements to characterize the radiosensitivity of
mammalian cells (29). The cytotoxicity AUC values of NK
cells enriched by methods I-V were identical even if the cells
were non-selected or highly purified. 

In some instances, fractionated irradiation enhanced the
viability measured by the ATP method and the killing
capacity of NK cells in vitro. In clinical situations, where
daily fractions from 1.8 to 4 Gy are typically used, these
results may have some clinical importance.

ATP measurements are used in radiation biology to reflect
the radiation damage to ATP synthesis (30). In our pilot work,
we measured the intracellular energy production by determining
the intracellular ATP, ADP and AMP levels of NK cells by high-
performance liquid chromatography. The results indicated that
ATP production is stimulated by low-dose irradiation and
inhibited by doses higher than 10 Gy; concomitantly, ATP
turnover rises. These findings support a hypothesis of
mitochondrial excitation at lower radiation dose levels followed
by damage at higher doses. The anti-oxidative capacity of the
cells seems to be exhausted, and the elimination of radiation-
induced radicals seems to be inhibited. Thus, intracellular ATP
may reflect the ability of irradiated NK cells to survive.

There are very few radiobiological characteristics of NK
cells described in the literature that are comparable with our
data. Many reports on the radiobiological characteristics of
B- and T-lymphocytes have been published but the
comparison of these data is limited because radiobiological
data of this type are clearly dependent on factors such as the
enrichment and assay methods used, time points of
measurements after irradiation and cell cycle (31, 32). In our
pilot study, CD3+ T-cells were more radioresistant than
CD16+ NK cells, as defined by AUC (D̅ ) values. Our data
confirm the findings of Rana et al. (13). 

In modern radiotherapy, the daily dose fraction most
commonly is 2 Gy, delivered at a dose rate ranging from 4 to
6 Gy/min. Even single doses of approximately 10 Gy have
been used (33). According to our results, this dosage should
cause only little instantaneous reduction of the NK cell
cytotoxicity. However, the long-term influence of
radiotherapy on NK cells also depends on the total dose,
fractionation scheme used and location of the radiation fields
(34). In vivo, several factors, including biological response
modifiers such as interferons and interleukins, alter the
radiosensitivity of different NK cell properties (35).

Conclusion

The linear-quadratic model and mean inactivation dose as the
AUC were applied to viability and cytotoxicity data of
different non-selected and highly purified CD56+ and CD16+

human NK cell populations. The viability and cytotoxicity
data were typical for acutely responding human tissues. The
AUC method was very useful when comparing different NK
populations. When using the linear-quadratic model, the
quadratic component β was sometimes negative, and only the
linear component α was useful. No in vitro post-irradiation
recovery of viability or cytotoxicity was detected. 
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