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Abstract:1

Microbeam radiotherapy (MRT) is a pre-clinical method of delivering spatially-fractionated ra-2

diotherapy aiming to improve the therapeutic window between normal tissue complication and3

tumour control. Previously, MRT was limited to ultra-high dose rate synchrotron facilities. Here,4

we investigate in vitro effects of MRT at conventional dose rates on tumour and normal cells.5

Using a bench-top X-ray source four normal and tumour cell lines were exposed to homogeneous6

broad beam (BB) radiation, MRT, or were separately irradiated with peak or valley doses before7

being mixed. Clonogenic survival was assessed and compared to BB-estimated surviving fractions8

calculated by the linear-quadratic (LQ) model. All cell lines showed similar BB sensitivity. BB9

LQ-model predictions exceeded the survival of cell lines following MRT or mixed beam irradiation.10

This effect was stronger in tumour compared to normal cell lines. Dose mixing experiments could11

reproduce MRT survival. We observed a differential response of tumour and normal cells to12

spatially fractionated irradiations in vitro indicating increased tumour cell sensitivity. Importantly,13

this was observed at dose rates precluding the presence of FLASH effects. The LQ-model did14

not predict cell survival when the cell population received split irradiation doses indicating that15

factors other than local dose influenced survival after irradiation.16

Keywords: microbeam; in vitro; compact source; clonogenic survival; integral dose; LQ model;17

spatial fractionation18

1. Introduction19

Any cancer treatment aims to eradicate the tumour target, whilst inflicting minimal20

toxicity in healthy tissues. In radiation therapy (RT) this aim is conventionally achieved21

by geometrically confining the high dose field to the tumour, e.g. by intensity modulated22

RT, and thereby limiting side effects to organs at risk (OAR). However, exposure of23

OARs located in close proximity to the tumour, or along the beam path, is inevitable24

and limits the dose escalation to the tumour with potential implications on outcome.25

Spatially fractionated RT, such as microbeam radiation therapy (MRT) [1], has previously26

been suggested as an alternative strategy to maximize the therapeutic window between27

tumour control and normal tissue complication probability. MRT uses arrays of planar,28

high-dose beams of tens of µm width which are separated by a few hundred micrometers.29

This spatial fractionation results in small regions of tissue receiving large (generally30

300-800 Gy) peak doses being ablated, whereas spared areas receive a several fold lower31

(valley) dose. In order to maintain the collimated dose pattern, keV photon beams are32

employed for MRT delivery typically produced at large 3rd generation synchrotrons to33

prevent motion blurring of the spatial dose pattern through high photon flux delivery.34
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Pre-clinical in vivo data has demonstrated a remarkable normal tissue sparing following35

MRT, despite peak doses in the range of hundreds of gray [2–8]. It has also been shown36

that MRT is effective for the treatment of tumours in preclinical models of brain cancer37

[9–13] and melanoma [14]. Together, these studies suggest that MRT has a differential38

effect on normal and tumour tissues, indicating its high therapeutic potential for cancer39

treatment. Currently, the origin of the differential effect of MRT on tumour and normal40

tissue (referred to as ’the microbeam effect’) is a matter of scientific debate. Hypotheses41

proposed include a role for vascular maturity [15–17], the immune system [18–21] and42

bystander effects [22,23]. More recently, however, there is growing evidence for normal43

tissue sparing through the use of ultra-high dose rates delivered at synchrotron facilities44

(FLASH) [24,25]. Hence, it remains to be seen how much of the normal tissue sparing45

previously attributed to MRT, is indeed a result of spatial dose fractionation as opposed46

to FLASH effects.47

Moreover, there is little data to support the existence of the microbeam effect in vitro [23,48

26,27], i.e. in the absence of immune system- or vascular-mediated effects. A differential49

response to MRT in normal and tumour cells in vitro would indicate a role for additional50

components, such as bystander signalling. Previous work on MRT evaluation in vitro51

either lacked a detailed comparison of normal and tumour cells [26,28], or did not52

evaluate MRT in relation to conventional BB irradiation. A possible reason may be53

difficulties in comparing the highly heterogeneous dose profiles of MRT to BB for this54

purpose. In light of the linear-quadratic relation of cell survival with radiation dose, it is55

clear that neither mean, peak nor valley dose alone are sufficient for a comparison with56

BB treatments.57

In this study we evaluate the response of four tumour and non-tumour human cell58

lines in response to BB and MRT to investigate and quantify differential effects of these59

treatments delivered with a conventional X-ray tube and optional MRT collimation60

[29]. As such, our system precludes the presence of FLASH effects implying that any61

differential would exclusively be attributed to spatial fractionation. Moreover, by means62

of calculating cell survival using BB linear quadratic model parameters and the MRT dose63

distribution we are able to draw a direct comparison between BB and MRT treatment64

efficacies.65

2. Materials and Methods66

2.1. Cell Culture67

Human umbilical vein endothelial cells (HUVEC) from pooled donors were pur-68

chased from Lonza (Slough, UK) and MRC-5 normal lung fibroblasts, from Sigma69

Aldrich Ltd. (Germany). For the purposes of this manuscript we will refer to these70

as “normal” cells. The human non-small cell lung cancer lines A549 and NCI-H2371

were obtained from The American Type Culture Collection (ATCC, Gaithersburg, USA).72

Tumour cell lines were cultured in Dulbecco’s minimal essential medium F12 (Gibco73

Life Technologies Ltd., Paisley, UK), and MRC-5 cells were cultured in minimal essen-74

tial medium (MEM; Gibco Life Technologies Ltd), both supplemented with 10% foetal75

bovine serum (PAN Biotech GmbH, Aidenbach, Germany). HUVECs were cultured in76

endothelial cell growth medium-2 (Lonza) including all supplements supplied by the77

manufacturer. Cells were maintained in a humidified incubator at 37◦C and 5% CO2.78

Screening for mycoplasma contamination was performed by polymerase chain reaction79

(Surrey Diagnostics, Cranleigh, UK) and cell lines were authenticated in-house by short80

tandem repeat analysis using a Gene Print 10.0 kit (Promega, Madison, USA) and a81

3730xl DNA analyser (Applied Biosystems, Warrington, UK).82

2.2. Clonogenic Assay83

To ensure that all clonogenic assays were carried out on exponentially growing cells,84

cells were seeded at approximately 16 hours prior to RT, yielding 80% confluence at time85

of irradiation. Following irradiation cells were immediately harvested by trypsinisation,86



Version June 25, 2021 submitted to Cancers 3 of 13

counted and plated at appropriate numbers in triplicate in 6-well plates. Cells were then87

incubated under the specified culture conditions and allowed to form colonies for 7-1488

days, depending on the cell line. Colonies were fixed in ice-cold methanol at -20◦C for89

20 minutes, left to dry, and stained in 0.5% crystal violet solution (Sigma Aldrich Ltd.).90

Colonies containing 50 or more cells were counted. Plating efficiency of the cells for each91

condition was calculated as the ratio of colonies counted per cell number seeded. The92

clonogenic survival was calculated as the ratio between plating efficiencies of treated93

and untreated cells. For each experiment three independent repeats were performed and94

mean values and standard deviations are reported.95

2.3. Irradiation procedure96

For all experiments X-rays were generated from an X-ray tube (HPZ-160-11, Varian97

Medical Systems) mounted in an X-ray cabinet (Xstrahl, Camberley, UK). An acceleration98

voltage of 160 kV, and a tube current of 11.3 mA for BB or 5.6 mA for MRT generation99

was used. The beam was hardened by 1 mm aluminium filtration resulting in a dose-rate100

of 0.031± 0.002 Gy/s at the sample position for BB exposures. MRT was generated as101

previously described [29]. In short, a bespoke collimator was mounted 70 mm from the102

source of the beam. The collimator consisted of 50 µm wide beam-slits spaced 400 µm103

apart.104

The MRT field was characterised following previously published procedure [30] using105

EBT-XD films (Gafchromic, Bridgewater, US; dynamic dose range of 0.1-60 Gy, spatial106

resolution of < 25 µm). For absolute dose measurements, calibration films were exposed107

to 0–100 Gy under BB conditions and correlated with ionisation chamber (Semiflex, PTW,108

Germany) measurements. Films were also exposed to MRT in cell treatment geometry,109

i.e. accounting for equal depths of scatter material, here poly(methyl methacrylate), and110

air gaps. All exposed films were scanned 48 h after irradiation at 4 µm resolution with111

an optical microscope (Axio Scan, Zeiss, Oberkochen, Germany). Images were corrected112

for illumination and stitching artefacts using ZEN software (Zeiss, 2011). The dose dis-113

tribution was measured in three independent experiments for MRT exposure duration114

between 3.5 and 12 min per film, to cover both peaks and valleys within the dynamic115

range of the films. For each film a dose rate volume histogram (DVH) was calculated and116

a mean DVH was generated from three independent repeat measurements (see Figure117

1). For each DVH bin, only pixels within the dynamic range of the film were included.118

The specifications of our system resulted in a heel effect across the exposed area leading119

to a spread of the individual peak and valley doses and deviation of the DVH for a120

perfect two peak distribution. Hence, all following data are reported as a function of this121

full spectrum of doses with errorbars representing the standard deviation over repeat122

measurements.123

For comparison with BB irradiation at two distinct dose levels, the DVH was approxi-124

mated by a step function resulting in the same integral dose as the MRT dose distribution125

(see Figure 1, dashed line). The coefficient of determination measured on a log scale be-126

tween idealized and experimentally measured DVH was R2 = 0.85 which corresponded127

to a PVDR of 22, and a spatial fraction of 80%/20% of cells receiving the valley/peak128

dose. This distribution was delivered for dose mixing experiments.129

2.4. Dose mixing130

Cells were irradiated separately under BB conditions with either a peak or a valley131

dose, accounting for a constant PVDR of 22. Due to longer exposure duration for132

MRT experiments, flasks were left at room temperature after irradiation for equivalent133

amounts of time prior to trypsinisation. Following dissociation and counting, the cells134

were mixed such that 20% received the peak dose and 80% the valley dose, mimicking135

the results obtained from the dose rate volume histogram in Figure 1. Cell suspensions136

were plated for clonogenic survival, as described above.137
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Figure 1. Dose rate volume histogram obtained as an average over 17 film measurements at
different exposure duration (solid line). Shaded background corresponds to the standard deviation
of these measurements per DVH bin. The dose distribution was approximated by an idealized,
two-step DVH (dashed line) corresponding to the same integral dose rate of 0.044 Gy/s, a PVDR
of 22 and a fraction of 80/20 % of cells receiving the valley/peak dose.

2.5. Cell survival analysis138

The dependence of clonogenic cell survival S on a single fraction of radiation dose139

d is conventionally described by the linear quadratic (LQ) model [31].140

S(d) = e−Y = e−(αd+βd2) (1)

Here, the biological effect, Y, characterises cell survival as a second order polyno-141

mial of the dose d and the cell line and radiation quality dependent parameters α and β.142

For MRT a fraction ν(di) of the cell culture is exposed to dose di, within the spectrum143

{di} of N different doses di(i = 1...N). Assuming that cells are homogeneously plated144

this is equal to the area fraction exposed to di. The LQ-model predicted survival fraction145

Spred is then calculated as follows:146

Spred(ν({di})) =
N

∑
i

ν(di) · S(di) (2)

The clonogenic survival in response to BB irradiation was fitted to the LQ-model in147

MATLAB (version 2017a) using a nonlinear least square approach resulting in α and β148

values for each cell line. For MRT and mixing experiments cell survival was predicted149

according to equation (2) using the α and β values calculated from the BB survival.150

Statistical analysis was performed by two-way ANOVA testing in SPSS (version 26).151

3. Results152

In order to compare the effectiveness of BB irradiation relative to MRT we first153

established the sensitivity of the cell lines to standard BB radiation (Figure 2, Table I). We154

observed that HUVECs (normal endothelial cells) were the most radiosensitive cells and155

A549 lung cancer cells were the most radioresistant. Statistical analysis revealed that156

at 2 Gy survival of A549 cells was significantly higher (p < 0.05) than any of the other157

three cell lines. No other significant differences in survival following BB irradiation were158

seen between any of the cell lines, at any of the given doses.159

Having established that the cell lines under study displayed comparable sensitivity to BB160

irradiation we next evaluated MRT irradiation sensitivity, and predicted survival based161

upon the LQ-model with BB parameters (eq. (2)). Figure 3 shows the survival of the four162

cell lines following either BB or MRT, as well as the LQ-model based predicted survival163
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Figure 2. Biological effect of BB irradiation. Mean values and standard deviation of three indepen-
dent experiments are shown. Data were fit by the LQ-model as indicated by lines (solid: A549,
dashed: NCI-H23, dashed-dotted: MRC5, dotted: HUVEC); fit parameters obtained are shown in
Table 1.

Cell line α [Gy−1] β [Gy−2]

MRC5 0.52± 0.06 0.018± 0.007
NCI-H23 0.59± 0.07 0.012± 0.009

A549 0.29± 0.05 0.036± 0.006
HUVEC 0.67± 0.01 0.028± 0.002

Table 1: LQ-model parameters α and β for homogeneous BB irradiation with 95%
confidence bounds.

with relevant uncertainty bands. For all cell lines BB irradiation was more effective164

than MRT when compared at equal integral dose levels. Additionally, all four cell lines165

tolerated MRT less than predicted by the LQ-model with BB parameters. However, the166

clonogenic survival observed for the normal cells (MRC-5 and HUVEC) after MRT was167

closer to their predicted survival than the survival observed for the tumour cell lines. In168

the case of the normal lung fibroblast cell line MRC-5 the observed survival fell within169

the uncertainties of the prediction at integral doses higher than 15 Gy.170

To assess the importance of the spatial distribution of dose gradients for MRT on the171

survival of normal and tumour cells we performed dose mixing experiments, where172

cells were irradiated with BB irradiation at two dose levels and then the cells were mixed173

post irradiation with a PVDR of 22 and 80% of cells receiving valley dose. Figure 4174

demonstrates a response similar to that of MRT, as measured by clonogenic survival, can175

be achieved in this way.176

Figure 5 compares the clonogenic survival following BB irradiation and the valley177

dose (corrected to account for differences in seeding numbers) of the dose mixing178

experiments in order to evaluate differential response of normal and tumour cells in a179

direct comparison without model prediction. For all four cell lines the survival of the180

cell population receiving the mixing valley dose was below that of the BB irradiated181

cells. Importantly, this difference in survival is much more pronounced for the tumour182

cells than the normal cells. Whereas in the two normal cell lines the survival at the183

highest valley dose of 3.6 Gy falls within the margins of error of survival following BB184

irradiation (no significant difference), there was a significant difference for the A549 and185

NCI-H23 cells (p < 0.01, unpaired t-test).186
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A B

C D
Figure 3. The biological effect of the investigated cell lines over integral dose (Dint) for BB and MRT together with the surviving
fraction predicted by the LQ-model using BB parameters (solid lines). Shaded areas represent uncertainty due to LQ-model parameter
fit uncertainty and dosimetric uncertainty as indicated in Figure 1. Data are shown for A) A549, B) NCI-H23 C) HUVEC and D) MRC-5
cells.
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A B

C D
Figure 4. Comparing biological effect of MRT and dose mixing experiments as a function of integral dose. Survival curves are shown
for A) A549, B) NCI-H23 C) HUVEC and D) MRC-5
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A B

C D
Figure 5. Comparing biological effect of BB against the valley dose of dose mixing experiment. Dose mixing surviving fractions were
divided by 0.8 to account for only 80% of cells receiving the valley dose. BB results are shown with the relevant LQ-model fit (shaded
areas indicate fit 95% confidence intervals). Survival curves are shown for A) A549, B) NCI-H23 C) HUVEC and D) MRC-5



Version June 25, 2021 submitted to Cancers 9 of 13

4. Discussion187

In this study we aimed to address three unmet research questions in the field of188

MRT: i) is there a differential response of normal and tumour cell lines to MRT in vitro?189

ii) can the cellular response observed after synchroton MRT be recapitulated using bench-190

top equipment and in the absence of FLASH effects and iii) how to best compare cell191

survival following BB irradiation to survival following exposure to inhomogeneous MRT192

dose distributions to obtain a biologically more meaningful representation compared to193

plotting as a function of either peak, valley or mean (i.e. integral) dose levels?194

To date, there are few reports of a normal tissue sparing effects following spatially195

fractionated radiation at an in vitro level: whereas Ibahim et al. were unable to demon-196

strate normal tissue sparing [19], Peng et al. reported that the specific field patterns197

influenced the results and that 2.5 mm stripes but not 5 mm stripes resulted in decreased198

cell survival of tumour cell lines compared to homogeneous radiation [23]. Here, we199

demonstrated enhanced cell killing by MRT compared to BB (see Figure 3). This effect200

was significantly more pronounced in tumour cells compared to normal cells. As such,201

it indicates that the differential effect of MRT in vitro enhanced tumour cell killing rather202

than providing improved normal tissue sparing as suggested by multiple studies in203

vivo [2,9,10,32,33]. We suggest that bystander signalling between cells is responsible204

for the additional cell killing observed, as indicated by several previous analyses[34].205

Tumour cells were markedly more sensitive to mixed beam irradiations than normal cells,206

particularly when considering they showed equivalent sensitivity to BB irradiation. One207

possible explanation is that the normal cell lines we used are less sensitive to bystander208

signalling than the tumour cell lines. It is well documented that not all cell lines are209

able to produce bystander signals [35,36] and are equally responsive to them. Specifi-210

cally, both actively proliferating and transcriptionally active cells are more sensitive to211

bystander signals [37,38] which supports our observations of more actively proliferating212

tumour cells being more sensitive to MRT than normal cells exhibiting slower doubling213

times. Future experimental analysis should address the mechanisms underlying the214

cellular response to MRT or mixed dose irradiation to confirm this hypothesis.215

It should be stressed that our results reflect clonogenic cell survival. Clonogenic assays216

are generally considered the gold-standard method for evaluation of radiosensitivity.217

For this assay cells are trypsinised following irradiation (removing them from the spatial218

pattern) and plated at a relatively low density (≈ 5− 1000cells/cm2). In such a setting,219

cell-cell communication seems to be of importance after irradiation as a delayed event, as220

opposed to taking place during the radiation exposure itself. This would be in agreement221

with the accepted time frames of bystander signalling [39]. The spatial arrangement222

of the delivered dose was found here to be irrelevant for measured surviving fractions223

as the dose mixing experiments (Figure 4) demonstrate that the clonogenic survival224

following MRT can be replicated by separately irradiating cells with homogeneous225

peak or valley doses and mixing them post irradiation. This finding may be specific to226

the clonogenic assay and it is possible that results would differ for assays where the227

cells remain in situ after irradiation or are plated at higher density than that used for228

clonogenic assays.229

To the best of our knowledge we are the first to examine the effect of MRT in vitro using a230

bench-top X-ray source. The dose rates used here (< 0.2 Gy/s) fall well below the range231

of dose rates previously attributed to FLASH effects [40]. Previous work employed232

synchrotron sources[19,23,41,42] and therefore it has been impossible to distinguish if233

any differential effects of MRT and BB irradiation were due to the spatial fractionation, or234

a result of FLASH effects. Here, we can discount any involvement of FLASH effects and235

attribute the differential response of normal and tumour cells wholly to the irradiation236

with high (peak) and low (valley) doses, either in the form of MRT or by post-mixing of237

separate BB irradiations. A similar conclusion was made by Smyth et al. who compared238

the relative toxicity of MRT and BB radiation at high and low dose rates [25]. They saw239

no evidence of normal tissue sparing following BB irradiation at dose rates of 37 to 41240
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Gy/s which could be considered marginally below the range of dose rates typically241

associated with FLASH effects.242

The work presented further contributes to the ongoing discussion of whether it is appro-243

priate to compare valley, peak or mean dose of MRT to BB doses. Whilst it is generally244

accepted that the peak dose is not the main contributor to cellular response to MRT,245

there remains evidence that neither integral nor valley dose [19] can accurately predict246

cellular response to MRT. Given the linear quadratic dose relation of cell survival, MRT247

is expected to yield higher survival relative to BB at the same integral dose levels (as also248

observed in Figure 3). Valley dose on the other hand yields lower surviving fractions for249

MRT compared to BB since cells exposed to peak doses are unlikely to form colonies.250

We hence included model predictions into the visualisation of our results (Figure 3) that251

account for the full dose-spectrum delivered to be able to compare BB and MRT directly.252

Additionally, through dose mixing experiments, with known fractions of cells receiving253

only peak or valley doses, we were able to directly compare BB and spatially fractionated254

RT cell survival as a function of valley dose (with appropriate correction to account for255

only 80% of cells receiving this dose). The results obtained from these two approaches256

agreed and demonstrate an increased tumour cell killing in the presence of ablated cells.257

This implies that valley dose is not the only factor contributing to cell survival but that258

ablated cells negatively impact the survival of the population receiving the valley dose259

by bystander signalling.260

5. Conclusions261

Using a bench-top x-ray source we have demonstrated a differential in vitro response262

of lung cancer cell lines, endothelial cells and fibroblasts to microbeam irradiation at263

dose rates precluding the presence of FLASH effects. Specifically, we observed an264

increased tumour cell sensitivity to MRT, whereas normal cell survival following MRT265

was comparable to survival after BB irradiation. Cell survival after MRT was replicated266

by mixing populations of cells irradiated separately with high and low BB doses. Both267

of these results indicate a role for bystander signalling in the response of both, normal268

and tumour cells to MRT in vitro.269
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DVH Dose rate volume histogram
RT Radiation therapy
MRT Microbeam radiation therapy
BB Broad beam
OAR Organ at risk
PVDR Peak-to-valley dose ratio
LQ model Linear quadratic model

Appendix A. Tabulated cell survival data

Table 1: Broad beam cell survival data for the four cell lines used. Mean values and standard deviations of three
independent repeat experiments are reported.

Dose [Gy] HUVEC MRC5 NCI-H23 A549
0 1 ± 0 1 ± 0 1 ± 0 1 ± 0
2 0.25 ± 0.03 0.28 ± 0.04 0.32 ± 0.02 0.55 ± 0.06
4 0.048 ± 0.019 0.084 ± 0.008 0.065 ± 0.014 0.17 ± 0.03
6 0.007 ± 0.002 0.023 ± 0.01 0.026 ± 0.006 0.056 ± 0.01
8 0.001 ± 0.0001 0.007 ± 0.004 0.003 ± 0.0002 0.006 ± 0.002

10 0.001 ± 0.00005 0.001 ± 0.00002 0.002 ± 0.001

Table 2: Microbeam cell survival data for the four cell lines used. Mean values and standard deviations of three
independent repeat experiments are reported.

Mean Dose [Gy] HUVEC MRC5 NCI-H23 A549
0 1 ± 0 0.5 ± 0.25 1 ± 0 1 ± 0
2 0.57 ± 0.02 0.3 ± 0.14 0.32 ± 0.02 0.57 ± 0.08
6 0.13 ± 0.05 0.09 ± 0.02 0.059 ± 0.004 0.17 ± 0.03

10 0.06 ± 0.01 0.035 ± 0.011 0.009 ± 0.0004 0.049 ± 0.012
14 0.03 ± 0.01 0.021 ± 0.006 0.007 ± 0.0002 0.006 ± 0.004
18 0.017 ± 0.004 0.01 ± 0.003 0.003 ± 0.0002 0.004 ± 0.002
22 0.003 ± 0.001 0.002 ± 0.001
26 0.001 ± 0.0006 0.001 ± 0.0001

Table 3: Mixed broad beam cell survival data for the four cell lines used. Mean values and standard deviations of three
independent repeat experiments are reported.

Mean Dose [Gy] HUVEC MRC5 NCI-H23 A549
0 1 ± 0 1 ± 0 1 ± 0 1 ± 0
2 0.59 ± 0.01 0.42 ± 0.03 0.41 ± 0.02 0.62 ± 0.02
4 0.1 ± 0.02 0.23 ± 0.024 0.073 ± 0.001 0.18 ± 0.02

10 0.072 ± 0.029 0.15 ± 0.029 0.015 ± 0.002 0.05 ± 0.009
18 0.025 ± 0.005 0.072 ± 0.004 0.006 ± 0.0004 0.02 ± 0.005
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