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Introduction

Current practices for the treatment of primary resectable cancer is very effective. However in many cases, cancer cells spread beyond the primary tumour making treatment therapeutically challenging, often resulting in poor outcomes. In this context, targeted α-therapy (TAT) has showed great potential in treating systematically diffuse cancer and metastatic lesions. Alpha particles have the advantage of a short range, well adapted to sub-millimeter tumors (100 µm or less), a high linear energy transfer (LET) and a potent cytotoxicity. Importantly, TAT is not affected by tissue oxygen levels [START_REF] Sgouros | Alpha-particles for targeted therapy[END_REF][START_REF] Zalutsky | Radioimmunotherapy with alpha-particle emitting radioimmunoconjugates[END_REF] or dose rate effect. This is of particular interest in cancer treatment, as it is known that a significant proportion of cancers present a hypoxic microenvironment which affects the efficacy of radiotherapy [START_REF] Gray | The concentration of oxygen dissolved in tissues at the time of irradiation as a factor in radiotherapy[END_REF][START_REF] Horsman | The impact of hypoxia and its modification of the outcome of radiotherapy[END_REF] . These favorable properties explain the increasing development and use of TAT [START_REF] Guerard | Which radionuclide, carrier molecule and clinical indication for alpha-immunotherapy[END_REF] , and the recent introduction of a novel radiopharmaceutical, bone-seeking α-emitter 223 Ra (Xofigo®), for the treatment of metastatic prostate cancer [START_REF] Maffioli | New radiopharmaceutical agents for the treatment of castration-resistant prostate cancer[END_REF][START_REF] Barbet | Radiolabeled Antibodies for Cancer Imaging and Therapy[END_REF] .

The development of new radiopharmaceuticals goes along with preclinical studies assessing their efficiency in tumor control as well as toxic effects in healthy tissues. It is also highly desirable to compare their effects to other radiotherapy treatments such as x-Ray external beam radiotherapy (EBRT) or β-emitting targeted radiotherapy [START_REF] Falzone | Dosimetric evaluation of radionuclides for VCAM-1-targeted radionuclide therapy of early brain metastases[END_REF] . It is thus necessary to have an accurate knowledge of the activity administered to the biological sample and of the mean absorbed dose to the cells per unit time-integrated activity (S-values) [START_REF] Bolch | MIRD pamphlet No. 21: a generalized schema for radiopharmaceutical dosimetry--standardization of nomenclature[END_REF][START_REF] Šefl | Dosimetry as a Catch in Radiobiology Experiments[END_REF][11][START_REF] Sgouros | MIRD Pamphlet No. 22 (Abridged): Radiobiology and Dosimetry of α-Particle Emitters for Targeted Radionuclide Therapy[END_REF] . In vitro dosimetry in TAT is particularly challenging because of the short range of α-particles and the µm diameter of cell cultures. In this configuration, the fraction of energy emitted by the radioactivity that is absorbed by the cells depends on many parameters and is poorly known.

Consequently, studies evaluating the biological effects through in vitro experiments are based on a number of assumptions, such as a uniform distribution of the radionuclides in solution. While these assumptions might be reasonable for radionuclides emitting β-particles in the mm to cm range, they can strongly affect the accuracy of dosimetry in in vitro irradiations performed with α-emitters. This work formed part of a preclinical study that evaluated the therapeutic potential of TAT, combining an α-emitting radionuclide ( 212 Pb) to an anti-VCAM-1 antibody ( 212 Pb-αVCAM-1). The upregulation of vascular adhesion molecule (VCAM-1) has been shown to be specific to early stage brain metastases 8,13- 15 . The objective of the present study was thus to perform accurate and reliable dosimetry for in vitro irradiations with 212 Pb-αVCAM-1. The first step of this work was the experimental determination of the spatial distribution of radionuclides in culture medium using α energy spectra measurements and Monte Carlo (MC) simulations. These data allowed the determination of the fraction of α-particles emitted by the radioactivity absorbed by the cells. In a second step, MC simulations were performed to determine the average dose deposited in cells per emitted α-particle, allowing the calculation of S-values and the absorbed dose to the cells for the experimental conditions.

Materials and methods

An experimental setup and MC simulations were implemented to measure the spatial distribution of the α-emitting 212 Pb-αVCAM-1 in the context of in vitro irradiations and to calculate the corresponding dose deposition in cells.

Conjugation and radiolabeling of targeted alpha-particle therapeutic 212 Pb-αVCAM-1

212 Pb (Orano-Med, Bessines-sur-Gartempes, France) was conjugated to VCAM-1 using a protocol based on previous publications [START_REF] Boudousq | Comparison between Internalizing Anti-HER2 mAbs and Non-Internalizing Anti-CEA mAbs in Alpha-Radioimmunotherapy of Small Volume Peritoneal Carcinomatosis Using 212Pb[END_REF][START_REF] Tan | Significant systemic therapeutic effects of high-LET immunoradiation by 212Pb-trastuzumab against prostatic tumors of androgen-independent human prostate cancer in mice[END_REF] . The metal chelator, TCMC (Macrocyclics, Plano, USA) was conjugated in 15-fold molar excess with the VCAM-1 antibody, resulting in a ligand to antibody ratio of 2. One mg of TCMC-VCAM-1 was then incubated for 30 min with 37 MBq of 212 Pb at 37°C. Using instant thin layer chromatography (iTLC) the radiolabelling yield was found to be 93.5%. The solution was resuspended in PBS before being added to the wells of a six-well plate.

In vitro assessment of the 212 Pb-αVCAM-1 radiopharmaceutical

212 Pb, which has a 10.6 hours half-life, does not itself emit α-particles but produces 212 Bi (60.5 minutes half-life) through β-decay. Two decay paths can then be followed by 212 Bi that will lead to the emission of α-particles of 6.1 and 8.8 MeV with respective probabilities of 36 and 64 %. These particles have respective projected ranges of 50 and 91 µm in water and LET reaching 226 keV/µm along their path [START_REF] Ackerman | Targeted alpha therapy with 212Pb or 225Ac: Change in RBE from daughter migration[END_REF] .

The whole decay chain of 212 Pb also generates the emission of β-particles, photons (γand x-rays) and Auger electrons. The electrons emitted during the decay chain (β-particles, Auger, or secondary electrons produced by photons) present LET values below 2.3 keV/µm in all cases.

VCAM-1 has previously been shown to be upregulated on the surface of endothelial cells [START_REF] Soto | Functional role of endothelial adhesion molecules in the early stages of brain metastasis[END_REF][START_REF] Serres | Molecular MRI enables early and sensitive detection of brain metastases[END_REF] and in a recent study, it has been used to target brain micrometastases. 212 Pb-αVCAM-1 was evaluated in clonogenic assays with MDA cells which don't express VCAM-1. Consequently the dose deposited in cells was only the result of the cells thickness and the radioisotopes distribution and decay, as there was no specific-binding between the cells and the antibody.

Experimental α-particle count rates and energy spectra

The α-particle spectra were measured by silicon detectors placed in two different configurations, represented in figure 1. Culture medium containing 15 kBq of 212 Pb-α-VCAM-1 was added about 8 hours after the conjugation to each test well, at an initial time t = 0 min. The injected activity was obtained by diluting the initial solution which activity was measured from the 238.6 keV γ-peak (energy window 50-300 keV) of the 212 Pb decay with a Gamma counter Cobra (GMI-INC, USA). Measurements were performed without cells with a depth of 1.8 mm of medium in each well. This configuration is quite representative of our clonogenic assay where the cells don't express VCAM-1. In the first setup (CH1 corresponding to the acquisition channel 1), a custom-made well was placed 1 mm above a silicon detector. The dish base consisted of a 2.5 µm polyester film (mylar), much thinner than the range of αparticles, thus allowing their transmission toward the detector. This setup allowed the detection of the activity located at the bottom of the culture medium. In the second configuration (CH2), the silicon detector was placed above a TTP tissue culture test plate (Dutscher), commonly used in biological experiments, with a diameter of 21.6 mm and height of 20 mm. This configuration provided a second independent measurement of the α-spectra. In this setup the detector was sensitive to radioactivity located in the upper part of the medium (i.e. from the surface to a few tens of µm in depth). Both setups were implemented in a light-tight box at room temperature about 20 °C). The silicon detectors used (MSD026-150 commercialized by Micron Semiconductor Ltd, UK), were 144 µm thick, which is greater than the range of α-particles in silicon but small relative to the range of electrons, thus making them insensitive to emissions other than α-particles. Given the α particles energy and the relatively low counting rate, the detection efficiency was 100 %. The detectors were connected to preamplifiers and a FASTER acquisition system which recorded the energy and the arrival time of each particle that reached the detectors during a 20 hour period. The measurement chain was calibrated in energy with the two α emission peaks at 6.1 and 8.8 MeV.

Signal measurements were processed after this time period to determine the experimental count rates and energy spectra for both configurations over time. Integration times of 100 s were used in the first 15 minutes (to achieve a high initial time resolution) and 600 s thereafter.

Alpha particles emitted by the radionuclides inside a material are continuously attenuated until they exit.

Consequently, the energy spectrum measured from a material containing 212 Pb isotopes will not present the original 2 peaks at 6.1 and 8.8 MeV, but a continuum of lower energies. The analysis of this spectrum allows the determination of the material thickness crossed by the different α-particles, and thus their emission position.

Simulated energy spectra

Monte Carlo simulations were performed using GATE (Geant4 Application for Tomographic Emission) [START_REF] Sarrut | A review of the use and potential of the GATE Monte Carlo code for radiation therapy and dosimetry applications[END_REF] v8 to study the evolution of α-particle spectra measured by the silicon detectors according to the position of α-emission. For that purpose, the geometry and materials of the experimental setups (represented in figure 1) were modelled. Culture medium was represented as water.

As the detectors are insensitive to β-particles and photons, the 212 Pb decay chain was simulated by the corresponding α-energy spectrum only (1 simulated α-particle corresponding to 1 decay). The 212 Pb spatial distribution was assumed to be solely a function of the distance z between the particle emission position and the medium surface (distance from the bottom of the dish in the case of CH1 and from the surface of the medium in the case of CH2 as shown by the z axes in figure 1). Cylinder sources of the same diameter as the culture medium and 2 µm thick were simulated at different distances 𝑧 𝑖 , ranging from 0 to 90 µm in 2 µm increments, in the culture medium. The number of α particles recorded in the silicon volume decreases with the distance because of the geometrical efficiency and the increasing thickness of water between the source and the silicon volume. Consequently, the number of primary particles was increased from 1  10 5 to 6.6  10 6 between 0 and 90 µm respectively.

The energy spectra SPMC(zi, E) were recorded in the silicon detector volume for every source distance 𝑧 𝑖 .

Spatial distribution of radionuclides

The spatial distribution of 212 Pb-αVCAM-1 was determined at the top and the bottom of the culture medium at different times t (min) as informed by the experimental and simulated spectra acquired as described above. Experimental spectra of the energy deposited in the silicon detectors were generated by α-particles emitted from different positions in the culture medium. Subsequent MC simulations were performed to determine the energy spectra SPMC(zi, E), corresponding to particular positions zi (µm), E(MeV) arising from the energy deposited in the detector. It is then possible to combine these individual spectra to describe the spectrum generated by a complex isotope spatial distribution:

𝑆𝑃(𝑡, 𝐸) = ∑ 𝐴(𝑡, 𝑧 𝑖 ) • 𝑆𝑃 𝑀𝐶 (𝑧 𝑖 , 𝐸) 𝑖 (1)
with A(t, zi) the α-emitter spatial distribution at time t. This distribution was assumed to be composed of a uniform distribution h(t) and an exponential concentration gradient defined by a(t) and b(t):

𝐴(𝑡, 𝑧 𝑖 ) = ℎ(𝑡) + 𝑎(𝑡) • 𝑒 -𝑏(𝑡)•𝑧 𝑖 (2)
The variability of the b parameter allows describing very different distributions from an almost linear gradient (b<<1) to a sharp gradient at the surface (b>>1). These three parameters, and thus the radionuclide spatial distribution, were determined at each measurement time by minimizing the ² parameter between SP(t, E) and the experimental spectrum SPexpe(t, E) measured in section 2.1.

Absorbed radiation dose to cells

The calculation of the absorbed radiation dose to the cells is based on the fraction of energy imparted by the α-particles in cells. This factor depends not only on the LET of particles reaching the cells, but also on the cell thickness. Consequently, absorbed dose calculations were divided into two steps: the measurement of the cell thickness by two-photon imaging and the MC simulation of dose deposition by α-particles in cells.

Cell thickness measurement

In vitro tumor cell thickness was evaluated using two-photon imaging. Cells were plated in 6-well plates (750 cells/well). The next day, two-photon imaging was performed on a Leica DM6000 stand (CYCERON biomedical imaging platform) with a 25x/0.95 water HCXIRAPO objective and laser excitation wavelength centered at 900 nm. A total of 8 cells were evaluated and cell thickness determined using ImageJ software [START_REF] Schneider | NIH Image to ImageJ: 25 years of image analysis[END_REF] and PMOD 3.1 software.

Simulation of the fraction of deposited energy

The CH1 simulation setup was modified by removing the silicon detector and replacing the mylar base with a 2 mm thick plastic base. A cylindrical volume of water representing a monolayer cell culture, whose thickness was measured in the previous section, was simulated below the culture medium. As in section 2.3, a cylindrical α-source of the same diameter as the culture medium and 2 µm thick was simulated in the culture medium at different distances from the cells. For each distance 𝑧 𝑖 , the mean dose deposited in the cell volume per α-particle, S(zi), was thus determined. Finally the absorbed dose rate to cells 𝑑𝐷 𝑑𝑡 (𝑡) deposited by the whole radionuclide distribution was calculated:

𝑑𝐷 𝑑𝑡 (𝑡) = ∑ 𝐴(𝑡, 𝑧 𝑖 ) • 𝑆(𝑧 𝑖 ) 𝑖 (3) 
with A(t, zi) the spatial distribution of radionuclides determined in the previous section. This dose deposition was compared to uniform and static distributions of the same activity (15 kBq at t =0 min).

Results and discussion

Experimental α-particle count rates and energy spectra

Experimental count rates are represented in figure 2 (A) and (B) with the count rates expected assuming (as is normally done) a static and uniform radionuclide distribution. These results highlight that experimental count rates are higher than those based on common assumption in both configurations. In the case of CH1, there is a substantial difference in count rate with a significant increase in the count rate during the first 180 minutes of addition of radioactivity to the medium. After that time, the behavior progresses toward the predicted 212 Pb decay rate, although the decrease constant remains smaller than the 212 Pb decay constant (8.9710 -4 min -1 versus 1.0910 -3 min -1 ). In the case of CH2, contrary to CH1, a fast decay is observed during the first few minutes. After that, the decrease becomes exponential with a constant comparable to the 212 Pb decay constant (1.0610 -3 min -1 ). Experimental spectra are represented in light colors in figure 2 (C) and (D). For clarity, only the spectra measured at 0, 15, 65 and 245 min are displayed but similar results were obtained at all measurement times. Energy spectra show differences between both configurations. Indeed, because of the lower count rate in CH2 (due to the larger distance between the culture medium and the detector), spectra measured in this configuration have a lower signal to noise ratio. It can also be seen that because of the 19 mm of air crossed by particles in CH2 (compared to 1 mm in CH1), the maximum energy recorded in CH2 is lower than in CH1 (respectively 7.7 and 8.6 MeV). More importantly, the two configurations result in spectra of significantly different shapes, indicative of differences in isotope distributions at the top and the bottom of the culture medium. Finally, the shape of the spectra measured in CH1 clearly shows variations over time, which indicate temporal modifications of the spatial distribution and are in agreement with the count rate measurements.

Energy spectra Monte Carlo simulations

The MC energy spectra of α particles emitted at 0, 10, 20, 40 and 60 µm from the surface, necessary to determine the 212 Pb-αVCAM-1 spatial distribution, are represented figure 3. For clarity, other spectra are not represented. The largest relative statistical uncertainties on the number of particles recorded in the silicon volume were 0.6 % for CH1 and 1.5 % for CH2. They clearly show the moderation of α particles by increasing thicknesses of medium. They also show the effect of the more important thickness of air in the CH2 setup, leading to a lower maximal energy deposited in the silicon detector.

Figure 3. Energy spectra simulated in both configurations (CH1 and CH2) for alpha particles emitted from different depths.

Radionuclide spatial distribution

The convoluted spectra, given by Eq. ( 1 The evolution of the spatial distribution was analyzed more closely through the parameters h(t), a(t) and b(t), represented in figure 5. As already shown in figure 4, the uniform distributions, represented in the upper part of figure 5 have comparable values for the two experimental configurations, CH1 and CH2, which is consistent with the identical activity injected in both configurations. In CH1, an initial phase shows a decrease followed by a slight increase in α-particle emission rate up to t = 120 min. After 120 min, both uniform distributions return to an exponential behavior, with a decrease constant of 8.810 -4 min -1 for CH1, smaller than the to the migration of radionuclides toward the lower part of the dish over time, compensating for radionuclide decay.

The concentration gradient, described by a(t) (indicating the gradient intensity) and b(t) (indicating its spatial extension) is represented in the lower part of figure 5. In the case of CH1, the significant increase of a(t) during the first 180 minutes shows that the count rate augmentation observed in figure 2 is due to a marked increase in the concentration gradient in the lower part of the dish during the first 180 minutes. This increase shows two phases before 50 and 180 minutes. The evolution of b(t) shows an increase after about 75 min, before a stabilization around 150 min, which indicates a reduction of the gradient extension at the beginning of the irradiation. After t = 180 min, the intensity follows an exponential decrease with a constant of 8.92 10 -4 min -1 . As for the uniform distribution, this is smaller than the 212 Pb decay constant, indicating that the radionuclide distribution is not static but continues to contribute to the formation of a gradient after 180 min, even if at a slower rate, compensating for the decay of 212 Pb.

In the case of CH2, the magnitude of the gradient intensity is about 4-fold smaller than for CH1. Despite the greater amount of noise, it can be seen that the gradient intensity decreases during the first 120 min, before following exponential behavior with a decrease constant of 1.1410 -3 min -1 which is of the same order as the decay constant of 212 Pb. The evolution of b(t) in CH2 is subjected to very significant variations owing to the high noise measured in this configuration and, subsequently, a less accurate ² minimization. Nevertheless, these values reveal sharper gradients than in CH1 irrespective of the time.

For dosimetry considerations, the spatial distribution A(zi, t) measured over time for CH1 provides the fraction of the 15 kBq of radioactivity to which cells would be exposed in these irradiation conditions.

Dose deposition in cells

Cell thickness measurement

The determination of cell thickness was performed on two-photon images of tumor cells; examples shown in figure 6. The measurements performed on the side view provided a mean thickness of 20.25 µm with a standard deviation of 1.82 µm. 

Fraction of deposited energy simulation

The MC simulations performed with the experimental cell thickness allowed the determination of the dose deposited in cells (modelled as a 20 µm thick cylindrical volume of water) per emitted α-particle, represented in figure 7 A) as a function of the emission position (S(zi)). The absorbed dose rate generated by the spatial distribution of radioactivity measured in section 3.3 is then represented in figure 7 B) as a function of time following addition of radioactivity to cells and compared to the dose rate expected for a uniform and static distribution. These two curves, similar to the count rates displayed in figure 2 for CH1, show important discrepancies. 

Discussion

This study presents the spatial distribution measurements of an α-emitter in the context of a typical in vitro irradiation. The study was performed with two independent setups (a custom-made well with αparticle detection from below, and a commercially available well with particle detection from above) allowing detection of the changing distribution of 212 Pb-αVCAM-1 in the culture medium over 20 hours.

Both configurations provided comparable results, thus indicating good experimental reliability.

Nevertheless, the count rates measured in both setups were higher than those expected for a uniform and static distribution. This may indicate a lower activity at the middle of the culture medium but could also be explained by an inaccurate measurement of the activity initially injected. This should be investigated in further experiments.

Data analysis, by means of MC simulation, showed that the spatial distribution of radionuclides was composed of a homogenous part and a concentration gradient oriented toward the surfaces of the medium (the bottom in the case of CH1 and the top in the case of CH2). The homogenous component was found to be of the same order of magnitude in both configurations. After a first decrease phase observed in CH1 before t = 120 min, a migration of radionuclides toward the bottom was observed. This migration was significant and may be explained by the migration of 212 Pb-αVCAM-1 molecules, due to gravity or electrostatic attraction to the mylar surface. Concentration gradients were also analyzed at both extremities of the culture medium. At the top, the gradient spatial extension was limited to about 4 µm and its intensity followed 212 Pb decay. This concentration gradient can be explained by a meniscus at the surface of the liquid. The concentration gradient observed in the lower part of the dish was much more marked, in terms of spatial extension (about 10 µm) and intensity. Moreover, a(t) showed three different phases: two increasing phases before t =50 min and t = 180 min, and an exponential decrease after 180 minute, slower than the 212 Pb decay. It is possible that the first fast phase may be explained by electrostatic attraction, whereas the slower phase after t = 180 min may be explained by gravity combined with the physical limit of the mylar base. Further investigations with molecules presenting different characteristics (free 212 Pb for instance) could provide more insight on the displacements in the culture medium.

This experiment, performed without cells, proves the extreme complexity of radiopharmaceutical kinetics during in vitro assessment and the huge consequence on dosimetry. The complex kinetics described above are very dependent on the experimental conditions and various parameters could change the results of this study. Indeed, it can be assumed that the electrostatic attraction of the mylar was different from a standard culture dish, or that the temperature and humidity inside an incubator may change the culture medium viscosity or its evaporation. Similarly, a single activity level (15 kBq) was tested in this work, while the activity concentration could have an impact on the kinetics.

Hence, even though the assessment of the temporal and spatial distribution of radionuclides described here is much more representative of our in vitro experiments than the commonly applied assumption of uniformity of distribution (because cancer cells don't express VCAM-1), it primarily shows the magnitude of error in dose calculation during in vitro experiments. The comparison of the absorbed dose with the one expected for a uniform and static distribution, highlights the significant discrepancies in current methodologies assuming uniform and static activity distributions. In this leads to a major concern for the quantitative interpretation of radiobiology experiments. Indeed, the inaccuracy of absorbed dose calculation could inevitably bias the preclinical assessment of TAT and makes comparison with β-emitters treatments (whose longer range and lower LET imply different S-values) impossible.

In the case of specific-biding of the radiopharmaceutical to receptors on the cells surfaces or internalization into the cells, the kinetics is even more complex. Indeed, it is determined by the interactions between the cells and the antibody, but also the stability of the chemical bound between the chelator and the radioisotope (in particular in the case of α-emitters). The impact of gravity and electrostatic mechanisms on dose deposition is then certainly much less significant. Experimental dosimetry is thus even more necessary for clonogenic assays of specific-binding radiopharmaceuticals, and must absolutely be performed with cells. To answer that issue, the experimental setup presented in this study could be implemented in in vitro experiments with customized culture wells. Indeed, experimental energy spectra of α-particles combined with appropriate MC simulations, would provide the spatial and temporal distribution of α-emitting radioisotopes, thus taking into account internalization or unbound isotopes for instance. Further studies are thus necessary to improve the dosimetry of short range particle emitters (α particles or Auger electrons).

To advance towards microdosimetry and improved biophysical models [START_REF] Rahmanian | Application of fluorescent nuclear track detectors for cellular dosimetry[END_REF][START_REF] Sadremomtaz | Cellular dosimetry of different radionuclides for targeted radionuclide therapy: Monte Carlo simulation[END_REF] , the spatial distribution of the radiopharmaceutical in the culture medium should be completed by evaluation of the subcellular distribution. The imaging techniques described here to determine the cells thickness, could be expanded to fluorescence tagged antibodies of VCAM-1 to provide the activity distribution as a function of depth in the cell layer. These measurements could then be combined with a more realistic geometry of cells to determine specific energy loss in the different cell compartments.

Conclusion

This study presents the experimental determination of the spatial distribution of 

Figure 1 .

 1 Figure 1. Cross section of the experimental setups. In the first configuration (CH1), a custom made well with a mylar base of 2.5 µm thickness, was placed 1 mm above a silicon detector. In the second configuration (CH2), the detector was placed above a standard culture well (from 6-well plate) of 21.6 mm diameter and 20 mm height. The distance between the culture medium surface and the active area of the silicon detector was 19 mm.

Figure 2 .

 2 Figure 2. (A) and (B): count rates measured as a function of post-injection time in both configurations and compared to the count rates expected for a static and uniform distribution. (A) corresponds to the CH1 setup and (B) to the CH2 setup. (C) and (D): energy spectra measured at 0, 15, 65 and 245 min respectively in CH1 and CH2 setups (plain lines) and convoluted spectra (bold dashed lines).

  ) were determined by ² minimization with experimental spectral. They are represented in dashed lines in the lower part of figure2, and show very good agreement with experimental spectra for all measurement times. The corresponding spatial distributions, determined by this method at 0, 15, 65 and 245 min, are represented in figure4. The direction of z was inverted for CH2 in order to represent in the same figure both extremities of the distribution of the 212 Pb-αVCAM-1 in the culture medium. It is not possible to record the distribution in the middle of the dish because of the short α-particle range. Figure4shows that the uniform distributions measured in these two independent configurations are very close (about 16 particles emitted per second by each 2 µm thick slice of culture medium for CH1, and 18 particles emitted per second for each 2 µm thick region for CH2). However, the concentration gradients are quite different when comparing the lower and upper parts of the distribution. The gradient at the base of the dish (CH1) extends to about 10 µm and its intensity increases with time relative to the uniform distribution. The gradient at the top (CH2) is narrower (about 4 µm) and the intensity is almost constant over time.

Figure 4 .

 4 Figure 4. 212 Pb-VCAM1spatial at the bottom and the top of the culture medium at different measurement times.

Figure 5 .

 5 Figure 5. Evolution of 𝒉(𝒕), 𝒂(𝒕) and 𝒃(𝒕) for both configurations

Figure 6 .

 6 Figure 6. Tumor cell thickness two-photon imaging evaluation. (A) Representative two-photon imaging of two GFP positive tumor cells. (B) 3D view from the bottom of the two representative tumor cells. (C) 3D view from the left of the two representative tumor cells.

Figure 7 .

 7 Figure 7. Dose deposited by alpha particles in a 20 µm thick cylindrical volume of water representing cell culture. A) Dose deposited per emitted α-particle according to the emission position. B) Dose deposited in 10 minutes by the experimental spatial distribution and a uniform and static distribution as a function of time. C) Absorbed dose as a function of exposure time for the experimental and a uniform and static distribution.

  212 Pb-αVCAM-1 in solution and provides a calculation of S-values and absorbed dose for α-particles in classical in vitro irradiations, typical of those used for clonogenic assays. The results demonstrate the problems associated with the assumption of a uniform and static spatial distribution of activity during cell exposure, and the unsuitability of methods used with β-emitters. Indeed, assuming uniform and static spatial distributions leads to significant errors in absorbed dose calculation and, consequently, in the quantification of biological effects. This issue prevents the comparison of treatment efficacy with other experiments or treatments. The measurements of this study, performed without cells, are quite representative of our 212 Pb-αVCAM-1 clonogenic assays. Nevertheless in vitro experiments implying specific-binding with the cells should necessarily require measurements in presence of cells. Future experiments performed with short-range particle emitters should thus rely on spatial distribution measurements of the activity and an accurate assessment of cell thickness to ensure accurate interpretation.

  

Pb decay constant, and 1.0510 -3 min -1 (comparable to the 212 Pb decay constant) for CH2. This points
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