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Linear energy transfer (LET)
distribution outside small
radiotherapy field edges produced
by 6 MV X-rays

Y. Huerta-Juan?, N. Xicohténcatl-Hernandez*? & G. Massillon-JL1**

In modern radiotherapy with photons, the absorbed dose outside the radiation field is generally
investigated. But it is well known that the biological damage depends not only on the absorbed dose
but also on LET. This work investigated the dose-average LET (L, ;) outside several small radiotherapy
fields to provide information that can help for better evaluating the biological effect in organs at

risk close to the tumour volume. The electron fluences produced in liquid water by a 6 MV X-rays
Varian iX linac were calculated using the EGSnrc Monte Carlo code. With the electron spectra, L,
calculations were made for eight open small square fields and the reference field at water depths of
0.15 cm, 1.35 cm, 9.85 cm and 19.85 cm and several off-axis distances. The variation of L, , from the
centre of the beam to 2 cm outside the field’s edge depends on the field size and water depth. Using
radiobiological data reported in the literature for chromosomal aberrations as an endpoint for the
induction of dicentrics determined in Human Lymphocytes, we estimated the maximum low-dose
relative biological effectiveness, (RBE,) finding an increase of up to 100% from the centre of the beam
to 2 cm from the field’s edge.

Track-average (L, ;) and dose-average (L, ;,) linear energy transfer (LET)! are two non-stochastic quantities
that have been proposed by the International Commission on Radiation Units and Measurements®™ to describe
the quality of an ionizing radiation beam. L, ; is the average energy lost by charged particles due to collisions
in crossing a certain distance with energy transfers less than some specified energy cutoff value, A, while L, ;,
corresponds to the average LET associated with the absorbed dose distribution?. But for proton therapy, L, ;, has
been reported to be more suitable for studying the biological effectiveness instead of L, ;>° due to the fact that
during the interaction with the cellular or sub-cellular target, the number of proton tracks per cell is consider-
able at doses therapeutically relevant®. Similarly, from a dosimetric point of view, L, ;, has been considered as a
better parameter to describe the response of different dosimeters”® since it shows a better relationship between
the LET distribution and the dosimeter’s response. In radiotherapy with protons, research has been made to
investigate not only the absorbed dose outside of the field>!° but also the L, , distribution in organs at risk close
to the tumour volume!'2. In addition, concerns have been expressed related to the clinical consequence of the
L, p level surrounding tumour volumes and principally in organs at risk adjacent to the tumour'>'%. In modern
radiotherapy techniques with photons, there are interests regarding the increase of the survival probability for
treated patients to live enough for experimenting with the late radiation effect. For that reason, in contrast to
proton therapy, investigations have been performed to determine the absorbed dose levels outside the field
size®™*¢ to study any possible radiobiological effect. The radiobiological effect is quantified through the relative
biological effectiveness (RBE) which is the ratio of a dose from a reference radiation, (**’Cs or ®Co y rays) to a
dose from a test radiation that gives an identical level of biological effect, and its values vary with the dose, dose
fractionation, dose rate, species and biological endpoint considered. Besides the absorbed dose, LET should be
considered since it is directly related to biological effectiveness. Concerning LET distribution outside the field
size for radiotherapy with photons, Kirkby et al.'” have calculated L, ; of the total electron fluence generated by a
6 MV X-ray beam. They reported an important contribution of low energy electrons outside of the primary field
whose L, ; values vary from 0.22 to 0.37 keV/um at 2 cm from the beam’s edge for a 10 x 10 cm? field which are
similar to those observed for '*’Cs photon source!”. They also conclude that RBE can augment by approximately
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25% at 2 cm from the beam’s edge!”. But, to the best of our knowledge, there is no investigation about L, j, dis-
tribution outside small field sizes in radiotherapy with photons.

Recent studies have revealed that L, ;, of low-energy secondary electron (produced by electron-electron
interactions) spectra generated by photons are a good parameter to describe a dosimeter response in terms of
ionization density”'®". So, for small radiotherapy fields, L, ;, of secondary electrons outside of the fields should
be taken into account in the evaluation of the possible late effect of secondary radiation on healthy organs close
to the tumour volume. This work aimed at investigating the beam characteristics outside of several small radio-
therapy fields from 0.7 cm x 0.7 cm up to 4.5 cm x 4.5 cm and the reference 10 cm x 10 ¢cm field in terms of dose-
average LET, L, j,. We calculated the L, j, for the total electron fluences (TEF: all primary electrons generated by
photons + secondary electrons due to electron—electron interactions) and secondary electron (SE: electrons due to
electron—electron interactions). Chromosomal aberration is a disorder characterized by a morphological change
(deletions, inversions and exchanges) or numerical alteration (gains and losses) in single or multiple chromo-
somes. Due to their potential to cause stochastic effects, chromosomal aberrations are considered of interest as
a biological endpoint. Thus, to put into perspective the LET values obtained in this work, we used chromosomal
aberrations results published by Schmid and colleagues® to predict the maximum low-dose relative biological
effectiveness (RBE)) for the induction of dicentric determined in Human Lymphocytes.

Materials and methods

The total (TEF) and secondary (SE) electron spectra produced by a 6 MV X-rays Varian iX linac in liquid water
were calculated for eight open small square fields of 0.7x 0.7 cm?, 0.9x 0.9 cm?, 1.8 x 1.8 cm?, 2.2x2.2 cm?,
2.7%2.7 cm?, 3.1x3.1 cm?, 3.6 3.6 cm?, 4.5x 4.5 cm? and the reference field of 10x 10 cm?. The spectra were
obtained at 0.15 c¢m, 1.35 cm, 9.85 cm and 19.85 cm water depths and several off-axis distances (distances out-
side the central axis) using the FLURZnrc module of the EGSnrc?' Monte Carlo code. The calculations were
made at 100 cm source-to-surface distance (SSD). Information about the generation of the phase space files
and the benchmarking process are reported in our previous work®. In the simulations, 5 x 10'° histories were
followed. The electron transport cut-off (ECUT) and photon transport cut-off (PCUT) were 512 keV and 1 keV,
respectively. The maximum fractional energy loss per step (ESTEPE) was 0.01% and the cross-section database
generated by the XCOM package was considered. The choice of Monte Carlo simulation settings and their impact
on the LET calculations has been evaluated and reported previously'®". Using the electron fluences, the dose-
average LET, L, p,, have been evaluated as:

Lyp = JEIABOEIE + L)) .
T [P LAE)PE)E + S(A)D(A)A

For completeness, the track-average LET, L, T, was also evaluated as:

[ Ly (B)®(E)E + S(A)D(A)A
B @ (E)dE + ©(A)A

Lar = ()

where S(E), La (E), Eand®(E) are the calculated unrestricted and restricted stopping power?, the electron energy
and the electron energy fluence, respectively. S(A) P (A) A corresponds to a correction for electrons with energies
that follow below A?*. The LET values were obtained for A=1 keV.

As mentioned above, RBE is defined as the ratio of absorbed doses necessary to produce the same biological
effect from two radiation beam qualities and depends on the biological system, endpoint, cell type and LET.
In this work, the RBE; outside of the fields has been predicted using available radiobiological data reported
for chromosomal aberrations as an endpoint for the induction of dicentrics revealed in Human Lymphocytes
exposed to a broad range of photon energies®. This is done to put into perspective the LET values obtained. For
that, the data reported in Table 4 from Schmid et al.?’. for dicentrics determined in Human Lymphocytes has
been fitted. Figure 1 displays the data and a polynomial fit of degree two that describes the data.

Using the polynomial fit, the RBE,; was estimated for four water depths and several off-axis distances.

Results and discussion

Figure 2a and b display the L, j, values as a function of the off-axis distance for the field size of 0.7 x 0.7 cm* and
2.7x2.7 cm?, respectively. As can be seen, independent of the field size and the electron fluence, L, ;, is almost
constant within the centre of the beam and increases as the off-axis distance increases. This can be associated with
the existence of low photon energy outside of the field’s edge which generated low-energy secondary electrons®.
Note that in both Fig. 2a and b, at 0.15 cm water depth close to the phantom surface, L, , for the TEF slightly
increases beyond the field’s edge while for the SE, L, , decreases instead. Such a feature is observed for all the
field sizes studied. This is presumably associated with the contribution of high energy electrons coming from
the head of the linac which reach the water surface?”. For the TEF, the variation of L, ;, from the centre of the
beam to 2 cm outside of the field edge depends on the field size and increases by up to 14-21% at 1.35 cm water
depth (close to the maximum dose, d,,,), 10-14% at 9.85 cm water depth, 8.5-11% at 19.85 cm water depth,
being greater for larger field size. For the SE spectra, the L, , varies from 3.4 to 9.7% at 1.35 cm water depth,
3.5% to 10.2% at 9.85 water depth and 6.2% to 8.2% at 19.85 water depth from the centre of the beam to 2 cm
outside the field’s edge. Figure 3a-d display the La p values for TEF and SE spectra as a function of field size at
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Figure 1. Maximum low-dose RBE), for dicentrics determined in Human Lymphocytes as a function of photon
energy reported in Table 4 by Schmid et al.*’.

several depths and off-axis distances. Tables 1, 2, 3 and 4 present the L p data for 0.15 cm, 1.35 cm, 9.85 cm
and 19.85 cm water depths, respectively. As can be seen in Fig. 3a to b for the centre and the edge of the fields,
the shape of the curves of La p versus field size are very similar. Whereas, for 1 cm and 2 cm beyond the edge
of the field size shown in Fig. 3c and d, L p increases, reaches a maximum and thereafter decreases as the field
size increases. Note that in Fig. 3a and ¢, the L p decreases as the depth increases. This is expected due to the
hardness of the X-ray beams caused by the photon attenuation as the depth augments. But in Fig. 3d, the La p
at the surface of the beam is smaller than at the other depths. This could be associated with the contribution of
high-energy electrons scattered close to the surface of the phantom.

The La,p values reported in this work for the TEF vary from 2.45 to 2.98 keV/um at 2 cm from the field’s
edge, while for the SE, the values of L p are the order of 6.70 keV/um to 7.40 keV/pm. Such results suggested the
importance of considering the secondary electrons generated by photons since they are the main ones responsible
for the biological damage of ionizing radiation into the matter.

Also included in Tables 1, 2, 3 and 4 are the L, 1 data for 0.15 cm, 1.35 cm, 9.85 cm and 19.85 cm water
depths, respectively. The shape of the curves L, versus field size (not shown) are comparable to that shown
in Fig. 3a—d for L p versus field size. That is, La, T increases as a function of the field size and decreases as the
depth decreases. Similar to La p, La, T diminishes within the centre of the beam and growths outside of the field’s
edge, independent of the electron spectra. But in contrast to La p, La, T varies from 0.24 to 0.38 keV/pum at 2 cm
from the field’s edge which represents an augmentation of ~ 60%. This would suggest higher biological effects at
distances beyond the field’s edge. For the 10 x 10 cm field, the La, 1 values obtained in this work are analogous
to those reported by Kirkby and colleagues'”. In this work, the L 7 values at 9.85 cm water depth vary from
0.25 t0 0.28 keV/um at 2 cm from the field’s edge, versus 0.22 keV/um to 0.37 keV/pm at 5 cm depth reported
by Kirkby and colleagues.

The estimated RBE; for dicentrics determined in Human Lymphocytes as a function of off-axis-distance
at 0.15 cm, 1.35 cm, 9.85 cm and 19.9 cm water depths are displayed in Tables 1, 2, 3 and 4, respectively. Note
the high degree of uncertainty in the RBE; values obtained, which is associated with the large uncertainty in
the reference data. Similar to the LET values, within the field size, the RBE,, is almost constant and increases
as the distance outside of the field’s edge increases. For example, the biological effectiveness at 2 cm outside the
field edge can have values up to 2 compared to 1.08 witing the field size (see data for a water depth of 1.35 cm in
Table 2). Which represents an increase by a factor of two. Also, observe that RBE,; values are larger at 1.35 cm
depth than the other depths. This can be explained by the fact that at this depth the beam doesn’t reach the
charged particle equilibrium yet. The change in RBE), from the centre of the beam to 2 cm outside the field’s
edge depends on the field size and increases by up to 100% at 1.35 cm depth, 80% at 9.85 cm depth, and 60%
at 19.85 cm depth. As seen in Tables 1, 2, 3 and 4, the change in RBE from the primary field to 2 cm from the
field’s edge is remarkably larger than the variation in LET. This is presumably associated with the limitation of
1 keV as electron transport energy cut-off in the Monte Carlo calculation of the electron fluences. That s, it is
possible to follow electrons down to 1 keV. This means one can only follow electrons until the kinetic energy
falls to 1 keV and assume that, at energy below, all the energies are deposited locally. Such a limitation can be
overcome by introducing in the Monte Carlo code new cross-section data recently reported for very low energy
electrons with acceptable accuracy?®.
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Figure 2. (a) Dose-average LET for the field size of 0.7 x 0.7 cm? as a function of the off-axis distance. (b) Dose-
average LET for the field size of 2.7 x 2.7 cm? as a function of the off-axis distance.
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Conclusions

We have investigated the dose-average linear energy transfer (La,p) distribution outside the field’s edge of several
small radiotherapy beams. In addition, we estimated the maximum low-dose relative biological effectiveness
(RBEy) for dicentrics determined in Human Lymphocytes using biological data published in the literature. We
observed that both RBE,; and La p are almost constant within the centre of the beam and increase outside the
field’s edge. From the centre of the primary radiation field to 2 cm from the field’s edge, La,p has a maximum
increase of up to 21% while RBE,, varies by up to 100%. The RBE data presented here are from in vitro cellular
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Figure 3. (a) Dose-average LET at the centre of the beam as a function of the field size. (b) Dose-average LET
at the edge of the beam as a function of the field size. (c) Dose-average LET at 1 cm from the edge of the beam
as a function of the field size. (d) Dose-average LET at 2 cm from the edge of the beam as a function of the field

size.

studies which offer the possibility to investigate basic biological responses to radiation. But in clinical radio-
therapy, the environment of the cell’s cloud such as organs should be considered, thus more studies have to be
done to evaluate how RBE effects observed in vitro can be translated into effects within complete biological
systems. One can conclude that the result of this work can be used as a starting point for the elucidation of the
clinical implications of LET and RBE in radiotherapy treatment with photons as done for protons?.
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Track-average | Dose-average
LET (keV/um) | LET (keV/pm)
Field size (cm x cm) Off-axis distance (cm) | TEF SE TEF SE RBE, relative to “°Co gamma rays
0.7x0.7 0 0.275 |1.886 |2.520 |[7.095 |1.08+0.32
0.9%x0.9 0 0.275 |1.885 |2.520 |[7.094 |1.08+0.32
1.8x1.8 0 0.276 |1.888 |2.527 |[7.101 |1.09+0.33
22x22 0 0.277 |1.885 |2530 |[7.103 |1.10+0.33
2.7x2.7 0 0.277 |1.879 |2.532 |7.099 |1.10+0.33
3.1x3.1 0 0.275 |1.843 |2.531 |7.082 |1.10+0.33
3.6x3.6 0 0.277 |1.880 |2.536 |[7.103 |1.11%+0.33
4.5x4.5 0 0.277 |1.850 |2.539 |[7.085 |1.12+0.34
10x10 0 0.274 |1.779 |2.546 |7.048 |1.16+0.34
0.7x0.7 0.175 0.275 |1.891 |2.519 |7.098 |1.08+0.34
0.9%x0.9 0.225 0.275 |1.894 |2521 |7.102 |1.08+0.33
1.8x1.8 0.45 0.276 |1.886 |2.526 |7.100 |1.10+0.33
22x22 0.55 0.277 |1.884 |2529 |7.101 |1.10+0.33
2.7x2.7 0.675 0.277 |1.875 |2.531 |7.097 |1.10+0.33
3.1x3.1 0.775 0.277 |1.873 |2531 |7.099 |1.11+0.33
3.6%x3.6 0.9 0.277 |1.871 |2.534 |7.096 |1.11+0.33
4.5x4.5 1.125 0.278 |1.877 |2.540 |7.099 |1.12+0.34
10x 10 2.5 0.282 |1.856 |2.563 |7.109 |1.17+0.34
0.7x0.7 0.35 0.274 |1.882 |2.520 |7.093 |1.08+0.36
0.9%x0.9 0.45 0.275 |1.883 |2.522 |7.093 |1.08+0.32
1.8x1.8 0.9 0276 |1.876 |2.528 |7.095 |1.10+0.33
2.2x22 1.1 0.277 |1.864 |2.535 |7.091 1.12+0.33
2.7%x2.7 1.35 0.277 |1.875 |2.533 |7.099 |1.11%£0.33
3.1x3.1 1.55 0.278 |1.871 |2.537 |7.098 |1.12+£0.33
3.6x3.6 1.8 0278 |1.876 |2.539 |7.102 |1.12+0.34
4.5x4.5 2.25 0.279 |1.885 |[2.542 |7.115 |1.13+0.34
10x10 5.0 0.285 |1.883 (2571 |7.137 |1.19+0.34
0.7x0.7 1.35 0.281 |1.531 |[2.638 |6.918 |1.52+0.46
0.9x0.9 1.45 0.281 1.546 [2.642 [6.939 |1.52+0.46
1.8x1.8 1.9 0.287 |1.571 |2.666 |6.972 |1.70+0.51
22x2.2 2.1 0.288 |1.591 |2.664 |6.985 |1.69+0.51
2.7%x2.7 235 0.279 |1.504 |[2.651 |6.900 |1.79+0.54
3.1x3.1 2.55 0.290 |1.583 [2.688 |6.995 |1.80+0.54
3.6%x3.6 2.8 0.286 |1.568 |2.664 |6.956 |1.71+0.51
4.5x4.5 3.25 0.283 |1.669 (2637 |7.016 |1.48+0.44
10x10 6.0 0.285 |1.799 |2.597 |7.099 |1.28+0.44
0.7x0.7 2.35 0.275 |1.491 |2.657 |6.860 |1.58+0.50
0.9x0.9 2.45 0.289 |1.502 |2.707 |6.930 |1.64+0.49
1.8x1.8 29 0.289 |1.516 |2.708 |6.939 |1.82+0.55
2.2x22 3.1 0.286 |1.521 |2.697 |6.935 |1.85%0.55
2.7%x2.7 3.35 0.284 |1.516 |2.689 |6.927 |1.93%£0.58
3.1x3.1 3.55 0296 |1.549 |2.737 |6.986 |1.95%£0.58
3.6x3.6 3.8 0.282 |1.487 |2.689 |6.893 |1.99+0.60
4.5x4.5 4.25 0.261 |1.255 |2.628 [6.632 |2.05+0.61
10x10 7.0 0.287 |1.596 |2.687 [6.990 |1.73+0.61

Table 1. Track and dose average LET of total fluence (TEF) and secondary electrons (SE) at water
depth=0.15 cm. We also include the predicted RBE,, for dicentrics determined in human lymphocytes. The
combined standard uncertainty of 0.6% (coverage factor k=1)*.
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Track-average | Dose-average
LET (keV/um) | LET (keV/pm)
Field size (cm x cm) Off-axis distance (cm) | TEF SE TEF SE RBE, relative to “°Co gamma rays
0.7x0.7 0 0242 | 1476 |2435 |6.718 |1.07+0.32
0.9%x0.9 0 0.241 |1.462 |2432 |6.704 |1.08+0.32
1.8x1.8 0 0242 |1.461 |2.436 |6.704 |1.10+0.33
22x2.2 0 0242 |1.461 |2439 |6.706 |1.10+0.33
2.7x2.7 0 0.243 | 1.463 |2.441 |6.710 |1.11+0.33
3.1x3.1 0 0242 |1.462 |2.440 |6.708 |1.11%£0.33
3.6x3.6 0 0.244 |1.465 |2.446 |6.714 |1.13£0.34
4.5x4.5 0 0245 |1.455 |2451 |[6.725 |1.13+£0.34
10x10 0 0.248 |1.478 |2474 |6.735 |1.13+0.34
0.7x0.7 0.175 0.242 | 1477 |2436 |6.724 |1.07+0.34
0.9%x0.9 0.225 0242 | 1473 |2435 |6.716 |1.08+0.32
1.8x1.8 0.45 0.242 | 1462 |2436 |6.704 |1.10+0.33
22x22 0.55 0.242 | 1.463 |2438 |6.707 |1.10+0.33
2.7x2.7 0.675 0.243 | 1.467 |2441 |6.711 |1.11+0.33
3.1x3.1 0.775 0243 | 1462 |2443 |6.708 |1.11+0.33
3.6%x3.6 0.9 0.244 | 1477 |2446 |6.724 |1.12+0.34
4.5x4.5 1.125 0245 | 1472 |2449 |6.723 |1.14+0.34
10x 10 2.5 0.250 |1.504 |2.478 |6.771 |1.14+0.34
0.7x0.7 0.35 0241 |1.472 |2434 |6.712 |1.08+0.32
0.9%x0.9 0.45 0241 |1.473 |2.434 |6.716 |1.08+0.32
1.8x1.8 0.9 0242 |1.464 |2439 |6.708 |1.11+0.33
2.2x22 1.1 0.243 | 1.466 |2.444 |6.713 |1.12+0.34
2.7%x2.7 1.35 0244 |1.475 |2.446 |6.724 |1.12+0.34
3.1x3.1 1.55 0.245 |1.479 |2.448 |6.730 |1.12+£0.34
3.6x3.6 1.8 0245 |1.484 |2450 |6.737 |1.13+0.34
4.5x4.5 2.25 0.246 |1.493 |[2455 |6.747 |1.14+0.34
10x10 5.0 0.253 | 1.517 |[2.483 |6.792 |1.14+0.34
0.7x0.7 1.35 0.278 |1.526 |[2.600 |6.878 |1.63+0.49
0.9x0.9 1.45 0.292 |1.611 |2.639 |6.984 |1.62+0.49
1.8x1.8 1.9 0.296 |1.630 |[2.661 |7.010 |1.79+0.54
22x2.2 2.1 0290 |1.592 |2.644 |6.966 |1.76+0.53
2.7%x2.7 235 0.304 |1.664 |[2.694 |7.065 |1.86+0.56
3.1x3.1 2.55 0.301 |1.627 |[2.685 |7.026 |1.85+0.56
3.6%x3.6 2.8 0293 |1.591 |2.657 |6.976 |1.75+0.52
4.5x4.5 3.25 0.281 |1.560 |[2.611 |6911 |1.52+0.46
10x10 6.0 0.261 |1.549 |2.527 |6.852 |1.52+0.46
0.7x0.7 2.35 0311 |1.526 |2.764 |6.878 |1.74%£0.56
0.9x0.9 2.45 0.321 |1.539 |2.796 |7.054 |1.77%0.53
1.8x1.8 29 0.350 |1.703 |2.863 |7.239 |1.92%0.58
2.2x22 3.1 0.355 |1.719 |2.876 |7.259 |1.95%0.58
2.7%x2.7 3.35 0371 |1.752 (2922 |7.315 |2.02%0.61
3.1x3.1 3.55 0374 |1.756 |2.931 |7.330 |2.04%0.61
3.6x3.6 3.8 0.385 |1.773 |2.957 |7.366 |2.08+0.62
4.5x4.5 4.25 0.393 |1.762 |2.980 |[7.386 |2.11+0.63
10x10 7.0 0.320 |1.673 |2.778 |7.124 |2.11+0.63

Table 2. Track and dose average LET of total fluence (TEF) and secondary electrons (SE) at water
depth=1.35 cm. We also include the predicted RBE,, for dicentrics determined in human lymphocytes. The
combined standard uncertainty of 0.6% (coverage factor k=1)*.
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Track-average | Dose-average
LET (keV/um) | LET (keV/pm)
Field size (cm x cm) Off-axis distance (cm) | TEF SE TEF SE RBE, relative to “°Co gamma rays
0.7x0.7 0 0.231 | 1.389 |2.404 |6.605 |1.01+0.30
0.9%x0.9 0 0.231 |[1.374 |2.402 |6.590 |1.01+0.30
1.8x1.8 0 0.232 | 1.381 |2.410 |[6.595 |1.03+0.31
22x22 0 0.233 | 1.382 |2413 |6.603 |1.04+0.31
2.7x2.7 0 0.234 | 1.388 |2.417 |6.609 |1.06+£0.32
3.1x3.1 0 0.234 |1.400 |2.417 |6.627 |1.06+£0.32
3.6x3.6 0 0236 |1.412 |2424 |6.642 |1.08%0.32
4.5x4.5 0 0.238 |1.379 |2433 |6.622 |1.10%£0.33
10x10 0 0.249 |1.464 |2486 |6.732 |1.10+0.33
0.7x0.7 0.175 0.232 | 1.389 |2405 |6.605 |1.01+0.32
0.9%x0.9 0.225 0.231 |1.382 |2.404 |6.598 |1.01+0.30
1.8x1.8 0.45 0.232 |1.380 |2.409 |6.595 |1.03+0.31
22x22 0.55 0.233 | 1.386 |2412 |6.604 |1.04+0.31
2.7x2.7 0.675 0.234 |1.390 |2417 |6.610 |1.06+0.32
3.1x3.1 0.775 0.235 |1.390 |2.420 |6.610 |1.06+0.32
3.6%x3.6 0.9 0.236 | 1.400 |2.425 |6.626 |1.08+0.32
4.5x4.5 1.125 0.238 |1.417 |2.433 |6.653 |1.10+0.33
10x 10 2.5 0249 | 1473 |2485 |6.741 |1.10+0.33
0.7x0.7 0.35 0.231 |1.379 |2.404 |6.595 |1.01+0.30
0.9%x0.9 0.45 0.232 | 1.381 |2.404 |6.598 |1.01+0.30
1.8x1.8 0.9 0.234 |1.387 |2.413 |6.606 |1.05+0.31
2.2x22 1.1 0235 |1.394 |2418 |6.616 |1.06+0.32
2.7%x2.7 1.35 0.235 |1.401 |2.421 |6.627 |1.06+£0.32
3.1x3.1 1.55 0.236 |1.403 |2.424 |6.634 |1.07%£0.32
3.6x3.6 1.8 0237 |1.410 |2.428 |6.641 |1.08+0.32
4.5x4.5 2.25 0.239 | 1.421 |2435 |6.656 |1.10+0.33
10x10 5.0 0.248 | 1465 |2478 |6.729 |1.10+0.33
0.7x0.7 1.35 0.264 |1.566 |[2.527 |6.702 |1.41+0.42
0.9x0.9 1.45 0.272 |1.617 |2.551 |6.761 1.42+0.43
1.8x1.8 1.9 0.275 |1.641 |[2.568 |6.741 |1.52+0.46
22x2.2 2.1 0.271 |1.605 |[2.556 |6.703 |1.48+0.44
2.7%x2.7 235 0.278 |1.644 (2579 |6.710 |1.55+0.46
3.1x3.1 2.55 0274 |1.612 |2.567 |6.693 |1.49+045
3.6%x3.6 2.8 0269 |1.586 |2.551 |6.672 |1.41+042
4.5x4.5 3.25 0.263 |1.559 |2.533 |6.651 |1.34+0.40
10x10 6.0 0.256 |1.506 |2.517 |6.668 |1.34+0.40
0.7x0.7 2.35 0.298 |1.566 |2.651 |6.836 |1.58+0.50
0.9x0.9 2.45 0.304 |1.763 |2.663 |7.102 |1.61+0.48
1.8x1.8 29 0.319 |1.883 |2.705 |7.211 1.68+0.51
2.2x22 3.1 0.323 |1.905 |2.718 |7.232 |1.71%£0.51
2.7%x2.7 3.35 0.331 |1.967 |2.740 |7.293 |1.76%0.53
3.1x3.1 3.55 0.334 |1.950 |2.755 |7.291 |1.77%0.53
3.6x3.6 3.8 0.340 [2.012 |2.767 |7.336 |1.79+0.54
4.5x4.5 4.25 0.342 1960 |2.784 |7.308 |1.83+0.55
10x10 7.0 0.284 |1.659 |2.632 [6.995 |1.83+0.55

Table 3. Track and dose average LET of total fluence (TEF) and secondary electrons (SE)at water
depth=9.85 cm. The combined standard uncertainty of 0.6% (coverage factor k=1)*. We also include the
predicted RBE),, for dicentrics determined in human lymphocytes.
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Track-average | Dose-average
LET (keV/um) | LET (keV/pm)
Field size (cm x cm) Off-axis distance (cm) | TEF SE TEF SE RBE, relative to “°Co gamma rays
0.7x0.7 0 0.223 | 1.307 |2.376 |6.489 |1.00+0.28
0.9%x0.9 0 0.223 | 1.300 |2.378 |6.486 |1.00+0.29
1.8x1.8 0 0224 |1.307 |2.386 |6.497 |1.00+0.29
22x22 0 0.225 |[1.320 |2.389 |[6.511 |1.00+0.29
2.7x2.7 0 0.227 | 1.327 |2.397 |6.521 1.00+0.30
3.1x3.1 0 0.227 | 1.308 |2.402 |[6.509 |1.01+£0.30
3.6x3.6 0 0.228 |1.330 |2.401 |[6.527 |1.02+0.31
4.5x4.5 0 0.231 | 1.334 |2414 |6.560 |1.05+0.31
10x10 0 0.242 | 1.404 |2.466 |6.650 |1.05+0.31
0.7x0.7 0.175 0.223 | 1.301 |2.378 |6.488 |1.00+0.30
0.9%x0.9 0.225 0.223 | 1.301 |2.379 |6.487 |1.00+0.29
1.8x1.8 0.45 0.225 |1.309 |2.385 |6.498 |1.00+£0.29
22x22 0.55 0.225 |1.313 |2.389 |6.504 |1.00+0.30
2.7x2.7 0.675 0.227 |1.323 |2.394 |6.513 |1.00+0.30
3.1x3.1 0.775 0.227 |1.325 |2.397 |6.519 |1.01+0.30
3.6%x3.6 0.9 0.228 |1.335 |2.402 |6.535 |1.02+0.31
4.5x4.5 1.125 0.231 |1.351 |2.412 |6.554 |1.05+0.31
10x 10 2.5 0242 |1.398 |2.470 |6.650 |1.05+0.31
0.7x0.7 0.35 0.223 | 1.304 |2.379 |6.490 |1.00+0.29
0.9%x0.9 0.45 0.223 | 1.301 |2.379 |6.487 |1.00+0.29
1.8x1.8 0.9 0.225 |1.312 |2.388 |6.504 |1.00+0.29
2.2x22 1.1 0226 |1.319 |2392 |6.514 |1.00%£0.30
2.7%x2.7 1.35 0.227 |1.319 |2.396 |6.519 |1.00£0.30
3.1x3.1 1.55 0.228 |1.318 |2.399 |6.521 |1.01+£0.30
3.6x3.6 1.8 0229 |1.331 |2402 |6.535 |1.02+0.31
4.5x4.5 2.25 0.231 1.349 |2.412 |6.557 |1.04+0.31
10x10 5.0 0.241 |1.401 |2.463 |6.647 |1.04+0.31
0.7x0.7 1.35 0.251 |1.468 (2448 |6.702 |1.28+0.38
0.9x0.9 1.45 0.256 |1.503 |2.504 |6.761 1.31+0.39
1.8x1.8 1.9 0.254 |1.485 (2502 |6.741 |1.34+0.40
22x2.2 2.1 0.249 | 1453 |2.486 |6.703 |1.28+0.38
2.7%x2.7 235 0.251 |1.462 (2493 |6.710 |1.29+0.39
3.1x3.1 2.55 0.248 |1.444 (2482 |6.693 |1.24+0.37
3.6%x3.6 2.8 0245 |1.429 (2471 |6.672 |1.20+0.36
4.5x4.5 3.25 0.242 | 1.411 |2.461 |6.651 1.17£0.36
10x10 6.0 0243 |1.416 |2.474 |6.668 |1.17+0.35
0.7x0.7 2.35 0.275 |1.591 |2.580 |6.893 |1.45+0.46
0.9x0.9 2.45 0.277 |1.608 (2589 |6911 |1.46+0.44
1.8x1.8 29 0.287 |1.685 |2.620 |6.991 |1.53+0.46
2.2x22 3.1 0.289 |1.695 |2.626 |7.002 |1.55%0.47
2.7%x2.7 3.35 0293 |1.739 |2.645 |7.044 |1.58%0.47
3.1x3.1 3.55 0295 |1.735 |2.651 |7.054 |1.60+0.48
3.6x3.6 3.8 0.297 |1.740 |2.653 |7.056 |1.61+0.48
4.5x4.5 4.25 0.298 |1.757 |2.663 |7.084 |1.64+0.49
10x10 7.0 0.259 |1.497 |2.543 |6.791 |1.64+0.49

Table 4. Track and dose average LET of total fluence (TEF) and secondary electrons (SE) at water
depth=19.9 cm. The combined standard uncertainty of 0.6% (coverage factor k=1)*. We also include the
predicted RBE),, for dicentrics determined in human lymphocytes.

Data availability
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reasonable request.

Received: 25 April 2023; Accepted: 7 October 2023
Published online: 06 December 2023

Scientific Reports|  (2023) 13:21466 | https://doi.org/10.1038/s41598-023-44409-8 nature portfolio



www.nature.com/scientificreports/

References

1.

Zirkle, R. E., Marchbank, D. F. & Kuck, K. D. Exponential and sigmoid survival curves resulting from alpha and x-irradiation of
Aspergillus spores. J. Cell. Comp. Physiol. 39(Suppl. 1), 75 (1952).

2. ICRU 16. Linear Energy Transfer (International Commission on Radiation Unit and Measurements, 1970).
3. ICRU 60. Fundamental Quantities and Units for Ionizing Radiation (International Commission on Radiation Units and Measure-
ments, 1998).
4. ICRU 90. Key Data for Ionizing-Radiation Dosimetry: Measurement Standards and Applications (Oxford University Press: Inter-
national Commission on Radiation Units and Measurements, 2016)
5. Grassberger, C. & Paganetti, H. Elevated LET components in clinical proton beams. Phys. Med. Biol. 56, 6677-6691 (2011).
6. Paganetti, H. Relative biological effectiveness (RBE) values for proton beam therapy. Variations as a function of biological endpoint,
dose, and linear energy transfer. Phys. Med. Biol. 59, R419-R472 (2014).
7. Massillon-JL, G. Track and dose-average LET dependence of Gafchromic EBT3 and MD-V3 films exposed to low-energy photons.
Sci. Rep. 10, 2361-2370 (2020).
8. Reinhardt, S. et al. Investigation of EBT2 and EBT?3 films for proton dosimetry in the 4-20 MeV energy range. Radiat. Environ.
Biophys. 54, 71-79 (2015).
9. De Saint-Hubert, M. et al. Validation of a Monte Carlo framework for out-of-field dose calculations in proton therapy. Front. Oncol.
12, 882489 (2022).
10. Oancea, C. et al. Out-of-field measurements and simulations of a proton pencil beam in a wide range of dose rates using a Timepix3
detector: Dose rate, flux and LET. Phys. Med. 106, 102529 (2023).
11. Fjeera, L. E. et al. Linear energy transfer distributions in the brainstem depending on tumour location in intensity-modulated
proton therapy of paediatric cancer. Acta Oncol. 56, 763-768 (2017).
12. Unkelbach, J., Botas, P., Giantsoudi, D., Gorissen, B. L. & Paganetti, H. Reoptimization of intensity modulated proton therapy
plans based on linear energy transfer. Int. J. Radiat. Oncol. Biol. Phys. 96, 1097-1106 (2016).
13. Kry, S. E et al. AAPM TG 158: Measurement and calculation of doses outside the treated volume from external-beam radiation
therapy. Med. Phys. 44, e391-¢429 (2017).
14. D’Agostino, E. et al. Peripheral doses in radiotherapy: A comparison between IMRT, VMAT and tomotherapy. Radiat. Meas. 57,
62-67 (2013).
15. Yan, H. et al. On the use of bolus for pacemaker dose measurement and reduction in radiation therapy. J. Appl. Clin. Med. Phys.
19, 125-131 (2018).
16. Bencheikh, M. et al. Study of 6 MV photon beam dose profiles, investigation and evaluation of scattered photons and electrons
contamination effects on beam dose profiles. Bulg. J. Phys. 45, 67-75 (2018).
17. Kirkby, C., Field, C., MacKenzie, M., Syme, A. & Fallone, B. G. A Monte Carlo study of the variation of electron fluence in water
from a 6 MV photon beam outside of the field. Phys. Med. Biol. 52, 3563-3578 (2007).
18. Cabrera-Santiago, A. & Massillon-JL, G. Track-average LET of secondary electrons generated in LiF:Mg, Ti and liquid water by
20-300 kV x-ray, 1*7Cs and °0Co beams. Phys. Med. Biol. 61, 7919-7933 (2016).
19. Massillon-JL, G. & Cabrera-Santiago, A. Dose-average linear energy transfer of electrons released in liquid water and LiF:Mg, Ti
by low-energy x-rays, '*7Cs and ®*0Co gamma. Biomed. Phys. Eng. Express 6, 037001 (2020).
20. Schmid, E., Regulla, D., Kramer, H.-M. & Harder, D. The effect of 29 kV X-rays on the dose-responseof chromosome aberrations
in human lymphocytes. Radiat. Res. 158, 771-777 (2002).
21. Kawrakow, I., Mainegra-Hing, E., Rogers, D., Tessier, F. & Walters, B. R. B. The EGSnrc Code System: Monte Carlo simulation of
electron and photon Transport, NRCC Report PIRS-701 (2016).
22. Xicohténcatl-Herndndez, N., Moreno-Ramirez, A. & Massillon-JL, G. Electron and photon energy spectra outside of 6 MV X-ray
small radiotherapy field edges produced by a Varian iX Linac Front. Phys. 9, 656922 (2021).
23. Attix, E. H. Introduction to Radiological Physics and Radiation Dosimetry (Wiley-VCH, 2004).
24. Nahum, A. E. Water/air mass stopping power ratios for megavoltage photon and electron beams. Phys. Med. Biol. 23, 24-38 (1978).
25. ANSI/NCSL Z540-2-1997, US Guide to the Expression of Uncertainty in Measurement, American National Standard for Expressing
Uncertainty (NCSL, 1997)
26. Flores-Mancera, M. A, Villarrubia, J. S. & Massillon-JL, G. Electron inelastic mean free paths for LiF, CaF,, Al,O;, and liquid water
from 433 keV down to the energy gap. ACS Omega 5, 4139-4147 (2020).
27. Bahn, E. et al. Late contrast enhancing brain lesions in proton-treated patients with low-grade glioma: Clinical evidence for
increased periventricular sensitivity and variable RBE. Int. J. Radiat. Oncol. Biol. Phys. 107, 571-578 (2020).
Acknowledgements
The authors thank Adriana Moreno Ramirez for her technical support. PAPIIT-UNAM grant IN118120 partially
supported this work.

Author contributions

G.M.JL. proposed the subject, analyzed the data, and wrote the main manuscript textY.H.]. analyzed the data
and prepared the figuresN.X.H. made the Monte Carlo simulation and discussed the resultsAll authors reviewed
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to G.M.-].

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2023) 13:21466 | https://doi.org/10.1038/s41598-023-44409-8 nature portfolio


www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports|  (2023) 13:21466 | https://doi.org/10.1038/s41598-023-44409-8 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Linear energy transfer (LET) distribution outside small radiotherapy field edges produced by 6 MV X-rays
	Materials and methods
	Results and discussion
	Conclusions
	References
	Acknowledgements


