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In a recent Letter,! our group introduced the new idea of
“gamma electron vertex imaging (GEVI)” for beam range ver-
ification in proton therapy. In the Letter, we mentioned that
the proton beam range can be determined within 2—3 mm er-
ror by using GEVI. Recently, however, we found that multiple
Coulomb scattering (MCS) process for electron was mistak-
enly omitted in our Geant4 simulation. It was a serious mis-
take. Therefore, we have repeated the simulation study again
including the MCS process, and this letter provides the re-
vised result.
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The new simulation conditions were identical to those
of the previous simulation with two exceptions: (1) The
MCS process was included in simulation. (2) The conver-
tor was changed to 1.08-mm-thick beryllium to minimize
the effect of MCS. As was in the previous simulation, 1.2
x 10° protons were incident on the phantom at two lo-
cations: 5 and 15 cm from the surface of the phantom
on the GEVI side. For image reconstruction, we employed
a Markov-chain based stochastic origin ensemble (SOE)
algorithm.>3
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F1G. 1. GEVIimage and projections. The upper plots show the results for d = 5 cm. The lower plots provide the GEVI image projections (gray square markers)
and prompt gamma distributions (red step lines), along with the distributions of absorbed dose (blue dash lines).
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Figure 1 shows new simulation results. The upper images
show the reconstructed GEVI images for d = 5 cm. The lower
plots provide the GEVI image projections (gray square mark-
ers) and prompt gamma distributions (red step lines), along
with the distributions of absorbed dose (blue dot lines). For
the purposes of a quantitative analysis, the projection data
were fit to the sigmoidal Boltzmann equation (black lines).

Compared with the previous results, the new results show
more blurry image due to MCS interactions of electrons in
the convertor. The results, however, still indicate that the pro-
jections of GEVI images are strongly correlated with the dis-
tributions of absorbed dose (which was the main conclusion
of our letter); the projections sharply dropped near the Bragg
peak. With sigmoidal Boltzmann curve-fitting, it was found
that the phantom depth corresponding to the half maximum
of the projection after the peak was always very close to the
proton beam range (= the depth corresponding to the 80%
dose level in the distal dose falloff). The results established
that the proton beam range can be determined within 3—6 mm
of error.
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In conclusion, we still believe that the GEVI has a great
potential for proton beam range verification. For precise mea-
surement, however, it is necessary to minimize the MCS ef-
fect. In this letter, we showed that the effect of MCS can be
minimized by two approaches: (1) by using an optimal con-
vertor which has a low density and thin thickness, and (2)
by using an advanced image reconstruction algorithm such as
SOE or expectation maximization. In the near future, we will
submit a full paper on GEVI, which will discuss these issues
in a great detail and, we hope, minimize the impact of our
mistake.
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