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DE=F{S-D+C-D(S-(I)TOT+G-<D,-O)} 6))
where
P— absorbed dose to normal cells in rd,
De = enhanced dose, _
N = radiation sensitization due to low LET radiation,
e cross section ratio, described above, '

®ror, . = fraction of total photoelectriceffect energy absorbed local-

ly (®rot) and of total energy released as primary, Auger,

and Coster-Kronig electrons (®.),

geometrical advantage due to Auger effect in DNA,

high LET enhancement due to recovery of normal tissue

from effects of low LET radiation, and

0 = Oxygen gain factor (OGF) of Auger electrons, where OGF
is the ratio of OER (oxygen enhancement ratio) for stand-
ard 250 kVp X-rays to the test system OER.

o
]

D./D: HHRE

20- 5% REPLACEMENT

401 25% REPLACEMENT

P ". [.3' 5

~
R

.|

ACUTE O1

(DE/D)

50 % REPLACEMENT

10,5
0 &

Fairchild and Bond, Strahlentherapie 160, 758, 1984




1 5-iododeoxyuridine (IUdR)
I-K,,,: 0.0374 nm (33.17 keV)
@® A:0.037 nm (33.5 keV)
. O A:0.038 nm
e AA: +IUdR (B3 :20% )
¥ . @O:-IUdR
(o)
e \ 5 D./D
: EER(E* | 2.05
2 :_nﬂﬂfﬁ 4.61
U - *10%EFRE TR
0 250 460 650

Exposure Gl Shinohara et al, Photon Factory Activity
Photon Factory Report 1984/1985, 225, 1986
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DE=F{SD+CD(S<I)TQT+G(D¢0)} (1)
it
) = absorbed dose to normal cells in rd,

= enhanced dose,
S = radiation sensitization due to low LET radlatlon 1.8
C = cross section ratio, described above,

Oro1, P = fraction of total photoelectric effect energy absorbed local-
ly (®Prot1) and of total energy released ac nrimarv Anocer,

and Coster-Kronig electrons DE/ D

G = geometrical advantage due tq—_

F = high LET enhancement due =8E* 2.05 |
from effects of low LET radid 1m

= Oxygen gain factor (OGF) of A—— & {15 4.61 bF
is the ratio of OER (oxygenei {&1F {E 2.56 |d-

ard 250 kVp X-rays to the testsystem UEK.

Shinohara et al, Photon Factory Activity Report 1986, 278, 1987
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Therapy by photon activation?

John Humm

Experience with conventional radio-
therapy has shown that to treat cancer
successfully, the maximum dose possible
must be delivered to the tumour —
typically 50-80 Gy (5.000-8,000 rad) —
compatible with the tolerances of the
normal sensitive body tissues. A new
approach 1o radiotherapy proposed by
R. L. Mills er al. elsewhere in this issue
(Nature 336, 787-789; 1988), uses a Mdss-
bauer resonance absorption technique
selectively to deliver sterilizing doses to
tumour cells, at the expense of only about
10~ Gy to the normal tissues. There is
impressive tumour ablation in tumour-
bearing mice after minute radiation doses,
and the authors allude to the implications
for this kind of therapy in man: significant
regression and maybe even cure at doses
less than received by a chest X-ray.

The Massbauer effect arises with par-
ticular radionuclide y-transitions when
the source is tightly bound within a crystal
lattice. Under these conditions, the crystal
as a whole can recoil, but if the recoil
‘energy is insufficient to excite the lowest
quantized phonon level of the crystal, the
‘emission can be totally without recoil and
the full emission energy is carried by the
y-photon. When this happens, a resonant
reabsorption of the source emission line
by anadjacent atom in the de-excited state
becomes highly probable because of the
-exact overlap between the parent emission
-and the daughter absorption bandwidths.
This very high-absorption cross-section,
Mills and his colleagues propose, could be
exploited for a novel kind of radiotherapy.

Selective absorption

Conventional radiotherapy uses high-
energy y-photons produced either by a “Co
source machine or by high-energy accel-
erators such as a LINAC. The primary
mode of energy deposition by such high-
energy photons is Compton scattering, the
cross-section of which varies only slightly
between the different tissue constituents.
If it were possible to obtain a selective
absorption of radiation in some element
which could be preferentially incorpor-
ated into tumour tissue via a cancer-
localizing drug, then the basis of a therapy
might be established. There are two
potential highly selective mechanisms of
photon absorption: the photoelectric
effect and the Mossbauer effect.

The photoelectric effect becomes the
dominant photon-interaction process in
tissue at energies less than 60 keV.
Because the photoelectric cross-section
increases with atomic number Z as Z*, ifa
high-Z element such as iodine could be

readily and specifically incorporated into
tumour tissue and then exposed to
photons of energy just above the binding
energy of the innermost orbital of iodine,
a selective absorption in iodine might be
induced when the differential cross-
section of iodine compared to tissue peaks
sharply. The photoelectric cross-section
of iodine just above the K-shell binding
energy (33.2 keV) is 38.4 cm’ per g versus
0.15 cm’ per g for tissue at this energy,
a gain of about 250. But before too
much jubilation, the predominant constit-
uent by weight of normal tissue, oxygen,
is probably at least 1,000 fold in excess
of the level of iodine achievable in the
cell nucleus.

But what if a high-Z element could be
specifically incorporated into the DNA of
the target cell? A photoelectric inter-
action, which induces an inner-shell elec-
tron vacancy within an atom, initiates
an electronic de-excitation process involv-
ing a cascade of inner-shell transitions
through the atom, the result of which is the
emission of characteristic X-rays and, more
important, a shower of low-energy Auger
electrons. These Auger electrons, the
rcsull of many outer-shell non-radiative
tr ions, predc ly have ranges
of only a "few nanometres. The radio-
nuclide I, which induces inner-shell
vacancies by the decay process, if appen-
ded to the DNA, the prime target for cell
inactivation, can blow the DNA to pieces
near the site of decay (Martin, R. F. &
Haseltine, W. A. Science 213, 896-898;
1981). lodine can be selectively incorpor-
ated into the DNA of rapidly dividing
tissue like tumour cells by the substitution
of thymidine by an analogue iododeoxy-
uridine. Unfortunately, normal tissues such
as the gastro-intestinal tract and bone
marrow also have a rapid turnover,
Proponents of photoactivation therapy
therefore argue that the advantage of
induced cascades by a cold analogue over
a radiolabelled analogue is the ability
to spare normal sensitive tissues by the
beam geometry.

e excit t over the d poten-
tial of this technique has stimulated many
groups to test its feasibility using cell cul-
tures. The most recent study, by the group
of Professor T. Ito at Tokyo University,
uses Photon Factory, a synchrotron pro-
ducing a tunable intense monochromatic
beam of photons. The group measured the
magnitude of Auger-enhanced cell killing
in a mammalian cell culture with up to
20 per cent substitution of thymidine

with ijododeoxyuridine
Shmohara K.

above the K-edge of iodine

et al. Photon Factory Activity Report 4,
278; 1987). The effects they observed are
disappointingly small: they obtain an
enhancement of 1.25 in traversing the
K-edge of iodine, whereas that in
uniodinated cells (illustrating the degree
by which the DNA is sensitized by the
substituted thymidine analogue) is 2.05.

Therapeutic implications
The failure of these studies to obtain
sizable enhancements that could have
therapeutic implications raises the follow-
ing dilemma. On the one hand, the in-
corporated material must be sufficient to
present an interaction cross-section large
enough to outweigh the effect of the dose
from the secondary electron flux pro-
duced by photoelectric interactions in all
the elements normally present in tissue
On the other, it must not be so high
impair severely the fidelity of the
The work by Mills er al. rep
issue at first slght offe

PHDIL [ L-D
mcn.surel Mt‘}ssbauer cmss-seclionl is
with the 14.4-keV" excitation stale "of
“Fe (27,139 cm’ per g), about 15,000
times greater than tissue at this energy.
The approach of Mills er al. is to use
a “Fe-bleomycin conjugate. Bleomycin
is a tumoricidal agent which intercalates
between the strands of DNA. Mills er al.
irradiated the tumour with a moving "Co
source incorporated in a rhodium matrix.
The source motion produces a Doppler
shift in the y-emission frequency and
enables any mismatch between source
and target environment to be retuned
for resonance absorption. An incoming
photon which interacts with an “Fe atom
excites it to the 14.4-keV level from which
it instantaneously (in about 10 ns) reverts
to the ground state by internal conversion
in 91 per cent of cases. Internal conversion
produces an inner-shell electron vacancy
and thus an Auger cascade, which could
result in a high radiotoxicity for photon
interactions in the “Fe in the DNA.

This study is a highly original piece of
work and warrants further investigation,
But I cannot help being sceptical about
claims of considerable tumour regression
at doses as low as 10™* Gy. If the results are
so great with such an insignificant dose,
why not use a bigger source, deliver 0.01
Gy and cure the animals altogether? My
reservations concerning ‘the paper hinge
on three points. First, a decisive control is
needed, that is, moving the source at a
veloeity which intentionally corresponds
to a Doppler shift well off the Mdssbauer
resonance peak. Second, the level of drug
administered mtra-tumorally. alt 2,

Ecule per six DNA base pairs are to be
believed. On the other hand, if the drug
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* S. J. Karnas et al:

Optimal photon energies for IUJR K-edge radiosensitization
with filtered X-ray and radioisotope sources. Phys. Med. Biol.
44 (1999) 2537.

* M.-C. Biston et al:

Cure of Fisher rats bearing radioresistant F98 glioma treated
with cis-platinum and irradiated with monochromatic
synchrotron X-rays. Cancer Res. 64 (2004) 2317.

% S. Corde et al:

Synchrotron radiation-based experimental determination of the
optimal energy for cell radiotoxicity enhancement following
photoelectric effect on stable iodinated compounds. Br. J. Cancer
(2004) 544.
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MRT (Micro-planarbeam Radiation Therapy)
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Zeman et al, Radiat. Res. 15, 496, 1961
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1961 Zeman et al: FIFHRIAIVOE—LDFE

1963 Straile and Chase: X#&< /40 — LI k55t

1992 Slatkin et al : IS AV DE —LBGHRABRDIEE

1995 Slatkin et al: ST AV OE — LISHR O EE i (ratBEEER) ~ DBt

(EEH@B~DEE)

1999 Laissue et al :suckling rats

2000 Schweizer (Laissue) et al :Drosophila melanogaster
2001 Dilmanian et al :duck embryos

2001 Laissue et al :piglets

2003 Zhong (Dilmanian) et al :rat skin

(H=ER)

1998 Laissue et al :rat 9L gliosarcoma

2002 Dilmanian et al :rat 9L gliosarcoma

2003 Dilmanian et al :murine EMT-6 carcinoma

2006 Smilowitz (Laissue) et al :rat 9L gliosarcoma
2006 Miura (Laissue) et al :murine SCCVII squamous cell carcinoma



Table 1. Dose-effect studies on the brains of microbeam-irradiated rats

Approximate Microplanar Intervals
. entrance No. of beam between
Beam cross section Rat absorbed irradiated thickness, slices, on Brain lesions in
Exp. Width Height no. dose, Gy slices am center, pum histological sections
MRT 2 20 um 4 mm 2 5,000 3 20+2 200 Loss of nuclei*
3 5,000 3 20+ 2 200 Loss of nuclei
5 10,000 3 20x2 200 Loss of nuclei
6 10,000 3 20x2 200 Loss of nuclei
7 2,500 3 202 200 Loss of nuclei
ﬁ . 8 2,500 3 202 200 None
I 1 = 9 625 3 202 200 None
II %%i%ﬂ © 10 625 3 20 + 2 200
11t ,000 20 20+2 200 None
B7 %8l 12 5,000 20 20+ 2 200 Loss of nuclei
/\ 0) ?/ == 13 2,500 20 202 200 Loss of nuclei
R = 14 2,500 20 20+ 2 200 Loss of nuclei
15 625 20 20+ 2 200 None
17 625 20 202 200 None
18 312 20 20x 2 200 None
19 312 20 20 %2 200 None
MRT 4 7 mm 42 pm 5 10,000 20 42+ 4 200 Tissue necrosis
6 10,000 20 42 £ 4 200 Tissue necrosis
7 2,500 20 42 4 200 Loss of nuclei
8 2,500 20 42 + 4 200 Loss of i
MRT 5 37 um 4 mm 9 1,250f312 21 373 200 Loss of nutlei/none
10 1,250f312 21 373 75 None/none
11 1,250f312 21 37+3 75 None /none
12 1,250)625 21 37%3 200 None/|jnone
13 1,250)625 21 37+3 200 None/jnone
14 1,250/625 21 37x3 75 None/none
15 1,250)/625 21 37+3 75 Loss of nuklei/none
16 2,500f312 21 37x3 200 None/none
17 2,500f312 21 37+3 200 Loss of nuklei/none
18 2,500)312 21 373 75 None/none
19 2,500f312 21 373 75 None/none
20 2,500(625 21 37+3 200 None/none
21 2,500(625 21 37+3 200 Nonenone
22 2,500)625 21 37+3 75 Loss of nuclei/none

Slatkin et al, Proc. NAS USA 23 2,500(625 21 37+3 75 Loss of n
92, 8783, 1995 24 1,250y312 21 37+3 200 _ None/none
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co-planar MRT

Murine EMT-6
carcinoma

(T
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cross-planar MRT

broad beam

90-300 um

Comparison for the Threl E D50/TCP5O >r Tumor Ablation and
ED,, for Failure of Nearly :d by Probit Analysis of

sl 133 + 0,07 f

Therapeutic index:
ED,, for failure
of nearly complete
hair regrowth/

[rradiation TCPs, (in :
geometry dose,1 1 ‘5 1 i l .O TCP,,
Co-planar 403 * i 1.33 £ 0.07
microbeams
Cross-planar 277 = . 1.51 = 1.0

microbeams 0 9
Broad beams 37.1 = .7 i 0.03 0.79 = 0.03

Dilmanian et al, Radiat. Res. 159, 632, 2003




OL Rat Gliosarcoma
BEBAIETOHE—IHELAGE

‘ | Valley dose
Configuration, Beam spacing In-slice In-slice dose at center of
no. of rats, center to skin-entrance at center brain, averaged
and category center (um) dose (Gy) of brain {Gy) laterally {Gy)
A (n = 5) High dose 50 150 108 20
B (n = 5) High dose 50 250 179 34
C (n = 5) High dose 50 300 215 40

D(n=5) Tolerable dose 75 | 250 179 17
E-(n = 6) High dose 75 300 215 20
F (= 6) High dose 75 500 | 359 33
|G (n = B) Tolerable dose 100 500 359 19
Unirradiated controls {n = 17) N/A N/A 0 0
Broad beams Joel et al., N/A N/A 22.5 N/A

1990 (n = 16) |
—LE: 27 pm

Dilmanian et al, Neuro-Oncol. 4, 26, 2002




—a— Unirradiated controls

-:-.-.22.5 Gy Broad Beam
(n=16) (Joel et al, 1990)

—a— "Tolerable-dose” MRT
(n=8, groups D,G)

: --o=- "High-dose” MRT

‘ .*‘ (n=27, groups A,B,C,E,F)

; &8 Peak-Valley:
L 3;_, 359-19 or 179-17 Gy
500 or 250 E[ERE

Survival (%)

100 200 300 400 500 600
Time after tumor inoculation (days)
Fig. 3. Survival curves of rats receiving tolerable and high-dose MRT,

the unirradiated controls, and the broad beams from Joel et al.
(1990).

Dilmanian et al, Neuro-Oncol. 4, 26, 2002
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Figure 1

(a) Schematic representation of the irradiation geometry. The three arrays,
administered at intervals of 24 h, produce a composite irradiation volume in the
brain of 10.4 x 104 x 14.6 mm at the tumor site. (b) Survival curves of untreated

(dashed line) and treated (solid line) Fisher rats bearing an intra-cerebral 9 L
gliosarcoma.

Serduc et al, J. Synchrotron
Radiat. 16, 587-590, 2009
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Figure 1. Schematic representation of the irradiation geometry in normal rats. (A-C). Four arrays of 10 MBs (50 pm wide, 200 pm on-
center distance) were interlaced and created a 2x2x2.2 mm® target region where the radiation dose is homogenous. D- Gafchramic® film image of
interlaced MBs; the upper part corresponds to a centre-to-centre distance of 200 pm. The radiation target corresponds to the region where all the 4
arrays of MBs interlaced. E- Dose profiles measured on the Gafchromic® film shown in (D). The red line shows the dose in the interlaced region. The

dose profile produced in the spatially fractionated irradiation and which is delivered by a single array of MBs is shown with the black line.
doi:10.1371/journal.pone.000%028.9001

Serduc et al, PLOS ONE, 5(2), €9028, 2009
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a. Bouchet et al, Int. J. Radiat. Oncol. Biol. Phys. 78, 1503, 2010.
b. Sabatasso et al, ibid. 80, 1522, 2011. (R R M E DB HEK)

(cf. EEMEDNIBGZEEHRHET :Serduc et al, ibid. 64, 1519, 2006)
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* BBRADEKRNGHIEIE?
EEEMEEEET ! 10000 Gy/sec?
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