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Monolayers of human lymphocytes, attached to a 2-pum
Mylar film, wereirradiated with 60 kV X raysin the presence
and absence of a 150-pm gold film backing the Mylar film.
With the gold film present, the absorbed dose imparted to the
cells was increased by a factor of 45.4 due to the release of
photoelectrons from the gold film. Thefrequencies of dicentric
chromosomes and centric rings as well as of excess acentric
fragments were increased in agreement with this dose en-
hancement, and in addition an RBE of about 1.7 compared
to the frequencies observed in the absence of the gold film was
found. These radiation effects, which contribute to risk con-
siderations in radiology, are interpreted in terms of the in-
creased dose-mean restricted LET of the photoelectr ons back-
scattered from the metal and slowed down in the Mylar film
before they enter the cell layer.

© 2001 by Radiation Research Society

INTRODUCTION

The human body comprises natural interfaces and may
comprise artificially generated interfaces between soft tis-
sues and materials of higher atomic number (Z), such as
bones, teeth, metallic implants and X-ray contrast media.
Irradiation of these materials with photons of energies com-
mon in X-ray diagnosis releases secondary electrons, par-
ticularly by the photoelectric and Auger effects. Some of
these electrons are outscattered into the adjacent tissues,
contributing to an enhancement of absorbed dose compared
to the same irradiation in the absence of the high-Z inho-
mogeneity. We have recently quantified this dose enhance-
ment using a very thin physical detector (resolution =100
nm) placed in contact with the surface of a gold film back-
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ing the detector (1). The dose enhancement was found to
exceed a factor of 100, but to remain spatially confined to
a very thin layer of matter lining the high-Z material sur-
face. Radiobiological experiments using C3H 10T% mouse
embryo fibroblasts 2-3 wm thick, with survival as the end
point, revealed a corresponding dose enhancement. Further
experimental details are given in refs. (1-3).

The present work focuses on the cytogenetic conse-
quences of the interface-related dose enhancement de-
scribed above, using chromosome aberrations in human T
lymphocytes as the biological end point. Our objective was
(1) to find further confirmation of the large magnitude of
dose enhancement at tissue/gold interfaces, and (2) to in-
vestigate the possible changes in relative biological effec-
tiveness (RBE) which may be associated with the low en-
ergy of the electrons released from the gold surface, espe-
cialy with electron track ends.

MATERIALS AND METHODS

For the present experiments, human T lymphocytes supplied by a
healthy male donor were isolated from the peripheral blood by density
gradient centrifugation. The isolated cells were suspended at a final con-
centration of 1 million lymphocytes per milliliter in complete medium.
Our cell preparation and culture techniques have been reported in detail
(4); only a brief description is given here. Cell cultures were established
in specia dishes consisting of a glass ring of 48.3 mm inner diameter
and a stretched 2-pum bottom Mylar film (polyethyleneterephthalate)
glued to the glass ring. These dishes contained 0.5 ml lymphocyte sus-
pension and 4.5 ml RPMI 1640 medium supplemented with 16% fetal
caf serum and antibiotics. During a 3-h incubation time in the presence
of 2.5% phytohemagglutinin (PHA), the cells were allowed to settle and
attach to the Mylar film. Subseguently, the film was washed with medium
to remove unattached cells. The attached lymphocytes were 2-3 pm
thick, which was determined almost completely by the cell nuclei.

For irradiation, the dishes were placed so that the Mylar film wasin a
vertical position and exposed free in air with the cell layer facing the X-
ray source, with or without a 150-pm gold film backing the Mylar film.
Irradiations were performed with a horizontal X-ray beam in the IAEA/
WHO Secondary Standard Dosimetry Laboratory of our Institute of Ra-
diation Protection, using 60 kV X rays filtered with 4 mm aluminum +
0.6 mm copper at a dose rate of about 22 mGy min, and using a trans-
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TABLE 1
Chromosome Aberration Yields in Human Lymphocytes after Irradiation with 60 kV
X Rays in the Presence or Absence of Secondary Electrons Backscattered from a
150-pm-thick Gold Film

Dose (Gy)

Chromosome aberrations per 100 cells

Gold film No. of Dicentrics and Excess
present D, D, cells scored centric rings fragments

No Controls? 92,550 0.050 0.25
No Controls® 9,000 0.022 0.23
No 0.051 2,500 0.36 0.40
No 0.102 1,500 0.80 1.00
No 0.204 3,000 1.07 1.40
No 0.510 2,500 2.88 3.20
No 1.020 700 7.43 8.29
No 1.530 700 13.57 15.29
Yes 0.454 200 5.0 35
Yes 1.408 200 85 8.0
Yes 2.315 500 21.6 23.6
Yes 3.223 300 32.7 28.3
Yes 4.631 300 70.3 74.0
Yes 6.810 100 90.0 84.0
Yes 9.262 200 119.5 1155

Notes. From the absorbed doses applied without gold film (D,), the absorbed doses applied with the gold film
present (D,) are obtained by multiplication by the factor 45.4 when irradiations are performed with the same monitor
units. This factor represents the dose enhancement measured with a very thin physical detector (1-3) and averaged

over 3-uwm-thick cell nuclei.
aWhole blood samples from 141 individuals (6).
> Monolayer samples from the present blood donor.

mission ionization chamber for dose monitoring. The source-sample dis-
tance in air was 50 cm; the field size in the plane of the cell layer was
10 X 10 cn. Air kerma was measured at the source-sample distance
free in air in the absence of the cell samples and was converted to water
absorbed dose.

Since the cell monolayer was irradiated without nutrient medium, the
irradiation time was limited to about 1 h. Within this time, no influence
of the absence of the nutrient medium could be found. It is worth men-
tioning that the radiation response of the attached lymphocytes has not
been found to differ from that of lymphocytes irradiated in whole blood,
at least for ¥Cs y rays (4).

Immediately after irradiation, the cells were scraped off the Mylar film
and were incubated at 37°C with fresh medium containing 2.5% PHA
and 2.9 pg/ml BrdU for 48 h, and in the presence of 0.1 p.g/ml Colcemid
during the final 3 h. Chromosome preparation and Giemsa staining were
carried out according to local standard procedures. The culture conditions
ensured that the chromosome analysis was performed exclusively in
metaphases of the first cell cycle after irradiation. Only complete cell
nuclei were analyzed for dicentric chromosomes, centric rings and excess
acentric fragments, i.e. al fragments minus one per dicentric chromosome
or centric ring.

In the absence of the gold film, the secondary electrons traversing the
lymphocytes are released from oxygen and nitrogen in the air between
the X-ray source and the cell layer. At a photon energy of 48 keV, rep-
resentative of the photon spectrum at 60 kV tube potential, about 50%
of the absorbed dose administered to the nuclei of the T lymphocytes is
due to Compton electrons of maximum initial energy 7.6 keV, and the
other 50% due to photoelectrons of initial energy 48 keV. However, with
the gold film present, the major fraction of absorbed dose imparted to the
cell nuclei is contributed by the L- and M-shell photoelectrons outscat-
tered from the gold surface, while the Auger electrons from gold, due to
their maximum energy of only 8 keV, are absorbed in the 2-pm-thick
Mylar film (5). According to the high-resolution dosimetry with a TSEE
dosimeter (1, 2), the dose fraction attributed by the photoelectrons de-
creases according to an approximately exponential function of the thick-

ness of the Mylar film inserted between the cells and the gold surface;
at 60 kV tube voltage, the attenuation length in Mylar is 5.2 um. A
fraction of the photoelectrons which penetrate the cell layer are back-
scattered from air into the cells, and an approximately equivalent back-
scattering into the sensitive layer of the TSEE dosimeter was achieved
in the measurement geometry (1, 2). The dosimetric data in refs. (1, 2)
can be used to calculate an enhancement factor. However, those data were
obtained in a mini-phantom providing photon backscattering, while the
present samples were irradiated free in air, so an appropriate correction
must be used. From these considerations, an enhancement factor of 45.4,
averaged over 3-um-thick cell nuclel, was calculated for the irradiations
in the presence of the gold film. The energy absorbed by the lymphocytes
was estimated based on the assumption that their composition was the
same as that of soft tissue.

RESULTS

As shown in Table 1, the control values for the yield of
aberrations determined for lymphocytes from the present
donor when they were maintained as a monolayer on Mylar
without medium are not significantly different from those
obtained in whole blood samples from 141 control individ-
uals (total of 92,550 cells) examined in our laboratory (6).
The measured yields of dicentric chromosomes and centric
rings as well as of excess acentric fragments resulting from
exposures with 60 kV X rays in the absence of the gold
film at absorbed doses to soft tissue D, between 0.051 and
1.53 Gy are given in Table 1. The lower part of the table
shows the measured yields of chromosome aberrations re-
sulting from absorbed doses to soft tissue D, ranging from
0.454 to 9.262 Gy, with the gold film in place.
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TABLE 2
Dose-Yield Coefficientsa = SD, B = SD and
Derived RBE + SD for Chromosome Aberration
Yields after Irradiation with 60 kV X Rays in the
Presence or Absence of a 150-pum-thick Gold Film,
for Irradiations Performed with
the Same Monitor Units

Gold

film Dicentrics and
Coefficients present centric rings Acentric fragments
o, (GyD) no 0.047 + 0.008 0.045 + 0.013
B, (Gy2) no 0.028 + 0.010 0.034 + 0.014
o, (GyY) yes 0.080 + 0.011 0.076 = 0.014
B, (Gy? yes 0.007 * 0.002 0.007 + 0.003
RBE = a,/a, 1.70 + 0.37 1.69 + 057

The dose-yield relationships for exposures without and
with the gold film were linear-quadratic in the dose range
investigated. The « values, i.e. the initial slopes of linear-
quadratic dose—effect relationships fitted to the control-cor-
rected data for yield per cell, were evaluated using a max-
imum-likelihood procedure and are presented in Table 2,
which also contains the 3 values obtained by fitting linear-
quadratic dose—effect relationships to the data for yield per
cell. The last line of Table 2 shows the values of the low-
dose RBE calculated as the ratio of the o values with and
without the gold film. These RBE values of about 1.7 differ
significantly from unity.

DISCUSSION

To interpret the observed RBE values for exchange-type
chromosome aberrations and acentric fragments, we must
consider the spectrum of the photoelectrons scattered out
across the entrance plane of the 150-pwm-thick gold film,
traversing 2 pm of Mylar film in the backward direction
and finally entering the 3-pm-thick lymphocyte layer. Mon-
te Carlo calculations? have shown that the photoelectrons,
which are released from the gold L and M shells and, after
their energy losses in gold, pass through the gold/Mylar
film interface, have continuous spectra that extend prefer-
entially to the low-energy side of asymmetrical peaks sit-
uated at about 30 and 40 keV for the photon spectrum of
this experiment. With increasing thickness of the traversed
Mylar film, the electron spectra are broadened and the
peaks are shifted to lower energies, so that the relative
weight of the low-energy end of the spectrum increases.

For interpretation of the observed RBE values of about
1.7, we must consider the microdosimetric differences be-
tween the electrons entering the nuclei of the irradiated
cells in the presence and absence of the gold film. System-
atic evaluations of the yields of dicentric chromosomes and

2W. Friedland, H. Pruchova, D. Hantke, H. G. Paretzke, D. Regulla
and D. Harder, Monte Carlo analysis of the secondary electron field near
a gold/tissue interface exposed to X-rays in the diagnostic energy region.
To be published.

excess acentric fragments in human lymphocytes exposed
to electrons, photons, protons and neutrons have shown that
the « coefficient for these chromosome aberrations is ap-
proximately proportional to L, the dose-mean restricted
linear energy transfer associated with the particle track
structure of these radiations (7). The restriction referred to
here is to consider the LET of the *‘track core” separately
and to attribute individual LET values to the secondary
electrons that spread out beyond the track core if their ini-
tial kinetic energies exceed 500 eV. This separation into
components corresponds to the geometry of a DNA target
of nanometer dimensions, e.g. the 30-nm chromatin fiber,
which, if hit by the track core, is essentially not hit by the
secondary electrons of higher energy, since these frequently
have ranges that are equal to or exceed the molecular di-
mensions so that their track ends occur outside the target.
For electron radiations at energies below 50 keV, it has
been shown? that LET, if restricted to collisions with energy
transfer not exceeding 500 eV, is equal to the linear density
of the total energy deposited within a cylindrical track core
of radius 7.5 nm. In the presence of an electron spectrum,
the dose weighting of parameter L., has to account for the
fact that the product oD determines the yield of aberrations.
Therefore, if a linear dependence on L.y, is assumed to
represent the variation of o with radiation quality, L., has
to be dose-weighted.

Reasonable estimates of the L, values that are valid
in the presence of the gold film have been obtained using
the above-mentioned Monte Carlo simulation of the pho-
toelectron spectra? together with the values of restricted
LET for electrons of various energies.® Thereby, we have
estimated an Ly, value of 10.9 keV/um for irradiations
in the presence of the gold film. For the irradiation with 60
kV X raysin the absence of the gold film, we use Blohm's
Lsoop Vaues for 150 kV X rays (6.36 keV/pm) and 30 kV
X rays (6.82 keV/um),® so that their average of approxi-
mately 6.6 keV/pum can be taken as a reasonable estimate
at 60 kV.

Although the resulting L, , values of 10.9 keV/um and
6.6 keV/um for the two irradiation conditions are estimates
and fine corrections are neglected, their quotient of 1.65
can be regarded as a reasonable microdosimetric character-
istic of the difference between the secondary electrons orig-
inating from the gold film and the secondary electrons re-
leased in air and subsequently entering the lymphocytes.
Considering the above-mentioned proportionality of the «
values with Ly, according to ref. (7), the observed RBE
of about 1.7 is reasonable. The main difference between the
exposure conditions in air and near the gold film is that the
gold film is a secondary electron source located at a defined
distance from the cell layer, so that the cells are preferen-
tially hit by electron track ends with elevated LET, whereas

3 R. Blohm, The passage of electrons through radiation sensitive re-
gions of the cell nucleus (in German). Dissertation, Georg-August Uni-
versity, Gottingen, Germany, 1983.
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air is a source of secondary electrons extending to the cell
surface, so that the cell layer is not particularly exposed to
electron track ends.

This interpretation is consistent with the established
knowledge that low-energy electrons such as the photo-
electrons of carbon K-shell radiation (0.27 keV) and of alu-
minum K-shell radiation (1.5 keV) have high efficiencies
per unit dose in producing chromosome aberrations in hu-
man lymphocytes (8). RBE values similar to those in the
present experiment have been observed, and a similar in-
terpretation has been given for radiation effects in hamster
ovary cells exposed to 200 kV X rays near material inter-
faces of high atomic number (9).

The yield of electron track ends per unit dose has long
been regarded as a determinant for the RBE of cellular
effects, because low-energy electrons have a maximum
LET of about 28 keV/pm at an energy of about 0.1 keV
(7). We therefore conclude that the increased RBE for chro-
mosome aberrations in lymphocytes observed in the field
of the photoelectrons backscattered from a gold film and
slowed down in a 2-pm-thick Mylar film can be explained
by the increase in the electron track-end yield per unit of
energy deposition compared to the irradiation of lympho-
cytesin air.

The data in Table 2 also show that the increase in the o
coefficient due to the exposure of the lymphocytes to pho-
toelectrons from gold is accompanied by a decrease in the
B coefficient. This phenomenon was first observed in a
comparison of the o and B values for various electron and
photon radiations and has been interpreted to indicate the
presence of two competing reaction pathways (10).

CONCLUSION

In conclusion, the present experiments illustrate that
chromosome aberrations in attached human lymphocytes
represent a detection system with a high spatial resolution
of 2-3 wm that is able to detect a localized dose enhance-
ment in atissue lining the surface of a medium with higher
atomic number. The physical dose averaged over the cell
nuclei was enhanced by a factor of 45.4. Furthermore, this
experiment examining chromosome aberrations in lympho-
cytes permitted us to detect an increase in the RBE by a
factor of about 1.7, as would be expected from the increase
in the electron track-end yield per unit of dose. Hence the
existing surfaces of higher-Z media in humans represent
“radiation amplifiers” under X irradiation, generating ‘* hot
spots” of dose and also enhanced RBEs in the adjacent cell
or tissue layers. Localized doses up to the therapeutic dose
level of several grays for patients undergoing certain di-
agnostic X-ray examinations may occur. To our knowledge,
little information is available in the literature concerning
the possible tumor risk that may originate from this inter-
face effect (11-13).

Apart from a certain risk to be considered as a problem
of radiation protection, there may be potential clinical ap-
plications of the dose and RBE enhancement observed in
interface-related secondary radiation fields. These effects
may serve, for instance, for selective tumor control as a
kind of photon activation therapy. Relevant experiments are
in progress.
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