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Abstract

Background

One of the most important problems in radiotherapy
(RT) with x and y-rays is hypoxic cells, in the centre of
solids tumours. Due to insufficient blood perfusion,
these cells are more resistant to RT. The purpose of
the study is to assess the effect of heating cells on
chromosomal damages induced by an extremely low

dose of neutron or vy irradiation, in human
lymphocytes.
Method

Human blood samples were exposed to hyperthermia
(HT), 6 cGy neutron (or y-rays), HT+neutron/y, and
neutron/y+HT. HT was applied at 41.5°C for 30 and
60min as well as 43°C for 15 and 30min. The time
interval between the two treatments was 1lhr. After
cell culture, harvesting, fixation, and staining, the
chromosomal damages were scored in metaphase
stage and statistical analyses were performed.

Results

In comparison to the control groups, HT alone at
41.5°C (neither for 30 nor 60min) did not induce
significantly higher chromosomal damages (p=0.8);
however, the number of damages was significantly
higher at 43°C for 30min (p<0.05). Furthermore,

compared to the control groups the chromosomal
damages was significantly different when cells
irradiated with neutron/y-rays (p<0.05). Comparison
between applying HT 1hr before and after irradiation,
HT after neutron/y irradiation significantly induced
higher chromosome damages (p<0.05). Comparing
neutron and y irradiation, the number of chromosomal
damages was remarkably higher when cells irradiated
with neutron (p<0.01).

Conclusion

Since applying an extremely low dose of neutron plus
HT caused more chromosomal damages, in
comparison to neutron/y alone, or HT plus neutron/y;
and because cell death is directly related to the
chromosomal damage; thus, this combined regime
might be considered as a treatment modality in cancer
treatment.
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Background

One of the most important problems in radiotherapy
(RT) with x and y-rays is hypoxic cells, in the centre of
solids tumours. Due to insufficient blood perfusion,
these cells are more resistant to RT []. Survival of such
cells at the end of RT may cause tumour recurrence.
The oxygen enhancement ratio (OER) for x and y-rays is
2.5-3. Thus, to reach the same cell damages in hypoxic
conditions, one needs to increase radiation dose 2.5-3
times; that certainly will increase the absorbed dose in
normal tissues around the tumour. During the last
decades the following attempts are considered to
overcome the hypoxic cells: (a) hyperbaric oxygen, i.e.
using O, with 2-3 atmosphere pressure during RT, (b)
using drugs that specifically increase sensitivity of
hypoxic cells, (c) applying high LET (linear energy
transfer) rays, e.g. neutron, and (d) hyperthermia (HT),
i.e. the controlled increased of the tumour
temperature by 3-8°C for 60-90 min .

236



. Australasian Medical Journal AM]J, 2010, 1, 4, 236-247

Neutron has special characteristics which make it a
unique radiation to overcome the hypoxic cells. For
instance, it has high power of penetration, high LET ['],
high RBE (relative biological effectiveness) ['], low OER
[™], no dependence to the cell cycle, and finally, very
low SLD (sub lethal damages) repair, and no PLD
(potentially lethal damages) repair are performed after
neutron irradiation [']. However, there is still no a
worldwide application of neutron for RT. On the other
hand, the hypoxic cells have a higher radiosensitivity in
HT conditions [","']. Therefore, combination of these
two procedures may increase therapeutic gain in
cancer treatment. Many studies have been performed
with the combination of HT and x or y-rays but not so
much for HT and neutron ["",*]. In the present in-vitro
study HT was used in conjunction with neutron and or
y irradiation to investigate the effect of HT on the
frequency of chromosomal aberrations induced by low
dose of neutron or y. Previous studies demonstrated
different results. While some researchers found that
adding HT before irradiation decreased chromosomal
damages [*)], other showed that using HT after
irradiation increased the damages ["]. Therefore, in
this study we aimed to compare the chromosomal
aberrations, by applying HT 1 hr before and 1 hr after

neutron and or y irradiation.
Method

Sample size:

For this study 12 people were selected randomly with
simple sample drawing. The people were 25-30 year
old male with no history of smoking and irradiation.
The samples were chosen from volunteers who were
going to donate some blood to the Iranian Blood
Transfusion Organization, Tehran, Iran.

Blood samples:

For each experiment 45 cm?® peripheral blood
specimen was taken from each sample person. Sterile
and heparinized (5000 units per ml) syringe was used
to take the blood sample from the elbow vein. The
blood was transferred to sterile flasks, 3 ml per flasks,
under a laminar flow hood. In this study human
peripheral blood lymphocytes were used since they
are very sensitive to ionizing radiation; therefore, a
low dose of neutron or y-rays can produce more
chromosomal damages to these cells.

The following experiments were performed: Fifteen
samples irradiated with 6 cGy neutron and HT: 1%
control group, 2" control group, HT at 41.5 °C (for 30
and 60 min), HT at 43 °C (for 15 and 30 min), 6 cGy
neutron alone irradiation sample, HT at 41.5 °C for 30

min + 6 cGy neutron, HT at 41.5 °C for 60 min + 6 cGy
neutron, HT at 43 °C for 15 min + 6 cGy neutron, HT at
43 °C for 15 min + 6 cGy neutron, 6 cGy neutron + HT
at 41.5 °C for 30 min, 6 cGy neutron + HT at 41.5 °C for
60 min, 6 cGy neutron + HT at 43 °C for 15 min, and 6
cGy neutron + HT at 43 °C for 30 min. These fifteen
experiments were repeated using y-rays (see 1%
column of tables 1 and 2).

The relation between the frequency of chromosome
damage, induced by 6 cGy neutron irradiation, and HT
duration time was evaluated performing the following
nine experiments: 1* control group, 2" control group,
6 cGy neutron alone irradiated samples, and 6 samples
for which HT at 41.5 °C was added after 6 cGy neutron
irradiation for 6 different duration times of 10, 20, 30,
40, 50 and 60 min. These nine experiments were also
repeated using y-rays.

For each group, the above 48 experiments were
repeated three times in order to calculate the value of
the average with more percussion. Therefore, in total
144 experiments were performed. The numbers of
evaluated cells were 100 metaphase cells per group
which means in total 14400 metaphase cells were
evaluated to score the chromosomal damages.

Hyperthermia:

For HT a standard and calibrated incubator (Chemistry
Technique, Tehran, Iran) was used. The flasks were
simply placed in the incubator, similar to those used
for cell culture. The incubator was kept "Turn On" to
reach the specific temperature. The warming up took
nearly 15 min which was excluded from HT duration
time. Temperatures used were 41.5 °C, for 30 and 60
min, and 43 °C, for 15 and 30 min. Temperatures were
controlled using a standard and calibrated
thermometer with 5-min intervals. Accuracy of the
measurement was £0.2°C with a precision of +0.1°C.
To inhibit a heat shock, immediately after HT the
samples were moved to a 37°C incubator in which the
specimens were kept for 30 min.

Neutron source:
The Neutron source was ‘5 Cf (Amersham, UK)

available in Iranian Atomic Energy Organization,
Tehran, Iran. The characteristics of the source were:
half life: 2.645 years, dose rate: 1.52 cGyhr™, energy
range: 1-6 MeV, medium energy: 2 MeV. The source
was cylindrical in shape (diameter: 8 mm, height: 10
mm) which irradiated neutrons with an isotropic flux
in 4t radian.
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Gamma source:
60 . . .
The y source was ,,Co available in Imam Hospital,

Tehran, Iran. The characteristics of the source were:
half life: 5.27 years, dose rate: 1.8 cGymin'l, medium
energy: 1.25 MeV. The source had diameter of 20 mm.

Distance between centre of the radiation source and
the centre of the sample containers was 3.5 cm. The
neutron and y doses used in this study were 6 cGy.

Experiments set up:

The following experiments were performed on 144
blood samples to demonstrate the effect of HT on the
frequency of chromosomal aberrations induced by a
very low dose (6 cGy) of neutron (and or y) rays in
human peripheral blood lymphocytes.

Control groups: One blood sample, as 1* control, was
used for cell culture with no HT and no irradiation.
Another blood sample also with no HT and no
irradiation, as 2 control, was kept in a 37 °C
incubator until other specimens were prepared for cell
culture. The reason to select the 2™ control group was
to evaluate the effect of environmental factors on the
chromosomal damages during the time interval
between the two procedures and also carrying
samples between main lab and neutron or y labs. The
distance between the main lab and the other two labs
was nearly 2 km. A flask filled with 37°C water was
used to carry the samples.

HT alone groups: Four blood samples were heated at
41.5 °C, for 30 and 60 min, and at 43 °C, for 15 and 30
min.

Neutron alone irradiated group: One blood sample
was irradiated by 6 cGy neutron alone.

HT 1 hr before neutron irradiation: Two samples were
firstly heated at 41.5 °C, for 30 and 60 min; then 1 hr
later they were irradiated by 6 cGy neutron. Between
the two procedures, the samples were kept in a 37°C
incubator.

HT 1 hr after neutron irradiation: Two samples were
firstly irradiated by 6 cGy neutron; then 1 hr later they
were heated at 41.5 °C, for 30 and 60 min. Between
the two procedures, the samples were kept in a 37°C
incubator.

The last two experiments were also repeated at 43 °C,
for 15 and 30 min.

In another part of the study relation between the
chromosome damages, induced by neutron
irradiation, and HT duration time was evaluated. For
this part of the study the volume of the taken blood
sample was 27 cm® and the experiments were
performed for the nine following groups: 1% and 2™

control groups, 6¢cGy neutron irradiated group, and six
groups for which HT (41.5 °C) was applied one hour
after neutron irradiation. The selected heating
duration times were 10, 20, 30, 40, 50, and 60 min.

Experiments with Gamma irradiation:

In similar conditions all the above 24 experiments
performed with neutron irradiation, were repeated
using 6 cGy y-rays. All these 48 experiments were
repeated three times.

Preparation:

Cell culture: To prepare cell culture 0.4 ml of each
blood sample (control, heated, irradiated, etc.) was
added to 4 ml RPMI-1640 (Bahar Afshan, Iran) under a
laminar flow hood. Then, the following materials were
added to the culture environment: 1 ml fetal calf
serum (Gibco), 100 units per ml benzylpenicillin, 100
ug per ml streptomycin sulphate, 0.04 ml L-Glutamine,
0.1 ml phytohaemagglutinin, and 0.04 ml
Bromodeoxyuridine (6.4 mg per 10 ml) (all by Bahar
Afshan). The pH was kept around 7-7.4. Thereafter,
the samples were kept in a 37°C incubator for 48 hrs.
In the next step, 0.1 ml colchicines (0.02 mg per 100
ml) (Bahar Afshan) was added to each sample and the
specimens were returned to the same incubator for 3
more hrs.

Harvesting: The samples were centrifuged at 1000
rom for 10 min and the supernatant of the solution
was removed by suction. On a shaker 7 ml KCI (0.075
mol per lit) was added to the samples and they were
kept in the 37°C incubator for 20 min. Then, the
samples were centrifuged (1000 rpm for 10 min) and
the supernatant of the solution was removed.
Fixation: On a shaker 5 ml of a fresh solution was
added [3:1 methanol and glacial acetic acid (both by
Merck)] to each sample. Then, the specimens were
centrifuged (1000 rpm for 10 min) and the
supernatant of the solution was removed. This process
was repeated 3 times.

Cell staining: Using a Pasteur pipette two drops of
remaining fluid were thrown onto a clean and cold
slide, previously stored in a freezer, from a 20-30 cm
height. Two such slides were prepared for each
sample. The slides were placed in a gentle heat over a
hotplate to dry. The cells were stained with Giemsa 5%
(Merck) in which they were kept for 20 min. The slides
were washed with distilled water and were dried in

XV xvi] .

the lab temperature [,

Analysis of metaphase:

Using a light microscope (Ziess, Germany) different
chromatid and chromosome damages were scored in
100 metaphase cells. In this study, damages such as
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isochromatid aberrations, sister unions, triradials, and
quadriradials, were scored as chromatid exchanges,
while accentric fragments, dicentric, tricentric, and
ring chromosomes were scored as chromosome
exchanges. Furthermore, the percent of mitotic index
(MI1%) was calculated using the following formula:
metaphases(in3000cells) <100

3000
Since the experiments were performed 3 times; the
numbers of evaluated metaphase cells were 300 in
each group and the reported values are average per
100 metaphase cells.

Ml % =

Statistical analysis: The ANOVA test was applied to
compare the averages of chromosomal damages
within the each procedure; i.e. neutron or y irradiated
groups, and Student T-test was used for comparing the
results between the two procedures. To evaluate
relation between chromosomal aberrations and HT
duration time the regression test was used. The p-
values are two-sided at a significance level of < 0.05.
SPSS program (SPSS V 12, Chicago, ILL) was used for
the statistical analysis.

Results

Details of different chromatid, chromosome, and total
aberrations found in this study are summarized in
tables 1 and 2. In total, majority of the damages were
chromosomal type, mainly chromosome exchange.
The following results were seen from comparison of
the chromosomal damages in the different groups.
Control groups: No difference was found between
chromatid, chromosome, or total aberrations of the 1%
and the 2™ control groups (p=0.9).

HT alone at 41.5 °C: No difference was seen between
chromatid, chromosome, or total damages of the
samples heated at 41.5 °C, neither for 30 nor for 60
min, and the control groups (p=0.8).

HT alone at 43 °C: No difference was seen between
chromatid damages of the samples heated at 43 °C,
neither for 15 nor for 30 min, and the control groups
(p=0.9). A significant difference was found between
chromosome exchanges (and total damages) of the
specimens heated at 43 °C, either for 15 or for 30 min,
and the control groups (p<0.05).

Results of experiments with neutron irradiation
Neutron alone irradiated group: As shown in table 1 a
significant  difference  was seen between the
chromatid, chromosome, and total aberrations of
samples irradiated with 6 cGy neutron alone and the
control groups (p< 0.05).

HT 1 hr before neutron irradiation: No difference was
found between chromatid, chromosome, or total
damages of the samples heated at 41.5 °C, neither for
30 nor for 60 min, 1 hr before neutron and those
irradiated with neutron alone (p=0.8) (table 1).

Table 1 shows no difference was seen between
chromatid exchanges of specimens heated at 43 °C,
either for 15 or for 30 min, 1 hr before neutron and
those irradiated with neutron alone (p>0.1). A
significant difference was found between total
damages of samples heated at 43 °C, either for 15 or
for 30 min, 1 hr before neutron and those irradiated
with neutron alone (p<0.05).

HT 1 hr after neutron irradiation: A significant
difference was found between chromatid type
damages of samples heated at 41.5 °C, either for 30 or
60 min, 1 hr after neutron and those irradiated with
neutron alone (p<0.05). Also a significant difference
was found between chromosome exchanges of
specimens heated at 41.5 °C, either for 30 or 60 min, 1
hr after neutron and those irradiated with neutron
alone (p<0.05) (table 1).

As table 1 reveals there is a significant
difference between chromatid, chromosome, or total
damages of specimens heated at 43 °C, either for 15 or
30 min, 1 hr after neutron irradiation and those
irradiated with neutron alone (p< 0.05).

Results of experiments with gamma irradiation
Gamma alone irradiated group: As table 2 shows a
significant difference was seen between the
chromatid, chromosome, and total aberrations of
samples irradiated with 6¢cGy y alone and the control
groups (p<0.05).

HT 1 hr before gamma irradiation: No difference was
found between chromatid, chromosome, or total
damages of samples heated at 41.5 °C, neither for 30
nor for 60 min, 1 hr before y and those irradiated with
y alone (p=0.8) (table 2).

As table 2 demonstrates a significant difference was
seen between total damages of specimens heated at
43 °C, either for 15 or for 30 min, 1 hr before vy
irradiation and those irradiated with y alone (p<0.05).

HT 1 hr after gamma irradiation: No difference was
found between chromatid gaps and deletions of
samples heated at 41.5 °C, either for 30 or 60 min, 1 hr
after y and those irradiated with y alone (p>0.1).
However, a significant difference was found between
chromosome exchanges of specimens heated at 41.5
°C, either for 30 or 60 min, 1 hr after y and those
irradiated with y alone (p<0.01) (table 2).
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As table 2 reveals a significant difference was seen
between total damages of specimens heated at 43 °C,
either for 15 or for 30 min, 1 hr after y irradiation and
those irradiated with y alone (p<0.05).

Comparison between neutron and gamma irradiation
Comparing chromatid, chromosome, or total
aberrations between two similar groups irradiated
with neutron or y shows that frequency of the
damages are roughly 1.2-2.0 times higher when cells
irradiated with neutron (p<0.01) (compare tables 1
and 2).

HT pre and post irradiation: Significantly higher
frequency of chromosome type damages was seen in
samples in which HT was applied 1 hr after irradiation
(either with neutron or with y-rays) in comparison to
those in which HT was applied 1 hr before irradiation
(compare tables 1 and 2) (p<0.01 to <0.05). This was
observed for both temperatures (41.5 °C for 30 and 60
min, as well as 43 °C for 15 and 30 min). However, the
maximum frequency of damages was found when cells
heated at 43 °C for 30 min after 6 cGy neutron
irradiation.

Effect of heating duration time

Increasing duration time of HT (at 41.5 °C) from 10 to
60 min, which applied 1 hr post 6 cGy of neutron or y
irradiation, increased frequency of total chromosomal
aberrations (figure 1). In both cases (neutron and y
irradiation), strong correlations were seen between
duration time of HT and the number of chromosomal
aberrations. Nevertheless, in total the frequency of
damages was higher when cells irradiated with
neutron in comparison to those irradiated with y-rays.

Mitotic Indices

The range of calculated values for MI% was from 2.6
0.07 to 4.2 + 0.32 (tables 1 and 2). No difference was
seen between MI% compared between two different
groups (neither between two samples intra-group nor
between two samples inter-groups) (p>0.8).

Discussion

This study demonstrates that applying HT 1 hr after 6
cGy of (neutron or y) causes significantly higher
frequency of chromosomal type aberrations in human
peripheral blood lymphocytes in comparison to cells
that first heated then irradiated. This study also shows
that the frequency of chromosomal damages was
significantly higher when cells irradiated with a very
low dose of neutron, in comparison to those irradiated
with y-rays.

During the last decades there is an increasing
attention to use combined regimens, e.g. RT+HT, or
RT+ chemotherapy for cancer treatment [*", ", ** *
. One of the most important rationales for using
RT+HT is to overcome the hypoxic cell, in the inner
part of tumour. Hypoxic cells are relatively
radioresistant, when RT is applied by x or y-rays [,
il oM In comparison to x and y-rays, neutron has a
higher LET, a higher RBE, and a lower OER T[ii, iii, iv].
These characteristics may cause neutron to induce
more biological effects, including chromosomal
damages. Especially in the hypoxic cells, neutron could
cause more cell damages; since it has less dependence
to oxygen (OER for neutron is 1.6 vs. 2.5-3 for x and y-

rays).

Furthermore, when RT is applied by x or y-rays, cells in
the S-phase of the cell cycle show more resistance [i].
However, when neutron is used, there is no difference
between radiosensitivity of the cells in the S-phase
and cells in the other phases of the cell cycle [v].
Additionally, studies show that when neutron is
applied, a lower number of SLD repair and no PLD
repair is seen in the damaged cells [*“].On the other
hand, studies on biological aspect show that HT causes
irreversible damage to the hypoxic cells, and that
hypoxic cells are very sensitive to HT, especially in low
pH conditions [vii]. HT damages the membranes,
cytoskeleton, and nucleus functions of the cells [*"].
Temperatures above 41°C also push cancer cells
toward acidosis (decreased cellular pH), which
decreases the cells’ viability and transplantability [
i 'Moreover, tumour blood flow is increased by HT
despite the fact that tumour-formed vessels do not
expand in response to heat [™" ™. Finally, heat
preferentially affects on the cells in the S-phase of the
cell cycle, which are known to be resistant to x or y-
rays, and make them more sensitive to RT.

The above-mentioned characteristics of neutron and
the mechanisms of HT may justify using additive
complementary of neutron and HT for tumour cells
killing, which of course needs further in-vivo
researches. Especially it might be a suitable procedure,
when the neutron source could be implanted in the
tumour or near the tumour.

In this study, when HT was applied alone, significant
difference was reached when cells were heated at 43
°C, either for 15 or 30 min; however, no difference was
found for mild HT (41.5 °C), neither for 30 nor for 60
min. The similar findings were also reported by
Weissenborn and Obe [**, *], where they found no

chromosomal damages in lymphocytes heated up to
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41.5 °C. They concluded that temperatures between
37 and 41.5 °C might increase thermotolerance which
inhibits increasing of the chromosomal damages and
ceII death [xxxii XXXiii - Xxxiv XXXV]

Although a very low dose (6 cGy) of neutron was used
in the present study; significantly higher chromosome
damages were found in the human lymphocytes in
comparison to non irradiated cells. One may believe
that the effect of low doses of neutrons on cell
damages is due to y component of the neutron source
(% Cf).
comparing frequency of the damages between tables
1 and 2, show that neutron itself is mainly responsible
for the cell damages. Likewise, Maurizot et al. found
that low doses of fast neutrons could induce ssb
(single strand break) and dsb (double strand break) in
DNA of the plasmid of PBR322 [**].

However, the results of this study, by

Comparing chromosome damages in the cells
irradiated with neutron alone and cells irradiated with
neutron plus HT 1 hr later, we found a higher number
of cells damages, demonstrating a higher effect of
combined neutron and HT to induce chromosomal
damages. Szeinfeld et al. also found higher number of
cell damages in CaNT tumours, which were artificially
hypoxic, when HT used after neutron irradiation [*""].

In the present study the highest chromosomal
damages was seen when cells firstly irradiated with
neutron; then heated at 43 °C for 30 min, with a time
interval of 1 hr. This is in agreement with Weissenborn
and Obe who have seen higher cell damages when
higher temperatures were used in combination with
radiation.

The present study showed that applying HT 1 hr post
neutron irradiation caused an increase in the
chromosomal damages induced by a very low dose of
neutron irradiation. This phenomenon was noticed for
both 41.5 and 43 °C. Since HT itself at 41.5 °C had no
effect on inducing the chromosomal damages, we may
assume that HT increased the chromosomal damages
by its prohibitory effect on the repair of the damaged
cells.

HT by inactivation of enzymes, accumulation of
proteins, and induction of HSPs, prevents the cells
from repairing the damage sustained such as
chromosomal aberrations [**" *® ] Since the cell
death is directly related to the frequency of
chromosomal type damages [*] this implies that using
HT after neutron irradiation may causes more cell

killing.

Another finding in this study was that increasing HT
duration time increased the chromosomal damages
induced by the very low dose of neutron or y. This
result was also found by others, showing direct
relation between heating duration time and cell
damages induce by irradiation [*",*""].

The calculated MI%, found in this study, are in a range
of 2.6 to 4.2 (tables 1 and 2, last column) and there
was no difference between MI% for two different
groups. This result reveals that neither a very low dose
of neutron (or y-rays) nor HT, have cytotoxic effect on
human lymphocytes. However, HT at 43 °C, 6 cGy
neutron (or y-rays), and combinations of HT and
neutron (or y-rays) induced cytogenetic effect. The
non cytotoxic effect of HT at 41.5 and 43 °C is an
advantage for this approach in cancer treatment
modalities.

In the present study comparing neutron and gamma
irradiation, we found that frequency of total
chromosomal aberrations was roughly doubled when
cells firstly irradiated with neutron then heated at 41.5
or 43 °C. This result shows that one may consider
using the combination of "neutron plus HT" as a
replacement for conventional cancer treatment.
However, in RT tumour cells are the main target for
treatment, but in the present study only the normal
cells were exposed to irradiation. This is one of the
study limitations. The point is that if neutron plus HT
can induce more damages in normal cells, will the
enhancement be the same in the tumour cells. Thus,
further research is needed to perform more
experiments on tumour cells exposed with neutron
and HT.

Conclusion

In comparison to neutron or gamma irradiation alone,
as well as hyperthermia before neutron or gamma
irradiation, applying hyperthermia after a very low
dose of neutron, increases the frequency of
chromosomal damages in human lymphocytes. Since
cell death is directly related to the frequency of the
cell damages; using hyperthermia after neutron
irradiation might be considered as an effective
procedure for tumour cell killing in radiotherapy.
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Figures and Tables

Table 1. The average and standard deviation (SD) of frequency of chromatid and chromosome aberrations
induced by hyperthermia, 6 cGy of neutron, and combination of hyperthermia and neutron. The time interval

between two treatments was 1 hour. Numbers of evaluated metaphase cells were 300 and the numbers in the
table are averages per 100 cells. Damages such as isochromatid aberrations, sister unions, triradials, and

quadriradials, were scored as chromatid exchanges, while accentric fragments, dicentric, tricentric, and ring

chromosomes were considered as chromosome exchanges. MI% shows percent of mitotic index (see text how it

was calculated).

Treatment . Chromatid aberrations, 1SD Chromosome aberrations, 1SD sum of MI1%, 1SD
(Neutron/hyperthermia damages,
dose) ; - 1SD
Gaps Deletions Exchanges Gaps Deletions Exchanges
Control — | 01,01 01501 01,01 0202 01,01 03,02 009501 26007
Control — i 01,01 01,01 03,02 0,0 025,01 0502  1.2501 3.4,021
41.5 °C — 30 min 01,01 01,01 0203 01,01 02502 0703 14502 39011
41.5 °C — 60 min 015,01 0.15,0.1 04,03 05,02 0502 1,05 27,02  3.5,0.08
43.0 °C — 15 min 03,01 03,02 0804 0803 11,03 12,08 4504 3.1,0.14
43.0 °C — 30 min 05,02 03503 009,035 8'25' 05,02 1505 47,03  3.3,0.06
1.35,

6 cGy Neutron 07,03 03,015 1,05 o3 1503 51506 10,04  3.9,0.14
41.57C~30min +6 cGy 05,02 06,03 12,06 14,05 16,04 52,08 105,05 3.9,0.14
Neutron
41.57°C~60min +6 cGy 06,03 07,03 13,04 15,05 14,05 5706 11.2,04 3.5,0.18
Neutron
43.0°C—15min +6 cGy 08,04 0805 1805 1703 13,04 5807 122,05 4.1,0.05
Neutron
43.0°C =30 min +6 cGy 09,05 1,03 15,04 14,07 14,06 63,04 125,05 3.1,0.15
Neutron
ﬁﬂcfy Neutron +41.5°C =30 12,02 11,04 15,05 14,06 15,05 65,05 132,05 4.2,0.25
fmcfy Neutron +41.5"°C ~ 60 13,03 12,04 16,03 1505 15,06 68,04 139,04 3.8 0.02
fmcfy Neutron +43.0°C—15 15,04 15,025 17504 23,06 22,07 72503 165,04 3.5 006
6 cGy Neutron + 43.0°C-30min  1.75,0.5 2,0.3 18,04 24,04 2505 82505 187,04 3.6,0.18
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Table 2. The average and standard deviation (SD) of frequency of chromatid and chromosome aberrations

induced by hyperthermia, 6 cGy of gamma, and combination of hyperthermia and gamma. The time interval

between two treatments was 1 hour. Numbers of evaluated metaphase cells were 300 and the numbers in the
table are averages per 100 cells. Damages such as isochromatid aberrations, sister unions, triradials, and

quadriradials, were scored as chromatid exchanges, while accentric fragments, dicentric, tricentric, and ring

chromosomes were considered as chromosome exchanges. MI% shows percent of mitotic index (see text how it

was calculated).

Treatment . Chromatid aberrations, 1SD Chromosome aberrations, 1SD sumof - Mli%,
(Gamma/hyperthermia damages, 1SD
dose) Gaps Deletions Exchanges Gaps Deletions Exchanges 15D
Control -1 0.1,0.1 0.1,0.1 0.1,0.1 0.2,0.1 0.2,0.1 0.2,0.2 0.9,0.1 3.1,0.05
Control — Il 0.2,0.1 0.1,0.1 0.2,0.2 0.1,0.1 0.2,0.2 0.4,0.3 1.2,0.2 4.1,0.15
41.5°C—-30 min 0.1,0.1 0.2,0.1 0.2,0.1 0.1,0.1 0.3,0.2 0.5,0.2 1.4,0.1 3.6,.017
0.2,
41.5°C—60 min 0.15 0.2,0.15 0.6,0.4 0.5,0.2 0.5,0.25 0.9,0.3 2.9,0.2 3.90.16
0.4,
43.0°C—15min 0.3 0.4,0.2 1,05 0.6,0.3 0.7,04 1.3,0.5 44,04 4.2,0.32
43.0°C—-30 min 0.3,0.2 0.5,03 1,04 0.9,0.3 0.7,03 1.2,0.6 46,04 3.4,0.21
6 cGy Gamma 0.4,0.3 0.5,0.2 0.9,04 1,03 0.8,0.4 1.65,0.4 5.25,0.3 3.8,0.25
41.5 °C-30 min + 6 cGy
Gamma 0.3,0.2 0.6,0.3 1,03 1,04 0.85,0.3 1.7,0.5 5.45,0.3 2.8,0.09
41.5°C-60 min + 6 cGy
Gamma 0.4,0.3 04,01 1.25,0.3 11,04 1,06 1.85,0.8 6,04 4.1,0.08
43.0 °C—-15 min + 6 cGy 0.45,
Gamma 0.1 0.6,0.2 1.05,0.3 11,05 1.1,04 2,0.6 6.3,0.4 3.5,0.08
43.0 °C - 30 min + 6 cGy
Gamma 0.4,0.2 04,03 1,04 1.2,0.8 1.25,0.5 2.25,0.5 6.5,0.5 3.9,0.18
6 cGy Gamma +41.5°C-30 1.1,
min 0.6,04 0.5,0.2 0.9,0.3 0.7 1.1,0.2 2.8,0.4 7,0.4 3.1,0.05
6 cGy Gamma +41.5°C-60
min 0.5,0.3 0.7,04 1,05 09,03 1,06 3.4,0.7 75,05 2.6,0.18
6 cGy Gamma +43.0°C-15
min 0.7,0.2 09,03 1.1,0.5 1,04 1.05,0.5 3.5,0.8 8.25,0.5 3.6,0.06
6 cGy Gamma +43.0°C-30
min 09,04 1.1,05 1.1,0.4 1.2,0.6 1.25,0.3 3.95,04 9.5,04 3.90.12
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Figure 1. Average frequency of total chromosome aberrations per 100 cells in human peripheral blood
lymphocytes induced by 6 cGy neutron (or gamma) irradiation and different duration time of hyperthermia
(HT) at 41.5 °C. The time interval between irradiation and heating was 1 hour.
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