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INTRODUCTION

The formalities associated with this contract were completed during October 1986,
and the effective starting date of this project is October 1, 1986. Recently, we requested,
and were granted a no-cost extension until December 31, 1989. The present final report
covers the period from the starting date until October 1, 1986 to December 15, 1989.

The objectives of this project were:

e to ascertain whether the course of spontaneous or phytohemagglutinin (PHA)-induced
blastic transformation of human lymphocytes in vitro is affected by exposure to con-
tinuous wave (CW) or pulsed (PW) 2450 MHz microwaves;

e to compare effects obtained by CW and PW microwave exposure at the same average
specific absorption rate (SAR);

e to compare effects obtained by microwave heating and conventional heating needed
to increase the temperature of the sample by 0.5, 1.0, 1.5 and 2.0°C.

e to ascertain whether chromosomal aberrations are induced under the conditions of
these experiments.

In order to provide reliable quantitative data on exposure, a system with automated
dosimetry was developed, and tested for biocompatibility with human lymphocyte cultures.
A method for quantitation of lymphocyte transformation based on image analysis was
developed and tested. Experiments on effects of CW or PW 2450 MHz exposure at heating
and non-heating levels were carried out. Effects of conventional heating were examined
and compared with effects of microwave heating. For convenience and clarity the work
performed is described in the following sequence: (1) exposure system and dosimetry, and

(2) studies on lymphocyte cultures, and (3) conclusions.
EXPOSURE SYSTEM AND DOSIMETRY
Description of the Exposure System

The experiments planned in this project necessitated the design and assembly of an
exposure system that would meet several engineering, dosimetric and biological require-

ments. The system should provide:

(1) an environment compatible with lymphocyte culture in vitro in respect to relative
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humidity (90-100%), CO2 content in air (5%), and temperature (37°C), as well as the
possibility of heating and equilibrating the temperature of the samples up to 39°C

using microwave or conventional heating;

(2) the possibility of exposing samples (preferably involving the exposure of multiple sam-
ples under identical conditions) to CW, or PW 2450 MHz with a high ratio of peak
to average power, and the possibility of simultaneous sham exposure of control sam-
ples under strictly comparable conditions, where the only difference between exposed
and sham exposed samples would consist in the presence (or absence) of microwave

absorption in the sample;

(3) continuous measurements and registration of the temperature of exposed and sham
exposed samples during exposure to provide a temperature profile over time history

of the samples;

(4) continuous monitoring of the wave form and repetition rate in the case of PW expo-

sures.

The first and second requirements were met by placing two shorted rectangular S-band
waveguides 300 mm long (Omega Laboratories Models 6101) in a conventional CO; tissue
culture incubator (Forma Scientific) thermostated at 37°C. A styrofoam block placed in
the waveguide serves as support for the sample holder, and ensures that the sample is
centrally placed in the waveguide in the same location in successive experiments. A small
hole drilled in the waveguide allows the introduction of a minimally-perturbing temnerature
probe. The hole is drilled near the guide wall, at the center of the shorter dimension, this is
a low electric field point and the hole produces minimal disturbance. One of the waveguides
serves for sham exposures, the other one is connected through a matched coaxial cable to
the microwave power source. This consists of several elements. The output from a CW
Hewlett-Packard Model 8616A oscillator feeds a Hughes Model 1177H travelling wave tube
amplifier. Pulsed or amplitude modulated waveforms can be obtaiv.ed through the use of
a Hewlett-Packard Model 8403A p-i-n modulator, for high peak power pulsed exposures,
the signal can be further amplified with a 1 kW amplifier (MCL, La Grange, IL). The

waveguide receives its power through an isolator and a dual directional coupler that allows
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forward and reflected powers to be measured with Hewlett-Packard Model 432A power
meters and waveforms to be monitored using a Phillips PM 3240 oscilloscope. The amount
of power supplied to the waveguide is controlled by the output from the oscillator and the
voltage of the 1 kW amplifier, and monitored by measurements of the forward and reflected
powers, and by the readings on the oscilloscope. The main function of the oscilloscope is,
however, to monitor waveforms. These means of control and monitoring are only auxiliary,
as the conditions of exposure are characterized by dosimetry based on measurements of

temperature and of SAR within the sample, as specified by the 3rd requirement the system
should meet.

The dosimetric part of the system consists of two minimally-perturbing temperature
probes, connected to a Hewlett-Packard Model 5§9306A relay activator, which is itself con-
nected to a Keithley Model 192 digital voltmeter (DVM). Both the relay activator and the
DVM are under the control of a Hewlett-Packard Model 86 desk-top computer through the
HPIB (IEEE-488) bus. Initially a Narda Model 8011B non-perturbing double temperature
probe was used, later two Vitek Model 101 probes were substituted for the Narda probe.
The Narda probe requires cumbersome calibration against a NBS standard and introduc-
tion of correction factors to relate the current to temperature, a linear relationship being
maintained over limited temperature ranges. Vitek probes are much easier to calibrate,
are more stable, and the current-temperature relationship is linear over the temperature

range of interest.

Under computer control the temperatures of exposed and sham exposed samples are
recorded sequentially and stored in memory (records are maintained by keeping a library
of micro-floppy disks). Since the temperature of the sham exposed sample is essentially
constant in view of the stability of the temperature of the conventional incubator, it can be
monitored less frequently than the temperature of the exposed samples. For conventional
thermal exposures the temperature can be elevated by increasing the temperature of the

incubator, maintaining control samples in another CO; incubator.

The sample holder has to be a tissue culture vessel made of materials non-toxic to

cells sn vitro and transparent to 2450 MHz microwaves. The geometry of the container has
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to allow for uniform energy deposition within the sample. These considerations limited
the choice of possible sample holders. Previous experience with tissue culture exposures in
a S-band waveguide demonstrated that the use of T-flasks or Petri dishes leads to signifi-
cant nonuniformities in energy deposition. Two types of sample holders were tested, both
rectangular tissue culture Lab-Tek (Miles Laboratories) chamber slides, & two chamber
model No4802, and a four chamber model No4804. Analysis of SAR distribution based
on measurements of temperature (see below) in slide chambers containing tissue culture
medium demonstrated that the energy distribution within and between chambers of the
two chamber model is nonuniform, the difference between chambers being about 50%. In
the four chamber model measurements demonstrated that differences in energy deposition
remain within 10% of an average value. Therefore, the four chamber model was selected
for use in experiments. Three of the chambers contain tissue culture medium and cells,
the fourth contains medium only. A hole is drilled in the cover of the chamber and a tem-
perature probe is introduced. In this way each experiment can be carried out in triplicate

on simultaneously exposed samples with simultaneous continuous dosimetric control.
Dosimetry and Temperature-Time Analysis

During an experiment the temperature in the exposed and the sham-exposed samples
is recorded at regular intervals, with a minimum interval of less than 1 s. The temperature
is recorded before the beginning of, during, and after the exposure. The “on™ and “off”
times of exposure are recorded on the computer by the operator using a soft-key interrupt
capability. At the conclusion of a run the T(t), i.e., temperature (T) versus time ()

behavior is analyzed to determine SAR.

If the SAR is S (Wkg™!) and the specific heat of the sample is C(Jkg™K~?), then the
rate of heating during microwave exposure, for small temperature variations over which C

can be assumed to be constant, is

dT S
(%)=2 g

If, in the absence of deliberate heating, a sample is above or below its equilibrium temper-

ature, T,,, with its surroundings, then for small temperature differences from equilibrium,
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its natural rate of temperature change, from Newton’s law of cooling, is of the form

(%) =a(@e-1, 2

where a is a constant that depends on sample geometry, insulation, etc. In general, when
microwave power is applied to a sample that was not in thermal equilibrium with its

surroundings at the start of exposure:

dr S
‘E{=E+°(T¢4’T) (3)

The solution to eqn. (3) can be written in the form

T-T,= (;SE + Teg ~ T,) (1-¢7%Y) (4)

where T, is the control temperature at t = 0. Either eqn. (3) or eqn. (4) can be used to
determine the SAR. From eqn. (3),

(&), (%)= ®

where The subscript § indicates the application of microwave power corresponding to
SAR S. Therefore, determination of the rate of temperature change before and during
application of microwave power, or during and after the application of microwave power,

determines the SAR.

If the sample is in thermal equilibrium before exposure begins, eqn. (4) reduces to

the simpler form

S ~at
T-Ty= —(1-c") (6)

which can be used to find S from T(t). In general, the approach using eqn. (5) is preferable,
since for times near t = 0, the exponential can be expanded in quadratic form.

In practice, this analysis is performed automatically. At the end of a run, the point
of inflection, or turning point, in T(t) is found numerically. This is done by checking the
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change in slope of the temperature as a function of time. In practice, this change in slope
occurs immediately upon the application or removal of microwave power, within the time
resolution of the data acquisition system. The temperature profile to the left and right
of this point is fitted by least-squares to a linear or quadratic function and the change in
slope at the beginning of the exposure period yields the SAR.

In practice temperatures in the exposed sample are recorded each 1, 2 or 3 seconds,
the readings from the sham-exposed sample being taken at 10 times longer intervals. In
experiments in which the sample is microwave heated for longer periods at a predetermined
elevated temperature, measurements are made less frequently once equilibrium is reached,

and serve only as control of the stability of exposure conditions.

Measurements made in air or water in the incubator outside the waveguides, demon-
strated oscillations of £0.2°C resulting from the on-off cycle of heating controlled by the
thermostat. Over a 24 hour period such oscillations may reach £0.5°C. Measurements
in medium in chamber-slides placed within the waveguides demonstrated that these os-
cillations are attenuated, the metal structure of the waveguide acting as a heat sink or
source. Over a 24 hour period the oscillations do not exceed 0.05°C, and usually remain
within 0.02°C. The sensitivity of the temperature probes is nominally 0.01°C, however
comparison of successive readings permits extrapolation to 0.005°C. Based on data in the
literature the biological endpoints examined are not affected by temperature excursions
within 0.5°C.

The software written for reading temperatures from two Narda probes and for “smooth-
ing and plotting of experimental data”, i.e., for SAR computation is enclosed as attache-
ment 1. The software was slightly modified to accommodate the alternate possibility for
taking reading from Vitek probes.

The dosimetric system described above can be used in experiments on the effects of
heating caused not only by microwaves but also by any means (eg. conventional, ultra-
sound). Because of its wide applicability the system is the subject of two brief communi-
cations: one at the IRPA-7 Congress in April, 1988 in Sydney Australia (attachment 2),
and a second one at the 10th Annual Meeting of the BEMS in June, 1988 in Stamford,
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CT (attachment 3). Finally, & detailed description was published in Health Physics 56,
303-307, 1989, (attachment 4).

STUDIES OF LYMPHOCYTE CULTURES
Collection of Blood Samples and Separation of Lymphocytes

Approval for the use of human blood was obtained November 19, 1986 from the Human
Subjects Research Review Board, Office of the Surgeon General, Department of the Army.
Volunteers were informed about the nature of the study, potential risks and the potential
benefit derived from the study, and signed the informed consent form, as approved by the
HSRRR. 20m! of blood was withdrawn by venipuncture under aseptic conditions into two
heparinized (143 USP units) sterile evacuated blood collection tubes (Vacutainer No. 6480,
Becton and Dickinson). The blood was transported to the laboratory at room temperature.
Within one hour from withdrawal mononuclear cells (lymphocytes and monocytes) were
separated under sterile conditions from the whole blood by gradient centrifugation in
Lymphocyte Separation Medium (Boehringer, Mannheim, West Germany) according to the
manufacturer’s instructions. Following separation the cell suspension was washed twice in
RPMI 1640 cell culture medium (Gibco). An aliquot was withdrawn for the determination
of the cell concentration, cell viability and cytological (cytocentrifuge) preparations, the

remainder was used for establishing cultures.

The cells were counted in a bright line hemacytometer (Neubauer type, Spencer). Vi-
ability was tested by the Trypan blue exclusion test, neutral red stain for the vacuome, and
Janus green stain for mitochondria. Cytocentrifuge (Cytospin 2 cytocentrifuge, Shandon)
preparations were air dried, fixed in methanol, stained by a combined Wright-Giemsa stain

and cell morphology was analyzed under a microscope (see below).

The usual yield of cells ranged from 1x107 to 3x107. The suspension consisted of
90-95% lymphocytes, the remainder of cells being monocytes and occasional (below 1%)
granulocytes. The viability of cells ranged from 96.5 to 99.5%, and was usually about 98%.

Cell Cultures
Four-chamber culture chamber slides were filled under sterile conditions with 1 ml of

chromosome medium 1A (Gibeo) with or without phytohemagglutinin (PHA) depending




on the protocol appropriate for the particular experiment. 10° cells were added to 3 of the
chambers, the 4th contained medium only. A 0.2 mm hole was drilled over the chamber
that does not contain cells for the introduction of the temperature probe. (For experiments
on spontaneous transformation a set of experimental samples consists of four slides: one
with PHA (5 or 10 mg/ml) positive control incubated in a conventional incubator, and
three without PHA. Out of these one is incubated in a conventional incubator at 37°C,

one is microwave-exposed and one is sham exposed).
Cell Harvest

Following incubation the cultures without PHA were mixed within the culture cham-
ber using a Pasteur pipette, and transferred to microfuge tubes. The cell count was
established, viability was tested and cytocentrifuge preparation were made (as described

above).

In the case of cultures incubated with PHA, 10ul of colcemide solution (10 mg/ml,
Gibco) were added to each chamber 2 hours before harvest. At harvest the cultures were
transferred to microfuge tubes, spun down at 10 rpm for 8 min in an Eppendorf micro cen-
trifuge, and the supernatant was discarded. 1 ml 1% sodium cirtrate solution prewarmed
to 37°C was added with vortexing. The cells were kept in this solution for 8 min, spun
down under the same conditions as above, and the supernatant was discarded. Fixative
(cold glacial acetic acid: methanol, 1:3 vol/vol) was added dropwise with vortexing. After
at least 20 min the fixative was changed once or twice. A droplet of the cell solution in
fixative was placed on a microscope slide wet with 20% ethanol, and the slides were flamed.
Following this the slides were air dried, and stained with Giemsa solution in phosphate
buffer pH 6.8 for 8 min or treated with trypsin and stained with Giemsa according to the
Seabright procedure (G-banding).

Analysis of Microscope Preparations

Cytocentrifuge slides were examined under a 100X oil immersion objective and the
cell and nucleus areas were determined using an “Optomax™ image analyzer. The original
software supplied by the manufacturer was rewritten. The slides was coded and the person

who made the measurements was not aware of the treatment (exposed, sham-exposed or
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conventional incubator). The code number of the slide, the area of the cell, the area of the
aucleus, the nucleus-cytoplasmic ratio and a symbol for morphological features of the cell
(S for a small lymphocyte, 1 for an intermediate form and B for a lymphoblastoid cell)

were recorded, and stored on a floppy disk.

The process of lymphoblastoid transformation was initially evaluated by most re-
searchers on the basis of cell morphology. Following stimulation the lymphocyte under-
goes gradual enlargement, accompanied by structural alterations of the nuclear chromatin,
and becomes an intermediate cell. The transition of the intermediate into a lymphoblas-
toid cell consists in further enlargement of the cell, accompanied by additional changes in
chromatin structure and the appearance of nuclei. Following a phase of DNA synthesis
(S-phase) and pre-mitotic period during which no morphological changes occur (g, phase),
the lymphoblastoids undergo cell division. Evaluation of the transformation process based
on qualitative assessment of cell morphology is subjective, and varies with different ob-
servers. Because of this, determination of tritiated thymidine incorporation into DNA is the
most widely used method for a quantitative assessment of lymphoblastoid transformation.
However, this method does not fully reflect the process of lymphoblastoid transformation,
being only a measure of the rate of DNA synthesis. Small and intermediate lymphocytes,
as well as lymphoblastoids in other stages of the cell cycle rather than the S-phase are not
taken into account. However, using this method it is not possible to distinguish between
an increase or a decrease in tritiated thymidine incorporation caused by a change in the
number of cells synthesizing DNA or by a change in the rate of synthesis alone. As the
present study requires incubation of cells at elevated temperatures, which may affect not
only the basal metabolic rate but also the DNA synthesis rate, a morphological approach

supplemented by objective measurements of the cell and nucleus area was adopted.

To validate this approach, three different observers analyzed cytocentrifuge prepara-
tions from cultures incubated with PHA at three concentrations of 5, 7.5, and 10 mg/ml.
The last one was indicated by the manufacturer as the optimal concentration. The distri-
bution of the size (area) of the cells demonstrated a dependence on PHA concentration.
The area of the nucleus was distributed randomly and did not correlate with the morpho-
logical classification of the cell. Consequently the nucleus-cytoplasmic ratio could not be
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used for the evaluation of the transformation process.

Cells of size between 80 and 120 um? were classified by different observers as small or
intermediate lymphocytes, and cells between 190 and 210 um? as intermediate or blastoid
forms. Therefore based on morphology and measurements of the cell area, cells up to
100um? were grouped in one class of small lymphocytes. Cells larger than 200um? were
considered as blastoid forms. Intermediate lymphocytes were additionally subdivided into
three groups: larger than 100pm? and smaller or equal to 120um?, larger than 120um?
and smaller or equal to 150um?, and larger than 150um? and smaller or equal to 200um?.

The distribution of the cell size in preparations from cultures incubated 72h with
PHA at the three tested concentration is shown in Table 1. Significant differences were
found in the number of small lympbocytes (area < 100um?) and lymphoblastoids (area >
200p4m?). The decrease in the number of small lymphocytes and the increase in the number
of blastoid cells with increasing PHA concentration validates the use of measurements of

the cell area for the assessment of lymphocyte transformation.

Table 1
The Distribution of cell size (area, zm?) following 72h incubation
with PHA at Various Concentrations (mg/m!)

PHA mg/ml| 5.0 75 10.0
Area (a) pym?

a <100 425+ 3.71268+451174x25
10<a<120 |[1344+£20{13.0+28} 53+1.1
120 < a £ 150 156 £341{12.1+£31(10.0% 2.1
150 <a<200 {19.0+2.6{2431+28)226+%30

a > 200 106 +-48) 25+ 3.5 | 4621 4.5

Chromosomal preparations were examined using & 100x oil immersion objective.
Metaphase plates were analyzed for numerical structural aberrations.

Results were analyzed using the “Statgraphics” program by Statistical Graphics Cor-
poration. Analysis of variance (ANOVA) was used to compare the numbers of cells in
particular classes, distributions were compared using multiple regression methods. Results
were considered significant at the p < 0.05 level.
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Effects Of Exposure On Spontaneous Transformation

Blood was obtained from healthy donors by venipuncture, lymphocytes were separated
as described above, and transferred to Chromosome Medium 1A without PHA (Gibco).
The cell concentration was adjusted to 106/ml. One milliliter of cell suspension was in-
troduced into each of the 3 chambers of the chamber-slide, the 4th chamber contained
medium only, and contained the sensor for the dosimetric system. Thus each experiment
was carried out in triplicate, and usually repeated 3 times (a total of 9 samples), some
experiments were carried out twice (6 samples).

Each experiment comprised three chamber-slides, one exposed, the second one sham
exposed, and the third one incubated in a separate incubator set at 37°C, serving as

control.

The experiments were carried out in three series:

e exposed to CW 2450 MHz at a non-heating level, i.e. at an average SAR of about 1
W/kg ( ranging from 0.8 to 1.3 W/kg), and at heating levels resulting in an increase in
temperature of the sample by 0.5°C (SAR 1.8-2.3 W/kg), 1°C (SAR 3.5-4.5 W/kg), 1.5°C
(SAR 6.8-8.3 W/kg), and 2°C (9.8-12.3 W/kg); the temperature of the sample varied
over the incubation period by +0.2°C; the range of SARs is indicated taking into account
the experimentally observed variations and the £10% non-uniformity of energy absorption

over the three chambers of the chamber slide;

e exposed to PW 2450 MHz at the same non-heating and heating levels of temperature and
SARs (for these PW exposures the microwave pulse width was 1us and the pulse repetition
frequency varied from 100 to 1000 pps as the exposure changed from non-heating to the
highest heating level);

e incubated at the temperatures obtained by microwave heating (37.5°C, 38°C, 38.5°C,
and 39°C) in an incubator with adjusted thermostat, samples incubated at 30°C serving
as controls and comparison to the non-heating microwave level.

There were no significant differences between sham-exposed and control cultures, and
therefore the results from these were pooled. Table 2 presents the distribution of cell sizes

in these cultures.
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Table 2
The distribution of cell sizes in control and

sham-exposed cultures incubated for 120h

Area(a) Number of cells
pm? meands.d.

a <100 53.7+ 2.9
100< a <120 309+ 1.8
120< a <150 10.1 £ 1.0
150< a <200 21+£08

a >200 12+ 0.9

Table 3 presents the distribution of cell sizes in conventionally heated cultures. There
are no significant differences between cultures incubated at 30°C and 37.50C. At 38°C the
number of small lymphocytes (area< 100um?decreases, and the number of cells with areas
between 120um2and 200zm?increases, thus indicating an enhancement of the transfoma-
tion process. At 38.5°C the number of cells with an area between 100 and 120um?decreases,
and the number of cells with area between 150 and 200um?increases. No blastoid cells were
found. This may be interpreted as enhancement of transformation (blastoid cells divided
and the daughter cells are smaller) or an inhibition. The latter interpretation is less likely
because of the results obtained at 38°C , and the lack of cell destruction in the preparations.
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Table 3. The distribution of cell sizes in control cultures
incubated at 37.5, 38, 38.5, and 39°C ,

with conventional heating

Number of cells
mean s.d.

Incubation 37°C 37.5°C 38°C 38.5°C 39°C

temperature
Area (a) pm?

a<100 55.2+3.8 | 54.81+2.2 39.6+3.0 53.0+4.5 | 88.7+£2.2
100< a £120 32.44£2.9 | 29.443.6 29.6+7.1 4.742.3 | 9.1+19
120< a £150 8.84£2.0 [ 11.2+1.7 23.2+3.4 16.2+2.2 | 1.6+1.4
150< a <200 1.6+0.9 | 1.3£1.0 3.411.0 15.842.0 | 0.3£0.5

a >200 1.0£09 | 2.4+1.7 1.4+1.0 0 0.1+£0.3

In all experiments described above the total count of cells did not change significantly,
being of the order of 10 /m) with variations within the error of the method. Cell viability
also did not change, remaining at the initial level of 94 to 98%. At 39°C the number of
small lymphocytes increased significantly, while the number of lymphoblastoid cells was
smaller than in cultures incubated at 37, 37.5, and 38°C , the difference, however, was
not statistically significant. Cellular debris was present in the preparations. The total
cell count decreased from 6.7 x 10° to 9.1 x 10° cells/ml. Viability of cells decreased, and
ranged from 84 to 93%. These results may be interpreted as indicative of heat cell killing.

Table 4 presents the results obtained following CW 2450 MHz microwave heating.
No statistically significant differences were noted between this and the preceding series,
with the possible exception of cultures heated to 39°C . At this temperature signs of cell
destruction were noted. The total cell count ranged from 6.4 x 10° to 8.5 x 10° cells/ml.
Viability varied from 75.5 to 81.5%. In view of this, no reliable determination of the

distribution of cell sizes could be made.
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Table 4. The distribution of cell sizes in cultures exposed to

CW 2450 MHz microwaves at non-heating (37°C ) and heating levels

Number of cells
mean % s.d

Incubation | 37°C 37.5°C 38°C 38.5°C 39°C

temperature
Area (a) pym?

a<100 53.3+2.1 | 40.0+3.4 39.443.0 43.6+4.3 | partial cell
100< a <120 31.7+3.0 | 36.0+1.9 30.0+4.9 15.242.7 | destruction,
120< a <150 | 10.2+2.4 | 12.242.0 22.81+2.8 17.61+1.7 | measurements
150< a <200 1.740.7 | 4.8%+1.6 2.1+0.9 22.6+2.8 unreliable

a >200 1.040.9 | 2.4%1.7 5.7£1.7 1.0£0.9

Table 5 presents the results obtained following PW 2450 MHz microwave heating.

Exposure at the non-heating level results in an increase in the number of intermediate

forms with an area greater than 150um?and smaller or equal to 200um?, the number of

blastoid forms increases too. These increases may be considered real in view of the results

obtained at 37.5 and 38°C . At these temperatures a statistically significant increase in the

numbers of lymphoblastoid cells (area<200um?) occurs. At 38.5°C cell destruction renders

the determination of cell size unreliable, and no measurements were made. In view of this,

planned experiments at 39°C were not performed, no reliable results were expected.

15




Table 5. The distribution of cell sizes in cultures exposed to

PW 2450 MHz microwaves at non-heating (37°C ) and heating levels

Number of cells
mean + s.d
Incubation 37°C 37.5°C 38°C 38.5°C 39°C
temperature
Area (a) pym?®
a<100 59.743.9 | 44.613.8 46.8+4.7 partial
100< a <120 15.44+1.8 { 20.6+2.4 16.31£2.0 cell
120< a <150 13.7+1.4 | 16.6+1.5 16.3+2.0 destruction not
150< a <200 4.9+1.8 | 3.9+1.0 10.6+2.0 measurements | performed
a >200 6.3+1.7 | 14.44+1.2 15.9+3.7 unreliable

Effects of Exposure on PHA-induced Transformation

Blood was obtained from healthy donors by venipuncture, lymphocytes were sepa-
rated as described above, and transferred to Chromosome Medium 1A containing 5 mg/ml
PHA (Gibco). The cell concentration was adjusted to 106 cells/ml. One milliliter of cell
suspension was introduced into each of 3 chambers of the chamber slide, the 4th cham-
ber contained medium only, and housed the sensor of the dosimetric system. Thus each
experiment was performed in triplicate, and usually was repeated three times: in some
instances twice. Each experiment comprised three chamber-slides, one exposed, a second
one sham-exposed, and a third one incubated at 30°C in a separate incubator, serving as
control. The conditions chosen for these experiments were based on previously obtained
results. No experiments were carried out under conditions that did not demonstrate signif-
icant differences between experimental and control samples, or resulted in cell destruction

rendering measurements unreliable. The experiments were carried out in three series:

o exposed to CW 2450 MHz microwaves over the whole 72h incubation period at a non-
heating level, i.e. at an average SAR of about 1W /kg (ranging from 0.7 to 1.3 W /kg)
and at a level resulting in an increase in the temperature of the sample by 1°C (38°C )
t.c. at an average SAR of about 4W/kg; the temperature of the sample varied over the

course of the experiment by + 0.2°C ; the indicated range of SAR takes into account the

16




experimentally observed variations in different chambers of the chamber-slide;

e exposed over the whole 72h of the incubation period to PW 2450 MHz microwaves at
the same levels of average SAR and temperature as in the preceding series; an additional
set of experiments consisted in exposure to PW 2450 MHz at an average SAR resulting in
an increase in the temperature of the sample by 1°C over the first, second and third 24h

of the 72h incubation period, following which the cultures were harvested.

e cultures incubated for 72h in an incubator adjusted to 38°C and compared to cultures

incubated at 37°C .

The results of these experiments are summarized in Table 6.
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Table 6. The distribution of cell sizes following 72h
exposure to PW 2450 MHz microwaves at a non-heating (37°C )
and heating level (38°C ) compared to sham-exposed samples.

Number of cells
mean % s.d
Incubation | Shams (37°C ) 37°C 38°C
| temperature

Area (a) pm?

a<100 43.2+7.4 14.31+5.1 11.7+5.3
100< a <120 14.3+4.6 16.7+3.0 5.9+£2.9
120< a <150 14.945.3 20.0+6.2 7.842.7
150< a <200 11.745.1 19.91+4.6 14.5+4.1

a >200 15.946.4 29.1+6.6 57.7+10.4

Control and sham-exposed cultures did not differ significantly from each other. Heat-
ing to 38°C by conventional means and by CW microwave exposure enhanced transfor-
mation to a limited extent. Exposure to CW microwaves at a non-heating level did not

affect the transformation process. Exposure to PW 2450 MHz during the whole incubation

period of 72h enhanced transformation at both the heating and non-heating levels. Expo-

sure to PW 2450 MHz at the heating (38°C ) level during the first 24h of the incubation

period did not affect transformation, no significant differences between exposed and sham-

exposed samples were demonstrated. Exposure during the second 24h of the incubation

period resulted in an inhibition of transformation and a complete absence of cell divisions.

Exposure during the last 24h enhanced transformation.

No chromosomal aberrations were demonstrated under any exposure conditions.

CONCLUSIONS

Spontaneous transformation of human lymphocytes in vitro is enhanced by conven-

tional heating and CW 2450 MHz microwave heating. No significant differences were

demonstrated between preparations obtained from cultures heated to the same tempera-

ture by conventional means and by CW microwaves. PW microwave exposure enhances

transformation at a non-heating level. Further enhancement of transformation was seen
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in preparations heated by PW exposure to 37.5 and 38°C , the number of transforming
cells being significantly higher than in cultures heated by CW exposure. Following PW
exposure at the heating level resulting in an increase in the termperature of the sample
by 1.5°C (to 38.5°C ) or 2°C (to 39°C ) numerous cells undergo destruction making the

interpretation of the preparation unreliable.

Effects of CW exposure seem to be related to heating, i.e. depend upon the increase
in temperature. Effects obtained following PW exposure differ from those seen following
CW exposure, PW exposure enhances transformation at non-heating levels, while CW
exposure does not. Thus effects of CW and PW 2450 MHz microwaves are different and
are not related to the average SAR.

PHA-induced transformation is affected by exposure in a similar maner, and leads to
the same conclusions. Additionally this part of the study demonstrated the dependence of
the effects on the stage of the transformation process. Exposure during initial stages (first
24h of the 72h incubation period) is without effect. Exposure during the second 24h of the
72h incubation period blocks cell division and decreases transformation, while exposure

during the last 24h enhances transformation.

Results of this study were presented at the 10th Annual Meeting of the Bioelec-
tromagnetics Society (2 presentations) in Stamford, Connecticut in 1988 and at the 7th
International Congress of the International Radiation Protection Association (IRPA) in
Sydney, Australia (2 presentations). Copies of abstracts are included in this report. One
paper describing the exposure system and dosimetry protocols has already been published
in Health Physics (copy included). Two further manuscripts are in preparation and will be
submitted later. Also included as an attachment to this report is the computer software

used for experimental monitoring, temperature history data acquisition, and dosimetry.

19




PROGRAM FOR COLLECTING DATA Attachment #1

10 OPTION BARSE 1

20 DISP "ARE YOU USING VITEK OR NARDA PROBES,TYPE V OR N"

30 INPUT PRBTYPS

40 PROBC1=9.6184 ® PROBC2=41.459 ! Calibration factors for Narca probe |
50 PROBC3=5.9121 & PROBC4=42.386 ! Calibration factors for WNarda probe 2
60 IF PRBTYPS="N" THEN GOTO 90 ! Probe type Narda - don’'t reset calib. factors
70 PROBC1=100 & PROBC2=0 ! Calibration factors for Vitek probe

80 PROBC3=100 & PROBC4=0 ! Calibration factors for Vitek probe

90 ON KEY# 1,"POWER ON' GOSUB 9380

100 ON KEY# 4,"NEW 0OBS INT"™ GOTO 1100

110 DN KEY# 7,"POWER OFF"™ GOSUR 1390

120 MASS STORAGE IS '":DS500"

130 DIM ATEMP(1000)> ,ATIMEC1000)> .BTEMP(1000) ,BTIMEC1000),PONT(50),POFFT(S0)
}gg 8&233NUM(20),BNUH(20).IPDN(20).IPDFF(ZO) .
égﬂeé EE%P 40,100 ® WAIT S0 @ BEEP 40,100 & WAIT 50 & BEEP 40,100 ® WAIT 50 & BE
170 DISP “ENTER DAY,MONTH,YEAR"

180 INPUT EXPDATES

190 EXPDATE=0

200 DISP "ENTER SAMPLE IDENTIFIER"

210 INPUT SAMPLES

220 EXPDATAS=EXPDATES&SAMPLES

230 DISP "ENTER TIME OF DAY - 24 HOUR CLDCK"™ @ INPUT T0DS

240 ON ERROR GOTO 300

250 CREATE EXPDATAS&'":D501",1,32000

260 ASSIGN# 1 TO EXPDATAS&":DS01"

270 ' PRINT# 1 ; EXPDATES

280 ! PRINT# 1| ; SAMPLES

290 GOTD 390 - -
200 IF ERRN =128 THEN DISP "DISC IS FULL - INSERT A NEW DISC AND START AGAIN
310 IF ERRN =128 THEN GOTO 340

320 IF ERRN =563 THEN GOTO 350

330 DISP AN ERROR HAS OCCURRED - PRESS CONTINUE TO START AGAIN"

340 PAUSE & GOTO 150

350 DISP "THIS DATA FILE NAME ALREADY EXISTS - ENTER ANOTHER SAMPLE NUMBER"
360 INPUT SAMPLES

370 EXPDATAS=EXPDATES&SAMPLES

380 GOTO 250

390 KK=0 ! Counter for new observation times for probes A and B.

400 BIN=0 ! Holds previous number of observations from probe f.

410 NDPTS=0 ! Counter for number of data points recorded.

420 CLEAR .

430 DISP "This program will store 1000 temps. and times for both probes.”
440 DISP “ENTER TOTAL OBSERVATION TIME IN SECDNDS."

450 INPUT OBSTIME

2§g~g§gg “Probe A should be in the exposed/experimental culture.”

480 DISP "ENTER OBSERVATION INTERVAL FOR PROBE A IN SECONDS.*

£90- INPUT NA

S00 IF NA>OBSTIME THEN 520

510 GOTO 540

520 DISP "You selected an obs. interval > the total obs. time; try again."”
530 GOTO 430

540 AJOBS=INT (OBSTIME/NA)

550 NA=NA=1000

560 HOLD=AJUBS+BIN

570 IF HOLD»>37000 THEN 590

$80 GOT0 610

238 26?2 zgzu have requested too many readinge of probe A; try again.”
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610 DISP "The observation interval for probe B should be an integer multiple”

620
630
640
650
660
670
680
690
1700
' 710
1 720
' 730
- 740
750
760
770
780
790
800
810
820
830
840
850
860
870

B%gg “"of, and ideally < or = 10 times that for probe &."
DISP "ENTER OBSERVATION INTERVAL FOR PROBE B IN SECONDS.™
INPUT NB
BJOBS=INT (OBSTIME/NB)
NB=NB=1000
IF FP (NB/NA)#0 THEN 700
GOTO 720 :
DISP "The obs. time for B 1s not a multiple of that for A; try again.’
GOTD 640
REMOTE 502 t DUM to remote.
CLEAR @ KEY LABEL
REMOTE 507 ! Relay to remote.
LOCAL LOCKOUT S ! Local lockout for DVM and relay.
OUTPUT 502 ;“FOR2TOX"™ ! DVM to DCV,2V range, and cont. on talk.
OUTPUT 507 "A12" ! Connect all A1&A2 terminals to C14C2 terminals.
ENTER 502 ; AS ! Trial read of DVM.
1J1=0 ! Set counter for number of times power turned on.
I1J2=0 ! Set counter for number of times power turned off.
J=1 ! Set counter for reading probe B.
NT=NB/NA ! Set interval between reading probe B.
IF KK>0 THEN 880
SETTIME 0,0 ! Zero clock for easy interpretation only.
éNko?p: aﬁgd'probe A, read time, put values into arrays.
= o =
FOR I=1 TO AJOBS @ ENTER 502 ; AS@ ATIME(I)>=TIME +(DATE -EXPDATE)=86400 & A

EMP(I)=VAL (ASIS))

880
830
900
310
920
930
940
350
960

QL%HZ§£);PROBCI*ATEHP(I)+PRDBC2 ! Evaluate temp. from voltage reading.

= +

DISP “ATEMP=" ,ATEMPC(I),"TIME=",ATIMECI)

égré-fa$g THEN 930 ! Check to see if probe B is to be read.

OUTPUT 507 "B1" ! Suitch B! to C! prior to reading probe B.

WAIT 200 ! Wait 200ms for DVM to read probe B

! Read probe B, read time, put values into arrays. Switch Al to C1. .
ENTER 502 ; Bse@ BTIME(J)~TIME +(DATE -EXPDATE)=86400 & BTEMP(J)=VAL (BSISI)

® QUTPUT 507 **A1"

970
580
9590

ﬁL%HZkg);PROBC3*BTEHP(J)*PRUBC4 t Evaluate temp. from voltage reading.
=NNE+
DISP "BTEMP=",BTEMP(J),"TIME=*,BTIME(J) & DISP @ DISP @ DISP & KEY LABEL

1000 J=J+1 ! Increment counter on read probe B.

1010 WAIT NA ! Wait time between reading probe A.

1020 NEXT I ! Increment loop.

1030 LOCAL 5

1040 QUTPUT 702 "B12" ! Simply turn off lights on relay.

1050 DISP “Storing data on disc. You will be prompted for more inputs shortly.”
1060 DISP @ DISP @ DISP

1070 WAIT 2000

1080 GOSUB DISCPRINT

1090 GOTD 1400

1100 CLEAR ,

1110 DISP "Do not press any keys until the computer responds with a beep and"
1120 DISP “displays ‘Data storage is complete’. You will then be prompted to"
1130 DISP "“key in new observation data.” .

1140 WAIT 5000

1150 GOSUB DISCPRINT

1960 GOT0 440

1170 DISCPRINT: ' Write all data to disc for this observation interval.

1180 PRINT# 1 : NNA-1

1190 FOR I=1 TQU NNA-1

1200 PRINT# 1 ; ATEMF(I),ATIMECI)




1210
1220
1230
1240
1250
1260
1270
1280
1290
1300
1310
1320
1330
1340
1350
1360
1370
1380
1390
1400
1410
1420
1430
1440
1450
1460
1470
1480
1480
1500
1510
122U
1530
1540
1558
1560
1570
1580
1590
1600
1610
1620
1630
1640
1€50
1660
1670
1680
1630

NEXT I

PRINT# 1 ; NNB-?

FOR I=1 TO NNB-1

PRINT# 1 ; BTEMP(I),BTIMECI)

NEXT I

PRINT# 1 ; IJ1 ' The number of times power turned on.

IF IJ1=0 THEN 1280

FOR I=1 TO IJt @ PRINT# 1 ; PONT(I) @ NEXT I

PRINT# 1 : IJ2 ! The number of times power turned off.

IF IJ2=0 THEN 1320

FOR I=1 TO I.2 @ PRINT# t ; POFFT(I) @ NEXT I

PRINT# 1 ; TODS ! HWrites time of day to disc

KK=KK+1

BIN=RJDBS

NDPTS=NDPTS+2+(NNA+NNB) +IJ1+1J2+10

gggg ?ngEAR ¢ DISP "Data storage is complete.” & RETURN

BEEP & IJ1=IJ1+1 @ DISP *Power on" @ PONT(IJ1)=TIME @ RETURN

BEEP @ IJ2=1J2+1 & DISP "Power off" @ POFFT(IJ2)=TIME & RETURN

DISP "Do you wish to record more data? ENTER (Y)ES or (NOD."

INPUT REPLYS _

IF REPLYS="Y" THEN 420

ASSIGN# 7 TD =

DISP "The final disc management is now being completed"

ASSIGN# 1 TO EXPDATAS&":D501" )

IA1=1 ® IATOT=0 & IB1=1 @ IBTOT=0 @ ION!=1 @ IONT=0 & 10FF1=1 & IOFFT=0

FOR J1=1 TO KK

READ# 1 ; ANUM(J1)& IATOT=IATOT+ANUM(JT)

FOR I=IA1 TD IATOT € READ# 1 : ATEMP(I),ATIMECI)@ NEXT 1

READ# 1 ; BNUM(J1)® IBTOT=IBTOT+BNUM(J1)

FOR I=IB1 1O IBTOT &« READ# 1 ; BTEMP(I),BTIME(I)&® NEXT I

RERU#® 1§ LFUNGOI)@® 10N =LUNIT+1PUONCIY) @ IF IPONCGJ1)=0 THEN 1540

FOR I=I0ON1 TO IONI w KrHU® 1 3 rowi{1)e NCAT I

READ# 1 ; IPOFF(J1)@ IOFFT=ICOFFT+IPOFF(J1) @ IF IPOFF(J1)>=0 THEN 1560

FOR I=IDFF1 TO IDFFT & READ# 1 ; POFFT(I)& NEXT 1

ﬁg;;lgl+IATOT @ IB1=IB1+IBTOT @ ION1=ION1+IONT @ IOFF1=I0FF1+IOFFT
1

READ#» 1 ; TODS

ASSIGNs 7 TO =

PURGE EXPDATAS&'":DSO1"

PACK *:D501"

NDPTS=8«NDPTS

CREATE EXPDATA%&':D501',1,NDPTS

ASSIGN# 1 TO EXPDATA%&'":D501"

PRINTe 1 ; TATOT @ DISP "TOTAL PROBE A READINGS = *,IATOT

FOR I=1 TO IATOT @ PRINT# t ; ATEMP(I),ATIME(I) & NEXT I

PRINT# 1 ; IBTOT @ DISP "TOTAL PROBE B READINGS = *,IBTDT

FOR I=1 TO IBTOT @ PRINT»# 1 ; BTEMP(I),BTIMECI) @ NEXT I

PRINT# 1 ; IONT @ DISP "MW POWER TURNED ON *,IONT," TIMES" @ FOR I=1 TO IOt

T @ PRINT# 1 ; PONTC(I) @ DISP PONT(I) @ NEXT 1

1700

10
1710
1720
1730
17
17
17

0

PRINT# 1 ; IOFFT @ DISP "MW POWER TURNED OFF *,IDFFT,™ TIMES"™ € FOR I-1 TO

FFT @ PRINT# 1 ; POFFT(I) @ DISP POFFT(I) @ NEXT 1

PRINT# 1 ; TOD$ @ DISP “Time of day",TODS
ASSIGN~» 1 TO =

DISP “Sample number is *,SAMPLES

1

2

3

40 DISP "Date of exposure is " ,EXPDATES

30 DISP “Finished the disc management. GOODBYE, HAVE A NICE DAY!"

END




200
210

230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
330
400
410
420
430
440
450
460
470
480
490
4931
439
500
210
520
530
540
550
560
570
580
530

PROGRAM FOR DATA ANALYS1S, CURVE SMOOTHING AND GRAPHICS _ versiom A

(A X222 2222222222 X X R d XX 22 22 22222 222222222 2122 )
*

PROGRAM TO READ TEMPERATURE READINGS TAKEN FROM =
TW0 NARDA PROBES AND STORED ON DISC, PLOT DATA =
IN VARIOUS FORMS AND DO DOSIMETRY CURVE FITTING =

L
WRITTEN BY CHRISTOPHER C DAVIS, DECEMBER, 1986

LAA AR L AR A2 22222 2222 X Y2 22X 222222222 2222 yy y

ggggungsggE1IS “:D500"
DIM ATEMP(1000),ATIMEC1000),BTEMP(1000),BTIME(1000) ,PONT(50) ,POFFT(50)
DIM ANUM(20) ,BNUM(20),IPON(20),IPOFF(20),DUMMYSI50]
! =«» FUNCTION TO GIVE INVERSE VIDED DISPLAYS
DEF FNIVIDS(DUMMYS)
LENGTH=LEN (DUMMY$)
FOR II=1 TD LENGTH
DUMMYS(II,II1=CHR$ (NUM (DUMMYSI[II,II))+128)
FNIVIDS=DUMMYS
NEXT II
FN END
CLEAR
DISP FNIVID$("DATA DATE?™)
DISP FNIVIDS("DATE FORMAT")
DISP FNIVIDS('DAY MONTH,YEAR")
INPUT EXPDATES
DISP FNIVIDS("ENTER SAMPLE ID'")
INPUT SAMPLES
EXPDATAS=EXPDATES&SAMPLES
ON ERROR GOTO 320
GOT0 370
IF ERRN =67 THEN DISP "YDU HAVE ENTERED THE WRONG FILE NAME"
IF ERRN #67 THEN DISP AN ERROR HAS OCCURRED - START AGAIN"
IF ERRN #67 THEN GOTO 10
CAT ' :D501"
DISP “THESE ARE THE DATA FILES - CHOOSE THE ONE YOU WANT™ @ GOTD 230
ASSIGN# 1 TO EXPDATA%$&":D501"
NUMSMO=0 @ NTEST=0 @ SAR=0 @ TODS$="0"
IATOT=0 & IBTDT=0 @ IONT=0 @ IDFFT=0 @ IA1=1 @ IB1=1 € IDN1=1 @ IDFF1i=1
READ# 1 : IATOT ' READ NO OF PROBE A READINGS
FOR I=IA1 TO IATOT € READ# 1 ; ATEMP(I),ATIMECI)® NEXT I ' PROBE A DATA
READ# 1 : IBTOT ! READ NO OF PROBE B READINGS
FOR I=IB1 TO IBTOT @ READ» 1 ; BTEMP(I),BTIMECI)® NEXT I ' PROBE B DATA
READ#» 1 ; IONT ! NO OF TIMES MW PWR TURNED ON
FOR I=IONY TO IONT ® READ# 1 ; PONTC(I)® NEXT I t ON TIMES
READ# 1 ; IOFFT ! NO OF TIMES MW PWR TURNED OFF
FOR I=I0FF1 TO IOFFT € READ# 1 ; POFFT(Id®@ NEXT I !t OFF TIMES
IA1=TA1+IATOT @ IB1=IB1+IBTOT @ ION1=ION1+IONT @ JOFF1=ICFFI+I0OFFT
ON ERROR GOTOD 499
READ# t ; T0DS
OFF ERROR & ASSIGN# 1 TDO =
! PURGE EXPDATAS&":D501"
DISP “TOTAL PROBE A READINGS = *,I1ATOT
! FOR I=1 TO IATOT @ DISP ATEMP(I),ATIMECI),I @ NEXT I
DISP “TOTAL PROBE B READINGS = *,IBTOT
{ FOR I=1 TO IBTOT @ DISP BTEMP(I>,BTIME(CI),I ® NEXT I
DISP “MW PDWER TURNED DN *,IDNT," TIMES"
DISP *“MW POWER TURNED OFF *",I10FFT,* TIMES"
DISP_"THE MW PWR WAS TURNED ON AT THE FOLLOWING TIMES"
FOR I=1 TO IONT @ DISP PONT(I) @ NEXT I
DISP “Sample ID is “,FNIVIDS(SAMPLES)

D el P ou *WD cap W o O
L LB BN B B B
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600 DISP "Date of exposure was ' ,FNIVIDS(EXPDATES)
601 IF TODS$S="0" THEN GOTO 610
602 DISP “Time of day was " ,FNIVIDS(TODS)

610
620
630
640
650
660
670"
680
690
700
710

720
730
) !
740
750
760
770
780
790
800
810
820
830
840
850
860
870
880
OR
830
9500
310
920
930
940
950
960
970
980
930
1600
1010
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SECTION FOR SMOOTHING
AND PLOTTING OF EXPERIMENTAL DATA

"
*
L 4
HRITTEN BY Christopher C. Davis, June 1884. =«
»*
*

(20 BN BN BN B

MODIFIED DECEMBER 13986

(22222322222 L2222 S 22 222 2 2 2 2 2 2 R 22 222 2 2.2 2.2

DIM AA(S5),SN(21,21),R(20) ,HEAT(5),CODL(S> ¥ ARRAYS USED IN CURVE SMOOTHIMN

NYSLS‘.'NCO
IF ATIMECIATOT)>BTIME(IBTOT) THEN XMAX=ATIMECIATOT) ELSE XMAX= =BTIMECIBTOT

SET X AXIS MAX TO MAX DOBSERVATIDN TIME

XMIN=0 ! INITIALLY SET X DRIGIN TO O

JHIN=1 @ KMIN=1

DISP "TEMPERATURE MEASUREMENT INTERVAL HAS™,XMAX
YMIN=10"20 € YMAX=-(10"20)

! wue FIND HﬁXIHR AND MINIMA OF DATA

3"

FOR I=1 TO IATOT

IF ATEMP(I)>YMAX THEN YMAX=ATEMP(I)

IF ATEMP(I)KYMIN THEN YMIN=ATEMP(I)

NEXT I

FOR I=1 TD IBTOT

IF BTEMPCI)>YMAX THEN YMAX=BTEMP(I)

gEX$T§MP(I)<YMIN THEN YMIN=BTEMP(I)

NUMPLT=0 @ TF NTEST#0 THEN CLEAR

DISP "DO YOU WISH TO PLOT PROBE A, PROBE B, OR BOTH? "&FNIVIDS(“ENTER 1,:

DISP "YOU CAN ONLY CALCULATE SAR USING PROBE A*

INPUT NPROBE

IF NPROBE=1 THEN GOTO 930
GOTO 940
FOR I=1 7O IATOT @ BTIME(I)=ATIME(I) @ BTEMP(I)=ATEMP(I) @ NEXT I

IF NTEST=0 THEN GOTD 960
NYSLS=""Y"
DISP "ENTER TIME REGION YOU WISH TO ANALYZE"

INPUT TMIN, TMAX
FOR I=t TO IATOT ! FIND RANGE OF TEMP ARRAY TO BE PLOTTED
IﬁE;?I?>ﬂTIﬂE(I) THEN JMIN=I

ZEQTIEI T0 IBTOT @ IF TMIN>BTIME(I) THEN KMIN=I

IF ATIMECJUMIN)<BTIMECKMIN) THEN TMIN=ATIME(JMIN) ELSE TMIN=BTIME(KMIN)
525T1;1 TO IATOT @ IF TMAX>ATIME(I) THEN JMAX=1I

522 I}i TO IBTOT @ IF TMAX>BTIMECI) THEN KMAX=I

IF ATIMECJMAX)>BTIME(KMAX) THEN TMAX=ATIME(JMAX) ELSE TMAX=BTIME(KMAX)
IF NTEST=0 THEN GOTO 1400

IF NYSL$="N" OR NYSL$="NO" THEN GOTO 1400

! o=« SECTION FOR SELECTION OF CURVE REGION FOR SMOOTHING

TEMAX=-1,E£20 @ TEHIN- E20
FOR I=JMIN TO JMAX & IF ATEMP(I)<TEMIN THEN TEMIN=ATEMP(I)

angTEHP(I)-TEHIN THEN JTURN=]I ¢ Find inflection point on temp curve




1160 DISP "“NUMBER OF POINTS ON COOLING SLOPE= **,JTURN-JMIN+1
1170 DISP "NUMBER OF POINTS DN HEATING SLOPE= *,JMAX-JTURN+1
1180 DISP "IS THIS SATISFACTORY? Y(ES) OR N<O)*” & INPUT NYSATS
1130 IF NYSATS="N" DR NYSATS="ND" THEN GOTD 960

1200 IF NYSLS="N" OR NYSL$="NO" THEN GOTO 1400

1210 CLEAR @ DISP "COOLING REGION POINTS*™,JMIN,JTURN

1220 DISP “HEATING REGION POINTS",JTURN,JMAX

1230 ON KEY# 1,"COOLING"” GOTO 1280

1240 ON KEY# 2,"HEATING" GOTO 1340

1250 DISP FNIVIDS("SELECT OPTION") @ DISP & DISP

1260 KEY LABEL

1270 GOTO 1270

1280 NSM=1 @ DISP “ENTER POINTS RANGE FOR COOLING SLOPE" '

133?ND£¥SR“ENTER 0,0 FOR HELP IN FINDING TURNING POINT IN HEATING CURVE™ & INPUT
' N

1300 IF JMIN=0 AND JTURN=0 THEN GOSUB Find

1310 DISP "JTURN=",JTURN

1320 DISP "ENTER JMIN,JTURN'™ @ INPUT JMIN,JTURN

1330 GDTO 1380

1340 NSM=2 @ DISP "ENTER POINTS RANGE FOR HEATING SLOPE" .

13?8RBI§§ ;ENTER 0,0 FOR HELP IN FINDING TURNING POINT IN HEATING CURVE" & INPU

»JMA

1360 IF JTURN=0 AND JMAX=0 THEN GOSUB Find

1370 DISP "JTURN=",JTURN

1380 DISP “ENTER JTURN,JMAX"™ @ INPUT JTURN, JMAX

1380 NUMPLT=1 @ GOSUB Smooth

1400 GOSUB Aplot

1410 ON KEY# 1,"AGAIN" GDTD 1530

1420 ON KEY# 2,"DOSE™ GOTO 1580

1430 ON KEY# 3,"PLOT" GOTO 15850

1440 ON KEY#» 4,“SCRDMP" GOTD 3310

1450 ON KEY# 5,"EXIT" GOTD 35920

1460 CLEAR @ KEY LABEL .
1470  DISP “SELECT OPTION - “&FNIVIDS(“DOSE")&" ALLOWS CALCULATION OF SAR"

1480 DISP * - "&FNIVIDS(“AGAIN")&" RE-READS DATA FROM DISC"

Aggg DISP * - “&FNIVIDS("PLOT")&" RE-PLOTS LAST PLOT - USE WITH C
1500 DISP * ~ "&FNIVID$("SCRDMP")&" DUMPS GRAPHICS TO PRINTER"
1510 DISP ~ “&FNIVIDS(“EXIT")&" TERMINATES EXECUTION"

1520 GOTO 1520

1530 CLEAR

1540 DISP “"IF YOU CONTINUE DATA WILL BE RE-READ FROM DISC"

1550 DISP “PRESS "&FNIVIDS("AGAIN")>&“KEY IF YDU WISH TO DD THIS"
1560 ON KEY# 1,"AGAIN" GOTD 370 @ KEY LABEL

1570 GOTO 1570

1580 GOTO 930

1590 IF NUMSMOD=0 THEN GOTO 1620

1600 GOSUB Aplot @ GOTO 1520

1610 GOTO 1410

1€20 DISP “OPTION NOT AVAILABLE"™ & GOTO 370

1630 Smooth:

1640 000 00T 000000 OO 08 OB O O 000 0000 0

1650 ! = .
1660 1 «  CURVE SMOOTHING SECTION =
1670 1 « :
'680 ' L2422 XXX Y XY YR YR R 2 2 0 2 2 X )
1690  DISP "CURVE FITTING IN PROGRESS “&FNIVIDS(“PLEASE WAIT™)

700 NUMSMO~ 1

710 IF NSHM=2 THEN GOTOD 1750

120 N=JTURN-JMIN+1

730 FOR I=1 TO N @ BTIMECI)=BTIME(UMIN+I-1) & BTEMP(I)=BTEMP(JUMIN+I-1) & NEX




T1

1740
1750
1760

RN+I-1)

1770
1780
1790
1800
1810
1820
1830
1840
1850
1860
1870
1880
1890
1800
1910
1920
1930
1940
1950
1960
1970
1980
1990
N)
2000
2010

GOTO 1780
N=JMAX-JTURN+1
FOR 1=1 TO JMAX-JTURN+1 @ BTIME(I)=BTIME(JTURN+I-1) @& BTEMP(I)=BTEMP(JTU

NEXT 1

FOR I=1 TD S

R(I)=0 & AA(I)=0 @ FOR J=1 TO 21 @ SN(I,J)=0 @ NEXT J @ NEXT I
DISP “WHAT ORDER OF POLYNOMIAL DO YOU WISH TD FIT - 1=LINEAR..."
INPUT NS

FOR J=1 TO NS+1

FOR I=1 TO N

IF J=NS+1 AND BTIME(I)=0 THEN GOTO 1860
R(J)=BTEMP(I)=BTIMECI)“(NS+1-J)+R(J) @ GOTD 1870

R(J)=BTEMP (I)+R(J)

NEXT I

NEXT J

FOR K=1 TO NS+1 @ FOR J=1 TO NS+1 @ FOR I=1 TO N

IF 2«NS-J-K+2=0 AND BTIME(I)=0 THEN GDTD 1820
SN(J,K)=BTIME(I) " (2%NS-J-K+2)+SN(J,K) @ GOTO 1830
SN(J,K)=1+SN(J,K)

NEXT 1

NEXT J

NEXT K

GOSUB Invt

FOR I=1 TO NS+1 @ FOR J=1 TO NS+1
AACNS+2-T)=SNINS+2-1,)*R(JI+AR(NS+2-1) @ NEXT J & NEXT 1

IF NSM=1 THEN DX=ATIMECJTURN)-ATIMECJUMIN) ELSE DX=ATIME(JMAX)>-ATIME(JTUR

IF NSM=1 THEN XSTART=ATIMEC(JMIN) ELSE XSTART=ATIME(JTURN)
FOR K=1 TO 200 & I=K+800 &€ BTIME(I)=(K~1)=DX/200+XSTART & BTEMP(I)=0 & F

OR J=1 TO NS+1

2020
2030
2040
2050
2060
2070
2080
20380
2100
2110
2120
2130
2140
2150
2160
2170
2180
2180
2200
2210
2220
2230
2240
2250
2260
2270
2280
2290
2300
2310

D o *aP v

- 2P ould

IF NS+1-J=0 AND BTIME(I)>=0 THEN GOTD 2050
BTEMP(I)=AA(J)*BTIMECI) " (NS+1-J)+BTEMP(I)
GOTO 2060

BTEMP(I)=RA(J)+BTEMP(I)

NEXT J

NEXT K

RETURN

Invt:

MATRIX INVERSION BY GAUSS-JORDAN ELIMINATION WITH FULL PIVOTING
SQUARE MATRIX OF ORDER NP _

DIM KP(S),JP(5)
NP=NS+1
NCOL=NP

INITIALIZE PERMUTATION VECTORS

" FOR I=1 TO NP @ KP(I)=I @ JPC(I)=I & NEXT I

cap "B o

INVERT MATRIX
FOR IR=1 TO NP
FIND THE PIVOT ELEMENT
FOR1-1R T0

NP
TEST=ABS (SN(K
IF T£ST<= 0 TH

@ FOR J=IR TO NP @ K=KP(I) & L=JP(J)
,L))~ABS (PIVOT)
EN GOTO 2370




2320
2330
2340
2350
2360
2370
2380
2330
2400
2410
2420
2430

2440
2450
2460
2470
2480
2490
2500
2510
2520
2530
2540
2550
2560
2570
2580
2530
2600
2610
2620
2630
2640
2650
2660
2670
2680
2680
2700
2710
2720
2730
2740
2750
2760
2770
2780
2790
2800
2810
2820
2830
2840
2850
2860
23870
2880
2890
2900

- — e s e w—————

IF _TEST>0 THEN GOTO 2340
607D 2370

IK=1

JK=J

PIVOT=SN(K,L)

NEXT J @ NEXT I

THE PIVOT ELEMENT IS SN(K,L)
UPDATE PIVOT VECTORS
K=KP(IK) @ KP(IK)=KP(IR) 3 KP(IR)=K @ L=JP(JK) @ JP(JK)=JP(IR) @ JP(IR)=

P YN ulp PP s

% COMPUTE NEW ELEMENTS OF PIVOTAL ROW

" FOR J=1 TO NCOL @ SN(K,J)=SN(K,J)>/PIVOT & NEXT J
!

% COMPUTE REMAINING ELEMENTS OF IR'TH STEP

FOR I=1 TO NP

IF I-K=0 THEN GOBTO 2590
AIL=SN(I,L)
SN(I,L)=-(AIL/PIVOT)

FOR J=1 TO NCOL

IF J-L=0 THEN GOTO 2580
SN(I,J)=SN(I,J)-AIL=SN(K,d)
NEXT J

NEXT I

. VD D s

INVERT PIVOT ELEMENT

SNC(K,L)=1/PIVOT @ NEXT IR
RETURN
Aplot:
! bbb g 2 2 22 2 2 222 22 222X 2L Y T2
! = "
! « PLOTTING SUBROUTINE =
00000000 00 2t
!
NLT=1
CLEAR @ IF NUMPLT=0 THEN GOTD 2930
ALPHA & DISP "PARAMETERS OF FIT" @ DISP
FOR I=1 TO NP @ DISP AA(I) @ NEXT I
IF NSM=2 THEN GOTO 2790
FOR I=1 TO NP @ COCLCI)=AACI) @ NEXT I
GDTD 2800
Eﬂ?zlal TO NP @ HEAT(I)=AACI) @ NEXT I
IF NTEST<2 THEN GOTO 2850
SAR=4,2«(HEAT(1)-CO0L(1))=1000
IF NS=2 THEN SAR=2«SAR=ATIME (JTURN)+4,2«(HEAT(2)~COOL(2))
DISP_FNIVIDS(“SAR 1S"),SAR,"W/kg"
FOR I=1 TO N @ Y2=0 @ FOR J=1 TO NS+1
IF NS+1-J=0 AND BTIME(I)~C THEN GOTD 2880
YZ=AACJI=BTIME(I) “(NS+1-J)+Y2 @ GOTO 2890
Y2=AA(J)+Y2
NEXT J
CHiZ-(BTEHP(I)-Y2)‘2/Y2+CHI2

2910 NEXT 1




2920 DISP "OBSERVED CHI2= *,CHI2,” WITH " ,N+NS+1," D.F."
2830 DISP “DO YOU WANT A HARD COPY PLDT? Y(ES) OR N¢O)"
2940 INPUT NYS® IF NUMSMO=1 THEN GOTO 3040

2950 DISP “TIME WILL BE PLOTTED FROM *,XMIN,"TO" ,XMAX
2360 DISP “TEMPERATURE WILL BE PLOTTED FROM*,YMIN,"TO",YMAX
2970 DISP “IF YOU ARE SATISFIED PRESS RETURN"

2980° INPUT NYLIMS .

2990 IF NYLIMS="" THEN GOTD 3040

3000 DISP "ENTER TIME RANGE TO BE PLOTTED, TMIN,TMAX"
3010 INPUT XMIN,XMAX

3020 DISP “ENTER TEMPERATURE RANGE TO BE PLOTTED"

3030 INPUT YMIN, YMAX

3040 IF NTEST>= 1 THEN GOTO 3340

3050 CLEAR .
3060 DISP "CALCULATING PLOT SCALING PARAMETERS “&FNIVIDS(PLEASE WAIT™)
3070 AXMAX=INT (LGT (XMAX))

3080 AYMAX=INT (LGT (YMAX))

3090 XF=10"AXMAX & YF=10"AYMAX ® DELX=.01 & DELY=.01
3100 XPHRS=VALS (AXMAX) @ YPWR$S=VALS (AYMAX)

3110 ! XMIN=0 & YMIN=0

3120 IF (XMAX-XMIN)/XF>= .1 THEN DELX=.02

3130 IF (XMAX-XMIN)/XF>= .3 THEN DELX=.05

3140 IF (XMAX-XMIN)/XF>= .5 THEN DELX=.1

3150 IF (XMAX-XMIN)/XF>= 1 THEN DELX=.2

3160 IF (XMAX-%MIN)/XF>= 3 THEN DELX=.5

3170 IF (XMAX-XMIN)/XF>= 5 THEN DELX~=1

3180 IF (YMAX-YMIN)/YF>= .1 THEN DELY=.02

3190 IF C(YMAX-YMIN)/YF>= .3 THEN DELY=.05

3200 IF (YMAX-YMIN)/YF>= .5 THEN DELY=.1}

3210 IF (YMAX-YMIN)/YF>= 1 THEN DELY=.2

3220 IF (YMAX-YMIN)/YF>= 3 THEN DELY=.5

3230 IF (YMAX-YMIN)/YF>= 5 THEN DELY=1

3240 DISP “THE X-AXIS TICK SPACING WILL BE™,DELX

3250 DISP "IF YDU ARE SATISFIED PRESS“&FNIVIDS(“ENDLINE™)
3260 INPUT NTK$® IF NTKS="" THEN GOTO 3280

3270 DISP "ENTER X-AXIS TICK SPACING" & INPUT DELX

3280 DISP “THE Y-AXIS TICK SPACING WILL BE",DELY

3290 DISP "IF YDU ARE SATISFIED PRESS“&FNIVIDS(“ENDLINE™)
3300 INPUT NTKS® IF NTK$="" THEN GOTO 3320

3310 DISP “ENTER Y-AXIS TICK SPACING"™ & INPUT DELY

3320 XNUM=CEIL ((XMAX-XMIN)/(XF«DELX)) .

2330 YNUM=CEIL ¢(YMAX-YMIN)/(YF«DELY))

3340 IF NYS="N" THEN GOTO 3380 ,

3350 PLOTTER IS 505 '

3360 GRAPH @ IF NUMPLT=0 THEN GCLEAR @ DEG

3370 GOTO 3420

3380 PLOTTER IS 1

3390 GRAPH

3400 ! IF NUMPLT#0 AND NTEST>0 THEN GOTOD 3110

3410 IF NUMPLT=0 THEN GCLEAR

3420 LOCATE 30,RATIO «100-10,20,95

3430 ¢ IF NUMPLT#0 AND NTEST>0 THEN GDTD 3110

3440 SCALE XMIN/XF ,XMIN/XF+XNUMDELX, YMIN/YF , YMIN/YF+YNUM*DELY
3450 IF NTEST>0 AND NUMPLT#0 THEN GOTO 3670

3460 FXD 2

3470 LGRID DELX,DELY,XMIN/XF,YMIN/YF

3480 AXS=(XMAX-XMIN) /(XF=*10)

3490 AYS«(YMAX-YMIN)/(YF=10)

3500 MOVE (XMAX+XMIN)/(2=XF) ,YNIN/YF-2«AYS & LORG 6

3510 LABEL USING “K* ; “TIME (SECS) x 1E“&XPWRS

3520 MOVE XMIN/XF-2eAXS, (YMAX+YMIN) /¢2«YF)




3530 LORG 4 @ DEG @ LDIR 90

3540 LABEL USING K" ; “TEMP.(DEGS C> x 1E"&YPWRS

3550 LDIR O :

3560 IF NPROBE=2 THEN GOTO 3630

3570 LINE TYPE 1

3580 MOVE ATIME(JMIN) /XF ,ATEMPC(JIMIN) /YF

3590 FOR I=JMIN TO JMAX

3600 DRAK ATIME(I)/XF,ATEMPC(I)/YF

3610 NEXT I

3620 IF NPROBE=1 THEN GOTO 3660

3630 LINE TYPE 5

3640 MOVE BTIMEC(KMIN)/XF,BTEMP(KMIN)/YF

3650 FOR I=KMIN TO KMAX @ DRAW BTIME(I)/XF,BTEMP(I)/YF @ NEXT I
3660 IF NYSL$="N" DR NYSL$="NO" THEN GOTO 3720

3670 LINE TYPE 4

3680 MOVE BTIME(801)/XF ,BTEMP(801)/YF

3630 FOR I=B01 TO 1000

3700 DRAW BTIME(I)/XF,BTEMP(I)/YF

3710 NEXT I

3720 PEN UP

3730 MOVE XMIN/XF,YMIN/YF

3740 IF SAR=0 THEN GDTO 3780

3750 MOVE XMIN/XF+4.5«AXS, YMAX/YF+,1#AYS

3760 LORG 4

3770 LABEL "SAR",SAR,"W/kg"

3780 NTEST=NTEST+1

3785 DISP “PRESS "&FNIVIDS(“CONTINUE")&"TO CALCULATE SAR"
3790 PAUSE

3800 KEY LABEL

3810 RETURN

3820 Find: ! ==« SUBROUTINE TO FIND POINT WHERE HEATING STARTS
3830 DISP “ENTER A TEST RANGE J1,J2" @ INPUT J1,J2

3840 DISP "TIME"™,"”TEMP","DT/Dt"

3850 FOR I=J1 TD J2-1

gggg géi? ?TIHE(I).RTEHP(I).(ATEMP(I+1)-ATEHP(I))/(ATIHE(I+1)-HTIHE(I))
3380 DISP "TRY ANGTHER RANGE - Y(ES) OR N(D)" @ INPUT NYRS
3830 IF NYR$="Y" DR NYRS="YES" THEN GDTD 3830

3900 DISP “ENTER JTURN™ @ INPUT JTURN@ RETURN

3910 CHAIN *'DumMP*

3920 END




180
130

230
240
250
260
270
280
290
300
310
3

330
340
350
360
370
380
330
4060
410
420
430
440
450
460
470
480.
4380
500
510
520
530
540
S50
560
570
580
590
600
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PROGRAM FOR DATA ANALYSIS, CURVE SMOOTHING AND GRAPHICS - version B

(22222 X222 232X X222l 22 X222 il eyl Yy
*

PROGRAM TO READ TEMPERATURE READINGS TAKEN FROM =
THO NARDA PROBES AND STORED On DISC., PLOT DATA =
IN VARIOUS FORMS AND DO DOSIMETRY CURVE FITTING
*»

WRITTEN BY CHRISTOPHER C DAVIS. DECEMBER, 1986 «

DPTION BASE 1
MASS STORAGE IS *:DS00*
DIM ATEMP(1000)> .,ATIMEC1000) .BTEMP(1300) ,BTIMECi000) ,PONT(50), POFFT(SO)
DIM ANUM(20), BNUH(ZO) IPONC20), IPUFF(’O) DUMMYSI[ 5013
! waw FUNCTIDN T0 GIVE INVERSE VIDEO DISPLAYS
DEF FNIVIDS (DUMMYS)
LENGTH=LEN (DUMMYS)
FOR II=1 TO LENGTH
DUMMYSIII,II1=CHR® (NUM (DUMMYSI[II,IIl)+128)
FNIVIDS=DUMMYS :
NEAT 11
FN END
CLEAR
DISP FNIVIDSC("DATA DATE?"™)
DISP FNIVIDS("DATE FORMAT'™)
DISP FNIVIDS("DAY MONTH, YEAR')
INPUT EXPDATES
DISP FNIVIDS("ENTER SAMPLE ID*)
INPUT SAMPLES
EXPDATAS=EXPDATES&SAMPLES
ASSIGN# 1 TO EXPDATAS4&™:D501™
NUMSMO=0 & NTEST=0 @ SAR=(
IATOT=0 @ IBTOT=0 @ IONT= =0 @ JOFFT=0 @ IAl=1 @ IB1=1 @ IONt=1 @ I0OFF1=]
READ# 1 ; IATOT ! READ NO OF PROBE A READINGS A
FOR I= IA1 70 IATOT @ READ# 1 ATEMPCI) ,ATIMECI)® NEXT I ! PROBE A DATA
READ# 1 ; IBTOT ! READ NO OF PROBE B READINGS )
FOR I=IB1 70 IBTOT @ READ# 1 . BTEMPC(I),BTIME(I)® NEXT I ! PROBE B DATA
READ# 1 ; IONT ! NO OF TIMES MW PWR TURNED ON
FOR I=ION! TO IONT & READ# 1 ; PONTCI)®@ NEXT I ! ON TIMES
READ# 1 ; IOFFT ! NO OF TIMES MW PWR_TURNED OFF
FOR I=I0FF1 TO IOFFT & READ®# 1 ; POFFTC(I>® NEXT I ' OFF TIMES
1A1=IA1+IATOT @ IB1=IB1+IBTOT @ ION1=IONT+IONT @ 10FF1=10FF1+I0FFT
RSSIGN# 1 70 =
! PURGE EXPDATAS&" :DSO01"
DISP “TOTAL PROBE A READINGS = *,IRTOT
! FOR I=1 TO IARTOT @& DISP ATEMP(I) ATIME(I),I @ NEXT 1
DISP "TOTAL PROBE B READINGS = * IBTG
! FOR I=1 TO IBTOT & DISP BTEHP(I) BTIME(I), I € NEXT 1
DISP "MW POWER TURNED ON *,IONT,*™ T'HES“
DISP "MW POWER TURNED OFF IDFFT * TIMES"
DISP "THE MW PWR WAS TURNED DN AT THE FOLLOWING TIMES"
FOR I 1 7O IDNT € DISP PONT(I) @ NEXT I
DISP *“Sample ID is " ,FNIVIDS(SAMPLES)
DISP “Date of exposure was " ,FNIVIDS(EXPDATES)
SECTION FOR SMOOTHING
AND PLOTTING OF EXPERIMENTAL DATA

WRITTEN BY Christopher C. Davis., June 1984,
MODIFIED DECEMBER 1986
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610
620
630
640
G
650
660 .
) !
670
680 .
690
700

-

! Qﬁ.‘l’.'..'ﬁ‘.h'..“..ﬁﬂ&‘.".I‘ﬂ‘."“.ﬁG....’“ﬁ.""

H

!

DIM AA(S),SN(21,21),R(20),HEAT(5),CO0L(S) t ARRAYS USED IM CURVE SMOOTHIN

NYSLS="N"
IF ATIMECIATOT)>BTIMECIBTOT) THEN XMAX=ATIMECIATOT) ELSE XMAX=BTIME(IBTOT

SET X AXIS MAX TO MAX OBSERVATION TIME

XMIN=0 ¢ INITIALLY SET X ORIGIN 7O ©

JHIN=1 & KMIN=}

DISP "TEMPERATURE MEASUREMENT INTERVAL HAS",XMAX
YHIN=10"20 @ YMAX=-(10"20)

710 ? ==« FIND MAXIMA AND MINIMA OF DATA

720 FOR I=1 7O IATOT

730 IF ATEMP(I)>YMAX THEN YMAX=ATEMP(I)

740 IF ATEMP(I)CKYMIN THEN YMIN=ATEMP(I)

750 NEXT I

760 FOR I=1 7O IB1DT

270 IF BTEMP(I)>YMAX THEN YMAX=BTEMPCI)

780 IF BTEMP(I)<YMIN THEN YMIN=BTEMP(I)

790 NEXT 1 .

8§00 NUMPLT=0 @ IF NTEST#0 THEN CLEAR .

862 3 DISP "DD YOU WISH TO PLOT PROBE A, PRDBE B, OR BOTH? “&FNIVIDS("™ENTER 1,2
Il) N

820 DISP *"YOU CAN ONLY CALCULATE SAR USING PROBE A"

830 INPUT NPROBE

840 IF NPROBE=1 THEN GOTD 860

850 60TO 870 )

860 FOR I=1 TO IATOT & BTIMECID=ATIME(I) ® BTEMP(I)=ATEMPC(I) @ NEXT I

870 IF NTEST=0 THEN GOTD 830

880 NYSLS="Y"

890 DISP "ENTER TIME REGION YDU WISH TO ANALYZE"

S00 INPUT TMIN, TMARX .

910 FOR I=1 TO IATOT ! FIND RANGE OF TEMP ARRAY TO BE PLOTTED

920 IF TMIN>ATIME(I) THEN JUMIN=I

530 NEXT I

ggg §%§TI;' TO IBTOT @ IF TMIND>BTIMECI> THEN KMIN=I

960 IF ATIMCCUMIN)KBTIME(KMIN) THEN TMIN=ATIME(JMIN) ELSE TMIN=BTIMECKMIN)

gég EQQTI;I TO IATOT & IF THMAX>ATIME(I) THEN JMAX=1

?ggo Fggx%-} 10 IBTOT @ IF TMAX>BTIMEC(I)> THEN KMAX=I

1010 IF ATIMECIMAX) >BTINECKMAX) THEN THMAX=ATIME(JMAX) ELSE TMAX=BTIME(KMAX)

1020 IF NTEST=0 THEN GOTO 1250

1030 IF NYSLS="N'" OR NYSLS$="NO" THEN GOTO 1250

1040 ¢ «e« SECTION FOR SELECTION OF CURVE REGION FOR SMODTHING

1050 TEMAX=-1.E20 & TEMIN=1.E20

1060 FOR I=JMIN TO UMAX @ IF ATEMP(I)CTEMIN THEN TEMIN=ATEMP(I)

}ggg aEX?TEHP(I)-TE"IN THEN JTURN=I ! Find inflection point on temp curve

1080 DISP “NUMBER OF POINTS ON COOLING SLOPE= **,JTURN-JMIN+}

1100 DISP "NUMBER OF POINTS ON HERTING SLOPE= *,JJMAX-JTURN+)

1110 DISP 1S THIS SATISFACTORY? Y(ES) OR N(D)" @ INPUT NYSATS

1120 IF NYSATS="N" OR NYSATS="ND" THEN GDTD 890

1130 IF NYSL$="N" OR NYSLS$="NO" THEN GDTD 1250

11g0 CLEAR @ DISP “COOLING REGION POINTS",JMIN,JTURN

1150 DISP "“HEATING REGIOM POINTS',JTURN, JNAX

1160 ON KEY# 1,"COOLING" GOTO 1210

1170 ON KEYs 2,"HEATING" GOTO 1230 )

1180 DISP FNIVIDS(“SELECT OPTION") & DISP & DISP

1190 KEY LABEL




200  GOTG 1200 )

210 NSM=1 & DISP "ENTER POINTS RANGE FOR CDOLING SLOPE™ @ DISP & DISP & INPU
220600 1240

230 NSM=2 @ DISP “ENTER POINTS RANGE FOR HEATING SLOPE™ ¢ DISP @ DISP & INPU
JTURN , JMAX .

240~ NUMPLT=1 @ GOSUB Smooth

250 GOSUB Aplot

260 ON KEY# 1,"”AGAIN" GOTO 1380

1270 . ON KEY# 2,”DOSE" GOTO 1430

1280 ON KEY# 3,"PLOT" GOTO 1440

1290 ON KEY# 4,"SCRDMP” GDTO 3530

i g et b

1 ; ()]

1320 DISP “SELECT OPTIDN - "&FNIVIDS("DOSE')&" ALLOWS CALCULATION OF SAR

1330 DISP * - “&FNIVIDS("AGAIN")&" RE-READS DATA FROM DISC™ .

1340 DISP ™ - “&FNIVIDS("PLOT")&" RE-PLOTS LAST PLOT - USE WITH C

ARE"

1350 DISP * - "&FNIVIDS("SCRDMP")&" DUMPS GRAPHICS 710 gRINTER"

1360 DISP " - “&FNIVIDS(EXIT")&" TERMINATES EXECUTION

1370 GOTO 1370 '

1380 CLEAR

1390 DISP “IF YOU CONTINUE DATA WILL BE RE-READ FROM DISC* \

1400 DISP "PRESS "&FNIVIDS(“AGAIN")&"KEY IF YOU WISH TO DO THIS™

1410 ON KEY# 1,"AGAIN" GOTO 300 @ KEY LABEL

1420 GOTO 1420

1430 GOTO 860

1440 IF NUMSMO=0 THEN GOTO 1470

1450 GOSUB Aplot @ GOTO 1370

1460 GDTO 1260

1470 DISP “OPTIDN NOT AVAILABLE™ @ GOTO 300

1480 Smooth:

1490 IR TP ST LR RSP LYY 2 S L]

1500 ¢ = .

1510 ! =  CURVE SMOOTHING SECTION

1520 1 = .

' 1530 IR TTTYZ ST 22 2y 2] .
1540 DISP “CURVE FITTING IN PROGRESS "&FNIVIDS("PLEASE HAIT™)

1550 NUMSMO=1

1560 IF NSM=2 THEN GOTO 1600

1570 N=JTURN-JMIN+1

%5%0 FOR I=1 TO N @ BTIMECI)=BTIME(JMIN+I-1) @ BTEMP(I)=BTEMPC(JMIN+I-1) & NEX

1590 GOTO 1630

1600 N=JMAX-JTURN+1

é?lg ] FOR I=1 TO JMAX-JTURN+1 @ BTIMECI)=BTIME(JTURN+I-1) & BTEMP(I)=BTENP(JTU
N+I-1)

1620 NEXT I

1630 FOR I=1 70 5 i

1640 R(I)=0 @ AA(I)=0 @ FOR J=1 TO 21 ® SNCI,J)=0 & NEXT J ® NEXT I

1650 DISP_ “WHAT ORDER OF POLYNOMIAL DO YOU WISH TO FIT - 1=LINEAR...

1660 INPUT NS )

1670 FOR J=1 TO NS+1

1680 FOR I=1 TO N

1690 IF J=NS+1 AND BTIME(I)>=0 THEN 6070 1710

1700 R(J)=BTEMP(I)«BTIME(I)“(NS+1-J)+R(J) @ GOTO 1720

1710 R(J)=BTEMP(I)+R(J)

1220 NEXT I

1730 NEXT J

1740 FOR K=1 TO NS+1 @ FOR J=1 TO MS+! & FOR I=1 TO N

1750 IF 2#NS-J-K+2=0 AND BTIMECI)=U THEN GUTO 17/v

1760 SNCJ,K)=BTINE(I) "(2eNS-J-K+2)4SN(J,K) & GOTI 1780




188U
1890
1900
1910
1920
1930
1940
1950
1960
1970
1980
1930
2000
2010
2020
2030
2040
2050
2Ubl
2070
2080
2080
2100
2110
2120
2130
2140
£15U
2160
2170
2180
2190
2200
2210
2220
2230
2240
2250
2260
2270
2280

L

2290
2300
2310
2320
2330
2340

"D cup S * D

ONAJ N2 1 TOINVY 4N/

NEXT I

NEXT J

NEXT K

GOSUB Invt

ZER é.é }G gs*1S@2F?RJJ-&(39 2%:&5 2-1) & NEXT J @ NEXT 1 ©
(NS+2-1)=SN(NS+2-1,J)» + +2-

IF NSM=1 THEN DX=ATIME(JTURN)-ATINE(JMIN) ELSE DX=ATIMECJMAX)-ATIMECJTUR

IF NSM=1 THEN XSTART=ATIME(JMIN) ELSE XSTART=ATIME(JTURN) A
FOR K=1 TO 200 @ I=K+800 & BTIME(I)=(K-1)=DX/200+XSTART @ BTEMP(I1)=0 & F

1860
bR J=1 TO NS+
1870

IF NS+1-J=0 AND BTIME(I)=0 THEN GOTO 1900
BTEMP(I)=AA(JI)«BTIMEC(L) " (NS+1-0)+BI1EMP (L)
GOTO0 1910

BTEMP(I)=AAR(J)+BTEMP(I)

NEXT J

NEXT K

RETURN

Invt:

MATRIX INVERSION BY GAUSS-JORDAN ELIMINATION WITH FULL PIVOTING
SQUARE MATRIX OF ORDER NP

DIN KP¢(5),JP(5)

NP=NS+1

NCOL=NP

INITIALIZE PERMUTATION VECTORS

FOR I~1 TO NP @ KP<(D)=I1 @ JP(I)=1 & NEXT I

INVERT MATRIX

" FOR IR=1 TO NP

v o oap * D o

- . v

FIND THE PIVOT ELEMENT

PIVOT=0

FOR I=IR TO NP @ FOR J=IR 10 NP @ K=KP(I) @ L=JP(J)
IEST=ABS (SN(K,L))-ABS (PLVUL)

IF TEST<= 0 THEN GOTO 2220

IF TEST>0 THEN GOTO 2190

GOTD 2220

IK=1

JK=J

PIVOT=SN(K,L)

NEXT J & NEXT I

THE PIVOT ELEMENT IS SN(K,L)
UPDATE FIVOT VECTORS
K=KP(IK) @ KP(IK)=KP(IR) @ KPC(IR)=K @ L=JP(JK) @ JP(UK)=JP(IR) & JP(IR)=

CCMPUTE MEW ELEMENTS OF PIVOTAL ROW
FOR J=1 TO NCOL 9 SN(K,J)=SN(K,J)/PIVOT & NEXT J
COMPUTE REMAINING ELEMENTS OF IR"TH STEP




PRSIV Y

&vOV FUN 4= LU NN

2370 IF I-K=0 THEN GOTO 2440
2380 AIL=SNCI,L)

2390 SN(I,L)=-(AIL/PIVOT)

2400 FOR J-=1 TQ NCOL

2410 IF J-L=0 THEN GOTO 2430
2420 SNCI,J)=SNCI,J)-RIL*SN(K,J)
2430 NEXT J

2440 NEXT I

2450
2460
247g INVERT PIVOT ELEMENT

Z48

2430 SNC(K,L)=1/PIVOT @ NEXT IR
2500 RETURN

o '+ .0

2510 Aplot:

2520 (BRI PRI EY TR Y LT
2530 ! = -
2540 ! « PLOTTING SUBRODUTINE «
2550 D 000006 006 BB OB O O B O
2560 !

2570 NLT=1

2580 CLEAR @ IF NUMPLT=0 THEN GGTO 2780

2590 ALPHA @ DISP "PARAMETERS OF FIT" @ DISP

2600 FOR I=1 TO NP @ DISP ARA(I) @ NEXT I

2010 IF NSM=2 THEN GOTO 2640

2620 FOR I=1 TO NP @ COOLCI)=RACI) @ NEXT I

2630 6GOTO 2650

2640 FOR I=1 TO NP @ HERT(I)=RA(I) & NEXT 1]

2650 CHI2=0

2660 IF NTEST<2 THEN GOTO 2700

2670 SAR=4.2«(HEAT(1)-COOL(1))

2680 IF NS=2 THEN SAR=2=SAR=ATIME(JTURN)+4,2«(HEAT(2)>-C00L(2))
2680 DISP FNIVIDS(“SAR 1S")>,SAR,"Hatts per gram"

2700 FOR I=1 TO N @ Y2=0 @ FOR J=1 TO NS+1

2710 IF NS+1-J=0 AND BTIME(I)=0 THEN GDTD 2730

2720 Y2=AACJ)=BTIMECI)"(NS+1-J)+Y2 @ GOTO 2740

2130 YZ=AR(J)+Y2

2740 NEXT J

2750 CHI2=(BTEMP(1)-Y2)"2/Y2+CHI2

2760 NEXT 1

2770 DISP “OBSERVED CHI2= ",CHI2," WITH ' ,N+NS+1," D.F."
Z/8U0 DISP “D0 YOU WANT A HARD COUPY PLO1Y Y(ES) UR NWU)'
2790 INPUT NYS@ IF NUMSMO=1 THEN GOTO 2830

2800 DISP "TIME WILL BE PLOTTED FROM *,XMIN,“TD",XMAX
2810 DISP “TEMPERATURE WILL BE PLOTTED FRDH" YHIN “T0", YMAX
2820 D1SP "IF YOU ARE SATISFIED PRESS REIUKN"

2830 INPUT NYLIMS

2840 IF NYLIMS="" THEN GOTO 28S0 ~

2850 DISP “ENTER TIME RANGE TO BE PLOTTED, TMIN,THMAX™
£8bU INPUT XMLIN , XMARX

2870 DISP “ENTER TEMPERATURE RANGE TO BE PLDTTED"

2880 INPUT YMIN, YMAX

2830 IF NTEST>= 1 THEN GOTO 3050 '

2900 CLEAK

2910 DISP "CALCULATING PLOT SCALING PARAHETERS “aFNIVIDS("PLEASE WAIT™)
£920 AXMAX=INT (LGT (XMAX))

2930 AYMAX=INT (LGT C(YMAX))

2940 XF=10" AXMAX & YF=10"AYMAX

2950 XPWRS=VALS (AXHRX) 9 YPHRS=VALS CAYMAX)

2960 ! XMIN=0 € YMIN=0




2970

2380

2990

3000

3010

3020

3030

3040
- 3050
H 3060
- 3070
| 3u80

3u390
3100
3110
3120
3130
3140
3150
3ivy
3170
3180
3190
3<00
3210
3220
323y
3240
3250
3260
3270
3280
3290
3300
3310
3320
3330
3340
3350
3360
3370
336U
3390
3400
3410
3420
3430
3440
3450
3460
3470
3480
3490
3500
3510
3520
3530

IF XMAX/XF>= 1 THEN DELX=.2

IF XMAX/XF>= 3 THEN DELX=.5

IF XMAX/XF>= S THEN DELX=1

IF YMAX/YF>= 1 THEN DELY=.2

IF YMAX/YF>= 3 THEN DELY=.5

IF YMAX/YF>= 5 THEN DELY=1

XNUM=CEIL (C(XAMAX-XMIN)/(XF=DELX))>
YNUM=CEIL <CYMAX-YMIN)/(YF=DELY))

IF NYS="N'" THEN GOTO 3090

PLOTTER IS 505

GRAPH @ IF NUMPLT=0 THEN GCLEAR @ DEG
GOTD 3130

PLOTTER IS 1

GRAPH

! IF NUMPLT#0 AND NTEST>0 THEN GOTO 3110
IF NUMPLT=0 THEN GCLEARR

LOCATE 30,RATIO «100-10,20,95

! IF NUMPLT#0 AND NTEST>0 THEN GOTOD 3110
SCALE XMIN/XF ,XMIN/XF+XNUM=DELX,YMIN/YF ,YMIN/YF+YNUM=DELY
é;DNlLST,U HND NUHPLI#U THEN bUlU J3B8U
LGRID DELX.DELY,XHIN/XF.YHIN/YF
AXS=(XMAX-XHMIN) / (XF*10)
AYS=(YMAX-YNIN)/(YF=10)

MOVE XMIN/XF+4.5«AXS,YMIN/YF-2=AYS & LORG 6
LABEL USING K" ; “TIME (SECS) x 1E"&XPKKR$S
MOVE XMIN/XF-2«AXS, YMIN/YF+4.5=AYS

LORG 4 @ DEG @ LDIR S0

tS%ELOUSING "K" ; “"TEMP.(DEGS C) x 1E"&YPHRS
IF NPROBE=2 THEN GOTO 3340

LINE TYPE 1

MOVE ATIMECJIMIN) /XF,ATEMPC(IMIN) /YF

FOR I=JMIN TO JIMAX

DRAW ATIME(I) /XF ,ATEMPCI) /YF

NEXT 1

IF NPROBE=! THEN GOTD 3370

LINE TYPE S

MOVE BTIME(KMIN)/XF,BTEMPC(KMIN)/YF

FOR I=KMIN TO KMAX & DRAM BTIMECI)/XF ,BTEMP(I)/YF & NEXT 1
IF NYSLS="N" DR NYSL$="NO" THEN GOTO 3450
LINE TYPE 4

MOVE BTIME(801)/XF, BTEMP(801)/YF

FOR I=801 TO 1000

DRAW BTIMECI)/XF ,BTEMPCI)/YF

NEXT I

PEN UP

MOVE XMIN/XF,YMIN/YF

IF SAR=0 THEN GOTO 3480

MOVE XMIN/XF+4.5«AXS,YMAX/YF+.1=AYS

LORG 4

LABEL “SAR"™,SAR,"Hatts per gram"
NTEST=NTEST+1

PAUSE

KEY LABEL

RETURN

CHAIN “DuMP*

3540 END
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AN AUTOMATED DOSIMETRY SYSTEM FOR
MICROWAVE AND THERMAL EXPOSURE OF
BIOLOGICAL SAMPLES IN VITRO
K.H. Joyner *, C.C. Davis **, E.C. Elson 1, E.M. Cserska °*, and P.Czerski $

* WHO Fellow, Telecom Australia, Research Laboratories,
770 Blackburn Road, Victoria 3068, Australia
**Electrical Engineering Department, University of Maryland,
College Park, Maryland 20742
t Department of Microwave Research, Walter Reed Army Institute of Research,
Washington, D.C. 20307
$ FDA Center for Devices and Radiological Health, Rockville, Maryland 20857

INTRODUCTION "

Dielectric heating is a recognized mechanism for the induction of radiofrequency (RF)
bioeffects considered to be thermal in origin - that is attributable to temperature increases.
However, apart from RF-heat cell killing (e.g. Sapareto et al., 1982, Chang et al.,1987) very
little information is available on quantitative relationships between RF bioeffects at the
cellular and molecular level and temperature profiles over time or thermal dosage (TD). The
determination of RF heating/cooling curves can be used to compute the specific absorption
rate (SAR) and the specific absorption (SA) in an exposed sample (Stuchly and Stuchly,
1986). Biological variables and exposure conditions can be controlled in experiments with sn
vitro systems to a degree not achievable sn vivo. An attractive model to study RF bioeffects.
is the transformation of lymphocytes in vitro, provided the biological variables can be related
to dosimetric quantities that characterize exposure (Czerski,1975; Budd and Curski,1985).{
To accomplish this, we designed an exposure system with provision for real-time temperature
monitoring with RF-field non-perturbing temperatvre probes. The exposure system, which:
will be described in detail later, has multiple sample chambers. To allow on-line thermometry:
and dosimetry, one of these chambers is used as a site for a non-perturbing temperature probe.
From the temperature (T)/time(t) history of the sample chamber, an exposure dosage can be
determined and described in terms of TD, SAR, SA, or electric field strength. The system can,
be used for studies of RF-bioeffects in any tissue culture cell line or other in vitro biological |
sample. The monitoring component can be applied to the study of *‘emperature-dependent|
effects, irrespective of the modality used for heating. I

EXPOSURE SYSTEM |
A schematic diagram of the system for microwave exposure of samples is shown in Fig. 1.
Modulotor 1

!

Driver
[S-qnol Gcnemtor]-*-{Pm Modulmm}—-—E’WT Amplifier l
i

prececbonaa.

Coupler Pulse Amplifier E
7 A S
[ Dnodq b’hermmorj .
Fig.1. Schematic diagram of essential com-
wovegude | | S-Bong ponents of microwave exposure system. ‘
Exposure Wavequide | | Osciloscope Power
Chomber Exposure Meter
{Shoms) Chomber




The output from a CW Hewlett-Packard Model 8616A oscillator feeds s Hughes Model 1177H

TWT amplifier. Pulsed or amplitude-modulated waveforms are obtained through the use of
a Hewlett-Packard Model 8403A p-i-n modulator and driver. For high peak power, but low
duty-cycle, pulsed exposures the signal can be further amplified with a 1kW amplifier (MCL,
La Graoge, 111.) The amplified signal enters a shorted section of S-band rectangular waveguide
300 mm long through a matched coaxial feed. The waveguide sample bolder receives its
power through an isolator (not shown specifically in Fig. 1) and a dual-directional coupler
that allows forward and reflected powers to be measured with Hewlett-Packard Model 432A
power meters, and waveforms to be monitored. A sample holder for biological specimens
is supported centrally in the waveguide in a block of low-density polystyrene that fills the
cross-section of the guide. An identical waveguide section with an identical plastic sample
holder is used for sham exposures. Dunng microwave exposures, both waveguide assemblies

were housed in a CO; tissue culture incubator thermostated at 37.0°C. Various sample
holders were tested: a 4-chamber plastic tissue culture slide (Miles Scientific # 4804) was
found satisfactory in our application. Each chamber holds 1 ml. A miniature thermistor
temperature probe enters each waveguide section through a small hole in the top shorting
plate. The hole is drilled near the guide wall, at the center of the shorter dimension - this is
a low electric field point and the hole produces minimal disturbance. The active end of the
thermistor probe enters the sample in one of the 4 chambers of the tissue culture dish. We
could move the probe from chamber to chamber to check exposure uniformity. Two types of
non-field perturbing probe have been used in this way: A Narda Model 8011B non-perturbing
double temperature probe or two Vitek Model 101 probes. The temperatures in both the
exposed and sham-exposed samples are recorded continuously during an experimental run.
The temperature probes are connected to a Hewlett-Packard relay activator, Model 59306A,
which is itself connected to a Keithley Model 192 DVM. Both the relay activator and DVM
.are under the control of a Hewlett-Packard Model 86 desk-top computer through the HPIB
(IEEE-488 bus)(Fig.2).

Polystyrene
™~N N To Shom-Exposure Chomper
N Probe & t”m e
S-Bond Woveguioe RF Tr
onsparent
Exposure Chamber ;
. Temperoture Monitor
Troy  Probeal  fProbe
Ovol Disc Drive Dvgtol Voltmeter Reloy Actugtor
HP 9121 Kerthiey 192 HP 593064
i IEEE-488 Bus l
Metrocomputer
HP 86

—

Fig.2. Schematic diagram of multiple-chamber sample holder with non-
perturbing temperature measurement and automated dosimetry system.




Under computer control, the temperatures of exposed and sham-exposed samples are
recorded sequentially and stored in memory. Since the temperature of sham-exposed samples |
is essentially constant, it is monitored less frequently than the temperature of the expased -
samples. A typical experimental protocol would involve 10 temperature readings of the ex-
posed sample for every one reading of the sham-exposed. For conventional thermal exposures, }
the temperature can be elevated by increasing the temperature of the incubator. : 1

TEMPERATURE/TIME ANALYSIS i

During a typical experiment, the temperature is recorded at regular intervals, with a.
minimum measurement interval < 18, before the beginning of, during, and after the exposure.
The “on” and “off” times of exposure are recorded on the computer by the operator using a;

“soft-key” interrupt capability. At the conclusion of a run, the T(t) behavior is analyzed to
. determine SAR. ' [

|
I the SAR is S (Wkg™!) and the apecific beat of the sample is C(Jkg=2K™!), then the’
SAR cap be determined from the change in heating rate whep microwave power is applied.

iT_) ..(iT_ =5
dt)s \dt)so C }

In practice, this analysis is performed automatically. At the end of a run, the point of
inflection, or turning point, in T(t) is found numerically. The temperature profile to the left
and right of this point is fitted by least-squares to a linear or quadratic function and the:

change in slope at the beginning of the exposure period yields the SAR. Figures 3 and 4 are
examples of such a procedure.

L %, ] !

f rw
/ L
e ™" 7 g v -
x
? L% Z .a' e /
5 / g e (/
n T~ F
‘_% * \ / % e v /
\ ‘ = LR et s g
‘" | R R
e ' 1
" T & 3 3§ % 1 "o N S S T
- - - o - - e L] - ] L4
Time{scconds) x 100 Time{aceonde)x 300 ‘
Fig.3. Temperature/time history of an Fig.4. Temperature/time history of ex-
exposed sample showing linear fits to cool- posed (upper curve) and sham-exposed
ing and heating portions of curve for dosime- - samples (lower curve]. The dosimetry
try. for the exposed sample has been deter-

mined from a quadratic fit to the heating
curve during microwave exposure and a
linear fit to the equilibrated portion of
the curve prior to exposure.




Figure 3 shows the temperature/time history of a sample that was cooling prior to the start
of microwave exposure. The !inear fits to the cooling and heating portions of the curve yield
the SAR. Figure 4. shows the heating of a sampled that was quite well equilibrated before -
exposure. Because the signal/noise ratio is high the SAR was determined by a quadra.txc
fit to the heating portion of the curve. The quality of the fit near the turning point can 1
always be examined to determine whether the slope value is realistic. However,unless the | 1
temperature/time profile has very low noise, it is generally better to use the linear fit to T(t)
near the turning point or a biased estimate of the slope can result. Figure 4 also shows the
temperature/time history of the sham-exposed sample to illustrate its temperature stability.

RESULTS AND DISCUSSION

The advantages of the procedure described above are severalfold. The sample need not !
be equilibrated before SAR is determined. Repeated determination of SAR can easily and |
quickly be made, which allows the SAR uniformity from one sample chamber to another :
to be determined. Exact knowledge of the microwave power is not required: reproducible
exposures can be made at known SAR by using the measured forward power corresponding .
to a given SAR measurement, provided the experimental arrangement is not altered between ;
exposures. Dosimetry is not affected by other losses in the system. The waveguide exposure '
system with four sample chambers was found to give an SAR uniformity from one chamber
to the other within 10%. Thus, experimental samples can be exposed and examined in :
triplicate, the fourth chamber being used for the insertion of the temperature probe. !

The system is biocompatible and, depending on cell line, cell density, and medium, allows -
continuous exposures of several days duration. The biocompatibility of this arrangement was
proven by studying the growth of human lymphocytes under various conditions within the .
waveguide. As well as providing biocompatible exposure conditions, the system is flexible:
it allows the exposure of tissue culture cells growing in suspension or in monolayers, and can '
easily be used with cell-free samples. The exposure system is relatively simple, and can be :
assembled from off-the-shelf components. Its capabilities can be expanded by introducing .
computer control of RF power input based on feedback from temperature measurements.

ACKNOWLEDGEMENTS

This research was supported by the Office of Naval Research through Contract No.N00014-
86-K-0716 with the University of Maryland. K.H. Joyner is grateful for the award of a World
Health Organization Fellowship.

REFERENCES N ‘ "\

1. Budd, R.A; Czerski, P. Modulation of mammalian immunity by electromagnetic radxa-
tion. J. chrowave Power. 20:217-231; 1985. ;
2. Czerski, P. Experimental models for the evaluation of microwave biological effects.
Proc.IEEE. 63:1540-1544; 1975.

3. Chang, B.K.; Joines, W.T.; Gregory, J.A. Experimental method for the hyperthermic
treatment of cells in tissue culture: Initial application to pancreatic cancer cells. Bioelectro-:
magnetics. 8:195-202; 1987. '
4. Sapareto, S.A.; Li, G.C.; White, K.A.; Hahn, G.M.; Vaguine, V.A.; Giebeler, R.H.; Tan-
abe, E. Microwave cytotoxicity: Lack of in vitro evidence for nonthermal effects at high
power levels. Radiat. Res. 89:124-133; 1082, .
5. Stuchly, M.A,; Stuchly, S.S. Experimental radio and microwave dosimetry. In:Polk, C.;
Postow, E., eds. CRC Handbook of Biological Effects of Electromagnetic Fields. CRC Press,
Boca Raton, Fl.; 1986; pp 229-272. .




IRPA 7

Seventh International Congress of the
International Radiation Protection Association

Sydney, 10-17 April 1988
ﬂ R

RADIATION PROTECTION
PRACTICE

VOLUME I

Organised by the Australian Radiation Protection Society

W

& '.‘4
. .
oL

I‘. \‘.

PERGAMON PRESS
SYDNEY - OXFORD - NEW YORK - TORONTO - FRANKFURT




aL to
trom
estic

. and
and
‘ries

gian
alia

of
m s
1),

oy*.
ITRI

BY T B

EFFECTS OF 2450 MH2z EXPOSURE ON IIUMAN LYMPHOCYTE
TRANSFORMATION IN VITRO

E.C. Elson
Department of Microwave Research
Walter Reed Institute of Research
Washington, D.C. 20307-5100, USA

and

E. Manikowska-Czerska and C.C. Davis
Electrical Engineering Department
University of Maryland

and

P. Czerski
CDRH/FDA, Rockville, MD, USA

ABSTRACT

There are contradictory reports fn the 1{terature on the effects of micro-
wave exposure on transformation of lymphocytes. To resolve this question,
human lymphocytes have heen exposed in vitie to 2450 MH2 radiation under
carefully controlled conditions at various power levels and for perfods up
to 120 hours. Lymphocyte tranformation {n exposed samples was compared to
control semples, sham-exposed or fncubated fn » conventional tissue culture
{ncubator. Heparinized peripheral blood samples were obtained by venipunc-
ture from healthy volunteers, lymphocytes were separated by gradient cen-
trifugation (Lymphocyte Separatfon Medium, Litton Bionetics) and incubated
tn chromosome mediup 1A without phytohemagglutinin (Gibco) at & standard
concentration of 10" cells/ml medium. Using the automated dosimetry &icro-
wave exposure system described 1n & companion paper {(Joyner et 8., this
Congress) the temperature profile over time was recorded for each sample,
and average and peak specific absorption rates (SAR), specific absorption
(SA), and therma) dosage (YD) were calculated. At harvest, cells were
counted and their visbility was tested using neutral red, Jonus green, and
trypan blue staining. Standardized cytological preparstion were made using
& "Cytospin 11" (Shandon) cytocentrifuge, afr-drfed, fixed in methanol and
statned with a combination of Wright and Gfemsa stains. The percentages of
untransformed (small) lymphocytes, inteimedfate and Yymphobdlastoid cells
were determined, based on morphological featyres, quantitated using an
“Optomax" image analyzer, The correlation of Tymphocyte transformation
with SAR, SA, and TD was -examined. The {mplicetions of the results for a
"thermal” vs "nontheimal”® mechanism of interaction will be discussed.
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B¢ KR DIFFERENIIAL WMICROMAYZ DIRLICTROMETRY.
4. Rhee, Chang-Ehueh Lee, Electrical Engineesing
Marylend, Collage Purk, D 20742, Mays L. Swicond,
16logical Bealth, feed and Drug Admnistretiom,
s MD 20897.

ved gystas for measuring the e@all changes §n
camn oesur (B sctive bioclogicel samples 8 &
a» o based em & camptar—controlled Heelett-Peck-
lyser, and uses the “opan-probe” technigque’ with
v liquid st the prode tip. This frequency domsin
- 46 te 26,.3GBs. is mucd more scourate than
ng Similer huénnz. We will demonstrste e
rn diffezences 1o dielectzic properties of less
ales. This 1s accomplished by making no hardware
@ seausurements. The systes has the additional
high degree of Dbiocompstibility snd Binimal
eanples. Only samell quantities (100-5004l) of
Pplete spectzal scsn can be sccawplished 12 lese
s g times reselution in the monitoring of
tion, .C. Davis and C-S. Lee, Proc. 13th Amn.
ledeiphia, Pe., March 12-13, 1987, pp 522-325.

and M.A. Geulit, Roghys. J., 52, 421425 (1987),

BITY T FOR MOOULATID 30-4H1Z RADIATION.
D.. Beuvas , and W.2. Joines. Nealth Effects
o, x4, Px., B 27021,

(D€, 1080) thet in vitro exposure of echick
rediofsoquency (RF) radistion, esplitude modu-
mbance the efflux of celcium foms oiuy within
% sperming from 1.44 to 1.87 e/ca®, and the
No-effect swwmilts ecouTed & 0.37, 0,72, 2.17
wd and estwwiad these resultsa by tasting eother
8 the tenge of the previous etudy. Perebrein
ckens wose labeled fn vitro with redjoective
°C). zinsed, plated in a physiological salt
da te 80-Miz radiation, AM ot 18 Bz, in ¢ TIM
he solution wes then esseyed for gadicactive
ensity series was, tested. Enhanced offiux of
75 and 3.03 sd/em”; vo change wes observed ot
Mgper- donsity (s cenverted to specific absorp-
2", s wlis axh 0 lov for gmeralises hesting
‘lysng couse of this response. lmplications of
adews™ i whigh the effect occurs, beth for NS
(3D, 1983), will be discussed. This is on
aation end €008 WL Becossarily seflect RPA

§-08-5  MICROMAVE-INDICED DESENIITI2ATION Of ACETYLCWOLINE

CEAMEL JE CULTURED QUATL MYCTURES. P. Sernardi , 8. D'Inzeo . F. Busebi ',
F. Greesi . C. Tamburelie . Departasnt of Electranics, University of Rome
“La Sapiensa”, 00104 Rowe.

The eoffects of microwaves on the acetylcholine (ACR) receptor chawmwl heve
been examined recwrding ACh-indused currents. Experiments were perforwed on
single 3-3 dey ol¢ umstristed end non-immerveted gquail eyetubes. The
properties of single ACh activeted channels were investigeted using the
petcheclamp technique with high resistence seals betwean the membrane and
the pipette in cell sttsched configutation. Sylgard coated pipettes wers
filled with scetylcholine at the comewntration 5210 "M. Single charmnel were
snalysed by the threshold crossirg swthod. OF micromves (7 sW & 10.75 @A)
were applied using & horn antermna (16 dB gain) st & distance of 23 cm. from
the sample, 30° ipclineted to the ground and with the § vector lyipg oo the
plane of incidence. In the cantrol, before the exposure., ACh-sctivated
¢hannel cuzzent of 31.7¢ ¥ 0.01 pA (mean 1 s.em.; 740 events). a @semn
ehamnel open time of 3.45 ¥ 0.13 ms, & mean closed time of 30.7 210 ms
were meesured. When Wyotubes were exposed to MW for 120 s, the closed time
incgessed to 50.1 L 5.1 as (300) within 80s from the enset. Chamnel open
time (3.43 L 0.16 ma) end curzent (1.77 £ 0.01 pA) were not affected by
irradistion. After the end of exposure a pertisl cecovery of the activity
was abtained. It it comcluded thet ermege to Giczoaves incTesses Uw Tmte
of desensitisstion and deczeases the chamel opaning prodabdility. Other
experiments indicete that this effect develops ocnly within range of field
{otenaity

*09-¢ RFFICTS OF 2.45 Gus EXPOSURE OR SFONTANEOUS WMAN L¥YMPFECCYTE
TRANSFORMATION IN n;mo. E.C. Elson, Walter Reed AIR, Bilver Spring, M©
2000S. Z.M. Cserska, C.C. Davis, Electrical Dmginsering Dept.. University
of Maryland., College Pazk, MD 20742, P, Cserski, CORA/FDA, Rockville, MD
20857,

Bunan peripheral Bleod lymphocytes in ehromosoms mediul 1A without PIA
(Gibco) have Deen expesed to centinuous (CW) or pulsed (PW) 2.45 G
microweves using the sutometed dosimstry exposure system descridbed in g
cempanion paper (Joyner et al., this msetirg) o hestirg &nd rerieeting OAR
levels for periods up to 120 hours. At harvest, standardized cytologicel
preparstions were made using & cytespin II eytecentrifuge, sir-dzried, fized
in methanvl and steined with Wright/Giemms stain. The percentages of
wntrensformed lysphocytes, intermediste end trensforwed lymphcblastoid eslls
were determined based Om ®@orphologicsl (estures gquantitated using an
“Optomax” image analyser and compazred betwesn exposed (OW or W) ond shem-
exposed semples. OF or MW exposure ot the sew average SAR resulting in
sanilar tempersture profiles ever time sffects lywphocyts transformation
differently. Mechanistic implications eof this finding ere discussed.
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Elson, Walter Reed AIR. Silver Spring. M 20005. C.C. Dovis, I.M. Czernka,
Zlectrical Eng. Dept.. U of MD., College Paxk, #D 30743, P. Csesski,
CORA/YUA, Roekville. MD 20857. ’

A micziowsve evposure end dosimetris systws will be described thst provides
nen-perturbing automsted recording of the tesperetars lustory Of egoesd v
control samples (R vitzo. Records of the temperature(T)/time(t) behavior of
both semple and control are wede before, during, end after expesurs. From
the recerded T(t) versus t during hLeesting ard sonling the specific absorp-
tian rete (8AR) for microweves (Or the eyuivelwnt wnergy sbsorption during
econventional bheating) can be determined. The eosure systen umsists of w0
shorted sections of S band rectangular waveguide with metched cosxisl feeds
pleced in & CO; tissue sulture incubstor thersostated st 3/.5°C. Sample
helders are supported centrelly tn the wgveguide 4B Dlocks of low-density
expanded polystyrene. An uscillator, TWT amplifier, Ssolator, snd forward
and reflected puwer meters, Provide the pows to the @xpomxe seveguide. The
second waveguide houses the couttel sumples. Tempesstures in one Sample
ehaxber in wesli waveguide ere Pecorded with 8 Narde fodel @011 resrpagturd-
ing probe. The tempecsture readings acre ¢3igitized and stored in 8 desktop
somputer. Gubseyuent Linear least squares malysis of I() verms t with the
sssumption of senstant powes ebsorption & Newan's law of cooling EEOVIGes
s very reliable velue for the SAR. On-line determination Of the ZAR in this
way allews asccurete ssssssment of exposure uniformity from ohe smuple
chamber to the other, and permits accurste salibration of the system in
terne of o SAR/forwesd-puwez ratio.

p oadl ] INTENEITY DEFENDENCE OF THE JNDUCTION OF ACETYLCNOLING EFTERASE
ACTIVITY u’momm RADIOFREQUERCY RADIATION. 8. K. Dutta. B. Ghosh , €.
7. Blackman’, Botany Department and Cancezr Research Center, Boward Univer-
sity. end "Neelth Effects Resesrch Laborstery, USEPA. Res. Tei. Wk., KC.

Rediofrequency gediation (RFR) ot 213 snd at 147 Mz, when sinusocidally
emplitude moduleted (AM) ot 16 Ie, hes dewn shoan 0 @haxed ths relamse of
cslciua fons from neurcblestoma cells fn culture, The dose resporse for thus
alfect i3 highly unususl, censisting of e pomr dersity "andows” in which
enhanced efflux occurs. separated by power density regions where ne effect
is observed. A similer result hea glso been reported for @ chicken brain-
tissue preparstion. In erder te explore the physielogical importence eof
these findings. we have examined the impact of exposurs en & wembrene-bound
ongyme. ecetylcholine esterase (ACKE), which is intimstely frwolved with the
scotylcholine neuretzensmitter system. Neuroblestoms cells (1G-106). expoewd
fuz J0-minutes to 147-tz radistion. MM ot Mz, dewrstrated ehanced ACKE
setivity, as ssseyed by & precedure using 3 C-lsbeled acetyloholine. This
onhanced aclavity wes observed only wathin o Nerrow tise windew several
hours after the cells were seeded, end enly when the exposure sccurted ot
power daneitiee Lhat were effective for colcium (one. This resuls snadisstes
thet RFR can perturh marvous-oystem-gerived cells in cultuge to affect both
solcium fon seleane mid ACKL ectivity ih o couman @Ose-08pINGENt Mamner.
Beth the phyrielegicel significance snd the wnderlying mechaniss of action
of thess lus intensity fLselds will newd o be reviewed in light oC these
(indings. We eschknumlovge suppert from an Institutionai Training Grant (som
Bowsrd University, Ceopezstive Agrewwwut CRIIZ2100 [on UEITA. @W [(Metaen-
oy Agresment DE-AJ0G-STRL1137¢ free DOL.
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Abstract—A waveguide exposure system with automated sample temperature measurement is described. This
system provides on-line determination of the temperature profile over time of biological samples in vitro. It allows
sutomated computation of the specific absorption rate determined from heating / cooling curves, uses minimally-
perturbing thermometry, is biocompatible and can be used for measurements of both microwsve and convestiona!

beating.

INTRODUCTION

DIELECTRIC HEATING is a recognized mechanism for the
induction of radiofrequency (RF) bioeffects considered
to be thermal in origin—that is, attributable to temper-
ature increases. However, apart from RF-heat cell killing
(Sapareto et al. 1982; Chang et al. 1987), very little in-
formation is available on quantitative relationships be-
tween RF bioeffects at the cellular and molecular level
and the temperature profile over time (TPT). The deter-
mination of RF heating/cooling curves can be used to
compute the specific absorption rate (SAR W kg~!) and
the specific absorption (SA J kg™') in an exposed sample
(Stuchly and Stuchly 1986 ). Biological variables and ex-
posure conditions can be controlled in experiments with
in vitro systems to a degree not achievable in vivo. An
attractive model to study RF bioeffects is the transfor-
mation of lymphocytes in vitro, provided the biological
variables can be related to dosimetric quantities that
characterize exposure (Czerski 1975; Budd and Czerski
1985). To accomplish reliable dosimetry, we designed an
exposure system with provision for real-time temperature
monitoring with RF-field non-perturbing temperature
probes. The exposure system, which will be described in
detail later, has multiple sample chambers. To allow on-
line thermometry and dosimetry, one of these chambers
is used as a site for a non-perturbing temperature probe.

From the temperature ( 7)/time(¢) history of the sample
chamber, an exposure dosage can be determined and de-
scribed in terms of TPT, SAR, SA, or electric field
strength. The system can be used for studies of RF bioef-
fects in any tissue culture cell line or other in vitro bio-
logical samples. The temperature monitoring part of the
system and the associated automated data analysis can
be applied to the study of temperature-dependent effects,
irrespective of the modality used for heating.

EXPOSURE SYSTEM

A schematic diagram of the system for microwave
exposure of samples is shown in Fig. 1. The output from
a CW oscillator” feeds a travelling-wave-tube (TWT ) am-
plifier?. Pulsed or amplitude-modulated waveforms are
obtained through the use of a p-i-n modulator and driver#.
For high peak power, but low duty-cycle, pulsed exposures
the signal can be further amplified with a 1 kW ampli-
fier® *. The amplified signal enters a shorted section of S-
band rectangular waveguide 300 mm long through a
matched coaxial feed. The waveguide sample holder re-
ceives its power through an isolator and a dualdirectional
coupler that allows forward and reflected powers to be
measured with power meterstt and waveforms to be
monitored with a diode detector$$ and oscilloscope. A
sample holder for biological specimens is supported cen-

* Hewlett-Packard Mode! 8616A, Hewlett Packard Co., 315$ Porter
Drive, Palo Alto. CA 94304,

$ Hughes Model 1177H, Hughes Aircraft Co., Electron Dynamics
Div., P.O. Box 2999, Torrance, CA 90509,
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# Hewleni-Packard Model 8403A.
*¢ MCL Model 10284, MCL. La Grange, IL 10284.
41 Hewlett-Packard Mode! 432A.
$$ Hewieti-Packard Model 423B.




304 Health Physics

Signal Moduiotor
Generator Driver

| woiotor  }——] Pin Moduiotor [——— TWT Ampiter |

----- o ——-

r
[Coupier | __{Puise Ampiiter |
A J bt

I D-oacl Therrrwstor

Wovegude S-Bond

Exposurs | | wovegude | | oscimoscope] | POW*
Chomber | | Exposurs Weter
(Shams) Chomber

Fig. 1. Schematic diagram of essential components of microwave
exposure system.
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Fig. 2. Waveguide exposure assembly showing location of four-
chamber sample holder.

trally in the waveguide in a block of low-density polysty-
rene that fills the cross-section of the guide, as shown in
Fig. 2. An identical waveguide section with an identical
plastic sample holder is used for sham exposures. During
microwave exposures, both waveguide assemblies were
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Fig. 3. Schematic diagram of four-chamber sample hoider with
minimally-perturbing temperature measurement and automated
dosimetry system.

housed in a CO, tissue culture incubator thermostated at
37.0°C. Various sample holders were tested: a four-
chamber plastic tissue culture slide§§, shown in detail in
Fig. 3, was found satisfactory in our application. Each
chamber holds I mL. Since this sample holder occupies
only about 10% of the cross-sectional area of the wave-
guide, field uniformity from one chamber of the sample
holder to the other should be within about +6% of the
average and power densities should be within £12% of
the average. This expected exposure uniformity was borne
out by quantitative dosimetry. A miniature thermistor
temperature probe enters each waveguide section through
a small hole in the top shorting plate. The hole is drilled
neagthe guide wall at the center of the shorter dimension.
This is a low electric field point, and the hole produces
minimal disturbance. The active end of the thermistor
probe enters the sample in one of the four chambers of
the tissue culture dish. We could move the probe from
chamber to chamber to check exposure uniformity. Two
types of minimally-field-perturbing probe have been used
in this way: a Narda Model 801 1B non-perturbing double
temperature probe'" or two Vitek Model 101 probesti.
The temperatures in both the exposed and sham-exposed
samples are recorded continuously during an experimental
run. The temperature probes are connected to a relay ac-
tivatorw# which is connected to a digital voltmeter
(DVM)*** Both the relay activator and DVM are under
the control of a desk-top computerttt through the IEEE-
488 bus. Under computer control, the temperatures of
exposed and sham-exposed samples are recorded sequen-
tially and stored in memory. Since the temperature of
sham-exposed samples is essentially constant, it is mon-

#§ Miles Scientific # 4804, Miles Scientific, Division of Miles Lab-
oratory Inc.. Naperville, IL 60566.

* The Narda Microwave Corporation. 435 Moreland Rosd. Haup-
page. NY 11788.

1% Available from BSD Medical Corp.. 420 Chipeta Way, Sal Lake
City. UT 84108.

## Hewlent-Packard Model 59306A.

®®* Keithiey Model 192, Keithley Instruments, Inc.. 28775 Auron
Road. Cleveland. OH #4139,

111 Hewlett-Packard Model $6.
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itored less frequently than the temperature of the exposed
samples. A typical experimental protocol would involve
10 temperature readings of the exposed sample for every
one reading of the sham-exposed. For conventional ther-
mal exposures, the temperature can be elevated by in-
creasing the temperature of the incubator.

TEMPERATURE /TIME ANALYSIS

During a typical experiment, the temperature is re-
corded at regular intervals, with a minimum measurement
interval of <1 s before, during and after the exposure.
The “on” and “off times of exposure are recorded on
the computer by the operator using a “soft-key” interrupt
capability. At the conclusion of a run, the T(¢) behavior
is analyzed 1o determine SAR.

If the SAR is S (W kg ') and the specific heat of the
sample is C (J kg~' K'), then the rate of heating during

‘microwave exposure, for small temperature variations

over which C can be assumed to be constant, is

(%,T)-%. (1)

roundings, then for small temperature differences from
equilibrium, its natural rate of temperature change, from
Newton's law of cooling, is of the form

(%T) - a(Tu~ ), @

where a is a constant that depends on sample geometry,
insulation, etc. In general, when microwave power is ap-
plied 10 a sample that was not in thermal equilibrium
with its surroundings at the start of exposure:

dar §
_dl"E"’a(Ton—T)- 3)

The solution to eqn (3) can be written in the form
S -
T- To-(:é-r T..-To)(l -e™"), 4)

where T is the control temperature at 7 = 0. Either eqn
(3) or eqn (4) can be used to determine the SAR. From
ean (3) we have

If, in the absence of deliberate heating, a sample is above ﬂ ) - (_d_T ) = S (5)
or below its equilibrium temperature, T, with its sur- d /s dr s, C’
3.76
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-} ‘ - - o~ a ™~

Time (s) x 100

Fig. 4. Temperature /time profile of a sample that was subjected 10 RF heating (solid curve). The dashed curves
are least-squares linear fits 10 the experimental data. To the left of the time at which RF power was applied, the
sample was cooling. The change in slope at the initiation of the RF heating provides the quantitative dosimetry.
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where subscript S indicates the application of microwave
power corresponding to SAR S. Therefore, determination
of the rate of temperature change before and during ap-
plication of microwave power, or during and after the
application of microwave power, determines the SAR.
If the sample is in thermal equilibrium before ex-
posure begins, eqn (4) reduces 10 the simpler form

T- ro=;%(l ~ e, ®)

which can be used to find S from 7(¢). In general, the
approach using eqn (5) is preferable, since for times near
t = 0, the exponential can be expanded in quadratic form.

In practice, this analysis is performed automatically.
At the end of a run, the point of inflection, or turning
point, in T(t) is found numerically. This is done by
checking the change in slope of the temperature as a func-
tion of time. In practice, this change in slope occurs im-
mediately upon the application or removal of microwave
power, within the time resolution of the data acquisition
system. The temperature profile to the lefi and right of
this point is fitted by least-squares 1o a linear or quadratic
function, and the change in slope a1 the beginning of the

March 1989, Volume $6, Number 3

exposure period yields the SAR. Figures 4 and 5 zre ex-
amples of such a procedure. Figure 4 shows the temper-
sture/time history of a sample that was cooling prior to
the start of microwave exposure. The linear fits to the
cooling and +  ing portions of the curve yield the SAR.
Figure § shc » - .he heating of a sample that was quite well
equilibrated oefore exposure. Because the signal/noise
ratio is high, the SAR was determined by a quadratic fit
to the heating portion of the curve. The quality of the fit
near the tumning point can always be examined to deter-
mine whether the slope value is realistic. However, unless
the temperature /time profile has very low noise, it is gen-
erally better to use the linear fit to 7(¢) near the turning
point, otherwise a biased estimate of the slope can result.
Figure § also shows the temperature /time history of the
sham-exposed sample to illustrate its temperature stability.

RESULTS AND DISCUSSION

The advantages of the procedure described above are
severalfold. The sample need not be equilibrated before
SAR is determined. Repeated determination of SAR can
easily and quickly be made, which allows the SAR uni-
formity from one sample chamber to another be deter-
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. 1 ; . LA
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i | ! : i
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Fig. 5. Temperature/time profile of exposed (upper solid curve) and sham-exposed semples (Jower dashed

curve). The dosimetry for the exposed sample has been determined from a quadratic fit 10 the heating curve

during microwave exposure and a linear fit 1o the equilibrated portion of the curve prior to exposure (dashed
upper curve).
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mined. Exact knowledge of the microwave power is not
required; reproducible exposures can be made at known
SAR by using the measured forward power corresponding
10 a given SAR measurement, provided the experimenta)
arrangement is not altered between exposures. Dosimetry
is not affected by other losses in the system. The waveguide
exposure system with four sample chambers was found
to give an SAR uniformity from one chamber to the other
within 10%. Thus, experimental samples can be exposed
and examined in triplicate, the fourth chamber being used
for the insertion of the temperature probe.

The system is biocompatible and, depending on cell
line, cell density and medium, allows continuous expo-
sures of several days duration. The biocompatibility of
this arrangement was proven by studying the growth of
human lymphocytes under various conditions within the
waveguide. A concentration of 10¢ cell mL~' in chro-
mosome medium 1A$$$ with or without phytohemag-
glutin was incubated for 72 or 120 h in the exposure sys-
tem with no applied RF power. Cell morphology, lym-
phoblastoid transformation, mitotic index and cell
viability tested by neutral red, Janus green and trypan
blue stains did not differ from those in fymphocyte cul-
tures from the same donor cultured in a conventional
CO: incubator according to the protocol provided by
Gibco with their media. As well as providing biocompat-
ible exposure conditions, the system is flexible. It allows
the exposure of tissue culture cells growing in suspension
or in monolayers and can easily be used with cell-free
samples.

The exposure system is rejatively simple and can be
assembled from off-the-shelf components. Its capabilities

$32 Gibco Laboratories, 3175 Stuley Road, Grand Island, NY 14072,

can be expanded by introducing computer control of RF
power input based on feedback from temperature mea-
surements in a similar way to the system described by
Chang et al (1987). This system used a stripline operating
at 915 MHz and allowed uniform exposure of 10 mL
tissue culture samples. The temperature/time profile of
heating could be pre-programmed, and biocompatibility
allowed exposures of several days duration. A. W. Guy
(1977) designed a system for exposure of S mL samples
in the range from dc to 1 GHz. Field strength dosimetry
was obtained from on-line measurement of feed-line
impedance. The temperature of the sample could be
maintained at a preset level using a circulating liquid heat
exchanger. No data on biocompatibility of this system
were provided, however the information given suggests
suitability only for short-term exposures. J. C. Lin (1976)
and Chen and Lin (1978) proposed the use of micropi-
pettes immersed in a fluid-filled waveguide irradiation
chamber for in vitro studies under controlied temperature
and dosimetric conditions. This system was also only
suitable for short-term exposures. J. W. Allis et al. (1975)
installed a waveguide exposure system in a Cary 15 spec-
trophotometer allowing simultaneous exposure and spec-
trophotometric biochemical determinations. Qur system,
as well as those described in the papers quoted here, pro-
vides a wide range of possibilities for in vitro studies under
controlled conditions, including precise RF dosimetry.
By using one of these systems, or combining desired fea-
tures of some of them, most requirements for the study
of RF bioeffects at the cellular and / or molecular level can
be met.
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