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INTRODUCTION

The objectives of this project were:

" 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;

" to compare effects obtained by CW and PW microwave exposure at the same average

specific absorption rate (SAR);

" 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 2.00C.

" 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 ad 0

humidity (90-100%), CO 2 content in air (5%), and temperature (37 0C), as well as the on

possibility of heating and equilibrating the temperature of the samples up to 39°C

using microwave or conventional heating; 0U/t__on
"1ty Codes
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(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 2 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 temperature

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 11771 travelling wave tube

amplifier. Pulsed or amplitude modulated waveforms can be obtained 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

forward and reflected powers to be measured with Hewlett-Packard Model 432A power

meters and waveforms to be mounitored using a Phillips PM '240 oscilloscope. The amount

of power supplied to the waveguide is controlled by the out; ut from the oscillator and the

3



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 59306A relay activator, which is itself con-

nected to a Keithley Model 192 digital voltmeter (DVM). Both the relay activator and thc

DVM are under the control of a Hewlett-Packard Model 86 desk-top computer through the

HPIB (IEEE-4SS) 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). Sinct 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 2 incubator.

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

cells in vitro and transparent to 2450 MHz microwaves. The geometry of the container has

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-
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cant nonuniformities in energy deposition. Two types of sample holders were tested, botlb

rectangular tissue culture Lab-Tek (Miles Laboratories) chamber slides, a 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 cultur,?

medium demonstrated that the energy distribution within and between chambers of thv-

two chamber model is nonuniform, the difference between chambers being about 50%. hi

the four chamber model measurements demonstrated that differences in energy depositiorl

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 triplicat,:

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 samnple:.

is recorded at regular intervals, with a minimum interval of less than 1 s. The temperatur.

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 interrup.:

capability. At the conclusion of a run the T(t), i.e., temperature (T) versus time (t

behavior is analyzed to determine SAR.

If the SAR is S (Wkg - 1) and the specific heat of the sample is C(Jkg-'K - 1), then the

rate of heating during microwave exposure, for small temperature variations over which C

can be assumed to be constant, is (dT) = S

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

ature, Tq, with its surroundings, then for small temperature differences from equilibrium.

its natural rate of temperature change, from Newton's law of cooling, is of the form

k dT) = a(T,, - T), (2)
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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:

dT S(3d = S + a(Teq - T) (3)

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

T-T=O (-+Teq-T) -
-0t) (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),

sT sS _CdT (5)

where The subscript S 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

T- T, = -(1- e ') (6)
OC

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

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
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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 0C, 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,

CT (attachment 3). Finally, a detailed description was published in Health Physics 56,

303-307, 1989, (attachment 4).
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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. 20ml of blood was withdrawn by venipuncture under aseptic conditions into two

heparinized (143 USP units) sterile evacuated blood collection tubes (Vacutaincr 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 centrifugatioll 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 1 x 10' to 3 x 10'. 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 (Gibco) with or without phytohemagglutinin (PHA) depending

on the protocol appropriate for the particular experiment. 106 cells were added to 3 of the

chambers, the 4th contained medium only. A 0.2 mm hole was drilled over the chamber
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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 ihcubator, 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 samc 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 rin 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-bariding).

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

conventional incubator). The code number of the slide, the area of the cell, the area of the

nucleus, the nuclcus-cytoplasmic ratio and a symbol for morphological features of the cell
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(S for a small lymphocyte, 1 for an intermediate form and B for a lymphoblastoid eel!)

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 synthesi-s

(S-phase) and pre-mitotic period during which no morphological changes occur (g2 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 transformatiom.

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/mIl.

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

used for the evaluation of the transformation process.
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Cells of size between 80 and 120 pm 2 were classified by different observers as small] or

intermediate lymphocytes, and cells between 190 and 210 pm 2 as intermediate or blast, -id

forms. Therefore based on morphology and measurements of the cell are4, cells up to

100pm 2 were grouped in one class of small lymphocytes. Cells larger than 200pm 2 w,'ere

considered as blastoid forms. Intermediate lymphocytes were additionally subdivided iinato

three groups: larger than 100pm 2 and smaller or equal to 120pm 2 , larger than 120p.,:a

and smaller or equal to 150pm 2 , and larger than 150pm 2 and smaller or equal to 200p:a; 2 .

The distribution of the cell size in preparations from cultures incubated 72h w-'th

PHA at the three tested concentration is shown in Table 1. Significant differences we-ce

found in the number of small lymphocytes (area < 100pam 2 ) and lyinphoblastoids (area >

200pim 2 ). The decrease in the number of small lymphocytes and the increase in the num'ler

of blastoid cells with increasing PHA concentration validates the use of measurement:- of

the cell area for the assessment of !ymphocyte transformation.

Table 1

The Distribution of cell size (area, um 2 ) following 7211 incubation

with PHA at Various Concentrations (mg/rnl)

PHA mg/ml] 5.0 7.5 10.0

Area (a) pm 2

a < 100 42.5 = 3.7 26.8 ± 4.5 17.4 ± 2.5

100 < a < 120 13.4 2.0 13.0 ± 2.8 5.3 1.1

120 < a < 150 15.6-± 3.4 12.1 ± 3.1 10.0 ± 2.1

150 < a < 200 19.0 : 2.6 24.3 ± 2.8 22.6 = 3.0

a > 200 10.6 : 4.8 25 ± 3.5 46.2 + 4.5

Chromosomal preparations were examined using a 100x oil immersion objective.

Metaphase -lates 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 cell.; in

particular classes, distributions were compared using multiple regression methods. Resralts

were considered significant at the p < 0.05 level.

11
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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 expcrinlents were carried out in three series:

e exposed to CWV 2450 Mttz 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 sainple by 0.5°C (SAR 1.8-2.3 W/kg), 1°C (SAR 3.5-4.5 W/kg), 1.5 0 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 chanlbers of the chanber slide;

• exposed to PW 2450 MHz at the same non-heating and heating levels of temperature and

SARIs (for these PW exposures the microwave pulse width was lps 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 0 C, 38C, 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 2  mean±s.d.

a <100 53.7 ± 2.9

100< a <120 30.9 ± 1.8

120< a <150 10.1 ± 1.0

150< a <200 2.1 ± 0.8

a >200 1.2 ± 0.9

Table 3 presents the distribution of cell sizes in conventionally heated cultures. There

are no significant differences between cultures incubated at 300C and 37.5oC. At 380C the

number of small lymphocytes (area< 100,um 2 decreases, and the number of cells with areas

between 12011m 2and 200pmn2 increases, thus indicating an enhancement of the transfoma-

tion process. At 38.5°C the number of cells with an area between 100 and 120,im2 decreases,

and the number of cells with area between 150 anid 200pxn2 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 38C , 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±i s.d.

Incubation 37 0C 37.50 C 38 0C 38.5 0 C 39 0 C
temperature

Area (a) um 2

a<100 55.2±3.8 54.8±2.2 39.6±3.0 53.0±4.5 88.7±2.2
100< a <120 32.4±2.9 29.4±3.6 29.6±7.1 14.7±2.3 9.1±1.9
120< a <150 8.8±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 3.4±1.0 15.8±2.0 0.3±0.5
a >200 1.0±0.9 2.4±1.7 4.4±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 106/ml with variations within the error of the method. Cell viability

also did not change, remaining at the initial level of 94 to 987. 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 0C . At this temperature signs of cell

destruction were noted. The total cell count ranged from 6.4 x 105 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 0C 37.50C 380C 38.50C 390C

temperature
Area (a) um 2

a<100 53.3±2.1 40.0+3.4 39.4±3.0 43.6±4.3 partial cell
100< a <120 31.7±3.0 36.0±1.9 30.0±4.9 15.2±2.7 destruction,
120< a <150 10.2±2.4 12.2±2.0 22.8±2.8 17.6±1.7 measurements

150< a <200 1.7±0.7 4.8±1.6 2.1±0.9 22.6±2.8 unreliable

a >200 1.0±0.9 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 1501im 2 and smaller or equal to 200,um 2 , the number of

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

obtained at 37.5 and 380C . At these temperatures a statistically significant increase in the

numbers of lymphoblastoid cells (area<200,um 2) occurs. At 38.50C 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.
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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 0C 37.50C 380 C 38.5 0 C 390C

temperature

Area (a) pm 2

a<100 59.7±3.9 44.6±3.8 46.8±4.7 partial
100< a <120 15.4±1.8 20.6±2.4 16.3±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 14.4±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/mil

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:

* 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 )

i.e. at an average SAR of about 4W/kg; the temperature of the sample varied over the

course of the experiment by ± 0.20C ; the indicated range of SAR takes into account the
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experimentally observed variations in different chambers of the chamber-slide;

* 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 I°C over the first, second and third 24h

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

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

incubated at 37C .

The results of these experiments are summarized in Table 6.

Table 6. The distribution of cell sizes following 72h

exposure to PW 2450 MHz microwaves at a non-heating (370C

and heating level (38°C ) compared to shan-exposed samples.

Number of cells

mean ± s.d

Incubation Shams (37°C) 37°C 3S°C

temperature

Area (a)_pm 2

a<100 43.2±7.4 14.3±5.1 11.7±5.3

100< a <120 14.3±4.6 16.7±3.0 5.9±2.9

120< a <150 14.9±5.3 20.0±6.2 7.8±2.7

150< a <200 11.7±5.1 19.9±4.6 14.5±4.1

a >200 15.9±6.4 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
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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 demonstrat, I 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 CNN' microwaves. PW microwave exposure enhances

transformation at a non-heating level. Further enhancement of transformation was seen

in preparations heated by P exposure to 37.5 and 3S 0 C , the number of transforingir

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 CN' 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

CNN' exposure, PV exposure enhances transformation at non-heating levels, while CNN

exposure does not. Thus effects of CW and PIN 2450 MHz microwaves are different and

are not related to the average SAR.

PHA-induced transformation is affected by exposure in a similar mier, and leads to

the sane 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

7211 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
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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.
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Attachment #1
PROCRAH FOR COLLECTING DATA

10 OPTION BASE 1
20 DISP "ARE YOU USING VITEK OR NARDA PROBESTYPE V OR N"
30 INPUT PRBTYPS
,40 PROBCI-9.6184 i PROBC2-4i.459 ! Calibration factors for Naraa probe 1
50 PROBC3-9.9121 6 PROBC4-42.386 I Calibration factors for Narda probe 2
60 IF PRBTYPS-"N" THEN GOTO 90 1 Probe type Narda - don't reset calib. factors
70 PRDBCI-100 ( PROBC2-O ! Calibration factors for Vitek probe-
BO PROBC3-100 4 PROBC4-0 ! Calibration factors for Vitek probe
90 ON KEY* 1,"POWER ON" GDSUB 1380
100 ON KEY# 4,'NEW OBS INT" GOTO 1100
110 ON KEY# 7."POJER OFF" GOSUB 1390
120 MASS STORAGE IS ":D500"
130 DIM ATEMP(1000),ATIME(1000).BTEMP(1000),BTIME(1000),PONT(50),POFFT(50)
140 DIM ANUM(20),BNUM(20),IPON(20),IPOFF(20)
150 CLEAR
160 ! BEEP 40,100 4 WAIT 50 I BEEP 40,100 1 WAIT 50 i BEEP 40,100 4 WAIT 50 BE
EP 80,150
170 DISP "ENTER DAY,MONIH,YEAR"
180 INPUT EXPDATES
190 EXPDATE-O
200 DISP "ENTER SAMPLE IDENTIFIER"
210 INPUT SAMPLES
220 EXPDATAS-EXPDATES&SAMPLES
230 DISP "ENTER TIME OF DAY - 24 HOUR CLOCK" i INPUT TODS
240 ON ERROR GOTO 300
250 CREATE EXPDATAS6":D501",1,32000
260 ASSIGN: I TO EXPDATA$&":D501"
270 ? PRINTo 1 ; EXPDATES
280 ! PRINT# I ; SAMPLES
290 GOTO 390
300 IF ERRN -128 THEN DISP "DISC IS FULL - INSERT A NEW DISC AND START AGAIN"
310 IF ERRN -128 THEN GOTO 340
320 IF ERRN -63 THEN GOTO 350
330 DISP "AN ERROR HAS OCCURRED - PRESS CONTINUE TO START AGAIN"
340 PAUSE i GOTO 150
350 DISP "THIS DATA FILE NAME ALREADY EXISTS - ENTER ANOTHER SAMPLE NUMBER"
360 INPUT SAMPLES
370 EXPDATAS-EXPDATESaSAMPLE$
380 GOTO 250
390 KK=O I Counter for new observation times for probes A and B.
400 BIN-0 I Holds previous number of observations from probe A.
410 NDPTS-O ! CouJnter 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 SECONDS."
450 INPUT OBSTIME
460 DISP "Probe A should be in the exposed/experimental culture."
470 DISP
480 DISP "ENTER OBSERVATION INTERVAL FOR PROBE A IN SECONDS."
490 INPUT NA
500 IF NAOBSTIME 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-AJOBS+BIN
570 IF HOLD>t000 THEN 590
580 GOTO 610
590 DISP "You have requested too many readings of probe A; try agair."
600 GCTJ 4S3(



610 DISP "The observation interval for probe B should be an integer multiple'*
620 DISP "of, and ideally ( or - 10 times that for probe A.*
630 DISP
640 DISP "ENTER OBSERVATION INTERVAL FOR PROBE B IN SECONDS."
650 INPUT NB
660 BJOBS-INT (OBSTIME/NB)
670 NB-NB1000
680 IF FP (NB/NA)#O THEN 700
690 COTO 720
700 DISP "The obs. time for B is not a multiple of that for A; try again."
710 GOTO 640
720 REMOTE 502 t DVM to remote.
730 CLEAR 6 KEY LABEL
740 REMOTE 507 ! Relay to remote.
750 LOCAL LOCKOUT 5 ! Local lockout for DVM and relay.
760 OUTPUT 502 ;"FOR2TOX" ! DVM to DCV,2V range, and cont. on talk.
770 OUTPUT 507 "A12" ! Connect all R1&A2 terminals to C1&C2 terminals.
780 ENTER 502 ; AS ! Trial read of DVM.
790 J1-0 ! Set counter for number of times power turned on.
800 IJ2-O ! Set counter for number of times power turned off.
810 J-1 ! Set counter for reading probe B.
820 NT-NB/NA ! Set interval between reading probe B.
830 IF KK>0 THEN 860
840 SETTIME 0,0 ! Zero clock for easy interpretation only.
850 ! Loop. read probe A, read time, put values into arrays.
860 NNA=l 4 NNB=I
870 FOR I-I TO AJOBS @ ENTER 502 ; AS@ ATIME(I)-TIE *(DATE -EXPDATE)o86400 A
EMP(l)-VAL (AS[5])
880 ATEMPeI)-PROBCI-ATEMP(I),PROBC2 ! Evaluate temp. from voltage rea-ding.
890 NNA-NNA+I
900 DISP "ATEMP-",ATEMP(I),"TIME-",ATIME(I)
910 IF I-J-NT THEN 930 ! Check to see if probe B is to be read.
920 GOTO 1010
930 OUTPUT 507 "B1" ! Switch B to C1 prior to reading probe B.
940 WAIT 200 ! Wait 200ms for DVM to read probe B.
950 ! Read probe B, read time, put values into arrays. Switch Al to C1.
960 ENTER 502 ; BSi BTItE(J)-TIME +(DATE -EXPDATE)-86400 6 BTEMP(J)-VAL (B$[53)
4 OUTPUT 507 "Al"
970 BTEMP(J)-PROBC3oBTEMP(J)+PROBC4 ! Evaluate temp. from voltage reading.
980 NNB-NNB*I
990 DISP "BTEMP-",BTEMP(J),"TIME-",BTIME(J) @ DISP @ DISP @ DISP ( KEY LABEL
1000 J-J+l I Increment counter on read probe B.
1010 WAIT NA ! Wait time between reading probe A.
1020 NEXT I I Increment loop.
1030 LOCAL 5
1040 OUTPUT 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 GO7 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
1160 GOTO 440
1170 DISCPRINT: ! Write all data to disc for this observation Interval.
1180 PRINT 1 ; NNA-1
1190 FOR 1-I TO NNA-1



1210 NEXT I
1220 PRINTP 1 ; NNB-i
1230 FOR I-I TO NNB-1
1240 PRINTo I ; BTEMP(I),BTIME(I)
1250 NEXT I
1260 PRINT# I ; IJI ! The number of times power turned on.
1270 IF 1J1-O THEN 1290
1280 FOR I-I TO IJI ?i PRINT ' ; PONT(I) @ NEXT I
1290 PRINT# I : IJ2 ! The number of times power turned off.
1300 IF IJ2-0 THEN 1320
1310 FOR I-I TO IJ2 @ PRINT 1 ; POFFT(I) @ NEXT I
1320 PRINTo 1 ; TOD$ ! Writes time of day to disc
1330 KK-KK+I
1340 BIN-AJDBS
1350 NDPTS-NDPTS+2-(NNA+NNB)+IJT+IJ2+10
1360 BEEP 6. CLEAR I DISP "Data storage is complete." 6 RETURh
1370 GOTO 1400
1380 BEEP C IJ1-IJ1+1 C DISP "Power on" @ PONT(IJ1)-TIME @ RETURN
1390 BEEP i IJ2=IJ2+1 i DISP "Power off" @ POFFT(1J2)=TIMIE ( RETURN
1400 DISP "Do you wish to record more data? ENTER (Y)ES or (N)O."
1410 INPUT REPLY$
1420 IF REPLY$="Y" THEN 420
1430 ASSIGNt I TO -
1440 DISP "The final disc management is nou being completed"
1450 ASSIGN: 1 TO EXPDATA$&-:D501"
1460 I1A-1 @ IATOT=0 IB11 @ IBTOT-0 @ IONI1I @ IONThO ; 1OFFI=I 7 OFFT-O
1470 FOR JI-i TO K
1480 READ# 1 ; ANUM(J1)@ IATOT-IATOT+ANUM(J1)
1490 FOR I-IAl TO IATOT i READo 1 ; ATEMP(I),ATIME(I)i NEXT I
1500 READ# 1 ; BNUM(J1)C& IBTOT-IBTOT+BNUM(JI)
1510 FOR I-IB1 TO IBTOT i READ# I ; BTEMP(1),BTIME(I)I NEXT I
, dU RtHvu I ; ituNtji)'ql i.iii-idNI-itjUN(J1) i IF IPON(J1)-0 THEN 1540
1530 FOR I-1O11 TO IONI i t<tfHU.' , rUj,4T(i ). I
1540 READ# I ; IPDFF(J1)& IOFFT-IOFFT+IPOFF(J1) @ IF IPOFF(JI)"O THEN 1560
1550 FOR I-IDFFI TO IOFFT 6 READt 1 POFFT(I)i NEXT I
1560 IAI-IAIIATOT i IB1-IB1+IBTOT @ IONI=ION1+IONT @ IOFF1=IOFFi+IOFFT
1570 NEXT J1
1580 READ: I ;TOD$
1590 ASSIGNP ' TO
1600 PURGE EXPDATAS":D501"
1610 PACK ":D501"
1620 NDPTS-8-NDPTS
1630 CREATE EXPDATA$6":DSO1"1 .,NDPTS
1640 ASSIGN I TO EXPDATAS&":D501"
1650 PRINT' 1 ; IATOT C DISP "TOTAL PROBE A READINGS - ",IATOD
660 FOR I-I TO IATOT @ PRINT# I ; ATENP(I),ATIME(I) ( NEXT I
1670 PRINT# I ; BT 6 DISP "TOTAL PROBE B READINGS ",IBTOT
1680 FOR I-1 TO IBTOT @ PRINT I ; BTEMP(I).BTIME(I) * NEXT I
1690 PRINT' I ; IONT 6 DISP "MW POWER TURNED ON ".ONT," TIMES" 0 FOR I-1 TO IONI
T * PRINT I ; PONT(I) 0 DISP PONT(I) * NEXT I
1700 PRINT# I ; IOFFT 0 DISP "MW POWER TURNED OFF ",IOFFT," TIMES" 6 FOR I-1 TO
IOFFT 0 FRINTa 1 ; POFFT(I) 0 DISP POFFT(I) 0 NEXT I
1710 PRItTo 1 ; TOD$ 6 DISP "Time of day",JODS
1720 ASSI;N0 I TO *
1730 DISF "'Sample number is ",SAMPLES
1740 DISP -Date of exposure is ",EXPDATE$
1750 DISP "Finished the disc management. GOODBYE, HAVE A NICE DAY!"
'760 END



PROGRAM FOR DATA ANALYSIS, CURVE SMOOTHING AND GRAPHICS version A

20-

30 ! - PROGRAM TO READ TEMPERATURE READINGS TAKEN FROM -
40 ! - TWO NARDA PROBES AND STORED ON DISC, PLOT DAThi -
50 ! " IN VARIOUS FORMS AND DO DOSIMETRY CURVE FITTING -
60!- *
70 ! - WRITTEN BY CHRISTOPHER C DAVIS, DECEMBER. 1986 -

80! *
90!
100 OPTION BASE 1
110 MASS STORAGE IS ":DSOO'
120 DIM ATEMP(1000),ATIME(1000),BTEMP(1000),BTME(1000),PONT(50),POFFT(
130 DIM ANUM(20),BNUM(20),IPON(20),IPOFF(20).DJMIY$[50]
140 ! **- FUNCTION TO GIVE INVERSE VIDEO DISPL;YS
150 DEF FNIVID$(DUMIYS)
160 LENGTH=LEN (DUMMY$)
t70 FOR !=1 TO LENGTH
ISO DUMMY$[II,II=CHRS (NUM (DUMMY$[IIII])-128)
190 FNIVID$=DUMmYiY
200 NEXT i
210 FN END
220 C!L ER
230 LISP FNIVIDS"DATA DATE?")
240 DISP FNIViDW("D - FDR')
250 DiSP FN'VIDS("DAY MIONTH,YEAR")
260 IN:L, EXF-D TES
270 DISP FNTVIDSC"ENTER SiMPLE iD")
280 INPUT S)MPES
290 EXPDTA$=EXPDATESaAMPLE5
300 ON ERROR GOT 32

;0 GI) 370
320 IF ERRN =67 TtHEN 1DSP "YOU HAvE ENTERED T~f #R, G FiLE Nt!E"
3 IF ERRNt #67 THEN DISAN ERRJR HAS OCCURRED - STiRT A, t,
340 IF ERRN 767 THEN GOTO 10
. , CAT " :0D50'
3g0 DISP "TESE ARE THE DATA FILES - CHOOSE THE ONE YOU WONT" G3TO 2
370 SSIGrz 1 T6 EXPDATAS&":D501"
380 hUN1CO=0 _ NTEST=O i SAR=O TOD$="O ' '

390 iAT T O '0 IBTOT=G t IONT=0 IOFFT= 6 IAlF T = 0 C IP, : I , 1
400 READI 1 iATGT ! READ NO OF PROBE A READINGS
410 FOR I=I i TO IATOT REFiDg 1 ; ATEMP(I),ATIME(I)C NEXT I ! PRDE A
420 READ 1' ; IBTOT ! READ NO OF PROBE B READINGS
430 FOR iB1 TO IBTOT 6 READ7 1 ; BTEMPkI ,BTIME(I) NEXT I ! PROBE £ :"
440 REA D I ; IONT ! NO OF TIMES MW PWR TURNED ON
450 FOR I=IO141 TO fONT C READ# 1 ; PONT(I)6 NEXT I ! ON TIMES
460 READ# I ; IOFFT ! NO OF TIMES MW PWR TURNED OFF
470 FOR i=IOFF1 TO IOFFT @ READ# 1 ; POFFT(I)C NEXT I ! OFF TIMES
480 IAI-IA1+IATOT IBI=IBI+IBTOT @ ION1=ION1tIIOT w IOFFI=IOFFI+IOFFT
490 0N ERROR GOTO 499
491 READ# I ; TOD$
499 OFF ERROR i ASSIGN- 1 TO *
500 ! PURGE EXPDATA$&":D501"
510 DISP "TOTAL PROBE A READINGS - ",IATOT
520 ! FOR I-i TO IATOT @ DISP ATEMP(I),ATIME(T),I C NEXT I
530 DISP "TOTAL PROBE B READINGS - ",IBTOT
540 ! FOR I-I TO IBTOT @ DISP BTEMP1),BTIME( ),I 4 NEXT I
55qr DISP "MW POWER TURNED ON ".IONT," TIMES"
566 * ISP "MW POWER TURNED OFF ",IOFFT," TIMES"
570 0ISP "THE MW PWR WAS TURNED ON AT THE FOLLOW1N6 TINES"
580 11R 1=1 TO IONT '. DISP PONT(1) J NEXT I

5b 0 "Sample ID is ",FNIV.D$(SAMPLES)



600 DISP "Date of exposure wias *.FNIYIDS(EXPD4TES)
601 IF TODS="0' THEN GOTO 610
602 DISP "Time of day was -,FNiVIDS(TOD$)
610 ! f.* * *t*f* * **

620 ! - SECTION FOR SMOOTHING
630 ! - A1D PLOTTING OF EXPERIMENTAL DATA
640 ! **
6)50 !*WRITTEN4 By Christopher C. Davsis, June19.
660 !*MODIFIED DECEMBER 1986

£90
700
710 -)TM ()S(i2)RBE()COL5 RY uCED 11iILICRVE i2TI

0 N YSL 5"N'
730 F ')TIMEIA1-T>BTMUBk THE X xTI1 -(ITT ELS Xj X~E
SET X AXIS Mf X TO Mi X OBCSERY/jTITJ TIM--

74O 0 4 L ' INITILALLY SET X ULRIGIN TO 0

760 DT P "TEMPERATURE MEASUREtET INTERVOL i'S",A, 1X
770 YM - N=10'20 it YM( X=-(1O'26)
780 -FIND MOXIMA AND MINIMA DF DATA
790, FOR --=I To Ti TOT
900 IF ATEMPiT)Y",X THiEN Y 4X=ATEIP( I)
£10 IF (4T E M P <YM IN TE N -Yk E I)

820 N4EXT I
630 FOr\ 1=1 TO ITCO

840 IF B TE MlP ( 1) >Ym, X TrE N Y'-AX B T E'P (I)
£50 I F 6 TEMP(I <YMI IN T HE--fN4 YrM T~

N4ET I
70 a UMPLT=O IF N4TESTv0 THEN CLEA;R

D1SF -5-0 YOU 4ISH TO0 PLOT PRLBE A, Pr-LEE 3, J-R BOTH? IDE~E
OR 3" )

-0SP "YOU CAN ON LY CALCULA~TE SAR USIN4G PROSE W'"
9UU INPUT NPRDEL
9" IF NPRCBE=l THEN GOTO 930

920 G5TO 940
93011 FCOR 1=1 TO0 1ATOT BTIMEW1=ATIME(I E 14 PV)=T I E EX T I
940 IF N TEST=O THEN GOTO 960
950 NSL=,,
960 D1SF "ENTER TIME REGION YOU WISH TO ANALYZE-
970 INP'UT TMIN,TMh)X
980 FOR I=1 TO IATOT !FIND RAiNGE OF 1EMP AIRRAY TO BE PLOTTED
990 IF TMIN>ATIMEUI) THEN J11IN=I
1U00 NEXT I
1010 FOR I=1 TO IBTOT 4 IF TMIN>BTIME(I) THEN KMIN=I
102D NEXT I
1030 IF ATIME(JMIN)<BTIME(KMIN) THEN TMIN=ATIME(JMIN) ELSE TIMIN=BTIME(KMIN)
1040 FOR 1-1 TO IATOT @ IF TMAX>ATIME(I) THEN J?1AX-I
1050 NEXT 1
1060 FOR I-1 10O IBTOT @ IF TMAX>BTIME(I) THEN KMfAX-I
1070 NEXT I
1080 IF ATIME(JMAX)>BTIME(KMAX) THEN4 TMAX=ATIME(JMAX) ELSE TMAX=BTIME(KMAX)
1090 IF NTEST=O THEN GOTO 1400
1100 IF NYSL$=-N" OR NYSL$='NOj THEN GOTO 1400
1110 ---' SECTION FOR SEL ECTION OF' CURVE REGION4 FOR SMOOTHING
1120 TEMX=-I.E20 _4 TEMIN=1.E20
1130 FOR !=JM114 TO JMOX @ IF ATEMP(I)(EMIN THEN TEMIN=OTEMP(I)1140 IF P.TE.1PI)TEMIrN THEN JTURNIl Find inflection point on temp curve

1,S:UY NET



PUN.J

1160 DISP "NUMBER OF POINTS ON COOLING SLOPE- ",JTURN-JMIN+1
1170 DISP "NUMBER OF POINTS ON HEATING SLOPE ",JMAX-JTURN+l
1180 DISP "IS THIS SATISFACTORY' YES) OR N(O)" @ INPUT NYSAT$
1190 IF NYSAT$="N OR NYSATS-"NO" THEN GOTO 960
1200 IF NYSL "N" OR NYSL$-"NO" THEN GOTO 1400
1210 CLEAR DISP "COOLING REGION POINTS",JIN,JTURN
1220 DISP "HEATING REGION POINTS",JTURN,JMX
1230 ON KEY# 1,"COOLING" GOTO 1280
1240 ON KEY: 2,"HEATING" GOTO 1340
1250 DISP FNIVID$("SELECT OPTION") DISP DISP1260 KEY LABEL
1270 GOTO 1270
1280 NSM=1 @ DISP "ENTER POINTS RANGE FOR COOLING SLOPE"
1290 DISP "ENTER 0,0 FOR HELP IN FINDING TURNING POINT IN HEATING CURVE" IN J_
JMIN,JTURN
1300 IF JMIN=O AND JTURN=O THEN GOSUB Find
1310 DISP "JTURN=",JTURN
1320 DISP "ENTER JMIN.JTURN" L INPUT JhIN,JTURN
1330 GOTO 1390
1340 NSM=2 C DISP "ENTER POINTS RANGE FOR HEATING SLOPE"
1350 DISP "ENTER 0,0 FOR HELP IN FINDING TURNING POINT IN HEATING CURVE" INDi
JTURN,JMAX
1360 IF JTURN=O AND JMAX=O THEN GOSUB Find
1370 DISP "JTURN=",JTUR(.
1380 DISP "ENTER JTURN.JMAX" @ INPUT JTURN,JMAX
1390 NUMPLT=I i GOSUB Smooth
1400 GOSUB Aplot
1410 ON KEYv 1,"AGAIN" GOlD 1530
1420 ON KEYo 2,"DOSE" GOTO 1580
1430 ON KEY# 3,"PLOT" GOTO 1590
1440 ON KEY# 4,"SCRDMP" GOTO 3910
1450 ON KEY# 5,"EXIT" GOTO 3920
1460 CLEAR a KEY LABEL
1470 DISP "SELECT OPTION - "&FNIVID$("DOSE")&" ALLOWS CALCULATION OF Sg"
1480 DISP " - "aFNIVID$("AGAIN")&" RE-READS DATA FROM DISC'
1490 DISP " - "&FNIVID$("PLOT")&" RE-PLOTS LAST PLOT - USE WITH C
ARE"
1500 DISP " - "aFNIVID$("SCRDMP")&" DUMPS GRAPHICS TO PRINTER"
1510 DISP " - "&FNIVID$("EXIT")6" TERMINATES EXECUTION"
1520 GOTO 1520
1530 CLEAR
1540 DISP "IF YOU CONTINUE DATA WILL BE RE-READ FROM DISC"
1550 DISP "PRESS "aFNIVID$("AGAIN")b"KEY IF YOU WISH TO DO THIS"
1560 ON KEY# I,"AGAIN" GOTO 370 i KEY LABEL
1570 GOTO 1570
1580 GOTO 930
1590 IF NUMSMO-0 THEN GOTO 1620
1600 GOSUB Aplot @ GOTO 1520
1610 GOTO 1410
1620 DISP "OPTION NOT AVAILABLE" @ GOTO 370
1630 Smooth:

1650 ! -
1660 !* CURVE SMOOTHING SECTION -
1670 ? 0
1680 I
1690 DISP "CURVE FITTING IN PROGRESS "6FNIVIDS"PLEASE WAIT")
1700 NUMSMO-1
1710 IF NSM-2 THEN GOTO 1750
1720 N-JTURN-JMIN+
1730 FOR I-1 TO N @ BTIME(I)-BTlMF(JMIN4I-1) 4 BTEMP I)-BTEMP(JM!NI-1) a NEW



T I6
17,40 GOTO 1760
'17su N=Jr1(4X-jTURfN+
7760 FOR 1=1 TO .j!MRX-JTURN+l * BTIME(I)=BTIME(JTURN+I-1) I- BTEMP(ID=9TE__1PujTLRf,- +
1770 NEXT I
1780 FOR I~l To 5
i 790 R( I)-o - i( I )=0 % FOR J= 1 TO 21 SN(I , J)= ii NEXT J _,i NEXT I
1600 DISP -wHAT ORDER OF POLYNOMIAL DO YOU WUSH. TO FIT -1=LINEAP..."

1010 INPUT NS
1820 FOR J=1 TO NS~1
1830 FOR 1=1 TO N4
1840 IF j=,Nc.i AND BTIMEDI=0 THEN GOTO 1860
i8s0 R(J)=BTEM ,I.*BTIME--Iy(NS+-J)+R(J) C, GOT 1670
56ob0 R(J)=BTEMP I)-R(J)

L 1- NEXT
90 NEXT

5 o FJFR K~l TO N7 FOR J=7 TO NS+1 FOR I= I TO ,4
T ~)~~ ~= AND ETIMEI)=iD THFt COIL lq-2@

1 + 1 F-IR j= I TOj ljCt
- ) '~U ~'2- j)R)+~~ 2 i NETJ

S1 t-'j DX PT tEUjT iN)-H4TIMlEkJ'H1) ELSE DX=T: -- TEl&

x"'* ~ T 4'E :11'N ELSE X -t
I~~~ +6L Eu '- T=U M- bM(P T _DX /--Ioj1+X( Ti ET :()

_F TO

BET

2120 ~ !SuE iR~ OF ORDE= k

930

:150 tp=N
u16 IiCOL=N&

217 0
2180 1 NITIOLIZE PERMUTATION VECTORS
2190 '
22U0 FOR 1=1 TO NP il KP(I)=I i, JP(I)=I NEXT 1
22_'10
2220 !INVERT MATRIX
2 230
22n440 FOR IR-1 TO NP
2250
,.,60 !FIND THE PIVOT ELEMENT

22~0 PIVOJT=0
291) Fr'Rk I=IR TO NP 0~ FOR J=IR TO NP K-KF' (I) wL=JP(j)
2 ij TFTA2(N L )-AB, KL

EN 6 "1 oi2



232?0 IF TEST>0 THEN COTO 12340
2330 GOTO 2370
2 3 40 IK=I
2350 JK=J
2360 PIVDT=SN(K.L'
2 370 NEXT J ii NEXT I

2390 !THE PIVOT ELEMENT IS SN(K,L)
2400
2410 UPDATE PIVOT VECTORS
2420
2(-430I K=KP(IK) -i KP(iK)=KP(IR) KP(IR)=K .~L=JP(ujK) JP(jK:)=JP(lR)
L

>5 !CS2IPJTE NEi4 ELEA'ENIS OF PIVOTAL ROW

2470 FOR J=1 TO NCOL -' SlN(K.J)=SN(K,J)/PIYOT NEXT J

---hPUJTE RE7iAiNU- G LL -E'-INTS OF IR'TH STEP

2510 Z'-,R T= TO,]
252 1- I-K=G THEN 0:2C
2530 A L = S 14 L

St,? ( 7 L -(IL -YT)
=u~J1 TO NJCOL

t, L
.; -

7 2 2,L

R;(k 7

Dr u i .
-~70 * ***** * * * .

710
2720 N L T I
2730 CLEAR A IF NUMPLT=0 THEN COTO 2930
2740 ALPHA DI0SP "PARAMETERS Or- FIT" Cc 015?
2750 F13R I=1 T0 NP w DISP AA(I) , NEXT I
2760 IF NSfI=2 THEN GOTO 2790
2770 FUR 1=1 TO NP ij CUJOL(I)=0A(I) 'i NEXT I
2780 GOTO 2800
2790 FOR I=1 TO NP i4 HEAT(I)-AA(I) Co NEXT I
2800 CH12-0
'810 IF NTEST<2 THEN GOTO 2850
2820 SAR-4.2-(HEAT(l)-COOL(l))01000
2830 IF NS=2 THEN SAP=2.SAR-ATIME(JTURN)+4.2-(HEAT(2)-COOL(2))
2840 01SF FNIVID$(eSAR IS"),SAR,*'W/kg"
2850 FOR I-I TO N Ce Y2-0 @i FOR J-1 TO NS+t
2860 IF NS.1-J=0 AND BTIME(I)- THEN GOTO 2880
2,0 ', Y=M (4HJ')fTIME('I) (NS+1-J)'Y2 Li GOTO 3 JO
2138 Y2-AA(J)*Y2
2990 NEXT i
.LIJO CH12=(BTFthP(l)-Y2)'2/Y24CHI2

'( 1(jI NT



2920 DISP "OBSERVED CH12= ".CH12," WITH ',N+NS~1 ,- D.F."
2930 DISP "DO YOU WANT A HARD COPY PLOP' Y(ES) OR N(O)"
2940 INPUT N'Y$ IF NUMSMO=l THEN GOTO 3040
2950 DISP "TIME wILL BE PLOTTED FROM *,XMIN,"lTO%-,XMAX
2960 DISP "TEMPERA4TURE WILL BE PLOTTED FROMr,YIIIN,"TO',YMAX
2970 DISP .IF YOU ARE SATISFIED PRESS RETURNl"
2)980 INPUT NYLIM$
2990 IF NYLIM$=" THEN GOTO 3040
30 00 DISP "ENTER TIME RANGE TO BE PLOTTED, TMIN,TMAX'
3010 INPUT XMIN,XMAX
3020 DISP "ENTER TEMPERATURE RANGE TO B~E PLOTTED-
3030 INPUT YMIN,YMAX
'3O0'40 IF NTEST>= I THEN GOTO 3340
3050 CLEAR
3660 DISP "CALCULATING PLOT SCALING PARAMETERS "&FN IYIDS("PLEASE W4AIT")
3U70 AXM 4X=INT (LGT (XM(AX))
3080 AYMAX=INT (LOT (YMAX))
3090 XF=10'AXM1AX . YF=1O'AYMAX - DELX .01 Ct DELY=.01
3100 XP!4R$=VALS (AXNAX) ii YPWRS.=YAL$ (AYMAX)
3110 ! XMIN=0 li YmItq~
3120 IF (XMAX-XMIN)/XF>= .1 THEN DELX=.02
3130 IF (XMAX-XMIN)/XF)= .3 THEN DEiLX .05
31-40 IF (XMAX-XMIN)/XF>= .5 THEN DELX=.1
3150 IF (XMX-XIN)/XF>= 1 THEN DELX= .2
3160 IF (XMAX-XMIN)/XF>= 3 THEN DELX= .5
3170 IF (XMAX-XMIN)/X ' >= 5 THEN D7 X1
3180 IF (Y X-YMiN./YF>= .1 THEN DELY=.02
319CI IF (YMHX-YMIN)/YF>= .3 THEN UELY= .05
3200 IF (YMHX-YMIN)/YF>= .5 THEN DELY=.l
3210 IF ( YM x- YM 1() /YF > = THENk DELYr .2

320IF (YMAX-YMIN./YF>= 3 THEN DELY=.5
3230 IF (YMAX-YMIN)/YF>= 5 THEN DELY=1

-4~0 DISP " THE X-XS TICK SPACING WILL BE",BELX
32 50 01SF "IF YOU ARE; SATISFIED PRESS"&FNIVID$("*ENDLINEY""
32:60 IINPUT NTKS - IF NTKS=" THEN GOTO 3280
3270 DISP "ENTER X-AXIS TICK SPACING" i INPUT DELX
3.2-8 0 D1SF "THE Y-AXIS TICK SPACING WILL BE",DELY
3)290 DIASP "IF YOU ARE SATISFIED PRESS"&FNIVIDS("EN'DLINE"
3330 ?4PUT NT<S4 IF NTK$ ... THEN G010 33210
3310 01SF "ENTER Y-AXIS TICK SPACING" C% INPUT DELY
3320 XNuM=CEIL ((XMAX-XMIN)/(XF-DELX))
3 33 0 YNUM=CEIL ((YMAX-YMIN)/(YF-DELY))
3340 IF NY$="N" THEN GOTO 3380
3350 PLOTTER IS 505
3360 GRAPH Co IF NUMPLT=0 THEN GCLEAR -- DEG
3 3'7 0 COTO 3420
3380 PLOTTER IS 1
3390 GRAPH
3400 ! IF NUMPLT#O AND NTEST>0 THEN GOTO 3110
3410 IF t4UtPLT-0 THEN GCLEAR
3420 LOCATE 30,RATIO *100-1O,20,95
3430 ! IF NUMPLT0D AND NTEST>O THEN GOTO 3110
3440 SCALE XMIN/XFXMIN/XF+XNUM.DELX,YMIN/YF,YMIN/YF+YNUM-DELY
3450 IF NTEST>O AND NUMPLT'0 THEN GOTO 3670
3460 FXD 2
3470 LGRID DELX,DELYXMIN/XF,YMIN/YF
348$0 Ax3=(XMAX-MIN)/(XF.10)
3490 AYS-zYMIX-YMIN)/(YFu10)
3500 MOVE (XMAX.XMIN)/(2'XF),YMTN,'YF-2-AYS . LOFRG 6
3510 LfRBEL USING "K" ; "TIME (SECS) x IE"aXPWks
3520 MOVE XMIN/XF-2-AXS,(YMAX+YMIN)/(2-YF)



3530 LORO 4 DEG i LOIR 90
35~0 LABEL USING *'K" ; "TEMP.(DEGS C) x 1E'&YPW.R$
3550 LDIR 0
3560 IF NPROBE=2 THEN GOTO 3630
3570 LINE TYPE 1
3580 MOVE ATIME(JMIN)/XF,ATEMP(JMIN)/YF
3590 FOR I-JMIN TO JMAX
3600 DRAW ATIME(I)/XF,ATEMP(I)/YF
3610 NEXT I
3620 IF NPROBE-1 THEN GOTO 3660
3630 LINE TYPE 5
3640 MOVE BTIME(KNIN)/XF.BTEMP(KMIN)/YF
3650 FOR I-KtIIN TO KtIAX @ DRAk BTIMEWI/XF,ETEMP(D)/YF li NE-XT 1
3660 IF NYSL$="N" OR NYSL$="NO- THEN GOTO 3720
3670 LINE7 TYPE 4~
3680 MOVE BTIME(801)/XF,BTEMP(801)/yF
3690 FOR I=801 IO 1000
31700 DRAW BTIME(I/XFBTEIP(I)/YF
3 "7 10 NEXT I
J720 PEN UP
3730 MDVE XMNIN/XF,YMIN/YF
3740 IF SAR=0 THEN G270 3780
'750 MCVE XMi/FT5~X,~~/Y+ *Y
-'700 LORG 4
3770 LFiBEL "SAR",SP, 9
.)760 tqTEST=? TEST<i
3735 OiSP 1RS i~"~ NUE-)6"TO C LCULOTE S2^R"
3:790 PjSr
3800 KEY L ;EL
381 - RETu ,
ID 20' Find: SUBR0ULTNE4 TO F'ND PO:NT WHERE HEAT T'iG S T A-,
3330 DS FfiTER A TET R~E ~ J-:l I- IjPLTJ'~ ,j

33L4U DISP TINIE" ,- 'F /Dt'
3850 FOR I=J. TD " 12

3)7 C tjEX T I
aso D)JSPi "TRY PN6~TH.EP R~.HNE - Y(ES) OR N(O)"~ INPUT NYRS
3890 I-- NYPS=-Y-- OR NVF;S=-Y--S" THEN COTO 3830'
3':l i0 D I-P "EDjT ER jUR I N k" T PU T J~uRtol RETURN
3j3910 CHI "DJK4
:-'3 2 0 E "ID



PROGRAM FOR DATA AN~ALYSIS, CURVE SMOOTHING AND GRAPHICS -version B

0 P ROGR IM TO READ TE*'PERATURE RERCIDNGS TAKEN FROM -
O 0 TWO NARDA PROBES A~ND STORED 01. !:ISC. PLOT7 DATA
o 1-1 VAN RIOUS FORMS AND DO DDSI!METRY CURVE FITTING *

9 WRITTEN BY CHRISTOPHER C DAVIS. 'DECE'ISER, 1936

cO OPTION L'SE 1
!J 4ASS STORAGE IS -:D500"

12 T; DIM f (E 10 0 0 FT1E OO *BTEMP 10O0) .5TIlE 1000) ,PGNT(5J) ,jFTj
30 DIM AtU ( 0 ,N M 2 ) I~ 411') 'P F ( 0 .)'lY [ L'
.40~ F;UNCTIGON, TO GIVE INVERSE Y ]DISPL )YS
5-,0 DEF' FNIVIDSDUtMMYS
z,J LEN 1GT4LEN (DUMMY$)
70, FOR 11=1 TO LE16Th,

DbMY i.: J=C r;3 (NLMl (Du 4 Y:,I)<s
~FNIVIDS=DJM!Yi

LW NEXT 'I
0 F N E hD

D- j DISP FNt YD-L'D T r F~'~
53 0152 4ID$'D'1MGNTH, fEi -)

C INPUT EXPD ITEL
703 DISP FNTVTiD C'ENTER SIMPLE !D-)
80 INPT MiLE7S
.: j ;j=EXPD MPLEi

uW 0 OSSIGNz 1 T 0 E x PL(D ~T S 6": D 5
0 NUMS$MO=O i.' NTEST=Q SA=

70~~~~1 T QT~ ITj~ = 0 NT=0 T aCF~ I ~~ 2- I~j~= F PJF
-RED A ; DT RE(-D ND 0- PROBE fl~ R E ~it

";J J- R I= 1,1 TO I-,TOT RE )b# i ITE-, )TIME(I)-- NEXT I A ~O D ;T;
50 REi D - 1 ;, IBTLT ! RELi[ NO - OF PRObE U' REriDIINCO:LW~~~~~ E-i I-2 TO:TT~ ED BTEMFP(I),B IME(I) NEXT I 'P~iuEB

7 i RELHDv 1 ; I61 7 I ND OF TIMiES MH Pv - TURfED ON
FOR I=ION! TO i-t 4 T 91 R E ADo I T , tT(D NEXT I O IE

'9U REA~ir 1 ; IOFFT ! NO OF TIMES MW PWP TURNE-D O -F
LW FC O~ ETR =16F , :' TO TOFFT Vi REA~DO I ; peKt-IPN< OFF T:MES
'0 Ip1=IA1+IATOT 'i IBI=IB1+IBTOT Cc IONi.=I0N+IONT -- IOFFI DFF. .OFF'
LW 0 SSIGN-v I TO
30 ! PURGE EXPDATA$6":D501"
40) DISP -TOTAL PROBE A READING? = ",IHTOT

)0!FOR I=l TO IATOT 'i DISP ATE-MPI)jTIMEDI,I 6, NEXT I
,0DISP "TOTAL PROBE B REA~DINGS - ",It3TOT

70 ! FOR 1-1 TO IBTOT (, DISP BTEMPUI),BTIMEDI,I @L N4EXT I
DO DISP "MW POWER TURNED UN ',IONT," T.11MES'
30 DISP "MW POWER TURNED OFF ",IOFFT,' TIMES"
)0 DISP "THE MW PWR WAS TURNED ON AT THE F1OLLOWING TIMES"
10 FOR 1-1 TO 100i @L DISP POrJT(I) 61 NEXT I
10 DISP "Sample ID is ",FNIVID$(SAMPLEr)
O DISP "Date of eXPOSUre was ",FNIVI0$(EXPDATES)

40 !
jJ SECTION FOR SMOOTHIN1G

U f-lit) PLOTTING OF EXF'ERIMENiAL DAIA

~'J ' ,RIT7Erl BY CIhristopn-er C. D.vis. June IqS1A.
MDI-IEDDEEB 12



610 ! O
620
630
640 DIM AA(5),SN(21,21),R(20),HEAT(5),COOL(5) ! ARRAYS USED IN CURVE S7*0T.G

650 NYSL$-"N"
660 IF ATIMEI(ATOT)>BTIME(IBTOT) THEN XMAX-ATIME(IATOT) ELSE XMAX=BTZI.Z( RT[
) ! SET X AXIS MAX TO MAX OBSERVATION TIME
670 XMIN-0 ! INITIALLY SET X ORIGIN TO 0
680 JMIN-1 9 KMIN=1
690 DISP "TEMPERATURE MEASUREMENT INTERVAL WAS",XMAX
700 YMIN-1020 @ YMAX=-(10'20)
710 a*- FIND MAXIMA AND MINIMA OF DATA
720 FOR I-I TO IATOT
730 IF ATEMP(I)>YMAX THEN YMAX-ATEMP(I)
7 40 IF ATEMP(1)<YMIN THEN YMIN-ATEMP(1)
750 NEXT I
760 FOR I-1 TO IBTOT
770 IF BTEMP(D)>YMAX THEN YMAX-BTEMP(l)
780 IF BTEMP(I)<YMIN THEN YMIN-BTEMP(I)
790 NEXT I
800 NUMPLT-O @ IF NTESToO THEN CLEAR
810 DISP "DO YOU WISH TO PLOT PROBE A, PROBE B, OR BOTH? "aFNIVIDS("E'Z+ 1.
OR 3")

820 DISP "YOU CAN ONLY CALCULATE SAR USING PROBE A"
830 INPUT NPR3BE
840 IF NPROBE=1 THEN GOTO 860
850 GOTO 870
860 FOR 1=1 TO IATOT @ BTIME(1)=HTIME(I) 'i BTEMP(I)ATEMP(1) i NEXT I
870 IF NTEST=0 THEN GOTO 890
880 NYSL$="Y"
890 DISP "ENTER TIME REGION YOU WISH TO ANALYZE"
oo INPUT TMIN,TMAX

910 FOR I-i TO IATOT ! FIND RANGE OF TEMP ARRAY TO BE PLOTTED
920 IF TMIN>ATIME(1) THEN JMIN=I
930 NEXT I
940 FOR I-1 TO IBTOT @ IF TMIN>BTIME(I> THEN KMIN=I
950 NEXT I
960 IF ATIME(JMIN)<BTIME(KMIN) THEN THIN-ATIME(JMIN) ELSE TMIN=BTIME(KM1:4)
970 FOR I-I TO IATOT i IF TMAX>TIME(1) THEN JMAX-I
980 NEXT I
990 FOR I-I TO IBTOT i IF TMAX>BTIME(I) THEN KMAX-I
1000 NEXT I
1010 IF ATIME(JMAX)>BTIME(KMAX) THEN TMAX-ATIME(JMAX) ELSE TMAX-BTIME KmmAX)
1020 IF NTEST-t THEN GOTO 1250
1030 IF NYSLS-"N" OR NYSLS-"NO" THEN GOTO 1250
1040 ! *-- SECTION FOR SELECTION OF CURVE REGION FOR SMOOTHING
1050 TEMAX--1.E20 i TEMIN-I.E20
1060 FOR I-JMIN TO JMAX 0 IF ATEMP(1)(TEMIN THEN TEMIN-ATEMP(1)
1070 IF ATEMP(I)-TEMIN THEN JTURN-I ! Find inflection point on temp c:ir.,e
1080 NEXT I
1090 DISP "NUMBER OF POINTS ON COOLING SLOPE- ",JTURN-JMIN.i
1100 DISP "NUMBER OF POINTS ON HEATING SLOPE- ",Jt 'X-JTURN+l
1110 DISP "IS THIS SATISFACTORY7 Y(ES) OR N(O)" @ NPUT NYSATS
1120 IF NYSAT$-"N" OR NYSAT$-"NO" THEN GOlD 890
1130 IF NYSLS-"N" OR NYSLS-"NO" THEN GOlD 1250
1140 CLEAR r DISP "COOLING REGION POINTS",JMIN,JTURN
l150 DISP "HEATING REGION POINTS",JTURN,JMAX
1160 ON KEYo 1,"COOLING" GOlD 1210
1170 ON KEY# 2,"HEATING" GOTO 1230
1180 DISP FNIVIDs("SELECT OPTION") 6 DISP i DISF



1200 GOTO 1200
12!l10 INSM=1 - DISP -ENTER POINTS kHNGE 170R COOLING SLOPE" q DTISP DlISP :,,JPU
T J14IN,JTURrN.
1220 COTO 1.240
1230 NSNi-2 4~ DISP "ENTER POINTS RANhGE FOR HEATING SLOPE" il DISP DISP i'INPU
T JTLRN,JMAX
1240 NUMPLT-I ii (OSUB Smootr
1250 GOSUB Aplot
1260 ON KEY# 1,'HGAIN" GOTO 1380
1270 ON KEYo 2.YDOSE" COTO 14i30
1280 ON KEY# 3,"PLOT" C010 1440
1290 ON KEYP 4,-SCRDMP" COTO 3530
1 3 00 ON KEY# 5."EXIT" COTO 3540
1 310 CLEAR Ck K:Y LAPEEL
1320 01$'P "SELECT OPTIO - FNIV IDS( "DOSE-)&i' ;LLOJiS CALCULATI2N1 OF t~k"

133 0SP R FII Gik)" -READS D-HT FRD"I D D -
1340 DIS - "dFN:V~IDS("PLJ1 )6" RE-PLOT1S LAST P'LOT l- USE :_r C

f1350 D P 1 7 - ~V T.YDS("SCRDMP.)&. DU)MPS GRAPH%- -1
s0 DISH- ETIDSC'EXIT" )a TERiN& TES XQ:i

13,70 0070 13 70
1380 C L R
1390 DI1S P I F Y 0U C LN TINuE DATA kImLL BE RE-READ F;'OM DISC"
1400 DISP "PRESS ~7yDr~~ YIF YJLJ ,:Sr _TO L,
1410 ON KEY4 1,-AGALN- 607 z,0U !_ KEY Lr'ABEL

420 G OTO 1420b
1430 0070 360
i 440 I F N U M SM 0 =0 T ri EN 007 T0 ~7
1450 GOSUB Aipiot t G00 u
i4E GOTO 16
1472' DISP ,nPTTDN NOT 4ZVPL,)LE" i OEJ 0
1146 Snoot r,

*CUjRVE SMi'j0THING SECTIlN *

DISP "CURVE FITTIN6 IN PROGRESS "&FN:.VIDS(" h ErSL i;..

~56L IF NSM 2 THEN 0010 1600
15 ?o N=JTURN-jMIN+!

TIT
1590 COTO 1630
160C N-JM~iX-JTUR14+1
1610 FOR I I TO JrAX- JTURN+1 i BTIME IBT IME (J TlUF<NI -) I B TEMP (7BTE11P JTU

i 620 NEXT I
1630 FO0R I- I TO .5
1640 R(I)- 4 AI)- -i FOR J=1 TO 21 *~SNLIJ=) 4 NEXT J ~iNEXT I1650 DISP "WHAT ORDER OF POJLYNOMIAL DO YOU WISH TO FIT- Li.Em1660 INPUT NS
1670 FOR J-1 TO NS+1
1680 FOR I-i TO N
1690 IF J-iNS+1 AN~D BTIME(I)=O THEN GOTO 17101700i R(J)BTEMP(l)BTIME(I)'(NS*1.J)+R(J) Ck GOTO 17201710 R(J)-BTEMP( I)+R(J)
17-,w NEXT 1
1730 NEXT J
17AiU FLR ip<-I TO fv_5+I i FOR J-1 TO ri, ~ FOjP Izi TiO N
1/5L IF 2~J -V+2~ 0 ND B T 1,0C IUT 1iE (- 6L I 'u



1770 5k,)lrNJK
1780 NEXT 1
1790 NEXT J
1800 NEXT K
1810 GOSUB Invt
1820 FOR 1=1 TG NS+1 -; FOR J-1 TO NS~l
1830 AA(NS+2-I)-SN(NS+2-,JR(J+A(NS,+2-1) Ck tXT J @ N;XT 1
1840 IF NSII-1 THEN DX-ATIMEuTUJR>-HT~IIEuriIN) ELSE DX=ATIME(jMAX)-rjTii1Ej_(
N)
1850 IF NSM=l THEN XSTART-T>E(JMIN) ELSE XS'fART=A4TIME(JTUklA)
1860 FOR K=1 TO 200 Ck I-K+800 ci BTIME .)-K-1;DX/20+XSTARfT 6 T-:mP(7=u i.
OR J-1 TO NS+l
1870 IF NS+1-J=0 AND BTIME(I)-0 THEN GOTO 1900

1390 GOTO 1910
1900 BTEMPI)-j)+BTEM1P(I
1910 NEXT J
1920 t4-X T K
1920 RETuRN

19,40 Invt:
1960 !'ARTXTMHT LL

1960 ?~~PTIX INERSI3' BY GO;hSS-JGRDHN EL. IlNiTfl]N ifFLLrL:S
1970 ! SQj 1;RE MriKTIX 0- LRf-DEF\ 1

i 190 D'11 K<P(5),jP(S3

C-010 rCZ L = N
2020
2L'30 T IAiL7L-E PER"CT-T:N vECTOERS

2?050 r .1 T P~ P:S JF(I)=I N PEXT

Ou0 D 4ERT i.A

20 FUR Uk-; ,D ',P

20 F FD T I E Pl i3 ~E LT

21130 PiQGT=0
1'0 FOR I -KR TO NP FODR i If R NP 4 K rFPC L =,JJP

216 0 IF TESR<= 0 THEN 60 O 2220
2170 IF TEST>G THEN GOTO 2190
.2130 GO0 2220
21190 IK=I
2-200 JK=J
2210 P IVO T = S ,L)
2220 NEXT J -ii NEXT I
22 30
2240 !THE PIVOT ELEMENT IS SN(K,L)
2250!
2260 !UPDATE PIV-OT VECTORS
2270
2L80 K-KP(1K< KPUIK)=KP(IR) @ KP(IR)=K L-JP'JK) i JP(JK)"JP.IR) J JP(i.
L
2290

AJO ! :IFIJTE rIEW ELE:IENTS OF PIVOJIHL RI

2~20 FOR J=l TO NCOL -0 SN(K,J)-SN(K,J)/PIVUT tiEXI J

C tFrJE RE-;!AINING ELEMENTS OF IR'TH STEP



237G IF I-K=0 THEN G-JTOJ24
2380 AIL-SN(I,L)
2390 SN(I,L)--(AIL/PIYOT)
2400 FOR J-1 TO NCOL
2410 IF J-L-0 THEN GOTO 2430
2420 SN(I,j)-SN.I ,J)-tHIL-SN(K,J)
2430 NEXT i

2440 NEXT I
2450
21460
2470 !INVERT P T OT ELEMENT

2490 SN(KL)=1/PIlJOT NEXT IR
250G RE TURN
25;u Hpiot:
2520 **..wu.~aaa

2'530 *a

40 P LO uT T '4G S L: L TI 1

2560 e a**aanana**

2570 N T 1
2580 CLEARI lF N Um.PfTrj~ -iEN 0] 70-j
25iC ALPH&I tC DISP -P iRHMETER$ 3DF FI? 7 D

2600 FOGR 1 1 TO NP D !--P 00 ( 1 NEX T
,b1 0 IF NtI- Th-N 60J7L 264 u

2t,20 F[Jk I= TO NP -l CJ,4)~r~)~ EXT 1
zojU GOTO 215u
2b4O FER I= 1 70 NP i HEiT( =PH~( I 4X- I
2650 CH12=U
266GJ IF NTEST<2 THEN (,07J 72700
2670 SA =42 (E T i -D--( )
2680 IF NS=2 THEN S ;R=2-SAR.FHT TME(JTURN)+4.2-(m-EHT(2)-COOL(2))
2b53 DISP FNIVIDS('SrAR IS"),SAR, atts per r an
2700 FOR 1=1 TO N * Y2=0 FORJ1TON±
2710 IF NS+1-i=0 AND BTIME(D)=U THEN GOTO 2730
2720 Y2=A J )-B T IiE (I, NS + I- i +Y2 - GOTO 274~0
2/30 Y2=AHiJ)+y2
2/4O NEXT J
2750 CH12-(i-EMPWl--Y2) 2/Y2+CHI2
2760 NEXT I
2770 DISP "OJBSERVED CHI2= ".GHI2.- WITH ",N+NS+1, D.F.-
UldU DISP "DOJ YOU o4HNT A HARD COPY PLO]%, Yk ) ur< riku)
2790 INPUT NYS a iF NUMSr1O~l THEN GOTO 2890
2800 D ISP "TIME WILL BE PLOTTED FROM ",XMIN,"TO",XMRX
2810 DISP "TEMPERATURE WILL BE PLOTTED FRONI",YMIN,-TO--,YM4X.
z8z0 DISP "IF YOu A-RE SATISFIED PRESS HEiutv4,
2630 INPUT NYLIMS
2840 IF NYLIMS--" THEN GOTO 2890
2850 DISP "ENTER TIME RANGE TO BE PLOTTED, TIIN,TMAX"
ZdbU iNf-Ul Xfl1N,XMfiX
2870 DISP "ENTER TEMPERATURE RA~NGE TO BE PLOTTED"
288U INPUT YMIN,YMHX
2890 IF NTEST>- 1 THEN GOTO 3050
2900 CLEAR
2 10 DISP "CALCULATINJG PLOT SCfALN~G PARAMETERS "iFNiIV IDS "PLEASE WAIT")i

29 30 AYMOX-INi (LGT (IMAX))
2 140 XF-10 AxPIlx . YF -10 AYMAX
2~ x vs (4xrwx,) *) YPwFsz=YlLi (AY!OX)



2970O IF XMAX/XF>- I THEN DELX-.2
2980 IF XMAX/XF>- 3 THEN DELX-.5
2590 IF XflAXIXF)- 5 THEN DELX-l
3000 IF YtIAX/YF>- 1 THEN DELY-.2
3010 IF YMi4X/YF - 3 THEN DELY-.5
302>0 IF YMAX/YF>- 5 THEN DELY-1
3030 XNUM-CEIL ((XMAX-XMIN)/(XFWDELX)>
JUAUV YNIJM-CEIL A(YMAX-Y1IN)f(YF*DELY))
3050 IF I4Y$-"N" THEN GOTO 3090
3U60 PLOTTER IS 505
3070 GRAPH Cm IF NUMPLT-0 THEN GCLEAR @ DEG
JU80 GOTO 3130
3u90 PLOTTER IS
3100 GRAPH
3110 ! IF NUMPLT#O AND NTEST>0 THEN 0010 3110
3120 IF t'UMPLT-0 THEN GCLEAP
3130 LOCATE 30,RATIO -100-10,20,95
3140 ! IF NUMPLT#0 AND NTEST>O THEN 0016 3110
3150 SCALE Xt1II1XF,XMIN/XF+XNUM-DELX,YMIri/YF,Yf1IN/YF+YNUM*DELY
61~bU i NILSTDu HNU NUMl-LIOU i]HEN bib iJbJ
2$1/0 FXD 1
3180 LGRID DELX,DELY,XMIN/XF,YMIN/YF
*J190 AXS=(XMAX-XMIN/(XF-*i0.
3z0O AYS=(YMX-rilN)/(YF-10)
3210 MOVE XMIN/XF+4.5-AXS,YMIN.!YF-2-HYS LDRC 6
3220 LABEL USINiG "K" ; "TIME (SECS) x 1E"&XPi4Rs
JZJU MUVL XMlN/XF-Z-R4XS,YMIN/YF+A.S-R*Hs
3Z40 LORG 4 Ca DEG - LDIR 90
3250 LABEL USING "K" ; "TEtP.DEGS C) x 1E"&YFi4R!
3260 LDIR 0
3270 IF NPROBE=2 THEN G00 334~0
3280 LIN4E TYPE i
3290 MOVE ATIME(JMNN/XF,ATEMP(JMIN)/YF
JJUU FOR I-JrIIN TG JMAX
3.i10 DRAW ATIrIE<I)IXF,ATEMP(I),YF
3320 NEXT I
3330 IF NPROBE-l THEN GOTO 3370
33'40 LINE TYPE 5
3350 MOVE BTIME(KIN)/XF.BTEMP(KMIN)/YF
3360 FOR I-KMIN TO KMAX i DRAW BTIME(D)/XF,BTEtIP(ID/YF (L NEXT I
3 S?0 IF NYSL$="N' OR NYSL$='-N0 THEN GOlD 3430
.Jj8u LINE TYPE 4
3s90 MOVE BTIME(801/XF,BTEMP(801)/YF
3,400 FOR 1-801 TO 1000
3410 DRAW BTIME(ID/XF,BTEMP(I)/YF
3420 NEXT I
3430 PEN UP
3440 MOVE XMIN/XF.YMIN/YF
3450 IF SAR-0 THEN GOTD 3490
3460 MOVE XMIN/XF+4.5*AXS,YMAX/YF*. 1-AYS
3470 LORG 4
3480 LABEL "SAR",SAR,"Watts per grami"
3490 NTEST-NTEST+i
3500 PAUJSE
3510 KEY LABEL
3520 RETURN
3530 CHAIN OIDLIMP"
Jt'4u £ND
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BIOLOGICAL SAMPLES IN VITRO
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WHO Fellow, Telecom Australia, Research Laboratories,
770 Blackburn Road, Victoria 3068, Australia

"Electrical Engineering Department, University of Maryland,
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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 in
vitro systems to a degree not achievable in 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 Czerski1985).
To accomplish this, 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 (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 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.

0Fig. . Schematic diagram oimential com-

ponents of microwave eposure system.



The output from a CW Hewlett-Packard Model 8616A oscillator feeds a Hughes Model 1177H
TWT amplifier. Pulsed or amplitude-modulated waveform are obtained through the use of
a Hewlett-Packard Model 6403A 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 ampflifer (MCL,
La Grange, 111.) The amplified signal enters a shorted section of S-band rectaigular waveguide
300 mm long through a matched coaxial feed. The waveguide sample holder 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. During microwave exposures, both waveguide assembLies
were housed in a CO2 tissue culture incubator thermostated at 37.0°C. Various Sample
holders were tested: a 4-chamber plastic tissue culture slide (MKles Scientific # 4804) was
found satisfactory in our application. Each chamber holds I 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 wail, 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 iL 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 RPMB
(IEEE-488 bus)(Fig.2).

Poysl yrene

Probe A] Probe e

S-Sod oeoo FTotprri
E pos ue C h~om b r e oer LTCM W Der -e hi ri .

T ro t, P r o e A] P ro e 6
Duo C sc Cr" N-, 101 V*IItW._._ Relay Actuaor

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

TEMPERATURE/TIME ANALYSIS

During a typical experiment, the temperature is recorded at regular hftrvals, with a
minimum measurement interval < Is, before the beginning of, during, and after the exposure.
The "on" and 'of" times of exposure are recorded on the computer by the operator using a
%oft-key" interrupt capability. At the conclusion of a run, the T(t) behavior is analyzed to
determine SAR.

If the SAR is S (Wkg - 1 ) and the specific heat of the sample is C(Jkg-'K-1), then the
SAR can be determined from the change in heating rate when microwave power is applied.

(dT) (dT) -S

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 I

-M 100 /"WW(WCMW1s)X Ion

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 equUibrated portion of
the curve prior to expmure.



Figure 3 shows the temperature/time history of a sample that was cooling prior to the start
of microwave exposure. The linear fits to the cooling and heating portions of the curve yieid
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 quadralic
fit to the heating portion of the curve. The quality of the fit near the turning point can
always be examined to determine whether the slope value is realistic. However,unless ke';
temperature/time profile has very low noise, it is generally better to use the linear fit to Tft)
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 aid
quickly be made, which allows the SAR uniformity from one sample chamber to anotber
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 afected 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 u
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 b-sed on feedback from temperature measurements.
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a: to CFFECTS OF 2450 MHz EXPOSURE ON4 HUMAN4 LYMPHOCYTE
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Washington, D.C. 20307-5100, USA

andK

E. Marnikowska-Czerska and C.C. Davis
Electrical Engineering Departmrent

4 Universi.ty of Maryland

and

3mP. Czerski
CDW~,FDA, Rockville, MD, USA

ABSTRACT

There are contradictory reports In the literatuare an the effects of micro-

Wave exposure on transformation of lymphocytes. To resolve this question,
* human lymphocytes have heon expos#iI in vitror to 2450 14KS radiation Uander I

carefully controlled conditions at various power levels and for periods up
tO 120 hours. LymPhocyte ti,srAtioi in exposed samples was compared to

and Control samples, ship-exposed or Incubated in a Conventional tissue culture
adIncubator. Neparinized peripheral blood sawfles were obtained by venipunc-
Kies tuve from healthy volunteers, lymphocytes were separated by gradient ceft-
CCC tifugation (Lymphocyte Separation Medium. Litton DionetiCs) and ineubated .

In chromoscot mediug IA without phytobemagglutinin (Gibec) at a standard
concentration of 10 cellS/ml medium. Using the automated dosimetry Micro-

nan wave exposure system described In a Companion paper (Joyner et al., this
ilia Congress) the temperature profile over time was recorded for each sample,

and average and peak specific absorption rates (SAR). specific absorption
(SA), and thermal dosage (TD) were calculated. At harvest, tells were
counted and their Viability was tested using nfeUtial rtd, Janus green, and
trypan blue staining. Standardized cytological preparation were made using
a *Cytospin It' (Shandon) cytocentirifugo, 0ir-dr led, fixed in methanol and

of * stained with a combination of Wright and 6iema stains. The percentages of
ma untransformed (small) lymphocytes, Intermedsiate and lymphoblastold tells
1) wore determined, based on morphological features quaniti Uted using an

'Optomax* image analyzer. The cor tlation Of lyphOCyte ttransforuation
with SAP, SA. and TO was examined. The implications of the meults for a
'therimaV vs *nonthetual' mechanism of Interaction will be discussed. I
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;E DIELW Ty. B-08-5 MICROAVE-INDUCE DESENSITITZAION O[ ACETYLHOZI NE RWEPTR
:trical Engineering CHANNEL IN CULTURED QUAIL MYOTUBES. P. Bernardi G G. D'Inzeo , F. Eusebi ,
42. P" L. Swicord, F. Gressi*, C. Tomburello . Department of Electronics, University of Rome
'jg Administration, -La Sapienza", 001846 Roe.

The offets of microwaves on the acetylcholine (ACh) receptor channel have
small chaes in been examined recording A/h-induced currents. Experiments were performed on

cal _ ,e ,, *e 5 single 3-5 day old unstriated and non-innervated quail myotubes The
.1tn sct properties of single ACh activated channels were investigated using the

t pstch-clr T. technique with high resistance meals between the menbrane and
* freq:uency omain the pipette in cell attached configuration. Sylgar costed pipettea were
sore eccurot* than filled with acetylcholine at the concentration 5xl0 M. Single channel wero
11 demonstrate a analyzed by the threshold crossing ret.?o. 04 micraewaes (7 OW at 10.75 GFU)
,roperties ok les were applied using a hor antenna (16 dB gain) at a distance of 25 cm. from
making no hardware the sample. 3C" inclinated to the ground and with the E vector lying on the
as the additional plane of incidence. In the control, before the exposure, ACh-activeted
lity and kinimal channel current of 1 74 ± 0.01 pA (mean ± s.e.m.; 740 events), a mean
a (100-5041i) of channel open time of 3.46 ± 0.13 ms, a mean closed time of 18.7 ± 1.3 ms
aiplished in lose were measured. When iyotubes were exposed to W for 120 a, the closed time
be mcnitoring of increased to 50.1 ± 5.1 ma (300) within 9Os from the onset. Channel open
, Proc 13th Arm time (3.43 ± 0.16 ms) and current (1.77 ± 0.01 pA) were not affected by
1987. Pp 5.2-525 irradiation After the and of exposure a partial recovery of the activity
%2. 421-425 (19e7) i was obtained It is concluded that exposure to adcromves increases te rate

of desensitization and decreases the channel opening probability. Other
experiments indicate that this effect develops only within range of field
intensity.

O-MHZ RADIATION
Health Effects

B-08-P EFFECTS OF 2.45 G~z EXPOSURE ON SPONTANEOUS HUMAN LYMPHOCYTE
eposure of chick TRANSFORMATION IN VITRO. E C Elson, Walter Reed AR, Silver Spring, MD
anplitude modu- 20905 E H Czerske. C C. Davis. Electrical Engineering Dept., University
ons Wnly within of Maryland, College Park, K 20742, P. Czerski. CDR/FDA. Rockville, MD
Ow/cm-, and the 20857.
0.37, 0.72 i 2.17

Y tastirm~ otker Human peripheral blood lymphocytes in chromosome medium IA without PI'A
study. For4rain (Gibco) have been exposed to continuous (CW) or pulsed (PW) 2.45 GHz
rith radioactive microwavee using the mutomated dosimetry exposure system described in a
'siolosicel selt companion paper (Joyner et al.. this meting) at heting nd i-heating SAR
18 Bz. in a TIN levels for perioda up to 120 hours. At harvest, standardized Cytological
for redioaeive preparations were made using a cytospin II cytocentrifuSe, air-dried, fixed
snced *fflu* of in methanol and stained with Wright/GiwA& stain. The percentages of
we a observd at untransformed lymphocytes, intermediate amd transformed 1, ralnstoid cells
pecific eborp- were determined based on morphological features quantitated using an
rar"ized 8i Optomax" image analyser and compared between exposed (CW or NW) and shem-
1mlcata o. f exposed samples. 04 or NW exposure at the sein average SAR resulting in
,ra, both, or X7 similar temperature profiles over time affects lymphocyte transformation
,ed Thie is an differently Mechanistic implications of this finding are discussed.
ly reflct EPA
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pw-05 AUTOATED DOSIMETRY OF MICROAVE AND THERMAL EXPOSURE OF-BIOLOGI- P, . EN-
CAL SAMPLES IN VITRO. KH. Joyner, Telecom, Melbourne, Australia. E.C7 nd . . 'dis.

Elson, Walter Reed AIR, Silver Spring, fD 20905. C.C. DAvis, E.M. Czrska. Unsvojr'.,'y. i
Electrical Eng. Dept., U. of MD., College Park, MD 20742, P. Cuerski,
CDH/FDA, Rockville, MD 20857. Last :,,e- w,

A microwave exposure and dosimetric system will be described that provides L m. Ir :..:s
non-perturbing automated recording of the temprature history of epsed and mi\row' ,. ra.
control samples In vitro. Records of the tmperature(T)/time(t) behavior of v2tr. -.ias b6
both sample and control are made before, during, and after exposure. From 1987) ,. re
the recorded T(t) versus t during heating and cooling the specific absorp- micrc, ,: ra=
tLion rate (SAR) for microwaves (or the eqiivalent energy absorption during Our rYN...i
conventional heating) can be determined. The Wovrwsyste consists of two activ.X', 1a.
shorted sections of S-band rectangular waveguide with matched coaxial feeds . polym'U>.;o* I
placed in a CO2 tissue culture incubator thermostated at 37.5"C. Sample incree-' o
holders are supported centrally in the waveguide in blocks of low-density compar,..xn Lc
expanded polystyrene. An oscillator, TWT amplifier, isolator, and forward
and reflected power meters, provide the power to thw exposure veguade. The 0 OrI,
second waveguide houses the control samples. Temperatures in one sample rate ',L i
chamber in each waveguide are recorded with a Narda ttdl 8011 nn-prtu b- evid.'; uir,g
ing probe The temperature readings are digitized and stored in a desktop exposNI:Z., ;onz
computer. Subsequent linear least squares analysis of T(t) versus t with the DNA -
assumption of constant power absorption and Naeton's law of cooling provides DNt sat_ :6 5
a very reliable value for the SAR. On-line determination of the SAR in this IC /l!,
way allows accurate assessment of exposure uniformity from one sample Suppor'/s ,,.
chamber to the Other, and permits accurate calibration of the system in
terms of a SAR'forward-power ratio.

David: 'k-e
J4-CE INTENSITY DEPENDENCE OF THE INDUCTION OF ACETYLCHOLINE ESTERASE Michet. -1:
ACTIVITY BY MODU"LATED RADIOFREQUENCY RADIATION. S. K. Dutte, B. Ghosh C. cal E *..eri"
F. Bleckman . Botany Department and Cancer Research Center, Howard Univer- ton. D_.: .:2t..
sity, and *Health Effects Research Laboratory. USEPA, Rae. Tr. Pk. , NC.

The oftEi'."-s C
Radiofrequency radiation (RFR) at 915 and at 147 M4z, when sinusoidally regulaee- en:
amplitude modulated (AM) at 16 Hz, has been s to enhaced the releae of depene.is; eno
calcium ions from neuroblastoma cells in culture. h doe response for this synt.hat4f..e'.s)
effect is highly unusual, consisting of to poar density 'Windows" in euch of the -era
enhanced offlux occurs, separated by power density regions where no effect 5A act xir.: e F
is observed A similar result has also been reported for a chicken brain- h of im'-at.
tissue preparation. In order to explore the physiological importance of the 2-t,, synt
these findings, we have examined the impact of exposure on a membrane-bound method ". L
enzyme, acetylcholine esterese (AChE). which is intimstely involved with the thetase i :ertv
acetylcholine neurotransnitter system. Neuroblastoma ceLls (IG-106), exposed contro./ .,.e-
for 30'-minutes to 147-M'z radiation, AM at 16 Hz, doauistrated aiumed AE prob IL. _
activity, as assayed by a procedure using I C-labeled acetylcholine. This and pr..era
enhanced activity was observed only within a narrow time window several diffsesti.v,& in
hours after the cells were seeded, and only when the exposure occurred at irradiowoe.P.' and
power densities that were effective for calcium ions. This result indicates degrees .) I
that RFR can perturb nervous-system-derived cells in culture to affect both membrmno: -trdiI
calcium ion release and AChE activity in a common dose-dependent manner. this eosi:.z
Both the physiological significance and the underlying mechanism of action support-so. v v,
of thoese low intensity fields will need to be reviewed in light of these InstitrVi. --I R.
findings. We acknowledge support fros an Institutional Training Grant from
Howard University, Cooperative Agreement CBR12100 frUS L , nd Intaragn-
cy Agreement DE-AI06-87RL11374 from DOE.
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(Remyed 19 Ociober 1997; accepted 21 September 1958)

Absract-A woveguide exposure system with automated sample temperature measurement Is described. This
system pro% ides on-line determination of the temperature profile over time of biological samples in vitros. It allows
automated computation of the specific absorption rate determined from beating /cooling ew'es m uses lainll)-
perturbing tbermometr). Is biocompatibls' and can be used for measurements of both microwave ail coavnetloia
beating.

INTRODUCTION From the temperature (T)/titne(t) history of the sample
DILETRCHEATING is a reonzdmechanism for th chamber, an exposure dosage can be determined and de-

DIELCTRI reogniedscribed in terms of TPT, SAR, SA, or electric field
induction of radiofrequency (RF) bioieffects considered v 'rength.- The system can be used for studies of ELF bioct-
to be therrmal in origin-that is, attributable to temper- fects in any tissue culture cell line or other in vitro bio-
ature increases. However, aipar firom RF-heat cell killing logical samples. The temperature monitoring parn of the
(Sapareto ct al. 1982. Chang et a]. 1987), very little in- system and the associated automated data analysis can
formation is available on quantitative relationships be- be applied to the study of temperature-dependent effects.
tween RIF bioieffects at the cellular and molecular level irrespective of the modality used for beating.
and the temperature profile over time (TPT). The deter-
mination of RF heating/cooling curves can be used to EXPOSURE SYTM
compute the specific absorption rate (SAR W kg-') and
the specific absorption (SA J kg-') in an exposed sample A schematic diagram of the system for microwave
(Stuchly and Stuchly 1986). Biological variables and ex- exposure of samples is shown in Fig. 1. The output from
posure conditions can be controlled in experiments with a CW oscillator' feeds a travelling-wave-tube (TWT) am-
in vitro systems to a degree not achievable in vivo. An plifierT. Pulsed or amnplitude-modulated waveforms am
attractive model to study, RIF bioeffects is the transfor- obtained through the use of&a p-i-n modulator and driveiW.
mation of lymphocytes in vitro. provided the biological For high peak power, but low duty-cycle, pulsed exposures
vanables can be related to dosimetric quantities that the signal can be further amplified with a I kW ampli-
characterize exposure (Czerski 1975; Budd and Czerski fier * . The amplified signal enters a shorted section of S-
1985). To accomplish reliable dosimetry, we designed an band rectangular wavqguide 300 mm long through a
exposure system with provision for real-time temperature matched coaxial feed. The waveguide sample bolder rm
umitoring with RF-field non-perturbing temperature orives its power through an isolator and a dual-directional
probes. The exposure system, which will be described in coupler that allows forward &Wd rteced powers to be
detail later, has multiple sample chambers. To allow on- measured with power metersl and waveforms to bt
hat thermometry and dosimetry, one of these chambers monitored with a diode deuctor# and oscilloscope. A
Is msed as a site for a non-perturbing temperature probe. ample bolder for ioocal spmmm is sapponed ceo-

I he i-Packard Model 6616A. Hr'ie Packard Co., 3155 Powiet * Ne tr-Packasd Model MSA.
Driv. Palo Alto. CA 94304 ** MCL Model1I0234. MCILLa Gea IL 102114

I Hughes Model 1 177H. Huome Aftnhs Co.. 10n Dynamics H ewleut-Packard Model 432A
Div.. PO Dox 299. Tonvam,~ CA 90509 $$ le- le-Packard 1 od 42311
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Fig1. che ati dugrm o ew tia co ponnt ofmico%-ve ig c ham p atic tiagrue cultur-chame r~ show lein ldeai %in
exposure syster.Fini 3,m a s fo ndperta to iurbn te pr uem as e et apli a tomateh

Wove;house o nl au C02o the cuoss-eicutorea these wae

guide, field uniformity from one chamber of the sample
~ ~ bolder to the other should be within about ±6% of the

-\~~ ~average and power densities should be within ±t 1 2% of
~ '~',Athe average. This expected exposure uniformity was borne

Pols~ren /~-4-Chormber out by quantitative dosimetry. A miniature thermistor
PoysyrneSample Holder 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 bole produces
minimal disturbance. The active cod 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

Shor ttypes of minimally-field-perturbing probe have been used

Shotl in this way: a Narda Model 80 11 B non-perturbing double

100 mrm temperature probe~ or two Vitek Model 101 probesfT.

Fig Waegude eposre ssebl) howng ocaton f fur- samples ame recorded continuously during an experimental
Fig 2 vehuide eapsr ample hogloctioffor run. The temperature probes are connected to a relay ac-

chamer ampl hodertivator** which is connected to a digital voltmeter

(DVM ) * ". Both the relay activator and DVM ame under
Ualy in the wavesuide in a block of low-density polysty- the control of.a desk-top computertt1t through the IEEE-
ne that fills the cross-section of the guide, as shown in 488 bus. Under computer control, the temperatures of
F'W. 2. An identical waveguide section with an identical exposed and sham-exposed samples are recorded sequen-
plastic ample holder is used for sham exposures. During tialy and stored in memory. Since the temuperature of
Elicrowave exposures, both waveguide assemblies were sham-exposed samples is uwntially constant, it is Moo-

% Milles Scinlific 0 4304. Miles Saieific. Divuon of Miles Lab , soewleti-Pactaid Model 90)%A.
6111M Inc. Napenmille, IL 60366 -- Keithle) Model 192. Ke~de) hisirt Inc.. 21715 Aurora

'The Nsrda Microwave Corporation, 435 Moetland Road. Houp. Road. Cleveband, OH 44139.
PlNY I1I733stt Hewien-Pacisard Model 86.

"~ Availabie from, ISD Media Corp., .420 Chilesa Wayr. Sahi Lake
City. UT 54 103
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itored less frequently than the temperature ofthe exposed roundings, then for small temperature differences from

samples. A typical experimental protocol would involve equilibrium, its natural rate of temperature change, from

10 temperature readings of the exposed sample for every Newton's law of cooling, is of the form
one reading of the sham-exposed For conventional ther-
mal exposures, the temperature can be elevated by in- a ( T) T). - (2)
creasing the temperature of the incubator. di

TEMPERATURE /TIME ANALYSIS where a is a constant that depends on sample geometry,
insulation, etc. In general, when microwave power is ap-

During a typical experiment, the temperature is re- plied to a sample that was not in thermal equilibrium
corded at regular intervals, with a minimum measurement with its surroundings at the start of exposure:
interval of <1 s before, during and after the exposure.
The "on- and "off" times of exposure are recorded on dT S (3)
the computer by the operator using a "'soft-key - interrupt di C
capability. At the conclusion of a run, the T(1) behavior
is analyzed to determine SAR. The solution to eqn (3) can be written in the form

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 T- To ( + T.- 7-( - c--'), (4)
microwave exposure, for small temperature variations ac
over which C can be assumed to be constant, is where To is the control temperature at r - 0. Either eqn

.T) S (3)or eqn (4)can be used to determine the SAR From

& (I) eqn (3) webhave

If, in the absence of deliberate heating. a sample is abo'e (dT\ (T\ S
or belo%4 its equilibrium temperature. T,. with its sur- dts di S0  C

.3.7 ,"E3 'S

1,72

3. 71 _ _

Time (s) x 100

Fg 4. Temperature /time profile of a sample that was sbjected to RF heating (solid curve). The dahed curves
ar least-squares linear fit to the expenmental data To the lefl 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 dammetry.
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where subscript S indicates the application of microwave exposure period yields the SAR. Figures 4 and 5 are ex-
power corresponding to SAR S. Therefore, determination amples of such a procedure. Figure 4 shows the temper-
of the rate of temperature change before and during ap- ature/ime history of a sample that was cooling prior to
plication of microwave power, or during and after the the start of microwave exposure. The linear fits to the
application of microwave power, determines the SAR. cooling and beating portions of the curve yield the SAR.

If the sample is in thermal equilibrium before ex- Figure 5 shows the heating of a sample that was quite well
posure bqins, eqn (4) reduces to the simpler form equilibrated before exposure. Because the signal/noise

S(6 rato high, the SAR was determined by a quadratc fit

T- T - (I (6) to the heating portion of the curve. The quality of the fit
OC near the turning point can always be examined to deter-

which can be used to find S from T(1). In general, the mine whether the slope value is realistic. However, unless
apprchan usg e(n (5ner t e the temperature /time profile has very low noise, it is gen-approach using eq 5) is preferable, since for times near eiybte ouetelna i oT )na h unn

t - 0, the exponential can be expanded in quadratic form. erally better to use the linear fit to T(t) near the turing
point, otherwise a biased estimate of the slope can result.

In practce, this analysis is performed automatically Figure 5 also shows the temperature/time histor of the
At the end of a run, the point of inflection, or turning sham-exposed sample to illustrate its temperturestability.
point, in T(:) is found numerically. This is done b)
checking the change in slope of the temperature as a func- RESULTS AND DISCUSSION
tion of time. In practice, this change in slope occurs im-
mediatel) upon the application or removal of microwave The advantages of the procedure described above are
power, within the time resolution of the data acquisition severalfold. The sample need not be equilibrated before
system The temperature profile to the left and right of SAR is determined. Repeated determination of SAR can
this point is fitted by least-squares to a linear or quadratic ,asil) and quickly be made, which allows the SAR uni-
function, and the change in slope at the beginning of the formnity from one sample chamber to another be deter-

3. 7E

3. 74

X 3. 7C

C, 3. 6E .

3.64

, S3.62

3.50

8 8 8 8 8 8

Time (a) x 100
Fig 5. Temperature/ume profile of exposed (upper solid curve) and sham-exposed mpiles (lower dashed
curve) The dosimetry for the exposed sample has been determined from a quadratic it to the beating curve
during microwave exposure ad a linear fi to the equilibrated portion of the curve pior to exposure (dashed

Uwe curve).
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mined. Exact knowledge of the microwave power is not can be expanded by introducing computer control of RE
required', reproducible exposures can be made at known power input based on feedback from temperature mea-
SAR by using the measured forward power corresponding surements in a similar way to the system described by
to a given SAR measurement, provided the experimental Osang et al (1987). This systerm used a stuipline operating
arrangement is not altered between exposures. Dosimetry at 915 MHz and allowed uniform exposure af 10 mL
is not affected by other losses in the system. The wavegude tissue culture samples. The temperaiture/time profile of
exposure system with four sample chambers was found beating could be pre-programmed, and biocompatibility
to give an SAR uniformity from one chamber to the other allowed exposures of several days duration. A. W. Guy
within 10%. Thus, experimental samples can be exposed (1977) designed a system for exposure of 5 mL samples
and examined in triplicate, the fourth chamber being used in the range from dc to I GHz. Field strength dosimetry
for the insertion of the temperature probe. was obtained from on-line measurement of feed-line

The system is biocompatible and, depending on cell impedance. The temperature of the sample could be
line, cell density and medium, allows continuous expo- maintained at a preset level using a circulating liquid heat
sures of several days duration. The biocompatibility of exchanger. No data on biocompatibility of this system
this arrangement was proven by studying the growth of were provided, however the information given suggests
human lymphocytes under various conditions within the suitability only for short-term exposures. J. C. Lin (197 9 )
waveguide. A concentration of 10' cell mL-' in chro- and Chen and Lini (1978) proposed the use of micropi-
mosome medium 1A~t with or without phythemag- petts immersed in a fluid-filled waveguide irradiation
giutin was incubated for 72 or 120 h in the exposure sys- chamber for in vitro studies under controlled temperature
tem with no applied RE power. Cell morphology, lym- and dosimetric conditions. This system was also only
phoblastoid transformation, mitotic index and cell suitable for short-term exposures. J. W. Allis et al. (1975)
viability tested by neutral red, Janus green and urypan installed a waveguide exposure system in a Cary 15 spec-
blue stains did not differ from those in lymphocyte cul- trophotometer allowing simultaneous exposure and spec-
tures from the same donor cultured in a conventional trophotometric biochemical determinations. Our system,
CO. incubator according to the protocol provided by as well as those described in the papers quoted here, pro-
Gibco with their media. As well as providing biocompat- vides a wide range of possibilities for in vitro studies under
ible exposure conditions, the system is flexible. It allows controlle conditions, including precise REF dosimetry.
the exposure of tissue culture cells growing in suspension By using one of these system or combining desired fea-
or in monolayers and can easily be used with cell-free tures of some of them, most requirements for the study
samples. of REF bioeffects at the cellular and/for molecular level can

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