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ABSTRACT 

THE RESPONSE OF NORMAL HUMAN BLOOD 

PLATELETS TO EXPOSURE TO 2.45 GHz 

CONTINUOUS WAVE RADIATION 

by 

Martha L. Piana 

Human blood platelets in platelet-rich plasma were irradiated at room 

temperature with 2.45 GHz continuous wave microwave radiation in a 

rectangular waveguide chamber for an exposure duration of two hours. 

Measurements of the change in platelet count, release of l^C-radiolabeled 

serotonin, increase in the level of LDH activitiy in the supernatant 

platelet-free plasma, alteration in the aggregation response to exogenous 

ADP, and decrease in the intracellular potassium ion concentration were 

assayed to determine any damage to the platelets. In all experiments, 

microwave heated platelets were compared with platelets warmed to the same 

temperature by use of an adjustable block-heater and with platelets 

maintained at room temperature. Preliminary studies indicated that the 

incident power flux was not a crucial factor for the power fluxes 

considered, 3.35 to 20.12 mW/cm^. The subsequent experiments were 

performed at the maximum power flux of 20.12 mW/cm^, which corresponds to an 

absorbed power of 112.62 mW/cm^. At this power flux, the final temperature 

was 41 °C. There were no significant differences between the block-heated 

and microwaved samples in the release of serotonin, the increase in LDH 

activity, and the decrease in intracellular potassium ion concentration . 
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Significant differences were observed between the block-heated and micro- 

waved samples in the platelet count and in the aggregation response to 

exogenous ADP. However, these observed differences were small, and there 

was more alteration of platelet response from block-heating than from 

irradiation. Therefore, it may be concluded that the observed response of 

human blood platelets exposed to 2.45 GHz continuous wave radiation at a 

power level of 112.62 mW/cm^ is entirely due to temperature elevation caused 

by energy absorption. 
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Reflection coefficient 
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vin 
e1 Relative dielectric constant 

e" Relative loss factor 

y" Relative magnetic permeability 

a Conductivity 

Subscripts 

c Room temperature control 

i Initial OD — refers to PRP 

in Incident power 

f Final OD -- refers to aggregated sample 

r Reflected power 

t Transmitted power 



TABLE OF CONTENTS 

Page 

Abstract ü 

Acknowledgements v 

Abbreviations and Symbols vi 

INTRODUCTION 1 

GENERAL REMARKS ON PLATELETS 3 

GENERAL REMARKS ON MICROWAVES 6 

A. Electromagnetic Radiation 6 
B. Biological Medium Characteristics 6 
C. Reflection and Absorption 10 
D. Interaction of Microwaves with Biological 
Materials 12 

REVIEW OF PRIOR WORK ON BLOOD CELLS IN VITRO 14 

EXPERIMENTAL METHODS ia 

A. Experimental Apparatus 18 
B. Donor Selection 20 
C. Blood Collection 22 
D. Preparation of Platelet-Rich Plasma 22 
E. Platelet Count 22 
F. Serotonin Release 23 
G. LDH Analysis 25 
H. Platelet Aggregation 26 
I. Potassium Efflux 27 
J. Incident Power Flux and Absorbed Power 27 

RESULTS AND DISCUSSION 29 

A. Preliminary Studies on Effect of Exposure Time 31 
B. Replicate Experiments at an Incident Power 

of 1200 mW 35 
C. Efflux of Potassium 44 

CONCLUSIONS 49 



VIII. APPENDICES 

A. STUDIES AT VARIOUS POWER LEVELS 52 

B. POWER REFLECTION, ABSORPTION, AND TRANSMISSION 62 

C. TEMPERATURE EFFECT ON SEROTONIN UPTAKE 65 

D. MICROWAVE EXPOSURE STANDARDS 67 

E. THEORETICAL CALCULATIONS OF REFLECTION, 
TRANSMISSION, AND ABSORPTION COEFFICIENTS 70 

F. STATISTICAL ANALYSIS 74 

6. DATA 76 

REFERENCES 82 



LIST OF FIGURES 

Figure 
Number Title Page 

III-l Electromagnetic Radiation Spectrum 7 

111-2 Spatial Relationship of Electric and Magnetic Fields 8 

III-3 Effect of Dielectric on Microwave 11 

V-l Schematic of Experimental Set-Up 19 

V-2 Position of Tube in Waveguide 21 

VI-1 Temperature as a Function of Incident Power 33 

VI-2 Temperature-Time 34 

VI-3 Platelet Count 39 

VI-4 LDH Analysis 41 

VI-5 Serotonin Release 43 

VI-6 Platelet Aggregation Response to Exogenous ADP 46 

A-l Platelet Count 54 

A-2 LDH Analysis 57 

A-3 Serotonin Release 59 

A-4 Platelet Aggregation Response to Exogenous ADP 61 

E-l Plan View of Waveguide Chamber 71 

E-2 Variation of Electric Field Within Sample 73 



LIST OF TABLES 

Table 
Number Title Page 

VI-1 Incident Power Flux and Absorbed Densities at 
2.45 GHz 30 

VI-2 Temperature of Irradiated Samples 32 

VI-3 Effect of Exposure Duration 36 

VI-4 Remaining Platelet Count 38 

VI-5 LDH Analysis 40 

VI-6 Serotonin Release 42 

VI-7 Platelet Aggregation 45 

VI-8 Potassium Efflux 47 

A-l Remaining Platelet Count 53 

A-2 LDH Analysis 56 

A-3 Serotonin Release 58 

A-4 Platelet Aggregation 60 

B-l Reflected, Transmitted, and Absorbed Power 63 

B-2 Statistical Analysis of Reflected, Transmitted, 
and Absorbed Powers 64 

C-l Temperature Dependence of Serotonin Release Values 66 

D-l General Public Exposure Standards in 
Bloc Countries 

Eastern 
68 

G-l Experiment Information 77 

G-2 Platelet Count Data 78 

G-3 Platelet Aggregation Data 79 

G-4 Serotonin Release Data 80 

G-5 LDH Activity Data 81 



I. INTRODUCTION 

Since Heinrich Hertz experimentally demonstrated radiofrequency elec¬ 

tromagnetic radiation in 1888, technology has developed which takes 

advantage of the radiation in all regions of the radiofrequency spectrum. 

During World War II, development of microwave technology was stimulated by 

the need for high-resolution radar. Since that time, continued development 

has resulted in the exploitation of the microwave radiation band. Common 

examples include radar, communications systems, radio and television 

broadcasting, medical practice (diathermy and cancer treatment), and 

consumer products such as microwave ovens and citizens band radio. 

Recently, research efforts have been directed towards collecting solar 

energy in a vast array of solar cells positioned in geosynchronous orbit to 

be transmitted as a microwave beam to a large rectifying antenna on earth. 

The development of new applications for microwave energy and the increasing 

use of existing devices dictate a thorough understanding of the biological 

effects of microwave radiation so that exposure standards can be promul¬ 

gated to insure sufficient protection of human health. 

From 1930 to 1940, the biological effects of radiofrequency radiation 

was actively investigated, with the emphasis on molecular and chemical 

effects and the effects on elemental biological systems. After World War 

II, the research emphasis changed to whole body irradiation effects in 

mammals and in man. This switch was prompted by the fact that military 

personnel were being exposed to microwave radiation which, in some cases, 

was at a level which produced heating sensations in the skin. 

Until recently, investigations in this country have been primarily 

concerned with the thermal effects of microwave radiation. From these 
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studies, it has been possible to define a maximum permissible microwave 

radiation level of 10 mW/cm^ to control thermal damage (27). In contrast to 

the research directive in the United States, the USSR and eastern European 

countries have focused on effects on, or mediated by, the central nervous 

system. These investigations conclude that microwave radiation affects the 

central nervous system in a nonthermal manner. The difference in the 

primary research emphasis has led to a substantial disagreement in the 

microwave exposure standards set in the USSR and eastern European countries 

and those set in the United States and western European countries. The 

various standards are presented in Appendix D. 

An understanding of the basic interaction mechanisms of microwave 

radiation and biological systems is essential in order to develop exposure 

standards which would insure sufficient protection. Jjn vitro studies of 

cell suspensions provide an excellent means of investigating the basic 

interaction mechanisms because there can be strict control of both the 

biomedical and microwave parameters. _In vitro studies of the effects on 

erythrocytes report conflicting evidence of the existence of nonthermal 

effects of microwave radiation (3, 15, 17, 21). An extensive literature 

survey produced no reports on blood platelets. 

This study investigates the irradiation of citrated human blood 

platelets in platelet-rich plasma. In previous work at the Biomedical 

Engineering Laboratory at Rice University, it was found that blood 

platelets were very easily stimulated compared to other blood cells when 

subjected to shear stress. This indicates that platelets may provide 

information on the biological effects of microwave radiation more easily 

than red or white cells. In addition, it is important to assess any 

biological effects of microwave radiation on platelets because they are 

essential for normal hemostasis. 



II. GENERAL REMARKS ON PLATELETS 

Blood platelets participate in the hemostatic and thromboplastic 

functions in arresting bleeding from severed blood vessels and are 

therefore vital for normal hemostasis (7, 31). In the hemostatic function, 

masses of circulating platelets adhere to the exposed collagen in the 

subendothelial membrane of the severed vessel. The platelets then release 

their granular contents, including adenosine diphosphate (ADP), which 

stimulates platelet aggregation. Aggregated platelets attach to the 

adhered platelets to form a platelet plug which physically occludes the 

opening in the vessel wall. 

In the thromboplastic function, four chemical constituents released 

from the platelets participate in the blood coagulation mechanism. Plate¬ 

let factor I is plasma factor V that has been adsorbed by the platelets. The 

clotting of fibrinogen by thrombin is accelerated by platelet factor II. 

Platelet factor III is necessary to initiate the clotting mechanism. It 

accelerates the interaction of plasma factors IXa and VII with calcium ion 

to activate plasma factor X. Platelet factor III also accelerates the 

interaction of factors X and V with calcium ion, activating the conversion 

of prothrombin to thrombin. Platelet factor IV promotes plasma coagulation 

by neutralizing the anticoagulation activity of heparin. Factor IV is also 

a paracoagulation factor as it "induces nonenzymatic polymerization of 

soluble fibrin monomer complexes with fibrin degradation products" (12). 

Platelets are composed of the common cellular components excluding 

DNA. The shape of a platelet varies from round to an elongated rod-shaped 

form (7), with the average platelet diameter ranging from 1 to 2 ym (31). 

The platelet cell volume ranges from 5 to 12 um^, with an average volume 
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between 7.1 and 7.5 y m3. This range in volume is due to the size-age 

relationship of the platelets. The normal life span of a platelet is eight 

to twelve days, with the younger platelets being larger and heavier. The 

normal platelet count is 2.48± 0.5 x 10^ per mm3 of blood. For comparison, 

erythrocytes have a diameter range between 7.2 and 7.9 ym and a cell count 

of 5.11 ± 0.38 x 106 per mm3 0f blood. Leukocytes are present in a 

concentration of 7.25±1.69 x 1C)3 per mm3 0f blood. They vary in size from 

approximately 8ym for small lymphocytes and 9 urn for polymorphonuclear 

neutrophils to 11 yrn for monocytes (11). 

In order to relate the structure of the platelet to its physiology, 

platelet morphology is divided with respect to function rather than anatomy 

(7, 31). The three structural divisions are the peripheral zone, the sol- 

gel zone, and the organelle zone. Included in the peripheral zone are the 

exterior coat, the unit membrane, and the submembrane area. The exterior 

coat functions as a receptor site for transmitting impulses and as an 

adhesive site. The unit membrane maintains the intracellular water and 

electrolyte concentration, and the submembrane area is the transition area 

between the peripheral and sol-gel zone. The sol-gel zone is a viscous 

matrix containing numerous fibrous elements, including the microtubules and 

the microfilaments. The microtubules maintain the intact platelet shape 

and the position of the organelles. The microfilaments are involved in the 

contraction process of the platelet during which internal reorganization 

and secretion occur. The organelle zone consists of granules, dense bodies, 

and mitochondria. The numerous granules store hydrolytic enzymes, platelet 

fibrinogen, ATPase, ATP, ADP, platelet factor IV, and serotonin (5- 

hydroxytryptamine, 5-HT). The primary secretory organelles are the dense 

bodies. When internal reorganization occurs during the contraction 
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process, the dense bodies move toward the platelet membrane while the 

granules move toward the center. The dense bodies originate from the 

granules; the metamorphosis is directly related to the uptake of serotonin. 

Mitochondria are relatively few in number and contribute to the metabolic 

pool of ATP. They may also store calcium. 



III. GENERAL REMARKS ON MICROWAVES 

A. Electromagnetic Radiation 

The propagation of energy through a medium at a constant velocity by 

means of oscillating electric and magnetic fields is referred to as 

electromagnetic radiation (2, 8, 9, 10, 13, 18, 27). These electric and 

magnetic fields are governed by the laws of physics and described by 

Maxwell's equations. A changing electric field at a point produces a 

magnetic field there; and, likewise, a changing magnetic field causes an 

electric field. The propagation of these changes constitutes the electro¬ 

magnetic ^wave. The velocity of propagation equals the product of the 

wavelength and the frequency. In a vacuum, the wave propagates at the speed 

of light, 3 x 10^ meters per second. Figure III-l illustrates the divisions 

of the electromagnetic spectrum in terms of wavelength and frequency. 

The electric and magnetic fields are vector fields which have 

amplitude and direction that vary in the spatial coordinates, x, y, and z, 

and the time coordinate, t. When an electromagnetic wave is in free space, 

that is, in an unbounded isotropic, homogeneous, linear medium, the 

electric and magnetic fields are perpendicular to each other and to the 

direction of propagation, as illustrated in Figure 111-2. 

B. Biological Medium Characteristics 

The propagation of electromagnetic waves through a biological medium 

is dependent on the dielectric permittivity, the conductivity, and the 

physical shape and dimensions of the medium. Biological materials are 

considered nonmagnetic since the difference between the permeability in 

biological material and the permeability in a vacuum is less than 0.01 

percent (8). Therefore, the direct contribution of the magnetic field is 
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insignificant in comparison to the electric field interaction. The 

dielectric permittivity is defined as: 

e = e0(e' -je") 

where: 

eQ = permittivity of vacuum, 

8.85434 x 10“12 coul2/(nt m2) 

c' = relative dielectric constant 

e" = relative loss factor 

j =VT” 

The ability of a medium to store electric energy is reflected in the value 

of the dielectric constant. The loss factor defines the power losses in the 

medium. Loss in a dielectric material is dependent on the value of the 

conductivity (cr). The conductivity and the loss factor are related in the 

following manner: 

a = 2irfe" 

where f denotes the frequency. 

The values of the dielectric constant and the conductivity depend on 

the type of tissue, the water content, the temperature, and the frequency 

(22, 23). The dielectric constant for tissues of higher water content is 

generally an order of magnitude greater than the corresponding values of low 

water content tissues. The dielectric constant for tissues of higher water 

content are essentially constant in the- frequency range of 300 MHz to 

10 GHz. It is important to note that the dielectric properties of 

biological tissues have been measured in vitro. 

The frequency of the electromagnetic wave in a medium other than vacuum 

is expressed as: 
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where : 

c = speed of light 

e' = relative dielectric constant 

U1 = relative magnetic permeability. 

The wavelength of an electromagnetic wave in a medium other than vacuum is 

shorter than the free space wavelength and is a function of the permea¬ 

bility, dielectric constant, and conductivity of the medium and the 

frequency of the incident wave. 

C. Reflection and Absorption 

When an electromagnetic wave strikes the surface of a dielectric 

material such as biological material, part of the incident energy is 

reflected, and the rest is absorbed or transmitted by the material (2, 13, 

23). In the microwave frequency range, Schwann (23) calculated•that in 

biological tissue, between 60 and 70 percent of the incident energy is 

reflected. The remaining energy is not absorbed at the surface of the 

dielectric but penetrates into the tissue and attenuates exponentially 

according to the following relationship: 

E = E0 exp (-x/D) 

where : 

E0 = electric field intensity at the surface 

E = electric field intensity at depth x 

D = penetration depth of the wave. 

The penetration depth is a function of the frequency, the dielectric 

constant, and the conductivity. It is defined as the depth at which E has 

been reduced to 1/e (37%) of E0. Figure III-3 illustrates the reflection, 

absorption, and transmission of a microwave incident on a dielectric 

material. 
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Figure DI-3. Effect of dielectric on microwave. 
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D. Interaction of Microwaves with Biological Material 

The possible biological effects of microwave radiation exposure can be 

evaluated by the consideration of molecular interactions (2, 9, 13, 27). 

The quantum energy associated with electromagnetic radiation is calculated 

using Planck's law: 

E = hf 

where h is Planck's constant, and f is the frequency. The structure of a 

molecule is altered only when the quantum energy equals or exceeds the 

activation energy required for ionization or bond disruption. The quantum 

energy of microwave radiation in the frequency range between 1 and 300 GHz 

is 0.4 x 10"® to 1.2 x 10"® eV. The energy required for ionization is on the 

order of 10 eV, which corresponds to a frequency of 2.4 x 10® GHz. The 

disruption of covalent, London-Van der Waals, and hydrogen bonds also 

require much greater energy than the quantum energy of microwave radiation. 

A basic interaction of microwave radiation with biological material 

results from the energy exchange between the external alternating electric 

field and the free charges and permanent or induced dipoles (2, 9,13). A 

torque on the dipole results when the electric field induces the dipole to 

align its axis parallel to the direction of the applied field in order to 

minimize the potential energy of the dipole. In an alternating field, 

changes in orientation lead to rotation with the frequency of the wave. 

There is frictional resistance to the rotation of the dipole which causes a 

loss of energy as heat due to the work needed to overcome the damping forces 

of the viscous medium surrounding the dipoles. A dipole exhibits a critical 

frequency referred to as the relaxation frequency at which there is a 

maximum energy exchange between the electric field and the dipole. The 
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relaxation frequency is a function of the temperature and the viscosity of 

the material and the geometry of the dipole molecule. 

The relaxation frequency of free water occurs in the microwave 

frequency range at 20 GHz. The biological effects resulting from the 

rotation of free water are purely thermal effects since the molecular 

structure remains intact. 

The possibility of a nonthermal effect of electric field-induced 

rotation of dipole molecules has been proposed by Vogelhut (28). In 

addition to free water molecules, some water molecules are bound to polar 

molecules such as proteins. Vogelhut conjectures a similarity between 

bound water and doped ice. Absorption of microwave radiation near the 

relaxation frequency of the bound water causes a phase change from bound 

water to free water. This change could affect both passive and active 

transport across a biological membrane. An additional nonthermal effect 

could result from the rotational excitation of biopolymers such as proteins 

and amino acids, which occurs in the frequency range between 0.1 and 3 GHz 

(9, 13). The segmental rotations of the sections of the biopolymers could 

disrupt the equilibrium distribution of the polymer, which would interfere 

with metabolic processes. 



IV. REVIEW OF PRIOR WORK ON 

BLOOD CELLS JN VITRO 

In attempts to define the basic interaction mechanisms of microwave 

radiation with biological systems, suspensions of cells and tissues have 

been irradiated. These studies are essential to an understanding of the 

basic interaction mechanisms because a suspension of cells is much less 

complex than a whole animal in that strict control of both the biomedical 

and radiation parameters is possible with a suspension of cells. 

An extensive literature survey produced no studies, jjn vivo or in 

vitro, on the effect of microwave radiation on blood platelets, although 

several reports on the microwave irradiation of red and white blood cells in 

vitro were found. 

Baranski, Szmigielski, and Moneta (3) studied the effect of 3 GHz 

continuous wave radiation on rabbit granulocytes 2n vitro. Granulocytes 

were studied because of their large concentration of lysosomal enzymes. At 

a power flux of 5 mW/cm2} there was an increased percentage of dead cells and 

a significant rise in the acid phosphatase and lysosome extracellular 

concentrations when compared to the room temperature control sample after 

sixty minutes of exposure. A small increase in the extracellular 

concentrations of acid phosphatase and lysosome were observed at a power 

flux of 1 mW/cm2 after the same duration of exposure. 

Stodolnik-Baranska (25, 26) reported of lymphoblastoid transformation 

of lymphocytes in vitro after irradiation with 2.95 GHz pulsed radiation at 

a power flux of 7 mW/cm2 for four hours daily, or at 20 mW/cm^ for fifteen 

minutes daily for three to five days. The samples were maintained at 37°C 

during irradiation. A thermal control sample was kept at 370Q for the same 
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duration as the irradiated samples. At 7 mW/cm2j the percent of transformed 

cell was twice that of the control sample. At 20 mW/cm2> the percent of 

transformed lymphocytes was five times that of the control. Stodolnik- 

Baranska (25) also reported an increase in the mitotic index of phyto- 

hemaglutin (PHA)-stimulated human lymphocyte cultures exposed to power 

fluxes of 7 mW/cm2 and 20 rnW/cm^ at 2.95 GHz pulsed waves when compared to 

the thermal control samples. The increase in the mitotic index was a 

function of the duration of exposure. 

Ward, Allis, and Elder (29) monitored the change in the enzymatic 

activity of human erythrocyte glucose-6-phosphate during exposure to 2.45 

GHz continuous wave radiation at 25°C using an exposure-detection apparatus 

in which the sample can be spectrophotometrically analyzed during exposure 

to microwave radiation. The absorbed dose rate was 42 W/kg. No difference 

was found between the enzymatic activity of the irradiated and the thermal 

control sample. Belkhode, Johnson, and Mug (4) also reported no difference 

between the activity of human blood glucose-6-phosphate of microwaved and 

thermal control samples. The samples were irradiated with 2.8 GHz 

continuous wave radiation at an average power flux of 407 mW/cm2. 

There are several investigations concerning the effect of microwave 

radiation on the erythrocyte membrane. Baranski, Szmigielski, and Moneta 

(3) irradiated heparinized rabbit erythrocytes with 3 GHz continuous waves 

at power fluxes of 1, 5, and 10 mW/cm2. An increase in the extracellular 

potassium concentration was observed after only fifteen minutes of irradi¬ 

ation at 1 mW/cm2. The increase was greater after a longer exposure or at 

a higher power flux. An increase in the permeability of the membrane to 

hemoglobin was detected after a sixty-minute exposure at a power flux of 1 

mW/cm2. Again, the amount of increase was time and dose dependent. The 
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osmotic resistance of the membrane decreased after irradiation. The amount 

of decrease was time and dose dependent. A control sample was kept at room 

temperature. 

Hamrick and Zink! (15) exposed heparinized rabbit erythrocytes to 2.45 

GHz continuous wave radiation at power fluxes of 4, 10, and 75 mW/cm^ and 

also to 3 GHz continuous wave radiation at 4 mW/cm^. In contrast to 

Baranski, Szmigielski, and Moneta, they found no significant difference in 

the potassium efflux on the osmotic resistance of the membrane between the 

irradiated and the thermal control samples at any of the power fluxes or at 

either of the frequencies. 

Liu, Nickless, and Cleary (17) also investigated the effect of 

microwave radiation on the erythrocyte membrane by studying the potassium 

and hemoglobin efflux and the osmotic fragility of the cell relative to 

lyzed erythrocytes. Heparinized rabbit erythrocytes were irradiated for 

three hours at 3 GHz continuous wave radiation at power fluxes of 10 and 58 

mW/cm^ and at frequencies of 2.45 and 3.95 GHz with a power flux of 58 

mW/cm^. As with Hamrick and Zinkl, no significant differences in the 

dependent variables were detected between the irradiated and thermal 

control samples. In order to investigate whether the biological effect of 

microwave radiation on cell membranes is species dependent, suspensions of 

rabbit, dog, and human erythocytes were irradiated for three hours with 3 

GHz continuous wave radiation at a power flux of 36 mW/cm^. Again, no 

significant differences in the dependent variables between the irradiated 

and the thermal control samples occurred. 

A recent paper by Peterson, Partlow, and Gandhi (21) reported results 

which are in agreement with Liu, Nickless, and Cleary, and Hamrick and 

Zinkl. In this study, rabbit or human erythrocytes were heated by either 
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microwave irradiation or conventional heating and examined for efflux of 

hemoglobin and potassium. The microwave heated samples were compared with 

samples warmed to the same temperature by use of an adjustable incubator 

and with a sample maintained at room temperature. Microwave irradiation was 

performed at either 2.45 GHz or in selected 0.5 GHz swept frequency regions 

in the 12.5 to 18 GHz range. In all experiments, hemoglobin and potassium 

ions were lost in equal amounts by the microwave heated and the conven¬ 

tionally heated erythrocytes warmed at the same rate to the same final 

temperature. These investigations concluded that, at the frequencies and 

power levels studied, any increase in the efflux of hemoglobin and potassium 

ion from microwave irradiated erythrocytes are caused by thermal effects on 

the permeability of the erythrocyte membrane. 



V. EXPERIMENTAL METHODS 

A. Experimental Apparatus 

Three 3.9 ml specimens of PRP were prepared for each experiment. One 

specimen was exposed to microwave radiation; one was heated in a block 

heater with no radiation; and the third was used as a room temperature 

control. Glass test tubes were blown for this study to have a length equal 

to the height of the waveguide chamber and a volume capacity of approxi¬ 

mately four millimeters. These precision test tubes had an outer diameter 

of 1.2 cm, an inner diameter of 1.0 cm, and a length of 5.4 cm. 

Figure V-l schematically depicts the experimental set-up. The 

microwave source was a 2 to 4 GHz sweep oscillator (Hewlett-Packard 8690A) 

and a traveling wave tube amplifier (Hewlett-Packard 491C). The microwaves 

were delivered through a coaxial cable to a matched load terminated 

rectangular waveguide section (Microwave Research, LA10-12). Attached with 

brass bolts to each end of the waveguide section were coax-to-waveguide 

right-angle launchers (Microwave Research, LA40-NC). A coaxial directional 

coupler (Narda Microwave Corporation, 3003-20) was connected to one of the 

right-angle launchers. To the other right-angle launcher was attached a 

matched load. A coaxial cable delivered the microwaves from the traveling 

wave tube amplifier to the directional coupler. One-hundredth of the 

incident microwave power was delivered through the directional coupler to a 

power meter (PRB Electronics, Inc., Type 680). The directional coupler was 

attached to the right-angle launchers in various manners to measure the 

intensities of the incident, reflected, and transmitted powers. 

A test tube containing a platelet suspension was inserted into a 1.2 cm 

diameter hole located in the center of a styrofoam block having the same 



Figure V-l. Schematic of experimental set-up. 
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dimensions as the interior of the rectangular waveguide section. The 

styrofoam block was then slid into the waveguide chamber, locating the test 

tube in the center of the waveguide. Figure V-2 illustrates the position of 

the tube in the waveguide. 

Another test tube containing an identical platelet suspension was 

heated in a block heater (Temp-Block Module Heater, Lab-Line Instruments). 

The block was designed to hold 1.3 cm outer diameter test tubes. The entire 

length of the test tube was in the block, providing uniform surface heating 

of the suspension. A variable transformer (Power-State Autotransformer, 

3PN116B) connected to the block heater to provide control of the temperature 

rise in the block-heated suspension so that the temperature rise paths in 

the block-heated and irradiated samples would be identical. 

An iron-constantanthermocouple was used to monitor the temperature 

rise in the irradiated and the block-heated samples. A 1.5 mm hole was 

drilled in the center of the top of the waveguide to allow for the insertion 

of the thermocouple probe. The reference probe of the thermocouple was 

placed in an ice-water bath, providing a reference temperature of 0°C. The 

thermocouple output was displayed on a digital voltmeter (Hewlett-Packard 

3465A). The thermocouple had an accuracy of 1°C and a response time of five 

seconds. When the thermocouple pfobe was inserted into the irradiated 

platelet suspension, the microwave amplifier was switched to standby so 

that the probe did not interfere with the interaction of the microwave with 

the platelet suspension. 

B. Donor Selection 

In order to minimize variations in blood samples, certain precautions 

were exercised when selecting a donor. A blood donor was a nonsmoker in 
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Figure V-2. Position of tube in waveguide. 
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general good health with no recent history of disease and was taking no 

aspirin-containing medication. In addition, he was well rested, had fasted 

at least ten hours prior to donation, and had not recently imbibed excessive 

amounts of alcohol. A donor was allowed to donate a maximum of 450 ml in a 

consecutive three-month period and thus could be used in several experi¬ 

ments. All donors granted their written permission to participate in this 

study. 

C. Blood Collection 

Whole blood obtained by venipuncture was drawn through a 19-gauge 

butterfly needle into disposable plastic Stylex syringes. The blood was 

immediately transferred into 15 ml siliconized vacutainer tubes which 

contained one-tenth volume (1.1 ml) of 3.8 weight percent sodium citrate 

anticoagulant. At this point, the tubes were capped and gently inverted to 

allow complete mixing of blood and anticoagulant. 

D. Preparation of Platelet-Rich Plasma 

Immediately after collection, the citrated whole blood was centrifuged 

for eight minutes at 150 xg at room temperature to obtain platelet-rich 

plasma (PRP). The supernatant was transferred with a disposable Pasteur 

pipette into a siliconized vacutainer. The packed cells were centrifuged at 

150 xg for four minutes to obtain more PRP, which was combined with the 

original PRP. Platelet-poor plasma (PPP) was obtained by centrifuging the 

packed blood cells at 3000 xg for ten minutes. The supernatant was 

transferred with a Pasteur pipette into a siliconized vacutainer and later 

used to dilute the PRP to a final concentration of approximately 300,000 per 

mm^. 

E. Platelet Count 

The concentration of platelets in the PRP was counted electronically 

with a Model Z Coulter Counter (Coulter Electronics, Inc.) which was fitted 
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with a 70 ym aperture tube. A sample of PRP was pipetted with a 3.33 yl 

micropipette into a plastic vial which contained 10 ml of standard 

electrolyte solution, Isoton II (Coulter Diagnostic, Inc.). If necessary, 

the PRP suspension was diluted with PPP until a platelet concentration of 

300,000/mm3 was obtained. Platelet counts of the room temperature, 

microwaved, and block-heated samples were made immediately after exposure 

to microwave radiation or block-heating. The platelet count after exposure 

was expressed as a percentage of the pre-exposure count. 

F. Serotonin Release 

The effect of microwave radiation on the release reaction was studied 

with the measurement of ^C-labeled serotonin released from the platelets. 

Platelets are the only blood cells which contain serotonin and are able to 

acquire serotonin against a concentration gradient (6, 20). Serotonin is 

stored in the dense bodies from where it is actively secreted during the 

release reaction or lost due to lysis. Immediately prior to exposure to 

radiation or control situations, PRP was incubated for one hour at room 

temperature with ^C-serotonin (l-l^C-hydrozytryptamine creatine sulfate, 

55uCiAmiole, Amersham/Searle) to a final concentration of l.OuM. Platelets 

are customarily incubated at 37°C (6, 16), but preliminary studies in this 

lab showed that the percent uptake after incubation for one hour at room 

temperature was 90 percent of the percent uptake after incubation at 37°C 

for the same time period (see Appendix B). Immediately after exposure, the 

irradiated, block-heated, and room temperature platelet suspensions were 

placed on ice so that the platelets would not reuptake the serotonin. The 

uptake of serotonin is temperature dependent; at 0°C, the platelets do not 

uptake serotonin. Within five minutes after exposure, 0.5 ml of each sample 
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were pipetted in 5 ml polycarbonate test tubes and were centrifuged at 

17,000 xg for ten minutes. The plasma supernatant, platelet-free plasma 

(PFP) was decanted into 5 ml siliconized vacutainer tubes and stored at 4°C. 

The platelet buttons were stored at -10°C in the polycarbonate centrifuge 

tubes. 

To test for the concentration of ^C-labeled serotonin, the buttons 

were resuspended in a 0.5 ml volume of pH 7.5 tris-EDTA buffer (0.15 M tris, 

0.45 percent sodium chloride, and 0.0013 M ethylenediaminetetraacetate). 

These samples were then sonicated for ten seconds at a setting of 60 with a 

sonic dismembrator (Artek Systems). PRP samples of irradiated, block- 

heated, and room temperature samples were also sonicated for ten seconds. 

The radioactivity of PFP, PRP, and resuspended buttons were determined in 

quadruplicate on a Beckman LS133 Liquid Scintillation System using Packard 

Insta-Gel scintillation cocktail. A 0.01 ml sample was added to 10 ml of 

scintillation cocktail in a polyethylene scintillation vial. Counts were 

made for ten minutes. 

The percent ^C-serotonin uptake by the platelets was determined by: 

% uptake = TC jc
PC x 100 

where : 

TC = sonicated PRP sample 

PC = PFP count. 

The percent serotonin released from the platelets was calculated as 

follows: 

{% uptake)c - {% uptake)s 
% release =     x 100 

{% uptake)c 

where the subscript c denotes the room temperature control sample and the 
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subscript s denotes the specimen which had been either microwaved or block- 

heated . 

G. LDH Analysis 

The activity of lactic dehydrogenase (LDH) was determined using Sigma 

Chemical kit 340-UV (24) and a Beckman Acta II UV-Visible spectrophotometer 

set at an ultraviolet wavelength of 340 nm with a slit width of 2.5. The 

procedure used to determine the activity is based on the method of 

Wroblewski and LaDue (32), in which the reduction of pyruvate to lactate is 

followed spectrophotometrically. PFP samples were prepared by centri¬ 

fugation as described for serotonin studies. 2.85 ml of pH 7.5 potassium 

phosphate buffer (stock no. 410-35) were pipetted into a NADH vial (stock 

no. 340-2). Then 0.05 ml of PFP (or 0.02 ml of PRP) were added to the vial 

and incubated for 20 minutes at room temperature. After incubation, 0.1 ml 

sodium pyruvate solution (stock no. 490-1) were pipetted into the vial, 

which was then capped and gently inverted to insure mixing. The contents of 

the vial were decanted into a quartz UV cuvette of 1 cm lightpath. The 

cuvette was placed in the sample chamber, and the light absorbence was 

recorded at 30-second intervals for seven minutes. An identical cuvette 

containing deionized distilled water was used as a reference. The LDH 

activity of the sample was calculated with the following formula (24): 

LDH activity = 20,000 x TCF x AA 

where: 

TCF = temperature control factor for variation 

from 25°C in the sample chamber 

A = absorbence change per minute. 

The percent increase in plasma LDH activity, an indication of platelet 

lysis, is calculated by: 
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■ % I 
LDHS - LDHC 
LDHppp - LDHC 

where the subscript s denotes the specimen which has been either microwaved 

or block-heated, the subscript c refers to the room temperature control 

sample, and the subscript PRP denotes the sonicated room temperature 

control PRP. 

H. Platelet Aggregation 

The adherence of platelets to one another is referred to as platelet 

aggregation. It can be studied _in_ vitro using aggregation stimulating 

compounds such as ADP or collagen (5). In this study, platelet aggregation 

response to exogenous ADP was used to test the functional capacity of the 

exposed samples. The aggregation can be monitored with an aggregometer, 

which is a photometer that measures the transmission of light through the 

PRP specimen during the course of aggregation. The aggregometer provides a 

constant temperature of 37°C, constant stirring with a magnetic stirrer and 

a connection to a pen chart recorder. PRP is cloudy because the platelets 

deflect the incident light. In the course of aggregation, gaps occur 

between the aggregate, which permits more light to be transmitted. 

In this study, within two minutes after exposure, 0.4 ml of PRP were 

mixed with 0.1 ml of lOuM ADP in a platelet aggregometer (Chrono-Log Corp., 

Model 300-1), resulting in a final ADP concentration of 2yM. The change in 

the light transmission during the course of aggregation was recorded for 

three minutes on a pen chart recorder. The percent transmittance was 

converted to optical density using a standard reference chart (30). The 

percent relative aggregation was calculated with the following relation¬ 

ship: 
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(ODi - ODf)s 
% relative aggregation = (Qp.| _ ODf)c 

x ^ 

where OD denotes optical density, the subscripts i and f denote the initial 

conditions and the condition three minutes after addition of ADP respec¬ 

tively, subscript s denotes the specimen which had been either microwaved or 

block-heated, and subscript c refers to the room temperature control 

specimen. 

I. Potassium Efflux 

A decrease in the intracellular potassium ion concentration indicates 

an alteration in the permeability of the platelet membrane. The intra¬ 

cellular concentration of the potassium ion ranges between 3.5 and 4.0 

mi 11 iequivalents per liter. The platelet volume percent is 0.24 for a 

platelet concentration of 300,000/mm3. Thus, an efflux of potassium ion 

from the platelets to the plasma will change the extracellular potassium ion 

concentration only slightly. In order to detect a change in the intra¬ 

cellular potassium ion concentration, the platelets were separated from 3.8 

ml of irradiated, block-heated, and room temperature control specimens, as 

described in the section on serotonin release. The platelet buttons were 

resuspended in 0.19 ml of tris-EDTA buffer, which was 1/20 of the original 

volume of PRP. To establish the maximum release of intracellular potassium, 

the suspension was then sonicated for ten minutes, as described in the 

serotonin release section. The potassium ion concentration was determined 

by flame photometry (Klina Flame, Beckman Model 652210). 

J. Incident Power Flux and Absorbed Power Density 

The incident power flux expressed in mW/cm^ was calculated as follows: 

Pin Incident Power Flux = -y- 
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where P-jn denotes the incident power in mW, and S denotes the cross- 

sectional area of the waveguide. The rectangular waveguide used in this 

study had a width of 10.922 cm and a height of 5.461 cm, giving a cross- 

sectional area of 59.645. 

The absorbed power density expressed in mW/cm^was calculated by: 

Absorbed power density = -1-—y.  

where P denotes power in mW, V denotes sample volume, and the subscripts in, 

r, and t denote incident, reflected, and transmitted, respectively. 

Experimental calculation of the percent of incident power absorbed by 

the platelet suspension gave a value of 36.6 percent consistently (see 

Appendix C). Thus, the absorbed power can also be calculated by: 

0.366 P-in 
Absorbed power density = ^  

The electric field across the platelet suspension is not constant, as 

illustrated in Figure E-2 of Appendix E. However, the absorbed power is 

approximately constant over the sample. 



VI. RESULTS AND DISCUSSION 

In this investigation of the biological effects of microwave radiation 

on human blood platelets in PRP in vitro, the possible independent variables 

were the type of wave modulation, the frequency of the electromagnetic wave, 

the exposure duration, and the incident power. A continuous wave modulation 

was chosen in which the wave oscillates with the fundamental frequency. A 

frequency of 2.45 GHz was chosen since it is one of the proposed frequencies 

of the microwave energy to be transmitted to earth from the solar power 

satellites. Exposure durations of two and three hours were selected because 

significant alterations in the erythrocyte membrane permeability were 

reported at these exposure durations (3) and because the functional 

capabilities of in vitro platelets decrease with time. The incident power 

was varied between 200 and 1200 mW; this range of power was dictated by the 

microwave source. 

The dependent variables which could indicate damage to the platelets 

(1) were diminution in the platelet count, impaired aggregation in response 

to added ADP, increased plasma LDH activity, platelet serotonin release, 

and reduction in intracellular platelet potassium concentration. The 

experimental methods section contains descriptions of the techniques used 

to measure these variables. 

Table VI-1 lists the incident power flux and the experimentally 

determined absorbed power density for various values of incident power at a 

frequency of 2.45 GHz. 

At the incident powers studied, the exposure of the platelet sus¬ 

pension to microwaves elevated the temperature of the sample above room 

temperature. The amount of increase in the temperature is a function of the 
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TABLE VI-1 

INCIDENT POWER FLUX AND ABSORBED 

POWER DENSITIES AT 2.45 GHz 

Incident 
Power (mW) 

Incident 
Power Flux 

mW/cm^ 
Absorbed Power 
Density, mW/cm^ 

200 3.35 18.17 

345 5.78 32.54 

400 6.71 37.54 

600 10.06 56.31 

720 12.07 67.57 

850 14.25 79.79 

930 15.59 87.28 

1000 16.77 93.85 

1200 20.12 112.62 
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incident power. Table VI-2 lists the temperatures of the microwaved 

specimens after two-hour exposure at various incident power levels. These 

values are graphed in Figure VI-1. In the preliminary studies, irradiated 

and block-heated specimens had a pre-exposure temperature equal to room 

temperature and identical final temperatures, but the temperature rise was 

not monitored. The results of these experiments are included in Appendix A. 

In the next set of experiments, the temperature rise was monitored in both 

the microwaved and the block-heated samples. The time-temperature his¬ 

tories of the microwaved samples irradiated at an incident power of 1200 mW 

and the block-heated samples are illustrated in Figure VI-2. The unevenness 

of the time-temperature curve of the block-heated sample resulted because 

the variable transformer attached to the block heater had to be adjusted 

several times during the course of the temperature rise. 

A. Preliminary Studies on the Effect of Exposure Time 

A series of experiments were performed to investigate the effect of 

exposure duration on the response of the platelets. The microwaved samples 

were irradiated at an incident power of 1200 mW for either two or three 

hours. Block-heated thermal control samples were heated to the same final 

temperature of the irradiated samples for the same duration. The 

differences in the values of the dependent variables of the thermal control 

and irradiated samples at the two exposure durations are listed in Table 

VI-3. Statistical analysis using the Student's t-test at a 5% level of 

significance indicated that the differences in the values of the remaining 

platelet count, the increase in plasma LDH activity, and the increase in 

serotonin release did not vary significantly at the two exposure durations. 

However, the differences in the relative aggregation did vary significantly 



32 

TABLE VI-2 

TEMPERATURE OF IRRADIATED SAMPLES 

Incident 
Power (mW) 

Temperature 
°C ± s.e.m. 

200 24.7 + 0.7 (2) 

345 25 U) 

400 23.4 W 

600 28.5 + 0.3 (3) 

720 32 W 

850 31 (1) 

930 32 

1000 34 t1) 

1200 40.87 ± 0.79 (9) 

The number of individual data points analysed to yield each entry 

is given in parentheses. 
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at the two exposure times. At a three-hour exposure time, the relative 

aggregation of the microwaved samples was much less than the block-heated 

samples, as shown by the mean value of the. difference between the two 

samples presented in Table VI-3. In the six experiments at the two-hour 

exposure durations, the differences in the values of the two samples varied 

considerably. In two of the experiments, the relative aggregation of the 

microwaved sample was much less than the block-heated sample. In the 

remaining four experiments, the relative aggregation of the block-heated 

sample was either less than or equal to the value of the microwaved sample. 

In view of the fact that the relative aggregation provides only an inexact 

estimation of the aggregation response and that the other three dependent 

variables revealed no significant difference in the two exposure durations, 

an exposure duration of two hours was used in the subsequent studies. 

B. Replicate Experiments at an Incident Power of 1200 mW 

The preliminary set of experiments which are discussed in Appendix A 

indicated that incident power was not a crucial parameter in the assessment 

of the effect of microwave radiation. In these preliminary studies, the 

initial and final temperature rise of the irradiated and block-heated 

samples were identical, but the temperature rise was not monitored. 

Therefore, a series of experiments was performed at the maximum incident 

power of 1200 mW with a carefully monitored temperature rise. This power 

level yields an average power flux of 20.12 mW/cm2 and an absorbed power of 

112.62 mW/cm3. The time-temperature histories of the irradiated and block- 

heated specimens followed the same path as illustrated in Figure VI-2. 

Platelet counts were determined electronically using a Coulter Coun¬ 

ter. Small aggregates of platelets are counted as a single platelet. 
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Therefore, the counts can be used as a quantitative index of microwave- 

induced aggregation and/or lysis. Values of the remaining platelet counts 

of the block-heated and the irradiated samples and the differences in the 

values of the two samples are presented in Table VI-4. The differences are 

graphed in Figure VI-3. As indicated by the negative values of the 

differences, the remaining platelet counts of the block-heated samples are 

less than the values of the irradiated samples, with one exception. 

Statistical analysis using the Student's t-test at a 5 percent level of 

significance indicates that the mean of the differences is significant. 

The LDH enzyme is released from the platelet j_n vitro only when the 

platelet membrane is damaged. An increase in the plasma LDH activity 

indicates platelet lysis. The values of the increase in LDH activity of the 

block-heated and irradiated samples and the differences between the two are 

listed in Table VI-5. The values of the differences are graphed in Figure 

VI-4. The mean of the differences is not significantly variant from zero as 

determined by the Student's t-test at a 5 percent significance level. 

The release of serotonin from the platelet into the plasma indicates 

the occurrence of the release reaction and/or platelet lysis. Table VI-6 

presents the serotonin release results for the block-heated and irradiated 

specimens and the difference in the values of the two samples. The 

differences are shown graphically in Figure VI-5. The Student's t-test at 

a 5 percent significance level indicates that the mean of the difference 

does not vary significantly from zero. 

Platelet aggregation response to exogenous ADP is used clinically to 

measure platelet function. The test is primarily qualitative, and the 

results in terms of aggregation relative to control are less reproducible 

than other tests of platelet function. Values of the relative aggregation 
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TABLE VI-4 

REMAINING PLATELET COUNT 

Experiment 
% Remaining 

H 
Platelets 

MW H-MW 

1 89.17 84.00 5.17 

2 77.46 84.91 - 7.45 

3 81.55 94.17 - 12.62 

4 75.49 78.64 - 3.15 

5 67.32 82.43 - 15.11 

6 80.73 91.69 - 10.96 

7 76.99 93.11 - 16.21 

8 80.49 87.08 - 6.59 

9 67.96 80.91 - 12.95 

10 78.07 78.17 - 0.1 

11 87.87 98.69 - 10.82 

Mean of difference = - 8.254 

Standard deviation = 6 .64 

Standard error of mean = 2.00 
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TABLE VI-5 

LDH ANALYSIS 

% Increase 
Experiment "R Mïî H-MW 

1 1.476 0.890 0.586 

2 - 1.120 - 0.099 - 1.021 

3 - 0.809 1.433 - 2.242 

4 - 0.972 0.344 - 1.316 

5 - 0.917 0.053 - 0.97 

6 - 0.156 1.33 - 1.486 

7 - 0.235 1.026 - 1.261 

8 1.689 0.24 1.449 

9 0.402 - 0.208 0.61 

10 - 0.457 - 0.284 - 0.741 

11 0.953 1.184 - 0.231 

Mean of difference = 0 .602 

Standard deviation = 1 .094 

Standard error of i Tie an = 0.33 
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TABLE VI-6 

SEROTONIN RELEASE 

% release 
Experiment H MW H-MW 

1 4.896 4.176 0.726 

2 3.461 4.645 - 1.184 

3 11.189 7.00 4.189 

4 5.256 5.283 - 0.027 

5 0.743 0.109 0.852 

6 3.934 4.067 - 0.133 

7 4.497 4.491 0.006 

8 2.140 3.110 - 0.97 

9 1.960 2.780 - 0.82 

10 - 1.800 1.870 - 0.07 

11 1.493 4.87 - 3.377 

Mean of - difference = - 0.0735 

Standard deviation = 1 .8216 

Standard error of mean = 0.549 
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of the block-heated and the microwaved samples and their differences are 

recorded in Table VI-7. Figure VI-6 graphically presents the values of the 

difference. The relative aggregation of the microwaved sample was either 

equal to or greater than the corresponding value of the block-heated sample, 

with one exception. The mean of the differences is significantly variant 

from zero according to the Student's t-test at a 5 percent significance 

level. 

The values of remaining platelet count and relative aggregation 

indicate that these platelet functions are more affected by block-heating 

than by irradiation for the same temperature rise and duration of exposure. 

The temperature rise produced by the field induced rotation of dipole 

molecules in the microwaved samples causes less platelet modification than 

the temperature rise caused by surface heating and conduction in the block- 

heated specimen. 

C. Efflux of Potassium 

A decrease in the intracellular potassium ion concentration could be 

indicative of an alteration in the membrane permeability. A PRP suspension 

was irradiated at an incident power of 1200 mW for a duration of two hours. 

The temperature rise in the block-heated PRP suspension was identical to 

that in the irradiated sample. Table VI-8 lists the potassium ion 

concentration of lyzed platelets suspended in tris-EDTA buffer for four 

sets of irradiated, block-heated, and room temperature control samples. 

Statistical analysis of the means of the difference between the block- 

heated and microwaved samples and the difference between room temperature 

control and microwaved samples using Student's t-test at a 5 percent level 

of significance indicated that there is no significant difference in the 
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TABLE VI-7 

PLATELET AGGREGATION 

Experiment 
% relative 
 R  

aggregation 
MW H-MW 

1 73.238 73.228 0 

2 85.763 75.984 9.779 

3 96.034 96.034 0 

4 63.25 84.66 - 21.41 

5 54.13 91.00 - 36.87 

6 44.30 81.55 - 37.25 

7 84.99 96.71 - 11.72 

8 66.95 77.48 - 10.53 

9 64.51 87.73 - 23.22 

10 52.89 92.35 - 39.46 

11 100 100 0 

Mean of difference = - 15.516 

Standard deviation = 17.312 

Standard error of i nean = 5.220 
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TABLE VI-8 

POTASSIUM EFFLUX 

Experiment 
Potassium Concentration 
(mil 1iequival ents/1 iter) 
RT MW H 

RT-MW • H-MW 

1 3.2 3.3 3.9 -0.1 0.6 

2 2.0 1.8 1.7 0.2 -0.1 

3 4.2 4.4 4.8 -0.2 0.4 

4 5.3 5.0 5.1 0.3 0.1 
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intracellular potassium ion concentration of the three samples for an 

individual experiment. Thus there was no apparent alteration in the 

platelet membrane permeability to potassium caused by either microwave 

irradiation or block heating. 



VII. CONCLUSIONS 

Functional damange to microwaved platelet suspensions was investigated 

by measurements of change in platelet count, release of l^C-radiolabeled 

serotonin, increase in level of LDH activity in supernatant platelet-free 

plasma, alteration in the aggregation response to exogenous ADP, and 

decrease in the intracellular potassium ion concentration. In all 

experiments, microwaved heated platelets were compared with platelets 

warmed to the same temperature by use of an adjustable block heater and with 

platelets maintained at room temperature. Experiments in which the 

temperature rise was carefully monitored were performed at a power flux of 

20.12 mW/cm^, which corresponds to an absorbed power of 112.62 mW/cm^. 

There were no significant differences between the block-heated and micro- 

waved samples in the release of serotonin, the increase in LDH activity, and 

the decrease in the intracellular potassium ion concentration. Significant 

differences were observed between the microwaved and the block-heated 

samples in the platelet count and in the aggregation response to exogenous 

ADP. However, these observed differences were small, and there was more 

alteration of platelet response from block-heating than from irradiation. 

It appears that the uniform microwave heating has less effect on platelet 

function than the nonuniform surface heating in the block heater. Thus, it 

may be concluded that the observed response of human blood platelets exposed 

to 2.45 GHz continuous wave radiation at a power flux of 112.62 mW/cm^ is 

entirely due to temperature elevation caused by energy absorption. 

The experimental set-up described in this investigation should be used 

to more extensively study platelets and to study erythrocytes and lympho- 
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cytes. Tests on platelets at different frequencies and at various incident 

power levels need to be performed. As stated in the section on prior work 

on blood cells in vitro, there are conflicting reports on the biological 

effect of microwave radiation on erythrocytes. Primarily, the eastern 

European researchers report nonthermal effects, while the United States 

researchers observe no nonthermal effects. No extensive research has been 

reported on lymphocyte in vitro studies. 



VIII. APPENDICES 



APPENDIX A 

STUDIES AT VARIOUS POWER LEVELS 

A series of experiments was conducted at various incident power levels 

ranging between 200 and 1200 mW in order to determine the effect of incident 

power on platelet function. The initial and final temperatures of the 

microwaved and block-heated specimens were identical, but, in these 

preliminary studies, the temperature rise in the two samples was not 

controlled. The values of the remaining platelet counts after exposure to 

microwave radiation or block heating and the difference between the two 

values are presented in Table A-l. The values range from 83 percent to 

slightly higher than 100 percent. Although the PRP suspension was carefully 

swirled before a sample for platelet counting was withdrawn, a remaining 

platelet count above 100 percent could result because the density of the 

platelets in the 3.33 pi sample could be slightly higher or lower than the 

average platelet count. The results indicate that the platelet count after 

irradiation is not a function of the incident power. However, there was a 

significant day-to-day variation, possibly associated with donor variation. 

The differences between the values of the block-heated and microwaved 

samples are presented in Table A-l and in Figure A-l. Statistical analysis 

of the six experiments at an incident power of 1200 mW using the Student's 

t-test at a 5 percent level of significance indicated that the mean of the 

differences between the block-heated and irradiated specimens was not 

significantly variant from zero. 

The differences between the increase in LDH activity of the block- 

heated and irradiated samples at various power levels are listed in Table 
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TABLE A-l 

REMAINING PLATELET COUNT 

Incident 
Power (mW) 

% Remaininq Platelets 
H MW + 

H-MW 
s .e.m. 

200 90.40 92.61 
-2.21 ±1.6 (2) 

200 83.65 89.06 

345 94.58 95.64 1.06 (1) 

400 90.95 96.84 -5.89 (1) 

600 92.42 92.42 

600 94.70 93.62 -1.33 +1.9 (3) 

600 90.95 96.84 

720 108.71 106.52 2.19 (1) 

850 87.41 88.44 1.03 (1) 

930 88.87 88.87 0 (1) 

1000 83.65 89.06 -5.41 (1) 

.1200 95.37 99.83 

1200 83.28 75.25 

1200 84.47 85.11 
0.603 : +6.33 (6) 

1200 103.10 98.47 

1200 88.04 98.34 

1200 94.29 86.39 

The number of individual data points analysed to yield each entry is 

given in parentheses. 
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A-2 and shown graphically in Figure A-2. The differences are not 

considerably divergent from zero at any of the power densities. At an 

incident power of 1200 mW, the mean of the differences is not statistically 

divergent from zero as calculated by the Student's t-test at a 5 percent 

level of significance. The same is true at a power level of 600 mW. 

Values of the differences in serotonin release of the block-heated and 

irradiated samples are presented in tabular form, Table A-3, and in 

graphical form, Figure A-3. Again, the values do not differ greatly from 

zero. At a 5 percent level of significance, the mean of the values at an 

incident power of 1200 mW does not vary significantly from zero as 

calculated by the Student's t-test. 

Values of the differences in the relative aggregation of block-heated 

and irradiated samples are presented in Table A-4 and Figure A-4. The large 

values of the standard error of the mean at incident powers of 200 and 1200 

mW indicate that no conclusions can be drawn from this data. 

The results of the platelet count, LDH assay, and percent serotonin 

release indicate that for the power levels studied, the incident power is 

not a significant parameter. 
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TABLE A-2 

LDH ANALYSIS 

Incident 
Power (mW) 

(H-MW) ± s.e.m. 
% I LDH 

200 

345 

400 

600 

720 

850 

930 

1000 

1200 

1.18 ±3.4 (2> 

- 0.049 W 

0.62 (!) 

1.35 ±0.45 (3) 

2.4 (1) 

0.73 (!) 

1.95 (!) 

3.18 (1) 

0.12 ±0.52 (9) 

The number of individual data points analysed to yield each entry is 

given in parentheses. 
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TABLE A-3 

SEROTONIN RELEASE 

Incident 
Power (mW) 

(H-MW) ± s.e.m. 
% Release Serotonin 

200 - 1.443 ± 0.19 (2) 

345 0.186 (1) 

400 0.267 (1) 

600 0.375 ± 0.78 (2) 

720 - 1.801 U) 

850 - 0.242 (1) 

930 - 4.31 U) 

1000 - 0.957 (!) 

1200 0.430 ± 0.38 (9) 

The number of individual data points analysed to yield each entry 

given in parentheses. 
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TABLE A-4 

PLATELET AGGREGATION 

Incident 
Power (mW) 

(H-MW) ±s.e.m. 
% Relative Aggregation 

200 

345 

400 

600 

720 

850 

- 7.56 ±10.37 (2) 

- 19.47 (1) 

- 12.2 (!) 

- 5.59 (!) 

0 U) 

11.86 (!) 

930 

1000 

1200 

- 3.15 (!) 

4.115 ±15.98 

The number of individual data points analysed to yield each entry is 

given in parentheses. 
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APPENDIX B 

POWER REFLECTION, ABSORPTION, AND TRANSMISSION 

The incident, reflected, and transmitted power were measured with a 

power meter as described in the section on experimental methods. These 

values at several incident powers, along with the percents of power 

reflected, transmitted, and absorbed, are listed in Table B-l. The 

arithmetic mean of the percents reflected, transmitted, and absorbed are 

listed in Table B-2. 
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TABLE B-l 

REFLECTED, TRANSMITTED, AND ABSORBED POWER 

Power 
Incident 

(mW) 

Power 
Reflected 

(mW) 

Power 
Transmitted 

(mW) 

% 
Reflected 

% 
Transmitted 

% 
Absorbed 

200 125 3.3 62.5 1.65 35.85 

200 120 11.5 60.0 5.75 34.25 

345 220 10 63.77 2.9 33.33 

400 243 8 60.75 2.0 37.25 

600 360 8 60.0 1.33 38.67 

600 350 34 58.33 5.67 36.0 

600 350 19.8 58.33 3.3 38.36 

930 560 36 60.21 3.87 35.92 

1000 600 44 60.0 4.4 35.6 

1200 720 19 60.0 1.58 38.41 

1200 750 14 62.5 1.17 36.33 

1200 750 30.5 62.5 2.54 34.96 

1200 760 8 63.33 0.67 36.0 

1200 745 22.5 62.08 1.88 36.0 

1200 740 40 61.67 3.33 35.0 

1200 775 11.5 64.6 0.96 34.45 

1200 730 9.0 60.8 0.75 38.41 

1200 700 35 58.3 2.9 38.75 

1200 700 24 58.3 2.0 39.67 

1200 700 35.5 58.3 2.96 38.71 
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TABLE B-2 

STATISTICAL ANALYSIS OF REFLECTED, 
TRANSMITTED, AND ABSORBED POWERS 

% 
Reflected 

% 
Transmitted 

% 
Absorbed 

T 60.81 2.58 36.60 

s.d. 1.981 1.490 1.810 

s.e.m. 0.443 0.333 0.404 



APPENDIX C 

TEMPERATURE EFFECT ON SEROTONIN UPTAKE 

Platelets are usually incubated for sixty minutes at 37°C to allow for 

sufficient uptake of ^C-radiolabeled serotonin by the platelets. However, 

it was found that, at a room temperature incubation period of sixty minutes, 

the percent uptake of serotonin is approximately 90 percent of the value at 

37°C. After incubation at either 37°C or room temperature, PRP samples were 

prepared for scintillation count as described in the experimental methods 

section. The values for the scintillation count of the PFP, the resuspended 

platelet button, and the sonicated PRP are presented in Table C-l. The 

percent uptake of serotonin is also listed. In this experiment, the value 

of the percent uptake at room temperature is 87.5 percent of the value at 

37°C. 
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TABLE C-l 

TEMPERATURE DEPENDENCE OF 

SEROTONIN RELEASE VALUES 

PFP B PFP + B PRP ATC % Uptake 

RT 191.2 623.2 814.4 909.5 862 77.8 

37°C 102.8 805.1 907.9 942.5 925.2 88.9 

where: PFP = platelet-free plasma 

B = platelet button 

ATC = ((PFB + B) + ATC)/2 

% Uptake = 



APPENDIX D 

MICROWAVE EXPOSURE STANDARDS 

Microwave exposure standards in the U.S.S.R. and eastern European 

countries vary significantly from those in the United States, Canada, and 

the western European countries, as standards in the eastern bloc countries 

are based on nonthermal effects, whereas western bloc standards are 

intended to prevent thermal damange. The western standards are much less 

restrictive than the eastern standards and thus have stimulated research in 

the West to assess any nonthermal effects of microwave radiation. 

Developed as occupational standards, the exposure standards in the 

United States have been in effect for approximately thirty years. A 

standard of 10 mW/cm^ for human exposure was recommended by Schwan in 1953 

(9, 14, 27) based on physiological considerations of thermal stress in man. 

The latest version of the American National Standards Institute standard 

(ANSI 95.1) of 1974 states that, for incident frequencies of 10 MHz to 100 

GHz, the protection guide for continuous wave modulation is 10 mW/cm^. This 

maximum permissible level was designed to serve as a guide number for 

moderate environments. Microwave exposure standards in other western bloc 

countries are generally similar to those in the United States. 

In contrast to this, the U.S.S.R. standards for maximum intensity 

levels for human exposure are based on functional and behavioral changes 

detected in clinical studies of occupationally exposed workers. The 

U.S.S.R. and eastern bloc countries have two types of standards: occupa¬ 

tional standards to protect persons working in the microwave environment, 

and public health standards to protect the general public. The public 
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health standards for several eastern bloc countries are presented in Table 

D-l (14). 

It is important to note that, in addition to the differences in 

magnitude of the exposure standards in the eastern and western bloc 

countries, the values in the U.S.S.R. are legally enforceable, whereas the 

values in the United States are merely recommendations and not enforceable 

by legal means. However, the Radiation Control for Health and Safety Act of 

1968 gives the Secretary of Health, Education, and Welfare authority to 

stipulate performance standards for radiation emissions from electronic 

products to protect the general public's health and safety. 



APPENDIX E 

THEORETICAL CALCULATIONS OF REFLECTION, 

TRANSMISSION, AND ABSORPTION COEFFICIENTS 

Neilson (19) presents the theory for the exact solution of the 

scattering of a plane electromagnetic wave by a centrally located cylin¬ 

drical post of complex permittivity in a rectangular waveguide with the axis 

parallel to the electric field vector. The method divides the rectangular 

waveguide into three separate regions by means of two imaginary walls, as 

illustrated in Figure E-l. The imaginary walls are located such that the 

center region is a square with a length equal to the width of the waveguide. 

In Region I on the waveguide, the field consists of the incoming TE], 

mode and the reflected field expanded in TEm modes propagating in the 

negative z direction. 

In Region III, the field consists of the transmitted field expanded in 

TEm modes propagating in the positive z direction. 

In Region II, three sets of field equations are used. The three 

regions are (1) region outside the glass tube, (2) the glass tube, and (3) 

the solution inside the glass tube. In this region, the electromagnetic 

field is expanded in cylindrical waves. 

A system of linear equations result from the boundary conditions and 

the conditions for numerical matching. These equations can be solved on a 

computer giving as results the complex reflection coefficient and the 

complex transmission. The absorption coefficient is calculated by: 

A =Vl - IRI2 - |T|2 

The variation of the electric field inside the solution can also be 

determined from the solution of the set of linear equations. 
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A computer program was written using this method to solve the set of 

linear equations for the experimental situation. The input parameters for 

the program were: 

(1) frequency, 2.45 GHz; 

(2) waveguide height, 5.461 cm; 

(3) waveguide width, 10.922 cm; 

(4) inner radius, 0.5 cm; 

(5) outer radius, 0.6 cm; 

(6) complex permittivity of sample, 53-j15; 

(7) complex permittivity of glass, 4.5 

The solution included the complex reflection coefficient and the complex 

transmission coefficient. The absorption coefficient was calculated using 

the formula described previously. The square of the coefficient is the 

percent power reflected, transmitted, or absorbed. According to the 

results of the computer program, 34.8% of the incident power was reflected, 

0.01% was transmitted, and 65.1% was absorbed. The experimental values for 

the percent reflected, percent transmitted, and percent absorbed were 

60.81, 2.58, and 36.6, respectively (see Table C-2). These values do not 

agree. The magnitude of the electric field inside the platelet-rich plasma 

sample could be calculated with results from the program. The electric 

field is not uniform across the sample, as illustrated in Figure E-2. The 

maximum electric field is located at the center of the tube. 
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APPENDIX F 

STATISTICAL ANALYSIS 

In order to draw valid conclusions from a collection of experimental 

data, it is necessary to perform a statistical analysis which includes the 

arithmetic mean value, the standard deviation, and the standard error of the 

mean. 

The sample mean is the sum of all sample values divided by the number 

of samples. 

The standard error of the mean (s.e.m.) is calculated as follows: 

The standard error of the mean places less emphasis on extreme values than 

does the standard deviation. 

To test whether the mean of the experimental results differs signi¬ 

ficantly from the hypothetical mean, 0, the Student's t-test can be 

performed. For a chosen level of significance with n-1 degrees of freedom, 

the critical region for the test statistic is determined using a table of 

critical values of Student's t-distribution. The test statistic T is then 

n 
E 
i=l xi 

x 
n 

where: x = mean of n values 

xi = sample value 

The standard deviation is calculated with the following formula: 

calculated as follows: 
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x - Up _ X - Up 

Sx/nftT ~ s.e.m. 

Whether or not the experimental mean “x differs significantly from the 

hypothetical mean is determined by comparing the value of T with the values 

in the critical region. When comparing the means of two populations, the 

test statistic is calculated by: 

where: 

nl , _ n2 , _ .o 
Sd2 = 2 (xli - xlK + 2 (x2i - X2H 
^ i=l i=l 

n'i + n2 - 2 



APPENDIX G 

DATA 

The following tables contain data pertaining to general experiment 

information, platelet count, platelet aggregation, serotonin release, and 

LDH activity. 
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TABLE G-l 

EXPERIMENT INFORMATION 

Donor 
(Date) 

Incident 
Power 

. (mW) 

Exposure 
Duration 
(hours) 

Temperature 
Monitored 
(Yes or No) 

D.V. (9-21) 720 3 No 
J.K. (9-26) 850 2 No 
D.S. (9-28) 345 2 No 
W.K. (10-4) 930 3 No 
J.K. (10-20) 600 2 No 

W.K. (10-20) 600 2 No 
D.F. (10-26) 2Q0 2 No 
D.P. (11-7) 200 2 No 
J.R. (11-16) 1000 2 No 
D.P. (11-28) 600 2 No 

S.C. (11-30) 400 2 No 
C.M. (1-30) 1200 3 No 
C.M. (1-31) 1200 3 No 
W.K. (2-9) 1200 3 No 
S.C. (2-23) 1200 2 No 

M.P. (2-27) 1200 2 No 
C.M. (3-2) 1200 2 No 
M.P. (3-9) 1200 2 No 
S.C. (3-16) 1200 2 No 
D.P. (3-20) 1200 2 No 

M.P. (4-24) 1200 2 Yes 
A.H. (4-26) 1200 2 Yes 
B.C. (4-30) 1200 2 Yes 
D.P. (5-1) 1200 2 Yes 
M.D. (5-2) 1200 2 Yes 

A.G. (5-3) 1200 2 Yes 
M.P. (5-4) 1200 2 Yes 
M.P. (5-11) 1200 2 Yes 
E.O. (5-15) 1200 2 Yes 
A.G. (5-16) 1200 2 Yes 
B.C. (5-17) 1200 2 Yes 



TABLE G-2 
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PLATELET COUNT DATA 

Donor 
(Date) 

Platelet Count (xlO^ plate!ets/mm^) 
Original RT MW H 

D.V. (9-21) 300.8 220.0 320.4 327.0 

J.K. (9-26) 310.6 271.5 274.7 271.5 

D.S. (9-28) 300.8 287.7 287.7 284.5 
W.K. (10-4) 291.8 229.6 258.6 258.6 

J.K. (10-20) 300.8 265.0 278.0 278.0 

W.K. (10-20) 307.3 274.7 291.0 287.7 

D.F. (10-26) 309.3 264.4 286.4 279.6 

D.P. (11-7) 297.6 255.6 265.0 248.9 

J.R. (11-16) 297.6 258.6 265.0 248.9 

D.P. (11-28) 304.1 245.7 283.0 270.0 

S.C. (11-30) 310.6 255.3 300.8 282.5 

C.M. (1-30) 299.0 315.0 358.0 322.0 

C.M. (1-31) 307.0 , 315.5 315.0 295.0 

W.K. (2-9) 300.0 153.0 210.0 232.0 

S.C. (2-23) 302.5 259.0 302.0 288.5 

M.P. (2-27) 305.0 283.0 254.0 229.5 

C.M. (3-2) 309.0 300.0 263.0 261.0 

M.P. (3-9) 306.5 385.0 301.8 316.0 

S.C. (3-16) 301.0 278.0 296.0 265.0 

D.P. (3-20) 297.5 268.3 257.0 280.5 

M.P. (4-24) 300.0 304.5 252.0 267.5 

A.H. (4-26) 301.5 276.5 256.0 233.5 

B.C. (4-30) 309.0 288.0 291.0 252.0 

D.P. (5-1) 302.0 272.5 237.5 228.0 

M.D. (5-2) 304.5 268.0 251.0 205.0 

A.G. (5-3) 301.0 234.0 276.0 243.0 

M.P. (5-4) 302.0 257.0 281.2 232.5 

M.P. (5-11) 305.0 289.5 265.6 245.5 

E.O. (5-15) 309.0 247.5 250.0 210.0 

A.G. (5-16) 305.5 308.0 238.8 238.5 

B.C. (5-17) 305.0 293.0 301.0 268.0 
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TABLE G-3 

PLATELET AGGREGATION DATA 

 Optical Density  
Donor (Date) RT   MW   H 

Initial Final Initial Final Initial Final 

D.V. (9-21) .0458 .6478 .0458 .5452 .0458 .5452 
J.K. (9-26) .0458 .6778 .0458 .6576 .0458 .7328 
D.S. (9-28) .0458 .7959 .0458 .8239 .0458 .6778 
W.K. (10-4) NO DATA 
J.K. (10-20) NO DATA 

W.K. (10-20) NO DATA 
D.F. (10-26) .0458 .6576 .0458 .5850 .0458 .6021 
D.P. (11-7) .0458 1.222 .0458 1.097 .0458 .8861 
J.R. (11-16) .0458 1.0 .0458 .8539 .0458 .8239 
D.P. (11-28) .0458 .7212 .0458 .6198 .0458 .6576 

S.C. (11-30) .0458 .6990 .0458 .9037 .0458 .8239 
C.M. (1-30) .0458 .2924 .0458 .3665 .0458 .5229 
C.M. (1-31) .0458 .5686 .0458 .1337 .0458 .3979 
W.K. (2-9) .0458 .6990 .0458 .1367 .0458 .4559 
S.C. (2-23) .0458 1.0 .0458 .2216 .0458 .1249 

M.P. (2-27) .0458 .7212 .0458 .2007 .0458 .6198 
C.M. (3-2) .0458 .6778 .0458 .3372 .0458 .5686 
M.P. (3-9) .0458 .6990 .0458 .4437 .0458 .1367 
S.C. (3-16) .0458 .8239 .0458 .1938 .0458 .1871 
D.P. (3-20) .0458 .3665 .0458 .3188 .0458 .2676 

M.P. (4-24) .0458 .6778 .0458 .5086 .0458 .5086 
A.H. (4-26) .0458 .6021 .0458 .4685 .0458 .5224 
B.C. (4-30) .0458 .9208 .0458 .8861 .0458 .861 
D.P. (5-1) .0458 .5528 .0458 .4156 .0458 .3665 
M.D. (5-2) .0458 .6383 .0458 .5850 .0458 .3665 

A.G. (5-3) .0458 1.0 .0458 .8239 .0458 .4685 
M.P. (5-4) .0458 .7212 .0458 .6990 .0458 .6198 
M.P. (5-11) .0458 .9031 .0458 .7100 .0458 .6198 
E.O. (5-15) .0458 .7212 .0458 .6383 .0458 .4815 
A.G. (5-16) .0458 .9208 .0458 .8539 .0458 .5086 
B.C. (5-17) .0458 .4815 .0458 .4815 .0458 .4815 
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TABLE G-4 

SEROTONIN RELEASE DATA 

Donor Percent Uptake 
(Date) RT : MW ! I H 

D.V. (9-21) 86.82 86.16 87.72 
J.K. (9-26) 90.98 89.61 89.83 
D.S. (9-28) 91.34 91.31 90.84 
W.K. (10-4) 72.63 81.90 85.03 
J.K. (10-20) 88.83 89.60 88.02 

W.K. (10-20) 87.90 88.56 88.28 
D.F. (10-26) 83.90 86.43 87.48 
D.P. (11-7) 84.93 84.32 85.71 
J.R. (11-16) 85.49 84.89 85.70 
D.P. (11-28) 85.23 84.23 85.42 

S.C. (11-30) 86.17 86.90 86.67 
C.M. (1-30) 85.42 84.39 84.79 
C.M. (1-31) 77.49 75.36 78.93 
W.K. (2-9) 76.41 73.59 76.69 
S.C. (2-23) 85.27 83.26 82.53 

M.P. (2-27) 78.41 74.89 74.23 
C.M. (3-2) 78.85 78.99 79.59 
M.P. (3-9) 78.72 76.53 77.04 
S.C. (3-16) 82.03 78.82 79.46 
D.P. (3-20) 76.93 73.26 74.42 

M.P. (4-24) 80.56 77.20 76.62 
A.H. (4-26) 81.25 77.47 78.43 
B.C. (4-30) 81.24 75.55 72.15 
D.P. (5-1) 78.14 74.01 74.03 
M.D. (5-2) 80.78 80.87 80.18 

A.G. (5-3) 79.03 75.82 75.92 
M.P. (5-4) 81.99 78.31 78.31 
M.P. (5-11) 77.24 74.84 75.59 
E.O. (5-15) 70.89 68.92 69.50 
A.G. (5-16) 67.28 68.54 68.49 
B.C. (5-17) 79.71 75.83 78.52 
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TABLE G-5 

LDH ACTIVITY DATA 

Donor 
(Date) 

LDH Activity 
KT MW H FEP 

sonicated 

D.V. (9-21) 163.10 147.78 177.02 1382.10 
J.K. (9-26) 138.97 135.42 142.04 1046.21 
D.S. (9-28) 120.86 114.38 113.96 966.38 
W.K. (10-4) 165.42 157.76 172.37 915.77 
J.K. (10-20) 148.48 121.48 125.40 692.60 

W.K. (10-20) 126.75 133.68 142.10 506.24 
D.F. (10-26) 105.54 94.16 118.35 634.75 
D.P. (11-7) 107.74 96.00 87.20 504.15 
J.R. (11-16) 132.00 97.85 115.85 . 698.51 
D.P. (11-28) 82.04 86.94 94.06 716.43 

S.C. (11-30) 160.68 142.76 146.26 721.43 
C.M. (1-30) 141.57 145.25 136.59 852.58 
C.M. (1-31) 154.30 168.08 154.90 852.10 
W.K. (2-9) 130.27 116.72 111.87 809.20 
S.C. (2-23) 131.31 148.38 142.89 581.82 

M.P. (2-27) 154.85 184.08 187.64 1007.07 
C.M. (3-2) 120.94 123.27 125.51 695.13 
M.P. (3-9) 153.63 151.97 148.86 934.86 
S.C. (3-16) 143.96 155.08 144.16 828.32 
D.P. (3-20) 97.68 87.59 95.09 713.65 

M.P. (4-24) 153.08 158.90 162.73 807.06 
A.H. (4-26) 115.91 115.14 107.17 896.60 
B.C. (4-30) 154.35 162.97 149.48 756.02 
D.P. (5-1) 122.75 125.67 114.68 953.05 
M.D. (5-2) 175.92 176.45 • 166.67 1184.54 

A.G. (5-3) 152.44 160.14 151.54 730.19 
M.P. (5-4) 199.30 190.71 197.33 1036.26 
M.P. (5-11) 200.81 202.50 212.70 904.86 
E.O. (5-15) 171.77 169.87 175.44 1084.66 
A.G. (5-16) 198.61 196.79 195.69 839.00 
B.C. (5-17) 187.26 195.03 193.51 843.25 
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