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I t  is known that the physiological effects of alternating currents 
can be profoundly changed by changes in frequency. D'Arsonval (1) 
first showed that as the frequency of alternations is increased a point 
is reached where stimulation no longer occurs, and the subject merely 
feels a sensation of warmth and prickling in the skin. This critical 
frequency lies between 5,000 and 10,000 alternations per second, 
depending on the strength of the current (2). As the frequency is 
still further increased, the prickling sensation disappears till at 10' 
cycles per second heat production is the only effect which can be 
demonstrated. Accompanying the change in the physiological re- 
sponse with an increase of frequency, there is a change in the path of 
the current through the tissues. Whereas low frequency alternating 
currents confine themselves almost solely to the extracellular fluids, 
at a frequency of 10 e the current actually penetrates the living cell. 
I t  does this by reason of the thinness of the dielectric layer surrounding 
the ceil, which transmits the current by means of its capacitance (4). 
The heat produced at these frequencies can be wholly accounted for 
on the basis of ohmic resistance and dielectric loss (3). 

The  modern development of the vacuum tube oscillator has opened 
up a new field, as it has made it possible to investigate frequencies 
ranging from 1,000,000 to 158,000,000 and more cycles per second 
(300 meters to 1.9 meters). Very little analytical work has been done 
on the biological effects of these currents but it is believed that they 
differ fundamentally from those produced by any other type of 
electric current. The literature on the subject is apparently confined 
to three papers: 

Gosset and his coworkers (5) in 1924 published a report on the effect on plant 
tumours of radiations from a vacuum tube oscillating at 150,000,000 cycles per 
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second. They observed that massive exposures to these rays killed various types 
of plant tumours, death being preceded by an acceleration in their rate of growth. 
More recently Schereschewsky (6) has studied the effect of these rays on mice. 
With the apparatus at his disposal he was able to subject mice to lethal exposures 
at frequencies varying from 8.3 to 135 million cycles per second. He claimed 
to have shown that the lethality was maximal when the frequency lay between 
20 and 80 million cycles. This pheaomenon he ascribed to some selective action 
of these wave-lengths, suggesting that this might be in the form of electro- 
mechanical vibration of the living ceil caused by the rapid alternations in polarity 
of the field. He also observed that while the rectal temperature of a live mouse 
could be raised 5-6°C. by these currents, that of a freshly killed mouse could 
only be raised 0.1-0.7°C. in a similar length of time. This he believed was evi- 
dence to show that the heating effect with these currents was different from the 
diathermic effect observed at lower frequencies. 

Having shown that there might be a differential action upon tissue cells with 
regard to frequency, Schereschewsky proceeded to investigate the effects of these 
radiations on transplantable tumours. A total of 403 mice with the mouse 
sarcoma were treated by radiation at a frequency of about 67,000,000 cycles per 
second,--the frequency which had been found to be most lethal to healthy mice. 
The radiations were strictly localized to the mass of the turnout, so that any 
systemic effect was excluded. Out of the total of 403 mice treated only 5.5 per 
cent actually died of the tumour, 23 per cent recovered, and the remainder died 
from other causes. In 203 control mice, no case of spontaneous recession of the 
tumour was observed. Somewhat similar results were obtained with chickens 
that had Rous sarcoma. Microscopic sections of turnouts removed after radiation 
gave a picture res.embling coagulation necrosis. 

In a small series of experiments a frequency of 135,000,000 cycles was employed, 
but these radiations were found to have no demonstrable effect on the turnouts, 
which seems to him to support his hypothesis that a specific frequency may be 
essential. 

In short, Schereschewsky thinks that there are certain wave-lengths which have 
a specific lethal action on living cells. This specific band of frequency lies, he 
says, between 20,000,000 and 80,000,000 cycles per second (i.e. between wave- 
lengths of 15 and 3.8 meters). This same band he says also destroys trans- 
plantable tumours in mice and frequencies outside this band have no demonstrable 
effect. 

These  observat ions ,  if confirmed, m a y  obv ious ly  have  a wide range  

of interest  in biology and  medicine.  P rev ious  work,  however ,  had  
convinced  us t h a t  the  biological effects of  cur ren ts  of  lower f r equency  
could be explained solely on the  basis of hea t  p roduc t ion .  I t  was  of 

g rea t  interest  to  us, therefore,  to  find ou t  whe the r  the  same was  t rue  
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of currents of higher frequency, or whether  some specific action on 

living cells existed. 

Apparatus. 

1. Generation of High Frequency Oscillations. 

As is well known, the natural  f requency of an oscillating circuit is 
made as high as possible by  reducing the value of its inductance and 
capaci ty to the lowest possible limit. The  technique of constructing 
oscillating circuits of ultra-high frequency (above 100,000,000 cycles 

per  second) radiating relatively large 
amounts  of power is ra ther  new and 
has not  been generally described out-  
side of the l i terature dealing with 
radio transmission. 

To obtain a frequency of 150,000,000 
cycles per second (2 meters wave-length) 
we use two No. 852 radiatrons. These 
tubes are rated at 75 watts each and are 
especially designed for high frequency 
work as the grid capacity has been 
made as small as possible and this is the 
only capacity in our oscillating circuit. 
The inductance is a short straight piece 
of heavy copper tubing 6 inches long di- 
rectly connecting the grids of the two 
tubes (see Fig. 1). To lessen the frequency 
it is only necessary to substitute a longer 
piece of copper tubing. 

~~II0 ~olt A.C 

Fio. 1. Circuit used for wave- 
lengths less than 14 meters: A, 
plate transformer delivering 2,000 
volts to the plates. B and C, radio 
frequency chokes. D, 10,000 ohm 
grid leak. E, filament transformer. 

The plates are connected by another piece of copper tubing as shown in the 
diagram and the inductive coupling to the grid is varied by rotating the U-shaped 
piece until the position of maximum power output is obtained. These tubes 
radiate a very considerable amount of power. An ordinary 50 watt tungsten 
lamp with a small copper loop fastened to the base is lighted to full brilliancy 
when held near the oscillator. If a receiver is made by taking a thermoammeter 
and fastening two short pieces of copper tubing to the binding posts thus making 
an antenna 1 meter long (i.e. a hal/wave-length) with the meter in the center 
and placed 30 feet from the oscillator a deflection of over 50 milliamperes is ob- 
served on the meter. 

The exact wave-length of the radiation is measured by the usual method, on 
'Lecher wires." Two parallel wires are strung near the oscillator and the system 
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of standing waves induced in these wires is determined with a neon light and a 
movable bar connecting the wires; the distance between each nodal point is a 
half wave-length. For wave-lengths longer than 14 meters we have used the 
conventional Hartley circuit with a 250 watt tube. 

2. Utilization of Oscillator Output. 

T o  u t i l i ze  t he  osc i l l a to r  o u t p u t  a s imple  r e sonance  c i rcu i t  was  u sed  

in  w h i c h  the  size of  t he  condense r  p l a t e s  was  k e p t  cons t an t ,  a n d  t h e  

i n d u c t a n c e  v a r i e d  to  a t t a i n  resonance .  

At wave-lengths of 6.0 to 1.9 meters an ammeter was placed in the center of 
the inductance and at 14 to 38 meters the ammeter was placed adjacent to one 
plate of the condenser. (An exception was made in this procedure in the first 
series of experiments when at  2 meters the ammeter was placed adjacent to the 
condenser plate.) By inserting any poor dielectric, such as a mouse, in the 
electrostatic field between the plates of the condenser there will be considerable 
dielectric loss, leading to the production of heat. In other words, a mouse 
suspended in this field will be subjected to an alternating current of the same 
frequency as that emitted by the vacuum tube oscillator. As the electrostatic 
field between the condenser plates is certainly not a homogeneous one, i t  was 
obviously necessary to maintain the position of the mice in the field constant with 
regard to the condenser plates. To do this they were inserted into a Pyrex 
glass tube of such dimensions that  a 20 gin. mouse was able to crawl into the 
tube but could not move from side to side. With the mouse in the fundus of the 
tube, its movements were still further limited by the insertion of a glass disc 
supported by a rod which was embedded in a rubber stopper in the open end of 
the tube (Fig. 2). I t  was found that the condensation of moisture from the mouse 
on the walls of the tube could lead to considerable heating of the glass, when the 
current was turned on. The condensation of moisture was especially marked 
round the animal's buttocks. To prevent this the air used for ventilation was 
warmed and kept as dry as possible (vide infra) and a small vent for the escape 
of air was made through the cork as well as at the fundus of the tube (Fig. 2). 
By this means more ventilation was brought to bear on the animal's buttocks 
than elsewhere and heating of the glass was satisfactorily prevented. The tube 
containing the mouse was inserted between the plates so that  it  lay horizontally, 
with the mouse as nearly as possible in the center of the electrostatic field. 

3. Measurement of Current. 

I n  a r e sonance  c i rcu i t  such  as  has  b e e n  de sc r ibed  we  do  n o t  be l i e ve  

t h a t ,  w i t h  chang ing  f r equency ,  an  a m m e t e r  g ives  a n y  i n d i c a t i o n  of  t h e  

i n t e n s i t y  of t h e  r a d i a t i o n s  b e t w e e n  t h e  condense r  p l a t e s .  T h e  in-  

d u c t i v e  p a r t  of  t he  c i rcu i t  ha s  cons ide rab le  c a pa c i t a nc e ,  so t h a t  t h e  
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actual amount of current flowing in different parts of the inductance 
will vary widely. The ammeter will give a maximum reading at a 
point in the center of the inductance and a minimum reading at the 
point where the inductance joins the capacitance. Even if the am- 
meter is kept in the center of the inductance, a change in frequency 
would of necessity alter the amount of capacitance in the inductive 
part  of the circuit. This in turn would alter the ratio of the current 
flowing in the ammeter to the intensity of the field between the con- 
denser plates. From theoretical principles it is then obvious that 
any change in the inductance or capacitance of a circuit renders an 
ammeter reading meaningless with regard to the amount of energy 
delivered between the plates of the condenser. As will be shown 
later, it is easy to vary the ammeter reading and the energy between 
the plates quite independently by changing the inductance, capacitance, 
or position of the ammeter. I t  is only when the position of the 
ammeter and the structure of the circuit are kept constant that the 
ammeter reading is of any significance and this is obviously impossible 
if the frequency is to be changed. Also, any "skin effect" in the 
thermocouple will introduce an error, the magnitude of which will 
change with frequency. I t  was evident therefore that some method 
must be devised whereby the energy between the condenser plates 
could be measured directly. To do this we used as our standard the 
heat produced in a simple electrolyte when suspended between the 
condenser plates. 

The rate of heat production in an electrolyte under these conditions 
will constitute a direct measurement of the radiant energy between the 
plates, irrespective of frequency (7). 

In our first series of experiments on mice, we used as our standard the rate of 

heat production in 100 cc. of i-0 NaC1 in a glass cell. By this method successive 

observations under as far as possible similar conditions gave checks which only 
corresponded to within ~10 per cent. This was due in part at least to irregu- 
larities in heat production at the phase boundary between the electrolyte and air, 
and to the fact that the fluid had to be stirred. To obviate these sources of 
error a device like a large thermometer was constructed with the bulb contain- 

ing 20 cc. of ~ NaC1, coloured with sa/ranine, and the stem graduated to from 

15-35°C. When the bulb of the thermometer was suspended in the field between 
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the condenser plates, it was found that at any frequency checks agreeing within 
-4-1 per cent could be obtained provided the position of the thermometer and the 
various constants of the circuit remained unchanged. In the first series of observa- 

~00 NaC1 in a cell was used to gauge the strength of the radiations to which the tions 

mice were being submitted. At each frequency the tuned circuit was so ar- 
M 

ranged that with the cell in position, the ~ NaC1 heated at a rate of approxi- 

mately 0.5°C. per minute. The cell was then removed and the mice subjected 
to the radiations. In the second series of observations a somewhat different 

Fro. 2. Apparatus used to maintain a mouse under constant atmospheric 
conditions while suspended in the magnetic field. A, screw clamp to regulate 
air pressure. B, thermometer. C, water manometer. D, insulated mixing 
chamber. E, openings for escape of air. F, rod to keep mouse in position. G, 
mouse holder. H, source for air pressure. I, calcium chloride. J, electric 
heater. 

M 
procedure was adopted. During each experiment the ~(~ NaCI thermometer 

was suspended vertically in the field, immediately above the center of the mouse 
so that both were being heated simultaneously. The heat produced in the 
thermometer was taken as an index of the strength of the field between the con- 
denser plates. 

4. Maintenance of Constant Effective Temperature. 

Since it is known  t h a t  the  p roduc t ion  of hea t  is one of the effects 

p roduced  b y  these radiat ions,  it was t h o u g h t  advisable  to  keep the  
a tmospher ic  condit ions a round  the mouse  as far  as possible cons tan t .  

For this purpose air of constant humidity and temperature was forced through 
the mouse chamber at constant pressure (Fig. 2). The humidity was reduced 
to approximately zero by passing the air through calcium chloride. The tern- 
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perature was then raised by means of an electric heater to from 22-24°C. This 
warm dry air was then passed into the mouse chamber at a pressure of 30 ram. of 
water. The air was especially suitable for ventilation as it was below the 
"comfort zone" (8), and prevented moisture from condensing on the walls of 
the mouse chamber. 

Even under these standardized conditions it was found that a considerable 
variation existed in the response of mice to any given quantity of current. Some 
mice made efforts to escape from the chamber and soon died while others com- 
pensated by quietly panting and survived for a longer time. Since variations 
due to this individual factor diminished as the current strength was increased, 
we decided to use more powerful radiations than did Schereschewsky. Also 
since the effectiveness of the heat-regulating mechanism of a mouse var ied 
greatly with slight changes in the current strength, we believe that measurements 
of the amount of current required to kill the animal in a given length of time are 
of more significance than measurements of the time taken by a fixed quantity of 
the current to kill the animal. However, both methods were used in the experi- 
ments about to be described. 

5. Measurement of Temperature in Mice. 

To obtain  a record of t empera tu re  changes in a mouse,  special 

the rmomete r s  were constructed,  of such dimensions t ha t  they  could be 

inserted into the mouse ' s  rectum.  This  was perfect ly  sa t is factory for a 

live mouse,  bu t  it  was early found tha t  wi th  a dead mouse which had  

been subjected to the radiations, a wide range of error existed. The  
distr ibution of hea t  was very  irregular,  so t ha t  if the bulb of the 

the rmomete r  were held jus t  inside the rec tum a higher t empera tu re  

was recorded than  if i t  were inserted into the abdominal  cavi ty .  I n  

the first series of experiments  the rectal t he rmomete r  was used  to 
measure  the  t empera tu re  af ter  death.  Care was taken  to h a v e  the 

bulb lying in the abdominal  cavi ty ,  not  touching the spine. Even  

with  these precaut ions a considerable marg in  of error undoubted ly  

persisted in the dead mice which were radiated,  as a slight m o v e m e n t  

of the t he rmomete r  often caused a change of as much  as 2°C. 

To  obvia te  these sources of error a me thod  was devised whereby  the 
t empe ra tu r e  of the mouse  could beces t imated  calorimetrically.  

For the purpose a Dewar flask was used, of such dimensions that when closed 
with a rubber stopper, it could just hold a 20 gin. mouse and 130 cc. of water. 

I n  the stopper were two openings through one of which was inserted a ther- 
mometer and through the other a glass tube to allow for the escape of air when 
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the stopper was inserted. The technique for estimating the caloric increase in a 
mouse after subjecting it to the radiations was as follows: The rectal tempera- 
ture of the mouse was taken before radiation, and immediately after death the 
animal was plunged into the Dewar flask which had been filled with 120 cc. of 
water at room temperature. The stopper was then inserted and the flask allowed 
to stand for 20 minutes, being gently agitated every 5 minutes. By this time an 
equilibrium had been reached and the increase of temperature in the water 
could be read. The weight and specific heat of the mouse being known, it was 
possible to calculate the increase in calories brought about by exposure to the 
radiations. This was done by subtracting the number of calories as calculated 
from the rectal thermometer reading, from the number of calories as measured in 
the calorimeter. From the caloric increase, the temperature increase could be 
calculated. As no figures were available for the specific heat of mice, this had 
to be determined directly. To do this 8 dead mice of known weight were placed 
in an incubator at 40°C. for 6 hours. They were then placed in the calorimeter 
and the increase of temperature in the water observed, as described above. I t  
was found that on an average the observed temperature increase was 69.2 per 
cent of what one would expect if an equal weight of water at 40°C. were poured 
into the flask. The actual figures obtained varied from 64.7 per cent to 73 per 
cent, but as all the data obtained by this method were used in a relative rather 
than in an absolute manner, a mean of 70 per cent was considered sufficiently 
accurate for our purpose. When we say that 0.7 represents the specific heat of 
mice we realise that this factor includes corrections for various sources of error 
in the method, but we consider this to be of advantage, since it is in the increase 
of temperature and not in the specific heat of mice that we are interested. 

EXPERIMENTAL. 

T h e  exper iments  a b o u t  to  be descr ibed na tu r a l l y  fall in to  three  

groups  which  can conven ien t ly  be considered separa te ly .  T h e  first 

series of exper iments  were p l anned  to  find if the  le thal  na tu r e  of these 

radia t ions  was  s t r ic t ly  p ropor t iona te  to their  in tens i ty ,  i r respect ive of 

f requency ,  or  if cer ta in  frequencies h a d  a specific le thal  ac t ion  on 

l iving cells. These  exper iments  indicated  the  need  for cer ta in  refine- 

m e n t s  of  t echnique  which  were inco rpora t ed  in the  second series. 

T h e  th i rd  series was  p lanned  to  find the  ac tua l  cause of  dea th  in 

animals  subjec ted  to  these radia t ions .  

First Series. 

The procedure in this series of experiments consisted of subjecting live mice 
to the radiations by means of the tuned auxiliary circuit and ventilated mouse 
chamber described above. The amount of current flowing in the auxiliary circuit 
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was measured by means of an ammeter and also by the amount of heat produced 
M 

in 100 cc. of ~ NaCI (vide ante). The condenser plates were kept about 3 cm. 

apart. Temperature measurements were made on the mice before and after 
radiation by means of a rectal thermometer. In  all, four wave-lengths were in- 
vestigated: 2, 6, 14, and 38 meters. In  the last three of these several different 
current strengths were used. At each current strength, from 2 to 10 live mice 
and from 3 to 13 dead mice were radiated and the temperature increase in each 

TABLE I. 

Effect on Live Mice of Lethal Exposures, and on Dead Mice of Exposures of Similar 
Duration and Intensity. First Series. 

Fre° 
quency 
X 106 

cycles 
per s~.  

150 
5O 
5O 
21.4 
21.4 
21.4 
21.4 
7.9 
7.9 

Wav~- 
length 

m e ~ s  

2 
6 
6 

14 

14 
1 4  

14 
38 
38 

Current 
strength 

~mp~ss 

1 . 3 5  

1.6 
3.0 
1.0 
1.6 
1.8 
2.2 
0.55 
0.65 

Rate of 
heating of 

M/10 NaC1 

in cell per 
min. 

°C. 

0.54 
0.08 
0.47 
0.40 
0.98 

0.45 

Number of 
mice 

Alive 

9 
2 

10 
6 
8 

4 

5 
6 
2 

Average duration 
of exposure 

Dead Alive Dead Alive 

mln. mi•. °C. 

12 4.79 4.71 4.99 
2 20.8 20.5 4.3 

13 4.90 4.86 5.17 
6 5.05 5.11 4.28 
7 3.76 3.71 4.63 
5 3.47 3.36 5.62 
7 2.62 2.58 5.18 
3 5.3 5.3 5.35 

4.25 - -  5.35 • - -  . 

Average 
temperature 

mcrease 

Dead 

°C. 

5.77 
8.1 
5.17 
3.6 
3.97 
4.08 
3.95 
5.30 

Average tem- 
perature increas~ 

per rain. 

Alive Dead 

*6'. *6'. 

1 . 0 5  1 . 3 9  

0.21 0.40 
1.05 1.06 
0.86 0.70 
1.21 1.08 
1.55 1.20 
2.01 1.76 
1 .01  1 . 0 0  
1 .25  • h 

mouse was recorded. I t  was found at all frequencies that, within the limits of 
M 

error, the rate of heating of the ]-6 NaC1 was proportional to the rate of heating 

of live and dead mice, and also to the time taken to kill the live mice (Table I). 
The amperage on the other hand bore no relationship to any of these figures when 
the frequency was changed. For example, with the current of such a strength 
that the salt solution heated at 0.4-0.54°C. per minute, mice were killed in from 
4 to 5 minutes at all frequencies and their rate of heating was approximately I°C. 
per minute. The amperage, however, varied from 0.55 to 3.0 as the frequency 
was changed. 

The  rate  of heat  product ion in dead mice was found to be on an 
average approximately  the same as tha t  of live mice at  all frequencies. 
This is cont ra ry  to what  was found b y  Schereschewsky. The  dis- 
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crepancy can readily be explained by  the fact that  we deliberately 
allowed the dead mice to cool down to room temperature before being 
radiated, while Schereschewsky radiated them immediately after 
death. We found that a dead mouse at 38°C. loses heat at  a rate of 
more than I°C. per minute, so that  in Schereschewsky's experiments 
heat was being lost by  the mice almost as rapidly as it was being 
generated in them. This obviously only applied to dead mice, as 
the metabolism of a live mouse is in itself sufficient to maintain a 
constant temperature. To show experimentally that this explanation 
is valid, we subjected three groups of mice to radiations at 2 meters 
wave-length, the auxiliary circuit and the average duration of ex- 
posure in each group being kept constant. The first group consisted 
of live mice, the second of freshly killed mice, and the third of dead 
mice which had been allowed to cool to room temperature. The 
temperature increase in these three groups averaged 4.42°C. for the 
live mice, 1.2°C. for the freshly killed mice, and 5.9°C. for the cooled 
dead mice. 

I t  is apparent from this experiment that  Schereschewsky's observa- 
tion that currents of certain frequencies will raise the temperature in 
living mice to a greater degree than in dead mice can be explained not 
on the basis of specific properties of the radiations, but  simply by  the 
fact that the dead mice lost heat during exposure to the rays while the 
live mice did not. 

Second Series. 

The technique used in this series was similar to that used in the 
first with three exceptions. 

The temperature of the mice after radiation was measured calorimetrically; 
M 

the strength of the current was measured with the ~-~ NaCI thermometer; and 

measurements were made of the distance between the plates of the condenser in 
the auxiliary circuit. As we believe that the observations in this series have a 
much higher degree of accuracy than those in the first series, they will be given 
in greater detail. Observations were made at 5 wave-lengths, 1.9, 3.2, 6.0, 14.0, 
and 36.1 meters. At each frequency a group of mice were radiated with the 

M 
current at such a strength that the ~-~ NaC1 thermometer was heated at a rate 

of 0.5°C. per minute. Under these circumstances it was found that between 6.0 
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and 36.1 meters the animals were killed in from 3 to 5½ minutes while at 3.2 meters 
they were killed in from 6 to 12 minutes and at 1.9 meters in from 8 to 13½ minutes 
(Table II,  Fig, 3). The rate of heat production in these mice and also in dead 
mice exposed to the same amount of current was found to bear the same relation- 

ship to the heating of ~-~ NaC1 at the various frequencies. At 36.1, 14.0, and 6,0 

meters the rate of heating in the groups of live mice averaged 1.95 °, 1.88 °, and 
1.90°C. per minute and in the groups of dead mice 2.64 °, 2.75 °, and 2.55°C. per 

T A B L E  II. 

Effect on Live Mice of Lethal Exposure and on Dead Mice of Exposures of Similar 
Duration and Intensity. Second Series. 

Fre- Wave- Current 
quency length strength X lOs 

cycle, s 
per se¢. meters am#eres 

[58 1.9 4.3 
t58 1.9 3.4 
158 1.9 3.8 
158 1.9 4.2 
93.7 3.2 1.4 
93.7 3.2 1.7 
9 3 . 7 : 3 . 2  2.0 
93:7 3.2 4.9 
50.0: 6.0 1.5 
21,4 14.0 1.2 
8 . 3  36.1 1.0 
8.3~ 36.1 1.0 
8.3 I 36.1 1.05 

Rate of 
heating of 

~120 NaC1 

per rain. 

*C. 

0.52 
0.59 
0.65 
0.74 
0.37 
0.53 
0.65 
0.74 
0.48 
0.51 
0.30 
0.49 
0.60 

Dis- 
tahoe 

between 
plates 

cm. 

4.2 
2.9 
2.9 
2.9 
4.9 
4.9 
4.9 
4.9 
2.9 
2.9 
4.2 
2.9 
2.9 

Num.ber of 
inlee 

Alive :Dead 

Average 
dura tlon of 

exposure 

Alive Dead 

rain. mln. 

9.6 10.1 

Average 
temperature 

~ncrease 

Alive Dead 

°C. °C. 

5.59 14.5 

Average 
temperature 

i~lcrease 
per rain. 

[ Alive Dead 

*C. *C. 

10.563 1.41 
- -  7 . 2  

- -  4.83 - -  
- -  3 . 3 5  - -  

29.8 
6 9.8 10.1~ 

6 . 6  - -  

- -  5 . 1  - -  

6 4.58 4.53 
6 4.1 3.97 
3 11.2 11.6 
6 4.35 4.7.3 
- -  2.25 

6 . 6 0  - -  

5.53 - -  
6.40 - -  
4.90 - -  
5 . 9 6  11.9 
4.70 - -  
4.60 - -  
8.53 11.50 
7.69 10.87 
8.60 11.43 
8,27 11.83 
4.70 - -  

3.895. - -  
!1.115 
;I .90 
0.16 
).626 
0.73 . - -  
~0.94 
1.90 
!1.88 
0.79 
'1.95 
2.58 

1.16 

2.55 
2.75 
1.00 
2.64 

minute. At 3.2 and 1.9 meters, 
0.56°C. per minute and the dead 
(Table II ,  Figs. 4 and 5). 

however, the live mice heated at 0.63 ° and 
at 1.16 ° and 1.46°C. per minute respectively 

The  significance of these figures will be discussed la ter ,  bu t ,  in  brief,  

i t  would  appea r  t h a t  the  le tha l  n a t u r e  of the  r ad ia t ions  a n d  t he  

a m o u n t  of hea t  t h a t  t h e y  genera te  in  mice, r ema in  c o n s t a n t  u p  to a 

f r equency  of a b o u t  50,000,000 cycles (6 me te r s  wave- leng th) .  W h e n  

this  f r equency  is exceeded, however,  b o t h  the  hea t  p r o d u c t i o n  a n d  t he  

l e tha l i ty  d iminish .  Observa t ions  of a s imi lar  n a t u r e  to those de- 
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scribed above b u t  wi th  other  rates  of heat ing of the saline the rmomete r  
pointed  to the  same conclusions (Table I I ) .  For  addit ional  confirma- 
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4 6 8 10 12 1~ t6 lI~ 20 ZZ ~ Z5 ~ ~0 5Z' ~ 56 ~ 40 
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FIO. 3. Curve showing duration of lethal exposure for mice. The ordinates 
represent t~me in mLnutes; the abscissae the wave-length in meters of the radiations 
to which the mice were exposed. At each wave-length the radiations were of 

M 
such strength that the ~ ~TaCI thermometer was heated at the rate of 0.5°C. 

per minute. 

C? 

~0 ~D 
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) a  i~ i /  
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Fro. 4. Curve showing the rate of heating in mice when subjected to a lethal 
exposure. The ordinates represent the rate of heating in °C. per minute; the 
absciss~ the wave-length Lu meters of the radiations to which the mice were 

exposed, At each wave-length the radiations were of such strength that the 

NaC1 thermometer was heated at the rate of 0.5°C, per minute. 

t ion observat ions were made  on the amoun t  of current  required to kill 
the mice in approximate ly  5 minutes.  Under  these circumstances the 
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saline thermometer heated at a rate of 0.5°C. per minute at 36.1, 
14.0, and 6.0 meters, at 0.74°C. per minute at 3.2 meters, and at 0.65°C. 
per minute at 1.9 meters (Table II, Fig. 6). This diminution in 
lethality at the higher frequencies was also suggested by the experi- 
ments made in the first series, although the change was within the 
limits of experimental error. 

In this series of experiments we also found that the elevation of 
temperature in dead mice was considerably greater than that found in 

C 
3.5 

30 

~eo 25 

~.~ Z.O 

~a-lo . , , 

o.5 

00 Z 4 6 6 10 12 14 16 18 20 22 24 26 28 30 3Z 3~ 36 38 40 
V/&ve~iength in metev~ 

FIG. 5. Curve showing the rate of heating in dead mice when subjected to the 
same exposures as had been shown to be lethal to live mice. The ordinates 
represent the rate of heating in °C. per minute; the abscissae the wave-length in 
meters of the radiations to which the mice were exposed. At each wave-length 

M 
the radiations were of such strength that the ~-~ NaC1 thermometer was heated 

at the rate of 0.5°C. per minute. 

live mice. The average increase in 59 live mice was 6.31°C. while the 
average increase in 33 dead mice subjected to an equal amount of the 
current was 12.01°C. The discrepancy is what one would expect if 
heat were being generated in both the live and dead mice at the same 
rate. Heat loss in the dead mice was reduced to a minimum, while 
in the live mice the heat-regulating mechanism was allowed to 
operate unhampered. I t  will be remembered that  in the first series 
we found live and dead mice to heat at much the same rate. The 
method used for making temperature measurements was ~ml t t ed ly  
inaccurate in this series, especially when dead mice were employed. 
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As in the first series so in this, we could find no direct relationship 
between the amperage, the lethal effect on mice, and the heating of 
saline. I t  will be seen from Table II  that the amperage as shown by 
the meter may be varied by altering the constants of the tuned circuit 
while the current passing between the plates as measured by the rate 
of heating of the saline thermometer remains unchanged or changes 
independently. This is in accord with the theoretical considerations 
given earlier in the paper, and demonstrates the fallacies underlying 
the use of the ammeter in an investigation of this type. 

~-~ 
~.fl 

C. ~ 

0.8 

07 

0.6 
0,5 

0.4 

0.3 
0.Z 

01 
0 

x~q'ith current su~[iclent to Rill mouse in 4-5 minutes 

10 12 14. 16 18 20 22 24 Z6 28 30 32 34 38 38 
Wave-len~th in met~e~ 

Z 4 6 8  

Fro. 6. Curve showing the rate of heating in t h e ~  NaCI thermometer, when 

subjected to radiations of such strength that mice were killed in from 4 to 5 
minutes. The ordinates represent the rate of heating in °C. per minute; the 
absdss~ the wave-length in meters of the radiations to which the mice and 
thermometer were exposed. 

Third Series. 

I t  has been shown that radiation with these currents is always 
accompanied by heat production. In the 120 mice which are included 
in Series I and I I  the increase in temperature observed when mice were 
killed by  the radiations ranged from 2-9°C. with an average of 5.7°C. 
(Fig. 7). Before we could ascribe the death of these animals to the 
increase of temperature it was obviously necessary to find exactly 
what increase could be tolerated by the normal mouse. To do this 
two series of experiments were performed. 
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In  the first experiment 4 mice were placed in an incubator at 60°C. and im- 
mediately after death, which occurred in 8 to 10 minutes, the temperature in- 
crease was found to average 6.65°C. In  another series 6 mice contained inside 

9 

7 

3 

1 

0 2 .4 6 6 10 12 14 16 18 20 22 24 26 25 30 32 34 36 38 40 
Waveqength in metee~ 

FIo. 7. The black dots and crosses represent the temperature increase at death 
in mice which had been subjected to lethal exposures of the radiations. The 
circles and squares represent the temperature increase at death in mice killed by 
exposure to environmental heat. The ordinates represent the temperature in- 
crease in °C.; the abscissae the wave-length in meters of the radiations to which 
the mice were exposed. 

T A B L E  I I I .  

Effect of Subletkal Exposures on Frogs. 

Wave- Current Duration 
of i 

length strength exposures I 

melees aml~eres rain. 

2 1.35 10 
6 3.0 5 

Temperature increment 

1st 2nd 3rd 4th 5th 
exposure exposure exposure exposure exposure 

°C. °C. °C. °C. *C. 

10.04 10.03 8.10 7.60 
15.3 8.05 6.2 7.3 9.4 

(10 rain.) 

Highest 
tempera- 

ture 
reached 

°c. 
34.2 
37.0 

ventilated tubes were introduced into a water ba th  at 56°C. The average time 
taken was 4.47 minutes and the temperature increase 6.08°C. These experiments 
are represented in Fig. 7. The dose agreement between the temperatures lead- 
ing to death in the experiments and resulting from the radiations is apparent. 
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Several experiments were performed to show that  these currents are 
harmless apart from their heating effect. In the first experiment 2 
mice were subjected to 2 meter radiations of a strength to produce 
death in about 5 minutes. At 2 minute intervals the current was 
stopped for 2 minutes. Each mouse readily endured a total of 10 
minutes radiation. Because of the poor circulation in the tail, over- 
heating of this organ occurred with the result that it was lost (9). 

In the next experiment frogs were used. 

The technique of exposure to the currents was the same as that used with mice. 
Radiation was continued for from 5 to 10 minutes, when the groin temperature 
was taken, and the frog immersed in cold water. Mter the animal had cooled, 
the procedure was repeated. At 2 meters 4 exposures were without harmful 
effect although the temperature rose from 7.5-10°C. at each exposure. At 6 
meters 5 exposures were borne although at the first, a temperature of 37°C. 
was reached and the animal lay as if dead (Table III). Thus if the systemic 
temperature be kept within tolerable limits, no ill effects result from even pro- 
longed exposures to these radiations. 

DISCUSSION. 

The results of these experiments are definitely at variance with those 
obtained by Schereschewsky. They show that the lethal nature of 
these radiations is proportionate to the intensity of the field up to a 
frequency of about 50,000,000 cycles. At frequencies higher than this, 
the lethality of the radiations appears to diminish. I t  must be realised 
that  the standard of current strength was the intensity of the electro- 
magnetic field and not necessarily the amount of current induced in 
the mouse. We believe that  in this lies the explanation of the 
apparent diminution in lethality and that  changes in the dielectric 
constant of the mouse cause a diminution in the amount of current 
induced in it. From Debye's equation for the dielectric constant as a 
function of frequency and viscosity it is apparent that in the region 
of the shorter wave-lengths it is possible that  the highly viscous 
elements of the mouse (fat, epidermis, bone, etc.) begin to play an 
important part  in its dielectric properties, and either diminish or 
increase the power loss. An analysis of the causes of deviation in this 
region is impossible, both because the dielectric properties of the con- 
stituent parts of the living organism are unknown (10) and the power 
loss in simple solid dielectrics has not yet  received adequate theoretical 
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treatment. I t  should be noted, however, that at wave-lengths less 
than 6 meters a mouse ceases to behave in the same manner as an 
electrolyte, since a deviation of the type found requires the introduc- 
tion of heterogeneity. Changes in the dielectric constant of the mouse 
at these very high frequencies would entail a readjustment of the field 
in the condenser, causing a change in the ratio of power loss between 
the mouse and the saline thermometer. Curves of the type observed 
in Figs. 3 to 6 might easily be obtained with a system more simple 
than a mouse, and hence although it is not at present practicable to 
analyse the factors causing changes in the dielectric properties, the 
phenomenon in essence is not at all incomprehensible in its physical 
aspect. The results of our experiments certainly do not suggest that 
any specificity exists with regard to the action of any particular wave- 
lengths on living cells. They do indicate that the lethal effect of these 
radiations is diminished at the very low wave-lengths, but we believe 
that this is due to less current being induced in the mouse. 

We have mentioned the errors involved in the use of a thermo- 
couple ammeter for measurement of the intensity of the eletrostatic 
field between the condenser plates. In the auxiliary circuit used by 
Schereschewsky the error due to skin effect would increase with the 
frequency while the error due to the capacity of the inductance would 
decrease with frequency. In his experiments he kept the milli- 
ammeter reading constant but the intensity of the field between the 
plates was certainly changing. Since this change would be, in part at 
least, governed by the two factors mentioned above, the type of curve 
which he obtained for the lethal effect of these radiations on mice, 
might only represent changes in the intensity of the field. 

The lethal effect of these currents can be fully accounted for on the 
basis of heat production. We believe that the production of this heat 
is strictly analogous to that observed in diathermy, being generated 
by the resistance of the tissues and dielectric loss. Considerable 
evidence is a t  hand to support this statement. Lethal doses of the 
current, at all frequencies are accompanied by the same degree of 
temperature elevation. Heat production in dead mice parallels that 
in live mice irrespective of frequency. Sublethal doses given to mice 
are without ill effects apart from those which can be accounted for by 
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the local accumulation of heat. Animals which are poikilothermic can 
be given prolonged exposures without any harmful effect provided the 
systemic temperature be kept below the lethal point. Moreover, we 

believe that the data presented by Schereschewsky can also be ex- 
plained on the basis of heat production by the induced alternating 
currents. Our interpretation of what he believes to be a specific 
band of wave-lengths has already been described and a simple ex- 
planation has been furnished for the fact that in his experiments dead 
mice heated less readily than live ones. The effect of these rays on 
turnouts may also in all probability be accounted for on the basis of 
heat production. Schereschewsky states that the turnouts did not 
feel hot but on the other hand the microscopic picture of the tumours 
after radiation suggested coagulation necrosis. It should be borne in 
mind that any heat developed in the tumour would rapidly be dis- 
seminated after the current was turned off. Direct temperature 
measurements in the substance of the tumour during radiation would 
be necessary to rule out the probability that the structural changes 
observed were not the result of heat. In fact in our opinion the burden 
of proof still lies on those who claim any biological action of high 
frequency currents other than heat production. 

SI.IM~ARY AND CONCLUSIONS. 

1. Biological effects of electromagnetic waves emitted by a vacuum 
tube oscillator have been studied at frequencis ranging from 8,300,000 
to 158,000,000 cycles per second (1.9 to 38 meters wave-length). 

2. The effects produced on animals can be fully explained on the 
basis of the heat generated by high frequency currents which are 
induced in them. 

3. No evidence was obtained to support the theory that certain 
wave-lengths have a specific action on living cells. 

4. At frequencies below 50,000,000 cycles, the effect of these radia- 
tions on animals is proportionate to the intensity of the electro- 
magnetic field. As the frequency is increased beyond this point, the 
amount of induced current is diminished and the apparent lethality of 
the radiation is decreased. This can be explained by changes occur- 
ring in the dielectric properties of tissues at low wave-lengths. 
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