
Consider a body of heat sapacity C (cal/degree) which 1s being heated by an internal 

source S (cal/sec. ) and is-cooling according to the law 

cal lost/sec.= 'A. a(T -,T) 0 . 

where 'A. (cal/i:ec. cm. 2 degree)·is the loss per unit time per unit area for a.unit temperature 

differential and a is the surface area of the body. Then 

(cal gained in dt) = C dT.= S dt - 'A. a(T - T0 ) dt 

where dT is the temperature change in dt. O~/, 'T(t) i_s governed by; 

dT 

dt 
= 

s 
- - k(T - T ) C . o 

•: 

' J , .. ,(l] 

where k(sec.- 1 ) = 'A.a/C. In the above it is assumed that Sand Tare spatially uniform and 

that T is the external or environmental temperature. If spatial uniformity does not•obtain,, 

it can°be shown that [l] still.applies if T and Sare replaced by their spatial or volume 

means and k has a different physical connotation (i.e., k f 'A.a/C) but still represents a 

formal" cooling constant" in te1111S of the (spatial) average or mean temperature. 
1 

'
2 

• 

i,',. 

In the situation at hand, T and S are not uniform hut we wish to show that T( t), mE,asured 

at a fixed point in the body· (e.g. point of maximum terrperature) does in fact obey an equation 

of type [l] wherein moreover, a specific assumption is made relating S/C to a known'~xternal 

energy field, and T
0
.is taken to be !:,he "normal initial temperature" (i.e., the temperature "· 

in the absence of the external field) .. 

In particular assume 

S/C = K'I 
[2] 

where I is the field i~tensity and K' is of the nature o'f a" pick up" or "-dissipation" coef

ficient, and independent of T and of the explicit time t. Then [l] is 

dT I ( --= Kl-kT-T) 

Denote the steady-state temperature by T9 , and define the 
dt , . 

0 

temperature rise·at any t 
""t ~•t."!_ ~ 

• i. '6 .T( t)'.•= T( t) -· T ,-
. ' ' 0 

and in the steady-state 

I 

Then [3] can be written ' . '. ''. ~ .t ' , , 

,d 6 T , 
--'· =' k(KI - b. T) . 

dt . ·;,~ .,, ' •". 

' . ·. ~. 

where K .= K' /k. 
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,· 

" 'The general integr~l of (6) -is " · · · 
,l _,. " ~ ..,.: ·,,..,.( ,, f, ,r .• ,~ • 

\ l 

. b. T( t) = KI{l, -, e~~t>; ; t:,. {l'(O)e•kt 
[7] 

It 1s clear from [7], · and otherwise obvious from [6] wi:~h d 6 T/dt,::: 0, that 
., 

!i ... 
• _} I 

"I • ~ r. . I!'. 

6 T •= KI '·· s ~ . 
·~ •;.. '"""' .., ,. ti' 

.; I f 

... [8] 
·' 

Thus [7] may be written as , ' 
"' .,. • ' • ~ '. Jt /.- \ '· ' ,' ft ,,. 

'b. T(t) = b. T (1 - e•kt) + b. T(O)e•kt , 

., r 
[9] 

'I" I oN '. 1~ ,. • '":) j i ,f ~ ( I• 

The assunptions embodied in [2] can be checked through [Bl which predicts ,th~ ·steady

state rise in temperature to be proportional to I. In particular the slope of the .line [8] 

estimates ,K. The .result [8] depends, of·course, upoti the assumed form, k(T ~ T-0 ), for the 

cooling law but this can be validated separately, and independently of ass~~ion [2], as 

follows: If the body is heated, heating is stopped {i.e., I made zero), and time is reckoned 

from the instant of cessation of heating, then from that instant on, b. T(t) ob~ys (from [7] 

with I= 0) • 

, 6. T(t)" = bi. T(O)e•kt [10) 

and under these conditions a semi-log plot of the te"llerature rise.should be linear. The 

slope of this line estimates*-k. It is seen from [10] that beginning.with any arbitrary in

itial te"llerature rise, b. T(O), the time required for the tenperature rise to fall to 1/ e 

of this initial value is T = 1/k. Or, beginning with an initial rise, b. T(O), of zero (i.e., 

T(O) = T
0

, see [4] ) it folla.vs from [9] that at time T = 1/k the temperature rise achieves 

· the fraction 1 ~ 1/ e ~ . 67 of its 'final value;•• It is convenient to deal with this charac-

teristic tiine ·r . .. We c~nsider now o!llY situations :in which b. T(O) := O.· Then [9] is · 

.. ·1 .• •;., ! ~ . • ; 

'\' '\.,' I,. t:,. T(t) ' -th I b,. T(t) 
--- = 1 - e ·- ---
't:,. T - KI 

·S ,! 

[11] 

Consider a system being heated under fiel~ intensity I, its temperature ris; being given 

by [11]. Then for any t, and corresponding t:,. T(t), there exists !ill intensity I'.~ I which 

will produce a steady-state temperature rise equal to the observed temperature rise, bi. T( t), 

, at that time .• ; It is ,clear from· [7] that the .inequality I' ~ I is not valid unless b. T(O) ~ · 

i, Kl. . _But the agreement to consider. b. T(O) = 0 entitles· us to speak of \h~ reduce~ intensity,· 

· I', such that if the system is heated till time t ·under intensity I and at that time the 

intensity is instantaneously reduc~d to I', the temperature rise, b. T(t), which '~btained at 

that time will be maintained constantly and indefinitely. Plainly I' is .a function of t. 

and 'J but we do not display that fact in the notati~n. According to the argument leading 

to [8], I' is1 given by • 
... KI' = b. T(t) [12] 

and [12] into· [ll] yields· I' = 1 . e•t/T 
I 

[13] 

or 

ln (1 ~-) 
= -t/r 

I 
[14] 

• Also, k can be estimated in a slightly different fashion, see equation [14] and cf. text. 

•• Stated otherwise, at ti111e T = 1/k the fractional displace111ent of the temperature rise from its 

steady-state value is 1/e, i.e., 
L1 T - 6 T(t) 

• = 1/e 
6T 

s 

124 



/, 

According to [11), if we prescribe a temperatur~ rise, say b. T(t) =A~ KI, then given 
A there is for each time t, an intensity I such that the te114>erature 'rise 1s precisely 

'i 
A at time t. These times and intensities are relate~ by , 

A = KI(l ., e•t/r) · [15) 

For small t, 1.e., t <<r, 
K 

A--
'T 

I t = K' I· t 
'· 

[16) 

Thus over the range of sufficiently small t (and large I) the hyperbolic relation [16) holds. 
The slope of the initial linear portion of the log I vs. log t plot is -1, the ordinate inter

cept log (A/K' ). 
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APPENDIX B 

Early Lesions In Dog Testes Die To Microwaves 

INTRODUCTION 

r f This study was limited to early lesions resulting from an elevation in testicular temper-

h ature by 10-cm. microwaves _from a radar source.• Microscopic studies were conducted on 14 

k dogs following exposure confined to the gonadal region. Because of the mongrel population, 
h,' nµmbers involved, and the ,period selected for observat_ion'; testicle weights were of no value 

~. in this study. Normal dog testicular temperatures ranged from 30.30° to 36.25° C. * Testi-
; cular telJl)eratures in th~ treated animals varied from 36° to 44° C. The elevated temperature 

H• was.maintained in all but one case for 60 minutes. 
t' 
~- , , , ! · MATERIALS AND METHODS 

i. · Most of the dogs' testicles were removed surgically on the fourth day after exposure, the 

"'.,,remainder on the third or fifth day after exposure. Immediately after orchiectomy the testi

•.:cles were' sectioned and placed in Bouin' s solution. Following fixation, the sections were 

';trinmed, processed and embedded in paraffin by the usual techniques, and cut at 6 microns. 
; :·1Hematoxylin _and eosin; and Periodic Acid Schiff stains were employed. 
J, "' ' ,,_ 

I 

Two known cont~ol s~ctions and one.section from a testicle in which a temperature of 44° 

.i C., was maintained for 60 ~iriutes were first studied microscopically. Then the testicles from 

',,· 13'·dogs exposed to microwaves confined to the· gonadal region were evaluated as unknowns. An 
4 :, attempt was made .arbitrarily to, assess the degree of injury in terms of 1, 2, and 3 plus. 

i \~ose ,sectio~s- ,found to be indist:inguis~able from control sections were given a value of zero. 

P, .. ' ~- l . RESULTS 
r 

Control ·sections of dogs' ·testes are illustrated in 'figures 1 and 2. Minimal changes in 

the semeniferous tubules "following exposure to! microwaves were classified as 1 plus (fig. 3). 

;1:t,Jn these, the tubular lining had a fenestrated appearance and the cells appeared •to be grouped 

-' in columns, separated by· ~lear areas. This appearance may have resulted from loss of adhesion 

'; between the celis, and was limited to those tubules immediately adjacent to the capsule. As 
. '. can be seen in figure 4, the more centrally placed tubules in the same testis were indis

fr;"'tinguishable from control sections. With one exception this change was not seen, at the post-

' exposure time interval studied, in testicles with a temperature below 39° C. (table 1). 

The upper limit of exposure accompanied by. al plus reaction was approximately 41° C. for 

60 minutes. Cme animal exhibited the 1 plu•s reaction after being exposed to 42 ° C. but 

the duration of exposure was only 5.5 minutes. The length of time as well as the extent to 
,;; · which the temperature· 1s raised is known to affect the degree of injury produced in the testis 

( 1 ) . , . '. .,., ,.,,. ~ , ' , ' ,, •· 
~ , ,is" 

The reaction arbitrarily classed as 2 plus is illustrated in figure 5. It is charac:terized 
by more marked dissociation of de . tubular lining cells as~ociated with focal areas of pyknosis 

nnd the appearance of giant cells in the l~ina. '. As with the 1 plus· reaction, the most se
verely involved areas iNere inmediately adjacent to the capsule, and the more central areas, 

as illustrated in figure 6,'; either appeared unaltered or exhibited the 1 plus type reaction.· 

No clear-cut ·relationship between this lesion 'and teq>erature and duration was- established in 
the limited number of cases studied.:, In fact,"one animal exhibited ·the 2 plus reaction with 

a testicular tempe.rature of 37°·C:· following exposure which would be expected to yield either 

no change, or at most the 1 plus reaction. .. ·· · ~- · · 
"' I 

•See main budy of report., . 
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134 
0 

.. , .. • . ~onti.-ol 
~ ,,.., ~ . ' 

118 
·o ' 36.0 

.. 
60' 

.• ·, ' ;;J-1 :, 

124. 0 ' 
·1 

..,37 .o., .; 60 
,···:!. ' . , • i,, ·r., ,, 

110 0 38.0 ' 60 
~ .(to.~ .,) (:,' ,, '' ~· . , . . ' 

114 0 ~·, ' 38.0 '· ' f. 60 

116 0 
. ·, .38'.0 j·'~{' ,_;I·~ 'l;·•\ ) . 60 
1 ~ ' 

126 l plus 39.;0 .. 60 

132 ', l plus 40,0 60 

104 l plus • 41.0' 60 

136 2 plus 37.0 
~-~ 60 

130 2 plus 43.0 • 60 

112 3 plus 41.0 60 

119 3 
I • 

plus 42.0 60 ~ 

122 3 plus 44.0 · 60 ~<"' 

101 l plus 42.0, ,· 
"" 5.5 ,•. 

' 

! 
... ; 

•I I ,, . . • 

The lesion classed as 3 plus is illustrated in figure 7. It is charact~rized by'. necr~~i's~ ' • 

desquamation of cells, hemorrhage and lesser degrees of pylmosis and cellui'ar degerie'ration. · ··•·· 

.The 3 plus reaction occurred in testes exposed to 4.l°-44° C. for ~O minutes; • • 
,i 1:J 

The differential sensitivity of even adjacent tubules can be seen iii figure 8 •. Next to ;; f 

tubules lined chiefly by Sertoli cells, are others in which the lining appears to. have been ·(' 

little, if at all, affected. An occasional degenerated tubule in,control 'se~tion's was 'not .. ! ::..,1 

uncOlllllOn, On the other hand, the reaction to heat involved numerous tubules, either more . ·,.. · ,.; 
. . . ,· ' .) 

or less confined to those adjacent to the capsule at lower temperatures, or scattered tht:ougn.:.,.,, ~ 

out the gland following higher temperatures;. , . , ·"' J.!', •. ,' , . . ~ 't1' 

Sertoli cells and mature sperm were least affected morpholoiically. · Celis in -~ll suige_sf ~· 
1
; 

of spermat~genesis show~d sign~ ~f degeneration· a.J_1d/ or death in the most ~everely affecte.d -~~,'( ).; 

tubules ( fig. 9). The interstitial cells of Leyd1g were not affected. I 't .,, ~7' 
..... . ;) . ;. ... -", 

,i .;,,. , r 
SUMMARY i1s:••·,1 t1. t/ .. 

Changes Associated with Testicular Hype.rtherillia 

: Testicular reactions .to heat injury from a radar source appear to be basically the same 1 

as those due to hyperthermia associated with other conditions such as inmersion, in hot wa~er ·) 

(1), pyretotherapy (2) and cryptorchidism (3), to mention only a few. Similar changes have · _.•J 

been produced by nutritional defects, including inanition and vitamin A or vitl,lllli.n E deficien- l 

cies (4, 5,6), by toxic substances, high oxygen tension, direct trauma,. vascu'lar changes ,' · )I 

following interruption of the blood or nerve supply, various acute and chronic diseases, and 

· allergic reactions·, periodic changes in seal'.lonal breeding manmals ( for instance the deer), 

alcoholism and mental. depression (8), ·following the,, admi~istration of certain hormones (9,10), , 

and ~fter exposure to, ionizing radiation (12) both electromagnetic and particulate. 
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.. 
Problem of Recovery Ii 

, 
1 While it seems probable that the semeniferous tubule illustrated in figure 9 might never 

.':r recover, many tubules in the same se<ction showed only minimal damage and this was taken from 

the animal exposed to 44° C. for 60 minutes, the most severe condition imposed. After such 

exposure a considerable decrease in spermatogenesis for varying periods of time would be ex

pected. The loss of sone tubules with a concomitant decrease in the size and weight of t_he 

i. testicle, and lower than average sperm counts might possibly persist. However, it is well 

known (11,12) that from 4 to 8 months or ·roore are required to evaluate the degree of recovery 
, . 
• , that is possible after exposure of the rat's testicle to certain doses of ionizing radiation . 

. ~- Weight changes, nwnerous sections for histopathologic study, spermatozoa counts and fertility 

~ studies may all ~e required to assess the extent of r~sidual injury. In addition, considerable · ,, 
, biological variability even among litter mates exposed to the same conditions is a well re-

l'. cognized phenomenon. - Such studies were not undertaken following exposure to microwaves, due 

to limitations in personnel and facilities. However, in vi'ew 01£, the patchy distribution and 

' paucity of seriously damaged tubules 5 days after exposure to the highest temperature-duration 

aequence tried, it appears unlikely that permanent sterilization would have resutted in any 

of the animals studied. In man it hli$ been reported, .that elevation of the body temperature 

/C to points 0. 5 C. 0 to 4 C. 0 above normal for periods of 2 to 3 hours resulted in a marked fall 

...... in spennatozoa production. , The maximum body ·temperature attained (in a fever cabinet by 
~ ' 

: · electro-magnetic induction from a short wave apparatus, and the maintenance of humidity levels 

·,. between 95 ~d 100 percent) was in most cases between 40.5° and 41° C. A fall in the number 

i of spennatozoa did not become apparent for nearly 3 weeks with counts indicating impaired 

fertility Uess than one-fourth the normal average) between 40 and 70 days after hyperpyrexia. 

,t This was followed by c~lete recovery based upon a retur~ to normal levels of spermatozoa 

I 
,j-, _pl'Oduction (13). , .. - , ... ,, 

; - Liaitations of This Study 
- . 

This initial study was confined to a single period of observation following a single ex-

; posure to microwaves, and does not indicate the degree of permanent injury to the testicle 

that might result from various coobinations of telJl)erature and durations of exposure. Neither 

were a sufficient number of animals or postexp~sure time intervals studied to establish a: 

biological dosimeter. The problem of repeated expo~ure and the effect of dose fractionation, 

complicated ~s- they are by biological recovery times, were also not within the scope of this 

investigation; nor were species differences in response from either the physical or biological 

standpoint. ;Such.studies would 
1
require years for critical evaluation. 

- I 
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Figure I.and 2. Control sections. Figure 1 X 125,, figure 2 X 250. 

Figure 3. The minimal, detectable, morphologic change due to exposure to microwaves, 
arbitrarily called 1 plus is illustrated. It consi~ts of a loss of adhesion 
.between groups of cells in tubules just below the capsule: Except in a single 

'.', case, this and the following reaction termed 2 plus, at the postexposure time 
intervals studied, were not noted in testicles with temperatures below 39° C. 

X 125. 

Figure 4. Fran a section of the same te~ticle _illustrated in figure 3. The more 
centrally located tubul~s are indistinguishable frc;JII control sections. X 125. 
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Figure 7,', The reaction classed as 

'I ,'have undergone necrosis and 

,, 

, l 4 ) 

l 
,; 

. ,, 

3 plus is illustrated. Cells lining some tubules ~ 

desquamation, with hemorrhage present, in the lumens, 

,~ ps: . ', I j 

i 

~ 

Figure 8.' ,. In testis showing the 3 plus reaction marked individual-variation in the " 

,•~ reactionJof ~djaceilt tubules to the same eiiviro~nt. also 'was noted. The . I ' ;; 

tubule in the center of the photomicrograph is lined chiefly by Sertoli cells.·: 

'Adjacent
1

tubules appear to be little, if at all, affected. X 175. 

f \ t . 

.. , ,..-
. ~ . l ' . 

'i ;; 

<, I 
<I I 

'(,•. 
,· 

'f'' 

,. 
,< 

' ' 
134 

I 
'' ., ' 



'>t 

'i' .: 
'./ . ' 

6 

8 

~ 1, • 

. ,. 

'• ·. ' 



1· 

figure 9. Testicle, Dog. Anina.I No. 122. '\ 

I 

The nature of the giant cells is illustrated at higher' magnification. The ·majority are 't. 

miltimideated and are coc;posed chiefly of speraatids. Sa:ie contain irregular shaped mass~ J J, 

of ~ply staining chromatin, fr~ the ~ion of degenerated J!Uciei. All cells lining the 

tuhu. les, except sertoli cells and mature sperm may contribute to t.he forma. ti~. o.£ such gt. ·ant .. ~· • 

cdls. They are shed into the lunens leaving the most severely damaged.tubul~ lined only·, . 

by Sertoli cells. X 450. . , , , /~, _· "", _.,, , '. ' · _ '~ , 

, ·• ; · , . . '1\.,, ,,\ t-.i~' ,, ' 
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