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TIIlC Ih 'VESTIGdTIOK O F  VlTAL YUNC-
'I'TONS custorni~ri l~ends with the cstablish-
~rrent of :I relirtion l~ctween process X allii 

li~*o(~(lssY. It need not end so;  arid the object of 
he prc~sent p p e r  i, to sliow ho\r the relations may 

I)' rrtrlltjplied, provitling either S or  I' is used as  ;I 

colrrlnorr correlat~vc ill f nrther strltiiri. 
.\I ost tl;rtit of ptrysiology c.ow.rrn the rates of yroe- 

cSssei. Thcl rates i,epresent the events, regardless of 
the 1rr;rnncr in which the proces,\es a r r  performed. Ry 
r~~c;~.ir~rin,vthe ordinary everlk of living in several spe- 
c,icbh, o r  in several indivitlualh of diverse sizes o r  activi- 
ties, thcb rlisproportior~alitirs :irrrong processes are dis- 
closc.tl. The present dr\c~riptiol~ is limited to correlil- 
tiolrs ( I V I O ~ ~ ! ~  upon irlarlr- spevi~s i~ilil (.hiefly lo ti:rt:r 
111i1i .  Tl~t. vc>sult illustrates a c~uatr t i t~~l ivcmethod in 
co~r~p:r~.:rtivephysiology and in generalized phyiiology. 

I . 1 .  Rate of u~airri r r i i ~h~ ( I )  i l l  rrlntiol~ lo b ~ c l ~  
\\(tight ( N )  among spccirq ol nl i~rl lrn~rlq.  1 = ,010 I< I''vo111 

.itioll)I~( I ,  p. 270) 

111 ;I previous s h ~ d y ,  r;11 es of' \v:rter eachi~nges wrt.cx 
vor.rt~l;ttetl with body sizes irrilong ini~rnmwls (1, 1). 
270). One set of those (121 t:r is ~.eproduced in Fig. 1. 
rt i i  evident that  logarithrr~s of water intakes (I) 
:rrcB ~woportional to logtrrithrr~s of body weights ( H ) .  
Tlic tlat:t f i t  an equation: 

I=1tl i1.  . . . . . . . ( I )  
rrhic.11 nrap also be writtc.11: 

l o g I = l o g ~ c + k l o g B. . . . (11) 

'I'he c.ot~Micients cc and /c cirri he ;tscrrtainetl from the 
gli~ptr o r  by cornpntntion of least squares. Such 
power ecjnations hilye bee11 n idrlg foriud to express 
snitnl)ly tlre reqessioni  bc1wec.n org:rn sizes, i ~ n d  to 
:I more lirrrited extorrt to relilt(, rirtes of oxygc3ri con- 
mtnption with hotly hizes ( 3 ) .  

'1'11(. err~pi~.ic~i~l rctlatior~ of Zl'ig. 1 l~rrlletl oiit to be 

1 = . 0 1 0 H  b8 . . . . . (111) 

Ttlt, eu1,onent rnei~ns that \ T ~ I ~ P I 'trlrl~ov(~r(~l i l /hr)  is  
1101 proportional to body nrigtrt (g) ; if i t  were, the 
cbupc+nrnt would be 1. The larger mnnimals have, 
rrlntivr ta weight, lesi t~irriover thr~n the smaller, and 
~r~;rnysnggt~stions tr;tve becan pllt forward to the effect 
111:1t rates of diverse pr*oceshe\ rlright be proportional 
to body snrface are:ls, perhaps to R.67, or. to other 
power fr~nt.tions of N. The generirl form of this 
equation is rrfclal.t,(l to its Irrtc~rogonic; it explrsses 
d(~greer of tll,prol~ortionality; it is it11 equation of 
iirnilitnde. Ti1 ;I group of srreh equations might be 
i~r~pl ici t1no5t of the t'actoi-s by bvhieh irn elephant 
tlifftv from ;r rrlouse. 

F'1.orn the s;rlntb source ( 1 , p. 271) d i ~ t t ~a te  available 
1-el;rting rrrinary oiltpilts ( [ J )  to hotly weights ( B )  
i t1 I ~ I ; I ~ I I I I I ; I ~ S .  111 this &7se1 

ISvicIently urine protlllctiori is slightly more dispro-
portion;~l to body ~l-eigl~t  than is u1:rter intake. Thc 
relation i111plit.s thi~f sinall animals (as  compared with 
litrge a~~inralh)  sligl~tlysrna llrr fraction of theirlost :I 

nratrr tunrover by paths other t1i:rn urinary excretion; 
lire chief' othw p;~th of loss is evaporation. 

'I'he il~terrel;~tiori can bt. Inore i.learlg expressed by 
tlic apprrci;rtion of the fact that since I and U are 
cbirch related to H,  they ;rrfb 1-c.li1tetl to e:tah other. Or, 
rrro1.e gent~rally, 

Y = rr,  . . . . . . (V)?("I 

,I lld 
z=(12Sk . . . . . . (\'I) 

log Y-logo,  
-

log%-log n ,-. --A-I o g X - - . ( V l I )
7% h", 

x. 

log lr = log i f ,  + -I (log z - log (1,)  . (VIII)k ,  

http:closc.tl


-- --- --- -- 
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and equation, the fruitfulness of this particular fornr of 
k ,  relation rnay be illustrated from them. 

Her~crE clearances, which are  measur.tn~ents of ex-

cretory functions, have been ascertained f o r  single In the specific inslance of I and U ,  
.88log I = log .OlO .t 7(log 1J - log .0064) . (X)
.8L 


organic. substances in  several species; their magni- 
tudes are related with the body weights of those 

= - 2.000 t 1.073 (log U + 2.294) . ( X I )
o r  

1= 2-25 UI 0 7 "  . . . . . (X11)
The inverse of relation 1 X  has the form 

k.. 

U = . 4 6 / 9 i  . . . . . ( X I V )  
anti the invet3c of ~,rlalion V has the form 

1 

These expressions of quantitative interrelations may 
be applied to all functions in which log Y is propor- 
tional to log %. Other expressions can be utilized to 

I 1 1 
e 3 4 s 

Loq Body We~qht(8). qm. 

Arc. 2. Itenal c1ear:mces (C)  in relirtion to body w r i ~ l ~ t  
(B) .  Stmight  lines a r e  fitted o n  log-lo:: uni ts  try lellht 
squares fro111 point8 ehtublished fo r  maximill clct~rilnces. 1Cat 
-Lippman, Dicker, Ilicker ilnd H ~ l l e r (I!), 7, 8 ) .  Rabbit 
K a p l i r n  and Srnith, Borrs t r r  and Mi~etl, W. W. Smith (16, 
1 2 .  25). Ihg-I>orningnez, Houck, Mollstgtrurd ( 9 ,  15, 8 2 )  
Man--Hl~yn~an et ol., (:oldring et ul. ,  Chir~i8et al. ( I  I ,  1 2 ,  

4 ) .  

express interrelations when adclitional forrr~s of dis-
proportionality r r~ i~y  be found. 

Since a great many data  of anatomy, biochemistry, 
and physiology can be shown to fit the heterogonic 

1Cl)l Al'lONS KEI.ATIN(; ~UAN'I'ITATIVE WITHPILOPIUI:TIII:S 
BODYWEIGHTSAI\~ONGM A M ~ ~ A I . S *  

int:tke of wnter (ml /h r )  

1Jrine output  (ml/hr)  

Uren clenrance (ml/hr)  

Inulin clelrrlrnce (ml/hr)  

('rcaatinine clc,arance (ml/hr)  

Ilioclrast clearance (ml/llr) 

Hippurate clenrnnce (ml/hr)  

0, consulrl. bllrtnl (ml  STP/h r )  

H ~ a r t b e a t  duration ( h r )  


I3reath duration (h r )  

Ventilation ra te  (ml/hr)  

Tidal volurne (ml)  

Gut  beat duration ( h r )  


N 'L'ot;11 output (g /h r )  

N 1~:ndogenous output (g/ l~r . )  

Cre~rtinineM output  (g /h r )  

Sulphnr output  (g /h r )  

0, consum. liver rtlices 
(ml  STP/h r )  

Hemoglobin w t  (g )  
Myoglobin w t  ( g )  
Cytoehrome wt  (g) 
Nephrn number 
Diameter renlrl eorp. (em) 
Kidneys w t  (g) 
Rrnin w t  ( g )  
Hear t  w t  ( g )  
Lungs w t  (g )  
I ~ i v e rw t  ( g )  
'Chyroids w t  (g )  

Adrennls w t  (g) 
P i tu i t r~ ry  w t  (g )  

Stom. + i n l e ~ .  w t  ( g )  
Blood w t  (g )  

1 =.010 I?,6"Fig. 1)  

U =.0064 I1,@"1, p. 271) 

C,', =1.59 B.T"(Flg. 2 )  

Cia '1.74 '11.77 " 


O,,. =4.2 B.uO 

Cdi "2.14 l3.m " 

C,,==5.4 M.M 


0 =3.8 B.73' (3, p. 370) 

H =.000 0119 I3.n 


(5, P. 89) 
Q =.OOO 047 1 1 , s  (13) 
V =I20 0 . 7 4  (13) 
7, =.0062 B1.D' (13) 
f =.000 093 B."1 

(5, p. 91 t 
N, =.ooo 074 n.7.i 

(.?, 1). 377) 
N, =.000 042 Ii," 

( 8 ,  p. 377) 
N,,. =.000 001 09 I1.m 

(3, p. 378) 
N =.000 001 71 B.74 

. (3 ,  13. :t7uI 

=3.R U." ( Z N )  
=.013 Ii."" ( 1 0 )  
=.000 OR9 Iil."1 (10) 
=.000 10 B.84 (10)  
=2600 B.". (Fig. 3) 
=.00Rl B.0" (18)  
=.0212 11." (3, p. 625) 
=.OR1 B.7' (3 ,  p. 5'321 
=.on66 1i.08 (3, p. 59ti1 
=.0124 B.c'n (3. 1). 627) 
=.082 (8 ,  p. 626) 
=.000 22 11,s'' 

(3 ,  p. 621) 
=.On11 B.OV3,  p. 585, 
=.000 13 B.'" 

(3 ,  p. 5961 
=.I12 B.04 (3. p. 628) 
=.ON Ii,"o (3 ,  p. 593) 

* Sourtse of equiltions o r  da ta  fro111 whirh t.qn:ttions t~avr. 
1)c.c.n d6~rivcct a r e  indicated. All v i~lues  trrr in  ml, g, mi. nncl 
LIP. 

species (Fig. 2) .  A clearance is a ratio between a 
rate of disposal of a substance (g/hr) and its con- 
centration in body fluid (g/rnl). The data here rep- 
rt~iented have been selected by the sole criterion of 
taking, within each species, tht. arithmetical mean of 
that  series of ~neasurernents giviny mttxi~nal valuer; 
for  clearance of each substance. Evidently the sev- 
eral substances are not cleared in proportion to the 
body weight; the equations all have exponents lesc 
than 1 .  There is no support for  the guess that all the 
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exponents are alike, or, as many physiologists assume, 
that 2111 are 37. Within one species it  iriay well btj 
that n~easuren~entof one calearance foretells all the 
others; % b u t  clieerent proportion5 evidently prevail 
within diffrrtmt species. The relations from which 
.n(.h predictions are  listed in the I I I : L ~  be for~r~ulated 

U = .4G I."" ,0108 Curl.'4 = .000,000 19 A".:" 
C,,',.= .35 Cf,w." = 17,700 N,.Bh = 42 K.Lj 
0 = 1300,000,000,000 IIa.7" = 11,000 P." 
V = S70,000,000,000,000 Ha.?' = 4900 T.7" 
2VT = .00G8 1J."" 5.4 = ,000,0162 Gcrl.mi 
oL = 30 I,.RO= .RI  01.m = 1290 M .ED 

- ~ . ~ - ...... . -..~ 

* .ill rolurs itrr in ml, g, c<n>,,utcl Err. 

equations of Table I ; one o f  thtw is given as  an es- 
:~mple in  line 2 of Table 3. 

A very large number of rclirtions between physio- 
logical rates taken two a t  a time beeoilles available. 
.I limited set of data  relating eac'h function to body 
~vc-c.ight (Tablc 1) allows its relatior~s with other 
cguantities to be expressed in the n~anner  of' Table 2 
without need for  new n~easurements. Indeed, the re- 
lationships once ascertained on several species of 
tliverse sizes will establish a relation that may then 
he uied to cleccribe the relationships established by the 
ytutly of rntircly differcmt species. Thus, the data 

2 3 4 5 6 
Log Body We4r)ht Is), gm. 

B'rc;. 3. of ~~c,l~hr:rXt~n~her  ( K )  in two kiclneys in rel:rtio~~ 
lo  body w ~ i g l l t  ( B )  atnong nl:tmnlals. The solid litiv 
( N = 1 9 0 0  B.") fits thr circlrs which rejtrrselit on log-log 
scales the arithmetical nwikns of' caonnts of glo~nrruli ~n:~tlt. 
t~y  Arattrki ( 2 )  for rat. Nelson (2.7) for rabbit, \'irntrt~p (I(;) 
for eat tr~rd dog. Moritn nrlcl H;rym:rn ( 2 0 )  for ~rrun. 'Pl~e 

'#lotted line ( N  =2600 H.U") fits fhr, tri~tlrgles, which rcl>rrs~~rt  
:~rithntetic:~Intvans of caourrfs ~nade  t ~ y  I<nnkel ( 1 8 ) .  

of Fig. 1 might have been obtained solely fro111 oust., 

cat, horst., and elephant; those of Fig. 3 being ilerivetl 
from four other species. Nevertheless the relation 
1)etu~eeuI and C,, would rvitlently be derived with 
:11111ostthe salne degree of dett.n~liriat ion irs 11y thr, ust. 

of' identical species fo r  both ~~~easurenlents .  
Fro111 the reservoir of data upon numerical relation- 

ships of structural peculiarities to body sizes, spe- 
crfically interesting relations with physiological rates 
t~lity be derived. F o r  ir~stance, the number of nephra 
i t 1  the kidneys of various n l a ~ ~ ~ ~ ~ l a l s  have been counted; 

ihe nunlbers relate to body sizes (Fig. 3) with heter- 

ogony of low power (.62). Then urinary flow, having 

t i  higher power in relation to body weight (.82) has 

:rn exponent 1.32 in relation to nephra nn~nber. This 

III~.:II~S that when the nurr~ber of excretory units is 

10-fold as  great, the rate of urinary excretion is 

22-fold as  great. I n  the bovinc each nephron puts 

out 52 tinles as  much urine as  in the rat. The diain- 

ckters of renal capsules increase only slightly with body 

weight (exponent .08). I-lowever, the volurues of 

renal corpuscles increase with body weight a s  the 

t?xponent 24.  TTerice the physiological activity of 

each nephron turns out to have :L markedly different 

ulagnitude among spccies; but each unit of volun~e of 

r'enZ,l c?orl)ascles is about proportional to urinary flow, 

sinc+c 


NU3 = ct . . . . . ( X V I )  

itnd each unit of surface, 

N D ' =  tr 8.:' . . . . ( X V I I )  

Sinrilarly, the renal clearance of none of the fire 
st~bstanc?es(for  which data arc? presented in Fig. 2)  is 
proportional to nephrw. nnn~ber. A naphron in a 
I)ovine, approximately identical in structure with that, 
of a ruouse, clears Inore of each excretory snbstanct.. 
ltealization of this fact iuight lead to extensive se:rrcli ' 

for differerlces anlong nephra. 
A few data  upon rates of excretion of solutes h a w  

been analyzed in relation to body weights by Brody 
(Table 1:NT, Ns, N,,., 8). Orie fact here discovcretl 
is that creatinine excretion is not proportional to 
creatinine cleari~nce alllorig spccies. 

(:orrelations airlong physiological processes need 
not be restricted to  processes that utilize in large part  
wny one organ (kidneys) o r  any one aca.tivity (excre- 
tion). I t  is equally useful to find the interrelations 
irtl~orig processes that have scilrcely been thought of 
ws being interrelated. To the above excretory proc- 
csscs may, therefore, be related basal oxygen con-
su~r~pt ion( 3 ) ,  duration of hei~rtbeat ( 5 ) ,  duration 
of oncb intestinal contraction ( 5 ) ,  duration of one 
hre:llh ( l . ? ) ,  respiratory ve~~ti la t ion rate, and tidal 
volun~e. All three of the ilbove durations have the 
property of' being correl;xt,ed with body weight (Table 
I )  by low exponents. Their reciprocals (frequencies) 
: I I . ~nc?g:ltive correlatives of botly weight. 

Data are  available for i~~tercorrelations with the 
above qu:lntitative properties, in the rates o.f oxygen 
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consumption of' tis511c. slices ( O h )  obtained frorn 

hourologous organs of several species (Table I ) . In-

teri~st has c a t e r e d  in  the fact that these consurnptiorls 

pcxr u n ~ t  of tissbze toright vary ~ L Snegative powers of 

body weight (2N), f o r  that fact indicates that the 

properties by which large animals consulrie les; ox?-

gcbn per gram of weight m e  impressed in their. tissiies 

even after isolation. tIere these re1:rtiorrs are ex-

lwefied in the for111 


o , = t l ~ h. . . . ( x m r r )  
irriteail of 

O 1/ H = ( t  HL-L . . . . (XIX)  
31a1ly physiologists are  aware that oaygen con-


snrrlption is proport~onal  (i.r., with exponent 1 )  to 

~txntiliition rate. ( G ~ i y t o n ' ~  [I.?] yirltl the con- 
tliit:r 

stant 0= .02H 1') ; and sorrle rccognizr tlitrt oxygon 

ronsurtlption is proportional to n i t r o g n ~  output 

(Rrody's data 131 s11ow that 0 = 3'2,000 .V, ) . B'nr-

thcr, ventilatiorl rate is proportionti1 to ~l i t roge l~ 
out-
put ( V = 1850 X , ) .  These three quantities share the 
c1xponent 1 in their relwtion~ to one another. I n  ;a 
sl~ecics where onr or two of thr  three are cliffic*~ilt to 
rneamre, they nli1y ht. computrd f r o ~ n  thr  thirtl (or 
f'rorrt any of thr  33 corre1:rtires represer~tcvl In 
Tahlc 1 ) .  

A m ~ m b r r  of bioclrr.trr~c:il eorrrlatior~s Inag be rsti- 
nlstrcl from extarrt d:rt:r. Concentrations of cyto-
chrorne C dinriniih with incrc~ascd body sizr ( 10 )  and 
wggest thcrrby a basis for. It*sscr oxygen caonsu~rlp-
tions p r r  unit tissnc Iriirss. To dirte, rnost bloeht~n~icirl 
studics have bern limited to one species iit a tirrte, and 

' little consideration has heerr girt111 to the knonrr diver- 
sities of ronlpos~tion ntnong species and the ilrrplica- 
tions of those divrrsitics. The intrrspecifir rrlations 
11t.r.i. tlt.rivecl may now be rcgarded in turn :IS ilefirlitc 
furletions of :111 the physiologicil charac.ters nlentioned. 

i ~ o r n20 sptbcle\ of ungulattu of diverse slzcis by 
Quiring ( ?1),~vhieh could replace the corresponding 
t~cluationr oL Table I .  Anlong these seven org;ms 
orrly brairr itnd 11enrt had sig~iifioantly d~fferent 
(irnaller) coeffic~t>nts than anlong the cor~esponding 
orgiini analyzeti by Ilrotty ( . ' I ) .  W ~ t hsuffieicnt nreas- 
ureurents it nught be, :I\ Morrisads data (21)  srlg-
gthst, that tli\ tirie ortlers of rrialr~rnals n ~ l l  have d~vcrse 
cot.fficienti of regresiion in bicorrelations of their 
properhes. I t  nright also turn out that taxot~otr~ie 
orders b:tsed upon physiological properties \-z i l l  not 
wgregate species 111 the sarne groupi~rgs as thej arcL 
,I--1gned b) taxonor~rists. 

There is rro reaion other than nona\tlllab~llty f o r  
l1111itingthr  ciitt:l mc~ntionrcl to the plij-.;iolog~cal prop 
erties of ~ir:rnrnli~ls. Hrginnings hn\e been ~ n s d c  In 
g i ~thering cl:~ tn concel.nmg the oxygen co~~snmplions 
of tlivrrhc ernitarea (2.9) :tncl rnollnsks ( 2 7 )  and fot 
\\:itcr exc11;111gt~s of trt~in~als: I ~ ~ I I : I ~ I ~  gtl~rrtrlly(1, p. 
.)-.) a It  must he recognized - I , ) ,  rclatctl to body iizci. 

tlrirt no I~nritat~orris inrpo\t&d, by irrrything hut thr  

l ~ r t ~ e 
and effort of' ir~vr.itigation, upon the rtingc of or 
gilTllslll\ and I I ~ ~ I Itllc irrr:ly ol propcrtirs that ma? 

c~oni~dcrc~d tion<.111 111tt,r1,rl:1 
.Iilrrri1:ir :rnirlyi~sI I I : I ~  br :rpl~lled to thc e11:rngcbs 

(gron lh) 111 funet~orrs dnrrn. thr suacrsslvc ages of 
ol.garrl,tni of any orrc spceiri, or \\ithi11 any one in- 
tllr idnitl. 

The Pact t11:rl all of the proportiehi listrd 111 'l'iiblt* 1 
:rrc i.qually related one to another c:rn bc n ~ a d r  PL-
pl~c i t  by niean5 of an i~llgnlnmt chart (Fig. 4) .  lG:re11 
\(srtlcal scalr as c~onstrueted by siihstitut~ng integttr 
\:1111es of log 1 ill each of thr  equations of Table 1. 
.\ horizot~ltil line connect5 all valurs that htslong to- 
gr tht ,~.  Tllc.r.4. i\ nothing urricjue ahout body p eight 
or tiny 0thc.r s~nglta eorrelati~e, except that body 

Arratorrrical ch:iraeteriitics nlag bc addcd to the total n eight Ilal,l,on-; to Ira! e hren rnthasnretl in gathering 

1)ietnrr. Those that possess k11on.11 i1is~)ro~)ort~orr:~li all t he or~ginirl rrrc~irsnrrrni~rrts. Frorr~ thii  chart, the 

lies to body weight (Tahlc 1) Iliay hare their ilispro- 
1)ortionalities tow:~rtl orlc :rnczther con~pi~tetl .  'l'he in-
tc.rrelations to fi~nctiorr nrag bc illnitratetl in the 
\vrights of kidneys, ~vl-hich :n.c not propor- dc~finitel~ 
t i o ~ ~ i ~ lto many of t1.e c4tler;rntuw : I I I ~ ~rates of excre-
tion presented above. Altogether, from the 33 c3ijua-
lions of Table 1 rrlay 'r)e clerivcd 33 x 32 or  1056 eqilw-
tions rxprc~ssing relii ti0115 bet ween t u o propertic5 a t  
:r time. Thosr given irk 'l'iible P :ire only a fcrv 
sanrplcs. Eavh of tlrc 1056 11i1s an inrerie cqua-
1ion X V. 

i\ltcrnativr set5 of data tli i~t nlag confir-rn any of 
111e :tbovc equ:1tions arc3 few. F o r  basal oxygc3n con- 
+l~tr~ptions,the ecliiation 0- 3.8 R ' V s  eon~pi~ tedf o r  
rotlrnts of 11 species frorr~ rlata of Mor-rison (21). 
IVrights of st,ven 1is(.eri~l org:1115 have been :tnalyzcvl 

clrcrraeteriit~cs of a org:irrrrtn, :I~ r ~ a n r n ~ i r l ~ a ~ ~  i i ~ c h  as 
eat, can h c b  :~secr.taincd with fair  p r~e is ion"  tilro11gh 
:I kno~~,ledgt~ cl~amcter is t~cof  any ont3 qitantit:rtive ot 
it. The c h : ~ ~ t  also p r ~ l n i t s  conrparisons to bc lnadc- 
l)c~t\\cell :my t a o  or. more spccic3s, as  bet urccn cdat antl 
rnoiisc. One uonld note, fo r  iiirtancc, tlrr great ratio 
of tidal vo1i11nt.c (T) of the two spccaie~, but the srrrall 
1.ittio of 1)rc;i 111 cli~rations ((2). Insofar a s  mean data 

c:rn be iltil~zed to clrscribe a species, this chart is valid. 
For spc~cic,s not yet investigated, prrclktions are fur- 
n ~ i h e d  by ~ t .  l t  tilloms of a probable reconstruction 
o l  the chirrircterlstics of species now extinct. 

Romc phy4ologists will hc>sitate to extrapolate froni 
I11c data upon which thc equations of Tahlr 1and the 
s('i11rs of Fig. 4 are based. A few will a l ~ o  liesititte 
to inte~.pol:ttc in certain zones. 
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FIE. 4 c.o~~tlenwsa n  crlornlous a n ~ o u l ~ t  with both X and Y. 'l'ht. rr~~r:timng10 percent allows of infor-rnx- 
tion i ~ u d  inPer(~~ipe rnarn~llal~, it represents plt,rit? of latitncle fo r  thobe \pt.cit.s pcci11i:lritieb thiit f~bollt  s ~ n r e  
not only 34 b~ological charaettaristicai I I L  yotentinlly are  not relilted 11~terogon1c:rll~. 

b'lo. 1. Ali#rrrnent r h r ~ r l  exhiliiting thra rritttiona trnlou:: 3.c properties of rnt~m~rrr~lx.The  rlrnruc~trristice of one trlli-
nr;rl rrrc! wad off along u horlzontnl t l~retrd o r  rirltsr thtlt is g luc~u l  :~ tn known valur  in tiny one of tlre variubleli. Sevri.111 
s ~ ~ e r i r s  rnntlom ttrr in~iicntc.~l the lef t  a t  their appropr ia te  8calr ~rositionrr. Ordlnatra a r e  numbered as  espou-chosen at on 
r n t a  of 10 ; but tht: ~ubclivinicinli hetwt.t.n onHnates . r rnd t~ritlrmeticirll'. Thus ,  t he  number 1 nrrhirrkx101 wnd the  ~ubdlvisionrr 
nt~ovc. i t  nrean 20, 30, 40, etc. All vnlutbri i1r.e in all, p, crri, t u ~ d  Ilr, ;IS shown in Table 1. The 1,i-mlR imd ~ c a l r s  reI)rcsr.nt, 
and tlre derived from, the equutiotls - i ) f  'P.~t)lc\1. 

hundreds of spttcirs, but alho the inkrrelutions anlong Mtiliy physiologi(lil1 proj)erties ga ..hand in hand 
all  of them. The t~pprcciation of the myriads c$ di- wit21 one another; their "determination" is reciprooal 
v o m  inh,rrelations ci~nnot he made explicit h 4 ~ .  and riot uniqne. It seerrls likely that  an orgnnisnl is 

Chfficients of corre1:ition between diverse proper- an integrated system by virtue of the fact that, 11o11c 
ties are  b e d  t.on~puted not froni intraspecies means of its properties is entirety unt?orrelated, but that 
but f r o ~ n  single rneasure~nents. The correlation co- rrlost art? demonstrably interlinked; and not just b ~ -
efticirnts (7 )  found anlong M)Ir)e of the functions of erisscrossetl single chains, but by n great r ~ u n ~ b e r  
here manled are high; many f o r  instance are  0.95 (see linkages. 
Bmdy, 3). The comrpondulg roefieientr of deter- (;mercrl co~n,~n,ent.The heterogonic o r  power equa- 
mination (r" arc therefore 0.90; o r  in ordinary par- tion is only oncb of rmny conceivable equations which 
lance, process X goes ~ i t h  Y to  the extent of 90 per- rrligfit be en~piric:tlly found  to express the regressions 
cent. The high "dekr~nination" is not exclusive, and between rates of physiological processes. Anlong or-
many other processes are eq~iully highly correlated gan sizes and biocheulical constituents, however, it is 

http:reI)rcsr.nt
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1111. orrly one thirt II:I:, bce11 1011r1tl to apply to :I large 
l~nrr~ber  The orily irrtersprcics data th:rl of relation<. 
ha\  t, beerr shown riot to A t  preciitlly thii  c~q~~ir t lon are 
:I I'ew of the extenirvt. datil rrporr brain mclighti ( 6 ) .  

Si~lt>(.so I I I : I I I~  jn.opcrties ~ : I V C  been fouritl to he ad- 
c3cln:itely interreli~tetl hy t~clu:rtions of ontL forrir, ~t 
ieclrls very unlikclj thnt other propelties \\onld be 
i~c~li~tedaccording to a r:rtlicirll;v differc.nt type of eclna- 
t~orr. F o r  if they n tLl~e,they M orrlti bib inconrl):rtlblc. 
\ \ i t 1 1  the propert~cbi rt,vle\\rcd above. I f ,  ho\qxevc.r, 
cvlr~ations of grea1t.r eor~~plc\ity ihonlcl brcorrre nrc-
t.\x:~ry to fit new dirt:^, 1111, 111or(~ i~lgebr;~C I I I ~ I ~ C ~ S O I I I ( ,  
rc,q~~lred intc.1.rr~ight inr!)rtlt~ 111(~itutlj of cj~~:rntiti~tive 
~.cbl;~tions. Whetht~r 111(, hrtc~royorric* o r  sonle ot11t.1. 
lotmi of relirtion I)et\vocbn propel.tii,i prcvz~ili t1ot.i not 

the aspect of their. dirnrmi~ony bec:rnse the c.oetfic.ient 
( I  takes its dinrensions fl*otil those of Y iind X. Since 
lhc, eqn:rtions were dei.ivetl enrpirlcally thtl rrlationx 
tc)nnd irre valid arid 11sclu1 no rn:rtter \vli:~t dinr(111,ioni 
1)rey caontain. 

This consideration suggt,hts :I further point, nanlely, 
that the equatiori Y = ( I  Sh rnl:ry be rrgi~rdcd:r i  the 
:ilgebraic re1:rtion betxqt>tLrr two sinrulti~nc~ons tLx1)onc.r~ 
tials srrch :is 

Y -- 6~ P' i111i1Y = r( ,  Y 1  . . . . (XXI )  
111these equations the tirnc f in both, is c o n c ~ ~ r r c . ~ ~ t  

c7 is the base of n:rtul*irl log:rrithrni, i i r r r l  0 ,  /j,(., and 7 

are constants. Therr 

Elach ecluatiorr XXI ~cpresents:r separnblc 1)l.oc4rii in 

< ~ l t e rthe concept that irltc.rl.elatiorls rrray k~e 11i(~f1111y time. 


cb\presvxl by ecluatiol~\. biliic : r s ~ n n ~ ~ ) t ~ o n  Relatiorrs eapreiictl by hetrrogor~ic ecl~~irtior~s 
in t h r h  1l:rbe 

jwoc(dure i1lustr:rtr~d 15 tlli~l, :rlnorrg propertic., c20~lr- often been pictured in trrrns in-of sp(vii11 pliy~i(>i~l 

I ~ I O I I  to 111rd(~1- re- ferences from exponents. Substannes, dilrrmsions,o r g a n i s ~ ~ ~ s  co~npnrison, qn:rnt 11it15 
I ; ~ t c ~ lto :I qn :~ i~ t i tg  flows, forces, IrlirS perhaps he partitioned in :I regu-con~nron are related to orle ;rnotlier. 

.\lrrorrg the hetrrogonic. ~.(lli~tlonbhips that prc~v:iil l i ~ r  Irlanner. E:xponc~nts in the equations c,xpress thr 

:rruonq proc2ei,es, :I vari(~ty of cxponc~nt\ i i  fo~lnd.  p:utitiorrs found, and Cree the observer fro111 the re- 

1:) t~.ailitiorr, phq s~ologliti  appe:r I. to be corrtl~ t ~ o ~ ~ r . dstriction of corrlinirrg liis dcscliptions to thoscl p:lrti- 

i o  1.c.gi1rd thoit, rxponc.l~ti \ \ ~ t h  cclrtnirr rrurner.ica1 v:rl- tiorrs that arti proportional. Sonreti~rres lirriiting fa(.- 

11c.i lrrorr highly than otlrt~r \i~llres. Some ~) (>rso~r itors have been conceived f o r  these flows arrd forces, 

f'tu.1 ki~rilil~ar only with c-.ponerlts of value 1. Oi  h r l ~  
:rsir~nlt~ 	 will rt~veal c.xponr.nti that proc2csiti in gt~~it.ml 
ni i.c.l:~tions to hoily wt~ighti of .67. coilP;l~~j)ir~eitl 
,~der;rtions havc let1 ihll  other, (17) to 11o1t. the, 

wev valence of v:1111ei :~bolrt .75. I<elation, hi~ving c b \  

p o ~ ~ t m t sbelo~v1 w111 or.tlirr:rrily he coutitt.rhiil:~nc.ect 
by other relations h:rr irlg exporrrnts i11)ove 1 .  l'erh:r~)\ 
tnoit exponerrt.: ~nto~.r.elirting procc\icbi will group 

other special corrtrols. F o r  those persons nlorcb tle- 
scriptively nlirrded, it sulfices to rerogrrize the ortltb1.1~ 
relatiorrs alllong cqunntit:rtivr charac.teristics. Tllerr 
are nlrmrrous cases whc~rr nothing is known of lilnit- 

irrg o r  other goverrring Sacators. Orgarrisrns (.:rn i ~ t  
1e:lst be tiescribed as  systerl~s o f '  ni~lltiple irrtewela- 
tions, of orticrly tlisj)~.ol)ortio~lnlities. (lould it  bc. 

illc.itlbelves in a S ~ ~ ( ( I I C I I ( * ~  va111~ that heterogoriy expresses a i r~ajor  :~spcct of the.(Iistrihut ion :1bo11t t h ~  
1. 	 g.r.ound plan of I'u11ction:rl i~rid of struc:tural corrsti-

Some p r o p t ~ t ~ r i  of tlrtiorrs?:~rc, linou.11 to be ~nd(~pc.r~tlc~~it 
hotly sizes (e.g., hii\irl :rlveolar prt>iiures of' c:1rbo11 
ctioxide). They are rronetht.leis connected with prop- 
c,rtieb (such as  b:r<:rl ~(~11trl:rtronrates) that irr.(. tlr 
pentierrt upon body srzci alllong specles. 

Ji'or every hett~rogonic cxporrerrt below 0, i t i  i,t~cip- 
rocal is obvlou-ly irhoxe 0, anti of the iarne rrnrrrrr~c.nl 
\ :11ue: that ii 

Ii'ol. every negative exporrent, Llren, soirle rtbli~trd qu:rn- 
tity 1i:ls a positive t~porrent .  Thus, the reciproc:rl 01' 
Ii(virtbeat frequency i i  heat cluratiol~. Only by think- 
lrig of tlrose two ~i~easnrc~rrents ieparablc can :~ny- :IS 

one ,uppose that the exponent f o r  the frcc~uericy is 
rriore "irr~portant" thirrr the ext)onent for. its re(+iprocill, 
the tluration. 

lTse of the heterogonic equations in ax general a 
nlnnner as they :rrtB here :rl)l)lietl is jnstifi:tble fro111 

rrr sunlrnary, irrtei'rel:rtio~~s are derivc,d, by Ithe of 
the heterogonio equation Y = a Xk, fro111 specific data 
representing the rates of particular physio1ogic:ll 
pmcesses. The exponent !, exprebses the re1:ltive ra t r i  
of X and Y a i  fo~lrrd by ~ne:~snrnnents, and for  pur  
1)oscs of i'lustr:~tio~l data av:lrlable rnalr~rr~alsof 
diverie spec:es have been :~nalyzetl. The ~nterreltr-
tlons founti irnply quantit:~tlvr orderlinebs :Irnotlg 
c2h:lracteristics so diverse as urinary flow, rerr:rl c1r:rr 
ante, tiur:~tion of heartbeat, :lnd oxygen consulnption. 
Organisnis niiry be pictured i1s systerrrs of precise 
~nultiple interllcl:~tions. These interrel:~tions appl? 
riot only to rates of physiological procrsscs, but also 
to sizes of organs, nnmbrrs of reduplieatrcl strwcturrs, 
:rnd biochemic.al con~positions. Some 34 correlativei 
in ~nanirn:~ls are  presentert nonrogrnphlcally so that 
fr.0111 a rneasurernent of any one propcartry the :I:( 
others can be read. 
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Detail and Survey Radioautographs' 

Wm. Ward Wainwright2, 

Radiobiology Section, Los Alamos Scientific Laboratory of the University o f  California, 

los Alamos, New Mexico 

Q
UASI-MICROSCOPIC TECHNIQUES in 

radioautography have left much to be de- 
sired in the study of the cellular distribu- 
tion of radioactive elements and labeled 

compounds (19). The introduction of nuclear track 
emulsions in radioautographic techniques ( 8 )  has 
brought with it the possibility of studying localiza- 
tion of radioactive substances at oil immersion mag- 
nification. Alpha tracks have been studied a t  high 
magnification ( 2 ,  8 )  in conjunction with soft tissue 
rections mounted on the emulsion ( 8 ,  9).  The locali- 
zation of beta emitters has been studied a t  high mag- 
nification in tissue sections and blood smears ( 5 ,  6). 
The principles of radioautographic technique have 
been reviewed recently (1 ,  4, 10, 11)  and techniques 
for special purposes have been described ( 3 ,  5, 13, 
14, 1 7 ) .  

The much used survey or contact type of radio-
graph ( 2 ,  12)  illustrated in Fig. 1 is indispensable 
for a study of the gross distribution of radioactive 
materials. This figure shows the distribution of plu- 
tonium in the tibia of a young rat. The section was 

LThis docnmcnt is based on work performed under Con-
rraet No. 740.5-enp-36 for the Atomic Energy Commission. 
'Grateful ncknowledgmcnt is made to  Mrs. Julie '&'ellnits 

md Nrs. Nor~nn Lilnter for technical assistance. 
On leave from Washington University School of Dentistry. 

cut unsoftened ( 1 5 )  at 10 p. The survey examina- 
tion, however, gives only the gross picture and does 
not reveal directly the detailed localization of this 
heavy metal. 

A detail radioautograph is equally indispensable. 
Its application to bone is seen in Fig. 2, which was 
prepared by mounting a second thin section of the 
tibia on nuclear track emulsion. The detail radio- 
autograph makes it possible to determine the locali- 
zation of plutonium with respect to cells. 

The interpretation of a detail radioautograph de- 
pends upon the determination of the point of origin 
of the emission. Although this is far  more easily 
accotnplished for alpha particle emitters, as in Fig. 2, 
much information may be obtained by examining a t  
high magnification a beta particle sensitive nuclear 
track emulsion (5 ,  7 ) .  A description of the types of 
nuclear tracks is given by Powell and Occhialini ( 1 8 ) .  

Nuclear particles leave their points of origin in the 
tissue and travel in random directions. About half 
of the particles enter the emulsion and strike silver 
grains. The series of grains in a single path, when 
developed, reveal a nuclear track (A, Fig. 2) .  The 
mean free path is determined by the type and energy 
of the emission. Thus, the track can be retraced 
towards the locus in the tissue from which it origi- 


