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SUMMARY

1, Whole body density determinations are reported for a small group of
athlstes (welght lifters) and an analysis is presented of data derived from
ssreral investigations in whizh similar techniques were employed to measurs
+otal body watsr and the total exchangeabls sodium, chloride (bromine space),
and potassium in the bedy.,

2, The mean 7value for body density (1.080) obtained on the athletes
wag similar to that obtained previcusly on professional football players
and mich higher than the mean value usually obtained on young men (~1.060).

3. In addition to the low body fat content characteristic of the ath-
lztes, the ratio of exchangsable K; 4o Cl, was higher in these men then in men
%f»average physique, In turn, the values for Ke/Cle were even lower in obese
ihdividuals and in patients,

4e In healthy individuals, ths sum (X, + Clg) is highly correlated
{r = 0.99) with tetal body water, and this finding provides an independent
estimate cf lean body weight.

5. In patients afflicted with certain types of chronic diseases, par-
ticularly those associated with the edematous state, the exchangeable Na, to
Ky ratio iz strikingly higher than it is in healthy individuals.

6, Egtimates of the amount of transudate in edematous patients may be
made from analyses of total body water, and total exchangeable Nag and Kg.
Additional determinations, such as whole body density and red cell mass, are

required to assess accurately the size of the lean body mass in these patients.

Normel adult lean body size prior to illness may be estimated from "skeletal"™

nmeasurements,
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INTRCDUCTION

The analysis of the gross composition of the body of the living in-
dividual during the past 20 years zonstitutes an important advance in
physiology and mediecine, The procsdurss utilizedfihclude determinations
of whole bcedy density and nctably the employment ;f dilution techniques
involving the use of radicisctopes. As a result of these advances it is
possible to partition ths body into chemical entities or anatomical com- |
ponents such as total body fat and water, lsan body mass, blood volume,
red cell mass, cellular water, including mscle mass (poggssium space),
and extracellular water (chloride, sodium spaces). Of special importence
are the ratics of sodium or chlorids (the principal extracellular cation
and anion respectively) to potassium present chiefly in the cells., The
ability to measure in pathologic conditions significant departures from
normal in these parameters makss possible a quantitative evaluation of the
disease state; and this in turn serves as a basis for rational therapy.

In this paper whole body density dsterminations are reported for a
small group of wesight lifters whosz body configuration was depicted quant-
itatively by Taylor and-Behnks (1), The same subjects were also included
in the series of Boling, et al. (2), who measured total body water, and

the exchangeable sodium (Nag), chloride (C1l,), and potassium (Ke) content



of the body. Two other investigations (McMurrey et al. (3), and Edelman
et al. (4)) have provided remarkably consistent data with respect to body
water and electrolyte content, both in healthy men and women, and in
patients, Additional analyses of the data of these imvestigators are pre-
sented herein to emphasize the striking differences existing between the
Nag /Ky ratios in patients and in healthy persons’. Moreover, there is a
significant difference between the ratios of Clg/kg (2) and Na /X, (3),
not only for men and women, but for athletes and the obese. The largest
individual weighed 170.4 kg (~~375 1b) and the smallest 36.4 kg ( 80 1b).
Since these ratios otherwise show little variation in healthy individuals,
it is possible to use them to approximate the amount of transudate in
patients.

The dutstanding feature in this review is the employment of meticu-
lous procedures by investigators who recieved their training in the
leboratories of Dr, Francis Moore. Thus, it is possible to analyze data
based on uniform methods applied in the study of heterogeneous sﬁbjects
residing in widely separated areas. The techniques employed (2, 3, 4)
were similar, if not identical, with the exception that Boling used B> as
tritiated water;, and McMurrey and Edelman deuterium oxide for the measure-
ment of total body water, Br82 was employed to estimate exchangeable

chloride.
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Estimates of Fat-free and lean Body Weight from Whole Body Density and Total

Body Water Determinations (TBW)

Hydrostatic or helium dilution chamber techniques make possible the
determination of the net volume of the body and in turn an estimate of its
density, g . If the body is divided into a fat (d, 0.90) and a fat-free
component (d, 1,100), then the fat fraction F(f) may be calculated fircm the

basic formulation of Morales et al. (5), and from experiments of Pace and

Rathbun (6). 1 - 1
P (e) D (body) D(lean mass)

= l - l
D(fat) D(lean mass)

The fat-free body, however, is an in vitro entity. With reference to the
living individual, it is more appropriate to refer to a lean body mass (LBM)
which includes~/from 2 to 5 per cent essential lipids in bone marrow, central
nervous system, and other organs.

The velue for the specific gravity (~-1.100) or density (~1.095) of the
IBM has been derived from weight-volume relationships that pertain to extreme-
1y lean individuals examined during the past two decades and from analyses of
carcasses of lower animals. Two sets of equations are used in this repcrt

for estimates of fat-free (7) and lean body weights.

Fat—free Weight (Body Weight - F(f) x B.W.), Siri's formulas

1/ From density alone, F(f) = 43%59 - 4.500

2/ From density and TEW, F(£) = 2:31& - T8 W(E) - 1.354.

In 2/, W(f) is the water fraction of the body. The constants represent a
slight change from those in Siri's original formula, (7). The constants in

1/ and 2/ are based upon the following density values, fat (0.90), fat-free
mass (1.100), dry, fat-free mass (1.565), water fraction, fat-free mass (0,733),

3
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ANAIYSIS CF DATA
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Ton oomparisons of Athletes and Cbese Individuals

The larger muscular mess and beitter physical development of the athlstes

sempared with the obese is consistent with the relatively greater amount of X,
sompared with Clg (Table 1). The significance of the higher Cle/Ké ratios in

+he obese compared with the athletes is made more meaningful by the remarik-

mall variation in (Clg + Ko) per liter of body water in the two groups,

[\
o
-4

~i
|1

3. 139 mEq for the athletes and 140 mEq for the obese. With respect to fat
sntent, the athletes had an average of less than 9 kg of excess fat and the
sresz-wvic %z exsess fat.

1 nmormaily hydrated individuals total bedy water is 72 per cent of the

laan mods masse It i3 seen (Table 1), *that the group values for (Qw + Xs)
Y b =) = =] <

divid=d y 100 is nearly equal to the group values for lzan Dody mass. e,

e

. / / i o . - . : A
T3 sonstents in 3/ and 4/ are based on the following density velues, fav {35



Individual Valuss and Density Determinations on Athletes
The body density values are high (Tabls 2) in the athlstes as Welham

et al. (8) observed in professional football players and much higher than
the average value (~1.063) for young men (9). Despite appreciable inter-
individual variation in the ratio, Clg/Ky, the (K, + Clg) par liter of TBW
is remarkably zonstant for the athletes and subjsct 7, The low values of
20 and 129 in subjects 8 and 9 ars minimal for the healthy men and women in

the groups examined, Subject 8 is a sedentary individual who has had ex~
tensive gasiric resections., Although of small size and lean in appearance,
he has a moderate amount of fat. Subject 9, despite extreme leanness, is
physically f£it.

The close agreement between values of total (E; + Cly) = 100 and fat-
free weight calculated from Siril!s combined equation holds for all subjects
except 9 and 10, If the (K, # Clg) to TBW ratios for these subjects were 140
instead of 130 and 129 respectively, then the values from (K, + Clg) = 100
would be in close accerd with thelir fat-free weights,

In four subjects especially, and for the group as a whols (Table 2),
LBW calculated from density alone is mach higher (m 71.3 kg) than LBW cal-
culated from the ratio TBW & 0.72, (m 64.8 kg). The divisor, 0.72, in
previous studies (9) has been accurate as a conversion factor for the estim-
ation of LBW from TBW., In this smell group, a diviscr of ~ 0,67 would be
required tc bring the lean body weights into agreement with those derived
from density. Apprecisble error in the TBW determinations is ruled out by
the small variation of (Ky + Clg) per liter of TBW with the exception of the
values for subjects 8 and 9., The data suggest either some degree of dehydration
or that the value of 1,500 postulated for the density of the dry, lean body

mass is too low.

Ui



Data on Healthy Men and Women, Stability and Importance of the Ratio,

(K, + C1_) to Total Body Water

Boling et al., (2) pointed out the high correlation (r = 0.96) between
Ky and TBW (CV, 4.8%), and Cly and TBW (CV, 4.5%). However, the combined
value (K, + Gl,) is more highly correlated with TBW (r = 0.99). The mean
value for 29 male subjects of (E, + Clg) per liter TBW was 138.6 mEqr~ 4.09
(CV, 2.95%). The data of McMurrey et al, (3) on healthy men (Table 3) and
healthy women (Table L) further support the constancy of this ratio, although
the msan valus was somewhat higher,~ 140 mEq # 4.5 (CV, 3.2%). The greater
Cl, and smaller K, values per liter of water for women compared with men is
highly significant,

Bstimates of fat-free weight (kg) may be made from TBW = 0,733, and

of lean body weight from TBW & 0,72, It is fortuitous that the sum (Kg + Clg)

€ 100 is nearly identical numerically with TBW & 0.72. On the combined

groups comprising 49 male and female subjects, m TBW + 0.72 was equal to
57,5 kg + 13.3 (CV, 23.1%), and m (Kg + Clg) was equal to 57.9 13.4 (CV, 23.2%).
The corrslation between values derived from TBW ¥ 0,72 and (K + C1 ) & 100 was

0,992, the standard error + 1.71 kg, or 2,9% of the mean,

The Na /K, and (Nag ¢+ K; )/TBW Ratios in Healthy Individuals and in Patients

The noteworthy finding was the greatly elevated Nag /Ke ratio
in patients compared with healthy individuals (Table 5). However, with re-
spect to (Nag + K;)/IBW, the mean values for the patients (148.6 mEq (CV, 5.5%))
and healthy individuals ( 160.9 mEq (CV, 2.75%)) are significantly different
but not too diwvergent. The presence of exsess solutes such as urea and glu-

cose in patients does not appear to lower the (Nag + Kg)/TBW ratio. It is

6



beyond the scope of thls paper to discuss the reasons for the discrepancy in the
mean values of this ratio in patients and healthy individuals, except to point
out that the correlation between serum Na and (Nag + Ko)/TBW in patients (4)

is not sufficiently high (r = 0.83) to be useful in this analysis. The osmot-
ically active or inactive substances affecting this correlation remain to be

identified,

The Estimation of the Amount of Transudate and Iean Body Weights of Edematous

Patients

The high correlation of (Nag + Kg) to TBW, and the constancy of the
Nae/‘Ke ratios in healthy men (0.828) and in women (0.975) serve as a basis to
estimate the amount of transudate and the lean body weight in the patients of
Edelman et al. (4). In healthy men, Na, constitutes ~ 45 per cent of the com-
bined (Na.e + Ke) , and this amounts to about 72 nliq per liter of body water in
these individuals (i.e., 0.45 x 160). In male patients, the mean value of
(Na, + Ke) /JTBW  was.l48.mEq/L. If this value is mltiplied by 0.45, one ob-
tains ~ 67 mEq of Nag, per liter of body water.

a. An approximation of the transudate (mean value) in the male patients
follows: mean values, weight (67.6 kg), TBW (40.21), total FNa, (3666 mEq) and
total Ky (2210 mEq). The product of TBW (40.2) and 67 = 2693 Nay, and this
may be assumed to be the normal Na, for this quantity of body water. On the
assumption that Na is the principel cation in transudate and that K is absent,
the "excess" fluid is equal to 973 mEq 148 = 6.6 liters. A first approxima-
tion to estimated normal m TBW, 40.2 - 6,6 = 33.6.1iters.

Lean body weight = 33.7+0.72 = 46.8 kg.
LBW + transudate = 53.3 kg.
Body fat = 67.6 - 53.5 = 14.3 kg.



b, Caloulation of transudate and LBW in a grossly edematcus patient.
Weight (119.5 kg), TBW (69.6 L), Nag (6983 mEq), K, (3293 m Eq)
"""" and (Na, + K )/TBW (~148 mEq).
Est, normal Nag = C.45 x LU8 = 67 mEq, 69.6 x 67 = 4663 mEq.
2320 mEq.
15,7 liters.

1]

Est. Mexoess" Nag = 6983 - 4663

Amoun?, of “ransudate 2320 «~ 148
Loan bocy weight (69,6 = 15,7) & 0,72 = 75.0 kg,
IBW + transudate = 75 + 15,7 = 90,7 kg,
Body fat = 139.5 - 9C.7 = 28.8 kg,

3. Galoulation of transudate and IBW from mean values of women patients (4).
Wsight (55.1 kg), TBW (29.1 L), Na, (2626 mEq),
K, (1706 nEq) and (Nes + Ko)/TBW (150.3 mEq).

Ths ratio of Nag to (Nag + Kg) in healthy women is ~ 0.49.

Bstimataed normal Na,/TBW = 0,49 x 150 = 7A:mEq per liter.

e Est. normal Nap = 29.1 x 74 = 2153 mEq.

]

Est., "excess®™ Nas = 2626 - 2153 = 473 mBEq.

Amount cf itransudate = 473 150 = 3,15 liters,
Lzan body weight = (29,1 = 32.15) £ 0,72 = 36 kg,
lean body weight + transudate = 36 + 3,2 = 39,2 kg,
Body fat = 535.1 = 39.2 = 15.9 kg,
do Galoulation of IBW in a non-sdematous female patient,
Wsight (36.4 kg), TBW (18 L), Nag (1228 mEq), K, (1358 mEq) and
(Na, + K. )/TBW (144 mEq).
Est. normal Nag/TBW = 0.49 x 144 = 70.6 mEq per liter.
Normal Nay = 70.6 x 18 = 1271 nEq,



d. (cont'd).
Total Nag, deficit = 1228 - 1271 = - 43 mEq.
Since this deficit is within the limits of measurement errar,
IBW = 18 + 0.72 = 25 kg.-
Excess fat = 36.4 - 25.0 = 11.4 kg.

COMMENTS

The Nae/fKe ratios are elevated in the patients even after a correction
has been made for transudate. This may be attributed to an ingufficient cor-
rection for transudate or to abnormal loss of K, in the patients due to wast-
ing disease and the compensatory increase of exchangeable sodium. If the
correction for transudate were made on the basis of restoring the normal
Na, to Ky ratio, then the lean body weights of the patients would be far be-
low the mean values for healthy individuals, Even so, without any subtraction
of transudate from total body water, the mean body water content of 40.2
liters (men) and 29.1 liters (women) are remarkably low in view of the large
number of edematous patients included in the series (4).

The above calculated lean body weights may apply to the pre-edematous
condition of the patients. The lean body weights accompanying the edema state
may be more closely related to the potassium levels, Two additional measure-
ments would be invaluable in removing uncertainties and speculation, namely,
determinations of whole body density (7, 9) and the total red cell mass (10).
Under conditions of weight loss following partial starvation and certainly in
the healthy state, the total red cell mass is highly correlated with lean body
mass. Total body density in conjunction with the measurement of total body
water unequivocably defines the size of the Tactive protoplasmic mass." Fin-

ally, an estimate of the normal, adult size of the lean body mass prior to illness
may be obtained from "skeletal" anthropometric measurements which presumably

are not altered by the types of chronic disease under consideration.

9



1.

2,

3.

deo

5

REFERENCES

Taylor, W. L. and Behnke, A, R.,, Repcrt in preparation, U, S. Naval
Radiological Defense laboratory, June, 1959,

Boling, E. A., Taylor, W, L., Entenman, C., and Behnke, A. R., Total
exchangeable potassiim and chloride and total body water in healthy men
of varying water and fat content., Regearch and development technical
report USNRDL-TR-313, U. S. Naval Radiological Defense Laboratory,
San Francisco 24, Caiif., March, 1933,

Edelman, I, S., lLeibman, J,, O'Meara, M, P., and Birkenfeld, L. W.,
Interrelaticnships between serum sodium concentration, serum osmolar-
ity, and total exchangeable sodium, total exchangeable potassium and
total body water, J. Clin, Invest. 37: 1236-1256 (1958).

McMarrey, J, D., Boling, E, A,, Davis, J. M,, Parker, H., V., Magnus,
I, C., Bell;, M, R,, and Moors, F, D,, Bedy Composition: simultaneous
determination of several aspects by the dilution principle., Metabol-
ism 7+ 651-667 (1958).

Morales, M. F,, Rathbun, E, N., Smith, R, E.; and Pace, N,, Studies on

body composition: 11 theoretical sonsiderations regarding the major body

tissue components, with suggestions for application to man. J., Biol,
Chem, 158: 677-684 (19i5).

Rathbun, E. N,, and Pace, N., Studies on body composition: The determin-
ation cf total bedy fat by means of the body specific gravity. J. Biol.
Chem, 158:667-676 (1945).,

10



7

9.

10,

11.

Siri, W. E., Advances in bioiogical and medical physics. 4: Ed. C. A.
Tobias and J. H. Lawrence, Academic Press, New Yerk (19%5),

Welham, W. C., and Behnks, A. R., The specific gravity of healthy men.
JJAMA, 1180 495-298 (I342),

Osserman, E. F., Pitts, G. C., Wslhznm, W, C,, and Bghnke, A, R., In wivo

—

measurement of body fat and baiy wster in a group of normal men. J. Apol.
Physiol. 2: 633 (1¢9:9).

Maldowney, F. P., The relationzhip of tofal red cell mass to lean body
mass. Clinical Science 16: 143-149 (1957).

Behnke, A. R., and Siri, W, E., The estimation of Isan body weight from
anthropometric and x-ray measurements, Ressarch and Development Technical

Report USNRDI-TR~-203, U, S. Naval Radiolcgical Defsnse lLaboratory,

San Francisco 24, Calif. Dscember (1957).

Approved bys

A .R. BEHNKE

Captain (MC) USN

Acting Head, Biological and
Medical Sciences Division

For the Scientific Director



z*L2 iv9T 2°1 g n 074 870

) £°51 0°1I A 0z £0°C -

(T = 9) Aoﬁw =28y (96-0M)  (LE-€M) (96-08) (15 - 9m (8%* - 05"} (L9 - 10 duey
73 §

0g) (! &
799 6°59 €48 AR 2570 9¢< FAS=Tt

18 - S =
1T len), ’ e € ot cosn A\.ﬂ.\)o\v o )np..\..vz
2°Tt i 1G9 99 06 &1 856 g- < $ILITUIY
7 dnouy

2 dnozp

(6% - ) 37N

IAFAY 2°23t £°9L 65l 98 ng €9°0 FASLH 322Q0
T dnozn

0T = k2
S5 . A . 2 ey 3 S
{ (WO A sl kf ° ST 2y3rsy

45T xa1EM O { : A

k3

Ex]
&
fxy
R
4+
A
o
ri
)
e

L9 3o SATLCH WOIT E56(Q 4T 5184 LUT)

JUBTIOTEA3C TR2TNISNY FUT JUIQUCH 224 Lpog 07 UOTLETSY UT UMY AATaH WO
SUCTSBUTLLALE] MNTISSRICH DU SPTICTUD 5TqeaTusyoxy Joq3y Lpcg 8401 ~C; sanTey uespn

T ¥TI8VL



)
I3

£*¢3 9°2% 753 é°35 8°3 6zt 6" 08 0°g¢ 30°T  2*8S 2°SLT Lt g
2°€T ALl 27 nren PSS ceT 0§ 08 9°ce 650°T n°2s 0°A9T £
3°49 €9 R°2L e *89 ERIes €5 92 S°3 €01 §°€6 £°641 e
L9l PARVA 0°cg A5l FARIPA T gh 9 9°T: N&0° T 1°eg QT LLT A
€<l €l 624 £ 7 ont 7 L9 0°¢s lottT 9tel o'it of
963 n*R9 £70L W 1°5% 4€T1 9 €6 L*&N N1  £°6L 9l 53
8’23 0°08 1°539 CAR 4708 ont 05 06 §°i5 S0t §°%A LTET W2
€1 2°¢S *59 R 033 eIt 67 "6 <SR gL0°1 6°0L nTO9T <z
*l9 9°ng A 6°53 2T 05 26 &'9n $80°T  8°fL ST sk

g
hpmw.wn N %lm.mm i ﬂ,uﬂp, u.zx.n.,m. oo s m.moﬂ ¥ - mHo+-w~.‘z 2o % :m.u. ) -] ):;so .
TS fosg veoT RSO i Teacl a3en 1/b% A k5. farsue@  SudTes  Sun3Els 53y
*CHRLATT 01N ATLAIHD
et G0 LHOTHR AQCA EVET U LHOTEM RGCE TEL-IY D €Y 4 EITAVEOHYHOYE (WELVE ‘ALISHEC AGCE FTCHM

< TEWL




$IT T 9T sl 5748 Al o'l g'ee 665 8% 90 €M
L5t et WLt §°ns S 691 0°sM n €6 %5 08° 95° §*65
gst omt L §*€9 L*28 2°3% 89 06 0s GL® 9s* 2765
Lt e (A4 125 €1 $°t 2l 1 65 ng* ol* 9°94
15T Zm 9T 2 €L 1°8S 2 LS 89 68 €5 LLe 09* €°95
991 s AR 44 $*06 ozl ol 8 48 is 96° 89° 0°95
391 TTE 9°t2 S99 2°€9 £°2s 9l 06 15 il Lsr 0°ss
951 ot O A 6°09 7°09 89 88 25 LL 65° L*ns
851 9€t  goce Ll T°€S 75 €L 8 1 98* v° 2°05
o1 ant Ie 0°G4 £ ms 1°28 €L 06 1 18° %° 6N
51 gt T°9€ 588 5°09 §°95 Ll 06 65 98* g9° 0°91

mm, 00T =+ ZL= Mdl 3N >y STD oy /@ 3TN
- Y~ g £ k
vl (GadFT A R 8T I3 /03 I 3/ /70 [T:6

|

R

(*T2 3> KeaIrRIX ¥° gy ;o STSEATIUY)
vaR LunTReH W0
cuOTHFTTEX9Y3( UNTSEEIOd FUE fopTIOTHD ‘WTPOS orqeedusyoxy fx23ey Ao 12390

¢ BV



6T

gs0° ™° =

ET9T MUt € 2€ €°63 o°gn Lo6g 6L T8 T°65 SLé° ohL® 98" K
31 ot 2°zz gom 6°%€ 9°mE éL 8 95 €s° 79° 6755
o9t €T €52 0°85 seen £°gn 9L e 95 6° i° g€,
©T M L6z gves en e°T% € g % BT og° 9°05
75T €T 1°0€ 567 6°1¢ 5°¢ LL sL 95 w°T & %61
15T it 0°2¢ 9°gn 9°2c 0°¢e 8 9L © %0°1t 8L° 6°8%
€91 e €3¢ 1765 g°on 0°0n 6L 8 6s e oL s°en
TT e Lz gy e 9°€1 st 6L s mse €L s°en
T o 6'2€ $29 zom 6T 8. 98 09 8 oL €°81
L3t Tt 1°2 0*€L g€ z°2n 98 9 £ 90°T gL 9°TN
29T ™t noen el 0°eh s°in 8l 28 s s6° ele L°oq
2 . 9y oy °19 e /on oy /o 353ren

d9%%y /0% WE M1 IV /oA R e R =

(*1® 38 Laxxnpop Jo BIEQ JO sT78LTRUY)
USWOE AUITRAH UO SUOTFRUTWISYSQ WnIsse30d puw
‘OPTIOTYD ‘wnypog syqeaSueyoxy ‘1oqmy Apog Twq0y

- e——




‘ TABLE 5

The Exchangeable Sodium/Potassium Ratios in Various Diseases
and in the Healthy State

—

Disease State (from Edelman et al.)

Male: { Na/K
Heart disease (N = 22) 1.77 + 0.195 (.91 - 3.09)
Iiver disease ( N = 21) 1.73 + 0.167 (.92 - 2.78)
Kidney disease ( N = 4) 1.72 (1.42 - 1.99)
Lung disease (N = 4) 1.48 (1.07 - 1.90)
Gastro~intestinal disease (N = 3) 1.38 (0.97 - 2.15)
Neurological disease (N = 2) . 1.44 (1.35, 1.54)
Miscellaneous disease (N = 8) 1.23 (0.96 - 1.51)

Female:

" Heart disease (N = 10) 1.59 (1.00 - 2.55)

" liver disease (N = 6) 1.74 (1.20 - 2.48)
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Healthy State (from McMurrey et al.)

066
.068

Mele (N = 10) 0.828

1+

Female (N = 10) 0.975

1+
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