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The precise measurement of total body water
in man by in vivo methods is becoming increasingly
important as more is learned of the significance of
electrolyte and water metabolism in normal and
pathologic states. While there is as yet insuffi-
cient evidence to suggest that body water determi-
nations per se¢ will prove of significant value in
diagnosis and therapy, the investigation of body
water appears essential to a fuller understanding
of disease states in which electrolyte and water
balance is altered. Thus far, such measurements
remain largely laboratory experiments with the
bulk of the data obtained from normal subjects.
However, with the present improvements in the
methods for assaying tritium, either with the ioni-
zation chamber (1) or the proportional counter
(2), the study of total body water and water me-
tabolism by tracer methods will doubtless be greatly
accelerated.

The present study was undertaken to develop
further the use of tritium for routine body water
measurement and to extend the investigation of
total body water to a variety of disease states. A
rapid method for routine assay of tritium had al-
ready been developed in this laboratory, but there
still remained several factors which, a priors, could
influence the accuracy of total body water determi-
nations with tritium labeled water, The time re-
quired for complete mixing throughout the body
water following intravenous administration of tri-

. tium labeled water was considered particularly im-

portant in selecting the time at which blood sam-
ples could be taken to determine the amount of
dilution. It was also of special interest to investi-
gate the possible existence of a significant isotope

1 This work was supported by the Life Insurance
Medical Research Fund and the U. S. Atomrc Energy
Commission.

* We are grateful to Dr. Leo Stanley, of the Calt!omu
State Prison at San Quentin, and to volunteers from the
prison who served as subjects for the normal, middle-aged

male group.
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effect as well as to evaluate by more direct meth-
ods, the magnitude of the error introduced by ex-
change of tritium with the solid constituents of
the body.

Total body water has been measured by many
investigators using four principal methods: 1)
post-mortem desiccation of cadavers (3), 2) bal-
ance studies of electrolytes and water (4), 3) de-
termination of the specific gravity of the whole body
in vivo (5, 6) and 4) the dilution of various sub-
stances presumed to be limited to and uniformly
mixed within the body water. Well documented
reviews of the literature have recently appeared
(5.7). .

Method 1) has no practical significance in clini-
cal investigation. Method 2) requires painstaking
balance experiments and no claim is made for
quantitative accuracy. Method 3), the measure-
ment of whole body specific gravity, has received
considerable recent attention. It is based on the
premise that the body can be divided into two por-

~ tions, namely, the fat-free portion, called the lean

body mass, and adipose tissue. The lean body
mass purportedly maintains a relatively constant
gross composition, thus contributing a constant
known effect to whole body specific gravity. The
fat content, on the contrary, varies widely from in-
dividual to individual and is normally the largest
factor responsible for the variation of body den-
sity. This basic premise has been substantiated
by careful work in guinea pigs and rats (5,8). In
large groups of these animals, whole body specific
gravity was measured and thereafter total body fat
determined gravimetrically. A hyperbolic rela-
tionship between specific gravity and body fat was
found which agreed closely with the curve pre-
dicted from theoretical considerations (9). The
equation for this curve in humans, % fat = 100
X (:psﬁ — 5.044), provides a reasonably accurate
estimate of total body fat when the specific gravity
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tritiated water, exhibits. a rchﬁvdy n.pi& expmcnthl

dlnppannawithulmmhl!mdmn'

hours ; .consequently, the ‘correct dilution factor must be
found by extrapolating the phm(conmmthncurve
back to the time of injection,

mudumoltriﬁmwithhydmhdmewuds

weight “ before analysis. For tritiom - assay, the dried
.. solids were oxidired to water in a stream of oxygen in a
- quartz tube and passed over copper oxide at 850° C. The
mtereollectedinlCO,tnpmsthenamlnedfortri’
. thum as before,

OBSERVATIONS
Arterial mixing of tritiated water, investigated
in this laboratory by Pace and associate (15),reveals
that mixing is essentially complete in normal adults
well within two hours. In the present investigation,
carly changes in the specific activity of tritium in
plasma were studied serially in two patients with
- marked ascites in whom mixing might be expected
to be greatly altered. Howcvcr. as shown in Fig-
ure 1, after two hours, mixing appears to be com-
plcte, at least within the accuracy of measurement,
‘in both these individuals, Subsequent studies in
patients with fluid retention indicate that long half-
. time mixing components are present. . However, in
- the present studies the 24 hour sample taken in pa-

tients with fluid retention minimizes any error due

to slow mixing components.

In simple dilution methods such as those used
here, where equilibrium is first established, it is
highly unlikely that even the great mass difference
between hydrogen and tritium ican introduce an
isotope effect of consequence. However, without
direct comparison with deuterium, this is difficult
to demonstrate. The comparison, nevertheless,
could be made indirectly with the results of studies
in which antipyrine and deuterium water volumes
were investigated. If no isotope effects were pres-
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Plasma specific activity is expressed in units of ac-
tivity relative to the tritium standard

ent, the ratios (H?* body water)/(antipyrine body

‘water) and (H?* body water)/(antipyrine body

water) should be equal. This was, in fact, ob-

" “served on comparing the present tritium-antipyrine

body water volumes with the deuterium-antipyrine
body water volume reported by Soberman and as-
sociates (14). At least within the present experi-
mental error, an isotope effect does not appear to
be a measurable factor.

Previous investigators (14) have observed that
on the average, a small but relatively constant dif-
ference in total body water is found with deuterium
as compared to antipyrine. As indicated above, a
similar difference between tritium and antipyrine

.water volumes is found in which the tritium dilu-

tion ‘volume is slightly greater than that for anti-

pyrine.. This difference can be accounted for by

exchange of tritium with labile hydrogen atoms
of proteins and carbohydrates. The body water
(phsma) specific activity is consequently lowered,
giving the appearance of larger volume. As shown
in Table I, the specific activity of tritium in vari- -
ous organs of the rabbit varied from 6% to 15% of
that for body water.. This agrees closely with the
observations of Ussing with deuterium (16). As-
suming that exchange of the same order of magni-
tude as in rabbits also takes place in the correspond-
ing tissue of man, a correction of about 2% in total
body water can be calculated, which is in agree-
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Plasma .100.0 '} '100.0. ] 1000 |: 1000
Liver i;g lg:g' {g: SR
G. I tact 80 751 19 |4
Muscle. 80 so. 1 us{ v
th.ond. 15.4 150 | . 152
Fat - -_— 0 -

ment with estimates ofOS% toZO% byotberin-
vestigators (11),’ :

The rabbit data in Table I mdxcate a dlﬂ'crenoe
in lability “of  hydrogen atoms ‘in various tissue
uussuofthebody Noexx:hmgecouldbede—
tected in fat. Liver, kidney, and phsxm ‘solids

.show a consistently higher percentage of exchange

than do muscle and G.I. tract.’ This division cor-
responds more or less with viscera and carcass, and
for the purpose of utxmannz & correction.for hy- .
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Subject | Age | Sex| water body m
Udders) | (%K) | water | water
Ui} | (%)
A. Patients
(7] Mi 32 -$$.3 | 3.4 Poly, vers
e JF | 238 so0| 253 473 | Poly, vera
[\ MY] 60 | €71} >4 Poly, vera
16 M) 38 St1.0] 37 434 m.alut
»-|F {30 5001 290 1484 lenrk,
e« I'M| s . 65.1] 4838 (78] lml.l—k.
o (M| 476 | €3] 300 @9 Seuk.
S IM| “uo sl a1e See. poly.
48 r 282:{ 994} 253} Sal mhl
0 |r] 02| o3} 2y @
Mean | 590 358 62§ M3 i ¥
= 1.3 = 87
© B Normal sabjects
n |u] as| eas] we] sra
28 M| 43e 5151 »S 324
b2 M ] s50 @04l 512 362
20 | M| s8] e30] 474 ¢
L {4 M| s ®0.s 3.1
Mean | 288 s3] sse] s 361
w 37 e 38

Q03054

o u...er§m (@

exch;:nge‘no large error is introduced by
is :bgenhmmm as high. actinty tis-

codndeted fat in a “standard”
pose ; tissue . contains little wa-
,gn troe. Body‘ water should ‘equal 73% of the
ygmus ‘;nThc observed body’ water, is

w2 than this By the watéf equivalent of the

~tntlum wh!ch exchanges in protem (c;rbohydrates
. mmcom dcred bcrc because they constitute but

otal body mdwml-alcubjcd:
Tou! body witer was mu'iured with tritiun labeled water.

oy 3 ) ;
L) R R ' Body Body
3L : Welaht | olier | wa
Subjact Beleh, | (kg Cldders) (%)

==
Ags
44 56* .1 29.7 -54.7
40 6 91.4 439 - 48.1
54 511” 703 335.2 50.0
42 5'10* 91.0 46.3 514
38 8% 778 | 40.8 52.6
41 s§'7° 68.2 387 |. 567
42 1887 | 840 | 444 52.7
47 .6 75.8 388 | 506
53 . 5’7' 1 S | 39, $6.7
34 1.8 s's* 671.8 Hu $1.7
1. 7] 4 T es 75.5 37.1 49.1
12 83. | 61° 386 - 46.9 S2.7
fs 48 - §'8° rE8 0 36.6 49.9
11,810 782 4.2 .56.8
_,_;,5'_11'-,. . 860 | 40.6 | 4719

-760- | 38 | 521
' % 3.0

a sma.n fraction of thg total organic constitutnts).
Thus, ‘observed body water per cent=73% +
] 'tpec:ﬁd activity of carcass proteins X per
cent’ of ‘body weight + relative specific activity of
vuwachrcmtofbodywelght. :
“The second term on the right is:

0.08 X 0795 X 0.27 X 56.5
= 0.96% of body weight,

while the third term is:

0.13 X 0795 X 027 X 24
= 057% of body weight.

Whereomandowaretherehuve:peuﬁc ac-
tivities for carcass and viscera, 0795 is the frac-
tion of protein in dry, fat-free tissue found by
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v raa u,_-thm\mu wik asd witkout failure
' ’ e b e & ?Jr.'\-.', N -?‘r.n B B . :
( Potlemt Ase - i font 4‘Ma‘,""‘)‘d.~~ ""(m Diagnose -
. vrvit. oMo Compensated at bed rest
4 cp o Pt et | Tase 610 |H.CVD.
47 oMo s 7040 430 61.0 H.C.V.D. with uremia
‘80 - F 160,83 L2396 ], 490 ASH.D
38 . T 548 298 '} 546 H.C.V.D.
Mean 49.8 s1.8 326 | s64
] & 58
B. With peripberal edema
48 R Ty 268 566 | Rbeum. ht, discase
n M T 89,6 ' 33,6 56,4 ASHD.
62 M 13.4 44.0 60.0 H.C.V.D,
74 F 788 L21.6 352 HC.V.D (very obese; little
o1 F o]l a4 ;. 340 . 490 - |Cor.
47 M- - 700 . 417 59.5 Rh. ht. disesse
“ F e . 56.7¢ t o832 650 - {H.C.V.D.
40 - F 55.5% 369 . 66.5 H.C.V.D
Mean - 58.8: _ 63.7 - 371 $6.0
' £106
C. With pulmomryeonxesﬁonbutnoperipberdedm
9 F 820 U4 42.0 ASH.D. Emphysema
74 M 1102.3 354 U6 Myocardial infarct.
34 F 51.7 352 68.0 JH.C.V.D,
s3 F 614 27.8 “us H.C.V.D.
Mean (1] 74.4 331 474
+14.3

Pace, Kline, Schachman, and Harfenist (10)* and
027 is the fraction of solids in wet tissue. The
carcass weight was taken as 56.5% after subtract-
ing bone minerals. Inserting these values in the
formula above, the total body water one would ex-
pect to observe with tritium is then approximately
74.5% of the lean body mass. The correction

- factor representing the maximum error, s.e., for a

lean subject, is 0.73/0.745 = 0.98. The difference
of about 2% corresponds closely with the average
of 2.3% in the differences in body water volumes
observed when antipyrine is compared with tritium,
as may be scen in Table II. This correction is not
made in Tables II-V, because its exact value de-

2 The value used here is derived from Pace's figures
for the nitrogen content of dry, {at'free tissue.
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pends upon a more exact determination of lean
tissue mass in individual cases.

Two facts are worthy of note. First, the magni-
tude of the error is not changed by the degree of
obesity ; and second, in edematous states, the er-
ror decreases as edema increases. The first is true
because adipose tissue does not alter significantly
cither the amount of exchangeable hydrogen atoms
or the volume of body water. The second is evi-
dent because as body water increases, the amount
of tritium exchanged remains the same.

DISCUSSION
Radiation dosage is always an important con-
sideration in the utilization of radioactive tracers.
Two mc. of T,O were selected for use in these

PRIVACY ACT MATERIAL REMOVED
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HEA ll,-'_,_. ':-65»
. With s ey it
38 | P 719 ] 378 $26 Edema
60 M| 52411318 60.7
65 | F |180.7-} $9.0.] .63.0] Ascites and
st [ M[49.6 | 266 '53.9] Ascites,
47 | M| 713 | 02 564]Ascites'tnd
i BN B Pt (A edemar
sa'{ M| so.5.| 3.8 |1 53.0] Ancites:
60, | M | '5&1.] 30.4 | 52.3| Axcites

studies- because tbey would prodmo& very low
radiation dose; yet the: specific lctivityofph.ntn
(body water)’ gam:a unmting rate that Was g gmt
than background by 'a factor'of 20 {q 30,7

Dongememdtotxldosewmulcuhwdfor
amﬁlognmmnmngmtnngebchpuhck
energy of 6 kilovolts and an éxponential disa
mccofu{ﬁmnmthihalfhfc‘ofmdxy:“

The, maximum ddsage me, wh!ch woufd occur
at the .time ‘of Injection,. is; dosage rte= (2)
(37 x 10%) (6,000) (1.64. xIO‘")/(;'O) = 0.01
rep./day’; where 3.7 lO'uthenmnbu'ofdism
tegnnonspctun‘lhctme sec.,'and' 1:64 % 102 is a
factor for conversion from electron Volis'per sec-
oMmmmmmmmmmwh&ﬂwmhﬂ¢m
assuming 84 .ergs per.rep. °

Total dmemcalcuhtedlgtheformuh

Totaldosc dougen.be >< half.hnx/lq?:z (0.01)
L (10)/(0.693) u0.14 rep.,

w!uchrcprcsmtstbcinbegnhonofthcdoagenzc
from the time of injection to infinity. The radia-

tion dose during the first week is considerably less

than the generally accepted tolerance level of 0.3
roentgen per week. .
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Lmimq op.f ‘b°d ,water of the four young -

o pormal subjects, gi zg,,'l‘gble 11, was 5504 ; of
Jo mm 5 i i, fz{}%z«%ﬁs i
: ‘nw & o H. h y,

. Detween
> L- ~-'ﬂe | 1 ﬁl R [%; P8 b 2N + "X '}-’l
f ol hody " y‘o'chrved

' I w?agt‘ EEEER
'""tu"a&e‘lgﬂy‘twen) e, Tlusdlﬂcr-

- el oo Ty i o

] £ WAL “’ﬁf} fi*hn {;(!‘ réﬂecte't}“in

B g 1, T

A o bl § bl

go el t!oﬁ;beyv; 'boéy“"mtér and age., It 18 felt

that sachi’s correlation would, in any evtnt, Be es-
sentially i correlation between fat and age.

‘Since’ individuals differ markedly in degree of
obesrty, the propomon of body water normally pres-
ént will! Vuy‘accordmgly and- thus'may tnask any

positive indication of aliered water balancei: Body
wattr determinations in discase itates oomcqumtly
appear to be of little value as i ‘quantitative meas-
ure of watef.retention or deficiency unless total fat
cahi be defermined independently. : As Steele, Ber-
gér,Dunhmg. md Brodie (17) have already stated,
an‘obese’ ‘person.cad develop edema. and ‘still bave
a smaller: proportion of body water than‘a.lean,
normal  individual, ., This. exphmhthe lack of a
ngmﬁcant dxffcrence in the .proportion of body
water oburved in cardiac patients with and mth-
out; edeml. shown in Table IV.. Pt

Thc ayerage percentage. of. totzl body, ww:r of
Group A, (Table V), 'which tonsists wholly of, fe-
males, was 43.5%. a3 compared to 44.6%. for, nor-

‘mal fcmalcs a”).. InGroup B thcn; are five male
. pa,bcnls thh an. average body . water of 55.2%,
‘which _js, only, slightly higher. than .aur \Bgure

(52. l%) for normal males. The two fcmalu in
this’ group had total body waters consncfcnbly
above the average for normal females.

~ Little emphasis was placed: oa the megsurement
of body water turnover in thig investigation because
of previous: work on'this aspéct’ éftlxé’problcm by
Pinson,and Anderson ( 12)"°, Thesd irivéstigators,
using ‘tnﬂ‘qm, found. btologml Mixm of body
water in eight normal subjccts on' an ad libitum
water intake to range from nine to 14 days. These
values agree closely with those found by Schloerb,

‘and his associates. (11) using deuterium. When

the water stake of one of these individuals was
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increased from'2.7 llten/day to° 128 liten/day.
. the uoxagia! half-life was ‘redoced froni 1
“to 2.5 days, il abilit
turnover In formal Indlvidaale >

The difficulties that ‘confront eﬂorts to intcr-
pret body water metabolism in disease states could
doubtless be resolved if body fat could be deter-
mined at the same time. It seems reasonable that
if body water can be expressed relative to lean
body mass, its significance in disease could be more
clearly defined. Although a method now in de-
velopment for measuring body fat may be applicable
to patients, the existing methods are either not
sufficiently reliable, or they are impractical for use
with sick subjects,

SUMMARY

" 1. Total body water has been determined with
tritium labeled water in 57 individuals. Twenty
were- normal and the remainder were suﬁenng
from a variety of disease states,

2. Tritium appears to measure the same water
volume as deuterium, averaging 2 to 4% higher
than with antipyrine, and underg'oes a similar de-
gree of exchange with organic molecules as doa
deuterium.

3. The difference between antipyrine and tritium
body water volumes is accounted for by exchange
of tritium with protein bound hydrogen..

4. Body water determinations vary greatly from
individual to individual, the variations in pro-
portion reflecting for the most part variation in
body fat. In pathologic states, where the lean
body mass cannot be assumed to remain con-
stant in composition, body water determinations
are of limited value without a method for quanti-
tating fat.
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