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INTRODUCTION

Since Conn and his associates (1, 2) proposed
that the concentration of chloride or sodium in
thermal sweat can be used as an index of that
function of the adrenal cortex concerned primarily
with electrolyte metabolism, studies concerning
the factors which are related to or influence the
electrolytic composition of sweat have gained
greatly in significance. In the past, several in-
vestigators have obtained data which suggested
that the concentration of chloride in sweat is posi-
tively correlated with the rate of sweating (3, 4)
and skin temperature (5). However, the rela-
tions of these variables to sweat electrolyte com-
position have never been defined with precision

nor have they been studied in connection with the.
effect of adrenal cortical activity on the composi-

tion of sweat.
The present paper is concerned initially with
" studies which show that certain non-endocrine
factors play a major role in the determination of
sweat electrolyte composition. A method for
taking these factors into consideration in the utili-
zation of sweat electrolyte measurements as an
index of hormonal activity is described. Finally
investigations of adrenal cortical function based
on this newly developed index are presented.

METHODS

Unless otherwise noted subjects were maintained on a
standard diet for three to five days prior to the first col-

1This work was supported by a grant from the Com-
monwealth Fund of New York to the Department of
Pediatrics and was aided in part by a grant from the
Rockefeller Foundation to the Department of Derma-
tology, Harvard Medical School.

2 National Research Council Fellow, 1948-1949.

lection of sweat and throughout the interval during which
the collections were made. The standard daily diet con-
sisted of a low-salt diet, estimated to contain 1.5 gms. of
sodium chloride, supplemented with weighed sodium
chloride in such amounts as to bring the total sodium
chloride intake up to 5 gms. per square meter of body
surface (m’) per day. Drinking water was allowed
ad lib.

Sweating was induced by placing the subject in a
room the temperature of which could be maintained
at the desired level by automatic temperature regulators.
Usually additional stimulation was provided by having
the subject immerse one arm in a bath of warm water,
the temperature of which was kept nearly constant at the
value desired throughout the collection period.

Sweat was collected from the non-immersed arm by
enclosing it in a loosely-fitting watertight envelope, made
of rubber dental dam and fitted with a glass delivery
tube at its lower end. Immediately before the envelope
was placed in position, the skin of the arm was thoroughly
cleaned with tap water, 70 per cent aqueous solution of
ethanol and finally, distilled water.

Rates of sweating were expressed as ml. per hour per
0.1 m*® of the skin surface enclosed in the envelope, the
surface area of the skin surface being calculated ac-
cording to the formula of DuBois (6). The volume of
sweat was taken as the sum of the free sweat delivered
from the envelope plus the amount adhering to the inner
surface of the envelope. The latter was determined by
weighing the envelope before and after it had been wetted
with sweat.

Temperatures of the room, water bath and skin were
recorded by a Micromax apparatus. Separate electrodes
were used in the determination of room and bath tem-
peratures and of the skin enclosed in the rubber envelope.
For the latter determination two electrodes were em-
ployed, one being fixed on the lateral surface of the arm
just above the elbow and one on the dorsal surface of
the forearm just above the wrist. Readings from each
electrode were recorded every eight minutes during the
period of collection. The reported temperature in each
instance is the average of the individual readings. In
these experiments, the intensity of thermal stimulation
(see below) was arbitrarily taken to be the room tem-
perature when the bath temperature was kept the same
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(44.5 = 0.5° C) during repeated collections of sweat, or
the bath temperature when the room temperature was
kept the same (32 =0.3° C).

After collection, the sweat was filtered through What-
man No. 3 filter paper. Chloride concentrations were
determined by a modification of the Volhard titration
method (7); sodium, by the method of Butler and Tut-
hill (8) or by flame photometry with an internal stand-
ard; potassium, by the method of Fiske and Litarzek (9)
or by flame photometry with an internal standard.

RESULTS

1. Relations between sweat chloride concentra-
tion, intensity of thermal stimulation, skin tempera-
ture and rate of sweating.
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Data concerning these relations are contained in
Table I, Experiments 1, 2, 3a, 4a. The subjects
for these experiments were four normal adult
males. Five to seven samples of sweat were col-
lected from each subject. Collections were usu-
ally made at daily intervals.

The data demonstrate that there were great
differences in the concentration of chloride in the
several samples of sweat collected from each sub-
ject. For example, in the case of subject 3 the
minimum concentration was 6 mEq per L. and
the maximum, 54 mEq per L. Coefficients of cor-
relation (Table II) indicate that variations in

TABLE I
Data illustrating the influence of certain non-hormonal and hormonal factors on sweat electrolyte concentrations

Sweat
Sex Rate (eleEc;rolytzs)
Exp. |Subj. . : NaCl Room | Bath | Skin of mkEq per L.
nop,‘ no. :rguei Diagnosis | Date intake Treatment temp. | temp. |temp. | sweat- Comments
ing
Cl |Na| K
gms. /m?/
day °c | °C ml*
1 1 | 25| Normal | 5/16 5 None 32.0 | 45.8 | 36.7 35 39 | 47
5/17 5 None 31.7 | 41.5 | 363 12 16 | 21 | 8.7
5/18 5 None 32.2 | 43.6 | 36.8 32 25|32 6.6
5/19 5 None 32.0 | 39.7 | 36.3 11 7111] 8.6
5/20 5 None 32.0 | 40.0 | 36.3 9 7111
2 2 27 | Normal 6/6 5 None 28.2 | 44.4 | 35.6 20 20 | 31 | 8.2
6/7 5 None 33.2 | 44.6 | 36.6 44 42 1541170
6/8 S None 26.6 | 44.4 | 349 10 8| 16 [11.1
6/9 5 None 33.7 | 45.0 | 36.7 47 3915476
6/10 5 None 27.5 | 44.1 | 36.0 18 12 1 19 | 8.3
6/11 5 None 35.5 | 44.5 | 375 54 43 160 | 7.1
3a 3 27 | Normal 7/7 5 None 29.7 | 44.7 | 36.7 18 16 | 22 | 8.5
7/8 5 None 31.8 | 44.3 | 36.8 33 2428170
7/9 5 None 25.9 | 44.6 | 36.5 20 17 {23 | 7.5
7/10 5 None 37.3 | 44.5 | 37.7 71 54| 62| 64
7/11 5 None 26.8 | 40.6 | 36.0 7 6|10 | 85
7/12 5 None 33.8 | 44.7 | 37.5 55 3539 6.5
7/13 5 D.C.A. 5§ mgm 28.1 | 44.6 | 37.0 37 18 | 22 | 6.3 | D.C.A. started after sweat
im. b.i.d. collection
3b 3 7/14 5 D..C.A.tf .rggm 29.8 | 44.4 | 376 44 12 | 16 | 7.2
im. b.i.d.
7/15 5 D.C.A.l;s.n&gm 38.3 | 446 | 37.8 49 25 |32|68
im. b.i.d.
7/16 5 D.C.A. 5 mgm 25.1 | 445 | 359 10 4 8 | 8.7
im. b.i.d.
7/17 5 D C.A.bS_mdgm 33.4 | 44.7 | 373 62 20 | 25 | 6.7
i.m. b.i.d.
7/18 5 D.C.A. 5 mgm. | 29.5 | 44.5 | 36.3 42 91 9|59
im.
4a 4 | 26 | Normal 9/12 5 None 44.4 15 21 | 281173
9/13 5 None 34.3 | 445 | 37.0 26 29 |1 36| 5.8
9/14 5 None 2 44.4 | 36.6 14 14 | 19 | 6.6
9/15 5 None 3. 44.4 | 37.4 38 36| 45| 5.5
9/16 5 None 42.6 1 9 11 | 15 | 7.7
9/17 5 None
9/18 5 None
9/19 S5 None 38.2 | 45.0 | 379 52 48 | 57 | 6.6
9/20 5 Progesterone 32.7 | 443 | 36.1 23 20 Progesterone started after
50 mgm. i.m. sweat collection
4b 4 9/21 5 Progesterone 29.6 | 44.6 | 35.3 21 15
50 mgm. i.m.
b.i.d.
9/22 5 None
9/23 5 Progesterone 259 | 42.8 | 35.6 13 11
50 mgm. i.m.
b.i.d.
9/24 5 Progesterone 34.0 | 445 | 37.1 37 36
50 mgm. i.m.
b.id.
9/25 s Progesterone
100 mgm. i.m.
9/26 5 None 30.1 | 44.5 | 37.0 32 25
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Sweat
Sex Rate (elegtqrolyt;‘s)
Exp. |Subj. . NaCl Room | Bath | Skin of mEq per L.
no. | no. g:g Diagnosis  Date | Treatment [0 | temp. |temp. sweat- Comments
ing
Cl|Na| K
gms. [/m2/
day °C | °C | °C | m.*
Sa S5 | 17 | Normal 8/21 S None 35.1 | 44.5 14 8|13 ]9.1
8/22 5 None 35.5 | 44.5 29 12 119 | 8.5
8/23 s ACTH 25 mgm. | 353 | 44.1 34 16 | 22 | 4.4 | ACTH started after sweat
b.i.d. collection
5b 5 8/24 S ACTH 23 mgm. | 35.9 | 4.4 55 18 | 27 | 5.2
q.id.
8/25 s ACTH '23 mgm. | 36.0 | 44.4 53 12 |11} 51
q.i.d.
8/26 S ACTH b.id 36.0 | 44.3 53 10 | 13 | 5.7
Sc 5 8/27 S None 36.0 | 44.3 54 11 | 16 | 5.4
8/28 S None 36.0 | 44.4 55 16 | 19 | 5.0
8/29 S None 36.1 | 444 54 18 |1 21| 5.4
6a 6 | 24| Normal {10/13 5 None 29.0 | 44.2 17 12 (22 |8
10/14 5 None 32.7 | 443 29 19 123 |55
10/15 5 Methyl 36.2 | 444 32 23 | 27 | 5.1 | Testosterone started after
testosterone sweat collection
25 mgm. q.i.d.
p.o.
10/18 s Methyl 20 18 | 26 | 6.1 | Treatment with methyl tes-
testosterone tosterone since 10/15
25 mgm. q.i.d.
Pp.o.
10/19 S Methyl 12 13119] 71
testosterone
25 mgm. q.i.d.
p.o.
10/20 5 None 37 34 10.1
7 6 | 024 | Normal 3/10 S None 30. 44.4 7 17 | 23 |11.6
3/11 5 None 35.7 | 44.7 17 28 (30171
3/12 S5 None 36.6 | 44.4 18 19 | 23 | 5.6
‘8a 7 | 925 | Normal | 7/24 5 None 37.1 | 45.2 33 47 | 58 | 5.5
7/25 5 None 36.9 | 44.7 33 46 | 56 | 4.6
7/26 N None 364 | 444 28 38|47 |55
8b 7 7/27 S Estradiol 364 | 44.1 20 26 | 33| 5.7
benz. S mgm
nm.
7/28 s Estradiol 359 | 44.7 27 29 | 36 | 5.1
benz. 5 mgm
im,
7/29 5 Estradiol 36.4 | 44.5 34 344252
benz. 5 mgm
im.
9 7 Q25| Normal [12/10 S None 37.3 | 44.2 17 56 | 64173
2/11 S None 37.0 | 44.0 18 58165175
12/12 5 None 36.3 | 439 18 49 7.4
10a 8 | 34| Normal | 4/29 5 None 33.4 | 447 48 22 | 29 | 5.4 | Subject frequently exposed to
4/30 5 None high temperatures prior to
5/1 5 None 33.2 | 4.6 41 20 | 26 | 5.2 acting as experimental sub-
5/2 5 None 324 | 440 43 | 15]| 22|54 ject
5/3 5 None 32.8 | 44.2 36 13|18 | 5.0
5/4 4 Cortisone 32.7 | 43 36 14 | 16 | 4.5
100 mgm. i.m.
10b 8 5/5 5 Cortisone 33.3 | 443 44 16 | 21 | 4.5
100 mgm. i.m.
b.i.d.
5/6 5 Cortisone 33.2 | 434 51 19 ] 20 | 4.5
100 xli;gt:ll im
.1.d.
5/7 5 Cortisone 34.3 | 43.7 41 (19 23] 5.2
100 mgm. i.m
10c 8 5/8 S None 32. 44.2 35 14 | 16 | 4.8
5/9 ] None 33.1 | 44.0 42 13 | 15 | 4.7
5/10 5 None 33.2 | 44.2 58 24| 29| 438
5/11 S None 333 | 444 43 191 22| 48
5/12 S None
5/13 5 None 32.7 | 440 35 14 | 17 | 83
5/14 S None 41 13 |18 | 43
5/18 K] None
o 5/16 S None 329 | 44.1 44 16 | 22 | 4.8
10d 8 5/17 10 None
5/18 15 None 33.0 | 44.2 39 16 { 21 | 5.1
5/19 15 None 33.0 | 44.0 35 20 | 26 | 5.0
5/20 15 None 33.5 | 444 42 32 39| 43
5/21 15 None
5/22 15 None 33.5 | 444 42 30 | 36 | 4.2
5/23 15 None 33.7 | 44.2 48 37|43 | 40
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TABLE I—Continued

Sweat
Sex NaCl Bath | skin | % | GnBaper I
Exp. |Subj. a Room | Bat of .
no. | no. :';2 Diagnosis | Date | {niape Treatment  lyonn | temp. | temp. sweat- Comments
ing
Cl|Na| K
gms./m3/
day °ec|e°Cc | °C | mx*
tla 8 | 033 | Normal (12/13 5 None 20 21 | 27 | 6.2 | Subject frequently exposed to
12/14 5 None 29 22| 28|63 high temperatures prior to
12/15 H None 30.1 | 44.8 17 11 15| 5.2 ?ctinz as experimental sub-
ect
Tun| 8| |7 T|2ne| s | Keupplemene | | | T[]
12/17 5 K supplement | 33.5 | 43.8 22 13 | 17 | 9.1 | | 27 gms. K citrate, .745 gms.
12/18 5 K supplement | 30.4 | 45.3 27 14 |17 1 7.6 lgl;lPOg 3.78 egﬂu
12/19 S K supplement | 28.8 | 44.7 25 14115173 KHsPO¢, added to daily
12/20 5 K supplement | 28.7 | 44.7 21 11 | 13 | 6.4 diet
12/21 5 K supplement | 28.3 | 44.5 19 10 | 12 | 6.4
i1c 8 12/22 5 None
12/23 5 None
12/24 S None 299 | 44 12 1013173
12/25 5 None 294 | 444 26 1721170
12/26 5 None
12/27 S None 28.1 | 45.5 24 19 |16 | 3.6
12/28 5 None 33.7 | 449 27 21 |18 | 34
12/29 S None 24.5 | 45.0 11 8114|179
12 9 | 024 | Normal | §/25 15 None 39.6 | 444 60 79196 | 6 Legs immersed in water bath
5/25 None . 41.1 | 443 4 72 | 83| 5.2
5/25 None 349 | 440 40 67 | 78 | 5.0
5/25 None 31.2 | 41.2 15 43 | 54 | 5.5
5/25 None 31.0 | 429 24 50} 61|54
13 10 | &"24 | Normal 6/21 24 None 41.7 | 440 40 87 | 98 | 4.8 | Legs immersed in water bath
6/21 None 37.5 | 44.8 17 75 | 88 | 4.2
6/21 None 36.5 | 41.5 9 52|63 |56
6/21 None 36.8 | 42.1 25 74 | 81 | 4.2
6/21 None . 36.8 | 40.3 15 66 | 76 | 4.0
14a | 11 | &S0 Agglison’a 8/3 2 D.C.A. pellets | 25.0 | 44.1 16 20 | 28] 6.8
isease
8/4 2 D.C.A. pellets | 28.1 | 44.4 | 34.8 14 19 | 26|74
8/5 7 D.C.A. pellets | 33.6 | 44.3 | 36.6 18 26 | 31 | 64
14b | 11 8/9 7 D.C.A. pellets | 27.2 | 44.5 | 36.4 8 17 | 18 | 5.6 | Daily intake NaCl 7 gms./
8/10 7 D.C.A. pellets | 32.7 | 444 | 37.1 18 2713671 m?/day since 8/5
8/11 7 D.C.A. pellets 22 34 | 44| 7.2
15 12 | ¢"47 | Addison’s| 5/11 4-6 None 34.2 3.1 |37 Arm not immersed in water
disease bath
5/11 None 37.3 | 44.2 32 88 [102 | 6
5/12 None 303 | 4.1 15 62
16 13 | 048 | Essential | 2/24 5 None 37.2 | 443 21 68 | 81 | 6.4 | Daily intake NaCl 5 gms./
hyper- m?/day since 2/15
tension .
2/25 S None 30.8 | 44.5 17 48 7.6
2/26 S None 32.8 | 444 19 53| 67166
17 14 | 53 | Essential | 3/27 5 None 31.2 | 444 13 5 | 11 | 7.0 | Daily intake NaCl 5 gms./
hyper- m?/day since 3/18/50
tension
3/28 S None 34.7 | 443 19 7113]6.1
3/29 H None 36.7 | 44.2 26 10 | 16 | 6.3
* ML. per hour per 0.1 m? of skin surface.
TABLE 11
Coefficients of correlation*
Exp. no. (Table I)
Factors correlated
1 2 3a 4a
Rate of sweating vs. sweat chloride concentration +.933 +.979 +.963 +.972
Intensity of stimulation vs. sweat chloride concentration .996 +.978 +.923 +.901
Skin temperature vs. sweat chloride concentration +.829 +.890 +.919 +.892
Rate of sweating vs. intensity of stimulation +.998 +.998 +.879 +.887
Rate qf sweating vs. skin temperature +.969 +.947 +.971 +.861
Intensity of stimulation vs. skin temperature +-.860 +.936 +.886 +.678

* All coefficients are statistically significant (p < 0.05) except those italicized.
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sweat chloride concentration were in each subject
significantly correlated with a) rate of sweating,
b) skin temperature and c) intensity of the ther-
mal stimulus. In addition, they show that rate
of sweating, skin temperature and the intensity of
the thermal stimulus were significantly correlated
with each other in almost all instances.

These findings point to a presumably non-
hormonal factor capable of profoundly modifying
the concentration of chloride in sweat obtained
from normal subjects receiving a constant intake
of sodium chloride. Consequently, it would ap-
pear that the intensity of action of the factor
should be taken into consideration if sweat elec-
trolyte composition is to be used as an index of an
individual’s hormonal status. Consideration of

90

'SWEAT Ci,M-EQ perL.
SWEAT €1,

Log 90 - Log ( 90 Sweat CI, m= eq per L.)
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the data suggests that this may be done reasonably
satisfactorily by measuring the rate of sweating.
Accordingly, there follows a more detailed con-
sideration of the relation between sweat chloride
concentration and rate of sweating.

I1. Detailed study of the relation between sweat
chloride concentration and rate of sweating.

In all experiments summarized in Table I, data
concerning this relation are recorded. Representa-
tive data drawn from this table (Experiments 3a,
3b, 13, 14b, 15) are presented graphically in
Figure 1.

The experiments summarized in the graph were
performed on a) a normal adult male, maintained
on the standard diet, both before (Curve A) and

ol -0.2
10 10 20 30 40 ' 50 60 70 10 20 30 40 50 60 70
RATE OF SWEATING RATE OF SWEATING
mi. per hr. per O.im2 skin surfoce. mi, per hr,per O.Im2 skin surface.
F16. 1. RELATION BETWEEN SWEAT CHLORIDE CONCENTRATION AND RATE OF SWEATING

Data from Table I: Curve A—Experiment 3a; Curve B—Experiment 3b; Curve C—Experiment 13; Curve
D—Experiment 14b; Curve E—Experiment 15. In both sections of the figure (A and B), absolute values for

rate of sweating are indicated by the scale along the
values are given according to the scale along the left

abscissa. In the left hand Section A, absolute chloride
hand ordinate. In the right hand Section B, the values

indicated along the ordinate scale were found by subtracting from log 90 the log of (90 minus sweat chloride
in mEq per L.). The heavy solid lines were calculated by the “method of least squares.” The light solid line
(Curve C, Section A) was drawn free-hand. Interrupted lines represent extrapolations of the heavy solid lines

to the point where they would theoretically intersect the ordinate.

fine the value for the sweat chloride-rate index.

The slopes of the solid lines of Section B de-
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while he was being given desoxycorticosterone
acetate (D.C.A.), 9 mgm. b.i.d., im. (Curve B);
b) a normal male maintained on a diet which
provided him with 24 gms. of sodium chloride per
m? per day (Curve C); ¢) an Addisonian adult
male whose diet contained 6.5 gms. of sodium
chloride per m? per day and whose symptoms
were well controlled by recently implanted pellets
of D.CA. (Curve D); and d) an Addisonian
adult male whose diet contained approximately
5 gms. of sodium chloride per m? per day and
whose symptoms were poorly controlled by 3
D.C.A. pellets implanted eight months previously
(Curve E).

Figure 1 consists of two regression graphs, A
and B. The same data are used in each and in
both the abscissa is the rate of sweating and the
ordinate is sweat chloride concentration. How-
ever, for reasons which will shortly become ap-
parent, the methods for expressing chloride con-
centration differ.

In Figure 1-A chloride concentrations are ex-
pressed simply as mEq per L. of sweat. Note in
this figure that in all instances there was an in-
crease in the concentration of chloride as the rate
of sweating increased. However, the properties
of the curves describing the relation between the
two variables appear to be very different. In four
instances (Curves A, B, D and E) linear regres-
sion lines describe the relation satisfactorily but
on extension they intercept the ordinate at widely
different points (— 1.8 to + 33.2 mEq per L.).
In the fifth instance (Curve C), the relation clearly
is not linear.

Figure 1-A also shows that sweat chloride
concentration measurements do not per se always
permit one to distinguish between sweat from in-
dividuals subjected to different degrees of stimu-
lation by the adrenal cortex or administered
D.C.A. However, inspection of the figure reveals
that such a distinction can be made if chloride con-
centration is viewed with relation to rate of sweat-
ing. Although evident on inspection, differences
between the curves of Figure 1-A cannot be de-
scribed and quantitated satisfactorily in simple
arithmetic terms.

Because it seemed highly desirable to have a
generally applicable, simple arithmetic method
describing the relation between chloride concen-
tration and rate of sweating, other methods of ex-

WILLIAM LOCKE, NATHAN B. TALBOT, HELEN S. JONES, AND JANE WORCESTER

pressing the data were sought. Examination of
available data suggested that the relation between
sweat chloride concentration and rate of sweating
might be described satisfactorily by a series of
catalytic curves asymptotic at a chloride concen-
tration of approximately 90 mEq per L. Accord-
ingly, to test this possibility values for sweat
chloride concentration were expressed as log 90
minus log (90 minus sweat chloride concentra-
tion in mEq per L.). The resultant values have
been plotted (ordinate) against rate of sweating
(abscissa) in Figure 1-B. Note that in this graph
all curves are linear and all, on extension, inter-
cept the ordinate very close to the origin. Differ-
ences between them consist only in differences in
slope. This fact permits the relation between
sweat chloride concentration and rate of sweating
to be represented with fair accuracy by dividing
the ordinate by the abscissa value. The magnitude
of the resultant quotient is directly proportional
to the slope of the curve. For convenience, this
quotient, expressed as a simple number, will be
called the sweat chloride-rate index. This index
is used henceforth to indicate relations between
chloride concentration and rate of sweating.

II1. Relations between the concentration of
chloride, sodium, and potassium in thermal sweat.

In the preceding and following sections of this
paper, attention is restricted to the response of
chloride ion to the various stimuli which affect
sweat electrolyte composition. The present sec-
tion indicates the extent to which chloride con-
centration measurements are representative of
sweat sodium and potassium.

Figure 2 demonstrates by means of regression
graphs relations between the concentration of
chloride and @) the concentration of sodium, b)
the concentration of potassium and ¢) the ratio,
(a)/(b), as determined in 57 different specimens
of thermal sweat. Fifty-one of the 57 specimens
were collected from normal subjects. Of these
35 came from subjects eating the standard diet.
Twenty-three of the 35 specimens were collected
from subjects who were not receiving hormonal
treatment ; the remaining 12 specimens were col-
lected from subjects being treated with D.C.A.
Seven specimens were collected from a subject
whose daily diet contained a great excess of
sodium over chloride (220 mEq Na, 12 mEq Cl)
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F16. 3. THE Errect oF CERTAIN HORMONES ON THE SWEAT CHLORIDE-RATE INDEX
ACTH 25 mgm. q.id.; D.C.A. 5 mgm. b.id.; Cortisone 75 mgm. and 100 mgm. b.i.d.; Methyl
testosterone 25 mgm. q.i.d.; Testosterone propionate 100 mgm. q.d.; Progesterone 50 mgm.
bid.; Estradiol benzoate 5 mgm. q.d. Subjects are designated by number if data are in-

cluded in Table I.

and four were collected from the same subject
when his daily diet contained a great excess of
chloride over sodium (15 mEq Na, 220 mEq ClI).
Five specimens were obtained from a subject whose
basal (standard) daily diet was supplemented with
large amounts of potassium salts (370 mEq K).
Six specimens were collected from patients hav-
ing poorly controlled Addison’s disease.

In the sweats from the untreated normal sub-
jects eating the standard diet, the relation between
the concentration of chloride and each of the other
three variables is linear. These relations, expres-
sed mathematically were:

a) [Na] =1.12 [Cl] + 3 mEq per L. (stand-
ard error of estimate 2.6 mEq per L.)

b) [K] =0.056 [Cl] + 8.8 mEq per L. (stand-
ard error of estimate 1.2 mEq per L.)

¢) [Na]/[K] =0.26 [C]] — 1.7 (standard er-
ror of estimate, 1.52).

The coefficients of correlation between chloride
concentration and each of the other three variables
are all significant. As the concentration of chlo-

ride rises the concentration of sodium and the ratio
between the concentrations of sodium and potas-
sium rise while the concentration of potassium
falls. _

The values for the 11 samples of sweat from the
individual eating the diets grossly abnormal with
respect to their electrolyte contents all fell within
the range of normal variability.* In the 12 sam-
ples of sweat collected from individuals treated
with D.C.A. all values fell within the “normal
range” except for one value for potassium concen-
tration which fell below the normal range. In the
six samples of sweat obtained from patients hav-
ing poorly controlled Addison’s disease, in rela-
tion to the concentration of chloride, a) three so-
dium concentrations fell within, two fell above and
one fell below the normal range, b) two potas-
sium concentrations fell within and four above the
normal range and c) all six ratios between the con-

3 The normal range of variability was taken to be
y =2 standard error of estimate where y is [Na], [K]
or [Na]/[K]. Such a range includes 96 per cent of de-
terminations.
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centrations of sodium and potassium were below
the normal range.

IV. Relations between sweat chloride index
and hormonal status.

A. The effect of certain hormones on the sweat
chloride-rate index. In this series of experiments
one subject, who received ACTH, had rheumatoid
arthritis. All other subjects were normal. Corti-
sone acetate was given to one subject on two
occasions. Methyl testosterone and testosterone
propionate were each given to one subject. The
other hormones were each given to two subjects.
Methyl testosterone was taken by mouth. The
other hormones were administered intramuscu-
larly. The hormones and dosages employed were
as follows: Adrenocorticotropic hormone (Ar-
mour Standard ACTH) 25 mgm. b.i.d. or q.i.d.
(see Table I); desoxycorticosterone acetate
(D.C.A.) (Percorten, Ciba) 5 mgm. b.id.; corti-
sone acetate (Cortone, Merck) 75 mgm. b.i.d. on
one occasion and 100 mgm. b.i.d. on another;
methyl testosterone (Oreton-M, Schering) 25
mgm. q..d.; testosterone propionate (Oreton,
Schering) 100 mgm. daily; progesterone (Prolu-
ton, Schering )50 mgm. b.i.d.; estradiol benzoate
(Progynon-B, Schering) 5 mgm. daily. In most
instances the hormones were administered over a
three to five day period.

Figure 3 represents the results of these ex-
periments. The administration of either ACTH
or D.C.A. was accompanied by striking reduc-
tions in the value of the index in all instances. The
administration of methyl testosterone was accom-
panied by a significant rise in index values. While
cortisone, progesterone and testosterone propionate
had no statistically significant effect on the sweat
chloride-rate index, inspection of the data sug-
gests that their administration was associated with
a slight rise in index values. It is possible that
longer administration of cortisone would have re-
sulted in a tendency to lowered index values. In
one instance the administration of estradiol ben-
zoate was accompanied by a significant reduction
in the index; in the other instance this hormone
had if anything an opposite effect.

B. A comparison of the sweat chloride-rate index
in normal and hypoadrenocortical subjects. Fig-
ure 4 presents measurements of the sweat chloride-

‘tients during both seasons of the year.
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rate index obtained as a result of the first sweating
in the cases of a) 10 normal subjects (seven male,
three female) eating the standard diet during the
summer ; b) nine normal subjects (five male, four
female) eating the standard diet during the winter;

‘c) seven hypoadrenocortical subjects of which
-three were male and four female.

Collections of
sweat were made from the hypoadrenocortical pa-
One of
these patients ate the standard diet. The others
were on hospital diets estimated to contain 4-6
gms. of sodium chloride per m? per day.

In the normal subjects eating the standard diet,
the average value for the index was during the
summer .0054 (range .0029 to .0097) and during
the winter .0165 (range .0111 to .0249). In the
hypoadrenocortical subjects the average was .1095
(range .0348 to .1809). In none of the three
groups did the sex of the subject appear to affect
the index value.

V. The sweat chloride-rate index in studies of
adrenal function in man.

A. Effect of varying the dietary intake of sodium
chloride and potassium salts. Figure 5 portrays
data obtained in experiments involving one nor-
mal male (Table I, Experiments No. 10c-d), one
diabetic female and one patient having Addison’s
disease (Table I, Experiments No. 14a-b). Their
dietary intakes of sodium chloride per day varied
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F16. 4. SweaT CHLORIDE-RATE INDICES FOR THE
First SWEATING OF NORMAL AND HYPOADRENOCORTI-
cAL SUBJECTS

In the hypoadrenocortical group, black circles repre-
sent patients with primary adrenal cortical insuffi-
ciency and the single white circle represents a patient
with hypoadrenocorticism secondary to hypopituitarism.
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dietary NaCl intake are statistically significant; the difference between the
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significant.

between 10 and 30 gms., 0.6 and 8.6 gms. and 3.5
and 11.5 gms., respectively. Note that the sweat
chloride-rate index closely parallels the sodium
chloride intake in the normal and in the diabetic
subjects. In the Addisonian patient, no statisti-
cally significant change in the index value oc-
curred.

In Experiments 12 and 13, Table I, two normal
male subjects were given diets containing very
large amounts of sodium chloride (15 and 24 gms.
per m? per day, respectively) for 10 days. At the
time of the first sweating the respective sweat chlo-
ride-rate indices were .0152 and .0369, the latter
being within the range observed for patients with
untreated Addison’s disease. The range of indices
in 10 comparable normal subjects on the standard
diet is .0029 to .0097 (Figure 4).

Figure 6 describes the effect on the sweat chlo-
ride-rate index of a normal male of adding 27
gms. of potassium citrate, 8.02 gms. of dipotassium
phosphate and 3.78 gms. of monopotassium phos-
phate (370 mEq of K) to a standard diet. Note
that the index value was significantly lower during
the high potassium period than during two control
periods.

B. Effects of exposure to heat. Figure 7 de-
scribes the effect on the sweat chloride-rate index

of normal subjects of a) season (see also Figure
4) and b) repeated sweating. It is evident that
the indices are considerably lower during the “sum-
mer” (May 1 to October 31) than during the
“winter” (November 1 to April 30). Inthe winter,
but not in the summer, there is a well defined
tendency for index values to fall when the subject

370M-EQ. K
P.0.
q.d.

008/

SWEAT CHLORIDE-RATE INDEX

5 10 15 20
DAYS OF EXPERIMENT
F16. 6. THE EFFEcTr oN THE SWEAT CHLORIDE-RATE

INDEX OF INCREASING THE DIETARY INTAKE OF PoTas-
SIUM SALTS

The values during the high potassium period are sig-
nificantly different from the control values.
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is sweated repeatedly on consecutive days. The
observations of Figure 7 plus other incomplete data
suggest that between three and approximately
eight consecutive days of hourly exposure to in-
tense heat are required to induce a drop in index
values from average winter to average summer
levels.

C. Hypertension. Figure 8 shows the sweat chlo-
ride-rate indices of four patients suffering idio-
pathic hypertension. These measurements were
carried out during the winter. The patients had
been maintained on diets low in sodium (estimated
to contain about 1 gm. of sodium chloride per m?
per day) for from five to 20 months prior to the
beginning of the experiments. For the first 10
days of the experiment, during which no sweat was
collected, and for the subsequent two to three days
during which collections were made at daily in-
tervals, they were maintained on the standard diet.

It is seen that sweat chloride-rate indices for two
of the patients fell within the normal range (Fig-
ure 7) ; in the other two patients the values defi-
nitely were subnormal.
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At the left of some of the curves are symbols. . Each type’
Thus repeat-

of symbol represents a single individual.
studies on the same individual can be recognized by sym-
bol duplication.
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These values were obtained during the winter. The
shaded area gives the range of values obtained on normal
subjects during the same season as indicated in Figure 7.

DISCUSSION

The initial studies described in this report show
clearly that sweat electrolyte composition is influ-
enced almost as much by non-endocrine factors re-
lated to intensity of thermal stimulus, skin temper-
ature and rate of sweating as by active adrenal
cortical hormones. Under conditions of constant
hormonal status, sweat electrolyte concentrations
bear a mathematically predictable relation to these
non-endocrine variables. A change in intensity
of action of hormones which influence sweat for-
mation results in an alteration in sweat electrolyte
composition relative to thermal stimulus, skin tem-
perature and rate of sweating.

The sweat chloride-rate index was evolved in
an effort to express such changes in sweat electro-
lytes relative to these non-hormonal factors in
a practically useful manner. Values for the con-
centration of chloride bear a closely predictable
direct relation to those of sodium and an approxi-
mate, inverse relation to those of potassium in
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sweat. Hence chloride may be considered satisfac-
torily representative of the other two sweat electro-
lytes. Rate of sweating does not always bear a
close relation to intensity of thermal stimulus or
skin temperature. On the other hand, it usually
is roughly proportional to these variables. Rate
of sweating is closely correlated with sweat chlo-
ride concentration when the dietary and hormonal
status are maintained constant. Because of this
and the fact that rate of sweating is readily meas-
ureable, it was selected to represent the non-
endocrine factors in the index equation.

The observations on hypoadrenocortical patients
coupled with the hormone administration studies
provide clues concerning the probable nature of
endocrine factors responsible for changes in sweat
chloride-rate index values. Index values were
consistently higher than normal in hypoadrenocor-
tical patients. Desoxycorticosterone acetate was
the only one of the steroid hormones to induce a
marked decrease in the index value. This oc-
curred within one day. Interestingly, 17-hydroxy-
11-dehydrocorticosterone (cortisone) induced if
anything a slight rise in index values over a period
of three days.

These data suggest that sweat chloride-rate in-
dex values bear an inverse relation to the concen-
tration of adrenal cortical hormones which, like
desoxycorticosterone, act chiefly upon body elec-
trolyte and water metabolism (10). Adrenocorti-
cotropic hormone induced as great and as rapid a
fall in the index value of normal subjects as did
desoxycorticosterone acetate. It therefore appears
that the human adrenal cortex secretes a hormone
with desoxycorticosterone-like properties in re-
sponse to adrenocorticotropin stimulation.

While the estrogens and androgens given were
not wholly without effect upon sweat chloride-rate
index values, they did not appear to exert a strik-
ing and consistent regulatory influence. This sug-
gests that their influence upon sweat formation
may have been accomplished indirectly by stimu-
lating or inhibiting pituitary adrenocorticotropic
hormone production rather than by direct action
upon the sweat glands. Inhibition of adrenocorti-
cotropic hormone secretion and hence of adrenal
cortical activity might account for the slight rise
in index values observed following cortisone,
progesterone and testosterone. This thesis is
compatible with the fact that cortisone and methyl

WILLIAM LOCKE, NATHAN B. TALBOT, HELEN S. JONES, AND JANE WORCESTER

testosterone act to suppress adrenal cortical urinary
17-ketosteroid precursor production, presumably
by inhibiting adrenocorticotropin secretion (11,
12). Methyl testosterone also can inhibit 11-17-
oxycorticosteroid excretion (13). The single ob-
servation that estradiol may induce a lowering of
index values likewise is in keeping with the fact
that estrogens can cause adrenal cortical hyper-
plasia by stimulating secretion of adrenocortico-
tropic hormone (14).

The foregoing considerations lead to the con-
clusion that sweat chloride-rate index values are
determined chiefly by adrenal cortical hormones of
the 11-desoxycorticosterone type. A rise in index
values therefore suggests a decrease, and a fall in
index values an increase in adrenal cortical ac-
tivity.

The present studies of adrenal cortical status
based on measurements of this index extend and
confirm observations of other workers which sug-
gest that the adrenal cortices undergo physiologic
alterations in activity in response to certain situa-
tions (14-16). Thus the consistent tendency for
the sweat chloride-rate index to fall when normal
persons are subjected to low sodium chloride diets,
high potassium diets or repeated exposure to heat
indicate that these factors induce a physiologic in-
crease in adrenal cortical activity. By contrast,
high sodium chloride diets prompt the index values
of normal persons to rise to levels comparable to
those observed in patients with primary hypo-
adrenocorticism. The fact that no significant
changes in index values took place in a hypo-
adrenocortical patient when the salt intake was
varied indicates that the changes observed in nor-
mal subjects were dependent upon the presence
of functionally intact adrenal cortices.

The comparative observations on the normal
subjects taking a high sodium diet and on the hy-
poadrenocortical patients indicate that under cer-
tain circumstances absolute rates of adrenal corti-
cal secretory activity attained physiologically may
closely approximate those observed in patients with
adrenal cortical pathology. Similar information is
provided by studies of urinary 11-17-oxycorti-
costeroid excretion in health and disease (17). In
other words, pathologic is distinguished from
physiologic adrenal cortical function by the rela-
tion of secretory activity to physiologic, homeo-
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static needs rather than by absolute differences in
secretory rate.

Preliminary observations on patients with idio-
pathic hypertension indicate that the sweat chlo-
ride-rate index may provide interesting diagnostic
information in certain presently obscure diseases.
Two of the four patients studied had values sug-
gestive of pathologic hyperproduction of the elec-
trolyte-water regulating type of adrenal cortical
hormone.

SUMMARY AND CONCLUSIONS

1. Intensity of thermal stimulus, skin tempera-
ture and rate of sweating bear an important re-
lation to sweat electrolyte composition. Certain
hormones act to modify sweat composition rela-
tive to these factors. Such hormonal action can be
appraised by use of an index which expresses sweat
chloride concentration values relative to rate of
sweating.

2. Studies suggest that the chief determinant of
sweat chloride-rate index values is an adrenal cor-
tical hormone which, like desoxycorticosterone,
acts chiefly upon electrolyte and water metabolism.

3. Measurements of the sweat chloride-rate in-
dex suggest strongly that the normal adrenal cor-
tices can undergo wide variations in activity in
response to physiologic, homeostatic needs. Un-
der physiologic conditions, adrenal cortical produc-
tion of desoxycorticosterone-like hormones may
subside to levels comparable to those existing in
patients with primary pathologic hypoadrenocorti-
cism.

4. The possibility that the sweat chloride-rate
index measurement may have diagnostic value in
miscellaneous conditions is exemplified by prelimi-
nary observations on four patients with idiopathic
hypertension.
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