


HUMAN PERSPIRATION

By

YAS KUNO, M.D.
Member of Japan Academy

-

CHARLES C THOMAS - PUBLISHER
Springfield - lllinois - U.S.A.




CHARLES C THOMAS °* PUBLISHER
BannersTone House
301-327 East Lawrence Avenue, Springfield, [llinois, U.S.A.

Published simultaneausly in the British Conmionwealth of Nations by
BLACKWELL SCIENTIFIC PUBLICATIONS, LTD., OXFORD, ENGLAND

Published simultaneously in Canada by
THE RYERSON PRESS, TORONTO

This monograph is protected by copyright. No
part of it may be reproduced in any manner
without written permission from the publisher.

Copynright 1956, by CHARLES C THOMAS -+ PUBLISHER

Library of Congress Catalog Card Number: 56-6394

Printed in the United States of America



PREFACE

Since the publication of my monograph The Physiology of
Human Perspiration, in 1934, the knowledge of perspiration
has been considerably extended. At an informal meeting on
the physiology of heat and cold, held on the occasion of the
Eighteenth International Congress of Physiologists at Copen-
hagen, in 1950, Dr. Eugene F. Du Bois, Cornell University
Medical College, New York, asked me if a new edition of the
above monograph could be expected. When informed of the
financial difficulties involved in such a publication, Dr. O.
G. Edholm, National Institute for Medical Research, London,
took the initiative to consult with Dr. Du Bois, and the neces-
sary arrangements were made by them. The publication of
this monograph has thus become possible only by their kind-
ness and assistance, for which I am deeply indebted.

In order to meet the required stvle of the Series of the
American Lectures in Physiology, I have abandoned the style
of my old monograph and have rewritten the entire manu-
script, which is presented in this new monograph.

Y. K.



INTRODUCTION

Problems of perspiration are among the oldest in the
history of medicine. Already at the time of Hippocrates, it
was known that vaporous substances are given off through
the skin. Scattered opinions about this phenomenon were
brought into a system by Galen. He stated that, though in-
sensible, perspiration (vapors dissolved by body temperature)
is discharged continuously and uniformly from the whole body
surface and that this discharge can occasionally be increased
so that it takes the form of fluid, sweat. Fifteen centuries
have since elapsed with no marked advance having been made
in this knowledge.

Early in the seventeentn century, Sanctorius Sanctorio
demonstrated to the great surprise of his contemporaries that
insensible perspiration could be measured exactly by means
of a balance. He constructed a large steel arm supporting a
platform, on which he sat for hours and observed the gain in
weight when he took food and the continuous loss of weight
when nothing was taken. Such observations of his own body
weight were continued throughout thirty years under various
conditions of life. It is a surprise to present-day scientists also
that the most important facts concerning insensible perspira-
tion were correctly recorded at that time. Further studies
were made by many later investigators, seemingly with the
presumption that insensible perspiration has a great signifi-
cance in indicating the health of man. But still there was no
epochmaking advance in the knowledge.

After the discovery of the sweat glands by Purkinjé, in
1833, insensible perspiration and sweat secretion became an
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viil HUAMAN PERSPIRATION

inseparable subject. Insensible perspiration had so far been a
matter of the whole body, but now the object of study was
reduced to the skin, while the problem for study was tre-
mendously extended by the advent of the sweat glands. The
expected significance of perspiration to the health was, how-
ever, not fully recognized, and also studies on the skin en-
countered unexpected difficulties in the methods of observa-
tion. Research work along this line tended to decline: only
some restricted aspects of the problem were studied and many
of the interesting mysteries about sweating noticeable in daily
life were neglected.

Some thirty vears ago when we began our study of human
perspiration, it looked like an unexplored spot in the field of
medical knowledge. By the endeavors of my collaborators,
sixty-five in all, and myself, I believe the knowledge of perspir-
ation has been considerably extended. In the meantime, the
number of investigators of many countries engaging them-
selves in research work on perspiration has increased, especial-
ly during the past ten vears. This is due in part at least to the
increasing interest in tropical life. Very many valuable contri-
butions have been made by these investigators. With regard
to the study of perspiration, therefore, these three decades
may rather be looked upon as a period of renaissance.

One of the most important properties of water, insofar as
it pertains to biological systems, is its high latent heat of
vaporization. This property is fully utilized in perspiration,
as it controls the body temperature by withdrawing heat from
the body by vaporization of water. Water is produced over the
skin both through the epidermis during insensible perspiration,
and from the sweat glands during sweating. The former is a
steady process taking a share of the heat loss of the body in
ordinary life, and the lattér is an extremely mutable process
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dramatcally preventing increases in the body temperature
according to urgent necessities.

The body temperature ix controlled successfully by sweat-
ing only when the sweat glands are capable of discharging a
large quantity of -water over the skin. Sweat glands with a
secretory function similar that of the ordinary glands seem to
have first appeared in the skin of certain mammals. In the
course of evolution, their rate of secretion increased until at
last they have come to outclass all other glands in the activity
of producing an enormously large watery secretion. This is a
unique development in the evolution of glands.

It seems strange that only some species of the mammals
are endowed with well-developed sweat glands. The de-
velopment of the sweat glands and of the associated nervous
apparatus has been most highly attained in man so that human
beings stand at the top of the animal kingdom in their ability
to keep body temperature constant. Actually, sweating is the
only process which makes human life comfortable during hot
weather and therefore human existence possible in the torrid
zone. It is peculiar that this value of sweating is recognized
only by anhidrotic patients who suffer greatly from heat and
not by ordinary people who usually complain about too much
sweat. Sweating seems to deserve more physiological and social
significance than is commonly attributed to it.

Besides control of temperature, sweating has a few other
functions which seem to have once been important for our
ancestors, but which are of minor significance in human life.
These functions are fulfilled by a few special groups of sweat
glands, which seem to be undergoing evolutional degeneration
in the human body. On the other hand, there are signs indi-
cating further development of the evolved sweat glands and
their nervous system in some human races and during ac-
climatization of the subject. Such mixed evolutionary trends
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are to be found in every organ, but the sweat apparatus seems
to be one in which they can be seen most plainly.

In this monograph, we have endeavored to give an ac-
count of the present knowledge of perspiration. Instead of
presenting a cumbersome review of the literature, we have
drawn extensivelv on personal observations.



CONTENTS

Page
INTRODUCTION . vii
Chapter
I. INSENSIBLE PERSPIRATION . ... . 3
The Epidermis and the Minute Blood Vessels
of the Skin . 4
Epidermis ... . , 4
The Sweat Duct in the Epidermis ... 13
The Blood Vessels of the Skin . 18
Insensible: Perspiration: cu.ieus e v ovmsuone swrs . 21
The Amount of Insensible Perspiration and
its Correlation to the Basal Metabolism 21
The Perspiration through the Respiratory
Passages and through the Skin .24

The Resplratory Persplratlon—The Cutaneous
Perspiration—The Proportion of the Cuta-
neous Perspiration to the Respiratory Per-
spiration

The Regional Relationship of the Amount of
Cutaneous Insensible Perspiration ...... .

The Mechanism of the Cutaneous Insensible
Perspiration . ...
The Question whether the Secretion of Sweat
Participates in Insensible Perspiration—The
Passage of Water through the Epidermis—
General Consideration

II. Tur SWEAT APPARATUS
The Sweat Glands ... ... .. .

The Classification of the Skin Glands
General View—The Apocrine and Eccrine
Glands—Recent Histological Studies on Hu-
man Sweat Glands

The Evolutional Development of the
Sweat Glands ... ... ...

The Active and Inactne Sweat Glands .

The Distribution of the Eccrine Glands over the
Human Body and their Total Number

Y1

29
32

12

42

32

. 57



Xil HUMAYN PERSPIRATION

Patterns ol Distribution - Studies on Corpse
Studies on Active Sweat Glands
The Secrctory Activity of the Sweat Glands
The Size of the Ecerine Glands -
The Nerve Supply to the Sweat Glands
Secretory Nerves
Hypothesis on the ])(‘\clopmcnt of the Secretory
Nerves of Sweat Glands .
The Question of Double Innervation
The Sweat Centers . .
The Spinal Centers—The Bulbar Centers—
The Subthalamic Centers—The Cortical Cen-
ters—The Pathways—General Consideration
The Blood Vessels of the Human Sweat Glands .
The Glomerulus—-The Duct—General View

III. OuTLINE oF HUMAN SWEATING
Sweating due to Thermal Agents—
Thermal Sweating ... .
Sweating due to Menta] or Senxor\ Aucms —
Mental Sweating .
Sweating due to Muscular Exercise
Sweating due to Inhalation of Carbon Dioxide
The Universal Outbreak of Sweating. ..
The Perpetual Secretion of Sweat. .
General Consideration .

IV. Tue DEVELOPMENT OF THE HUMAN SwEAT
APPARATUS AND OF THEIR FUNCTIONS

The Embryonal Development of the
Sweat Glands '

The Advent of Sweating in ’\‘e\s-bom Infants
Thermal Sweatine—Mental Sweatine—Com-
ment

Sweat Secretion in Infancy and Childhood .
Amount of Sweat—Sweat Reflex

V. PERSPIRATION ON THE PALMS AND SOLES AND THE
EFFeEcT OF MENTAL STRESS ON THE PEPSPIRATION
IN GENERAL ... ...
Perspiration on 1 the Palms and Soles... .
The Perpetual Secretion and its Increase--
No Response to Heat of the Palmar and Solar

72
75
75
82

86

98
99

103
109
113
117
121
123

125

128

136

141

141



CONTENTS X111

Sweat Glands—The Distribution of Sweat on
the Palms and Soles

The Variation of the Effect on Mental

Stress on Sweating at Different

Surrounding Temperatures .. . . 146
The Absence of Palmar Sw eatmg at Low Tem-
perature—The Appearance of Mental Sweat-
ing on the Whole Body Surface at Hich Tem-
perature—The Absence of the Palmar Sweat-
ing at High Temperature—The Suppression
of General Sweating by Mental Arithmetic at
High Temperature

A General View of the Results and

Some Discussion ... ... .. ... . 152
VI. SWEATING OF THE AXILLA. .. . ...157
Thermal and Mental Sweauno on tne ‘\\l”d 157
The Development of the ‘\\ﬂlaly Sweating....... .. 160
Racial and Individual Variations in the
Axillary Sweating ...... . _...162
The Function of the Apocnno Glands. .. ... .. 164
Osmidrosis ... . o ... 168
VII. SWEATING ON THE GENERAL BoDY SURFACE~-
THERMAL SWEATING. . 171
The Outbreak and ngless of Th( nnal
Sweating—Ability to Perspire ... .. 171
Sweating during Sleep e T
Sex Difference and Indnldual and
Occasional Variations ... ......181
Sweating in Excessive Heat-—Heat Stmkc 184
Fatigue ‘of the Sw eating Mechanism.. ... 190
The Regional Rclationship of the
Amount of Sweat S ) 192

Postural Influences on Human S\\ eatm0~
Hemihidrotic Reflexes due to Pressuge
on the Skin ... . 204

The Influence of the l(mpelatuu and Bl(md
Circulation of the Skin on Sweating
Skin Temperature—Obstruction of Blood
Supply

The Inhibition of Sweating due to the
Application of Cold.................... . .. 218

o



Xiv HUMAN PERSPIRATION

VIII. CHEMISTRY OF SWEAT.. ... ...223
Inorganic Constituents, ... swssssmsmes sammoaes 225
Chlonne—Sodnum—Potassmm—Calcmm—
Magnesium—Phosphate—Sulphate—
TIodine—Iron

Nitrogen Compounds ... G S5 S RS 234
LAPIdS oo 240
Sugar and Its Metabolites.........................o 241
VItAmMINS oo 243
T OIMONES! i o i e o T s e e e S v 243
Some Particular Constituents... ... .. 246
Hydrogen Ion Concentration ... ...........247
General View [ i ...248
[X. THE Loss oF WATER AND SALT BY SWEATING, THEIR
REPLENISHING AND CHANGES IN THE Broop ... . ..251
The Amount of Sweat.................................. ... 251
The Amount of Sweat in Daily Life—The
Maximal Amount of Sweat— Individual
Variation — The Effective Amount of Sweat
The Replenishment of Water......................... 258
The Significance of Water Intake .. . .....264
The Effect on Sweatmg—lntake of Salt—
The Significance of Dehydration
Blood Changes in Prolonged Sweatmg Without
Water Intake . ... . ..270
X. TuHE MECHANISM OF SWEATING................................... 277
The General View of the Nervous Mechanism
of Sweating .. ... ... 277

The Responses of the Sudorific Nerves to Drugs ...281
Pilocarpine—Adrenaline
Local Sweating due to Direct Stimulation
and Axon Reflex......................................... 284
Heat—Electrical Stimulation—Drugs—
Adrenaline—Comment
Sweat Gland Activity and Patterns of Sweating ...291
The Periodical Discharges of Sweat... ......294
The Metabolism of the Human Sweat Glands ...297
The Accumulation of Chloride in the Skin
during Sweating—A Theory “The Skin
Chloride Shift in Sweating” . . . B . 301
The Function of the Duct of the
Human Sweat Gland............................. .. 308



CONTENTS XV

Iontophoretic Application of Dyes—Mechani-
cal Obstruction of Sweat Flow—The Effect of
Sweat on Metabolism

XI. THE ACCLIMATIZATION OF THE HUMAN SWEAT
APPARATUS TO HEAT. ... SRS 318
The Transitory Adaptatlon to Heat............... 319
Changes in the Rate of Sweating—Changes in
the Chloride Content of Sweat—Comment
Acclimatization to Tropical Climate.................. 327
Sweat Reflex—Active Sweat Glands—Chlor-
ide Content of Sweat—Comment

XII. THE SIGNIFICANCE OF SWEATING . ...336
The Sweating on the General Bodv Surface 336
The Perspiration on the Palm and the Sole 341
Insensible Perspiration—Sweating
The Mental Sweating on the Axilla ... ... .. .. 344
Sweating as an Excretory Process ... 346
XIII. NoTEs oN ANHIDROSIS AND HYPERHIDROSIS ............... 347
Anhidrosis ... ... 347
HYPETHIAEOSIS: wvomin sucoms sompemmmuposmpsipmaiggy goon s s 5 350

Methods for Supplf:ssnon of Local Hyperhidrosis...353
Tontophoretic Method—Iontophoresis of
Drugs—The Effect of Formalin and its
Practical Use

APPENDIX 359
Methods for the Measurement of Persplratlon .....359
Measurement of the Total Amount of
Perspiration ... 359
Measurement of Sweat Secretxon L ...360

Colorimetric Methods—Observation of Sweat
Drops—The Capillary Tube Method—The
Collection of Sweat
Perspiration Chamber—A Laboratory Apparatus
for the Experiment on the Human Perspiration 370
Experimental Procedures—Comment
The Correlation of the Skin Galvanic Resistance

to Sweating . v . 376
SELECTED REFERENCES . .. . . . 383
Name INDEX ... .. ... ... ... S ... .387

SuBject INDEX ... ... 393



HUMAN PERSPIRATION






CHAPTER 1

INSENSIBLE PERSPIRATION

The term “insensible perspiration” has often been used
to mean the insensible loss of weight of the body. The
insensible loss of weight is equal to the weight of the water
given off from the respiratory passages and the skin, plus
the weight of the carbon dioxide given off, minus the
weight of the oxygen consumed. The magnitude of the
loss of weight due to the gaseous exchange in the lungs
depends upon the respiratory quotient. The amount of
water discharged from the respiratory passages is condi-
tioned by the volume of respiration and the amount of
moisture contained in the inspired air. The water elimina-
tion from the skin seems to depend on certain internal
conditions of the skin and also on several environmental
factors. The factors governing these three processes are
therefore not at all identical. From a theoretical point of
view, it seems unreasonable to treat such different processes
as one subject.

In practice, however, the toral amount of water dis-
charged from both the respiratory passages and the skin
is important for consideration of heat regulation and water
loss of the body. Since the weight loss due to the gaseous
exchange is very small compared with that due to the
water loss, the former may be neglected in rough estima-
tion. The total insensible loss of body weight, which can
be determined simply, is therefore useful in practical medi-
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cine; this is why the terms, insensible perspiration and
insensible weight loss, are often used identically.

With regard to the mechanism of water climination, the
respiratory and cutaneous perspirations differ a great deal
from one another. The mucous membranes of the respiratory
passages are alwavs very wet. The inspired air becomes sat-
urated with water vapor as it passes over these moist mucosal
surfaces and during expiration this vapor is given off from the
body. The surface of the skin is comfortably dryv, but the water
contained in the skin tissue is discharged continuously from
it. The mechanism is therefore much more complicated in the
skin.

In the skin, the epidermis must be supplied with water
originating from blood in the skin vessels in order that water
can evaporate from its dry surface. For understanding the
mechanism of cutaneous insensible perspiration, knowledge
of the structure and properties of the epidermis, especially its
state of hydration, and also of the structure of the minute blood
vessels in the skin is of vital importance.

THE EPIDERMIS AND THE MINUTE BLOOD
VESSELS OF THE SKIN

Epidermis

The epidermis is a stratified epithelium. It may be divided
into four, or three, lavers. In the stratum germinativum or
rete Malpighii, the deepest laver, the columnar cells prolifer-
ate continuously, showing presumably the highest metabolism
among all the elements of the skin at rest. The superficial lavers
are constantly replaced by the growth of the cells which grad-
ually flatten as they approach the surface. In the process some
of the protoplasm of the cells becomes transformed into
granular eleidin which characterizes the stratum granulosum,
but gradually the cells clear to form the stratum lucidum,



