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Explanatory Remarks on
Metabolic Homeostasis

Since Professor £ H Stathing of University College, London, and Profes.
sor W B Cannon of Harvard University first expressed admiration for the
manvelous manner 1n which lhc orgnmsm can mnmlam a steady state
through switable ad have gathered a vast amount
of nformation conceeming the “\Vnsdom of the Body The present sylla.
bus 1s concerned with the application of this information to the diaghostic
and therapeutic problems faced by those responsible for the care of pa
tients

The d here 1s b fly very simple n mature
Essentially, it 1s shown lhal the body contains a senes of systems designed
to keep body composition within normal himuts Each system has a “sens
ing clement * which detects abnormalities tn the content or concentration
of the substance for which st s responsible  As directed by thes clcmcm
the system acts to 1 b

or the mn
with homeostatic needs For the systems to accomplish these tasks, they
must be provided with certain essential raw matenals at adequate yet tol-
erable rates Most of the bolic disturb d clinically are
duc to failure to {ulfill this important requirement Most subside spon
tancously as soon as this nced 1s met

Since 1t 15 as important for physicians to be familiar with the limuts of
capacity of the body s homeostatic systems as it 1s for surgeons to hiiow the
anatomy of the structures with which they are dealing, the first division of
this syllabus will be concerned with descniptions of their functional char-
actenstics 1n health and disease The second division of the syltabus then
1tustrates by specific chnical expenences the manner in which such infor
mation can be used 10 1mprove and at the same time to simplify patient
care

The task of presenting this information 1n clinrcatly useful form has
been cased greatly by the fact that most body requirements, turnover rates
and himuts of tolerance happen to be approuimately proportional to boady
“surface area™ (1¢ to the two thirds power of body weight) This has



made 1t possible to express rates of mntake and output for individuals of all
ages and sizes with the aid of single per square meter (m?) values 1nstead
of the multiple values needed when weight or “basal energy expenditure”
estimates are used as the basis for calculations

This may be visualized with the aid of the accompanymg chart,
which shows that flud allowances, based on the series of milliters per
pound factors recommended by Oliver, Graham and Wilson, * correspond
closely to a dosage of 2500 ml per m* per 24 hours Similarly, flud allot-
ments, calcelated according to Darrow's recommendation that approxi-
mately 150 ml of water be given for each 100 calores of basal energy
expended, differ little from those pravided by prescribing 1600 mi per m®
per 24 hours Incidentally, 1t 1s mteresting to note that these authors differ
by as much as 50 per cent in their recommended allowances The explana
tion for the fact that both regimens are well tolerated by normal individu-
als 15 to be found 1n the observation that both lie within the range of free
dom of choice normally provided by the body’s homeostatic systems In
this chart this range corresponds approximately to the area defined by the
mtnimal requirement and maximal tolerance levels shown near the bottom
and the top of the chart

Surface area 1 square meters (m”) can be estimated easily from
body weight with the aid of the charts shown on the mside of the front
caver The scale shown along the right-hand ordinate of these charts also
ndicates relations between body weight and drug dosage expressed as per-
centages of ordinary adult dosage values If desired, these can be used to
convert adult values to per square meter values and vice versa While rates
of intake and output, which are related to homeostatic function, are ex-
pressed per m? per untt of time, body content values, which are a function
of mags, are expressed per kilogram of body weight

Though a number of the himits of tolerance mndicated 1n this volume
must be considered approximate where defimtive data are scanty, nonethe-
Jess they have been found satisfactory 1n onenting chmcal therapy It1s to
be hoped, however, that these first approximations may in due course be
replaced with more refined data as physicia and physiol
thetr explorations of these witally sigmficant phenomena

While traditional methods of describing physiologic and medical
phenomena usually are satisfactory, there are imes when they may fail to
place relationships 1n proper perspective Such appears to be the case with
regard to the use of the term “milhosmoles per hter” in describing the

» Ohver Graham and Wilson's milltliters per pound factors and Darrgw s factors
for estimating basal energy output are set forth the table at the bottom of the chart

x
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function of the body’s water homeostatic system This term appears to be
the reciprocal of the vaniable with which this system actually 1s concerned,
namely the ratio of water to solutes (1e millihters per milhosmole) m
body fluds Stated in other words, as individuals vary their fluid and food
ntake, this water system has the task of trying to prevent abnormal gans
or losses of water relative to solutes, just as the vanious other homeostatic
mechanisms strive to prevent pathologic gains or losses of the various sol

utes for which they are responsible Accordingly, all water solute ratio
values will be expressed as milliiters per milliosmole Those who wish to
Te express these values 1n terms of milliosmoles per liter can make the con

verston easily with the a1d of graphs C and D (see inside back cover)

In choosing references for this syllabus, no attempt has been made
to quote all the pertinent hiterature On the other hand an effort has been
made to give the sources of the original data on which the charts and text
are based as well as to indicate the titles of publications which have been
found particularly useful as sources of additional mformation The com
plete bibliography 1s histed alphabetically by authors at the end of the
syltabus
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1. Body Content and Distribution of Water at Various Ages

The accompanying chart shows the normal volume and distribution of the
total body water at various ages These patterns are the product of tecipro
cal actions between the homeostatic systems which determune the electro-
Iyte content of the body and the neurohypophyseal—renal system which
riormatly keeps each milk ole of solute passed by 3 5t0 37 ml
of water* (chart 4)

As a result of changes in the “setung ” of the systems responsible for
body sodium and chloride homeostasts, 1nterstitial flind and hence total
water content per kilogram of body weight commence to dimimish early in
the neonatal period, reaching adult levels at about nine months of age
Possibly these changes are explained in part by the fact that newborn -
fants are shghtly hypoalbuminenue n comparison with older infants and
children This could predispose to the accumulation of extracellular fluid
much as 1t does 1n nephrotic chuldren (chart 44) In addition, the newborn
wnfant 1s apt to lose water out of proportion to solutes during the first two
or three days, when he 1s obliged to obtain from his body stores most of
the water needed to compensate for insensible and urinary losses As a re-
sult, the water-sofute ratio of body fluids decreases until water becomes
available 1n the form of mother's milk or other flurd of low solute content

Techmeal Details

Solutes are the substances 1n solution 1n the body fluids They are made
up of the vanious electrolytes and of other substances mncluding glucose,
ammo acids, urea and creatinine One millimole of any of these substances
1n solution exerts one mulliosmole of osmotic pressure Thus 15 distinct from
the electrical potential which 1s d 1n terms of milliequival The
osmolar content of a solution can be determined by measuting its freezing
point A depression of the freezing pownt by 1 86° C below that of pure
water signufies that there are 1000 milhosmoles of solute m each hter of
fimd

* Far reasons mentioned under Explanatory Remarks this method of expression 18
used 1nstead of the reciprocal namely 270 to 285 mosM per fiter Those wishing to con
vert muliliters per muihosmole values to their milliosmole per liter equivalents can do o
wath the ard of the graph shown on the inside of the back cover
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Comp of Water Bal

The water balance of the body fluctuates from positive to negative many
times during the day as a consequence of the fact that the ngestion of
water 15 intermuttent Nevertheless, the orgamsm usually 1s able to prevent
major fluctuations 1n 1ts water content by appropriate adjustments 1n rates
of intake and output

As the accompanying diagram shows, except for the relatwely small
quantity of water formed during the process of oxidizing carbohydrate, fat
and protemn within the body (about 200 m! per m” per 24 hours) we are
almost totally dependent upon exogenous water as a source of mtake Un-
der conditions of fasting, destruction of body protoplasmic tissues may
yield a small additional volume (about 120 ml per m? per 24 hours)

‘Water 1s lost via 2 number of different routes Breast fed infants Jose
about 100 ml of water per m” per 24 hours 1n their stools On the other
hand, wfants fed cow’s milk formulae and older persons taking ordmary
diets lose only about 50 ml of water per m® per 24 hours by this route
Though such losses may increase markedly, reaching levels of 500 ml per
m? per 24 hours or moere as a result of diarrhea, they are not subject to
homeostatic control and therefore do not vary much under normal cir-
cumstances The same may be said of the water losses which take place
through the skin and especially of those which take place through the
lungs Though these vary somewhat with age and size and may be nflu-
enced by factors such as envirc 1 temp clothing,
and body temperature, they tend to remarn essentsally constant under ordi-
nary conditons of iving 1 a temperate environment (chart 3)

The most ymportant adjustments 1n the rate of water ehmmation are
accomplished by the kidneys under the direction of the neurohypophysis
(chart 4) The range over which this system normally can vary urmary
output 1s indicated 1n chart 8

In the present chart minimal urine volume 15 indicated as “obhigatory
unne water,” this being the smallest volume 1n which the kidneys can ex-
crete the waste products presented to them for elimmation Maximal \‘mnc
volume 1s equal to the sum of the “obligatory urine water” plus the ‘sur-
plus vrine water ” Viewed as 2 whole, the body’s minimal water require-
ment 15 approximately defined by bracket A and 1ts maximal water toler-

ance by bracket B
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2. Components of Water Balance

The water balance of the body fluctuates from positive to negative many
times during the day as a consequence of the fact that the ingestion of
water s intermuttent Nevertheless, the organtsm usually 1s able fo prevent
major fluctuations in 1ts water content by appropnate adjustments 1 rates
of intake and output

As the accompanymg diagram shows, except for the relatively small
quantity of water formed duning the process of oxidizing carbohydrate, fat
and protein within the body (about 200 m! per m? per 24 hours) we are
almost totally dependent upon exogenous water as a source of mtake Un-
der conditions of fasting, destruction of body protoplasmic tissues may
yield a small additional volume (about 120 m! per m® per 24 hours)

Water 1s lost via a number of different routes Breast fed infants Jose
about 100 m] of water per m® per 24 hours 1n their stools On the other
hand, infants fed cow’s milk formulae and older persons taking ordinary
drets lose only about 56 ml of water per m® per 24 hours by thus route
Though such losses may increase markedly, reaching levels of 500 ml per
m? per 24 hours or more as a result of diarrhea, they are not subject to
homeostatic control and therefore do not vary much under normal cir
cumstances The same may be said of the water losses which take place
through the skin and especally of those which take place through the
lungs Though these vary somewhat with age and size and may be imnfiu-
enced by factors such as al temperature, cl g, humid
and body temperature, they tend to remain essentially constant under ord1
pary conditions of iving 1 a temperate environment (chart 3)

The most important adjustments 1n the rate of water elimination are
accomplished by the kidneys under the direction of the neurohypophysis
(chart 4) The range aver which tius system normalfy cag vary urmary
output 18 indicated 1n chart 8

In the present chart mimmal urine volume 15 mdicated as “obligatory
urine water,” this being the smallest volume mn which the kidneys can ex-
crete the waste products presented to them for elimnation Maximal urine
volume 15 equal to the sum of the “obligatory urime water” plus the “sur-
plus urine water " Viewed as a whole, the body’s mummal water require-
ment 15 approximately defined by bracket A and 1ts maximal water toler-

ance by bracket B
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Water Losses via Lungs and Skin

Infants, children and adults have approximately stmilar basal rates of m-
sensible water loss via the lungs and skin However, basal conditions apply
only to that smail segment of the day when the indtvidual 1s at rest Rates
of loss are apt to be greater during periods of activity Consequently, ex-
cept n persons living an nactive existence, total daily losses exceed the
basal rate by a considerable margin These total losses may be higher 1n
infants (average, 1200 ml per m® per 24 hours) than they are in children
(average, 1000 ml per m? per 24 hours) or adolescents and adults (aver-
age, 700 ml per m? per 24 hours)

The rate at which water 15 lost msensibly may become reduced al
most to zero when the humidity ts raised to 100 per cent as in a croup tent
Contrariwise, nsensible water losses are higher when individuals are nude
and can be doubled by the hyperpnea of diabetic ketoacidosss or salicylate
intoxication In addition to the water lost insensibly, indtviduals can lose
aliter or more per day mn the form of sweat, if they become overheated

Because the neurohypophyseal-renal system can compensate for
moderate fluctuations 1 nsensible water losses by appropriate adjust-
ments of urinary output, 1n estimatmg body water requrements and tol-
erances 1t suffices under most circumstances to assume that losses via the
lungs and skin amount to about 1000 ml per m? per 24 hours It 15 impor-
tant, however, to make a closer estimate of water losses via these routes
when a patient s homeostatic capacity (chart 45A) has become markedly
reduced, as m p phritic or anuric mdividuals or when 1t 15 obvious
that the individual is sweating profusely

References
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4. Water Homeostatic System

The neurohypophyseal-renal or water homeostatic system 15 designed to
keep the ratio of water to solutes® 1n body fluids within the range of 3 5 to
3 7 ml for each mihosmole This 15 an mmportant physiologic vatiable be-
cause elevation of the water solute ratio by as httle as 10 per cent 103 9
or 4 0 mi per mosM 1s apt to result m water ntoxication Contranwise,
reduction of the ratio by 5 or 10 per cent to 3 3 m! per mosM, or less,
tends to produce symptoms and sigas of hypohydration (chatt 7)

The system § hat like 2 feedback cucuit A tendency
to abnormal lowenng of the ratio of water to sofutes 1n body flurds 1s rec-
ognized by osmoreceptors located in the hypothalamus As the ratio falls,
they respond by creating a sensafion of thirst (chart 45C) and by causing
the neurohypophysis to secrete anfidwreuic hormone mto the blood
stream + The renal twbules react to this h by reducing the @
of water panyng each mll; le of solute 1 the urine Passage of
urme, which 1s s0 concentrated that i contans less water for each muthos
mole of solute than the plasma from which 1t was deaved, tends to rase
the water solute ratio of the body flinds When this approaches a physio-
logically sahisfactory level, the sensation of thirst abates and the secretion
of antidiuretic hormone ceases On the other hand, the reverse of these
homeostatic reactions follows an abnormal nise 1n the water solute ratio
of the body flmds Then the ratio w the body fusds falls as the ratio m the
urme nses

The water homeostatic system, while closely concerned with the sta-
bility of the water solate ratiwo of body flurds, also 1s involved in the preser-
vauon of a satisfactory vascular volume Available evidence suggests that
there are stretch or pressure sensitive elements, possibly located mn the
feft atrium, which can promote thirst and () hormone p
wrrespectwve of the watet solute ratio of body fluids should the vascutar
volume become abnormally reduced In patients suffermng from blood loss,
hypoalbuannema or extracelular electrolyte deficiency, this res?onse c‘:m

convulstons {chart 42)

* Frclusive of vrea
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5.

Dynamics of Water Homeostasis

As the accompanying chart d the water h system
normally reacts so nimbly to changes in mntake that one can suddenly vary
the mtake rate ali the way from the physiol 1 to the physsol

maximal level without disturbing body water status (s e serum ml/moshoi)
to amagor extent
"There 15 apt to be 2 lag of approximately 45 minutes between the
tume when water Joad 15 first smposed and the time when unine water solute
ratio and hence urine flow values to Nonethel
dag ss essentially d within 2 hours The same 55 true when
the water mntake rate 15 reduced suddenly from a high to a Iow level

Reference
Crawford eral (to be pubhished) General

Demonstration of Maximal Tolersnce and Minimal
Regquirement for Water

As has been mentioned 1w preceding sections, there are hmuts to the
body's capacity to conserve and to elimmate water sa accordance with
needs More specifically, there 1s a physiologic mimmal requirement, or
floor, which represents the fowest rate of intake required fo balance output
and hence to prevent deficits when conservation forces are acting maxi-
mally Sumilarly, there i1s a physiwlogic moximal 1olerance, or cerling,
which represents the largest amount of water that can be taken and ehm
pated per umit of ume without sertously disturbing body compostison
Rates of intake and output falimg between these two extremes hie in what
may be called the effective or safe working range of homeostatic function
The subject of the accompanying chart was a 20-year-old youth
with marked impatrment of renal function, as evidenced by the fact that
fus urea clearance was dnly 5 per cent of noomal I the leit-hand set of
diagrams, it can be seen that his serum water-solute ratio was abnormally
elevated when first measured Thus meant that he had at that sme a strong
need to rasse hus unine water solute Tatto 1o the lughest level of which he
was capable Accordingly, the urtae water-solute ratio value found at that
t1me, namely 7 ml per mosM, could be considered his ceiling value At
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his average rate of solute output (285 mosM per m? per 24 hours), this
meant that he could not excrete more than 285 x 7, or about 2000 ml of
usine per m? per 24 hours His upper himit of body tolerance for water,
estimated by adding to this maximal urine value an approximate value for
msensible water losses minus water of oxidation (1¢ 1000-200, or 800
ml per m” per 24 hours), was found to be 2800 m! per m? per 24 hours
Inasmuch as he was already “over ceiling” with respect to rate of
water intake when these measurements were made, there was no need to
subject luim to an additional water load tn order to demonstrate where his
celling was located On the other hand, it was necessary to restrict his
water intake for a imited period 1n order to determine is mimmal water
requirement As can be seen 1n the right hand diagrams, thirsting caused
his serum water-solute ratto values to fall rapidly to subnormal levels
When this occurred, the neurohypophyseal system caused the urme wa-
ter-solute ratio to fall to the lowest level possible, namely 2 5 ml per mosM
This meant that while he was excreting solutes at the rate of 285 mosM
per m? per 24 hours, his minimal urinary output would be 285 x 2 5, or
about 700 ml per m? per 24 hours It followed that his over-all minmmal
water requirement, estimated as outlined above, was approximately 1500
ml per m? per 24 hours Thus, these observations indicated that, provided
there was no change mn total solute output, he should take at least 1500
but not more than 2800 ml of water per m? per 24 hours m order to avoid
hypohydration on the one hand and hyperhydration on the other

Reference
Rerrigan ef al (1935) Source of data
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7. Symptoms and Signs of Water Deficit and Excess
Relative to Solutes

Lowening of the ratio of water to solutes (other than urea) n body flnds
below 3 5 ml pet mosM results in thirst, concentration of the unne and,
provided the solute output rate 1s not very high, a tendency to ohiguna
Lowenng of the water-solute ratio below 3 2 mi per mosM 15 apt to result
m fever Extreme lowermng to levels below 2 9 ml per mosM can lead to
central nervous system disturbances with lethargy, smitabiity, twitching,
elect halographic acidosis, respiratory or circulatory fail-
ure and death *

When such hypohydration (1€ low water sofute ratio) 1s due simply
to lack of water relative to solutes, the concentrations of sodum and chlo-
nde are apt to be increased in proportion to the increases in concentration
of all other solutes Under such circumstances, serum sodium and chlo-
nde concentration measurements may serve as inverse indices of water-
solute status Hence, 1t 1s not uncommon to find the serum sodium con-
centration elevated to 170 and the serum chlonde to 130 mEq per liter,
or hugher, in patients with serum water-solute ratio values m the neighbor-
hood of 2 9 ml per mosM The serum sodum and chionde values may not
be elevated, however, 1n patients who become hypohydrated as a result
of the accumulation 1n body fluids of many milhiosmoles of ketone bodies
(chart 40A) or other unusual solutes It follows that the finding of normal
serum sodium and/or chlonde concentration values does not rule out
hypohydration Neither daes the presence of gross edema, for patients with
Jarge accumulations of tissue flnd may have even larger accumulations of
solutes and therefore may suffer from lack of water i proportion to sol-
utes This condition occutred commonly during the days when 1t was cus-
tomary to treat patients with fluids of relatwvely low free-water content
such as 1sotonic saline

Elevation of the water-solute ratio mn body fluds to 4 ml per mosM
of nion urea solutes 1s apt to result mn headache, confusion, navsea, weak-
ness, cramps, convulsions, coma and other manifestations of water -
taxication, if 1 occvrs rapudly an the course of a few hours On the other
band, very gradual elevation of the water solute ratio to equaily high
Jevels, as sometimes occurs i patients with nephrosis or pannephritis, may

not produce overt signs

* Such signs of dehydration as loss of subcutaneous tissue elastcity and softness of
eyeballs are seen only if the total body water 1s subnormal

14
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8. Normal Ranges of Renal Capacity to Vary Urine
Water-Solute Ratio and Urine Volume at Various
Rates of Sotute Gutput

The upper curves of the panying diag] Tep physiologs
maximal values and the lower curves physiologic mmmal values Jt ca
be seen that the hidneys’ ability to dilute the urime 15 greatest at low rates
of solute output and least at high rates of solute output Maximal rates of
urine flow, calculated by multiplying these maximal values for urine wa-
ter-solute ratio by the corresponding values for rate of solute output, start
at about 12 5 liters per m? per 24 hours and increase to about 15 liters per
m” per 24 hours at high rates of solute output

These ceiling Jevels are so high that normal individuals rarely reach
them For mstance, an adalt weighing 70 kg would have to dnnk more
than 5 gallons of water per 24 hours, or about one 250 ml tumbler every
15 minutes to overload the renal excretory mechanisin

Renal abihty to concentrate urme in response to full antidiuretic hor-
mone stimulus usually 1s not influenced very much by vanations mn rates
of solute output * Cc g capacity however, as the ratio
of urea to other solutes 1a the urine approaches § 35 At this osmolar ratio,
the kidneys can reduce the water content of the unne to 0 7 mi per mosM
{specific gravity 1 030) If the proportion of urea to other solutes 1s much
less than this value, the kidneys may not be able to reduce the water-solute
rano of the urme below 1 5 ml per mosM

Patients also suffer partial loss of concentrating abslity when thewr
cellular potassium stores become depleted and are replaced by sodium
(chart 19) Except for these factors, mimimal unine volume varies directly
with rate of solute output It amounts to about 150 mi per m® per 24 hours
at the mimmal rate of solute output (1 ¢ 200 mosM per m? per 24 hours)
found 1n persons 1aking 100 gm of glucose per m? per 24 hours together
with an adequate quantity of water It increases to about 275 mi per m*
per 24 hours m fasting individuals, who are apt to excrete about 375
m0sM of splutes per m? per 24 hours Healthy persons eating @ normal
diet excrete 500 to 600 mosM of solutes per m? per 24 hours and hence
have 2 mimmal unne volume of 350 to 450 ml per m” per 24 hours In
panents whose solute output has risen 10 exceptionally high levels (1e

14 4 —mmtamt «A ance at very high rates of output when
Jute number of sofutes
snng nephrons Hence,
rmal persons




. FaYSi0L0g;,
RANGE

Vaxikar,)
~“ORurs Grine

URing
WATER - SOLUTE
RaTip
mllmoxM

i0 o,

i cog
APPROY
'oro URIgE
SPECIFe
‘ll!lﬂd r 1012
:oamf‘rum: ! GRAVITY
YRine

URINE VOLUME

L/msaqe
Mrn P‘!YWB
Gidcony o otad
oty
8. No s of i

ma} np Renay ¢, X
and Urip, Volume 3 Varjoys Rates



about 1500 mosM per m? per 24 hours) as a result of burns, other severe
trauma or the glycosura and ketonuna of diabetic ketoacidosis, minmal
urine volume may amount to 2000~3000 ml per m? per 24 hours

References

Crawford et al (to be published) Source of data
Talbot eral (1955) General

Normal Limits of Total Body Tolerance for Water

Using the data presented 1n charts 2, 3 and 8, one can make approximate
estimates of the maximal water tolerance and mimmal water requirements
of healthy individuals of various ages The limited mformation available
mdicates that because renal function 1s immature at birth infants have
much less ability to dwrese during the first days of life than they will after
reaching four weeks of age Hence, the relatively low maximal water tol-
erance levels shown for the neonatal period Older ndividuals can tolerate
as much as 12 to 13 liters per m*® per 24 hours

Because infants are apt to have larger insensible water losses per m*
per 24 hours than children and adults, their mimimal water requirements
amount to about 1 6 liters per m* per 24 hours as compared with an adult’s
requirement of about 1 liter per m* per 24 hours These mummal require-
ments mncrease by 200 to 500 ml per m? per 24 hours (f the infant 1s fed a
cow’s milk formula instead of human milk or if the adult eats a diet of or-
dinary rather than exceptionally low solute residue

Healthy persons can safely vary their water intake from 1500 to
12000 ml per m? per 24 hours under ordinary circumstances These Jimuts
may become narrowed by certain conditions, sacluding the following

CEILING LOWERED

General anesthesia (chart 42A)

Morphine-type drugs (chart 42A)

Pannephritis (chart 45A)

Diseases which transect the blood bram barrier 1 the
region of the hypothalamus (chart 42A)

Hypovolemia or cireulatory failure (charts 4, 42, 44D)

Neonatal period

FLOOR RAISED iz )

Pitressin deficiency (diabetes insipidus)

Pitressin (renal diabet: P ) (chart 47A)

Cellular potassium msufficiency plus sodium 1ntoxication (chart 195

Pannephritis (chart 45A)

18
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0. Body Content and Distribution of Sodium at Various Ages

Newborn babtes have about 35 per cent more sodium for each htlogram of
body weight than 1 year old mfants and about 65 per cent more than
adults Most of the mfants’ “extra* sodium 15 dissolved 1n the mnterstitial
flunds at a concentration of approximately 140 mEq per hiter Though the
body’s sodium 15 largely stored outside the cells, between 15 and 25 per
cent 1s located withun the cells and 1n bones Like the extracellular sodm,
most of this intracellular sodmum exct readily with tracer doses of
the radioactive 1sotope Na™ and hence 1s presumed to be readily avarlable
for metabolic processes

The accompanying chart 1s based primanly on values for total ex-
changeable sodium per kg of body weight as determined with tracer doses
of Na™ The curve depicting the total exchangeable content is based on a
formula proposed by Forbes and Perley The portion of this sodium which
15 located 1n the plasma and interstitial flurd was estimated by multiplying
the plasma and mterstittal volume values shown (n chart 1 by a representa-
tive value for the concentration of sodium 1n an ultra filtrate of serum (1€
143 mEq per liter) Of the remaining sodrum, about 2 5 mEq per kg are
situated 1n protoplasmic cells at a concentration of approximately 8 mEq
per liter and the rest 15 present in bone matrix

References
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11, Sodmm Homeostatic System

The sodium homeostatic system normally plays a mayor part in mantaimn
ing vascular volume at physiologically satisfactory levels 1t accomplishes
this task by functioning n a coordinated manner with certain other home
ostatic mechanisms

A decrease m the body s sodium content results 1 a diminution 1
extracellular solute content To maintain body water solute ratio values
at normal levels the water homeostatic system (chart 4) eliminates about
7 2 ml of extracellular water for each milliosmole of sodmm lost Of this
total 3 6 mi are accounted for by the sodium 1tself and 3 6 ml by the chlo
ride bicarbonate and other amonic solutes which necessarnily accompany
sodium 1n extracellufar fluid Such loss of extracelfufar flwd reduces plasma
volume and hence blood volume The tendency to hypovolesma is detected
by pressure or volume sensttive ¢elements 1n the region of the carotid sinus
These elements probably act mndirectly by means of the adrenocortical-
aldosterone mechamsm and directly via neurologic pathways to cause the
kidneys and sweat glands to conserve sodum They also may create a
craving for salt which predisposes to mncreasing the sodm chloride mn
take For each milhosmole of sodium gained as a consequence of these re
actions the neurchypophyseal system accumulates about 7 2 ml of water
Because a portion of this newly formed extracellular fluid 15 attracted to
the vascular compartment by plasma albumun the blood volume 15 1n
creased As this reaches satisfactory levels the stimulus for sodmum con
servation wanes and equilibrium 1s re established The reverse of these
changes occurs when the body s sodium content rises above normat levels

References

Barger et al (1959) Neural control of Na excret on
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12. Dynamics of Sodium Homeostasis

When the sodium 1ntake 15 increased abruptly, there may be a lag of one
or more days hefore the uriary output of sodinm increases to the pomt
where equilibrium 1s re established The sodwm accumulated during this
nterval leads to the retention of a physiologically equivalent volume of
water, with resultant weight gain, and at times even to visible edema for-
mation Provided the maximal capacity of the organism to eliminate so
dum has not been over reached, most of this surplus sodrum and 1its ac-
companying amons and water are unloaded eventually

The healthy orgamsm reacts to sudden restrictions of sodium intake
withun a day and can reduce 1ts rate of sodium loss almost to ml within
three or four days

24
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The source of the data in the above chart was a healthy young woman on a constant
normal dict who ingested added NaC! duning the Joading pertod and then changed
10 a low sodium dict on day 9



13. Symptoms and Signs of Sodium Deficit and Excess

Most of the symptoms and signs 1n the accompanying hist are explamed by
the changes 1n extracellular fliid volume, which usually take place as ex
tracellular sodium stores become abnormaily depleted or expanded As
extracellular flud d ) circulatory collapse 1s p nted up to a
pomt by the transfer of water from the interstitial to the vascular compart
ment and by compensatory reduction in the size of the vascular bed When
further contraction becomes impossible, signs of circulatory failure are
apt to develop rather abruptly (chart 14) They can be made to disappear
by giving enough extracelluiar type fluid to expand vascular volume above
the crtical level

On the excess side, rapid intravenous admimstration of sodium, 1n
the form of an extracellular type fluid such as 1sotonic saline, can lead to
overexpansion of vascular volume and hence to congestive heart farlure
even n healthy individuals On the other hand, if the load 1s imposed more
slowly and the organism has time to transfer surplus extracellular fimd
1mto the interstitial spaces, surplus sodmm 15 likely to show up as edema
fimd Experience with nephrotic and cardiac patients indicates that dou-
ble, triple and even quadruple the normal amount of sodium may be stored
1 the body as edema flind without catastrophic results There comes a
pomt however, where edema may so embarrass respiratory and other
functions that 1t 1s mcompatible with hfe Sodwim also can accumulate m
excesstve quantities m the cells of individuals with potassium nsufficrency
and give rise to the cellular potassium lach—sodium ntoxication syn-
drome (chart 19)

Serum sodium concentration cannot be considered a reliable index
of body sodium status Rather 1t constitutes an mverse mndex of the water-
solute ratio of body flmds A high serum sodium concentration usuaily
means that thete 1s too hittle water 1 proportion to solutes m the body
fluds, not that there 1s too much sodism m the body Conversely, a low
serum sodium concentration usually* sigmifies that there 1s a surplus of
water 1n proportion to solutes in the body, only occasionaily 15 there an
associated absolute sodium deficit

1t follows that one must judge body sodium status climcally esther by
means of 1sotopes, which are not generally available, or by estimating vas

* Jn pemic patients though the concentration of sodium per liter of serum may be
abrormally low 115 concentration per liter of serum water may be within normal imuts
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14. Development and Recovery from Sodium Insufficiency

The data n the accompanying chart were obtained in the case of a 13-
year old boy whose desoxycorticosterone therapy was discontinued on
day zero and whose sodium chlorsde intake was reduced on the third day
to alow level (e 10 mEq per m” per 24 hours) for the purpose of certi-
fymg a tentative diagnoss of adrenocortical insuffictency (line A) Fol-
lowing this, he lost almost 9 mEq of sodium per kg, or about 20 per cent
of his body’s stores, together with a proportional quantity of extracellular
flmd before he developed overt signs of circulatory msufficiency. Then,
rather abruptly he became weak and hypotensive, developed a rapid,
thready pulse and appeared to be on the verge of circulatory collapse
These manifestations disappeared as soon as the patient was given 1 mEq
of sodium per kg m the form of 1sotonic saline He remained symptom free
throughout the remainder of the several days when he was replemishing
his stores

The fact that 1t was not necessary to correct his body sodrum deficit
by more than one minth part 1n order to ehmnate most of the clinical signs
of deficiency 1s worthy of note This seems to be generally true of many
situations Thus, though 1t may be important to rasse the body content of
depleted patients promptly above the cntical symptomatic level, 1t 1s not
necessary or perhaps even destrable to attempt to repair deficits in toto
within a few hours Once the critical level has been passed, patients usu
ally do well 1f allowed to correct their residual metabolic disturbances 1n
a smooth, asymptotic manner

The present chart also 1s of interest 1n that it demonstrates that this
same patient, when given desoxycorticosterone, could conserve sodium
under conditions of low salt intake (line B) almost as efficiently as a nor-
mal person (line C)
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14, Development and Recavery from Sodium Insufficiency

The source of the data in the above chart was a patient with hypoadrenocorticism
{curve A} whase desoxycarticosterone acctate (her:py was stopped on day 0 and
whose sodium intake was reduced 1o 10 mEq per m* per day on day 3 The interval
dunng which he and signs of ¢ir ry 18 repre
sented by the shaded arca Curve B shows how the patient of curve A responded 1o
the low sodium regimen when bemg treated with DOCA Cune C indicates the rev
sponse of the normal indvidual to sodium restniction




15. Normal Limits of Body Tolerance for Sodium

The scanty data available suggest that newborn wnfants are unable to take
as much sodwm as older infants, children and adults without becoming
edematous Healthy children and adults usually can take and eliminate up
to 250 mEq per m per 24 hours without difficulty Moreover, they may
be able to manage loads of 500 or more mEq per m? per 24 hours 1f their
sodim mtake 15 increased gradually in a manner which provides ample
time for ad Inthese 1t 15 important {0 remember that
tolerance even for moderate amounts of sodium 15 contingent upon having
at feast a moderate potasstum intake

Because the kidneys and sweat glands can reduce the rate of sodum
output almost to zero when conservation forces are acting maximally, the
body can mantain 1ts sodium balance on an mtake of less than 10 and
maybe less than 5 mEq per m® per 24 hours This means that if one wants
to prevent sodjum retention and edema formation 1n a cardiac or ne-
phrotic patient, 1t 1s necessary to restrict the salt intake drastically

Among the conditions which may shift the limits of tolerance for
sodum, the following may be mentioned

CEILING LOWERED
Zero potassium 1ntake
Hypoalburmnerma (charts 448, 44C)
Cardiac failure

Severe stress

Corticosterord therapy

Cushing’s syndrome

Renal disease

FLOOR RAISED

Renal tubule disease
Treatment with acetazoleamide, mercurial and other dwuretics

30



mEq/m2/24°

L  SODIUM
500~ —_——————— S —
o MAXIMAL TOLERANCE
acol ( with time for adaptotion)
MAXIMAL TOLERANCE
300 e N’
i v abrupt lood) \
v
il
/ S,
¥ e T T Grrnae
e

| | L L1t
6 3 6 9 12 18 2 3 4 6 8 1012 16 20
BIRTH WKS “--MONTHS —A-———-— — YEARS —~-v=ne —
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Range of tolerance for sodium from birth to adulthood V indicates observed in-
takes above maximal tolerance A indicates observed tolcrable mtake
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16. Body Content and Distribution of Potassium at Various Ages

The body normally contamns between 45 and 55 mEq of K®* per kg of
body weight at all ages Most of this exchanges readily with its radioactive
1sotope, K*, which can therefore be used to measure the size of bedy po-
tassium stores  Potassium 1s Jocated chrefly 1n protoplasmic cells at a con-
centration of about 150 mEq per hiter of cell water In the newborn infant
about 60 per cent of this potassium 15 located m the musculature and
about 20 per cent n the brain, the rest being divided among extracellular
flud, the skeleton and other organs In the adult the musculature contains
about 80 per cent of the body's total potassium content, the remainder
being distnibuted more or less evenly among extracellular flmd, bram,
skeleton and other structures
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17. Potassium Homeostatic System

Though certain of the salient characteristics of this system can be dis
cerned and deseribed, many important details remain to be clanfied It 1s
clear that serum potassium concentration 1s one physiologic key variable
worthy of note, for hyperkalemia per se results 1n various manifestations
of potassium intoxication as described m the text accompanying chart 19
Moreover, it acts 1n some way, possibly 1n part via adrenocortical hor-
mones, to stimulate excretion of potassium by the renal tubules nto the
unne *

Cellular potasstum status 1s another varsable which the body attempts
to defend with considerable vigor Though the cells can store surplus po
tassium wmn amounts equaling between 5 and 10 per cent of their normal
content (1e about 3 mEq per kg of total body weight), the orgamsm
normally eliminates such excess cellular potassium by way of the kidneys
within 2 few hours, thereby rendering the cells capable of buffering a po
tassium load once again The adrenal cortices play an essential role mn this
reaction The capacity to store surplus potasstum temporartly within body
cells constitutes a valuable defense against dangerous degrees of hyper
kalemia and gives us the ability to handle much larger loads of potassium
than would be the case if we had to depend exclusively upon the renal ex
cretory mechamsm to prevent hyperkalemia

Hypokalemia per se does not necessarily result in maximal conserva
tion of potasstum by the kidneys On the other hand depletion of cellular
potasstum stores usually does lead to conservation of this ton by the kid
neys However, the body 1s unable to conserve cellular potassium stores
when deprived of potassium unless the sodium ntake also 15 restricted
sharply This ss a fact of considerable chimical significance, for 1t means
that one may be causing patients to develop cellular potassium nsuffi
ciency when one maintains them on potassium free, sodium rich solutions
such as 1sotonic salme Fortunately this danger can be mmmized by pro
viding both sodium and potassium 1n physiologically tolerable amounts

«This 15 accomplished 1n large part at least by exchanging potassium tons within
1he £ells of the renal tubules for sodwm jons present in the tubular flmd It probably ex
plains why 1t 15 necessary to take at least moderate amounts of sodium in order (o excrefe
large amounts of potassium by way of the kidneys
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17. Potassium Homeostatic Syst

Though certain of the salient charactenstics of this system can be dis-
cerned and described, many important detals remain to be clanified It 1s
clear that serum potassium concentration 15 one physiologic key vanable
worthy of note, for hyperkalemia per se results 1n various mamfestations
of potassium 1ntoxication as described in the text accompanying chart 19
Moreover, 1t acts 1n some way, possibly tn part via adrenocortical hor-
mones, to stimulate excretion of potassium by the renal tubules into the
urine *

Cellular potassium status 1s another variable which the body attempts
to defend with considerable vigor Though the cells can store surplus po-
tasstum 1n amounts equaling between 5 and 10 per cent of their normal
content (1€ about 3 mEq per kg of total body weight), the organism
normally eliminates such excess cellular potassium by way of the kidneys
within a few hours, thereby rendenng the cells capable of buffering a po-
tasstum load once again The adrenal cortices play an essential role 1n this
reaction The capacity to store surplus potassium temporarily within body
cells constitutes a valuable defense against dangerous degrees of hyper-
kalemia and gives us the ability to handle much larger loads of potassium
than would be the case 1f we had to depend exclusively upon the renal ex-
cretory mechanism to prevent hyperkalemia

Hypohalemia per se does not necessanly result in maximal conserva-
tion of potassium by the kidneys On the other hand, depletion of cellular
potassium stores usually does lead to conservation of this ton by the kid
neys However, the body 15 unable to conserve cellular potassium stores
when deprived of potassium unless the sodium ntake also s restricted
sharply Thus 1s a fact of derable chmcal sigmfi for 1t means
that one may be causing patients to develop cellular potassium msuffi-
ciency when one maintains them on potassium free, sodium rich solutions
such as 1sotonic saline Fortunately, this danger can be minimized by pro-
viding both sodium and p n phy Hly tolerabl

* This 1s accomplished 1n large part at least by exchanging potassium jons within
the tells of the renal tubules for sodwum 10as preseat ta che tubular fnd It probably ex
platns why it s necessary to take at least moderate amounts of sodium In order to excrete
large amounts of potassium by way of the hidneys
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17. Potassium Homeostatic System

Though certain of the sahient charactenstics of this system can be dis
cerned and described, many amportant detarls semam to be clapfied It 1s
clear that serum p ation 15 one physiologic ey vanable
worthy of note, for hyperkalemta per se results m vanous mansfestations
of potassum mtoxication as described in the text accompanying chart 19
Moreover, 1t acts 1 some way, possibly 1 part via adrenocorticat hor
mones, to if of p by the renal tubules mto the
vrine *

Celtular potasstum status 1s another vanable which the body attempts
to defend with considerable vigor Though the cells can store surplus po
tassium 1n amounts equaling between 5 and 10 per cent of thesr normal
content (1e about 3 mEq per kg of total body wesght), the organism
pormally ehmwmates such excess cellutar potasstum by way of the kidaeys
within a few hours, thereby rendening the cells capable of bulfering a po
tassium load once agam The adrenal cortices play an essential role mthis
reaction The capactty to store surplus potassjum temporanly withm body
cells constitutes a valuable defense agawst dangerous degrees of hyper
kalemma and gives us the ability to handle much Jarger loads of potassium
than would be the case if we had to depend exclusively upon the renal ex
cretory mechamusm to prevent hyperkalemua

Hypokalemia per se does not necessarily result i maximal consenva
tion of potasssum by the kidneys On the other hand, depletion of cellular
potassium stores usuatly does lead to conservation of this 1on by the kid
neys However, the body 15 unable to conserve cellular potassjum stores
when depnived of potassium unless the sodwm mtake also 15 resincted
sharply This ss a fact of derable clinscal {or it means
that one may be causing patients to develop celtular potassum snsufi
ciency when one masntatns them on potasstum free, sodrum nich solutions
such as sotome saline Fortunately, ths danger can be minimized by pro
viding both sodtwnt and p 1n physiotogically tolerabl

« Ths 18 accomplished (n large part at Teast by exchangng potassium sons within
the cells of the renat tubules for sodum tons present mn the tubelar flud It probably <
plasms why it 15 necessary to fake at least moderate amounts of sodwm i Grder to excrele
large amonnts of potassium by way of the hadneys
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18. Dynamics of Potassium Ilomeostasis

The subject of these observations was a normal adult male



The Presenteq Panying chart Were Obtaineq the case
0f a heyy Subject w, as POtassium 1y the f Of a myp,
ple electrojy on A ( re 37, at the ry f 185 q per m* er

g the S of eac, day ang then alloweq to fast and
thirst £, t ainder of thy C period T, brupt NCrease 1y, m
take fro, TO leve) resulted Small, tr, ent eleyy, 100 1n Serum
Potassiym, Conceny tion It . s f ed wych y Compens,
tory 1pg, e nary outp; Sium wh,

s Potassiym, Content 5 d

Suflicient ¢, re-
il concentmnon Values ta - i
controj levels It s thus apparent that the na,
Prom.C

1



doxical in view of the fact that these signs usually can be prevented by
1l 1 )2 1n the pa-

ap moderate of
tient’s daily intake

Symptoms and Signs of Potassium Excess and Deficit

TOO MUCH TOO LITTLE
Hyperkalemia Without cellular sodium excess
Elevation and peaking of T waves Dehydration

1n ECG (lead II) With cellular sodium excess
Muscle weakness Muscle weakness
Paresthesias Ileus or diarrhea
Cardiac arrest Loss of ability to concentrate

unmne

Flattening of T wavesin
ECG (lead IT)
Hypochloremic, hypokalemic
alkalosis
References
Cooke eral (1952) Cellular potassium lack sodium excess
Drescher eral (1958) Potassium intosication in rats
Elkinton and Danowski (1955) General
Goodman and Gilman {1955) General
Spater et al (1959) Cellular potassium tack sodium excess
Winhler efal (1938) ECG changes with hyperkalemia



19, Symptoms and Signs of Potassium Excess and Deficit

Chronte loading experiments on rats idicate that the sanous mandfesta
tions of potassium intovication are due to sbnormally high concentrations
of potassium m extraceliutar fluds rather than to changes m the celtular
content or concentration of thiston It follows that sustawed hyperkaterua
per se sigmfies that the orgamsm 15 bemng subjected to a phystologscaily
excessive load of potasssum Because hyperkalemsa chatactersstically re
sulfs i changes in the electrocardiographuc T waves, under most chmcal
the el gram can be used tn heu of the serum po-

tasswum measurement as an mdex of potassium antoxweation  Dygitabs
tends to reduce myocardial potassium and therefore may mterfere with
the use of this mdex Acidosts also may cause changes in the T wares
which can be canfused with the charactenstic peaking of potassium -
toxication

Potassium depletion results 1 reduction of the potasstum content of
the cells In instances of sumple cellular potassium deficiency, the cellular
concentration remains at notmal levels because these 1s a paralle] Joss of
cell water Aside from producing evidences of dehydration, this type of
potassium deficiency causes almost no overt mamfestations I the ndi-
vidual 1s placed on 2 generous sodtum but neghigible potassium intake,
sodium and smail amounts of hydrogen 1on are apt to enter the cells and
oceupy the space normally filled by potassum  This sodum acts as a sol
ute to draw water 1nto the cell, which reduces the potassium concentration
at tunes to markedly subnormal Jevels Esther because of this ot because
of the assoctated fall in potassium sodium rato, cell funchion detenorates
a3 may be evidenced by skeletal muscle weakness, sleus, a tendency to
extraceltular edema formation, foss of capacity o concentrate urmne, flat-
tenimg of the T waves in lead 1T of the electrocardiogram, circulatory fail-
ure and other changes In addition, there 15 a tendency for the hydrogen
10ns to produce “celtular acidosss  The kidneys react to this asaf the pa
tient were suffening from bolic acidosis Hypochb hypokalermc
alkalosts sesults

Asmay be ferred from the foregowng remarhs, it 15 sometimes diffi
cult for the cl 1o g bt ffi y unless the pa-
tient has developed celiular sodsm nte aswell This 1
1s often 1atrogenic, ausing as & consequence of mamtaming Patients on
saline solutions or other fimds of generous sodwm, but neghgible potas-
stum, content The common practice of withholding potassum from pa-
1enis unts} they mamfest some of the signs mentioned above seems para-

18
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20. Limits of Body Tolerance for Potassium

Healthy individuals can maintain equilibrium with respect to potassium
while taking no more than 10 mEq per m? per 24 hours provided therr so-
dum intake 15 low and their total caloric, carbohydrate and protein wmntake
1s large enough to mamtamn body protoplasm and glycogen stores

As with sodium, mdividuals need more time to attain mavimal rates
of potassium excretion than to adjust urnary output to moderate sized
potassium loads In recogmtion of this, two maximal tolerance levels are
ndicated 1n the accompanying chart The lower one at 250 mEq per m?
per 24 hours 15 a rate which normal ndividuals can approach or attain
within several hours (chart 18) The upper value at 500 mEq per m? per
24 hours 1s one which can be reached stepwise in the course of several
days Both ceiling values presuppose that the individual 1s taking a mod-
erate amount of sodium salts ssmultaneously

As the 1nsert shows, ordinary dets provide us with quantities of po-
tassium which Lie well within the body’s safe working range of homeostatic
function Among the conditions which may narrow this range, the follow-
ng may be mentioned

CEILING LOWERED

Marked dehydration

Crrculatory failure

Very low sodium 1ntake

Pannephritis with marked red 1 glomerular filtration rate
(chart 45A)

Hypoadrenocorticism

Congenttal adrenocortical virilism—sodium losing syndrome

FLOOR RAISED
Diarrhea
i S e o 1iem anen ol 20)

References

Shohl (1939) Normal dietary potassium
Talbot et o (1953) General
Talbot et al (1956) General
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21. Body Content of Hydrogen Ions Relative to Daily Turnover

As this heading indicates, the body contains a certam amount of hydrogen
10Ns just as 1t contains certain amounts of water and the various other elec-
trolytes discussed 1n previous charts The absolute quantity normally pres
ent 1n free form n body fluids at any one moment 15, however, very small,
amounting to only 0 000,024 mEq per hg of total body weight when the
serumpHis7 4 *

Though the absolute quantity 1n body fluids 1s mimscule relative to
ordinary daily hydrogen 1on intake and output, which usually amounts to
about 2 mEq per kg of body weight 1n a child having a surface area of 1
m?, it constitutes a very significant “physiologic ey varable * An increase
1n free hydrogen 1on content to 0 000,048 mEq per kg results 1n marked
acidosis (serum pH 7 1), while a decrease to 0 000,015 mEq per kg re
sults 1n marked alkalosis (serum pH 7 6)

The orgamsm 1s usnally able to keep 1ts free hydrogen 1on content
within tolerable ltnuts despite wide variations i hydrogen ton mtake be
cause 1t 15 able to adjust output 1n accordance with need (chart 22) and
because 1t contams buffers capable of temporarily absorbing up to 10 mEq
of hydrogen 1on per kg (chart 23)

* pH = ~log hydrogen jon concentration
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22. Hydrogen Ion Homeostatic System

The mam purpose of the accompanying diagram 1s to call attention to the
fact that there 15 an intake and output of hydrogen 10ns just as there 1s of
water, protein, sodium, chlonide, calories and sa forth Acidosis develops
when the 1ntake of hydrogen 1ons exceeds the output and the body content
increases (serum pH < 7 35) Alkalosis ensues when the output of hydro-
gen 10ns exceeds the intake and the body content diminishes (serum pH
>745)

To 1ncrease the hydrogen 1on content of the body, hydrogen 1ons
must enter body fiuids 1n company with some anion other than bicarbo-
nate or a precursor thereof such as lactate or citrate The reason 1s that bi-
carbonate “eliminates” hydrogen 1ons by combiming with them to form
water and carbon dioxide, which 1s excreted by way of the lungs

Hydrogen 1ons presenting 1n company with antons such as chlonde,
F sulfate or delate constitute an intahe load whether they
are taken m the form of free acids or precursors such as ammomum chlo-
nide or methionine In the former instance, two molecules of ammonmm
10n are metabolized in the body to form one molecule of urea plus two hy-
drogen tons In the latter instance, the methionine molecule (which con-
tarns sulfur) upon being metabolized yields urea, hydrogen 1ons and sulfate
1ons and so forms the equivalent of sulfuric acid An abnormally large
number of hydrogen 1ons also may be formed endogenously from lipid
sources 1 company with two ketone anions, beta hydroxybutyrate and
acetoacetate, under conditions of cellular carbohydrate starvation Unlike
other forms of acidosis, this can be overcome simply by slowing the rate
of ketone body formation to the pomt where the organism 1s able to metab-
olize the ketone acids completely to carbon dioxide and water. In non-
diabetics this can be done by providing at least 50 gm of glucose per m*
per 24 hours (chart 37B) and 1n diabetics by giving adequate doses of
msulin (chart 40A)

Pending their ehmunation by the kidney tubules, all but a tmy frac-
tion of the free hydrogen 10ns entering body fluids are taken up tempo-
ranly by the body’s buffer systems (chart 23) The few hydrogen 1ons
which remarm free create a tendency to acidosis This serves the useful
purpose of sumulating the kidney tubules to accelerate excretion of hy-
drogen 10ns 1n the urine (chart 24)

Hydrogen 1ons are made avaifable for urinary excretion by hydra-
tion of carbon dioxide with the aid of an enzyme, carbonic anhydrase

(CO: + H:0 > H+ + HCO3) Hydrogen 1ons thus produced n kidney
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24. Dynamics of Hydrogen Ton Iomeostasis

The data for this diagram have been denived and recharted from Putts (1948) The
unnary hydrogen 1on excretion from the constant diet amounting to 50 mEq per
m* per 24 hours evenly divided between titrable acidity and NH.*, has been elum
nated from the diagtam The H+ output thus refiects the increase produced by the
NH Cl load given on davs | through § The onginal d.:l:l did not anclude the sub
rectssize We have assumed the surface arca to be 1 7 m’



24,

These data are of interest because they give an order of magmtude
indication of the absolute capacity of the body as a whole to deal with
abrupt loads of either of these 10ns pending their elmination by way of the
unne Aswas mdcated 1n chart 21, this capacity 1s generous in relation to
the ordinary daily intake of hydrogen 10ns (about 55 mEq per m? or 2
mEq per kg per 24 hours or 0 7 mEq per kg per meal) It 15 also ample i
relation to the individual dosages of soditm or potassium bicarbonate ot
dinanily used for alkalimzation of the urine (3 e about 72 mEq per m” or
about 2 5 mEq per kg per 24 hours)

References

Singer et al (1955) Bicarbonate loading in humans

Swan and Putts (1955) Hydrogen 1on Joading m nephrectomized dogs
Swan eral {1955) Bicarbonate loading 1 nep dogs

Dynamics of Hydrogen Ion Homeostasis

It takes about 5 days for healthy individuals to adapt to a major shift 1n
hydrogen 1on intake During the imual penod of adaptation a considera
ble quantity of the hydrogen ions 1s retained and taken up by the body'’s
buffer systems This probably provides the stimulus needed to accelerate
hydrogen 1on excretion by the kidneys Only a small portion of the hydro
gen 10ms 15 ehminated by the urinary buffer mechamism Most are trans
ported out of the body as urmary ammomu roas

References

Puts (1948) Source of data
Smuth (1956) General
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24. Dynamics of Hydrogen Ion Momeostasis

‘The data for this diagram have been denived and recharted from Pats (1948) The
unnary hydrogen 1on excretion from the constant diet amounting to 50 mEq per
m' per 24 hours evenly divided between titrable acidity and NH,*, has been elimu
nated from the diagram The H+ output thus reflects the increase produced by the
NH Clload given on davs | through § The orignal dala did not nclude the sub-
ject s size We have assumed the surfacc areatobe 1 7 m’



25. Symptoms and Signs of Hydrogen Ion Deficit and Excess

Lowernng the concentration of hydrogen 1ons m the extracellular fluds
(1¢ alkalosis) lessens calcium 1onization and hence may lead to the de-
velopment of tetany and convulsions It also can lead to mental confusion,
coma and death It 1s thought that some of these mantfestations may be
due to spasm of cerebral blood vessels If the hydrogen 1on deficit 1s pni
marnly metabolic 1n ongm, as 1n patients who lose hydrochlonic acid
through vomiting or who gain bicarbonate through overloading with sub
stances such as sodium bicarbonate or lactate, the respirations will be de
creased 1 number and amplitude and the concentration of bicarbonate 1n
the serum will be elevated On the other hand, if the alkalosis 1s primarnly
a disturbance 1n respiratory function as in patients with hysterical hyper-
ventilation or with hyperventitation due to salicylate intoxication, the res
pirations will be increased and the concentration of bicarbonate in the
serum will be decreased

Acidosis 18 d with a tendency to I y ex
change when 1t 1s primanly due to a metabolic disorder (such as fasting
ketoacidosis), but with decreased respiratory exchange when due to a
respiratory disturbance which interferes with the excretron of carbon di
oxide via the lungs (such as pulmonary emphysema) The concentration
of bicarbonate 1n the serum 1s subnormal 1n the former and 1s supranormal
1n the latter type of acidosis Apart from this effect, increase i hydrogen
10n concentration per se may not produce obvious chincal mamfestations
until the pH of body fimds drops to 7 1 or lower Patients with this degree
of acidosis are apt to become stuporous and comatose and may die if the
pH falls below 6 9 It 1s difficult to be sure, however, to what extent these
changes should be attributed to hydrogen 10n excess per se, for such mds
viduals are usually also suffering from other disturbances such as ketosis,
hyperphospt hyperchl and so forth

q




Symptoms and Signs of 11ydrogen Ton Deficit and Excesy

TOO LITTLE

If metabolic alkalosis
Decreased respiratory exchange
Plasma HCO, > 27 mEq/L

If respiratory alkaloss
Increased respiratory exchange
Plasma HCOs < 24 mEq/L
Tetany
Convulsions
Mental confusion
Coma
PlasmapH > 7 45

References
Etkinton and Danowski (1955) General

TOO MUCH

1f metabolic acidosis
Increased resparatory exchange
Plasma HCO. < 24 mEq/L

1f respiratory acidosts
Decreased resprratory exchange
Plasma HCO4 > 27 mEq/L

Stupor
Coma
PlasmapH < 7 35

Kety and Schmidt (1948) Cerebral blood flow in alkalosis

Moore (1958) General



26. Limits of Tolerance for Hydrogen Ions and Bicarbonate Tons

The largest amount of hydrogen 1ons that can be taken and elminated
without producing 2 sustained acidosis 1s approximately 200 mEq per m?
per 24 hours Higher rates of mtake result in ugher rates of output, but
at the expense of systemic acidosis While the Iethal limit of hydrogen tol
erance 1s not accurately hnown, 1t would appear to be 1n excess of 500
mEq per m” per 24 hours

Alternatively, healthy individuals can take and eliminate as much as
250 mEq of bicarbonate per m” per 24 hours without elevating plasma
bicarbonate concentration above 28 mEq per liter or becomung alkalotic
By raisig plasma bicarbonate concentration to ligher levels, greater
rates of output can be attamned Though 1t 1s clear that one can take and
elimtnate more than 250 mEq per m” per 24 hours, data defining where
the lethal levels of intake may lie do niot appear to be available

References

Fglling (1929) Hydrogen ton celing

Gamble (1958) Bicarbonate celing

Gamble er al (1951) Bicarbonate cetng
Pitts er al (1949) Bicarbonate celling
Sartonus et al (1949) Hydrogen 10n celling
Shohl (1939) Duetary intake of hydrogen 1ons
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28. Body Content and Distribution of Phosphorus and Serum
Inorganic Phosphorus Concentration at Various Ages

There 1s a gradual increase 1n sheletal phosphorus and hence 1n total phos-
phorus per kilogram of body weight during the growth period It 1s inter-
esting to note that protoplasmic phosphorus comprses about 20 per cent
of the body's stores  Approximately half of this, or 10 per cent of total
body smres 15 i the form of the vitally essential, energy nich phosphate
triphosphate (ATP), which is present in all cells, and
crcalme phosphate, which 1s found chiefly in muscles Extracellular in-
organic phosphate compnses less than 1 per cent of the body’s content
‘The concentration of inorganic phosphorus 1n the serum 1s about 5 6
mg per 100 ml at birth The values obtained during the first days of life
are nfluenced markedly by intake, being much lower in babies fed human
milk than in those fed cow’s milk (chart 34) Apart from these neonatal
phenomena, the morgamic phosphorus of the serum rises steadily after
birth until 2 maximal vafue of about 6 5 mg per 100 ml 1s reached at 6
months of age It then falls somewhat, ranging between 4 0 and 55 mg
per 100 m! m children aged 1 to 12 years and between 3 0 and 5 0 mg per
100 ml in children aged 12 to 20 years In adults 1t ranges between 2 5
and 5 0 mg per 100 ml

References

Elkinton and Danowsk: (1955) General

Gardner et al (1950) Neonatal phosphorus concentration
Shohl (1939) General
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28. Body Content and Distribution of Phosphorus at Various Ages

The distribution of body phosphorus at birth aad in adult Iife has been taken from
¢arcass analysis The rate of increase in content was assumed to parallel the normal
lincar growth rate



29. Phosphorns Homeostatic System

The accompanying diagram depicts serum morganic phosphorus concen-
tration as the physiologic key vanable for which the phosphorus homeo-
static system 1s responsible This unds ly 1s an aver 1 10n
since the parathyroids also have a responsibility for mantaining the con-
centration of 1onized calcium 1n the serum within phystologically satisfac-
tory muts Indeed, 1t 15 possible that the parathyroids sense changes n
morganic phosphorus concentration indirectly through the effects of alter-
ations 1n this variable upon serum 1onized calcium concentration Eleva-
tion of serum 1norganic phosphorus results 1n a drop 1n 1omzed calcium
concentration and there 1s no doubt that the latter change can lead to a
marked erease i parathyroid secretory activity

In the absence of parathyroid hormone the renal tubules tend to re-
absorb essentially all the phosphorus contained in the glomerular filtrate,
with the result that the urine 15 almost phosphate free By contrast, when
parathyroid hormone mnfluence 1s at maximal levels, the tubules stop re-
absorbing phospt almost completely Ci quently, the urine now
contains all the phosphate of the glomerular filtrate In healthy older chil-
dren and adults, who form glomerular filtrate at the rate of about 100
Iiters per m? per 24 hours and whose serum mnorganic phosphorus concen-
tration ranges from 3 5 to 5 mg per 100 mi, the glomerular filtrate wall
contain between 3500 and 5000 mg of phosphorus per m? per 24 hours
Because these figures are considerably in excess of the normal dietary
phosphorus content, 1t 1s possible for normal persons to vary their intake
from zero to 4000 mg of phosphorus per m? per 24 hours without becom-
1ng excesstvely hypo- or hyperphosphatemic

Once this upper limit has been reached, the orgamsm can no longer
prevent accumulations of phosphorus n the circulation by suppressing
renal tubule reabsorption of glomerular filtrate phosphorus Admumistra-
tion of larger quantittes of phosphorus therefore inevitably produces hy-
perphosph This Hy brings nto pr the other
mechamsm for mcreasing the phosphorus output rate, namely elevation
of the glomerular filtrate phosphorus content (left hand section of chart
29) This mechamsm 1s rarely needed to any great extent by normal per-
sons, but 1t may be of considerable importance in patients whose glomeru-
lar filtration rate has fallen to less than 10 or 15 per cent of normat as a
result of hidney disease or circulatory failure or whose parathyroid-renal
tubule system 1s defective and therefore unable to stop reabsorbing phos-

phorus (charts 45, 46)
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29, Phosphorus Homeostatic System

T I Nicholson has recently presented evidence which indrcates that parathyroid
hormone may control unnary phosphorus output by regulating renal tubule phos
phorus exererion tather than renal tubule phosphonus reabsorption as shown in this
diagram Though this may mean that the mechanism by which parathyroid hormone
exerts its influence upon unnary phosphorus differs from that indicated in the present
diagram 1t does not alter the basic concept of the role of the parathyroid glands in
body phosphorus homeostasis
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30. Dynamics of Phosphorus Homeostasis

When the phosphorus mtake 1s increased abruptly, as it was 1n the normal
subject of the accompanying chart, both of the mechamsms for augment-
g phosphorus excretion mentioned 1n the preceding chart are brought
mto play Thus, 1t can be seen that raising the phosphorus intake rate
from zero to about 2000 mg per m® per 24 hours at the fourth hour of
observation resulted almost immediately m elevation of serum morganic
phosphorus concentration As indicated n the left hand section of chart
29, this led to an increase in glomerular filtrate phosphorus (GFP) and
hence to a nise m urinary output of phosphorus (UP) In addition, the
hyperphosphaterma stimulated the parathyroid mechamism (might-hand
section of chart 29) to suppress tubular reabsorption of phosphorus
(TRP), thus allowing more of the glomerular phosphorus to escape mto
the unine This effect 1s reflected mn the values for TRP/GFP, which started
to dechine within 3 hours after the phosphorus load was imposed and
reached minimal levels about 12 hours later Thus the organism was able
by means of these two mechansms to re equate output with intake within
8 hours and to return serum 1norganic phosphorus concentration almost
to normal levels within 18 hours after the rate of intake had been -
creased markedly

Studies on patients whose phosphorus intake has been suddenly re-
duced 1ndicate that downward adjustments 1n the rate of phosphorus out-
put also can be completed in about 12 hours

Reference
Crawford ef al (1950) Source of data
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31. Symptoms and Signs of Phosphorus Excess and Deficit

Administration of phosphorus at physiologically excessive rates results 1n
hyperphosphatemia Though any sustained elevation of serum 1norganic
phosphorus concentration above normal levels may be considered evi-
dence that the individual 1s being subjected to a physiologically excessive
load of phosphorus, shght to moderate elevations may not Jead to grossly
observable disturbances 1n body economy With marked hyperphospha-
tema, serum 1onized calcum values are apt to become depressed suffi
ciently to result m tetany (chart 34) In other words, there 1s a consider
able depth to the phosphorus cetling zone, which starts at the level where
the serum 1norganic phosphorus concentration first rises above normal and
ends at the much higher level (usually > 10 mg per 100 ml) where serious
symptoms may occur

Ths fact has a beaning on the management of nephritic patients
whose physiologic tolerance for phosphorus has been reduced to such an
extent that they can no longer eat diets of ordmary phosphorus content
without becoming moderately hyperphosphatemic Though 1t 1s essential
to restrict thesr phosphorus intake sufficiently to prevent marked degrees
of hyperphosphatem:a, 1t may not be of vital importance to reduce their
phosphorus take to the pomt where the serum morganic phosphorus
concentration 1s kept withm normal hmits

Phosphorus defi y 15 seldom B d by obvious climcal

festations unless d for a considerable period of time It then
results 1 hypophosphatemia, in reduction of the product of serum mor-
ganic caleium and serum norganic phosphorus and hence 1n failure to
calcify the skeleton Osteomalacia (rickets) ensues Though this situation
has been produced many times in laboratory animals, 1t 15 rarely encoun-
tered 1n climcal practice

Symptoms and Sigus of Phosphorus Excess and Deficit

TOO MUCH TOO Ln"n.x;;
Hyperphosphatemia Hypophosphatermia
Hgo?;lcegm Osteomalacia (rickets)
Tetany ? other effects
References
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32, Normal Limits of Body Tolerance for Phosphorus

As the accompanying chart shows the cetling for phosphorus 1s fow dur
1ng the neonatal period both because the glomerular filtration rate 15 about
half as great 1n newborn infants as it 15 10 persons over 1 year of age and
because the patathyroid-renal system s relatively inactive at the time
of birth During the neonatal period 1t 15 important to avord feeding nfants
more phosphorus than they can handle 1n a physiologic manner (see
Cow s Milk Tetany of the Newborn chart 34) Thereafter because the
parathyroid—renal system rapidly acquires full functional capacity there
15 hitle likelihood that the normal individual will eat more phosphorus
than he can ehminate without difficulty
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Because phosphorus 1s a common dietary constituent, normal per-
sons almost always ingest enough to cover their mmmal requirements
About the only exceptron that one 15 apt to encounter chncally 1s the pa-
tient with vitamin D resistant rickets In such individuals the phosphorus
floor may be artificially elevated by the large doses of vitamin D needed to
facilitate calctum absorption by the gut

Other conditions which may alter the range of tolerance for phos-
phorus are as follows

CEILING LOWERED

Normal newborn (chart 34)

Pannephritis with marked reductron 1n glomerular filtration rate
(chart45A)

- f f

10ne resistant, renal

Circulatory failure

FLOOR RAISED
Vitamin D intoxication
Hyperparathyroidism
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SECTION B. CLINICAL APPLICATIONS



33. Infant Feeding

Infants tend to do well on any regimen which provides essential nutrients
at rates which fulfill mamtenance and growth requirements, yet do not
overload the capacity of any of their homeostatic systems As would be
expected, human muik 1s so composed that the nurshing infant obtains all
essential nutrients at adequate yet physiologically tolerable rates when
he ingests a volume that satisfies his thirst and hunger (1e about 2500 ml
per m? per 24 hours) As charts 33A and B show, this quantity provides
1800 calories per m? of body surface per 24 hours and more than enough
water, munerals and protein to cover growth and mmmimal mantenance
requirements Any surpluses remamung after these primary needs have
been met can easily be elimmated by way of the urine under the direction
of the homeostatic systems Moreover, the infant can draw upon these sur-
pluses, together with the quantities normally used for growth, when he
needs to compensate for unusual or abrormal losses incurred as a result
of sweating, diarrhea or vomiting

The situation 1s quite different 1n infants fed whole cow’s mulk, be-
cause 1t contains per unit volume and per calorie much more sodwum, po-
tassium, chloride, phosphorus, calcium and protein than its human coun-
terpart Unlike the calf, which can use most of the absorbed matenals for
growth purposes, the infant must excrete all but the small fraction that can
be utilized for new tissue For one thing, this produces a unnary solute
load which 1s much greater (about 600 mosM per m? per 24 hours) than
that found in breast-fed babies (about 200 mosM per m? per 24 hours)
Ths solute load m turn 1ncreases mimmal urine volume and hence total
body water requrements by 400 to 600 ml per m* per 24 hours, thereby
elimnating the margin of safety with respect to water balance enjoyed by
breast-fed mfants For another thing, the load of phosphorus imposed
when young infants are fed undiluted cow’s milk exeeeds their physiofogic
maximal tolerance Consequently, 1t 1s apt to result in hyperphosphatermia
(chart 34) 1t 1s thus apparent that whole cow’s milk 15 not well suited to
the needs or tolerances of babies during their imitial weeks of hife

The four right-hand columns of chart 33B are representative of the
many clinical and commercial attempts to modify whole cow’s milk in a
manner that renders 1t more swtable for infant-feeding While none of
these products resembles human milk exactly, all provide nutrients at
rates which healthy infants should tolerate without difficulty after they are
3 weeks old During the first 3 weeks of life, when the capacity 0 conserve
water and to elimunate phosphorus 1s relatively low, only formulae of low
phosphate and other solute content should be used
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Techmical Details

Each 100 ml of formula D contains 66 m! of whole cow's mulk, 34 ml of
water and a quantity of added carbohydrate sufficient to provide the cal
ories contained 1n 34 ml of whole milk, namely 34 x 0 7 or 6 gm of sugar

%
Each 100 m] of formula E contamns 50 ml of whole cow's milk, 50 ml
of water and 50 x 0 7 or 9 gm of added carbohydrate

4

1f evaporated mulk 1s used 1nstead of whole cow s milk, the ratio of
milk to water 1 formula D would be EM 33 m} water 67 ml and sugar 6
gm andnformula E 1t would be EM 25 m] water 75 ml and sugar 9 gm

No specific volume of formula ss prescribed Rather, 1t 15 suggested
that the 1nfant be offered 2500 ml per m” per 24 hours (170 ml per kg,
2% oz per 1b) n six, five or four divided allotments and be allowed to
take as much as he wants 1n a feeding period of approximately 20 minutes”
duration

By the time 1nfants are about 2 or 3 months old, their homeostatic
systems have developed to the point where 1t 1s safe to use whole cow’s
mulk and to begin to add swmitable prepared cereals, meats, eggs, fruits and
vegetables as needed to give varsety to the diet and to satisfy the appetite
Infants given whole cow’s mulk should have access to plam water two or
three times a day, espectally 1n hot weather
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34, Cow’s Milk Tetany of the Newborn

This 15 2 condition usually seen between the fifth and twelfth days of Lfe
n nfants fed whole cow’s milk or other high phosphate mixtures As the
accompanying chart shows, the high phosphate intake predisposes to hy-
perphosphatemia Thus lowers the concentration of 10n1zed calcum 1n the
serum Up to the pomnt when the concentration of morganic phosphorus
1 the serum 15 less than 10 mg per 100 ml, chinical signs of tetany usually
are absent On the other hand, when the phosphorus concentration rises
above 10 mg per 100 ml the baby usually becomes hyperirnitable and nit-
tery and may have localized twitchings or generalized convulsions

The fact that the disease occurs rarely if ever n babies fed human
mulk ndicates 1t to be a product of artificial feeding It can be avorded by
keeping the phosphate intake within physiologic limts of tolerance during
the neonatal peniod Once 1t has developed, an immediate attempt to stop
convulsions should be made by slowly mfusing 10 or 20 ml of a 10 per
cent cal levul or gl solution Thereafter, the most impor-
tant step 1s to ehminate phosphorus from the infant’s intake for a few days,
which will enable him to excrete the surplus phosphorus that has accumu-
lated 1n his body and will thereby restore tus serum morgamc phosphorus
concentration to normal levels This can be done most easily by feeding
the nfant water containing 10 per cent dextrose It also can be accom
plished by feeding human milk One must remember that even the most
tghly diluted cow's milk preparations (chart 33B) have a generous phos-
phorus content They should therefore be omitted until the infant has re
stored his serum morganic phosphorus and 10nized calcium values to
normal levels Formulae cc 1 of phosphorus can
then be offered with safety
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35. Relative Importance of H tatic Adjustments versus

Composition of Solution Used in Recovery of Patients
Undergoing Parenteral Fluid Therapy

It may be helpful to introduce these discussions of parenteral flnid therapy
by summarizing observations of two infants who wete treated for dehydra-
tion due to diarrhea In each instance the physician in-charge had calcu-
lated the baby's maintenance plus-repair needs and treated him accord-
mgly In each instance, also, measurements were made which permitted
one to judge 1n retrospect how the patient had responded to therapy.

The results obtained were thought provoking, for they showed that
though we had miscalculated these infants’ needs by an appreciable mar-
gin and had given the largest allotments of various substances to the infant
who needed them the least and the smallest to the infant who needed them
the most, yet both had done well It then became apparent that the patients
had recovered satisfactonly because, by good fortune, both had been given
water, sugar, sodium, potassium, chloride and phosphate at adequate, yet
physiologically tolerable, rates Consequently, 1t was possible for the in-
fants to cure themselves by retaining or rejecting each of the ingested sub-
stances 1n accordance with needs as they sensed them

Ths experience made one realize that the physician does not neces-
sanly have to know exactly what his patient’s specific maintenance and
repar requirements are It 1s necessary only that he make a reasonably
good estrmate of his patient’s homeostatic capabilities and provide him
with raw matenals at rates which fall within them Factors to be consid
ered m the application of this homeostatic principle to the practice of
parenteral flud therapy will be considered with the ard of the charts that

follow
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36. Correction of Hypovolemia

Because circulatory msufficiency can result 1n marked functional impatr~
ment of the body's homeostatic systems, 1t 1s of pnme mportance to con-
sider the cardiovascular status of each Ppatient at the onset of parenteral
flud therapy Whenever a patient shows such signs of circulatory msuffi-
ciency as hypotension, weak thready pulse, cold clammy extremities or
cyanotic mottling of the skin, the possibility that these changes are due to
hypovolemia should be suspected

As the panying charts md; blood volume may become
markedly reduced by deficits in whole blood, plasma, extracellular flud
or total body water Because these fiuids have different volumes of distr
bution and comprise different fractions of total body mass, they vary con-
siderably with respect to the absolute deficits needed to reduce blood
volume to a given extent An approumately vahd picture of these relations
may be had by assuming that vascular volume shrinks in direct proportion
to the loss of 1ts mam constituents from the body as a whole Thus the loss
of either 120 m! of water alone, 83 ml of extraceliular flmd, 17 ml of
plasma or 16 ml of whole blood per kg of body weight would reduce the
blood volume by approximately 20 per cent

‘When water 1s lost, but solutes, plasma and red blood cells are re
taimed, the serum water solute ratio 1s subnormal, the serum sodium and
protein concentrattons are high and the hemoglobin 1s elevated (section
I of chart 36) This 1s the type of situation which one may encounter 1
patients with diabetes msipidus When there 1s a loss of sodim and its

P anions 1n phystologic proportion to water, as may occur in pa~
tients suffering from diarrhea, vomiting, marked sweating or adrenocorts
cal insufficiency, the serum water solute ratio and sodium concentration
remain normal, but the total protein and hemoglobin concentrations rise

M . . PO

the‘re has not been a proportional Joss of erythrocytes (secuon i1t ol Lnate
36
) 1t will be remembered that hypovolemia produces a tendency to ex~
pand extracellular fumd volume (chart 11) When this occurs, residual
circulating albumin becomes diluted and hypoproteinemia results These
same phenomena may be observed 1n patients whose blood volume has
become reduced by hemorrhage (section IV of chart 36)
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36. Theoretical Types of Hypovolemia

Calculations of the different 1y pes of deficits necessary to produce a 20 per cent Joss
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water—60 per cent of body weight extracellutar volume—23 per cent of holy
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Generally speaking, 1t 1s not necessary or even desirable, to restore
vascular volume to normal 1n a few minutes It 1s important, however, to
mcrease blood volume promptly to a point where circulatory efficiency 1s
regamed (chart 14) In most this can be accomplished by the
intravenous admumstration 1n two hours of a quantity of flud equal to
about a third of the deficits indicated 1n the various sections of this chart
Unless plain water 1s clearly indicated (section I of chart 36), 1n which
case 40 ml of 5 per cent dextrose 1n water would be appropriate, a dose
of 25 ml of saline, 6 ml of plasma and/or 6 ml of whole blood per kg
would be safer and more effective

1£ such doses of saline, plasma or whole blood fail to restore circula-
tory efficiency, 1t 1s probable that the difficulty 1s due to cardiac or vascular
farlure rather than to hypovolemia Accordingly, unless there has been a
raptd and cc loss of extracellular flud, serum or blood, such pa-
tients are not likely to benefit from the admmustration of additional doses
of these flmds They are more apt to respond favorably to vasopressor
agents such as levarterenol or aramine bitartrate
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37. Solutions for Total Body Repair plus Maintenance Therapy

The three solutions shown in chart 37A are representative of many now
available which can be used to provide glucose and extracellular and ra-
tracellular electrolytes 1n physiologrcally tolerable proportions As the
black circles show, when these soluttons are administered at a rate of
about 1300 ml per m? of body surface per 24 hours, which covers the
mimmal maintenance need for water, they supply the organism with at
least mimimal mamntenance allotments of the various other constituents
Likewsse, as the vertical bars indicate, one can safely provide the addi-
tional water and electrolytes which may be required to cover abnormal

needs by g the mntake rates of these solutions up to
3000 ml per m” per 24 hours

All these fluids are hypertonic when administered, since they contam
from 300 to 600 mosM of glucose and from 100 to 180 mosM of electro-
Iytes per liter, but they become hypotonic 1n relation to body fluids when
the glucose contained 1n them 1s metabolized within the body Thus 1s de-
sirable because 1t means that only one quarter or at most only one half of
the water infused will be needed to cover the electrolytes durng their stay
1n the body (at 3 6 ml per mosM) or duning therr elimination from the
body 1n the urine (at 07 to 1 5 ml per mosM) (charts 4, 8) The re-
marnder of the water 15 therefore to T for bl
water losses and to eliminate endogenous waste products via the kidneys

Pattents undergomng parenteral fluid therapy are apt to need potas-
sium as much as they need sodum (chart 40) Despite this and the fact
that body tolerance for potassium under most ctrcumstances greatly ex-
ceeds the doses used, most parenteral flurds contain much less potassium
than sodum  Of the fluids shown here, solution A contans approximately
equal amounts of these two 1ons (K 35 mEq, Na 40 mEq per liter) while
solution B has less than one third as much potassium as sodum (K 12
mEq Na 40 mEq per liter) and solution C about half as much potassium
as sodium (K 25 mEq, Na 60 mEq per hiter)

Because maintenance and repair needs for chloride may parallel and
even exceed those for sodium (chart 39), 1t has seemed appropriate to use
thus as the chief anion of parenteral flund solutions Under many and per-
haps most circumstances, 1t might be as well not to dilute the chlonde

with bicarbonate (or lactate) or phosphate Though ly included
1+ €41 atnla than wg bro-
North

Amenican or European diet  1he quantitzes ol brdivullaw o ladtate)
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provided by the present solutions should, however, be well tolerated be-
cause they do not pose an excessive load on the body's hydrogen 10n~
bicarbonate 10n homeostatic system Likewsse, though the phosphate may
not be necessary, 1t provides the depleted orgamism with readily available
phosphate, which 1t can use either for glycogen formation, cellular fluid
repatr or urinary buffer purposes
Even when given at rates, flurds g 50
or more gm of glucose per Iiter deliver more than the 50 gm of sugar
needed per m” per 24 hours to prevent ketosis and to reduce pratoplasmic
catabolism to mimmal levels (chart 37B) Such flurds do not, however,
fulfill the body’s total caloric requrements This 15 not important to well-
nournshed patients, who will be able to resume oral feedings within a week
or 10 days On the other hand, 1t may be of vital importance to patients
who are severely depleted or who must be nounshed parenterally for
longer periods of time (chart 37C) Under these circumstances, 1t may be
desirable to fortify the multiple electrolyte solution with calories 1 the
form of additional glucose (up to 250 gm per m? per 24 hours), fat, alcohol
and/or amino acids Though fat preparations have not been entirely satis-
factory, they may be worth considering 1n cases of marked caloric deficit
Amuno acids are well tolerated and can be given as 2 5 or 5 gm/100 mt
solutton They may also be of value in providing the orgamsm with ma-
terial from which protein can be formed Available data indicate, how
ever, that the body 1s apt to use ammo acids largely as a source of energy
unless 1ts caloric needs are being provided for by adequate allotments of
carbohydrate and fat (chart 37D} In view of the difficulties inherent 1n
making 1t posstble for debilitated patients to synthesize protem, 1t some-
times 1S amportant to adminsster preformed protein as plasma or crystalline
albumin and/or erythrocytes m the form of a whole blood transfusion
These are strongly mdicated m patients who, because of hypovolemia, are
ng oy 'y (thart 36), water mtoxication (chart
42A) or edema (chart 44C) Such signs are apt to occur only after pro
longed or very severe illnesses m older children and adults However, they
can appear mn nfants within 2 few days after the onset of a major mnfection

or nutritional upset
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provided by the present solutions should, however, be well tolerated be-
cause they do not pose an excessive load on the body’s hydrogen 10n—
bicarbonate 1on homeostatic system Likewse, though the phosphate may
not be necessary, 1t provides the depleted orgamsm with readily available
phosphate, which 1t can use esther for glycogen formation, cellular flnd
repair or urnary buffer purposes

Even when given at 1 rates, flurds g 50
or more gm of glucose per liter deliver more than the 50 gm of sugar
needed per m” per 24 hours to prevent ketosts and to reduce protoplasmic
catabolism to mmnmal Ievels (chart 37B) Such fluids do not, however,
fulfill the body’s total caloric requirements This 1s not important to well-
nounshed patients, who will be able to resume oral feedings withm a week
or 10 days On the other hand, 1t may be of vital importance to patients
who are severely depleted or who must be nounshed parenterally for
longer periods of time (chart 37C) Under these circumstances, 1t may be
desirable to fortify the multiple electrolyte solution with calores m the
form of additronal glucose (up to 250 gm per m? per 24 hours), fat, alcohol
and/or amno acids Though fat preparations have not been entirely satis-
factory, they may be worth considering 1n cases of marked caloric deficit
Amino acids are well tolerated and can be given as 2 5 or 5 gm/100 ml
solution They may also be of value 1n providing the orgamism with ma-
terial from which protemn can be formed Available data indrcate, how-
ever, that the body 1s apt to use amino acids largely as a source of energy
unless 1ts calonc needs are being provided for by adequate allotments of
carbohydrate and fat (chart 37D) In view of the difficulics inherent 1n
making 1t possible for debihitated patients to synthesize protem, 1t some
times 1s important to adminuster preformed protein as plasma or crystalline
albumin and/or erythrocytes 1n the form of a whole blood transfusion
These are strongly indicated 1n patients who, because of hypovolemia, are

ng y fTi y (thart 36), water intoxication (chart

42A) or edema (chart 44C) Such signs are apt to occur only after pro
longed or very severe iflnesses in older children and adults However, they
can appear 1n infants within a few days after the onset of a major nfection
or nutrtional upset
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38. Mamtenance Therapy with Multiple Clectrolyte Solution

The data recorded 1n the accompanying charts were obtaned from parmrs
of healthy adults who were mamtained on a total of 1500 ml of multiple
electrolyte solution A (chart 37A) per m per 24 hours for a total of 3
days As chart 38A shows one pair of subjects recetved their allotments
steadily at arate of 125 ml perm per hour throughout the 24 hour period
of observation (left hand division) The second parr of subjects recetved
their allotments in the first 12 hours of each day* (middle division) while
the third pair of subjects received therr allotments 1n the first 6 hours of
each day (nght hand division) All mdividuals were then fasted and
thirsted for the remainder of each 24 hour interval

Those on the 24 hour regimen were able to heep body water and
electrolyte content and concentration values close to normal control levels
with 2 mmimum of homeostatic effort On the other hand the 12 hour
and particularly the 6 hour subjects had to make wide adjustments in rate
of output to prevent body content and concentration values from fluctuat
1ng to an important extent This 1s documented m chart 38B where 1t can
be seen that the mdividuals on the 24 hour regimen utilized less than 20
per cent of adult capacity to excrete water sodmm potassium chlonde
and phosphate by way of the urine By contrast those on the 12 hour and
especially those on the 6 hour regimen vaned their rates of output from
the physiologic mimimal to almost the physiologic maximal level Had the
subjects been infants instead of adults the loads imposed by the 12 and
6 hour regimens would have over reached homeostatic capacities

The effects of over reaching homeostatic capacities can be visualized
by comparing the solid with the interrupted lines of chart 38C The former
represent the changes m body content which actually occurred The latter
ndicate the changes which would have occurred i 12 and 6 hour sub
jects during each infusion period if concomitant adjustments in rate of
output had farled to take place Those on the 12 hour regimen would have
augmented their body water and electrolyte stores by 1 to 3 5 per cent
and those on the 6 hour schedule by 3 to 5 per cent by the end of the m
take pertods One cannot abruptly increase the body s total water or potas
stum by much more than 5 per cent without mtoxicating the subject

These observations show that 1t 1s physiologically safest to spread the
daily maintenance allotment evenly over the 24 hours This form of ther

* To compensate for the reduct on m t me  the rate of adm n strat on was ncreased
1o 250 mi per m?® per hour n the 12 hour subjects and to 500 ml per m per hour 1n the
6 hour subjects
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39. Mamtenance of Patients Subjected to Major
Gastromtestmal Surgery

Tt has become customary m many chuics to maintain patients undergomg
surgery with dextrose 1 water or dextrose wn saline soluttans Though
these forms of may be 1f used advisedly and for a
short tume only they do impose a considerable and at times excessive
burden upon the homeostatie systems Thus most sndividuals given elec
trolyte free dextrose 1 water must reduce thesr rates of electrolyte output
from ordtnary dietary levels to essentially zero within 2 short time 1if they
are to escape sertous depletron of the extracellular and ntracellular solute
stores Moreover they are likely 1o develop water intoxicaton unless the
dosage of this electrolyte free solution 1s carefully controlled (chart 424 )

Those given approxsmately ssotonic sakme solutions are not apt to
develop water intoxication but they must elimunate the sodwim contamed
w them with high efficiency if they are to avord developing the cellular
p ffi y—sodi mtoxrcation syndrome (chart 19) As
others have shown this 15 a difficult accomphishment for persons undergo
g the stress of anesthesia and susgery since stress acting via the adreno
cortical system produces strong tendences to sodwum accumulation and to
cellular potassium depletton

The accompanymg chart sets forth data which ndrcate that this
problem may be avoided by giving surgical patients ordinary aliotments
of both potassium and sodm together with the mamn intracellular and
extracelfufar anions The subject of this disgram was one of a senes of five
adult patients who were followed closely during the hours preceding and
the days following an extenstve subtotal gastrectomy for control of peptic
ulcer A nasogastric tube was mnserted and all food and fluds by mouth
were stopped approximately 16 hours preoperatively Anesthesia was in
duced with thiopental {pentothal) and the surgery performed with the
patient under ether anesthesta The operation lasted about 5 hours

About 200 ml of saline 700 ml of 5 per cent dextrose 1n water and
1000 ml of whole blood were given mtravenously durning the operative pe
riod Theteafter the patient was grven by vem 1200 m! of multiple electro
Iyte solution A (chart 37A) per m” per 24 hours as a basal mamtenance
allotment To this was added an amount equat to the volume of flud cur
rently being lost by way of the nasogastric tube In the present case tis
snetially amounted to about S00 m per m” per 24 houts and then gradually
dwmmished
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39. Mantenance of Patients Subjected to Mayor
Gastromtestinal Surgery

1t has become customary 1n many climics to maintain patients undergoing
surgery with dextrose 1n water or dextrose in salne solutions Though
these forms of maintenance may be mnocuous if used advisedly and for a
short time only they do mmpose a considerable and at times excessive
burden upon the homeostatic systems Thus most individuals given elec
trolyte free dextrose in water must reduce their rates of electrolyte output
from ordinary dictary levels to essentially zero within a short time if they
are to escape serious depletion of the extracellular and intracellular solute
stores Moreover they are likely to develop water intoxication unless the
dosage of this electrolyte free solution 1s carefully controlled (chart 42A)

‘Those given approximately 1sotonic saline solutions are not apt to
develop water intoxication but they must eliminate the sodium contamed
in them with fugh efficiency if they are to avord developing the cellular
potassium nsufficiency-sodium ntoxication syndrome (chart 19) As
others have shown this 1s a difficuit accomplishment for persons undergo
ng the stress of anesthesia and surgery since stress acting via the adreno
cortical system prod strong tend to sodium 1 and to
cellular potassium depletion

The accompanying chart sets forth data which indicate that this
problem may be avoided by giving surgical patients ordinary allotments
of both potassium and sodium together with the main intracellular and
extracelfular antons The subject of this diagram was one of a seres of five
adult patients who were followed closely during the hours preceding and
the days following an extensive subtotal gastrectomy for control of peptic
ulcer A nasogastnc tube was nserted and all food and flmds by mouth
were stopped approximately 16 hours preoperatively Anesthesia was 1n
duced with thiopental (pentothal) and the surgery performed with the
patient under ether anesthesta The operation lasted about § hours

About 200 m! of saline 700 ml of 5 per cent dextrose 1n water and
1000 m! of whole blood were given intravenously during the operative pe
riod Thereafter the patient was given by vem 1200 mi of multiple electro
Iyte solution A (chart 37A) per m” per 24 hours as a basal maintenance
allotment To this was added an amount equal to the volume of flud cur
rently being lost by way of the nasogastuic tube In the present case this
mtially amounted to about 500 ml per m per 24 hours and then gradually
dimiasshed
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By the end of the fifth day the patient was able to resume oral feed-
ngs It can be seen that he kept his body water, sodium, potassium and
chloride content values close to the normal starting levels Though they
are not recorded here, he d extracellular and ntracellular elec-
trolyte concentration values equally close to normal control levels He did
50 by making such adjustments 1n urmary output as were needed to main-
tain equilibrium

The results obtamed in this case are reasonably representative of
those found for four of the five individuals studted In the case of the fifth
patient, gastric suction losses amounted to more than 500 ml per m?® per
24 hours dunng the first postoperative days The chloride contained 1n
these gastric fluids exceeded that being provided by the multiple electro
Iyte solution (about 70 mEq per m” per 24 hours) by a small margin
Consequently, though the patient reduced his extragastric losses of chlo-
ride to zero, he was unable to maimntain his body chloride stores at normal
levels Ths trend was reversed by an added mtake of 50 mEq of sodium
chloride per m? per 24 hours

From these expertences 1t may be concluded that patients can main-
tatn metabolic normalcy with considerable efficiency even while under-
gomng the homeostatic stresses of anesthesta major surgery and postopera-
tive gastrointestinal drainage if they are provided with water and the chief
extracellular and intracellular electrolytes in reasonable amounts The
multiple electrolyte solution used here appears adequate for patients losing
up to 500 ml of gastrontestinal flurd per m? per 24 hours For those losing
more than this amount, 1t would seem advisable to cover losses 1 excess
of 500 ml per m® per 24 hours with 1sotonic saline
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40, Treatment of Diabetic Kefoacidosis

The Sl.lbjccl of the accompanying charts was a 15-ycar-old girl who
d with diabetic ki dosts of 3 days’ duratton When first scen

she was marhedly dehydrated and had the raprd, deep respirations char-
acteristic of severc hetosts The urine was found to have high sugar and
ketone-body content An electrocardiogram did not reveal any changes m
the T waves suggestive of potassium intoucation Serum chemical meas-
urements showed her to be moderately hyperglycemic (blood sugar 420
mg per 100 ml), very acidotic (serum pH 6 9, serum bicarbonate 5 mEq
per hiter) and markedly hypohydrated (serum water-solute ratio 3 0 ml
per mosM) In spite of all lhlS her pulse was strong and her blood pres-
sure f: y A ly, 1t app 'y to expand vascu-
lar volume prior to intravenous infuston of a multiple electrolyte solution
which contained potassiem

Shortly after admisston, thercfore, she was grven 150 units of crystal-
Iine insulin * At the same time an intravenous infusion of multple elec-
trolyte solution A {chart 37A) was started and given at a rate of 4000 m!
per m? per 24 hours Inually, this solution was made up 1n water wathout
dextrose Two hours later, when the blood sugar had fallen to 200 mg per
100 ml, a multiple clectrolyte solution contaming dextrose (5 gm/100 m!)
was substituted for the sugar-free solution At the end of 6%2 hours the
rate of infusion was reduced to 2900 m! per m® per 24 hours The patient
was able to take sips of water by mouth by the fifteenth hour, and 1t be-
came possible to feed her entirely by mouth by the erghteenth hour From
the sccond day, her intake was mamntained at previous levels by giving her
measured quantities of food and flurds of known composition

It can be seen 1n the right-hand diagrams (chart 40A) that the bloed
sugar fell and that serum pH and bicarbonate values commenced to rise
shortly after this therapy was instituted, reachung normal lesels in less than
20 hours Serum pH values overshot rormal levels shightly during the pe-
riod of equilit Scrum b values apy d normal Jevels
1n a smooth, steady manner These changes 1n acid base balance were due
1t part to the provision of base bicarbonate m the form of sodium and
potasssum lactate, they were due mainly to the fact that ketone acids dis-
appeared as the adnumistered snsulim made 1t possible for cells to use car-
bohydrate instead of fat as a source of energy

» She had been given 30 units each of protamene zinc and crystaltine snsalin 6 Bours
prios 1o admission It was on this account that no long actng sulin was grven at the
ume of entry



The left-hand diagram of chart 40A shows that the ratio of water to
solutes 1n body fluids also rose promptly to the phystologic range This
use was due 1n part to the 500 ml gain 1n total body water indicated 1n
sections B and C and 1n part to the reduction of approximately §00 mosM
n body solutes which occurred as the hyperglycemia and ketosis were
overcome Insofar as the water-solute ratio was concerned, this reduction
1n solutes was equivalent to the addition of about 2 5 liters of solute free
water to the intake during the first half day of therapy During the same
penod, when there was a deficit of water relative to solutes 1n the body
fluids, the patient passed urine of minimal water content Thereafter,
1n close accordance with rapidly changing needs, she began to dilute her
urne with the surplus water which became available as repair needs and
msensible losses dimimshed

Chart 40B shows that the patient conserved sodium until she had re
tamed a quantity equal to about 9 per cent of the normal content of the
body This was the amount needed to restore the extracellular sodium con-
tent and concentration to normal Thereafter she ehmnated sodim as
fast as she recerved it Potassium was stored m relatively larger quantities
and for a Jonger pertod of ttme Thus too appeared to be governed by need,
for calculations indicated that the patient still had an intracellular potas-
sum deficit at the close of the 5 day observation period Despite the fact
that she had lost almost 20 per cent of her potassium stores, she never was
hypokalemic Almost all the phosphorus offered was retained There was,
however, no retention of chlonide 1ons This appeared appropriate, since
the serum chloride concentration was normal and there was nothing to
suggest extracellular fluid volume msufficiency

These observations are representative of many recorded in the litera-
ture which demonstrate that patients with diabetic ketoacidosis have a
very real capacity to overcome their various metabolic disturbances when
provided with insulin and reasonable allotments of water and electrolytes
They accomplish this by retaining and g water and extracellul
and mtracellular 10ns i close accordance with rapidly changing require-
ments In other words, the organism reacts accordng to its specific needs
The fact that 1t can do so largely eliminates the necessity to obtain an ex-
tensive senes of chemical measurements of serum and unne constituents
Thus 1s fortunate because 1t may take several days even for a well equipped
team to determine exactly the specific status and hence the maintenance
and repair req of a given individual at a given

In practice, 1t usually suffices to certify the diagnosis by demonstrat-
ing that the patient 1s hyperglycemic and ketonemic or ketonuric In this
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40A. Insulin and Multiple Electrolyte Therapy

DAYS

The above chart shows the effects of tsuln and multiple electrolyte solution therapy
upon the body water (left section) blood sugar (nght upper), serum pH and bicar-
bonate {nght lower) status of a patient with severe diabetic ketoacidonis The pa-
tient werghed 51 kg and had an estimated body surface of 1 S m* From Talbot ef af

(1955}



climie, 1t 1s customary to treat these masfestations of msulin Jack by giv-
g, for each square meter of body surface, 75 unats of erystallne msulin
mtravenously plus 75 units subcutancously as an imtial dose At the same
time, the anticipated daly maintenance dose of a long acting msubn such
as protammine zinc (1¢ about 20 umts per m*) 15 gven subcutaneously
Thereafter erystalling wnsulin doses are repeated at intervals of 2 to 4
hours, as indicated by urine and/or blood sugar determinations, until
normal values are attamned

If the patient appears to be suffening from circulatory cotlapse, he 1s
given by vein a vascular volume expansion dosc of sugar free saline within
the first 90 to 120 minutes * If he 15 not suffering from circufatory isuffi-
ciency and there are no signs of potassium intoxication (chart 19), a mul-
uple electrolyte solution {chart 37A) 15 given intravenously at the rate of
2500 to 3500 ml per m per 24 hours untit such time as he can take this
solution or 1ts equivalent by mouth The lower rate should suffice for pa-
uents who are only mildly acidotic and dehydrated, even in severely de-
pleted and acidotic patients, 1t rarely 15 necessary to exceed the higher
rate The patient 15 shifted to ordinary foods and flwds by mouth as he
cantolerate them

* The recommended dose 1s 25 m1 per kg (chart 36) Hawever 1mwiaton of therapy
with sugar free electrolyte solution may be considered a nonessential refinement

References
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408. Insulin and Multiple Electrolyte Thernpy: Cont'd

The atove chart shows the effccts of insulin and multple electrolyte solution therapy
upon the body electrolyte status of the diabettc patsent of chart 40A From Talbot
eral (1955)



41. Therapy of a Diarrheal Infant

The pafient of this chart was a 1-month old infant weighing 3 8 kg who
became depleted and dehydrated as a result of severe diarrhea of several
days’ duration In contrast to the diabetic girl of chart 40A, he showed
signs of circulatory msuffictency when first seen Accordingly, his therapy
consisted imitially 1n the administration of saline 1 dextrose at the rate of
2300 ml per m* per day for the first 6 hours By the end of that time, his

latory status was considered to be satisfactory and he was started on
multiple electrolyte solution A of chart 37A at the rate of 3000 m1 per m®
per 24 hours, a rate closely similar to that used for the diabetic patient of
chart 40A Balance measurements showed, however, that the mfant used
the nutrients thus provided 1n a quite different manner This was most
stnkingly evident with regard to sodim and potasstum Whereas the dia-
betic girl retained much more potassium than sodium, the drarrheal nfant
retained more of the latter than the former 1on Both adjusted thetr bal-
ances 1n a smooth, asymptotic manner, well suited to their specific mainte
nance plus repar needs and both did well chnically

Reference
Talbot erat (1955) General
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The subject of this chart was a 1-month-old male infant weighing 3 8 kg and having
asutface area of about 02 m*



42. The Water Intoxication Problem

The subject of chart 42A 1s representative of many patients in Whom wa-
fer intoxication has developed accidentally while they were bemng mamn
tamned on parenteral fluds followsmg general anesthesta and surgery

In this case, an intravenous 1afuston of solution A (chart 37A) was
started a few hours before surgery at a rate approximating 2400 mi per
m? per 24 hours Durmg the preoperative pertod the patent had no diffi
culty n g water and el yte homeostasis The picture
changed, however, when he was subjected to ether aresthesia and surgical
exploration of his crantopharyngioma The unine water sofute ratio then
fell abruptly from the 5 mi per mosM level required to maintan equilib-
num to levels characteristic of maximat antidsuretic hormone actity
Between the fifth and tenth hours this produced an increase m body water
relatsve to body solutes At about the tenth hour, the patient stopped gam
tng water and started to lose solutes This fed to further elevation of body
water sofute ratio values, here represented by the serum measurements

Unfortunately, these trends were not suspected chnically untl the
patient d to have g lized convulsions 14 hours postopera-
tively When emergency studies carried out at that time revealed that these
conmvulsions were probably due to water intoxication, the pabent was
given by vern 4 mt of 0 5 molar (3 per cent) solution of sodium chilonide
per kg of body weight His response was prompt and favorable He had
commenced to dilute hus urine shortly before this treatment was given, and
from then onwards he had no more dfficuliies

It 1s now known that many general anesthetic agents and morphime
type drugs, as well as njury to the blood brain barrser in the region of the
hypothalamus can result tn uncontrolied release of antidiuretsc hormone
and hence can predispose to the events recorded above It also 1s known
that water lording by expansion of the vascular volume can cause an ex-
tracellular solute diuresss of the sort observed between the tenth and
twenty ninth hours in the present instance

These difficnlties can be avoided by giving only a mimmal maimnte-
nance allotment of water to patients who are undergomng general anes
thesta tecewving repeated doses of narcotics or suffermg from encephalits,
menmgitis or severe bramn trauma If electrolyte free dextrose in water
solutions are used, the rate should approvmate 1200 to 1300 ml per m?
per 24 hours For half ssotoaie solunions such as solution A of chart 374,
from 1300 to 1500 mi per m” per 24 hours would be smtable Though the
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42A. Vvater Intoxication Following Partial Surgical Removal of a

Craniopharyngioma
The subject of the above charf was a 14 year-old boy TI'rom Crawford and Dodge
(1959)
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danger of water mtoxication can be avorded entirely by using isotonic
saline, one 15 apt to produce sodium mtoxication if one gives enough of
this solution to cover insenstble and urinary losses of water

The therapy used for the control of this patient’s convulsions was
based on the following assumptions and calculations Furst, 1t 1s known
that the body contains normally about 600 ml of water and 170 mosM of
solute per kg of body weight It follows that 1n order to lower the water
solute ratio of body fluids by 0 1 ml per mosM the patient must either lose
approximately 17 ml of water or gam about 6 mosM of solute per kg of
body weight While there are times when 1t 1s reasonable simply to discon
tinue fluid intake and allow a water intoxicated patrent to cure himself by
eliminating surplus water when serious manfestations such as convul
sions are present i 1s preferable to correct the disturbance promptly by
admimistering solutes This can be accomplished by ing ntra
venously, for each kilogram of body weight approximately 6 ml either of
0 5 molar (3 per cent) saline solution or of 1 0 molar (18 per cent) man
nitol solution both of which contain 1 mosM of solute per ml Unless the
patient s sodium stores are depleted 1t 1s preferable to use manmitol and
thereby avoid sodium 1toxication Hypertonic saline 1s indicated how
ever, when there are signs of sodium depletion (charts 13, 36) The imtial
dose, which 1s designed to reduce the ratio of water to solutes 1n body
fluids about 0 1 ml per mosM often suffices Should 1t fail to control the
manifestations of water intoxication the dose can be repeated once

Elevation of the serum water solute ratio and hyponatremia may be
observed also 11 patients suffering from left heart failure or from hypo
volemia due to lack of red blood cells plasma protems or extracetlular
electrolytes Thus 1s iflustrated by the nephrotic child of chart 42B, who
was found to have serum water solute ratto values of approximately 4 0
ml per mosM and serum sodwm concentration values approximating 120
mEq per liter He was at this time grossly edematous and was exhibiting
signs indicative of circulatory msufficrency (weakness rapid thin pulse,
pallor, cold extremities, mottling of the skin) Inasmuch as he had no evi
dences of cardiac disease 1t was concluded that these signs of circulatory
tasulficieacy were due o hypovolenia It was fusthes presumed that the
hypovolemia was caused by hypoprotememia (total serum protemn 2 gm
per 100 ml) rather than by lack of red blood cells (blood hemoglobin 17
gm per 100 ml) or of extracellular electrolytes (edema fluid +++) Ac-
cordimgly, he was given a series of albumtn infusions together with cortt
sone 1n doses suffictent to control hus albuminuria Perhaps because he
reached this elevated water solute ratio gradually he did not show clear-
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Ordmary normal standards of reference may be used with respect to
blaod pressuse and blood and serum concenttation measurements There
are no sngle ideal values for unne flow or urine specific gravity Roughly
speaking, 1t 15 desirable to mawtam unne flow above 40 ml per m” per
hour since this may constuute the least amount needed to ehmunate the
large mass of waste products created by the burn inpury It also may be ad
vantageous to keep the specific gravity befow I 025, since this should re
duce the bikehihood of tubular cast formation

Though these are ded as an aid to ph m
estimating the status of the patient’s bload volume, none give direct infor-
mation concerning this vitally important vaniable It follows therefore that
one must deduce from chacal observations and such measurements as
these whether the patient 15 hypovolenuc, euvolemie or hypervolemic
Snce mdividnals are apt to show alterations mn blood pressure which cor-
refate qute closely with alteratons i blood volume, senal measuzements
of tins ndex are helpful It must also be remembered that both hypo-
volemia and simple water deficit tend to reduce the flow and increase the
specific geavity of unne (chart 44D) Hypervolenua and simple water
excess tend 1o produce opposite changes

Once it has been ascertamed that a patient has hypo- or hyper-
volemia, the nature of the deficrt or excess responsible for this abnarmality
can be told with derable dependability by blood hemoglobin, serum
protem and serum water-solute measusements (chart 36) The resultant
snformation can then be used as a basis for deciding whether the patient
needs more or less dextrose i water, plasma or whole blood

After 48 hours have passed, it usually s possible to snitsate ordinary
feedings and to gtve plasma or blood mtermittently as mdicated

Beds:de Gudes for Modifying Burn Therapy

Blood [Urtne|Urine {Blood | Serum | Serum
lpressure} flow fsp gr | bgb [proten [ml/mashd| Change mdicated
al w Lt r 1 v 47 U ISpeedup D/W wfusion |
[ Wont NSNS TSRO0 NS DU SN | bt 4
Relerences

Cope et al {1948) Magmtude of plasma Josses n burns
Lund and Browder (1944) Bady surface area propertions at vanous ages

104



<

Lewzony
MEap .
TRUNX “wy
Arug oy
Legs .

—

3 reans
s

5y
“0x

rex

E1 11

8 rrass

‘2

T Yeans
L ltans
63
dax
ey



44. Nephrosis

Chart 44A shows the manner 1n which a mildly edematous nephrotic child
adapted to an abrupt increase mn sodim 1ntake Except for a shight delay,
her response was essentsally the same as that observed i the healthy sub
Jectof chart 12 The same was true with respect to water homeostasis

Taken together, these observations show that this gul’s edema was
the result of facultatve adjustments m salt and water balance rather than
the product of an absolute mabihty to excrete sodm and its companion
amons or water Indeed, if she had lost as much sodum during the period
of low mtake 25 on the fifth day of sodiwm loading she would have dramed
sodum from her body at the rate of 200 mEq per m* per 24 hours and
shed edema finid at the rate of 700 ml per m” per 24 hours

Patients with nephrosis do not always rematn 1n such a homeostati
cally balanced condiion As chart 44B demonstrates, there are times
when they tend to retamn all the sodium mgested and ¢o use 1t to form ever
ncreasing quantities of edema fluid These trends can be reversed by re
peated nfussons of plasma protein supplemented by corticosteroxd therapy
1n dosages suffictent to suppress albummuna (chart 44C)

The euologic and therapeutic implications of these findings may be
summarized with the aid of chart 44D The 1nitial step in the pathogenesis
of nephrotic edema 1s an antigen antibody reaction mnvolving the glomern-
lar basement membrane, which becomes attenuated and discontinuous
Thas results m leakage of albumun snto the unne Rates of Joss 1n excess of
5 gm per m? per 24 hours produce a tendency to hypoalbumnemua The
resultant loss of encotic materials leads to diummshed vascular volume
This m turn stimulates the sodium hc 1C system to conserve sodtm
{chart 11) As sodium and 1ts companton extracellular amonic solutes
accumulate, they prompt the water homeostatic system to retam a physto
logically equivalent amount of water (chart 4) Hypovolemia also acts di
rectly to promote water retention, thereby creating the tendency to hypo
natremta shown 1 chart 42B Recause there 1s a deficiency of oncotic
matenal n the plasma, much of this newly formed extracellular flutd
escapes mto the mterstitial spaces, where it accurmulates as edema and
ascites IF the quantity retamed m the vascplar tree 15 sufficient to restore
blood volume to satisfactory levels, equbibrium 1 e established (chart
44B) If not, water and salt retention continues (see days 13 to 17, chart
44B)
1t would thus appear that edema 1s the product of a series of physto
logic reactions designed to counteract the tendency to iypovolemia, which
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44B. Sodium Retention and Diuresis after ACTH Therapy
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that the sodium diuresis which occurred duning these days was not influenced by a
major 1ncrease 1n sodium mtake but was slowed for 1 day following the admnistra-
tion of a single dose of desoxycorticosterone acetate From Talbot ef ol (1957).
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of weeks or months after the edema has subsided until such indices of
nephrotic activity as urmary albumin output, serum cholesterol concentra-
tion and the serum protein level have returned to normal

Albummn (plasma} nfusions and blood transfusions constitute phys-
tologically appropriate emergency measures to overcome extreme degrees
of hypovolemia and edema (chart 44C) However, they usually are effec-
tive only temporanly up to the time when albuminuria has been sup-
pressed by corticosteroids

One can slow the rate of edema formation 1 nephrotic patents by
reducing the sodium mtake to mmimal maintenance levels—i e about 10
mEq per m* per 24 hours (chart 15) On the other hand, 1t 1s practically
mpossible to reduce body sodium or edema by restricting the sodium 1n-
take when sodium conservation forces are acting maximally There 1s no
need to restrict the sodium 1ntake below ordinary dietary levels after the
plasma protein has been restored to satisfactory levels by corticosteroid
treatment (see days 35 to 45, chart 44B) Indeed, patients may derive
considerable benefit from liberahzation of the sodium ntake 1f 1t results
1n improved appetite and hence 1n more positive caloric and nitrogen bal-
ances

Though patients do tend to retain water out of proportion to solutes,
they rarely take enough water by mouth spontancously to cause convul-
sions or other overt mamfestations of water intoxication Hence, for the
teasons mentioned above 1 connection with sodium, 1t rarely 1s necessary
or desirable to tmpose restrictions on the water mtake of nephrotic pa-
tients

Of all the procedures histed, paracentesis 15 the least physiologic, for
1t removes some of the fiwid which the body has accumulated for the pur-
pose of sustamning the circulation Paracentesis may therefore result
circulatory failure unless steps are taken to matntain vascular volume with
plasma or whole blood It 1s now used only for the relief of serious me-
chanical difficulties due to gross flmd accumulation

References
Riley et al (1959) Cortisone therapy

1959) Renal pathology
?:lll;n( etal )( 1957) Pathologic physiology and source of data charts 44A-C
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LEVEL OF ACTION OF THERAPY

STEP 1 FIBRINOID DEGENERATION CORTICUSTEROIDS
OF GLOMERULAR BASEMENT
MEMBRANE

STEP 2 ALBUMINURIA
STEP 3 HYPOALBUMINEMIA ALBUMIN INFUSIONS
STEP 4 HYPGVOLEMIA BLOOD TRANSFUSIONS
STEP 5 RENAL SODIUM CONSERVAYION LOW SODIU
SODIUM DIUREYIC AGLNYS

STEP 6 BODY SOLUTE (SODIUM,ETC )

STORES INCREASED
STEP 7 RENAL WATER CONSERVATION RESTRIGTED WATER INTAKE
STEP 8 EXTRACELLULAR VOLUME PARACENTES!IS

INCREASED (EDEMA,
ASCITES, ETC)

44D. Qutline of the Pathogenesis of Nephrotic Edema, with the Levels
of Action of Various Therapeutic Maneuvers



45. Pannephritis

The patient of the accompanying chart was a young man with chronmc
nephnitis of serious proportions as evidenced by the fact that he was at
various times hyperhydrated, hypohydrated, edematous, hyperkalemuc,
hypokalemuc, acidotic, hyperchloremic, hyperphosph and
with a glomerular filtration rate less than 10 per cent of normal In an ef-
fort to find out how these disturbances might best be overcome, a survey
was made of his ranges of tolerance for water and certamn other dretary
constituents In accordance with the principles set forth m chart 6, the
survey was based on simultaneous consideration (a) of rates of urmary
output and (b) of s metabolic status * These measurements were made
promptly after admission so as not to waste opportunities to locate limts
of tolerance provided by the fact that the patient had over reached a num-
ber of hus “ceilngs’ and “floors” spontaneously

Individual data expressed mn terms of mntake are presented in chart
45A The ranges of tolerance 1nd d by these individual
are represented by the night hand column of each pair shown mn chart
45B

Comparnison of the columns representing the patient with the adja-
cent columns indicating normal tolerance and ordinary dietary ranges
gives a fair 1dea of the practical problems faced by this individual His
ranges of tolerance were narrowed to a degree where he could not eat and
drnk ad libitum 1n an ordmary manner without developing metabolic
disturbances, but 1t was not so narrowed that 1t would be practically im-
passible for him to attain and mamtain metabolic normalcy by taking food

* The uninary excretion rate measurements usually were made on carefully timed
collections of at least 6 hours duratton The oral intake equivalents of these urinary output
values were calculated on the basis of the following extrarenal loss rates per m® per 24
hours water 1000 ml sodium potassium hydrogen bicarbonate and chloride 1ons zero
phosphorus 10 mMol protewe zero The following were used as indices of status for
water serum ml per mosM (chart 7) for sodium evidences of extracetfufar fluid fack (1e
dehydration) or excess (1€ edema) (chart 13) for potassium serum potassium concen
traton and the T waves of lead IT clectrocardiographic tracings (chart 19} for hydrogen
1on serum pH and bicarbonate concentration (chart 25) for chlorde serum chiorde
concentranon (chart 27) for phosphorus serum inorganic phosphorus concentraton
(chart 31) for protein blood NPN concentration In the case of phosphorus the maximal
tolerance was estimated from measurement of his glomervlar filtration sate by assumimng
maximal urinary output to be equat to glomerular filtration rate (assumed to be equal to
creatinine clearance) umes maximal allowable serum morganic phosphorus concentration
here arbutranily set at 5 mg per 100 ml (chart 31) The same principle was used 1n eshmat
ing huis maximal protemn tolerance on the assemption that his vrinary output would be
equal to his urea clearance rate tmes an arbitranly selected maximal allowable blood urea
mtrogen {or NPN) concentration of 100 mg per 100 ml
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and flnd at rates which fell within his residual ranges of homeostatic tol-
erance.

Experience with the present and stmilarly handicapped patients has
shown that this usually can be accomplished without too much difficulty
while the indwvidual 1s living 1 a hospital where his intake can be con-
trolled by tramed personnel It 15 a different matter, however, when the pa-
tient 1s living at home where he and s family must play a major role 1n the
management of the diseasc Under these circumstances, one may find that
dictary and other recommendations are sgnored 1n whole or 1 part be-
cause the patient 15 unaware of their importance, or lacks the motnation
to Inc cffectively as a person, or finds the restrctions so itksome or 1m-
practical that he 1s more inclined to suffer the disabilities of the disease
than he 15 to cope with the discomforts isherent in his therapy It follows
that patients with this type of endunng handicap need help from thesr
physicians not only with respect to the management of the metabolie dis-
order, but also with regard to strihing the best possible balance between
that which may be good for the disease and that which 1s best for the per-
son who has the discase

In fulfilling this larger responsibility, o certain cases onc may come
closer to controlling the discase itself by granting hberties compatible with
survival and passably cffectine lining than by attempling to smposc the
regimen most rdeally swited to control of somatic disturbances

For instance, though one would prefer to sce serum inorganic phos-
phorus concentration values within normat limts, 1t does not appear that
mild degrees of hyperphosphaterma are necessanly very harmful Ac-
cordingly, if one can keep the phosphorus intake within residual physio-
logie iants of tolerance only by giving distressingly large doses of alum-
num hydroxude gel or by fecding a diet which 1s so unpalatable that the
patient fauls to eat enough to satisfy his caloric needs, st may be better to
Iiberalize the diet at feast to the point where body weight measurements in-
dicate that he s in caloric balance

Dictary protein also may deserse consideration both with regard to
phosphorus, nitrogen, potassium, sulfate, hydrogen 1on and total solute-
loading and with regard to its influcnce upon the palatatility of the diet
When a diet 1s so unpalatable that the patient cats little and 15 1n negative
catoric balance, he 15 apt to stop anabohizing protem and may start con-
suming his own body stores as a source of energy  Since poatne calone
balance predisposes to protein anabolism (chart 37D), hberalization of
protein intake to the pomt where the appetite for calories 1s stimulated
paradovically may result in lowenng instead of raising blood NPN salues
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45A. Tolerance of a Pamnephritic Patient for Water and Certain Other
Nutrients .

Each of the circles in the top division represents a measvrement of rate of miake of
the substance named 1n section (A) at a tune when the patient's status had been as-
sessed per the indicator of status named n section (C) If the indicator of status
revealed the patient to be withm normaf fimits, 1t was concfuded that the correspond-
ng rate of intake was physiologically tolerable Under this circumstance a sohd black
circle was vsed On the other hand, 1f the tndicatar of status showed that the pa.
tient had a surplus uf the substancc mhis bndy, the corresponding rate of intake was
d to be p for that at that tme Under
this circumstance a horizontally shaded circle was used to represent the rate of -
take Finally,  f the indicator of status showed that the patient was deficient with re-
gard to the substance, the intake was considered to be inadequate and a eircle con
tamng a solid dat was used The actual vafue of the “status indicator” 1s shown 1
the adjacent parenthesis . .

ever, when he took watér at the rate of 4 hiters per m" per 24 houts, bis serutn water-
continued on opposite page
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45B. Tolerance af a Pannephritic Patient for Water and Certain Qther
Nutrients

The left-hand column of each pair shows the normal himits of toterance for certan
nutrsents and the ordinary dietary sange The tight hand column of each pair shows.
the tolerance of the pannephnitic patiemt of chart $SA The columns representing
the patient are bounded at top and botiom by solid black bars 1f the cething and/or
floor 15 Jocahized by the data of chart 45A, they are serrated if these data show only
that the palient could raise or lower his intake 10 the indicated level without becom
ng imtovicated or depleted

solute ratio was abnormally high at 40 mi per mos\l Contranwise, the fact that
s scrum watersolute ratio was subnormal st 3 3 mi per most{ when be was taling
water at the rate of 1 8 luers per m® per 24 hours indicated that this rate was physios
fogically inadequate

“The other abbreviations used in section (C) have the {ollowing meaning N0,
e extraceffular fluid volume, (K+], = scrum potasium concentration 1n mf'q per
titer; [HCO, ), = serum bicarbonate consentrshon i mEq per Lter; [C1), «= serum
chlonde conecentration in mEq per liter, [P, = serum morganic phosphonus con-
centration in mg per 100 ml, INPN), # scrum non protem nitropen concentration
n mg per 100 mi

The body surface of this 22-year-old male patent way esimated to be § 6 m’.
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45C. Body Water-Solute Ratio Status of Two Nephritic Patients

The left hand data were obtamned during periods when their water intake was bemg
prescribed by phystcians who lacked exact knowledge about the patients himuts of
tolerance The right hand data were obtained when they were affowed to take water
in accordance with thurst The shaded zone indicates the normal range From Kern
gan eral (1955)

Of the variables under consideration potassium 1s probably the one
most ltkely to produce a fatal degree of intoxication Consequently, 1t ap
pears essental 1n patients with very low tolerance for this electrolyte to
emphasize the dangers of potassium excess and to give specific direction
as to how to avoid 1t It has been noted empirically that most nephritic
patients can excrete up 1o 1 S times thexr glomerular filtrate content of po
tassium without becoming seriously hyperkalemic Thus a patient with a
glomerular filtration rate of 5 liters per m* per 24 hours and a serum po-
tasstum concentration of 4 mEq per Iiter would have a glomerular filtrate
potassium of § x 4, or 20 mEq, and an estimated tolerance for this 10n of
20 % 1 5, or 30 mEq per m® per 24 hours This can be expressed to the
patient 1n meamngful terms by making him aware of the potasstum con

tent of common foods
In these connections, 1t has been found that thirst may constitute a

3 4ta asas en) sahaman,

t
1

down” with water since the volume taken in this manner may vy nseif
overload the mdwiduals residual homeostatie capabuliies and lead to
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water intouication 1t also is mportant that patients with a Jow ceshing of
tolerance for water should eat a relatively dry dict and then satusly their
thurst with plain water or sweetened, electrolyte free fluids rather than with
ik, soup or other solutions of high fixed solute content

References
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herngan eral (1955) Water homeostasis and source of data chart 45C

Pseudohypoparathyroidism

The panent of this chart presented at the climc durmng 1nfancy with laryn-
gospasm and other manifestations of tetany The concentration of calcium
1m his serum was found to be markedly depressed and that of inorganie
phosphorus to be markedly elevated The elevation i phosphorus con
centration could be traced to a fatlure on the part of his hdneys to shed
surpius phosphorus in the normal manner in accordance with homeostatic
requirements §ndeed, as this chart shows hus ceiling of folerance for phos
phoros was so fow that he could not take even a mmmum of the ordinary
dictary al of shis sub without b 2 by perphosph
However, in contrast to the pannephnitic patient of chart 45A he appeared
not to have any other important himitations in renal function

Though fis specific disturbance could not be overcome by the ad
mnmstration of parathyrotd hormone * 1t coufd be alfeviated by oral ad
mumstration of 100 000 0 406 GO0 unuts of \itamin D, dwly These doses
raised his for phosphorus to levels which were compatt
ble with an ordinary phosphnrus intake ft1s not known whether shas ther-
apy also raised the level of tus physiologic mmmal requirement for phos
phorus, a possibality which would be interesting to explore

* The admanmtranon of <D units of potent parathyro & e¥eact per m capses a sharp
and divunet angrease in P clearance i hypop yrosd of sormal indivwd sals
but 1ot tn patients with nephrogemc hy popacathyrond sm This 1 an imteresting 4 st nct on
ot one that has fittle beating on therapy for both types of hypoparathy rodiem are treated
wimtarly
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46A. Tolerance of a Patient with Pseudohypoparathyroidism for Various

Nutrients

‘The body surface area of this 22-year old patient was estrmated to be 143 m”, The

design of the chart corresponds to that of chart 45A
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46B. Tolerance of a Patient with Pscudohypoparathyroidism for Varions
Nutrients as Defined by Data of Chart 46A

Note the mcrease n the patient's tolerance {or phosphorus aftet vitanun D, therapy
had been started  The design of the chant corresponds to that of chant 458
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47. Nephrogenic Diabetes Insipidus of Pitressin-resistant Type

This patient tended to become severely hypohydrated, as evidenced by
loss of weight and skin elasticity, dryness of the mucous membranes,
hemoconcentration, lowenng of the serum water-solute ratio and hyper-
natrenua unless he was allowed to take large quantrttes of solute free wa-
ter This disturbance was due to the fact that hus kidneys were unrespon

sive to antiduretic hormone * As a consequence of this, he needed a
minimum of about 15 m) of water to ehmmate 1 mosM of solute from the
body by way of the kidneys This meant that when he was taking whole
cow’s mulk, which produced a uninary solute load of about 600 mosM per
m?® per 24 hours, he needed about 9000 ml of solute free water to cover
unnary needs plus 1000 to equalize extrarenal water losses or a total of
about 10,000 m! per m? per 24 hours (chart 47A and column a of left-
hand division of chart 47B) This requirement could be lessened only by
reducing the solute content of his diet, the effects of lowering his nrinary
load to 400 or to 200 mosM per m? per 24 hours are indtcated by columns
b and ¢ of the left hand division of chart B In all other respects, hus renal
function appeared o be well developed (charts 47A, B)

Such an 1solated cong [ defect tn he tc function can have
far reaching effects on body economy (chart 47C) For mstance, when
this child was taking whole cow’s milk, he needed on the average to druk
every 24 minutes and to void every 50 munutes Since he awoke for each
of these activities, the duration of umnterrupted sleep was never greater
than about 20 munutes This made 1t impossible for hun to folfill Ius sleep
requirements at mght and hence necessary for him to nap intermittently
during the day As a result, there was hitle opportumty for social contact,
play and Jearning The clncal manifestation of this was gross retardation
m mental and emotional development

‘When the solute load was reduced by substitution of an socalonc
dilute formula made up by mixing equal parts of whole cow’s mulk and
15 per cent dextrose m water, the rate of water turnover slowed so much
that he could go for about 66 minutes without dninking or voiding Fol
lowing this change, his daily pattern of activities became almost normal
for a child of his age and he commenced to grow and mature physically,
intellectually and emotionally at a markedly accelerated rate

* Intravenous admuustration of a test dose of 2 units of aqueous posterior pituttasy
extract per m” failed to produce 2 normal falf 1n urine water solute rato to levels of ap-
proxtmately 2 m per mosM
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47A. Nephrogente Diab Insipidus of the Patressi istant Type

The body surface of this 214-year-old patient was estimated to be 045 m* The de-
sign of the chart corresponds to that of chart 45A.

Ttisnteresting to note that he denived about as much benefit in ferms
of Ius qetnaty pattern from this dilute formula regimen, which was com.
patible with normal growth and desclopment, as he did from the much
moredrastic nutritionally inadequate dextrose and water regimen
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Note 1 the left-hand section that the patient’s minimal water requirements are set
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47C. Effects of Limitation in Capacity to Conserve Water Due to
Pitressin Resistance

The chart shows the daly hife pattem of the patient a 15 month-old snfant weighing.
66kp while takung (a) whole cow s milk (b) a dilute Jow solute formula and (¢) &
solute frec dextrose 1n water solution  These patterns may be compared with those
of a normal wfant of simular age shown at the bottom of the chart. T rom Hillman
eral (1958)
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