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INTRODUCTICH

The various pathologic states usually grouped under the heading
of congenital heart disease include a great number of distinet enti-
tiesg, They are conveniently divided into those cases which show
normel arterial oxygen saturation {the acyanotic type) and those in
which it is reduced (the cyanotic type). In the latter polysythemia
is present, This is presumed to constitute & physiologic response
to decreased coxygen tension in the tissves, 4s & result of this
polyeythemia, hemoglobin loses a smaller proportion of its oxygen as
it passes through the eapillaries, Since blood oxygen tension ie a
ion of the apount of oxyhemoglebin present, the dearessed tiams
oxygen tension lis mitigated, bui not eliminated, It is to be axpaéted,
therefore, that additional compensative mechanisms exist as Haldane
pointed oul many years &go in his treatise on respiration, The
following guotation is taken from this work:

"in congidering the effects of anoxaemia a factor comes in which
mst always be borne in mind-.namely that of adaptation or accli-
matization, This may act in two digfarent ways. In the first
place adaptation may bring it about that the anoxaemia which would,
without adaptation, exist is greatly diminished,...In the second
place the tigsues may adapt themselves to a lower partiasl pressure
of cxygen., Abcut this second form of adapbation our knowledge is
at present very imperfect; but it seems to me that aliﬁiaal evi-
dence peinte strongly to its existence, Perhaps the clearest
eviderce is afforded by cases ol congzenital heart defect, in

which part of the vernous blood passes direct to the left side of



the heart without first passing tbrough the lungs. In these

casea of "Morbus coeruleus® the arterial blood is always more or
less blue, end becomes extresmely blue on muscular exertion, 8o
that one can always recognize this condition in perscns walking
in the street. The remarkable point, however, is that in spite

of the anoxaemic condition of the arterial blood these peraanw
may get on guite well, and be able to walk at a gcéd pace, On
account of the large increase in their hemoglobin percentage, they
have plenty of oxygen in their blood, but at & low pertial pressure,
It seems hardly possible to doubt, therefore, that their tissues
have become adapted to the low partial pressure of oxygen,.,."(1).

i sV i i s

g " . ! 1 ¥ il & X A £
&% presert,, as 2 regult of the Pecent spectacular development

agent
of surgical methods of treatment, intemsive work is belng carried out
on the altered circulatory dynamics existing in the various types of
eongenital heart disease in an effart to improve methods of diage
rosis (2}, Relatively little, however, has been done to elucidate
further the mechanisms by which compensation for the altered internal
environment is achieved in such cases, letabolic studies may give
a clue a8 to the compensative mechanisms permitting survival under
conditions of severe chronic oxygen lack,

This study was undertaken in an attempt to answer two questions,
l. To what degree do individuals with cyanotie congenital heart dis-
ease compensate for their lowered tissue oxygemation? 2. What are
the mechanisms by which this compensation is realiszed: The answers
to these questions are important not orly to an understanding of the
dltered physiology of individuals with congenital heart disease, but

to the fundamental problem of the physiclogy of hypoxie as well,



Cne of the most notable accompaniments of acute anoxia is the
accummlation of lactic acid in the blood, 4 clear explanation of
the mechanism of this phencmenon may be drawn from the work of Greern,
Needhan and Dewan (3) in the ligh% of our knowledge of carbohydrate
catabolisn,

As seen in Pigure 1 and Figure 2 carbohydrate braakdawﬁ‘ean be
divided irto two stages, the anaercbic or !glycaiytiﬁ' and the asrobie,
In iLhe abserce of adequate oxygen the tissues must rely on the anaero-
hie phase to cbtain the energy needed for vital processes. The por-
tion of this phase in which energy is built up (synthesis of highe
energy phosphate bonds) lies between 1,3-diphosphoglycerie acid and
pyruvie acid, In order bo produce 1,3-diphosphoglycerie acid from
1,3-diphosphoglyceraldehyde the latter must be uxidiﬁa& by giving
hydrogen to diphosphopyridine nuclectide {ccensyme 1), whieh in turn
is reduced. If the reduced coenzyme were not in aun§ way reoxidized
so that it could be uiilized repeatedly, it would soon all be in the
reduced form and the generation of energy-rich phosphate bonds would
terminate, Ureen amd coworkers found that the following reactions

readily occur in muscle extracts:

",

M o ? LOH

H~C-0-P=0 -0 ? =0

| “OR | N oH

| Ol | ,OH

H=C-0- P=0 H=C—-0— ?\ o

& OH ;i GH
1,3-diphosphogliycer- coensyme I 1,3-diphospho- coenegyme 1

aldehyde {oxidized form) glyceric acid (reduced form)
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These reactions provide for the continued production of 1,3-ciphospho-
glyceric acid and the consequent resynthesis of ernergy-rich phesphate
bonds, The lactate produced diffuses irto the blood streanm,

Under conditions of tissue hypoxis it is to be expected, there-
fore, that the raiia of the concentration of iaetate to the concenw
tration of pyruvate (L-FP ratio) in the bloocd will increase. Such has
been found to be the case during this and other investigations.

Stobs ard B@saey*(h} studied the L.F ratic in the Elﬂod of humans
and found it to be constant under various physiologic conditions;
much more so than the absolute concentrations of the two constituents.
They also demonsirated & marked decrease in the L~P ratio in experi-
mental thiamin deficiency in pigeons, dué chiefly to an increase in
the pyruvate concentration, This was Lo be expected, as it had been
shown previously be Peters and Thompson (5) that thiamin is essential
to the oxidation of pyruvate in animal tissue.

Friedemarn and Barborka (6) studied the L-P ratio in the blood
of humans after exercise. They found that the pyruvate concentration
increases and then decreases, both l@garithmically, with time, while

the lactale concentration rises rapidly to & maxisum and then slawly



returns to mormal, Consequently, the ratio rises rapidly to & maxi-
mam, drops rapidly at first and then slowly returns to normal, These

facts arc seen in the following graph, taken from their work,
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Figure 3 - Lactate, Pyruvate and L-P Ratio

in the Blood of Man After Exercise,
At the point of inflection of the time curve of the ratio, pulse and
respirations were rapidly returning to normal, They concluded from
their work that the ratic is an indicator of the adeguacy of tissue
oxygenation,

Tepperman and Tepperman (7) studied the changes in the L-F ratio
during exercise in trained human subjects breathing zir under reduced
barometric pressure. The ratio was increased when the pressure was
reduced to & simulated altitude of 5,000 feet, This inerease eould
be suppressed hy breathing 1007 oxygen at this sltitude, The inves-
tigation further demonstrated the relationship between the LeP ratio

and tissue oxygenation.

The L-P ratio has rnot been studied under eonditicms of chronic



anoxia, such as exist in individuals with cyanotic congenital heart
disease, The first part of this study is devoted to an investigation
of the L-P ratioc in children with congenital heart disease and its
relation to the blood gases, In addition, the lactie dehydrogenase
content of red hicod cells was estimated in several of these children
in order to determine if alierations in the concentration of this
enzyme could explain some of the resulis obtained early in the study,

The second pert of the investigstion is concerned with scme of
the intracellular constituents involved in energy transformation and
oxygen transfer under conditions of chronie anoxia in an attespt to
find further compensative mechanisms at the cellular level,

The {irst slep considered to take place in the iiberation of
an&rgy~within the cell is the breakdown of adencsine triphosphate
(ATP} to yield adenosine diphosphate (ADF), inorganic phosphate and
about 11,000 calories per mol, The ADP ig immediately resynthesized
by reaction with creatine phosphate (phosphagen) in what is known as
the Lohmarm resction:

ADP + creatine phosphate =——= ATP + creatine
After all the available creatine phosphate has been used up, ADP can
be further phosphorylated by transfer of highenergy phosphate groups
produced as & result of glyeelysié and through subsequent oxidations
in the aercbic tricarbeoxylic acid eycle, When a tissue is funciion-
ing anaercbically the supply of high-energy phosphate derived from
the tricarboxylic eycle, which normally provides most of the |NErEy,
iz eliminated, An increase in the concentration of ATP and/or creatine

phosphate would be of edvantage to chronically hypoxie tissue,



Since the glycclytic phase of carbohydrate catabolism is much
less efficient than the aerobiec, it would alsoc be of advantage to
hypoxic tissue to have a more efficient oxygen transferring mechanism,
it could thus make betier use of the large amount of potential energy
present in the laetie acid produced by glycolysis.

With these facts in mind an investigation was made, during
chronic anoxiz, of the concentrations of the substances containing
highwenergy phosphate bonds { principally ATP and creatine phosphate)
and of two important substances concerned with intracellular oxygen
transfer, sueccinic dehydrogenase and e¢ytochrome c,

Sinece it was not possible to obtain sufficient tissue from
humang ai operation, rats made chronically hypoxie by exposure to
low barometric pressure for a pericd of time sufficient to produce

a definite polycythemls were uwsed in this part of the study,



PART 1

ARCXIA DUE TC CONGENITAL HEART
DISEASE IN CHILDREN
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- EXPURIWENTAL

In order to inberpret data obtained from children with congenital
heart disease it was necessary to establish values for lactate and
pyruvate concentration for normal children, in which this previously
had not been done, Since the mean value of the L-P ratic cbtained
in normal children eerly in the investigation was apparently signifi-
ﬁantly highﬁr than thet afbﬁha most completd reperted atuéy'in adults
(&), L-P ratice were run on a series of normal adults to determine
whether or not there is a significant difference between the two
groups,

The normal adults were medieal students, graduate students and
student nurses. Normal children included patients hospitalized at
Doerrbecher Hospital for conditions other thap eongenital heart dis-
ease, These children were asbulatory and afebrile, ﬁlao'incl&ded
were several well children atterding the University Tubercilosis
Hompital Gubtpatient Clinie as tuberculosis contacts, Children with
congenital heart disease were prineipally patients hospitalized at
Bosrnbecher Hospital for consideration of surgery, althéugh‘seme pri-
 vate patients hospitalised elsewhere were utiliwed in addition, The
types of congenital heart disesse studied were divided into aeyanotic
and cyanctic groups. The acyarotic group consisted primarily of
children with patent ductus arteriosus; in the cyanotic group were
mainly children with tetralogy of Fallot, although other types of
eyvanotie econgenital héart disease were studied also,

Blood samples were drawn from an antecubital vein whenever

possible. In some of the younger children it was neecessary to use



iz

the femoral vein, or, rarely, the external jugulsr vein, Arteria.
blood samples were drasn from the femoral artery, Use of a tourniguet
was necessary in the children in order to obtain ﬁenuus samplos
guickly., Ten Ql. gyringes were used for sampling. %hen both the
L~P ratic and the blocd gases were to be determined, approximately
8 mx; of blood were withdrawn, After removing any bubbles present a
portion of the blouvd was delivered through the needle under 1.2 cnm,
of mineral oil contained in an oxalate-fluoride treated test tube,
stopping exectly at the 5 ml, mark, The remaining 5 ml, were imme-
diately delivered Lhrough the needle into 10 ml, of 20% trichlorocacetic
acid, When only the L-P ratic was to be determined, S ml., were drawn
and the first delivery, under oil, omitted., Immediate deproteiniga-
tion was necessary to prevent glycolysis which rapidly alters the
values of the lactate and pyruvate of shed biood {(9), This method
of delivery directly from a syringe has been shown to have an accuracy
of *1,2% (19),
The deproteinized sample was centrifuged at 2,000 r,p.m, for 10
minutes, The supernste was used for anslysis of lactate and pyruvate,
Lactate conceniration was determined in duplicate on 3 ml, aliw
guots of the supernate by the method of Lonmg (11}, The lactate was
oxidized to acetaldehyde hy ceric sulfate in acid solution at 607 C.
The acetaldehyde formed was contirumously aerated into a dilute sclution
of sodium metabisulfite with which it reacts to form en undisscciated
complex., after removing extess metabisulfite by addition of 0,1 ¥,
iodine sclution and cafefully adjusting the end-point with atarch as

irdicator, the bound acebaldehyde was liberated by the addition of
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discdium phosphate and titrated witvh 0.005 K, iodine sclution to the
first blue tinge.
Caleulation: wml, 0,005 N, Ip required x 22,5 =
mg. Lactic acid per 100 ml., whole blood,

Standardization of the method using pure lithium lactate pre-
pared by the method of Hillig (12) yielded 96-106% recovery of the
Lithium lactate as lactic acid.

It was found that a blank, as recommended by Long, was not nec-
esgary in the determination, This is probably due to the fact that
be used a 30% solution of 35% pure ceric sulfats, which is approxi.
mately eguivelent to the 10% sclution of pure cerie sulfate used hers.

Pyruvate concentration was determired on duplicate 1.5 ml, ali-
guots of the supernate by minor medifications of the methoed of Friede-
mann snd Haugen (13). Three nml, of 3.3% trichlorcacetic aeid REre
- mixed with 3 ml, of the clear supernate, The mixture was divided
irto equal parts, and then treated accordirg to these authers, The
dilubed supernate wuag incubated with 2,h-dinitrophenylhydrazine which
reacts with pyruvic acid to form the 2,L-dinitrophenylhydrazone, This
was successively extracted with bengzene and sodium carbonate sclution,
The characteristic red color was developed by ithe addition of dilute
sodiva hydroxide and the extineticon measured with the Klett-Summerson
photometer, uvsing & 520 millimicron {green) filter. Two blanks
treated in exactly the sBame way ag the blcod were run with each set
of duplicates, The method was stamdgréimeﬂ by preparing & standard
curvé with pure scdium pyruvate prepared by the method of Hobertson

{14), The standard curve followed Beer's law over the range of
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concentrations employed,

Caleulation: reading of nnknown % 0.8
reading of L =mg,./L00 mL, standard *

W . pﬁruvin acid per 100 ml, whole blood,

The standard deviation from the mean of duplicate dsterminations
performed in this work on 142 samples of human blcéd was 0.72 mg. for
lactate (maximum 2,50 mg.)} and 0,05 mg, for pyruvate (maximum 0,10
WEe Js

The L~P ratio was calculated by dividing the average value for
lactate by the average value for pyruvate,

Carbon dioxide content and oxygen content were determined on
single 1 nl, samples of bloocd by the method of Van Slyke and Neill
{15). Oxygen capacity was determined by the tonometric method,

Blood samples were drawn 2-L hours after the last meal (break-
fast or lunch) and analywed the same day,

Lactle dehydrogerase content of erythrocybes was estimeted by
quantitative application of the ferricyaride methed for the study of
ﬁahydregenasa systems of Luastel and Wheatley (16), The primciple of
the method is that in}ﬁicarbonats medium, reduction of 1 mol of ferri-
eyanide by hydrogen atoms released through astion of a dehydrogensse
system sives rise to 1 mol of carbon dioxide. The use of ferricvanide
as 2 hydrogen acceptor has the advantages of non-boxicity and non-auitoe
oxidizgability,

The Barcroft-iarburg mencmelric apparatus with flasks having a
center well and one side-arm was used in the daﬁ@rmlnétian. The gas
phase consisted of & mixture of 90% nitrogen and 10% carbon dioxide,

The temperature of the water bath was 38,0° C, and the shaking rate
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120 oceeillations per minte,
The main vessel of the Barerofi-Warburg flask sontained the

following solution in & tobal volume of 3.0 mi.:

Sodium bicarbonate 0.05 H,
Sodium lactate, pH 7L 0,10 H,
Sodium gyanide, pH 7.h 0,05 M.

Diphesphopyridine nucleotide®™ 0,0012 H,
Lysed red cells 0.20 ml,
The sodium cyanide was added to fix the pyruvate produced by oxida-
tion of lactate by forming the cyanohydrin., The fimal pH of this
solution at 38.0° G. with the gas mixture used was 7.h.
The lysed red cell sclution was prepared as follows, DBlood to
which not more than 2 mg, of potassium oxalate per ml. had been
added was centrifuged and the plasma drawn off, fha cells were
washed ihrice with an equal volume of (1,9% scdium chloride sclution
by successively mixing, centrifuging and drawing off{ the supernate,
The last centrifugetion was carried out at 2,000 r.p.,mn. for 10 ninutes.
The cells were then laked ir 5 volumes of water,
The side-arm econtained 0.2 ml, of 10% sodium ferriecyanide in
0,05 M. sodium bicarbonate, 4 small square of yellow phosphorus was
placed in the center well to ensure ahaerobiaaity.
After zassing, the stopcocke were closed and the closed side of
the manomeber adjusted to the 150 mm. mark, Headings were taken every
®Pnis was obtained from Hutritional Biochemicals, Ine,, Cleveland,

(hio and was gtated to be approximately 60% pure by spectrophobo-
metric analysis,
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5 minutes until the change ir all manometers agreed with the thermo-
barometer to within 1 mm, The contents of the side-arms were then
tipped in and readings taken every 5 mirutes for 30 minutes, The
total difference in pressure in wmm, was multiplied by the flask
constant obltained by applying the formula given by Umbreit, Burris
and Stauffer (17) after calibration of the flask and manometer to
the 150 mm, mark by the method of Schales (18). The figure obtained
represents the migroliters of carbon dioxide produced in nitrogen
per hour {Qﬁéﬁ). ALl determinations were run in duplicate,

The stated concentration of the diphesphopyridine nuclectide

almost, but not completely, saturated the system, As seen in Figure

E Y wa e P P VR, S
Ttk = R .

o~ oy wars w4 S e
RELLF A RTINS W L

L ion incresased rapidiy
ing concentration of the cosngyme at first and then began to level

off, but did oot reach & maximum with the concentrations employed.

This is in agreewent with the findings of Ureen and Brogteaux (19},
“using an aerobic method for the estimation of animal lactic dehydro-
genase,

The rate of carbon dioxide evelution was not linear with respect
to time (Greer and Brosteaux noted the same finding). At first, this
was suspected to be due to insufflicient eyanide, but inereasing the
cyanide concentration did not ohviate the conditicn, Figure 5, taken
{from daﬁa obbained here, illustrates this relation,

Potassium oxslate in the concentrabion used did not affect the
reaction. In higher concentrations, however, the enzyme was apparently

inhibited,

Cell volume of blood samples was determined by cemtrifuging to



FIGURE U}
Helation of Awount of Cerbun Dioxide Evolution After
30 Ninutes Vo Diphogphopyridine iucleotide

Concentration ir Lactie Dehvdrogenase Mm‘* >

FIGURE §
felation of Rate of Carbom Dioxide Fvelution to Time
in Lactic Dehydrogenase Assay,
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constant volume of red cells in a Wintrobe blood volume index tube,

Statistical analysis was carried out according to Dunn (20).

The following formulas were used,

(1)

P
3]
Sest

(3)

(L)

(5)

where

(6)

Mean = <x
n

Standard devietion =6 = $X
n

Stendard error of the mean = s‘ﬁ‘naan e 6
Standard error of the difference = S‘E'diff =

£
(S'E‘x ‘* LQ;E.E)

Correlation coefficient = néxy - (£x) (£y)

((n& - (£x)2) (n€5® - (S¥)%))

®x or v is the valua o be averaged;

% is the deviation from the mean of a given value;

n is the number of ocbservations,

Probability ( 'p') that an observed difference is due to
sampling error is inversely proportional to

difference cbgerved

S.E.qirr.

The probability is read from a table relating it to the

abpve quotient, Exemple: a quotient of 1,95 ie equiva-
lent to 'p* of 0,05; this indicates 5 chances per hundred
that an observed difference is caused sclely by sampling

error,
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RESULTS

The data obtained relating to blood lactate and pyruvate and the
L-P ratio in the first experimental group, consisting of 16 normal
children at rest, are tabulated in Table I, As seen from the table
no significant difference was found for any of these values bebween
the & males and § females in this group, or between the 11 children
whe neither eried nor strugiled during the blood sampling and the 5
children who eried and/or struggled to & variable degree,

Teble 1I sumariges similar data obiained in normal adults,
fesults obtained in & group of 15 medical studerts only are tabulated,
- but these are typical of the results obtained in the L2 adults studied.
The table demonmstrates thet no significant difference between the mem-
bers of the tabulated group waes produced by spplication of a tourmi-
quet, That there was no significant difference between the 32 males

and 10 females in the group is also shown,
The differences between the values for children and adults were

highly significant for all three of these observaticns (Table III).

TABLE IIX

'p! Value for Difference Between Lactate, Pyruvate
and L- Hatio in Normal Children and Normal Adults

Lactate Pyruvate L-P Ratlio

Ipt 0,000 0.005 0,000

The resulis relating to blood lactate and pyruvate and the L-P

ratio obtained in 7 children with acyanotic congenital heart disease



TABLE I

Lactate, Pyruvate and [~P Ratio in Normal Children

20

i~? Hatio

Hame Age Sex Copperation Lactate Pyruvate
He O, f M. Good 9497 0.7 13.0
C. X, 13 F. Good 1L.60 1.24 1.8
| L F. Poor 13,12 1.29 10,2
c. H, 3 ¥, Poor 17.5% 1,43 12,3
G. B, é M. Goad 12,40 1.15 10,8
¥, %, kL F. Good 20.50 1.67 12.3
§, 8. h M. Poor 18,11 1.56 11,6
L. W, 12 %, Good 11.93 1.0k 1L.5
HE. B, 10 M, Good 12,0k 1.0k 1.6
" B é 4. Poor 12.04 1,18 10.2
R. ¥. 13 B Good 17.64 1.39 12.7
K 8 6 2. Good 13.50 0,97 13.9
¢.e. 7 ¥, Good 11.93 1.0k 11.5
¥, 8. 12 ¥, Good 15.19 1.04 1h.6
D, L. i1 # Poor 15.08 1.22 12.3
D. H. 6 F. Good 1b.30 1.50 2.5
hverage and Std, Dev, (16 children) 14.3732.66 1.22%,25 11,8642,
bverage and 5td, Dev,
Hales (8 children) 13,6522.7%  1.1730,23 11.7m1t1.13
Females (8 ehildren) 15.0942,56  1.2730.26  12.00%,59
'pt Value for Difference 0,32 0.77 0.66
Averapge and Std, Dev,
Uood Cooperation (1l children)  1h,00%2.33 1.17%.25 12,0081.5%
Poor Cooperation (5 children) 15,3842,37  1.3kdo.ak 11,.32%0,9%
'p! Value for Difference 0.32 0.13 0.25



TABLE II

Lactate, Pyruvate, and L.F Ratio in Normal Adulis
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Hame Age Sex ng:iguet Lactate Pyruvate L-F Ratio

D.R. 2h X Ko 11,25 1,08 10,42

V.S, 23 7. Yes 8.61 1.0h B.27

R, R, 30 ¥, No 7«70 1,18 d.22

J. 8. 25 M, Yes 10,56 1.0k G.27

v. 8, 28 M, Ho 10,78 1.25 8,63

S P, 28 i, Ho 10.12 1.0k 9.73

J. W, 27 M. Jeos 10,78 1.08 9.98

M. C, 27 #e Ho 7490 1.11 B.92

K. B, 22 ¥, Yes 8,80 0,917 2.07

M, U. 22 H, Yes 9,88 1.25 7,90

B, M. 33 K, No 2.90 0.90 11,00

D. ¥, 2k ¥, Yes 10,56 1,28 8.5

B. L. 25 M. Yes 10,66 1.22 7.5

J. L, @& M. No 2,16 1,25 1.5

J. d. 24 M. Yes 9.90 1.2% 7.92

Average and Std, Dev, (L2 adults) 9.36H .61 1,03%0.18 9,10%,19

Average and Std, Dev,
Males (32 adults) 9.365.,7  1.0520,17 8.935.,.L0
Females (10 adults) 2.298.67  0.97%0,10 9.4830.91
st Value for Difference 0.20 0.89 0.20

Average and Std, Dev,
With Tourniguet (8 adults) 10,02%1,02  1.1k%0,13 8.9131,13
Without Tourniquet {7 adults) 10,16%0.57  1,12ip.12 9,174,29
'p! Value for Differerce 0.75% 0.77 0,70
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and 11 children with cyanotic congenital heart disesse at rest are
given in Tables IV and V. The velues demonstrate that there is no
- significant difference between these results and those obtained in
normal ehildren,

These ahéngea were studied further by superi posing a state of
acube relative anoxia by exercise. The standard exercise test of
Cournand and Richards (21) was used, During this test the subject
stepped up and down from a2 stool 20 om, high 30 times in one minute,
Blood samples were drawn from an antecubital vein before, immediately
after, and fifteen minutes after completion of the test, Results are
summarized in Tables VI and VII, Table VI gives the results of each

: P ey SRL A . TR PR Y g . ML Y 4
BSYCAD 01 CHLLUNSDH Feparanely. 4n lal ¥

il vhe significance of the
difference between corresponding samples from the various groups are
compared by use of 'p! valles. The findings are depicted graphically
in Figure 6.

In order to determine the correlation between the L~P ratio and
the degree of nxxgaﬁaiian of tissue, the ratio was compsured with mean
capillary oxygzen tension (p@z) in normal children and children having
patent ductus arteriosus, To approximate mean capillary pUs it was
necessary to make certain assumptions, When the arterial oxygen
saturation of hemoglobin was not determined, a value of 95% had to
be assumed. This value has been established in normal irdividuals
using the tonomedric method for oxygen capacity. Individuals with
petent ductus arteriosus also have 95% saturation of arterial blood
at rest by this wethod, but reversal of flow through the ductus during

exercise may produce transient srterial desaturation., For this resson
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Lactate, Pyruvate, and L-P Ratio in Children
with Patent Ductus Arteriosus

Lactste

fiame | Age Sex Pyruvate Lw;? Ratio

5,8 3 M. 16.61 1.22 13.61

s. 8 ¥, 15.86 1.50 10,57

R, G, b 15.7% 1.84 8,56

H, H. 12 F. 15.06 1.25 12.08

A, W, 10 F. 15,53 1.3 11,18

L. C. 5 F. 11,3 1,01 11.25

% ¥ 1l F, 11,97 0.97 12,3k

J. 8, 12 F, 11.00 1,08 10.19

Average and Std, Dev, Cihaabd22o 3,28%.25 11.2h%L7
{8 children)

Average for Normal Children 14,37%2.66  1.22%0.25  11.86%1.2)

(from Table I)
‘ot Value for Difference 0,84 0,66 0.38



TABLE V

Lactate, Pyruvate and L-P Ratie In Children
with Cyanotiec Congenital Hearit Disease

2k

Hame Age Sex Diagnosis Lactate Pyruvate L-P Hatio

¥, B. 3 ¥, Tetralogy of 20,43 1,56 13.10
Fallot ,

C. B, 12 #. Truncus ar- 10.53 0.94 11.20
teriosus; cor
triloculare

T, M, 5 M. Tetralogy of 1h.62 1.3 10,75
Fallot

¥, G. 3 F. Probable tetra-  L1.6% 3.1 12,21
logy of Fallot

L. X, k ¥, Probshle tetra- 15,08 1.38 10,93
logy of Fallot

J, 8. 6 ., Tetralogy of Tal- 10,35 1.0k 7.95
lot and patent
ductus arteriosus

¥. L. i . Unknown 13.28 1.2y 10,25

8. 8. 4 ¥, Tetralogy of 16.54 1.29 12,82
Fallet

4. 8. g ¥, Unknown 14.69 1.50 9.80

¢, E. 7 ., Tetralogy of 15,13 1.18 12,87
Fallob

Average and Std, Dev, 17.26%8,21  1,S0%0.6h  11.38%1,1k4

{10 children)
Average for Normal Children 1h.3732.66 1.22%0.25 11.86h.21
{from Table I)
'pt Value for Difference 0,29 0.18 0,34



TABLE VI

Summary of Laciate-Pyruvate ard Blood Gas Data Obtained from Standard Exereise Test on Children

‘ o . U0y Canbent Content 02 Baturation
Lactate fyruvate L~F Ratio (Vﬂl. %) vl . f;) (Vol. %)
Hormal Children Seven ehildren (2 males and 5 females); sge renge 6~13 years; mean 0p
eapacity = 17,5 vel, % (std, dev, = 1,2); gas values on L cases only.
Nean S.ﬁ.l p2 iiean S,L, p Wean 5.B. p Mean $,D, p Hean S8.D. p Mean S.BD. p
i 1350 1.78 L1l 0.2 12,2 1.2 5.2 3.1 9.8 1.6 55.6 1.1
e g 11476 2.7 0.0h 1.3% 0.2 0,01 13.0 L5 0.37 5h3 5.2 0,0 10,0 3.5 0.58 5.5 17.6 0.9k
”E‘ d
SreaTtel ee 15:50 215 0.9 1,25 0.9 031 12.6 £.03 0.8k 53.7 L3 062 1.5 2.2 0.27 661 13.6 0.27
Aeyanotic Children B5ix ehildren {all fesales); ape range bLeié yearsy nean Op ecapacity
= 18,9 vol, % (@td, dev, = 1,7); zas values on 5 capes only,
Mean 8., p Ygan B.D. p ean 8,D. p lean 5.0, » Hean $.D. p Yean 8.0, p
Before ’ - %
Ersreise 13.58 2,16 1.30 0.3 10,8 1,17 L6.5 2.6 13.6 ©.8 T2.7 149
Imnediately ] » - y
ifter Exercise +0-99 430 o,02 1,52 0,52 0.k 13.0 184 0.02 50,7 2,6 0.09 10,8 3,0 0,06 35,3 8.3 0.00
15 Minutes w3 i a =
APiey Erareles 14,88 3.03 0,42 1.35 0,33 0,80 11,0 0.66 0,7h 6.8 1.9 0.27 15.1 2.7 0.27 76.9 13.b 0.37
- Cyanotie Children Three children (all males); age range 6-12 years; mean Up capacity = 22,9 vol. % (std.
dev, = 1,6); ges values on only one of these on the 15 minute post-exercise sample.
liean 3.8, p liean 3.0, p Hean S,B, p Wean 5.0, p lean 5,0, p #ean B.D. p
Pefore ” "
Fxercise 1L%0 £.%1 1,20 o.20 11,6 0,92 b0 2,9 7.1 0.3 .0 2,8
Immedistely ; : ko . ’ s
ifter Exercise 28e59 2.30 0,00 1.% 0,37 0,10 b1 234 0.3 i3.6 0,9 0.8k 3.9 0.7 0.00 16,9 2.3 0,00
15 ¥inutes .73 B,90 0,00 1.8 0.6F 0.2 155 3,00 007 3T o = 15T e ee (3% - =

After Exercise

Lgtandard peviation
zF’robability
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TABLE Vil-a

'p? Value for Difference Between Acyanctic and Normal Children
During Standard Exercise Test

Lactate fyruvate L-? Ratlo gontZi Content Setugation
L sriri 0.95  0.23 009 0003 0,000 0,000
Exercise ‘ L . E 8 -
Imediastely '
Exercise
15 #inutes : ‘
Exercise

TABLE V1I-B

'pt Value for Differerce Between Cyanotic and Normal Children
During Standard Exercise Test

: Cog 02 02
Lactate FPyruvate L-P Ratle g nec . Content Saturation

Bafore ;
immediately
After 0,000 0.09 0,52 0,000  ©.000 0,000
Exereise : '
15 liinutes
Aifter 0.002 3,19 0.21 R e ey

FExercise



FIGURE 6
Lactate, Pyruvate and L-P Ratio During
Stendard Exercise Test in Children,
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samples taken immediately after exercise in patients with patent
ductus arteriosus were not utiliszed in this particular study. Linear
reduction of blood oxygen saturation in the capillaries had to be
sssumed, According to lLundsgasrd end Van Slyke (22) this is a reason-
able agsumption to make, Hean cepillary carbon dioxide tension (pCOg)
of 50 mm, Hg., had to be assumed, Although this figure undoubtedly
varies among individuals, it probably represents a close approximation
to the mean {23), With these assumptions in mind the mean capillary
blood oxygen saturation was calculated using the determined venous
blood oxygen saturation with the following formula;

liean capillary Op saturation in & =

faok ek =) = R e T B P F R D WS W I SU
u;.‘wr.z&s. Ua auta:‘aw&n A} B - VYRIIOUS V‘g SRR LLIONO L1 &

2

lean capillé;ry pOs in mm, Hg, was then read from a standard oxygen
dissociation curve of hemoglobin at pCls of 50 mm, Hg.

Figure 7 is a graph of the L-P ratio against mean capillary pOp
in 28 children plotted from the data of Table VIII, The correlatiocn
coefficient is minus 0,60 showing a definite inverse relationship
between these two variables, Results obtained in & children with
cyanotic congenital heart disease at rest are also plotted on the
greaph from the data of Teble IX but were omitted from caleulation of
the correlation coeflieient,

The resulis of the lactic dehydrogenasé assay on 30 individuals
are listed in Table X. The ‘'index' (Qg%z’ x hematocrit) indicates the
relative amount of the enzyme presemt per unit volume of whole bhliood,
This value is plotted against the hematoerit in Figure 8, As seen

in the graph, the amount of lactic dehydrogenase per unit volume of



TABLE Viil

Correlation of L-P Ratio and Mean Capillary pUg in Normal Children
and Children with Patent Ductus Arteriosus

=
. HMesn
Neme  Age Sex Status  L-P Ratio gﬂiﬁfwy ﬁ;ﬁu{% 0
Normsl Children
.0, 7 F. Resting 11,5 58 | 53
.0, 7 ¥, Iumed, p-Ex, 10.6 7h - 67
c. C. 7 ¥, 15 min, p=Ex. 10,6 68 62
W.8 12 P, Resting 1.6 k9 19
#.8. 12 F. Tmea, pEx 1.8 52 %o
D, L. 11 M. Resting 12,3 L7 18
DL, 11 M, Immed. p-Ex. 13,2 30 h2
D, b, 11 K, 15 min, pelix, 13.0 L3 b7
D, H, 6 F, Resting 9.5 69 62
D,H, 6 F, |Immed, peBx, 11,1 7 6l
b. H, 6 F, 15 min, p-ix, .9.8 75 67
Le e b F, Resting 10,2 8h 80
B.R & H, Resting 11.6 73 67
D, E, 6 ¥, Resting - 10,2 57 | 53
H, B, 10 M., Resting 11.6 50 50
R, ¥, 13 ¥, Resting 12,7 65 - 60
6. R, 6 M., Resting 10,8 5h 52
v. K. k F, Regting 12.3 59 55
L W, 12 ¥, Resting 11.% 70 6k

8. 8. 8 F. Resting 10.6 77 69



TABLE VIII {(cont.)

Correlation of L-P Hatlo and Mean Capillary pOs in NHormal Children
and Ghildrsn with Patent Ductus Arteriosus

N Mean
Name  Age  Sex  Status  L.P Ratio gﬁzg:zgﬂgg c;ﬁii%ﬁ%
Children with Patent Ductus Arteriosus
R, . b F, QResting 8.6 85 80
R. C, b F, 15 min, p-Bx, 10,5 9k 90
A, W. 10 F, Resting 11.7 63 ‘ 58
AW, 10 F, 15 min, peEx, 11,7 81 73
L. 6. & P, Resting 11.3 77 69
b. 0. ' % F. 15 min, p-Bx, 10.2 65 60
J.S. 12 F. Resting 10,2 68 60

J. 8. 12 F. 15 min, p-Ex. 10.5 61 57



TABLE IX

i~P Ratio and Mean Capillary pUp in Resting Children
with Cyanotic Congenital Heart Disease

. % Arterial isan
Neme Age Sex  Diagnosis I~P Batio Op Sature % Venous O2  Capillary POy
ation Saturation i, . Hg,
¢, B, 12 M. Truncus ar- 1.2 &7 28 a3
teriosus; cor
triloculare
T. M, 5 ¥, Tetralogy of 10.8 56 34 n
Fallot
K, G, 1 F, Probable tetra- 12,2 50 9 23
logy of Fallot ‘
L., £, L M. Probable tetra- 10,9 65 53 36
logy of Fallet
J, 5, 6 W, Tetrslogy of Fal- 10,0 78 52 k3

lot and patent
ductus arterivsus

. L, 4 ¥, Unknown 10.3 - 8 73 57



FIGURE 7
Correlation of I~P Hatio and Kean
Capillary POy in Children.

o = lormals at rest.

© ~ Hormals immediately after exercise.
@ ~ Normals 16 mirnutes after exercise.
[] ~ Patent ductus arteriosus #t rest.

@ ~ Patent ductus arteriosus 15 minutes
after exercise.

A =~ Cyanotic congenital heart disease
at rest.
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TABLE X
fiesults of Lactic Dehydrogenase Assay on 30 Individuals

Index

Age Diagnosis -@g%z Hematocrit ¢ fggg % Hemstocrit)
R. H. 24  Hormal 121 k9 61
W, P, 2k ?e«(t,;gg%ga ggt:m%ﬁt 135 50 68
T. ¥, 18  Tetralogy of Fallot 158 77 122
P. K. 9 mo, Tetralogy of Fallot 133 56 %
M. M. B  Normal 140 38 g2
F. G, 6 Mormal L 33 L8
‘N, R. 24  Normal 118 L7 55
He R, 22  Kormal 121 50 61
H, 8. 23  lNormal 1hg L8 (4!
C. BE. 7  Tetralogy of Fallot 138 61 ah
D. B. 30  MNormal 142 a 58
S. 6, 24  YNormal 128 3 50
b, ¥, 14  Patent ductus arter- 132 Lo 53
o808
T. R. 6  Hormal 15 k5 65
N. M, 11 Normal 151 36 5%
¥ b ¥ ormal 180 3k 61
¥. €. h  Hormal 132 ki Sk
E, W, 2  Normal 156 k3 67
5, K. b Tetralogy of Fallot 145 73 106
J. 8, 24  Normal 13k L8 6L
R, P, 32 formal 138 Ly 61
N. 8. 25  Hormal 12k Ludy 58
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Results of Lactic Dehydrogenase Assay on 30 Individuals

- N » ” Index

Hame Age Diagnosis 4&82 Hematoerit (‘Fégz x Hematoerit)
C. D, 5 mo, Normal 1k2 3 leds
¥, G, 9 mo, Normal 151 30 ks
M, ¢, 1  Tetrslogy of Fallet 154 ko 75
K. €. 1  fTruncus arteriosus 176 Lo 70

with hypochromic

anemia
G. ¥, 72  Hypochromic enemia 1468 21 35
R, ¥, TL Hypochromic anemia 183 33 60
4, J. 69 Hypochromic snemia 142 25 36
I. H, 7%  Hypochromic amemia  1il 30 h2



FIGURE 8
Correlation of Lactic Dehydrogenase

Index and Cell Volume,

© - Hormals.
A ~ Cyanotie eonvenital heart disease.

O = Anemias.
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red cells was unaltered in the patients with cyanotic congenital
heart disease, the amount of enzyme per unit volume of whole bloed

being solely a function of the cell volume in all persons studied,
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DISCUSSION

The differences cbgerved in the concentrations of blood lactate
and pyruvate and the L-F ratio in adults and children are of practical
importance as well as of considerable theorstical interest., An L-P
ratio of 6 in an adult is considered indicative of moderate to severe
thiamin deficiency (8), If this is true, z ratio of & would represent
an equivalent state of thiamin defieiercy in a child, The only other
reported factor affecting the ratic is relative hypvoxis produced by
exercise (6) or acute exposure to low barcmetric pressure (7). Why
age should affect the L.P ratio is not apparent, In atbtempting to
explain this fact it may be pointed out that children have & basal
metabolic rate higher tuan that of adults, In order teo quantitate
these factors, Boothby and Sandiford's [igures (2h4) for the basal
- metabolism corresponding to the mean age of the normal children stud-
eid were compared with the basal metabolism corresponding to the
mean age of the adults (averaged for males and females), Their
results indicated the basal nutabmiism of ehildren to be increased
26% as compared with the values for adults, The values obtained in
~this study show thet the L~P ratio was increased 29% in the children
&s compared with the adults, Since lactate and pyruvate are important
intermediates in the oxidation of glueose, from which the body norme
ally obteins wost of its energy, it is possible that the ratic might
be related to the basal metabelism or to factors controlling basal
metabolism, This viewpoint is substantiated by comparing the L-P
r&tio capillary pO, correlation in the normal-acyanotie group of

children with that of children in the cysnotic group, 4s seen in
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Figure 7 there is very poor correlation between the two groups.

The cyanotic children have & normal [~P ratio in the face of a
markedly lowered capillary pUy. The two cyanotic patients who most
nearly correlate with the normal-acyanctic group have additional
iesions mitigating the severity of tissue anoiia‘ it is well known
that these cyanatie children have a very low basal metabolic rate,
averaging about minug L0 (25). The péaaibiiity is presented that
the normal L.P ratio observed in these childrem is relsted to the
lowered metabolic rate,

The results obtained from the standard exercise test demon-
strate that normal childrem and children with patent duetus arteriosus
behave similarly with respect to exercise, while guite & diff@fent
picture is seen in children with ¢yanotic congenital hesrt disease.

In normal children, the values far lactate and pyruvate are
- significantly higher immediately following exercise and aftar 15 min-
utes return to a value that is mot significantly different from the
" resting sample., Blood carben dioxide and oxygen contents are not
significantly altered at any time,

in children with patent ductus arteriosus the values for lactate
and the L~P ratio, but not the pyruvate, are significantly higher
immediately after exercise and return to resting limits 15 wimutes
afber exercise as do the normals, Elood carbon dioxide content in
the acyanotic group is rot aignifiaanﬁly'ehang&ﬁ, but blood oxygen
saturation falls significantly below the resting value in the first
post~exercise sanple and rises significantly above the resting value

in the sscond post-exercise sample {15 minutes), The fall ean be



3
!

atiribvted to an ingreased coefficient of axyper utilization and
possible reversal of shunt flow (Vo right-left) through the ductue
immediately after exercise, while the rise most probably represents
ar overcompensation of the mechanisms by which oxygen supply to the
tissues is maintained,

In the exercised children with eyanctic congernital heart disease,
“the values for lactate are significantly higher than the resting
values both immediately after exercise and fifteen mimutes after
exercise. The values for pyruvate and the L-P ratio are slightly
highér in both of the post-cxercise samples. The valueé for the
blood carbon dioxide content are not essentially different, but the
biood oxygen content is markedly lower in the immediate post~exereise
sanple.,

Comparison of corresponding sanples {Tabtle VI)) provides further
information about the differences between the various sroups, Certain
interesting differences sre seen between the normal snd acyanotic
group., Before exercise the L.P ratio of the agyanotic group is slight-
Ly lower than that of the normal group, while blood oxygen saturation
is significantly higher. Bloed carbon dioxide content is signifi-
cantly lower, Immediately after exercise, these differences have
disappeared, apd 15 minutes after exercise, the values are similar
to those for pre-exercise, The relation of the L.F ratio and blood
oxygen saturation in the normel and acyanotic groups reflects the
inverse correlation between these two variables already discussed,

The higher oxygen saturation and lower carbon dicxide content of

vencus blood in patients with patent ductus arteriosus have not been
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reported previcusly, Two possible explanations of this phenomenon
are: 1, Increased p0, of arterial bleed due to recireulation of a
large portion of the left venbricular output through the guimonary
capillary bed. 2, i vascmotor alteration r@suitiﬁg in peripheral
vagodilatation as a compensatory mechaniam whereby systemic blood fiow
ie kept within normal limits in the presence of a 'leak' in the aerta.
The former is unlikely since a large increase in the p0, of arterial
blood would pf@daaa only a very small increase in oxygen saturation,
The latter is reasonable and helps to explain the normal exercise
tolerance found in ﬁheaé individuals,

In the cyanotiec growp predicted changes are noted., The bloed
lactate concentration iz significantly higher then for the normal
group in beth post-.exercise samples, but not in the pre-exercise sample,
Blood pyruvate concentration is slightly higher in both post-exercise
samples, while the L.P ratio is slightly higher orly in the sample
taken 15 minutes after exercise, The blood carbon diexide content is
gignificantly lower in the two samples in whigh it was possible to
- garry out statistical analysis., It is well knowm that the decreased
arterial p0y scts as 2 stimulus to respiration sufficiemt Lo reduce
- blood earbon dioxide concentration in cyanotic coagenitai heart digease,

It is clear from the resulis of the lactic dehydrogenase assay
that the blocd of ehildren with cyanotic congenital heart disease
bas a hizher than normal content of tais enzyme by virtue of having
more red cells per urit voelume, Such a result carnot be econsidered
to indicate a éampnnsative mechanism sinee the concentration of the

engyme in the red cells remains unchanged. ‘lowever, the results do
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indicate a primary association betweer lactic dehydrogenase and red
blood cell metabolism, Ume of the most important functions of eryth-
rocyteg is that of keeping the iron of hemoglobin in the ferrous state,
The mecharism by which this is earried out ("reconversion mechanism"
(26)) is not completely understoed, but it is an ensymatie Process
involving a mumber of compounds, among which are glucose, lactate

and diphosphopyridine nueleotide (27, 28, 29), These facts, together
with the high concentration of lactic dehydrogenase observed in

red cells, suggest that conversion of lactate to pyruvate may be

one of the principel mechanisms by which hewoglobin is kept in its

active ferrous form,



PART II

ANCXIA TN EXPLRIMESTAL ANIMALS
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PYPERIMENTAL

In this part of the investigation 10 male rats of the Sprague-
Dewley strain weighing 320 to 365 gm. were wsed, Five animals were
kept as controls and a state of chronie anoxia produced in the other
§ by placing them in 2 sealed chamber at reduced barometric pressure.
The apparatus is diagranmed in ¥igure 9., The chamber was partially
evacvated by means of a Uenco Hyvac cil puwp, 4n adjustable inlet
cock permitted fine control of the pressure within the system, The
pressure was read with a mercury manometer and a mercury safety valve
prevented the pressure from dropping below a specified limit, The
rate were kept in the chamber contimuously for 7-11 days excopt' for
brief periods on alternate days when they were removed in order to
clean the chamber, Ample food { Purina Laboratory Chow) and water
were present at all times, The pressure was kept between L0 and
420 mm, Hg. {equivelent to abeut 15,000 feet altitude). The times
of tascert' and ‘descent ' were 15 minutes,

Before placing the animals in the altitude chamber they wers
weighed and 0,2 ml, of blood withdrawn by cardiec puncture for hemp-
globin determination, 4 wmodification of the method of Evel n and
Welloy (30) was used, COUne-tenth ml, of blood was laked in 10,0 mi,
of ¥,/60 phosphate buffer, pH 6.6 before elotting occurred, Three
ml, of the laked blood solution were delivered into the cuvetie of &
Becman Emial I spectrophotometer and 1 drop of 208 potassium ferri-
cyanide added, followed by 1 drop of 5% neutralized sodium eyanide,
converting the hemoglobin into cyammethemoglobin. 4 water blank was

treated in the same way., The instrument was rulled with the blank



FIGURE 9
Disgram of Low Pressure Apparatus
Used to Produce a State of

Chronic Anexia in Rats,
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saluhian at a wave-length of S0 millimicrons and the extinction of
the cyarmethemoglobin solution read, The methed was standardized
againgt the Van Slyke and Neill oxygen capacity method for hemoglobin
( remoglobin in gm,/100 ml, = o#yg;en capacity in vol, %/1.34). Hemo-
globin concentration was again mc&surad‘befere sacrificing the animal
in order to determine the degres of polyeythewia produced by exvvsure
to reduced barometric pressure.

The animals were fasted for 2k houre prior to tissue analysis,
This procedure was necessary to eliminate liver glycogen interference
with eytochrome ¢ aralysis, and alsc served as an additional contral,

The rats were killed by decapitation end heart, liver and gastrec-
nemius muscle taken for analysis, The tissues were removed ag guickly
as possible from the decspitated animal, &pproximately 0.5 gm. pertions
of each were tak;en. for ansglysis of easy hydrolyzable phesphorus frac-
tions and total pentose, weighed on a torsion balance, placed in an
ice~cold mortar and ground simultaneously with 0.5 =l. of guarts sand,,
2 ml, of 20% trichloroacetic acid and a liberal quantity of dry ice
chips, By this procedure it was possible to precipitém the proteins
and freesze the tissue within § minuwtes of sacrificing the animal,
The weighed samples were then placed in the freewing compartment of
the refrigerator. After taking an approximstely 2 gm, portion of
liver for analysis of succinic dehydrogenase, the rest of the samples
were placed in the freezing compartment of the refrigerator in small
stoppered bottles. Suceinic dehydrogenase was assayed on duplicate
5-15 mg, slices of liver by the method 6f QYusstel and Wheatley (16).

The principle of this method is the mame as that of the lactic
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dehydroignase assay outlined previocusly, In order to expedite the
analysis all preliminary preparations were carried cut before sscri-
fieing the rat, v

After completion of the succinic dehydrogenase assay { about 3.
hour) the weighed samples were removed from the refrigerstor and
allowed to thaw., As soon as possible they were poured into 15 ml,
centrifuge tubes and centrifuged. The supernate from each was poured
irto a 10 ml, volumetric flask and immediately neutralized to phenol-
phthalein with 2,5 ¥, WaCH., The precipitate in the centrifuge tube
and that remaining in the mertar were washed twice with 2 wl. portions
of 20% trichloroacetic acid, the washings added to the original super-
nate and neutralized as above, The extract was made up to 10 =i, |
with water, Four 2 ml. portiuvns were analyzed for phosphate fractions
by the methods given by LePage and Umbreit (17). Two 2 ml, portions
were transferred to € inch test tubes, Two ml, of 2 N. HCL were
added to one of these which was then placed in a boiling water bath,
After 23 mimutes the obher aliquot was acidified similarly and placed
in the boiling water bath., Exactly 7 minutes later both tubes were
removed from the bath and cooled in rurning tap water. Twenty minutes
before the end of the bolling period a third aliquot was acidified
as above fullowed by the addition of 10 ml, of & sclution of 2.5%
ammonium molybdate in 5 N, HCl, To a fourth aliquot was added 0.k
. of a 10% solution of caleivm chloride smaturated with caleium
hydroxide at pH 8,8, After 10 minutes the precipitste of calcium
phosphate was centrifuged down, washed with a little of the caleium

ehloride scluticn diluted 15 with water and centrifuged again., The
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precipitate was then dissolved in 2 ml, of 2 ¥, HCl, The sbove pro-
cedures were so timed that all the aliguots were ready for eolor
development at once, I[norganic phosphate was debermined on each ali-
quot by the Fiske and Subbarow method except that the reducing agent
| desceribed by Allen (31L) was used. Ten ml. ﬁf the ammonium molybdate
solution were added to all aliguobs except the third, This was
followed by 2 ml, of & solution of 1% amidel (2,h-diaminophencl di«
hydrochloride) in 204 sodium bisulfite, The sclutions were made up
to 100 ml, in volumetric flasks and mixed, After 15 minutes the
optical density was measurad at & wave-length of 600 millimicrons

in the Coleman Junior specirophotemeter., 4 standard containing 0,08
mg, of inorganic phosphorus was run with each determination,

In the above procedure each of the fractions analyszed presumably
represents the whole or a portion of certain phosphorus-containing
substarces present in trichlorvacetic acid extracts of tissue, The
aligquot preeipitated with calcium ion represents 'truwe! inorganic
rhesphorus-~that is, chosphorus presert in incrganic form in the
intact animal, The sliguot incubated in the cold for 20 minutes with
molybdate reagent represents ‘true’ inorganic phosphorus plus creatine
phosphate {phosphocreatine is rapidly hydrolysed in acid solution in
the presanaé of molybdate), The phospherus contained in the aliquet
boiled in 1 ¥, BCl for 7 minutes represents 66% of the 2 pyrophos-
phates of ATF and SOf of the pyrophosphate of ADP (plus small amounts
of phésphate«fram‘otha? esters), in addition %o inorganie phé&phﬂfu$
and phosphorus derived from phnaphocreatine, The aliquot boiled for
30 wminutes contains all the pyrophosphate of ATP and ﬁ.?ﬁ as inorganic



L6

phosphate,

Une mi, of the remaining neutraliszed extract was analyzed for
total pentose by the method of Mejbaum {32). The bound pentose was
hydralyzed and converted to furfural by bolling in & strong acid
solution econtaining orcinol and ferric ehloride, with which furfural
reacts bo give a characteristic green cclor, The pentose was then
determined by comparing the photomstric density at 660 millimicrons
wave-length with that of a standard pentose solution treated similarly,
The pentose determined by this methed represents principally that
eontained in adenylic acid and its derivatives, although some of it
is derived from penmtose phosphate, pyridine mcleotides and cther
compounds,

The remaining portions of liver and skeletal muscle were removed
from the refrigerator, The liver was analyzed for eytochrome ¢ by
the methed of Prader and Gonella (33). The cytochrome was extracted
with zeid ammonium sulfate sclution and hemoglebin removed from the
extract by fractional precipitation with ammonium sulfate, The cyto-
chrome was then precipitated with trichlorcacetic acid, centrifuged
off and dissclved in dilute slkali, After conversion to ferrccytochrome
¢ by addition of sodium hydrosulfite, the optical densities at 550
and 560 millimierons wave-length were measured, the difference between
them being proportional to the amount of eytochrome ¢ present, The
method was standardized against pure cytochrome ¢ prepared from horse
heart by the method of Keilin and Hartree (3hL),

The skeletal muscle was analysed for total creabinine by the method

of Barclay and Kenney (35). The tissue was digested in 1 N. HCl, con-
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verting all the orsatine into c¢reatinine, The extrect was filtered
and deproteinized, Creatinine wes determined nephelometricslly
after mixing with a Nessler<type reagent, A4 standard creatinine
- solution was run with each determination.

Per cent dry weight was determined on small portions of eagh
tissve by weighing before and after heating overnight in the oven
at 90° ¢,
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RESULTS

The animals kept at reduced barometric preéssure uniforaly lost
weight during the 71l days of exposure., This loss of weight was not
dus toc dehydration for the per cent dry weight of the heary, liver
and skeletal muscle of e¢xpesed animals was not materially different
than that of the control group (Table XI)., This confirmed the impres-
sion that the animals ate less at ‘taltitude! than at the usual eleva-
tion, The low barcmetrie pressure produced a definite polyeythemia
in all exposed animals. The increase in hemoglobin concentration
averaged 24% and varied from 15% in one of the animals exposed for
7 days to 39% in the animal exnosed for 11 days { Table XI).

No significant change was ohserved in the concentration of any
of the substances analyzed in these experiments, Sucecinie dehydroe
genase activity of liver fell slightly while cytochrome concentration
remained practically unchanged { Table XII). Total creatinine of
miscle showed no marked change; total pentose of heart fell al:;ghtly
while tha*t of liver and skeletal muscle rose slightly in the exposed
rats as compared with the controls (Table XIII), In the phosphorus
fractions the orly consistent change was a small elevation of the
"true ! inorganic phosphorus and ereatinine phosphate fractions
{ Table IV and Pigure 10). The 7 and 30 mimute hydrolysis fractions
remained practically unchanged.

In Tables XI~XIV each animal is represented by the same number,
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TABLE ZI-A

Weight, Hemoglobin, and # Dry Weight of Tissues in Control Animals

: Weight Gm, % % Dry Weight
Animal - ,.
in Ga. Beamsgisvin Tleart Liver Nuscle
1 330 15,2 23 2 2y
2 340 16,0 23 2h 27
3 350 15.8 22 25 23
b 330 174 2 27 26
5 340 17.6 22 23 24
hverage 338 16,4 23 25 25
Std. Dev, 1.5 Yo 2 0.8 b b
TABLE XI-B

Weight and Hemoglobin Before and After Exposure to Reduced Baroumeiric
Pressure and % Dry Reight of Tissues in Experimental Animals

Wt. in Gm, G, $ Hemoglobin % Dry Weight

SERESS Before AlLer Belore  Alber Heart  Liver  lusocle
1Q1)* 32 250 16,0 22,2 23 29 27
2(7) | 365 330 16.1 19,2 23 27 21
3 (8) 350 300 16,8 21.0 20 27 2l
b (7) 3h0 310 17.1 21,0 23 25 2h
5 (7 350 310 17.9 20,5 22 g5 23
iverage  3L% 300 16,8 20.8 22 27 2k

std, Dev, 3 11.8 26,8 +0,70 0,97 1.2 %15 t1i.9

*pays at altitude.



TABLE XIX

Suceinie Dehydrogenase and Cytochrome ¢ in Control Rats
and Rats with Compensatory Polycythemia

Sueeinic Dehydrggensse Cytochroms ¢ in Liver
Animal in Liver {tg%r (mg. % wet weight)
Control s Contral __ Txptl,
i 17 70 7.1 It 8
2 79 | 7% 5.0 5.5
3 73 73 L.5 6.2
b 87 75 7.0 5.8
5 73 6l 7.3 7.7
Average 18 7R 6.2 6.0
std, Dev, +s5.2 kb +1.2 e B
TABLE XIII

Total Creatinine of ifuscle and Tolal Pentose of Heart, Liver and
Husele in Control Rets and Rats with Compensatory Polycythemia

Total Creatinine Total Pentome of Heart, Liver and luscle
(mg. % wet wt,) Hears, Liver luscle

_Control Expbl, Control Lxptl. Control Japtl, Control Isphl.

328 313 17k 13k 176 201 184 201
3L2 306 180 189 in 130 188 201
3k 3% 16k 161 139 161 167 186
374 3ho 219 170 18 i 192 185

AL T - VT T

Average 3LO 333 184 169 - 168 18 183 198
Std, Dev.}22.2 %228,3 2200 Y20 *17.6 *15.7 F1iho 9.
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TABLE XIV

Eagy Hydrclywable Phosphorus Fractions of Rat Tissue
{mg, % wet weiphb)

Liver VCardiae imsele ) Skeletal iuscle

Control

Animal (1 @ B3 () Ly 2 3) (W iy (@) (3 W
1 — 20 26 30 — L8 61 6l — 78 100 124
2 15 i 30 32 33 ke 63 66 L7 58 77 88
3 22 28 » hg 33 b6 58 62 61 73 93 103
k 30 i L7 52 ho ;38 65 63 61 % 10 127
s 20 27 h2 52 38 53 61 65 61 83 ATE 127

Average 22 21 37 L2 ¥ k9 62 &5 58 7h 98 11k

3td, Dev, S.h Tk 77 8.3 3.1 2.4 2.4 23 6.1 6.5 S B

Exfcrimental

Animal () (2 (3} {h) (L) (@) (3) (&) (1) () (3) (&)
1 - 30 43 k6 - 63 3 7 - 90 115 137
2 17 22 35 38 35 k7 57 60 72 88 10z 122
3 23 28 38 k3 th ® 60 68 55 70 100 113
i 26 3 53 L8 35 ° L8 62 68 ST 10 96 112
5 28 3% 43 b6 37 87 72 80 il 90 108 15

Average 2L 29 L0 bh b1/ 53 65 i 6h 82 16 120

8td, Dev, k.2 L6 3,2 3.5 2.4 6.2 2% 3 ) T8 9.5 Tal 7.3

(1) ‘True! inorganic phospherus

(2) 1'True' irorganic phosphorus plus phosphocreatine phosphorus

(3) Inorganic phosphorus after 7 miruies hydrelysis

{4} Inorgenic phosphorus after 30 mirutes hydrolymis



FIGURE 10
Lasy Hydrolyzable Phosgphorus
Fractions of Rat Tissuves.

P « Polyeythemie
{Value at zero timé vepresents

sum of "aruet inorganic phesphorus
and creatine phosphate fractions)
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' DISCUSSION

The results obtained in this part of the investigation were for
practical purposes entirely negative, The ‘'true! inorganic phosphorus
concentrations giver are probably too high and the crestine phosphate
ccneentraticns correspondingly low because of the extreme ease of
hydrolysis of creatine phosphate both in vivo and in acid solution,

For tnls reason the sum of the inorganie phosphorus and phesphocreatine
fractions represents mainly the latter compound, The slight but con-
sistent elevation of these fractions suggests, therefore, that creatine
phosphate eoncentration was slightly increased in the polyeythemis

rats as éomparad’with the contraol ratm,. An increase in the comsen-
tration of creatine phosphate would be of value to an animal under
conditions of chrenic anoxia without an increase in the concentration
of ATF because the amount of ATP that can be resynthesized anaerobi-
cally depends t¢ a large degree on the amount of ereatine phosphate
present,

The constaney of cytochrome ¢ concentration in the polyeythemic
rats as compared with the normal animals confirme Drabkin (36), whe
found that the rate of appearance of mew cytochrome ¢ in regenerating
rat liver was mnchanged under conditions of chronic anoxia.

From the results of this experiment it cannot be said that there
is no tissue response to chronic anoxia through increased concentration
of certain substances concerned with enmergy transformation and oxygen
transfer., uere severe or prolonged hypoxia might result in sltera-
tions in the cell not observed here, FHowever, the results obtained

substantiate Drabkin's statement (36) that the primary response
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observed in the blood in response to chronie anoxia is separate and
distinet from any secondary response cccurring in the tissues. Mur-
ther confirmation of this statemert may be found in the recent work
of Bowen (37} and Poel {38) who found that myoglobin concentration
in skeletal muscle of rais and dogs respectively remains essentially
unchanged after several months exposure %o barcmetric pressure re-
duced svfficiently to produce marked polycythemis,

In view of the results obtained here and elsewhers it ean be
stated that the only aspect of gemeral tissue metabolism known to be
associated with chronie anoxia is 2 reduced mebabolie rate. There is
1itﬁlé information in the literature on the relation between pO2 and
respiratory rate in vitro in which oxygen diffusion can be eliminated
&g a lLimibing factor, For many years following the classiecal eXperi-

e

ments of Warburg and Kubowitz (39) on the influence of oxygen tension

on the rate of respiration of Micrococeus candicans it was generally

held that oxygen supply is not a limiting factor in the rate of
cellular respiration, However, Kempner (L0) has demonstrated that
below certain critical limits of axygen tension oxygen uptake of
many tissues in vitro falls off rapidly. Kregh (41) caleulated the
capillary-cell pOy difference necessary to maintain the observed
oxyzen consuﬂ@tioﬁ of mammalian muscle at rest and arrived st figures
af 19-L9 mm. Hg. The oxygen disscciation curve of myoglobin provides
evidence that a marked p0s gradient exisits between the capillary and
muscle cells containing this pizment. lyoglobin, in marked contrest
to hemoglobin, is 50% saturated with oxygen at pOs of only 3 mm, Hg,
(42). Thus, in order for this pigment to function affectively the



pOz in muscle cells must be at least this low (43), The average
capillary p0z found in normal children at rest in this investigation
was 060 mm, Hg. Assuming an intracellular POy of 3 mm, Hg. the
capiliary-cell p0y difference in these children averaged 57 mm, Hg.,
or sbout 25% moré than the maximum amcunt Lrogh esleoulated to be
necessary Lo maintain a normal rate of oxygen consumption, In the
children with cyanotic congenital heart disease the average capillary
pOs was found to be 37 mm. Hg,, an’that their eapillary-cell p0y
difference was 3L mm, Hg., or 25% less than the muximum amount Krogh
caloulated Lo be necessary to maintals a normal rate of oxysen
consumption, other factors being constant. On the basis of these
caleulations, therefore, the supply of cxygen could be a limiting
factor in the rate of oxygen consumphion in these children, That
such a mechanism actually exists has not been demonetrated in vivo,
but the fact that individuals with cyanotic congenital heart

disease under conditions of severe chroniec ancxia do have a low

metabolic rate strongly suggests its presemce,
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SUNMARY AND CUNCLUSIONS

Blood lactate and pyruvate concentrations and lactate-pyruvate
ratio values were established for normal adults and normal children.
The resting values for lactate, pyruvate and the lactate-pyruvate
ratio are significantly lower in nduita than in children,

Children with acyanotie congenital heart disease have a2 normal
lactate-pyruvate ratic at rest, Children with cyanotic congenital
heart disesse have a normal resting lactate-pyruvate ratio in
spite of a markedly lowered mean capillary oxygen tension, The
possibility is preserted that the rormal lactate-pyruvate ratio

in these children is related to their low metabolic rate,

The lsectate-pyruvate ratio varies imversely with mean capillary
oxygen tension at rest and after exercise in normal children and

children with patent ductus arteriosus,

Children with patent ductus arteriosus have a significantly higher
oxygen saturation of venous blood at rest than normal children,
The existence of a vasomotor mechanism, hitherte undeseribed,
whereby systemic blood flow is maintained by peripheral vagodiw

latation in the preserce of 2 fleak' in the aorta is postulated,

Children with acyanctic congenital heart diseese tolerate exercise
as well as normal children, while children with eyanotie congenital
heart disease tolerate exercise less well than normal children as
measured by blood lactate and pyruvate, the lactate-pyruvate ratio
and the blood gases,
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The lactic dehydrogenase content of red blood cells is unchanged
in individuale with eyanotic congenital heart disease as compared

with normals,

In rats made polycythemic by exposure to low barometrie pressure
there is no signifieant change in the suceiniec dehydrogensse
and cytochrome ¢ contents of liver, in the easy hydrolyzsble
phosphorus fractions and total pentose concentration of heart,
liver and skeletal muscle, or in the total creatinine content of

skeletal miscle,

In view of the above findings it is strongly believed that the
principal compensative mechanism operating in the tissues of
children with cyanotic congenital heart disease iz a reduced
metabolic rate resulting directly from inadeguate tissue axy-

éﬂmtiont
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