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P~\RT 1 

A INTRODUCTION 

It has been known aince 1916 (1) that hyperventilation in 

humnns as weil ns in experimental animais produces an incrense 

in blood lnctic-ncid concentrntion. This Inctntemia of hyper-

ventilation has not been regarded ns n pothological condition 

that could endnnger n pnticnt's life. It is inferred that the 

condition in man usually is benign and passes off wheu the cause 

of hyperventilntion is controlled. Hucknbee (2) stntes that this 

is a form of lactatemia in which "excess lactate" doea net nccur, 

i.e., the lactate/pyruvate ratio remains normal, consequently the 

NADH
2

/NAD ratio also i8 not altered. In other words, this form 

of lactatemia is not related to an oxygcn dcficit. 

Primary hyperventilation giving risc to an initial respiratory 

nlkalosis occurs in man in a number of disease states: a) voluntary 

or hystericnl hYPCl"Vontilation (3,4); b) CNS lesions, e.g., cerebro-

vasculnr nccidents; c) anoxemin, especially that of altitude (5); 

d) hepatic comn (6); e) salicylate poisoning (7); f) encephalitis 

(8); and g) excessive ventilation by artificial means on a respirator 

or under anesthesia. 

The nature of the mechnnism whereby hyperventilation causes 

an elevation in blood lactate concentration remains obscure. The 

fact that several observers have noticed that hypcrlactatemia 
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occurs with hyperventilation of the passive type refutes the 

theory that this mechanism is due to the muscular work involved 

in hyperventilation per se. 

As eorly as 1916 it was suggested that: "The production 

of lac tic acid assists in the neutralizotion of the relatively 

increased base which rcsults from blowing off of CO
2 

from the 

blood or addition of alkolies" j MacLeod olso colled attention 

to the effect of alkalinity in increasing blood glycolysis. 

In 1922, Dale and Evans (9) suggested: "Probably the comb!nation 

of blood alkalinity and doficient oxygenation due to low arterial 

pressure (in hyperventilation) will promoto the formation of 

lactic acid in the tissues". Later, in 1958, Huckabee (2) wrote: 

"Lactic acid accumulation during hyperventilation represents a 

mechanism for quickly reducing body bicarbonate as on adjustment 

ta alkalosis". Tobin (0), in 1964, studying the effect of pli 

changes on lactic und pyruvic ocid in blood, concluded: "Sorne 

other influence of pH must be responsible for the changes noted", 

ond postulated the existence of vasculnr changes affecting oxidation 

potontial of tissues and, or sorne other oxidation--reduction system 

in the total electron transport chain that may be more susceptible 

to hydrogen-ion concentration thon the lactote pyruvote pair. 

The purpose of our study wns to reproduco ond attempt to 

exploin in an cxperimcntnl animal (dog) a pathologicol condition 

previously documented in two patienls in our hospital (11). 
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The patients had severe, uncrontrollable hyperventilation 

secondary to damage of the central nervous system; they had a 

severe disturbance in acid--base balance, chnracterized by an 

alkaline arterinl pH, very low arterial PC0
2

, low serum 

standard bicarbonate, and a tenfold or more increase in hlood 

lactic-acid level, and increase in blood pyr~vate, and elevated 

L/P (lactate--pyruvate) ratio, Both patients showed clinical 

improvement, as weIl as correction of the acid--bnse homeostasis, 

after treatment by inhalation of 5% CO
2 

in air periodically for 

a period of severai hours, 

Our animal studies were designed to study not only the 

total body changes in hyperventilation as represented by the 

arterial blood, but also regional changes occurring in the 

liver, muscle, and gut, Also included are the effects of CO
2 

on the cardiovascular system and tonometric studios on lactate 

production in blood in vitro, Our experimental design was 

based on experimen ts by Eichenholz ct~, (12), They showcd 

that hyperventilation induced in dogs causes a rise in lactic 

and pyruvic acid concentration, and addition of 5% CO
2 

to the 

hyperventilating animal produces a decrcase in bath scids, They 

moasured both acids separately, but presented thoir results as 

the sum of bath and did not report the lactate/pyruvate ratio, 
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il HISTORICAL AND PIIYSIOLOGICAL REVIEW 

1) Pathway of eleetron transport in oxidation of lactate to pyruvate 

Luetie acid ia the end product of unuerobic metubolism. Its 

precursor, pyruvic ueid, is of primury importunce, sinee luetie 

ueid hus to be reconverted to pyruvie ueid to re-enter the metubolie 

pathways of the Kreb cycle for its utilizutioll. Pyruvie and luetie 

acid, in resting normal eireumstanees, ure in equilibrium. The 

reversible reaetion 

LDII 

Pyrllvute + NADH
2 
f::::~ LACTATE + NAD 

reqllires the presence of luctte dehydrogenase us a eatalyst. The 

dehydrogennse systems ore onoerobic, unoble to transfer Il Ion 

direetly to oxygcn; consequently, the presence of unother system 

ls reqllired to deul with moleclliur oxygen. Luctic dehydrogenase 

requires the presence of a coenzyme, nicotinnmlde ndenine nueleolide 

(NAD), as un nctivntor; this ncts as a hydrogen- and eleetron-

transfer agent by a reversible oxidntion reduction system. 

Lnct~lInCid XNA
" yFADII2X Cyt 

Pyruvic acid NAD1I
2 
A FAD Cyt 

The link between the reduced NAD and its oxidized form ls 

provided by the fluvoproteins whieh uet as n hydrogen-transfer 

agent to the cytochrome system. 
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Ali of these enzymes arc located in the mitochondrin of the 

intact cells. 

Tho oxidation of reduced NAD by the flavoproteins located 

in the mitochonJrin is not a direct reaction. Therc is sub-

stantinl evidence that direct mitochondrial oxidntion of cyto­

plnsmic NADH ig slow or non existent (13,11). Systems of shut­

tling reducing cquivalents from eytoplusmie NADU to the mito-

ehondrial system and then to the fluvoprotein system are dcscribed 

below. In the annerobie glyeolytic chain a single oxidative 

renction oecurs: the oxidntion of Rlycerolaldehyde-3-phosphate 

to 1,3-diphosphoglyceric acid. NAD is the obligatory acceptor 

of electrons in thts renctton. NAD is present in only catalytic 

nmounts in the normnl cclI, and the presence of a meehnnism for 

the continuolls oxidation of the reduced NAD is essentinl for 

mnintenance of glycolysis. The reduetion of pyruvie aeid to 

lnettc ncid i5 one sueh mechnntsm. The normnl c(>ll hns other 

systems thnt compete with lactie dehydrogennse for oxidation 

of the extramttochonllrial NADU in order to maintnin the pyruvnte­

lactate equilibrium (11) and prevent lactate accumulation. These 

systems include the cntnlytic reductton and oxidntion of 1) oxnlo­

ncctnte und mnlnte, and 2) dihydroxyncetone phosphnte nnd glycere 

phosphate (15): bath of these systems cnn react through the 

respective mitochondrinl enzymes with the components of the 

resptrntory chain. ln this way hydrogen ion con bc ehnnncled 

toward its terminal oxidntion in the mitochondrin without nctunl 

renction of lnctate itsel! with the respirntory chain. 
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EXTRACELLULAR CELLULAR MITOCHONDRIA 
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Figure 1: Schematic presentntion of the cutnlytic recluction nncl 

oxidation of oxaloacelnte/malnte nnd dihydroxyucelone-

phosphale/glycorophosphnte shuttllng systems (15). 
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2) Pyruvic acid: nerobic and anaerobic cycle 

Pyruvic ac11 formed from the metobolism of glucose or from 

nmino acids (e.g., alanine and aspnrtic acid) follows three main 

pathways: a) Conversion to lac tic acid by loctic dehydrogenase 

and the NAD/NADH systemj b) entrance into the Kreh's cycle by 

conversion to active ncetate (~, acetyl coenzyme A) by oxida­

tive decorboxylation, catalyzed by a decarboxylase requiring 

thiamine diphosphate, lipoic aCid, and coenzyme Aj and c) entrance 

into the dicarboxylic-acid shuttle by conversion to malic aeid by 

direct carboxylation and reduction through the nction of malic 

enzyme. Oxidation of malic aeid to oxaloacetate follows and, 

through decnrboxylation to enolphosphopyruvic aCid, the reaction 

continues to the formation of glucose or glycogen. 

If anaerobic conditions prevail, or if the reaction occurs 

in tissues without mitochondria (red blood cells), pyruvic acid 

is reduced to lactic aciel by dehydrogenation of the reduced NAD 

which was produced by oxidation of glycerolaldehyde phosphate. 

The reduction of pyruvic acid to luct1c acid then serves to 

regenerate NAD, which participates again as a hydrogcn acceptor 

with oxidation of glycerolaldehyde phosphate to glyceric acid. 

This metubolic pathway ls of special interest in the red cell, 

which is able ta utilize glucose by the phosphogluconic pathway 

and the Embden--Meyerhof pathway, 90% of glucose being utilized 

by the latter (16). 
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3) Physiological disposition of lactate and sites of production 

Since the time of Claude Bernard it has been known that the 

liver supplies glucose ta the body. Mann and Magath (17) have 

shown that the liver is the source of glucose for the maintenance 

of the blood levels of glucose. Cori and Cori (18) were the first 

to observe glycogen formation by the liver, and Hill, Long nnd 

Lupton (19) concluded from their studies in humons that the greater 

part of lactic acid produced during exercise was reconverted to 

glycogen. 

Fletcher und Hopkins in 1907 (20) were the first to describe 

accumulation of lactic acid in the muscle during anaerobic con-

traction and its disappearance in the presence of oxygen. Meyerhof 

(21) and Embden et al. (22) studied the metabolism of carbohydrate 

and its by-products nnd delineated the anaerobic pathways in tho 

metabolism of glucose: the Embden--Meyerhof pnthway. Also Meyerhof 

(23) and, especially, Hill (24), made extensive independent studies 

on muscle metnbolism, showing a relntionship of lactic-acid production 

ta contraction. 

Himwich, Koslwff and Nahum (25) demonstrated the glucose--lactic-

acid cycle existing between muscle and liver. They studied the 

regionul concentration of blood lactate. The concentration of luctic 

ncid in the blood lenving the muscle in the Cemoral vein ls greater 

thon that of the fomoral nrtery. 
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Tho blood lactate coming from the liver in the heputic vein 

is lower thon that of the ortery or portol vein entering the 

liver. Blood glucose concentration in the blood returning froffi 

the muscle, in the femorDl vein, is less than that in the femoral 

artery, whereas the concentration of glucose in the blood leaving 

the liver, in the hepatic vein, is greater than that of the artary 

or portal blood. They proposed the classical scheme, also known 

as the Cori--Cori cycle: 

Liver 

~GIUCOSe~ 

MlIscle 

~ I.Jactic ncld ~ 

Since the publication of the Cori--Cori cycle it has been accepted 

that luctic ncid is produced by the muscle and utilized by the liver, 

but this Interpretation of lactic-acid metabolism is far too simple 

in the light of present knowledge. The main limitation of this cycle 

is thnt it does not take into consideration the lactic-acid precussor, 

pyruvic acid. No such cycle exists for pyruvic acid; therefore,the 

Cori--Cori cycle is more an indicator of tho difference in equilibrium 

of the tissue lactic dehydrogennse. Also, meosurcments of lactate and 

pyruvate content of different tissues of the body show great varinbility, 

as welL as in their relative proportion to each other (15). The highest 

concentration of lactate is found in the bLood, aspecially in the 

plasma. These findings point to anothor limitation of the Cori--Cori 

cycle, namely, thot the blood itself was not considercd as a metnholic 

organ und the metabolic activity of o1'yth1'ocytos and loucocyte.' was 

ignored. 
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Guest ct al., (26) have shown that blood utilizes 3.lI g. 

glucose in 24 hours; and Murphy (16) demonstrated that red blood 

cells uti lize glucose mainly by the Embden--Meyerhof pathway, 

Inctic ncid being the final mctabolic product (ns the mature red 

cells do not have mitochondria and consequently no tricarboxylic-

ncid cycle). 

4) The Inctate--pyruvnte ratio 

With progressive understanding of carbohydrnte metabolism 

and the discovery of different intermediary by-products, increasing 

attention has been paid not only to concentrations but also to the 

rntio of the concentrations of these two acids. The aerobic utiliza-

tion of pyruvate in the presence of NAD and lactic oxidase, both 

necessary to maintain the lactate/pyruvate ratio, caused Friedeman 

(27), as carly ns 1941, to state: "The Inctic/pyruvic ratio is an 

indicator of the oxidative condition of the tissues". He pointed 

out nlso that pyruvic and lactic acid accumulate in blood and tissues 

when curbohydrnte is being metabolized nt an increased rate in anoxia and 

during exercise (28). He gave the value of the L!P ratio as Il.3 ! 2. 

After attention had been called to the Inctnte/pyruvate relationship, 

various pnthological and physiological states were described in which 

varintion of L!P ratio was measured. These ure considered helow. 

In the light of present knowledge concerning intracellular 

oxidntion--reduction systems, a decrease in oxygen supply to the living 



- 11 -

cclI will shift the re~ox systems towards n more reduced state; 

cytochromes and their dependent systems (flavop~oteins and NAD) 

will he shiftcd to thcir reduced forms. The lactic-dchydrogenase 

system is unique, in that lactic acid is a mctabolic "cul de ~", 

unnblc to participatc in any other rcnction except for its 

rcconversation to pyruvic acid • 

.l.!;-!?~--
Pyruvatc + NADH

2 
-----..7 NAD + Lactate 

Hucknbce (2), in 1958, believed that lactate and pyruvate 

diffuses so readily out of cells that the lactate/pyruvate blood-

concentration ratio will rcflect the NAD/NADH equilibrium in the 

cells (67). He proposed a mathemntical formula, based on the L/P 

ratio and NAD/NADH equilibrium, to express the intracellt:lar state 

of oxygenation; the expression "excess lactate" indicated and 

index of the magnitude of the anaerobic glycolytic process. 

XL = (Ln-Lo)-)Pn-Po) L/P 

Whore XL is excess lactate and 

Ln and Lo represent experimental and control lactate, and 

Pn ~nd Po, experimental and control pytuvate, respectively. 

Thus, Friedeman's concept (27) that the L/P ratio is an indicator 

of the oxidative condition of tissues now can be expressed in 

semiqunntitative terms that take account of the ratio as weIl as 

the absolule concontration. 

r 
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The presonce of excess lactate, according to Huckabee, pre-

supposes the presence of oxygen deficit that could be physiological 

or pathological. The only physiological state where excess lactate 

is present is during exercise (29). Ile showed close correlation 

between,removal of excess lactate and the oxygen debt acquired in 

exercise. Also in studies of severe induced hypoxia (at half 

alterial-blood saturation, with a P0
2 

of 26 to 32 mm IIg.) excess 

lactate also correlated with oxygen deficit (30). The concept 

that whole-blood excess lactate is an indicator of the state of 

tissue oxygenation has been disputed lately by several authors. 

lIohorst et al., (15) called attention to the variability of lactate 

and pyruvate content as well as the L!P ratio in the different 

tissues. They pointed out thnt the highest content of both meta-

bolites is found in the plasma and the resting skeletal muscle has 

a L!P ratio of 21.2. The heart has the lowest total nmount of 

lactate and pyruvate. Alpert (13), in studies with exercised 

dogs, questioned the relationship between the excess lactate 

removed and oxygen debt (23). When hepatectomized dogs were 

exercisod, the oxygen debt contracted was the same as in normal 

animaIs but the removal of excess lactate did not occur as it was 

prevented by exclusion of the liver. 

The concept of excess lactate implies that lactate and 

pyruvate in the blood arc in simple equilibrium with cytoplasmic 

lactate and pyruvate; it also implies that there i8 a simple 

relationship between cytoplasmic and mitochondrial NAD and NADII
2

• 
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Finally, the content of mitochondrinl NAD and NADH
2 

determines 

cellular oxygen consumption. These three nssumptions arc question­

able. Glavinno et al. (31) hnve shown in heart muscle a lack of 

equilibrium between plasma and tissue lactate. Thus, when plasma 

lactate was increased tenfold, the tissue lactate and pyruvate 

remained constnnt. Oxidntion of cytoplasmic NADH by mitochondria 

is dependent on severnl metnbolic renctions cited above, and mny 

hnve nn equilibrium dUferent from the NAD/NADH
2 

of mitochondria 

(15) • 

Nevertheless, Hucltnbee's major contribution wns to calI 

attention to the pathological states associated with hyper­

lactatemia in man (32). Before 1958, alterations in lactic-

acid concentration were considered to be mainly of physiologicnl 

interest and were studied in exercise, after exogenous epinephrine, 

and after glucose infusion. No attention wns paid to 1he role of 

lactate in humnn disease. Hypcrlnctntemia in humons, according 

to lIuc!tabce, can be classified into two groups: 

Group-1.: Vnrious physiologicnl stresses: 

Hyperventilntion with decrensed pC02 nnd incrcased pH, 

trentment with epinephrine, glucose, insulin, or bicarbonnte. 

In these pntients hoth ncids, lactate nnd pyruvnte, incrense 

proportionn1ely, 50 no eXCDSS lactate occurs. 
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Group 2: Pathological states: 

A) Hypoxia of recent onset, or cicurlatory cOllapse, in such 

excess lactate is present and pH is acid. 

B) No obvious cause for Inctatemia--pntients with idiopathic 

excess lac tate--also call pd "spontaneolls lactic acidosis" 

(33) • 

The pathological significance of the lactatemia of hypoxic origin 

has been weIl documented (34,35). Hyperlactatemia of hyperventilation 

(Group 1) has not been considered a pathological situation likely to 

cndanger a patient '5 life, a statemtllfwi th whieh the group at the 

Royal Victoria Hospital eannot agree. To them, these patients are 

of special intercst as, in their experience, hyperlactatemia of 

. hyperventilation is a severe pathological condition that can be 

fatal. Also, it has been found to be n state, in man as weIl as 

in the dog, in which exeess lactate and elevated L/P ratios do 

occur. 

5) Experiments in which hyperventilation or alkalinisotion cause 

hyperlactatemia 

MacLeod (36,37), in 1917, reported in humons and dogs that an 

inerense in hlood lactie-acid levels occurred with addition of nlkalis, 

together with a decrcase in blood sugar concentration. Ile also observed 

increase in lactate in hyperventilution. His explanation for the 

lactntemia implied that it was a compensatory mp.chanism for resto­

ration of the reduced free hydrogen-ion concentration. 
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Dale and Evans (9), studying the effects of hyperventilation 

on systemic hlood pressure in cats, demonstrated a decrease in 

blood pressure as long as hyperventilation was maintained. The 

effect was the same if the animal breathed air, oxygen, or 7% 

oxygen and nitrogen mixture. Whon hypcrventilation was discon­

tinued the blood pressure returned to control lovels. If the 

cats were hyperventilated with 4% or 5% CO
2 

mixture, no drop 

in blood pressure occurrcd. Bicarbonate or hydrochloric-acid 

infusion had no effect on blood pressure. During hyperventila­

tion they noted an increase in lactic-acid concentration, but 

it continued to rise despi te the decrease in blood pli when 

hypcrventilation \Vas mnintained for l~ hours. They concluded 

that the rise in lactate \Vas caused not only by the initial 

alkalinity but also by the deficient tissue oxygenation second­

ary to the decreased blood pressure. 

Anrep and Cannan (38) studied the effect of hyporventilation 

on hlood lactio-acid leVf"lls, using a hcart--lung by-pass pre­

paration in which they could maintain 02 saturation and CO
2 

tension at any desired level. They found that, cven at oxygen 

saturation of 40%, blood lactic-acid concontration would decrease 

in the presence of 8% CO
2

• Also, if oxygen content of blood 

increased to normal levels and CO
2 

\Vas removed, lacttc acid in­

creased fourfold. They concluded that the increase lactic in 

acid was dctermined primarily not by the oxygen or carbon-dioxide 

. , 
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tension but by the reaction of the blood, anel that lactic-acid 

concentration in the blood was a buffering system against changes 

in pH. Long, in 1923 (39), breathing different gas mixture!'>, 

showed that pure oxygen has no effect on blood lactic-acid con-

centrntion but, if CO
2 

is added to the inspired gas, blood 

lactate decreases. Ile also concluclecl that the changes in pU 

were the casual factor in dotermining blood lactate leveis. 

Bock, DilI nnd Edwards (40) found the normal level of 

lnctic acid in humons tn be 6 ta 14 mg./IOO ml., with an average 

of 10 mg./IOO ml. In alkalosis induced by ingestion of high 

dose!'> of bicarbonate, they find no significant increase in lactate; 

the same applicd to ingestion of ammonium chloride. In hyper-

ventilntion induced hy CO
2 

inhalation, in spi te of decreasing pli 

t!wrc was no increase in Inctic acid. Anoxemia, induced by 

I)reuthing low oxygen mixtures, caused luctic acid ta rise only 

when extreme blood oxygen desntlll'ation was producod. They 

concluded: "The lactutemia is not relatcd simply to shifts 

of hydrogen ion concentrntion nnd the respi~utory muscle 

production of lactlc aeid in hyperventilation cannot uccount 

for the riso in blood level concentration when the subject is 

hypcrvonti lating voluntari ly as opposed to CO
2 

induced over-

hroathillg". 
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Eichenholtz et al. (12) showed that sustained hypocapnia 

in dogs produced a bicarbonate deficit that is progressive as 

long as hyperventilation is maintained and cnn be accaunLed for 

by the rise in lactate and pytuvate. Addition of CO
2 

with can-

tinuation of hyperventilation restares tho bicarbonate level 

partially; again, the rise in bicarbonnte was accounted for by 

d0crease in lactate and pyruvate. In experiments where pH 

was controlled and pC0
2 

varied, increases in lactic ucid and 

pyruvic acid wero rolated only ta reduced C0
2

0 No ri se in 

lactate and pyruvate occurred in hypoxia unless associated 

with hypacapnia. The authors concluded that the rise in lactate 

and pyruvate in hyperventilation is a homeostatic compensa tory 

mechanism ta pH changes but may become El patholagical stute 

later and may even become extensive enough to cause metabolic 

ucidosis. By the administration of CO
2 

the metabolic changes 

could be corrected. Unfartunately, they did not report sepnrate 

values for lactate and pyruvate. 
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PART II 

A CLINICAL PRESENTATION 

Case 1. Hyperlactatemia in association with alcoholism and 

Wernicke's encephalopathy 

The first patient, T. C., was a 55-year-old man, an alcoholic 

who was malnourished. For sorne months before admission he had an 

ataxic gait. His admission to hospital was precipitated by a 

confusional state of subacute onse associated with shortness of 

breath. He was hypotensive on admission and in acute congestive 

heart failure. On neurological examination he was noted to be 

confused and stuporous, hyperventilating, with a coarse nystagmus 

to lateral gaze, sluggish pupil responses, and absent reflexes 

at knees and ankles. He had no ophthalmoplegia. These changes 

were compatible with the diagncsis of Werniske's encephalopathy. 

Later, Korsakoff syndrome \Vas diagnosed becallse of amnesia for 

recent events, confabulation, peripheral neuritis of the glove--

stokcing type, and periphernl nreflexia. Hepatic pre-coma was 

considered, but the consensus of opinion \Vas agninst this view. 

The subsequent changes in this patient con best be des-

cribed by referring to Figure 2, in which arterial pH, standard 

bicarbonate, PC0
2 

and blood lactate are plotted, as well as 

alveolar ventilation (in litres per minute) and urine volume, du-

( ring the first four days of his stuy in hospital. The ordinate 

of hydrogen-ion 
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concentration Is expressed as m;«nols/ll tre wi th equivalent 

pH values alongside. Bicarbonate concentration, in mMols/litre, 

is the standard bicarbonate of Astrup: this ordinate represents 

bicarbonate values present if the pC02 had been 40 mm. IIg in 

each sample. Tho pC02 ordinate represents the values at a given 

pH if the standard bicarbonate has been 24 mMols/litre in oach 

sample. The degree of displacement of the bicarbonate lino 

above normal range denotes the extont to which the sorum 

bicarbonate is depressed. Similarly, the degree of displacement 

of pC02 below normal range inclicates the degree of deprossion 

of arterial pC02. The blood lactate leve l, in mMol/li tre, is 

indicated by the same symbol as serum bicarbonate. It con be 

seen thot there is a parullel change hetween the clcgree of 

dcpression of serum bicarbonate and the degrce of clevation of 

arterial lactate, eventhough the sCèlc of the bicarbonate 

ordinate ls not a Simple arithmetic one. 

The initial pH was 7.22, with a pC0
2 

of 14 mm. Hg and a 

bicarbonate of 7 mMols/litre. The patient was treuted for heart 

failure and later on, on the same day, the arteriol pli hnd risen 

to 7.40 \Vith a pC0
2 

of 11 mm. Hg and bicarbonate of 9 mMols/litre. 

The ventilation rate was h1gh and the total minute ventilation wus 

measurcd by a Wright spirometer at 19 l./min. An arterial-blood 

lactate was drawn the following morning, at which time pH was 7.42, 

pC0
2 

\Vas 13.5 mm. Hg, ond standard bicarbonate was 10.4 mMol/litre. 

During the second clay the alveolar 
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ventilation was 25 litres/minute and mtcr that day he was in-

fused with 88 mMol sodium bicarbonate. This did not affect the 

degree of the hypervcntilation significantly, and the pH was 

raiscd to 7.50 with a pC0
2 

of 18 mm Hg and standard bicarbonate 

15 mMol/litre. Throughout this period of time the arterial 

blood pressure was 100--110 mm Hg systolic and 65--80 diastolic. 

The patient was broathless und clammy, with cold extremities 

und peripheral cyunosis. The arterial oxygen saturation was 

measured twice und was 99--100%. Later, on the third day, the 

patientts general condition appeared to be deterio~ating rapidly, 

blood pressure WaS lower, and the urine volume diminished. For 

this reason it was dccided to try the affects of inhalation of 

5% CO
2 

in oxygene As the initiul 30-minute pcriod of CO
2 

in-

halation was not associatcd with further or Immediate dcteriora-

tion, CO
2 

was administered for ]5 minutes in every 20 minutes 

over the subsequent 10 hours. The arterial pH was checked 

four times during this period of administrution und it can be 

seen (Fig. 2) that, ulthough the urteriul pH remained on the 

ulkaline side, there was a progressive rise in standard bi-

carbonate, to 23 mMols/litre and arteria1 PC0
2 

was raiscd to 

28 mm Hg. This period of forced CO
2 

breuthing was aSBociated 

with considerable c1inica1 improvement, especiully noticed by 

increased body wurmth, disappearance of periphcral cyanosis, 

and return ta consciousness. The urine volume increased markedly. 
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During the fourth day hyperventilation continued but was much 

diminished. Throughout thesc four dnys the patient received 

a large amount of intrnvenous vitamin BI' riboflavin and 

hypertonie glucose, on the basis thnt he hnd an ncute vitamin-

il deficiency. He gradually improved thercnfter and returned 

to a semblance of normal henlth, though with Korsnkoff syndrome, 

nnd was sent home. 

Cnse II. A pntient with diabetes mellitus, severe cerebro-

vnscular disease, and lactatemia, 

The second patient, M. S., was a 55-year-old female with 

a 35-year history of diabetes mellitus. Hypcrglycomia and 

glycosuria had been difficult to control for many yenrs. The 

major complication had been a cerebrovascular nccident (with 

hemiplegia) 4 years previously nnd another episode of the same 

sort one year previously. She had residual motor aphasia but 

was fully conscious up to the time of her past admission, which 

was to re-establish control ovcr her hyperglycemia. 

A disturbance of acid--base homeostasis, with lactatemia, 

oecurred during the last 5 days of her life; ahc had bccn placed 

on an oral hypoglyccmic agent (DBI, 50 mg, b.i.d.) two days 

previously. Although this agent has becn incriminated as a causc 

of Inetic acidosis (65,66) we are not suro whcthcr it played any 

( role in the events that preceded her death. These cvents are 

show., in Figure 3. 
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It may be stressed that the blood glucose levels were considered 

"safe" throughout this 5-day period, and at no time were ketone 

bodies detected in the blood, nor was there oxygen desaturation 

of the arterial blood. Figure 3 records the respiratory rate 

per minute, blood pressure, and pertinent facts about the con­

dition. Also shown are the arterial pH, PC0
2

, standard bicarbo­

nate, and lactate. The scales of the ordinate are the same as 

those on Figure~. 

As indicated nlready, the patient was placed on DBI on the 

25th day; she remained weIl until the evening of the 27th day, 

when she wes Iloted to be confused and hypotensive. During the 

night she became clammy and comntose nnd was noticed to be 

hyperventilating. As blood-streaked mucus wns nspirnted from 

her throat, gastro-intestinal bleeding was diagnosed and 3 units 

of blood were given on the 28th morning. However, hematocrit 

value Just before the transfusion wns unchanged. The blood 

pressure improved to a 95 systolic and 70 mm Hg diastolic, and 

nttention then wns drnwn to the incrensed respirntory rate. 

Dy the early part of the afternoon of the 28th day the arterial­

blood pH was 7.42, with arterial standnrd bicarbonate of 13 

mMols!litre and pC0
2 

of 18 mm IIg. Later that day shc received 

hlood and 88 mMols sodium becarbonate, with resultant decrease 

in the respirntory rate. Blood lactate was raised to 15.5 mEq! 

litre. 
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Dy the morning of the 29th day the hyperventilation was worse, 

with n respiratory rate of 30 to 34 per minute, pC0
2 

19 mm Hg, 

and standard bicarbonate 14 mMol/litrej however, the pH was 

7.45 (I.e., she was in mild alkalosis). 11er condition deterio­

rated during the 29th dayj blood pressure remaincd low but she 

was not in shock, although still unconscious and hyperventilatingj 

her extremities were cold. There were few changes in the para­

meters of arterial pH, pC02 and standard bicarbonate during the 

rest of the day. It was dccided late in the evening of the 29th 

day that she was moribund and that an attempt should be made to 

revive her by the administration of 5% CO
2 

in oxygen for 15 

minutes in every 20 minutes. It may be repeated here that the 

arterial oxygen saturation was above 96% on each occasion that 

the blood was sampled. After two periods of administration of 

CO
2 

there was no apparent improvement and peripheral circulation 

was still very poor. For this reason it was decided to add the 

effects of peripheral ganglion blockage to any beneficial effects 

that might be occurring from CO
2 

administration. Dibenzyline was 

administered in normal saline in a dose of 1 mg/kg/body-weight 

over 30 minutes. This, combined with CO
2

, was nssociated with n 

fall in blood pressure, but an incrense in warmth of the extremities 

and improved peripheral circulation \Vas detected clinically. At 

the same time, the three parameters of acid--base homeostasis 

reverted to normal range, as shown in Figure 2, by the convergence 

of pH, PC0
2

, and bicarbonate. 
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Arterial blood was drawn at the end of p~riods of CO
2 

ad­

ministration so thnt the pH would be at its lowest value and 

PC0
2 

nt its highest. There was a tendency for pC02 to fall 

ngnin after the CO
2 

was discontinued and the pH remainecl 

slightly more alkaline than normal. However, after the CO
2 

and dibenzyline thernpy, the respirntory rate was approximately 

22 per minute; sh~ was able to respond to spoken word, her 

skin was warm, and she appeared much better. Coincident with 

the return of standard bicarbonate toward normal values there 

was a decrense in the arterial blood lactate which reached its 

minimal value of 3.5 mMol/litre at the end of the period of 

CO
2 

brenthing, though subsequently rising agnin to 7.4 mMol/litre 

on the 31st day when the respiratory rate began to increase once 

more. On the 31st evening she vomited, uspirated,and died with­

in a few minutes. On post-mortem examination, the medulla oblon­

gata showed evidence of numerous, scattered, fresh hemorrhages. 

SUMMARY 

Case 1: The first patient showed: a) lactatemia due to 

primary hyperventilntion, b) regression of the lactatemia with 

forced CO
2 

breathing, c) improvement in the peripheral circula­

tion and gencrnl condition with CO
2 

inhnlntion, and d) cessntion 

of the hyperventilntion when the primary mechnnism of Dcute 

Wernicke's encephalopnthy was treatcd with vitamin-D complex 

in mnssive doses. 
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Case II: This patient had on acid--base disorder as a result 

of primary hyperventilation eaused by brain hemorrhage. As in the 

first patient, the lnctatemia regressed with forced CO
2 

breathing 

and ganglion blockade and the peripheral circulation and state of 

consciousness improved. 

Both patients presented with alknline pH, despite the high con­

centration of blood lactic acid. 

A) DISCUSSION: 

It is not known how respiratory alkalosis causes accumula­

tion of luctie acid. In the past, it has been postulated that 

the lactatemia of hyperventilation is a homeostatic compensatory 

mechanism to pH changes (1,2). Others have sugges ted a comb inn­

tion of factors, mainly the blood alknlinity associated with 

low tissue oxygenation causcd by tho vnsospnstic effects of low 

nrterial pC0
2 

(9). Low tissue oxygen concentration will affect 

the oxidntion reduction systems in the total electron-trnnsport 

chain, not only of the lnctnte--pyruvate pair but perhaps also 

of sorne other redox system more susceptible to pH changes (0). 

Blood pytuvate was not measured in the Cirst patient; in 

the second case, blood pyruvate was elevated, although not pro­

portional to the blood lactate increase, with consequent eleva­

tion of L/P rntio and "excess lactate"(Figure -1 and Tnble 1). 
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St. IICOj Lactate Pyruvate Lacta~ 
mEq/1. mEq/I. mEq/1. Pyruvate 

ratio 

13.0 15.7 0.52 30.2 

15.0 13.8 0.83 16.6 

17.5 12.8 0.61 21.0 

18.0 11.9 0.60 19.8 

14.3 13.3 0.55 24.0 

16.5 10.6 0.60 17.7 

15.5 11.7 0.45 26.0 

15.0 11.7 0.51 23.2 

16.2 11.5 0.49 23.2 

14.8 11.8 0.51 23.2 

18.0 11.0 0.46 23.8 

21.0 9.45 0.49 19.3 

19.5 8.7 0.46 18.7 

19.5 8.8 0.45 19.3 

25.0 8.0 0.36 22.0 

26.2 5.3 0.35 15.1 

28.4 3.45 0.26 13.2 

26.8 5.15 0.32 16.1 

24.2 4.0 0.25 8.7 

24.2 5.35 0.46 11.6 

20.2 7.55 0.45 16.5 

23.0 4.9 0.34 14.4 

Table 1: Standard bicarbonate, lactate and pyruvate concentration 

in mH/l, and the L/P ratio 011 patient H.S. 

" 
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This finding is opposed to Huckabee's statoment (2) that 

the L!P ratio in hyperventilation is not altered and that no 

"excess lactate" occurs. It is of historical interest that, 

as early as 1923, Harrop and Loeb (41) presented a patient with 

epidemic lethargic encephalitis with severe uncontrollable 

hyperventilation and blood pH 7.59. No treatment was given to 

this patient, but the authors commented: "Alkal1 therapy which 

might be suggested by reason of the low plasma bicarbonate, 

would be contraindicated, although breathing of air mixtures 

containing carbon dioxide might conceivably be useful". Since 

1938 attention has bean called ta hyperven t11ation in hysterical 

patients (42--44), and the beneficial effects have been known 

of rebreathing expired air in controlling the hyperventilation 

as weIl as in relieving neurological symptoms associate with 

overbreathing. It is doubtful if hysterical overbrcathing would 

evar be severe enough to caUse such a severe degree of lactatemia 

as that suffered by the present patients. 

It is believed by the Royal Victoria Hospital group that 

the accumulation of blood lactic acid is caused by the low pC02 

rather than by the pH changes per~. Low PC0
2 

of the artnrinl 

hlood is known to cause pel'ipheral vascular changes (45,46) as 

weIL as vasoconstriction of the brain vessels (47), and McGregor 

and Donovan (48,49) have roportcd an increase in cardiac output, 

relatcd tn the CO
2 

content in the inspired air, during hypor-

ventilation. 
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Their experimentR lasted a total of 3 to 4 minutes. (No references 

can be traced in the literature that related to cardiac output and 

sytemic blood pressure during long-lasting hyperventilation.) 

AlRO, the dissociation curve of oxyhemoglobin is nffected by low 

pC0
2

, causing hemoglbin to cling more to oxygen. It has been 

suggested that hyperventilation may actually impair relense of 

oxygen from hemoglobin to the tissues (50) even wh en hemoglobin 

is weil saturnted. This is not probnble as an explanation of 

hyperlactntemia, as it has been shown that only whon oxygen 

saturation is reduced to 50% is hypoxia the causal factor in 

Inctntemia: This will postulnte a P02 in the range of 20--30 

mm Hg at pH range 7.2--7.6 (29). 

The vascular changes caused by low pC0
2

, to gether wi th a 

decrease in 02' supply would be a stimulating factor for in­

creased production of lactic acid by the tissues, especinlly 

the muscles. Also, the effect of 10w pC02 on the hepatic 

blood flow must be considered: impairment of hnpatic hlood 

f low might caURe impairment in hepotic utilization of lnctic 

Reid. Glucose metnbolism and its by-products is of special 

tnterest in those circumstnnces. Glycolysis is sttmulated by 

nlkalinn pH and low PC0
2 

in liver, kidney and muscle in vitro 

(51) as weIl as in the red cells (16). On the other hand, 

glycogen synlhesis is Inh1hi tad hy al\taline pli and by low PC0
2 

(52). As there i8 no simpln explanution for the mechnnism(s) 

of the hyperlactatemia of hyperventilation, an attempt was made tn 

reproduce the hyperventilation syndrome in a laboratory animal, to 

try tn elucidate this complex problem. 

~ .. 
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PART III 

ANIMAL EXPERIMENTS IN VIVO 

A METIïODS 

(1) Ten mongrc1 dogs, 10 to 15 kg. wt., were ancsthetizcd 

light ly wi th pcntabarbi tal sodium 6%, 30 mg ./kg ./body weight, 

intravenously, while intuhated with an endotrachenl cllffed tube 

nnd connected to a positive-pressure Harvard piston-pump respira-

tor, and breathing room air. A smnll-lumen catheter was inserted 

into the trnchen through the endotrachenl tube and was connected 

to a wnter manometer to monitor the endotrncheal pressure. 

Respirutory rate and volume were cnlculated from the Harvard 

ventilation grnph for Inborntory mnmmals in resting stnte. The 

inspircd and nxpired volumes were checked pcriodicnl1y with a 

Wright spirometer. Succinocho1ine (Anectin), 10 to 20 mg., was 

in je ct cd intravenously ta achievc musculnr parn1ysis; this was 

repeated periodically as necessary, especlally after the animaIs 

recovered from bas~line anesthetic. The right femoral vein and 

nrtcry were exposed nnd cannulated with polyethylene lllbing. 

The artcry wns connected tu a mercury mannmeter and hlood pressure 

was recorded. The femoral vein was used for whole-hlood trans-

fusion nt a prcsct spced by a Sigmamotor pllmp to maintnin staady 

blood volume during the whole experiment. 
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The left remoral vein was exposed and catheterized with a small­

lumen polyethylene tube, against venous flaw, deep into muscle, 

for sampling of venous hlood that drained from the muscle. The 

right external .Il1gular vein was catheterized wi th a rncUopaque 

catheter, and the tip was placed into the pulmonary artery for 

measuremcnts of cnrdiac output hy the Fick method. Another 

catheter was guided into the hepatic veine An nbdominal midline 

incision was made and the position of the hepatic catheter was 

checked. The portal vein was exposed and a small polyethylene 

catheter was inserted directly into the portal vein, as close 

to the liver ns pOSSible, under manual guidance (Fig. 5). The 

nbdomen was closed, and a period of 30 to 60 minutes was allowed 

to raach a stendy state. Also, ns a rllle, at this time the 

animals had regained consciousness; paralysis was maintained by 

periodical injections of succinochol1ne. 

(2) In two experiments, the internaI jugular vein and 

the femoral artery were cannulated with polyethylene catheters. 

In these experiments, abdominal surgery was omitted. 

(3) In one experiment, fi porto-cavaI shunt (end to side) 

was performed and the hepntic artery was ligated, excluding 

the livcr from the circulation. 

(4) In three experimcnts, liver blood flow was mcasurcd. 

The hilllm was exposecl through an incifdon in the Ilth left illter-
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costal space and incision of the left diaphragm. After exposing 

the hepatic hilum an electromagnetlc flow-meter probe was care­

fully placed around the hepatic artery Gnd the portal vein (53-55). 

(5) In threc expcriments, a catheter was guidcd to the right 

renal vein and the femoral artery also was cannulated. 

D EXPEHIMENTAL PIWCEDUHE 

The design of aIl experiments was the same; after stendy 

state was achieved at the end of the surgical procedure (usually 

30--60 minutes from the end of surgery), base-line hlood samples 

were collected, as weil as cardiac output or liver flow, depend-

ing on the type of the experiment. After sampling for base-line 

values, the animais were hyperventilated with room air for a 

period of 3 hours, and 1 hour with 5% CO
2 

in air. During the 

hyperventilation period with room air or 5% CO
2

, special car~ 

was tnken to maintain, steady respiratory volume and rate, as weil as 

stoady endotracheal pressure, as high positive pressure is known 

tn decrease cardiac output (56). 1I0urly samplcs of blood were 

collected throughout the whole oxperimental procedure. Arterial 

blood samples were collected in hoparinized syringes for pli, PC02 , 

sLandard bicarbonate and 02 saturation, and in ~ cxperimcnts for 

glucose. Samples for lactic and pyruvic acid were pipetted 
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dircct1y into 2-ml. volumetric pipettes which were connected to 

the tip of the catheter and drained immediately into ice-cold 

(QOC) test tubes containing 8 ml. 11% trichloroacetic acid. 

Venous blood samples were collected for 1actic and pyruvic acid 

as weIl as for oxygen saturation, and in some experiments for 

glucose. 

In aIl expcriments an arterial blood sample was obtnined 

15 minutes after the start of hyperventilation, for pC02' pH, and 

standard bicarbonate. This blood sample was used as a guide of 
r 

the degree of hyperventilation achieved, aiming at a pC02 below 

15 mm Hg with maintenance of this value for the next three hours. 

C LABORATORY PROCEDURE 

Cardiac output was measured by the Fick method in five 

experiments. Simultaneous Blood samples were collected from 

the pulmonary artery and femoral artery Himultaneously with 

determination of two-minutes expired gas volume. Blood oxygen 

saturation was measured on a Becltmnn DU spectrophotometer using 

Nahas cuvettes. The expired gas was col1ected into a meteor010gic-

al baUoon (Dlade of Neoprene) and the oxygen content was annlysed 

by a Beckman F3 paramagnetic 02 analyser. CO
2 

wns measured by 

a Cambridge thermoconductivity CO
2 

analyser. Arterial ~I, PC0
2 
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and standard bicarbonute were measured on a macro-Astrup apparatus 

attached to a pH 22 Radiometer pH meter. Luctic acid was measured 

+ by the Durker und Summerson (57) mcthod (S.E. - 0.008 mMol/litre 

in this luboratory). Pyruvic acid wus mcasured by the Friedman 

+ and Haugen (58) mcthod, with S.E. - 0.005 mMol/litre in this 

lnboratory. 

Glucose was measured by Hoffmun's method (59) udnpted for 

lise in an AutoAnnlyzer(Technicon Instrument Corp., Clnunc(~y, N.Y.). 
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D RESULTS 

(1) Blood pH, PCO
S

' and standard bicarbonate (Fig. 6) 

In aU hyperventil otion experiments the blood pH rose 15 

minutes after the start of hyperventilation by a mean of 0.290 

pH units from control value (pH 7.3) and thereafter gradually 

foll toward control though remaining alkaline. When 5% CO2 was 

added to the inspired gas, pH became acid, with a mean decrease 

to 0.170 pli units below baseline (Fig. 6 A). 

The arterinl blood pCO~ decreased an average of 26 mm Hg 
"" 

after 15 minutes from the start of hyperventilation (pC0
2

, 3~.5) 

and remained steady thereafter. When the animal breathed 5% CO2, 

arterial pC0
2 

rose an average of 18 mm.lIg above the control value 

(Fig. 6 D). 

Standard bicarbonate decreasod an average of 5 mM/litre 

after 15 minutes of hyperventilation, and continued to decrease, 

but nt a alower rate, during the next three hours, to a mean 

of 10 mM/litre. When 5% CO
2 

\Vas added to the inspired air, 

bicarbonate rose by a menn of 6 mM/litre. In no instance did 

it reach the control level (Fig. 6 Cl. 

(2) Arterial blood pressure and cardiac output (Fig. 7) 

The moan systemic blood pressure, initially 134 mm. Hg, 
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dropped rapidly in the first 5 minutes of hyperventilation ta a 

mean of 95 mm. Hg and remainod low until, when 5% CO
2 

was added ta 

the inspired gas mixture, it gradually increased ta a mean of 124 mm. Hg 

(Fig. 7 A). 

Cardiac output was mcasured in 5 experiments. From a 

mean base-line value of 3 litres/minute, there was a drop of 35% 

during hyperventilation with l'oom air. With the addition of 5% CO
2

, 

cardiac output increascd slightly but only ta 20% bolow the control 

level (Fig. 7 D). It can be seen in Fig. 8 that the changes in 

cardiac output followcd closely those in systemic blood pressure. 

(3) Oxygen saturation (Fig. 8) 

Oxygen satul'at~on was measured in four diffcrent sites: 

arterial blood, hepatic, and portal and femoral venous blood. The 

arterinl-blood oxygen saturation did not show statistically significant 

change throughout the experiment, nor did that in the hepatic or 

portal vonous blood. Thore was a tendency for hepatic vein and portal 

voin oxygen saturation ta drop aftor 3-hours' hypervontilation of 

room air (Fig. 9), returning toward but not nchieving control level 

after 5% CO
2 

was added: this decrease was not statistically signi-

ficnnt. (The changes in portal vein follow closoly the decrease in 

portal blood flow as mensured by the mngnctic flow meter.) 
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Femoral-vein oxygen saturation decreased significantly after 3 hours' 

hyperventilationj wh en 5% CO
2 

\Vas added, in some animals the oxygen 

saturation remained low and in others it incrensed above control 

value (Fig. 8). 

(4) Oxygen uptake (Fig. 9) 

Oxygen uptake \Vas measured in five experiments. No 

significant change occurred throughout room-air hyperventilntion, 

but a significant increase occurred when 5% CO
2 

was added to the 

inspired-air line (Fig. 9). 

(5) Blood lactic-ncid and pyruvic-acid concentration (Fig. 10) 

Blood lactie aeid and pyruvie ncid \Vere measured at four 

different sites: artery, hepatic vein, portal vein, and femoral veine 

In all four sites the blood lactate inereased linearly during 3 hours' 

room-nir hyperventilation. Whon 5% CO
2 

was added to the inspired gas, 

blood lactic acid returncd to, or below, control values (Fig. 10 A--D). 

Blood pytuvic-acid concentration also behaved similarly in 

aIl four sites, although the increase in pyruvate was lenear only 

during the first hour of hypervent ilation; thereafter it levelled off 

as a plateau. When 5% CO
2 

\Vas added, pyruvute concentration decreascd, 

but at no time did it return to the base-line value. 
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Figure 9: Oxygen uptake in ml./minute during hyperventilation. 
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Fig. 10 shows that lactate and pyruvate rose in paraI leI fashion in 

the first 60 minutes and the lactate/pyruvnte ratio remnined unchanged; 

after the first hour the L/P ratio increased gradually until wh en 5'70 CO
2 

was added, it decreased bolow the control value, since lactate returned 

rnpidly to base-line levels And pyruvate vnlues remained elevated. 

(6) Correlation between arterial PC0
2 
an~.!1rbonate with 

lactate and pyruvate (Fig. Il and 12) 

During hyperventilntion, cl0ge correlntion was noted between 

the bloocl pC02 content nbove 15 mm. Hg and Inctic-acid concentration, 

wi th a correlation coefficient of 0.845 (P > 0.001). When the PC0
2 

value was less thon 15 mm. Hg, lactic-acid levels continued to rise, 

despitc the steady nrterial pC0
2

• Similor correlation can be seen 

with arterial-blood standnrd bicarbonnte. There is a pOOl' correlation 

between hlood pC0
2 

and blood pyruvnte nnd between standard bicarbonnte 

and pyruvic acid. 

(7) Ulood lactate nrterial--venous difforences (Fig. 13) 

Data from three organs will be presented: livPl", muscle, 

and gut. It can be seon in Fig. 13 A and U lhat at 011 times during 

the experiment the liver utilizcd lActate with a steady A--V concentrn­

tion difference of 0.20 to 0.30 mM/litre. 'l'he gut sl~owed minimal pro­

duction al al! limes, with A--V-concentration differt'nce 0.03 to 0.07 

mM/litre. MlIscl.e prodllced lactatC', with an average concentration 
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difference of 0.47 to 0.59 mM/litre; but, again, this concentration 

difference was unaffected by hyperventilation. Hyperventilation 

with room air or with 5% CO
2 

did not alter the metabolic balance 

between utilization and production across the liver, gut, or muscle, 

as detected by A--V-concentration differences (Fig. 13 A--D). 

(8) 8lood pyruvate arterio--venous differences (Fig. 14) 

The liver, as seon ln Fig. 14 A and 8, showed net pyruvate 

utilization. At 60 and 120 minutes' hyperventilation this utilization 

was significantly increased above control values, but at the end of 

the 3rd hour, the liver started to add pyruvate ta the circulation 

(Fig. 14 8). When 5% CO
2 

was added, no statistical changos were 

ohsorved, cornpared with values os the preceding hour. The gut (Fig. 14 C), 

judging by the meon values, did not utilize or produce pyruvate in the 

control pcriod nor in the first two hours' hypervcntilation. At three 

hours, and when CO
2 

was addcd, a statistically significant utilization 

of pyruvate occurred. The muscle (Fig. 14 D) showed statisticully 

significant increase in pyruvnte utilization after one hour's room-air 

hyperventilation, decreosing thcrcafter ond roturning to control valuos 

with 5% CO
2

• The standard deviations for pyruvato were greater than 

for loctote, 0 fact that has beon ohserved by other authors (60). 

(9) 'rllO lactate/pyruvotc artery ratio (Fig. 15) lactate/pyruvate voin 

The Lill A ratio across the livcr, gut and muscle should 
L/P V 
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theoreticnlly portrny the state of oxygenation of these tissues. It 

can he seen in Fig. 15 A and 13 that the L/P A ratio ncross the liver 
L/P V 

decreased slightly by the end of one hour's hyperventilation with room-

air, but these changes were not statisticnlly significant. At the end 

of 3rd and 4th hour the L!P A ratio increased significontly as compared 
L!PV 

with the one-hour value, indicating a better state of oxygenation or 

an increased proportion of pyruvate rcleased into venous effluent 

blood (Fig. 15 13). The L/P A rntio ncross tne gut (Fig. 15 D) remained 
L/P V 

unaltered for the first two hours' room-air hypervcntilation. Arter 

throe hours, there was a slight decrease in ratio, but this was not 

significant. In muscle (Fig. 15 C), the L!P A ratio l'emained unaltered 
L!PV 

throughout the experiment. 

(10) Glucose arterial--venous difference and arterinl-blood 

glucose concentration (Fig. 16) 

Arterial-blood glucose concentration wos measured in four 

hyperventilation experiments, nnd in two the arterial--venous-con-

centration differences across liver, gut,and muscle. It con be soen 

(Fig. 16 A,B) thot the liver added glucose to the circulation in the 

control period. At the end of one hour's hyperventilation the liver 

increased i ts production of glue oso, returning toward control vnlues 

thereafter but continuing to produce glucose nt nll times. The 

muscle, as portrayed in Fig. 16 C, utilized glucose at n higher rnte 

nt one hour's hyperventilation nnd decreasing therenfter. When 5'10 CO
2 

was added, nO stotisticnlly significnnt changes occurred. It con he 



- 54 -

GLUCOSE 
A-V: ART - HEPATIC VEIN 

~~----~AlwB~--__ t~~4~ 
1 

Al .l.IYm 

120 
MINUTES 

1 

240 

A-V: ART - FEMORAL VEIN 

.2·0 

~ 
1 1 
b 60 120 Jo 240 

~ AIR (".COll 

~
I : 

1 : 
1 1 

MINUTES 

Cl MUSru 

GLUCOSE 

A-V: PORTAL VEIN - HEPATIC VEIN 

l AIR r·CO'î 
+10 1 

+'!I 1 

UINUTf'Q 

Bl .LJYœ. 
A-V: ART - PORTAL VEIN 

.2· 

+1, 

+1' 

-1, 

~ AIR I%CO& î . 
1 

1 1 
1 1 

1J7~ 
~~ 

1 1 
o 60 120 180 240 

MINUTES 

Dl ID.U. 

Hgure 16: Ulood glucose arterio-venous differences. 



- 55 -

ART. BLOOD GLUCOSE CONCENTRATION 
4 EX PERIMENTS 

10 

9 
GLUeOS 

8 
mM/l. 

7 
w 
z 

6 :J 
w 

5 
en 
ct m 

4 

3 

2 

0 

! 

1 
1 
1 
0 

HYPERVENTILATION 

AIR 5%C02! 
~ 
1 

60 120 
MINUTES 

1 
180 240 

Figure 17: Arterial blclod glucose concentration dudng hyperventilation • 

.. 



- 56 -

11' 
seen (Fig. 17) that at the end of one hour's hyperventilation, arterial-

blood glucose concentration increased significantly from control values, 

decrensing thereafter as long as hyperventilntion persisted. 

(11) Liver exclusion from the circulation (Fig. 18) 

In one experiment, the liver wns excluded from the circulation 

by menns of n porto-cavaI shunt and ligation of the hepatic artery. 

\Vhen hypervent:llation was instituted for one hour after "removal" of 

the liver, an increase in arterial blood lactate occurred; of ter one 

hour this elevation wns proportionntely the same as that which occurred 

in the intact animal (Fig. 18 A). Blood pyruvate changes were slight, 

indicnting rapid and more complete conversion to lactate and suggesting 

a high NADU/NAD ratio in the tissues and red celis. When 5% CO2 was 

added, lactate decrense occurred; agnin, no changes in pyruvate were 

noted. 

Il can be seen by the progressive drop in glucose concentration 

that the liver was in fact excluded from the circulation. After one 

hour's hyperventilation with room air the decrease in glucose concentra-

tion was more pronounced than during the hour preceding hyperventilation. 

(12) Liver blood flow measured by magnetic flow-moter 

probes (Fig. 19) 

Fig. 19 shows simultnneous rccording of nrterinl blood pressure, 
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portal blood flow, and hepatic artory flow. Changes in blood pressure 

have heen discussed alrendy. Portal blood flow decrcased 25% of ter 

10 minutes' hyporventilntion and gradunlly droppcd furthcr, RO that 

at 90 minutes it was 50% of the original value. lIepatic-artery flow 

0150 de~rensed, but by a lesser dcgree, to 25% at 90 minutes. When 

5% CO
2 

was added to tho inspired gas mixture, hoth portal vein and 

hepatic showed incroases in hlood flow, but only to 75% of initial 

(control) flow rate, similor to the depression in cardiac output, 

as depicted in Fig. 7). 

(13) The brain and kidney arterial--venous difforonces 

The A--V differonces were measured, in one experiment across 

the brain and in three across the kidney. The brain added lactate 

throughout the experiment by a mean of 0.5 mM/litre, and the kidney 

behaved in similar fashion, adding 0.25 mM/litre lactate at a stcndy 

roto. Also, both brain and kidney utilize pyruvate nt a steady rnte: 

this is similor to muscles and dissimilnr to utilisation liver. Agnin, 

no change in the A--V-concentrntion differonces Was detected for 

lactate or pyruvatc throughout the exporiment. These rcsults arc not 

portrnyed or rcported ill furthcr detail. 
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PART IV 

ANIMAL EXPERIMENTS IN VITRO 

A METHODS 

Seven tonometric experiments were performed, using whole 

arterinl blood. 

A 3-flask (200 ml. capacity) blood tonometer was used, with 

swirling motion, and I1ttached to a controlled-temperl1ture-bath 

set I1t 37° C (Soge Instruments). Two tonometry fll1sks were 

oquilibrated with Il gas mixture of 1.5% I1nd 5% CO
2 

in air, at 

an average gns ;flow of 3GO ml./min. The 1.5'70 CO
2 

gas mixture 

was prepl1red in the 1l1boratory and the CO
2 

content of ail gas 

mixtures used was I1nulysed previously by the Scholnnder technique. 

In one experiment, 5% and 8% CO
2 

gas mixtures were used. 

Arteril11 0100<1 samples were collected an.:.erobically illto 

threo lOO-ml. heparinised syringes from the femoral artery of 

lightly I1nesthetised dogs. An nverage of 60 ml. blood was 

collected into el1ch syringe. After the initial 111iquot of blood 

WI1S tnken fol' base-line vnlues, 50 ml. of blood was placed in 

Cl1ch tonometric fll1sk I1nd WI1S oquilibrated with 1.5% I1nd 5% 

CO
2 

in l1ir at 37° C for Il period of 30 minutes. 
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B EXPERIMENTAL PROCEDURE 

A base-line sample of blood was taken for lactate and 

pyruvate analysis as well as for pC02' pH, and standard bicnrbonate, 

in all experiments. After the stnrt of cquilibrium, samples were 

takcn at 10, 15, 20, 25, and 30 minutes. Ail samples were analysed 

for lactate, pyruvnte, and pH. The Inst was analysed for pC02 and 

standard bicarbonate also. 

In two experiments, three flasks were equilibrated simulta-

neoudly with the same gas mixture, 1.5% or 5% CO
2

• The control 

flask containcd 50 ml. whole blood alone; in the second flask, 

19 mM/glucose/litre was added; and in to the third flask, 35 mM/ 

pyruvate/litre was ndded. AlI flasks were equilibrated for 30 

minutes; samples were taken at five-minute interval, as described 

above. In one experiment, blood from n hyperventilated dog was 

collected nnacrobically and equilibrated with 5% and 8% CO
2 

fol' 

One hour. Samples for lactate and pyruvate were taken at 15, 30, 

und 60 minutes. 

All Inboratory analytical procedures were the same as described 

in the in ~ experimcnts. 

C RESULTS 

Blood equilibrated with 5% and 1.5% CO
2 

in air (Fig. 20) 
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Glycolysis as reflected by lactate production continued in 

the blood in vitro at a steady rate (Fig. 20). When equilibrated 

with 1.5% CO
2

, as compared with 5% CO
2

, the blood produced a 

~tatistically significnnt greater amount of lactate. The average 

increase in concentration was 0.25 mM/litre after 10 minutes' 

equilibrBtion. Pyruvate utilization was cvident by 10 minutes; 

this was more marked with 1.5% thnn with 5% CO
2

• 

Blood pH and pC0
2 

are not shown in Fig. 20. Although 

the initial pli (mean, 7.38) remllined constant throughout 

equilibrntion experiments with 5% CO
2

, there was an increase 

to an average of pli 7.721 by 10 minutes in blood equilibrated 

with 1.5% CO
2

• This increase was followed by a slow decrease 

in pH to a mean of 7.70 nt 30 minutes. 

Blood equilibrated with 5% and 1.5% CO
2 

with added glucose 

and pyruvate(Fig. 21) 

No significant changes in lactate production occurred whon 

extra glucose was added to ei ther the 1.5% or 5% CO
2 

equi librr.tion 

incubations. When pyl'uvnte was added to the blood, an increase 

in lactate production occurred nt both gns tensions but was 

gl'enter in the blood equilibrated with 1.5% CO
2 

than in thnt 

equilibrnted with 5% CO
2 

(Fig. 21). 
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Figure 22: Hyperlactatemic blood equilibrated with 5% and S% C02. 

Upper portion of the graph represents lactate (solid line) 

and pyruvate (dotted line) concentration. Lowor portion 

of the graph represents the L/P ratio. 
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Blood with initially high lactate concentration equilibrated 

with 5% and 8% CO
2 

(Fig. 22) 

Blood with initially high lactate and pyruvate concentrations 

(5.70 and 0.445 mM/litre, respectively) '.vas equilibrated with 5% 

and 8% CO
2

• Lactate concentration decreased rapidly at the end 

of 15 minutes with both gas mixtures, but 8% CO
2 

caused n significantly 

greater decrease than 5% CO
2

• After 15 minutes' equilibration, luctate 

concentration started to increase slowly in both tonometric flasks, 

at a rate similor to that portrayed in Fig. 21. Pyruvate concentra­

tion also decreased rapidly during the first 15 minutes in both 

samplcs, but less so with 8% CO
2

• 

The differcnce betweon the effect of 5% CO
2 

and 8% CO
2 

gas 

mixtur, on whole blond is botter portrayed by the L/P ratio in 

those experimonts. The L/P ratio in the 5% CO
2 

flask clic! not 

change significantly in tho first 15 minutes of equilibration 

but incroasod slowly thereafter. In the flask equilibrated with 

8% CO
2 

the L/P ratio dropped significalltly and remained below 

the control valuc at aIl times, indicating a rnpid decrease in 

lactate and a relative increase in pyruvate as compared with the 

sample equilibraled with 5% CO
2

• 
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PART V 

DISCUSSION 

In discussing the mechanism of the lactatemia of hypervcntilation 

one must consider three points: first, whether lactate is produced in 

increased amount or i8 utilized less rapidly; second, where the 

changes occur; and third, whether tissue hypoxia (the cause of other 

lactatemins) is involved. 

A hypothesia will be presented that incrensed production does 

occur; thnt it ia due to stimulated glycolysis, especinlly in the 

blood; and that tissue hypoxia may occur, but is not the cause of 

lactatemia although it may play a part in the changes in L/P ratio. 

The experimental data have been summarized in Fig. 23 and will be 

discussed by considering the changes that have occurred in each 

hour of the experiment. 

At the end of the first hour of hypervcntilation the following 

arc apparent: 

1. Decrcased pC02. 

2. Blood pli ln the alkaline range (pli 7.6). 

3. Increased blood lactate nnd pyruvnte values, with a normal 

L/P ratio. 

4. Increascd blood glucose concentration, due in large part 

·r 

to increased release by the liver. 

5. Unchanged oxygen uptnkc by the wholc animal. 
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6. Steady utilizntion of lactate by the liver. 

7. Stendy lactate production in muscle. 

8. Increased uptake of pyruvate by the liver and muscle, 

though possibly Vlithout increase in total pyruvate. 

9. Decrensed cnrdinc output, blood pressure, hepntic blood 

flow, and peripheral-muscle perfusion. 

Gevers (51) and Katzman et al. (61) have shown that nnaerobic 

~lycolysis, as measured by lnctate production, i8 stimulated ily 

nU:alinc pU und low pC02 wh en liver and muscle s lices are incubnted 

ln vitro. Murphy (16) demonstrnted 50% increase in lactate production 

by red cells in alknline pH achieved by low PC0
2

• The in vitro 

experiments in the present study nlso have shown increased lnctnte 

production by whole blood incubated with low pC02' It is postulnted 

that tho lactatemia of the first hour of hyperventilntion is duc to 

stimulntod glycolysis in whole blood. Increased glycolysis did not 

OCCllI' nt othor sites, ns roflected in mensllrements of A--V differences, 

and this is mndo more significnnt by the fact thnt blood flow to the 

muscle is known to be reduccd. The quantitative aspects of redllced 

liver lactato uptake, due to decroased live bload flow, will be 

discussed later. Simllitaneously with the stimulnted glycalysis, the 

liver reloases glucose: the mochanism of this is not Imown. Con-

current with the increase in blood glucose concentration, Inctate 

and pyruvnte riso propol'tionntely, so thnt the' L/P rntio, and 

presumably thr. NAD/NADU ratio, romain constnnt in the blood. 

,r 
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In the presence of a normal L/P ratto and a steady oxygen uptake, 

the oxidative pathways of glucose metabolism may be presumcd ta 

remain unaltered. There is no reason ta suppose that the lactatemia 

that occurs during the first hour of hyp~rventilation is caused by 

tissue hypoxia as, in addition ta the normal L/P ratio, therc is 

no change in A--V lactate and no statistically significant changes 

in the L/P ratio across the muscle mass of the legs, ev en though 

femoral venous blood shows a significant decrease in oxygen satura­

tion at the end of three hours (Fig. 9). 

The dccrease in cardiac output during hypcrventilation has 

been described previously by Dale and Evans (9) and more recently 

by Kontos et al. (62). The latter authors bclieve that the decrease 

in cnrdiac output is due to intermittent positive-pressure breathing 

alone, rather than to effects of low PC0
2

, This does not seem 

feasible, as the blood pressure and cnrdiac output increase when 

5% CO
2 

is added to the inspired nir, despite the persistence of 

positive-pressure breathing. The mechanism hy which low PC02 

decrenses the cardiac output is not understood. 

The present experiments have shown a decrease in liver blood 

flow during hyperventilation. In the presence of a steady A--V 

difference in lactate across the liver, and a decreased flow, liver 

lactate utilization will he altered. Lactate uptake hy the liver 

can he calculated by the formula: 
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QL = A--V x ml. flow/minute 

If it is assumed that the liver blood flow for the dog is 500 ml./min. 

(63,64), then, using the recorded A--V lactate differences of 0.28 mM/ 

litre (or 0.00028 mM/litre), Ilet uptake of lactate will be: 

QL = 0.00028 x 500 ml./min. 

QL = 0.14 mM/min. (npproximately) 

If this amount (0.14 IMi/min.) is lItilized under control conditions, 

and if flow decreases by 50% with hyperventilntion, then: 

QL = O.07·mM/minute 

Uptalw of 0.07 mM/minute would lead ta a lactate accumulation of 

12.6 mM/ in 3 hours. Assurning total body water distribution (65% body-

weight) of 8 litres, the net increase in lactate in a three-hour period 

will be 1.6 mM/litre. This figure is tao small ta explain the rise of 

8 !MVlactic ncid pel' li tre observed in the present expcriments, even assuming 

only extracellular water distribution the net increase in lactate would be 
3.3 !Mi/litre. 

Further evidence that decreased liver uptake is not the cnuse 

of the lactatomia of hypervcnt11ation is obtnined from the expcriment 

in which the liver was isolated from the main circulation by a proto-

cavaI shunt and ligation of the hepatic artery. After one hour of 

hyperventilation, lactie aeid concentration rose by the same amount 

and at the same l'ale as when the dog was intact, and not al a fasLer 

rate. 

The muscles are excllldod as the site of ~xcessive lactate 

production in hyperventilntiop since, although they produce lactate 
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at aIl time, the A--V difforence is unchnnged. If the muscle 

blood flow decroases in hyperventilation then the actunl pro-

duction of lactate by the muscle must be decroased. Kontos ct al. 

(62) and Fleishman et al. (46) showed the vasoconstrictive effect 

of low pC02 in the vessels of the dog 11mb j and, in the presen t 

experiments, the decreased 02 saturation in the femoral voin at 

n time when total body oxygen uptake remained constant, yieldod 

circumstantial evidence for poripheral vasoconstriction. 

If these three mechanisms of lactntemia nre excluded, nnmely, 

a decrease in liver utilization of lactnte, on increase in Inctate 

production by the muscle, brain, or kidney, and hypoxin (30), it 

still remains to be considered whether glycolysis by blood cells 

con produce the large amount of lactate thnt nccumulates during 

hyperventilation. If glycolysis in vlvo is as active as in vitro ----
(Fig. 21), then 1.5 - 2 mM/lnctnte per 11 tre can be produced in 

30 minutes, or 9-12 mM/le in three hours. Even after diffusion 

throughout the extracellulnr fluid, and to a lesser extent into 

tho colIs, it seems reasonable to believe that red-coll glycolysis 

could account for the most of the observed increase in lactate in 

this forro of Inctatemin. 

Tho present findings nt the end oi one hour's hyperventilntion 

agr.3e with Huckaboe's (2) observation in dogs that there i5 a pro-

portionnl rise in lactate and pyruvate without change in oxygen 

.I uptake. In the present experiments as weIl as in those of Eichenholz 

ct al. (12) and Tobin (10), Inctic ncid continues to incrense nt the 
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same rate even when blood pH returns to normal range. Indeed, 

when hyperventilation is maintained for a longer period the blood 

pH shifts into acidosis. These findings arc contrary to the 

explanation put forward by Huckabee (2) and others (1,9), who 

state that hyperventilat'ion lactatemia is n "compensatory or 

homeostatic" mechnnism for body pli. 

At the end of the second nnd third hour of hyperventilntion 

the following ware observed: 

1. Dlood pH decrensed toward normnl range (pH 7.4). 

2. pC02 remained nt 10 mm. Hg. 

3. Lnctic ncid continued to incrense at the same rate. 

4. Pyruvic-ncid concentrntion renched a plateau, although 

the constantly rising lactate indicated undiminished 

glycolysis. 

5. The liver appeared to ndd pyruvatn to the circulation. 

6. The L/P ratio began to rise from 10:1 lo 20~1 (approximately). 

7. Dlood-glucose concentration decreased. 

8. Oxygen uptake remnined stendy. 

9. Cardiac output, hepatic flow and blood pressure remnined 

depressed. 

As the nrterial pC02 remained low and the blood pH returned to 

normal range, it ls necessary to postulate the low pC02 rathf'r than 

pH, as the stimulus to glycolysis. 

Tho oxygen uptake romains unaltored, reflecting n stondy 

oxidative motnbolic rate, bul the L/P ratio iR significantly incrensed. 
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As the A--V differences for lactate as weIl as the L!P artery ratio 
L/P vein 

across the liver and muscle remain constant, there is no obvious 

evidenco for hypoxia to explain the rising L/P ratio. It appears 

that NAD is reducod at a faster rate than NADU clln be oxidized 

via the oxidat1ve electron-transport schome, and that pyruvate 

produced by the stimulated anaerobic glycolysis ia utilized as a 

hydrogen Ilcceptor, with roloaso of NAD and formation of lactate. 

In such circumstances pyruvute will he expected to levol off or 

to rise only slightl~which is consistent with the present observations. 

The supply of NAD is ndequate for glycolysis, as shown by the un-

diminished rate of lactate accumulation, but the dynnmic equilibrium 

has boen changed. 1I0wever, this postulated change in NADH/NAD ratio 

in the blood does not monn that the same changes are present in the 

mitocholldrial NADU/NAD in the tissues. 

Alpert (13) and llohorst et al. (15) hnve thrown doubt on the 

validity of the assumption that the L/P ratio in blood, or cxcess 

lnctate, arc indicators of the state of mitochondrial oxygenation. 

Thus, Alpert (13) has shown that the oxygen debt acquired during 

exercise does not correlate with the removal of formed excess 

lactate (30). Also, lIohorst et al. (15) have stressed the varinbi-

lit Y in total amounts of lactate and pyruvato in various tissues 

of the body, as well as their relative proportion to each other; 

thel'cfore, the direct relatlonship between the L/P ratio in the 

blood and the stuto of l'eduction of NADU/NAD system, or the stnte 

of mitochondrinl oxidution in the cells of the body, has to be 
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viewed with reservation. The increased L!P ratio in the blood in 

the second and third hour of the experiments is indicative of an 

nltered NADH!NAD equilibrium in the blood. 

When 5'70 CO
2 

was added to the inspired nir and hyperventilation 

continued, the changes observed one hour lat~r (the fourth hour of 

the experiment) were: 

1. Decrcnse in blood pH, toward acid range. 

2. Increase in PC0
2

, to 60 mm. Hg. 

3. Rapid decrease in lactic-acid concentration, to control 

levels or lower. 

4. Decrease in blood pyruvate, but proportionately 1ess than 

in lactate. 

5. Decrease in L!P ratio, to be10w control va1uo. 

6. Significant increase in oxygen uptake. 

7. Increase in blood pressure, cardiac output and liver blood 

f10w toward normal but remaining depressed. 

With the neid pH and high pC02' glyco1ysis presumnb1y reverts 

to its resting rate nnd, consequently, lactate and pyruvate production 

by the b100d ce1ls is decreased. As oxygen uptake incrcases, the 

oxidativc pathways probab1y arc stimulated and lactate is rapidly 

oxidized to pyruvate. The increase in oxygen uptnke in the presence 

of CO
2 

is difficult to explain. Il may be postu1nted that the low 

pC02 (be1ow 15 mm. Hg) is sufficient to maintnin the pC0
2
-dc pendent 

rcaction in tho Kreb's cycle at a base-line rate. When the PC0
2 

is 
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restored to its normal or highest values, the limiting factor 

(low pC02) is removed and stimulation of the Kreb's cycle occurs. 

With increase in pC0
2

, lactate decreases at a faster rate th an 

pyruvnte; howevcr, the data from A--V-concentration differences 

do not show where that occurs. It iS.of such large magnitude 

that much of the lactate must be converted back to pyruvate by 

the blood cells themselves. Results of the in vitro experiments 

in which blood with high lactate and pyruvate levels was equili-

brated with 5% and 8% CO
2 

(Fig. 22) support such a hypothesis. 

The reactions helow are shifter to the left: 

NAD 

CO2 r( ___ PYRyVATf -----1) LACTATE 
, , , NADU 

\Y 
GLUCOSE OR GLYCOGEN 

The fast diappearance of lactate in the presence of a 

still-depresscd cardiac output when 5% CO
2 

la added once again 

strongly suggests that the lactatemia of hyperventilation is not 

callsed by hypoxia. 

It has been stressed by Boxer and Dovlin (14) and by 

Chance and Hess (68,69) that thore may be barriors that prevont 

the mitochondrial oxidation of oxtrnmitochandrkal NADH (Le •. , 

cytoplnsmic NADU). Mechanisms that link cytoplasmic NADH ta 
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mitochondrial flavoproteins and cytochromes are (i) the cytoplasmic 

oxidntion by dihydroxyacetone phosphate (which forms glycerophosphate), 

and (ii) the cytoplasmic reaction whereby acetoacetate is reduced to 

beta-hydroxybutyric acid. Tho reduced compounds of those two reactions, 

o(-glyceroPhosphate and B-hydroxybutyrate, are able to poss on 

electrons into the mitochondria. 

In tumour tissue, the "aerobic glycolysls" of Warburg is belie\led 

to be due to a relative deficiency of one or both of these "shuttle" 

systems that link cytoplasmic electron acceptor to mitochondrial 

electron transport. Also, the permenbility barrier of the mito-

chondrio is a major regulntory factor in cell metabolism, as the 

enzymes and co-factors involved in glycolysis nre primarily located 

in the cell sap, i.e., the soluble extrnmi tochondrial portion of the 

cytoplasm of mammalian cells (14). The mechanism of hyporventilation 

lactatemia proposed in this thesis ia also a form of "aerobic 

1~_lYCOlYSiS" in which there are perhnps two components" (i) stimulated 

glycolysis in mitochondrial free red blood cells, and (ii) failure 

to transfer the electrons accepted Ily NAD in the red cclI ta the 

mi tochondrial systems of cells of other tissues, thus ohligating 

pyruvnte as a hydrogen acceptor and the formation of lactic acid 

if glycolysis is to continue. Such a hypothesis is compatible with 

an unaltered mitochondrinl oxygen uptake in other tissues, since the 

oxidation reactions remoin in operation. No changes in totul body 

oxygen uptake will be expected. Whon CO
2 

i8 odded to 0 hyper-
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ventilating animal, glycolysis is no longer stimulated and presumably 

other electron acceptors take over cytoplasmic pyruvate and allow 

both pyruvate and lactate to become oxidized. In such circumstances 

the oxygen uptake will be expected to increase. 1 t is m.Q.re specula-

tion to suggest that low pC02 prevents the coupling between cyto-

plasmic NADH and mitochondrial electron acceptor by interfering 

directly with the "shuttle" systems or indirectly by altering the 

permeability bnrrier of the mitochondria. 

r 
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PART VI 

SUMMARY 

1) Two patients diagnosed as having hyperlactntemia of hyper-

ventilation are presented and discussed. 

2) Hyperlactatemia was induced experimentally in dogs hyper-

ventilated for three hours with room air and then for one 

hour with 5% CO
2

• 

3) Arterlal-blood pC02 was maintained below 15 mm. Hg, ns it 

was observed thnt only below this value did severe lactatemia 

occur. Above 15 mm. Hg n close correlation existed between 

pC02 and lactate concentration (R = 0.85 and p 0.001). 

4) Arterial blood pressure, cardiac output and liver blood flow 

decreased during hyperventilation with room air and were partially 

restored with 5% CO
2 

despite continuing hyperventilntion al n 

staady ra le. 

5) Blood laclale and pyruvate concentration incrcased linearly in 

the first hour of room-air hyperventilntion. In the second and 

third hour, lactnte continued to rise linenrly and pyruvate 

incrensed more slowly. When 5% CO
2 

was udded ta the inspired 

air und hyperventilation continued, lactate decreused ta or 

below control value. Pyruvate also decreased, but remnined 

above control. 

G) The L/P ratio remnined unaltered in the first hour of hyper-

1 ventilation and increased therenfter until 5% CO
2 

wus added; 

thon the L/P ratio decreased be10w control v9J.üc:;. 
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7) The arterial--venous-concentration differences across liver, 

muscle and gut were measured for lactate, pyruvate and, in two 

experiments, for glucose. The A--V differences for lactate 

remained constant across all organs studied thraughout hyper-

ventilation with room nir or 5% CO
2

• The A--V pyruvate showed 

increased utilization by the liver in the first two hours of 

hypcrventilation and production in the third and fourth hour. 

8) Oxygen uptake remained constant throughtJut· l'oom-nir hyper-

ventilationj with 5% CO
2 

a significant increase in oxygen uptake 

was observed. 

9) Lnctatemin of hyperventilation was not derived from releaso 

from muscle, live, gut kidncy, or brain. No evidence for 

hypoxia was observed of a degree cnpabla of causing lactotemia. 

10) Whole blood, equi libroted in vitro with varying gas mixtures, 

showed the blood to be a metabolic source of lactic acid, 

especially so in experiments in which pyruvate was ndded. 

J L) Whole blood, contained from a previously hyperventilated 

animal (elevated lactate), when equlibrated with high CO
2 

gas mixtures was able to metabolise lactate back to pyruvate 

during ~ vitro experiments. 

12) A hypothesis is presented and discussed explaining the 

lactatemia of hyperventilation on stimulated glycolysis 

of the whole blood, especially red blood cells, whon PC0
2 

is reduced below 15 mm. Hg in the cxperimcn tnl animal. 
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