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HE PHYSIOLOGICAL ALTERATIOXS produced by hyperventilation are many and 
varied. Acid-base equilibrium of the body is disturbed, the urine composition 
and volume are affected, circulatory changes are produced, and the irritabil- 

ity of the neuromuscular system is altered. Some of these changes will be very briefly 
summarized in the introduction and discussed in more detail in the body of the re- 
view. 

Since the alveolar air carbon dioxide tension is primarily a function of the rate 
of respiratory ventilation, an increase in respiratory minute volume regularly pro- 
duces a decreased alveolar air and arterial blood carbon dioxide tension and a fall 
in blood bicarbonate content. At the outset these changes result in a rise in PH, a 
condition known as respiratory alkalosis; however, when the hyperventilation is 
continued over several hours or days, blood PH is restored to nearly normal by re- 
duction in plasma sodium or increase in plasma chloride or both. These latter adjust- 
ments in plasma electrolyte composition are brought about largely by the kidneys. 

As early as I 864 (226) cessation of breathing following a short period of hyperven- 
tilation was observed and was called apnea. At first this apnea was attributed to over 
oxygenation of the blood, but later it was shown to be due to reduced carbon dioxide 
tension. When hyperventilation is continued over longer periods of time, instead of 
apnea appearing when the initial stimulus producing the overbreathing is removed, 
a persistent hyperpnea is observed. An increased sensitivity of the respiratory center 
cells to carbon dioxide has been suggested as the explanation for this continued hyper- 
ventilation, and it has been demonstrated that a decrease in buffering capacity of 
brain tissue for carbon dioxide accompanies this change. 

During the early part of this century a profound fall in blood pressure was ob- 
served to follow vigorous, mechanically produced hyperventilation of anesthetized 
animals. This result has not beenfound with voluntary overbreathing in humans and 
it seems likely that the early results may have been due, in part at least, to mechan- 
ical interference with cardiac filling. Reduced carbon dioxide tension regularly pro- 
duces vasoconstriction of the blood vessels of the skin and brain, and possibly vaso- 
dilatation in other areas with little or no change in cardiac output. Hypotension and 
cardiac arrhythmias have been observed accompanying a rapid reduction in carbon 
dioxide tension followmg hypercapnia in dogs, and similar phenomena have been 
seen in humans. 

Another regular manifestation of the physiological changes accompanying over- 
breathing is an increase in the irritability of nerve and muscle. This is illustrated by 
the well-known augmentation of the patellar reflex with hyperventilation. Vigorous 
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overbreathing produces tetany, the precise cause of which is not certain. rt seems 
likely that reduced hydrogen ion concentration, reduced calcium ion concentration 
and reduced carbon dioxide tension all contribute. 

A shift in the electrical activity of the cerebral cortex toward slow potentials 
is produced by hyperventilation, and short periods of voluntary hyperventilation 
have been employed as useful aids in the diagnosis of epilepsy. This alteration in the 
electroencephalogram appears to be related to the cerebral vasoconstriction referred 
to above. 

BLOOD AND URINE CHANGES 

Short Periods of Overbreathing. Determinations of the concentrations of various 
plasma constituents have been made during hyperventilation produced experimen- 
tally by voluntary overbreathing, by increasing body temperature, by subjection to 
decreased oxygen tensions, and in patients suffering from attacks of spontaneous hy- 
perventilation. The duration of hyperpnea in these studies has usually varied from 
5 to 90 minutes. Studies of overventilation lasting longer than this have been made 
on subjects exposed to low oxygen tension at high altitudes on mountains or at simu- 
lated high altitudes in low pressure chambers, on subjects subjected to mechanical 
hyperventilation in the body respirator, on patients showing hyperventilation as a 
result of encephalitis or emotional disturbance, and on patients or experimental 
animals suffering from salicylate poisoning. 

Several early studies (9, 38, 49, 56, 103, I 12, 133, 256) reported a marked fall 
in alveolar air and arterial blood carbon dioxide tensions, an increase in PH up to 
7.8 and a fall or no change in the carbon dioxide combining power of plasma. Gyiirgy 
and Vollmer (I I I) measured calcium, inorganic phosphates, potassium and glucose 
levels of the serum in subjects voluntarily hyperventilating to the point of tetany. 
(Calcium concentration changes will be discussed in the section on HYPERVENTILA- 
TION, Tetany.) Phosphates and glucose decreased and potassium showed little change. 
In a study on three subjects, Gollwitzer-Meier and Meyer (100) found a fall of 7.5 
mEq/l. in the arterial blood carbon dioxide content, and no change in carbon diox- 
ide combining power, while serum sodium and chloride varied erratically. Peters 
and co-workers (203) reported no change in carbon dioxide capacity and a fall in 
plasma chloride concentration in experiments on one subject with 5 minutes of forced 
breathing. The fall in chloride is not in the direction that would be expected on the 
basis of the reciprocal changes in bicarbonate and chloride usually assumed to exist. 
Later investigators (17, 205) have reported an increase in lactic acid during volun- 
tary hyperventilation, but the fall in chloride has not been a regular finding. Increases 
in the blood concentration of acetoacetic and beta hydroxybutyric acid during volun- 
tary hyperventilation (199) and heavy excretion of acetone bodies in the urine (240) 
in a case of spontaneous hyperventilation have also been described. 

In more recent studies reasonably complete plasma electrolyte composition has 
been determined during overbreathing. Averages of data from three investigations 
on short periods of voluntary overbreathing are summarized in table I. In the ex- 
periments of Rapoport and co-workers (2 19) the decrease in bicarbonate was bal- 
anced partly by a decrease in sodium and partly by an increase in chloride concentra- 
tion. 

Lawrence and McCance (161) studied a case of spontaneous hyperventilation 
tetany resulting from exercise and found a slight increase in plasma chloride and 
alkali reserve and a fall in phosphates. In this patient the blood PH increased much 
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less than is usually the case in voluntary forced breathing experiments. In experi- 
ments with subjects overbreathing until carpopedal spasms appeared, Bielschowsky 
(II) found no change in carbon dioxide capacity. 

In a review of hyperventilation published in r948 Musch (192) reported a rise 
in alkali reserve of 40 per cent after 5 minutes of voluntary hyperventilation. This is 
an increase much larger than those usually reported and is of a magnitude and in a 
direction that would be difficult to account for in such a short interval of time. In 
hyperventilation produced by an intermittent positive pressure device and continued 
for I hour at 30,ooo feet simulated altitude, a decrease of approximately I mEq/l. 
in carbon dioxide capacity was found by Fenn and his co-workers (74). ‘This small 
change could be accounted for by an increase in lactic acid. 

Investigations on the rate of change of carbon dioxide tension and PH during 
forced breathing have demonstrated a rapid rise in arterial blood PH, beginning within 
5 to 20 seconds and continuing during the first 2 to 3 minutes (23). Thereafter it in- 
creases more slowly with the maximum being reached in IO to 15 minutes (165, 166, 

TABLE I. PLASMA ELECTROLYTE DATA BEFORE AND DURING SHORT PERIODS OF 

* ___-- --- 

Ref zub- 
l Jects 

-- 

(2191 7 
(13s) 1 
(187) 9 

HYPERVENTILATION 

-- 
CHCHCHC HCH -P-P-P ---- 

6th 7.477.7136.415.925.2 19.9106.3 mg.22.4 1.8 
7.427.6238.4 18.3 23.017.7 IO5.OIO7.7 

20 min 34.7 15.823.419.6102.4102.83.252.33 , 

Plasma Plasma 
I(, mM/l. Na, mM/l. 

4.3 4.8 137.5 

II I 

134.2 
149.0~ x47.4* 

$4 54 

* Total base. 

245). In these studies blood pH was found to return to normal in approximately 5 
minutes after discontinuing the hyperpnea. These PH changes are reflections of the 
alveolar carbon dioxide tension changes in the opposite direction (4). 

Prolonged Hyperventilation. Brown et al. (32, 33) hyperventilated subjects for 
24 hours in a body respirator at rates just under those producing symptoms of tetany. 
They found an increase in PH which was maintained during the 24 hours of over- 
breathing, a fall in blood carbon dioxide content, a marked decrease in plasma phos- 
phates, usually a fall in sodium, and no consistent changes in plasma chloride. Car- 
bon dioxide capacity of whole blood or true plasma increased slightly during the 1st 
hour of hyperventilation, decreased gradually over the remaining 23 hours then de- 
creased still further during the 1st hour after discontinuing the overbreathing to 
increase slowly thereafter. Twenty-four hours after cessation of the passively induced 
breathing, carbon dioxide capacity was still below control level. 

In a study of respiratory alkalosis produced by salicylates in dogs and monkeys, 
and continuing over several days, Rapoport and Guest (218) found that the plasma 
carbon dioxide concentration continued to fall over a h-day period. A rise in blood 
pa, fall in carbon dioxide tension, fall in plasma phosphates and a striking reduction 
in sodium (from 144-125 mEq/l. in 4 days) were reported. Again no consistent change 
in chlorides was found. 

Patients with persistent hyperventilation accompanying encephalitis have ex- 
hibited very low alveolar carbon dioxide tensions, elevated PH and low carbon diox- 
ide capacity (72, 116). After several hours of spontaneous hyperventilation in a 
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neurotic patient, LMainzer (172) found the carbon dioxide absorption curve of the 
blood depressed. In a patient with hysterical hyperventilation who had been over- 
breathing much of the time for 6 weeks, the carbon dioxide tension was found to vary 
between rg and 27 mm. Hg. When hyperventilation stopped the carbon dioxide ten- 
sion climbed to 37 mm. Hg. (257). During the hyperventilation, plasma sodium 
concentration was 5 to 7 mEq/l. below normal and chloride was elevated as much as 
8 mEq/l. while plasma bicarbonate level was depressed by I I to 12 mEq/l. That 
this represents a partially compensated respiratory alkalosis is evidenced by the fact 
that blood PH was only 7.44 when the carbon dioxide tension was 15.5 mm. Hg. 

With the prolonged overventilation induced by low oxygen tension in the Andes 
Mountains, Dill, Talbott and Consolazio (64) found that most of the plasma bicar- 
bonate decrease could be accounted for by an increase in chloride and a decrease 
in sodium, the chloride change being quantitatively the more important. Blood PH 
was determined in natives, who presented a plasma electrolyte pattern similar to the 
acclimatized subjects on the expedition, and was found to be 7.38 indicating essen- 
tially complete compensation for the maintained low carbon dioxide tension. 

In 1946 Houston and Riley (139) studied four subjects who were exposed to 
increasing simulated altitude in a low-pressure chamber over a period of 36 days. 
One of these subjects was able to exercise vigorously at 2g,ooo feet without extra 
oxygen at the end of the experimental period. In these subjects they found a fall 
in blood carbon dioxide capacity to about three-fourths of the sea level value. Ar- 
terial blood PH increased from 7.40 to 7.50 and remained high during the 36 days. 
It should be remembered, however, that oxygen tension was decreasing throughout 
the experiment. Plasma chloride and proteins showed little or no change and lactic 
acid increased in three of the four subjects. 

In experiments comparing the respiratory ventilation response to carbon diox- 
ide before and after 24 hours of hyperventilation, Brown, .Hemingway and Visscher 
(34) plotted the in ziro carbon dioxide absorption curve of arterial blood plasma and 
found it lowered after this period of overbreathing. 

Urine Changes. Determinations on urine during hyperventilation have regu- 
larly demonstrated an increase in alkalinity up to PH g (g, 49, 52, 56, 103, 162), a 
depression of phosphate and ammonia excretion (23, 160, 255), increased excretion 
of sodium and an increase in urine volume (20, 3 2, I 86, 248). 

Compensation for Respiratory Alkalosis. The acid-base relationships of blood 
plasma are expressed in the well-known Henderson-Hasselbalch equation in which 
hydrogen ion concentration is seen to be a function of the ratio of bicarbonate con- 
centration and carbonic acid concentration. Expressed in logarithmic form the 
equation becomes PH = PK' + log (HCOs)/(H:!COJ. In this expression (H2COa) 
represents the sum of the dissolved and hydrated carbon dioxide. Since (HZCOS) 
is directly dependent on carbon dioxide tension, the expression may be rewritten 
PII = PK' + log (HCO3)/0.0301 pCO*, in which 0.0301 is the solubility of carbon 
dioxide in plasma expressed as m/l/mm. Hg carbon dioxide tension, and (HCOa-) 
is expressed as m~/l. 

Alveolar air and arterial blood carbon dioxide tensions, which are ordinarily 
considered to be identical in the normal animal (157), are determined primarily 
by the rate of alveolar ventilation at any given metabolic rate. An increase in rate of 
alveolar ventilationremoves carbon dioxide from the lungs faster than it is being 
delivered until a new steady state is reached at a lower alveolar carbon dioxide 
tension. 
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Thus it is apparent that overbreathing will result in an increase in blood PH 
unless bicarbonate concentration falls proportionately to the decrease in carbon 
dioxide tension. A decrease in plasma bicarbonate concentration does occur with a 
fall in carbon dioxide tension as may be seen from the carbon dioxide absorption 
curve of true plasma (fig. I), but this diminution in bicarbonate concentration is a 
result of the rise in PH and is not considered as physiological compensation. Reduc- 
tion of bicarbonate concentration sufficient to return the PH toward normal will be 
accomplished if either the total plasma cation (fixed base) concentration is reduced, 
or the concentration of anions of acids stronger than carbonic (fixed acids) is in- 
creased. 

FIG. I. CO2 absorption curves 
for true and separated plasma. The 
latter was separated from the cells 
at a Ca tension of 20 mm Hg. 
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The accomplishment of such adjustments devolves mainly upon the kidneys. 
Adjustments may also occur between extracellular fluid and the tissue cell contents. 
Over very short intervals of time renal compensation for respiratory alkalosis could 
not be expected to be significant. With the exception of a minor depression in the 
position of the carbon dioxide absorption curve of blood or true plasma which may 
be accounted for by an increase in lactic acid (17, 205), or a slight rise which may 
be accounted for by a fall in phosphate concentration (32), no shift in the position 
of this curve is found. 

When hyperventilation continues for several hours or days, however, renal 
compensation may be sufficient to return blood PH to essentially normal values. 
In the data presented above it would appear that this reduction in bicarbonate con- 
centration is effected by both a reduction in sodium concentration and an increase 
in chloride concentration. An exception is that of the dogs and monkeys with sali- 
cylate poisoning (218) in which the compensation was brought about entirely at the 
expense of a reduction in total cation concentration. This is a somewhat unexpected 
finding in as much as this represents a compensation for alkalosis at the expense of 
a reduction in the osmolar concentration of the plasma. 

A marked increase in urinary excretion of sodium during overbreathing with a 
fall in ammonium ion excretion is a regular finding, and increases in blood ammonium 
ion concentration have been reported (138, 206). This loss of alkali from the blood 
is the final step in the sequence of events producing compensation for respiratory 
alkalosis as outlined by Haggard and Henderson in 1920 (I r3). 



450 E. B. BROWN, JR. Volume 33 

In the absence of complete acid-base data, evidence of renal compensation for 
respiratory alkalosis can be obtained by demonstrating a shift downward in the 
position of the carbon dioxide absorption curve of blood (fig. I), i.e. a reduction in 
the bicarbonate concentration at a given carbon dioxide tension. Determination of 
the carbon dioxide combining power or carbon dioxide capacity (261) of whole blood 
simply establishes one point on such a curve, the bicarbonate content at a carbon 
dioxide tension of 40 mm. Hg. When this procedure is carried out on whole blood 
or plasma separated anaerobically from blood which has been equilibrated with a 
carbon dioxide tension of 40 mm. Hg, no error results. However, when the equilibra- 
tion is carried out on separated plasma from a subject in severe uncompensated 
respiratory alkalosis, a false impression of reduced alkali reserve may be obtained. 
This is due to the fact that separated plasma has much less buffer capacity than 
whole blood and exposure to 40 mm. Hg carbon dioxide tension will not restore its 
original bicarbonate concentration. As illustrated in figure I, if blood from a subject 
with an alveolar carbon dioxide tension of 20 mm. Hg is equilibrated with a carbon 
dioxide tension of 40 mm. Hg, the plasma removed anaerobically and its bicarbonate 
content determined, a value of 23.8 m~/l. will be obtained for carbon dioxide com- 
bining power. However, if separated plasma from this subject is used for the equi- 
libration with carbon dioxide, a value-of 20.2 m.~/l. will be found. Use of separated 
plasma rather than true plasma may account for the reported fall in carbon dioxide 
combin ing power wi th short periods of overbreath ing in much of the early literature. 

HYPERVENTILATIOS AND RESPIRATORY COSTROL 

Apnea Following Hyperventilation. In I 864 Rosenthal (2 26) described the cessa- 
tion in respiration following overbreathing and called this condition ‘apnea.’ He 
attributed the pause in breathing to over oxygenation of the blood with a resultant 
removal of the stimulus for breathing. Shortly afterward, Hering (128) made de- 
terminations of oxygen and carbon dioxide content during apnea in cats and found a 
marked reduction in carbon dioxide content with no measurable increase in oxygen 
content. He concluded that the apnea of hyperventilation was caused by the reduc- 
tion in carbon dioxide and not by an increase in oxygen. These conclusions were 
later borne out by the experiments of many investigators. Ewald (73) obtained essen- 
tially the same results that Hering had found. Fredericq (83) demonstrated by cross- 
circulation experiments in dogs that mechanical hyperventilation of one dog pro- 
duced apnea in the other, and that this apnea was accompanied by a reduction in 
blood carbon dioxide. Weil (267) showed a relation between the duration of apnea 
in chloralosed dogs and the length of the preceeding hyperventilation, a finding that 
has been corroborated in humans (I, 129). He further demonstrated that no apnea 
followed overbreathing with air containing approximately 5.5 per cent carbon diox- 
ide. Mosso (190) coined the term ‘acapnia’ to refer to the reduction in carbon dioxide 
produced by hyperventilation and presented experiments (TSg--Igr) to support his 
view that hyperventilation apnea is due to acapnia. This view was also supported 
by the classical work of Haldane and Priestly (I 14) on the regulation of lung ven- 
tilation. Milroy (185) found a reduction in blood hydrogen ion concentration regu- 
larly accompanying the apnea following forced breathing in dogs and cats. During 
apnea the hydrogen ion concentration rapidly rose to its prehyperventilation level. 

As experiments with voluntary hyperventilation continued, however, it soon 
became apparent that apnea was not always produced by hyperventilation acapnia. 
In experiments on 60 young men, Henderson (I 24) found 3 that did not exhibit apnea 
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following forced breathing. Boothby (18) discovered that he was such a person and 
conducted experiments on himself to determine the cause of this continued hyperpnea. 
His reactions to inhalation of increased carbon dioxide and to reduced oxygen were 
essentially normal and he suggested the absence of apnea might be due to a diminu- 
tion of circulation through the respiratory center so that the intracellular gas ten- 
sions remained above threshold level. Mills (184) has more recently re-investigated 
this subject on six medical students who regularly showed continued hyperpnea 
following I to 2 minutes of voluntary forced breathing. He considers the possibility 
that continuing direct cortical activity following the forced breathing is responsible 
for the continued hyperpnea. 

The role of the chemo- and pressoreceptors in hyperventilation apnea has been 
investigated in dogs by Heymans and Jacob (130). They found a marked prolonga- 
tion of the acapnic apnea when the carotid and aortic bodies were suppressed, and 
pointed out that animals deprived of their peripheral respiratory chemoreceptors 
may die in apnea. These data may be interpreted to indicate that oxygen tension 
as well as carbon dioxide tension plays a part in determining the duration of apnea. 
That this is the case for voluntary apnea (breath holding) was demonstrated by 
Vernon (262) in his experiments with breath holding after breathing gases of various 
oxygen concentration, and more recently by the demonstration that breath hold- 
ing time at high altitude falls off with decreasing barometric pressure (30, 70, 75). 
The relation between carbon dioxide tension and oxygen tension in the control of 
this mechanism has been analyzed by Otis, Rahn and Fenn (197). 

Sensitivity of Respiratory Center to Carbon Dioxide after Hyperventilation. 
As indicated above, in the vast majority of cases a short period of overbreathing 
with its reduced blood carbon dioxide tension and elevated PH is followed by a period 
of apnea. However, when hyperventilation is continued over a period of several 
hours or days, removal of the initial stimulus producing the hyperventilation is not 
followed by apnea but by continued hyperpnea. This maintained hyperpnea has 
been observed in persons subjected to prolonged hypoxic hyperventilation in low- 
pressure chambers (2 I, 118-121, 139, 221), in observations on subjects returning 
to sea level from high altitude (5, 66, 214, 215, 237, 265), and in patients (108) 
and experimental subjects (33, 34) following prolonged overventilation in body 
type respirators. 

Two explanations of this phenomenon, which are not necessarily mutually 
exclusive, have been suggested. The first of these as outlined by Gray (104-106) is 
that an increased sensitivity to carbon dioxide of the chemosensitive cells of the 
respiratory center takes place during the prolonged hyperventilation, so that a re- 
duced carbon dioxide tension will maintain the same respiratory ventilation that 
previously required a larger stimulus. It is indeed generally found (33) that an in- 
creased ventilator-y response to inhalation of carbon dioxide does follow passively 
imposed hyperventilation, and similar results have been obtained with hypoxic 
hyperventilation produced by a g-week stay at 9500 feet altitude (215). 

A second explanation has been suggested by Bjurstedt (14). He demonstrated 
that cold blocking the carotid sinus nerve in vagotomized dogs abolished the in- 
creased ventilation produced by breathing 8 per cent oxygen. However, when this 
hypoxic hyperventilation had continued for 6 to IO hours, cold blocking the carotid 
sinus nerve no longer had an effect on respiration, and hyperventilation continued 
after restoration of normal oxygen tension to the animal. He explains this fmding as 
follows: “Whereas the pulmonary ventilation is mainly controlled by the need for 
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oxygen in the acute stage of hypoxic hyperventilation (drive-essentially reflexo- 
genie), the same or nearly the same amount of ventilation is essentially maintained 
by the need for carbon dioxide removal as the compensation of the respiratory alka- 
losis becomes complete (drive-mainly centrogenic).” 

This explanation is predicated on the assumption that when plasma p11 has 
been returned to normal or essentially normal by a reduction in plasma bicarbonate 
content (compensated respiratory alkalosis), a decrease in ventilation which would 
increase the arterial blood carbon dioxide tension would result in a decrease in ar- 
terial blood PH. This increased hydrogen ion concentration would then become the 
stimulus continuing the hyperventilation. 

Examination of Bjurstedt’s data shows the predicted fall in blood pry when room 
air was restored to dogs that had been breathing 8 per cent oxygen for IO hours. 
However, when Brown, Hemingway and Visscher (34) determined the arterial 
blood PH and carbon dioxide tension on subjects before and after 24 hours of passive 
overbreathing, they were unable to account for the continued hyperventilation 
entirely on this basis. In several instances increased respiratory minute volumes 
were seen at lower carbon dioxide tension and higher PH values after 24 hours of 
hyperventilation than were observed before hyperventilation. The continued over- 
ventilation in these cases could not be attributed to a mechanism preserving con- 
stancy of plasma carbon dioxide tension and PH unless it is assumed that a change in 
central or end-organ sensitivity to carbon dioxide tension or PH had taken place. 

A possible explanation for this change in sensitivity of the central chemosensi- 
tive cells for carbon dioxide is available. It has been demonstrated that a homo- 
genate of brain tissue from guinea pigs that had been subjected to 24 hours of hy- 
poxic hyperventilation exhibited a reduction in buffering ability for carbon dioxide as 
compared with brain tissue from guinea pigs that had not been hyperventilated (31). 
This would suggest that a given carbon dioxide tension could result in a higher intra- 
cellular hydrogen ion concentration in the brain cells of animals that have been 
subjected to prolonged hyperventilation and by this means produce an increase in res- 
piratory stimulation. Nims et al. (193) have demonstrated a reduced buffering capac- 
ity of brain tissue as revealed by the in z&o titration curve of internal jugular blood 
in petit mal patients. It has been suggested that these patients are more sensitive to 
small changes in blood carbon dioxide tension than are normal persons, and it would 
be of interest to compare the respiratory response to increasing carbon dioxide ten- 
sions of such patients with the normal response (201). 

The converse of this increased sensitivity has been demonstrated in patients 
with emphysema who have chronic respiratory acidosis (136). These patients ex- 
hibit a depressed carbon dioxide response curve, but there is some reason to wonder 
how much of the reduced response is a blunted sensitivity of the chemosensitive cells 
to carbon dioxide and how much is decreased responsiveness of the respiratory mus- 
cles (271, 272). 

Several observations have been made indicating that mechanisms may come 
into play which act to reduce a passively imposed overventilation. Fenn et al. (74) 
noticed an increasing rigidity of the chest with hyperventilation produced by an 
intermittent positive pressure device. Thus the tidal exchange was reduced with the 
same applied pressure. Brown and his co-workers (33) observed one subject whose 
minute volume fell to his normal resting value during sleep regardless of the pressure 
differential being applied by the respirator. Attention was called to this phenomenon 
by the occurrence of laryngeal stridor each time the subject fell asleep. Peltier (202) 

obtained pneumotachograms on sleeping subjects being hyperventilated in a body 
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respirator and recorded intermittent periods of apnea in the face of negative respira- 
tor pressures of 28 cm. HZO. All of these mechanisms are at present unexplained but 
they indicate that some control over respiration is still present with mechanically 
imposed hyperventilation. The observation by Hemingway (122) that dogs panted 
with the chest in the inspiratory position and thus increased their functional residual 
air, tending to reduce the efficiency of exchange, indicates the existence of a control 
mechanism in that situation. 

HYPERVENTILATION AND CARDIO~RCULATORY CHANGES 
Arterial Blood Pressure. In some of the early observations on hyperventilation 

produced mechanically in dogs (73) and by voluntary overbreathing in humans 
(189, zgo), a fall in arterial blood pressure was reported during, and immediately 
after hyperventilation. Henderson (123, 125, 126) conducted a series of investigations 
on acapnia and shock in which he attributed the severe fall in blood pressure from 
vigorous overventilation of dogs to the low carbon dioxide tension, and stated that 
the ‘shock’ state could be prevented if the hyperventilation was carried out with a 
gas mixture containing carbon dioxide so as to prevent hypocapnia. The fall in blood 
pressure with eventual death from circulatory failure was attributed to reduced 
cardiac output. Janeway and Ewing (143) obtained similar results from hyperven- 
tilating dogs, but they were unable to prevent the circulatory failure by adding 
carbon dioxide to the respired gas. They attributed the hypotension to mechanical 
factors producing interference with venous return to the heart. Hyperventilation 
of cats at a very high rate produced a fall in arterial blood pressure to values be- 
tween 30 and 40 mm. Hg in I to 2 minutes (51). Little evidence of reduced cardiac 
output was obtained from cardiometer records and the fall in blood pressure was 
attributed to vasomotor changes. In more recent work Heymans and his co-workers 
(130, 131) have not found a fall in arterial blood pressure with hyperventilation in 
normal chloralosed dogs or cats. Dogs deprived of their aortic and carotid presso- 
receptors, however, show a fall in blood pressure during hyperventilation. &McDowell 
(179) concludes from his work on dogs that overventilation of the chloralosed animal 
produces two effects: a> a vasodilatation due to reduction in carbon dioxide concen- 
tration at the vasomotor center, a central effect; and b) a constriction of peripheral 
vessels due to washing out of carbon dioxide locally. The resulting blood pressure 
depends on the relative effectiveness of the two mechanisms. 

Blood pressure determinations on normal human subjects voluntarily over- 
breathing have yielded conflicting results. This is not an unexpected finding since 
both the duration and the degree of the hyperventilation vary markedly from one 
study to another. Data from a number of reports are presented in table 2. In normal 
subjects no change or a slight decrease is usually found; however, a consistent de- 
crease has been reported by some investigators (264). Vincent and Cameron (263) 
do not give data but they say, “In every case where the breathing was sufficiently 
rapid and deep, a fall in blood pressure was recorded, varying from 4 or 5 per cent to 
37 per cent.” 

A compensatory cutaneous vasoconstriction occurring during voluntary over- 
breathing has been proposed to explain the lack of a fall in blood pressure (48). 
Voluntary hyperventilation in hypertensive patients has been found to result in a 
fallain blood pressure (173, 210, 212). 

Seevers and others (242) hyperventilated anesthetized patients until the aver- 
age carbon dioxide tension was 21 mm. Hg and the average PH had increased by 
0.3. They found a fall in systolic pressure of 25 mm. Hg and a IO mm. Hg decrease 
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in diastolic pressure. Their conclusion that a fall in blood pressure obtains only after 
anesthesia does not appear to be compelling on the basis of evidence presented, 
although the study does emphasize another variable that must be included in con- 
sideration of this problem 

A rapid reduction in alveolar carbon dioxide tension following breathing of 
high carbon dioxide mixtures or following accumulation of carbon dioxide by breath- 
ing in a closed system has been found to produce regularly a severe hypotension 
accompanied by cardiac arrhythmias in dogs (35). In many instances this hyper- 
ventilation following hypercapnia produced ventricular fibrillation and death. Hypo- 
tension has also been reported to follow loss of carbon dioxide in patients who have 
become hypercapnic during surgery (37, 67). 

Cardiac Output. Although reduced cardiac output resulting from diminished 
filling of the right heart has been suggested as a causative factor in those cases where 
a fall in blood pressure has followed hyperventilation (I 23), evidence for such an 
explanation from actual measurements of cardiac output has not been conclusive. 

TABLE 2. EFFECT OF VOLUNTARY HYPERVENTILATION ON BLOOD PRESSURE 

Kety & Schmidt (146) 
Norlin ( I 96) 
Raab (213) 
Stefan (252) 

Schneider (238) 
Brehme & Popoviciu (25) 

Piotrowski (204) 
Raab (212) 

* Subjects mostly hypertensives. 

No. of 
subjects 

6 
I 

IS 

6 
16 

5 
IO” 

29% 

Min. of 
V.Hv. 

20-30 
30 
IO-20 
I 2-40 
22 

IS 

10-30 

Blood Pressure 
Before During 
V.Hv. V.Hv. 

mm Hg mm Hg 
I 10/76 I r8/87 
III/77 1 IO/73 
100 101 

=27/q = 23197 
106/71 IW74 
10s 112 

I67/89 w/86 
183 156 

Reference has already been made to the experiments of Dale and Evans (51). 
Roome (224, 225) measured the cardiac output on dogs overventilated in a Drinker 
type respirator and found no consistent change. In those instances in which cardiac 
output decreased, the reduction was not sufficient to account for the fall in blood 
pressure. Grollman (107) found an elevation in blood pressure and a slight increase 
in calculated cardiac output from voluntary overbreathing. Using Grollman’s method, 
Norlin (196) found increases up to 4 l/minute with voluntary hyperventilation lasting 
from 30 to 60 minutes. An increase of this kind may be attributed to the exertion 
(210) and should be absent in passively induced hyperventilation. Kety and Schmidt 
(146) used the ballistocardiograph to indicate changes in cardiac output in active 
voluntary hyperpnea and in passive overbreathing produced by a mechanical posi- 
tive pressure respirator. No change with active overbreathing, and a slight fall from 
4.5 to 4.0 l/minute with passive over-ventilation was found. 

Electrocardiograms. The characteristic change in the electrocardiogram pro- 
duced by hyperventilation is a flattening of the T wave (158, 233, 259). That this 
decrease in voltage of the T wave is a result of alkalosis is evidenced by the fact that 
it follows either hyperventilation or ingestion of alkaline salts (7). Following 3- to 
&minute periods of maximum voluntary hyperventilation, Christensen (45) found 
electrocardiographic changes which he interpreted as evidences of myocardial anoxia. 
Since these changes were not prevented by zoo per cent oxygen or coronary vaso- 
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dilators, he concluded that an increase in myocardial tension was the cause. Precisely 
what is meant by myocardial tension is not explained. Tissue anoxia under these 
conditions has been attributed to the decreased dissociation of oxyhemoglobin at 
low CO2 tensions (42). 

Bloom (16) has suggested hyperventilation as a test for latent coronary disease, 
and he attributes the changes in the electrocardiogram in this condition to stress on a 
diseased heart since they occur before alkalosis has developed. 

Peripheral Circulation. There seems to be little doubt that vasoconstriction of 
skin blood vessels results from hyperventilation. Stewart (253) found a fall in blood 
flow in the arms and hands; Wells (268) observed a profound fall in electrical re- 
sistance of the skin which he attributed to vasoconstriction; and Sager, Kreindler 
and Bruch (234) reported a marked reduction in peripheral pulse and a decrease in 
bore of small vessels in the fingernail beds as determined by direct observation. 
Soley and Shock (250) noted vasoconstriction in the fingers of such a severity that 
it was dif5cult to obtain blood by finger puncture following voluntary overbreathing. 
By means of oscillometric measurements, Christensen (44) found contraction of the 
large arteries of the extremities during forced breathing. However, no consistent 
change in blood flow through the gastrocnemius was observed in dogs hyperventilated 
for 30 minutes by a pump (ISI). 

A reduction in venous pressure following short periods of voluntary hyperven- 
tilation has been a routine finding (IO, 156, 246). Henderson (I 26) considered the 
disturbance in circulation induced in man by acapnia as being due chiefly to a de- 
crease of venous return to the heart. 

Cerebral Circulation. Studies on cerebral circulation have been consistent in their 
findings of reduced blood flow through the brain during hyperventilation. These 
investigations have been made using thermostromuhrs (I&, 194, 195, 236), the 
dye injection method (92, 95), and the nitrous oxide method (102, 147). By direct 
observation the pial vessels have been seen to dilate with increase in blood carbon 
dioxide tension and to constrict with hypocapnia in cats (54, 274) and in monkeys 
(249). This cerebral vessel vasoconstriction and diminished blood flow has been 
interpreted as a homeostatic mechanism to maintain a more nearly constant carbon 
dioxide tension in the cerebral cells (93, 163). The commonly observed dizziness that 
is produced by hyperventilation, and the school yard ‘fainting trick’ resulting from 
vigorous forced breathing followed by a Valsalva maneuver undoubtedly represent 
a diminished supply of oxygen to the brain which may be due partly to cerebral 
vasoconstriction and partly to mechanical interference with filling of the right heart 
(140)* 

The consistency of this response, with the regular increase in arterial-venous 
oxygen difference that follows, led to the suggestion of using the change in brain 
A-V oxygen difference produced by hyperventilation as a diagnostic test in cerebral 
vascular tumors (169). In a patient with a demonstrated intracerebral vascular 
tumor, hyperventilation increased the internal jugular vein oxygen saturation almost 
to arterial levels, while in normal individuals a fall in saturation was regularly ob- 
served. 

It would appear then that a reduction in carbon dioxide tension produced by 
over-ventilation results in an increase in resistance in certain vascular beds, skin and 
brain, and vasodilatation in others, possibly splanchnic (186), with little change 
in cardiac output and variable changes in arterial blood pressure depending on the 
relative effectiveness of the peripheral vasconstriction and vasodilatation. If a 
reduction in circulating blood volume as reported by Brednow (26) is a regular 
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finding in overbreath ing, the vasocons triction that occurs 
least in many cases, to prevent a fall in blood pressure. 

must be sufficient, at 

HYPERVENTILATION AND NEUROMUSCULAR CHANGES 

Tetany. In experiments on himself in agog, Vernon (262) described tonic rigidity 
in the muscles of his hands following 6 minutes of forced breathing. The same year, 
Henderson (I 24) observed similar symptoms in several subjects following I to 2 min- 
utes of forced breathing. He mentions skin paresthesis as a more common finding than 
muscle spasm. The following year, Hill and Flack (132) described the discomfort of 
long continued forced breathing as a “. . . feeling of a band or bands being drawn 
tight round the head or neck, of pins and needles and numbness in the limbs.” 
They also describe twitching of the facial muscles, tremor and drawing of the fingers, 
and pursing of the lips. 

It was not until 1920, however, that these results of hyperventilation were called 
tetany and described in somewhat more detail. In that year, Collip and Backus (Jg), 
in a paper dealing primarily with blood and urine changes following prolonged hy- 
perpnea, described definite tetany appearing in a few of their subjects following 
15 to 40 minutes of voluntary hyperventilation. A few months later, the report by 
Grant and Goldman (103) was published dealing directly with the problem of tetany 
produced by forced respiration. Since hypocalcemia had been demonstrated during 
attacks in other types of tetany (141, 171), it was natural to suggest that it might 
be implicated in hyperventilation tetany. 

Grant and Goldman (103) measured total serum calcium during hyperventila- 
tion tetany and found it slightly increased. Numerous determinations of total serum 
calcium concentration, both in experimentally produced overbreathing (100, Iog, 
III, 137, 205, 207-209) and in clinical cases of spontaneous hyperventilation (79, 
80, 82, 145, 172, 188, 239, 266), have been made since that time. These reports are 
consistent in their findings of either a slight increase or no change in total serum 
calcium. 

As Grant and Goldman (103) point out, however, this does not necessarily mean 
that the alkalosis so produced plays no part in the tetany of hyperventilation, since 
overbreathing may render a portion of the calcium inactive, reducing the concentra- 
tion of ionized or ‘active’ calcium in spite of an increase in total serum calcium. 
Many investigations over the last 30 years have attempted to answer this problem. 

Since the report by Rona and Takahashi in Igr3 (223), it has been generally 
recognized that when normal serum is dialyzed against solutions of varying inorganic 
calcium concentrations the solution with which no net shift of calcium takes place 
has a concentration of about 5 to 6 mg. per cent of calcium, approximately 50 per 
cent of the total serum calcium concentration. 

In 1934 McLean and Hastings (182) devised a biological method of determining 
ionized calcium concentration utilizing the response of the frog heart as the indicator 
for calcium ion concentration. Using this method, they carried out extensive experi- 
ments (181, I 83) on the state and concentration of calcium in body fluids and came 
to the conclusion that, with the exception of the small amount of calcium present 
as citrate, calcium is either ionized and difLsible or bound to protein and nondif- 
fusible. They also point out that it is the ionized, diffusible calcium that is of primary 
physiologic and clinical importance. 

Advocates of the theory that hyperventilation tetany is caused by a reduction 
in ‘active’ or ‘effective’ calcium have been faced with the problem of demonstrating 
a significant reduction in calcium ion concentration during the tetany. The Rona- 
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Takahashi formula (223), K = (Ca*) (HCOa-)/(H+), has been invoked by some 
in support of this hypothesis (III) but other investigators (rag, 239) have objected 
to its application to blood serum. 

There is evidence from in vitro studies that an increase in PH increases the pro- 
portion of calcium bound by serum proteins and decreases correspondingly the 
filtrable calcium. Dillman and Visscher (65) made measurements of the ultrafltrable 
calcium concentrations of blood plasma and showed a definite influence of PH. In- 
creasing the PH from 6.9 to 7.7 reduced the ratio of total calcium to ultrafiltrable 
calcium from o.sgs to O.L+JI. Assuming linearity over this range of PH, the change 
in ratio between PH 7.4 and 7.7 would be a reduction from 0.498 to o.qq~. In the 
case where the total calcium concentration is IO mg/Ioo ml. of plasma this would 
mean a concentration of ultratitrable calcium of 4.41 at PH 7.7, a value considerably 
higher than those usually associated with hypocalcemic tetany (109). 

More recently Carr (39) in studying calcium binding by serum albumin found 
an increase in the amount of bound calcium with an increase in PH over the range of 
5.2 to 8.3. An increase in PH from 7.36 to 7.59 increased the moles of calcium bound 
by each mole of albumin from 2.2 to 2.7. Again this degree of reduction in unbound 
calcium would probably not be sufficient of itself to produce manifest tetany. 

In those investigations in which dialyzable or ionized serum calcium concentra- 
tion has been determined during hyperventilation tetany, conflicting results have 
been reported but in the majority of cases little or no reduction has been found. blar- 
rack and Thacker (I 75) in extensive experiments on ionized calcium concentration 
in body fluids concluded that an increase in PH from 7.4 to 7.8 would produce a very 
minor fall in calcium ion concentration and they reject the theory that decreased 
calcium ion concentration is responsible for the tetany of overbreathing. Gunther 
and Greenberg (Iog) measured diffusible serum calcium before and during hyper- 
ventilation tetany in three subjects and found a slight increase rather than a de- 
crease during tetany. Binge1 (I 2) reported decreases in serum ultrafiltrable calcium 
concentrations during hyperventilation tetany in three subjects. He cites these data, 
which are at variance with the majority of reports on this subject, as supporting 
Gyorgy’s (I I I) views to which reference has been previously made. No decrease in 
calcium ion concentration was detectable by the frog heart method on increasing the 
PH of the perfusing fluid from 7.35 to 7.60 (183) although the authors calculated that 
with a protein concentration of 7 gm. per cent and an A/G ratio of x.8, the calcium 
ion concentration should have decreased from I .29 to 1.20 m/kg. of water, a reduc- 
tion less than that usually considered necessary to produce tetany. 

Kerr, Dalton and Gliebe (145) found the diffusible serum calcium concentration 
on clinical patients during spontaneous hyperventilation in the normal range. They 
do not give control values for comparison. Using a method based on the solubility 
of calcium iodate, Schultzer and Lebel (239) determined the serum calcium ion con- 
centration on two patients before and during attacks of spontaneous hyperventila- 
tion tetany and found little or no change. 

In 1936, Barnes and Greaves (8) determined calcium concentration in cerebro- 
spinal fluid during spontaneous overbreathing tetany on the assumption that in the 
short time intervals involved in the appearance of tetany from hyperventilation, any 
change in cerebrospinal fluid would be a reflection of larger changes in the serum. 
They found a reduction of 0.5 mg. per cent in each of two patients and suggested that 
diffusible calcium concentration is involved in hyperventilation tetany. The fol- 
lowing year, two papers appeared in which the use of cerebrospinal fluid calcium 
concentration as a measure of serum diffusible calcium concentration was criticized, 
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and in which the experiments of Barnes and Greaves were repeated with opposite 
results. No fall in cerebrospinal fluid calcium was observed by Cumings and Car- 
michael (so) in two patients during spontaneous hyperventilation tetany, and Mc- 
Cance and Watchorn (I 78) found little or no change in either ultrafiltrable serum 
calcium or cerebrospinal fluid calcium in two subjects who voluntarily hyperventi- 
lated until tetany appeared. 

Thus the hypothesis that hyperventilation tetany is due solely to a reduction in 
plasma calcium ion concentration is not well substantiated. Nevertheless, reports 
continue to appear (41) in which it is contended that this must be the sole causative 
factor in tetany of respiratory alkalosis. In discussing this problem in 1947, Carryer 
(40) says, “While no significant change in the total calcium of the blood takes place, 
the readily available, or ionized portion is affected markedly. This ionized calcium 
is, in part, temporarily bound by the increased alkalinity present in the blood in 
respiratory alkalosis. The decrease in available calcium increases the excitability of 
the neuromuscular mechanism, thus inducing tetany.” 

If hypocalcemia is not the sole causative factor in overventilation tetany, what 
is the etiological agent? At least three other possibilities have been suggested as con- 
tributory factors: the alkalosis, i.e. rise in PH per se; the fall in carbon dioxide ten- 
sion; and reduction in blood glucose level. 

Attempts to produce tetany by administration of alkaline salts have been only 
partially successful. Binger (13) could produce tetany in dogs by injecting phosphate 
solutions which produced a marked fall in serum calcium concentration. However, 
when an acid phosphate solution was injected, the fall in calcium concentration was 
not accompanied by tetany. Administration of large doses of NaHC03 has been re- 
ported (I 15, 141) to produce tetany in some cases, and signs of tetany have been ob- 
served in alkalosis of pyloric obstruction (170). Anderson and Graham (3) in study- 
ing tetany in children conclude, “The production of acidosis invariably leads to the 
disappearance of the signs of tetany irrespective of a rise in the calcium content of 
the serum.” On the other hand, it has been suggested that a rise in blood pa due to 
hyperpnea which would be insignificant in a normal dog may be a contributory factor 
in production of tetany in parathyroidectomized dogs (36). 

In a recent investigation by West and Rapaport (269) in which NaHC03 was 
administered to dogs until the normal plasma bicarbonate level was approximately 
doubled, no evidence of tetany was seen. They refer to other reports (49) in which 
plasma PH has been elevated without signs of tetany. Shock and Hastings, using a 
micro technique which they devised for study of acid-base balance on finger tip 
blood (244), studied displacements of blood PH and the appearance of tetany in sub- 
jects who voluntarily hyperventilated after being made alkalotic by ingestion of 
NaHCOa, acidotic by ingestion of N&Cl, or under normal conditions (245). They 
observed tetany in every overbreathing experiment except one, regardless of the 
state of the subject at the onset of hyperventilation, and they concluded that the 
excessive decrease in ‘carbon dioxide tension rather than the absolute value of the 
PH is the contributing cause. Subjects with a PH above 7.5 following ingestion of 
NaHCOa did not show tetany whereas acidotic subjects who hyperventilated de- 
veloped tetany at PH of 7.50 to 7.55. When the carbon dioxide tension fell to approxi- 
mately one-half of normal, tetany followed regardless of the absolute pH level. 

Hypoglycemia has been reported to accompany hyperventilation tetany (I 73, 
174) and these attacks of tetany are said to be prevented by administration of suf- 
ficiently large amounts of glucose. Hyperventilation has also been reported to de- 
crease the hyperglycemic action of adrenaline (22). In subjects voluntarily over- 
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breathing for 30 minutes to I hour, Paschkis and Nonquio (200) found no consistent 
change in blood glucose level. 

It would appear that increased irritability of nerves and skeletal muscles to the 
point of tetany may be brought about or at least favored by changes of several dif- 
ferent kinds in the internal environment. Reduced carbon dioxide tension, reduced 
hydrogen ion concentration, and low calcium ion concentration may all be contribut- 
ing causes in producing hyperventilation tetany. 

Nerve Irritability and Psychomotor Performance. Studies designed to determine 
the effect produced by hyperventilation on nerve and muscle have been consistent 
in their finding of increased irritability. In his early experiments on hyperventila- 
tion as a diagnostic aid in epilepsy, Foerster (77) had the opportunity during brain 
exposure for surgery to determine the threshold for direct stimulation of the motor 
cortex in two patients. In both cases the threshold was lowered by overbreathing. 
These results have since been corroborated in dogs (60) and cats (29). Hyperventila- 
tion has also been shown to facilitate the production of strychnine convulsions. 
Martin0 and deFinis (I 76) found no appreciable change in irritability in hyper- 
ventilated dogs that had previously been made acidotic by injection of calcium chlo- 
ride or ammonium chloride. They conclude that the increased irritability of hyperpnea 
is due to alkalosis. This interpretation is substantiated by the work of Koenig and 
Groat (152) in which they found an elevation of electrical threshold, especially of 
reflex arcs, with reduction of pa produced by administration of hydrochloric or lactic 
acid to cats. 

In addition to the well-known augmentation of the patellar reflex (148, 254), 
Hiitten (142) found the slowed reflexes resulting from mild hypoxia restored to normal 
by hyperventilation, and Gellhom and Spiesman (88) reported an increase in the 
number of nystagmic movements during hyperpnea. 

Gellhorn and his associates also reported a reduction in hearing (87), a lengthen- 
mg of the latent period of negative after images (8g), and a shift from the usualness 
in word association with voluntary overbreathing (86). His finding of decreased 
visual intensity discrimination (85) is somewhat at variance with the increase in 
fusion frequency reported by Rubinstein (230). 

An increase in chronaxie and a decrease in threshold during hyperventilation 
have been reported for several different nerves and muscles (I 2, 19, 63), and Kugel- 
berg (I 59) has demonstrated by electromyographs from the first dorsal interosseus 
muscle that muscle spasm from hyperventilation is “. . . caused by spontaneous dis- 
charges arising first and foremost in the proximal part of the longest motor nerve 
fibers.” Gastric motility has also been found to increase markedly following volun- 
tary overbreathing (53). 

Performance on psychomotor tests regularly deteriorates when severe hypo- 
capnia is effected (232, 241). Rahn et al. (216) found performance very little affected 
in the presence of adequate oxygen until alveolar carbon dioxide tension fell below 
25 mm. Hg; however, with reduced oxygen tension the deteriorating effects of hy- 
poxia and hypocapnia were additive (I 98). 

Although it appears to be conclusive that a decrease in hydrogen ion concentra- 
tion is involved in the increased nerve and muscle irritability produced by hyper- 
ventilation, additional information needs to be obtained on the effect of reduced 
carbon dioxide tension in the presence of normal PH. 

As would be expected when hyperpnea proceeds to the point where voluntary 
motor control is impaired, performance on coordination and similar tests deteriorates. 

Epilepsy and Electroencephalography. In 1924 Rosett (227) in this country and 
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Foerster (77) in Germany demonstrated that a short period of voluntary hyperventi- 
lation precipitated an attack in a high percentage of epilepsy patients, and they 
suggested the use of this procedure as an aid in diagnosis of this condition. These 
original observations have been confirmed many times (76, 78, 155, 222) and further 
studies on various factors affecting the tests have appeared. 

In early investigations using the electroencephalograph, alterations in the elec- 
trical activity of the cerebral cortex induced by hyperventilation were found in 
animals (go, gr, 154) and in man (55, 69, 93, 94, 164, 167, 228). These alterations 
consist of an increase in the number of slow, high voltage waves that appear. Brill 
(27) and Liberson (167) found a decrease with age in this slow activity produced by 
overbreathing and Liberson reported a larger amount of delta activity in his idio- 
pathic epilepsy patients than in nonepileptics. Brill (28) also reported an incidence 
of 53 to IOO per cent of abnormal electroencephalograms during hyperventilation of 
2 to 5 minutes duration among various groups of epileptic patients and none among 
nine normal and eight psychoneurotic subjects. Using a continuously recording 
carbon dioxide analyzer, Blinn and Noel1 (I 5) found the first slow wave activity ap- 
pearing over a wide range of alveolar carbon dioxide tensions in normal subjects. 

A moderate degree of hyperpnea has been shown to produce large slow waves 
followed by the characteristic petit mal pattern in petit ma2 patients (94, 164), and 
a correlation between the rate of spontaneous respiratory ventilation and the ap- 
pearance of petit mal attacks in some patients was reported (46). The increases in 
minute volume that preceded an attack were very much smaller than those which 
are usually required to give slow electroencephalographic activity in a normal sub- 
ject. Teglbjaerg (258) could not find a linear relationship between the incidence of 
petil mal and alveolar carbon dioxide tension. 

It soon became apparent that blood glucose levels must be known, or preferably 
maintained at a high level, if the hyperventilation test were to be interpreted intelli- 
gently, since low blood sugar could also produce slow activity in the electroencephalo- 
gram (59). Low blood glucose levels were found to favor the appearance of slow corti- 
cal rhythms during hyperventilation (24, 57, 58, 68, 71) and Rubin (229) suggested 
keeping the blood glucose level above 120 mg. per cent when electroencephalograms 
were being recorded during hyperventilation. 

Heppenstall (I 27) concluded that instability of the electroencephalogram during 
hyperventilation with blood glucose values above 130 mg. per cent markedly increased 
the probability that the patient was epileptic. Gibbs, Williams and Gibbs (96) deter- 
mined oxygen, carbon dioxide and glucose in internal jugular vein blood and con- 
cluded that oxygen and glucose levels could vary over wide limits with little change 
in cortical frequency until a critically low level was reached at which time a sudden 
shift toward the low side took place. 

Oxygen tension has also been found to influence the changes in electroencephalo- 
grams produced by overbreathing. Davis and Wallace (57) found less alteration in 
the electroencephalograms with hyperventilation on oxygen than on air, and Engel, 
Ferris and Logan (68) recorded more severe changes with overbreathing on low oxygen 
mixtures as compared with air. 

These results have been interpreted by Davis and Wallace (57) to mean that the 
slow cortical electrical activity results from impaired delivery of oxygen and glucose 
to the cerebral cells due to the reduced circulation through the brain in hyperventila- 
tion. Gibbs et a2. (93) on the other hand believe the cerebral vasoconstriction that 
accompanies hypocapnia (see section on CIRCULATIOX for references) is a homeostatic 
mechanism to maintain a constant cerebral carbon dioxide tension. They find this 
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mechanism impaired in petit mal patients and in those normal subjects who have a 
low threshold for slow activity with over ventilation. This homeostatic mechanism 
can be maintained only in the presence of adequate oxygen and glucose supply to the 
brain and thus the influence of these nutritive substances is explained. Other in- 
vestigators (102) have failed to find a difference in the cerebral blood flow change 
with hyperventilation between normal and idiopathic epilepsy patients. 

Recently Lloyd-Smith (168) has attempted to determine which of the variables, 
hypocapnia or cerebral hypoxia, is responsible for the slowed electrical activity ac- 
companying hyperventilation. He reasons that during overbreathing the carbon diox- 
ide tension falls while the oxygen tension rises; whereas during breath holding im- 
mediately thereafter, the carbon dioxide increases and oxygen decreases. By recording 
continuous electroencephalograms during this procedure, he demonstrated a sim- 
ilarity between the slow wave pattern present at the end of hyperventilation and at 
the end of 13 to 2 minutes of breath holding. He interprets this as favoring the 
hypoxia theory. 

At any rate, a shift of the electrical activity of the cerebral cortex toward large 
slow potentials accompanies the cerebral vasoconstriction of hyperventilation (54), 
and regardless of which factor is the immediate cause, hypocapnia, hypoxia and 
hypoglycemia act synergistically in producing this effect. 

CLINICAL REPORTS 

The extent to which hyperventilation is a primary or complicating factor in 
patients seen in routine office practice is given in a recent study by Rice (220) in 
which he reports finding symptoms of overbreathing in 107 of moo patients coming 
to his office. In a similar tabulation, McKell and Sullivan (180) recognized hyper- 
ventilation in 5.8 per cent of 500 consecutive ambulatory patients with gastrointes- 
tinal complaints. If these figures are representative of the incidence of this condition, 
it is not unexpected that clinical reports have been numerous (43, 61, 62, 81, 84, 98, 
117, 150, 153, 235, 251, 270), and that it has been discussed from many viewpoints. 
The references given here by no means represent a complete list of such reports. 

Hyperventilation has been observed in association with or produced by fever 
(IOI), over heating in the engine room of a ship (273), hysteria (47), excitement 
(134, 231, 260), blood donation (82), and anxiety (98). Quinn (211) has discussed the 
symptoms found in these anxiety patients before and after the appearance of frank 
tetany, and Silberberg (247) has listed the complaints that patients usually give. The 
description of difficulty usually revolves around the patient’s supposed inability to 
take a deep or satisfying breath. 

Soley and Shock (250) studied seven patients with so called effort syndrome and 
concluded that respiratory alkalosis resulting from hyperventilation produced the 
symptoms of this condition. Other investigators (I IO, 275) have objected to this 
conclusion on the basis that although hyperventilation may sometimes be a part of 
the syndrome it is not a necessary part. Hyperventilation produced by a variety of 
causes has also been observed in infants (217, 243). 

Soon after the first descriptions of tetany produced by voluntary hyperventila- 
tion (49, 103), reports of clinical tetany from overbreathing began to appear (6, gg). 
Since that time, numerous reports of such cases have been made (2, 80, 97, 145, 161, 
177, 188). In many of these reports, it has been emphasized that these patients show 
more severe symptoms from a given degree of overbreathing than do normal subjects 
(8, 149, 240). 
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