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I
The relationship between end tidal and mixed venous carbon dioxide

tensions has been studied during exposure to, and recovery from, volun-
tary hyperventilation in 4 subjects. The experiments were designed to
study the feasibility of using a single rebreathing estimate of mixed
venous carbon dioxide tension as a sii~~le field test for hyperventila-
tion in pilots.

The resulj \onfirmed tha t the fall of end tidal carbon dioxide
tension during hmrventilation aná rise during recovery was exponen-
tial. The results ’~ lso showed that the relationships between mixed
venous and end tida\ carbon dioxide values during the unsteady states
of carbon dioxide wakhout and accumulation may be described as a loop
which encloses the th~oretically derived line for the steady state
relationships. The de\~iation from the steady state line appears on
theoretical considerati~n to be direc tly proportional-to carbon dioxide
elimination rate, and indirectly proportional to cardiac output.

It is concluded that a field test for hyperventilation ba sed on a
single rebreathing estimate of mixed venous carbon dioxide tension would
not be of value .
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INTRODUCTION

The effects  of hyperventilation on cerebral function are of

obvious importance in aviation , where a decrement in performance can

lead to disaster. In 1941 , Rushmer et ci , and Hinshaw & Boothby

stressed that even mild hyperventilation could produce a degradation

in performance , and Hinshaw et al , (1943) stated that prolon ged mild

hyperventilation could be as deleterious as profound hyperventilation

of shorter duration . That hyperventilation was associated with a

reduction in cerebra l blood flow was shown by Kety & Schmidt (1946) ,

and they ascribed this to cerebral vasoconstriction . Meyer & Gotoh

(1960) showed that the appearance of del ta wave activity on the REG

during hyperventilation was the same as that seen in cerebral hypoxia.

Further physiological effects of overbreathing have been reviewed by

Brown (1953). -

The major cause of hyperventilation is anxiety. In aviation,

there is little doubt that the wearing of oxygen apparatus with an

added resistance to breathing can cause hyperventilation in suscep—

tibia subjects (Ernsting, 1965). In addition, Miles (1957) showed

that 15 of 32 experienced divers overbreathed at rest when attached

to a standard diving mouthpiece. Other factors that could p lay a par t
— in the aetiology of hyperventilation in the air have been identified,

such as pressure breathing (Ern sUng, 1964), chest coii~ ression by seat

restraint harnesses (Mcllroy at al, 1962), certain body movements

(D ixon at *1, 1962) , vibration (Ernsting, 196i) , and raised body tea—

perature (Sexton , 1975) . The additive effect of positive acceleration

has been identified (Brent at al , 1957) and studied (Browne , 1959).

The incidenc, of hyperventilation in flight has been studied in

the past in two ways. The first ii the retrospective analysis of in—

flight incidents end accidents. Konecci (1956) identified hyperventi-

lation as th. causative factor in B of 73 in—flight incidents in the

T33 aircraft. Powell at al , (1957) described 3 causes of loss of con-
sciousness or diminished consciousness in pilots as a result of hyper—

ventilation in flight.
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The second approach is to study in—flight ventilation. Norris

(1964) concluded that respiratory rate alone did not provide enough

- : evidence for a diagnosis of in—flight hyperventilation. Ellis & Wells

(1962) produced evidence to show that the measurement of several acid—
base components in blood and urine could detect previous in—flight

hyperventilation ‘at a level of concern ’ bu~ that lower levels of hyper—

ventilation could be missed. Balk, (1936, 1937) studied in—flight yen—

tilation, and concluded that hyperventilation in flight was co~~~n , and

that the incidence rose with the p.rformamce capabilities of the aircraft

flown . Murphy & Young (1968) measured minute voi~~~ s during flights in

light aircraft. They found increased ventilation during take—off , and

a smaller increase in ventilation dur ing approach and landing. They

also found that amateur pilots hyp.rventilated more than professional

pilots, and tha t the first flight of the day elicited more hyperventi-

lation then subsequen t flights.

The retrospective technique has the weakness that it underestimates

the inc idence . Some cases (especially second or subsequent episodes)

are not reported , as the pilot finds hi.s.lf discourage d by his previous
experience of the subsequent investigation . Secondly, it is difficult

to distinguish hyper ventilation arising from hypoxia from hyperventila—
tion due to other causes; finally, the incidents that end in fatal
crashes are a lmost impossible to diagnose as hyperventilation. The study
of in—fligh t ventilation has the drawbacks tha t the experim ental tech-
niqus often interfere s with the primary task of fl ying, and also that
presen t equipment is not electronically stable at altitude or small
enough .

The series of experi ments reported here began as an atte mpt to
develop a simple field test for hyp.rv.nt ilat ion , based on a rebre athing
techniqu. for asuring mixed venous carbon dioxide levels (P C02) .

• 3.fore i~~~diat e post—f ligh t rebresthing estimates of Pc0 2 could be

enterta in.d , it was necessa ry to define what happened to the end tidal
carbon dioxide (P~~CO2) and P C 0 2 values during exposure to , sod

recove ry from , hyp. rvsnt ilaLian . 

~~~~~~~~~~~~~ A
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ME THODS

Four subjects , 3 of i/non were experienced in reapiratory manoeuvres,
were used throughout the series of experiments, and details of them are

shown in Table 1. Befo re starting the experiment each subject was
thoroughly tzained in the use of the apparatus.

TABLE 1

Details of E~~erimental Subjects

Subject ~~~ Heisht Weight

MC 27 181.2 78.5

JG 29 176.9 66.5

BP 35 182.2 77.5

Cs 32 172.2 69.5

Subjects lay horizontally on a couch , breathing fro. the circuit shown

in Figure 1. The apparatus was essentiall y that described by Denison

4 (1969).

The apparatus consisted of:

a. A breathing circuit for hyperventilation.

b. A gas analyser.

c. A rebrs ath ing circuit .

The hypervsntilati on breathing circuit consisted of c~~~rsssed gas sour ces

controlled by pressure reducing valves and monitored by accurate pressure
gauges. The gases passed through sonic orifices to a mixing flute,

through a rotaaster and law pressur , wide bore hosing to a reservoir bag.
The lar gest bulk gas (air) en te re d the mixing flute most distally in
orde r to wash th. other gases along. Fro , the reservoir bag , the gas
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passed through a spring loaded non—return valve and a Douglas tap to

the subject. Expiration was through a second spring loaded non—return

valve. The reservoir bag was large enough (SL) and the valves so set
that no through flaw to aubient occurred until the subject had missed

3 breaths at a V1 of 30 L/min . Minute volume was monitored on a rota—
meter (10—100 L/ain) , and altered by controlling the flow of compressed

air. Carbon dioxide could be added to the inspirate in the mixing

flute , and its flow was separately monitored on a rotameter (100—1,000

mI/mm ). An automatic timer/blesper gave the inspiratory signal to the

subject; at each bleep he had to inspire from the reservoir bag until

it was empty . Resp iratory rate was controlled at 20 bre aths /mm .

The resist ance to flow presented by the hyperventilatio n breathing
circuit is given in Pig 2.

Tb. reb rsath ing circuit consisted of th. app. ~us to provide the

gas mixtures , a SL rubber bag and a Douglas tap . C~~~ressed gas bottles
smpplisd 12 labelled with 52 Argon , 02 and CO2 to three reservoirs , of •

which the reservoir for the inert gas was the largest. The ~~~unt of
each gas delivered could be chang ed by altering the appropriat , pressure

4 reducing valve. The sntry a~d exit tap s of the three reservoirs were
ganged in paral lel so that the reservoirs could be filled and discharg ed
simoltaneously . The cir cui t wee arranged so that the inert gas flushed
the other two reservoirs as the gas was discharg ed to the reb reathi ng
bag. The rebreathing bag could be evacuated by a vacuwa ptmp after each
rebreat hing. The subject was instructed , after a countdo wn f r o m  S to 0,
to exhale to residual ,oluss, turn the Douglas tap into the rebr.athing

circui t , inhale to empty the bag, end then to brea the maximally at
approximately 1 cycle/sec to achieve as mach gas movement between lungs
and bag as possibl, until told to stop . The subject then returne d to
the hyparventilation circuit.

Two pulmonary ,snt ilati oms were studied — minute voli s (i1) of

20 L/ain end 30 L/min . Subj ects start ed the experiment breathing at one
or th . other minute voluse, with 002 added to the inspira te to inta in
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• the PETCO2 at 38.5 Hg. The experiments were performed with the V1 set

throughout , in orde r to maintain the work of breathing constant. In
addition, the PETCO2 starting point was controlled to attempt a more
sat i8factory control over P C 0 2, thus allowing a standard platform from~
which to launch into the CO2 washout. After two control estimates of

had stabilised again at 38.5 me Hg, the added CO2 was withdrawn

from the inspirate, allowing washout of CO2. After the washout had

continued for the period under study , a further estimate of P—CO 2 was
obtained. CO2 was then added to the inap irate at the same rate as

• during the initial control period , while the subject maintained the
same V1. P—CO2 was measured at set intervals during recovery . The
periods of washout studied were ~ san , 1, 2, 5, 10, 30 and 60 mm .

During this time , P
~rCO2 was monitored continuous ly .

As Farhi & Rahn (1960) pointed out, the body stores of CO2 can

take several hours to adjust. With this in mind, no subject performed

more than one washout of greater duration than 10 mm in any one day.

• Monitoring of the composition of respired gases was by mass spec—
trometry. An AEI MS4 and then an SRI’ 1(58 mass spectrometer were used,
and these were linked to direct writing, hot stylus recorders. Calibra—

tion gases , previously analysed by Lloyd—Haldaae apparatus, were used
which spanned the range of expected values of P0 and PVC)2 2

In a rebreathing estimate of PC02, a gas—filled, bag— lung system
is allowed to mix, and the gases equilibrate. The early part of the

reco rd is distorted by mixing, the middle pa rt is a plateau whose level
• 

- is determined by the volume and composition of the gas in the bag and
the PC02, and the latter part of the record can be distorted by recir—

• culation , and intersolubility effects. Mixing of the lung—bag system

was monitored by observing the equilibration of the argon in the nitro—

gen as it cycled between bag and lung. PC02 values were obtained by

measuring the plateau level of CO2 achieved between the 6th and 10th

seconds of rebreathing. On the few occasions when a satisfactory
equilibrium (i.e. simultaneous plateaux on the 02 and CO2 traces, each

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .•.. ~~~~~~~~~~~~~~~~~ ——
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with a slope of less than 0.1 me Rg/sec) was not achieved, P;C02 was

obtained in the manner described by Denison (1969) , by extrapolating

the 6 to 10 second line to 20 seconds, and taking that as the value.

RESULTS

Subjects reported the usual symptoms during the period of hypocap

mis, i.e. pa raesthesi ae, muscular spasms , sweatiness , cold extremities ,
sleep iness and diminished awareness. It was noted, however, that sub—

jects became less aware of the paraesthesi*e after 30 mm of hyperven-

tilation at 30 L/min and that the muscular spasms appeared to remit at
the same time. It is not known whether this was a physiological effect

or the effect of diminished awareness. It is worth noting that no sub—

ject in th. present study became unconscious, although PETCO2 fell  to

as low as 9.7 ma Hg in one subject and PC02 
to as low as 12.1 me Hg in

another.

Mean values of PETCO2 during 20 L/ain and 30 L/min washout/recovery
are shown in Tables 2 and 3. Mean values of P;C02 during 20 and 30 L/min

- 
.

-
~ washout and recovery are also shown in Tables 2 and 3. Full data may be

obtained from the author. The mean washout and recovery PETCO2 values

• are graphed in Pig 3, and the mean washout end recovery P;C02 values

• are graphed in Pig 4.

The an control PETCO2 was 38.3 ± 0.9 (s.d.) me Hg, and the mean

control P C 0 2 was 45.6 ± 1.7 ma Hg. Control of PETCO2 was satisfactory

and there was no significant difference between control values obtained
at the two minute vol~~~s. Contro l of PETCO2 then controlled P 0 02
adequately, and there was no signif icant difference between control
values obtained at the two minute volumes.

Once washout of CO2 sta rted , there was in i diate difference in
PZTCO2 between the two minute volumes . The difference was very highly
signifitant (P < 0.001) even after only 10 seconds of washout. Washout
of 002 during hyperventilation at 30 L/sle was more severe than at
20 L/.iu at all times during the washout (P < 0.001). During the

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~ •- ~~~~~~~~~~~~~~~~~~~~~~~ - - - -~~~~~~~ —— ~~~~~~~~~~~~~~~~~~~~~~ - — -- •~~ ‘~~— • -- I - -~~~~~~~
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TABLE 2

Mean Washout Values of P CO and P—COE T 2  v 2

— 

PETCO2__________ 
PC0

2 __________

Time 20 L/min 30 L/min 20 L/mj n 30 L/,nin

n me Hg se me Hg se . n me Hg se me Hg se

0 56 38.2 0.1 38.4 0.1 56 46.0 0.2 45.3 0.2
-• 10 sec 28 33.0 0.3 30.4 0.2 — — — —

20 sec 28 31.5 0.3 28.8 0.3 — — — —
3O~~ec 28 30.6 0.3 27.9 0.3 4 43.6 0.6 41.4 0.3
40 sec 24 30.0 0.4 27.2 0.3 — — — —
50 sec 24 29.5 0.3 26.7 0.3 — — — — —

1 win 24 29.2 0.3 26.0 0.3 4 41.0 1.0 39.4 0.2
2 win 20 27.3 0.4 23.6 0.3 4 37.8 0.6 35.2 0.7
5 win 16 24.2 0.4 20.3 0.2 4 33.4 0.6 31.3 0.6
10 win 12 22.5 0.5 17.2 0.5 4 29.1 0.6 24.6 0.9
15 win 8 21.3 0.6 16.0 0.5 — — — — —
20 win 8 19.8 0.7 15.2 0.5 — — — — —• 25 win 8 18.6 0.7 14.5 0.6 — — — — —
30 win 8 18.0 0.7 13.8 0.6 4 26.3 0.5 19.9 1.5
35 win 4 17.1 0.9 13.3 0.9 — — — —
40 win 4 16.4 0.8 12.7 1.2 — — — — —

• 45 win 4 15.9 0.9 12.4 1.3 — — — — —
50 mm 4 15.7 0.8 12.2 1.4 — — — —
55 win 4 15.2 0.7 12.0 1.3 — — — — —

j  60 wIn 4 14.9 0.8 11.8 1.2 4 19.8 0.9 15.5 1.5

TARLE 3

Mean Recovery Values of PETCO2 and P C 0
2

P CO P—COTime ET 2 v 2

win 20 L/win 30 L/win 20 L/min 30 L/inin

me Hg se me Hg se me Hg se me Hg se

2 23.7 0.6 25.4 0.9 25.9 1.1 23.8 1.0
5 27.9 0.8 30.6 0.9 29.7 1.1 29.6 1.0
10 30.4 0.8 34.4 0.9 34.0 1.0 35.8 1.3
15 31.7 0.8 36.0 0.5 36.8 1.7 39.6 0.6
20 32.7 0.7 36.5 0.2 38.7 1.3 41.6 1.0
25 33.6 0.8 37.0 0.3 40.3 1.5 43.3 1.3
30 34.4 0.7 37.5 0.4 40.7 0.8 44.1 1.1
35 35.4 0.7 37.6 0.4 40.8 1.0 44.1 1.3

- 
•_ ~
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~_ _
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recovery, however, P— CO2 and PETCO2 
at a V1 of 30 L/min recovered faster

than at a V1 of 20 L/w.in (see Pigs 3 and 4). This is because the experi-

mental design would make the recovery tend to be a reciprocal of the

washout. The statistical analyses used~were analyses 
of variance.

6 0 .

~ 4° ~...30 L/min

• 

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

• •-.s._ .._~ n:4

0 1 I I 1

0 20 40 60 60
Time mm

Fi gure 3. Mean Values of PETCO2 During Washou
t and Recovery .

The values from the washout are from all experiments; mean

values of PETCO2 in the first 30 seconds of washout are

theref ore means of 28 values; similarly, means at 35 win

and subsequently are means of 4 values. The recovery

values are means of recovery from 60 win of washout and

are therefore means of 4 values. It is not possible to

show the standard errors on this Figure; 46 of the 56

points depicted would have standard error bars of less

than ±1.0 me long on this scale , and the greatest stan—

dard error bar would be ±1.8 me long.

~~~~~~~~- — ~-~~-—- .-.- ,--.~~.-. — — pm - —~~ ~~- -
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60

Tim. mm

Figure 4. Mean Values of P C 0 2 During CO2 Washout and Recovery.

• Each P C 0 2 obtained during washout represents the endpoint
of one experiment, and the mean P—CO2 ii therefore the

mean of 4 values . The recovery means are of recove ry from
- - 60 win of washout and the mean s ar. therefore means of

4 values. It is not possible to show the standard errors

on this Figure , 6 of the 16 points depicted would have
standard error bars of less than ±1.0 me long, and the
greatest would be ±1.9 me long.

DISCUSSION

Since , as was expected , the shape of the washout and recove ry
• cur ves appea red to follow a power law , a compute r program was used to

• :- try to fit expons utials to the values of P~~CO2 and P002 given in - •

Tables 2 and 3. Single exponential curves were fitted in the for. of

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ••- . - .- - —— ~~~~~,--.• - —.•---- -~~ • -  A
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P c + b . e 5t
CO~

The values of c, b and a obtained are shown in Table 4.

-
• TABLE 4 -

- • Details of Exponential Curves Fitted to Experimental Data

V1 Measure State c b a c + b
L/min 

-

P CO washout 16.1 16.1 0.094 32.2
FT 2 • recovery 33.7 —17.9 0.221 15.8

20

P-CO wuhout 22.9 21.8 0.141 44.7
v 2 recovery 41.3 —20.6 0.108 20.7

P CO washout 13.2 18.2 0.269 31.4
FT 2 recove ry 36.7 —24.3 0.316 12.4

30
washout 17.5 25.9 0.136 43.4—CO2 recovery 44.3 —27.9 0.125 16.4

From the equation 1’co — c + b.c 5t , the asymptote is given by
2

the term (c). The intercept on the axis (i .e.  when t • 0) is
2

given by the term (c + b). These values are shown in Table 4 • Thus
the value at the start of hyperventilation washout is given by

2
(C 4 b) and the value to which the washout proceeds is given by (e);
the value at which recovery starts is given by (c + b) from the recovery

exponsntials and the level at which recovery ends is given by (c) . It
can be seen that the estimated intercepts on the axis at time zero

2
• for the PFTCO2 washout states are lower than those observed.

Many studies , e.g. Farhi and Rahn (1955), Vance and Fowler (1960)

and Stoddert (1965) accept a ‘body pool’ idea for CO2 stores; the

latte r two studies suggest that washout occurs from a multiccmpart ..mt
body store . I t is clea r therefore that more than one expon sntial washout
of CO

2 is seen at th. lips during hyperventilation. Thes. workers
• - ••

~
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demonstrate a ‘lung ’ coi~ artment of CO2 with a very short half life.
The loss of the lung co~~ertment washout data in the first few seconds

of washout could explain why the single exponential fitted curves start
lower on the P axis than the observed curves. This is not seen in

the P-CO2 curvee
2because the estimation of PC02 by the rebreatbing

r 

method necessitates equilibration of the venous blood and lung com-

partments with the bag of gas.

it way also be seen from Table 4 that the washout and recovery

exponentials, apar t from being inversions of each other, differ in
shape. This could be because recovery was interspersed with rsbreath—

ings . Figure 5 shows PETCO2 during recovery firstly less than P1C02
(sect ion A) • equal to P1~O2 (section 5) , a rebrea th ing (section C)
and finally PETCO2 greater than P1C02 (section D).  Simple calculation

can demonstrate that when PETCO2 inspired PC02 (P1C02) the rebreathing
manoeuvre hinders recove ry , when PETCO2 - P1C02 it has no effect on
recovery, and when PETCO2 > P1C02 it aids recove ry.

- IS
a I C • 0

me

4 ~~~~~~~~

H • 
_ _

— 
All’s _ _ _-

• ~~~~~~

. 
— _ _ _ _ _ _  -

~~~

Figure 5. Ezperimer.tal Tracs, showing P1
C0
2 ~ 

PITCO R (A)

P1C0
2 

— Pg~CO2 ~ ). a rebreething (C), and
P1C02 < PFTCO2 (0) .

~ 
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Iecause we are interested in detecting previous hyperventilation
in a pilot , a rebreathing estimate of P C 0 2 would have to be performed
very soon after the end of hyperventilation to be of any value. Further—

mor e , diagnosis of previous hyperventilation by a single rebreathing
estimate of P—CO2 would be unreliable, for reasons that follow.

If a straight line CO2 dissociation curve existed, th. steady
- 

_ state relationship between P—CO
2 

and PETCO2 would be a line parallel

to the line of identity passing through the point (P C02 
— 43.6, PETCO2 —

38.3). This appears as line A in Fig 6. The effect of the alinsarity

of the CO2 dissociation curve on the relationship between P C02 and
PETCO2 may be calculated from the data of Kelmsn (1967). The resulting
line appears as line B on Fig 6. This line was calculated for an oxygen
uptake (V0 ) of 250 .1/win, a Resp iratory Exchange Ratio (B) of 0.85,

and a cardiac output (Q) of 5 L/win. In the stead y state , a change of
• V02 or R or Q will change the slope of the line. The effect of changing

R was calculated and is shown in Fig 7. It can be seen that as 1 tends
to zero, so the relationship tends to the line of identity. Similarly,

• when I is negative (s.g. during CO2 assimilation) the relationship would

lie below the line of identity.

This experiment however did not study steady state conditions. The

net effect of the experiment was to increase V
4 suddenly. When this

happens, there is an Imeediate fall in PFTCO2 which causes a fall in
P~CO

2. This change is not initially reflected in the venous blood
returning to the luegs — i.e. the 1. (v—a) increases. If the cir~
culaticn time were infinitely fast or Q infin?tsly large, there would
be no lag. Thus all the values of PC02 corresponding to values of
PETCO2 would lie on line 1. If Q were very small, PETCO2 would initially
fall very rapidly with respect to PC0

2 (line C on Fig 6). Similarly,

if the rat, of CO
2 exerstion (VCO2) rose, the A (v—a) P~~ would appear

greater , and the initial deviation from line I would be g .ater. If

~~
O2 fell tmtil a steady state existed , the deviations fro, line I

would be zero. During recovery, the reverse arg ~~~nts may be applied ,
and the relationship between P-CO and P CO would lie on the other• v 2  E T 2
side of ths steady state line. Agsin the deviation would be affected

~~~~~ ~ - 4
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Figure 6. The “Steady State” Relationship betwe.n P C 0 2 and PETCO2
during Ryp.rventtlation—Theory, where line A ass~mau a

• st raig ht CO2 dissociation curve , line I assi s the alinsar
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by VCO2 and by Q. In fact, both Q and VCO2 are f in i te , and the refore
4 the deviation from line B during CO

2 washout and recovery lies between

the extremes described. As the end of a long washout approaches, or
as full recovery approaches, a near steady state again ensues, and

• therefore the deviation from line B diminishes. It can therefore be

seen that the net effect of washout and recovery is a loop , the area
of which must be inversely related to Q and directly related to VCO

2,

i.e.

• vcO
Area of loop

Q

This experiment is a study of the relationship between PETCO2
and a rebreathing estimate of P—CO

2 in two unsteady states beginning
from the same control state. The values of P-CO2 obtained at the end
of each washout at 30 L/isin in subject 4 were graphed against the

- * corresponding values of PETCO2 ; similarly, values of P C 0
2 obtained

- 
• during rec overy from 60 mm hyperventilation in subj ect 4 were plotted

against the corresponding values of PETCO2 ; these are shown in Fig 8.
• Th. relationshi p for all subjects undergoing 20 L/min hyperventilation

-
. 

. is shown ~n Fig 9 and for 30 L/ain in Fig 10. The steady state line B
from Fig 6 is shown as the dashe d line in Figs 8, 9 and 10. It may be
seen from Fig 8 that the relationship between P C 0 2 and PETCO2 during

• hyperventilation asy be described as a loop, and that this loop is

• larger during hyperventilation at 30 L/min than during 20 1./win in
Figs 9 and 10. It y also be seen that near the end of washout or

• near the end of recovery a steady state almost existed and deviation
from the steady stats line (line I in Pig 6, dashed line in Fi gs 8, 9
and 10) i. minimal.

McEvoy et al (1974) also found, in different cir c~astances , that
the P ( 5)CO

2 di f fe rence could vary in the unsteady state . They studied
pati ~nts whose PC0

2 ranged from 42 to 84 me Hg and whose 
~~~~~ 

rang ed
from 27 Co 65 ma Hg.

It therefore follows that a single estimate of P C 0 2 may correspond

-• - 
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would only help to fix a poin t on a loop, but the shape, position of

and time cour se around the loop would be governed by other factors.

The implications are therefore that knowledge of the PCO2 value on

its own does not help in -quantifying previous hyperventilation. Thi s

fact, coupled with the exponential nature of recovery, makes the idea

of a simple field test for hyperventilation based on a single rebreath—

ing estimate of PC02 of dubious value.

AcKNOWLEDGEMENTS

The experimental results on MG and HP were obtained in collabora-

tion with Sqn Ldr B J V Pingree. I wish to thank Sqn Ldr D H Denison
for his advice, guidance and encouragement throughout the experiments,
and )fias Helen Ferrea and the staff of Experimental Design and Analysis
Section f or performing the statistical analyses.

• REFERENCES

MLKE,B., WELLS,J.G. & CLARX,R.T. (1956). In—Flight Studies of Ryper—
- 

4 ventilation. United States Air Force School of Aviation Medicine
Report No. 56—69.

BALKE,B., WELLS,J.G. & CLARK,R.T. (1957). In—Flight Hyperventilation
during Jet Pilot Training. J. Aviat . Med . 28: 241—248.

BRENT,H.P., CARET ,T.M., POWELL,T.J., SCOTT,J.W., TATLOR,W.G.R. &
FRANKS ,W. R. (1957). Synergism between Effects of Hyperventila-
tion, Hypoglycaemia , and Positi ve Acceleration .
J. Aviat. Med. 28: 193.

BROWN Jr.,E.B. (1953). Physiological Effects of Hyperventilation.
Physiol. Rev. 33: 445-471.

BROWNE,M.K. (1959). Gravity and Men. M.D. Thesis, University of
Glasgow.

• DENISOK,D.M. (1969). Mixed Venous Gas Tensions and Resp irato ry Stress
in Man. Ph.D. Thesis, University of London .

- 
4 DENISON,D.M. (1970). A Non—Invasive Technique of Cardio—Pul.onary

Assessment. Advisory Group for Aerospace Research and Develop..nt
Monograph No. 143.

DIXON,M.E., STKW&RT,P.I., MILLS,S.C., VAIVIS,C.J. I IATES,D.Y. (1961) .
Respiratory Consequences of Passive Body Movement.

U J. Appl. Physiol. ~~m 30—34.
- - - — —---~~- ~~~

-
~~-‘.— ‘~~~- - --.-- — - - - ~~~~~-‘-~~-- - - • ..-..—----.- - - • ‘~~~ - •  • 

-



- -~~ _ _ _ _ __ _r~———~———~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~

Page 22

ELLIS Jr.,J.P. & WELLS,J.G. (1962). The Detect ion of In—Flight Hyper—
• ventilation by Blood and Urine Analyses. United States Air Force

School of Aerospace Medicine Report 140. 62—117.

EMNSTING,J. (1961). Respiratory Effects of Whole Body Vibration.
Flying Personnel Research Comeittee Report No. 1164.

ERNSTING,J. (1964). Effects of Raised intrapulmonary Pressure .
Ph.D. Thesis. University of London~

ERNSTING,J. (1965). In A Textbook of Aviation Physiol2~~ ch. 16,
p. 321, ed. J.A. Cillies, Oxford: Psrgamon.

FARBI,L.E. I RAIIN,H. (1955). Gas Stores of the Body and the Unsteady
State. J. Appi. Physiol. 7: 472—484. -

FARMI,L.E. & RAMN,H. (1960). Dynamics of Changes in Carbon Dioxide
St.~ree. Anaesthssiology. 21: 604—614.

HINSH&W,If.C. $ IOOTHIY,W.N. (1941). The Syndrome of Hyperventilation :
Its Importance in Aviation. Proc. Staff Meet. Mayo Clinic. 16:
211—213.

HINSH&W,H.C., RU~~S&,R.P. & IOOTHIY,W.H. (1943). The Hyperventilation
• Syndrome and its Importance in Aviation. J. Aviat. Med. 14:

100-104.

:-~~ 
KNLIW ,C.R. (1967). Digital Computer Procedure for the Conversion of

PCO2 into Blood CO2 Content. Rasp. Physiol. 3: 111—115 .

KETT,S.S. $ SCRMIDT,C.F. (1946). The Effects of Active and Passive
Hyperventilation on Cerebral Blood Flow, Cerebral Oxygen Con—
st
~~

tion, Cardiac Output and Blood Pressure of Normal Young Men.
J. Clin. Invest. 25: 107—119.

KOWECCI,E.I. (1956). Hypoxia and Undetermined Jet Accidents. United
States Air Force Directorate of Flight Safety Research Report
Ito. 43—56.

P~TER,J.S. $ GOTOII,?. (1960). Metabolic and Electroencephelographic
Effects of Hyp.rventilaticn. Arch. Neurol . 5: 539—552.

McEVOT,J.D.S., J~ I!S,LL. & CAMPBELL,E.J.M. (1974). Mixed Venous and
Arterial PC02. Irit. Ned. J. 4: 687—690.

McILROY,M.$., BUTLE&,J. & CIIILEY,T.N. (1962). Effects of Chest Cow—
pression on Reflex Ventilatory Drive and Pulmonary Function.
J. Appi. Physiol. 17: 701-705.

MILE S,S. (1957) . The Problem of Hyperventilation in Divers. Royal
I!avalP.rsow*1 Res.a~th Comeittee Report No. 889.

MURPHT,T.M. & TOIIIG,W.A. (1968) . Hyperventilation in Aircraft Pilots.

- - • • .. 

to 
- 

~~~~
- •

~~~~~~~~~

• —-~~~~~--



1

Page 23

NORRI S,P. (1964). Pilots’ Respiration During a Standard Training
Flight Profile. Royal Air Force Institute of Aviation Medicine
Report No. 286.

POWELL ,T.J., CAREY ,T.M., BRENT ,H.P. & TAYLOR,W.G.R. (1957). Episodes
of Unconsciousness in Pilots During Fli ght in i9 56 . Aerospace
Med . 28: 374—386.

RUSHMER ,R.F., BOOTIIBY,W.M. & HINSHAW ,H.C. (1941). Some Effects of
Hyperventilation with Special Reference to Aviation Medicine.
Proc. Staff Meet. Mayo Clinic. 16: 8Ol 808.

SAXTON,C.A.P.D. (1975). Respiration During Heat Stress. Aerospace
Med. 46: 41—46.

STODDART ,J.C. (1965). Voluntarily Controlled Alveolar Hyperventilation
in Man. M.D. Thesis. University of Newcastle.

VANCE,J.W. & FOVLER,W.S. (1960) . Adjustment of Stores of Carbon Dioxide
During Voluntary Hyperventilation. Diseases Chest 37: 3O4—3l3~

‘I

I



- 
• --- -

~~~~~~~~~
,—-

~~~
--.——• 

~~~~~~~~~~~~~~~~~~~~~~~~ - •

~~~~~
=.

~~~~~~~~

—- --..-•
~

-

Author(s) Ministry of Defence, London.
Fl y ing Personnel Research

0138011 V II ‘ Committee.
• ~No. JFPRC/1~55

Date. ~October 1976 (R,c’d Jun 76) -
Title. I R4D TIDAL AND HIX~~ VR~~U8 G*.RB014 DIOXIDE T~4SI01JS DURING
Abstract. ~~~8URB TO, MID R~~OV~~T FMII • VOLUNTARY ETP~~VThTILATI0N

The relationship between end tid.l and sixed venous carbon
dioxid, tensions has been studied during exposure to, and
recovery from , voluntary hyperventilation in 4 subjects.
Th• exper iments were de.i~~.d to study the feasibility of
using a single rebreathing ,sti.at. of mixed venous carbon
dioxide tension as a stapl, field that for hyperventilation
in pilots.

L Author(s) Ministry of Defence . London. . -

- F l ying Personnel Research
F 1 0138014 V N Committee. -

TN0. JPRC/ 1353 
_______ 

-

• L Dete. Qctob.r 19% (Rec ’d Jma 76)
• Tit le. 

~ ID TIDAL AND MIX~~ V~~IOU8 CA~~0N DIOXIDE T~4SI01I8 DURING
Abstract. DCPOSUU TO, AND R~~OV~~Y F~~~, VOLUNTARY HYP~~VRITILATI01I

The relationship between and tidal and mixed venous csrbos
dioxid, tensions has been studied during exposure to, and
recovery ftc., voluntary hyperventilation in te subjects.
The experiments were designed to study the feasibility of
using a sisgis rebreething estimat, of mixed venous serbon
dioxide tension as a simpl, field test for hyperventilation
in pilot ..

I;

- •-
• - - • -. -- A



Author(s) 1 Ministry of Defence, London.
Flying Personnel Research

0138014 V N Committee.
- No. ~yp~c/ i~~ —_________

— • Date. ~Octi~ er 19% (Rec ’d Jun 76) -
Title. DID TIDAL AND MIXND VPIOUS CANDC*I DIOXID& PDISICSIS DURING

— 
Abstract. ~~~ TO, AND RP~0V~~T I~~ I4 , VOLUNTARY H PDIVWPfl.ATI01I

The relationship between end tidal and mixed venous carbon
dioxid, tensions ha. been studied during exposure to, and
recovery from, voluntary hyperventilation in 4 subj.cts.
The experiments were deeigzs.d to study the feasibility of
using a .ingle rebr.sthing estimat, of mixed venous carbon
dioxide tension as a simple field te*t for hyperventilation
in pilot ..

Author(s) Ministry of Defence. London .
Fl ying Personnel Research

0138011 T N  Committee.
No. TPRC/1355
Date. October 19% (R.c ’d Jun 76) -

Title. DID TIDAL AND NIXU) VPIOUS CADION DIOXID* TRISIC*I8 DURING
Abstract. DCPOSURZ TO, AND R~~OVDIY T~~4 , VOLUNTARY NTPDIVRITU.&TIon

The relationship between end tidal and mixed venous carbon
dioxide t nsiona has been studied during exposure to, and
recovery from, voluntary hyperventilation in 4 subjects.
The experiments were designed to study the feasibility of
using a single rebresthing estimate of mixed venous carbon
dioxide tension as a simpl, field test for hyperventilation
in pilots.

__________________________________________  
.—~~ — — -—

~~~~~~~~~~~
- •— 

~~~~~~~~~~~~~~~~~ 
.
~ 

-
~~

— -  j 
~~—~~~~~~~ —*-~~~~• • — —


