THE EFFECT OF SLEEP ON THE RESPIRATORY 'RESPONSE

TO CARBON DIOXIDE

Jo WeLpboN Berovivie, MDD, Wiriias S. Howrann,-M.D.,
Joun C.-Siep; M.D., Ravmontd W, Houvoe, M.D.

Durine 4 study of the-effects of noscapine and
codeine on the respiratory response to carbon
dioxide inhalation, one “of the “subjects fell
asleep” during "a control run, and there was a
significant” shift - i the “alveolar - ventilation-
alveolar Peg, response “curve. This led. s to
investigate the effect of sleep on the respiratory
fesponse to carbon dioxide,

MerHops

The -equipment - used - to- determine the re-
spiratory response to carbon dioxide is -shown
i figure 1. The basic’ method and the equip-
ment are-the same as those “used in préevious
studies 4 and is a modification - of “the tech-
nigue “described by - Eckenhoff, . Helrich- and
Hege.® " With a nose clip in place each subject
breathes  througli a rubber mouthpiece. . The
expired ‘gises”of the patient pass thiough a
J-2 Warren” Collins one-way flutter valve, to a
Liston-Becker Maodel 16 infrared carbon - di-
oxide gas analyzér. The volume of “expired
gas’ is measured by a drv-How Hospital Gag
Metér (American Meter Co. ), and its tempera-
ture is measured by 4 thermometer placed at
the entrarice to the gas meter. - A photo cell is
attached "to the gas meter dial o that eévery
500 ml. of gag eauses a blip to be recorded on
one ~cliannel - of a two:chanmel | Sanborn - res
corder. On the other chansel, the c¢arbon- di-
oxide concentration in the-exhaled air is con-
tintiously recorded. . By using two 3:way valves
and a flexible oxvgen reservoir; the patient ean
breathe eithér rooni air or réhreathe-in a ¢losed
eircle svstem of constant initial volume, - With
the valves ¢losed the  patient rebreathes his
own expired -gases, thus building up the con-
centration of carbon dioxide™ in" the “system.
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The resting normal alveolar carbon dioxide con-
centration was-not measured, since at a-low
tidal volume the CO, concentration of end ¢
piratory gas did ot reflect the carbon dioxide
conicentration of “alveolar gas. When the -pa-
tient rebreathed ina elosed “systeni the end-
expiratory” carbon dioxide - concentration was

used ‘as 4 measure of alveolar carbon dioxide
concentration, since at high tidal volumes the
former closely approachés the latter.  The in-
strument was calibrated betore and-after each
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Fig. 1, Schematic diagram-of equipment. - { Re-

produced by permission of The Williams & Wilking
Co.,~ 1. -Pharmacol. & Exper. - Therap; 1212 _T1,
1957.)

run with CO -0, ‘mixtares delivered from sep-
arate eylinders whose CO;, content was assayed
by the micra-Scholander method.® . The ‘baro-
metric pressure was recorded -and all gas vol-
unics were corrected to BTPS. —Alveolar ven-
tilation was ealeulated by subtracting 180 ml.
{The average dead space of the subjects cal-
culated by the Bohr equation,® 140 ml. plus the
villve . volume, 40 ml)  from - the  corrected
volime of each breath.

Oxygen-concentration in the systein was oc-
casionally ~measured “by an A0, Beckman
Model D oxygen analvzer at the beginning and
end of a run.” The oxygen content in the closed
svstem ‘was -always betweeii” 40 -and 30 per
cent.

To -verify the depth -of sleep the electro-

* We are indebted . to-Miss Margaret -Hood for
performing these determinations,
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encephalogram-was continuously récorded dur-
ing each run.” Niimber 25 needlé scalp elec-
trodes were inserted ini a fronto-central position
ovér one hemisphere and all records were made
on a Grass 111D electroencephialograph at-a
paper-speed on 30 -mm. per_seécond and-cali-
brated at 50 pv. for 7 mm. deflection.

Observations to ‘evaluate the respiratory ef-
fects of sleep were made in five healthy men,
These tests were started late in-the evening in
a -quiet room” conducive to nitural sléep.. ~A
control recording Was first fnade while the sub-
ject was awake.  Following this the subject
was allowed to sleep” while breathing through
the svstem, i.e.;-he slept with the nose ¢lip on,
with rubber -mietabolism mouthpiece in place
and with needle electrodes -in the scalp.. The
electroencephalogram was observed ‘every five
to thirty miniites; and if a sleep pattern was
observed, tracings were obtained -by stealthily
and silently ¢losing both thréesway valves and
letting the subject rebreathe in o closed Svstem:
Subjects -usually awakened during rebreathing
as the alveolar ventilation approached 10 liters
per-minute. A tvpical control recording s
shown (fig.. 2).

From -each such record multiple- values of
alveolar ventilation and ‘corresponding alveolar
Pro, were caleulated -and plotted  (figs. 3 and
4) for control ‘and sleep periods. . From these
graphs, the displacement in terms of P, -at an
alveolay ventilation of 10 liters per minute was
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Fie: 2. Record of typical control run, Line (4)
represents -500 -ml.gas for each blip. - Line {b)
uprvsoms umtmumss plot of CO;-concentration-of
exhaled air.- Line (¢} represents time base. . { Re-
produced by permission-of The Williams & Wilkins
("'0., T Pharmacol. & Exper. Therap.--121: 71,
1957. }
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Fic. 4. -Respiratory -response ~curves and = corre-
sponiding “electroencephalograms -of -subject ‘B,

determined for comparison ‘with displacement
produced by-drugs and reported elsewhere -4
(table 1). -Displacenmient to the right indicates
respiratory depression.The eléctroencephalo-
graphic pattérns corresponding to the control
and sleep - periods “are “also shown - (figs. 3
and 4).

Resurrs

The results are sumimarized in table 1, - The
displacement of the respiratory fesponse curve
is” shown at “the different “levels of ~sleep as
detérmined electroencephalographically,”  For
comparison the displacement obtained with 10
mg. -6f “morphirie “sulfate intramuscularly - is
included.  In general, the deepér the sleep the
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TABLE 1

Panarien DIspLACEMENT or “RESPIRATORY
Risronse Corve DURING SLEED
AND APTER MORPHINE
(Displacement of Regponse Curve From
Control Carve-din-mm. Hg Peay)

Déptl-of Sleep Awake bt
SFC Fatimate 1 flonir
(KEG Estimate) After
Sibject Morphine
HY mg.
L Drowsy Lieht - Moderate '\h]’;%::};m' ,mll:},ﬁ'::]):;rln\,
A 4.8 6.0 .0 7.6 6.0
B 4.9 |06 5.3
(& 32 0 7R
D ; 0.0 6.4
K 6.5 8.3 4.0

more profound the respiratory depression. The
respiratory response “curves for subject A “are
showriin figure 3. In figure 4 are shown.some
of the -respiratory response curves for subject
B, Theie was a profound shift of the respira-
tory responsé _curve - to-the right “during wod-
erately deep sleep, which was greater than thit
produced by 10 mg. “of ~morphine -sulfate
given intramuscularly. - Furthermore, even the
diowsy subject exhibited a significant shift-of
the résponse curve to the right. - When dn in-
dividual awakened the response curve promptlyv
shifted to the left: to the value obsérved during
the drowsy state, and within a few minutes; as
the subject - became more alert; shifted “even
further to correspond to the wide awake curve,

Discussion

Shifts ~in the -alveolar -ventilation-alveolar
Pep, response curve may be used as an index
of ~responsiveness of _ the “respiratory cénter
without - making “any “assumption “as -to” the
mechanism of stimulation or depression. - Re-
spiratory - depression can be defined either by
displacement of the curve so that higher values
of Pegy, - dre required to produce the same
ventilation, a-decrease in responsiveness; or by
a flattening of the slope so that an increase in
Peos produces a smaller increase i ventilation
response, a-decredse in sensitivity. . In our éx-
perience two or three points” may  not define
the actual -response -curve and -unless a con-
tinuous plot is made-or_multiple points along
the curve determined, ‘estimates of “slope may
be unveliable.  Indeed, we -have found that at
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higher -values .of Py, the “control -and - after
drug response curve tend to be parallel: Only
at the lower values of Pe.,-are chariges in slope
apparent.*. Howeéver, the value for slope de-
pends on the “valug of “ Peg, ot which it s
measured “and -thus changes i slope are " dif-
fieult to assess.
to define vespiratory depression i terms of a

We' believe it -more accurate

parallel shift in the response ciirve, i decredse
in responsivencss,

Onir dati indicite that sleep -as well as mor:
phine depresses respiration.. . Either narcotics
or “sleep “miayv depress the - metabolic | rate.
Measurement of -mimite volume alone; -while
the subject 'is breathing room aiv, may not
assess true s respitatory effects, but rather i
coribination of tespiratory -and metabolic “ef-
fects. - “Higging and Meéans* pointed: out “that
respiratory rate -and “mintté _volume may “be

subject to wide variation without danyv “change
it the sensitivity “of the respiratory” control
mechanisms. Carbon dioxide excérétion s pro-
portional ‘to the product of alveolar ventilation
andalveolar P Anv decrease -in-carbon
dioxide production and -hence, imetabolism; at
a’constant P, will vesult in 4 decrease in
alveolar ~ventilation, -Thus, “any - effect ~ that
lowerg CO, production or réspiviitory quotient
will appedr to” cause respivatory depression if
onlv-ventilation - is measured.

A question arises Tas to the meaning or sig-
nificance of alveolar Py, when it"is obtained
by the technique of *rebreathing outlined.
Neither the P, in-the alvéoli northat in the
arterial blood controls fespiration; but. instead
it is probably the Ppg, ol brain tissue, 10
I plotting alveolur ventilation-Peg,  response
curves; the usstmption”is made that alveolar
Pry, gives an idex of brain tissue Pp,,, and
that “brain’ tissue P, changes  proportionally
to “alveolar- Peg;. - This-is true “only™ il one
has approximate equilibrium-conditions. This
problem - has been - discussed at Jength + and
althongh o true” steadv state “equilibrivm s
never achieved during vebreathing as outlined,
adyvnamic bdlance or - dynamic equilibrium
does appear to-be-achieved. Evidence for a
state “of ~dvnamnic hdlance  duting “vebreathing
stems from  the fact that: (1) in the présent
stiidy a plot of alveolar vaitilation versus P,
as inearlier studics, wasa straight - liné after
the first two minutes “of - rebreathing: (2) a
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corresponding plot obtained by Nielsen under
steady staté - conditions  was also a straight
line; 11°(3) extensions of the straight lines ob-
tained from plots-during the control runs of
rebreathing dati are close to - the room air
points. - This would indicate .that the differ-
ential ‘between alveolar and “brain. tissie Pgo,
levels is “close to that present during steady
state “conditions. - Thus, the displacement of
the alveolar véntilation-alveolar Py, response
curve ¢an be takeii as an index of the increase
in brain tissue Pgqo, necessary to drive teéspira-
tion.

Changes in’ the alveolar ventilation-alveolir
Ppo, Tesponse “curve may be  prodiced by
phenomena that hive no direct relation to the
respiratory ceénter or reflex control of respira:
tion. . For -instance, a change-in dead space,
in cerebral blood flow or in the mechanical be-
havior - of ~the respivatory apparatus may -in-
flilence -the -alveolar- Ventilation-alveolar - Py,
respotise curve,

The ‘magnitude -of the ‘errors introduced by
these variables ¢an  be ascertained from the
following ‘considerations. ~ A decrease in phys-
iological dead space ‘might be misinterpreted.
For instance; a 50 ml. decrease in dead -space
not_taken into account in the caleulation of
alveolar ventilation, will _cause an  apparent
respiratory - stimulation—that “is -an -apparent
parallel displicement of response curve toward
lower . values of Pgg,.If the subject bredthed
15 times “per minute the calculated alveolar
ventilation will ‘be in error-by 4 750 wml. and
if “the slope of - the responsé curve for -this
imdividual -is 1.5 "1 /minute /mm. . of ‘mercury
Pros, then ut the measured Pag, the actual
curve should be 0.5 'mm. to the left of the
plotted “curve. - Thus, -the " contribution of a
change in dead space during sleep would be
negligible- in compitison to the magnitude of
the shifts observed in this study.

Similarly, "it might -be argued that an in-
crease in cerebral circulation eould cause ap-
parent respiratory depression. . Mangold, So-
koloff, - Conner, " Leinerman; “Therman - and
Kety 12 reported a 10 per cent increase in -cer-
ebral blood flow during sleep.” This would, in
effect, ciuse ‘an -apparent respiratory depres-
sion—that " is, a parallel displacement of “the
responsé curve -of 0.7 1o 1.4 mm. of mercury
towards higher values of Pee, ini normal ‘man.
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The basis for this ¢alculation is as follows: The
-arbon’ _dioxide  production by the brain re-
mains constant, "'Weé are using alveolar P,
ds-an index of brain tissue Pg, At eonstant
cerebral " blood " flow -~ venous internal * jugular
veii P, is higher-than drterial P, by 4 con-
stant ‘amount and braii tissue P, -is propoi-
tional to some-function of -arterial -and venous
Pea,o Since under conditions of ‘constant cer-
ebral ‘blood How the relation between arterial
and venous Pg, is fixed, it ‘does not. matter
which one is used to estimate brain tissue Pgy,.
If cerebral ‘blood Hlow increases, -the venous
CO, content must fall and with it the venous
Peg; From the article of Maiigold et al.*% the
niormal differential  between ~arterial -and in-
ternal jugular vein blood "CO, content.is -5.8
volumes “per “cent. . Anincrease in cerebral
blood flow from 59 “ml./minute/100° Gm. to
65 ml./miniite/100 Gm. of brain tissue means
i decrease “of 0.54 volumes per- cent” in the
CO, content of the intérnal jugulir vein blood.
This decrease in”CO, content would -be “ac-
companied by - a -deécreasein venous -blood
Péas of 14 mm.-of ‘mercury at a hemoglobin
oxygen -saturation of 70 per cent'® I the
mean brain tissue Peg, is.equal to the-mean of
the Py, - of ~the “arterial “and - venous blood
entering -and-leaving the brain -capillaries X a
diffusion constant as proposed by Kety 1* then
a shift of ‘1.4 mim. of mercury Py, will result
in-only 0.7 mm. of mercury changes in brain
tissue Po. This means a décrease in ventila-
tion or appareiit respiratory depression in terms
of “an"alveolar- ventilation-alveolar - Ppg,  ré-
sponse curvé. . Onthe other hand, if -blood
flow in the brain is through alternately open-
ing and ¢losing -capillaries, the brain -tissue
Pep,will “be more . nearly " reflected by the
venous - Ppy, and ‘the effect of “a change in
cerebral blood flow from 50 to .65 ‘ml./min./
100 Gm. tissue will be to produce an apparent
shift -in_the response curve corresponding to
approximately 1.4 mm. of mercury Pg,.  The
apparent respiratory  depression - due- to a
change in ‘¢erebral eirculation is insignificant
when-compared to displacements observed in
this study:

The effect -of 2 change in compliance or a
change in “airway . resistance on the résponse
curve may also be caleulated.r  Changes in
compliance and changes in airway resistance
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produce changes i slope and not parallel dis-
placement, A~ 10 pér cent decrease in com-
pliance ‘or a- 400 per cent increase in-airway
resistanice will produce a- 10 per cent decrease
in slope; and this is not of sufficient magnitude
to explain_the displacements of résponse-curves
obsérved in this study.

If the functiondl “residual “eapacity  (FRC)
decreased with §leep. the alveolar ventilation-
alveolai " Peo; résponse curve would “be dis-
placed to the right, A decrease iiv FRC tneans
that the Poq, within the alveoli- will oscillate
over a-larger range than normal ‘even- though
the mean alveolar P, remiains the same.. The
arterial ‘Pen, which s used as an-estimate of
brain tissue Ppo,-is equal to the meaii alveolar
Peg,e o Since the end-expiratory ‘P, 15 being
used as an estimate of the mean alveolar Peg.,s
it is clear’ that a decrease in"FRC will 'make
it appear that the alveolar Py, is higher than
it actaallv s TAn-ideaof “the magnitude “of
the efféct of a one diter -decrease ‘in the FRC
on-the response curve mav be gained from the
following considérations:” Carbon dioxide pro-
duction is proportional to the PAq, at the end
of “inspiration > (FRC - TVY «~ Pag,, at the
end of expiration X {IRC) = Ve 5P and
thig remains constant despite changes in FRC,
Taking the ‘data of DuaBois, Britt, and Fenn,'v
we may calealate the “elfeet of “one Titer de=
crease ~in  FROCAU the end ol inspiration
Pagg, s
end of expiration = 404 mm. of mercivy; FRC
=60 1 TV =06 1L, Vg, % Pi = (38.3)
(6.6) ~ (404 (6) =104 “tvmof nicrenry
liters;” Now let FRC =5 liters.” Then:

(383 = x) (5:6) (404 4 1) (5)
= 10.4 and «

383 mmof merenryand Pag, at the

=02 mm Hg P,

or -the -end-expiratory -¢irbon - dioxide _concens:
tration measured would he 0.2 . of e
cury higher “than that -ordinarily used i e
estimation of “mean” alveolar P, Therelore,
the actual “Prg, responsé - curve would be 0.2
mme ol Tmiercury to the left-of the response
curve calculated,

The “shift “iv the response-curve  might -he
due to a time delay in museilar response since
the veéntilation is ot measured  undér stéady
state conditions. -During Sleep-the end-expira-
tory Py, of one of the subjects climbed at o
rate of 6 mim: of micreury per minute,  Thus a

Anesthesiology
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shiftof .9 mm.-of ‘mercury Py, would have
meant a. time “delavof 90 seconds; . beyond
whiatever time delavs are involved in obtaining
the awake response. . While asleep-this subject
was switched from rebreathing to- breathing
room-air.” Tt required 24 seconds for the end-
expiratory P, tor retinn-to- niormal. - While
awake the same subject rebredthed until the
identical ‘level of ventilation was achieved -as
that "during sleep:
vis lower at this ventilation level.- The awake
subject “was then switched  bick to -breathing
room air and it required 20 seconds for the
end-expiratory P, to return to normal. - Thus;
it required 4 seconds Tonger for the end-ex-
piratory. Peg, toteturn to normal during sleep.
At the raté of climb of Peg, observed -during
this study; a-4-second delayv would coirespond
to ashift “in-the alveolar ventilationzalveoliar
Pea response curve of 0.4 mm. of mercury

The . énd-expiratory Py,

Py, in the divection of respivatory depression.
Admittedly, the foregoing ~analvsis is . semii-
quantitative: A complete analvsis of lag and
itsrelation” to-the - CO,-“off transient” 1§ ‘com=
plicated and would, -of Tiecessity, invalve more
precise datia than s available”and analysis of
foedback - components” by means of “éomplex
pline plots. . Nonetlieless, the above andlvsis
indicates that the “order of wagnitude of any
delay eflects is not sufficient to acconnt for the
displacenionts of the alveolar ventilation-Peg;
response cuve seen during this study,

The vse hereof the alveolar ventilation-Peg,,
response_cuirves-to analyze the effeets of sleep
does Tnot necessarily imply Cthats the major
mechanism by which slecyy eatises respiratory
depression iy by «depressing the vésponse -of the
respiratory mechanism 1o the effects of carbon
dhioxide.” There areother Cfactors . such ag
change in_sensorystimuli drriving at - thie re-
spirntory center, cinkibition ol veHex mech-
antsms-and Zor Sother eanges -that “may he dm-
porfant in Cregulating the Srespiratory “control
mechanism. However, i alveolir ventilation-
alveolar Py, response curve reéprescits 1 con-
venient index of the effeets of sleep on respira
tory response to” GO -and permits comparison
with changes observed folloswing administiation
of drugs.

Doust _andSchneider 76 lave repovted - that
the arterial -bload oxyeeri-gituration decreases
during sleep and -Nielsen and. Smith 77 have
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shown that hypoxia shifted the respiratory re-
sponse curve to the left, or in the direction of
respiratory stimulation. " 'Thus, if arterial blood
oxyvgen saturation were -a factor in our studies
it “would -negate any  respiratory depressant
effects “of sleep. " Therefore, liypoxia which
might threaten “an - individual  during " sleep
actually-would act-as a respiratorystimulant.

The effect of narcotics on the respiratory re-
sponse 1o carbon dioxide  does not necéssarily
parallel-their -effect ‘on wakefuhiess; - In fact,
data obtained in other studies -+ following the
administration “of “codeine and “morphine to
some of ‘the subjéets in this” study “indicates
that the depression of respiration due to mod-
erate sleep is much greater than that produced
by 10 mg.-of morphine intramusculardy. Al
though- the nareotics “and “sléep both “depress
respiration, the narcotics do this without-alter-
ing the state of wakefulness. . Tor this reason
it"is essential when evaluating -the “effect§ of
drugs on -the respiratory response to - carbon
dioxide to miaintain- the siibjects 'in _an alert
state to rule out the possibility that shifts in
the response - curve are due “to the subject
becoming drowsy. - Fortunitely this pheniom:
end “wis appreciated cearly and in s all our
stuclies with drugs, subjects have been- care-
fully “obsérved and have been tequired to
performa task, such as reading, which would
assure reasonable alertness.

Mills #¢ has veported a diurnal -variation in
the alveolar carbon dioxide terision, Certainly
one must consider whether this pherigmenon
is real or related to the subject” becoming
drowsy. - “The us¢ of gas samples - collected
immediately on awakening to estimzte alveolat
P, is Open to question since while monitoring
the “end expiratory CO, - with - thé " subject
breathing room air we observed that a decrease
in-end expiratory’ CO, was coincident with or
preceded awakening.

There is; i addition to the displacement of
the alveolar ventilation-P ., curve to the right
during sleep, another phonnmvnou to be men-
tioned. . Respiratory -rhythm diring sleep “is
irregular. There is a Waxing and waning in
depth and frequency of respiration.” At levels
of P, above 50 mm. of meréary this is less
marked but it is still present.” For this véason
there is @ wider scatter “of points about the
straight line response curve during sleep than
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during the control run—almost.as’if the control
mechanisih - weré oscillating ~about “a” control
value. " This ~‘phenomenon ~warfants - further
investigation.

Our findings “agree “with those “of -~ Robin,
Whaley, Crump and Travis.”® ~ However, in
addition -we have shown that the depth of
sleep -influences the degree -of respiratory de-
pression. ~Although they too observed periodic
breathing - during “sleep,” the one discrépancy
between -their results -and ours is . that they
observed “the end-expiratory CO, to be more
stiable during -sleep -than dmmg ‘wakefulness.
We found the enid-expiratory P, to be more
constant during wakefulness than during sleep:

Reed and Kellogg2¢ have-also recéntly as-
sessed - the effects “of . sleep ~on - the ventila-
tion-Pep, response. curve, - They..observed
displacement of the résponse curve of approx-
imately 7 mm. of mercury Py, during -sleep
atid this was the same at sea level as at high
altitudes,  Furthermore, they, too, found that
sleep produced no significant c¢hange in slope.

SUMMARY

The respiratory - response- to~ endogenously
accumulated - carbon dioxide has been meas-
ured interms of the alveolar - ventilation-
alveolar ‘Peq, response curve. Reéspiratory de-
pression has beerr shown to exist during sleep
and to be greater the more profound the depth
of sleep. ~The-level of sleep was verified by
electroencephalographic recording “and with
increasing depth of sleep respiratory depression
increased,

This study - was supported “in.part- by the Com-
mittee” on-Drug Addiction -and - Narcotics  of the
National Research” Council,
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