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TuE RESPIRATORY responses of man to carbon dioxide have been studied
under various conditions by many investigators and methods. The
primary aim of most of these studies has been to determine the influ-
ence of diseases, drugs, or environmental changes upon respiration in
terms of variations from the normal relationships between the carbon
dioxide stimulus and the ventilatory response (1-12).

Recently, the complexmes of ventilatory regulation and carbon di-
oxide homeostasis in relation to anesthesia have become more thor-
oughly recognized and defined (13-25). In order to provide ultimately
a means for studying quantitatively by controlled methods the influence
of various anesthetic agents upon respiratory responses to carbon di-
oxide in man, the present investigation was instituted. A technique
applicable to both conscious and anesthetized individuals was devised,
and with it ‘“normal’’ stimulus-response relationships were determined
in conscious volunteer subjects, The purposes of this report are to
describe the method in detail and to present control values for refer-
ence in subsequent reports which will consider the inflnence of various
anesthetic agents upon the ‘‘normal’’ respiratory responses to carbon
dioxide described herein.

MerHOD

Selection and Preparation of Subjects.—Ten ‘‘normal’’ men, medi-
cal student volunteers, were selected as experimental subjects. Each
was considered to be normal on the basis of having no history of cardio-
respiratory disease and a timed vital capacity and electrocardiogram
within normal range. The experimental procedure was explained, and
each candidate selected for study was instructed to take nothing by
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808 . LANDMESSER, COBB, PECK AND CONVERSE Nov Dacislery

mouth after midnight preceding the morning of the experiment and to
report in the operating room at 7:30 a.m.

Upon arrival for study, each subject rested supine on the operating
table while being prepared for the experiment. Contact electrodes
were applied to the scalp for bipolar left frontal to left occipital elec-
troencephalography and to the limbs-for standard lead electrocardiog-

Fi6. 1. Respiratory apparatus in use during a typlenl experiment. Subject (right fore-
ground) breathes from Collms reupxromcter (Ielt forcground) during nitrogen wash-out period.
Breathing tubes, valves, resp 'y stof rubber t g bag, Liston-Becker earbon di-
oxide lyzer, and soda-li H of nnesthesin machine are visible together with water
manometer connected to mouthpicee for momtonng resistance (middle foreground). Right
brachial nrtery nnd left intcrnnl jugular vein ncedles are in place for simultaneous blood sam-
pling. T blood X oxygen flow, and manages intravenous in-
fusion. El rdi hic and elect: halographic leads are not visible, but Wll’tl lud
ing to electronie rccording devices may be seen passing through partition bet
uepn.rntmg operating room from instrumentation room. Among wires are those for intercom-

stem, Television ecamera (far background, left window) transmits by closed cir-
cuit electrocardiographic and electroencephalographic images from Gmu recorder (not visible
in instrumentation room) to the operutmg room for by
Esterli. der for ing respired carbon dinnde concentrations is in direct
vision (far background, right window).

raphy. A pneumatic cuff and stethoscope were applied to the left arm
for blood pressure determinations by sphygmomanometry and ausculta-
tion, and an intravenous infusion of 5 per cent glucose in water was’
started, Atropine sunlfate (0.4 mg.) was administered via the infusion
tubing to inhibit salivation so that breathing through a mouthpiece
would be more tolerable and less frequently interrupted by swallowing,
to inhibit undesirable vagal reflexes which might occur during or sub-
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Fia. 2. Schematie diagram of closed eirele spi tric system designed and used for

this study during ‘‘on’’ and ‘‘off’’ transients of rebreuﬁnng earbon dmxide. netpir-
atory stopeocks (A) and (B) are depicted in proper posi
through Liston-Becker earbon dioxide nnnlyur while inspimtory guel by pnn nrmlyur. thn

ks are turned simul ly to their alt , insp gases pass

lhrnugh rumlyur ud explntory gases by-paas it through alt te ch 1s depicted by broken

* lines. {C) provid du'ect jon of inspi y limb of spi tri
system to lplrometer to uuure 8 pletely tional circuit and th gh mixing of ex-
pimtorygmmin pir iratory st k (D), in position depicted, eliminates semi-
elosed rnbber th bug !rom pi: Yy limb of lpirnmetrie qmm, but when turned si-
It ly with k (C) a ional circle hesin system is provided

for emergency use. Valve (E), together with valves (I) and (J), ean be turned to lhnnt ex-
piratory gases through either soda lime canister for carbon dioxide absorption or through chan-
nel by-passing soda lime for carbon dioxide rebrenthlng Inlet (l‘), for introducing oxygen
and anesthesin gases from anesthesia hi in circle, is occluded and
replued by inlet (G) so that oxygen can be introduced to system from anesthesia machine even
when inspiratory limb of tional anesthesi urcle is by-passed by respiratory stopeock (C).
Rupintory valve (H), inserted in # of spk tric lyllem, nnd eonvenﬁonl! ex-
piratory valve of anesthesia circle provide nnidirectionnl cirele bet and spk

sequent to induced hypercarbia, and to provide in these control subjects
the same basal experimental conditions as those planned for subsequent
comparative studies in anesthetized patients.

Resting Minute Volume Period.—Following the preliminary prepa-
ration, each subject breathed through the mouthpiece of a spirometrie
system * with his nostrils occluded (figs. 1 and 2). Exhaled carbon
dioxide was absorbed by a standard brand of high moisture soda lime

® The spirometer incorporated in this system was a modified bal d and d
eontinumu recording 9-liter calibrated Collins resprromelcr with a lpnng wound kymognph.

ce of the entire spirometric system, as it

mouthpiece, ranged from = 1.5 em. of water during quiet bmtbing to =5.0 em. of vmtcr
during the peak flow rates of hyperventilation,
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810 LANDMESSER, COBB, PECK AND CONVERSE N etheslology

contained in a cirele filter (Foregger model C.F. II), and oxygen was
added from an anesthesia machine at the rate of 4 liters per minute for
twenty minutes with the system semiclosed in order to wash out nitro-
gen (26) and to establish a high oxygen atmosphere (27). During this
twenty minute wash-out period the entire spirometric system was in-
cluded in the unidirectional breathing circuit. The tail of the 5-liter
breathing bag was partially opened in order to permit escape of nitro-
gen with the excess oxygen, and the spirometer bell was weighed and
immobilized in order to minimize the total volume of the system. Gas
samples collected from the petcock of the spirometer and analyzed for
oxygen, carbon dioxide, and nitrogen content after the method of Scho-
lander (28) revealed concentrations below 10 volumes per cent for ni-
trogen and above 90 volumes per cent for oxygen at the end of the wash-

out period. Insignificant concentrations of carbon dioxide were pres- '

ent (less than 0.5 volumes per cent). Upon completion of the wash-out
period, the gas mixture in the breathing bag was expressed into the
spirometer, and the semiclosed breathing bag then was excluded from
the spirometric system by turning a respiratory stopcock to close the
limb leading to the bag. With the spirometric system thus converted
from semiclosed to closed, the spirometric kymograph was started and
the oxygen flow rate from the anesthesia machine was adjusted fo meta-
bolic requirements so as to maintain the spirogram excursions within
a level range. If the spirogram excursions continued to remain in a
level range except for a single step-like shift coincident with removal
of the weight from the lid of the spirometer bell, the closed spirometric
system was.assumed to be free of leaks and ready for recording the
subject’s resting minute volume. :

An Esterline-Angus recorder connected to a Liston-Becker carbon
dioxide analyzer was started at a given signal together with a Grass
2-channel recorder for simultancous electroencephalography and elec-
trocardiography.t These recorders, each calibrated immediately pre-

- ceding the experiment, were started at a given time marked upon the
spirogram and were kept running at a constant known speed along with
the spirogram so that all records could be coordinated subsequently for
synehronous minute-to-minute analysis. With this synchronized mul-
tiple recording system in operation, the subject’s respiratory excursions
were recorded for approximately ten minutes and a section of this rec-
ord representative of two or more successive minutes of relaxed breath-
ing was selected for determination of the resting minute volume and
associated ventilatory data. While the resting minute volume was
being recorded, first inspired gases and then expired gases were chan-
nelled alternately through the Liston-Becker carbon dioxide analyzer
for the first and second halves of each minute, respectively, by simul-
taneously turning two appropriate respiratory stopcocks every thirty

t Esterline-Angus Recorder, Model AW, 5 M.A., rapid response, Liston-Becker CO; Ana-
Iyzer Model 16, low resistance cell, and Grass 2-channel recorder, Model ITI-DSW, with one
power amplifier modified for electrocardiography.
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Yolume 18 RESPONSES TO CARBON DIOXIDE ‘‘TRANSIENTS'’ 811
seconds first to the *‘inspiratory’’ and then to the ‘‘expiratory’’ posi-
tion (fig. 2). Alternate unidirectional sampling of inspiratory and
expiratory gases was designed to avoid the two main disadvantages of
to-and-fro sampling, namely, increased dead space and inadequate
speed of instrumental response during rapid breathing.

“On’’ and ‘‘Off”’ Transients of Rebreathing.—After the subject’s
resting minute volume was recorded, the spirometric system was dis-
connected. A Cournand needle was inserted into his right brachial ar-
tery, and another needle was introduced into his left internal jugular
vein. The method described by Gibbs (29) was followed for inserting
the needle into the internal jugular vein in order to obtain blood drain-
ing only from the brain. When both needles were in place and the
carbon dioxide analyzer recalibrated, the spirometric system was re-
connected to the subject in the same manner as previously. After an-
other twenty-minute wash-out period, the spirometric system was con-
verted from semiclosed to closed and the multiple recording system was
started synchronously as before.

During quiet breathing, a control set of arterial and internal jugular
venous blood samples was collected simultaneously, and the time
marked on the spirogram. Without interruption, the ‘‘on’’ transient
of rebreathing carbon dioxide then was started by turning the valve on
the cirele filter to by-pass the soda lime canister, and the time was noted.
By observing the calibrated meter of the Esterling-Angus recorder, the
gradual accumulation of the subject’s endogenous carbon dioxide was
monitored while inspiratory and expiratory gases again were passed
through the Liston-Becker carbon dioxide analyzer during alternate
thirty-second periods. A second set of arterial and internal jugular
venous blood samples was collected simultaneously when the inspira-
tory carbon dioxide concentration approached 5 volumes per cent, and
a third set was drawn when the inspiratory carbon dioxide concentra-
tion rose above 5 volumes per cent and concomitant elevation of the
end-expiratory carbon dioxide concentration indicated that compensa-
tory hyperventilation had become incapable of maintaining earbon di-
oxide homeostasis. The end of the ‘‘on’’ transient for each subject
was reached within approximately ten minutes of rebreathing carbon
dioxide.

The ‘““off’’ transient of rebreathing carbon dioxide was initiated
without interruption of the experiment by turning the valve on the
circle filter to return the soda lime canister to the spirometric system.
Subsequently, three § additional sets of simultaneouns arterial and in-
ternal jugular venous blood samples were collected at successive inter-
vals while the subject’s ventilatory activity and respiratory carbon
dioxide concentrations returned to ranges approximating those of the
control period. The end of the ‘‘off’’ transient was reached within

$ In some of the subjects, a fourth set of ﬁmnluuuon- arterhl nnd interml Jngulnr venous

adi it

blood samples was collected, but since this provided
- was omitted for the sake of nnkomity in uhnhﬁng tbe data.
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812 LANDMESSER, COBB, PECK AND CONVERSE N pamidee
approximately ten minutes of carbon dioxide absorption in each sub-
jeet, and the duration of the entire carbon dioxide stimulus-response
test, including both the ‘‘on’’ and ‘‘off’’ transients, therefore, lasted
approximately twenty minutes. Sections from the kymographic rec-
ords of a typical experiment are shown in figure 3.

Analysis of Data and Calculations of Values—VexTtmation: Min-
ute-to-minute values for ventilatory activity were determined from the
respiratory excursions recorded on the continuous spirogram. Rate
was determined by counting the number of excursions per minute,
Minute volume was calculated from the sum of the measured heights
of all ingpiratory excursions during each minute.§ Tidal volume was
determined as the average tidal volume during each minute by dividing
the minute volume by the rate. Alveolar ventilation ratio was esti-
mated for each minute by correcting minute volume for dead space and
then expressing the resulting value for minute alveolar ventilation as
either a fraction or a multiple of the resting minute alveolar ventila-
tion value.||

InspiraTORY AND Exp-ExriraTory pCO,: From the continuous trae-
ing of the Esterline-Angus recorder the inspiratory and end-expiratory

carbon dioxide concentrations were determined for each minute by ap-,

plying an individual calibration scale prepared as part of each experi-
ment. The ends of alternate thirty-second periods representing inspi-
ratory and end-expiratory carbon dioxide concentrations, respectively,
were measured to achieve uniformity at the expense of creating a half-
minute time lag between corresponding inspiratory and end-expiratory
carbon dioxide values. These values were measared from the kymeo-
gram at points of deflection representing the lowest value on the in-
spiratory tracing and the highest value on the expiratory tracing of the
excursion being measured.] In order to express respired carbon di-
oxide values in terms analogous to those used for blood gas tensions,
concentrations measured in vo]umes per cent were converted to partial
pressures.#

§ Minute volume (1.) = Total height of inspiratory excursions per minute (mm.) X Calibra-
tion factor (21 ce./mm.) X C ion factor (spi to BTPS) x 1/1000.

Il Alveolar ventilation ratio = Minute volume less dead space minute volume/Resting minute
volume less dead space minute volume. A value of 150 ec. was chosen arbitrarily as an ap-
proximate correction factor for anatomical dead space with full realization of its probable in-
accuracy in comparison with values for true ventilatory dead space as defined by Rossier and
Bithlmann (30).

{ Transitory upward devintions of the tracing which
the analyzer were interpreted as manifestations of slight diffusion of carbon dioide into the
cell as the expired gas mixture by-passed it. Transitory downward deviations of the tracing
which occurred between expirations through the analyzer were intcrpreted as manifestations of
the initial passage through the cell ot dcad-space gas with relatively low carbon dioxide econ-
centration. These d and d d deviations were di ded except to bt
recognized for what they nppenred to represent,

3 hat PENR Yy + oy

# The partinl pressures were calculntcd by multlplymg 760 mam, of mercury by the meas- -

ured volumes per cent and are not p since 1 during each ex-
poriment was not exactly 760 mm. of mercury. However, since the menn barometric pressure
during the experiments being reported was 754.3 (Standard Deviation = 6.20), the maximum
error incurred by the employed method of calculations could be no greater than approximately
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ArTeERIAL AND INTERNAL JucULAR VENOUS pH aND Gas Vavues: All
blood samples were collected by a modification of the anaerobic tech-
nique of Roughton and Scholander (31) in labeled syringes which previ-
ously had been flushed out with a solution of Treburon ** and distilled
water (1:3), and they were kept on ice until analyzed. Hydrogen ion

e
[S————r]

s . STAT AT

| | TTHM
L0 L AL R

st T A e A W 0 L] L-ET R

LOS aET
LR OO o LESELOOIHY

a3 B

F10. 3. Clippings of simultaneous periods of continuous kymographie records from a
typical experiment. Tracing representative of pretest period and of blood-sampling periods
during ‘“on’’ and *“off *’ transients of rcbreathing in a ‘‘normal’? conscious volunteer (subject
4). Top: carbon dioxide ions of, first, inspiratory and, then, expi 'y gases passed
thmugh Liston-Becker carbon dioxide nnnlyzer for thirty w:onds ench. Middle: spirometric

iona for two mi ttom: bipolar left frontal to left occipital electro-
eneeplmlogmm, above, and lead II clectrocardiogram, below, for two seconds. From left to
right, the periods of the experiment rep d by these clippings are: (A) recording of rest-
ing minate volume; (B-1), (B-2) and (B-3) nrtcrinl and internal jugular venous blood sam-
pling during the ““on’’ transient of rebreathing carbon dioxide; and (C-1), (C-2), and (C-3)
arterial and internal jugular venous blood sampling during the ‘‘off”’ tranalent of rebreathing
carbon dioxide.

concentrations were measured anaerobically at 38 C. by means of a
Beckman pH meter within six hours. Oxygen and carbon dioxide con-
tents were estimated in duplicate from one-cubic-centimeter samples of
blood by the method of Van Slyke and Neill (32). Oxygen capacity was
determined by the technique of Sendroy (33) and the degree of oxygen
15 mm, of mercury even for 10 per cent carbon dioxide, a concentration exceeding any of those
reached in these experiments. In relation to the ranges of partial pressufes being considered

this degrec of error nppmn insignificant and within the limits of experimental accuracy.
was obtained from Hoffmann-La Roche, Ine.

20z Iudy 61 uo 3sanb Aq ypd‘,0000-0001 L LG61-Z¥S0000/S56809/208/9/81 /4Pd-01011e/ABO|0ISOUISBUE/WOD IIEUYDIDA|IS ZESE//:dY WO} papeojumoq



814 LANDMESSER, COBB, PECK AND CONVERSE NS sy

saturation was caleulated. Volume percentages were corrected to
standard temperature and pressure values (0 C. and 760 mm. of mer-
cury), and the oxygen figures were corrected for physically dissolved
gas as recommended by Comroe (34). The partial pressure of carbon

dioxide was derived from the pH and the carbon dioxide content of

plasma converted from that of whole blood nccordmg to the nomograms
of Van Slyke and Sendroy (35).

CIRCULATORY AND ELECTROENCEPHALOGRAPHIC DaTAa: Circulatory re-
sponses during the ““on’’ and ‘‘off’’ transients of rebreathing carbon
dioxide were noted only in respect to gross changes in blood pressure,
as determined frequently by sphygmomanometry and auscultation, and
in pulse rate and electrical activity of the heart, as determined from
continunous electrocardiography using a standard lead (usually lead IT).

Bipolar left frontal to left occipital electroencephalographic aetivity
was recorded continuously, and the gross variations were noted.

RESULTS

The results presented are those obtained from 6 subjects each of
whom yielded a set of data snitably complete for analysis of respiratory
stimulus-response relationships during both ‘“on’’ and ‘‘off’’ transients
of rebreathing carbon dioxide. Data for the other 4 subjects studied
lacked completeness owing to technical failure in some part of the ex-
perimental procedure, and though the fragmentary data obtained were
in essential agreement with the results being presented, they were
omitted in order to present comparable data for all subjects included
in the analysis,

Respiratory Responses. Rate (table 1) : The mean rate in the rest-
ing minute volume period was 13 per minute. The pattern of rate re-
sponses during the ‘‘on’’ and ‘‘off’’ transients of rebreathing varied
among individuaals, but the mean rate did not change significantly dur-
ing either the “‘on’’ or ‘‘off”’ transient of rebreathing and remained
between 13 and 16 per minute.

TmaL VoLume (table 2) : The mean tidal volume in the resting min-
ute volume period was 738 cc. Each individual exhibited a progressive
increase in tidal volume in response to rebreathing carbon dioxide dur-
ing the ‘“on’’ transient (669 cc. to 1,684 cc. in mean values). The high-
est mean tidal volume (1,737 cc.) was observed during the first minute
of the ‘‘off”’ transient. After this the mean tidal volume declined pro-
gressively toward control values.

Mmvure VoLume (table 3) : The mean minute volume in the resting
minnte volume period was 9.31 liters. As a function of tidal volume
and despite variations in the patterns of rate responses among individ-
uals, the minute volume progressively increased in each subject during
the ‘‘on’’ transient (9.09 1. to 23.07 L in mean values). The highest
mean minute volume (24.37 1.) was observed during the first minute of
the ‘‘off’’ transient. After this the mean minute volume declined pro-
gressively toward control values.
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Volume 18 RESPONSES TO CARBON DIOXIDE ‘‘TRANSIENTS’’ 817

ALvEoLar VENTILATION RaTio (table 4): The alveolar ventilation
ratios, which were unity by definition in each subject’s resting minute
volume period, progressively increased during the “‘on’’ transient (0.95

to 2.83 in mean values). The highest mean alveolar ventilation ratio

(3.02) was observed during the first minute of the *‘off’’ transient.
After this the mean alveolar ventilation ratio declined progressively
toward control values. Since alveolar ventilation ratios express rela-
tive minute volume values corrected for dead space and since dead
space becomes less of a factor when minute volume is increased as a
function primarily of tidal volume, the alveolar ventilation ratios in
this case manifest an even greater progressive increase in response to
rebreathing carbon dioxide than do the minute volume values (a three
fold compared to a two and one-half fold increase in mean values).

Respiratory “‘ Stimuli”’.—Inspmratory pCO, (table 5): The mean in-
spiratory carbon dioxide tension in the resting minute volume period
was 0.1 mm. of mercury (0.01 volumes per cent). During the ‘‘on”’
transient, the mean inspiratory carbon dioxide tension progressively
rose from 0.1 mm. of mercury (0.0l volumes per cent) in the control
period to 54 mm. of mercury (7.1 volumes per cent) at the height of re-
breathing. During the ‘‘off’’ transient, the mean inspiratory carbon
dioxide tension fell precipitously during the first two minutes and then
continued to fall more gradually in the form of an exponential decay
curve until it returned to a negligible valne approximating that of the
control period. Changes were qualitatively similar in all subjects.

Exp-Exezatory pCO, (table 6). The mean end-expiratory carbon
dioxide tension in the resting minute volume period was 41.8 mm. of
mercury (5.5 volumes per cent). During the ‘“on’’ transient the mean
end-expiratory carbon dioxide tension progressively rose from 40.2 mm.
of mercury (5.3 volumes per cent) in the control period fo 58.6 mm. of
mercury (7.7 volumes per cent) at the height of rebreathing. During
the ““off’’ transient the mean end-expiratory carbon dioxide tension
promptly fell to a value approximating that of the control value and
then continued to fall further to 36.9 mm. of mercury (4.9 volumes per

" cent) before stablhzmg slightly below the control value. Changes were
qualitatively similar in all subjects.

ARTERIAL AND INTERNAL JUGULAR VENOUS pH AND Gas Vavves (table
7): The arterial and internal jugular venous blood pH and gas values
during the ““on’’ and ‘‘off’’ transients of rebreathing are presented in
tabular form together with the ventilation values corresponding to the
time of blood sampling. As would be expected, the arterial blood sam-
ples exhibited lower carbon dioxide values and higher pH and oxygen
values than corresponding internal jugular venmous blood samples.
During the ‘“on’’ transient of rebreathing, the carbon dioxide values
rose and the pH valués fell progressively in both the arterial and the
internal Jugular venous blood. The oxygen values did not change ap-
preciably in the arterial blood, but the internal jugnlar venous blood
oxygen values increased at the height of rebreathing. This resulted
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820 LANDMESSER, COBB, PECK AND CONVERSE Neeaeicloey
in a decreased arterial-venous blood oxygen difference which persisted
during the initial phase of the ‘‘off’’ transient. Also during the initial
phase of the ‘‘off’’ transient, the carbon dioxide values fell and the pH
values rose promptly in the arterial blood. In the internal jugular ve-
nous blood, however, these values returned toward control levels more
gradually. Farthermore, the arterial-venous blood differences for
carbon dioxide and pH values during the initial phase of the ‘off”’
* transient occasionally exceeded those not only for the control period
but also for later phases of the ‘‘off”’ transient when greater stability
had developed. The exaggerated arterial-venous blood differences for
carbon dioxide and pH values during the initial phase of the ‘‘off”’
transient resulted from the more rapid fall in carbon dioxide values
and the more rapid rise in pH values which occurred in the arterial
blood as opposed to the internal jugular venous blood at this time.
These changes, with few exceptions, were qualitatively similar in all
subjects.

Relationships Between Respiratory Responses and Carbon Dioxide
““Stimuli.,’’ Inorder to show graphically the quantitative relationships
between the respiratory responses and the carbon dioxide ‘stimuli’’ in
the resting minute-volume period and during the ‘“on’’ and ¢‘off’? tran-
sients of rebreathing, the minute-to-minute mean values for rates, tidal
volumes, minute volumes, and alveolar ventilation ratios taken from
tables 1, 2, 3 and 4, respectively, were plotted graphically against the
corresponding mean values for inspiratory and end-expiratory carbon
dioxide tensions taken from tables 5 and 6, respectively, and the sample-
to-sample mean values for rates, tidal volumes, minute volumes, and
alveolar ventilation ratios-taken from table 7 were plotted in similar
fashion against the corresponding mean values for arterial and internal
jugular venous carbon dioxide tensions taken from the same table.
The resulting stimulus-response curves are shown in figure 4. The re-
lationship between internal jugular venous carbon dioxide tension and
ventilatory activity as expressed by the alveolar ventilation ratio (V.R)
appears direct, linear, and almost identical for both the ‘‘on’? and *“off”’
transients of rebreathing. The regression equation for this relation-
ship is:

V.R = (Internal Jugular Venous pCO:, mm. Hg) 0.115-6.004

However, the relationships between the carbon dioxide tensions of the
arterial blood, the end-expiratory gas, and the inspiratory gas, respec-
tively, and ventilatory activity as expressed by the alveolar ventilation
ratios appear increasingly curvilinear for eiich transient and increas-
ingly divergent between transients.

Circulatory and Electroencephalographic Observations. During the

resting minute volume period and the ‘“on’’ and ‘‘off’’ transients of re-
breathing carbon dioxide no remarkable cirenlatory changes were noted
in any of the subjects studied. Fluctuations of the blood pressure were
inconstant and minor elevations only occasionally accompanied the
height of rebreathing. Electrocardiographic patterns in the leads re-
corded remained essentially normal in all subjects. OQceasionally dur-
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ing the initial phase of the ‘‘off’! transient the heart rate accelerated
transiently but only to a slight degree. No pathological arrhythmias
appeared at any time.

Bipolar left frontal to left occipital electroencephalographic activity
remained essentially normal in most of the subjects studied. In a few,
decreased alpha activity was apparent during the height of rebreathing,
but this was an inconstant finding and difficult to differentiate from
artefacts which resulted occasionally when the subject failed to keep his
eyes closed. No subject lost consciousness or reported any significant
subjective sensorial change. -

DiscussioN

The method developed and employed for this study proved satisfac-
tory as applied to ‘““normal’’ conscious volunteers, and appears equally
applicable for comparative studies upon anesthetized subjects. Though
studies of the stimulus-response relationships conducted by others gen-
erally have been based on methods providing ‘‘steady’’ states of breath-
ing various fixed concentrations of carbon dioxide, the technical difficul-
ties and explosion hazards inherent in such methods applied to studies
during general anesthesia with flammable agents seem prohibitive.
The method herein deseribed minimizes these disadvantages and pro-
vides a feasible means of more safely studying stimulus-response rela-
tionships under the conditions of anesthesia. However, it does neces-
gsitate studying these relationships during ‘‘transient’’ rather than
“steady’’ states.

Grodins ef al. (15) have suggested {hat discrepancies between the
results of various studies conducted during the ‘‘steady’’ state in ‘‘nor-
mal’’ subjects may be owing to failure in obtaining a truly *‘steady’’
state and that the *‘steady’’ state would not be essential to determining
the true stimulus-response relationships if the carbon dioxide stimulus
could be measured at its site of stimulatory activity, that is, in the re-
spiratory center rather than in the arterial blood or in the respired gas
mixture. Both a ¢“lag’’ of respiratory response to abrupt carbon di-
oxide administration before the ‘‘steady’’ state is achieved and an
““overshoot’’ of respiratory response following abrupt termination of
the ¢‘steady’’ state by carbon dioxide withdrawal have been observed
and studied by Padget (3) in humans and by Hesser (36) in dogs.
Hesser, assuming the opinion *‘. . . that the changes in pCO, of the
center lag behind those of the arterial blood in consequence of satura-
tion and desaturation processes,’’ postulated that . . . the changes in
2#CO, and pH of the venous blood coming from the center would be
smaller than those of the arterial blood.”’

. Grodins et al. (15) have suggested that the physiological system con-
trolling ventilation is a biological feed-back regulator and that if the
carbon dioxide concentration in the respiratory center itself were con-
sidered the stimnlus, no *‘lag’’ or ‘“overshoot’’ might appear in the ven-
tilatory response to abrupt changes in this stimulus. The report of
Lambertsen et al. (7) regarding the hyperventilatory effect in man of
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Fia. 4. Stimul relationships during ‘‘on’? and ‘‘off’’ transients of rebreathing
carbon dioxide (“nurmnl" subjects). Points plotted represent mean values obtained from
tables 1-7. The ‘‘on’’ and ‘‘off’’ transients of rebreathing earbon dioxide are represented
by solid and broken lines, respectively.

m

breathing 100 per.cent oxygen at 3 atmospheres of pressure, suggests
“that the responsible degree of carbon dioxide accumulation in the re-
spiratory center under these conditions is reflected more closely by the
internal jugular venous pCO, than by the arterial pCQO,. The results
of the present study likewise support the view that the degree of carbon
dioxide stimulus effecting a given ventilatory response via the respira-
tory center is more accurately estimated by measuring the carbon di-
oxide tension in the internal jugular venous blood as it leaves the brain
than by measuring the earbon dioxide tension in any other medium.
Theoretically, it would be ideal to measure the carbon dioxide tension
in the respiratory center itself, but there is no known direct method of
accomplishing this. However, since the tensions of gases in the venous
blood leaving a given tissue generally are considered to reflect closely
their tensions in that tissue at any given moment, measurements of the
carbon dioxide tension in blood obtained from the internal jugular vein
as it drains from the brain should furnish indirectly a close approxima-
tion of the carbon dioxide tension in the respiratory center even during
“transient’’ states. Certainly this approximation should be closer
than one based upon the measurement of the earbon dioxide tension in
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- either arterial blood or the respired gas mixture. The results of the
present study appear to support this assumption, for the stimulus-
response relationships between internal jugular venous blood carbon
dioxide tension and ventilatory aectivity during both the ‘‘on’’ and the
“off’’ transients of rebreathing carbon dioxide were essentially linear
and almost identical while these relationships showed progressively less

direct correlation when arterial, end-expiratory, and inspiratory carbon

dioxide tensions, respectively, were considered as ¢‘stimuli.”” The re-
gression equation for the relationship between alveolar ventilation ratio
and internal jugular venous blood carbon dioxide tension was found to
be: V.R = (Internal Jugular Venous pCO:, mm. Hg) 0.115-6.004.

The differences in the stimulus-response relationships which were
demonstrated for the various carbon dioxide media by considering, in
turn, internal jugular venous, arterial, end-expiratory, and inspiratory
carbon dioxide tensions as *‘stimuli’’ were more apparent during the
“off’’ transient than during the ‘‘on’’ transient in this study. The
reason for this is most probably the fact that the rate at which the bio-
logical feed-back regulator could adjust to changing carbon dioxide ten-
sions was exceeded to a greater extent during the more abrupt ‘‘off’’
transient than during the more gradual ‘“on’’ transient.

" The stimulus-response relationships described represent those based
upon mean values for the experimental group as a whole. Although the

pH
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Fia. 5. pH and pCO, relationships during ‘“on’’ and ‘off’’ transients of rebreathing

carbon dioxide. -Points plotted represent mean values for arterial and internal jugular venous
pH and pCO, taken from table 7,
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stimulus-response relationships showed quantitative variations among
the individuals studied, qualitatively these relationships were essen-
tially similar in all subjeects.

It is realized that carbon dioxide is not the only stimulus which may
influence ventilatory activity and that other factors such as oxygen lack,
metabolic acidosis, exercise, and psychogenic as well as physical stim-
uli, may be involved in accordance with Gray’s multiple factor theory of
-respiratory regulation (14). Also, changes in pH which occur in the
internal jugular venous blood as well as in the arterial blood in recipro-
cal relationship to imposed changes in pCO, must be recognized (fig.
5), and the role of the hydrogen ion as a partial stimulus to the respir-
atory responses evoked by carbon dioxide must be considered in rela-
tion to the existing status of the acid-base balance of the body. How-
ever, by eliminating or controlling influencing factors to the greatest
extent possible and by making allowances for any uncontrollable vari-
ables which still may exist, the use of carbon dioxide as a tool in
conducting respiratory stimulus-response studies seems justifiable.
Farthermore, from the data presented, it appears that the ‘‘true’”
stimulus-response relationship can be defined even during *‘transient”
states provided that the specific stimulus is considered to be the ecarbon
dioxide tension which exists in the respiratory center itself, as esti-
mated from the pCO: of internal jugular venous blood draining from
the brain. The carbon dioxide tension which at any moment exists
elsewhere, such as in the arterial blood or in the respired gas mixture,
must be regarded as the effect rather than the cause of the coincident
ventilatory activity.

Limited observations regarding associated effects of rebreathing
carbon ‘dioxide upon the circnlatory system and the brain under the
conditions of these experiments revealed no significant influence either

_upon cardiac rate or rhythm or upon blood pressure, but electroen-
cephalographic changes suggestive of alpha activity depression of the
brain at the height of rebreathing carbon dioxide appeared in a few of
the subjects. It has been reported (37) that increased carbon dioxide
concentrations do exert a depressant influence upon cortical activity
similar to that which occasionally appeared to accompany hypercapnia
in these experiments. The augmenting influence of carbon dioxide
upon cerebral blood flow, as reported by others (38), appeared to be
manifested in this study by the decreased arterial-venous blood oxygen
difference which usually accompanied hypercapnia. This effect of car-
bon dioxide probably was because of its direct vasodilating action upon
cerebral blood vessels. However, increased cardiac output or de-
creased brain metabolism secondary to hypercapnia also might have
played a role in producing this effect.

SunmmMary

A method for quantitatively studying respiratory responses of man
to carbon dioxide during transient states of rebreathing has been
described.
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Control values for stimulus-response relationships obtained in
“normal’’ conscious volunteers by this method have been presented
and analyzed.

The respiratory response in terms of alveolar ventilation ratio
(V.R) varies with the carbon dioxide stimulus in terms of pCO, of the
internal jugular venous blood directly and almost identically during
both ‘“on’’ and ‘“off”’ transients of rebreathing according to the equa-
tion: V.R = (Internal Jugular Venous pCO., mm. Hg) 0.115-6.004.
The relationship of the ventilatory response to the carbon dioxide
stimulus becomes progressively less linear in each transient and more
dissimilar between transients when the carbon dioxide stimulus is con-
sidered in terms of pCO, of arterial blood, end-expiratory gas, and in-
spiratory gas, respectively. This decreasing correlation appears re-
lated to ‘“on’’ transient ¢‘‘lag’’ and *‘off’’ transient ‘‘overshoot’’ of the
ventilatory response in relation to changing carbon dioxide tensions in
media which do not reflect the degree of stimulus in the respiratory
center.

Reasons for interpreting internal jugular venous carbon dioxide
tension as the valne most closely reflecting the ‘‘true’’ respiratory stim-
ulus under the conditions of these experiments have.been discussed.

Limited observations regarding associated effects of rebreathing
carbon dioxide upon the circulatory system and the brain have been
described. .
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