CYCLIC VARIATIONS IN BLOOD OXYGENATION

WITH THE RESPIRATORY CYCLE
Norman A. BErRemAaN, M.D.

ExTrACTION of oxygen from alveolar gas and
addition of carbon dioxide to alveolar gas is
a continuous process occurring during all
phases of the respiratory cycle. Gas exchange
with the ambient atmosphere is cyclie, occur-
ring only during one phase of the respiratory
cycle. Therefore, the composition of alveolar
gas cannot remain constant but exhibits cyclic
variations with the phases of the respiratory
cycle. The interval of time during which
pulmonary capillary blood is in equilibrium
with alveolar gas is much shorter than the
duration of a respiratory cycle.* Cyclic varia-
tions in alveolar gas composition will, there-

carbon dioxide tensions of arterial blood.

DuBois and associates 23 analyzed cyclic
variations in alveolar oxygen and carbon di-
oxide tensions. They concluded that during
inspiration alveolar oxygen tension increased
because addition of oxygen to alveolar gas oc-
curred more rapidly than extraction of oxygen
from alveolar gas. Alveolar carbon dioxide
tension decreased because dilution of alveolar
gas was more rapid than the addition of carbon
dioxide to alveolar gas from the blood. Dur-
ing exhalation alveolar oxygen tension fell be-
cause oxygen was removed from a diminishing
alveolar volume by the blood without the
addition of fresh oxygen to alveolar gas. Al-
veolar carbon dioxide tension increased be-
cause carbon dioxide was added to a diminish-
ing alveolar volume with no removal of carbon
dioxide from alveolar gas (fig. 1).

Frumin and co-workers ¢ reported that dur-
ing artificial ventilation of anesthetized hu-
mans, arterial oxygen saturation increased 8
per cent and arterial oxygen tension increased
10 mm. of mercury when the pressure in the
airway during exhalation was changed from
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—5 cm. to +5 cm. of water. A theoretical
analysis based on the results of this study
suggested that cyclic variations in alveolar
oxygen tension were less when the functional
residual capacity was kept large by the im-
position of +5 cm. of water resistance to ex-
halation than when the functional residual
capacity was made small by the application
of —5 cm. of water pressure during exhalation.
The calculated decrease in magnitude of cyclic
variations in alveolar oxygen tension could,
however, only account for one third of the ob-
served increase in arterial oxygen saturation.

Physical laws relating volumes and pressures
extraction of oxygen from alveolar gas, cyclic
variations in alveolar oxygen tension become
larger as the functional residual capacity de-
creases and as the respiratory rate decreases.
It is possible that at very small functional re-
sidual capacities alveolar oxygen tension might
fall to very low levels during exhalation, par-
ticularly at slow respiratory rates. This would
decrease mean alveolar oxygen tension with
resultant arterial hypoxemia. The studies of
both DuBois and Frumin suggest that in spon-
taneously breathing conscious subjects or in
artificially ventilated anesthetized subjects with
closed thoraces cyclic variations in alveolar
oxygen tension are not of sufficient magnitude
to cause arterial hypoxemia. When the thorax
is opened the chest wall no longer limits the
degree to which the lung may collapse during
exhalation. With the resulting small functional
residual capacities, cyclic variations in alveolar

.oxygen tension large enough to cause some

degree of arterial hypoxemia might occur. It
was of interest, therefore, to obtain informa-
tion concerning the magnitude of cyclic varia-
tions in the oxygenation of arterial blood with
the thorax open.

This report describes the measurement of
cyclic variations in arterial oxygen saturation
with the respiratory cycle in dogs with open
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thoraces and a study of some factors which
modify the magnitude of the cyclic variations.

METHODS

Left thoracotomy was done on dogs during
pentobarbital anesthesia and succinylcholine
immobilization. The animals were artificially
ventilated with room air through a nonre-
breathing circuit composed of a Bennett
BA-2C ventilator, a tightly fitting cuffed endo-
tracheal tube and a Frumin nonrebreathing
valve. The dogs remained in the lateral posi-
tion throughout the study. No intrathoracic
manipulations were done until the respiratory
portion of the study had been completed.

End-expiratory carbon dioxide tension was
measured with a Beckman Model LB-1 infra-
red carbon dioxide analyzer which was cali-
brated with commercially obtained air-carbon
dioxide mixtures whose exact composition was
determined by Scholander analysis, Gas was
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Fic. 1. Cyclic changes in the alveolar gases
during a normal respiratory cycle. From Rahn, H.,
and Fenn, W. A.: A Graphical Analysis of The
Respiratory Gas Exchange, Washington, D. C,,
American Physiological Soc., 1955. Reproduced
through courtesy of authors and publishers.
(Adapted from DuBois, Britt, and Fenn.2)

SGA-3 pressure amplifier. Minute volume
and tidal volume were obtained by electronic
integration of expiratory flow rate using an
Ensco P1-1 integrator which had been cali-

sampled at a rate of 150 cc./minute through
a small (internal diameter 0.82 mm.) catheter
whose tip was close to the distal end of the
endotracheal tube. Respiratory rate was 6
or 7 breaths/ minute and the inflating pressure
delivered by the ventilator was adjusted to
provide an end-expiratory carbon dioxide ten-
sion of between 20 and 30 mm. of mercury.
Airway pressure during exhalation was varied
by either permitting free exhalation through
the nonrebreathing valve or by connecting the
expiratory port of the valve to a large bore
tube whose tip was 4 cm. under water and,
therefore, imposed a 4 cm. of water resistance
to exhalation. In certain other experiments
the respiratory rate was increased from 6-7/
minute to 18-30/minute or 35 per cent
oxygen-65 per cent nitrogen or 100 per cent
oxygen was used as the inflating gas. Pressure
in the airway was measured with a small
catheter whose tip was in the endotracheal
tube with a Statham PM5TC pressure trans-
ducer and an Ensco SGA-3 pressure amplifier
which were calibrated with a water manom-
eter. Expiratory flow rate was measured by
flowing exhaled gases either directly from the
nonrebreathing valve or from the bottle con-
taining the under-water tube through a pneu-
motachograph head connected with a Statham
PM97TC pressure transducer and an Ensco

brated by putting known volumes of air
through the pneumotacograph with a cali-
brated 2,000 cc. syringe and measuring the de-
flection from the baseline for each volume.

Arterial oxygen saturation was measured
with a Waters XC—~50B cuvette and one chan-
nel of an Ensco Model OSA-2B Dual Channel
Oximeter Amplifier. Femoral arterial blood
was drawn from a small (internal diameter
0.82 mm., length 10 cm.) catheter through
the cuvette at a constant rate by a motor-
driven syringe. Calibration of the oximeter
was rechecked frequently. Pulmonary artery
to femoral artery circulation time was meas-
ured with the same catheter-cuvette-amplifier
system. The system was rebalanced while the
dog was ventilated with 100 per cent oxygen.
Evans blue dye 0.5 cc. was injected into
the pulmonary artery and the time required
for the dye to appear in femoral arterial blood
was measured. Blood withdrawn from the
femoral artery was reinfused via the femoral
vein after each determination of saturation or
circulation time. The outputs of the carbon
dioxide analyzer, the oximeter amplifier, pres-
sure amplifiers and the integrator were re-
corded simultaneously using a Minneapolis-
Honeywell Visicorder.

Duplicate arterial blood samples were with-
drawn as close in time as possible to oximetric
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(4,900 feet) the average barometric pressure
is 640 mm. of mercury and the partial pres-
sure of inspired oxygen (Prp,) was taken as
20.9 X (640-47) or 124 mm. of mercury. The
respiratory quotient was assumed to be unity
and the partial pressure of alveolar oxygen
(Pag,) was calculated from the simplified
form of the alveolar gas equation Pag, =
Pry, — Pago,.”

ResuLTs

Eight dogs which provided records suitable
for analysis are the subject of this report.
When the animals exhaled freely to atmos-
phere the lungs achieved a state of marked
collapse during each exhalation. Minute vol-
umes approximated minute volumes reported
in the unanesthetized, spontaneously breath-
ing dog,® but because of the slow rate, tidal
volumes were greater than normal. End-
expiratory carbon dioxide tensions were be-

INTRATRACHEAL ! i [ b
PRESSURE 5 k I
emH,0 P

0

: . 38('35 MINUTE
el L 1000 veruwe
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Fics. 2, 3, and 4. Representative recordings of
the various parameters studied. From above
downward: carbon dioxide tension in inspired and
expired gas, arterial oxygen saturation, intratra-
cheal pressure, integrated pneumotachogram, and
expiratory pneumotachogram.

saturation determinations made when the ani-
mal exhaled freely to atmosphere and again
when exhalation occurred against resistance.
These were analyzed spectrophotometrically
for oxygen saturation using the wave lengths
660 and 805 millimicrons.? Experiments in
which mean oxygen saturation determined by
oximeter and the oxygen saturation determined
by the spectrophotometric technique differed
by more than 2 per cent were considered un-
satisfactory and discarded. Arterial oxygen
tension was derived from arterial oxygen satu-
ration and end-expiratory carbon dioxide ten-
sion using dissociation curves for dog blood.®
Because of the difficulty of transforming satu-
rations into tensions in the flat upper region
of the dissociation curve the record of any
dog with an arterial oxygen saturation greater
than 95 per cent was considered unsuitable
for analysis. At the elevation of our laboratory

tween 20 and 30 mm. of mercury. Peak air-
way pressure was attained rapidly and declined
rapidly so that the expiratory pause occupied
one half to four fifths of the respiratory cycle.
The record of arterial oxygen saturation ex-
hibited cyclic variations resembling a sine
wave whose frequency was identical to that
of the respiratory rate. The average maxi-
mum arterial oxygen saturation achieved dur-
ing the cycle was 82 per cent and the corre-
sponding average maximum arterial oxygen
tension was 48 mm. of mercury. The average
minimum saturation was 72 per cent and
the corresponding minimum tension achieved
during the cycle was 38 mm. of mercury.
Thus, the variation between average maximum
and minimum values during the cycle was 10
per cent saturation and 10 mm. of mercury
tension. The mean arterial oxygen saturation
and tension, taken as the arithmetic mean of
maximum and minimum values, was 77 per
cent and 42 mm. of mercury. The mean
alveolar-arterial oxygen difference was 59 mm.
of mercury (fig. 2, table 1).

When exhalation occurred against resistance
the lungs remained partially inflated during
exhalation. Peak pressure was increased so
that the inflating pressure was close to that
applied when the animals exhaled freely to
atmosphere, Minute volumes were generally
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slightly less and end-expiratory carbon dioxide
tensions were 1 to 8 mm. of mercury higher
when exhalation occurred against resistance
than during the period of free exhalation.
Peak pressure was attained rapidly and de-
clined rapidly to 4 cm. of water and remained
at this value during the expiratory pause. The
expiratory pause occupied one half to four
fifths of the respiratory cycle. Sine wave-like
fluctuations with a frequency identical to the
respiratory rate again occurred in the record
of arterial oxygen saturation. The average
maximum arterial oxygen saturation occurring
during the cycle was 91 per cent and the
corresponding tension was 66 mm. of mercury.
The average minimum saturation was 88 per
cent and the corresponding minimum tension
occurring during the cvcle was 59 mm. of
mercury. The wvariation between average
maximum and minimum values during the
cycle was 3 per cent saturation and 7 mm. of
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mercury tension. The mean arterial oxygen
saturation and tension, again taken as the arith-
metic mean of maximum and minimum
values was 90 per cent and 62 mm. of mer-
cury., The mean alveolar-arterial oxygen dif-
ference was 34 mm. of mercury (fig. 3, table
1). The decrease in alveolar-arterial oxygen
difference from 59 to 34 mm. of mercury with
the imposition of resistance to exhalation is
significant (P < 0.01). The decrease in the
magnitude of cyclic variations in arterial oxy-
gen saturation and tension from 10 per cent
and 10 mm. of mercury during free exhalation
to 3 per cent and 7 mm. of mercury during
exhalation against resistance is also significant,
(0.02 < P < 0.01).

When the respiratory rate was increased
from 6-7/minute to 18-30/minute during
free exhalation to atmosphere tidal volumes
and end-expiratory carbon dioxide tensions de-
creased and minute volumes increased. Mean

TABLE 1

SUMMARY OF EXPERIMENTAL FINDINGS

. N ‘ g Meli”i’ qM‘”‘iH“f‘“ SMinixéni;n Féuctuagiti)ns in
nsp. & Ty - Papo, S0z and Pao2 | So: and Paoa 0z and Paos oz and Paoq
Dog I!":r’égs }I{’:;st] l)é' (Fc(") ‘\(gc\) (mm.ﬁﬁ )
(%) |(mm. Hg)| (%) |(mm. Hg}| (%) |(mm. Hg)| (%) |(mm. Hg)
6 15.5-0 7 750 5,250 20 90 58 91 62 88 54 3 8
18-3.5 7 500 3,500 24 93 72 93 72 92 68 1 4
9 14-0 6 1,250 7,500 24 78 43 82 48 73 39 9 9
174 7 875 6,125 28 86 55 87 57 85 53 2 4
12 16-0 7 500 3,500 20 75 39 80 43 71 35 9 8
19-3.5 7 330 2.310 28 92 70 93 74 91 66 2 8
15-0 24 330 7,920 15 89 52 88 51 1 2
14 160 7 390 2,730 27 68 36 79 45 59 31 20 14
19-3.5 6 440 2,640 28 90 62 92 70 88 59 4 11
16-0 18 330 5,940 26 79 46 75 41 4 5
16-0 30 330 9,900 20 92 66 92 66 0 0
17 16.5-0 6 775 4,650 28 81 48 88 59 75 43 13 16
194 6 500 3,000 33 90 04 92 72 89 63 3 9
19 160 7 310 2,170 24 82 48 86 53 79 43 7 10
18-2 6 250 1,500 28 88 59 89 60 87 57 2 3
16-0 18 250 4,500 21 88 55 88 55 0 0
22 15-0 6 560 3,360 20 74 37 81 44 69 33 12 11
16-3 6 440 2,640 23 88 56 90 59 86 52 4 7
15-0 21 500 | 10,500 19 91 60 91 60 0 0
24 160 10 470 4,700 18 66 31 69 33 62 29 7 4
19-3 10 500 5,000 22 89 57 90 59 87 53 3 6
16-0 18 21 68 34 64 31 4 3

Insp. aud Exp. Press.-- Intratracheal pressure during inspiration and exhalation; Resp. Rate—-Respira-

tory rate; T.V.--“Tidal volume; M.V.—Minute volume; Paggr—Alveolar earbon dioxide tension (in this
study taken as identical with the end-expiratory carbon dioxide tension); So,—Arterial oxygen saturation;

Pao,—Arterial oxygen tension.
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arterial oxygen saturations increased but be-
cause no blood samples were obtained for
spectrophotometric analysis during this phase
of the study no attempt was made to calcu-
late alveolar-arterial oxygen differences with
increased rates of respiration. Under these
conditions cyclic variations in arterial oxygen
saturation were greatly decreased or elimi-
nated (fig. 4, table 1). With 35 per cent
oxygen-65 per cent nitrogen as the inflating
gas, cyclic variations in arterial saturation were
1-9 per cent less than with air. Oxygen (100
per cent) abolished cyclic variations in satura-
tion in all cases. Pulmonary artery-femoral
artery circulation time varied from five to nine
seconds. When the pulmonary-femoral time
lag in each dog was corrected using that ani-
mal’s particular circulation time, it was found
that blood which was maximally saturated
during the cycle was in the tung during inspi-
ration and blood that was minimally saturated

end of the expiratory pause.

Discussion

Despite many known difficulties inherent in
the application and interpretation of oximetry,
it is the only technique presently available
with a response time sufficiently rapid to study
cyclic variations in arterial oxygenation within
a single respiratory cycle.? One important
consideration was the relationship of the form
and magnitude of the cyclic variations as re-
corded by the instrument to the form and
magnitude of the cyclic variations in arterial
oxygen saturation actually occurring in the
blood. Fox and associates studied the dynamic
response characteristics of systems for con-
tinuous recording of concentration changes in
a flowing liquid using various catheter-cuvette
systems and a mechanical injecting device to
produce square waves of blood with and with-
out dye. They concluded that the dynamic
response of the systems improved when the
internal diameter of the catheter was small,
when the catheter was short, and when the
rate of flow through the system was rapid.t®
Therefore, in our experiments a short, small
bore catheter was used and the rate at which
blood was drawn through the cuvette was
40 cc./minute. This was found to be the
rate at which the cyclic variations in oxygen
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saturation became maximum with this particu-
lar catheter-cuvette system. Because of the
variable, unpredictable amount of dampening
found by Fox with various catheter-cuvette
systems it was apparent that no conclusions
could be made concerning the actual wave
forms of the cyclic variations in saturation in
our experiments. It was also apparent that
the magnitude of the cyclic variations in satu-
ration recorded by the catheter-cuvette system
in our experiments represented minimal values,
i.e., the actual magnitude of change between
maximum and minimum saturations in any
cycle could have been larger but probably not
smaller.

The use of end-expiratory carbon dioxide
tensions in the transformation of oxygen satu-
rations into oxygen tensions introduces a cer-
tain amount of error into the experimental
results. Alveolar dead space increases at small
functional residual capacities.’* With the low
it is probable that much of the tidal volume
was ventilating nonperfused areas of the lung,
so that the mean arterial carbon dioxide ten-
sion was probably several millimeters of mer-
cury greater than the end-expiratory carbon di-
oxide tension. However, since the saturation
isopleths on the blood dissociation diagram di-
verge as carbon dioxide tension increases, the
calculated magnitude of cyclic variations in
arterial oxygen tension is again probably
smaller than that which actually occurred in
the blood. It was assumed that the mean
oxygen saturation was the arithmetic mean
between maximum and minimum saturations
achieved during the cycle. This also may
have introduced a certain amount of error into
the interpretation of the experimental results.
It is, however, probably the best approxima-
tion of mean arterial oxygen saturation in the
absence of information concerning the actual
wave form of the cyclic variations.

Any alveolar-arterial oxygen difference can
be the result of two mechanisms: (1) a “mem-
brane component” caused by incomplete equi-
librium between alveolar gas and pulmonary
capillary blood, and (2) a “physiologic shunt”
caused by the contamination of maximally
oxygenated pulmonary capillary blood with
blood which has been shunted directly from
the venous side of the circulation or has passed
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through areas of the lung which are relatively
hypoventilated.:? The alveolar-arterial oxygen
differences measured in our experiments are
somewhat larger than, but in general agree-
ment with those reported by Williams. By
studying the alveolar-arterial oxygen difference
at three levels of oxygenation he concluded
that in the open-chest dog the membrane com-
ponent is negligible and the entire alveolar-
arterial oxygen difference is caused by the
physiologic shunt.13

Both the degree of the physiologic shunt
and the magnitude of cyclic variations in al-
veolar oxygen tension with the respiratory
cycle should determine the mean arterial oxy-
gen tension and hence the mean arterial oxygen
saturation. The relationship between these
two variables in determining the mean oxygen
tension may be clarified by considering a lung
with an infinitely large functional residual ca-
pacity. In this lung the removal of oxygen

CYCLIC VARIATIONS IN BLOOD OXYGENATION

905

selves cause an alveolar-arterial oxygen dif-
ference. If the value for alveolar oxygen
tension used in calculating the alveolar-arterial
oxygen difference is taken at a time in the
respiratory cycle when it is significantly differ-
ent from the mean alveolar oxygen tension for
the cycle, an apparent increase or decrease in
the alveolar-arterial oxygen difference may
occur. It is possible that a portion of the
large alveolar-arterial oxygen differences in our
experiments was caused by taking the value
for Pag, used in caleulating alveolar-arterial
oxygen differences at the end of exhalation
when the mean Pag, actually occurred later
in the cycle at some time during the expiratory
pause. The largest part of the significant de-
crease in alveolar-arterial oxygen difference
produced by imposition of resistance to ex-
halation was probably caused by the more
even relative distribution of pulmonary blood
flow and inspired gas which occurs as the

during exhalation would not appreciably-lower
the oxygen tension in the alveoli and cyclic
variations in alveolar oxygen tension would be
absent, In this instance the arterial oxygen
tension at any given alveolar oxygen tension
would be determined only by the proportion
of the total cardiac output involved in the
physiologic shunt. As the functional residual
capacity becomes small, cyclic variations in
alveolar oxygen tension with the respiratory
cycle occur. The magnitude of these cyclic
variations determines the degree to which
arterial oxygen tension falls below the maxi-
mum possible arterial oxygen tension. The
physiologic shunt may be regarded as a shunt
in space which determines the maximum ar-
terial oxygen tension that can be achieved
during the respiratory cycle. Cyclic variations
in alveolar oxygen tension with the respiratory
cycle may be regarded as a shunt in time
which determines the degree to which mean
arterial oxygen tension differs from the maxi-
mum tension attainable for the particular
amount of physiologic shunt occurring at
the moment. As the magnitude of cyclic
variations in alveolar oxygen tension in-
crease, the difference between maximum at-
tainable arterial oxygen and mean arterial
oxygen tension increases and the mean arterial
oxygen tension decreases. Cyclic variations
in alveolar oxygen tension do not in them-

PR .
functional-residual-capaeityinereases.it

Using representative values from the litera-
ture for the various parameters of ventilation
in the dog and making certain assumptions
it was possible to approximate the magnitude
of cyclic variations in alveolar oxygen tension
and to approximate the effect of varying the
functional residual capacity and the respira-
tory rate.

Assume for 20-kg. dog with an open thorax:

(1) Oxygen consumption and carbon di-
oxide production = 190 ce./minute.14

(2) Pago, =30 mm. of mercury; Baromet-
ric pressure = 640 mm. of mercury;
P1y, = 119 mm. of mercury.

(3) Alveolar ventilation = V002 X .863/
Pago, = 5,466 cc./minute.

(4) Anatomical dead space = 45 cc.

(5) Functional residual capacity exhaling
against 4 cm. of water resistance =
functional residual capacity in closed
thorax = 700 cc.1®

(6) When resistance to exhalation is re-
moved functional residual capacity
decreases by a factor of four times com-
pliance of the lung. Therefore, func-
tional residual capacity during free ex-
halation is 330 cc.!*

(7) Pulmonary filling and emptying are
instantaneous.
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These assumptions permit the calculation of
alveolar volume and composition at four differ-
ent points in the respiratory cycle: (1) at the
beginning of inspiration, (2) at the end of
instantaneous filling, (3) at the end of in-
stantaneous cmptving, and (4) at the end of
the expiratory pause. Since the end-expiratory
carbon dioxide tension was measured experi-
mentally and the volume of the lung at this
point is the functional residual capacity, the
alveolar oxygen tension can be calculated
using the alveolar air equation and the volume
of the alveolar oxygen at the end of exhalation
can also be derived. Then, using the assumed
values enumerated above the other values in
table 2 may be calculated.

If ventilation is stopped in a dog which has
been respired on room air arterial oxygen satu-
ration falls because the extraction of oxygen
from the alveolus by pulmonary capillary blood
continues. Each expiratory pause may be
the laws relating the volumes and pressures of
gases the fall in oxygen tension in millimeters
of mercury in the alveoli during a period of
apnea can be calculated using the following
equation:
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of the lung was kept large by the imposition
of resistance to exhalation than when it was
permitted to come to its normal resting expi-
ratory position. The above equation also in-
dicates that when oxygen consumption per
respiratory cycle decreases, cyclic variations in
alveolar oxygen tension also decreases. When
the respiratory rate increases the quantity of
oxygen extracted from the alveoli per breath
decreases. In our experiments cyclic varia-
tions in arterial oxygen saturation were smaller
at rapid respiratory rates than at slow respira-
tory rates. It is possible that some of the
observed results may have been due to a
greater degree of dampening of the cyclic
variations in the catheter-cuvette system at
higher frequencies. Reference to the above
equation indicates that the magnitude of cy-
clic variations in alveolar oxygen tension is
independent of alveolar composition. In our
experiments inhalation of gases with high
oxygen tensions diminished or_aholished i
variations in arterial oxygen saturation. It is
probable, therefore, that although cyclic vari-
ations in alveolar oxygen tension still occur
under these conditions alveolar oxygen tension
remained at a level above the minimum level

Decrease in alveolar oxygen tension (mm. of mercury)

_ Volume of alveclar O, at onset of apnea — Volume of alveolar O, at end of apnea

X Py

Lung volume during apnea

where Py = barometric pressure. Thus, the
fall in alveolar oxygen tension during an apnea
is directly related to the volume of oxygen
taken from the alveoli during the apnea and
inversely related to the lung volume during
apnea. The inverse relationship between de-
crease in alveolar oxygen tension and lung
volume during apnea was verified experiment-
ally.’® The magnitude of cyclic variations in
alveolar oxygen tension with the respiratory
cycle is determined by the amount by which
alveolar oxygen tension falls below the maxi-
mum tension achieved during the cycle. The
relationship expressed in the above equation
indicates that cyclic variations in alveolar oxy-
gen tension increase as the lung volume dur-
ing exhalation and the expiratory pause de-
creases. In our experiments cyclic variations
in arterial oxygen saturation were significantly
smaller when the functional residual capacity

necessary for complete oxygenation of the ar-
terial blood throughout all or most of the res-
piratory cycle. In addition, in the flat, upper
portion of the oxygen dissociation curve of
hemoglobin, large changes in oxygen tension
cause little variation in oxygen saturation.
Another mechanism which may have con-
tributed to cyclic variations in arterial oxygen
saturation is cyclic variation in the degree of
physiologic shunt with the phases of the respi-
ratory cycle. Distribution of pulmonary blood
flow 1t and pulmonary hemodynamics? vary
significantly with lung volume. It is possible
that the amount of blood shunted from the
venous to the arterial circulation either directly
or through relatively hypoventilated portions
of the lung, might vary as the volume of the
lung changes within a single respiratory cycle.
This mechanism would cause a cyclic variation
in the alveolar-arterial gradient. Results of
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TABLE 2
Errecr oF CHANGES oF FuncrioNalL ResipuaL Capacrries AND REsPIRATORY RATE on
THEORETICAL VARIATIONS IN ALVEOLAR VOLUME AND COMPOSITION WITH RESPIRATION
Alveolar ce.’s of
& Pacos I
v ?lt";m (mn:.C ?‘Ig) (mm‘.nlglg) “3:;2&:;
Beginning of Inspiration 700 59 60 65
End of Instantaneous Filling 1657 25 94 240
End of Instantaneous Emptying 700 30 89 97
End of Expiratory Pause 700 59 60 65
FRC = 700 cc. Rate = 6/minute Mean Pags = 77 mm. Hg
| Alveolar cc.’s of
S Pacos Paro: g
v ?‘lslclgle (mniC ?—lg) (mmA.0 g) “g;;gg’:
Beginning of Inspiration 330 92 27 14
End of Instantaneous Filling 1287 25 94 189
End of Instantaneous Emptying 33 30 89 46
End of Expiratory Pause 330 92 27 14
FRC = 330 cc. Rate = 6/minute Mean Pige = 61 mm. Hg
Alveolar ce.’s of
5 P 2 Pao: "
Volume (mm. He) (mm. He) Alveclar
Beginning of Inspiration 700 45 74 81
End of Instantaneous Filling 1201 25 94 176
End of Instantaneous Emptying 700 30 89 97
End of Expiratory Pause 700 15 74 81
FRC = 700 cc. Rate = 12/minute Mean Pags: = 84 mm. Hg

our experiments do not permit conclusions as
to the magnitude of the contribution of cyclic
variation in physiologic shunt to the observed
cyclic variations in arterial oxygen saturation.
It is thought that such a contribution must
be small, however, because the magnitude of
cyclic variations in alveolar oxygen tension
with the respiratory cycle calculated theo-
retically was more than adequate to account
for the entire cyclic variation in arterial oxy-
gen saturation.

One important consideration when working
under conditions where marked cyclic varia-
tions in blood gas tensions might be expected
to occur is in obtaining a representative blood
sample for analysis. Marked variations in
oxygen saturation between duplicate blood
samples sometimes occurred early in the study.
It was subsequently realized that these sam-

ples had been withdrawn from the artery as
rapidly as possible. When the blood samples
were withdrawn over a period of several respi-
ratory cycles, duplicate samples agreed within
the limits of reproducibility of the method
used.

It should be emphasized that the experi-
mental conditions were chosen to accentuate
cyclic variations in arterial oxygen saturation.
It is possible that under certain circumstances
large cyclic variations in arterial oxygen satu-
ration might cause a significant degree of
hypoxemia in man. In anesthesia this would
be most likely to occur during an intrathoracic
procedure when the oxygen tension in the an-
esthetic mixture approximates that of air and
when the ventilatory rate is slow. It is con-
templated that the present study will be re-
peated in man under operating room condi-
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tions. It is of interest to note that the types
of pressure curves for artificial ventilation that
interfere least with circulation®* would prob-
ably be associated with the largest cyclic vari-
ations in arterial oxygen saturation. Although
the present tendency in the design of anes-
thesia apparatus is toward the complete elimi-
nation of resistance to breathing, the imposi-
tion of a small resistance to exhalation under
some conditions encountered during the con-
duct of anesthesia might significantly improve
oxygenation of the blood.

SuMMARY

Cyclic variations in arterial oxygen satura-
tion of 10 per cent between maximum and
minimum values with a frequency identical
to the respiratory rate occurred in dogs with
open thoraces being artificially ventilated with
air at rates of 6 to 7 breaths per minute when
they were allowed to exhale freely to atmos-

MO G1—O OO

resistance to exhalation, cyclic variations in
arterial oxygen saturation decreased to 3 per
cent between maximum and minimum values.
With more rapid ventilatory rates or with a
greater than atmospheric concentration of
oxygen in the inflating gas, cyclic variations
in arterial oxygen saturation also diminished
or disappeared. It is thought that the most
likely explanation for these cyclic variations in
arterial oxygen saturation is cyclic variations
in alveolar oxygen tension as a consequence
of the variations of the volume and compo-
sition of alveolar gas with the phases of the
respiratory cycle.

As the magnitude of cyclic variation in ar-
terial oxygen saturation increases mean oxygen
saturation of the arterial blood decreases below
the maximum saturation attainable during the
respiratory cycle. This mechanism might
cause hypoxemia under certain conditions dur-
ing the conduct of anesthesia in man.

This study was supported in part by Grant
H 4641 from the Public Health Service.
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