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The hemodynamic effects of intermittent posi-
tive pressure ventilation were studied in lightly
anesthetized dogs following recovery from implan-
tation of pulsed ul flow d s on
the aorta and vena cava. A partial rebreathing
system was utilized to maintain constant Paco..
Data were d during sp respira-
tion and using a respirator, with peak airway
pressures of 10, 20 and 30 cm. of water, inspira-
tory to expiratory ratios of 1:2, 1:1 and 2:1.
Maximum values for stroke volume and cardiac
output occurred during spontaneous breathing.
Cardiac output and aortic stroke volume de-

d with ing airway and in-
creasing inspiratory to expiratory ratios. Venous
return was inhibited by i ing p , and
changes in vena caval flow were reflected in
changes in aortic flow within the time of two
heart beats. The circulatory effects of positive
pressure breathing are related to the mean intra.
thoracic pressure and the effect on venous return.

FoLrowiNG demonstration in animals 1 2 of the
impairment of circulation by positive pressure
breathing, similar effects on cardiac output

© Assistant Professor, Department of Pediatrics,
University of Washington School of Medicine,
Seattle, Washington.

1 Senior Resident, Department of Anesthesi-
ology, University of Washington School of Medi-
cine, Seattle, Washington.

1 Assistant Professor, Department of Anesthesi-
ology, University of Washington School of Medi-
cine, Seattle, Washington. Supperted by PHS
Research Career Program Award HE-9617-01.

§ Assistant Professor, Department of Anesthesi-
ology, University of Washington School of Medi-
cine, Seattle, Washington.

T Associate Professor, Department of Pediatrics,
Head, Division of Pediatric Cardiology, University
of Washington School of Medicine, Seattle, Wash-
ington.

Accepted for publication March 18, 1966. This
work was supported by the \Vashington State
Heart Association and U. S. Public Health Service
Grant HE-03998-08.

581

zese//:dny wouy papeojumoq

in man have been demonstrated by applica
tion of the Fick principle,>* ballistocardi
ography ® and indicator dilution methods.
Cournand and his co-workers3 observed an®,
inverse relationship between increasing maskg
pressure and cardiac output during intermit-3
tent positive pressure breathing. The decreaseS
in cardinc output was closely related to maska
pressure and could be improved by an ex<
piratory phase of adequate duration. In acute:
experiments in animals, Brecher 7 demonstrated
by means of a bristle flowmeter, that positivep
pressure breathing decreased venous returmn.g
In these studies, arterial carbon dioxide tcn-_'?D
sion (Pacg,) undoubtedly varied as the char-S
acter of ventilation was changed; variation in}
Paco, may have contributed to the changed
in cardiac output associated with positive®
pressure breathing.
The present study was designed to eva]unte(a?
the effects of varying degrees of intermittent=
positive pressure breathing (IPPB) on aorﬁc§
and vena caval blood flow in intact animals.Q
At constant Paco, we attempted to define S
ventilation pattern that would produce mini-g
mal interference with circulation.®
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Materials and Methods

Pulsed ultrasonic flow transducers were im-3
planted® 1 on the superior vema cava and3
on the descending thoracic aorta in 6 mon-}_%
grel dogs weighing 18 to 26 kg.; in one anig
mal, a transducer was placed on the lefta
pulmonary artery. The pulsed ultrasonic flow-3
meter is based upon the principle that soundo
waves passing through moving fluid travel
with greater nct velocity downstream than up-;
stream. Bursts of ultrasonic waves (3 mega-S
cycles) travel along the path between two
barium titanate erystals mounted diagonally®
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Fic. 1. Effects of spontancous respiration

(A) and pesitive pressure ventilation (B).
with normal respiration; in B, note

Note relatively slight in intr
wide swing in arterial blood pressure.

across a bivalve plastic cylinder, alternating in
direction 400 times per second. When there
is no motion in the fluid between the crystals,
the transit time of sound is equal in both di-
rections; with movement of the fuid, the
velocity of flow is linearly related to the dif-
ference between the transit times upstream
and downstream.

Five to 39 days postoperatively, when the
animals had recovered, they were lightly anes-
thetized with morphine 1-1.5 mg./kg. intra-
muscularly and pentobarbital 10-12 mg./kg.
intravenously; no attempt was made to evalu-
ate the effects of IPPB upon a background of
other anesthetics. Following tracheal intuba-
tion with a cuffed tube (10-12 mm. diameter),
the animals breathed 100 per cent oxygen
from a nonrebreathing system for 15 minutes
to assure denitrogenation. Blood flows were
recorded from the previously implanted trans-
ducers, and pleural pressure was recorded from

P

a flat silastic balloon which had been placed
in the pleural space at the time of surgery.
Airway pressure was monitored via an 18 &
gauge needle inserted in the endotracheal 5
tube. Arterial pressure was measured via 2o
catheter in the femoral artery; this mthetcr%
also permitted anacrobic sampling of blood 8
for determinations of P, Pco, and pH using S
a modificd Clark, a Severinghaus and a Ra-g
diometer electrode, respectively.

By adjustment of the flow of oxygen intog
a container from which the animal rcbrcalhcd,i
inspired CO, concentrations could be altcrcd:
to maintain arterial Pe,, at contrel values in§
spite of varying minute volume of ventilation. %
Constancy of Pagq,, as ascertained by inter-3
mitten blood gas analyses, was facilitated by R
continuous monitoring of airway Peg, using ag
Beckman LS-1 infrared carbon dioxide ann-%
lyzer. A Bird Mark 9X respirator was usedQ
in conjunction with a recording Ventimeter to™
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Fic. 2. Effect of increasing ainway pressure
and inspiratory/expiratory ratio on c:mf;nc output
(average of 12 experiments). Dashed line, tri-
angles indicate v.'lf:ws at LE ratio 1:2, dotted
lines, squares at 1:1 and solid line, circles at 2:1.
Ordinate: per cent of control value; abscissa: peak
positive airway pressure in cm. of water, begin-
ning with spontaneous respiration.
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Fic. 3. Alterations in heart rate during posi-
tive pressure ventiltion. Abscissa: airway pres-
sure in cm. of water; ordinate: percentage change
heart rate. Circles denote heart rate at inspira-
tory/expiratory ratio 2:1, squares 1:1 and
angles 1:2.
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ki iind vt
generate and record the breathing pattemsg
used. g
Twelve studies were performed, and obser-
vations were made during spontancous res-
piration as well as during intermittent positive
pressure breathing with peak inspiratory pres-
sures of 10, 20 and 30 c¢m. of water. AtS
peak inspiratory pressures, inspiratory to cx-—?
piratory time ratios of 1:2, 1:1 and 2:1 werey
employed for 10-minute periods.  The sc-g”\l)
quence was randomized and  spontaneousp,
breathing periods were utilized every 30 min-
utes to allow recovery and stabilization.
Zero level for vena caval flow was deter-=
mined by intravenous administration of ncclyl-g
choline in dose sufficient to produce transients
cardiac arrest (3-3 mg.).  Stroke volume \\'usé
determined by planimetric integration. Car-3
diac output was caleulated as the product of2
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stroke volume and heart rate; each determina-g
tion was made over several respiratory cycles s
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Fic. 4. Effect of increasing airway pressurey
and increasing  inspiratory/cxpiratory ratio orB

stroke volume (average “of 12 experiments) =
Dashed line, triangles indicate values at I:E ratics
1:2, dotted line, squares at 1:1 and solid linelX
circles at 2:1. Ordinate: per cent of control value;
abscissa: peak positive airway pressure in em. of
water, beginning with iration
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Flow in the descending aorta was considered
to be an adequate representation of cardiac
output since only relative changes were of
interest. Data obtained were expressed as
per cent of control (spontaneous respiration).

Results

The blood flow patterns observed during
spontaneous respiration were similar to those
previously described.! Maximum values for
stroke volume, cardiac output, and venous re-
turn occurred during spontaneous respiration,
The effect of increasing airway pressure on
aortic and vena caval flow is illustrated in
ficure 1. At lower ainvay pressures, vena
caval flow was mildly affected. At peak air-
way pressures of 30 cm. of water, vena caval
flow approached zero level, followed by a
surge of forward flow as airway pressure fell
toward zero. During intermittent positive
pressure ventilation, therefore, the surge in
vena caval blood flow which normally occurs
with spontancous inspiration occurred during
expiration at a time when intrathoracie pres-
sure was approaching zero (fig. 1).

Eflects of positive pressure ventilation on vena caval, left pulmonary arterial and

aortic flow.
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Cardiac output decreased progressively with|
increase in airway pressure and with prolonga~J
tion of inspiratory to expiratory ratios; at penkgo
ainvay pressure of 30 cm of water, mspun-—~
tory to expiratory ratio 2:1, cardiac outputS
(average of 12 experiments) was 35 per centg
below control (fig. 2). The decrease in aomcm
stroke volume was more pronounced than thatg
observed in cardiac output because of them
frequent occurrence of compensatory tnchy-Lo
cardia (fig. 3); at peak airway pressure ofO
30 cm. of water, inspiratory to cxplmtoryg
ratio 2:1, aortic stroke volume (average ofS
12 experiments) was 44 per cent below con=®
trol (fig. 4). =]

Left pulmonary arterial flow was recorded
in one animal (fig. 3) to compare the timinge
of alterations in the pul y and sy i
circulation.

An increase in vena caval flowS
was observed within one heart after the posi-R
tive pressure was released. Pulmonic flowd
began to increase within one beat of incrcascd%
caval flow, and aortic flow was augmentedQ
within two beats of caval; peak aortic and”
pulmonic flow were delayed several beats,
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TanLe 1. Relation of Airway Pressure to Intra-
thoracic Pressure (measurements in cm. H.0)
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Intrathoracic pressure varied during posi-§
tive pressure breathing from 30 to 66 per cent
of airway pressure. The percentage of air-g
way pressure transmitted to the pleural space
remained relatively constant in any one ani-i

mal over the range of pressures and vcnlilnloryc’
patterns (table 1).

Utilizing the controlled partial rcbrcnt]ung‘c
system, end-expiratory CO. was m'untalncdg
constant at coutrol levels (4.2 to 6 per cent); Q)
maximum variation during any experiment was2.
0.2 per cent.  Arterial Peo, during spontane-3
ous respiration varied from 39-50 mm. ofS
mercury, while maximum variation during an>
experiment was limited to =3 mm. of mer-
cury. Pa,, was 425-550 mm. of mercury.
Control arterial pIl was 7.32 to 7.37, with a
maximal variation of = 0.02.

2uUB/WOod

Discussion
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The impairment of circulation by positivi
pressure breathing has been demonstrated by3
numerom techniques in man and nmmnls.n,

[fel}

however. The right ventricular stroke volume,
as judged from the flow pulse in the left pul-
monary artery, was maximum at the end of
expiration and peak left ventricular stroke
volume was reached as a volume of blood
was displaced through the lung to the left
heart, two beats later. The greatest delay
between increased flow in the cava and in-
creased flow in the aorta was the interval of
only two heart beats.

Systolic and diastolic femoral arterial pres-
sure at peak airway pressure of 10 cm. of
water did not vary more than 10 mm of mer-
cury from control values. However, at 30 cm.
of water peak ainwvay pressure, definite pulsus
paradoxus occurred with a decrease in systolic,
diastolic and pulse pressures (fig. 1B).

Heart rate showed minimal varation from
control at peak airway pressure of 10 cm.
of water (fig. 3). At peak airway pressure
of 20 cm. of water, several animals showed
deviation from control values greater than 15
per cent, with a deerease in heart rate occur-
ring almost as commonly as an increase, while
peak pressures of 30 em. of water were often
associated with tachycardia.

The mecl responsible for these changesg
have been subject to speculation. IncreasedS
pulmonary vascular resistance has ben lmph-:‘
cated in the fall in cardiac output,! 1% 14 whileg
others have suggested that decreased nghtﬁ
heart filling was responsible.’»¢ In previous}
studies of the effect of positive pressure breath-G;
ing on cardiac output, Paco, has not beeno
maintained constant. Otis and his m~work-o
ers'® showed a fall in Pago, produced bym
hyperventilation, associated with a fall in car»
diac output. The present study was per<g
formed under conditions of constant Pacoo
to cvaluate the mechanical effects on the c:r—o
culation independent of changes in Peq, whmho

may be associated with IPPV. Whether thco
hypocapnia associated with IPPV results u{g
further impaimment of cardiac output rcmams&
to be investigated. =

In experiments on animals with an opery
chest, Hubay, Brecher, and Clements* conf
cluded that increased pulmonary vascular res
sistance was primarily responsible for the re2
duction in cardiac output. However, Werko
found that changes in pulmonary vasculag
resistance were smail and apparently unrey;
lated to changes in cardiac output in normaRR
man subjected to IPPB. Even with consider
ably increased resistance to flow, such as
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surgical constriction of the main pulmonary
artery, there was no fall in cardiac output,
provided that venous return was not re-
stricted.r®

Opening the chest has been shown to de-
crease cardiac output in a manner similar
to positive pressure ventilation when the chest
is closed.’* In both instances there is an
increase in the average extracardiac pressure
(by the loss of normally negative intrathoracic
pressure when the chest is opened), causing
an immediate rise in venous pressure and a
decrease in venous return.’  In addition, the
“cardize output curve” is adversely affected
since the effective filling pressure of the ven-
tricles is reduced.’”  Compensation for the
decrease in cardiac output may be produced
by an increase in sympathetic tone, and per-
haps by increased muscular activity,!* tending
to increase the driving pressure (“mean circu-
latory pressure”) returning blood to the heart.

In our investigation, increased intrathoracic
pressure produced an immediate decrease in
vena caval flow, followed by a decrease in
pulmonary arterial and then aortic flow. Vena
caval flow decreased progressively with in-
creasing intrapleural pressure; as pleural pres-
sure fell during the expiratory phase, flow
from the cavae increased, and the sequence
described above was reversed.

Our data confirn the importance of the
time relation of the inspiratory to espiratory
phase of the respiratory cycle demonstrated
by Coumnand ¢t al® The effect of positive
pressure  breathing on  cardiac  output s
related to the mean intrathoracic pressure over
a complete rmpimtory cycle. Prolonged in-
flation (such as 2:1 rutio, inspiration to expira-
tion) with modest positive pressure (20 cm.
of water) reduced cardiac output more than
higher pressure for a shorter perod (1:2 ratio
at 30 em. of water).

The animals, although anesthetized, were all
in excellent health at the time of study, and
significant alteration in circulatory function
occurred.  These observations may  signifi-
cantly underestimate the potential effects of
1PPB, since the fall in cardiac output which
occurs has been shown to be accentuated
when the capacity for reconstituting the gradi-
ent from peripheral veins to the heart (in-
creasing the “mean circulatory pressure” 17)
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is impaired, such as in hemorthagic shock,
sympathetic blockade (high spinal anesthesia),
or anesthetic depression.*”
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Summary

Hemodynamic effects of varying degrees of 3
intermittent positive pressure ventilation \\crc_g:
studied in lightly anesthetized dogs [ullomng\
recovery from implantation of pulsed ultm-g
sonic flow transducers on aorta and vena cn.l.y
Data were obtained during spontaneous res-Z
piration, and with the use of a Bird Mark 9X§
respirator at constant ventilatory rate, andg,
peak airway pressures of 10, 20 and 30 cm. g
of water. At cach pressure, inspiratory to3
expiratory mtios of 1:2, 1:1 and 2:1 wereS
applied. A partial rebreathing system  was
utilized to maintain end-expiratory Peo, con-
stant.

Maximum values for stoke volume and car-8
diac output occurred during  spontancousy
breathing.  As airway pressure was increased, 2
aortic stroke volume and cardiac output pro-9
gressively decreased. At each airway pres-
sure, decrease in stroke volume and cardiac’S
output was accentuated by increasing the in-
spiratory to expiratory ratio. At peak ainvay
pressure of 30 cm. of waler, inspiratory tos
expiratory ratio of 2:1, the stroke volume was®
reduced 44 per cent, while cardiac output was 9
33 per cent below control.  Venous retum3S
was inhibited by increasing pressure, ap-
proaching zero level with peak airway pressure &
of 30 an. of water; the forward surge of &
aval flow occurred during expiration.
Changes in venous flow were reflected inQ
changes in aortic flow within the time of two3
heart beats.

The circulatory effects of positive pressureS
breathing are related to the mean intrathoracic@
pressure and the effect on venous retumn.
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