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PEEP -induced Discrepancy Between Pulmonary Arterial Wedge
Pressure and Left Atrial Pressure:

The Effects of Controlled vs. Spontaneous Ventilation and
Compliant vs. Noncompliant Lungs in the Dog

Richard E. Berryhill, M.D.,* and Jonathan L. Benurmof, M.D.t

Pulmonary-artery (PA) wedge pressure (P,,,) is usually con-
sidered to be an accurate reflection of left atrial pressure (Py,).
Recent reports had demonstrated that during controlled positive-
pressure ventilation (CV) in normal lungs, a progressive increase
in positive end-expiratory pressure (PEEP) produced a progres-
sive positive Py, ~Py, discrepancy when the PA catheter tip was
positioned vertically above the left atrium (LA). In seven anes-
thetized dogs the P,,,,— P,, relationship (as transmural pressures)
was studied at PEEP = 0, 5, 10, 15, and 20 torr, in two ways: 1)
in compliant lungs with the PA catheter tip above the LA, CV was
compared with spontaneous ventilation (SV); 2) during GV with
PA catheter tip both above (C,,) and below (C,..,) the LA com-
pliant lungs were compared with noncompliant lungs. A 35 per
cent decrease in static pulmonary compliance was induced by
administering oleic acid, 0.06 mVkg, intravenously, and 0.01N HCI,
5 ml, intratracheally. In compliant lungs with the PA catheter
tip above the LA during CV, P,,, was significantly greater
than P, at PEEP = 5 torr and equalled PEEP when PEEP = 10
torr, whereas during SV, P, did not differ significantly from
P, at any PEEP, During CV in compliant lung, P,,, recorded
from C,, and C,,, was significantly greater than P, at PEEP
=5 and PEEP = 15 torr, respectively. During CV in noncompli-
ant lung, P,,, recorded from C,, and C,,., was significantly
greater than P, at PEEP = 10 and PEEP = 15 torr, respectively.
The Py,,~Py, difference from C,, at PEEP = 10 torr was signif-
icantly less in noncompliant lung than in compliant lung, It is
concluded that SV affords complete protection of the Py, -to-P,,
relationship even at high PEEP, whereas a decrease in pulmonary
compliance affords moderate protection of the P, -to-Py, rela.
tionship. These results are important because they further our
ability to assess the accuracy of Py, during varying clinical situa-
tions. (Key words: Equipment, catheters, Swan-Ganz. Heart, vas-
cular pressures. Lung, compliance; intravascular pressues. Venti-
lation: pattern; mechanical; spontaneous; positive end-expiratory
pressure.)

PULMONARY-ARTERY WEDGE PRESSURE (Pp,.) is con-
sidered to be an accurate reflection of left atrial pres-
sure (P),) provided there is a continuous column of
fAluid between the wedged pulmonary-artery catheter
tip and the left atrium (Zone 111, a region within the
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lung where pulmonary arterial pressure [P,] exceeds
pulmonary venous pressure [P,], which in turn ex-
ceeds alveolar pressure [P,], P, > P, > P,'%). Positive
end-expiratory pressure (PEEP) can resultinintermit-
tent collapse (Zone 11, P, > P, > P,) and perhaps con-
tinuous collapse (Zone I, P, > P, > P,) of this column
of fluid, depending upon 1) the magnitude of the
change in transpulmonary pressure secondary to
PEEP; 2) the vertical hydrostatic gradient between
the wedged pulmonary-artery catheter tip and left
atrium; 3) the transmission of PEEP to the pulmonary
vasculature as a function of pulmonary parenchymal
compliance; 4) the pressure changes occurring in the
pleural space during the ventilatory cycle. A recent
study demonstrated, in dogs with normal lungs and
normal P, during controlled positive-pressure ven-
tilation, that a progressive increase in PEEP = 5 torr
produced a progressive positive discrepancy between
Puw and Py (ie., Py > Py) when the pulmonary-
artery catheter was wedged above the level of the left
atrium.? We questioned how changes in the ventilatory
pattern and pulmonary compliance would affect this
previously described PEEP-induced Pay—Py, discrep-
ancy. The purpose of this study was to examine quan-
titatively the relationship between Py, and Py, as a
function of PEEP during controlled ventilation com-
pared with spontaneous ventilation and in compliant
compared with noncompliant lungs.

Methods

Seven mongrel dogs, weighing 16 to 23 kg, were
anesthetized with pentobarbital, 25 mg/kg, intra-
venously (iv), tracheally intubated, paralyzed with
pancuronium, 0.1 mg/kg, iv, and mechanically ven-
tilated with oxygen (Fiq, = 1.0) at a tidal volume of
15 ml/kg and a ventilatory rate so that end-tidal CO,
= 5 per cent (Beckman L.B-2). Anesthesia was main-
tained with pentobarbital, 2-3 mg/kg, iv, every hour.
The animals were placed in the right lateral decubitus
position. A left thoracotomy was performed for place-
ment of left atrial and pleural catheters. While the
chest was open, two transcutaneously passed (via the
femoral veins) triple-lumen balloon-tipped pulmo-
nary-artery catheters (Edwards #93-113-7F) were

0003-3022/79/1000/0303 $00.80 © The American Society of Anesthesiologists, Inc.

303

202 YoIeN 0z uo 3senb Aq 4pd'G0000-000016.261-27S0000/L68ECI/E0E/ ¥/ G/Ppd-ajonie/ABojoIsauisauR/WOD JIBYIIBA|IS ZESE//:dRY WOy papeojumoq



304 R. E. BERRYHILL AND J. L. BENUMOF

Anesthesiology
V 51, No 4, Oct 1979

Tante 1. Pulmonary Vascular Pressure and Cardiac Output during Controlled vs. Spontaneous Ventilation in Compliant Lung

Controlled Ventilation Spontancous Ventilation

PEEP Poaw P Q Pra m, )
(torr} (torr) (torr} (Vmin} (torr) (torr) (Vmin)

0 6.5 = 0.7 5.5 + 0.7 4,1 £0.2 7.3 £ 0.7 5.7 £ 0.6 5.0 £ 0.5

5 7.8 + 0.8* 5.1 £0.7 44 0.3 73 £ 1.1 54 + 0.7 4.7x04
10 9.4 = 1.0* 4.9 £ 0.6 3.3 £ 0.3% 80+08 6.2 = 0.5 4.5+04
15 13.4 = 1.0* 5.0 £ 0.6 2.4 £ 0.2} 89=+10 7.0+ 1.1 4.2 +04
20 19.0 = 1.6* 5.8 0.7 1.6 = 0.1% 9.8 +2.0 8.1 £20 3.9 £ 0.67¢

PEEP = pasitive end-expiratory pressure; Pyay = transmural
pulmonary arterial wedge pressure; Py, = transmural left atrial
pressure; Qq = cardiac output.

* P < 0,01, significantly greater than Py,

guided from within the chest so that when wedged
via balloon inflation one catheter was positioned 2.5-
3.5 cm (3.2 ecm = 0.2 SE) above (C,p) the left atrial
catheter and one catheter was positioned 2.0-2.5 cm
(2.3 cm = 0.1 SE) below (Cygwn) the left atrial catheter.
The chest was then closed and the pneumothorax
evacuated. Pertinent measured pressures were Ppay
from Cy, and Cygyn, Piav airway (Py) and pleural
(Pw). All pressure transducers (Hewlett-Packard 1280
C) were calibrated with standard mercury manom-
eters and were referenced to atmosphere at the level
of the left atrium. All pressures were recorded in torr
at end expiration (Hewlett-Packard eight-channel re-
corder), and all pulmonary vascular and left atrial
pressures are expressed as mean transmural pressure
(velative to Py) * SE. Static pulmonary compliance
was measured during paralysis after 7 sec of inflation
from functional residual capacity to volumes of 15 and
30 ml/kg and was calculated as static pulmonary com-
pliance = inflated tidal volume/P,,, — P;;. Changes in
static pulmonary compliance were effected by ad-
ministration of oleic acid, 0.06 ml/kg, iv, and 0.01 N
HCI, 5 ml, intratracheally.

The experimental sequence in each animal con-
sisted of measurement of P,,, from C,, and Cyyyn
and Py, at PEEP =0, 5, 10, 15, and 20 torr during
the following steps in order of: a) paralysis and con-

Taste 2. Pleuraland Transpulmonary Pressuves during Controlled
vs. Spontancous Ventilation in Compliant Lung

Controlled Ventilition Spontancous Ventilation

PEEP i ™) Py Pa Py
() (torr) (torr) (torr) (torr)

0 -34=x05 34 05 -2.5 0.7 2.5 + 0.7
5 -1L1+06 6.1 = 0.6 0.5 + 0.6 42 x+05
10 1.2 0.6 88 = 0.6 4.3 + 0.6 5.7 = 0.6
15 2.2 +0.8 1.9 + 0.7 78 0.7 72 £07
20 4.7 = 0.7 153 = 0.7 11.3 1.6 8.7 1.6

PEEP = positive end-expiratory pressure; Py = pleural pres-
sure; Py, = transpulimonary pressure,

T P < 0.01, significantly less than Q at PEEP = 0.
£ P <0.01, significantly greater than Q, at PEEP =20 torr
during controlled ventilation.

trolled ventilation; b) spontaneous ventilation (follow-
ing reversal of paralysis with neostigmine, 0.08 mg/kg,
and atropine, 0.02 mg/kg, iv); c) paralysis and con-
trolled ventilation in lungs damaged by oleic and
hydrochloric acids. Comparison was made of 1) trans-
mural P, from Cy, only and transmural Py, between
steps a and b (controlled vs. spontaneous ventilation,
n = six dogs); 2) transmural Py, from both Cy, and
Cuown and transmural Py, between steps a and ¢ (com-
pliant vs. noncompliant lungs, n = seven dogs). Re-
sults were analyzed by t test for paired data, with
P < 0.01 considered significant.

The following procedures were performed at the
following times. Step ¢ was performed three hours
after the administration of oleic acid and HCI. Static
pulmonary compliance was measured during steps a
and c. Arterial blood-gas and pH analyses were per-
formed at the beginning of steps a, b and c. Thermo-
dilution cardiac output (Qy) was determined at all
levels of PEEP and during all experimental steps.
Steps a, b and c each took approximately 60 min to
complete. Dextrose, 5 per cent, in lactated Ringer’s
solution was administered iv at a maintenance rate
only.

Results

CONTROLLED VS, SPONTANEOUS VENTILATION
IN CoMpLIANT LUNG

Transmural Py, did not change significantly at any
level of PEEP during controlled or spontaneous ven-
tilation (table 1). During controlled ventilation Py,
(from C,, only in this section) was significantly greater
than P, at PEEP = 5 torr, and at PEEP = 10 torr
Paw closely reflected PEEP. During spontaneous ven-
tilation P, did not differ significantly from Py, at
any level of PEEP. Q, decreased significantly at PEEP
values of 10 torr or more during controlled ventila-
tion, but only at 20 torr during spontaneous ventila-
tion. However, Q, at PEEP = 20 torr was significantly
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greater during spontaneous ventilation compared
with controlled ventilation. Py, relative to atmospheric
pressure and transpulmonary pressures (P,) recorded
at each level of PEEP during both controlled ventila-
tion and spontaneous ventilation are shown in table 2.
The most striking observation was that Py, was much
greater during controlled ventilation than during
spontaneous ventilation. With increasing PEEP, the
difference between Py, and Py, (Puaw-1) progressively
increased during controlled ventilation (fig. 1). Using
P, at end expiration as the reference pressure, the
P, at peak inspiration during controlled ventilation
at PEEP = 0, 5, 10, 15, and 20 torr increased by 4 + 0,
3x0,2x0, 2+0, and 2 =0 torr, respectively,
whereas Py, at peak inspiration during spontaneous
ventilation decreasedby 10 £ 2,12 + 1,16 = 1,20 + 1,
and 24 + 2 torr, respectively. During spontaneous
ventilation end-tidal CO ; values at PEEP = 0, 5, 10,
15, and 20 torr were 5.0 = 0.1, 5.7 + 0.2, 6.3 + 0.1,
7.1 £ 0.1,and 7.8 % 0.2 per cent, respectively. During
controlled ventilation end-tidal CO , was constant at
5 per cent.

CONTROLLED VENTILATION IN COMPLIANT LUNG VS.
Non-coMPLIANT LUNG

Static pulmonary compliances in compliant lung at
15 and 30 ml/kg were 51 = 9 and 65 + 8 ml/torr, re-
spectively, and in noncompliant lung, 32 * 2 and 46
+ 4 ml/torr, respectively. Transmural P;; did not
change significantly at any PEEP in compliant or non-
compliant lung (table 3). In compliant lung when
PEEP = 5 torr and was progressively increased to 20
torr, Py, from C,, was progressively greater than
Poaw from Cyoyn. In noncompliant lung when PEEP
= 10 torr and was progressively increased to 20 torr,
Py from C,, was progressively greater than P,
from Cgyoun, but the difference between C,, and Cyoyn
was less in noncompliant lung than in compliant lung.
In compliant lung Py, recorded from C,, and Cyoun
was significantly greater than P); at PEEP =5 and
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14+  a——a controlled vent.
&——1>b  spontancous vent.
i '|'— S.E
o . A L L ']
0 5 10 15 20
PEEP, torr

Fi. 1. PEEP = positive end-expiratory pressure. Ppyyoia
= transmuril pulmonary arterial wedge pressure — transmural left
atrial pressure.

PEEP = 15 torr, respectively. In noncompliant lung,
however, Py, recorded from C,, and Cypyn wWas sig-
nificantly greater than Pj; at PEEP = 10torr and PEEP
= 15 torr, respectively. Pyyy1q from Cyp, in noncom-
pliant lung was significantly less than Ppyy s from
Cyp in compliant lung at PEEP = 10 torr (fig. 2).
Ppaw-1a from Cyown Was not significantly different be-
tween compliant and noncompliant lung atany level of
PEEP. P, relative to atmospheric pressure and Py,
recorded at each level of PEEP in both compliant lung
and noncompliant lung are shown in table 4. Q; was

TaBLE 3. Pulmonary Vascular Pressure in Compliant vs. Noncompliant Lung during Controlled Ventilation

Complizmt Lung Noncompliant Lung
PEEP P Poaw Up Pyaw Down P Puaw Up Poaw Down
(torr) (torr) (torr)} {torr) (torr) (torr) (torr)

0 5.6 = 0.6 6.9 + 0.7 6.7 + 0.7 6.3 = 0.8 6.8 =038 7.0x09
5 5.1 = 0.6 7.9 £ 0.7* 6.1 =06 5.1 +0.8 6.6 = 0.7 56 =038
10 53 + 0.6 9.6 + 0.9% 6.6 08 54 %07 7.2 £ 0.7%% 6.2 0.7
15 5.5 £ 0.7 13.9 = 1.0* 9.1 = L.0* 6.2 £ 0.6 9.9 = 0.8%F 8.1 x 1.0%
20 6.4 09 19.6 = 1.4* 12,5 = 1.5% 6.7 0.8 14.6 = 1.1*f 104 = 0.9*

PEEP = positive end-expiratory pressure; Py, = transmural left
atrial pressure; Ppu Up = transmural pulmonary arterial wedge
pressure catheter above left atrium; Py, Down = transmural

pulmonary arterial wedge pressure, catheter below left atrium.
* P < 0.01, significantly greater than Py,
t P < 0.01, significantly less than Py, Up in compliant lung.
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Cyp € down
14T oo o—o compliant lung
| e---e 0=-—0 noncompliant lung
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PEEP, torr

FiG. 2. See figure 1. *P < 0.01, significantly less than Py, [rom
Cypin compliant lung. Gy, = pulmonary arterial catheter positioned
above left atrium; Cygyn = pulmonary arterial catheter positioned
below left atrium.

significantly decreased at PEEP = 10 torr compared
with PEEP = 0 in compliant and noncompliant lung,
but Q, from C,, and Cyeyn did not differ at any level
of PEEP in compliant or noncompliant lung. At PEEP
= 0, arterial blood-gas and pH values were Pag, = 436
+ 38 torr, Pago, = 38 * 2torr,pH = 7.34 = 0.02,and
Pag, = 137 = 29 torr, Pagy, = 42 = 2 torr, pH = 7.31
+ 0.04 in compliant and noncompliant lung, respec-
tively. In view of a normal cardiac output, this cor-
responds to estimated right-to-left intrapulmonary

TasLe 4. Pleural and Transpulmonary Pressures in Compliant
vs. Noncompliant Lung during Controlled Ventilation

Compliant Lung Noncompliant Lung

PEEP Py Py Py Py
(torr) (torr) {torr) (torr) (torr)

0 -3.0=x06 3.0 0.6 -28 x04 28 + 04
5 -1.2 £ 05 6.2 + 0.5 -09 £ 04 59 =04
10 0.9 = 0.6 77+ 1.3 14 05 8.5 0.5
15 2,9+ 0.7 122 = 0.7 32 +06 11.8 £ 0.6
20 42x08 15.8 + 0.8 43 = 0.7 15.7 £ 0.7

PEEP = positive end-expiratory pressure; Py = pleural pres-
sure; Py, = transpulmonary pressure,
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shunts of 12 and 27 per cent for compliant and non-
compliant lung, respectively, at PEEP = 0.

Discussion

The necessity for Py, to reflect Py, accurately dur-
ing the treatment of critically ill patients is crucial, for
if incorrect P, values are chosen, inappropriate fluid
management and use of cardiotonic or vasoactive
drugs can occur. The principal findings of this study
were that during increasing levels of PEEP, a) spon-
taneous ventilation afforded complete protection of
the accuracy of Py, as a reflection of Py, and b) non-
compliant lung afforded moderate protection of the
accuracy of P,y as a reflection of Py,. Consideration
should be given to both of these findings.

During spontaneous ventilation in compliant lungs,
although the PA catheter was located above the left
atrial level, P,y remained an accurate reflection of
P,, even with PEEP as high as 20 torr. This contrasts
sharply with the large PEEP-induced discrepancy in
P,uw—Pia that occurred during controlled ventilation
and high levels of PEEP.

A recent experiment in which Py, (and therefore
lung volume) was allowed to increase or was kept con-
stant during progressive increases in PEEP® provides
a probable mechanism for this dramatic difference.
When progressively increasing PEEP was applied and
P,, was allowed to increase, changes in Py, were mini-
mal and changes in alveolar pressure caused Py, to
become progressively greater than Py,. When progres-
sively increasing PEEP was applied and Py, was kept
constant, the changes in P, were large and were
equally transmitted to Py, and Py, so that Py always
remained an accurate reflection of Py,.

In our experiment, we found Py, during controlled
ventilation to be always greater than Py, during spon-
taneous ventilation at each level of PEEP. During
spontaneous ventilation, the animals had to increase
their efforts to exhale against the higher levels of
PEEP, and thereby increased Py, at end expiration.
This accounts for the lesser increase in Py, as PEEP
increased during spontaneous ventilation compared
with controlled ventilation. Under circumstances in
which pulmonary compliance is not changing, lung
volume is directly related to Py,. The relative distribu-
tion of Zones I, II, and I1I throughout the lung is
dependent upon instantaneous lung volume and pul-
monary blood volume. Because Py, (and therefore
lung volume) increased to a much lesser extent dur-
ing spontaneous ventilation compared with controlled
ventilation, the relative distribution of Zones I, 11, and
111 was minimally changed even though the absolute
airway pressure (PEEP being relative to atmosphere)

202 YoIeN 0z uo 3senb Aq 4pd'G0000-000016.261-27S0000/L68ECI/E0E/ ¥/ G/Ppd-ajonie/ABojoIsauisauR/WOD JIBYIIBA|IS ZESE//:dRY WOy papeojumoq



Anesthesiology
V 51, No 4, Oct 1974

was high at end expiration. We suggest, then, that it
is the magnitude of the change in Py, (and therefore
lung volume) caused by PEEP that is responsible for
the accuracy or discrepancy of the P,,n“—P.,, relation-
ship, rather than the absolute magnitude of PEEP.
We speculate that at end expiration during spontane-
ous ventilation with increasing PEEP, if Py, increased
to the same extent as during controlled ventilation,
a Py, — Py, gradient would develop. Additionally, car-
diac output during spontaneous ventilation did not
decrease significantly until PEEP was 20 torr, which
maintained pulmonary blood volume (the second de-
terminant of distribution of lung zones).

We found that increasing PEEP during controlled
ventllatlon caused cardiac output to decrease while Py,
remained constant, which indicates a decrease in myo-
cardial contractility. The decrease in myocmdlal con-
tractility may have been caused by an increase in right
ventricular end-diastolic pressure, which in turn may
have caused a shift in the interventricular septum,
which in turn may have caused a change in left ven-
tricular geometry and compliance and left ventricular
end-diastolic pressure and therefore, P,,.5~8

Our results confirm a recent report that demon-
strates a PEEP-induced dlscrepancy in Pyw—Py, in
normal lungs during controlled positive-pressure ven-
tilation with a progressive increase in PEEP when the
pulmonary-artery catheter is located above the left
atrium.* Our results show, however, that in the non-
compliant lung the transmission of PEEP to the pul-
monary microvasculature was decreased, and there-
fore the noncompliant lung “pr otected” to a moderate
extent the accuracy of the P,,, measurement as a
reflection of Py,. It is possible that the mechanism of
the decreased transmission of PEEP in the noncom-
pliant lung was due to the presence of channels be-
tween the tip of the pulmonary-artery catheter and the
left atrium that were not exposed to alveolar pressure.
Our calculations of right-to-left intrapulmonary shunt
are compatible with this hypothesis. Thus, it may be

that it is the increase in intrapulmonary shunting of

blood that develops with oleic acid- and hydrochloric-
acid-induced lung injury and not specifically the de-
creasein pulmonary compliance that affords the mod-
erate protection of the Pp,—P), relationship in the
noncompliant lung. In support of this hypothesns itis
possible that pulmonary compliance was in fact de-
creased in our dogs duung controlled ventilation at
high levels of PEEP in compliant lungs, and yet a
large Pya—Pi, gradient developed.

For several reasons, our results indicate that a pul-
monary-artery catheter tip (which is vertically sta-
tionary) can “physiologically ascend” within the lung
from Zone III to Zone II and then higher in Zone
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II as PEEP is progressively increased. First, in com-
pliant lung the progressive divergence of Py, from
P\, as PEEP increased was greater in Cy, than in Cygyn.
Second, the same relative changes occurred in Py,
from Gy, and Cyywn in noncompliant lung, but to a
lesser extent. Third, the difference between the PEEP
level (usually 5 torr) that first caused the Ppuu s to
become significant when comparing Cyp with Cygyn
in both compliant and noncompliant lung approxi-
mated the vertical hydrostatic gradient between Cy,
and Cygn of 5.5 cm,

The accuracy with which the Py,,, reflects P, during
PEEP in the clinical setting, therefore, depends upon
several factors. First, our results indicate that the ver-
tical height difference between the pulmonary-artery
catheter tip and the left atrium is important. Even
when pulmonary-artery catheters have been floated to
the most proximal position from which a Py, and PA
phasic pressure pattern can be obtained by balloon
inflation and deflation, peripheral catheter place-
ments have been reported.” Second, our data indicate
that the relative amount of controlled positive-pres-
sure ventilation compared with spontaneous ventila-
tion, such as exists during intermittent mandatory
ventilation (IMV), is an important consideration.
These current findings suggest further studies to
determine how variations in the IMV to spontaneous
ventilatory rate ratio will affect the Pyau—Pia
relationship, from which a family of curves could be
developed for all levels of PEEP. Third, our results
indicate that an mcrease in right-to-left mtrapulmonary
shunt appears to afford partial protection of the
Praw—Pu 1elat|onsh1p However, it should be noted
that our animal model precluded the development of
late pulmonary parenchymal changes such as exten-
sive inflammatory cell infiltrates, formation of hyaline
membranes, and early fibrosis. These changes might
result in the development of an even greater
intrapulmonary shunt and therefore greater protec-
tion of the P, —Py, relationship. Fourth, even if the
PA catheter tip-to-LA vertical height relationship, the
controlled-to-spontaneous ventilatory rate ratio, and
the intrapulmonary shunt all remained constant, a
decrease in Py, (i.e., hemorrhage) could result in the
development of a Py, —P), discrepancy. Last, during
either controlled or spontaneous ventilation the
magnitude of the change in Py, as influenced by PEEP
relative to the above-mentioned factors is obviously a
determinant of the accuracy of the P,,,-Pj
relationship.

We conclude that the complete protection afforded
the P, —P), relationship by spontaneous ventilation
at all levels of PEEP and the partial protection af-
forded the P,,—Py, relationship by a moderate in-
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crease in intrapulmonary shunt during increasing
levels of PEEP presently increase our confidence in
P @8 an accurate reflection of Py, in a variety of
clinical situations.

The authors express their appreciation to Mr. C;u'y Maruschak

for technical assistance.
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