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saturated binding capacity in the present report has been
matched only in some Scandinavian subjects in whom an
antibody to transcobalamin 1I developed after injections
of depot preparations of vitamin B,,*® and in a patient
with the unexplained presence of an unusual transcobala-
min?” that appears to be a complex of transcobalamin 1L
In peither case was the type of binder abnormality similar
tothe presentone. . .
Iam indebted to Ms. Lynn Baril for technical assistance.
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OPTIMUM END-EXPIRATORY AIRWAY PRESSURE IN PATIENTS WITH ACUTE
PULMONARY FAILURE

Peter M. Suter, M.D., H. B ARRIE FairLey, M.B., B.S., F.F.A.R.C.S., anp MicHAEL D. ISENBEBG, M.D.

Abstract Todetermine whether inthe management of
pulmonary failure, the maximum compiiance produced
by positive end-expiratory pressure coincides with op-
timum fung function, 15 normovolemic patients requir-
ing mechanical ventilation for acute puimonary failure
were studied. The end-expiratory pressure resulting in
maximum oxygen transport (cardiac output times arte-
rial oxygen content) and the lowest dead-space fraction
both resulted in the greatest total static compliance.
This end-expiratory pressure varied between 0 and 15
cm of water and correlated inversely with functional re-

sidual capacity at zero end-expiratory pressure {r =
—0.72, p < 0.005). Mixed venous oxygen tension in-
creased between zero end-expiratory pressure and the
end-expiratory pressure resulting in maximum oxygen :
transport, but then decreased at higher end-expiratory
pressures.

When measurements of cardiac output or of true
mixed venous blood are not available, compliance may
be used to indicate the end-expiratory pressure likely to
result in optimum cardiopuimonary function. (NEngt J
Med 292:284-289, 1975)

CUTE pulmonary parenchymal -failure is charac-
terized by a decreased functional residual capacity
(FRC),'# a decrease in lung compliance,!* and increased
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venous admixture that is mainly due to direct right-to-left.
shunting through nonventilated lung segments.* These
changes are caused by consolidation of lung tissue (secon-
dary to pneumonia, congestion, or atelectasis) or by in-
terstitial changes (i.e., edema, infiltrates, or fibrosis).
Previous investigators®3%8 have advocated the use of
large tidal ventilation or application of a positive end-
expiratory pressure (PEEP), or both, for the treatment of §
acute pulmonary failure. PEEP may act to produce both §
beneficial and detrimental effects: first of all, PEEP 3
recruits atelectatic areas for gas exchange, thereby in-
creasing the FRC, compliance and arterial oxygen §
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J Abbreviations Used
‘AaDO,: alveolar to arterial oxygen tension
difference .
avDO,: arteriovenous oxygen contentdifference -
C,0,: arterial oxygen content )
CT: fung and chest-wall (static) compliance
Cv02: mixed venous oxygen content
Flo,: inspired oxygen concentration
.| FRC:  functionalresidual capacity
| 7 PaCO,: arteriai carbon dioxide tension
Pa0,: arterial oxygen tension
PEgo,: mixed expired carbon dioxide
PEEP: ‘positive end-expiratory pressure
pHa: arterial pH
pHv: mixed venous pH
PvCO,: mixed venous carbon dioxide tension
PvO,: mixed venous oxygen tension
intraputmonaryshunt fraction

‘QSIQTi
Qq: cardiac output

Vo' alveolar dead space

Vo anat' anatomic dead space
Vbphys' physiologic dead space .
Vpshunt  0dead-spaceeffectof Q/Qr

Vo tidalvolume
ZEEP: zero end-expiratory pressure

—

tension**7; secondly, it may overdistend alveoli, thereby
decreasing compliance and eventually cause disruption

7 pneumothorax?; thirdly, it may obstruct venous re-

__jandsodecrease cardiac output.27.9-11 ) )

“Whether PEEP increases or decreases compliance de-
pends on.the relative contributions of recruitment of
atelectatic areas and of overdistention of alveoli. Suffi-

-ciently high PEEP must preferentially overdistend all

alveoli, with a consequent decrease in compliance, in-
crease in physiologic dead space, and decrease in cardiac
output. In contrast, lower levels of PEEP might produce
more recruitment than overdistention. This reasoning
suggests that thé maximum compliance produced by
PEEP should coincide with optimum lung function. If so,
compliance could be used as a simple indicator of the level
of PEEP that would produce optimum pulmonary gas ex-
change. :

MEeTHODS

We studied 15 patients requiring continuous mechanical ven-
tilation for acute respiratory failure. This group consisted of 13
menand two women ranging in age from 24 to 74 years (mean, 49
years). Respiratory failure followed massive trauma in five pa-
tients, a major surgical procedure in three, and either metabolic
or infective processes in the remainder. An inspired oxygen con-
centration (F1, ) of 21 to 75 per cent was used to maintain the
arterial oxygen' tension (PaQ,) at zero end-expiratory pressure
(ZEEP) between 55 and 92 torr. For 2 given patient, this Fr, was
maintained throughout the study. A volume-controlled Yen-
tilator (Ohio 560), on assisted mode, was used to deliver a con-
stant tidal volume of 13 6 15 ml per kilogram at a constant in-
spiratory flow rate throughout the study. PEEP was applied with
anFmerson PEEP Assembly.

" Yrterial catheter and Swan—Ganz pulmonary-artery line
we__-nserted for diagnostic and therapeutic purposes. In-
travascular-fluid volume was adequate, as judged by normal
central venous and pulmonary capillary “wedge” pressures. No
study was conducted before the second day of ventilator treat-
ment. The patients were supine with the head slightly elevated.
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Base-line measurements were obtained at ZEEP. PEEP was
then applied in increments of 3 cm of water and the measure-
ments repeated after 15 to 20 minutes’ stabilization at each level of
PEEP. The study continued to a level of PEEP that markedly
decreased cardiac output. This end point ranged between 6 and
18 cm of water. Control measurements were then repeated at
ZEEP.

MEASUREMENTS

Total lung and chest wall (static) compliance (CT) was assessed
from simultaneous recordings. of expired. tidal volume and.
airway pressure. We calculated CT by dividing the tidal volume
by the difference between a “plateau” pressure at end inspiration
(resulting from a period of no-flow of 1 to 1.5 seconds) and end-
expiratory pressure. Tidal volume was not permitted to vary
more than * 20 ml to eliminate changes in CT due to changes in
tidal volumne, 12 : o

- FRC was determined by helium dilution.?3 A series of one-way
valves and a bag-in-the-box device were included in the closed
crcuit. This procedure permitted the patient’s own ventilator to
compress the bag-in-the-box, thus assuring ventilatory patterns
{frequency, tidal volume) nearly identical to those normally used
in the absence of a dlosed circuit. The results were compared to
the predicted normal values in the supine position. 1415 )

Cardiac output (Q. y was measured in duplicate at each level of
PEEP by dye dilution, with use of indocyanine green and a Waters
densitometer. ' .

PH and blood gas tensions from arterial (PaO,, PaCO,, pHa) and
mixed venous blood (PvO,, PvCO,, pHv), and mixed expired
carbon dioxide (PE.q, ) were determined by standard electrode
technics and corrected for the patient’s temperature.’é Hemo-
globin and hemoglobin oxygen saturation were measured by a
CO-Oximeter (Instrumentation Laboratories). From these mea-

surements we calculated arterial and mixed venous oxygen con-
tent (C,0,, C,0,), arteriovenous oxygen content difference
(avDQ,), alveolar to arterial oxygen tension difference (AaDO,),
and intrapulmonary shunt fraction (Q, 1Q ). 1718

Systgmic oxygen transport (in milliliters per minute) was obtained
from Q. and C,0,: Q, (liters per min) X C,0, (ml per liter).

Total or physiologic dead space tidal volume ratio (V pphys’ Vy) Was
determined by the Enghoff modification of the Bohr equation.??
Anatomic dead space (V,, ) was measured by the single-
breath nitrogen-washout. technic.2® The dead-space effect of
QQ; (V, gum ) was determined by the approach proposed by
Kuwabara.*! Alveolar dead space (V ,,) was calculated with the
forn‘mla: Vnphys Vo shunt* Vi anat

Airway resistance was estimated by the Rattenborg method?2: the
difference between peak airway pressure and “platean” pressure
at end-inspiration was divided by the flow provided by the ven-
tilator at the moment of peak pressure. Flow was calculated from
volume and. inspiratory time. The end-inspiratory flow is lower
than this average for the whole of inspiration, owing to the
response of the ventilator to peak pressure. A correction factor
was obtained by mechanical analogue studies and was applied to
all calculated flows. The magnitude of the correction varied with
peak pressure but approximated 10 per cent. The directional

effect of this correction was to decrease flow and therefore to in-
crease the value for resistance asPEEPincreased.

Uneven distribution of ventilation was assessed by the single-
breath nitrogen-washout test.2s The per cent change in nitrogen
concentration on the “nitrogen plateau” (phase I11) over an ex-
haled volume of 500 ml gives an estimate of the evenness of ven-
tilation and, in normal spontaneously breathing subjects, is less
than 2 per cent. The results are independent of functional re-
sidual capacity (FRC) and tidal volume. 24

Statistical analysis was performed with Student's t-test and the
method of least squares for regression .25

REsuLTS

Systemac oxygen transport and FRC. Application of PEEP
increased oxygen transport in 13 of the 15 patients stud-
ied. Oxygen transportincreased progressively up toalev-
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el of PEEP that varied from patient to patient, and then
decreased at higher levels. For the purposes of this study,
the level of PEEP coinciding with the maximum oxygen
transport was taken as a reference point for all other PEEP
levels, and was termed “best PEEP.” “Best PEEP” varied
widely among patients, ranging between 0 and 15 cm of
water (Fig. 1). In patients with abnormally low FRC values
at ZEEP, maximum oxygen transport was achieved at
higher levels of PEEP than in patients with normal or high
FRC values (Fig. 2), resulting in 2 loose negative corre-
Iation between “best PEEP” and initial FRC (r = —0.72,
p <0.005).

The increase in oxygen transport was mainly due toan
increase in C,0, (Fig. 3). Gonversely, the decrease at
higher levels of PEEP was due toa decrease in cardiac out-
put. . '

Blood gas tensions and derived measurements. P20, in-
creased, and QJQ. decreased with rising PEEP at all
levels, but did not correlate with oxygen transport or the
decrease in cardiac output at higher PEEP (Fig. 4 and 5).
PvO, increased significantly between 6 cm of water below

15001
Oxygen
Tronsport
{m! / min}
1000}
500 -
________ - —— \\
L ! i i i § ] ]
o= 0 (3 12 8

PEEP (cm H,0)

Figure 1. Effect of Varying Levels of PEEP on Oxygen Trans-
" portinAltPatients Studied.

The point of maximum oxygen transport is indicated (o). Differ-
ing lines are used merely to distinguish individual patients.

“best PEEP” and “best PEEP,” where it reached its highest
value(Fig. 4). Higherlevels of PEEP decreased PvO,.

INITIAL FRC
{% pradicted)

r=-Q72
P <QA0OS

100~

50p-

L 1 | 1 s y ]
® o 3 3 (] iz ]

"BEST PEEP"(cm H,0)

Figure 2. Relation between Functional Residual Capacity

(FRC) Measured at Zero End-expiratory Pressure, and the

Amount of PEEP Resuiting in Optimum Oxygen Transport
(“BestPEEP"). . .

Each poinvt represents the data of one patient.

increased to 0.40 +0.03 at 6 cm of water above this level
(Fig. 5)V, .,/ V showed the same directional changes as
Vg piyd V-Teaching the lowest value at “best PEEP" and
increasing at stili higher levels. The changes in V,;, with
increments of PEEP correlated with two variables: in-
creases in compliance were associated with decreases in
Voav V; and vice versa{r = —0.87; p <0.001); and there
was also an inverse relation between changes in car-

100
PaOp {mmHg)
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20~
Qs/Qr (%)
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L
S5
Total -
Compliance

{m! fcm H,0} 45

0p Transport 9%

(Qr 2Cq02 B
mi/min) aool-

Total compliance. CT changes paralleled the changes in
systemic oxygen transport (Fig. 3). CT increased sig-
nificantly with each 3-cm-of-water increment of PEEP up
to the level of maximum oxygen transport{from 41 =4 ml
per centimeter of water atzero end-expiratory pressure to
51 =+ 4 ml), did not change significantly between “best
PEEP” and 8 cm of water above, and decreased at 6 cm of
water above “best PEEP."

Dead space. V o1,/ V. decreased with the application of
PEEP in 13 of the 15 patients. The mean value fell from
0.42 + 0.02 at ZEEP to 0.36 + 0.02 at “best PEEP” and

Figure 3. Mean Values * S.E. of Arterial Oxygen Tension -
(Pa0,), Intrapulmonary Shunt (Qg/Qr), Total Static Com-
pliance, and Oxygen Transport, Measured at the Level of !
PEEP Resulting in Maximum Oxygen Transport (“‘Best!
PEEP”), Compared to Values Obtained at 3 and 6 Cm of ;
Water of PEEP below (3, —6) and above {+3, +6) That Level.
“Significant changes (p < 0.05) at each 3-cm-of-water incre-

ment of PEEP. E
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\} output with PEEP and the changes in V. /V_

- (r =~ 0.82; p < 0.001). V. increased progressively

- with PEEP, the mean change being 3 + 0.4 ml per cm of
: water of PEEP. V__ /V_decreased with PEEP. How-
' ever, this value was small (Table I).
Airway resistance. Flow resistance at end-inspiration de-
creased progressively with PEEP. The mean decrease was
- 0.3 £0.1 cm of water per liter per second per centimeter
of water of PEEP. '
Uneven distribution of ventilation. Distribution of thé in-
-spired gas-was more even with PEEP. The mean increase
in nitregen concentration during phase III of a single-
breath washout decreased from 7.5 = 1.0 per cent per 500
mlat ZEEP to 6:5 = 1.5 per cent at 6 cm of water of PEEP,
andto5.2 £1.2 per centat 12 cm of water. :

Py 0,
{mm Hq)

GV-DO-z
{m1£100 m1)

or (L/ min)

Oz Transport 'OOOF

(61 xCq 02 -
mt/min) i«
. 800

-6 =3

cmH,0

Figure 4. Mixed. Venous Oxygen Tension (PvO,), Arterio-
venqus Oxygen Content Difference (avDO,), Cardiac Output
{Qy) pnd Oxygen Transport at the PEEP Resulting in Optimum
Oxygen Transport (“Best PEEP"), and Two Levels of PEEP

below and above This Value{*p < 0.05).

We calculated means and standard errors of the results
obtained at “best PEEP,” at a level below and above this

level and ZEEP (Table 1). These findings suggest that at~

.“best PEEP,” optimum values were reached for oxygen
* transport, CT, PVO,,V, oy Ve and V[V

Discussion

Previous authors have assessed the efficiency of oxygen
delivery, in response to the application of PEEP, by using
the arterial oxygen tension, AaDO, or Q/Q. asindex.2s
This approach has been questioned,?® since these values
d- ~ot necessarily reflect situations in which oxygenation
i idequate owing to hypoperfusion, a possible com-
plication of this form of treatment. Two recent studies!o-!*
assessed the beneficial effect of PEEP by determining the
volume of oxygen transported to the tissue per unit time.

Total 50}
Compliance

{ml/em H,0)
4

Cardiac
Qutput
(L /min)
1 1 1 J
-6 -3 BEST T3 X
PEEP' om H,0

Figure 5. Changes in Physiologic Dead Space (Vo phys) and lts
Compenents, Cardiac Output and Compliance with Incre-
ments of PEEP (*p < 0.05).

This approach, in turn, reflects the amount of oxygen
available to the consuming cell, and takes into account the
combined effect of PEEP on arterial oxygen content and
cardiac outputbut does not account for any increase in ox-
ygen consumption that might be induced by PEEP, or for
any inappropriate regional redistribution of biood flow.
We have no data at present to indicate whether clinically
important changes in regional blood flow occur with
PEEP. However, we have not observed any clinical indica-
tion that this would be an over-riding consideration. In-
creases in oxygen consumption with PEEP appear to be
minimal if present at all. Lutch and Murray!® observed an
unchanged oxygen consumption between zero and 15 cm
of water end-expiratory pressure. In our series of clinical-
ly normovolemic patients, mixed venous oxygen tension
reached a maximum value at the level of PEEP that result-
ed in the highest systemic oxygen transport, and avDO,
remained unchanged up to this level of PEEP. This ob-
servation suggests that the increased oxygen transport as-
sociated with PEEP was not matched by an increase in ox-
ygen consumption and thus implies an increase in oxygen
availability with “best PEEP.” '

The above reasoning suggests that, for our patients,
there indeed was a “best PEEP” — one that produced the
greatest cardiopulmonary benefit as indicated by greatest
oxygen transport. It should not be inferred from this
hypothesis that all patients with pulmonary failure will be
well served by PEEP. Patients with emphysema and an
initially high FRC do not bénefit from PEEP during acute
respiratory failure.?” Cardiac output and oxygen delivery
decreased with PEEP in these patients. On the other hand,
a patient with a markedly decreased FRC requires high
levels of PEEP to achieve maximum oxygen transport
(Fig. 2). The beneficial effect and optimum level of PEEP
depend on the underlying pulmonary condition. A pa-
tient with a low FRC, with a consequent potential for
recruitment of collapsed alveoli, may benefit from PEEP
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Table 1.Summary of Resuits(Means £ S.E.).*

Measurement ZEEP 8 CaH,0 “Best PEEP]| 6 CnH,0
<“Best PEEP" >“Best PEER

Oxygen transport  841+108" - 858+90"- 950110 | 794:+68¢

(ml/min) . ) :

Siatic compliance 41 4% 4l 4t 514 4554

{mlicmH_0) . .
Pa0, (torr) 8= 826/ 904 995t T
PvO, 350t 352 38=x1 361
DU, 3= TR0E3Z TZ3EZ3 TORETI
. (torr) ’ . .
QS/Q.r 0.18+0.03* 0.18+0.03* 0.15x002 0.1120.02'
AvDO, 3.7+0.2 3.7+0.2 3.60.3 4.1+0.3
(m1/100 ml) : :

Yo physNT 0.42+0.02¢ 0.42+0.02¢ 0.36:0.02 0.40%+0.03*
oanat!V- 0.14x0.01* 0142001  0.17£0.01  0.1920.01'
/o by 02720.02  0.27+0.02  0.18+0.01 0.22:£0.02
o shunt]vT 0.022+0.01' 0.02+0.01* 0.0 0.0t

Airway resistance 82t T2 542 42
(cmH,0/1/min) | -

Rise in nitrogen 7.521.0t YA EWid 6.4%1.5 5.0%1.4
plateau . '
(%1500 mi)

*Since “*best PEEP”" varied from 0 to 15 cmH, 0, the value for navailable for paired-
testing differed at eachlevel, However, all avautablc pairs were used in cach test,

tSignificant difference from valueat “*best PEEP” (p < 0.05).
*Significant difference from valueat “*best PEEP" (p < 0.005).

whereas a patient whose alveoli are near maximum ex-
pansion may be harmed by PEEP. Failure to discriminate
between these possibilities may produce inconsistent re-
sults. 21011 For instance, King!! reported that mean ox-
ygen dehvery prog‘resswely decreased with increments of

PEEP in a group of patienis in acute respiratory failure.
However, in fact, oxygen transport at 5 cm of water of
PEEP improved in six of the 11 patients studied —at 10
cmin three, at 15 cmintwoand ai 20 cm in one. )

One purpose of this study was to find a 51mple bedside
measurement that would indicate the optimum level of
PEEP for oxygen delivery in an individual patent. Our
data suggest that arterial-blood gas measurements and
derived calculations do not identify the level of PEEP re-
sulting in maximum oxygen transport. Q_ and PvO, are
useful measurements for this purpose, but accurate
measurement of cardiac output or access to pulmonary
arterial blood is not always readily obtained. The present
data suggest that an optimal situation is achieved in acute
pulmonary failure when tidal ventilation takes place on
the steepest part of the patient’s pressure-volume curve —
thatis, when the highest compliance isachieved. A stylized
version of such pressure-volume curves is shown in Figure
6.

The observed changes in total compliance are prob-
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pansion of atelectaric areas at low levels”of PEEP, with-
(at constant tidal volume) some of the inspired air being
shifted from overdistended and unperfused low com-
pliance alveoli toward these newly expanded. perfused
lung segments. At higher levels of PEEP, more and more
alveoli will be overdistended and underperfused as a con-
sequence both of the high intra-alveolar pressure and of
the fall in cardiac output. This effect increasesV .30

The above hypothests is supported by the following find-
ings: V,,, changes in inverse proportion to changes in
cardxac output suggesting that a reduced perfusion in- -
creases V,,; and changes in compliance with increments

‘of PEEP also are negatively correlated withV .. This ob-

servation supports the concept of the recruitment of pre-
viously atelectatic areas leading to an increase in com- -
pliance and a decrease inV_;, whereas overdistention of
alveoli decreases complianceandincreasesV, .

Our finding that V__  increases with a higher trans-
pulmonary pressure has been described earlier.3! This
observation, together with our measured decrease in air-
way resistance, suggests distention of conducting airways.
The increase in airway diameter may also have contrib-
uted to the improvement in distribution of ventilation
suggested by the progressively smaller increase of nitro-
gen concentration during phase HI observed in our pa-
tients.

The contribution of a nght -to-left shunt to the alveolar-
arterial carbon dioxide tension difference, and hence to
Vo phys calculations, is only important in patients with
diseases causing unusually large shunts. In this group
of patients with mean values of Q/Q, ranging between
0.11 and 0.18, the calculated contribution of this compo-
nent was clinically unimportant.

LUNG VOLUME

e |
{nozmat}

FRC

{normak)

RV |
{normal)

ably due to alterations in lung compliance, because chest-

wall compliance is constant in this range of intrathoracic
volume.?® A likely explanation of the changes in com-
pliance is the increase in resting lung volume produced by
the increase in airway pressure and the re-expansion of
atelectatic areas by PEEP. This possibility is supported by
the decreases inV  ,;, observed in the present study. A re-
duction in alveolar surface forces also could increase com-
pliance in patients when their resting lung volume is in-
creased toward amore “physiologic” level by PEEP.29

The changes in V,,, can be explained by the re-ex-

Q
STATIC AIRWAY PRESSURE ~-

Figure 6. Family of Regional Pressure-Volume Curves of the
Respiratory System, in Normal (M) Lungs and Those of Patients
with Emphysema(E)and Acute Pulmonary Failure {APF).

The whole lung APF curve results from the sum of multiple re-
gional compliance curves, some resemblmg normal and
others from very low compliance regions, two of which are
shown in the diagram. Shaded areas show pressure-volume
relation during the same tidat ventitation, with and without
PEEP. Broken vertical line denotes regional volume (RV) at
which alveotli are unstable and readily “open™ or “close.,” TLC
represents total lung capacity.
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}"his study suggests that, in normovolemic patients,
" wial static compliance is a useful and simple means of
finding the degree of lung distention that provides the
best gas exchange with the leasi risk of alveolar overdisten-
tion and lung rupture. Although we have used the term
“best PEEP,” it should not be taken too literally. In this
acute study, arterial oxygen transport and whole-body
avDO, were optimum at-this level, but it has been shown
thatadecrease in Q, at a given level of PEEP may be offset
by increasing intravascular'volume (Pontoppidan H: Per-
sonal communication). We cannot extrapolate from these
: data to the assumption that the same changes necessarily

showing that these indexes are important variables in-
dicating the optimum pattern for long-term ventilator
management. However, the concept of not distending a
lung beyond the point of maximum compliance, regard-
less of gas exchange, is probably reasonable from the

tae

acute physical-therapy maneuver, we do not recommend
itssustained use.

constant at all levels of PEEP; however, other variations
are possible — e.g., a constant end-inspiratory pressure
with variable PEEP and tidal volumes. We have not stud-
ied these possibilities, but the concepts outlined probably
Alegapply under Lhese circumstances.

Weare indebtedtoDr.E.I Eger for assistance.
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