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We have previously described pulmonary me-
chanics in human pulmonary edema (1). The
present report deals with the effects of morphine,
aminophylline and positive pressure breathing on
the altered pulmonary mechanics of patients with
acute pulmonary edema.

METHODS

Patients selected for study had acute pulmonary edema
as defined by the presence of: 1) moderate to marked
dyspnea at rest; 2) moist rales over at least one-half of
both lung fields in the absence of fever or other signs of
pulmonary infection; 3) evidence of incapacitating heart
disease with previous episodes of pulmonary congestion
or edema; 4) roentgenographic changes consistent with
pulmonary edema. Of the 6 patients studied, 3 had ar-
teriosclerotic heart disease, 2 had chronic rheumatic
valvular disease, and 1 had hypertensive cardiovascular
disease.

As soon as possible after the diagnosis of pulmonary
edema had been made, pulmonary compliance and re-
sistance were measured repeatedly over a 20 to 30 min-
ute period prior to the use of therapeutic agents to es-
tablish the variability of these measurements over short
periods of time. Following the control observations, a
single therapeutic agent was given and measurements
repeated at intervals varying from 1 to 10 minutes. All
observations were made with patients sitting in bed.
Morphine and aminophylline were given intravenously
in doses of 10 mg and 0.5 g, respectively. In following
the effects of these two agents, observations were made
over periods of 25 to 30 minutes following admninistra-
tion. Positive pressure breathing was given through a
plastic mouthpiece connected in series with a screen
pneumotachograph and positive pressure breathing valve.
Compressed air rather than oxygen was used in order to
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avoid confusing the therapeutic effect of positive pres-
sure breathing with that of oxygen. The pneophore valve
was set for peak expiratory pressures of 15 to 20 cm of
water and was adjusted to the highest levels which could
be comfortably tolerated by the patient and which did
not depress the blood pressure.' Mean airway (mouth-
piece) pressure averaged + 7 cm H20, peak expiratory
pressure, + 17 cm H2.O, and mean expiratory pressure,
+ 12 cm R.O. A typical record obtained during positive
pressure breathing is shown in Figure 1. Pulmonary
compliance was measured before, during, and after posi-
tive pressure breathing as indicated in Figures 1 and 3.
Pulmonary resistance was measured before and during
positive pressure breathing.

Esophageal pressure was recorded in early experi-
ments through a water-filled polyethylene catheter, 60
cm long, with an internal diameter of 0.09 cm attached
to a pressure transducer of low volume displacement,
and in later experiments through an air-filled balloon
catheter (balloon length 15 cm) similar to that described
by Mead, McIlroy, Selverstone and Kriete (2). Through
use of pressure transducers of low volume displacement,
the response characteristics of both esophageal pressure
recording systems were adequate. The tip of the cathe-
ter in each case lay in the upper or middle third of the
esophagus. Airflow was recorded by measuring the dif-
ferential pressure across a 400 mesh Monel metal screen,
2 inches in diameter. In early experiments the tidal vol-
ume was measured in a standard 7 L spirometer to the
counterweight of which was attached an electrical con-
tact to a resistance wire. This resistance wire formed
two arms of a resistance bridge which was activated by
a mercury cell, the output of which was fed into a DC
amplifier. In later experiments, a low inertia Krogh
spirometer was used, at the fulcrum of which was at-
tached an angular displacement transducer of linear
characteristics. During positive pressure breathing the
mouth pressure was also recorded, as shown in Figures

1 The pneophore valve, manufactured by Mine Safety
Appliances, Inc., is a pressure-cycled device providing
positive pressure during inspiration and expiration. The
expiratory pressure at which the valve is set is the peak
end-inspiratory pressure which trips the valve, initiating
expiration. The top tracings in Figures 1 and 2 are
mouth pressures recorded during use of this valve, and
their examination may clarify concepts of the valve's
operation.
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FIG. 1. THE CALCULATION OF LUNG COMPLIANCEDUR-

ING POSITIVE PRESSUREBREATHING (P.P.B.) FROM TRAC-
INGS OF MOUTH PRESSURE, ESOPHAGEALPRESSURE AND

AIRFLOW. The tidal volume is determined by integra-
tion of the area under the airflow curve. The large solid
dots indicate points of zero airflow. It will be noted that
inasmuch as compliance equals AV divided by AP, ab-
solute values of esophageal and mouth pressures need
not be known so long as static pressures at the beginning
and end of inspiration are known.

per second airflow by the method of von Neergaard and
Wirz (3), which method gives a resistance value repre-

senting the sum of airway and lung tissue resistances.
The method, modified somewhat to permit calculation of
pulmonary resistance during positive pressure breathing
is shown in Figure 2. Pulmonary resistance = Pr/V,
where Pr is the resistive component of the pressure dif-
ference between pleural space (or esophagus) and
mouth at any time during inspiration, and V is the simul-
taneous airflow. Pr at time x in the figure, at which
time volume V. has entered the lungs, is (AM.P. - AE.P.)
- APe. AP, is the static transpulmonary pressure or that
pressure necessary to distend the lung statically to vol-
ume V. and is obtained by dividing the volume V. by
the lung compliance (previously calculated for this
breath, as in Figure 1). Absolute pressures need not be
known, since the end-expiratory volume and pressure are

used as the "zero" reference points for this calculation.
Compliance and resistance values are averages of values
obtained from 6 to 10 breaths.

RESULTS

The effects of positive pressure breathing. Table
I presents data on the three subjects in whomposi-
tive pressure breathing was evaluated. Pulmonary
compliance during positive pressure breathing
was consistently higher than that during ambient

1 and 2, and the tidal volume was obtained by integration
of the pneumotachographic tracing.

Pulmonary compliance during both ambient pressure

and positive pressure breathing was obtained by dividing
the tidal volume by the change in static transpulmonary
pressure. During ambient pressure breathing, tidal vol-
ume was divided by the difference between static end-
expiratory and static end-inspiratory esophageal pres-

sure. The calculation of pulmonary compliance during
positive pressure breathing (P.P.B) is shown in Fig-

tidal volume
ure 1. Pulmonary compliance = tiM v-oAEP where
AM.P. and AEP. are the changes in mouth pressure and
esophageal pressure, respectively, between points of zero

flow (indicated by the large solid dots) at the beginning
and at the end of an inspiration. The expression
(AM.P. - AE.P.) is the change in static transpulmonary
pressure and is obtained by subtracting algebraically
the esophageal pressure from the mouth pressure as

shown in the sample calculation in Figure 1. It will be
noted that absolute pressure need not be known, only
the change in transpulmonary pressure; points of zero

airflow are used for reference.
In the studies of the effect of positive pressure breath-

ing on 2 normal subjects, the volume, in addition to

being calculated by integration of the flow curve as was

done in the pulmonary edema patients, was also directly
measured by having the patient lie prone in a horizontal
body plethysmograph.

Pulmonary resistance was calculated at points of 0.5 L
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FIG. 2. THE CALCULATION OF PULMONARYRESISTANCE

DURING POSITIVE PRESSUREBREATHING FROM SIMULTANE-

OUS TRACINGS OF ESOPHAGEALPRESSURE, MOUTHPRESSURE

AND AIRFLOW. The volume which has entered the lungs
at time x, V., is obtained by integrating the area under
the airflow curve from the beginning of inspiration to
time x. Resistance is expressed in cm H20/L/sec. The
pulmonary compliance, necessary to determine AP,, is
calculated as shown in Figure 1,
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TABLE I

The effects of positive pressure breathing (P.P.B.) on pulmonary mechanics *

Patient Measurement Before P.P.B. During P.P.B. After P.P.B. p

Pulmonary edema patients
M.O. Compliance 0.035 : 0.0009 0.049 0.0013 0.039 i 0.0016 <0.01

Insp. resistance 12.1 i 1.0 14.2 4 1.6 >0.05
Exp. resistance 13.3 d 1.8 8.0 i 0.43 <0.05
Resp. rate 19 18 22
Tidal volume 0.70 0.60 0.67

F.S. Compliance 0.045 + 0.0008 0.065 i 0.0029 0.0057 i 0.001 <0.01
Insp. resistance 11.6 i 1.1 10.5 i 0.84 >0.0
Exp. resistance 11.4 i 0.7 11.7 t 1.07 >0.05
Resp. rate 21 21 22
Tidal volume 0.65 0.64 0.63

H.L. Compliance 0.057 i 0.001 0.075 i 0.0024 0.054 i 0.0021 <0.01
Insp. resistance 10.1 i1 0.3 12.3 :1 0.9 <0.05
Exp. resistance 11.1 :1 0.6 13.6 i1 0.9 <0.05
Resp. rate 20 19 20
Tidal volume 0.95 0.68 0.50

Normals
D.Ra. Compliance 0.367 i 0.022 0.316 i 0.109 >0.05

Resp. rate 21 20
Tidal volume 1.33 0.72

D.Rm. Compliance 0.119 i 0.005 0.134 i 0.006 >0.05
Resp. rate 21 23
Tidal volume 0.79 0.84

* Pulmonary compliance is expressed in L/cm H20; pulmonary resistance in cm H20/L/sec; respiratory rate in
breaths/min; tidal volume in L. Standard errors of the mean for compliance and resistance measurements are given
(see text for discussion).

pressure spontaneous breathing. These increases
in lung compliance could not be explained by
changes in respiratory frequency or by tidal vol-
ume changes. Data for Patient H.L., which are
representative of the three patients, are illustrated
in Figure 3. The increases in lung compliance
over the initial values for the three patients were
44, 40 and 24 per cent, averaging 36 per cent.
There was also a trend for the compliance values
after positive pressure breathing to be higher than
those before positive pressure breathing. Data on
the two normal subjects, showing no significant
changes in compliance on positive pressure breath-
ing, are shown in the lower portion of Table I.
A small but significant increase in both inspira-
tory and expiratory resistance was observed in
one patient during positive pressure breathing and
a significant decrease in expiratory resistance in
another.

The effect of intravenous aminophylline. The
pulmonary compliance consistently and signifi-
cantly increased following intravenous aminophyl-
line in the three patients studied (Table II and
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FIG. 3. THE EFFECTS OF POSITIVE PRESSUREBREATHING
ON LUNG COMPLIANCE IN A PATIENT WITH PULMONARY

EDEMA. Ten-minute periods of positive pressure breath-
ing (P.P.B.) are alternated with periods of spontaneous
ambient pressure breathing (S.B.). Lung compliance
rises significantly during positive pressure breathing,
but falls again on cessation of positive pressure breath-
ing. No consistent changes in tidal volume or respira-
tory rate accompanied the compliance changes. Brack-
ets indicate ± 2 SE.
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TABLE II

The acute effects of intravenous aminophylline on
pulmonary mechanics in pulmonary edema *

Before amino- After amino-
Patient Measurement phylline phylline p

F.W. Compliance 0.033 40.0022 0.046 40.0018 <0.01
Insp. resistance 10.8 1:0.83 6.5 :1:0.71 <0.01
Resp. rate 31 32
Tidal volume 0.55 0.64

J.C. Compliance 0.029l40.0015 0.041 410.0021 <0.01
Insp. resistance 12.0 ±0.58 9.0 ±t0.05 <0.01
Resp. rate 34 33
Tidal volume 0.28 0.35

P.N. Compliance 0.073 ±0.0021 0.108 40.0091 <0 01
Insp. resistance 6.5 ±0.57 3.5 ±0.12 <0.01
Exp. resistance 5.3 ±-0.93 2.4 ±0.78 <0.05
Resp. rate 33 28
Tidal volume 0.70 0.74

* See footnote to Table I.

Figure 4). These increases could not be explained
by coincident changes in tidal volume or respira-
tory rate. Pulmonary resistance consistently de-
creased after aminophylline (Table II). Both
compliance and resistance changes following
aminophylline administration are significant with
p values well under 0.05 and most under 0.01.

The effects of intravenous morphine. Figure
5 represents typical data before and after the in-

THE EFFECT OF AMINOPHYLLINE
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FI;G. 4. TIlE EFFECT OF INTRAVENOUSAMINOPITYLLINE
ON PULMONARYCOMPLIANCE IN THREE PATIENTS WITH
PULMONARYEDEMA. Significant increases in pulmonary
compliance were seen in all three patients. Brackets in-
dicate ± 2 SE.

travenous administration of morphine. No sig-
nificant changes in compliance occurred despite
moderate fluctuations in tidal volume and rate.
The three patients all showed a central depres-
sant effect following morphine and all described
some degree of subjective clinical improvement.
Compliance data for these three patients are
shown in Table III. It is apparent that morphine
had no demonstrable effects upon lung compliance
in these three patients. Pulmonary resistance was
not significantly different before and after mor-
phine either during inspiration or during expira-
tion, except in one patient during inspiration only.
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FIG. 5. THE EFFECT OF INTRAVENOUS MORPHINE ON
PULMONARYCOMPLIANCEIN A PATIENT WITH ACUTE PUL-
MONARYEDEMA. There were no significant changes in
pulmonary compliance, although the respiratory rate and
tidal volume fell slightly following morphine. Brackets
indicate ± 2 SE.

DISCUSSION

Positive pressure breathing. Butler and Smith
(4) concluded from their data, that compliance
measured during positive pressure inflation of
the lungs is lower than that measured during
spontaneous breathing. They suggested that this
may be due to inflation (and perhaps overinfla-
tion) of the more central and directly accessible
alveoli which compress the peripheral alveoli,
removing them from the effective alveolar volume.
Their data, however, were obtained from uncon-
scious paralyzed subjects who were ventilated pas-
sively. Under their experimental conditions their
hypothesis may be true. Our subjects, however,
being conscious, were initiating their own respira-
tion and doing much of their own respiratory work
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(luring, positive pressure breathing. This mnay
account for the fact that, in contrast to what is
inferred in Butler and Smith's study, the lung
compliance in our normal subjects changed in-
significantly during positive pressure breathing.

Figure 6 illustrates one explanation for the
increase in compliance during positive pressure
breathing found in pulmonary edema. The re-
spiratory midposition is known to shift upward
(the functional residual capacity increases) during
positive pressure breathing, as indicated in the
figure. Data published by Whittenberger and
Affeldt (5), by Cook and associates (6), and
from our laboratory (7) indicate that the static
volume-pressure curve or compliance curve of

TABLE III

The acute effects of intravenous morphine on
pulmonary mechanics in pulmonary edema *

Before After
Patient Measurement morphine morphine p

M.O. Compliance 0.059 40.0052 0.072 40.0038 >0.05
Insp. resistance 9.4 4±0.61 11.2 40.72 >0.05
Exp. resistance 17.5 ±1.4 19.6 ±0.76 >0.05
Resp. rate 26 20
Tidal volume 0.58 0.52

F.W. Compliance 0.029 ±0.0012 0.034 ±-0.0028 >0.05
Insp. resistance 6.7 ±0.68 9.8 ±11.03 >0.05
Exp. resistance 10.5 ±0.80 14.1 ±1.86 >0.05
Resp. rate 30 31
Tidal volume 0.51 0.47

J.C. Compliance 0.029 ±0.0031 0.033 ±0.0023 >0.05
Insp. resistance 11.8 41.06 12.5 ±0.74 >0.05
Exp. resistance 22.9 ±3.10 25.3 ±0.79 >0.05
Resp. rate 37 32
Tidal volume 0.43 0.35

* See footnote to Table I.

the lung is not linear in pulmonary edema. This
nonlinearity is thought to be caused by fluid
menisci or fine bubbles in alveoli and minute air-
ways and to closure of terminal lung units by
other mechanisms. Given this curvilinearity, the
compliance value depends on where on the volume-
pressure curve lung compliance is measured. It
will be noted from the bottom portion of Figure 6
that merely elevating the level at which tidal
breathing takes place increases lung compliance.
A similar upward shift produces no such change
in normal subjects because of the linear nature of
most of the normal volume-pressure curve. Evi-
dence from the present data which suggests that
this mechanism is involved in the compliance in-
crease found during positive pressure breathing
is presented in Table IV. We previously de-
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FIG. 6. ONEEXPLANATION FOR THE INCREASE IN PUL-

MONARYCOMPLIANCEDURING POSITIVE PRESSUREBREATH-

ING IN PULMONARYEDEMA. The respiratory midposition
is known to shift upward during positive pressure breath-
ing. Such an upward shift on the nonlinear static vol-
ume-pressure curve (compliance curve) of a patient in
pulmonary edema would result in an increased compliance
as seen in the lower panel. Because of the linearity of the
normal volume-pressure curve, a similar shift would
produce no such change in lung compliance in normal
subjects (upper panel).

TABLE IV

The difference between early inspiratory resistance and late
inspiratory resistance during ambient pressure breathing as

compared with positive pressure breathing in three pa-
tients with pulmonary edema *

Patient Early insp. Late insp. p

During ambient pressure breathing
F.S. 16.2 A 0.3 7.1 4 0.3 <0.01
H.L. 14.9 i 1.06 11.4 :+ 0.54 <0.05
M.O. 17.9 ± 2.4 12.5 i: 1.0 <0.10 >0.05

During positives pressure breathing
F.S. 11.5 i 0.39 10.5 i 0.84 >0.05
H.L. 12.8 i 0.51 12.3 i 0.88 >0.05
M.O. 14.2 : 1.63 18.8 i 0.68 <0.05

* Pulmonary resistance was measured at 0.5 L/sec air-
flow during the first 0.2 sec (designated as early inspiratory
resistance) and during the last 0.2 sec (designated as late
inspiratory resistance) of inspiration. Resistance is ex-
pressed in cm H2O/L/sec. During ambient pressure
breathing, resistance is consistently higher early in inspira-
tion than it is later in inspiration. During positive pressure
breathing this difference is less striking (and insignificant)
in two cases and reversed in the third (M.O.). Standard
errors of the mean are shown (see text for discussion).
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scribed (1) a high early inspiratory resistance in
pulmonary edema. We suggested that this was
probably a falsely high resistance value because
of the assumption (here probably false) necessary
for the resistance calculation that the compliance
is the same at all volumes (or that the volume-
pressure or compliance curve is linear). The up-
per portion of Table IV demonstrates the high
early inspiratory resistance in three patients dur-
ing ambient pressure breathing. The lower half
of the table shows that early and late inspiratory
resistances are more nearly the same during posi-
tive pressure breathing, suggesting, as diagrammed
in Figure 6, that compliance is more nearly uni-
form and the volume-pressure curve more nearly
linear following this upward shift in respiratory
midposition.

Other reasons for an increase in lung compli-
ance during positive pressure breathing are re-
lated, as Barach, Martin and Eckman (8) de-
scribed in 1938, to the fact that positive pressure
breathing diminishes the return of venous blood
to the right heart and hence reduces pulmonary
blood volume. Recently Kilburn and Sieker (9)
have confirmed that the central blood volume de-
creases in normal subjects during positive pres-
sure breathing. Several authors (10, 11) have
demonstrated that pulmonary compliance falls as
pulmonary capillary pressure (and inferentially
pulmonary blood volume) rises. An incidental
observation that rales are less prominent and often
absent during positive pressure breathing, al-
though returning quite promptly after cessation
of positive pressure breathing, would suggest
rapid clearing of edema fluid from finer airways
and possibly from alveoli.

Effect of aminophylline. Aminophylline given
intravenously in doses of 0.5 g appears to have a
measurable effect upon pulmonary compliance and
pulmonary resistance. Although two of three pa-
tients in whom aminophylline was used were hy-
pertensive, in neither was there a fall in systemic
blood pressure following aminophylline sufficient
to reverse left ventricular failure. Aminophylline
is known to have an effect upon the bronchial mus-
culature, the myocardium, and the pulmonary
vascular bed (12). The first of these actions is
probably responsible for the changes in resistance
shown in the present data (Table II). Selective
improvement in the efficiency of the left ventricle

may l)e an important mechanismn in explaining its
action. Pulmonary vasodilatation would be bene-
ficial if it selectively dilated pulmonary veins and
venules, increasing the capacity of the pulmonary
vascular bed and relieving obstruction to the out-
flow of blood from the lungs. In certain types of
experimental pulmonary edema, notably those
produced by the administration of gram-negative
bacterial endotoxin (13), histamine and serotonin
(14, 15), pulmonary venoconstriction has been
demonstrated.

Effect of miorphine. The fact that we have been
unable to demonstrate an acute effect of morphine
on lung compliance in pulmonary edema suggests
that this agent, of proven therapeutic value in
clinical pulmonary edema, must act by some
mechanism other than a direct effect upon the
physical properties of the respiratory system. It
should be noted that, in the dosage used, mor-
phine had no consistent effect upon tidal volume
or respiratory rate. It has been suggested by
Drinker (16) that rapid shallow breathing fa-
vors lymphatic stasis in the lungs, whereas slower,
deeper breathing favors accelerated lymph drain-
age from the lungs. It may be that morphine in
this study was used in doses too small to pro-
duce the slowed respiratory rate often seen when
this agent is used in clinical pulmonary edema.
These patients did, however, show a central de-
pressant effect following the drug, and despite the
fact that no measurable change in lung compliance
was apparent, the patients were more comfortable
following morphine. Morphine may act by re-
ducing oxygen requirements through elimination
of anxiety with its useless, oxygen-wasting mus-
cular activity, although no published data are
available on this point. Luisada (17) has sug-
gested that morphine acts by depressing central
nervous pathways which may be responsible for
the initiation or perpetuation of pulmonary edema.
However, he does not present convincing evidence
in the reference cited or in a later review (18) as
to what central pathways are involved or by what
mechanisms their activity produces or perpetuates
pulmonary edema. He cites the beneficial effect
of morphine and other sedatives as indirect evi-
dence of the importance of neurogenic mechanisms
in pulmonary edema. Our data neither confirm
nor deny the importance of neurogenic mecha-
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nisms and give no answer to the question of how
morphine acts.

Rodbard (19) has suggested that the beneficial
effects of morphine may depend upon its broncho-
constrictive action which would raise alveolar
pressure and thus produce an intrinsic positive
pressure mechanism. The mean alveolar pres-
sure would indeed be raised if pulmonary resist-
ance were greater during expiration than during
inspiration, a situation which is present in emphy-
sema and asthma due to other mechanisms (20,
21), but not consistently in pulmonary edema
where inspiratory resistance often equals or ex-
ceeds expiratory resistance (1). In Table III all
three patients had higher pulmonary resistances
during expiration than during inspiration. How-
ever, following morphine a significant increase in
inspiratory resistance occurred in only one pa-
tient and in none did a significant increase in ex-
piratory resistance occur. Relative to Rodbard's
hypothesis, the occurrence, rather atypically, of a
higher pulmonary resistance during expiration
than during inspiration, makes the mechanism pos-
sible in these three patients. However, the ab-
sence of demonstrable bronchoconstrictive effect,
selectively expiratory or otherwise, renders un-
tenable in these patients Rodbard's explanation
for the beneficial effect of morphine (19).

CONCLUSIONS

1. In six patients with acute pulmonary edema,
the effects upon pulmonary compliance and re-
sistance of positive pressure breathing, intravenous
aminophylline, and intravenous morphine have
been assessed.

2. In three patients with acute pulmonary
edema, pulmonary compliance rose acutely by an
average of 36 per cent during positive pressure
breathing (P.P.B.). falling to or toward control
levels following cessation of P.P.B. P.P.B. pro-
duced no consistent change in pulmonary resist-
ance.

3. Intravenous aminophylline was followed by
significant acute increases in pulmonary com-
pliance and by significant and prompt decreases in
pulmonary resistance in three patients with acute
pulmonary edema.

4. Intravenous morphine had no significant ef-
fect on either pulmonary compliance or pulmonary

resistance in three patients with acute pulmonary
edema.
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