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DANIEL RAKOWSKIt AND DIANE KEEFER

(From the Department of Medicine of the University of Buffalo School of Medicine and the
Buffalo General Hospital, Buffalo, N. Y.)

(Submitted for publication October 6, 1958; accepted November 25, 1958)

Since the work of Christie and Meakins (1),
the lungs of patients with heart failure have been
acknowledged to resist inflation to a greater ex-
tent than normal lungs. More recent studies of
pulmonary mechanics in patients with congestive
heart failure (2-5) have emphasized the lowered
lung compliance as well as moderate increases in
pulmonary resistance. That acute changes in lung
compliance can occur in man has been shown by
Saxton, Rabinowitz, Dexter and Haynes (6)
who demonstrated acute decreases in lung com-
pliance on exercise in patients with heart disease
associated with increases in pulmonary artery
wedge pressure, and by Bondurant, Hickam and
Isley (7) who demonstrated acutely decreased
compliance in normal subjects when transient pul-
monary congestion was induced by sudden infla-
tion of a pressurized suit. Because of the im-
portance of body position in cardiac dyspnea, a
feature of which is orthopnea, the present study
was undertaken to determine what, if any, changes
in the static volume-pressure characteristics of the
lungs occurred in normal subjects and in orthop-
neic patients with heart failure on changing from
the sitting to the horizontal (prone) body position.

METHODS

The data herein presented were derived from simul-
taneous oscillographic recordings 1 of transpulmonary
pressure, air flow and the tidal volume. Esophageal pres-
sure was recorded by means of a balloon catheter (bal-
loon length, 15 cm.) similar to that described by Mead,

* Supported by grants from the American Heart
Association.

t Established Investigator of the American Heart Asso-
ciation and Buswell Fellow in Medicine.

1 Supported by a grant from the Heart Association of
Erie County. ,

1 Recorder manufactured by Electronics for Medicine
Incorporated, White Plains, N. Y.

McIlroy, Selverstone and Kriete (8). It was inflated
with 1 ml. of air when in use. This catheter was attached
to one side of a differential pressure transducer 2 of low
volume displacement with small and equal air volumes on
the two sides of the diaphragm. The other side of the
transducer was connected to the mouthpiece so that the
pressure recorded represents the difference between pres-
sures in the mouth and the esophagus or the transpulmo-
nary pressure. The 95 per cent response time of this
system was approximately 0.005 second and its natural
frequency, 100 cycles per second. Airflow was recorded
by measuring the differential pressure across a 400-mesh
monel metal screen two inches in diameter by means of a
differential pressure transducer 3 also provided with small
and equal volumes on either side of the diaphragm. The
95 per cent response time of the flow recording system
was 0.015 second and its natural frequency, 40 cycles per
second. Tidal volume was recorded in early experi-
ments on a 7 L. spirometer.4 To the spirometer counter-
weight was attached an electrical contact to a resistance
wire which formed two arms of a resistance bridge ac-
tivated by a mercury cell; the output of this bridge was
fed into a DCamplifier. The output of this volume trans-
ducer was linearly related to volume. In later experi-
ments a low resistance, low inertia Krogh spirometer 5
was used, at the fulcrum of which was attached an angu-
lar displacement transducer,8 the output of which was also
linearly related to volume. Airflow was interrupted by
a specially constructed rotary interrupter valve.7 The
rate of interruption was five interruptions per second
with equal "on" and "off" times of 0.1 second. The
transition time between flow and interruption was one-
sixth of the half-cycle time. Figure 1 is a recording of
transpulmonary pressure, tidal volume and airflow il-
lustrating the general form of the tracings from which
data were derived and showing the "square wave" char-
acteristics at interruption in the upper pressure curve.
It is seen that airflow falls substantially to zero during

2 The Sanborn Company 267B pressure transducer.
8 Built by Mr. Frederick E. Wiedeman, Department of

Physiology, Harvard University School of Public Health.
4The Collins Company respirometer.
5 Fred J. Christensen, Watertown, Mass.

Minneapolis Honeywell microsyn position indicator.
7Adapted from a design originated by Dr. John A.

Clements.
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FIG. 1. OSCILLOGRAPHic TRACING OF TRANSPULMO-
NARY PRESSURE, TIDAL VOLUMEAND AIRFLOW IN NOR-
MAL SUBJECT4

Time lines are 0.1 second; vertical dashed lines la-
beled S indicate points at which airflow is interrupted or
static points. Static volume-pressure curves are obtained
by plotting static pressure points against static volume
points (the level steps in the middle tracing).

the static (interrupted) phase. Rapid interruption as
described was used in this study because it was better
tolerated by breathless subjects and enabled an entire
volume-pressure curve of many points to be taken dur-
ing one breath, shortening the time and effort necessary
to obtain volume-pressure data.

Though true static pressure equilibration was prob-
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FIG. 2. STATIC VOLUME-PRESSURE CURVES ON A

NORMALSUBJECT DONEAT Two RATES OF INTERRUPTION
AS INDICATED

Dashed lines with solid points indicate interruption at
five per second; solid lines with open points indicate flow
interruption voluntarily performed by the subject one-
half to one time per second. The two curves are hardly
distinguishable.

ably not attained throughout the lung at this rapid rate
of interruption, conditions closely approaching static
equilibrium were obtained, certainly in normal subjects
and probably in patients with heart failure, as evidenced
by the observations shown in Figures 2 and 3 that the
volume-pressure curves obtained by interruption at five
interruptions per second closely resembled those obtained
during slower interruptions. The rate at which static
equilibration is approached is affected by the magnitude
of airway resistance. Unpublished observations made by
Clements and associates (9) and the author indicate that
equilibration should be virtually complete at this rate
of interruption up to resistance values of 10 cm. H20 per
L. per second. In none of the patients was this resistance
value exceeded (Table I).

On each of eight healthy young normal subjects and
in seven of the eight patients with congestive failure,
volume-pressure data were collected in the sitting posi-
tion and immediately after changing to the prone position.
Lung compliance, expressed in L. per cm. H20, was taken
as the slope of the static volume-pressure curve between
the resting end-expiratory volume and 1 L. above this
volume. Each compliance value is an average from 10
breaths. Because of observations that lung compliance
varies depending on the size of preceeding breaths (10),
volume-pressure measurements were made only on maxi-
mal breaths encompassing the entire inspiratory capacity
(from resting end-expiratory volume to full lung ca-
pacity). As it is known that compliance changes with
frequency in the presence of unequal time constants of
ventilated units (11), the frequency of interruption was
kept the same (five per second in all studies) and an ef-
fort was made to record all volume-pressure data at the
same breathing frequency in each subject. Tidal volume
and frequency data are included with compliance values

*-~ RAPID INTERRUPTION
( 5 per second)

o-o SLOW INTERRUPTION
(.5 -I per second)

W1.5 F. do

RHD'jM.S.
1.0>i

.5 .
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FIG. 3. STATIC VOLUME-PRESSURECURVES ON PATIENT
2 DONEAT Two RATES OF INTERRUPTION

Open points with dashed lines, rapid interruption at
five per second; solid points with solid lines, slow inter-
ruption voluntarily performed by the patient. The two
curves yield essentially the same compliance.
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661BODY POSITION CHANGEIN CONGESTIVE HEART FAILURE

TABLE I

Changes in lung compliance with body position change

Sitting Prone

Pulmo-
nary Com-

Compliance resist- Tidal Fre- Compliance Tidal Fre- pliance
Subject i S. E. ance volume quency i S. E. volume quency change p

L./cm. H20 cm. H20/ ml. breathsi L./cm. H20 ml. breaths/ %
L./sec. min. min.

Normals
1. J. S. .257 1 .005 1.9 3,080 8.4 .267 4 .012 2,920 8.7 + 3.9 >.05
2. D. Rn. .115 i .007 1.8 3,030 6.4 .115 4 .005 2,590 14.5 0 >.05
3. A. B. .431 .045 1.1 3,770 9.1 .458 ± .034 4,660 7.9 + 5.9 >.05
4. G. G. .184 i .008 1.3 2,270 8.1 .171 4 .005 1,480 7.9 - 7 >.05
5. L. W. .239 4: .008 1.2 2,430 8.3 .229 1 .012 2,020 5.6 - 4.2 >.05
6. M. M. .178 4:.015 2.5 2,120 12.2 .181 + .007 2,530 10.1 + 1.6 >.05
7. T. S. .096 :i .003 2.3 3,520 8.5 .153 i .007 2,990 7.9 +38.0 <.05
8. D. Rk. .308 = .009 2.3 3,020 5.6 .327 i .029 2,870 6.5 + 6.2 >.05

Congestive failure
1. T. D. .074 A .0003 4.7 1,360 11 .054 i .007 1,040 19 -27 <.01
2. W. F. .055 :1 .002 5.0 1,280 14 .051 4 .002 1,010 17 - 7 >.05
3. F. G. .100 d .006 3.6 930 23 .072 4 .002 830 17 -28 <.05
4. C. M. St. 1 .099 4 .003 3.9 1,840 12 .085 i .004 1,670 13 -14 <.01

St. 2 .125 4 .004 3.1 2,000 18 .103 1 .006 1,780 15 -17.6 <.01
5. J. N. .082 i .007 5.6 940 25 .056 -4.004 920 28 -32 <.01
6. W.W. .082 -.005 1.7 1,210 13 .063 4 .001 1,120 24 -24 <.01
7. T.J. .071 4 .001 5.7 460 21 .056 4 .002 490 23 -21 <.01

Congestive failure-Recovery
5. J. N. .082 4 .0016 4.2 1,140 26.4 .092 i .0031 1,090 21.4 +11 >.01, <.05
6. W. W. .101 4 .0023 2.4 1,680 15.8 .095 :1 .0022 1,310 18.9 - 6 >.05

in Table 1. In all patients the catheter was taped tightly
to the nose and face to keep the esophageal balloon
catheter in the same location throughout the study.
Pulmonary resistance was calculated from uninterrupted
breaths by the method of von Neergaard and Wirz (12).
Values shown are averages from five breaths and were
calculated at points where the air flow rate was 1 L. per
second.

Observations made by Knowles, Hong and Rahn (13)
suggesting deviation of esophageal pressure from pleural
pressure below resting end-expiratory volume prompted
the authors to make all volume-pressure measurements
above the resting end-expiratory volume. This, how-
ever, shifted with body position both in normal subjects
and in patients. These shifts in volume are summarized
below. Observations by Pryor, Hickam, Sieker and
Page (14) and by Knowles, Hong and Rahn (13) sug-
gest that an artifact in esophageal pressure is produced
by the weight of heart and mediastinum upon the bal-
loon catheter in the supine body position. This artifact
was absent in the prone position. For this reason the
supine position [used, incidently, by Marshall, McIlroy
and Christie (4) in their study of several orthopneic pa-
tients] was avoided, and subjects were studied in only the
prone and sitting positions. In two patients and two
normal subjects compliance was studied repeatedly while
resting in the supine position over a period of four hours.
In these studies it was assumed that the esophageal pres-
sure artifact would remain relatively constant and that

therefore compliance changes occurring over a period of
time represented changes in the properties of the lungs.
In justification of this assumption were the observations
that: 1) No significant compliance changes were found in
two normal subjects after four hours in the supine posi-
tion, and 2) no significant compliance changes were found
in the two cardiac patients after successful treatment of
their congestive failure though significant changes had
occurred when these patients had first been studied prior
to treatment.

In the studies of the acute effect of position change,
volume-pressure measurements were made in the sitting
position and within one to five minutes after changing to
the prone position (as soon after the change as satisfac-
tory measurements could be made). The eight normal
subjects were all young male physicians or laboratory
personnel without history or physical evidence of lung
or heart disease. Of the eight patients with heart dis-
ease, four had rheumatic heart disease with predominant
mitral valve involvement, and four had arteriosclerotic
heart disease. At the time of study all patients had ex-
ertional dyspnea, orthopnea and crepitant rates confined
to the bases of one or both lungs. It is recognized that
the distinction between pulmonary edema of mild degree
and "pulmonary congestion" is an arbitrary and purely
clinical one. Right ventricular failure was also present in
all with peripheral edema and elevated systemic venous
pressure. A brief summary of each patient is presented
in an appendix. In two patients four-hour supine
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studies were done while in failure and repeated following
successful treatment of failure; in one of these (Case
8, D.C.) no study of the acute sitting to prone compliance
change was made. In two patients, studies of acute
changes in compliance between sitting and prone positions
were also repeated following recovery (Figure 4 and
bottom of Table I).

RESULTS

Acute compliance changes in position change

Lung compliance did not change significantly in
seven of the eight normal subjects studied (Table
I) on changing from sitting to prone. In the nor-
mal subject in whom a significant change was
seen, the compliance unaccountably rose by 38 per
cent. In six of seven patients in whom the acute
changes in compliance were studied on changing
from sitting to prone, significant decreases in
compliance were found. In the remaining pa-
tient compliance fell by 7 per cent, a decrease not
statistically significant at the 5 per cent level.
Case 4 was clinically in about the same degree of
failure when studied on two occasions eight

0
eJ

CASE 5 CASE 6
E .10

-.08 ..

z
4.06

0L S P S P
2 .04
O ..... IN C.H.F., BEFORE TREATMENT
0

C .02o FOLLOWING SUCCESSFUL
D TREATMENT
.J I-
ACUTE CHANGESIN LUNG COMPLIANCE

FIG. 4. ACUTECHANGESIN LUNGCOMPLIANCEWHICH
OCCURREDON CHANGEFROMTHE SITTING TO THE PRONE
POSITION IN Two PATIENTS WITH CONGESTIVE HEART
FAILURE

Solid points with dashed lines indicate change in com-
pliance which occurred on changing from sitting to prone
position prior to treatment; open points with solid line
indicate change in lung compliance which occurred on

position change following recovery from failure. In both
cases the compliance decrease occurring while in failure

was significant at the 1 per cent level. Following re-

covery a slight rise, significant at the 5 per cent level,
was seen in Case 5 and in Case 6 a slight fall was seen
,which was not significant at the 5 per cent level.

months apart. Compliance changes of similar
magnitude were observed on these two oc-
casions. The average fall in compliance in the
patients with heart failure was 21.9 per cent. In
Patients 5 and 6 the study of acute compliance
changes was repeated after successful treatment
of their failure two weeks and six months, respec-
tively, after the first study. Whereas in the first
study significant decreases in compliance (- 32
and - 24 per cent) were found, in the second
study compliance did not change significantly in
one and showed a slight but significant rise in the
other from the sitting to the prone position (Fig-
ure 4). Of significance also is the observation
that compliance returned to the sitting value in
the five patients in whom measurements in the
sitting position were repeated immediately after
the prone determinations.

Volume changes

In four of the normal subjects and four of the
patients with heart failure, the vital capacity was
measured with relation to the resting end-expiratory
position in sitting and prone positions. In the
four normal subjects vital capacity was 4.8 L.
sitting and 4.4 L. in the prone position. Vital
capacity consistently fell in changing from the
sitting to the prone position, the change varying
from 5.7 to 13.6 per cent and averaging 9.6 per
cent. In the patients with congestive heart failure
vital capacity averaged 2.04 L. sitting and 1.84
L. prone. In these patients the vital capacity also
fell consistently in changing from the sitting to
the prone position, the average change being 11
per cent with values ranging from minus 4 per
cent to minus 16 per cent. In changing from sit-
ting to prone the resting end-expiratory volume
within the lungs fell, resulting in a decrease in
the expiratory reserve volume. In the normal
subjects, the decrease averaged 31 per cent. The
decrease in expiratory reserve volume in the pa-
tients with heart failure ranged from 5 to 42 per
cent with an average of 24 per cent. These
changes in resting end-expiratory position were
not measured directly but are inferred from
changes in the expiratory reserve volume (ERV).
Attempts were made to determine the shift in
resting end-expiratory position directly by record-
ing tidal volume continuously for several minutes
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FIG. 5. INSPIRATORY VOLUME-PRESSURECURVES IN
CASES 6 AND 1 SHOWINGEXAMPLESOF NONLINEARAND
LINEAR INSPIRATORY VOLUME-PRESSURECURVES

The solid lines indicate the volume-pressure curves
obtained in the sitting position; the dashed lines indi-
cate the volume-pressure curves obtained in the prone
position in each case.

before, during and after the position change.
However, alterations in breathing pattern and in
gas exchange coincident with the position change
made this shift difficult to determine with ac-
curacy. Much greater variation occurred upon
repetition of these direct determinations than oc-
curred among repeated indirect determinations
obtained by subtracting the prone ERV from the
sitting ERV.

Aside from the striking differences in vital
capacity between the normal subjects and the
patients with heart failure there were no significant
differences in the volume data between the two
groups when expressed on a percentage basis.
There was no correlation between compliance
change and volume change in either normal or
heart failure groups in going from the sitting to
the prone position.

Shape of volume-pressure curves

The inspiratory limbs of the lung volume-pres-
sure curves were linear in Cases 1, 2, 4 and 7
and also in Case 8, in whom only supine studies

were done. Cases 3, 5 and 6 showed nonlinear
inspiratory volume-pressure curves with a flatter
slope (lower compliance) at smaller lung volumes
and steeper slope (higher compliance) as the lung
expanded. Figure 5 illustrates typical linear and
nonlinear inspiratory volume-pressure curves with
the change occurring on shifting from the sitting
to the prone position. It should be noted that
merely shifting the resting end-expiratory position
(volume) without any change in the slope of the
volume-pressure curve could alone cause a fall in
compliance in those cases where the volume-pres-
sure curve was nonlinear. It is also of interest
that in Case 5, the volume-pressure curve was
nonlinear when the patient was first studied (in
heart failure) but was linear two weeks later
when the patient was restudied after successful
treatment.

"Static" lung hysteresis was noted in most of the
patients with heart failure and for comparably-
sized breaths was greater than normal (15). It
decreased but still remained greater than normal
on recovery from heart failure. Figure 6 com-
pares static volume-pressure curves showing hys-
teresis from Case 6 before and after treatment. A
volume-pressure curve from a normal subject
with the usual minimal degree of hysteresis is
shown for comparison. Volume-pressure hyster-
esis was not appreciably different in the sitting
and prone positions.

"STATIC LUNGHYSTERESIS

NORMAL CONGESTIVEFAILURE CONGESTIVEFAILURE

BEFORETREATMENT| AFTER SUCCESSFUL
L TREATMENT

/ CASE6

TRANSPULMONARYPRESSURECu HaO

-o- INSPIRATORY LIMB -0- EXPIRATORY LIMB

FIG. 6. "STATIC" LUNG VOLUME-PRESSURECURVES
MADEON BREATHSOF COMPARABLESIZE ON A NORMAL
SUBJECT AND ON A PATIENT WITH CONGESTIVEFAILURE
BEFOREANDAFTER SUCCESSFULTREATMENT

The hysteresis "loop" is well shown; it is seen to be
least in the normal subject and greatest in the patient
with congestive failure prior to treatment.
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FIG. 7. COMPLIANCE CHANGEIN PATIENT 5 OCCUR-
RING OVER Two FOURHOURPERIODS OF OBSERVATIONIN
THE SUPINE POSITION

The second (recovery) study was done three weeks
after the first. At the time of the first set of observations
(labeled "congestion") the patient was in frank cardiac

failure with edema and systemic venous hypertension.
At the time of the repeat study (labeled "recovery") venous
pressure was normal, edema was absent and patient had
lost 45 pounds. The vertical brackets about each point
indicate plus or minus two standard errors.

Prolonged studies in the supine position

In Patients 5 and 8 compliance was repeatedly
measured while they rested in the supine position.
Significant decreases in lung compliance were noted
over four hour periods in both patients. These
changes are shown in Figures 7 and 8. In spite
of the considerable changes in compliance neither
subject complained of increased breathlessness ex-
cept when rebreathing from the spirometer, and
there were no changes in physical findings over
the chest to suggest the occurrence of clinical pul-
monary edema. These two patients were re-
studied, Subject 5 three weeks after his first study,
and Subject 8 one week after the initial study, on
which occasions both patients were free of edema
and systemic venous hypertension. The right-
hand portions of Figures 7 and 8 labeled "recovery"
show that no significant changes occurred during
the repeat studies. Repeated measurements of
compliance in two normal subjects over periods
of four hours in the supine position showed no
significant changes.

DISCUSSION

The acute decrease in lung compliance in car-
diacs upon assumption of the prone position were
of moderate degree ranging from 7 to 31.8 per
cent. The absence of this change in normal sub-
jects and its disappearance in the two patients
restudied after successful treatment indicate that
the changes are associated with the congested
state and not due to an artifact of esophageal
pressure registration as is known to occur in a
supine position. The rapidity of this compliance
fall (within one to five minutes) coupled with the
observation made in five patients that the com-
pliance fall was rapidly reversible argue against
the change being due to pulmonary edema. Borst
and co-workers (16) found in open-chest dog
preparations that increases in pulmonary blood
flow and pulmonary artery pressure produced no
change in compliance so long as left atrial pres-
sure (and inferentially pulmonary capillary pres-
sure) remained normal. Acute and reversible
decreases in compliance of 20 to 30 per cent were
seen when left atrial pressure was elevated from
normal levels (0 to 10 cm. H20) to 50 to 60 cm.
H2O. From their data the relationship between
compliance and left atrial pressure, though inverse,
appeared linear. The conclusion that pulmonary
capillary pressure, probably because of its rela-
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FIG. 8. COMPLIANCE CHANGEIN PATIENT 8 OCCUR-
RING OVER Two FOURHOURPERIODS OF OBSERVATIONIN
THE SUPINE POSITION

The second study was done one week after the first.
When first studied (data shown under "congestion"), ve-
nous pressure was elevated and edema present. When
restudied one week later he had lost 30 pounds, had nor-
mal venous pressure and no edema. The vertical brackets
indicate plus or minus two standard errors.
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tionship to pulmonary vascular volume, is an

important determinant of lung compliance seems

justified and worthy of emphasis.
It has been found in normal subjects by Sj6-

strand (17) using plethysmographic techniques
that an average of 640 ml. of fluid shifts from

the lower portions of the body to the thorax on

change from the erect to the recumbent position.
Three-quarters of this volume was estimated to
enter the lungs. Ligerlbf, Eliasch, Werko and
Berglund (18) found in one normal subject and
one hypertensive patient that pulmonary capillary
pressure and central blood volume rose on change
from the upright to the horizontal position. Nei-
ther of these patients was in congestive heart fail-
ure, however. The lack of analogous data from
patients with heart failure allows little more than
speculation as to whether greater than normal in-
creases in these variables occur in cardiacs in
failure on assuming the horizontal position. Sug-
gestive data on this point have however been
provided by Donald, Bishop, Cumming and Wade
(19). These investigators, studying the effects of
position change in normals and cardiacs, found
that pulmonary artery pressure rose to a greater
extent in cardiacs than in normals in assuming
the recumbent position. It was not determined
whether this rise in pulmonary artery pressure was

associated with a rise in pulmonary vascular re-

sistance or with a rise in pulmonary capillary
pressure.

The observations of increased pulmonary vascu-

lar volume and capillary pressure in normal sub-
jects together with the observation that vital ca-

pacity decreases slightly on assuming the re-

cumbent position (20) (a decrease, incidently,
prevented by venous occlusion cuffs on the ex-

tremities) suggest that compliance should be
slightly lower in normals in the recumbent posi-
tion. The normal subjects in this study did not
consistently show this. It is thought that the
compliance fall in normals is so small as to be
obscured by random measurement errors such as

superimposed cardiac pulsations in the esophageal
pressure records.

Evidence exists which indicates that in the
chronically congested lung a large decrease in
lung compliance may be produced by a relatively
small increment in pulmonary capillary pressure.

Saxton, Rabinowitz, Dexter and Haynes (6)

found reversible decreases in compliance to one-
half the resting value in cardiacs on exercise.
These large decreases in lung compliance were in
some cases associated with pulmonary capillary
pressure rises as small as 6 to 10 mm. Hg.

Left for future investigations to explore are the
questions:

1. Does a greater increase in pulmonary vascu-
lar volume and capillary pressure occur in the
cardiac in failure than in the normal on change
from the upright to the recumbent?

2. What is the difference between normal and
chronically congested lungs with respect to the
relationship between vascular pressure and vol-
umes and lung compliance?

The slower changes in compliance which oc-
curred in Patients 5 and 8 when they were studied
repeatedly in the supine position may be due to
mild degrees of pulmonary edema. It is of inter-
est that in Case 5 a fall in compliance of 50 per
cent was associated with no increase of either
physical signs or respiratory distress so long as the
patient was allowed to lie quietly. Changes in the
shape of the volume-pressure curve in this patient
indicating extreme stiffness at the beginning of in-
spiration are similar to observations made in cases
of pulmonary edema (5), and suggest its presence.
In Case 8, however, volume-pressure curves
were linear, changing only their slope but not
their shape over the period of supine study. The
compliance changes in this case may be on the
basis of a gradual rise in pulmonary capillary
pressure over the period of study. Unfortunately
the obvious experiment of returning these patients
to the sitting position and ascertaining the time
necessary for compliance to return to the former
sitting level was not done.

The curvilinearity of inspiratory volume-pres-
sure curves in several of the patients and the ob-
servation of increased static hysteresis suggest ex-
clusion of some groups of alveoli at lower lung
volumes which inflate only when their opening
pressures are exceeded. Whether collapse is at a
bronchiolar level which would result in air trap-
ping or whether there is true collapse of alveoli
as observed by Radford and McLaughlin (21)
cannot be determined on the basis of the data
presented.

The relationship of the observations presented
to orthopnea deserves a few words. In this re-
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port, the lungs of several orthopneic patients have
been observed to become physically stiffer when
these patients assumed a horizontal position. This
implies rather directly that the work required to
ventilate the lungs of these patients was greater
in the horizontal than in the upright position.
Though one cannot equate increase in respiratory
work with an onset of or increase in dyspnea,
there is undeniably a relationship between the
two, and it is not unreasonable to suspect that the
increased ventilatory work which these patients
performed had something to do with the dyspnea
which they described when they were horizontal.
The subjective symptom orthopnea is probably the
result of many factors, the exploration of which is
beyond the scope of this discussion. The author
suggests that the observations reported may be
among the more important of these factors.

One final and fundamental point deserves com-
ment relating to the tacit assumption of identity of
esophageal and intrapleural pressures. That these
pressures are not identical in the supine position
has been previously noted (13, 14). In heart
disease, where the left atrium, pulmonary veins
and other structures close to the esophagus are
distended, it may be that the esophageal pressure
reflects abnormalities in these structures to a
greater extent than alterations in the properties
of the lung substance proper. Elucidation of this
point awaits comparative studies of pleural and
esophageal pressures in human disease states in-
cluding congestive failure.

CONCLUSIONS

1. In seven patients with frank congestive heart
failure lung compliance fell an average of 21.9
per cent when the body position was changed
from sitting to prone; in six of the seven cases
the decreases were significant at the 5 per cent
level. These compliance decreases were rapid and
were promptly reversible. In two of these cases
repeat study following successful treatment no
longer showed this compliance fall. Eight normal
subjects similarly studied showed no significant
fall in compliance.

2. In three of the seven patients the inspiratory
volume-pressure curves of the lung were curvi-
linear with lower compliance at small inspired
volumes. This change became more marked on

assuming the prone position. In the remaining
four patients the inspiratory volume-pressure
curves were linear.

3. "Static" lung volume-pressure hysteresis
was increased in pulmonary congestion and ap-
peared to be roughly proportional to the degree of
failure. Hysteresis was not significantly different
in sitting and prone positions.

4. In two patients with congestive failure pro-
gressive decreases in compliance were noted over
four hours when these patients were studied lying
quietly in the supine position. These changes
were absent on a later occasion when failure was
no longer present. Furthermore, normal subjects
similarly studied showed no change in compliance.
In at least one of these cases the occurrence of
sub-clinical pulmonary edema may be the explana-
tion of the compliance fall.

5. It is suggested that the acute and chronic
changes in lung compliance observed are partially
responsible for the phenomenon of orthopnea.

APPENDIX

Case 1, T.D., a 35 year old white male, had rheumatic
heart disease with stenosis of mitral and aortic valves.
On the day prior to compliance studies, right and left
heart catheterization had revealed a mean left atrial
pressure of 27 mm. Hg, a pulmonary artery pressure of
65/33, and gradients of 12 and 70 mm. Hg, respectively,
across the mitral and aortic valves. The cardiac index
was 2.5 L. per minute per M.. Right atrial pressure was
10 mm. Hg. Peripheral edema and elevated venous
pressure were noted clinically on the day of study.

Case 2, W.F., was a 28 year old white male with rheu-
matic heart disease and mitral stenosis who had under-
gone two commissurotomies, both unsuccessful because of
extensive valve calcification. On the day of study the
venous pressure was above 180 mm. of H2O and edema
was present to the level of the knees.

Case 3, F.G., was a 46 year old white male with rheu-
matic heart disease and mitral stenosis who had not im-
proved following a commissurotomy two years before.
On the day of study venous pressure was above 180 mm.
of H.O. Peripheral edema was present and the liver was
enlarged and tender.

Case 4, C.M., was a 58 year old white male with ar-
teriosclerotic heart disease. On the day of study the ve--
nous pressure was 100 mm. of H20. Marked edema was
present and his weight was 200 pounds. When restudied
seven months later the venous pressure was 80 mm. of
HOand his weight was 197 pounds. Moderate edema
persisted to the level of mid-tibia.

Case 5, J.N., was a 60 year old Negro male with rheu-
matic heart disease with predominant mitral insufficiency.
On the day first studied, venous pressure was 180 mm
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of H2O, edema was present to the level of mid-thigh, the
liver was enlarged and he weighed 200 pounds. When re-
studied three weeks later his weight was 155 pounds, ve-
nous pressure was normal and edema, absent.

Case 6, W.W., was a 41 year old Negro male with
rheumatic heart disease with predominant mitral stenosis.
At the time of the first study the venous pressure was clin-
ically elevated, peripheral edema was present, and the liver
was enlarged and tender. Cardiac catheterization done
one week before the study revealed a mean left atrial
pressure of 25 mm. Hg and a pulmonary artery pres-
sure of 91/35 at rest. When restudied eight months later
and seven months following a successful mitral com-
missurotomy, the venous pressure was normal, no edema
was present, and the patient had nearly normal exercise
tolerance.

Case 7, T.J., was a 78 year old diabetic woman with
arteriosclerotic heart disease. On the day studied the
venous pressure was clinically elevated, peripheral edema
was present and the liver was enlarged and slightly
tender.

Case 8, D.C., was a 77 year old white male with arterio-
sclerotic heart disease. When first studied the venous
pressure was clinically elevated, edema was present to the
level of mid-thigh and the liver was enlarged and tender.
His weight was 180 pounds. When restudied one week
later venous pressure was clinically normal, edema was
absent, the liver smaller and the weight 150 pounds.
Supine studies only were done on this patient.

Except in Case 2, venous pressure was estimated from
the neck veins by the method of Sir Thomas Lewis (22),
and where numerical values are given, the reference
level is the sternal angle.
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