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T he thermodilution-capable,
balloon-tipped pulmonary ar-
tery catheter (PAC) has been a
mainstay in the management

of the hemodynamically unstable patient
in the intensive care unit for the last 30

yrs. In recent years, the therapeutic util-
ity of the PAC has been challenged based
on studies suggesting an unfavorable bal-
ance of risk and benefit. Sandham et al.
(1) demonstrated that preoperative pul-
monary artery catheterization fails to im-

prove mortality rate in high-risk, elderly
surgical patients, whereas Connors et al.
(2) demonstrated that pulmonary artery
catheterization may increase mortality
rate in critically ill intensive care pa-
tients. Despite these questions regarding
therapeutic utility, the underlying theo-
retical foundation which suggests that
these devices provide accurate data re-
garding key hemodynamic variables has
remained well accepted in the broader
clinical context. Nonetheless, more than
a dozen studies performed over the last 2
decades have challenged that assumption

Objective: Pulmonary artery occlusion pressure and central venous
pressure have been considered to be reliable measures of left and right
ventricular preload in patients requiring invasive hemodynamic monitor-
ing. Studies in recent years have questioned the correlation between
these estimates of ventricular filling pressures and ventricular end-
diastolic volumes/cardiac performance variables in specific patient
groups, but clinicians have continued to consider the relationship valid in
the broader context. The objective of this study was to assess the
relationship between pressure estimates of ventricular preload (pulmo-
nary artery occlusion pressure, central venous pressure) and end-dia-
stolic ventricular volumes/cardiac performance in healthy volunteers.

Design: Prospective, nonrandomized, nonblinded interven-
tional study.

Setting: Cardiac catheterization and echocardiography labora-
tories.

Subjects: Normal healthy volunteers (n ! 12 group 1, n ! 32
group 2).

Interventions: Pulmonary catheterization and radionuclide
cineangiography (group 1) and volumetric echocardiography
(group 2) during 3 L of normal saline infusion over 3 hrs.

Measurements and Main Results: In group 1, the initial pulmonary
artery occlusion pressure and central venous pressure did not cor-
relate significantly with initial end-diastolic ventricular volume in-
dexes or cardiac performance (cardiac index and stroke volume
index). Changes in pulmonary artery occlusion pressure and central
venous pressure following saline infusion also did not correlate with
changes in end-diastolic ventricular volume indexes or cardiac per-
formance. In contrast, initial end-diastolic ventricular volume indexes
and changes in these ventricular volume indexes in response to 3 L

of normal saline loading correlated well with initial stroke volume
index and changes in stroke volume index, respectively. The rela-
tionship between left ventricular end-diastolic volume index and
stroke volume index was confirmed in group 2 subjects using math-
ematically independent techniques to measure these variables. In
addition, initial central venous pressure, right ventricular end-dia-
stolic volume index, pulmonary artery occlusion pressure, and left
ventricular end-diastolic volume index failed to correlate significantly
with changes in cardiac performance in response to saline infusion
in group 1 subjects.

Conclusions: Normal healthy volunteers demonstrate a lack of cor-
relation between initial central venous pressure/pulmonary artery occlu-
sion pressure and both end-diastolic ventricular volume indexes and
stroke volume index. Similar results are found with respect to changes
in these variables following volume infusion. In contrast, initial end-
diastolic ventricular volume indexes and changes in end-diastolic ven-
tricular volume indexes in response to saline loading correlate strongly
with initial and postsaline loading changes in cardiac performance as
measured by stroke volume index. These data suggest that the lack of
correlation of these variables in specific patient groups described in
other studies represents a more universal phenomenon that includes
normal subjects. Neither central venous pressure nor pulmonary artery
occlusion pressure appears to be a useful predictor of ventricular pre-
load with respect to optimizing cardiac performance. (Crit Care Med
2004; 32:691–699)
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with respect to specific patient groups.
These studies, performed in patients with
sepsis (3–6), trauma (7), burn injury (8),
acute respiratory failure (9), periopera-
tive major cardiovascular surgery requir-
ing cardiopulmonary bypass (10–18), and
other critical illness (5, 6, 19), suggest
that, contrary to expectations, PAC-
derived central venous pressure and pul-
monary artery occlusion pressure (PAOP)
fail to correlate with either ventricular
end-diastolic volume (EDV) or stroke vol-
ume (SV). In addition, these studies sug-
gest that alterations in central venous
pressure and PAOP associated with
changes in circulating volumes do not
correlate significantly with changes in
EDV and SV (3, 6, 7, 9, 10, 15–19). This
lack of correlation between pressure and
volume indexes of preload has been as-
cribed to several causes, including, most
prominently, variations in ventricular
compliance specific to the patient groups
studied (20). Despite the fact that none of
these studies involving specific groups of
critically ill patients employed a control
group of healthy subjects as controls, the
underlying assumption has been that
these relationships would hold in most
other patient groups and certainly in
those without significant cardiopulmo-
nary disease.

This study represents the first and
only effort to examine the relationship
between PAC-determined pressure esti-
mates of ventricular preload (central ve-
nous pressure and PAOP), right and left
EDV, and cardiac performance (stroke
volume index [SVI] and cardiac index
[CI]) both at baseline and following infu-
sion of a large volume (3 L) of saline in
normal healthy volunteers. Biventricular
radionuclide cineangiography (RNCA)
and invasive hemodynamic techniques
(PAC and arterial catheter) were used for
initial studies. Volumetric echocardiogra-
phy was used to confirm results in a sec-
ond subject population. The object was to
determine whether PAOP and central ve-
nous pressure could predict adequacy of
ventricular filling and the response to
volume infusion in a healthy population.

METHODS

This study received Institutional Review
Board approval. Informed consent was ob-
tained from all subjects before enrollment.

Twelve subjects (mixed gender, ages 18–
40) volunteered and gave informed consent for
the first phase of this study involving the
placement of a thermodilution-capable bal-

loon-tipped pulmonary artery catheter (group
1). Thirty-two males were recruited for the
echocardiographic portion of this study
(group 2). Subjects were within 15% of their
ideal body weight as determined by the Met-
ropolitan Life Tables. Complete history, phys-
ical exam, and electrocardiogram as well as
laboratory values that included plasma elec-
trolytes, complete blood count, prothrombin
time, partial thromboplastin time, human im-
munodeficiency virus, hepatitis B surface an-
tigen, hepatitis C antibody, urinalysis, urine
drug screen, and serum immunoglobulins
were obtained to determine the fitness of these
individuals for the study.

Subjects were studied after an overnight
fast in the supine position. The individuals had
an 18-gauge peripheral intravenous catheter
placed in each arm. In group 1, a pulmonary
artery catheter and radial arterial catheter
were placed (described subsequently), after
which the subject rested for 1 hr. At the end of
the hour, baseline vital signs (temperature,
blood pressure, heart rate [HR], and respira-
tory rate) and invasive hemodynamics/RNCA
were obtained. In group 2, baseline vital signs
were obtained immediately before echocardi-
ography. In both groups, after completion of
baseline measurements, normal saline was in-
travenously infused at a rate of 1 L/hr for 3
hrs. All subjects were monitored with electro-
cardiogram, pulse oximetry, and radial arterial
catheter or Dynamap. Vital signs were ob-
tained every 15 mins for the 4- to 6-hr dura-
tion of the study and were monitored under
the supervision of a physician. RNCA/invasive
hemodynamic or echocardiographic data were
again obtained following 3 L of saline infusion.

Pulmonary Artery and Radial
Artery Catheterization

A percutaneous introducer (Percutaneous
Sheath Introducer, Arrow, 9-Fr) was placed in
the right femoral vein under ultrasound guid-
ance using minimal local anesthesia (lidocaine
2%). A PAC (VIP pulmonary artery flotation
catheter, PA-Edwards Life Sciences, 7.5-Fr,
110 cm) was then passed through to the pul-
monary artery using brief fluoroscopic guid-
ance. Radial artery catheters (QuickFlash Ra-
dial Artery Catheter, Arrow, 20 g, 1.5 inches)
were placed in either the right or left radial
artery. Placement of all invasive devices was
performed by an experienced invasive cardiol-
ogist.

Thermodilution cardiac outputs were mea-
sured by three successive injections of 10 mL
of cold (6–10°C) dextrose 5% in water at end-
expiration as per standard protocol. The re-
corded value was the mean of the three indi-
vidual values. Recorded values for pulmonary
artery pressure (PAP), PAOP, and right atrial
pressure were also obtained at end-expiration
from graphic recordings examined by a single

trained observer blinded to the patient and
condition (pre or post saline infusion). The
systolic, diastolic, and mean pressures from
the transduced arterial catheter were recorded
at the same time as the PAP pressures.

Radionuclide Cineangiography

Sequential measurement of biventricular
ejection fraction (EF) in group 1 subjects was
performed by repeat first-pass RNCA using
technetium 99-DPTA. Tc 99-DPTA was injected
as a tight bolus into the central veins using
the pulmonary artery catheter introducer. In
this study, the baseline radionuclide tracer
dose was 3 mCi, whereas the follow-up was 7
mCi. The study was performed in a 30° right
anterior oblique projection with a slant hole
collimator fitted on to a small field gamma
camera interfaced with a dedicated computer
system (ICON, Siemens, Gammasonic). The
data were acquired in frame mode with 440
frames, each of 60 msecs duration. The first
transit cardiac data were reformatted into a
multiple-gated study using the subject’s elec-
trocardiogram recorded with the first pass
data. This method provides independent cine-
matic display of the right as well as left ven-
tricle. EFs are calculated from the reformatted
gated first pass studies using standard dual
region of interest and background correction
(21, 22).

SV was derived by dividing thermodilution
cardiac output by the concomitant HR. EDV
was obtained by dividing SV by EF, and end-
systolic volume was calculated as EDV ! SV.
Systemic vascular resistance index was calcu-
lated as 79.9(MAP ! right atrial pressure)/CI
and pulmonary vascular resistance index as
79.9(mPAP ! PAOP)/CI, where MAP is mean
arterial pressure and mPAP is mean pulmo-
nary artery pressure.

PACs and arterial catheters were removed
immediately following the study, and all sub-
jects were discharged 1–2 hrs after the final
assessment.

Echocardiography

In group 2, simultaneously acquired left ven-
tricular echocardiograms, phonocardiograms,
electrocardiograms, and noninvasively deter-
mined systolic/diastolic blood pressures were
used to determine cardiac volumetric and per-
formance indexes before and after 3 L of saline
infusion. Standard views including parasternal
long and short axis as well as apical four- and
two-chamber views were obtained using a
Hewlett Packard 5500 ultrasound machine. SV
was determined from the mean of five consecu-
tive beats using the measured left ventricular
outflow (aortic valve) diameter from the
parasternal long axis view and an outflow tract
velocity measured at the aortic valve with a
Doppler probe (23, 24). Cardiac output was cal-
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culated with this SV multiplied by the simulta-
neous HR. Left ventricular volumes were inde-
pendently obtained by Simpson’s rule (method
of disks) using the average of volumes from
apical four- and two-chamber views (25). These
volumes were measured at end-diastole (defined
as the Q wave of the electrocardiogram) and
end-systole (defined as the first high-frequency
component of the aortic second heart sound) in
five cardiac cycles. EF was obtained by subtract-
ing end-systolic volume from EDV and dividing
by EDV. The total peripheral resistance was de-
termined using the calculated cardiac output
and the measured MAP from the Dynamap using
the formula total peripheral resistance (dyne/
secs·cm!5) " (MAP)(79.9)/cardiac output. The
right atrial pressure was omitted in this calcu-
lation because of the negligible effect that the
right atrial pressure exerts on this calculation in
these normal volunteers. Echocardiograms were
performed and read by a single, highly experi-
enced echocardiographer who was blinded to the
patient and experimental condition.

Statistical Analysis

Hemodynamic values at baseline and at
completion of the 3-hr saline infusion were
pooled to derive means and standard errors of
the mean. Hemodynamic values postsaline in-
fusion were compared with baseline values
using two-tailed paired Student’s t-test analy-
sis. Correlation analysis using the Pearson
correlation coefficient was employed to exam-
ine the relationship between variables of in-
terest. We considered p # .05 to be significant
for all univariate analyses. Stepwise, discrimi-
nant, multivariate regression analysis was
used to examine the potential contribution of
hemodynamic constituent variables to SVI.

RESULTS

RCNA/PAC Study Group 1. Twelve sub-
jects (eight male, four female) were re-
cruited for the invasive monitoring portion
of this study. Mean $ SE age, height, and
weight were 30.9 $ 2.8 yrs, 173.3 $ 2.5
cm, and 86.3 $ 5.1 kg, respectively.

Cardiovascular variables including
ventricular volumes in group 1 subjects
are shown in Table 1. Infusion of 3 L of
normal saline over 3 hrs resulted in an
increase of CI of almost 30%, most of
which was generated by a 23% increase in
SVI. The remainder of the increase in CI
was accounted for by the modest and
nonsignificant increase in HR. All sub-
jects demonstrated an increase in both
SVI and CI. PAOP almost doubled (78%
increase), whereas central venous pres-
sure increased 42%. All subjects demon-
strated an increase in PAOP, whereas
nine of 12 subjects showed an increase in

central venous pressure (two did not
change) with 3 L of saline infusion. A
small increase in MAP (8%) was also
noted. Systemic vascular resistance index
and pulmonary vascular resistance index
both decreased significantly (approxi-
mately 17% and 28%, respectively). After
volume infusion, mean left ventricular
end-diastolic volume (LVEDVI) increased
approximately 11%, but the response was
inconsistent (eight of 12 subjects) and
there was wide variability among subjects
(Table 1). Mean right ventricular end-
diastolic volume index (RVEDVI) also in-
creased approximately 10% with saline
infusion, but again only eight of 12 sub-
jects exhibited this increase in RVEDVI.

Relationships of Presaline Infusion
Estimates of End-Diastolic Ventricular
Pressures, End-Diastolic Volumes, and
Cardiac Performance Indexes. Regres-
sion analysis (Table 2) indicated that ini-
tial central venous pressure did not cor-
relate with initial RVEDVI (Fig. 1A), SVI
(Fig. 2A), or CI. Similarly, PAOP, before
fluid loading, had no significant correla-
tion with LVEDVI (Fig. 1C), SVI (Fig. 2C),
or CI. A highly significant correlation ex-
isted between SVI (but not CI) and both
RVEDVI (Fig. 3A) and LVEDVI (Fig. 3C).
Since a fast heart rate might be expected
to decrease SVI and decrease end-dia-
stolic volume (as a function of decreased
filling time), a correlation between these
variables was also assessed. A significant
negative correlation between HR and
RVEDVI (r " .5970, p " .0403) existed,
and a trend toward a negative relation-
ship between HR and both LVEDVI (r "
.4683, p " .1246) and SVI (r " .4575, p "
.1347) was also noted. Strong positive
correlations were also found to exist be-
tween initial RVEDVI and LVEDVI but
not between initial central venous pres-
sure and PAOP (although there was a
modest trend in that direction; Fig. 4A).

When patients were assessed following
volume loading with 3 L of saline over 3
hrs, the same relationships held (data not
shown).

Relationships of Postsaline Infusion
Changes in Estimates of End-Diastolic
Ventricular Pressures, End-Diastolic Vol-
umes, and Cardiac Performance Indexes.
For the most part, changes in these vari-
ables from initial values in response to vol-
ume loading were similar to those found
before saline infusion (Table 3). Changes in
both central venous pressure and PAOP
failed to correlate significantly with
changes in RVEDVI (Fig. 1B) or LVEDVI
(Fig. 1D), respectively. In addition, neither
central venous pressure (Fig. 2B) nor PAOP
(Fig. 2D) changes correlated with SVI re-
sponses to saline infusion. In contrast,
changes in RVEDVI (Fig. 3B) and LVEDVI
(Fig. 3D) were paralleled by consistent in-
creases in SVI. In addition, there were
trends toward a correlation with increases
in CI (p # .2 for each). In contrast to
presaline infusion (baseline), there was no
relationship between changes in HR and
either ventricular volumes or SVI (HR vs.
RVEDVI, r " .2195, p " .4931; HR vs.
LVEDVI, r " .1057, p " .7437; HR vs. SVI,
r " .0824, p " .8979). As found under
baseline conditions, a strong relationship
existed between changes in RVEDVI and
LVEDVI, but unlike the prefluid infusion
state, there was also a modest but signifi-
cant relationship between changes in cen-
tral venous pressure and PAOP (Fig. 4B) in
response to fluid infusion.

Relationship Between End-
Diastolic Volumes and Cardiac
Performance Indexes in
Echocardiographic Study Group
2

Echocardiographic studies (group 2)
were used to confirm and extend the PAC/

Table 1. Mean ($SE) values for cardiovascular variables before and after 3 L of saline infusion

Presaline Infusion Postsaline Infusion Percentage Change p Value

HR, min!1 68.4 $ 3.4 72.2 $ 4.1 5.7 $ 3.5 NS
MAP, mm Hg 88.1 $ 3.3 94.6 $ 3.0 7.8 $ 2.2 .004
CVP, mm Hg 9.4 $ 0.7 12.4 $ 0.9 41.5 $ 15.2 .028
PAOP, mm Hg 9.7 $ 0.9 15.3 $ 0.8 77.8 $ 26.4 .0128
CI, L!min!1!m!2 2.96 $ 0.12 3.87 $ 0.29 30.0 $ 6.5 .0006
SVI, mL/m2 44.0 $ 1.9 54.1 $ 3.0 23.1 $ 4.7 .0005
LVEDVI, mL/m2 70.6 $ 2.2 78.3 $ 4.0 10.7 $ 3.7 .0138
RVEDVI, mL/m2 81.8 $ 4.2 89.6 $ 5.8 9.5 $ 3.5 .019

HR, heart rate; NS, not significant; MAP, mean arterial pressure; CVP, central venous pressure;
PAOP, pulmonary artery occlusion pressure; CI, cardiac index; SVI, stroke volume index; LVEDVI, left
ventricular end-diastolic volume index, RVEDVI; right ventricular end-diastolic volume index.
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RNCA-derived data (group 1). All subjects
in this study group were male. Mean and
SE for age, weight, height, and body sur-
face area were 28.5 $ 1.3 yrs, 77.2 $ 1.9
kg, 172.9 $ 1.8 cm, and 1.94 $ 0.02 m2,
respectively. As noted in Figure 5A, a
significant correlation continued to exist

between presaline infusion LVEDVI and
SVI. In addition, the increase in SVI fol-
lowing volume infusion was highly cor-
related with the increase in LVEDVI (Fig.
5B). Analysis of this second group also
confirms a significant negative correla-
tion between baseline HR and LVEDVI (r

" .5157, p " .0025) but not between the
changes in these same variables following
volume infusion (r " .0342, p " .8522).

Multivariate Analysis of Hemody-
namic Contributors to Stroke Volume In-
dex in Group 1 Subjects. To confirm that
central venous pressure and PAOP pos-
sess no independent predictive power
with respect to SVI (either at baseline or
in response to volume loading), stepwise,
discriminant multivariate analysis was
performed to examine potential constitu-
ent variables to SVI in group 1 subjects.
When LVEDVI, left ventricular ejection
fraction (LVEF), HR, and PAOP were in-
cluded in the model, only the first three
contributed to initial SVI. When LVEDVI
was dropped from the model, only LVEF
remained predictive. PAOP made no con-
tribution in either case. Parallel results
were found with respect to right heart
variables (RVEDVI, right ventricular ejec-
tion fraction, and central venous pressure
with HR). Similarly, changes in LVEDVI
and LVEF independently predicted alter-
ations in SVI following volume loading
when LVEDVI, LVEF, PAOP, and HR
changes were included. Again, parallel
findings were demonstrated when SVI re-
sponse was modeled using changes in
RVEDVI, right ventricular ejection frac-
tion, central venous pressure, and HR.
SVI was also modeled in group 2 subjects
using LVEDVI, LVEF, and HR both at
baseline and with respect to changes in
response to saline loading. In both cases,
LVEDVI and LVEF demonstrated inde-
pendent predictive power. A trend toward
independent predictive power for HR did
not quite reach significance in both
cases.

Relationship Between Initial Pressure
and Volumetric Preload Estimates and
Cardiac Performance Response to Saline
Infusion. Because it has been suggested
that lower initial preload may be associ-
ated with the ability of volume infusion to
augment cardiac performance, the rela-
tionship between initial variables of right
and left ventricular preload (LVEDVI,
RVEDVI, PAOP, central venous pressure)
with both SVI and CI in response to 3 L of
saline loading over 3 hrs was also exam-
ined. No relationship between any initial
variable of preload and the increase in
SVI or CI associated with volume loading
was noted (Table 4).

DISCUSSION

One of the most common uses of the
PAC is to optimize ventricular filling

Figure 1. Relationship between A, initial central venous pressure (CVP) and right ventricular end-
diastolic volume index (RVEDVI); B, changes in central venous pressure and RVEDVI in response to
saline; C, initial pulmonary artery occlusion pressure (PWP) and left ventricular end-diastolic volume
index (LVEDVI); and D, changes in PWP and LVEDVI in response to saline in group 1 subjects. No
significant relationship was found between initial values for central venous pressure and RVEDVI or
changes in these variables following 3 L of saline infusion. Similar negative results were found for the
relationship between PWP and LVEDVI.

Table 2. Correlation coefficients between initial measures of cardiac preload and cardiac performance
variables

CVP PAOP RVEDVI LVEDVI SVI

PAOP .4794
.1148

RVEDVI .0305 .5277
.9251 .0778

LVEDVI .4309 .0492 .7159
.1619 .8794 .0088

SVI .3223 .0903 .8222 .9613
.3069 .7802 .0010 #.0001

CI .3207 .4103 .2092 .4252 .4857
.3094 .1852 .5142 .1682 .1094

CVP, central venous pressure; PAOP, pulmonary artery occlusion pressure; RVEDVI, right ven-
tricular end-diastolic volume index; LVEDVI, left ventricular end-diastolic volume index; SVI, stroke
volume index; CI, cardiac index. Top row in each cell indicates the Pearson correlation coefficient; the
bottom row indicates the corresponding p value.
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pressures (estimated by PAOP and central
venous pressure) as an approximation of
true ventricular preload (LVEDVI,
RVEDVI) for purposes of maximizing car-
diac performance indexes (CI, SVI) dur-
ing critical illness. This approach is pred-
icated on the assumption that PACs, at a
minimum, deliver reliable, clinically rel-
evant information about true ventricular
preload. Although several studies have, in
recent years, undermined this assump-
tion in respect to specific patient groups
(3–19), this study provides the first evi-
dence that awake, healthy subjects with-
out cardiopulmonary disease exhibit no
predictable relationship between static
measurements of pressure-based preload
indexes (central venous pressure, PAOP)
and volumetric preload indexes (RVEDVI,
Fig. 1A; LVEDVI, Fig. 1C) or cardiac per-
formance variables (SVI, Fig. 2A and 2C;
CI). In addition, neither the end-diastolic
volume (Fig. 1B and 1D) nor the SVI (Fig.
2B and 2D) response to fluid loading (3 L
of saline infused over 3 hrs) in normal
volunteers is predicted by the concomi-
tant increase in either PAOP or central
venous pressure. These findings are con-

firmed in stepwise, discriminant multi-
variate analysis of the relationship be-
tween key potential contributory
hemodynamic variables to initial SVI and
to changes in SVI following 3 L of saline
infusion. No combination of variables
yielded a model in which either central
venous pressure or PAOP made a signifi-
cant contribution to SVI (even if end-
diastolic volumes were excluded). This
finding applied to both the initial presa-
line infusion state and to changes in vari-
ables following 3 L of saline infusion.

In contrast, a strong relationship be-
tween both initial RVEDVI or LVEDVI
and SVI (but not CI) existed (Fig. 3A and
3C). A consistent, predictable SVI (but
not CI) response to saline infusion-
generated increases in end-diastolic ven-
tricular volumes was also found (Figs. 3B
and 3D). Despite this strong correlation
between ventricular volumes and SVI, the
relationship between these variables
(based on these data) would be uncertain
in group 1 subjects. The nature of the
derivation of end-diastolic ventricular
volume from RCNA-derived ejection frac-
tion and PAC-derived SVI results in

mathematical coupling of the constitu-
tive and derived variables (EDVI " SVI %
EF). This same problem exists in several
previous studies in which end-diastolic
volume was calculated directly or indi-
rectly from stroke volume (5, 6, 12, 15,
26). In addition, the fast response ther-
mistor-equipped PAC with right ejection
fraction capability may also engender
mathematical coupling between SVI and
RVEDVI in several relevant studies (7, 8,
16, 18, 19, 27). To ensure that the ob-
served relationship between end-diastolic
volume and SVI exists independent of
mathematical coupling, data from an ad-
ditional group of healthy volunteers who
underwent identical volume loading un-
der noninvasive echocardiographic mon-
itoring were examined. Stroke volume
and left ventricular end-diastolic volume
were measured before and after saline
infusion using unrelated echocardio-
graphic techniques. Because mathemati-
cally independent techniques were used
for measurement, the strong correlation
between initial LVEDVI and SVI and the
change in these variables following saline
loading in group 2 subjects represent an
accurate representation of their relation-
ship (Fig. 5A and 5B).

In relation to the issue of hypovole-
mia, studies have suggested that initial
estimates of preload (both pressure and
volume) can predict ventricular perfor-
mance response to fluid infusion (7, 10,
12, 19, 26–28). These data suggest that
lower ventricular volumes and filling
pressure estimates are associated with
more robust cardiac performance re-
sponses to fluid infusion. To assess this
issue, the relationship between initial
PAOP, LVEDVI, central venous pressure
or RVEDVI, and SVI/CI response to vol-
ume loading was assessed using correla-
tion analysis. No significant relationship
was found (Table 4).

The present study shows that among
the healthy subjects, there is an ex-
tremely wide variability in ventricular
filling volumes for values of PAOP and
central venous pressure that would be
considered to lie within the normal
range. Even though ventricular volumes
were indexed for body surface area, a cen-
tral venous pressure of 9 mm Hg could
represent a RVEDVI that measured be-
tween 50 and 90 mL/m2 (Fig. 1A). Simi-
larly, a PAOP of 11 mm Hg could repre-
sent an LVEDVI of anywhere between 50
and 80 mL/m2 (Fig. 1C). These data dem-
onstrate that the adequacy of ventricular
filling cannot be inferred from static

Figure 2. Relationship between A, initial central venous pressure (CVP) and stroke volume index (SVI);
B, changes in central venous pressure and SVI in response to saline; C, initial pulmonary artery
occlusion pressure (PWP) and SVI; and D, changes in PWP and SVI in response to saline in group 1
subjects. No significant relationship was found between initial values for either central venous
pressure or PWP and SVI or changes in these variables following 3 L of saline infusion.
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measures of central venous pressure and
PAOP in normal subjects.

Augmentation of preload through
fluid infusion has become the key initial
element in the resuscitation of shock.
Optimally, direct measurement of the
ventricular end-diastolic volumes allows
for the most accurate assessment of pre-

load. The application of this approach in
the clinical context has been difficult due
to logistic and technical problems. For
that reason, end-diastolic pressures as es-
timated by central venous pressure and
PAOP have been used as substitute end
points. Implicit in their widespread use is
the belief that central venous pressure

and PAOP represent an acceptable substi-
tute for ventricular volume as an indica-
tor of preload. For this approach to be
valid, however, cardiac compliance must
be relatively consistent across different
patients and stable within a given patient.

Studies of critically ill intensive care
patients and perioperative major cardio-
vascular surgery patients using a variety
of imaging/measurement techniques over
the last 25 yrs have demonstrated that
pressure estimates of preload (PAOP, cen-
tral venous pressure) fail to predict either
ventricular end-diastolic volumes or car-
diac performance (SVI or CI) (3–19). In
addition, ventricular volumes and perfor-
mance in these patient groups fail to re-
spond in a consistent and predictable
manner to changes in preload as mea-
sured by PAOP or central venous pressure
(3, 6, 7, 9, 10, 15–19). In contrast, volu-
metric estimates of preload (LVEDVI,
RVEDVI) have, for the most part, been
found to be much more strongly predic-
tive of cardiac performance both at base-
line and following acute changes in cir-
culating volume (5–7, 10, 11, 15, 16, 18,
19).

Within the groups of patients who
have consistently failed to demonstrate
statistical coupling between standard
pressure estimates of ventricular preload
(PAOP, central venous pressure) and di-
rect volumetric measures of preload as
well as measures of cardiac performance
(SVI, CI), several contributory mecha-
nisms have been postulated. A strong cor-
relation between PAOP and left ventricu-
lar end-diastolic pressure exists in most
patients (29–34). However, this relation-
ship may become distorted in specific cir-
cumstances including postcoronary ar-
tery bypass surgery (14, 29, 35). Evidence
of uncoupling between PAOP and left
atrial pressure or left ventricular end-
diastolic pressure as a consequence of
elevated pulmonary vascular resistance
(36) and pulmonary venous constriction
has been described (37). Patients may
also demonstrate significant reductions
in total transmural cardiac compliance so
that increases of ventricular filling pres-
sure are poorly reflected by cardiac vol-
ume (20). Mechanisms that may account
for such decreases in cardiac compliance
include myocardial edema due to trauma,
infarction, or sepsis (38–40); increased
juxta-cardiac pressure due to mechanical
ventilation, positive end-expiratory pres-
sure, septal shift, or pericardial effusion/
tamponade (7, 8, 41, 42); impaired dia-
stolic relaxation due to ischemia or

Figure 3. Relationship between A, initial right ventricular end-diastolic volume index (RVEDVI) and
stroke volume index (SVI); B, changes in RVEDVI and SVI in response to saline; C, initial left
ventricular end-diastolic volume index (LVEDVI) and SVI; and D, changes in LVEDVI and SVI in
response to saline in group 1 subjects. A highly significant relationship was found between both initial
values for RVEDVI or LVEDVI and SVI or changes in these variables following 3 L of saline.

Figure 4. Relationship between A, initial pulmonary artery occlusion pressure (PWP) and central
venous pressure (CVP); and B, changes in PWP and central venous pressure in response to saline in
group 1 subjects. No change in initial PWP and central venous pressure was found. However, a
significant relationship between changes in PWP and central venous pressure in response to 3 L of
saline infusion was noted.
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cardiopulmonary bypass (14, 32, 43, 44);
myocardial hypertrophy due to hyperten-
sion or hypertropic cardiomyopathy (29);
or pharmacologic effects of myocardial
depressants such as inhaled anesthetics
(45). Others have suggested that an intact
pericardium may be important in main-
tenance of the “normal” relationship be-
tween end-diastolic pressures and vol-
umes (12, 46, 47).

None of these potential mechanisms
can play a role in the healthy subjects of
this study. The lack of correlation be-
tween initial and postvolume infusion
changes in central venous pressure/PAOP
and end-diastolic volumes and cardiac
performance indexes appears to be pri-
marily attributable to a greater and more
dynamic intrinsic variability in diastolic
ventricular compliance among and

within healthy individuals than has been
understood. Given that the findings of
this study mirror the lack of correlation
found in studies of patients with critical
illness, trauma, or perioperative cardiac
surgery, these data suggest that the lack
of a statistical relationship between ven-
tricular filling pressure estimates and
ventricular volumes/cardiac performance
represents a universal phenomenon that
extends to normal subjects. Measurement
of central venous pressure or PAOP may
continue to be useful for titration of ther-
apy in specific patient groups (e.g., car-
diomyopathy, congestive heart failure,
and hypovolemia/hypovolemic shock) in
whom correlations between volumetric
and pressure estimates of preload have
been found (15, 28, 48). However, the
high degree of variability of cardiac com-
pliance in normal hearts limits the utility
of these variables as predictors of ventric-
ular preload/cardiac performance to a
much greater extent than has been ap-
preciated. In addition, our data may yield
some insight as to the underlying reasons
for the apparent therapeutic futility of
PAC use in critically ill patients (1, 2).

In the intensive care unit, the balloon-
tipped, thermodilution-capable PAC has
been a central diagnostic modality.
Among its important uses are manage-
ment of fluid resuscitation with respect
to adequacy of ventricular filling and
avoidance of pulmonary edema, assess-
ment of global oxygen supply/consump-
tion match as indicated by mixed venous
oxygen saturation, and determination of
total cardiac output with titration of va-
sopressor and inotrope support as related
to cardiovascular function. Our data, in
combination with other studies citing the
lack of correlation between estimates of
ventricular filling pressures with end-

Figure 5. Relationship between A, initial volumetric echocardiography-derived left ventricular end-
diastolic volume index (LVEDVI) and Doppler-echocardiography-derived stroke volume index (SVI);
and B, changes in volumetric echocardiography-derived LVEDVI and Doppler echocardiography-
derived SVI in response to saline in group 2 subjects. Highly significant relationships existed between
both initial LVEDVI and SVI and changes in these variables following 3 L of saline infusion in group
2 subjects in whom mathematically independent techniques were used to derive the values.

N either central ve-

nous pressure

nor pulmonary

artery occlusion pressure ap-

pears to be a useful predictor

of ventricular preload with

respect to optimizing cardiac

performance.

Table 3. Correlation coefficients between changes in measures of cardiac preload and cardiac perfor-
mance variables following volume infusion

CVP PAOP RVEDVI LVEDVI SVI

PAOP .5871
.0447

RVEDVI .3302 .4128
.2945 .1823

LVEDVI .5590 .3377 .8018
.0586 .2830 .0017

SVI .2202 .2914 .8959 .7681
.4916 .3580 #.0001 .0035

CI .1309 .1695 .4573 .4008 .7263
.6851 .5984 .1350 .1966 .0074

CVP, central venous pressure; PAOP, pulmonary artery occlusion pressure; RVEDVI, right ven-
tricular end-diastolic volume index; LVEDVI, left ventricular end- diastolic volume index; SVI, stroke
volume index; CI, cardiac index. Top row in each cell indicates the Pearson correlation coefficient; the
bottom row indicates the corresponding p value.

Table 4. Correlation coefficients between changes in cardiac performance in response to volume
infusion as a function of initial cardiac preload measures

PAOP LVEDVI CVP RVEDVI

&SVI .0857 .1580 .3280 .0991
.7910 .6239 .2979 .7592

&CI .0014 .2767 .3407 .3459
.9964 .3839 .2785 .2708

PAOP, pulmonary artery occlusion pressure; LVEDVI, left ventricular end- diastolic volume index;
CVP, central venous pressure; RVEDVI, right ventricular end-diastolic volume index; &SVI, change in
stroke volume index; &CI, change in cardiac index. Top row in each cell indicates the Pearson
correlation coefficient; the bottom row indicates the corresponding p value.
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diastolic volumes and cardiac perfor-
mance, argue against the routine use of
central venous pressure and PAOP for
estimation of preload except in specific
conditions at the extremes of intravascu-
lar volume status (hypovolemia and se-
vere heart failure). This study demon-
strates that cardiac compliance is highly
variable in normal subjects. As a conse-
quence, end-diastolic cardiac pressure es-
timates (PAOP and central venous pres-
sure) do not reliably reflect preload in
most subjects. This dynamic physiologic
variation in diastolic cardiac compliance
must be factored into the evaluation of all
patients in whom invasive cardiovascular
evaluation is used.
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