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pathway over the short-term and only partially reset in the long-term
(Jones and Thoren, 1977), which may account for sustained responses
observed in the step protocol and dynamic protocol with high-voltage
stimulation.

Methodological consideration

Fan and colleagues (Fan and Andresen, 1998; Fan et al., 1999) dem-
onstrated that A-fiber baroreceptors were activated by low intensity
(<3 V) stimulation and required minimum frequencies above 10 Hz to
evoke reflex reductions in AP. In contrast, high stimulation intensities
(20 V) maximally activated both A- and C-fiber baroreceptors, and
high intensity stimulation decreased MAP at low frequency (1 Hz) stim-
ulation. Furthermore, the application of capsaicin blocked the reflex re-
sponse observed at high intensity and low frequency (Fan and
Andresen, 1998). Reflex responses at supramaximal intensity during
capsaicin were not significantly different from pre-capsaicin low inten-
sity stimulation reflex responses (Fan and Andresen, 1998). Our find-
ings are largely in agreement with the conclusions from Fan and
colleagues.

The data from our graded frequency step stimulation protocol added
new findings that low intensity stimulation of the ADN resulted in reflex
responses that returned towards pre-stimulation levels after only
30 seconds of continuous stimulation. In contrast, high intensity stimu-
lation resulted in sustained reductions in SNA and MAP, but after the ap-
plication of RTX the responses became similar to those of low intensity
stimulation. These data indicate that A-fiber baroreceptors, while being
able to account for approximately 70-80% of the combined maximal re-
flex response to high-frequency stimulation in the study by Fan and
Andresen (1998), only contribute to the reflex responses over a short
time frame. Activation of C-fiber baroreceptor central pathways appears
to be required to elicit reflex responses that are sustained throughout
the duration of stimulation.

Based on the results of the step stimulation protocol, LVHf and HVLf
dynamic stimulation protocols were devised to chiefly activate reflex
response from A- and C-fiber baroreceptors, respectively. Note that al-
though HVLf stimulation can activate both A- and C-fibers, the frequen-
cy is considered to be below the physiological threshold for recruiting
the A-fiber central pathway (Fan and Andresen, 1998). Our data sup-
ports the rationale for selected stimulation protocols, because the cen-
tral arc transfer functions obtained from LVHf stimulation protocol
were largely unaffected by the application of RTX. In contrast, the
HVLSf stimulation protocol resulted in responses largely from C-fiber
type baroreceptors as the application of RTX significantly reduced
both dynamic gain and coherence of the central arc transfer functions.

Limitations

While the present study provides insight into how electrical activa-
tion of the arterial baroreflex relates to changes in SNA and AP there are
some caveats to consider. First, action potential trains from electrical
stimulation have a significantly different profile from those evoked by
natural pressure stimulation of A- and C-fiber baroreceptors. Secondly,
we investigated the responses to electrical stimulation of the ADN in
anesthetized rats. Anesthesia may affect SNA, therefore, our results
might differ had the experiments been performed in conscious animals.
Furthermore, long-term stimulation of either A- or C-fiber barorecep-
tors is required to conclude that sustained reductions are mediated via
C-fiber baroreceptor central pathways. However, given the very small
involvement of A-fiber baroreceptor central pathways to the reduction
of SNA after only 30 seconds and limited reduction in both SNA and
AP during the 20 minute LVHf binary white noise stimulation protocol,
it appears unlikely that A-fiber stimulation would be able to reduce SNA
chronically. Examining electrical stimulation of A- and C-fiber barore-
ceptors in animal models of hypertension may be a possible future di-
rection of study. Lastly, we also sectioned vagi to remove the

influences of cardiopulmonary reflexes on SNA thus opening the arterial
baroreflex negative feedback loop. Consequently, the transfer function
of the Stim-AP arc does not include the vagal limb of the baroreflex. Fur-
ther investigation is required to identify how selective stimulation of A-
and C-fiber baroreceptors affects the vagal limb of the arterial
baroreflex.

Conclusion

While device-based therapies that activate the arterial baroreflex
have shown promising reductions in AP in resistant-hypertension pa-
tients the central pathways involved are still not entirely understood.
This study highlights the two distinct baroreceptor pathways that
need to be considered when investigating the role of the arterial barore-
flex in the regulation of AP in health and disease. Furthermore, it indi-
cates that electrical stimulation of C-fiber baroreceptors may be
integral for a sustained reduction in AP, which is consistent with an in-
creasingly large body of evidence that the arterial baroreflex can chron-
ically inhibit SNA (Thrasher, 2005b; Lohmeier and Iliescu, 2011). A
greater understanding of the integration and processing of the arterial
baroreflex may also lead to novel ways of directly targeting either A-
or C-fiber baroreceptor central pathways to chronically lower SNA and
AP in hypertensive patients.
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Abstract Assessing left ventricular (LV) filling pressure
(pulmonary capillary wedge pressure, PCWP) is an
important aspect in the care of patients with heart failure
(HF). Physicians rely on right ventricular (RV) filling
pressures such as central venous pressure (CVP) to predict
PCWP, assuming concordance between CVP and PCWP.
However, the use of this method is limited because dis-
cordance between CVP and PCWP is observed. We
hypothesized that PCWP can be reliably predicted by CVP
corrected by the relationship between RV and LV function,
provided by the ratio of tissue Doppler peak systolic
velocity of tricuspid annulus (St) to that of mitral annulus
(Sm) (corrected CVP:CVP-S1/Sy). In 16 anesthetized
closed-chest dogs, St and Sy; were measured by transtho-
racic tissue Doppler echocardiography. PCWP was varied
over a wide range (1.8—40.0 mmHg) under normal condi-
tion and various types of acute and chronic HF. A signif-
icantly stronger linear correlation was observed between
CVP-S1/Sy and PCWP (R* = 0.78) than between CVP and
PCWP (R* = 0.22) (P < 0.01). Receiver-operating char-
acteristic (ROC) analysis indicated that CVP-St/Sy >10.5
mmHg predicted PCWP >18 mmHg with 85 % sensi-
tivity and 88 % specificity. Area under ROC curve for
CVP-S1/Su to predict PCWP >18 mmHg was 0.93, which
was significantly larger than that for CVP (0.66)
(P < 0.01). Peripheral venous pressure (PVP) corrected by
St/Sm (PVP-S1/Sy) also predicted PCWP reasonably well,
suggesting that PVP-S1/Sy may be a minimally invasive
alternative to CVP-S1/Su. In conclusion, our technique is
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potentially useful for the reliable prediction of PCWP in
HF patients.

Keywords Heart failure - Hemodynamics -
Echocardiography

Introduction

Assessing left ventricular (LV) filling pressure is an
important aspect in the care of patients with heart failure
(HF) [1]. The clinical gold standard for evaluating LV
filling pressure is pulmonary capillary wedge pressure
(PCWP) measured using pulmonary artery catheter. How-
ever, the invasive nature of catheterization limits its routine
clinical use [2]. Noninvasive estimations of LV filling
pressure by echocardiography have been developed [3-5].
However, the reliability of these methods in HF patients
has been inconsistent [6, 7]. A minimally invasive and
reliable method to estimate LV filling pressure has been
keenly awaited.

In clinical practice, physicians rely on right ventricular
(RV) filling pressures such as central venous pressure
(CVP) to predict LV filling pressure, assuming concor-
dance between the two filling pressures [8, 9]. However,
the use of this method is limited because discordance
between the two filling pressures has been observed in a
substantial proportion of acute [10] or chronic [11, 12] HF
patients. Physiologically, equality of stroke volumes (SV)
of RV and LV is maintained by shifting of blood between
the systemic and pulmonary vascular beds in accordance
with the relation between RV and LV functions, which
adjusts the two filling pressures [10, 13, 14]. If LV function
is selectively impaired while RV function is spared, blood
shifts from the systemic to pulmonary circuit to maintain
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the equality of RV and LV SV, but discordance between
the two filling pressures occurs (increased LV and
decreased RV filling pressures) [10, 13, 14]. The relation
between RV and LV functions may determine the relation
between RV and LV filling pressures, i.e., the relation
between CVP and PCWP.

Peak systolic tricuspid (St) [15-17] and mitral (Sy) [18—
21] annular velocities measured by tissue Doppler echo-
cardiography have been shown to sensitively reflect RV
and LV systolic functions, respectively. Our theoretical
analysis (see “Materials and methods”) indicates that
PCWP, CVP, St and Sy are related as follows:

PCWP = o - CVP - S1/Sy (1)

where o is a constant. Based on Eq. 1, we hypothesized that
CVP corrected by the relationship between RV and LV
functions (CVP-S1/Sy) reliably predicts PCWP. The pri-
mary purpose of this study was to validate this hypothesis.
CVP is invasively measured by central venous catheteri-
zation, while peripheral venous pressure (PVP) is easily
and safely measured [22]. PVP tightly correlates with CVP
[23]. Hence, the secondary purpose of this study was to
examine whether PVP-S1/Sy can be used as a minimally
invasive alternative to CVP-S1/Sy, in predicting PCWP. For
these purposes, we conducted rigidly controlled experi-
ments in canine models of acute and chronic HF over a
wide preload range, which is not possible in humans.

Materials and methods

Theoretical analysis of the relation between PCWP,
CVP o ST and SM

Assuming RV and LV SV are equal, ejection fraction of
RV (RVEF) and LV (LVEF) are related to end-diastolic
volumes of RV (RVEDV) and LV (LVEDYV), respectively,
as follows:

RVEF = SV/RVEDV (2)

LVEF = SV/LVEDV (3)
Dividing Eq. 2 by Eq. 3 and rearranging yields:

RVEF x RVEDV = LVEF x LVEDV 4)

Based on previous studies [24, 25], we assume that RV
filling pressure (CVP) and LV filling pressure (PCWP) are
related to RVEDV and LVEDV, respectively, as follows:

CVP =k, - RVEDV (5)
PCWP = k, - LVEDV (6)

where k; and k, are constants.

@ Springer

St and Sy measured by tissue Doppler echocardiogra-
phy have been shown to correlate well with RVEF [15, 16]
and LVEF [18, 19], respectively, as follows,

St = k3 - RVEF (7)
Sw = ks - LVEF (8)
where k3 and k4 are constants.

Substituting the four variables in Eq. 4 by Egs. 5-8 and
rearranging yields:

ky - k
PCWP = 2. CVP. §1/Sy 9)
If we define constant o as follows:
ko - ks
— 10
=k (10)

PCWP, CVP, St and Sy, are related as shown in Eq. 1.
Animals

We used 18 adult mongrel dogs (9 male and 9 female,
22 £ 2 kg). The investigation conformed to the Guide for
the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No.
85-23, revised 1996). All protocols were approved by the
Animal Subjects Committee of the National Cerebral and
Cardiovascular Center.

Preparation

After anesthesia was induced with thiamylal sodium
(25 mg kg_'), the animals were intubated endotracheally,
and their lungs were ventilated artificially. An appropriate
level of anesthesia was maintained by continuous inha-
lation of 2.0 % isoflurane. A 6-F pulmonary artery cath-
eter (T173HF6, Edwards Lifesciences, Irvine, CA) was
positioned in the pulmonary artery through a 9-F sheath
introducer placed in the right jugular vein. The pulmonary
artery catheter and the side-port of the introducer were
connected to pressure transducers (DX-200, Nihon Koh-
den, Tokyo, Japan) to measure PCWP and CVP, respec-
tively. An 8-F sheath introducer was placed in the left
carotid artery and the side-port was connected to a pres-
sure transducer to measure Systemic arterial pressure
(AP). A 16-gauge catheter was placed in the right
cephalic vein (a superficial vein of the right upper limb),
and was connected to a pressure transducer to measure
PVP. The animals were held in a standing position using
a sling on a fluoroscopy table to allow continuous echo-
cardiographic monitoring during cardiac catheterization
and hemodynamic interventions [21, 26]. After being
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Fig. 1 Study protocol with
intervention sequence and
cardiac conditions. NC normal
control, ALHF acute left heart

Data recording in 18
animals with NC hearts.

failure, ARHF acute right heart
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Microembolization of left
coronary artery

Microembolization of
pulmonary artery

Recovery from the initial
data recording

.

v v

Data recording in 6

Data recording in 4

Rapid right ventricular

connected to a pressure amplifier (AP-610J, Nihon Koh-
den, Tokyo, Japan), the pressure transducers were bal-
anced at atmospheric pressure, calibrated against a
mercury manometer, and zero referenced at the level of
the mid-left ventricle under fluoroscopic guidance. Sur-
face ECG was recorded. Hemodynamic data were
acquired with the balloon of the pulmonary artery catheter
inflated to measure PCWP, while the artificial ventilation
was temporarily suspended at end-expiration. Analog
signals of ECG, AP, CVP, PVP and PCWP were digitized
(200 Hz, 16-bit) by a laboratory computer (ME-B, NEC,
Tokyo, Japan), and stored on a hard disk for off-line
analysis.

Echocardiographic examinations

Transthoracic echocardiography was performed using an
echocardiographic system equipped with a 3.3-MHz
transducer (Artida, Toshiba, Tokyo, Japan) [21, 26]. The
transducer was directed from the apex to obtain an apical
4-chamber view, and fixed using a mechanical arm.
Echocardiogram was recorded simultaneously with acqui-
sition of hemodynamic data, while the artificial ventilation
was temporarily suspended at end-expiration. The tricuspid
and mitral annular velocities were obtained with pulsed
tissue Doppler by placing 2-mm wide sample volumes at
the free wall side of the tricuspid annulus [17] and mitral
annulus [21], respectively. Transmitral inflow velocity was
obtained with pulsed Doppler by placing a 3-mm wide
sample volume between the tips of the opened mitral valve
leaflets [27]. All Doppler tracings were recorded and stored
on the internal hard drive of the echocardiographic system
for off-line analysis.

ALHF animals. ARHF animals. pacing for 3 weeks
| Two dogs were lost due
to premature death.
Data recording in 6
CHF animals.
Protocols

Study protocols are schematized in Fig. 1. In all 18 dogs,
we first recorded the hemodynamic and echocardiographic
data of nonfailing control hearts (NC). We increased pre-
load by infusing 250 mL of 10 % dextran 40 gradually
until mean CVP reached 9-11 mmHg. Simultaneous
hemodynamic and echocardiographic recordings were
repeated 5-7 times per animal, while volume administra-
tion was temporarily suspended to maintain steady-state
pressures. After data acquisition in NC hearts, we withdrew
blood to reduce mean CVP to 3-5 mmHg.

Subsequently, in 6 animals, acute left heart failure
(ALHF) was induced by embolizing the left circumflex
coronary artery with glass microspheres (90-um diameter)
[14, 21]. We adjusted the number of microspheres to
increase mean PCWP by 18 mmHg. In 4 animals, acute
right heart failure (ARHF) was induced by embolizing the
pulmonary artery with glass microspheres [28], while the
balloon of the pulmonary artery catheter was continuously
inflated to monitor mean PCWP. We adjusted the number
of microspheres to increase mean CVP by 9 mmHg. In
ALHF and ARHF animals (Fig. 1), preload was varied by
gradually infusing 250 mL of 10 % dextran 40 or with-
drawing blood. Simultaneous hemodynamic and echocar-
diographic recordings were repeated 5-16 times per
animal, in the same manner as described above.

In 8 animals, after the first recordings, the venous and
arterial catheters were removed, the vessels were repaired,
and the incisions were closed using sterile techniques. The
animals were allowed to recover for 1 week (Fig. 1). Then,
a pacemaker was implanted. Under general anesthesia as
described above, a bipolar pacing lead (Model BT-45P,
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Fig. 2 Representative hemodynamic and echocardiographic tracings
in animals allocated to ALHF (a), ARHF (b), and CHF (c¢) groups. AP
arterial pressure, CVP central venous pressure, PVP peripheral venous
pressure, PCWP pulmonary capillary wedge pressure, TAV tricuspid
annular velocity, MAV mitral annular velocity. Solid arrow peak

Star Medical Inc., Tokyo, Japan) was inserted through the
right jugular vein, advanced to the right ventricular apex,
and connected to a generator (VOO mode; Model SIP-501,
Star Medical Inc., Tokyo, Japan), which was implanted in a
subcutaneous pocket in the neck. The incisions were
closed, and anesthesia was withdrawn. One day after
implantation, rapid ventricular pacing was started at a rate
of 220-240 beats/min and continued for 3 weeks to induce
chronic biventricular HF (CHF) (Fig. 1) [29]. CHF was
confirmed by the presence of HF symptoms including
anorexia, lethargy, tachypnea and muscle weakening. After
HF was confirmed, pacing was stopped. The CHF animals
were anesthetized and prepared for hemodynamic and
echocardiographic data recordings as described above.
Preload was varied by gradually infusing 250 mL of 10 %
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time (s)

time (s) time (s)

time (s)

systolic tricuspid annular velocity (St), solid arrow head peak systolic
mitral annular velocity (Swm), open arrow peak early diastolic mitral
annular velocity (E,). open arrow head peak early diastolic transmi-
tral inflow velocity (E)

dextran 40 or withdrawing blood. Simultaneous hemody-
namic and echocardiographic recordings were repeated 5—8
times per animal, in the same manner as described above.

At the conclusion of the experiments, the dogs were
euthanized with an intravenous injection of pentobarbital
and potassium chloride.

Data analysis

Representative hemodynamic and echocardiographic trac-
ings are shown in Fig. 2. We determined heart rate (HR)
from the trace of ECG. AP, CVP, PVP and PCWP data
were averaged over 10 s.

Peak velocities during systole of tricuspid annulus (St,
solid arrow in Fig. 2a) and mitral annulus (Sy, solid arrow
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head in Fig. 2a) as well as peak early diastolic velocities of
mitral annulus (E,, open arrow in Fig. 2a) and transmitral
inflow (E, open arrow head in Fig. 2a) were measured
using a digital Doppler analysis system. Data of echocar-
diographic variables were expressed as the averages of 3
consecutive cardiac cycles. All echocardiographic analyses
were performed off-line by a trained cardiologist (MI)
blinded to the hemodynamic data.

Multiple datasets of HR, AP, CVP, PVP, PCWP, St, Sm,
St/Sm, CVP-St/Su PVP-S1/Sm, E, E, and E/E, were
determined in each animal. We also calculated absolute
changes in PCWP (APCWP), CVP (ACVP), CVP-51/Sm
(ACVP-S1/Snm), PVP-St/Sm (APVP-St/Swm) and E/E, (AE/
E,) between serial measurements within each animal.

Statistical analysis

All data are presented as mean 4 SD. One-way ANOVA
with Dunnett’s test was used in multiple comparisons for
each HF condition relative to NC. Linear regression ana-
lysis and the coefficient of determination (R?) were used to
determine the strength of association among the variables.
Receiver-operating characteristic (ROC) curve analysis
was used to determine optimal cutoff values for selected
variables to detect PCWP >18 and >22 mmHg [30]. The
area under the ROC curve (AUC) was determined as a
summary measure for diagnostic accuracy of the variables.
Since accurate estimation of serial changes in PCWP in
response to therapy is also important in clinical practice,
ROC curve analysis was performed to determine optimal
cutoff values for selected variables to predict APCWP >3
and <—3 mmHg. To compare R? value of each correlation
and AUC of each ROC curve, we used a bootstrap tech-
nique (200 replicates) [20, 31]. A P value <0.05 was
considered statistically significant. Statistical analyses were
performed using commercially available software (Statis-
tica, Statsoft, Inc., Tulsa, OK, USA).

Results

In the 18 dogs, 2 dogs in CHF protocol developed ven-
tricular fibrillation during rapid ventricular pacing, and
died before completion of the protocol. From other 16 dogs
(6 ALHF, 4 ARHF and 6 CHF dogs), a total of 243 datasets
of hemodynamic and echocardiographic variables were
obtained (Table 1). We used the datasets to validate the
hypothesis that CVP-S1/Sy reliably predicts PCWP. We
compared prediction of PCWP by CVP-S1/Sy to that by
CVP alone.

Of the 16 dogs, PVP data were not available for 3 dogs
due to technical errors. From the 13 remaining dogs (5
ALHF, 3 ARHF and 5 CHF dogs), a total of 195 datasets of

hemodynamic and echocardiographic variables were
obtained (Table 2). We used the datasets to examine
whether PVP-S1/Sy can be used as a minimally invasive
alternative to CVP-S1/Sy in predicting PCWP. We com-
pared prediction of PCWP by PVP-S1/Sy to that by E/E,,
which is commonly used in clinical practice [3-5].

Range of PCWP achieved in this study (Tables 1, 2) is
similar to that seen in advanced HF patients [11].

Prediction of PCWP by CVP-S1/Sm

In ALHF (Table 1; Fig. 2a), PCWP and CVP were sig-
nificantly higher, St was slightly but significantly lower,
Sm was significantly lower, and S1/Sv was significantly
higher than the corresponding values in NC. In ARHF
(Table 1; Fig. 2b), CVP but not PCWP was significantly
higher, St was significantly lower, Sy was significantly
higher, and St/Sy was significantly lower than the corre-
sponding values in NC. In CHF (Table 1; Fig. 2c), PCWP
and CVP were significantly higher, St and Sy were sig-
nificantly lower, and S1/Sy was significantly higher than
the corresponding values in NC. CVP-S1/Sy; was signifi-
cantly higher in all HF conditions than in NC (Table 1).

A significant but weak correlation was observed
between CVP and PCWP (Fig. 3a), while a strong corre-
lation was found between CVP-S1/Sy; and PCWP (Fig. 3b).
The R? value between CVP-St/Sy and PCWP was signif-
icantly higher than that between CVP and PCWP
(P <0.01). A significant and strong correlation was
observed between ACVP and APCWP, and also between
ACVP-S1/Sy and APCWP (Fig. 3c, d). The R? value
between ACVP-St/Sy and APCWP was significantly
higher than that between ACVP and APCWP (P < 0.05).

The ROC curves for CVP and CVP-St/Sy in predicting
PCWP >18 mmHg are shown in Fig. 3e. The optimal
cutoff values were >7.0 mmHg (sensitivity, 72 %; speci-
ficity, 57 %) for CVP, and >10.5 mmHg (sensitivity,
85 %; specificity, 88 %) for CVP-S1/Sy. The ROC curve
for CVP-S1/Sy lay entirely above the curve for CVP. The
AUC for CVP-St/Sy was significantly larger than that for
CVP (P < 0.01) (Fig. 3e). ROC analyses of these variables
to detect PCWP >22 mmHg (Fig. 3f) yielded similar
results. The AUC for CVP-S1/Sy; was significantly larger
than that for CVP (P < 0.01).

The ROC curves for ACVP and ACVP-S1/Sy in pre-
dicting APCWP >3 mmHg are shown in Fig. 3g. The
optimal cutoff values were >1.0 mmHg (sensitivity, 86 %;
specificity, 73 %) for ACVP, and >2.0 mmHg (sensitivity,
89 %; specificity, 85 %) for ACVP-S1/Sy. The AUC for
ACVP and for ACVP-S1/Sy were similar. ROC analyses of
these variables to predict APCWP <—3 mmHg (Fig. 3h)
produced similar results. The AUC for ACVP and for
ACVP-S1/Sp were similar.
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Table 1 Hemodynamic and echocardiographic data used to evaluate CVP-St/Sm

All datasets (n = 243) Subgroups
NC (n = 94) ALHF (n = 68) ARHF (n = 41) CHF (n = 40)

HR, bpm 109 £+ 13 (71 to 156) 106 + 14 1r+9 102 £ 7 119 + 17*
AP, mmHg 114 £ 21 (60 to 155) 130 £ 16 98 =k 13* 100 + 19* 113 £+ 7%

CVP, mmHg 7.9 £ 4.0 (—0.5 to 19.4) 57 +33 7.5 +2.6* 11.8 £2.9* 9.9 + 44*
PCWP, mmHg 17.5 £ 9.2 (1.8 to 40.0) 11.0+53 244 + 5.9% 10.3 £25 28.1 £+ 6.6*
St. cm/s 11.9 &= 2.9 (5.2 't0 21.5) 133+ 2.8 12,1 & 2.2% 10:6 = 2.3* 9.7 £ 2.8%
Sm, cm/s 9.4 + 3.8 (3.41t0 17.6) 1.4 +28 5.8+ 1.2% 13.6 &£ 2.2* 6.3 + 1.5%
St/Sm 1.5+ 0.6 (0.5 to 3.4) 1.2 £ 0.3 22 £ 0.5* 0.8 + 0.2* 1.5 £ 0.4*
CVP-S1/Sy, mmHg 11.1 £ 6.4 (—0.9 to 31.5) 6.7 £ 4.0 16.0 £ 6.2* 9.3 + 2.9* 14.7 + 6.2*

Values are presented as mean £ SD (range)

NC normal control, ALHF acute left heart failure, ARHF acute right heart failure, CHF chronic heart failure, AR heart rate, AP systemic arterial
pressure, CVP central venous pressure, PCWP pulmonary capillary wedge pressure, Sz peak systolic tricuspid annular velocity, S, peak systolic

mitral annular velocity
* P < 0.01 against NC

Table 2 Hemodynamic and

. - All datasets (n = 195) Subgroups
echocardiographic data used to
evaluate PVP-S1/Sy NC ALHF ARHF CHF
n=75 (=59 (=29 (1=232)
CVP, mmHg 79439 (-05t 194) 58433 77+25" 122+£30" 95+44"

Values are presented as PVP, mmHg 774+35(-05t17.3) 64430 69+23 11.9+24" 84+41t
mean + SD (range) + +
P ot PCWP, mmHg 18.0 £ 9.4 (1.8t040.0) 1L.0+52 250+58" 107+£24 283+67

peripheral venous pressure,  yp o /o nmHg (1.4 + 66 (—090315) 66+39 167+617 95+29% 144 +63"
E peak early diastolic
ransnitesl Bow velooity, 1. PVP-S/Sy, mmHg 109 £5.7 (0.6 t028.7) 7.6 +40 150+£59" 94+29 126+53"
peak early diastolic mitral E, cm/s 60 & 14 (30 to 101) 60+ 14 5949 52410 70+ 16
annular VCIOfI‘Y E,, cm/s 9.5 £ 2.5 (4.3 to 15.6) 98+28 80+ 13" 11.6+15" 95+22
* P <005 " P <001 against gy 6.7+ 1.9 2.9 to 12.3) 64421 75+1.17 46+£09" 75+ 14"

NC

Minimally invasive prediction of PCWP by PVP-St/Sy

PVP-S1/Sy and PCWP were correlated significantly and
tightly (Fig. 4a), while a weak correlation was found
between E/E, and PCWP (Fig. 4b). The R? value between
PVP-S1/Sy and PCWP was significantly higher than that
between E/E, and PCWP (P < 0.01). A significant and
tight correlation was observed between APVP-S1/Sy and
APCWP (Fig. 4c), while a weak correlation was observed
between AFE/E, and APCWP (Fig. 4d). The R? value
between APVP-S1/Sy and APCWP was significantly higher
than that between AE/E, and APCWP (P < 0.01).

The ROC curves for PVP-S1/Sy and E/E, in predicting
PCWP >18 mmHg are shown in Fig. 4e. The optimal cutoff
values were >10.5 mmHg (sensitivity, 73 %; specificity,
84 %) for PVP-S1/Sy, and >6.0 (sensitivity, 93 %; speci-
ficity, 66 %) for E/E,. The AUC for PVP-S1/Sy was larger
than that for E/E, with a clear tendency to significance
(P = 0.06). The ROC curves for these variables in pre-
dicting PCWP >22 mmHg are shown in Fig. 4f. The opti-
mal cutoff values were >11.5 mmHg (sensitivity, 72 %;
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specificity, 79 %) for PVP-S1/Sy, and >6.5 (sensitivity,
81 %; specificity, 62 %) for E/E,. The AUC for PVP-St/Su
was significantly larger than that for E/E, (P < 0.05).

The ROC curves for APVP-St/Sy and AE/E, in pre-
dicting APCWP >3 mmHg are shown in Fig. 4g. The
optimal cutoff values were >1.5 mmHg (sensitivity, 90 %;
specificity, 78 %) for APVP-S1/Sy, and >0.0 mmHg
(sensitivity, 61 %; specificity, 56 %) for AE/E,. The AUC
for APVP-S1/Sy; was significantly larger than that for AE/
E, (P < 0.01). ROC analyses of these variables to predict
APCWP <—3 mmHg (Fig. 4h) produced similar results.
The AUC for APVP-S1/Sy was significantly larger than
that for AE/E, (P < 0.01).

Discussion

The present results validate our hypothesis that CVP-St/Sy
reliably predicts PCWP, and also suggest that PVP-St/Sy
may be used as a minimally invasive alternative to CVP-S+/
Sm- To the best of our knowledge, we have for the first time



Heart Vessels

a b c d
50 1 y=L.1x=89 504 207 v=13x+05 ' 207 y=0.9x+0.4 '
R*=022 R*=0.62 1o R*=0.73 1o
P <0.000 J \ X :
1 104 10 P<0.0001 10 P <0.0001 1990
=) = =2 2 ! 2
z 7 307 B Ofe------ - s o SRR
£ : 2 s 0 r £ 10 :
=8 & 201 > -l ' > - '
g 5 g | g z
= = 101 <.20 ' < .20 i
o ; P 5
0 -30 : -30 -
4 0 4 8 12 16 20 24 <4 0 4 8 12162024 28 32 -15 .10 -5 0 5 10 15 220 -15-10 .5 0 5 10 15 20
CVP (mmHg) CVP S;'Sy (mmHg) ACVP (mmHg) ACVP-S;/S; (mmHg)
e ROC curves to dentify f ROC curves to deny g ROC curves to identsy h ROC curvas to dentify
PCWP> 18 mmiy PCWP >22 mmby APCWP >3 mmby APCWP <-3 mmily
o o E 2
z & £ z
5 B 5 h 3
» ] 7 ' 74
7
; H 02
4 —— CVPS1 i AUCR053* ! —— CVPSz S ALC=093* | —— ACVP$7 L AUCR0 52 —— 3CVP Sz i AUC 53
K == = CVP. AUC=0 44 s — == CVPAUC=0® / - == aC\P.AC0S" ~ = = ACVP, AUC=0 85
0.0 0.0 0.0 0.0
00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 1.0
1 -Spedificity 1-Spedifiaty 1-Specifiaty 1-Spedficity

Fig. 3 Relationships between PCWP and CVP (a), PCWP and
CVP-S1/Sm (b) (243 datasets analyzed). Relationships between serial
changes in PCWP (APCWP) and serial changes in CVP (ACVP) (c),
APCWP and serial changes in CVP-St/Sy (ACVP-S3/Sy) (d) (227
data points analyzed). In panels a—d, the regression line, regression
equation, coefficient of determination (R*) and probability value are

successfully integrated the measurement of the venous
pressure with echocardiographic assessment of cardiac
function to predict PCWP. Indeed, over a wide range of
preload, the correlation between CVP-S1/Sy; and PCWP is
strong, and better than that between CVP and PCWP.
CVP-S1/Sm predicts abnormal elevation of PCWP more
accurately than CVP. The ROC curves for CVP-S1/Sy to
predict abnormal elevation of PCWP and absolute changes
in PCWP both had AUC exceeding 0.9, indicating excel-
lent diagnostic accuracy [32]. The correlation between
PVP-S1/Sv and PCWP is tight, and better than that between
E/E, and PCWP. PVP-S1/Sy predicts abnormal elevation
of PCWP reasonably well, and absolute changes in PCWP
more accurately than E/E,. These findings suggest that our
technique may be useful not only for the initial single time-
point evaluation but also for continuous serial monitoring
of PCWP to titrate diuretic or volume loading therapy in
the management of HF patients.

St/Swm ratio reflects the relationship between RV
and LV systolic functions

The St/Sm ratio in each HF condition reflected the patho-
logical imbalance between RV and LV functions

shown. Receiver-operating characteristic (ROC) curves for the
prediction of PCWP >18 mmHg (e) and >22 mmHg (f) from CVP
and CVP-§1/Sy (243 datasets analyzed). ROC curves for the
prediction of APCWP >3 mmHg (g) and <—3 mmHg (h) from
ACVP and ACVP-S1/Sm, (227 data points analyzed). AUC indicates
area under curve. * P < 0.01 versus CVP

reasonably well. St/Sy was higher in ALHF and lower in
ARHF compared to NC (Table 1). Although the pacing-
induced CHF model is known to have severe biventricular
dysfunction [29], St/Sy was significantly higher in CHF
animals than that in NC. In this CHF model, LV function
may have been more severely depressed relative to RV
function. In each HF condition, the pathological imbalance
between RV and LV functions was accompanied by a shift
of blood between the systemic and pulmonary circuits.
When the data in Fig. 3a are classified by cardiac condi-
tions as shown in Fig. 5a, it is clear that for a given CVP,
PCWP increases in ALHF and CHF but decreases in ARHF
compared to NC. These indicate a shift of blood from the
systemic to pulmonary circuits in ALHF and CHF, and in
opposite direction in ARHF [10, 13, 14]. As shown in
Fig. 5b, correcting CVP by the S1/Sy ratio (CVP-St/Sw)
improves the concordance with PCWP irrespective of
cardiac conditions. Taken together, although the theoretical
model of the relationship between PCWP, CVP, St and Sy
in Eq. 1 is rather simple, it is both highly predictive and
intuitively reasonable.

The assumption that St and Sy, are related with RVEF
[15, 16] and LVEF [18, 19], respectively (Egs. 7 and 8 in
“Materials and methods”), is valid. Our previous study
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Fig. 4 Relationships between PCWP and PVP-S1/Sy; (a), PCWP and
E/E, (b) (195 datasets analyzed). Relationships between APCWP and
serial changes in PVP-St/Sy (APVP-St/Sy) (¢), APCWP and serial
changes in E/E, (AE/E,) (d) (182 data points analyzed). In panels a—
d. the regression line, regression equation, coefficient of determina-
tion (R%) and probability value are shown. ROC curves for the

prediction of PCWP >18 mmHg (e) and >22 mmHg (f) from
PVP-S¢/Sy and E/E, (195 datasets analyzed). ROC curves for the
prediction of APCWP >3 mmHg (g) and <—3 mmHg (h) from
APVP-St/Syy and AE/E,, (182 data points analyzed). * P < 0.05
versus E/E,. T P < 0.01 versus AE/E,
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and CVP (a), PCWP and
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[21] demonstrated that Sy, strongly reflects the status of left
ventricular—arterial coupling, which also determines LVEF.
Sw itself was not affected by LV preload over a wide range
[21].

St/Sv ratio can be a clinically useful parameter
reflecting the relation between RV and LV systolic func-
tion in various types of HF. Some previous results poten-
tially supported this concept. Bruhl et al. [33] demonstrated
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that S1/Sy ratio is reproducible and stable across age, body
size and gender in a healthy adult population with no
cardiac diseases. More interestingly, decreased St/Sy ratio
predicted pulmonary embolism in patients with HF [34].
Our theoretical analysis (see “Materials and methods”)
suggests that instead of St/Sy ratio, the RVEF to LVEF
ratio may be used as a parameter reflecting the relationship
between RV and LV functions. However, the EF ratio may



