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connected to a pressure amplifier (AP-610]J, 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.

Two dogs wers lost due
to premature death.

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
untili 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-ym 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 220240 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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systolic tricuspid annular velocity (St), solid arrow head peak systolic
mitral annular velocity (Su), 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 (Sys, solid arrow
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head in Fig. 2a) as well as peak early diastolic velocities of
mitral annulus (£,, 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-S/Sy PVP-St/Swm, E, E, and E/E, were
determined in each animal. We also calculated absolute
changes in PCWP (APCWP), CVP (ACVP), CVP-St/Sy
(ACVP-S1/Sp1), PVP-S1/Sy (APVP-St/Syy) and E/E, (AE/
E,) between serial measurements within each animal.

Statistical analysis

All data are presented as mean = 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/$y reliably predicts PCWP. We
compared prediction of PCWP by CVP-St/5y 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/S\ 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-S1/5y

In ALHF (Table 1; Fig. 2a), PCWP and CVP were sig-
nificantly higher, St was slightly but significantly lower,
Sm was significantly lower, and Sy/Sy 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 St/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-St/Sy; and PCWP (Fig. 3b).
The R? value between CVP-S1/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-St/Sy and APCWP (Fig. 3¢, d). The R* value
between ACVP-S1/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-S1/S\ 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-51/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/Sy were similar.
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Table 1 Hemodynamic and echocardiographic data used to evaluate CVP-Sy/Sy

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 19 102 £ 7 119 £ 17*
AP, mmHg 114 4= 21 (60 to 155) 130 4 16 98 4= 13* 100 4 19* 113 £ 7%

CVP, mmHg 7.9 £ 4.0 (-0.5t0 19.4) 57433 7.5 £ 2.6¥% 11.8 £ 2.9*% 9.9 + 4.4*
PCWP, mmHg 17.5 £ 9.2 (1.8 to 40.0) 11.0 £ 5.3 24.4 4 5.9% 103 =25 28.1 &+ 6.6*
St, cm/s 11.9 29 (5.2 to 21.5) 133 £ 2.8 12.1 £ 2.2% 10.6 4= 2.3* 9.7 +2.8*%
Sm, cm/s 9.4 £ 3.8 (3.4 t0 17.6) 114 2.8 5.8 4 1.2% 13.6 £ 2.2* 6.3 + 1.5%
St/Sm 1.5 £ 0.6 (0.5 to 3.4) 12403 2.2 £ 0.5% 0.8 £ 0.2* 1.5 + 04*
CVP-§¢/Sy, mmHg 11.1 & 64 (—0.9 to 31.5) 6.7 £ 4.0 16.0 = 6.2* 9.3 4= 2.9% 14.7 £ 6.2*

Values are presented as mean 4= SD (range)

NC normal control, ALHF acute left heart failure, ARHF acute right heart failure, CHF chronic heart failure, HR heart rate, AP systemic arterial
pressure, CVP central venous pressure, PCWP pulmonary capillary wedge pressure, Sy peak systolic tricuspid annular velocity, Sy, 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-S3/Sys NC ALHF ARHF CHF
(n=175) (n = 59) (n =29 (n=32)
CVP, mmHg 79 4+39(-0510194) 58+£33 77+ 25" 1224307 954448

Valuesi al'seDPresemed as PVP, mmHg 77 4+35(-051t0173) 64£30 69£23 11.9+24" 84a+41t
;‘5:“ o (rla“ge) PCWP, mmHg 180 +94 (1.81040.0) 110452 250+58" 107424 283+67"

peripheral venous pressure, _ _ N B
E peak early diastolic CVP-Sy/Sy, mmHg 114 £ 6.6 (=09 10 31.5) 6.6£39 167+617 95429 144463
wransmitral flow velocity, E, PVP-S¢/Sp, mmHg 109 £57 (~06 1028.7) 7.6+£40 150+59" 94429 1264537
peak early diastolic mitral E, cm/s 60 £ 14 (30 to 101) 60 =14 59%9 52 + 10* 70 + 161
annular Vel‘)f;‘“y E,, cm/s 9.5+ 2.5 (43 to 15.6) 98 +£28 80%13" 116+15" 95422
*P <005 7P <000 against  p/p 6.7 + 1.9 (29 t0 12.3) 64+21 75+11" 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/Sv and PCWP was significantly higher than that
between E/E, and PCWP (P < 0.01). A ‘significant and
tight correlation was observed between APVP-St/Sy and
APCWP (Fig. 4c), while a weak correlation was observed
between AE/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-St/Sy, and >6.0 (sensitivity, 93 %; speci§
ficity, 66 %) for E/E,. The AUC for PVP-St/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 %;

@ Springer

specificity, 79 %) for PVP-St/Sy, and >6.5 (sensitivity,
81 %; specificity, 62 %) for E/E,. The AUC for PVP-St/Sy
was significantly larger than that for E/E, (P < 0.05).

The ROC curves for APVP-Sy/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-St/Sm, and >0.0 mmHg
(sensitivity, 61 %; specificity, 56 %) for AE/E,. The AUC
for APVP-S1/S\; 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/Syy
reliably predicts PCWP, and also suggest that PVP-S1/Sy
may be used as a minimally invasive alternative to CVP-Sy/
Su. To the best of our knowledge, we have for the first time
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Fig. 3 Relationships between PCWP and CVP (a), PCWP and
CVP-St/Sym (b) (243 datasets analyzed). Relationships between serial
changes.in PCWP (APCWP) and serial changes in CVP (ACVP) (c),
APCWP and serial changes in CVP-S1/Sy (ACVP-S1/S\y) (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/Sy predicts abnormal elevation of PCWP more
accurately than CVP. The ROC curves for CVP-St/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/Sy and PCWP is tight, and better than that between
E/E, and PCWP. PVP-S1/S\ 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/Sy ratio reflects the relationship between RV
and LV systolic functions

The St/Sy 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-St/Sy (243 datasets analyzed). ROC curves for the
prediction of APCWP >3 mmHg (g) and <—3 mmHg (h) from
ACVP and ACVP-S1/Sy;, (227 data points analyzed). AUC indicates
area under curve. * P < 0.01 versus CVP

reasonably well. S/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], S1/Sm 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/Sy)
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-S1/Sm and E/E, (195 datasets analyzed). ROC curves for the
prediction of APCWP >3 mmHg (g) and <—3 mmHg (h) from
APVP-S¢/Syv and AE/E,, (182 data points analyzed). * P < 0.05
versus E/E,. T P < 0.01 versus AE/E,
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[21] demonstrated that Sy, strongly reflects the status of left
ventricular—arterial coupling, which also determines LVEF.
Swm itself was not affected by LV preload over a wide range
[21].

St/Sm 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
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be difficult to obtain by routine clinical echocardiography,
because RVEF cannot be measured precisely [15]. Fur-
thermore, assessment of LVEF by routine echocardiogra-
phy is sometimes difficult especially in obese patients, and
patients with pulmonary disease, because precise definition
of the endocardial borders is required. Recordings of the
tricuspid and mitral annular motion have the practical
advantages that they are relatively independent of image
quality [18] and are easily done with low (<10 %) inter and
intra-operator variability [19].

S1/SMm ratio can be a noninvasive index of the relation
between RV and LV filling pressure. Eq. 1 is rewritten as
follows:

CVP/PCWP = 1/(a - St/Swm)

The relation between S1/Sy ratio and CVP/PCWP ratio
in the 243 datasets (Table 1) indeed tightly approximated a
reciprocal function (CVP/PCWP = 0.7/(St/Sm), R2=07,
data not shown), indicating that St/Sy, ratio and CVP/
PCWP ratio are closely related in accordance with our
theoretical analysis (see “Materials and methods™). More
importantly, Sy/Sy; ratio may be used as a noninvasive
prognosticator of HF patients. Drazner et al. [35] reported
that the ratio of right atrial pressure to PCWP is associated
with a risk of adverse outcomes in patients with advanced
HF.

Clinical implications

The use of CVP-Sy/Sy may obviate the need for the pul-
monary artery catheterization, which has approximately
twice as many catheter-related complications (predomi-
nantly arrhythmia) as the central venous catheterization
[2]. CVP alone may be useful for serial assessment of
changes in PCWP. However, the accuracy of CVP for a
single time-point prediction of PCWP is moderate and
inferior to that of CVP-S1/Sy; (Fig. 3e, f). A study in heart
" transplant candidates showed an increase in proportion of
patients with elevated filling pressures demonstrating dis-
cordance between RV and LV filling pressures [11], which
suggests a potential increase in the necessity of using
CVP-S1/Sy rather than CVP for reliable prediction of
PCWP in the management of patients with advanced HF.

The data of PVP-S1/Syy may be acquired even in the
outpatient clinic, since PVP can be easily and safely
measured by manometry via peripheral venipuncture [22].
In today’s clinical practice, PVP is seldom measured.
However, the manometric PVP measurements were com-
monly done until the 1970s in patients suspected of having
HF [22]. Although the data of F/E, are noninvasively
obtained, the diagnostic accuracy of E/E, for the prediction
of abnormal elevation of PCWP is moderate and, overall,
inferior to that of PVP-Sy/Sy (Fig. 4e, f). Furthermore,

(11).

correlation analysis between AE/E, and APCWP (Fig. 4d),
and ROC analysis for AE/E, to predict APCWP (Fig. 4g, h)
indicates that E/E, has poor diagnostic accuracy in tracking
changes in PCWP, which was also reported in previous
clinical [6, 7] and experimental [27, 36] studies. In the 195
datasets obtained from the 13 animals (Table 2), the
coefficient of determination (Rz) between PCWP and
PVP-St/Sm (R* = 0.59, Fig. 4a) was significantly higher
than that between PCWP and CVP (R? = 0.21) (P < 0.01),
but was significantly lower than that between PCWP and
CVP-St/Sy (R* = 0.78) (P <0.01) (data not shown).
Taken all these together, PVP-S1/Sy may not be a perfect,
but reasonably reliable alternative to CVP-S1/Sy.

In clinical practice, physicians estimate CVP noninva-
sively by visual inspection of jugular pulsation [8], or by
echocardiographic examination of cardiovascular dimen-
sions [37, 38]. Clinical evaluation is needed to determine
whether echocardiographic measurements of St/Sy in
conjunction with the noninvasive estimation of CVP can be
used to predict PCWP.

Potential sources of error of our technique

The diagnostic accuracy of our technique in the prediction
of PCWP may be jeopardized when the assumptions in our
theory (see “Materials and methods”) are not met. We
assume equality of the stroke volumes of RV and LV. In
mitral or tricuspid regurgitation, however, the stroke vol-
umes of RV and LV are not equal owing to the presence of
various degrees of regurgitant fraction. Some of the HF
animals in this stady showed mild to moderate degree of
tricuspid and/or mitral regurgitation. We also assume a
linear relationship between ventricular filling pressure and
end-diastolic ventricular volume (Egs. 5 and 6 in “Mate-
rials and methods™). This is not necessary valid especially
in LV. The relationship between PCWP and LV end-dia-
stolic ventricular volume can be regarded as linear at low
pressures, but approximates curvilinear at high pressures
[25, 39].

Restrictive LV filling patterns, a finding known to
indicate clinical severity of HF, were also observed in
some ALHF and CHF dogs in this study (Fig. 2a, c) [40].
The restrictive LV filling patterns are associated with dia-
stolic ventricular interaction [41]. The direct inter-ven-
tricular interaction is not considered in our theoretical
analysis, which might affect the reliability of our
technique.

The relation between PCWP and CVP-S1/Sy, or
between PCWP and PVP-S1/Sy may vary between sub-
jects. Indeed, linear regression analysis between PCWP and
CVP-§1/Sv within individual animals indicated that the
slope of the regression line varied from 0.6 to 1.7 among
the 16 animals (data not shown). Furthermore, the relations
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may be modified by the cardiac conditions. PCWP in CHF
was higher than that in ALHF, while CVP-St/Sy (or
PVP-S¢/Sy) in ALHF was higher than that in CHF
(Tables 1, 2).

St and Sy were recorded only at a single site on the
tricuspid annulus and on the mitral annulus, respectively.
St and Sy thus obtained might not completely reflect
global RV and LV function, respectively, because ARHF
and ALHF model created in this study possibly had
regional myocardial dysfunction [14, 19, 21, 28].

All these might more or less introduce errors in the
prediction of PCWP by our technique. However, it is fair to
say that even with these potential sources of errors, our
technique have enabled us to predict PCWP with accept-
able degree of diagnostic accuracy.

Stady limitations

The mongrel dogs used in this study were much smaller
than human adults, and were anesthetized during data
recordings. For validation purpose, we pooled the data of
NC animals with the data of animals with very different HF
conditions to obtain wide distribution of PCWP, and
changed the relation between CVP and PCWP over a wide
range. However, this pooled population might be irrelevant
in routine clinical practice of HF management.

Clinical relevance of the canine HF models used in this
study is limited. The difference between coronary micro-
embolization in healthy dogs to create ALHF and the
epicardial coronary occlusion in patients is evident.
Tachycardia-induced CHF in dogs and human end-stage
HF are different with respect to the time scales of devel-
opment and persistence of failure. The values of E/E, noted
in HF dogs (Table 2) are smaller than those observed in HF
patients [3-7, 42], although they are similar to those
reported previously in HF dogs [36]. The E, values in HF
dogs (Table 2) [36] are larger than those in HF patients [3,
42], suggesting that the canine HF models might not have
severe diastolic dysfunction observed in HF patients. In
relation to this, lack of a diastolic HF model, characterized
by HF with preserved EF, may be another limitation of this
study. Diastolic HF accounts for approximately 50 % of
HF cases [43].

Echocardiography assessment may be affected by inter-
and intra-operator variability [44]. In this study, placement
of the ultrasound probe on the dog’s chest wall and
acquisition of Doppler data were conducted by one inves-
tigator (KU). Hence, it was impossible to analyze inter- and
intra-operator variability of CVP-St/Sy; or PVP-St/Su.

Further studies are required to address these issues, and
to extensively evaluate whether or not our technique can
reliably predict PCWP in conscious/anesthetized patients
with various types of HF.

/é_) Springer

Conclusions

CVP corrected by the relationship between RV and LV
functions (CVP-S1/Sy) reliably predicts abnormal eleva-

tion and serial changes of PCWP in canine models of

various types of HF. PVP-Sp/Sy may be used as a mini-
mally invasive alternative to CVP-S¢/Sv. The present
results warrant further research and development of this
technique for future clinical application.
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Sustained reduction in blood pressure from electrical activation of the
baroreflex is mediated via the central pathway of
unmyelinated baroreceptors
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ARTICLE INFO ABSTRACT

Aims: This study aims to identify the contribution of myelinated (A-fiber) and unmyelinated (C-fiber) barorecep-
tor central pathways to the baroreflex control of sympathetic nerve activity and arterial pressure.

Main methods: Two binary white noise stimulation protacols were used to electrically stimulate the aortic depres-
sor nerve and activate reflex responses from either A-fiber (3 V, 20-100 Hz) or C-fiber (20 V, 0-10 Hz) barorecep-
tor in anesthetized Sprague-Dawley rats (n = 10). Transfer function analysis was performed between stimulation
and sympathetic nerve activity (central arc), sympathetic nerve activity and arterial pressure (peripheral arc), and
stimulation and arterial pressure (Stim-AP arc).

Key findings: The central arc transfer function from nerve stimulation to splanchnic sympathetic nerve activity
displayed derivative characteristics for both stimulation protocols. However, the modeled steady-state gain
(0.28 + 0.04 vs. 401 + 0.2%-Hz™", P< 0.001) and coherence at 0.01 Hz (0.44 + 0.05 vs. 0.81 + 0.03, P< 0.05)
were significantly lower for A-fiber stimulation compared with C-fiber stimulation. The slope of the dynamic
gain was higher for A-fiber stimulation (14.82 % 1.02 vs. 7.21 + 0.79 dB - decade™', P < 0.001). The steady-
state gain of the Stim-AP arc was also significantly lower for A-fiber stimulation compared with C-fiber stimulation
(0.23 4 0.05 vs. 3.05 + 0.31 mmHg-Hz™?, P< 0.001).

Significance: These data indicate that the A-fiber central pathway contributes to high frequency arterial pressure
regulation and the C-fiber central pathway provides more sustained changes in sympathetic nerve activity and ar-
terial pressure. A sustained reduction in arterial pressure from.electrical stimulation of arterial baroreceptor affer-
ents is likely mediated through the C-fiber central pathway.
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Introduction

The arterial baroreflex is an important negative feedback system
that regulates arterial pressure (AP) against acute instabilities during
daily activities. Any involvement of the arterial baroreflex in the long-
term regulation of AP has been discounted because surgical denervation
of baroreceptor afferents fails to chronically increase AP (Guyton, 1980;
Cowley, 1992). In hypertension, the arterial baroreflex resets to the pre-
vailing AP and loses the ability to suppress sympathetic nerve activity
(SNA) and AP effectively (Krieger, 1986). However, experimental ani-
mal studies using electrical stimulation (Lohmeier et al., 2012) and
baroreceptor unloading (Thrasher, 2005a) have implied that the arterial
baroreflex may be able to chronically control AP. Clinical trials using

* Corresponding author at: Department of Cardiovascular Dynamics, National Cerebral
and Cardiovascular Center, 5-7-1 Fujishirodai, Suita, Osaka 565-8565, Japan. Tel.: +81 6
6833 5012x2427; fax: -+ 81 6 6835 5403.

E-mail address: michaeljturner@icloud.com (M. Turner).

http://dx.doi.org/10.1016/j.15s.2014.04.016 ‘
0024-3205/© 2014 Elsevier Inc. All rights reserved.

electrical activation of the carotid sinus baroreflex (Baroreflex activa-
tion therapy) have recently demonstrated effective long-term lowering
of AP in patients with drug-resistant hypertension (Bakris et al,, 2012).
Although bypassing the baroreceptor transduction property by directly
stimulating the baroreceptor afferent fibers may explain the effective-
ness of the baroreflex activation therapy, the neural mechanisms in-
volved in the SNA and AP regulations during electrical stimulation of
the baroreceptor afferents are still not well understood.

An often-overlooked issue involved in the clinical application
of baroreflex activation therapy is the existence of two types of barore-
ceptor afferents: myelinated axons (A-fiber) and unmyelinated axons
(C-fiber). The former constitutes approximately 10-20% and the latter
accounts for the remaining 80-90% of the fibers in the aortic depressor
nerve (ADN) of the rat (Fazan et al., 2001). While it has long been
known that these axon types differ in a number of functional character-
istics such as firing rates, threshold pressures, expression of membrane
channels, reflex inhibition of SNA, and transfer function characteristics
(Brown et al,, 1978; Numao et al,, 1985; Thoren et al., 1999; Sun et al,,
2009), they may also differ in their central processing of dynamic
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input. Previous studies by Kubo et al. (1996) and Petiot et al. (2001)
identified the transfer function from ADN stimulation to SNA in rabbits
and rats, respectively, but did not deal with differences in fiber type.
Furthermore, in studies investigating baroreflex activation therapy,
both clinical (Bakris et al., 2012) and animal (Lohmeier et al., 2012),
the pulse generator was programmed to target a reduction in AP from
hypertensive to control levels. While voltage and frequency guidelines
have been used there appears to have been no attempt to actively stim-
ulate either A-fiber or C-fiber baroreceptor afferents and identify their
respective contribution to the reduction in AP.

We hypothesized that there is a difference in the dynamic character-
istics between A-fiber and C-fiber central pathways, which leads to a
difference in the regulation of SNA and AP by each fiber type. According-
ly, the purpose of the present study was to examine the contribution of
A- and C-fiber central pathways in the control of SNA and AP by electri-
cally stimulating the left ADN of rats. We devised and utilized dynamic
stimulation protocols that preferentially activate A- or C-fiber type
baroreceptor afferents.

Materials and methods
Animal preparation

Animal care was provided in strict accordance with the Guiding
Principles for the Care and Use of Animals in the Field of Physiological
Sciences, approved by the Physiological Society of Japan. All protocols
were reviewed and approved by the Animal Subject Committee of the
National Cerebral and Cardiovascular Center, Osaka, Japan.

Experiments were completed in 10 male Sprague-Dawley rats
(350-450 g). Each rat was anesthetized with an intraperitoneal injec-
tion (2 ml-kg™") of a mixture of urethane (250 mg-ml™ ") and -
chloralose (40 mg-ml~"), and mechanically ventilated with oxygen-
enriched room air. A venous catheter was inserted into the right femoral
vein and 20-fold diluted solution of the above anesthetic mixture was
administered to maintain anesthesia (2~3 ml-kg™'-h™"). The amount
of required anesthesia was determined by testing the withdrawal and

blink reflexes and adjusted to maintain AP within a normal range in -

the absence of ADN stimulation. A heating pad was used to maintain
body temperature of the animal at approximately 38 °C. A postgangli-
onic branch of the splanchnic sympathetic nerve was exposed through
aleft flank incision to record SNA using a pair of stainless steel wire elec-
trodes (Bioflex wire, AS633, Cooner Wire, CA, USA). Silicone glue (Kwik-
Sil, World Precision Instruments, FL, USA) was used to secure and insu-
late the nerve and electrodes (Stocker and Muntzel, 2013). Preamplified
nerve signals were band-pass filtered at 150-1000 Hz, and then full-
wave rectified and low-pass filtered at a cut-off frequency of 30 Hz
using analog circuits to quantify SNA.

Bilateral vagal nerves, carotid sinus nerves and ADNs were sectioned
to avoid any confounding effects mediated by native cardiopulmonary
and arterial baroreflexes. The sectioned central end of the left ADN
was placed on a pair of stainless steel wire stimulating electrodes
(Bioflex wire, AS633) and covered with silicone glue (Kwick-Sil). The
electrodes were attached to an electrical stimulator (Model SEN-7203,
Nihon Kohden, Tokyo, Japan) through a stimulus isolation unit (Model
$S-102J, Nihon Kohden).

Stimulation protocols

After surgical procedures were completed, baseline SNA and AP were
monitored for 30 min. Two stimulation protocols were employed: step
stimulation and dynamic stimulation. The pulse duration of the stimula-
tion was fixed to 0.1 ms. The two stimulation protocols were conducted
under control conditions and after a 20-minute perineuronal application
of 1 umol -1~ resiniferatoxin (RTX) (LC Laboratories, MA, USA) to the
left ADN central to the stimulation site. This dose of RTX can irreversibly
block C-fiber conduction without significantly interfering with A-fiber

conduction (Reynolds et al,, 2006). The sequence of the stimulation proto-
col was: step — dynamic - dynamic(RTX) - step(RTX).

In the step stimulation protocol (n = 8), the left ADN was stimulated
for 30 seconds using low-voltage (1-3 V) and high-voltage (18-20 V)
settings. These voltages were selected to activate only A-fiber (low volt-
age) or both A- and C-fibers (high voltage) (Fan and Andresen, 1998;
Fan et al,, 1999). The high voltage setting is a supramaximal stimulation
that is well above the required stimulation intensity to initiate C-fiber
baroreceptor action potentials, thus insuring complete recruitment of
C-fiber baroreceptors in the ADN. The stimulation frequency was varied
among 5, 10, 20, 50 and 100 Hz for each stimulus voltage. The step stim~
ulations were given in random order and 3 minutes apart to allow for
full recovery of AP and SNA.

In the dynamic stimulation protocol (n = 10), the left ADN was
stimulated for 20 minutes. The stimulation frequency was switched be-
tween two predefined frequency values every 500 ms according to a
computer generated binary white noise sequence. A low-voltage (3 V)
and high-frequency (either 20 or 100 Hz) stimulation protocol (LVHf)
was used to chiefly estimate dynamic characteristics of the A-fiber baro-
receptor central pathway. A high-voltage (20 V) and low-frequency (ei-
ther 0 or 10 Hz) stimulation protocol (HVLf) was used to chiefly
estimate dynamic characteristics of the C-fiber baroreceptor central
pathway.

Data analysis

Data were sampled at 200 Hz using a 16-bit analog-to-digital convert-
er. The noise level of SNA was determined by a 10-second average of the
SNA signal 2 minutes after intravenous hexamethonium (60 mg-kg™7)
administration and was defined as zero (Kawada et al,, 2010). SNA was
normalized by defining the SNA level for 10 seconds preceding the ADN
stimulation as 100% activity under control conditions. ,

In the step stimulation protocol, after applying a 1-second moving
average to the data, mean AP (MAP) and SNA responses were quantified
as negative changes from the level preceding stimulation (baseline) and
designated as AMAP and ASNA. The negative peak responses and final
step responses at 30 seconds were calculated. In the dynamic stimula-
tion protocol, based on 10-Hz resampled data, the transfer function
from ADN stimulation to SNA and that from SNA to AP were estimated
by using a standard open-loop transfer function analysis described
below. The former is referred to as the central arc transfer function
and the latter as the peripheral arc transfer function in this paper. The
transfer functions from ADN stimulation to AP were also estimated
and are referred to as the Stim-AP arc.

Data were analyzed starting from 120 seconds after the initiation of
the binary white noise stimulation input. The input-output pairs were
resampled at 10 Hz and segmented into 50% overlapping bins of 1024
points each. For each segment, a linear trend was removed, and a
Hanning window was applied. Fast Fourier transform was performed
to obtain the frequency spectra of the input and output signals. The en-
semble averages of the input power spectral density [Sxx(f)], output
power spectral density [Syy(f)], and cross spectral density between the
input and output signals [Syx(f)] were calculated over 12 segments,
where f denotes frequency. Finally, the transfer function [H(f)] from
input to output was estimated as (Bendat and Piersol, 2010):

_ Sulf)
H) =35 (1)

The transfer function is a complex-valued function that can be

- expressed by the modulus and phase at each frequency. In this study,

we refer to the modulus as the dynamic gain. Because the magnitude
of SNA varied among animals depending on the recording conditions,
two normalization procedures were used. The first normalization pro-
cedure, where SNA was normalized by assigning unity to the mean dy-
namic gain for frequencies below 0.03 Hz, was used for comparison
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between transfer functions before and after RTX. The second normaliza-
tion procedure used the noise level of SNA, recorded after the adminis-
tration of hexamethonium bromide, as zero and the average SNA during
baseline recordings was defined as 100%. The second normalization pro-
cedure was used for comparisons between A-fiber and C-fiber related
. transfer functions.

To quantify the linear dependence between the input and output sig-

nals, a magnitude squared coherence function [Coh(f)] was calculated as:

ISy (NI

b = 5 P D

@)

The coherence function is a real-valued function ranging from zero
to unity. When the output signal is perfectly explained by linear dynam-
ics with the input signal, the coherence value becomes unity. When the
output signal is totally independent of the input signal, the coherence
value becomes zero.

Simulation

The central and peripheral arc transfer functions were modeled using
mathematical transfer functions according to previous studies To facilitate
understanding of SNA and AP regulation via the A-fiber and C-fiber path-
ways, the central and peripheral transfer functions were modeled. Ac~
cording to previous studies (Kawada et al.,, 2002, 2010) the central arc
transfer functions were modeled as:

'1+—f—j

5 exp(—2m f Lyj) 3)

N,

where j represents the imaginary units. Ky is the steady-state gain of the
central arc (in %-Hz ™), f1 is the corner frequency determining the deriv-
ative characteristics (in Hz), fo is the corner frequency determining the
high-cut characteristics (in Hz), and Ly is the pure dead time (in seconds).

The peripheral arc transfer functions were modeled by a second-~
order low-pass filter as:

Hy(f) =

Kp

f f )
teag (7))
where Kp is the steady-state gain of the peripheral arc (in mmHg-%~1),
fu is the natural frequency (in Hz), {is the damping ratio (unitless), and
Lp is the pure dead time (in seconds). To facilitate understanding of the
modeled transfer function, step responses were calculated by deriving
the system impulse response from the inverse Fourier transform. The
step response was then obtained from the time integral of the impulse
response (Kawada et al., 2002, 2010). The Stim-AP arc was calculated
from a product of the central and peripheral arc transfer functions in
the frequency domain. To further aid in understanding of the transfer

functions, step responses in the time domain, corresponding to respec—
tive model transfer functions were also calculated.

Hp(f) = exp(—2n f Lpj) 4)

Statistical analysis

All data are presented as mean and standard error. Effects of stimu-
lation frequency and RTX on AMAP and ASNA in the step stimulation
protocol were examined by repeated measures two-way ANOVA. The
effect of RTX at each frequency was then examined by paired t-test
with Bonferroni correction. Before and after the RTX application, chang-
es in mean SNA and AP levels were examined using repeated measures
ANOVA followed by paired t-test with Bonferroni correction for com-~
parisons among conditions of pre-stimulation, LVHf, and HVLf stimula-
tion. The transfer function values (dynamic gain and phase) at 0.01, 0.1
and 1 Hz were also compared using repeated measures ANOVA

followed by paired t-test with Bonferroni correction among conditions
of LVHf before RTX, LVHf after RTX, HVLf before RTX, and HVLf after
RTX. Coherence values were compared using Friedman's test with
post-hoc Dunn's multiple comparison test. Differences were considered
to be significant at P < 0.05 for all statistical analysis.

Results
Low-voltage step stimulation
Representative traces of low-voltage step stimulation at 50 Hz before

and after perineuronal application of RTX are shown in Fig. 1a. While
stimulation decreased MAP and SNA, the reflex decreases in MAP and

. SNA returned towards pre-stimulation levels during the 30-second stim-

ulation period. RTX had no significant effect. on the SNA and MAP re-
sponses. The negative peak responses and the final responses measured
at different stimulation frequencies are summarized in Fig. 1b. Low inten-
sity stimulation of the ADN lowered SNA and MAP between 20 and
100 Hz, which was unaffected by the application of RTX.

High-voltage step stimulation

Representative traces of high-voltage step stimulation at 20 Hz be-
fore and after perineuronal application of RTX are shown in Fig. 2a.
The reflex response in MAP was well sustained during the 30-second
stimulation period under the control condition. After the RTX applica-
tion, the negative peak response and the final response became smaller,
and the reduction of MAP was not sustained and returned towards
baseline levels. The negative peak responses and the final responses
measured at different stimulation frequencies are summarized in
Fig. 2b. Large reflex responses in SNA and MAP were observed at 5 Hz
and above before RTX application.

Dynamic stimulation

Typical experimental traces during the LVHf and HVLf dynamic stim-
ulation protocols before and after perineuronal application of RTX are
shown in Fig. 3. MAP and SNA were not significantly decreased from
baseline values by the LVHT stimulation, both before and after the RTX
application (Table 1). However, MAP and SNA were significantly de-
creased from baseline values by the HVLS stimulation before RTX appli-
cation (MAP: 101 + 2.7 mmHg compared with 79.4 4+ 2.4 mmHg,
P <'0.01; SNA: 100% compared with 70.4 + 2.5%, P <0.001). RTX
abolished the reduction in MAP and SNA observed during the HVLf
stimulation (MAP: 105 + 3.3 mmHg compared with 999 +
44 mmHg, SNA: 116 + 11% compared with 1124 + 8.7%).

Central and peripheral arc transfer functions

The central arc transfer function from ADN stimulation to SNA deter-
mined by either LVHf or HVLf stimulation shows that normalized dy-
namic gain increases as the modulation frequency increases (Fig. 4a).
The slope of the dynamic gain and dynamic gain at 1 Hz were signifi-
cantly smaller for the central arc transfer function estimated by HVLf
stimulation (7.21 4 0.79 dB-decade ™!, Fig. 4a, right) than those esti-
mated by LVHf stimulation (14.82 & 1.02 dB - decade™", P < 0.001,
Fig. 4a, left). The coherence of the transfer function estimated by HVLf
was significantly higher compared with LVHF stimulation at 0.01 Hz
(0.81 & 0.03 and 0.44 + 0.05, P < 0.05) and 0.1 Hz (0.77 + 0.04 and
0.42 4+ 0.08, P < 0.05). The phase of both transfer functions was close
to -1 radians in the lower frequencies, reflecting the out-of-phase rela-
tionship between ADN stimulation and SNA. RTX had little effect on the
central arc transfer function estimated by the LVHf stimulation other
than an increased dynamic gain at 0.1 Hz (Table 2). However, RTX sig-
nificantly decreased the dynamic gain of HVLf simulation at modulation
frequencies of 0.01 Hz (1.10 & 0.02 a.u.-Hz~! compared with 0.39 +
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Fig. 1. Sympathetic nerve activity (SNA) and mean arterial pressure (MAP) responses to low voltage (3 V) stimulation. (a) Representative traces showing reflex responses in SNA (top) and
MAP (bottom) from electrical stimulation of the ADN at 3 V, 50 Hz. After a transient baroreflex response, SNA and MAP returned towards pre-stimulation levels during the 30-second
stimulation period. The gray lines indicate the original 200 Hz signal and the black lines are a 1-second moving average signal. (b) Group data (n = 8 in each group) shows high-
frequency stimulation of 20 Hz and above was required to evoke notable reflex decreases in SNA (top) and MAP (bottom). At the stimulation frequencies of 20 Hz and above, the mag-
nitude of the final responses (M) in SNA and MAP was approximately 50% and 70-80% of the peak responses (@), respectively. RTX did not significantly affect the negative peak responses

(O) or the final responses ().

0.04 au.-Hz™',P<001) and 0.1 Hz (1.27 £ 0.12 au.-Hz~ ' and 0.38 &+
0.04 au.-Hz™ !, P< 0.01) and coherence values at 0.01 Hz (0.81 + 0.03
and 0.24 4 0.05, P <0.001), 0.1 Hz (0.77 £ 0.04 and 0.29 4 0.06,
P <0.001) and 1 Hz (0.70 4 0.04 and 0.33 4+ 0.06, P < 0.05).
The peripheral transfer function from SNA to AP estimated by either
LVHf or HVLf stimulation shows that normalized dynamic gain

decreases as the modulation frequency increases (Fig. 4b). The phase
of both transfer functions approached zero radians at 0.01 Hz and was
delayed by almost — 2m radians as the modulation frequency increased
to 1 Hz. RTX had no effect on the peripheral arc transfer function estimat-
ed by LVHf stimulation (Table 3). RTX significantly decreased
the dynamic gain at 0.01 Hz (0.99 + 0.06 mmHg-a.u.”! and 0.57 &
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Fig. 2, Sympathetic nerve activity (SNA) and mean arterial pressure (MAP) responses to high voltage (20 V) stimulation. (a) Representative traces showing reflex responses in SNA (top)
and MAP (bottom) from electrical stimulation of the ADN at 20 V, 20 Hz. High voltage stimulation resuited in robust responses in SNA and MAP that was sustained throughout the stim-
ulation period. After the application of RTX, responses became brief and returned towards pre-stimulation levels while stimulation was maintained. The gray lines indicate the original
200 Hz signal and the black lines are a 1-second moving average signal. (b) Group data (n = 8 in each group) shows that the magnitude of the final responses (M) in SNA and MAP
was above 60% and 90% of the peak responses (®), respectively. RTX significantly attenuated the negative peak responses (O) at 5 Hz, 10 Hz, and 20 Hz and the final responses (O) at
all frequencies for both SNA and MAP. *P < 0.01 for control (peak) vs. RTX (peak); TP < 0.01 for control (final) vs. RTX (final).
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Fig. 3. Typical recordings of binary white noise stimulation (BIN), sympathetic nerve activity (SNA) and arterial pressure (AP) during low voltage (3 V) high frequency stimulation (a) and

high voltage (20 V) low frequency stimulation (b), Because of the dynamic nature of the input signal it is not easy te visually identify stimulation-induced reflex responses in SNA and AP. In

the SNA plots, the gray lines are the 200 Hz signal, and the black lines indicate 10 Hz resampled data and in the AP plots, the gray lines are the 200 Hz signal and the black line indicates a 1-
second moving average.

Table 1
Cardiovascular variables during pre-stimulation conditions and stimulation protocols.
Before RTX After RTX
Prestim LVHf HVLE . Prestim LVHf HVLf
SNA, % 100 963 £ 11.0 704 + 2.5 116 + 11.0 106 £ 6.9 112 £87
MAP, mmHg 101 &+ 27 96.0 + 5.6 794 & 24 105 4 33 . 943 + 47 999 + 44
HR, bpm 387 £ 62 394 + 101 370 £+ 90 394 +£ 63 408 + 108 404 + 4.7

Data are means =+ SE (n = 10 in each group). SNA, sympathetic nerve activity; MAP, mean arterial pressure; HR, heart rate; Prestim, pre-stlrnula[lon conditions; LVHf, low-voltage high-
frequency dynamic stimulation; HVL{, high-voltage low-frequency dynamic stimulation; RTX, resiniferatoxin.

2 P<0.001 vs. Prestim.

® P< 0,001 vs. LVHE.

€ P < 0.01 vs. Prestim.

4 P <0.05vs. LVHE,
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Fig. 4. Effect of RTX on central arc (a) and peripheral arc (b) transfer functions using either LVHF (left) or HVLf (right) stimulation protocols. LVHE, low-voitage high-frequency dynamic
stimulation; HVLS, high-voltage low-frequency dynamic stimulation; RTX, resiniferatoxin. In each panel, the solid and dashed lines represent the mean and mean - SE, respectively.

0.07 mmHg-a.u~", P< 0.001) and coherence values at 0.01 Hz (0.66 +
0.04 and 0.39 - 0.07, P < 0.05) and 0.1 Hz (0.77 - 0.02 and 0.46 -+
0.06, P < 0.001) of the peripheral arc transfer function estimated by
HVLS stimulation.

Stim-AP arc transfer functions

The Stim-AP arc transfer function, estimated by either LVHf or HVLf
stimulation, shows that normalized dynamic gain decreases as the mod-
ulation frequency increases (Fig. 5). The phase of both transfer functions
approached —m radians at 0.01 Hz and was delayed by almost — 3m ra-
dians as the modulation frequency increased to 1 Hz. RTX had no effect
on the Stim-AP arc transfer function estimated by LVHf stimulation
(Table 4). RTX significantly decreased the dynamic gain at 0.01 Hz
(3.05 & 0.31 mmHg-Hz~ " and 0.91 & 0.10 mmHg-Hz™', P< 0.001)

Table 2
Transfer function parameters of the baroreflex central arc obtained from LVHf and HVLf
stimulation protocols.

Central arc  LVHf LVHS (RTX) HVLf HVLf (RTX)
" Gain (a.u.-Hz™")

0.01 Hz 1.39 =+ 0.07 1.69 4 0.23 1.10 4: 0.02 039 £ 0.04°
0.1 Hz 1.28 4+ 02 207 &+ 0.28° 127 £ 012 0.38 -+ 0.04°
1Hz 8.55 + 1.06 1028 + 113 3.36 + 023° 172 £ 026
Slope (dB-decade™)

0.1-1 Hz 14.82 + 1.02 1554 4 1.32 721 + 079" 15.94 + 1.64%
Phase (radians)

0.01 Hz —~268 4+ 023 —2524+ 011 —327 %005 —~272 403
0.1 Hz ~2744+036 —251+£016 —2724005 —~2.54+4 046
1Hz ~336+ 009 —331£009 —424+009° —3.18+ 0159
Coherence

0.01 Hz 0.44 + 0.05 0.40 + 0.08 0.81 £ 0.03° 0.24 + 0.05°¢
0.1 Hz 042 + 008 057 4 007 0.77 &+ 0.04* 029 + 006°
1Hz 0.70 + 005 0.73 & 004 0.70 + 0.04 0.33 + 0.06'

Data are means 4 SE (n = 10 in each group). LVHI, low-voltage high-frequency dynamic
stimulation; HVLE, high-voltage low-frequency dynamic stimulation; RTX, resiniferatoxin.
2 P<0.01vs. HVLf,
b P <0.001 vs. LVHE.
P < 0.01 vs. LVHf.
P < 0.001 vs, HVLE.
P < 0.05 vs. LVHf.

<
d
e
f P<0.05vsHVLE,

and coherence values at 0.01 Hz (0.70 £ 0.03 and 0.31 & 0.07,
P <0,001) and 0.1 Hz (0.72 + 0.04 and 041 + 0.07, P < 0.01) of the
Stim-AP arc transfer function estimated by HVLS stimulation. The gain
at 0.01 Hz was also significantly lower for the transfer function estimat-
ed by LVHF stimulation compared with HVLf (0.23 & 0.05 mmHg-Hz ™!
and 3.05 = 031 mmHg-Hz™", P < 0.001).

Simulation

Model transfer functions and corresponding step responses are
shown in Fig. 6. The parameter values used to simulate the transfer
functions were derived from the mean values shown in Table 5. The
transfer gain in the lower frequency range (steady-state) was lower in
the A-fiber related transfer function than the C-fiber related transfer
function in the central arc (0.28 & 0.04%-Hz™' vs. 4.01 & 0.2%-Hz™ ",
P <0.001) and Stim-AP arc (0.15 & 0.03 mmHg-Hz™ " vs. 2.39 &+
0.23 mmHg-Hz™?, P< 0.001). There were no significant differences be-
tween the A-fiber and C-fiber related transfer functions of the peripher-
al arc (Table 4). The step responses, corresponding to the respective
model transfer functions, provide an intuitive representation of A- and
C-fiber related changes in SNA and AP. The peak response was signifi-
cantly greater (—11.20 £ 0.50% vs. —2.44 + 0.44%, P < 0.001) and
time to peak (0.36 + 0.02 second vs. 0.19 4 0.01 second, P < 0.001)
was significantly longer for C-fiber related-responses in the central arc
step response. There was no significant difference in the peripheral arc
step responses.

Discussion

The purpose of this study was to identify the contribution of A- and
C-fiber baroreceptor central pathways to the reduction in AP observed
during electrical activation of the arterial baroreflex. The present results
demonstrate that the C-fiber central pathway contributes more to
sustained decreases in SNA and AP than the A-fiber central pathway.

Dynamic characteristics of A- and C-fiber central pathways

Arterial baroreceptors can be classified as either A- or C-fiber type
based on the presence of myelin and other distinct characteristics,
such as firing rate and threshold pressures. While the differences in fir-
ing characteristics of A~ and C-fiber baroreceptor afferents are well doc-
umented (Thoren et al., 1999), differences in the central processing
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Table 3

Transfer function parameters of the baroreflex peripheral arc obtained from LVHf and HVLS stimulation protocols.
Peripheral arc LVHf LVHf(RTX) HVLf HVL(RTX)
Gain (mmHg-a.u.~")
001 Hz 097 + 0.06 0.98 + 0.01 099 £ 006 0.57 + 0.07°
0.1 Hz 0.52 + 0.08 0.38 + 0.03 0.29 + 0.03° 021 + 0.02
1Hz 0.007 + 0.001 0007 + 0.001 0.003 + 0.001° 0.005 + 0.001
Slope (dB-decade™")
0.1-1 Hz —32.6 + 094 ~293 + 217 —343 £ 105 —26 £ 1.72°
Phase (radians)
0.01 Hz —056 £ 0.11 —0.53 + 0.06 —0.44 + 007 —066 + 0.17
0.1 Hz —241 £ 012 —2.33 + 012 —2.44 + 008 —2.11 &+ 0.14*
1Hz —498 + 029 ~5.01 3 0.29 —5.18 £ 0.19 —527 4 013
Coherence : .
0.01 Hz 045 + 006 0.59 & 0.06 0.66 & 0.04 039 + 007¢
0.1 Hz 060 + 0.06 0.67 + 0.04 0.77 + 002° 046 + 0067
1Hz 0.36 & 0.07 0.33 & 0.06 0.32 4 0.06 030 & 0.05

Data are means + SE (n = 10 in each group). LVHF, low-voltage high-frequency dynamic stimulation; HVLE, high-voltage low-frequency dynamic stimulation; RTX, resiniferatoxin,

2 P <0.001 vs. HVLE.
b p <001 vs. LVHf.
€ P <005 vs LVHf.
4 p<0.05vs, HVLE,

between A-fiber and C-fiber central pathways remain to be fully eluci-
dated. The present study demonstrated that LVHf dynamic stimulation,
which predominantly activates the A-fiber baroreceptor afferents, pro-
duced a central arc transfer function with strong derivative characteris-
tics (Fig. 4a, left). This may indicate that the A-fiber central pathway
primarily contributes to the SNA regulation in the higher frequency
range. In contrast, HVLf dynamic stimulation, which predominantly ac-
tivates the C-fiber baroreceptor afferents, produced a central arc transfer
function with less derivative characteristics before the RTX application
(Fig. 4a, right). Therefore, the C-fiber central pathway contributes to
the SNA regulation both in the lower frequency range and in the higher
frequency range. These characteristics conform to known characteristics
of A- and C-fiber baroreceptor firing (Thoren et al., 1999).

The dynamic gain of the C-fiber related central arc transfer function
was over an order of magnitude higher than that of the A-fiber related

LVHf

10

central arc transfer function (Fig. 6a). These data indicate that, per
unit stimulation frequency, C-fiber baroreceptor activity results in a sig-
nificantly greater reduction in SNA than A-fiber baroreceptor activity. At
the same time, it is important to remember normal physiological firing
rates of A-fiber (10-100 Hz) and C-fiber {0-20 Hz) baroreceptor axons
(Thoren et al,, 1999). Even after we take this difference into account it
seems that the C-fiber central pathway contributes more to the SNA reg-
ulation in the lower frequency range compared with the A-fiber central
pathway. The simulation of the Stim-AP arc (Fig. 6¢) also indicates that
the contribution of the C-fiber pathway is greater in the regulation of AP
than that of A-fiber pathway because the peripheral arc transfer func-
tion did not differ significantly between A- and C-fiber related transfer
functions (Fig. 6b).

To further interpret how each baroreceptor subtype contributes to
the control of SNA it is important to take coherence into account.
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Fig. 5. Effect of RTX on Stim-AP arc transfer functions using either LVHF (left) or HVLS (right) stimulation protocols. LVHE, low-voltage high-frequency dynamic stimulation; HVLE, high-
voltage low-frequency dynamic stimulation; RTX, resiniferatoxin. In each panel, the solid and dashed lines represent-the mean and mean =+ SE, respectively.
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Table 4 Table 5
Transfer function parameters of the Stim-AP arc obtained from LVHf and HVLf stimulation Mode! parameters and step response.
protocols,
A-fiber related C-fiber related
Stim-AP Arc  LVHF LVHF (RTX) HVLf HVLE (RTX)
Central arc
Gain (mmHg-Hz™') Ky, %+Hz™ 0278 + 0,042 4.014 £ 0.2°
0.01 Hz 0.23 4- 0.05 0.29 = 0.06 3.05 4 031* 091 + 0.10" fen Hz 0.093 &+ 0.015 0.133 % 0.01°
0.1 Hz 0.10 £ 002 0.10 - 0.02 0.83 + 0.10° 035 4 0.06° fea Hz 185 £ 0.15 092 + 0.08*
1Hz 0,006 4 0.001 0.008 & 0.002 0.026 + 0004” 0.024 4 0.003 Lns 0.11 4 0.003 0.155 + 0.008*
_ Peak response, % —244 + 044 —112 £ 05"
Slope (dB-decade™") Time to peak, s 0.19 £ 001 036 & 002
0.1-1 Hz —~186 4+ 140 —165 £ 134 —2344087° —156+ 1.07¢
X Peripheral arc
Phase (radians) Ko, - %! 052 £ 007 0,60 £ 006
0.01 Hz =350 : 022 —3254011 ~373£006 —3.12 046 o H2 0.06 + 0.01 0.07 + 0,01
0.1 Hz —~473 £ 016 —~478 £ 0.13 —5.19 4 0.07 —443 =+ 046 ¢ 1.00 + 007 1.06 + 0.09
1Hz —595 4 0.15 —561 4010 —680+0.13* —590 4+ 0.21° L. s 044 + 0.02 045 + 0.01
Coherence Stfz‘?dy state response, n])mH;g 051 + 0.06 0.58 + 0.05
001 Hz 044 £ 008 048 £008 070003 031 4 0.06° Iniial slope, mmHg-%~" -5~ 0.049 & 0.007 0.058 % 0.005
0.1 Hz 0554008 065005 0724004 041 + 007° Data are means = SE (1 = 10 in each group).
1Hz 0324005  038:£005 025 004 0.19 + 0.03 A p< 0001
b p<0.05.

Data are means = SE (n = 10in each group). LVH, low-voltage high-frequency dynamic
stimulation; HVLY, high-voltage low-frequency dynamic stimulation; RTX, resiniferatoxin.
* P <0001 vs. HVLE.
b P <0.001 vs. LVHE,
€ P<0.01vs HVLE
4 p<0.01 vs. LVHE.
¢ P<0.05vs. LVHf,

Estimates of coherence vary between zero and unity. Coherence equal
to unity implies perfect linear coupling between input and output sig-
nals, whereas a coherence of zero indicates an output that is linearly in-
dependent from the input (Bendat and Piersol, 2010). Coherence is
lowered by noise components in the output signal unrelated to the
input stimulation and nonlinear system responses. The coherence of
the A-fiber related central arc transfer function was low between 0.01
and 0.1 Hz, which suggests that the A-fiber central pathway did not con-
tribute much to the SNA variation in these low modulation frequencies.

In contrast, the coherence of the C-fiber related central arc transfer func-
tion was relatively high at all modulation frequencies, which indicates
that the C-fiber central pathway governed the SNA output in the fre-
quency range under study.

A possible mechanism for the observed difference in A- and C-fiber
central pathways is neuronal adaptation. Adaptation is generally de-
fined as a decline in response during a maintained stimulus of constant
intensity. Adaptation of baroreceptor activity from a sustained elevation
in input pressure is dependent on a K current that is blocked by 4-
aminopyridine (Chapleau et al,, 1993). Baroreceptive second order neu-
rons may also adapt to sustained baroreceptor input in a similar way to
the baroreceptor afferents that they are associated with. The C-fiber
central pathway may not adapt to the same degree as the A-fiber central
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Fig. 6. Simulation of transfer functions and step responses of the central arc (a), peripheral arc (b), and Stim-AP arc (c). In the central arc (a) and Stim-AP arc (c) transfer functions, dynamic
gain is displayed in units of output change per stimulation frequency. The ordinate (right axis) for A-fiber related transfer functions (gray lines) in the central arc (a) and Stim-AP arc (c)
was shifted upwards by an order of magnitude for relative comparison with C-fiber related transfer functions (black lines). A- and C-fiber related transfer functions and step responses of
the Stim-AP arc are the product of the central and peripheral arcs. The majority of the difference in the transfer functions and step responses between A- and C-fiber related responses of
the total baroreflex can be attributed to differences in the central arc.

—472—



Author's personal copy

48 MJ. Turner et al. / Life Sciences 106 (2014) 40-49

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 HVLSf 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
HVLS 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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