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Table 3. Spectral Components Obtained from Wavelet Analysis (Maximum Response)

Asymptomatic Symptomatic
n=9 n=12 P
Respiratory componeats
DBP {mm Hg%¥Hz)
Control 0.089 = 0.034]‘ 0.096 = 0.048], NS
Hypercapnia 028 = 0.11 0.37 = 0.14 | NS
Inst ventilation (L¥Hz)
Control 0.0060 * o.oou]‘ 0.0068 = o.oouJ* NS
Hypercapnia 0.030 = 0.0053 0.029 = 0.0045 NS
MSNA (%%Hz)
Control 205+ 47 ] 20.1 2.4]* NS
Hypercapnia 52.1+15.1 44659 NS
Pulse-synchronous components
MSNA (%2Hz)
Control 33+ 6.1]* 308 % 3.8]* NS
Hypercapnia 61.7%9.1 924 *89 <.05
Resp/resp+ H-beat
MSNA
Control 037+ 0.02]. 040 = 0.02], NS
Hypercapnia 0.44 = 0.04 033003 <.05

P < 05,
Values are mean * standard error at the mean .

DBP, diastolic biood pressure; NS, not significant; Inst, instantaneous; MSNA, muscle sympathetic nerve activity; Resp, respiratory components; H-beat,

pulse-synchronous components.

for a comparable increase in minute ventilation than the
asymptomatic patients. Although the mechanisms for the
predominant sympathetic chemoreflex over ventilatory
chemoreflex remain unclear, they could involve several pos-
sibilities. First, the rapid sympathetic and ventilatory re-
sponses within 1 minute of CO, exposure are assumed to
be mediated through the peripheral hypercapnic chemore-
flex, which has the short time constant of about 10 seconds.'®!”
The preservation of these responses with respiratory sup-
pression of MSNA indicates that the peripheral chemoreflex
could be operative even under the hyperoxic conditions.
Somers et al.’® demonstrated in normal humans that intact
baroreflex effectively suppressed peripheral chemoreflex-
mediated sympathoexcitation. An experimental study also
documented that sympathetic stimuli could augment periph-
eral hypoxic chemoreflexes.!® Baroreflex desensitization and
sympathoexcitation, which are characteristic in heart failure,
could contribute to an increase in baseline sympathetic
tone and attenuate within-breath suppression of sympa-
thetic nerve activity. Second, after 1 minute of CO; exposure,
central hypercapnic chemoreflex, with the time constant of
about 100 seconds,'” could become to play 2 predominant
role. A greater influence on the sympathetic limb than on
the ventilatory limb might attributed to the reduced suscepti-
bility of the central chemorefiex to lung stretch reflex in the
advanced heart failure. Third, despite a greater increase in
minute ventilation in the symptomatic patients, the increase
in tidal volume was similar to that in the asymptomatic
patients. Because the symptomatic patients had a greater
cardiac size than the asymptomatic patients, their lung
expansion is assumed to be limited. Under these conditions,

ventilatory demand had to be kept pace with by increasing
respiratory rate. Consequently, the limited increase in tidal
volume could result in a ceiling of the respiratory sympa-
thoinhibition and relative augmentation of pulse-synchro-
nous burst power in the symptomatic patients.

Clinical Implications

A greater sympathoexcitation during submaximal exercise
has been well documented in heart failure.?’ Principal mecha-
nism for sympathoexcitation during exercise is attributable
to central command and muscle metaborefiex in normal
subjects.?! In heart failure, however, muscle metaboreflex is
attenuated as compared with that in normal subjects.”2 Even
under these conditions, a greater accumulation of metabolic
byproducts during exercise may contribute to a greater meta-
boreflex-mediated sympathoexcitation in heart failure.
Alternatively, the enhanced sensitivity of hypercapnic che-
moreceptors might mediate potent sympathoexcitation
during exercise in heart failure. Although augmentation of
the chemoreflex gain has been documented during exercise in
normal subjects,* it remains unclear whether exercise could
enhance hypercapnic chemoreflex further in patients with
heart failure.

Limitations

The present study was limited for several reasons. First,
the lack of normal control is a shortcoming of this study.
Narkiewicz et al.* have already shown ventilatory and sym-
pathetic responses to hypercapnia in normal humans using
the same methods as in the present study. They found 21%
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Fig. 2. Time-varying spectral plots of instantaneous ventilation (right) and muscle sympathetic nerve activity (MSNA, left). The instantancous
ventilatory power rose gradually in both groups with a shift toward higher frequencies (increase in respiratory rate) as CO, rebreathing
time elapsed. In the asymptomatic patient, the increase in instantaneous ventilation was accompanied by a parallel augmentation of
respiratory spectral components (0.15-0.5 Hz) of MSNA with a similar magnitude as in the pulse-synchronous components (0.51-2.0 Hz).
In the symptomatic subject, however, the pulse-synchronous components of MSNA power predominated over the respiratory components.

CQ,, carbon dioxide rebreathing.

increase in MSNA burst area during CO, exposure in normal

subjects, whereas patients with heart failure showed a sig-
nificantly higher increase in MSNA burst area (+358 %). In
the present study, increases in MSNA burst area were 27%
in the asymptomatic patients and 82% in the symptomatic
patients, where the average increase of both groups was 58%
and quite concordant with the data found by Narkiewicz etal.?
From these findings, the normal sympathetic responses to
hypercapnia are assumed to be considerably lower than
those in patients with heart failure. Second, because of the
heterogeneity of our patients and drug usage, the data could
contain a modest quantitative error. However, there was no
significant difference in the prevalence in etiology of heart
failure between the 2 groups. Angiotensin-converting
enzyme inhibitors and digitalis, which are known to suppress
MSNA,?% had been used frequently in the symptomatic
patients, Nevertheless, these patients demonstrated predomi-

nant sympathoexcitatory response to CO;, inhalation. Third,
we included patients with mildly and moderately severe
heart failure for reasons of subject safety. Thus it remains
unknown whether the present findings can be extrapolated
to patients with more advanced heart failure. Finally, MSNA
could be modulated through arterial baroreflexes in response
to respiratory variations of arterial pressure because dynamic
baroreflex control of sympathetic nerve activity is preserved
in heart failure.?” During hypercapnic ventilation, diastolic
blood pressure varied similarly in the asymptomatic and
symptomatic patients, Therefore, the input to arterial barore-
ceptors was not assumed to be different in both groups.
Recent study by Borne et 21.2® demonstrated that hyperventi-
lation attenuates arterial baroreflex control of MSNA. Exag-
gerated ventilation found in the symptomatic patients might
alter the arterial baroreflex gain and be partly responsible
for attenuated respiratory components of MSNA.
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Fig. 3. Changes in puise-synchronous (H-beat, top) spectral compo-
nents of muscle sympathetic nerve activity (MSNA) as a function
of instantaneous ventilatory power during hypercapnia. In the late
phase (>>1 minute) of hypercapnia, the pulse-synchronous compo-
nents of MSNA power progressively increased in the symptomatic
patients {solid line), whereas it reached a plateau in the asymptom-
atic patients (broken line). In contrast, relative magnitude of respira-
1ory components as the ratio to the total MSNA power {Resp/
Resp+H-beat, boitom) rose significantly in the asymptomatic pa-
tients, whereas it fell in the symptomatic patients (P < .05 for
group-by-time interaction). Data are mean * standard error of the
mean; Max, maximum time of hypercapnia;, CQ,, carbon dioxide;
=, P <205 versus control; #, P <705 versus 1 minute; +, P < .05 versus
Max of symptomatic.

Conclusions

Chemoreflex-mediated sympathoexcitation predominated
over chemoreflex-mediated ventilatory drive in heart failure.
During hypercapnic chemoreflex activation, ventilatory
counteraction could not work sufficiently enough to suppress
MSNA in patients with moderately severe heart failure.
This abnormality would contribute to exaggerated sympa-
thoexcitation when these patients are exposed to CO, during
exercise or sleep apnea.
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Oda, Yoshitaka, Hidetsugu Asanoi, Hiroshi Ueno, Kunihiro
Yamada, Shuji Joho, Tomoki Kameyama, Tadakazu Hirai,
Takashi Nozawa, Shutaro Takashima, and Hiroshi Inoue. Pulse-
synchronous sympathetic burst power as a new index of sympatho-
excitation in patients with heart failure. Am J Physiol Heart Circ
Physiol 287, H1821-H1827, 2004. First published June 3, 2004,
10.1152/ajpheart.00252.2003.—The upper limit of incidence of mus-
cle sympathetic neural bursts can lead to underestimation of sympa-
thetic activity in patients with severe heart failure. This study aimed
to evaluate the pulse-synchronous burst power of muscle sympathetic
nerve activity (MSNA) as a more specific indicator that could dis-
criminate sympathetic activity in patients with heart failure. In 54
patients with heart failure, the pulse-synchronous burst power at the
mean heart rate was quantified by spectral analysis of MSNA. Thir-
teen patients received a central sympatholytic agent (guanfacine) for
5 days to validate the feasibility of this new index. Both burst
- incidence and plasma norepinephrine level showed no significant
difference between patients in New York Heart Association functional
class IIT (94 = 6 per 100 heartbeats and 477 * 219 pg/ml, respec-
tively) and class IT (79 = 14 per 100 heartbeats and 424 * 268 pg/ml,
respectively). In contrast, the burst power was useful for discriminat-
ing patients in class III from those in class I1 (61 = 8% vs. 39 * 10%;
P < 0.05). Inhibition of sympathetic nerve activity by guanfacine was
more sensitively refiected by the change of burst power (—36 + 25%)
than by that of burst incidence (—12 * 14%; P < 0.001). The
sympathetic burst power refiects both burst frequency and amplitude
independently of the absolute values and provides a sensitive new
index for interindividual comparisons of sympathetic activity in pa-
tients with heart failure.

muscle sympathetic nerve activity; «,-adrenoceptor agonist; spectral
analysis

ALTHOUGH THE FUNDAMENTAL MECHANISMS involved remain un-
clear, sympathoexcitation is not merely a marker of a poor
prognosis in patients with heart failure but plays a causative
role in its development (2, 4, 7, 12). Muscle sympathetic nerve
activity (MSNA), the most specific marker of sympathetic tone
in humans, has provided direct evidence of increased central
sympathetic outflow in patients with heart failure (4, 8, 9).
However, one of the crucial problems with this parameter is
quantification of MSNA for interindividual comparisons, be-
cause neural bursts are influenced not only by the number and
firing rate of active sympathetic fibers but also by proximity to
the recording electrodes (15). Therefore, interindividual com-

parisons have been traditionally based on the burst count per -

minute (burst frequency} or per 100 heartbeats (burst inci-
dence). A major problem with applying the burst count to

assessment of the severity of heart failure is that the maximum
value could be limited by the heart rate. Consequently, the
burst count is not useful for quantifying sympathetic tone in
patients with moderately severe heart failure because most of
these patients have a relatively high burst incidence that is
close to the upper limit of 100 per 100 heartbeats. Recently,
Sverrisddttir et al. (16, 17) reported that the distribution of
burst amplitude was a useful quantitative index for interindi-
vidual comparisons. This measure focused on the proportion of
large bursts because the amplitude distribution tended to be
more even in subjects with a high burst incidence (15).

In the present study, we quantified pulse-synchronous neural
bursts by spectral analysis of MSNA in patients with chronic
heart failure. The pulse-synchronous burst power was defined
as the normalized spectral power of MSNA at the heart rate of
each patient. This new index was used based on the hypothesis
that when sympathetic activity is high, as in patients with
severe heart failure, every heartbeat is accompanied by a neural
burst with a similar amplitude. Consequently, power spectral
analysis should reveal a single peak at the heart rate. In
contrast, several spectral peaks would exist when sympathetic
neural bursts are less frequent with variable amplitude, as in
the case of normal young subjects. Since this method takes
both the frequency and the amplitude of MSNA bursts into
account, it does not require measurement of the amplitude of
each burst for comparison.

METHODS

Patients. The present study included 54 patients with asymptomatic ot
symptomatic cardiac dysfunctien (43 men and 11 women, aged 56 = 13
yr). The underlying cardiac disease was dilated cardiomyopathy in 25
patients, ischemic heart disease in 19, valvular heart disease in 4, and
other conditions in 6. The New York Heart Association (NYHA) func-
tional class was [ in 24 patients, I in 21, and III in 9. The specific activity
scale (13) determined from an interview about daily physical activities
was 6.1 = 1.3 metabolic equivalents. Left ventricular ejection fraction
(determined by radionuclide or contrast ventriculography) was 38 £ 17%
(Table 1). Patients with atrial fibrillation or frequent premature beats were
excluded because spectral analysis would yield a broad band in the
presence of these conditions. Patients with lung disorders, anemia, severe
hypoxemia (arterial oxygen partial pressure <80 mmHg), diabetes mel-
litus, or autonomic neuropathy due to other causes were also excluded
from the present study. Angiotensin-converting enzyme inhibitors had
been given in 33 patients, angiotensin-Il receptor antagonists in 3 pa-
tients, B-blockers in 9 patients, diuretics in 23 patients, and digitalis in 15
patients. Medications for heart failure were continued throughout the
study. None of the subjects had a history of more than occasional alcohol
consumption. Informed consent was obtained from each subject.
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Table 1. Patient characteristics

All Patients Patients Treated with
(n = 54) Guanfacine (z = 13)

Age, yr 56+ 13 57=*13
Sex (male/female) 43/11 1172
NYHA class (I/11 /11I) 2472119 4/514
SAS (METs) 6.1 %13 57=*15
Etiology

DCM 25 8

{HD 19 2

VHD 4 0

Others 6 3
Drugs

ACEI 33 11

ARB 3 1

B-Blockers 9 2

Diuretics 23 7

Digitalis 15 4
CTR, % 53x7 526
LVDd, mm/m? 367 40 =7
LVEF, % 38+ 17 3B/+=9
NE, pg/m! 340 + 226 350 = 291
BNP, pg/ml 188 * 233 123 * 67
Heart rate, beats/min 69 =% 7t+13
Mean BP, mmHg 91 % 18 91+ 13
MSNA

Bursts/min 52*13 53+13

Bursts/100 heartbeats 76 * 18 77+ 14

Data are expressed as means * SD or number of patients. NYHA, New
York Heart Association; SAS, specific activity scale; MET, metabolic equiv-
aleats; DCM, dilated cardiomyopathy; IHD, ischemic heart disease; VHD,
valvular heart disease; ACEI, angiotensin-convernting enzyme inhibitor; ARB,
angiotensin II receptor antagonist; CTR, cardiothoracic ratio; LVDd, left
ventricular diastolic dimension; LVEF, left ventricular ejection fraction; NE,
plasma norepinephrine; BNP, brain natriuretic peptide; MSNA, muscle sym-
pathetic nerve activity.

Measurements. All measurements were performed with the sub-
jects resting in the supine position, as reported previously (5, 6).
Blood pressure was determined by noninvasive tonometry (Jentow
7700, Colin, Komaki, Japan). Respiratory flow was measured

ECG

Fig. 1. Spectral analysis of muscle sympathetic
nerve activity {(MSNA). The baseline of inte-
grated M3NA bursts was automatically detected
in the original integrated neural activity record-
ing (middle left). Baseline fluctuations of the
neural activity caused an increase of low-fre-
quency components (middle right). After sub-
traction of these fluctuations (borrom left), the
spectral density showed several discrete peaks
(bortom right). Arrow indicates the range of the
pulse-synchronous neural frequencies. ECG re-
cording (left} and R-R interval histogram (right)
are shown at 1op.

MSNA neurogram
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SYMPATHETIC NEURAL BURST POWER IN CHRONIC HEART FAILURE

continuously on a breath-by-breath basis with a thermal dissipation
technique (AE-300; Minato, Osaka, Japan). Multiunit recordings
of efferent postganglionic sympathetic nerve activity to the skeletal
muscle district were obtained with a microelectrode inserted di-
rectly into the left peroneal nerve posterior to the fibular head. The
signal was amplified 100,000-fold, fed through a band-pass filter
{500~-5,000 Hz), and integrated with a custom rerve traffic anal-
ysis system (NeuropackZ MEB-5504; Nihon Koden, Tokyo, Ja-
pan). Integrated neural activity, analog blood pressure tracing,
ECG, and respiratory flow were digitized at 1,000 Hz per channel
by an analog-digital converter (DT9804-USB; Data Translation,
Marlboro, MA) and stored directly in a hard drive memory system
(Latitude C600; Dell, Round Rock, TX). To evaluate baseline
cardiac function, chest radiographs and two-dimensional echocar-
diograms were obtained in all patients. A blood sample for mea-
surement of the plasma concentration of norepinephrine was drawn
from the antecubital vein with the subject at rest. To examine the
reproducibility of pulse-synchronous burst power, measurement of
MSNA was repeated after =1 h in 10 patients resting in the supine
position.

In 13 patients, the az-adrenoceptor agonist guanfacine (0.25 mg/
day), which inhibits central sympathetic outflow, was administered
orally for a mean of 5 days (4-6 days; Table 1). Measurement of
sympathetic nerve activity and plasma norepinephrine level was then
repeated.

Data analysis. Baseline recordings of the ECG, blood pressure, and
MSNA were performed for 10 min while patients were breathing
room air in the supine position. Sympathetic neural bursts were
identified in the integrated signals by their characteristic appearance
and their relationship to the R wave of the ECG. The burst frequency
was determined for each patient and expressed as bursts per 100
heartbeats. Slow baseline fluctuations of the integrated burst signals
caused by transient electromyographic or motor and sensory nerve
activity sometimes produced prominent low-frequency spectral arti-
facts. Therefore, the baseline drift caused by such noise was detected
and subtracted from the original integrated nerve activity (Fig. 1). Fast
Fourier transformation was then applied to the MSNA time series to
distinguish the spectral components of burst signals. This transforma-
tion generated power spectra from 29,952-point epochs of data
(29.952 ) with 50% overlap. A Hanning window in the time domain
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was used to attenuate the leakage effect. The mean burst frequency
synchronized with the heartbeat was determined in each patient based
on the mean frequency of the R-R interval (Fig. 1. In all patients, the
R-R intervals were distributed within the frequency range of 0.183 Hz
(average = 28D) around the mean R-R interval frequency. This
frequency range was used for measurement of the spectral area of the
pulse-synchronous burst power, and the burst power was then ex-
pressed as a percentage of the total power. We defined the total
MSNA speetral power as the spectral area ranging from 0.04 to 2.5 Hz
because most components of MSNA were within this frequency
range. When there are no MSNA bursts, the pulse-synchronous burst
power is theoretically 0%, whereas when the sympathetic system is
maximally activated with all heartbeats accompanied by neural bursts
with the same amplitude, the pulse-synchronous burst power is close
to 100% with a single spectral peak at the heart rate, However, even
when all heartbeats are accompanied by neural bursts, the variations

A B

in amplitude caused by respiratory modulation or blood pressure
fluctuation generate several other peaks away from the heart rate
frequency, resulting in a decrease of the pulse-synchronous burst
power, Thus the pulse-synchronous burst power could potentially
discriminate sympathetic tone between patients who have the same
burst incidence but a different amplitude distribution. Because of
normalization by the total power, measurement of the individual burst
amplitudes was unnecessary. To determine the optimum period for
acquisition of MSNA data for spectral analysis, the influence of a
period of 1-5 min on the spectral power was examined in 11 patients
before administration of guanfacine and in 6 patients after adminis-
tration of guanfacine.

Statistical analysis. Data are expressed as means * SD. Simple
exponential fitting was applied to the relationship between MSNA
burst power and burst incidence. Interindividual comparisons of
sympathetic parameters were performed with one-way ANOVA fol-
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Fig. 3. Comparison between the burst inci-
dence and pulse-synchronous burst power of
MSNA in 3 patients with different severity
of heart failure. Patient A (mild heart failure;
left) has a lower burst incidence and power
than the others. Patients B and C {moder- -
ately severe heart failure; center and right)
1 have the same burst incidence of 100 per 100
heartbeats despite a different burst amplitude
distribution. The uniform amplitude of neu-
ral bursts in patient C is reficcted by a single
spectral peak at the heart rate, resulting in a
larger pulse-synchronous burst power. In
contrast, patient B shows greater vartation of
burst amplitude, which has several spectral
peaks with different frequencies, leading to a
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Fig. 4. Relationship between the pulse-synchronocus burst power and burst
incidence of MSNA. There was a significant correlation between the burst
incidence and pulse-synchronous burst power. In patients with a higher burst
incidence (=85 per 100 heartbeats), the incidence was close to the maximum

level of 100 per 100 heartbeats but the burst power varied substantially.

lowed by Bonferroni's test for multiple comparisons. The effect of
guanfacine was tested by paired #test. Analyses were performed with
SigmaStat software (version 2.03; SPSS, Chicago, IL), and the level
of significance was set at P << 0.05.

RESULTS

Sympathetic burst power. The reproducibility of pulse-
synchronous burst power data was examined in 10 patients
with widely differing burst powers ranging from 24 to 73%
(43 = 17%). For patients lying quietly in the same position,
the difference in burst power between two measurements
obtained >1 h apart was quite small (3 = 3%, Fig. 2). The
pulse-synchrenous burst power derived from different mea-
surement periods (1-5 min) also showed no significant
difference. The burst power measured before administration
of guanfacine was 41 *= 10%, 41 £ 10%, 40 = 9%, 40 *
9%, and 39 * 9% with 1, 2, 3, 4, and 5 min of data,
respectively. After suppression of sympathetic activity with
guanfacine, there was no significant difference (2 = 3%) in
the spectral power derived from 1 and 5 min of data. Thus
the burst power determined from 1 min of data was used for
all analyses in the present study.

Figure 3 shows the MSNA time series, burst spectra, and
frequency histograms of the R-R interval for representative
patients with different severity of heart failure. The MSNA
power spectra displayed several peaks within the frequency
range of 0.04-2.5 Hz. The major spectral band was located at
the same frequency as that of the mean heart rate. In patient A
with mild heart failure, within-breath variation of bursts cre-
ated a spectral peak at 0.25 Hz that was separated from the
pulse-synchronous burst spectra. In patients B and C with
moderately severe heart failure, all heartbeats were accompa-
nied by neural bursts, i.e., the burst incidence was 100 per 100
heartbeats. However, the burst amplitude was more uniform in
patient C than in patient B. The differences in variations of
burst amplitude resulted in different burst spectra; the power
spectra of patient B were distributed widely with several peaks,
whereas patient C showed a prominent single peak with the
same frequency as the heart rate. Consequently, the pulse-

SYMPATHETIC NEURAL BURST POWER IN CHRONIC HEART FAILURE

synchronous burst power was significantly greater in patient C
than in patient B despite the same burst incidence. There was
a significant correlation between burst incidence and pulse-
synchronous burst power, as shown in Fig. 4. In the patients
with a higher burst incidence (>85 per 100 heartbeats), the
incidence reached a plateau of 100 per 100 heartbeats (Figs. 4
and 5), but the burst power still differed substantially among
these patients.

Interindividual and longitudinal comparisons. Figure 5 il-
lustrates the pulse-synchronous burst power, burst incidence,
and plasma norepinephrine levels in the subgroups of patients
from NYHA functional classes 1, I1, and 1II. Although all of the
sympathetic parameters increased along with the deterioration
of functional capacity, the differences in the burst incidence
and plasma norepinephrine level did not reach statistical sig-
nificance for comparison between NYHA classes IT and III. In
contrast, burst power was more discriminatory, because pa-
tients in NYHA class III had a significantly higher burst power
than those in class II.
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Fig. 5. Comparison of three parameters of sympathetic activity for different
severity of heart failure. Although each parameter increases with the deterio-
ration of functional capacity, the burst incidence of MSNA (middle) and the
plasma norepinephrine level (botrom) do not show a significant difference
between New York Heart Asscciation (NYHA) classes IT and III. In contrast,
the pulse-synchronous burst power (fop) was more discriminatory, with pa-
tients in NYHA class III having a significantly higher burst power than those
in class II. *P < 0.05.
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Fig. 6. Influence of a central sympatholytic
agent (guanfacine) on MSNA burst incidence
and pulse-synchronous burst power. Left: base-
line burst incidence was >90 per 100 heartbeats,
with a prominent pulse-synchronous peak at the
heart rate. Cont, control. Righr guanfacine
{Gunf) decreased the number of bursts and pro-
duced within-breath variation of MSNA bursts.
Consequently, several other components and a
prominent low-frequency peak around the respi-

ratory freguency appeared in addition to the
pulse-synchronous component. There were no
variations of the R-R interval in this patient
because of cardiac pacing.
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Figure 6 shows the changes of MSNA and pulse-synchro-
nous burst power after administration of a central sympatho-
lytic agent (guanfacine) in a representative patient. Before
administration of guanfacine, the burst incidence was >90 per
100 heartbeats and a single power spectral peak was seen at the
frequency, of the mean heart rate. Guanfacine decreased the
number of bursts and increased the within-breath variation of
MSNA. Consequently, several other spectral components ap-
peared in addition to the pulse-synchronous component, where
a prominent low-frequency component was seen at the respi-
ratory frequency. After administration of guanfacine, the
plasma norepinephrine level tended to decline, but this change
did not reach statistical significance. Although the burst inci-
dence decreased by —12 *+ 14% (P < 0.05) after guanfacine,
the inhibition of sympathetic activity was more sensitively
reflected by the change of burst power (=36 * 25%; P <
0.001, Fig. 7).
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DISCUSSION

The major findings of this study are as follows. First, the
pulse-synchronous burst power of MSNA could discriminate
sympathetic tone between patients with heart failure who had
similar burst frequencies. Second, assessment of the burst
power detected central sympathetic inhibition more sensitively
than measurement of the burst incidence or the plasma norepi-
nephrine concentration. Another advantage of the pulse-syn-
chronous burst power is that this parameter is independent of
the absolute value of each burst amplitude. Therefore, the
MSNA burst power may serve as a sensitive new index for
interindividual or longitudinal comparisons of sympathetic
activity, especially in patients with moderately severe or severe
heart failure. :

Because of the dependence on proximity to the recording
electrode, the burst amplitude cannot be used for interindi-

» p=0.08

Fig. 7. Inhibitory effects of guanfacine on sym-
pathetic activity. Guanfacine reduced the burst
- power (lefty and burst incidence (middle) of
MSNA, with a greater reduction for burst power.
The plasma norepinephrine level (righr) also
tended to decline, but the change did not reach the
statistical significance. C, control; G, guanfacine.
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vidual comparisons of MSNA. To normalize differences in the
electrode position, several neural indexes have been introduced
in the clinical setting (11, 16-18). Burst rate and burst inci-
dence, the traditional indexes used for interindividual compar-
isons, focus only on the frequency by ignoring differences in
amplitude. Consequently, interindividual differences in sym-
pathetic tone could be underestimated as the burst incidence
reaches its plateau of 100 per 100 heartbeats. Recently, Sver-
risdéttir et al. (17) proposed the usefulness of amplitude
distribution of neural bursts. This was based on the observation
that the proportion of high-amplitude bursts tends to increase
along with an increase in burst incidence, resulung in a more
even amplitude distribution (15). As a specific indicator of
sympathetic nerve activity, these investigators derived the
median from a histogram of the normalized amplitudes of all
neural bursts. Therefore, the determination of the highest burst
amplitude is crucial to normalize each burst amplitude and a
large number of bursts, such as 1,000-2,000 cardiac cycles in
animals (10) or 5-min data in humans (17), are required to
determine the 0% and 100% levels of the burst amplitude.

In contrast, the burst power used in the present study does
not require measurement of the amplitude of each burst and can
be determined from only 1 min of MSNA data. The similarity
of the pulse-synchronous burst power obtained from 1-min and
5-min data could be related to the fact that the burst incidence
was relatively high in our patients with heart failure and
sufficient to assess sympathetic nerve activity. Even when
sympathetic activity was suppressed with guanfacine, the burst
power showed no significant difference between 1 min and 35
min of data. However, a short data acquisition period might not
be feasible in normal subjects with a lower burst incidence.
Generally, most of the spectral components of MSNA are
found within the frequency range from 0.03 Hz up to that of the
heart rate in normal subjects. One of the typical factors causing
variation of the burst amplitude is respiratory modulation of
sympathetic activity (1, 3, 5, 6, 10, 14). Sympathetic neural
silence during the inspiratory phase produces a large spectral
peak at the respiratory frequency around 0.25 Hz (Fig. 1; Ref.
5). A well-defined peak related to low-frequency blood pres-
sure variation is also found near (.1 Hz (6). As sympathetic
tone increases with the development of heart failure, the
pulse-synchronous peak of the neural bursts becomes predom-
inant over the other spectral components. Consequently, beat-
by-beat activation of neural bursts with a similar amplitude
results in a single spectral peak at the same frequency as the
heart rate. When sympathetic neural bursts have variations in
frequency and amplitude, a variety of spectral peaks other than
the pulse-synchronous peak can be produced. Thus the pulse
synchronicity and shape uniformity of the nevral bursts are
faithfully reflected by the burst power.

In the present study, the difference in the discriminatory
ability between burst incidence and burst power did not seem
so striking (Fig. 5) because few of our patients had severe heart
failure. When sympathetic activity is low and is largely re-
flected by the number of neural bursts, both burst frequency
and burst power can be useful and will show parallel changes.
However, when sympathetic activity is high, it is largely
reflected by the distribution of the amplitude of neural bursts.
Spectral analysis is more effective in such situations because it
can sensitively assess the uniformity of the burst amplitude.

SYMPATHETIC NEURAL BURST POWER IN CHRONIC HEART FAILURE

In conclusion, assessment of the pulse-synchronous burst
power of MSNA does not require measurement of amplitude of
each burst and can be obtained from a relatively short data
recording. This parameter is a more sensitive discriminator of
sympathetic nerve activity than the traditional burst count or
the plasma norepinephrine level and could be useful for inter-
individual comparisons of sympathetic tone in patients with
heart failure.

ACEKNOWLEDGMENTS

This work was supported by Grant-in-Aid for General Scientific Research
No, 13670697 from the Ministry of Education, Science and Culture of Japan.

REFERENCES

1. Cassidy S, Eschenbacher WL, and Johnson RL Jr. Refiex cardiovas-
cular depression during unilateral lung hyperinflation in the dog. J Clin
Invest 64: 620—626, 1979.

2. CIBIS-II Investigators and Commitiees. The Cardiac lnsufficiency
Bisoprolel Study I {CIBIS-II): a randomised wial. Lancer 353: 9-13,
1599,

3. Croix CM, Satech M, Morgan BJ, Skatrud JB, and Dempsey JA. Role
of respiratory output in within-breath moedulation of muscle sympathetic
nerve activity in humans. Cir¢ Res 85; 457-469, 1999,

4. Ferguson DW, Berg W], and Sanders JS. Clinical and hemodynamic
correlates of sympathetic nerve activity in normal humans and patients
with heart failure: evidence from direct microneurographic recordings.
J Am Colt Cardiol 16: 1125-1134, 1990.

5. Goso Y, Asanoi H, Ishise H, Kameyama T, Hirai T, Nozawa T,
Takashima S, Umeno K, and Inoue H. Respiratory modulation of
muscle sympathetic nerve activity in patients with chronic heart failure.
Circulation 104: 418-423, 2001,

6. Goso Y, Asanoi H, Ishise H, Hosam ARI, Hirai T, Takashima S, Inoue
H, and Umeno K. Relationship between low-frequency cardiovascular
variability and muscle sympathetic nerve activity in patients with cardiac
dysfunction. J Cardiovasc Pharmacol 34, Suppl: $63-567, 1999,

7. Ishise H, Asanoi H, Ishizaka 8, Joho 3, Kameyama T, Umeno K, and
Inoue H. Time course of sympathovagal imbalance and left ventricular
dysfunction in conscious dogs with heart failure. J Appl Physiof 84:
1234-1241, 1998.

8, Kaye DM, Lambert GW, Lefkovits J, Morris M, Jennings G, and
Esler MD. Neurochemical evidence of cardiac sympathetic activation and
increased central nervous system norepinephrine turnover in severe ¢on-
gestive heart failure. J Am Coll Cardiol 23: 570-578, 1994,

9. Leimbach WN, Wallin BG, Victor RG, Aylward PE, Sundléf G, and
Mark AL. Direct evidence from intraneural recordings for increased
central sympathetic outflow in patients with heart failure. Circulation 73:
913-919, 1986.

10. Lundin S, Ricksten SE, and Thorén P. Renal sympathetic activity in
spontaneousty hypertensive rats and normotensive controls, as studied by
three different methods. Acta Physiol Scand 120 265-272, 1984.

11. Narkiewicz K, Pesek CA, van de Borne PJ, Kato M, and Somers VK.,
Enhanced sympathetic and ventilatory responses to central chemorefiex
activation in heart failure. Circularion 100: 262-267, 1999,

12. Packer M, Bristow MR, Cohn JN, Colucci WS, Fowler MB, Gilbert
EM, and Shusterman NH. The effect of carvedilol on morbidity and
mortality in patients with chronic heart failure. U.8. Carvedilol Heart
Failure Study Group. N Engl J Med 334: 1349-1355, 1996.

I3, Sasayama S, Asanoi H, Ishizaka S, and Miyagi K. Evaiuation of
functional capacity of patients with congestive heart failure. In; New
Aspects in the Treatment of Failing Heari, edited by Yasuda H and
Kawaguchi H. Tokyo: Springer, 1992, p. 113-117.

14, Seals DR, Suwarno NO, Joyner MJ], Iber C, Copeland JG, and
Dempsey JA. Respiratory modulation of muscle sympathetic nerve activ-
ity in intact and lung denervated humans. Cire Res 72: 440-454, 1693.

15. Sundléf G and Wallin BG. The variability of muscle nerve sympathetic
activity in resting recumbent man. J Physiol 272: 383-397, 1977.

16. Sverrisdéitir YB, Rundqvist B, Johannsson G, and Elam M. Sympa-
thetic neural burst amplitude distribution: a more specific indicator of

AJP-Heart Circ Physiol - VOL 287 » OCTOBER 2004 - www.ajpheart.org



17.

SYMPATHETIC NEURAL BURST POWER IN CHRONIC HEART FAILURE H1827

sympathoexcitation in human heart failure. Circulation 102: 2076-2081, 18. Van de Borne PJ, Oren R, Abouassaly C, Anderson E, and Somers

2000 VK. Effect of Cheyne-Stokes respiration on muscle sympathetic
Sverrisdéitic YB, Rundqvist B, and Elam M. Relative burst amplitude nerve activity in severe congestive heart failure secondary to ischemic
in human muscle sympathetic nerve activity: a sensitive indicator of or idiopathic dilated cardiomycpathy. Am J Cardiol 81: 432-436,
altered sympathetic traffic. Clin Autor Res 8: 95-100, 1998. 1998,

AJP-Heart Circ Physiol » vOL 287 » OCTOBER 2004 « www.ajpheart.org



Role of central sympathoexcitation in enhanced
hypercapnic chemosensitivity in patients with heart
failure

Kunihiro Yamada, MD, Hidetsugu Asanoi, MD, Hiroshi Ueno, MD, Shuji Joho, MD, Junya Takagawa, MD,
Tomoki Kameyama, MD, Tadakaru Hiral, MD, Takashi Nozawa, MD, and Hiroshi Inoue, MD Toyama, Japan

Reprinted from
AMERICAN HEART JOURNAL
Volume 148, Number 6, December 2004



Role of central sympathoexcitation in enhanced
hypercapnic chemosensitivity in patients with heart

failure

Kunihiro Yamada, MD, Hidetsugu Asanoi, MD, Hiroshi Ueno, MD, Shuji Joho, MD, Junrya Takagawa, MD,
Tomoki Kameyama, MD, Tadakazu Hirai, MD, Takashi Nozawa, MD, and Hiroshi Inoue, MD Toyama, Japan

Background Enhanced central hypercapnic chemosensitivity is known to mediate excessive exercise ventilation
and fo indicate @ poor prognosis in patients with chronic heart failure. The present study was designed to elucidate the
role of central sympathetic activity in the enhancement of hypercapnic chemosensitivity.

Methods Central hypercapnic chemosensitivity and plasma norepinephrine were measured in 99 patients with
chronic heart failure. In 40 pafients, the o index was derived from simultaneous analysis of RR interval and systolic blood
pressure variability. The effects of a central sympatholyfic agent, guanfacine {0.25 mg/day), on hypercapnic chemosensi-
tivity and exercise ventilatory response were studied in 20 of these patients.

Results Hypercapnic chemosensitivity was enhanced in 76% of the patients and correlated significantly with plasma
norepinephrine levels (r = 0.49, P < .01) ot rest. There was a significant inverse relationship between central chemosen-
sitivity and the o index {r = —0.41, P < .01). Guanfacine significantly reduced plasma norepinephrine levels by 29% (P
< .01} and chemosensitivity by 31% {P < .01). The beneficial effect of central sympathoinhibition with guanfacine was
observed specifically in patients who had enhanced chemosensitivity prior to drug administration. Similarly, the patients
with excessive exercise venfilation showed a greater reduction in exercise ventilation with this agent.

Conclusions The present findings suggest that central sympathoexcitation could play an important role in the patho-
genesis of enhanced hypercapnic chemosensitivity and a resultant increase in exercise ventilation in chronic heart failure.

(Am Heart ] 2004;148:964-70.)

Shortness of breath is a major symptom of conges-
tive heart failure, The origin of dyspnea is multifacto-
rial in optimally treated paticnts, but the excessive
ventilation seen during exercise may play a role in in-
ducing this symptom. An abnormal increase in physio-
logical dead space has been proposed as the primary
mechanism responsible for exercise hyperpnea in
heart failure.'? Recently, Chua et a® demonstrated
that central and petipheral chemosensitivity is aug-
mented and correlated significantly with the increased
ventilatory response to exercise in patients with heart
fajlure. They also demonstrated that administration of
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dihydrocodeine suppressed chemosensitivity and im-
proved excessive exercise ventilation in patients with
heart failure.* The mechanisms for this beneficial ef-
fect of dihydrocodeine remain unclear but could in-
clude-a reduction in sympathetic activity or resultant
improvement in hemodynamics. Recently, Narkiewicz
et al° demonstrated a parallel augmentation of sympa-
thetic and ventilatory responses to central chemorefiex
activation in heart failure, These findings suggest that
autonomic dysregulation is closely linked to peripheral
and central chemoreflexes in heart fallure.® However,
there have been no clinical studies that examined the
causative relationship between sympathetic activation
and enhanced chemosensitivity in patients with
chronic heart failure.

The present study was therefore undertaken to de-
termine whether sympathetic activation is responsible
for enhanced hypercapnic chemosensitivity in chronic
heart failure. For this purpose, we assessed 1) the rela-
tionship between central hypercapnic chemosensitivity
and neurchumoral and ventilatory factors and 2) the
effects of central sympathoinhibition on chemosensitiv-
ity in patients with chronic heart failure.
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Sex {male/female) 77122 17/3
Body weight {kg) 81=11 81 =11
NYHA functional dass

| 47 10

i 18 3

mn 34 7
SAS [METs) 56=18 53218
Peak Vo, [mL/kg/min} 202+42 202 = 40
VE-Yco, slope 33752 355+ 86
Underlying heart disease
DM : 51 14

Prior MI 12 3

YHD ) 15 1

Miscellaneous 21 2
LVEDD {mm/m?) b+6 b
LVEF (%) 9=18 KR P
NE (pg/ml) 320 + 202 357 = 209
BNP {pg/ml} 157 + 229 190 = 275
ANP (pg/ml} 64 x 68 59> 52
Treatment

ACE inhibitor 56 13

B-Blocker 16 3

Diurefics 54 14

Digoxin 28 7

Va!ues are meon = SD. ACE, Angiotensin-converfing enzyme; ANP, atrial natri-
m}hd& BNP, brain natrivrefic peptide; DCM, dilaed oardiom)cpuﬂz
icvlar ejection fraction; LVEDD, left ventricular end-diastolic diame-
ier' M! ryocordial inforction; NE, plosmo norepinephring; NYHA, New York

Heart Association; SAS, spacific activity scale; Vao,, corbon dioxide oufpur' VE,
minule vertilation; YHD, valvular heart disease; Voo, cxygen uploke

Methods

Study patients

Ninety-nine patients with stable chronic heart failure (77
men, 22 women) were studied (Table I), The causes of car-
dizc disease were dilated cardiomyopathy in 51 patients,
prior myocardial infarction in 12, valvular heart discase in 15,
and miscellaneous causes in 21. Functional status was New
York Heart Association (NYHA) functionat class I in 47 pa-
tients, class IT in 18, and class Il in 34. Specific activity
scaies” obtained from interviewing daily physical activities
. were 5.6 + 1.8 metabolic equivalents. Fifteen patients had
chronic atrial fibriliation and the others werce in sinus
rhythm. Patients with anemia, primary lung disease, or an-
gina pectoris were excluded from this stucly, Angiotensin-
converting enzyme inhibitors had been given in 56 patients,
diurctics in 54 patients, B-blockers in 16 patients, and
digoxin in 28 patients. These medications were maintained
during the examination. All patients gave informed consent
for their participation in the study as approved by our instini-
tional committee on human rescarch.

Study protocol
Hypercapnic chemoscnsitivity at rest and ventilatory re-
sponse to exercise were assessed in all patients. Functional

)
R

SAS -0.29 <.01 99
AT -013 NS 99
Peck Vo, -0.11 NS 99
VE-Vco, shope 0.54 <.0 99
Paco, -0.36 <01 90
Pao, -0.18 NS 20
LVEDD 0.09 NS - 86
LVEF -0.15 NS 86
PCWP 0.07 NS 59
{VEDP 0.02 NS 59
NE 0.49 <.01 99
BNP 0.07 NS b2
ANP on <.05 99

AT, Anoercbic threshold; LYEDP, left ventricular end-diasiclic pressure; NS, not
slngiconf Paco,, arkerial purhol pressure of carbon dioxide; Paoy, arfericl par-
tiol pressurm of axygen; PCWP, puimonary wedge pressurs. See Table | for other
abbreviations.

capacity and humeoral factors including plasma norepineph-
rine were also examined in these patients. Because of safety,
a lower dose of o,-adrenoceptor agonist, guanfacine (0.25
mg/day, orally), which inhibits central sympathetic neural
outflow, was administered for 4 to 6 days in 20 patients (Ta-
ble I). Measurements of the hypercapnic chemosensitivity,
humorsl factors, cardiopulmonary exercise testing, and 2-di-
mensional echocardiography were performed before and af-
ter the drug administration.

Cardiopulmonary exercise test

Each subject was evaluated at feast 2 hours after a meal.
Patients were asked to perform progressive maximal symp-
tom-limited exercise while seated upright on an electronically
braked cycle ergometer (Corival-400, Lode, The Netherlands).
Initially, patients performed unloaded cycling for 3 minutes,
Then, the work rate was increased progressively by 3 to 15
watts every minute, The work rate increment was individual-
ized on the basis of the subject’s exercise capacity. Every
subject terminated progressive exercise because of leg fa
tigue or dyspnea. Heart rate was monitored together with
blood pressure, which was measured by the cuff method at
l-minute intervals throughout the test. Oxygen uptake (Vo,),
carbon dioxide production (Vco,), minute ventilation (VE),
tidal volume, and respiratory rate were continuously mea-
sured on breath-by-breath basis using a metabolic measure-
ment cart equipped with an oxygen and carbon dioxide ana-
lyzer (Minato AE-280, Osaka, Japan). Respiratory flow was
measured by the thermal dissipation technique. Exercise tol-
erance was evaluated using the peak Vo, and the anaerobic
threshold. In the present study, the exercise ventilatory re-
sponsc was assessed by the regression slope between VE and
the corresponding Vco, below the level of respiratory com-
pensation required for metabolic acidosis. 1n all subjects,
VE correlated with Vco, in a highly linear fashion (r >
0.96).
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Correlations between plasma norepinephrine levels and hypercap-
nic chemesensitivity (upper panel) and between plasma norepi-
nephrine levels and venfilation [VE}-carbon dioxide output (Vco,)
regression slope {lower panel). There were significont positive car-
relations between these parameters.

Measurements of central hypercapnic
chemosensitivity

All subjects were exposed to a hyperoxic hypercapnic gas
mixture (7% carbon dioxide + 93% oxygen) to activate the
central hypercapnic chemorefiex, where the peripheral hy-
poxic and hypercapnic chemoreflexes were minimized by
hyperoxia.® Measurements werc taken during 3-minute peri-
ods of stable ventilation while subjects breathed room air
with a mask. Then patients were exposed to the hypercapnic
stressor for 4 minutes, while oxygen and carbon dioxide con-
centrations of respiratory gases and minute ventilation were
measurcd on breath-by-breath basis. Hypercapnic chemosen-
sitivity was assessed by the regression slope between minute
ventilation and end-tidal carbon dioxide. The slope was ex-
pressed in terms of liters per minute per mm Hg (L/min/mm
Hg). The test was continued for 4 minutes vniess the subject
comphained of moderately severe breathlessness.

Neurchumoral and hemodynamic measurements
All measurements were performed with subjects in resting
supine conditions, as reported previously.? In 40 patients, a

161 = . 1 {s

Hypercapnic chemosensitivity
{ Lmin‘mmHg |

[} ] " 15

Alpha index { mescnmig ) HF { mesc'az)

Correlations between central hypercapnic chemosensitivity and the
o index and between central chemosensitivity and high-frequency
spectral power of R-R interval voriability {HF). Chemosensitivity
had on inverse relafionship with HF and the o index.

stationary &-minute pericd of blood pressure tracing with
noninvasive tonometry (Jentow 7700, Colin, Komaki, Japan)
and electrocardiogram (ECG) were digitized at 1000 Hz per
channel by an analog-digital converter (DT9804-USB, Data
Translation, Marlboro, Mass) and directly stored on a hard-
disk memory system (Latitude C600, Dell, Round Rock, Tex).
Beat-to-beat R-R interval and systolic blood pressure were in-
terpolated at 4 Hz to ensure equidistant sampling in each
time s_ries and subject to the maximum entropy method,
with 50 as a model order to derive the power spectra of R-R
interval and systolic blood pressure variability. After subtrac-
tion of the very low-frequency power, the frequency con-
tents were then classified as high-frequency (HF; 0.12-0.5
Hz) and low-frequency (LF; 0.04-0.11 Hz) power. The simul-
taneous analysis of R-R interval and systolic blood pressure
variabilities allows us to determine o index, calculated as the
square root of the ratio of the RR interval power to the cor-
responding systolic blood pressure power.*® In all 99 pa-
tients, blood sample was drawn at rest from the antecubital
vein for measurements of plasma concentrations of norepi-
nephrine and atrial and brain natriuretic peptides. Concentra-
tion of the resting arterial blood gascs were examined in 90
paticnts, Two-dimensional echocardiography was performed
in 86 patients and cardiac catheterization in 59 patients to
evaluate the bascline cardiac function.

Statistical analysis

Values are expressed as mean * $D. Correlation between
ventilatory and hemodynamic variables and central chemo-
sensitivity was examined by the linear regression analysis.
The effects of guanfacine were examined by paired ¢ test.
Values of P < 05 were considered to be statistically signifi-
cant.
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T Tabla L. e of gueriome.

Baseline Guanfacine P
Rest HR [beats/min) 82 +16 74+19 <05
Rest MBP (mm Hg) 8510 8l x9 NS
Peck HR {bects/min) 153+ 28 152 + 33 NS
Peak MBP (mm Hg) 105 =17 W07 £13 N$
AT (ral/kg/min) ‘ 122+29 129246 NS
Peak Vo, {ml/kg/min) 20.2 = 40 211239 NS
VE-V(o, slope 35584 334+66 <01
VE-ETco, slope [L/min/mm Hg) 57+32 3920 <0
LVEF (%} 327 =140 347132 NS
LVEDD {mm/m?) 363241 350+65 N5
NE (pg/ml} 57 £ 09 252 + 202 <01
BNP [pg/ml} 190 + 275 204 + 337 Ns
ANP (pg/ml) 59 = 52 57 + 52 NS
pH 7.44 = 0.02 7.44 + 002 NS
Pao, {mm Hg) 90.2+ 9.4 920£127 NS
Paco, (mm Hg) 39439 406 + 4.1 <05

Yalues are mean = SD. ETCO,, End-fidal carbon diaxide concantration; HR, heart rate; MBP, mean blocd pressure; VE-ETCO2 slope represents hypercapnic chemoseansitiv-

ity. See Tables | and Il for other abbreviations.

Results

Hypercapnic chemosensitivity and functional
impairment

The relationship between hypercapnic chemosensi-
tivity and ventilatoty, cardiac, and neurohumoral vari-
ables is summarized in Table I1. Although hypercapnic
chemosensitivity did not correlate with exercise capac-
ity assessed by peak Vo, and the anaerobic threshold,
there was a significant inverse correlation between
chemosensitivity and ordinary physical activity as-
sessed by the specific activity scale, A close positive
correlation was found between chemosensitivity and
exercise ventilatory response assessed by the VE-Vco,
siope. Enhanced chemosensitivity was also accompa-
nied by a fall in arterial partial pressure of carbon di-
oxide at rest. Figure 1 illustrates the relationship be-
tween plasma norepinephrine levels and
chemosensitivity and the relationship between plasma
norepinephrine levels and VE-Vco, slope. The patients
with increased sympathetic tone showed a greater che-
mosensitivity and a resultant augmentation in exercise
ventilation. In contrast, chemosensitivity had an in-
verse relationship with HF power of heart rate variabil-
ity (r = —0.38, P < .05) and the a index (r = —0.41,
P < .01) (Figure 2). There were no significant correla-
tions between hypercapnic chemosensitivity and left
ventricular function and between chemosensitivity and
exercise capacity.

Effects of central sympatholytic agent

Table IIT summarizes the effects of guanfacine. De-
spite a small dose of guanfacine, plasma norepineph-
rine levels fell significantty by 29% after drug adminis-
tration. Guanfacine significantly suppressed both

hypercapnic chemosensitivity and the VE-Vco, slope
by 31% and 6%, respectively. These changes were ac-
companied by a significant increase in arterial carbon
dioxide tension. However, the magnitude of the reduc-
tion in hypercapnic chemosensitivity and the VE-Vco,
slope after guanfacine varied depending on chemosen-
sitivity prior to the drug administration. Patients with a
higher hypercapnic chemosensitivity showed a greater
reduction in chemosensitivity after guanfacine (Figure
3, upper panel). Similarly, patients with a greater hy-
percapnic chemosensitivity showed a greater decrease
in VE-Vco, slope with this drug (Figure 3, lower
panel). The resting heart rate fell significantly with
guanfacine, whereas blood pressure remained un-
changed (Table IIT). There were no significamt changes
in left ventricular function and plasma natriuretic pep-
tide levels after guanfacine. Similarly, exercise capacity
assessed by anaerobic threshold and peak oxygen con-
sumption remained unchanged.

Discussion

The present study revealed the causative relationship
between sympathetic nerve activity and enhanced hy-
percapnic chemosensitivity in patients with chronic
heart failure. Another important finding of this study is
that the effect of the sympatholytic agent on hypercap-
nic chemosensitivity depends on the baseline chemo-
sensitivity, Patients with a higher hypercapnic chemo-
sensitivity benefited more from the central
sympatholytic agent guanfacine. Similarly, central sym-
pathoinhibition resulted in a greater decline in VEVco,
slope in patients with excessive exercise ventilation.
These findings suggest that a heightened central sym-
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Changes in central hypercapnic chemosensitivity and ventilation (VE)-
corbon dioxide (VC0,) regression slope with guanfacing were plotted
against baseline hypercapnic chemosensifivity, Patients with o higher
baseline hypercapnic chemosensitivity showed a greater improvement
in chemosensitivity with this agent (upper pane!). Similarly, guan-
facine reduced VE-Vco, skope more in patients with a higher baseline
chemosensitivity before the drug odministration (lower paned),

pathetic activity could play a role in enhancing hyper-
capnic chemosensitivity in chronic heart failure,
Although mechanisms causing altered hypercapnic
chemosensitivity remain obscure, several factors are
known to influence hypercapnic ventilatory drive. At
sea level, carbon dioxide is believed to be the major
chemical drive for autonomic respiratory control,
However, when hypoxia occurs, the overall gain of
this controller is multiplied; the lower the arterial oxy-
gen tension, the greater the hypercapnic chemosensi-
tivity.!"!? Exercise is assumed to be another factor
that alters centeal chemoreflex sensitivity. Weil et al 1?
found a clear increase in hypercapnic chemosensitivity
during the transition from rest to the first low level of
cxercise. Conversely, sleep, in which the behavioral
control of respiration disappears, is accompanied by a
depression of hypercapnic chemosensitivity in normal
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subjects.'* In anesthetized cats, cooling of the ventral
surface of the medulla in putative chemosensitive ar-
eas causes similar changes in the ventitatory carbon
dioxide response.!® These findings suggest that central
chemosensitivity is subject to brain mechanisms, in-
cluding brain oxygen tension and behavioral inputs.

Opiate and morphine are centrally active by depress-
ing respiration and relieving breathlessness. The respi-
ratory depression with these drugs is considered to be
due to the reduced responsiveness of chemoreceptors
to arterial blood gas. Chua et al* demonstrated that
dihydrocodeine suppressed central hypercapnic che-
mosensitivity in patients with heart failure. They sug-
gested a potential benefit of pharmacologic modulation
of chemosensitivity for patients with heart failure be-
cause the chemoreflex suppression in these patients
was accompanied by an improvement in exercise tol-
crance and excessive exercise ventilation, Milsom and
Sadig'® have shown in anesthetized rabbits that norepi-
nephrine infusion significantly augmented afferent fi-
ber discharge from carotid chemoreceptors in a dose-
dependent manner. This response was abolished
sufficiently by propranolol, suggesting that a B-adrener-
gic mechanism is invoived in the excitation of the pe-
ripheral chemoreceptors. However, it remains un-
known whether the suppression of sympathetic
activation could reduce the hypercapnic chemosensi-
tivity in humans. Central mechanisms for sympathetic
nerve activation have received considerable attention
in heart failure.!”'® Hemodynamic and sympathetic
responses to mental stress are augmented in heart fajil-
ure and effectively suppressed with a,adrenergic ago-
nists.’® The present study indicates that central sympa-
thoinhibition also has a potential benefit in the
modulation of enhanced hypercapnic chemosensitivity
in patients with chronic heart failure.

In the present study we demonstrated significant
inverse relationships between central chemosensitivity
and baroreflex sensitivity, calculated as the « index
and between the chemosensitivity and HF power of
heart rate variability. A similar relationship between
peripheral chemosensitivity and baroreflex sensitivity
has already been reported in animals, heatthy humans,
and patients with heart faiture.’®"?* The peripheral
chemoreflex-baroreflex interactions have been ex-
plained by interneurcnal antagonistic connection in
the solitary and paramedian reticular nuclei in the me-
dulla.?" However, these direct neuronal interactions
are unlikely to be responsible for the inverse relation-
ship between central chemoreflex and vagal tone or
baroreflex, because the central chemoreflex is less sen-
sitive to baroreflex activation in normal subjects.?* An-
other possible mechanism could involve central factors
that are related to both sympathetic and vagal tone,
Several previous studies®®?® suggested the central role
of angiotensin II, which blunts the baroreflex sensitiv-
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ity and stimulates sympathetic tone leading to an aug-
mentation of the central chemoreflex.

Normalization of hypercapnic chemosensitivity could
stabilize the respiratory system because both hypersen-
sitivity of the signal detector and a delayed transmis-
sion of signals make the feedback system unstable.
Therefore, stable and deep respiration could suppress
sympathetic nerve activity, as previously reported.”’
On the other hand, chemoreflex-mediated respiratory
instability is known to elicit central sleep apnea in
heart failure.?®* Sleep apnea has detrimental effects
on sleep quality and the autonomic nervous system by
fragmenting sleep architecture. Frequent arterial oxy-
gen desaturation caused by apneic period not only am-
plifies central chemosensitivity but activates the sym-
pathetic nervous system in these patients.

Some limitations of the present study should be ad-
dressed. First, because of safety we included patients
with mild heart failure; about half of them were in
NYHA class I. A close correlation between sympatho-
excitation and chemosensitivity suggests that patients
with severe heart failure could benefit more from cen-
tral sympatholytic agents. Second, despite a significant
improvement in chemosensitivity, cardiac function and
plasma BNP levels remained unchanged during a short
period of the treatment. Further studies are required
to assess eftects of a long-term treatment on cardiac
function of the patient with heart faiture. Third, we
cannot exclude the possibility that guanfacine im-
proved central chemoreflex sensitivity indirectly
through beneficial hemodynamic effects. In congestive
heart failure, a reduction in sympathetic outflow with
o, -adrenoceptor agonist decreases preload, heart rate,
and arterial pressure acutely without changing cardiac
output.>® As shown in the Moxonidine Congestive
Heart Failure Trial (MOXCON) trial,®! however, a large
dosage of a central sympatholytic agent could be inap-
propriately sympathoablative,*? leading to an insuffi-
cient cardiac support by residual sympathetic outflow
and progressive pump failure, In the present study,
cardiac function and brain natriuretic peptide did not
change appreciably after treatment with a low dose of
guanfacine. Although we did not measure the changes
in intracardiac pressure and cardiac output invasively
in these patients, it is less likely that this dose of guan-
facine reduced the chemosensitivity indirectly by im-
proving hemodynamics. Secondly, guanfacine might
alter ventilatory response to carbon dioxide through
suppression of peripheral hypercapnic chemoreflex
because peripheral chemoreceptors are prone to be
sensitized by sympathetic nerve activation.'® However,
this was assumed not to be the case, because periph-
eral chemoreceptors are suppressed under the hyper-
oxic conditions and only 12% of the ventilatory re-
sponse to hypercapniz is mediated by peripheral
chemoreceptors.>?
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In conclusion, the close relationship between sympa-
thetic activation and enhanced chemosensitivity and
the specific, beneficial effects of guanfacine suggest
that central sympathoexcitation could play an impor-
tant role in the pathogenesis of enhanced hypercapnic
chemosensitivity and a resultant increase in exercise
ventilation in chronic heart failure.
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The present study was desighed to develop a method io continuously measure Holter
electrocardiogram (ECG) and physical activity in terms of metabolic costs to examine
circadian dynamics of RR intervals and physical activity in patients with hears failure.
A total of 7 healthy subjects and 4 heant failure patients performed cardiopulmonary
exercise test using three-stage graded treadmill walking ar 0% grade 10 examine
whether the acceleration signals in the vertical direction could reflect actual body
energy expenditure during physical acrivity. Then, using this new method, 24-hr
maonitorings of ECG and physical activity were performed in 24 inpatients with heart
Jailure while they were allowed 10 walk around freely. Our results showed the integral
of rectified acceleration signals was closely correlated with actual metabolic cost in
all subjects. Instantaneous changes in heart rate were quite concordant with physicel
activity. Ay compared with the asympromatic patients (n = 12), the symptomatic
patients (n = 12) had lower energy expenditure during 8-hr daytime periods but
higher mean heart rate. Furthermore, a more prominent ultradian rhythm of circadian
changes in keart rate and physical acrivity was found in 50% of all subjects suudied.
The simultaneous analysis of Holter ECG and physical activity as the same time series
revealed that in patients with heart failure, sympathovagal balunce shifted toward
sympathotonic conditions and their physical activity could become subject 1o intrinsic
ultradian dynamics of body's homeostayis.

Keywords accelerometer, heart failure, oxygen consumption, power spectral
analysis, ultradian rhythm
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