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Parasympathetic Withdrawal Is an [ntegral Component of
Autonomic Imbalance in Congestive Heart Failure: Demonstration
In Human Subjects and Verification in a Paced Canine Model

Of Ventricular Failure
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STEVEN D. NELSON, MD, ROBERT J. CODY, MD, FACC
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Alihaugh enhanced sympathetic fone is s well recognized compo-
nest of the autonemic profile characteristic of congestive heart
failure, lhe contribution of parasy i I to this

the low frequency urea but to anly 2 small decrease in the high/low
frequency area rafio.

of congestlve heat Fallure in a paced canine model

bal rslese.well‘ ibed, The technique of  resultnd in alterations in the ic profile that
sptctn.l analysis of heart rale variability provides a dynamic map thase seen in humans with veatricular failure, The prominent high
thetic and parssy (heti loneandwuslhnu:dtu rqmnnllie al baseline, i a pre-
dlﬁnz the natare of sympatheti jons in Homis ic tone, was absent after the evolu-
humans with dlm:d and in a proed ﬁmdmg:sll\ebunﬁxlm.udlhenmamrked augmen-

caning model of rongestive heart failure. Humm with m'dmny-
opathy were found to have an aug; tion of the h
mediate:] low frequency area of the power del:lly spectrum.
Parasyinpathetic withdrawal wns llrmons!rmd by signiicent
in the I diated high frequency
area {p < 0.05) and she ratio of high to low [requency aress (p <
0.01}. Administration of atropine to sormal subjects resulted in a
significant recuction in the high frequency area {p < 0.05) and the
higl'low Srequency aiea ratio, both of which decreased within the
range noted in patients with congestive heart fxilure. Administra-
tlom of isnpyoterenol In normal subjerts led to an augmentation of

tation of the low Erequency region of the specirum.

These observations indicate that parasympathetic withdrawal,
in addition to the weil knowa augmelmlon ofsympmheﬁc drive,
i5 an integral comy of the
istic of chromic congestive heart failure and can be detected
noainvasively by speclnl analysis ui' heart rate variability. Fur-
thermore, enh: ios alowe does not re-
produce this mpmﬂle.-‘ idenced by the isop
pol-induced chariges in (he power density spectrum in mormal
subjects.

(4 Am Colf Cardiol 1991;18:464-72)

Chronic congestive heart failure is characterized by aberra-
tions of the neuroendocrine axis that comribute to hemody-
namic d i

the status of this limb of the autonomic nervous syster in
con{,eslwc hcan failure is available (6) Thus, whether the

. the perp ien of symptoms and, lar failure
apparenlly. the progression of the disease state (1-10). A censisls prednmmanﬂy of enhanced sympathe(u. drive ¢gr a
1 of this nesroendocrine d isthe  combi of hetic tone and parasy

major ¢

markedly abnormal aumtonomic profile of the patient with
congestive heart failure, which has been described as con-
sisting of an augmeniation of sympathetic drive (1-3,7-10).
In part hecanse in vivo assessment of parasympathetic rone
is technically limited, relatively little information regarding

pathetic withdrawal remains unresolved.

Analysis of heart rate variability permits assessment of
both sy and parasympathetic activity given that
frequency-specific variations in heart rate ascribed to each
system have been tefined (7-26). In general, as demon-
:tmted by Akselrod er at. (131 and others (7-12,14-26). high
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quency (>0.1 Hz) in heart rate are exclusively
under contrel of the pa—asympathetic nervous system. Sym-
pathetically mediated variations in heart rate are restricled
ta the spectrum of frequencies below this range (12,13,16).
"The technique of speciril analysis of heart rate variability
provides a means of quan:ifying the frequency content of the
vatiation of heart rate over time, thus permitting a measure
of both sympathetic and parasympathetic tone (7-26).

We applied the technique: of spectral analysis of heart rate
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variability to more ize the

profile that evolves in the selung of ventricular dysfunction ~ muck as |
and to test the hypothesis that ion of p p
thetic tone is a y comp of the
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before signal acqulsmun and were mslructcd to relax as
ibl hout the g period. After the
cquxhbm\mn period, the selected ECG lead was recorded for

response to ventricular failure. Specifically, the power den-
sity spectrum of heart rate variability obtained in patiems
with conpestive heart [ailure who were not receiving vaso-
dilator medications was compared with the spectrum ob-
tained in normal subjects at baseline and in Tesponse to
phar logic interventions designed to mimic d
sympathetic drive and w:!hdrawal of parasympathetic fone.
To further investigate the evolution of autonomic dysfunc-
tion in a prospective fashion, heart raie variability was
analyzed in a paced canine model of congestive heart failure
and compared with the spectrum observed in humans with
congestive heart failure (27-29).

Methods

Studies in Normal Human Subjects and
Patients With Congestive Heart Failure

Study patients. Informed consent was obtained from all
subjects before entry into the protocol in accordance with
the Human Subjects Review Committee of The Chio State
University, which reviewed and approved the protocol.
Fiftcen men ranging in age from 21 to 41 years (mean 28.9
7.1) with normal results on physical examination and without
a history of significant medical illness formed the normat
group. Ten patients (six men and four women) ranging in age
from 32 to 65 years (mean 49.2 = 10.6) with congestive
cardiomyopathy and an ejection fraction of 12% 1o 40%
(mean 23.5 = 9.9) constituted the heart failure study group.
The etiology of congestive heart failure was idiopathic
dilated cardiomyopathy in all patients. All vasodilators were
withheld for =5 half-lives befare study. Seven patients were
receiving stable maintenance doses of digoxin during the
study period and seven were receiving stable maintenance
doses of furosemide and one of these was receiving a
riamterene/hydrochlenthiazide preparation as well. These
diuretic drugs were administered on the evening before the
¢valuation of aulonomic tone. No patient had been pre-
scribed any other medications, such as a beta-adrenergic
blocking agent, which may directly influence sympulhetic or
parasympathetic tone. All subjects had sinus thythm without
frequent ectopic ventricular or supraventricular beats during
the evaluation.

Measurement of autonomic tone at rest. Normal subjects
and patients with congastive heart failure were studied in the
supine posture. All examinations were performed between 9
and |1 am. Electrocardiographic (ECG} electrodes for re-
cording standard limb leads were attached and a lead dem-
onstrating predominant positive or negative QRS deflection
(facilitating QRS recognition by a signal-processing algo-
rithm) was selected for recording and analysis. Subjects
rested in the supine posture for a 20-min equilibration period

a mini of 4 min with use of a RACAL V STORE FM
tape recorder at a speed of .75 in. (9.53 cm)/s. If somatic
artifact or ecropic beats were noted at any time, the record-
ing was halted and reinitiated after such interference had
resolved. The ECG signal was subsequently analyzed for
generation of the power density spectrum.

Pharmacelogic manipulation of autonomic tone in normal
subjects. Given that beta-adrenergic activity modulates low
frequency heart rate variability (12,13,16,25,30), verification
that the spectral analysis technique accurately reflects aug-
mented beta-adrenergic stimulation, such as that encoun-
tered in chronic congestive heart failure, was performed in
seven normal subjects. Each subject received isoproterenol,
with recording of the ECG signal for spectral analysis of
heart rate variability. After acquisition of the bascline ECG
recording, isoproterenal was infused at a rate of 2 pg/min
until the heart rate was mcreased by 25 bealﬁlmm (31). The
ECG signal was ded 1y hout the infu-
sion period.

To further assess the sensitivity of the spectral analysis
technique to alterations in parasympathetic tone and to
compare the autonomic profile in normal subjects during
parasympathetic blockade with that in patients with conges-
tive heart failure, atropine (I mg) was administered to an
additional sever normal subjects after acquisition of baseline
rest heart rate data. The ECG was recorded for =4 min afier
a stable increase in heart rate was noted (within 15 min of
atropine administration in all subjects).

Spectral analysis of heart rate variability. The tape-
recorded ECG signal was preprocessed with use of an
antialiasing filter and digitized by means of a 12-bit analog/
digital converter board (Metrobyte Co.) installed in an
IBM/AT computer al a sampling rate of 512 Hz. Once
digitized., the ECG signal was passed through a digital band
pass filter having a central frequency of 85 Hz. A dynamic
user-interactive threshold technique was applied to the fil-
tered signal to detect the R waves and comrpuie the RR
interval sequence, Subsequently, the RR interval sequences
were passed through a statistical fiiter to eliminate rapid
transitions due to signal detection favlts. Data points outside
the 95% confidence interval of the previous 10 points were
climinated and a point derived by linear interpolation of the
preceding and following points was substituted. A plot of the
instantaneous heart rate versus time (heart rate variability
signal) was generated from the RR interval sequence (32).
The heart rate versus time series was then passed through 4
Parzen window and the power spectrum density of heart rate
variability was gencrated with use of the modified period-
ogram methnd of Welch (33). This method is based on the
multiple computation and average of the fast Fourier trans-
form of overlapped data segments (33). With this method,
the variance of the estimated power spectral density i
reduced by a factor proportional 1o the number of data
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segments used. The power speciral density was then naor-
malized so that the total power was equal to the signal mean
square. A plot of the values of the pewer spectrum density
against frequency was then generated. An area under the
curve method was used to quantify the power within speci-
fied frequencies. Specifically. the to1al area, the area under
the low frequency (0.02 10 9.1 Hz) region of the curve, which
reflecis sympathetic nerve aelivity, and the high frequency
(>0.1 Hz) region, which reflects purasympathetic tone, were
caleulated (12,13,16,23). In addition, io compare refative
contributions of high and low frequency varfability, the
ratios of high frequency 1o total area. low frequency to total
area and high frequency 10 low frequency area were com-
puted. Thus, rhe ~lative balsrce of parasyrapathetic and
sympathetic tone under varying conditions may be quanti-
fied by this system of analysis.

Prospective Evalnation of Auronomic
Dysfunction in a Paced Canine Model of
Congestive Heart Failure

Experimenul prepurntlon To prospectlve]y examine the
of: dysfunction <h istic of conges-
tive heart failure, analysis of heart rate variability was
performed in a paced canine mode! of ventricular failure
{(27-29). The protocol was reviewed and approved by the
Animal Use Committee of The Ghio State University. In
four conditioned beagles, general anesthesia was maintained
with vaporized halothane and nitrous oxide, and a screw-in
unipolar pacemaker lead (Medironic, medel 5300) was
passed through a jugular venous cutdown inte the right
ventricle. Under fluoroscopic guidance, the tip was posi-
tioned in the right ventricular apex and consistent captura of
the ventricle was verified. A subcutaneous pocket for im-
plantation of a pulse generator (Medtronic, modej 5985) was
made in the right scapular region, a subcutanecus tunne| fnr
passage of the pacer lead to the pulse g &
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were recorded. Afier ECG signals were obtained, pacmg
was resumed 4l 250 beats/min. This | was
until the dogs exhibited symptoms of severe congestive heart
failure, at which time they were killed by administration of
sodium pentobarbital. The ECG sigrals were subsequently
analyzed for heart rate vaniability and generation of power
spectrum density as described for the studies in humans.
Echocardiographic recordings were used to derive the per-
cent fractional shorening of the 1R ventricle, defined as
{(End-diastolic dimension ~ End-systolic dimension)/End-
diastolic dimension] x [00% (34).

Statistical analysis. All data are presented as mean valves
2 | SD. Student's ¢ test for unpaired data was used to
compare the variables of heart rate variability between
normai hurman subject: :n- patients with heart failure. The
paiced ¢ test was used for < omparison of changes in he.rt rate
variability accompanying atropine and isoproterenot admin-
istration in humans and changes in variables of heant rate
variability and in echocardicgraphic variables of ventricular
performance during evolution of congestive heart failure in
the canine model. Statistical significance was defined at the
p < 0.05 level.

Results

Heart Rate Spectrum in Paticnts With
Congestive Heart Faiture and Normal Subjects

Normal versus congestive heart failore power deusity spec-
trum. A representative plot of inslantaneous heart rate
versus time in a normal subject is shown in Figure 1A, Itis
readily noted that higher frequency oscillations in heart rate
are superimposed on slower cyclic variations. These fea-
tres of the pattern of heart rate variability are represented
in the power density spectrum and are displayed for this
norma| subject in Figure 2A. The specirum is characierized

bluck was created and the implant pocket was closed.
Cardisc pacing profocol. After a 3-day recovery period,

the dogs were lightly anesthetized with acepromazine

{0.55 mgikg body wcight) and placed in the lefe laterat

by a significant degree of variability in both the high and the
low frequency bands as quamified by the arca under the
curve determined for these regions (Fig. 3). In comrast 1o the
norma} subjects. in the patients with congestive heart failure
the p]o! of heart tate versus time is characterized by a

posture. At ionally directed M-mode
echocardiogram was performed from the right parasternal
window with a Hewleit-Packard 770204 ultrasonnd system.
A scalar ECG lead was then recorded for 4 min using
electrodes attached to the fore and biad himbs of the animal.
The pacemaker was then programmed for a aate of 250
beats/min. After verification of consistent capire of the
Tigh! ventricle, the dogs were returned to the animal care
facility, where they were closely observed for physical signs
of congestive heart failure.

At weekly inletvals, the dogs were lightly anesthetized
with acepromazine and placed in the left lateral recumbent
posture. Pacing was interrupted for 30 to 40 min, during
which time cchocardiographic evaluatian was perfarmed and
ECG signals for spectral analysis of hearl rate variability

of low frequency oscillations in hean rate and
a paucity of high frequency vanabdlty \Flg 1B). Accord-
ingly, the power density spectrum in patients with conges-
tive heart faifure demonsirated a virwal absence of high
frequency (0.1 Hz) variability and an augmentation of the
low frequency componeats of the spectrum (Fig. 2C). These
differences in the mormal and hean failure power density
spectrum are quantified by a marked and statistically signif-
icant (p < 0.05) decrease in the parasympathetically medi-
aled high frequency area under the curve in the patients with
heart failure as compared with normal subjects (Fig. 3).
Further definition of the differing autonomic profile of the
heart failure and normal groups is provided in the ratio
between the areas bounded by the high and low frequency
regions (Fig. 3). This ratio was 7 + 6% in the congestive
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Figum L plots of i heart rate in beats/
min (BPM) (vertical axis) versus time in secords (horizantaf axis) for
a normal subject (A) and a patient with congestive hear! failure {B).
The normal subject displays both low and high frequency heart rate
variability. In contrast, the patient with congestive heart failure has
markedly diminished high frequency variations in instantaneous
heart rate, with a predominance of low frequency variability.

heart failure group, which was sigrificantly (p < 0.01) less
than the ratio of 31 % 25% noted in the normal group.
Finally, the low frequency region of the curve comprised
a significantly (p < 0.05) greater proportion of the totat area
in the patients with hean failure than in the normal subjects
(87 = 14% vs. 77 % 13%, respecnvely]
B of ic blockade ard adreneigic
stimulation on the hurt rate power density spectrom. Effect
f armplne High frcqucncy heart rate variability was greatly
hed after administration of atropine in normal sub-
jects. The plot of instantancous heart rate versus time
demonstrated a marked decrease in the high frequency
variations in heart rate (Fig. 4). This was further manifested
in the power density spectrum of hean rate variation as a
significant decrease in the region of the curve > 0.1 Hz (Fig.
2B). The high frequency area bounded by the power density
spectrum decreased significantly (p < (.03) in normal sub-
jects after the administration of atropine and., in fact, fell inta
the range of the high frequency area noted in the congestive
heart failure group (Fig. 2B and 3). Similarly, the high
frequencyflow frequency ratio significantly (p < 0.005) de-
creased with atropine administration and again was within
the range observed in the patients with congestive heart
failure (Fig. 31.
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Figure 2. Power spectral density of heart rate variation in a normal
subject {A}. in the same subject after the administration of atropine
B} and in a natient with congestive heart faiture (C). The normal
subject has hoth high frequency (>0.} Hz) and low frequency
variahility in heant rate. After almpmc lherc isa vmunl absence of
variability in the

»0.1 Hz. The spectrum in xhe patient vmh congestive heart fallure
resembles thal seen in the normal subject after atropine in that there
is an absence of variability at frequencies 0.1 Hz, In addition, in
congestive heart failure, 1here is an augmentation of low frequency
variability compared with the normzl bascline value (rote that the
magnitude oﬂhc scale in C [107%] is 10 times that in A (1076} BPM?
= beals/min®.

Effect of i I. Admini: 2 of i 1
was associated with the expecied significant (p < 0.05)
increase in the low frequency region of the curve (Fig. 5 and
6). Despite this increase, there was no significant change in
the high frequency/tow frequency area ratio (Fig. 6), and the
ratio did not approach that noted in patients with congestive
heart failure or in normal subjects after atropine administra-
tion (Fig. 4).
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Figure 3. Mean = SD of the parasyinpathetically mediated
{=>D.t Hz) region of the power density spectrum of hearl rate
variability in normal subjects, normal subjects after the administra-
tion of atropine ard patients with congestive heart failure t(CHF). A,
The high frequency area in patients with congestive heart failurc is
significantly less than that observed in normal subject at baseline.
After administration of atropine in normal subjects, the high fre-
quency area decreases significantly to within the range noted in the
patienls, B, Mean = 8D of the ratio of high 10 low fy area in

CHF
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Figure 4. Instantaneous heart rate (vertical axis} versos time {hoti-
zontal axis) in o normal subject at bascline (A) and after the
adminisiration of atropine (B). Both are platted on the same scale. A
marked reduction in high frequency variability in instantaneous
heart rate is noted after atropine. BPM = beats/min.

{Fig. 7). With evolution of congestive heart failure, there was

a marked d in the par patheti region am! an
in the low freq heti

region of the spectrum (Fig. 7). ThlS was quantified by a

marked decrease in the area under the high frequency region

from 8.4 x 10° Tx68% 10770016 x WP £0.11x 1078

normal subjects, normal subjects after the administration of atropine
and pane.nls with cum,utlvc heart failure. The ratio is slgmﬁcanlly

?, which showed a trend toward statistical sighif-
icance {(p = 0.09) and a SIgmﬁcanl {p < 0.05) decrease in the

lower in the patients than in the normal subjccts, A
decrease in the ratio 1$ s2en in normal subjecls after atropine when
the ratio decreases to the range noted in the patients. BPM2? =
beats/min’. 4 = p valucs in comparison with baseline values; § = p
valties in comparison with values in normal subjects,

Autonomic Changes in the Paced Canine Model
af Cangestive Heart Failure

All four dogs daveloped progressive ventricular dysfunc-
tion as well as symploms of congestive heart failure. Pro-
found ventricular failure necessitating induced death oc-
curred at perieds ranging from | to 4 weeks of pacing (at |
week mn one dog. 3 weeks in two dogs and 4 weeks in the
remaining dog). Rapid ventricular pacing was associated

high fi | arca ratio from 70 = 36% to 15 +
% (Flg. 8), The low frequency areaftotal are¢a ratio in-
creased significantly from 30 = 36% to B4 = 9% (p < 0.05).
The high frequency/low frequency area ratio markedly de-
creased from 628 *+ 503% 1o 19 + 12% (p = 0.09 (Fig. B).

Discnssion

Autonomic dystunctivn in heart faifure. Althvugh it has
been recognized that chronic congestive beart failure is
characterized by a arked augmentation of sympathetic
drive. the contribuiiun of the paasympathetic nervous sys-
icm 10 the autonomic abrormalities that accompany ventric-
ular failure have been less well deseribed (1,6.18,23). In part
becausc of methodologlc limitations, it has been difficult to

with a significant reduction in the percent fi ! short-
ening of the ventricle, which was measured during interrup-
tion of pacing and which decreased from a baseline value of
28.3 > 4.6% 10 16.3 = 4.1% {n < 0.01).

Effect on power density spectrum. The baseline power

density spectrum was characterized by a predomi of

di h enh d path drive from diminisied
parasympalhehc tone as contributing factors 1o this auto-
nomic imbalance. The curr-nt investigation builds on prior
obscrvstions regarding autonomic balance in congestive
hearl fallure and is unique in its contribution to the further

the high freq Y § ympathetically diated region

g of ic dysfunction in the following:
[} Patients \‘Il[h congestive heart failure having nonmischemic
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Figure 5. Power dersity spectrum in a normal subyec: ar baseline (A)
and during isoproterencl infusion (B). A marked increasc in the low
frequency region of the curve i. noted with iscproterenol infusion.
consistent with beta-adrenrraic slimulanuq fraite that the hotlom
scale is 100 limes the bascline scale). BPM = beats/mn”.

cardiomyopathy who were nat receiving vasodilstor medi-
cations were studicd at supine rest. Therefore, the confound-
ing influence of variahles such as myaocardial ischcmia.
vasodilator therapy and upright posture on the power Jden-
sity spectrum of heart rate varability were climinated. ¥) We
demenstraled that normal subjects and patienrs with conges-
tive heart failure can be differentiated on the basis of 1ha
ratios between the parasympatheticaliy mediated high fre-
guency and sympathetizally influenced low Frequency
bands. Furthermore. the pawer densily spectrum in normal
subjects can be made 1o resemble that sezn in patiencs with
congestive heart failure (hrough parasympathetic bockade
but not betz-adrenargic siimulation alore. 3} The prespec-
tive confirmation of the evolution of these changes in the
autonomic profile can be accemplished using an animal
model of ventricular fuilure. 41 Significant amtonamic
changes associated with discase states and pharmacologic
interventicn may be noninvasively detected without the
need fot provocative iechnigues such as the analys:s of heart
rale response to alterations in blood pressurc.

Analysis of heart rawe variability as » measire of autenomic
tone, The variability ol physivlogic signals such as heart rate
has been found to be influenced by the autonomic nervous
system (7-26). Furthermore. frequency-specific variations in
heart rate variability that may be ascribed 1o the sympaihetic
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Figure 6. A. Mean = SD of the zrea bounded by the low frequency
1<0.1 Hz) region of the power density spectrum of heart rate
variabiliy in normal subjects ut beseline and during isuproterenel
infusw b, A sipoificant increase in the low lreqaency ares is noted
witn sopioterenol infi . B. Mean * SDof the ratio of high to low
{requency areas of the pevver denyly specirum in normal subjects at
haseline and dunnz isoproterenol infusion. A small decrease in the
ratig that does not altain statistical significance is noted. bpm? =
bezts/min®.

and patasympathetic nervoirs systems have been defined
(11.13,16). High frequency variaticns >0.1 Hz are governed
exclusively by the parasympathetic nervous system
11113162, Conversely. the variabitity ascribed 10 sympa-
thetic influence and media:ed by bels-adrenergic activity are
contzined exclusively in the frequency band <0.] Hz
(1.83.160. Speetral analysis of heart ratz varizhility aliows
quanufication of the contribution uf these specilic frequency
hands 10 the ouerail variability of heart rate {11.13.16,
17.19.23.33). As illustrated in Figure 2, the resultant power
spectrum densily may be simplistically interpreted as dis-
playing on the vertival uxis the magnitude of contribution of
a specific frequency, represented on the horizontal axis, to
overall heart rate variability (33). Thus, the power density
spectrum in essence provides a dynamic map of the compo-
nemt limbs of the autonomic nervous system. Recent inves-
tigations {24) have demonstrated that analysis of the propor-
tional frequency content of heart rate variability can be
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Figure 7. Power densily spectrum of heart rate variation in a dog at
bascline and after the induction of coagestve hieart failure {CHE) by
rapid ventricular pacing. The baseline spe ctrum (solid line) demon-
strates & prnmmenl peak in the regmn >0.1 Bz consistent with a

parasy hetic tons. With heart fail-
ure (dotted line) there is 2 marked abscnce of vanablllty >0.1Hzand
an aupmentation of the low frequency region of the curve.
BPM? = (beats/min)®

reflective of changes in sympathelic tore as measured by
muscle sympzthetic nerve activity.

iy iy PRI .

Tor heant falkare.
Prior work by Eckberg et al. (6), utilizing pharmacologic
manipulation of biped pressure and analysés of resultant heart
rate responses, suggesied that withdrawal of parosympathetic
loneisa of the ic dysfunction observed in
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congestive heart failure. However, the refinement of tech-
niques for the assessment of hean rate variabilicy bas permitied
an analysis of autonomic tone ut rest without “he need for
provecative maneuvers (11-26). The current investigation uti-
lized the technigue of speclml analysis of hear! rate variability
as a probe of Jhie hetic and paras; thetic limbs of the
AWDBOMIC NErvoUs systerr. The power spectral density of
heart rate variability noted in the parients with heart failure in
this investigation is consisten! with a profound reduction in
parasympachetic drive. This was demonstrated by the marked
decrease in the high frequency region of the spectrum, which
shuowed a 0-fold decrease in area compared with that in the
nonral sebjects (Fig. 2 and 3). The unique capability of the
spectral analysis technique 1o simullaneously display sympa-
thetic and pathetic tone provides further evid

g the imbalance b these two limbs of the auto-
nomic system as demonstrated by the high frequencylow
frequency area ratio (Fig. 3). The greatly diminished value of
this ratic in congestive heart failure combined wnh the signif-

icant seducti |n bsotute high freq: y area d
that the profile in conge ‘heart failure consists of
an imbal ic tone both an attenua-

tion of parasympathetic activily and a predominance of sym-
pathelic drive

The use of sympathelic stimid
blackade 10 selectively simulate the
of cangestive heart fanlure further confirms the iracgral contri
bution of pathelic tons to ic imbal-
ance in icul d to normal

"

and paras

fzilurc, Alrop. drmini

Figure 8. Mean = SD of arcas
bounded by the heart rate power den-
sity spectrum and ratio of areas at
baseline and after pacing-indvced con-
gestive heart failuse (CHF) in dugs. A,
A significant decrease in the ratio of
the high frequency (>G.1 Hz) area to
total area under the eurve is noted with

ive heart failure. consistent
with & withdrawal of pamsympalheuc
tone. B, A decrease wm absolute high
frequency area is noted with conges-
tive heart failore. C, The ratio of low
frequency area to total Zrea under the
zurvz is significanly increased with
congestive heart failure, indicating an
augmentation ¢f sympathetic drive. D,
The rata af high frequency area te low
frequency area decrease : with conges-
live heart failure. consistent with an
imbalance of parasympathetic and
o sympathetic tone as compared with
basebine, *p = <0.05 compuared with
baseline vaiue; **p <0.1 compared
with baseline vaiue.

Zhe
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subjects resuited in a significant decrease in the high frequency
area, which in fact did not differ signilicamly from the high
frequency area noted in the patiznis with congestive heuit
failure (Fig. 3 and 4), Sunilaly, Lhe high frequencylow fre-
gquency area ratio afier atropine administration decreased to the
range nated in congestive heart failure (Fig. 3). In conrast, the
power density specirem resulting from sympathetic stimulation
atone did not completely mémic thar noted in the paticats with
congestive heart failure (Fig. 5 and 6). Although the low
frequency portion of the spectrum was incressed, as is ex-
pected with beta-adrenergic stimulation £12.13.16,25,30), there
was relatively little change in the high frequency area. The
relative proportion of high frequency vanability as reflected hy
the high frequency/fow frequency area ratio decreased insignit-
icantly and did ot approach the range observed in the patients
with heart Railure. These findiugs demonstrate that augmented
sympathetic drive itsclf does not mimic the keart rate variabil-
ity spectrum cf congastive heart falure and emphasizes that
parasympatletic withdrawal is a necessay compouent of the
amonomic profile charucteristic of chronic ventricular falure.
Accordingly, the high to low frequency 21ea ratio in this group
of patients appears lo be a variable that effectively discrimi-
nates between nermal suhjects and patienis with ventricula
dysfunction.

of i dysfi in the canine mode! of
congesi 've beart failure. The changes in the hear rate power
density spectrum that are observed in the canine medel of
congestive hean failure closely parallel those noted in the
patients with congestive heart failure ¢Fig. 7 and 8). Al-
though prior investigations (21.23,27,24) utilizing this mode!
demonstrated the 2voluticn of kumoral changes characteris-
tic of human congestive heast fajfuse, there have been no
reports describing the autonomic imbalance that accompa-
nics ventricular failure in this model,

The baseline power spectral density in this mude] reflects
the well recognized predominance of parasympathetic tone
characteristic of dogs {Fig, 7)1 (13,16}, This buseline profile is
in marked conirast 10 that noted during the evolution of
ventricular failure. With clinical and echocardiographic cvi-
dence of vertricular dysfunction, the heart rate power spec-
tral density displays a virtual absence of high frequency
variability and a pronounced augmentation of the low fre-
quency region of the curve. Like the spectrum abserved in
humans with congestive heart failure. there is an impressive
decrease in the ratio of the high to the low frequency area as
heart failure develaps. indicative of an autonomic imbalance
comprising parasyrapathetic withdrawal and augmented
sympathetic drive. That an exact parallel in the changes in
the power spectral density is observed under (he controlled
conditions of the canine mudel substantiates the concept that
the autenomic imbalance observed in the patients with heart
failure 15 an integral response to venlricular failure.

Relation of previous studies and limitations of ihe current
<tudy. The cuirent observations provide direct evidence re-
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heart Yaluge, A few previous investigations (23) have utilized
the heart rate power spectrum density 10 assess aulonomic
tane ie congestive heart failure, However, unlike prior reports
16.15) in whivh ambulatory heart rate dings were obtained
in patients treated with vasodilator medicatians, this investiga-
tion was undertaken in the absence of vasodilator iherapy and
under eantrofled condidans of supine rest, thus eliminating the
confounding varibles of drug therapy amd the autonomic
changes induced by upright pasture,

Orther factors that may influence the power density spec-
trum independent of the process of congestive heart faiture
include the influence of pharmacolomic agents, particularly
digoxin, age and the modulation of hearl rate variability by
respimtury rate. Although a subgronp of the patients with
congeslive heart failure were maintained on stable doses of
digoxin, the anticipated amonomic effects of this agent would
tend ta normalize the patiem of heart rate variability and thus
minimize rather than artificially accentuate diffesences be-
tween normal subjeets and patients wilh congestive heart
faliuce (36-39). Although the mean age of the patients with
coagestive heart failure and the normal subjects was different,
recent evidence (25) suggests that parasympathetically medi-
ated high frequency varjation in the heert rate decreases until
30 years of age (the approximale mean age of the normal
ceilre! grop in this repor). Thais, although not chronologi-
cally equal, the twe groups would appear to be biologically
equivalent in terms of age-dependent high frequency heart rate
varizkility 2%).

Although respiratery rate was nan sirictly controlled in
this investigution. the respiratory rate of patients with con-
gestive heart failuge typically exceeds that of mormal sub-
jects. As a result, parasympathetically mediated high fre-
quency heart rate variability would be augmenied, thus
minimizing differences between the twa groups. That paral-
lel autonomig changes evolve in the canine model of conges-
tive heart fuilure. in which such intergroup differences in
these variables do nmt play a role, further substantiates the
conclusion thal te ditferent patterns in hearl rate variability
1a nermal subjects and patients with congestive heart failure
may be ascribed to aulonomic changes occurring with the
development of vertrdeular failure.

Clinical implications. The contribution of attenuated
parasympathetic tene to the abnormal circulatory function
typical of congestive heart failure must he further definad an
the basis of the cursent observations. The parasympathetic
limb of the autonom:c nervous system is the high frequency
respanse component of the system (11,13,16). It would thus
appear 10 be necessary for rapid astonomic mediation of
vascular control and homeostasis. The inability to rapidly
modulate vascalar dynamics in response 10 a given pertur-
bation may contribute to further inefficiencies in circuiatory
function - nd potentially contribute to progressive ventricu-
{ar failure. Attenuation of parasympathetic tone may con-
tribute to the high ircidence of lethal ventricular arthythmias

garding the balance beiween sympathetic and parasymp
tone at rest in normal subjects and paiients with congestive

scen in congeslive heart faiture. Kleiger et al. 40) reported 2
higher incidence of sudden death in patients recovering from
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myocardial infarction, having a shift in the balanee of the
heart rate power demsity spectrum toward the lower fre-
quency bands and away from the parasympathetically medi-
aled high Mmequenvy regions,

Conclusions. Spectral analysis of hearl rate variabifity
provides 1 windov' an the autonomic nervaus systesi thal
can he applied 1o funher elucidate the mechanisms of
vasswiar conlro! in congestive heart failure, Application of
this noninvasive technique for the unalysis of amtonomic
lone in patients with songestive heart failure and in aa
ammal medel of ventiicular failure demonsirates an auto-
namic imbalance consssting of both an ztienuation of para-
sympathetic tonz and an augmemation of sympathetic drive.
Tre marner in which the avionomic changes that sccom-
pany progressive ventricular failure mediate changes in
cardiovascular homgostasis may be further ¢xamined in
future siudies emoploying this techniase,

We are graefil o Anre Bramdt and Trchia 2avifls for thew eapert assisiance
m (he preparazion of the ManEscrpl
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