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--Objectives.
This study was conductedto determine the effectof
long-term digoxin therapy on autonomic function in patients with
mild to moderate chmnic heart failure.
Buckground. Chronic heart failure is characterized by increasedsympatheticactivity and decreasedparasympatheticactivity. Intravenous digitalis has been found to reducesympathetic
activity immediately in these patients, hut whether short-term
neurohormonal effectsare sustained during long-term oral therapy has not beenassessed.
iMethods.We determined sympathetic activity in 26 patients
with heart failure by measuringplasma norepinephrine levelsand
parasympatheticactivityfrom variablesof heart period variability
derivedfmm 24-hambulatory electrocardiographicHalter recordings obtained before and after 4 to 8 weeksof digoxin therapy.
Resuh. After digoxht therapy, plasma norepinephrine de-

creasedsignificantlyfmm a mean 2 SEM of 552 f 80 to 390 +
3? ag/ml. In addition, the RR interval increasedsignificantlyfrom
719 C 19 to 771 2 20 fils. Clgh frequencypower increasedfrom
84 + 24 to 212 z 72 ms*, and the root mean squareof successive
differencesin RR interval increasedfrom 20.3 f 1.8 to 27.0 +
3.4 ms, indicating a substantial increase in parasympathetic
activity.Low frequencypower,an indexof baroreflexactivity,was
also significantly increased (239 2 80 to 483 -C 144 ms*) by
digoxin therapy.
Co&u.vions.These results indicate I) that long-term therapy
with digoxin acts to ameliorate the autonomic dysfunction of
patients with brat-t failure, and 2) that the short-term neurohormonal effectsof digo.xinare sustainedduring prolongedtreatment
with the drug.

Digoxin is widely used in the treatment of chronic heart failure.
The benefit of digoxin in this condition has been supported by
the results of several double-blind, placebo-controlled studies
that have demonstrated salutary clinical effects of this drug in
patients with chronic heart failure and normal sinns rhythm.
These effects include improvement in exercise tolerance and
functional capacity and a decreased need for hospital admission for worsening heart failure (l-4).
The clinical benefits observed with digoxin in patients with
heart failure have traditionally been attributed to the bemodynamic improvements produced by this agent: that is, iniL..+:-creasesin cardiac output and left ventricular ejc&ir UUIUII
together with decreases in cardiac filling pressures and volumes (2,3,5). However, it is not clear that the clinical benefits
of digoxin are related to its hemodynamic actions, because
therapy with other positive inotropic agents (such as betaadrenergic agonists and phosphodiesterase inhibitors) results

in similar (if not greater) hemodynamic improvement yet has
failed to produce favorable long-term outcomes in patients
with heart failure (6-9). Therefore, the long-term benefits of
digoxin in this condition may not be due solciv to the drug’s
hemodynamic actions.
Considerable attention has recently been focused on additional pharmacologic actions of digoxin that are independent
of its positive inotropic properties; for example, in contrast to
other inotropic agents, digoxin reducessympathetic activity in
patients with heart failure. Single dosesof digitalis inhibit the
outflow of sympathetic impulses from the central nervous
.
>y&,i~as
dei*:Ein,ya’ +om m:c:o::eur~qqmic recordings
(i(l) and decreased levels of plasma norepinephrine (11).
However, the long-term effects of digoxin on sympathetic
activation in patients with heart failure have yet to be evaluated. As progression of diseaseand mortality in chronic heart
failure may be directly related to the degree of sympathetic
activation associatedwith the condition (12), long-term therapy with drugs that inhibit sympathetic activity may favorably
influence clinical outcome.
In addition to sympathetic nervous system activation in
chronic heart failure, there appears to be marked suppression
of the activity of the parasympathetic nervous system (13).
Both the increase in heart rate that occurs after the administration of atropine and the baroreceptor-mediated slowing of
heart rate that occurs after the administration of phenylephrine are markedly less in patients with heart failure, than in
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normai control subjects (13). In normal subjects And in ailimals, digoxin enhances baroreceptor-nlediated increases in
vagal tone (14), sensitizesmuscarinic recepturs on rhe vagus
(15) and enhancesefferent acetylcholine-mediated vagal neural transmission(16). However, the effectsof long-term digoxin
therapy on parasympatheticactivity have not been evaluated in
patients with heart failure.
The aim of the present study, therefore, was to evaluate the
effect of long-term digoxin therapy on the activity of both the
sympathetic and the parasympathetic nervous system in patients with chronic heart failure to assesswhether the shortterm autonomic effects of the drug are sustained with longterm therapy.

Methods
Study patients. We evaluated 26 patients (13 men) referred to the Heart Failure Center at Columbia-Presbyterian
Medical Center for evaluation of chronic heart failure. Their
mean age + SEM was 55.5 -C 2.1 years. The cause of heart
failure was idiopathic dilated cardiomyopathy in 16 patients,
ischemic heart diseasein 8, peripartum cardiomyopathy in 1
patient and hypertensiveheart diseasein i paiient. Six patients
were classifiedin New York Heart Association functional class
I (agmptomaticj at s:udy cntiry. Of these six patieiits, five had
previoudy had hear! failure but symptoms had disappeared
with therapy. Twelve patients had functional classII symptoms
and eight had class III symptoms. Mean left ventricular
ejection fraction, asdetermined by radionuclide ventriculography, was 21.5 +- 1.6%. All patients were in clinically stable
condition, had normal sinus rhythm and had no overt signsof
fluid retention.
Twenty-one patients were receiving diuretic agents and
angiotciisiii-c.cr~verting
enzyme inhibitors, foor were receiving
&xrctic agents alone and one patient was not receiving background therapy. Patients not receiving ci+&ensin-converting
enzyme inhibitors were unable to tolerate these agents (usually
because of cough). Doses of diuretic therapy remained constant for 21 week before study entry and dosesof angiotensinconverting enzyme inhibitors were stable for ~2 weeks before
study entry. No patient had previously received digoxin therapy, and none was currently receiving beta-blockers, calcium
channel blockers, antiarrhythmic agents, bronchodilators or
s;ltihypertensive medications (except diuretic drugs).
No patient had a recent (<3 months) history of myocardial
infarction, episode of unstable angina or stroke and none had
heart failure due to hypertrophic or amyloid cardiomyopathy.
All patients had a serum creatin’ne level ~3.0 mg/dl and none
had a concomitant condition that might produce autonomic
dysfunction (e.g., diabetes mellitus).
Study design. The protocol was approved by the Institutional Review Board of the Columbia University College of
Physicians& Surgeonsand patients provided written, informed
consent. At baseline, blood was collected for measurement of
plasma norepinephrine, and 24-h Holter ambulatory electrocardiographic (ECG) recordings were performed to allow
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analysisof heart perind variability. After completion of the
Hoiter recording, digoxin therapy was initiated at a dose
determined by the patient’s age and renal function. These
doseswere 0.25 mg/day (in patients ~70 yearsold with a serum
creatine level cl.5 mgidl), 0.125 mgiday (in patients <70years
old with a serum creatinine level >1.5 mg/dl or patients ~70
years old with a serum creatinine level cl.5 mg/dl) and
0.125 mg every other day (in patients >70 years old with a
serum creatinine level b1.5 mg/dl).
Digoxin therapy was continued for 4 to 8 weeks; concomitant therapy was maintained in unchanged doses.
At the end of the study period, asduring the first visit, blood
was collected for meavJrement of plasma ievelsof norepinephrine and serum digoxin, and a second 24-h Holter recording
was obtained to assessmeasures of heart period variability,
Measurement of plasma norepinephrine. After placement
of an intravenous cannula, patients rested supine for 30 min in
a quiet, darkened room while blood was collected into prechilled lithium-heparin tubes for determination of plasma
norepinephrine levels. All tubes were placed immediately on
ice, centrifuged at 2.500 rpm at 4°C for 10 min, then immediately stored frozen at -70°C for later analysis.Samples were
analyzedwithin 48 h of collection. Plasmanurepinephrine was
measuredin a reference laboratory by high performance liquid
chromatography with electrochemical detection (17).
Hoiter ECG recordings. Dual-lead ECG recordings (Icads
CMp and CM,) were made on Marquette 8500 Holter recorders. These recorders contain a digital clock to provide a time
signal that is continuously recorded on the tape. The Holter
tapes Weic digitized on a Marquette series8000 scanner. The
signa! XX campled at 128 Hz. Sampling was triggered by th.2
timing track on the tape to correct for flutter and wow of
the recording or playback tape transport. QRS complex recognition and arrhythmia detecti:;.l were done automatically by
template matching. This system generates a beat by beat
annotation of the ECG with a consistent and accurate time
stamp for each QRS complex and classifieseach complex as
normal sinus,atria1 or ventricular premature complex or noise.
The decisions made: automatically by the computer were
reviewed and correctfd by an experienced technician and then
by a cartiioiogisr. Tit + digitized ECG, QRS trigger list and
report data were then transferred over a high speed direct
memory accesslink LO a $1~ _Microsystems4/75 computer
where additional editing on the sorted intervals and further
analysis,including time and frequency domain analysisof heart
period variability, we;e performed. Each completed analysis,
comprising 50 megabftes of dig&ed ECG and a QRS trigger
list, was stored on laser disk. The 24-h heart period power
spectrum was computed by using a fast Fourier transform on
data for the entire 24-h period (18,19). Low frequency power
(0.04 to 0.15 Hz) reflects modulation of both sympathetic and
parasympathetic tone by baroreflex activity, whereas high
frequency power (0.15 to 0.40 Hz) reflects modulation solelyof
parasympathetic tone by breathing. Both low and high frequency power were computed by integrating over their frequency intervals. In addition, the ratio of low to high frequency
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Therapy
After
Digodn

I____

P
Value”

Average normal RR inlcrval for 24 h (ms)
719 c 19
771 t 21)
11.111~14
24-h standard deviation of normal RR
90 LT 9
115 r 10
0.0137
intervals (ms)
Root mean square successive difference
20.3 2 1.8
27.0 z 3.4
0.0517
Percent of adjacent normal RR inttzvals >5O ms
4.9 t 1.0
8.0 _f 1.8
0.0041
Total power (~0.40 Hz) (ms”)
9,896 rt 2,193
16,698 i 3,371
Natural logarithm total power
8.7 t 0.2
9.4 t 0.2
0.0006
Low frequency power (0.04-0.15 Hz) (ms?)
239 z 80
483 _C 144
Natural logarithm low frequency power
4.5 2 0.3
5.4 t- 0.3
0.0004
High frequency p,>wer (0.15-0.40 Hz) (m?)
84.2 t 24.1
212 + 12
Natural logarithm high frequency power
3.7 i- 0.3
4.j t 0.3
0.0057
Ratio of lr w to high frequency power
2.4 ir 0.2
3.1 t- 0.5
0.1021
-~
*p valu :s compare values before and after digoxin, as analyzed by paired I test. Because frequency domain measures
of heart period variability were positively skewed, these data were natural logarithm transformed before parametric
analysis. !I,!, presented are mean value rt SEM.

power, which has been proposed as a marker of sympathovagal
balance (20), was calculated. Time domain measuresof parasympathetic activity--specifica!!y the root mean square of
successivedifferences and the percent of heart period differences X0 ms-were also measured. These time domain
measuresare highly correlated with one another aswell aswith
high frequency power (21) and cas’ therefore be used interchangeably as measures of parasympathetic activity. In addition, the 24-h standard deviation of normal RR intervals, a
marker of overall heart period variability, was measured.
Although not a pure measure of parasympathetic activity, it
has been found (22) to be predictive of mortality in patients
after myocardia! infarction.
Statistical analysis. The effect of digoxin on sympathetic
and parasympathetic activity was assessedby comparing posttreatment with pretreatment values for plasma norepinephrine
and Holter-derived measures of heart period variability.
Previous studies have demonstrated that the distributions
of the frequency domain measures of heart period variability
are positively skewed (23). Because of this skewness,the
frequency domain data in the present study were transformed
to their natural logarithms to achieve a normal distribution:
this transformation permitted parametric statistical analysis.
Differences in valuesat baseline and during digoxin therapy
were tested for statisticalsignificanceby using the paired t test.
In addition, possible associationsbetween changes in plasma
norepinephrine and Holter measures after digoxin therapy
were evaluated for statistical significance by linear regression
analysis.All results are expressedas mean value +- SEM.

Results
Digoxin was administered to all 26 patients for a total of 4
to 8 weeks (mean 4.6); the mean serum iigoxin levels was
1.1 2 0.1 rig/ml at the end of the study period.
Plasma norepinephrine levels decrea,J si,Aficantly after
digoxin therapy by 42% from 552 -C80 to 34r. ? 37 &ml (p <

0.05). The decrease in plasma norepinephrine wa; greatest in
those patients who had the highest plasma norepinephrine
levels before treatment (r = 0.70 for the correlation of
pretreatment plasma norepinephrine vs. change in plasma
norepinephrice, p < 0.001).
There was a modest, statisticallysignificant increasein 24-h
average Rk interval during digoxin therapy from 719 t- 19 ms
to 771 t 20 ms, corresponding to a slowing of heart rate from
83 to 79 beatslmin with the drug (Table 1). The high frequency
(0.15 to 0.40 Hz) component of the 24-h heart period variability power spectrum increasedsignificantly during therapy with
digoxin (p < O.Ol),indicating a substantial increasein cardiac
parasympathetic activity (Table 1, Fig. 1). In addition, the low
frequency power spectrum also increased significantly during
digoxiu therapy (p < O.OOl),despite the decrease in plasma
norepinephrine (Table 1, Fig. 1). Furthermore, the time domain measures of heart period variability that reflect cardiac
parasympathetic activity (i.e., root mean square of successive
RR interval differencesand percent of heart period differences
>50 ms) also increased during digoxin therapy in these patients (by 33% and 63% respectively(Table 1, Fig. 2). Despite
the substantial increasein high frequency power during digoxin
therapy, there was no significanr changer:in the ratio of low to
high frequency power (p = 11.10),reflecting concomitant
increasesin low frequency power.
Serum digoxin level was the only variable measured that
was correlated with the parampathetic response to digoxin
therapy. Serum digoxin levels correlated directly with changes
in parasympathetic activity as determined from measures of
heart period variability; that is, patients with the highest serum
digoxin levels had the largest increases in high frequency
power (r = 0.59, p < 0.05). In contrast, serum digoxin levels
were not correlated with changes in plasma norepinephrine
level during digoxin therapy. In addition, there was no correlation between age, functional classor left ventricular ejection
fraction assessedat baseline and autonomic responses to
therapy. Changes in sympathetic activity as determined by
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changes in plasma norepinephrine levels during therapy with
digoxin were not correlated with changes in parasympathetic
activity as determined from heart period variability measures.

Discussion
The present study demonstrates that long-term therapy
with digoxin results in a significant increasein parasympathetic
activity and a decrease in sympathetic activity in patients with
chronic heart failure.
Severalwell validated measuresof beat to beat variations in
normal RR intervals are available to assessparasympathetic
nervous systemactivity in humans (24-26). With these techniques, parasympatheticwithdrawal has been found (13,27) to
be a prominent component of the autonomic dysfunction that
accompanieschronic heart failure, thereby confirming similar
conclusionsobtained by establishedtechniques (13). However,
the role of digoxin in modulating parasympathetic activity has
not been extensivelystudied in patients with heart failure. The
present findings demonstrate significant and persistent increasesin parasympathetic activity during long-term digoxin
therapy as indicated b!f the substantial increases in high
frequency power, root medi;.square of successiveRR interval
differences and percent of heart period differences >50 ms.
These results are consistentwith observations (28) of substan-

in Low Frequency
Power (ms2)

In High Frequency
Power (ms*)

=p < o.a5

tial increases in parasympathetic activity with long-term administl-ation of this drug to normal subjects.
Sympathetic activity, as determined from measurement of
plasma norepinephrine Icvel;, was significantly reduced by
long-term digoxin therapy in these patients. Previousstudies of
short-term administration of digoxin in patients with chronic
heart failure have demonstrated both acute peripheral vasodilation (29) and reductions in sympathetic nerve traffic (10) and
plasma norepinephrine levels (11). The present data confirm
that these e&ts are sustained during long-term therapy with
digoxin, and are consistent with a recent report (30).
Measurement of heart period variability in our study demonstrated an increase in low frequency power with long-term
digoxin therapy. Low frequency RR interval rhythms are
jointly mediated by fluctuations of vagal and sympathetic nerve
activity (24,31) and are attributed to the modulation of heart
rate by baroreflex mechanisms (32). Because plasma norepinephrine levels decreasedwith digoxin therapy in the present
study, the increase in absolute low frequency power noted in
our study is unlikely to be accounted for by increases in
sympathetic activity. Moreover, hecatse low frequency power
has been demonstrated (32) to be correlated with the degree
of baroreflex-mediated vagal stimulation, our finding of increased low frequency power may reflect baroreflex sensitiza-

LF/HF Ratio

Figure 2. Effect

of long-term
digoxin
therapy
on frequency domain measures of 24-h heart period variability
in patients with chronic heart failure. With digoxin therapy, natural
logarithm
low and high frequency
power
increased significantly
(p 5 0.05) with respect to baseline
values. The low frequency/high
frequency
(LFMF)
ratio
was unaltered
by digoxin therapy.
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tion, thcrebjr supporting previous observations that digosin
sensitizescardiac and aortic baroreccptors (15.33).
The changes w observed in autonomic function with
long-term digoxin therapy are particularly noteworthy given
the characteristics of our study group. Our patients had
relatively mild hca,rt failure as assessedby NW York Hcari
Association functiona: class. &cause severity of disease is
closely correlated with degree of sympathetic activation,
plasma norepinephrine levels would sot be expected to be
greatly elevated at base!ine or to be significantly reduced by
therapy in such patients. Nevertheless, long-term therapy with
digoxin in this group did result in significant reductions in
sympathetic activity as measured by plasma norepinephrine
levels.Patients with the highest baseline norepinephrine levels
had the greatest decreases in plasma norepinephrine. This
finding could be accounted for, in part, by regression toward
the mean; however it is also consistentwith the suggestionthat
the degree of sympathoinhibition with digoxin is related to the
degree of neurohormonal activation (34). Furthermore, most
patients were receiving angiotensin-converting-enzymeinhibitors, drugs that themscives decrease sympathetic (3.5) and
increase parasympathetic (36) activity in patients with heart
failure. Despite the presence of these agents as background
therapy, long-term digoxin therapy further decreased sympathetic and increased parasympathetic nervous systemactivity.
This finding may be of some importance as angiotensinconverting enzyme inhibitors are now standard therapy for
patients with chronic heart failure.
Limitations of the study. There was no control group in
this study. However, the variables measured-plasma norepinephrine and Holter-derived measures c: heart period variability-are not affected by placebo therapy (26,30,37,38).
Plasma norepinephrine levels were measured under strictly
controlled conditions in the present study and these levelshave
been found to be highly reproducible over time (39). The day
to day stability of Holter-derived measures of heart period
variability is also well established, especiallyin patients with
left ventricular dysfunction (26). It is therefore unlikely that
changesobserved in the present study were due to effects other
than therapy with digoxin.
Clinical implications. The increasein parasympathetic activity demonstrated with digoxin therapy in this study may have
favorable prognostic implications in heart failure. In patients
with left ventricular dysfunction after myocardial infarction,
low parasympathetic netvous system activity (as assessedby
heart period variability measures derived from 24-h Holter
monitoring) is associatedwith increasedmortality ascompared
with that of patients with high levels of parasympathetic
activity (40). In animal models of sudden cardiac death (41),
high levels of parasympathetic activity are protective against
sudden arrhythmic death. Therefore, one can speculate that
drugs that increaseparasympathetic activity will exert a favorable influence on clinical outcome.
Reductions in sympathetic activity may also be of favorable
prognostic significance. Sympathetic nervous system activity
has been found to be directly related to patient prognosis in
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catieW Viih ksart failure (12). Thoss uitk tke greatest degree
of sympathetic activation, as determined hy plasma norepinephrine levels,have been found to have the highest mortality
rate. This relation may not necessarilybe causal: howcvcr.
e*cesscatccholamine secretiondoes have profound direct toxic
elects on the myocardium and may potentiate arrhythmias
(42). A National institutes of Health cooperative study and
Veterans Affairs Administration study (Digoxin Intervention
Group [DIG] Study) is currently investigating these theoretically beneficial effects of digoxin on mortality in patients with
heart failure.
Conchsions. The present study demonstrates that digoxin
causessignificant reductions in sympathetic activity together
with large increases in parasympathetic modulation of RR
intervals in patients with mild to moderate congestive heart
failure. The effects of digoxin therapy on autonomic function
persisted for the 4 to 8 weeks of our study; thus, the beneficial
neurohormonal effects of digoxin previously described during
short-term therapy tire sustained during long-term treatment
with the drug,

References
1. DiBianco R, Shahetai R. Kostuk W, Moran J, Schlant RC, Wright R, et al.
A comparison of oral milrinone. digoxin, and their combination in the
treatment of patients with chronic heart failure. N Engl J Med 1989;320:
677-83.
2. The Captopril-Digoxin
Multicenter Research Group. Comparative effects of
therapy with captopril and digoxin in patients with mild to moderate heart
failure. JAMA 1988;259:539-44.
3. Guyatt GH. Sullivan MJ, Fallen EL, et al. A controlled trial of digoxin in
congestive heart failure. Am J Cardiol 1988;61:371-5.
4. The German and Austrian Xamoterol Study Group. Double blind placebo
controlled comparison of digoxin and xamoterol in chronic heart failure.
Lancet 1988;1:489-93.
Arnold SB, Byrd RC, Meister W. Long-term digitalis therapy improves left
ventricular function in heart failure. N Engl J Med 1980;303:1443-8.
Yusuf S, Teo K. lntropic agents increase mortality in patients with congestive
heart failure fabstractl. Circulation 1990:82 Suopl Bi:Bi-673.
Uretsky B, Jessup M. Konstam M, Dee G,“Leier
C, Benotti J, et al.
Multicenter trial of oral enoximone in patients with moderate to moderatei,,
severe congestive heart failure. Lack of benefit compared with placebo.
Circulation 1990;82:774-80.
8. Packer M, Carver JR, Rodeheffer RJ, Ivanhoe RJ, DiBiancn R, Zeldis SM,
et al. Effect of oral milrinone on mortali? in severe chronic heart failure.
N Engt J Med 1991;325:1468-75.
9. Goldberg AD. Goldstein S, Nicklas J. Effectiveness of imazodan for treatment of chronic congestive heart failure. Am J Cardiol 1991;68:631-6.
:0. Ferguson DW, Berg WJ, Sanders JS, Roach PJ, Kempf JS, Kienzle MG.
Sympathoinhibitory
responses to digitalis in heart failure patients. Direct
evidence from sympathetic neural recordings. Circulation 1989;80:65-75.
11. Ribner HS, Plucinski DA, Hsieh AM, et al. Acute effects of digoxin on total
systemic vascular resistance in congestive heart failure due to dilated
cardiomyopathy:
a hemodynamic-hormonal
study. J Am Coil Cardiol 1989;
13:134-42.
12. Cohn IN, Levine TB, Olivari MT. Plasma norepinephrine
as a guide to
prognosis in patients with chronic congestive heart failure. N Engl J Med
1984;311:819-23.
13. Eckberg DL, Drabinsky M, Braunwald E. Defective cardiac parasympathetic
control in patients with heart disease. N Engl J Med 1971;285:877-83.
14. Gillis RA, Quest JA. The roir of the nervous system in the cardiovascular
etfects of digoxin. Pharmacol Rev 198@31:19-97.
effects of epicardial
15. Sleight P. Lall A Muers ht. Reflex cardiovascular
stimulation by acetylsrrophanthidin
in dogs. Circ Res 1969$:705-l
t.

294

KRUM ET AL.
DIGOXIN
iN HEART

FAILURE

i6. Konrctt 1-I. Rothlin E. Zkcts
of cardiac glycosides on a sympathetic
ganglion. Arch Int Pharmacodyn Ther 1952:X9:343-52.
17. Davis GC. Kissinger PT, Shoup RE. Strategies for determination of serum or
plasma rcrepinephrinc
hy reverse phase liquid chromatography.
Anal Chem
1981;53:156-9.
IS. Albrrcht P, Cohen R. Estimation of heart rate power spectrum bands from
real-world data: dealing with ectopis bea!s and noisy data. Comput Cardiol
1988;15:31 I-4.
19. Rottman JN. Steinman RC, Albrecht P, Biggrr JT, Rolnitzky LM. Fleiss 3L.
Eliicient estimation of the heart period power spectrum suitable for physiologic or pharmacologic studies. Am J Cardiol 1990;66:1522-4.
20. Lombardi F, Sandrone G, Pernpruner R, et al. Wean rate variability as 3n
index of sympatho-vagal interaction in pa:ients afier myocardial infarction.
Am J Cardiol 1988;60:1239-45.
21. Bigper JT. Fleiss JL, Steinman RC, Rolnitzkv LM, Kleiner RE, Rottman JN.
Co;feiations among time and frequency domain meas&s and heart period
variability two weeks after acute myocardiai infarction. Am J Cardiol
1992;69:891-8.
22. Kleiger RE, Miller JP, Bigger JT, Moss AJ. Decreased heart rate variability
and its association with increased mortality after acute myocardial infarction.
Am J Cardiol 1987;59:256-62.
23. Bigger JT. Albrecht P, S:einman RC, Roinitzky LM, Fleiss JL, Cohen RJ
Comparison of time- and frequency domain-based measures of cardiac
parasympathetic
ac:ivny in Holter recordings after myocardisl mfarction.
Am J Cardioi 1989$4:536-S.
24. Akselrod S, Gordon D, Madwed JB, Snidman NC, Siannon DC, Cohen RJ.
Hemodynamic regulation: investigation by spectral analysis. Am J Physiol
2985;249:H867-75.
25. Fouad TM, Tarazi RC, Ferrario CM, Fighaly S, Alicandri C. Assessment of
parasympathetic
control of heart rate by 3 non-invasive method. Am J
Physiol 1984;246:H838-42.
26. Bigger JT Fleiss JL, Rolnitzky LM. Stability over time of heart period
variability in patients with previous myocardial infartion and ventticuiar
arrhythmias. Am J Cardiol 1992;69:718-23.
27. Binkley PF, Nunziata E, Haas GJ, Wilson SD, Cody RJ. Parasympathetic
withdrawal is an integral component of autonomic imbalance in congestive
heart failure: demonstration in human subjects and verification in a paced
canine model of ventricular failure. J Am Colt Cardiol 1991;18:464-72.
28. Kaufman ES, Bosner MS, Bigger JT, et al. Effects of digo&t and enalapril on
heart period variability and response to head-up tilt in normal subjects. Am
J Cardiol 1993;72:95-9.
29. Mason DT, Braunwald E. Studies --U1l digitalis: X. Effects of ouabain on
forearm vascular resistance and venous tone in normal subjects and in
patients in heart f&ure. J Clin Invest 1964:43:532-43.

JACC Vol. 25. No. 2
February 399.5:289-94

30. van Velduisen DJ, Man in ‘t Vrld AJ, Dunselman PI-I, et al. Double-blind
placebo-controlled
study of ibopamine and digoxin in patients with mild to
moderaie heart failure: results of the Dutch Ibopamine Multicenter Trial
(DIMT). J Am Coil Cardiol 1993:22:1564-73.
31. Pomeranz B, Macaulay RJB. Sh3rmon DC, Cohen RJ, Benson H. Asscssmerit of autonomic function in humans by heart rate spectral anai;“jis. Am J
Physiol 1985;248:HlSl-3.
32. Koh J, Brown T, Beightol L. Ha C, Eckberg 8. Human autonomic
rhythms: vagal cardiac mcchamsms
in terraplcptc
subjects. J Physic,1
1994;474:483-95.
33. Quest JA Gillis RA. Effect of Jigoxin on carotid sinus baroreceptor
sensitivity. Circ Res 1974;35.247-55.
34. Gheorghiade M, Ferguson D. Digoxin: a neurohormonal
moduhttor in heart
failure? Circulation 1991;84:2181-6.
35. Cohn JN, Francis GS, Simon AB, Johnson G. Response of plasma norepinephrine to longterm administrarion of enalaprit or hydralazine-isosorbide
&nitrate in heart fai!ure: V-HeFT II [abstract]. J Am Coil cardiol 1992:19:
216.
36. Flapan AD, Nolan J, Neilson JMM, Ewing DJ. Effect of captopril on cardiac
parasympathetic
activity in chronic cardiac failure secondary to coronary
artery disease. Am J Cardiol 1992;69:532-5.
37. Cleland JG, Dargie HJ, Hodsman GP, et al. Captopril in heart failure. A
double blind cant-olled trial. Br Heart J 1984:52:530-S.
38. Cleland JG, Dargic HJ, Ball SC, et al. Effects of enalapril in heart Luure: a
double blind study of effects on exercise performance,
renal functmn,
hormones, and metabolic state. Br Heart J 1985;54:305-32.
39. Levine T, Francis G, Goldsmith S, Simon A. Cohn J. Activity of the
sympathetic nervous system and renin-angiotensin
system assessed by plasma
hormone levels and their relationship to hemodynamic
abnormalities
in
congestive heart failure. Am J Cardi
1982;49:1659-66.
40. Bigger JT, Fleiss JL, Steinman RC, Rolintzky LM, Kieiger RE, Rottman JN.
Frequency domain measures of heart period variability and mortality after
myocardial infarction. Circulation 1992;85:164-71.
41. Schwartz PJ, Billman GE, Stone HL. Autonomic mechanisms in ventricular
fibrillation induced by myocardial ischemia during exercise in dogs with
healed myocardial infarction:
an experimental
preparation
for sudden
cardiac death. Circulation 1984;69:790-800.
42. Waft JI. Cardiovascular injury induced by sympathetic catecholamines. Prog
Cardiovasc Dis 1974;17:73-85.
43. Yusuf S, Garg R, Held P, Gorlin R, Need for a large randomized trial to
evaluate the effects of digitalis on morbidity and mortality in coageattve hedrt
failure. Am J Cardiol 1992;6964(3-7OG.

