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Abstract
Background and objectives-Autonomic
dysfunction seems to be involved in the
progression and prognosis of severe
congestive heart failure. Parasympa-
thetic activity can still be abnormal 4-8
weeks after haemodynamic improvement
by heart transplantation. To identify
patients in heart failure with a more pro-
nounced neural derangement and to
analyse the changes in sympathetic and
parasympathetic activity soon after heart
transplantation, spectral indices of heart
rate variability were assessed in 30
patients in severe heart failure and in 13
patients after heart transplantation; a
group of 15 age-matched subjects served
as controls.
Methods and results-Heart rate vari-
ability was assessed by standard electro-
cardiography (ECG) in patients in heart
failure and by oesophageal ECG in
patients after heart transplantation.
Compared with controls, the mean RR
interval and total power were reduced in
heart failure. The 30 patients showed two
different patterns of heart rate vari-
ability: in 14 no power was detected in the
low frequency band (0.03-0.15 Hz) (LF)
and total power was mainly concentrated
in the high frequency band (0.15-0-45 Hz)
(HF), whereas in the remaining 16
patients power in the LF band was
increased and power in HF band was
reduced compared with the controls.
Patients with undetectable LF had a
lower mean RR interval and total power
(745(25) v 864(36) ms, p < 0 05; 118(16) v
902(202) ms', p < 0.001), higher concen-
tration of plasma noradrenaline (635(75)
v 329(54) pg/ml, p < 0.05), and worse
clinical status and prognosis (4 deaths v
no deaths at 6 month follow up) than
patients with a dominant LF band. In the
post-transplant patients both the mean
PP interval of the remnant atrium and
total power resembled results in the
patients with heart failure; in 7 of the 13
post-transplant patients no power was
detectable in the LF band: when both HF
and LF power were present the results
resembled those in the 16 patients in
heart failure.

Conclusions-These data suggest that in
more advanced stages of congestive heart
failure, power spectral analysis of heart
rate variability allows identification of a
subgroup of patients with higher sympa-
thetic activation and poorer clinical sta-
tus who are at major risk of adverse
events. In the short term after cardiac
transplantation the spectral profile of the
rhythm variability of the remnant atrium
was not improved, suggesting that
parasympathetic withdrawal and sympa-
thetic hyperactivity persist, despite the
restoration ofventricular function.

(Br Heart J7 1994;71:422-430)

Heart failure in both experimental and clinical
settings is associated with considerable neuro-
humoral excitation, resulting in abnormal
autonomic control of cardiovascular function.
Increased sympathetic activity and plasma
concentrations of noradrenaline.' 2 parasym-
pathetic withdrawal,3-5 and impaired barore-
flex gain68 have been reported. This excessive
neurohumoral activation is involved in pro-
gression of heart failure and in prognosis.

Analysis of heart rate variability is regarded
a valid technique to assess non-invasively
the sympathovagal balance of the heart.
Frequency domain analysis of heart rate
fluctuations identifies the relative influence of
the two neural limbs that regulate heart
rhythm.9-"1 When this technique was used to
study patients in congestive heart failure the
results did not accord, perhaps because meth-
ods and patient selection differed.45

Parasympathetic activity assessed by time
domain analysis of the variability of the sinus
rhythm in the remnant remained subnormal
4-8 weeks after cardiac transplantation
despite restoration of normal left ventricular
function.'2 There are no data on frequency
domain measurements of recipient sinus
rhythm variability. Such analysis might give
better discrimination of the role of sympa-
thetic activity in the recovery of autonomic
function.

In our present study we tested the hypothe-
sis that power spectrum analysis of heart rate

variability in congestive heart failure may
identify patients with a more pronounced
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sympathovagal imbalance and who, as a con-
sequence, could be at major risk of the disease
worsening and have a poorer prognosis. We
also used power spectral estimates of recipient
sinus rhythm fluctuations to assess the sympa-
thetic and parasympathetic modulation of the
heart after haemodynamic function had been
improved by heart transplantation.

Patients and methods
PATIENTS
We studied three groups of patients.

Group 1-Thirty patients (mean (SE) age
54(3)) with severe congestive heart failure
secondary to ischaemic (n = 19) or idiopathic
(n = 11) cardiomyopathy who were already
on the waiting list for cardiac transplantation.
The mean (SE) duration of symptoms was
24(4) months. All patients were being treated
with diuretics and vasodilators; 18 were
receiving digoxin and 11 amiodarone. All
were in a stable condition with no change in
signs and symptoms within two weeks of the
measurement of heart rate variability. None
had had an acute myocardial infarction or had
undergone cardiac surgery during the previ-
ous three months. We excluded patients with
more than 1 0/min supraventricular and/or
ventricular extrasystoles.

Group 2-We studied 20 patients who were
referred to the Montescano Medical Centre
after orthotopic cardiac transplantation (mean
(SE) age 45(4) yr) between January 1991 and
December 1991. All heart transplantations
were performed at the Policlinico S. Matteo,
Pavia by a standard surgical technique.13 14
During the operation the recipient ventricles
and portions of the atria were removed while
the great vein-atrial junctions and recipient
sinus node remained in situ. Heart transplan-
tation was completed by suturing the donor
ventricles and portions of the donor atria to
the recipient atrial remnants, which remained
normally innervated. Heart rate variability
was measured 40(5) days (range 15-68 days)
after the operation when there was minimal or
no rejection according to cardiac biopsy per-
formed within 5 days of the study. Before
heart transplantation eight patients had coro-
nary artery disease and 12 had idiopathic
cardiomyopathy: the mean duration of heart
failure symptoms was 18(3) months. All 20
transplant recipients were treated with
cyclosporin, azathioprine, and prednisone
immunosuppression and 15 were also treated
with diuretics. None was treated with vaso-
dilators, digitalis, or fi blockers. We excluded
patients in whom hypertension developed
(diastolic pressure > 100 mm Hg or systolic
pressure > 160 mm Hg) and those who had
diabetes. Thirteen transplant recipients com-
pleted the study: four patients were excluded
because ofhypertension, an oesophageal record-
ing could not be obtained in two, and in one
the remnant atrium showed atrial fibrillation.

In the heart failure and post-transplant
groups we measured serum electrolyte con-
centrations and arterial blood gases and per-
formed renal function studies within 24 hours

of the study; no patient had hypoxaemia,
hypercapnia, or acidaemia.

Group 3-The control group comprised 15
(mean age 57(3) yr) with ischaemic heart dis-
ease with no signs or symptoms of ventricular
dysfunction (ejection fraction > 50%, NYHA
class 0 or 1) and no ischaemia during effort
tests, Holter monitoring, or thallium-20 1
scintigraphy. Patients with a history of hyper-
tension and diabetes were excluded. None
had had myocardial infarction or had under-
gone coronary angioplasty, or bypass grafting
in the preceding 6 months.

All patients gave their informed consent
and the study protocol was approved by the
local ethics committee.

RECORDINGS
Studies were carried out in the morning with
the subjects in a supine position and fasting.
In all groups a standard ECG lead and respi-
ratory signal (via an endonasal thermistor)
were recorded and analysed off line. In post-
transplant patients the PP interval recordings
were obtained from the recipient atrium by an
oesophageal ECG lead that transmitted both
donor and remnant atrial activity; electrical
activities were then separated by digital filtering
and averaging techniques (see data process-
ing). After 30 min of supine rest, which
allowed for stabilisation, recordings were per-
formed for at least 30 min, while the patient
was breathing spontaneously.

DATA PROCESSING
The signal processing was performed at the
Departments of Biomedical Engineering in
the Medical Centre of Montescano (Pavia)
and in the Polytechnic University of Milan.

Signal acquisition-All 30 min recordings
were split into segments of at least 512 beats;
segments containing artefacts and fast tran-
sients were excluded. Final data are the mean
of at least three good quality recording seg-
ments for each patient. Signals were digitised
off line by a 12 bit, analogue to digital con-
verter board, amplitude ± 5V (Metrabyte
Das-8, Texas, USA) at a sampling rate of
300 Hz. Associated RR and PP intervals were
measured from the zero-crossing point of the
interpolated first derivative of the signal. This
increased the time resolution by up to 1 ms.
For each RR and PP interval we took a sam-
ple of the respiratory signal that corresponded
with the R/P wave to obtain the reference
value of the respiratory frequency. The beat-
to-beat series of respiratory values is called a
respirogram.15 Premature extrasystoles were
identified and corrected by linear interpola-
tion with the previous and following beats.
Possible artefacts and noise were also
excluded. We singled out the activity of the
recipient atrium by using a procedure of
weighed averaging on a beat-to-beat basis on
the oesophageal lead trace (fig 1A) that was
synchronised with the maxima of QRS peaks
of the donor heart activity previously acquired
from the surface ECG (fig I B). In this way we
obtained an averaged QRS complex of donor
rhythm (template) with a temporal window of
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Figure 1 (A) Signal
from oesophageal lead
showing both donor heart
(D) and remnant atrium
(R) rhythms. Two
different and unrelated
rhythms are clearly
detectable (B) Example of
a surface ECG signal of
the donor heart (D).
(C) Example ofremnant
atrium electrical activity
obtained after separation of
donor heart ECG by the
averaging procedure
reported in the text.
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200 ms before and 450 ms after the R peak.
We subtracted this template from the original
oesophageal signal after synchronisation with
donor QRS maxima and using an adaptive
gain that depended on the QRS amplitude.'6
From the resulting signal (fig 1C), which rep-
resents the electrical activity of the recipient
atrium, and from the donor heart signal, we
calculated a time discrete series of successive
PP and RR intervals (tachograms, see fig 2).

Signal processing-The time series of the RR
and PP intervals were analysed on a personal
computer and the power spectral density was
calculated according to an autoregressive
model estimation. The autoregressive tech-
nique calculates the model for the data gener-
ation mechanisms by a least squares
minimisation of the prediction error. Such a
model also allows for the entire spectrum to
be divided into single spectral components
(one for each degree of freedom of the model
itself). The optimum order of autoregressive
model identification was chosen by minimisa-
tion of the Akaike Information Criteria figure
of merit, starting from a minimum of 8. The
reliability of the identification (and hence the
fitting of the model to the generated data) was
tested by applying the Anderson test (white-
ness test) to the prediction error. Records of
data that did not fall within 95% confidence
intervals for this test were excluded from the
analysis.'7 For each sequence, the main spec-
tral components were identified automatically

and their power and central frequency were
computed according to the method proposed
by Zetterberg.'8 The following variables were
analysed: (a) average value of the sequence
(mean RR or mean PP); (b) total power (total
variance of mean RR or PP variability); (c)
low frequency power (003-0-15 Hz) in power
spectral density, -which reflects modulation by
both sympathetic and parasympathetic car-
diac efferent activity9'" 1922; (d) high fre-
quency power (0-15-045 Hz) in power
spectral density, which reflects modulation by
parasympathetic activity synchronous with
respiration 1-" 19 23 24; (e) low frequency power/
high frequency power ratio, which reflects the
balance between the sympathetic and
parasympathetic limbs." The power spectrum
of the respirogram (see above, signal acquisi-
tion) was used to detect correctly the high fre-
quency peak on RR and PP signals to
establish whether occasional slow respiration
rates produced a spurious oscillation in the
low frequency band. The very low frequency
(VLF) power (0-0 03 Hz) component was
not analysed. This power, though it may con-
tain clinical information,4 is erratic when it is
measured over a few minutes because it is
affected by baseline wandering and other
sources of slow frequency noise. VLF compo-
nents are currently investigated on longer
variability series by non-linear modelling of
deterministic chaos, in an attempt to evaluate
the complex dynamics of long-term regulation
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Figure 2 Beat-to-beat
variability signals
(tachograms) after heart
transplantaion. (A) Series
ofRR intervals of the
donor denervated heart,
(B) series ofPP intervals
of the remnant atrium
extractedfrom the
oesophageal ECG,
(C) series of respiratowy
values corresponding with
the occurrence ofR peak.
AU, arbitrary units.

A (s) -

B (s) -

C (Au)

0 256 512 768
Beats

mechanisms that are believed not to be fixed
at a certain frequency or frequency band.

Each spectral component is presented in its
absolute value (Mis2) and in normalised units
(nu) obtained by dividing the absolute power
of the component by the total power minus
the VLF component (if present), and multi-
plying by 100. Only components making up
>5% of the total power were considered for
the study.

Measurement ofplasma noradrenaline
Noradrenaline was assayed in 6 ml samples of
blood drawn from the forearm vein and col-

Table 1 Patients' characteristics (mean (SEM))

CT (n = 13)
CHF

Characteristic (n = 30) Pre Post

Age (y) 54 (3) 45 (4)
NYHA class (%)

III 22 (73) 5 (38) 0 (0)
IV 8 (26) 8 (62) 0 (0)

EF (%) 19-5 (1 1) 17-9 (0.9) 55-4 (2 5)
CI (Imin/m') 2-04 (0 1) 2-06 (0-2) 3-35 (0.2)
PCP (mm Hg) 21-1 (1-8) 22-9 (3 4) 10-4 (1 9)
RAP (mm Hg) 6-8 (1-5) 9-5 (1-2) 2-0 (0-3)
PAR (mm Hg/min) 2-6 (0 7) 2-7 (0 7) 1-1 (0 2)
Symptoms (mnth) 24 (4) 18 (3)
Na+ (mEq/dl) 137 (1) 136 (2) 139 (0 7)
Po2 (mm Hg) 77 (2-5) N/A 87 (2 8)
Pco2 (mmHg) 36 (1-5) N/A 34 (1.0)
Days from CT - - 40 (5)
Cyclosporin (ng/dl) - - 267 (21)
Medication (%)

Diuretic 30 (100) 13 (100) 11 (85)
Digitalis 18 (60) 7 (54) 0 (0)
ACE inhibitors 27 (90) 13 (100) 0 (0)
Nitrates 12 (40) 6 (46) 0 (0)
Amiodarone 11 (37) 4 (31) 0 (0)
Immunosuppression - - 13 (100)

N/A, not available; CHF, congestive heart failure; CT, cardiac transplantation; EF, ejection
fraction; CI, cardiac index; PCP, pulmonary capillary pressure; RAP, right atrial pressure; PAR,
pulmonary arteriolar resistance; P02, partial pressure of oxygen in blood; Pco2, partial pressure of
carbon dioxide in blood.

1024

lected into chilled tubes containing 1 mg/ml
EDTA for immediate storage at -70°C.
Plasma noradrenaline was measured by high
performance liquid chromatography with
electrochemical detection as described else-
where.25 In our laboratory the mean value of
normal subjects is 275(34) pg/ml.

STATISTICAL ANALYSIS
All results are reported as mean (SEM).
Groups were compared by a general linear
model one way analysis of variance and vari-
ables were compared by linear regression
analysis. Before statistical analysis we log
transformed the power spectral variables to
produce distributions that were nearly nor-
mal. Differences with a p value of < 0 05 were
regarded as statistically significant.

Results
Table 1 summarises the general characteris-
tics of the patients with heart failure and the
post-transplant patients. There was no differ-
ence in mean age between the two groups
though the post-transplant recipients tended
to be younger than those with heart failure.
The patients with congestive heart failure and

the transplant patients (before the operation),
had similar ejection fractions, haemodynamic
variables, and NYHA class distribution.

HEART PERIOD VARIABILITY
Table 2 lists the indices of power spectrum
estimate.

Group 1-As expected, patients with heart
failure had a reduced mean RR interval and
total power than the control group (803(24) v
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Table 2 Indices of heart rate variability (mean (SEM))

Mean RR Total Power LF LF HF HF LFIHF
(ms) (ms2) (MS2) (nu) (MS2) (nu) (ratio nu)

CHF:
Total group (n = 30) 803 (24)* 496 (121)t
With LF (n = 16) 864 (36)§ 902 (202)$ 203 (55) 67 (6)* 78 (23) 26 (5)* 3-31 (0-8)*
Without LF (n = 14) 745 (25)§ 118 (16)t 82 (28) 69 (4) -

CT (rec):
Total group (n = 13) 809 (44)*§ 324 (91)14
With LF (n = 6) 816 (58)§ 527 (33)j§ 209 (57) 72 (8)* 53 (29) 14 (3)* 5-21 (1-5)*
Without LF (n( 803 (70)§ 150 (46)*§ 72 (32) 62 (9) -

CT (don):
Total group (n = 13) 755 (27)§ 12 (3)4
With LF (n = 5) 772 (28) 12 (8) 1-5 (1) 24 (3) 5-8 (2) 63 (4) 0-46 (1-6)
WithoutLF (n = 8) 744 (59) 11 (6) 4-4 (1) 57 (8) -

Controls (n = 15) 921 (37) 1821 (325) 354 (87) 49 (3) 223 (55) 38 (3) 1-6 (0 6)

CHF, chronic heart failure; CT (rec), recipient atrium rhythm; CT (don), donor heart rhythm; LF, low frequency power; HF,
high frequency power
* p < 005 v controls; t p <0-002 v controls; p < 0005; § p < 005.

921(37) ms (p < 0-05) and 496(121) v
1821(325) Ms2, (p < 0 002) respectively).
Spectral analysis did not show any LF compo-
nent (specifically any discrete peak in the
0O03-0-15 Hz band) in 14 of the 30 patients
studied, whereas in the remaining subjects
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Figure 3 Examples ofdecomposition of the entire spectrum into the single spectral
components from a patient with heartfailure (A), a donor heart (B), and a native atrium
(C). In all the groups on the left the low frequency power was undetectable and the small
amount of total variability was concentrated in the high frequency band; the prevalence of
lowfrequency power is shown on the right hand side. PSD, power spectral density.

the LF component predominated over the
HF component (LF = 203(55) Ms2, HF =
78(23) Ms2) fig 3A). The finding was the same
when the LF and HF components were
expressed as normalised units: both LF and
the LF/HF ratio were significantly higher and
HF was significantly lower in patients with
heart failure than in the controls (LF 67(6) v
49(3) nu, p < 0 05; HF 26(5) v 38(3) nu, p <
0 05; LF/HF ratio 3-31(08) v 1-6(0-6), p <
0 05). Mean RR and total power were lower
in patients without a detectable LF compo-
nent than in those with an LF component
(RR 745(25) v 864(36) ms, p < 005; TP
118(16) v 902(202) ms2, p < 0-005).
Moreover ventricular function (ejection frac-
tion 17-7(1) v 21-4(1)%, p < 0 05) and func-
tional class (8 class IV plus 6 class III v 16
class III) were worse in those patients without
detectable LF than in those with a detectable
LF component.

Plasma noradrenaline was measured in the
last 14 patients examined (mean 461(60)
pg/ml). Concentrations were significantly
higher in patients with undetectable LF than
in those with detectable LF (635(75) v
329(54) pg/ml, p < 0-05)

Post-transplant group-We analysed the
heart rate variability of the RR interval
sequences of the donor heart and the PP
interval sequences of the recipient atrium,
which is normally innervated and can reflect
the changes in the sympathovagal activity of
the heart after the restoration of the cardiac
function. The mean RR interval of the donor
heart was 755(27) ms; there was little fluctua-
tion around the mean and the total power was
12(3) Ms2. In all donor recordings a high fre-
quency component was evident, whereas no
power in the low frequency band was
detectable in eight of the 13 patients. Five had
a well defined low frequency peak though it
was of a very low amplitude (1 5(1) Ms2,
24(3) nu, 009(002) Hz) (fig 3B). Compared
with the donor rhythm, the recipient atrium
showed a significantly different mean PP
interval (809(44) ms, p < 0-05), and a greater
total power (324(91) Ms2, p < 0 005).
Spectral components of PP variability were
detected at the same frequency bands as the
donor heart fluctuations (LF 0 091(0 01) v
0 088(0 02) Hz, NS; HF 0 30(003) v
0 30(002) Hz, NS). The LF component was
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Figure 4 Relation
between total power (ms2)
and interval since cardiac
transplantation (CT).
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the spectral indices of PP variability of the
post-transplant remnant atrium and the RR
variability of patients with heart failure. The

* two groups showed a similar mean PP and RR
interval (809(44) v 803(24) ms, p = 0 76)
and no significant difference in total power
(324(91) v 496(121) Ms2, p = 0 49). In addi-
tion the percentages of patients with an unde-
tectable LF component (54% v 47%) and
both LF (when present), and HF powers were
not significantly different in the two groups.
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still not detectable in seven of the 13 patients
(example fig 3C). The LF component (when
present), and HF component were both of
significantly greater amplitude than the donor
rhythm components (LF 209(57) v 1-5(1)
Ms2; HF 63(21) v 5-1(1) Ms2). Like the
patients with heart failure, post-transplant
patients with a detectable LF component had a
larger total power than those without LF
(527(33) v 150(46) Ms2, p < 005); also the
interval between operation and assessment of
heart period variability was significantly
longer in those with LF (respectively 51(5) v
29(6) days, p < 0 05).

COMPARISON BETWEEN PATIENTS WITH HEART
FAILURE AND POST-TRANSPLANT PATIENTS
There were no significant differences between
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Figure 5 Examples ofspectral decomposition ofdonor heart (A) and native atrium (B)
tachograms, systogram (systolic arterial pressure time series) (C) and respirogram (D) in
the same recording segment. In panelA there is a defined peak in the low frequency band,
synchronous (coherence = K2 > 0O5) with the systogram and tachogram of the native
atrium, suggesting a possible influence of systolic pressure fluctuations on donor heart
rhythm variability.

U1C; m11Lce Ui 11ndear pe ciUU vanlalUliLy. in1 pos-E
transplant patients plasma cyclosporin con-
centrations were unrelated to the rhythm
variability of the recipient atrium (r = 0A40, p =
0. 17) whereas the total power of the mean PP
interval was significantly related to the interval
since heart transplantation (r = 0-68, p <
001) (fig 4).

Discussion
Our data showed that in the more advanced
stages of heart failure, heart rate variability
was so reduced that neural modulation of car-
diac rate seemed almost lost. Power spectral
analysis of heart rate variability may allow
identification of a subgroup of patients-with
undetectable power in the low frequency
band-who show increased sympathetic acti-
vation as assessed by plasma noradrenaline
blood concentrations, more severe clinical sta-
tus, and a worse prognosis. The spectral profile
of the variability of the recipient sinus node
soon after cardiac transplantation showed that
sympathetic overactivity and parasympathetic
withdrawal persisted despite restoration of
ventricular function.

HEART PERIOD VARIABILITY IN CONGESTIVE
HEART FAILURE
Like others we found that heart period vari-
ability was reduced in patients with congestive
heart failure.452627 We identified two different
spectral patterns. The first was characterised by
a predominant LF component and a reduced
HF component, suggesting sympathetic pre-
dominance and parasympathetic withdrawal.
In the second we found a major reduction in
total power, an undetectable LF component
and a low amplitude HF peak. Patients with
undetectable LF were more severely affected,
with depressed left ventricular function and a
higher degree of sympathoexcitation, reflected
by the higher plasma noradrenaline concen-
trations. The apparent paradox of more pro-
nounced sympathetic hyperactivity associated
with an undetectable LF component (consid-
ered by some to be a marker of sympathetic
activity9 1' 19 22 is explained by the concept that
in the more severe stages of the disease the
neurohormonal excitation reduces reflex
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modulation of heart rate to a such extent that
above 0 03 Hz, only small fluctuations that
are synchronous with breathing activity are
detectable.2428 Interestingly the progressive
reduction in the LF power that is seen during
exercise-induced sympathetic hyperactivation
seems to confirm that this part of the spec-
trum is markedly affected by overstimulation
of the sympathetic system.29 Hence, in our
population, patients with undetectable LF
and much reduced total power may be
regarded as the far end of a range of sympa-
thoexcitation which can be assessed by heart
rate variability. Recent data showing a close
and negative correlation between the amount
of heart rate variability and plasma nora-
drenaline concentrations or muscle sympa-
thetic activity are consistent with this idea.27
On the other hand we cannot exclude the pos-
sibility that abnormalities or "saturation" of
the response of the sinus node to changes in
efferent traffic can conceal the sympathetic
overactivity on heart rate fluctuations.
Our data accord with studies by Saul et a14

even though they used a different processing
method; they reported no power component
between 004 and 0'15 Hz and a small but
discernible peak in the HF band. Saul et al
detected a consistent power in the VLF band
(below 004 Hz) but this was less effective in
distinguishing between heart failure patients
and controls than distribution of the power
above 004 Hz. Though the power in the VLF
band may be of clinical relevance (despite the
absence of experimental data), we focused our
attention on the two bands (LF and HF) that
at experimental and clinical levels have been
more extensively related to the sympathovagal
activity that modulates the heart rhythm.9-"1 22

It has been suggested that parasympathetic
activity is inversely related and that sympa-
thetic activity and noradrenaline concentra-
tions are directly related to the severity of
heart failure and prognosis.' 33031 Though we
studied only a small number of patients,
within a follow up of six months there were
four deaths (two of them due to arrhythmia
and two preceded by symptoms of worsening
pump failure) in the patients with unde-
tectable LF and no deaths in the group in
which the LF component predominated over
the HF component. These findings raise the
possibility that in patients with heart failure
the extent of autonomic abnormalities gives
information on the prognosis, just as reduced
heart rate variability and depressed baroreflex
sensitivity do after myocardial infarction.3233
Specifically a pattern of low total power and
an undetectable LF component may be useful
in identifying heart failure patients with a
more pronounced sympathoexcitation.

HEART PERIOD VARIABILITY AFTER HEART
TRANSPLANTATION
Denervated heart
As in other studies'436 the heart rate variability
of the denervated heart was markedly reduced
by the interruption of the sympathetic and
parasympathetic fibres. There is controversy
over whether any power spectral components

are recognisable after spectral decomposition.
In all patients we detected a high frequency
peak that was synchronous with respiration.
In the denervated heart the high frequency
component was interpreted as being caused
by an intrinsic mechanism (mechanically
induced) of the heart muscle independent of
neural regulation.24 In a few patients we also
observed a well defined peak in the low fre-
quency band that cannot simply be due to
sympathetic or baroreflex activity (as it is in
the intact heart). This observation is consis-
tent with previous reports,3536 and it is not
accounted for by the results presented in this
paper. However, when we examined our pre-
liminary data on polyparametric spectral anal-
ysis of different signals in post-transplant
patients (donor heart rate, recipient atrium
rate, respiratory signal, and systolic blood
pressure), we found that the low frequency
peaks of the donor heart and remnant atrium
and systolic blood pressure variability, if
present, were all in the same frequency
band (0O08-0O 1 Hz) and significantly coherent
(K2 > 0 5), occurring at a frequency not
related to breathing activity (fig 5). If con-
firmed, these data indicate a possible influ-
ence of systolic pressure fluctuations on the
variability of the donor heart rhythm.

Recipient remnant atrium
During heart transplantation a portion of the
recipient atrium, including the sinus node, is
left in situ and remains normally innervated.
Thus the analysis of the sinus node variability
of the remnant atrium gives an opportunity of
studying the sympathovagal influences on the
heart after normal haemodynamic function is
restored. In heart failure patients the time
domain indices of heart rate variability
remained subnormal after cardiac transplan-
tation.'2 We attempted to distinguish between
the contributions of vagal and sympathetic
activity by using frequency domain measure-
ments. In our study the total spectral variabil-
ity of the PP interval was significantly larger
than the donor rhythm variability, confirming
that there is neural modulation of the recipi-
ent sinus node. We also found in these
sequences that breathing activity regulates the
heart rate fluctuations in the high frequency
band and that the low frequency component
is detectable only in subjects with larger vari-
ability. Our comparison of power spectrum
findings in post-transplant and heart failure
patients showed that 4-6 weeks after trans-
plantation all the spectral indices of heart
period variability of the innervated recipient
atrium were still impaired. In our population
total power was reduced in all patients and
the low frequency component was not
detectable in seven out of 13 patients. Table 2
shows that neither the high frequency nor low
frequency components, when present, had a
significantly different power compared with
the heart failure group, thus suggesting that
sympathetic overactivity and parasympathetic
withdrawal had not returned to normal.
These observations suggest that nerve traffic
to the heart is not restored by haemodynamic
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improvement soon after heart transplantation,
and tends to normalise later. This time-
dependent resumption was reported by oth-
ers7 12 and there is evidence for it in our study
in the significant correlation between total
power and the interval since heart transplan-
tation. These observations of a delayed
resumption of variability of the remnant sinus
node despite normalisation in left ventricular
function indicate that remnant atrium vari-
ability is unlikely to be a reliable- marker of
sympathovagal balance after heart transplan-
tation. Nevertheless, despite removal of its
normal blood supply the recipient sinus node
usually remained viable and responded appro-
priately to physiological stimuli.'4 37

MECHANISMS OF SYMPATHETIC OVERACTIVITY
AFTER SHORT-TERM HEART TRANSPLANTATION
Though restoration of the balance of sympa-
thovagal influence on the heart after trans-
plantation is time dependent, our data
showed that 4-6 weeks after the operation
both parasympathetic withdrawal and sympa-
thetic overactivity persisted. Evidence of sym-
pathetic overactivity was reported by
Mohanty et al38 who found that forearm vaso-
constriction and plasma noradrenaline
responses to the application of lower body
negative pressure were also impaired after
orthotopic heart transplantation despite the
normalisation of resting noradrenaline con-
centrations. Moreover, muscle sympathetic
nerve overactivity was detected in post-trans-
plant patients when plasma noradrenaline
concentrations were much lower than in con-
gestive heart failure but still in the upper limit
of the normal range.39 These findings suggest
only a weak correlation between nora-
drenaline concentrations and sympathetic
nerve traffic in post-transplant patients.
The sympathovagal imbalance we found

4-6 weeks after cardiac transplantation may
be related to a delayed recovery though other
factors contributing to sympathetic overactivity
itself cannot be excluded. Among these fac-
tors is cardiac surgery which was shown to
increase sympathetic outflow to the heart and
increase its rate.40 Several features of cardiac
surgery may be involved. These include the
ischaemia time of the donor heart, the
anaemia that follows heart transplantation,
and manipulation of the pericardium, which
in the intact heart regulates sympathetic tone
through prostaglandin secretion.4' In addition
ventricular deafferentation of the donor ven-
tricles may impair the tonic inhibitory influ-
ence on the sympathetic outflow that
originates from sensory receptors in the car-
diopulmonary region.'8 Cyclosporin treatment
too may be involved in sympathetic activa-
tion.'9 Though the influence of cyclosporin
cannot be excluded in our study, it seems
unlikely, because patients with hypertension
were excluded and no relation was found
between the blood concentration of cyclo-
sporin and the total heart rate variability.
Moreover normotensive patients with kidney
transplants treated with similar doses of
immunosuppressant therapy did not show any

signs of sympathetic cardiac overactivity.'8
Normal right atrial pressure in our patients
(table 1) seems to exclude the possibility of
volume overload that could have induced
mechanical stretch of the remnant atrium.

POTENTIAL LIMITATIONS
A possible limitation of our study is that we
compared different groups of patients before
and after heart transplantation. However, as
table 1 shows, the haemodynamic and clinical
states of transplant patients before operation
resembled the heart failure group. Ventricular
function was impaired and the NYHA func-
tional class, indicated a similar imbalance in
the autonomic nervous system in all patients.
Furthermore we excluded post-transplant
patients in whom hypertension developed
because this affects the restoration of sympa-
thovagal balance.712

Pharmacological agents are among the fac-
tors that might have influenced our data.
Post-transplant patients were treated mainly
with diuretics and none was treated with fi
blockers or calcium antagonists. So this group
of patients was influenced solely by immuno-
suppressive therapy. In the heart failure group
a pharmacological influence on sympathova-
gal balance cannot be excluded, particularly
in those patients treated with angiotensin con-

42 43verting enzyme inhibitors or digoxin. None
the less, the clinical state of our patients
would only allow changes or withdrawal of
drug therapy at the expense of losing the
"steady condition".

In conclusion, in our study, which because
of its limited size should be regarded as a pilot
study, power spectrum analysis of heart rate
variability seemed to be a valid technique to
identify non-invasively those patients with
severe heart failure who show more pro-
nounced sympathetic activation. If neural
derangement is involved in the progression
and worsening of heart failure, this subgroup
of patients may be at higher risk of adverse
events: our limited follow-up data are consis-
tent with this suggestion. In the short-term
after heart transplantation the spectral profile
of heart rate variability does not seem to
improve, suggesting the persistence not only
of parasympathetic withdrawal but also of
sympathetic hyperactivity. Continuing follow
up of such patients will probably clarify the
natural course of the recovery and whether a
full recovery can be attained.
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