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ABSTRACT
Heart rate and other cardiovascular variables are not steady but fluctuate over time. The 
evolution of computer technology the last 2 decades has made detailed analysis of the 
fluctuations possible and has focused the attention to the information content of the 
variability.

Autonomic nervous influence on the heart can be assessed by measuring the heart rate 
variability from R-R intervals in the electrocardiogram. Applications have been developed in 
many fields where the pathophysiological features of the patients include autonomic 
dysfunction.

This thesis is based on clinical studies and model studies compared with results from 
healthy volunteers. Two patient groups, with familial amyloidosis and with myotonic 
dystrophy, were evaluated using simple indexes of heart rate variability. Signs of autonomic 
dysfunction which is a dominant clinical feature in familial amyloidosis with polyneuropathy 
was confirmed by abnormal heart rate variability indexes. In myotonic dystrophy heart rate 
variability was normal but recumbent and standing plasma catecholamines were elevated. 
Reassessment of the heart rate variability with spectral analysis confirmed the results.

The integral pulse frequency modulation (IPFM) model can be used as a simple analogy of 
the interface between autonomic activity and the cardiac pacemaker. Computer simulations 
using the IPFM model revealed marked differences in the estimated modulating variability 
depending on whether the intervals between simulated beats or the frequency of beats was 
analyzed. Comparison with data from healthy volunteers indicated that the IPFM model was 
valid and that heart rate should be preferred instead of R-R intervals for variability 
measurements.

Beat-by-beat heart rate can be viewed as an irregular sample of the underlying autonomic 
activity. Spectral analysis of simulated heart rate variability data using the IPFM model 
showed attenuation of high frequency variability with decreasing mean heart rate and with 
increasing variability mean frequency. Application of these results on data from healthy 
volunteers suggest that the effects can be significant in actual variability measurements.

Cholinergic blockade resulted in reduced heart rate variability at all spectral frequencies. 
Adrenergic beta-blockade reduced high-frequency variability in standing position 
indicating that high-frequency variability might partly be sympathetically mediated.

Key words: Heart-rate variability, R-R interval, cardiac autonomic function, spectral 
analysis, IPFM model
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ABSTRACT
Heart rate and other cardiovascular variables are not steady but 
fluctuate over time. The evolution of computer technology the last 2 
decades has made detailed analysis of the fluctuations possible and 
has focused the attention to the information content of the variability.

Autonomic nervous influence on the heart can be assessed by 
measuring the heart rate variability from R-R intervals in the electro
cardiogram. Applications have been developed in many fields where 
the pathophysiological features of the patients include autonomic 
dysfunction.

This thesis is based on clinical studies and model studies compared 
with results from healthy volunteers. Two patient groups, with 
familial amyloidosis and with myotonic dystrophy, were evaluated 
using simple indexes of heart rate variability. Signs of autonomic 
dysfunction which is a dominant clinical feature in familial 
amyloidosis with polyneuropathy was confirmed by abnormal heart 
rate variability indexes. In myotonic dystrophy heart rate variability 
was normal but recumbent and standing plasma catecholamines 
were elevated. Reassessment of the heart rate variability with spectral 
analysis confirmed the results.

The integral pulse frequency modulation (IPFM) model can be used 
as a simple analogy of the interface between autonomic activity and 
the cardiac pacemaker. Computer simulations using the IPFM model 
revealed marked differences in the estimated modulating variability 
depending on whether the intervals between simulated beats or the 
frequency of beats was analyzed. Comparison with data from healthy 
volunteers indicated that the IPFM model was valid and that heart 
rate should be preferred instead of R-R intervals for variability 
measurements.

Beat-by-beat heart rate can be viewed as an irregular sample of the 
underlying autonomic activity. Spectral analysis of simulated heart 
rate variability data using the IPFM model showed attenuation of high 
frequency variability with decreasing mean heart rate and with 
increasing variability mean frequency. Application of these results on 
data from healthy volunteers suggest that the effects can be 
significant in actual variability measurements.

Cholinergic blockade resulted in reduced heart rate variability at all 
spectral frequencies. Adrenergic beta-blockade reduced high- 
frequency variability in standing position indicating that high- 
frequency variability might partly be sympathetically mediated.

Key words: Heart-rate variability, R-R interval, cardiac autonomic 
function, spectral analysis, IPFM model
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This thesis is based on the following papers, which are reprinted in
this volume:

I. Niklasson U. Olofsson B.O., Bjerle P. Autonomic neuropathy in 

familial amyloidotic neuropathy. Acta Neurol. Scand. 1989, 

79:182-187.

II. Olofsson B.O., Niklasson U., Forsberg H., Bjerle P., Andersson S. 

Henriksson A. Assessment of autonomic nerve function in 

myotonic dystrophy. J. Autonomic Nervous System 1990; 29:187 

192.

HI. Niklasson U., Wiklund U., Bjerle P., Olofsson B.-O. Heart rate 

variation: what are we measuring? Clin. Physiol. 1993; 13:71-79.

IV. Niklasson U., Wiklund U. Relation between heart rate variability, 

mean heart rate, and respiratory rate. A transfer function model 

analysis. Manuscript.

V. Niklasson U., Wiklund U., Beckman A., Bjerle P., Olofsson B.-O. 

Heart rate variability assessed by spectral analysis: 

Reproducibility and effect of autonomic blockade. Manuscript.

The above papers will be referred to by their Roman numerals.
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INTRODUCTION
Many cardiovascular variables, including heart rate, blood pressure, 
and the electrocardiogram tracing, fluctuate over time. The variability 
of these variables has, until recently, been regarded as a nuisance 
and various methods have been used to average the signals. 
Computer technology has enabled detailed analysis of these 

fluctuations to be made, focusing attention on this variability's 
information content.

The autonomic nervous system is the main visceral communication 
and synchronisation system. Global dysfunction of this system is life- 
threatening, but individual organs can function without it; the 
transplanted heart, being an excellent example. Changes in blood 
pressure are recorded by baroreceptors in the heart, carotid sinus, 
aortic arch and other large vessels. The vasomotor centre in the 
brainstem supervises cardiovascular homeostasis using this 
information via differentiated autonomic outflow to the gastro
intestinal tract, skeletal muscles, skin, kidneys, and heart. This 
regulation is rapid and precise; direct recordings from sympathetic 
muscle nerves show bursts of activity corresponding to the reductions 
in diastolic blood pressure during each heart beat (Wallin 1988). 
Local and global humoral and physical regulatory systems work in 
conjunction with the autonomic nervous system. For example, during 
dynamic exercise local metabolites cause vascular dilatation in 
working muscle and thus, local metabolic requirements influence the 
cardiovascular control.

Autonomic function may be assessed indirectly and non-invasively by 
measuring the heart rate variability. Applications have been 
developed in many fields including cardiology, endocrinology, 
nephrology, neurology, obstetrics, psychophysiology, and others in 
which conditions or diseases are associated with autonomic 

dysfunction. Because of the diversity and complexity of the
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autonomic nervous system, heart rate variability reflects both cardiac 
autonomic function as well as activity related to respiration, blood- 
pressure control, and thermoregulation.

The electrocardiogram's R-waves of the are usually used to define the 
heart beats. The easiest way to quantify heart rate variability is to 
calculate variability indices directly on the interbeat or R-R intervals. 
These common indices are often based on statistical calculations, 
such as the standard deviation or coefficient of variation of successive 
intervals (Piha 1988; Ziegler et al., 1992) but can also be of a more 
empirical nature like the mean hourly counts of R-R interval changes 
greater than 50 milliseconds in Holter ECG recordings (Ewing et al., 
1984).

The variance is a measure of fundamental importance in the analysis 
of signals such as heart rate variability. Thus, the variance is the 
sum of the squared differences between each value and the series 
mean value, divided by the number of data points. In more familial 
statistical terms, this is identical to the definition of the population 
variance. In signal analysis, however, the variance of a time series 
represents the total power of the signal. In the case of a heart rate 
time series, the unit is Hz^.

The result of spectral analysis is a function called power spectral 
density (PSD) or power spectrum. The PSD of a times series 
represents the signal variance against frequency and thus reflects 
how the variance is distributed according to signal frequency. 
Consequently the unit of PSD is Hz^/Hz. Figure 1 shows a recording 

of heart rate variability from a healthy subject in the standing 
position. In the upper panel, the immediate heart rate series shows 
normal fluctuations, representing a variance of 0.0015 Hz^. In the 
lower panel, the PSD resulting from spectral analysis shows three
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Variance -0.0015 Hz
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^ 0.020
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Figure 1. Example of an immediate heart rate series (upper panel) from a healthy 
subject and the resulting power spectral density (PSD) (lower panel) calculated 
with spectral analysis. The variance of the heart rate series equals the area below 
the PSD. Thus, the PSD represents the distribution of signal variance against 
frequency.

peaks. The area below the PSD corresponds exactly to the variance of 

the signal.

Figure 1 is also representative of what is considered to be the normal 
heart-rate variability power spectrum. The high-frequency peak at 
about 0.19 Hz (11/min) represents sinus arrhythmia, the mid
frequency peak at about 0.1 Hz is associated with baro-receptor 
mediated blood pressure control, and the low frequency peak is 
related to thermoregulation (Akselrod et al., 1981). The spectral 
appearance of heart rate variability is not, however, constant but 
fluctuates considerably. The front cover of this book shows a so- 
called running spectrum, constructed by calculating successive



10

power spectra on a heart rate variability data segment that is moved 
2 seconds ahead in time for each spectrum. The running spectrum 
illustrates the characteristic fluctuation of the heart rate variability 
power spectrum.

Familial amyloidotic polyneuropathy (FAP) is the most common 
hereditary form of amyloidosis. like other members of this 
heterogeneous group of disorders, FAP is characterised by 
extracellular deposits of insoluble proteins in various organs and 
tissues. The main clinical feature is a progressive sensi-motor 
polyneuropathy (Glenner, 1980). Histopathological studies have 
shown amyloid infiltration in the vagus nerve, coeliac ganglia, 
sympathetic chains, and dorsal root ganglia (Ikeda et al., 1987:1; 
Guinmareas et al., 1980; Andersson et al., 1976). Clinical features 
associated with autonomic dysfunction including orthostatic 
hypotension, gastro-intestinal motility disorders, cardiac conduction 
disturbances, sexual impotence, and urinary bladder disturbance are 
common in the FAP syndrome (Ikeda et al., 1987:2).

Myotonic dystrophy is a progressive systemic disease that is 
transmitted by autosomal dominant inheritance. A gene responsible 
for the disease has been localised on chromosome 19 but no 
abnormal gene product has yet been identified (Harper, 1985) . Signs 
of neuromuscular dysfunction with myotonia, delayed muscular 
relaxation time, muscular weakness and atrophy, and characteristic 
electromyographic abnormalities dominate the clinical picture. The 
disease is frequently accompanied by cataracts, endocrine 
abnormalities, and mental retardation. In addition, clinical features 
that might be associated with autonomic nervous dysfunction such 
as orthostatic hypotension, gastro-intestinal motility disturbance, 
cardiac conduction disturbances, and urinary and faecal 
incontinence are common in myotonic dystrophy (Harper, 1979).
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Early in the planning of this project, between 1984-1987, we intended 
to extend measurements of heart rate variability using common 
indices (Papers I and II) with spectral analysis by a comparison of 
different techniques, especially fourier-transform based methods 
versus parametric models. In the progress of the project, the need of 
a better-defined basis for the measurements became evident (Papers 
III and IV). This work led to the autoregressive spectral analysis 
method that is presented in Papers IV and V.
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MATERIAL
Summaries of the patients and healthy subjects that were studied in 
the papers are presented in Figures 2 and 3 and in Table 1.

Paper I
The study was based on fourteen patients with familial amyloidotic 
polyneuropathy, admitted to the Department of Internal Medicine, 

University Hospital, Umeå, Sweden from 1984 to 1987. The diagnosis 
of FAP was verified in each patient by histological examination of 
biopsy specimens from the rectal mucosa. Two patients were 
excluded from the original series of fourteen patients because of 
cardiac arrhythmia during the recording procedure.

Twelve healthy volunteers matched for age and sex were also selected.

Paper II
Thirty patients with myotonic dystrophy, investigated at the Central 
Hospital, Boden, Sweden in 1988 were included in the study. The 
diagnosis was based on a family history, neuromuscular evaluation, 
and electromyographic studies. Seven patients were excluded from 
heart-rate variability analysis: one because she had diabetes mellitus, 
five patients because of cardiac arrhythmias, and one patient because 
of a technically poor recording.

Results form the remaining 23 patients were compared with findings 
from 32 healthy subjects. The volunteers were recruited among the 
hospital staff and had no history or signs of cardiovascular or 
pulmonary disease.
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Excluded (n-7)

Myotonic dystrophy 

(n-30)___________
FAP (n—14)

Excluded (n-2)

Myotonic dystrophy 
(n—23)
Paper II

FAP (n—12)

Figure 2. Included and excluded patients in Papers I and H. FAP = familial 
amyloidotic polyneuropathy.

Paper III
Results from model-based simulations of heart rate variability were 
compared with findings in 42 healthy volunteers.

Paper TV
Properties of simulated heart-rate variability data were compared 
with findings from 32 healthy volunteers.

Paper V
Spectral analysis of heart-rate variability data from 32 healthy 
volunteers was presented. The effects of pharmacological autonomic 
blockade were evaluated in 10 healthy subjects recruited among the 
hospital staff. Reproducibility of spectral analysis was assessed in 12 
healthy medical students.



15

Healthy subjects 

(n—10)

Healthy subjects 

(n-32)

Healthy subjects 

(n-12)

Old healthy 
subjects (n-5)

Study subjects

(n—42)
Paper III

Sex and age 
matched controls 
(n-12)
Paper I

Controls and 
study subjects 
(n-32)
Papers II, IV, V

Study subjects 
aut. blockade 
(n—10)
Paper V

Study subjects 
reproducibility 
(n-12)
Paper V

Figure 3. Disposition of healthy subjects in the study papers. Aut. blockade = 
pharmacological autonomic blockade

Table 1. Summaiy of included patients and healthy subjects in the study papers

Paper Category Women Men n Age (years)

I FAP 4 8 12 55 (33 - 69)
Controls 4 8 12 54 (32 - 69)

n Myotonic Dystrophy 8 15 23 37 (17 - 54)
Controls 16 16 32 41 (22 - 59)

m Healthy subjects 23 19 42 39 (22 - 59)

IV Healthy subjects 16 16 32 41 (22 - 59)

V Healthy subjects (reference) 16 16 32 41 (22 - 59)

Healthy subjects (aut. blockade) 7 3 10 34 (23 - 52)

Healthy subjects (reproducibility) 6 6 12 25 (20 - 29)

Abbreviation: aut. blockade = pharmacological autonomic blockade
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METHODS
The main steps in measurement of the heart-rate variability are 
shown in figure 4. An electrocardiogram was recorded with a single 
cannel ECG monitor (Heilige Servomed). The QRS-complexes were 
detected using the monitor's internal detector in all recording 
sessions except for the reproducibility study (Paper V) where analog 
data from the ECG monitor were sampled by the interval recorder 
and QRS-complexes were detected with software in real-time. The 
output of the QRS detector defined the reference moments for the 
heart beats. The R-R intervals were measured in milliseconds and 
stored in a computer for later analysis. Technical details of the 

recording equipment and method are presented in appendix A.

R-R intervals were recorded according to the same principal protocol 
in both patients and healthy volunteers. After a resting period of 
fifteen to twenty minutes, R-R intervals were recorded during ten 
minutes in the recumbent position. Then, the subjects were 
instructed to take six deep breaths in one minute at a rate of six per 
minute, followed by a one-minute rest. The subjects were then

ECG
recording

QRS
detection

Interval
measurement

Time-series
calculation

Common 
HRV indexes

Spectral
analysis

Figure 4. Main steps in the measurement of heart-rate variability



17

Table 3. Summary of recording times of various moments in patient and healthy 
subjects according to study paper. Method of respiratory rate measurement 
(respiration) and use of venous in-dwelling catheter (catheter) is indicated.

Pa
per

Category Lying

(min)

Deep
breathing
(min)

Stan
ding
(min)

Respi
ration

Cathe
ter

I FAP 2 1 (2) t - -

Controls 10 1 10 man. yes

n Myotonic Dystrophy 10 It 10 man. yes
Controls 10 1 10 man. yes

m Healthy subjects 10 1 10 maui. yes

IV Healthy subjects 10 1 10 man. yes

V Healthy subjects (reference) 10 1 10 man. yes
Healthy subjects (aut. blockade) 10 1 10 co2 yes
Healthy subjects (reproducibility) 10 - - co2 -

Abbreviations: man. “ manual counting of respiratory frequency, CÖ2 respiratory
rate measured from recorded CO2 in expiratory air. 

t Data were not analysed in Paper I
$ Two minutes mentioned in Paper IT includes a 1 minute resting period

passively tilted to the upright position while R-R intervals were 
continuously recording for up to ten minutes with the subjects in the 
upright position. Table 3 lists the recording times of the various 
moments according to study paper, and also shows deviations from 
the scheme. In FAP patients (Paper I), R-R intervals were only 
recorded for two minutes in each position because an early version of 
the interval recorder with limited storage capacity was used. 
Provocation with deep breathing was not performed in the 
reproducibility study (Paper V). In the autonomic blockade study 
(Paper V), the recording protocol was used in ten healthy volunteers 
before and after the intravenous administration of 0.25 mg 
methylscopolamine. Tree to four hours later, the procedure was 
repeated after the administration of 0.05 mg/kg propranolol. The 
subjects were permitted a light meal but refrained from coffee, tea, or 
nicotine 12 h before the experiments.

Artifact-free segments were selected by one investigator on a single 
occasion using a computer program that permitted the recorded
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UBI series

IHR series

heartbeats

Time (s)

Figure 5. Heartbeat events and the corresponding immediate interbeat interval 
(UBI) series (seconds) and immediate heart rate (IHR) series (1/seconds). The solid 
lines represents the constant interpolation between the values that are placed at 
the beginning of the interval concerned.

heart-rate variability sequences to be displayed in a randomised order 
without patient names or investigation dates. The data segment 
duration was 128 seconds except in cases where heart rate changes 
due to disturbances like talking or sighing only permitted record 
lengths of 90 -100 seconds (Papers III, IV, V).

In patients with familial amyloidotic polyneuropathy, only two 
minutes of heart rate variability was recorded in supine and upright 
position. In these patients, only the second minute in standing 
position was selected for re-analysis, but data in upright position 
were not used in Paper I. At this stage, common heart-rate variability 
indices like the RMSSD (root mean squared successive difference), 
N% (the R-R variations relative to mean R-R interval during normal 
breathing), D% (the R-R variations relative to mean R-R interval 
during deep breathing), and T% (the relative R-R variation response 
after passive tilting from the supine to the upright position) were 
calculated (Papers I and II). The calculations are presented in detail in 
appendix B.
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R-R Intervals, from which the times for the occurrence of heart beats 
can be derived, represents from a technical viewpoint a dimensionless 
event process (deBoer et al., 1984). Figure 5 shows the relation 
between the heart beat events and the corresponding immediate 
interbeat interval (UBI) series and immediate heart rate (IHR) series. 
To obtain a heart-rate variability signal suitable for spectral analysis, 
a regularly sampled time series can be calculated. The R-R intervals 
were inverted and an immediate heart rate times series sampled at 
regular time intervals was calculated using cubic spline interpolation 
(Cline, 1974) (Papers III, IV, V).

Autoregressive spectral analysis of the heart-rate variability was 
calculated using the modified covariance method (Marple, 1988) with 
a model order of 30 and a data segment length of 256 with a sample 
interval of 0.5 seconds. The spectrum was further separated into 
components using spectral factorization (Zetterberg 1969; Smith 
1986; Marple 1988) (Papers IV, V). Details of the calculations are 
presented in appendix C.

The spectral components were rated according to the power and the 
damping factor (Papers IV, V). The damping factor is associated with 
the width of the spectral component; a high absolute value of the 
damping factor means that the component covers a wide frequency 
band. Spectral components with a high ratio between component 
power and the damping factor were considered dominant. K-means 
cluster analysis (Krzanowski, 1988; Lorr, 1983) was applied to the 
frequency of the three most dominant components to descriptively 
assess the common notion that heart rate variability mainly contains 
power in three different frequency bands (V).

Two types of variables were extracted from the spectral analysis. 
First, the power and mean frequency in each of three frequency 
bands of interest were calculated from the PSD; the low frequency 
band from 0 to 0.05 Hz, the medium frequency band from 0.05-0.15 

Hz, and the high frequency band from 0.15 to 0.40 Hz (Paper V).
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Second, the dominant component in each frequency band was 
selected (Papers IV, V). The band power and mean frequency thus 
represents a mean value in the frequency band while the 
corresponding dominant spectral component represents the 
narrowest spectral peak with the highest power. Details of the 
calculations are presented in appendix C. Further, the orthostatic 
power ratio defined as the log-transformed ratio between supine and 
upright power was calculated for each frequency band.

Integral pulse frequency modulation (IPFM) can be used as a simple 
model of the interface between modulating autonomic activity and the 
cardiac pacemaker depolarizations (Hyndman et aL, 1975; 
Rompelman et aL, 1977; de Boer et aL, 1985; Berger et aL, 1986). Heart 
rate variability series were simulated according to the IPFM model 
with known input characteristics and the variance of the resulting 
immediate heart rate (IHR) and immediate interbeat-interval (UBI) 
series were compared (Paper III).

To evaluate the amplitude transfer characteristics between the IPFM 
model input and the resulting IHR series, the model was fed with 
gaussian noise and the empirical transfer function was estimated 
(Ljung 1987). Based on the transfer function estimates, a second 
function was derived approximating the IPFM transfer function given 
the mean event (or heart) rate (Paper IV). The parameters of this non
linear function were estimated using the simplex method (Dennis 
1983). An inverse filter based on the approximation function was 
used to correct spectral band power and dominant component power 

estimates according to the IPFM model signal transfer properties 
(Papers IV, V).

Differences between separate-day measurements in 10 recumbent 
healthy subjects were calculated to assess the reproducibility of 
heart-rate variability spectral analysis. The standard deviation of the 
differences and the standard deviation factor of intra-individual
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variation (SDF^^j-a) were used as Indices of reproducibility (Ziegler et 
al., 1992).

In patients with familial amyloldotic polyneuropathy, the severity of 
the neurological disability was classified on the basis of the patient's 
ability to perform activities of daily living: mild, subjective symptoms 
but no functional disturbances; moderate, functional disturbances 
but the patient was able to undertake all activities of daily life; severe, 
major functional disturbance and the patient being incapable of 
undertaking most activities of daily life. A similar classification, based 
on the neuromuscular symptoms, was used in patients with myotonic 
dystrophy.

Blood specimens from patients with myotonic dystrophy were 
analyzed for noradrenaline using high performance liquid 
chromatography (HPLC) with a cation exchange column (Nucleosil 10 
SA, 25 X 4 mm) and electrochemical detection with a glassy carbon 
electrode (Bioanalytical systems LC-4A amperometric detector). 
Eluates corresponding to 2 ml plasma were analyzed using a- 
methyldopamine as an internal standard.

STATISTICS
The Wilcoxon rank sum test was used for comparison between 
patients groups and controls in Papers I and II. Measurements before 
and during pharmacological blockade (Paper V) were evaluated with 
analysis of variance for repeated measures (Schefle 1959). F-tests 
were conservatively evaluated according to Greenhouse-Geisser 
(Geisser et al., 1976). In the re-analysis study of patients with familial 
amyloidotic polyneuropathy and myotonic dystrophy, one-way 
analysis of variance was used to test differences between patient 
groups and controls. The probabilities were corrected using the Tukey 
HSD (Neter et al., 1985).
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RESULTS

Familial amyloidotic polyneuropathy (I)
There were 4 patients with mild, 4 with moderate, and 4 with severe 
disability. The duration of disease varied from four to thirteen years 
in the series. Orthostatic hypotension, defined as a fall in systolic 
blood pressure greater than 25 mmHg, was present in 6 patients with 
severe or moderate disability, but in none with mild disability. 
RMSSD in recumbent position was significantly lower in patients 
than in controls (P < 0.01). The R-R variations relative to mean R-R 
interval during normal breathing (N%) and deep breathing (D%) in 
recumbent position were significantly lower in the FAP patients than 
in the control group. The reduced variability as measured by these 
indices decreased with increasing severity of neurological disability, 
but the limited number of patients did not allow further statistical 
analysis.

Myotonic dystrophy (II)
There were eight patients with mild, eleven with moderate, and four 
with severe disability. No statistically significant differences in 
RMSSD, N%, D%, or T% were found between patients and controls. In 
the age group older than 40 years, heart rate was significantly higher 
in patients compared with controls. Venous forearm plasma 
noradrenaline concentrations when supine and upright were 
significantly higher in patients compared with controls.

Measuring heart rate variation (III)
The input variance in simulations of heart rate variability using the 
IPFM model was compared with the variance of the resulting event 
series in interval representation (UBI) and in the corresponding 
reciprocal immediate rate (IHR) representation. The variance of the 
rate series provided a good estimate of the input variance while the 

variance of the interval series showed a pronounced bias depending
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on mean interval duration. At short mean interval durations, down to 
0.44 s (corresponding to a rate of 140/min), the variance was 
underestimated approximately 25 times and for longer mean intervals 
up to 1.48 s (corresponding to a rate of 40/min) the model input 

variance was overestimated roughly four times.

Corresponding measurements of the variance of heart-rate variability 
data from 42 healthy volunteers showed no significant correlation 
with mean heart rate when rate data (IHR) were used, but a 
significant correlation with mean heart rate if the variance was 
calculated on interval (UBI) data. The age-dependence of heart rate 
variability was taken into account by bilinear regression with age and 
mean interval on the variance.

Relations to mean heart and respiratory rates (IV)
Results from calculation of the transfer function of the IPFM model 
for different mean event rates showed a progressively increasing 
damping of high frequencies with decreasing mean event rate. The 
transfer function dependence of mean event rate was summed in an 
empirical function according to

1
“T^r(/-0.304 Hr)

where G is the transfer function amplitude, f is the spectral frequency 
(Hz), and HR denotes the mean event (or heart) rate (Hz).

Results from 32 healthy volunteers lying supine showed a statistically 
significant negative linear correlation between log high-frequency 
component power and the component frequency when age was taken 
into account in a bi-linear regression model. A similar relationship 
was found between the respiratory rate and log high-frequency 
component power. After correction of the high-frequency component 

power according to the IPFM model transfer characteristics, no
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significant correlation between component power and frequency was 
found.

The high-frequency component power and frequency were also 
correlated in upright subjects, but after correction according to the 
IPFM model transfer characteristics the correlation remained 
statistically significant. A statistically significant correlation between 
mid-frequency component power and the difference between 
respiratory rate and component frequency was found.

Reproducibility and effect of autonomic blockade (V)
Results of cluster analysis of the three most dominant spectral 
components in data from 32 healthy subjects successfully partitioned 
the component frequencies into three groups: when lying at rest at 
mean frequencies 0.028, 0.103, and 0.160 Hz and, when upright at 
mean frequencies 0.022, 0.103, and 0.209 Hz.

With the exception of the low-frequency component power, the log- 
transformed spectral band and component powers correlated 
significantly with age. In the upright position, the low and mid- 
frequency band power was higher compared to that recorded in 
subjects lying supine. The high-frequency power was lower in 
subjects when tilted up than in those supine.

Cholinergic blockade with methylscopolamine resulted in significantly 
decreased spectral band and component power in all three frequency 
bands in both postures. The mid-frequency orthostatic power ratio 
increased during cholinergic blockade. The mean frequency of the 
mid-frequency spectral band was significantly lower during 
cholinergic blockade in subjects when supine and when tilted 
upright.
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During beta-adrenergic blockade with propranolol, the high- 
frequency band power in upright subjects was significantly lower 
than before the administration of propranolol. Propranolol also 
caused a significantly decreased high-frequency band orthostatic 
power ratio. The mid-frequency band power in upright subjects 

decreased after propranolol administration, but the decrease was not 
statistically significant (P- 0.06).

Results of reproducibility of spectral analysis measured on two 
separate occasions in 10 healthy volunteers show a standard 
deviation of 0.44 to 0.68 in log units of spectral band powers. 
Because a difference between log-transformed values corresponds to 
the ratio between the original values, the standard deviation is 
dimensionless in this case. The standard deviation of intra-individual 
variation ranged from 1.55 to 2.52 with the highest values for low- 
frequency band spectral variables.

Reanalysis of heart rate variability in patients with familial 
amyloidotic polyneuropathy and myotonic dystrophy.
Heart rate variability in patients with familial amyloidotic 
polyneuropathy (FAP) and with myotonic dystrophy was assessed by 
common spectral indices in Papers I and II. To evaluate whether it 

would be possible to extract further information, autoregressive 
spectral analysis was applied to these patient groups.

In the original study in patients with FAP (Paper I), interest was 
focused on the immediate heart rate response during tilt from the 
supine to the upright position. For this reason and also because of 
the technical limitations of the recording device, the recording time in 
standing position was limited to two minutes. In addition, orthostatic 
symptoms prevented some of the patients from remaining upright for 
longer than two minutes. In this study data segments were selected 

for analysis during the second minute in FAP patients tilted upright,
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Table 4a. Heart rate and age-adjusted spectral analysis results in 12 patients with 
familial amyloidotic polyneuropathy (FAP) and in 32 healthy subjects 
(controls). The results are presented as mean value and range.

Controls FAP patients
Lying Standing Orth.

change t
Lying Standing Orth.

change t
n 32 32 32 12 12 12

Mean heart rate (Hz) 1.09 1.38 0.29 1.27*** 1.45 0.18
0.86 -1.28 1.06 -1.78 0.02 - 0.67 1.07-1.49 1.15 - 2.32 - 0.02 -1.00

Total power (jiHz2)t 4.17 4.28 0.32 3.56*** 3.60 *** 0.30
3.55-4.69 3.64-4.8 -0.36 - 0.96 2.88 - 4.18 2.52-4.64 -0.58 -1.33

Band power (mHz2)!
Low-frequency 3.46 3.68 0.39 2.56*** 2.59 *** 0.23

3.03 - 3.91 3.11 - 4.12 -0.47-1.13 1.68-3.50 1.67-3.84 -0.68 - 0.96

Mid-frequency 3.87 4.22 0.47 2.97 *** 2.74 *** -0.33 ***
2.71 - 4.73 3.47-4.83 -0.41 -1.43 1.62 - 3.97 1.26 - 4.26 -1.75 - 0.48

High-frequency 3.64 3.10 -0.30 2.98 *** 2.37 *** -0.28
3.00 - 4.17 2.27-3.80 -0.94-0.55 1.87-3.76 0.82-3.29 -1.08 - 0.48

Band frequency (Hz)
Low-frequency 0.022 0.023 0.002 0.024 0.022 -0.002

0.013-0.034 0.007-0.033 -0.019- 0.018 0.017-0.031 0.013-0.035 -0.016- 0.011

Mid-frequency 0.094 0.086 -0.007 0.093 0.097** 0.004*
0.082-0.118 0.073-0.110 -0.029- 0.011 0.077-0.120 0.081-0.119 -0.031- 0.036

High-frequency 0.024 0.22 -0.022 0.27*** 0.27 *** -0.001
0.18-0.28 0.19-0.26 -0.068- 0.047 0.25 - 0.32 0.23 - 0.35 -0.083- 0.078

t Logarithmically transformed and age-adjusted values.
t For spectral variables log ratio standing divided by lying and for mean heart 

rate the difference standing minus lying value.
* P < 0.05, ** P < 0.01, *** P < 0.001 (P-values refer to comparison between 

patients and controls)

while in healthy subjects approximately 2 minutes long data 
segments recorded after 4 minutes in the upright position were used. 
With these methodological differences in mind, heart-rate variability 
in FAP patients was assessed in both supine and upright subjects in 
this re-analysis study.

Mean values and range of mean heart rate and spectral variables in 
FAP patients and controls are listed in Table 4 a. The mean heart rate 

was significantly higher in FAP patients compared with controls. The
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Table 4b. Heart rate and age-adjusted spectral analysis results in 23 patients with 
myotonic dystrophy. The results are presented as mean value and range. For 
comments, refer to figure 4a.

Myotonic dystrophy
Lying Standing Orthostatic

change t

n 23 23 23

Mean heart rate (Hz) 1.15
0.84 -1.46

1.40
1.03 -1.72

0.25
-0.052 - 0.67

Total power (^Hz2)t 4.07
3.30 - 4.83

4.12*
3.57-4.70

0.24
-0.70 -1.24

Band power (nHz2)f
Low-frequency 3.30

2.64-3.90
3.50*
2.81 - 4.12

0.35
-0.61 -1.25

Mid-frequency 3.78
2.77-4.63

4.02
3.22-4.80

0.35
0.59 -1.65

High-frequency 3.63
2.92 - 4.60

3.09
2.19 - 4.43

-0.31
-1.58 - 0.77

Band frequency (Hz)
Low-frequency 0.025 *

0.014-0.035
0.025 0.000
0.017-0.034 -0.013- 0.013

Mid-frequency 0.096
0.082-0.13

0.091*
0.075-0.109

-0.005
-0.027- 0.019

High-frequency 0.24
0.20 - 0.28

0.22
0.19-0.26

-0.014
-0.077- 0.035

* P < 0.05 (P-values refer to comparison between myotonic dystrophy patients 
and controls listed in table 4a)

total heart-rate variability power, representing the variance of the 
heart-rate series, and spectral variables were log-transformed and age 
adjusted according to the regression coefficients presented in Paper 
V. The total heart-rate variability power and the power in the low, 
mid, and high-frequency bands were significantly lower in FAP 
patients compared with controls (P < 0.001).

Figures 6 and 7 show the individual spectral band power in patients 
with FAP according to severity of neurological disability and in 
healthy subjects when supine and upright. The apparently normal 
distribution and limited range of values seen in figures 6 and 7



28

5

ü0Z3

0
5

o
S
CT
■g2

0
5

03cr0
.cCT
X

0

LYING

O

OOO O
O 0

8

O
©

ogoBoBj8j8
o o

O
O 0

O 0
0
8

§

OO

OO
O Q OO

0O

- - - - - - - - - - - 1_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I_ _ _ _ _ _ _ _

I Mild______ Moderate______ Severe |

Controls FAP patients

Figure 6. Individual spectral band power values in the supine position in 12
patients with familial amyloidotic polyneuropathy (FAP) according to severity 
of neurological disability, sind in healthy subjects (controls). *** : P < 0.001

might, in spite of the limited number of patients, justify statistical 
analysis using a one-way ANOVA model. This analysis showed that 
the low, mid and high-frequency power was significantly lower in 
supine FAP patients with severe disability compared with FAP 
patients with mild or moderate disability and also compared with 
controls.

Similar results to those in supine subjects were found in FAP patients 
with severe disability when tilted upright, with a decreased low, mid, 
and high-frequency band power. When tilted upright, patients with 
mild disability had slightly lower mid and high frequency band power 
values compared with patients with moderate disability. The mean 

frequency of the mid and high-frequency bands when upright and of
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Figure 7. Individual spectral band power values in the standing position in 12 
patients with familial amyloidotic polyneuropathy (FAP) according to severity 
of neurological disability, and in healthy subjects (controls). ***: P < 0.001

the high-frequency band when supine was higher in FAP patients 
than in controls.

Results of spectral analysis of heart rate variability in patients with 
myotonic dystrophy are shown in Table 4b. The age-adjusted total 
power and spectral power in the low and mid-frequency bands in 
standing position were lower in patients with myotonic dystrophy 
compared with controls (Table 4a). The difference in mid-frequency 
band power did not quite reach statistical significance (P = 0.56) but 
the corresponding dominant component power of the mid-frequency 
band was significantly lower in patients (mean 3.92 pHz^, range 3.16 
to 4.72) compared with controls (mean 4.15 pHz^, range 3.32 to 4.78, 

P - 0.034).
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Figure 8. Individual total heart rate variability power in standing position in 23 
patients with myotonic dystrophy (DM) according to severity of neurological 
disability and in healthy subjects (controls). * : < 0.05 .

The mean spectral frequency of the mid-frequency band in the 
standing position was higher in patients with myotonic dystrophy 
compared with controls. There were eight myotonic dystrophy 
patients with mild, eleven patients with moderate, and four patients 
with severe functional disability. Results using a 1-way ANOVA model 
to evaluate differences in spectral analysis variables between patient 
subgroups and controls showed that the age-adjusted total spectral 
power in standing position was significantly lower in myotonic 
dystrophy patients with mild disability (mean 3.99, range 3.57 to 
4.48, P ä 0.026) compared with controls but no other significant 
differences were found in the subgroup analysis (figure 8).
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DISCUSSION
Heart rate variability and R-R interval variability are terms that often 
are used as synonyms, although the reciprocal relationship obviously 
not is linear. Integral pulse frequency modulation (IPFM) is a physical 
principle that was introduced by Bayly (1968) as a general model of 
information transmission in the nervous system. Since the 
introduction as a model of the cardiac pacemaker (Hyndman et 
aL, 1975), the IPFM model has been used in methodological studies of 
heart rate variability measurement (Rompelman et aL, 1977; de Boer 
et aL,1985; Berger et aL, 1986). The principle of IPFM is analogous to 
autonomic regulation of heart rate by changes in depolarization rate 
of the cardiac pacemaker cells. Results from computer simulation of 
the IPFM model show that the variance of the modulating signal is 
accurately estimated by analysis of rate data. If the variance is 
calculated using inter-event intervals, a considerable bias with 
underestimation of the variance at high mean rates and 
overestimation at low rates was found (Paper III). Similar 
relationships were found in supine and upright healthy subjects 
when the variance of R-R intervals was compared with the variance of 
heart rate, indicating the presence of effects consistent with pulse 
frequency modulation.

The results in healthy volunteers should be interpreted cautiously in 
view of the complex underlying physiology. Parasympathetic outflow 
may both affect the depolarization rate and lead to hyperpolarization 
of the membrane resting level in cardiac pacemaker cells (Hyndman 
et al., 1975; Sheridan, 1988). The latter action does not fit with the 
standard IPFM model and would, in a modified model, lead to biased 
variance estimates using rate. Further, autonomic modulation in 
more distal parts of the cardiac conduction system like the 
atrioventricular node is included in heart rate variability 
measurements using electrocardiographical R-waves, but not in the 
model. The standard deviation of variability arising distally to the
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sinoatrial node was estimated to range from 1 to 5 milliseconds in 10 
healthy subjects using the P-R interval of the electrocardiogram (Ros 
et al., 1987) . In the present study the standard deviation of heart 
rate variability was 18 to 87 milliseconds in supine healthy 
volunteers indicating that the contribution of variability distal to the 
sinoatrial node may be important.

In a study of the heart-rate response in psychophysiological tests, 
Khachaturian et al. (1972) argued that rate could not be used without 
valid justification because period is the raw data obtained when 
cardiac beat-by-beat variability is analyzed. In contrast, Graham 
(1978) concluded that rate should be used because of its more 
desirable statistical properties than those of period in auditory 
stimulation tests of infants and that the arguments whether to use 
period or interval must be based on a comparison of the 
measurement error. Results of cardiovascular reflex tests in relation 
to the mean heart rate has recently been discussed in a study based 
on Holter recordings in 123 healthy subjects (Piha, 1992). A 
significantly lower deep breathing difference of immediate heart rate, 
standard deviation of the R-R intervals during quiet breathing, and 
maximum to minimum R-R interval ratio in response to active 
standing up were found in subjects with high mean heart rate during 
the tests compared to those with low heart rate. It was suggested that 
the higher heart rate was due to increased sympathetic activity to the 
heart and the conclusion was that cardiovascular autonomic test 
results of tachycardie patients should be interpreted cautiously. The 
conclusion is also relevant in relation to the present study because 
physical effects of pulse frequency modulation (Papers III and TV) 
might contribute to results of heart rate variability measured by these 
indices.

A reasonable conclusion concerning the use of period or rate in 
measurements of heart rate variability may be that effects of mean
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heart rate should always be considered, especially if the 
measurements are based on R-R intervals. If R-R intervals are used, 
the mean heart-rate dependence can be compensated if the indices 
are normalized with the mean R-R interval such as in the N% index 
(studies I and II) but group differences in mean heart rate must still 
be considered.

Characteristics of the IPFM model in relation to results from healthy 
subjects were further evaluated in Paper IV. The magnitude of 
respiratory sinus arrhythmia depends on both the tidal volume as 
well as on the respiratory rate. The amplitude of sinus arrhythmia is 
greater at low than at high respiratory rates (Angelone et al., 1964; 
Freyschuss et al., 1976; Hirsch et al., 1981; Eckberg et al., 1983). In 
seated subjects, Hirsch et al. (1981) showed that sinus arrhythmia 
also is more pronounced at high mean heart rates than at low mean 
rates. Estimation of the transfer function of the IPFM model (Paper 
IV) showed a damping effect of high variability frequencies similar to 
a low-pass filter. High frequency variability was also suppressed more 
at low mean event rates compared with high. In accordance with the 
model findings, spectral component analysis in resting, supine 
subjects breathing normally showed a significant correlation between 
the respiratory (high-frequency) spectral component power and 
frequency. The correlation was abolished after correction of the 
component power with a filter based on the IPFM model transfer 
function. These results indicate that pulse frequency modulation may 
explain much of the characteristics of sinus arrhythmia in relation to 
mean heart and breathing rates.

A correlation between the respiratory component power and 
frequency in the standing position was demonstrated in the present 
study (Paper IV), but correction according to the IPFM transfer 
function had no clear effect on the relationship, which contrasts with 
results from supine subjects. In a study of ten healthy subjects,
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calculation of the transfer function between irregular broad-band 
respiration and heart rate variability confirmed that sinus arrhythmia 
is a frequency-dependent phenomenon similar to a low-pass filter 
(Saul et al., 1989). High frequency variability was more damped in 
upright than in supine subjects and the difference was suggested to 
reflect a shift in the autonomic balance towards the sympathetic 
system. In an related animal study the sympathetic and 
parasympathetic transfer functions were assessed separately by 
direct nerve stimulation and showed a parasympathetic transfer 
function similar to a low-pass filter with a mean rate-dependent 
operating point but a sympathetic transfer function with a more 
pronounced high-frequency damping with operating point 
independent of mean rate (Berger et al., 1989). The results are in 
accordance with features of the IPFM model transfer function (Paper 
IV) and these studies together indicate that factors other than pulse 
frequency modulation alone are of greater importance for sinus 
arrhythmia in standing compared with the recumbent position.

Effects of cholinergic blockade with methylscopolamine and beta- 
adrenergic blockade using propranolol were evaluated in ten healthy 
subjects (Paper V). Cholinergic blockade using scopolamine reduced 
the heart rate variability spectral power at all frequencies but 
increased the orthostatic mid-frequency power ratio compared with 
the same subjects before cholinergic blockade. Results from a study 
using spectral analysis of heart rate in twenty-two healthy volunteers 
after moderately high doses of atropine were similar, except that the 
effect on low-frequency power not was significant (Weise et al., 1989). 
On the other hand, Weise et al. applied a digital high-pass filter to 
specifically reduce low-frequency variability prior to spectral analysis 
which might explain the failure to record this effect. Further, 
methylscopolamine has, in contrast to atropine, little or no CNS 
effects (Nyman 1943, 1944) which might contribute to the
discrepancy. The increased orthostatic power ratio in the mid
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frequency band is consistent with increased cardiac sympathetic 
outflow in standing after cholinergic blockade (Weise et al., 1989; 
Rigel et al., 1984; Samonia et al., 1983).

The mean spectral frequency of the mid-frequency band was 
significantly lower in supine and upright positions after cholinergic 
blockade compared with basal conditions (Paper V). This supports 
results presented by Weise et al. (1987, 1989). In a study of twenty- 
eight diabetic patients using spectral analysis of R-R intervals a 
significantly lower spectral peak frequency corresponding to the mid
frequency band was found in patients compared with healthy controls 
(Lanting et al. 1990). The results of these studies indicate that the 
mean spectral frequency of the mid-frequency band can be used as 
an index of cardiac parasympathetic function.

Results after beta-blockade with a relatively low intravenous dose of 
propranolol showed a reduction of mid and high-frequency power in 
the upright position, however, this was not statistically significant for 
the mid-frequency power (Paper V). A study of the effects of atropine 
and propranolol in eight healthy volunteers analysing heart rate 
during a constant breathing rate of 0.25 Hz showed a reduction of 
spectral power in the standing position at frequencies from 0.04 Hz to 
0.12 Hz by propranolol but no significant reduction of high-frequency 
power defined in the 0.22 to 0.28 Hz frequency range (Pomeranz et 
al., 1985). This agrees with results in the present study (Paper V) for 
the mid-frequency band power but contrasts with the findings for the 
high-frequency band. The difference may be explained by the 
voluntarily controlled and relatively high breathing rate studied by 
Pomeranz et al. In the present study, the subjects' normal respiratory 
rate varied from 0.12 to 0.25 Hz. The studies of Berger (1989) and 
Saul (1989) indicated that sympathetically mediated sinus 
arrhythmia is important up to 0.15 Hz, which thus includes 
respiratory rates found in the present study.



36

Correction of the high-frequency power according to the IPFM model 
transfer function showed a noticeable effect on the high-frequency 
power in supine subjects after propranolol (Paper V). This was 
expected because the correction filter affects high-frequency 
variability most at low mean heart rates. Therefore high-frequency 
heart rate variability might be reduced because of the physical effects 
of pulse frequency modulation at low mean heart rates.

The design of the autonomic blockade study does not completely 
exclude some residual effects of the cholinergic blockade during 
adrenergic blockade. However, there were no significant differences 
in mean heart rate or spectral variables between baseline recordings 
before the administration of scopolamine and propranolol.

Results from patients with familial amyloidotic polyneuropathy 
showed markedly reduced heart rate variability measured by common 
indices (Paper I) and by spectral analysis, consistent with both 
parasympathetic and sympathetic dysfunction. The reduction of 
variability was more pronounced in severely handicapped patients 
than in those with moderate or mild disability, suggesting that the 
measurements reflect the clinical state. Reassessment of heart rate 
variability by spectral analysis further showed a significantly 
decreased mid-frequency orthostatic ratio which might support the 
presence of sympathetic dysfunction. Clinical manifestations of 
autonomic functional disturbance are common in patients with FAP 
(Ikeda et al., 1987). In an electrocardiographic study of 71 Swedish 
FAP patients, 68% had atrioventricular and/or intraventricular 
conduction defects to which autonomic dysfunction might have 
contributed (Olofsson et al., 1980).

Heart rate variability in patients with myotonic dystrophy was normal 
using common indices (Paper II) but spectral analysis showed a
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reduced total power, low-frequency power, and mid-frequency power 
in upright subjects compared to controls. Low-frequency power is 
believed to reflect sympathetically mediated fluctuations in 
thermoregulation (Hyndman et al., 1971). Akselrod et al. (1981) 
reported effects of angiotensine-converting enzyme inhibition on low- 
frequency heart rate variability in dogs, suggesting a damping effect 
of the renin-angiotensine system on blood pressure fluctuations. 
Further, the low frequency band is sensitive to disturbing moments 
including speech, or extraneous noises which during a 2 minute 
recording may cause gradual changes in heart rate, reflected as 
increases in low-frequency band power (unpublished observations).

The mean frequency of the mid-frequency band in the upright 
position was significantly higher in FAP patients and in patients with 
myotonic dystrophy compared with controls. FAP patients also had 
higher mean spectral frequency in the high-frequency band both 
when supine and when tilted upright. However, the results in FAP 
patients must be judged with caution because the study of these 
patients was not primarily designed for measurement of heart rate 
variability in the standing position. Reduction of the mean spectral 
frequency in the mid-frequency band is associated with 

parasympathetic dysfunction (Lanting et al., 1990; Weise et al., 1989, 
Paper V). Weise et al. (1989) also reported a tendency towards higher 
values of peak frequency of the mid-frequency component after the 
intravenous administration of small doses of atropine in twenty-two 
healthy volunteers while moderate doses of atropine reduced the peak 
frequency.

Unexpectedly high plasma levels of noradrenaline in subjects 
compared to controls when both supine and upright were seen in the 
original study of patients with myotonic dystrophy (Paper II). The 
combination of these findings and the results of reassessment of 
heart rate variability by spectral analysis suggests an altered
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sympathetic function in patients with myotonic dystrophy. The 
nature of this disturbance is however unclear and requires further 
investigation.

The log-normal distribution of the variables makes the reproducibility 
of spectral analysis of the heart rate variability difficult to assess 
(Paper V). The standard deviation of differences calculated on log- 
transformed variables is dimensionless and represents the mean ratio 
of the repeated measurements (Bland et al., 1986). The antilog of this 
standard deviation value was used to characterise the reproducibility 
of heart rate spectral analysis in a study of twenty healthy subjects, 
reporting values in the range of 1.50 to 1.62 (Ziegler et al., 1992). In 
the present study, the corresponding standard deviations ranged 
from 1.67 to 2.02 with lower values for the mid and high-frequency 
spectral bands. Methodological differences could explain this 
apparently higher standard deviation because Ziegler et al. (1992) 
used a smoothing algorithm for spectral analysis while we used no 
additional filtering or smoothing of data. Although not a formally 
correct ratio because the scale has no absolute zero point, the 
standard deviation of differences represented 11 - 21 % of the log- 
transformed spectral power mean values in healthy subjects. Thus, 
the reproducibility results indicated a considerable day-to-day 
variability but in view of the pathophysiological and physiological 
features demonstrated by spectral analysis of the heart rate 
variability in this study, the error seems acceptable.
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GENERAL SUMMARY

Results from analysing simulated heart rate variability using the 
EPFM model, analogous to the interface between regulating autonomic 
nervous activity and the depolarizations of cardiac pacemaker cells, 
showed considerable discrepancies depending on whether interval or 
rate was used. In relation to the simulation model input, interval data 
underestimated variability at high mean event rates but 
overestimated variability at low mean event rates. Rate data provided 
a good estimate of the variability of the modulating function. A similar 
relationship between mean heart rate and variability of R-R intervals 
was seen in healthy volunteers, indicating the IPFM model to be valid.

Further studies of the IPFM model in relation to results of spectral 
analysis of heart rate variability in healthy subjects showed 
characteristics which may, to a great extent, explain the well-known 
association between mean heart rate, respiratory rate and sinus 
arrhythmia.

Results of pharmacological autonomic blockade in response to 
orthostasis in healthy volunteers suggest that variability related to 
blood pressure regulation and respiration is mediated by both 
sympathetic and parasympathetic mechanisms and that the separate 
components can be assessed by means of the orthostatic effects on 
spectral analysis results.

In support of the clinical findings, results from heart rate variability 
analysis in patients with familial amyloidotic polyneuropathy showed 
marked abnormalities consistent with severe sympathetic and 
parasympathetic dysfunction. Heart rate variability analysis by 
common indices and/or by spectral analysis is thus useful for the 
demonstration of functional disturbances in autonomic 
polyneuropathy in patients with familial amyloidosis.

Patients with myotonic dystrophy showed normal heart rate 
variability both when supine and when upright as assessed by
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common heart rate variability indices. However, results of spectral 
analysis of the heart rate variability in addition to the increased levels 
of noradrenaline seen in these patients suggest that they have an 
altered sympathetic function.

There is a considerable variability in separate day-to-day 
measurements of heart rate variability by spectral analysis, but in 
view of the pathophysiological and physiological features of 
autonomic function demonstrated in this study, the reproducibility 
seems acceptable.
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APPENDIX

A. A device for measurement of R-R intervals
Personal computers have been used for the measurement of R-R 
intervals for over 10 years (Rompelman et al., 1982). With increasing 
demands on the quality of the user-interface, the task of both 
acquiring and presenting heart rate variability data may be difficult, 
and more so if analogue signals from respiration or other sources are 
simultaneously sampled. The evolution of more complex operating 
systems including multi-tasking capabilities, for personal computers 
might also interfere with real-time recording of heart-rate variability. 
In fact, the microprocessor-based interval recorder used in this study 
was developed during 1985 to 1987 to be used in a mini-computer 
environment (PDP 11/24 running RSX-11M) to avoid more 
complicated programming. This system configuration is shown in 
Figure 8a. Figure 8b shows an alternative configuration where the 
interval recorder is connected to a personal computer in a satellite-

ECG Interval Mini computer
monitor recorder

Graphic data terminal

B

Personal computer

Figure 8. Alternative system configurations for recording heart rate variability
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Figure 9. Block diagram of the interval recorder microcomputer. The part numbers 
refer to components of the Motorola 68XX microcomputer series. The system 
software consists of a Motorola Assist-09 monitor program and an on-board FORTH 
development system for general data acquisition.

fashion. Programs for the interval recorder were developed in the 
FORTH language (Brodie, 1987). Because FORTH-systems are 

compact, the entire development system resides in the interval 
recorder microcomputer allowing interactive tests of application 
hardware and programs.

Functional block diagrams of the interval recorder are shown in 
Figures 9 and 10. The system is based on a general single-board 
8/16-bit microcomputer with a FORTH programming system, 
developed in the current study (figure 9). Figure 10 shows additional 
interface logic used in the current application. A timer/counter 
circuit (Siemens S360) receives external QRS trigger pulses which 
latch an internal 32-bit counter running at 2 kHz rate. The event is 
flagged in a control register which is polled by software at each
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ADC 1
10 BIT 
AD571PORT

MC68B21

ADC 2
10 BIT
AD571

TIME BASE EVENT
TIMER
S360B

CLOCK

MC68B40

DIGITAL
FILTER
MAX260

MODE
LATCH
LS374

ADC 3
12 BIT
AD574

PORT ADC 4
MC68B21 12 BIT

UNI/BIPOLARAD574

ADC 5 
12 BIT 
AD574

BACKPLANE BUS

Figure 10. Block diagram showing the interface part of the interval recorder. Part 
numbers with a MC prefix are manufactured by Motorola, LS by Texas 
Instruments, S by Siemens, AD by Analog Devices, and MAX by MAXIM.

analogue-to-digital readout. In the current study, the A/D-converters 
were sampled with a frequency of 10 Hz for measurement of 
respiration from the output of a CO2 analyzer or temperature sensor.

The interval recorder can also operate in a software QRS detection 
mode. In this mode, an amplified signal from an ECG monitor is 
passed through a band-pass filter and sampled with 12 bits precision 

at a rate of 1600 Hz.

The bandpass filter is implemented as a second order FIR filter using 
a programmable switched-capacitor circuit (Maxim MAX260). The
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Circuit is clocked at a rate of 5 kHz resulting in an internal effective 
sample rate of 2.5 kHz for the filter. Additional parameters were 
selected to give the lowest possible passband with the clock frequency 
given, yielding -3 dB limits of 9.3 to 40.6 Hz. The 32-bit binary 
counter running at 2 kHz rate is read when the software detects a 
valid QRS complex and the value is stored in a temporary register. 
QRS detection was implemented by simple level-detection on the filter 
output combined with a blanking or refractory period to avoid T-wave 
triggering.

When connected to a personal computer (figure 8b), analog data and 
R-R intervals are continuously transferred from the interval recorder 
to the computer via a serial link. A Pascal program on the receiving 
computer implements the user interface by displaying diagrams in 
real time of all variables and allowing the operator to mark events 
such as the beginning and end of various provocations. In the 
alternative system configuration with a mini-computer as shown in 
Figure 8 a, the recording process is controlled by the interval recorder 
and a graphical data terminal and R-R intervals are temporarily 
stored in the interval recorder for later transmission to the host 
computer.
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B. Common indices of heart-rate variability
The root mean square of successive differences (RMSSD) was 
calculated according to

where RR represents the R-R intervals and n is the number of 
intervals (Gundersen et al., 1977).

N% was defined according to

RR

where RRmax and RRmm are the mean values of the manually selected 
longest and shortest R-R intervals during at least five respiratory 
cycles (approximately 60 s) of spontaneous breathing, and RR is the 
mean value of consecutive R-R intervals (Person et al., 1983). D% was 
defined accordingly during deep breathing.

T% was defined as

where RRmaxw is the longest interval near the 30:th interval after the 

start of tilt from the supine to the upright position, RRminl5 is the 

shortest interval near the 15:th interval after tilt, and RRbe/ore is the 

mean interval during 30 seconds before the tilt. T% is similar to the 
acceleration index (AI) presented by Sundqvist et al. (1980) but with 
interval selection similar to that in the 30/15 ratio used by Ewing et 
al. (1978).
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C. Autoregressive spectral analysis
Event to time-series transformation
Stored interval recordings were retrieved and analyzed with a 
personal computer programmed in Pascal. The entire recording could 
be reviewed for selection of a suitable sequence for analysis, using 
this program.

The first step in the preparation of the selected data segment was to 
invert the interval values and thus use the corresponding frequency - 
or immediate heart rate - values in further analysis. The occurrence 
time for each heart rate value was set to be at the centre of the 
interbeat interval. In this way a time series with irregularly spaced 
samples corresponding to the middle of each interbeat interval was 
formed.

A regularly sampled heart rate signal was calculated using cubic 
spline interpolation (Cline 1974) for values between events. Samples 
were calculated corresponding to a rate of 2 Hz after applying a 
fourth order zero-phase lowpass digital filter at the Nyquist limit (half 
the sample rate).

Pre-processing
The mean value must be subtracted prior to spectral analysis 
(Marple 1988). A linear trend in the data will also distort the spectra 
and therefore both the trend and mean value were removed by 
performing linear regression and subtracting the predicted value from 
each actual value in the data series.



48

AR model estimation
A system can be modelled by an autoregressive (AR) process:

p
x(t) = - J)akx(t -k) + e{t)

k-1

where e(t) is a zero mean white noise process with variance cß and p 

is the number of parameters. Many algorithms have been developed 
to estimate the AR parameters. We used the modified covariance 
method because of its reported stability and also because it was 
published in FORTRAN-code (Marple 1988). The algorithm was 
implemented in Pascal for real-valued data. The AR order, i.e. number 
of parameters used to describe the signal, was set to 30 for 256 data 
points.

AR power spectral density
The power spectral density (PSD) was calculated using the formula

_________oßr________

l + a.z'1 +a7r~2... +a„z~p

where is the sample variance, T the sampling interval, an are the 
AR coefficients, and z is the unit delay operator represented by 
complex frequencies according to

z = e~{j2nJT).

The denominator in the PSD expression was evaluated over these 
frequencies using the fast fourier transform (FFT). The PSD was 
evaluated at 2048 frequencies to make integration (area calculation) 
of also very narrow spectral peaks possible.
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Spectral factorisation by partial fraction expansion 
Calculation of "poles" and "zeros" is a commonly used alternative to 
the PSD in technical applications like for example in analysis of filter 
transfer functions. It is also part of the calculations behind so-called 

spectral factorisation which mathematically consists of transforming 
the AR PSD expression to a series of fractions by partial fraction 
expansion. Each fraction corresponds to a small part of the PSD, and 
in this way spectral factorisation leads to a partitioning of the PSD. 
Partial fraction expansion is performed on ratios between polynomials 
and can in the general case be expressed as

A z-pj z-p2 z-pn

where pn are complex roots of the polynomials, rn represents the 
associated residues, and k(z) are the direct terms. In AR models 
applied to heart rate variability

B(z) = o2T

A(z) = l + a1z~1 + a2z~2... +az'p

and all coefficients ap are real.

The poles -or polynomial roots- of the AR PSD expression were 
calculated by Laguerre's method with deflation (Press et al., 1988). 
Finding the corresponding residues and constant terms involves 
successive insertion of the roots into the original polynomial. This 
was done by a version of the a general filter convolution routine 
capable of handling complex numbers. For details, refer to 
Oppenheim (1987).
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Calculation of damping coefficient and component centre frequency 
The damping ratio (a) and the component centre frequency (f) can be 
calculated directly from the fractional expanded form as

a* =

A =
tan2

imag(pkŸ
reaKPk ) >

2k T

where p represents a polynomial root associated with spectral 
component k, and tan2-^ is the four-quadrant arc tangent.

Rational component PSD expressions
For each component, rational expressions were calculated according 
to

Bt(i) K | Rt_
4(z) z-pt z-p'k z-pk z-p't

where * denotes complex conjugate and denotes reciprocal.

The spectral component PSD:s were calculated according to

PSDk
Bk(z)
Ak(z)

z = e~(j2nJT)

using the fast fourier transform to evaluate the nominator and 
denominator of the rational expression over complex frequencies. The 
power of each component was calculated by integrating the PSD area.
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Selection of dominant components
In an AR spectral component analysis of fairly high order, say 15 or 
higher, many components will not be clearly associated with a 
specific spectral peak and only represents a small fraction of the total 
PSD. Therefore, an intuitive method of identifying "dominant" spectral 
components was defined. By dividing the power of each component 
with the absolute value of the associated damping factor a, and 
sorting the poles in falling order with respect to this index, the main 
part of the PSD can be reconstructed with the first few PSD 
components (unpublished observations). Components with a small 
bandwidth and high power are thus favoured by this criteria.

Variance scaling of the ensemble PSD
When using AR models to describe signals, the corresponding PSD 
can be scaled by the estimated driving white noise variance supplied 
by the modified covariance algorithm (Marple 1988). By scaling with 
this estimate, the total PSD area will only differ slightly from the 
signal variance (unpublished observations). However, in this study 
the area of the AR PSD was scaled to equal the signal variance after 
subtraction of the linear trend. The PSD was thus scaled so that, 
according to Parsevals theorem (Oppenheim, 1987)

k
X,2

where P is the power spectral density, k is the number of PSD points, 
X is the normalized data series, and n is the number of data values.
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