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ABSTRACT-The effective combination of C + + and assembler could realize real-time power spectral 
analysis of various fluctuation indexes simultaneously. The blood pressure (BP) waveform indexes (WIs) 
analyzed simultaneously were heart rate (HR), systolic blood pressure (SBP), mean blood pressure (MBP) 
and diastolic blood pressure (DBP). Power amplitudes (very low frequency, VLFamp; low frequency, 
LFamp; and high frequency, HFamp) were evaluated by accurate BP waveform recognition, accurate auto-
matic rejection of outliers, baseline adjustment in periodograms and digital filtering of each amplitude. In 
the in vivo experiments, the amplitudes were changed in a dose-dependent manner by methylatropine 

(HR-VLFamp, HR-LFamp and HR-HFamp), phentolamine (HR-LFamp, SBP-VLFamp, SBP-LFamp and 
SBP-HFamp) and propranolol (HR-LFamp and SBP-LFamp). The absolute correlation coefficients of the 
amplitude and the change in each parameter were more than 0.96. In conclusion, this real-time, noise-
adjusted power spectral analysis system for investigating HR and BP fluctuations enabled us to accurately 
evaluate autonomic nerve activity in conscious rats. Moreover, unlike other systems, this system was able to 
detect the biphasic changes in SBP-HFamps caused by phentolamine.

Keywords: Digital filter, Periodogram, Sympathetic nerve function, Parasympathetic nerve function, 
         Autonomic nerve

Abbreviations used are: AOC, area over the curve; AUC, area under the curve; BP, blood pressure; DBP, diastolic blood pressure; FC, cut-off 
frequency; FFT, fast Fourier transform; HF(amp), high frequency (amplitude); HR, heart rate; LF(amp), low frequency (amplitude); MBP, 
mean blood pressure; SBP, systolic blood pressure; VLF(amp), very low frequency (amplitude); WI, waveform index.

 Great effort has been focused on the estimation of auto-
nomic function by power spectral analysis of HR and 

BP fluctuations (1-11). From pharmacological and phys-
iological experiments, it is generally thought that HR-

HFamp reflects primarily parasympathetic function (9, 
10) and SBP-LFamp reflects sympathetic function (11). 
However, the lack of theoretical quantitative methods for 

power spectral calculation has caused many conflicting 
results. For example, the following disparate results were 
reported: significant decrease (1) vs little change (12) in 

HR-LFamp by atropine; slight increase (2, 13) vs slight 
decrease (12) in HR-HFamp by propranolol; increase 

in HR-LFamp (1) vs no increase in HR-LFamp (12) by 
an angiotensin-converting enzyme inhibitor. The FFT 

method (1) and power spectral estimation (maximum en-
tropy method or autoregressive model) (13, 14) have been

used for more accurate calculation of power spectra. 
However, can we achieve sufficiently accurate power 
spectra by only improving the mathematical calculation 

methods of frequency analysis? 
 Most current methods only use intermittent analysis 

even though the systems analyze small fractions of the 
entire data base and moreover sporadically detect fluc-

tuations that can take place over a few minutes or a few 
seconds (1, 2, 15, 16). Ideally, a system that can realize 
real-time noise rejection, waveform recognition and pow-

er spectral analysis is preferred. Moreover, the ability to 

perform these functions with a personal computer makes 
experiments economically feasible. Kuo and Chan (17) 
has described a system that is able to realize continuous, 

on-line, real-time spectral analysis of BP signals; 
However, their method is based on the direct FFT of raw



BP signals without the time-consuming waveform recog-

nition. Although the direct FFT method successfully 
solved some of the problems found with the off-line inter-

mittent analytical system, it is not able to reject noise 
mathematically or differentiate HR, SBP, MBP and DBP 
fluctuations. 

 In the previous study, we developed a new algorithmic-
based digital filter processing system that has a noise re-

jection function by Smirnov's rejection test and realized 
real-time continuous BP measurement and analysis in 

freely-moving conscious rats (18). In this study, we at-
tempted to solve the problems in power spectral analysis 

by developing the system (18) with an effective combina-
tion of a machine language and an object-oriented 

programming language built into a personal computer. 
Furthermore, the accuracy of the system was evaluated 
with in vivo models by testing adrenergic and cholinergic 

receptor antagonists that affect autonomic function.

Methods 

  For realizing noise-adjusted power spectral analysis, a 

previously reported algorithm (18) was applied. Briefly, 
the algorithm calculates a series of WIs, recognizes BP 
waveform and rejects noisy waveforms, performing all 

these functions simultaneously. Prior to FFT, the time 
series WIs were interpolated with an interval of 50 msec 

by using the 3 dimensional spline function. The spline 
function is effective in describing a smooth curve that can 

pass through all points, even though the intervals of these 
points are unequal. The simple average for each set of 
data, which consisted of 1024 interpolated values, was 

calculated and then subtracted from each interpolated 
value in that set of data. Because the data at both sides of 

the finite data set are discontinuous and the distorted 
spectrum is calculated (Gibbs' phenomenon), the Hamm-
ing window was used to attenuate Gibbs' phenomenon. 

Half of each data set was overlapped by the next set of 
data to attenuate the side effect of amplitude decrease on 

both sides of a set caused by the Hamming window (Fig. 
1). The frequency bands of VLF, LF and HF were as 
described in the previous study (12). The VLFamp and 

LFamp of each periodogram were calculated as the area 
under the periodogram within the frequency range of 

0.02 - 0.24 Hz and 0.26 - 0.74 Hz, respectively. The 
HFamp was determined as the area at 0.26 Hz before and 

after the center, which was the maximum value in the 
frequency range from 0.76 to 3.00 Hz in a periodogram 

(Fig. 2). The DC components (baseline amplitude) of the 
LF and HF were removed in each periodogram (Fig. 2). 

 Secondary infinite impulse response Butterworth digi-

tal filters were used for smoothing of all the amplitudes.

An appropriate digital filter was created for each indi-

cated time point, and the FC of that filter was then auto-
matically determined from the intervals before and after 
the indicated time points. Figure 3 shows an example in 

the case of SBP-LFamp. Other amplitudes (i.e., SBP-
VLF and SBP-HF) were calculated in the same way.

Fig. 1. Overview for procedure of the algorithm.

Algorithm 
  1) The FC is automatically determined from the inter-

val between the indicated time points. The indicated time 

points are determined according to the study needs of the 
operator after collecting data. For instance, if the indi-
cated time points are 10, 30 and 60 min after the reference 

time point (e.g., drug administration time), the FC for the 
10, 30 and 60 min time points are calculated as 1 / (10 min 
- 0 min) = 0.00166 Hz, 1 / (30 min - 10 min) = 0.000833 
Hz and 1 / (60 min - 30 min) = 0.000555 Hz, respective-
ly. 

 2) The amplitudes during the previous and the follow-
ing indicated time points are filtered by the digital filter 

for the indicated time point. In Fig. 3, the amplitudes 
during 0 and 30 min are filtered by the filter for 10 min. 

The amplitudes during 10 and 60 min are filtered by the 
filter for 30 min. The amplitudes during 30 and 120 min 

are filtered by the filter for 60 min. 
 3) Delay-time compensations to the digital filter out-



Fig. 2. Calculation of each periodogram. a: Segmentation for VLFamp, LFamp and HFamp in a periodogram (solid line). 
The VLFamp and LFamp were integrated within 0.02-0.24 Hz and 0.26-0.74 Hz, respectively. The HFamp area was deter-
mined as the area 0.26 Hz before and after the maximum value in the frequency range from 0.76 to 3.00 Hz in a periodogram, 
and the HFamp was integrated in that HFamp area. b: Determination of VLF•LF and HF baselines.

puts are applied. The compensation error can be ignored 
because it is negligible in terms of the FC cycle. For ex-
ample, when the amplitudes are sampled for every 25.6 

sec, i.e., the FS (sampling frequency) is 0.039 Hz and the 
FC for 10 min time point is 0.00166 Hz, the delay-time

is about 146.43 sec (the maximum is 169.17 sec and the 
minimum is 125.30 sec), and the digital filter outputs are 

uniformly shifted ahead about 146.43 sec. The maximum 
compensation error of about 23 sec, which is the differ-
ence between 146.43 and 169.17 sec or 146.43 and 125.30



Fig. 3. For 120 min SBP-LFamp values, the representative SBP-LFamps of 10, 30 and 60 min time points were determined as 

follows: 0- 30, 10-60 and 30-120 min areas were set for each of the indicated time points and filtered by adequate digital filters 

for the indicated time points. Each of the filtered data was compensated and multiplied by the weighted function and added. The 

representative SBP-LFamps were determined from the result data at 10, 30 and 60 min.



sec, is considered to be insignificant (about 1.7%) con-
sidering that the FC cycle is 600 sec. Similarly, the com-

pensation time for 30 and 60 min time points are 434.64 
and 868.41 sec, respectively. 
 4) The weighting function is performed by constructing 

two consecutive linear functions whose specifications are 

1 at each indicated time point and 0 at the previous and 
the following time points. However, if there is no previ-

ous or following time point, the first or last linear func-
tion has a constant of 1. The weighting functions are then 
multiplied by the compensated digital filter outputs, and 

the results are added (Fig. 3). The representative ampli-
tudes are determined from the data at the indicated time 

points.

Hardware 
 The system hardware was as follows: computer (PC-

H98 Model 90; NEC, Tokyo) with CPU (i80486SX 25 

MHz; Intel, Santa Clara, CA, USA); an over-drive 

processor (DX4, Intel); 100 MB hard disk and 13.6 MB 
memory; 5-inch MO disk drive (PC-OD0101, NEC); A/D 
converter board (ADM-1698BPC; Micro Science Co., 

Ltd., Tokyo); load-cell converters as BP measuring am-

plifiers (LC210 A/Z; Unipulse Co., Ltd., Saitama); dis-
posable BP transducers (DX-360; Nihon Kohden Co., 
Ltd., Tokyo); watertight swivels (BC-101; Biomedica, 

Osaka); automated heparin injection machine (DAI-1; 
Labo Support, Osaka). The resonance frequency of this 
BP measuring is 35.7Hz, and the damping coefficient is 

1.98.

Animals 
 Std:Wistar rats (Japan SLC, Inc., Shizuoka; 15-weeks-

old, 300-350g) were implanted under anesthesia with 
abdominal aortic and venous (jugular vein) polyethylene 

catheters (SP-31; Natsume, Tokyo) filled with saline con-
taining heparin. The catheters were passed subcutaneous-
ly and pulled out from the dorsal neck and attached to 

watertight swivels. Drugs were administered via the jugu-
lar vein the day after catheter implantation. The rats were 

housed individually in suspended wire-mesh cages. The 
room was lit from 7:00 AM to 7:00 PM. Temperature 

(23±21C) and humidity (55--L5%) were kept constant. 
Food (pellet form) and bottles with stainless-steel drink-
ing spouts were available ad libitum.

Drugs 

 Concentrations and administration routes were as fc 
lows: methylatropine (Sigma Chemical Co., St. Loui 
MO, USA; 0.1, 0.3, 1, 3 mg/kg), phentolamine (Cib 

Geigy Japan, Hyogo; 0.1, 0.3, 1, 3, 10 mg/kg) and pri 

pranolol (Sigma Chemical Co.; 1, 3, 10 mg/kg) were ai 
ministered by bolus intravenous injection into the venoi

catheter. A rat was administered only one drug at a con-

centration. Drugs were administered after each frequency 
component attained a steady level (about 3 hr after ad-
ministration). A 0.2-m1 vol of heparin (Dainippon Phar-

maceutical Co., Ltd., Osaka; 100 U/ml) was injected for 
0.1 sec every 3 hr into the aortic catheter with an auto-

mated injection machine.

Statistical analyses 

 R values were determined by the correlation coefficient 

of the least-squares linear-regression analysis. Each point 

in Fig. 7 represents the mean ±S.E. of 6-8 different rats. 

The size of the symbol increases as the dose increases. All 

S.E. values are smaller than 0.28, and all S.E. bars are 

behind the symbols.

Simulation and raw data 

 Four sets of the real HR data for 500 sec were com-
bined and the artificial HR data for 2,000 sec were made. 
The simulation model demonstrated that a rectangular 

pulse (duration 2 sec) added to the artificial HR data 
changed a normal power spectrum to an abnormal one 

(Fig. 4). The abnormal LFamp was higher than the nor-
mal one, because the baseline amplitude was elevated in 

the LF area in an abnormal power spectra. When LFamp 
was calculated from the weighted averaging method with 

digital filters, each amplitude was remained steady (Fig. 
4). Figure 5 shows the continuous changes of SBP and 

SBP-LFamps calculated from the periodogram, power 
spectrum and the weighted averaging method with digital 
filters when phentolamine (3 mg/kg, i.v.) was adminis-

tered in a conscious rat. The two power spectral analysis 
methods were compared in the real SBP data for 22 hr 

collected from an actual in vivo model (Fig. 5: c and d). 
Figure 6 shows the comparison between the weighted 

averaging method with digital filters and the existing cal-
culation method. Data were collected for 27 hr under the 
conscious condition. Especially, not able are the results 

that the HFamps calculated from the weighted averaging 
method with digital filters are larger than those from the 

existing calculation method (Fig. 6).

Quantitative test 
 The correlation coefficients (r values) were calculated to 

evaluate the quantitative accuracy of this method. The 

changes in AOC or AUC of each parameter were used as 
the incidence (Fig. 7). Phentolamine reduced BP, in-

creased HR and changed all amplitudes in a dose-depend-
ent manner. MBP change was used as an incidence for 

the calculation of r values. Phentolamine decreased HR-
LFamp (r=0.98) and changed HR-HFamp in a biphasic



manner: HR-HFamp was increased (r=0.99) at a low 
dose and decreased (r=1.00) at a high dose (Fig. 7a).

Fig. 4. Comparison between the usual power spectral calculation 
method and the weighted averaging method with digital filters. 
a: Four sets of the real HR data for 500 sec were combined, and 
the artificial HR data for 2,000 sec were made. Time course of HR-
LFamp in the periodogram (b), HR-LFamp calculated from the 
usual power spectral calculation method (c) and HR-LFamp calcu-
lated from the weighted averaging method with digital filters (d).

Fig. 5. Time course of SBP (a), SBP-LFamp in periodogram (b), 
SBP-LFamp calculated from the usual power spectral calculation 
method (c) and SBP-LFamp calculated from the weighted averaging 
method with digital filters (d). Phentolamine at 3 mg/kg, i.v. was 
administered at 0 hr as indicated by hashed lines.

Phentolamine decreased SBP-VLFamp (r=0.99) and 
SBP-LFamp (r=0.98) and increased SBP-HFamp 

(r=0.99) (Fig.7b). Propranolol decreased HR and 
changed all amplitudes in the HR fluctuations in a dose-



dependent manner. HR change was used as an incidence 
for the calculation of r values. Propranolol decreased 

HR-LFamp (r=0.96) and SBP-LFamp (r=0.98) (Fig. 7: 

c and d). The decrease of HR-VLFamp and SBP-
VLFamp by propranolol was not correlated quantitative-
ly to the HR decrease (Fig. 7: c and d). Atropine increased 

HR and changed all amplitudes of the HR fluctuations in 
a dose-dependent manner. HR change was used as an 
incidence for the calculation of r values. Atropine 

decreased HR-VLFamp (r =1.00), HR-LFamp (r = 1.00) 
and HR-HFamp (r=1.00); however, atropine did not 

change any amplitudes in MBP (Fig. 7e). These results are 
summarized in Table 1.

Fig. 6. Comparison between the weighted averaging method with digital filters and the existing calculation method. Solid lines 

show the time courses of the amplitudes calculated from the weighted averaging method with digital filters, and dots show the 

time courses of the amplitudes of the existing calculation method. a: HR-VLFamp, b: HR-LFamp, c: HR-HFamp, d: SBP-

VLFamp, e: SBP-LFamp, f: SBP-HFamp.

 The findings in this study demonstrate the importance 
of real-time, continuous and accurate quantitative analy-

sis. This system was designed to resolve two key problems 
in real-time analysis of plural indexes (HR, SBP, MBP 
and DBP) in conscious rats, high-speed processing and 

accurate noise-adjusted power spectrum calculation. 
 With the first problem, in general in order to achieve

real-time FFT, only one index at a time can be processed, 
i.e., HR or BP, because of the slow processing rate of the 

FFT. For real-time FFT of plural parameters, high-speed 

processing is essential (18). In this study, continuous 
plural data transfer to the FFT calculation function was 
effectively controlled by object-oriented programming. 
Moreover, the system's high-speed processing capabilities 

allowed real-time recognition of WIs with BP waveform 
segmentation by digital filters to be achieved. Assembler 

and C + + was combined since C + + alone could not 
achieve sufficient processing speed. 

 With respect to the second problem, the system was 
able to realize accurate noise-adjusted power spectral cal-

culations. In this study, digital filters and Smirnov's re-

jection test were used for BP waveform segmentation and 
outliers rejection (18), respectively. To calculate the pow-

er amplitude area, current methods can only calculate a 
single power spectrum every several minutes by calcu-
lating a simple average of each periodogram. Calculating 

an arithmetical average of several periodograms causes 
discontinuity in calculating power spectra for several 

minutes (1) and can not reject an abnormal periodogram 

(Fig. 4c). However, because the system calculates the



Fig. 7. Evaluation of the quantitative accuracy of amplitude calcu-
lation with the weighted averaging method with digital filters. AUC 
is used when the index change from the before value is more than 0. 
AOC is used when the index change from the before value is less 
than 0. a: Effects of phentolamine at 0.1, 0.3, 1, 3 and 10 mg/kg, i.v. 
on the AOCs of the HR-HFamp (/) and the HR-LFamp (A); b: 
Effects of phentolamine on the AUC of the SBP-HFamp (/) and 
the AOCs of the SBP-LFamp (A) and the SBP-VLFamp (E). c: 
Effects of propranolol at 1, 3 and 10 mg/kg, i.v. on the AOCs of the 
HR-LFamp (A) and the HR-VLFamp (LI); d: Effects of proprano-
lol on the AOCs of the SBP-LFamp (A) and the SBP-VLFamp (0). 
e: Effects of atropine at 0.1, 0.3, 1 and 3 mg/kg, i.v. on the AOCs of 
the HR-HFamp (/), the HR-LFamp (A) and the HR-VLFamp (0). 
The horizontal bars shows the AOCs of MBP in panels a and b, the 
AOCs of HR in panels c and d and the AUC of HR in panel e. Each 

point shows the mean ±S.E. (n=6-8 different rats) at a dose, and 
each solid line shows the approximate line calculated from the least-
squares linear-regression analysis. All S.E. bars are behind the sym-
bols. The symbol increases in size as the dose increases.



weighted average of a series of amplitude areas, using 

digital filters, the discontinuity interval was very short 

(25.6 sec after the half-overlap method is applied). We 
speculate that the interval of 25.6 sec is short enough so 
that it will not adversely affect proper drug evaluation. 

Moreover, it is possible for the weighted averaging 
method with digital filters to reject any abnormal 

periodogram in which data show a rectangular phase 

(Fig. 4d). For example, the rectangular phase cor-
responds to the artificial tachyarrhythmia for 2 sec. It was 

impossible to reject the continuous arrhythmia with the 
rejection test in the previous report (18). Accordingly, it 

was shown that the weighted averaging method with digi-
tal filters was effective for the data which had unrejected 

continuous arrhythmia. Furthermore, calculating the 
weighted average with digital filters guarantees continuity 

and accuracy for determining the actual representative 
values of the power amplitude (Figs. 4-6). Other charac-

teristics of the system are its ability to reject the white 
noise component (baseline amplitude). In the simulation 
model, an elevation of the baseline amplitude by artificial 

white noise was rejected in this system (data not shown). 
 An interesting feature about this system is that it is able 

to detect the HFamp accurately, which most current 
methods have failed to do since they use the total HF area 

to calculate the HFamp. Furthermore, the frequency of 
the center part of the HF component changes greatly 
according to respiration rate. In conscious rats, the 

frequency of the center area is from 0.8 to 3 Hz, and the 
HFamp is much smaller than the LFamp and VLFamp. 

Accordingly, small changes in HFamp are undetectable 
by most current methods (Fig. 6). The system has a HF 

peak detection function that determines the HFamp at 
0.26 Hz before and after the frequency center of the HF 
component. The method was effective during night-time 

measurement when rats are active and their respiration

Table 1. Amplitude change of each frequency component

a: T , J. and ... shows increase, decrease and no change, respectively. ? (J. ) shows increase at low dose and decrease at high dose. 
b: P, N and ... shows positive relation, negative relation and no change, respectively, to each index. N (P) shows a negative relation 
at low dose and a positive relation at high dose.

rate changes (Fig. 6). 
 Pharmacological tests were used for validating the 

accuracy of the system (Fig. 7). Phentolamine, proprano-
lol and atropine were used because they are representative 
drugs for antagonizing a-adrenoceptors, (3-adrenoceptors 

and muscarinic acetylcholine receptors, respectively. The 
changes of the power amplitudes of each frequency com-

ponent vs the changes of the indexes which these drugs 
affect directly were plotted at each dose in Fig. 7. AUC or 
AOC of power amplitude and indexes were used for the 

plotted value because the evaluation with only one peak 
value has a possibility of generating more errors than that 

with AUC or AOC. The accuracy of the system was 

proved by the linearity (r>_0.96) of the plotting. In this 
study, SBP-LFamp was reduced by phentolamine and 
HR-HFamp was reduced by atropine in a dose-dependent 

manner. These results support that the system can meas-
ure total sympathetic function and total parasymapthetic 

function quantitatively.
 Interestingly, unlike other systems, the HF peak 

detection and baseline rejection functions of the system 
allowed us to detect minute changes in HR-HFamp and 
SBP-HFamp after phentolamine administration, result-

ing in very accurate detection. In this study, phentol-
amine increased the SBP-HFamp and changed the HR-

HFamp in a biphasic manner. It has been reported that 
venous return while in a tilted position affects the HFamp 

(3). We speculate that the dose-dependent increase in 
HR-HFamp and SBP-HFamp by phentolamine may have 
been caused by the phentolamine-induced reduction in 

venous return. The pharmacological and physiological 
meanings about the characteristic changes in the other 

components will need to be clarified further. 
 The high-speed processing and noise-adjusting power 

spectrum calculation capabilities of this system allowed 
for real-time and accurate determinations of BP and HR



fluctuations, which in turn increased the precision of drug 

evaluation in conscious rats. Furthermore, this accurate 

system enabled us to discover the biphasic change in HR-

HFamp and the increase in SBP-HFamp in a dose-depend-

ent manner caused by phentolamine, which has been 

difficult to detect until now.
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