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Abstract

We used a self-comparison method and harmonic analysis to compare the blood pressure wave before and after
the injection of antihypertensive drugs (atenolol, captopril, and losartan) in normotensive Wistar Kyoto rats. Systolic
and diastolic blood pressures decreased significantly after the intraperitoneal injection of drugs. Atenolol significantly
reduced all the harmonic proportions of the pulse wave, while captopril and losartan significantly increased the first
and fourth harmonic proportions. These findings are the same as those reported for human subjects and confirm that
harmonic analysis of the pressure pulse is a useful method to study the efficacy of antihypertensive drugs.
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INTRODUCTION

The World Health Organization has estimated that 17.1
million people died as a result of cardiovascular diseases
in 2004, which represents 29% of all global deaths in
that year. High blood pressure (hypertension) is one
of the most important preventable causes of premature
death worldwide (1).

The radial or brachial pressure which has high corre-
lation to the central aortic pressure (2–4) is usually used
as a noninvasive index to estimate the cardiovascular risk
for the convenience of clinical measurements. Since the
pressure pulse wave is an overall representation of the
circulation system, the alteration of the cardiac func-
tion and the arterial system will change the waveform of
the pressure pulse (5). Therefore, the pulse waveform
analysis could provide more information to study the
hypertension and to evaluate the effect of therapies (6).

The development of antihypertensive drugs is costly
in terms of money, manpower, and time, and it is thus
imperative to determine an appropriate animal model
for the development of hypertensive drugs (7). The
spontaneously hypertensive rat (SHR) has thus far been
considered to be the animal model (8) It has been
shown that the renal system of SHRs differs from that
of normotensive rats (9–11).

In a preliminary study, harmonic analysis of the pulse
wave was used to study the changes induced by capto-
pril on Wistar Kyoto (WKY) rats (12). Compared to the
changes in response to the antihypertensive drug found
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in human subjects (13), these changes are similar to that
found in WKY rats both in blood pressure and in the
harmonic proportions.

In this study, a harmonic-based method (14,15) was
used to analyze the pulse spectrum in the frequency
domain, using captopril, an angiotensin-I-converting-
enzyme inhibitor (ACEi), and losartan, an angiotensin
II receptor blocker (ARB). A β1-adrenergic receptor
blocking agent, atenolol, which exerts its antihyperten-
sive effects mainly on the cardiac output, was studied for
comparison. It was expected that the results obtained
using WKY rats would be similar to those found previ-
ously for human subjects.

METHODS

Animals and Drugs
This study was conducted on male WKY rats aged 6–8
weeks, weighing 240–350 g. The WKY rats were pro-
vided by the Experimental Animal Center of National
Taiwan University. All experiments conformed to the
“Guidelines for the Care and Use of Laboratory
Animals” published by the U.S. National Institutes of
Health.

Urethane, heparin, captopril, losartan, and atenolol
were purchased from Sigma Chemicals (St. Louis, MO,
USA). The drugs, which were all dissolved in saline,
were administered at the following doses: 2 mL of ure-
thane at 1.32 g/kg, 2 mL of heparin at 1.5 g/L, 3 mL of
captopril at 2.5 mg/kg, 2 mL of losartan at 5 mg/kg,
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and 4 mL of atenolol at 5 mg/kg. These doses were
transferred to the equivalent dose to be used by rats
(that is normalized by body weight then times 6 (16))
according to the standard doses of human hypertension
patients (captopril at 25 mg, losartan at 50 mg, and
atenolol at 50 mg). These standard doses had given a
clear response for change in the harmonic proportions
as well as blood pressure on the WKY rats which were
similar to those of humans. Therefore, only one dose
was used in this study.

Experimental Setup and Procedures
The experimental setup is shown in Figure 1 (17).
The rats were anesthetized with urethane and placed
on an operating table, the environment around which
was maintained at a temperature of 32 ± 2◦C. The
tail artery was cannulated via an opening made in the
tail about 1 cm from the anus, with an intravenous
catheter (22-gauge, 0.9 × 25 mm2 needle; Angiocath
Plus, Becton–Dickinson, Seoul, Korea) and flushed
with saline and heparin. The cannula was connected
to a pressure transducer (P10EZ, Ohmeda, Singapore,

Drug injection

P10EZ Pressure transducer

PC

Figure 1. Experiment setup.

Singapore) so that the components of the blood pressure
pulse could be measured.

After completion of the surgery, the rats were allowed
to rest quietly for 120–180 minutes to stabilize their
condition. The signal received by the pressure trans-
ducer was sent to a preamplifier (Universal Amplifier,
Gould Instrument Systems, Valley View, OH, USA)
and then to an A/D card (PCI-9111, ADLink, New
Taipei City, Taiwan) at a sampling rate of 4096 Hz. A
2-second pulse sequence was acquired every minute; 20
data sequences were recorded and averaged as control
data before administering an intraperitoneal injection
of the test drug (captopril, losartan, or atenolol). The
data sequences were sampled until the end of the exper-
iment. After the experiments were completed, the rats
were killed by an overdose of urethane.

Data Analysis
The flowchart of data processing and pulse waveform
are shown in Figure 2. Each 2-second pulse sequence
contained 12–15 pulses, depending on the heart rate
(HR) of the individual rat. Each pulse in the sequence
was separated by the two neighboring lowest points. The
pulse waveform was adjusted slightly with the slope to
make the start and the end point at the same height. The
adjusted data were Fourier transformed into the fre-
quency domain and averaged every 10 minutes. Heart
beat is a repeated signal with period T , ϕn is the phase
of nth harmonics (where n = 1 – 5), the pulse (P(t)) can
be decomposed into harmonics as the following (18):

P(t) = A0 +
N∑

n = 1

An cos
(

2πn
T

t + φn
)

(1)

In this study, the focus was only on the change in
the first five harmonics and the harmonic proportions
(Cn, where n = 1 – 5) instead of the amplitude (An,
where n = 1 – 5) were computed. Cn was defined as
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Figure 2. (A) Flowchart of data processing. (B) A typical 2-second pulse sequence data. (C) A typical pulse waveform which was separated
by the two neighboring lowest points. (D) A typical harmonic analysis of the pulse waveform.

© 2012 Informa Healthcare USA, Inc.



76 S. H. Wang et al.

Cn = An/A0, where A0 is the mean pulse pressure value
or the total area under one pulse wave/T as shown in
Figure 2C.

The pulse waveform of the 20 minutes of data
recorded before each injection was used as control data.
The effect of the drugs on the pressure wave index, Cn,
is presented as the percentage change, %CCn, in the
experiment between the drug and control conditions as
follows:

(%CCn) = 100 × Cn,test − Cn,cont
Cn,cont

(2)

where Cn,cont is the Cn of the control and Cn,test is the
Cn of the test pulse waveform.

Statistical Analysis
Indices such as systolic blood pressure (SBP), diastolic
blood pressure (DBP), and HR are reported as mean
± SEM values. Student t test was used for statistical
comparisons. The level of statistical significance was set
at P < .05.

RESULTS

The averaged HR, DBP, and SBP data in each time
period for atenolol, losartan, and captopril are shown in
Figure 3. Diastolic blood pressure and SBP decreased
significantly in response to all of the tested drugs dur-
ing all of the measured time periods. Atenolol effected
a significant decrease in HR, while neither captopril nor
losartan had any significant effect on this parameter.

The percentage changes in %CCn values of the pulse
spectrum between the drug and control data are shown

in Figure 4. Captopril caused a stable and signifi-
cant increase in C1, and increases in C3, C4, and C5
between 20 and 40 minutes following injection, but no
significant change in C2. Similarly, losartan caused sig-
nificant increases in C1, C3, C4, and C5 between 20
and 40 minutes following injection, but no significant
change in C2. By contrast, atenolol caused a significant
decrease in all of the measured %CCn values.

DISCUSSION

The results of this study suggest that normotensive
WKY rats represent a useful animal model for distin-
guishing between antihypertensive drugs with differ-
ent mechanisms of action. Using the self-comparison
method, and the short procedure and simple harmonic
analysis, this animal model could be useful for the
rapid screening of potential new antihypertensive drugs
during the early stages of their development.

Captopril is an ACEi, which may dilate the periph-
eral arteries and is used to treat hypertension (19,20).
Losartan is an ARB that targets the angiotensin II
receptor without blocking other hormone receptors or
metabolic pathways involved in cardiovascular regula-
tion (21). Atenolol is a β1-adrenergic receptor blocking
agent and has long been considered to be a first-
line drug in the treatment of hypertension (22). In
humans, atenolol reduces the HR, cardiac output,
and blood pressure without dilating the blood ves-
sels (23).

The effects of these three antihypertensive drugs on
human subject were discussed and analyzed by pulse
wave analysis (24). In previous studies of the authors
on antihypertensive drugs in human subjects, the drugs,
which are more effective in reducing the central aortic
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Figure 3. Effect of atenolol (left, n = 6), captopril (middle, n = 8), and losartan (right, n = 6) on DBP, SBP, and HR. Error bars indicate
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Figure 4. Percent changes in the pulse spectrum caused by (A) atenolol (n = 6), (B) captopril (n = 8), and (C) losartan (n = 6).

or carotid pressure (e.g., ramipril, losartan, dilevalol,
isradipine, and nitroglycerin), all increased the har-
monic proportion of C4 of the pulse pressure wave,
but exerted inconsistent effects on the other harmonics,
whereas the C4-increasing effect was not seen follow-
ing treatment with the β-blocker atenolol (13). These
human results are consistent with the results of the
animal study presented here.

Normotensive rats are used as a control for com-
parison with hypertensive rats for all kinds of studies
(25,26). In this study the self-comparison method on
normotensive WKY rats was used to study the effects of
antihypertensive drugs and found significant changes in
the harmonic proportions. The self-comparison method
evaluates the change from the same rat before and after
a drug intervention, avoiding individual variations that
can be greater than the effect of the drug itself. This
may make this method supersensitive to detect the
effect of drugs.

The augmentation index (AIx), an analog signal, is
the most widespread pulse waveform analysis method
currently utilized to describe the characteristic changes
in the pulse waveform with aging (27,28), diseases
(29), and vasoactive drugs (30). Atenolol exerts a small
decreasing effect or even an increasing effect (4,31,32)
on the AIx and decreased C4 in this study. The effect
of atenolol on the harmonic proportions resembles the
effects of vasopressin and angiotensin II (17). These
may explain why atenolol lowers the blood pressure
but does not improve the cardiovascular risk (33). On
the contrary, for losartan, AIx-decreasing effect is seen
in the trial (31) while C4-increasing effect is seen
in this study. The harmonic analysis, a digital sig-
nal, could be an easier and a more consistent way of
representing the AIx (13). It may also be related to
the health condition of the internal organs and has
been used to study Chinese herbs, acupuncture, and
so on (13).

In conclusion, harmonic analysis study of the
changes in the pulse wave in response to the antihyper-
tensive drug and the self-comparison method avoid the
individual variations that can be greater than the effect
of the drug itself. The results found by this method on
normotensive WKY rats are the same as those reported
for human subjects. These findings confirm that har-
monic analysis of the pressure pulse is a useful method
to study the efficacy of antihypertensive drugs.
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