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Abstract:

Traditional Chinese medicine is an ancient medical science that can be traced back for three to four thousand
years of written history. Using the transient response characteristic method, we studied the frequency
property of some simulated organs. We tried to explain the concept that the energy in the blood pressure
wave is distributed to different organs in the body according to the frequency. This will elucidate the ancient
teaching of Chinese medicine in terms of current engineering terminology.

Introduction Some hemodynamics facts
The body is a masterpiece of art by nature. We may
appreciate its beauty from many different facets.

In this report we will try to introduce an ancient
science which will surely enlarge our horizen of the
understanding of the efficiency of the body.

‘Feel the movement of the nine internal organs’
is a sentence written in an ancient Chinese book
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Chou Li (l%] #U ) about three thousand years
ago. It says by scrutinizing the pulse of the surface
artery, we may understand the movement of the
internal organs. The Chinese, beginning in ancient
times. thought that each organ has its own move-
ment, and this movement is like a forced oscillation
or a coupled oscillation. The movement is related
to the blood flow into each specific organ. In other
words, each organ has its own ‘Chi’ (%). The
concept that ‘Chi’ can facilitate the pumping of
blood into different organs is the engineering basis
of Chinese medicine.

~——There-are-hundréds of papers dealing with pres-
sure wave propagation and blood flow in the artery
[2, 3]. We will briefly discuss the results of Wo-
mersley [4-6].

To deal with wave propagation in a cylindrical
artery, Womersley has made assumptions about
laminar flow, newtonian fluid, uniform cylindrical
tube, linearization of equations, no entry effects,
no reflected wave, and some properties about the
artery wall.
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The result he got is:

Pcim(
Q = Real { o°C
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(?) Be -w™ TR (2)
Q: Flow rate

F10: 271 (*?a)/[}**aJ0 (j*2a)]

o: Poisson’s ratio

C: Complex wave velocity

Co: Theoretic wave velocity from Moens-Korte-
weg equation in a non-viscous system

K: Elastic constraint and loading constant of the
wall :

p: Density of the blood

R: Internal radius

v: Time varying radial displacement
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To compare his result with experiments, the com-
plex wave velocity C was separated into real and
imaginary parts as follows
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In other words, we may think of this equation as

-Se=a (6)

Zl=R + joL; ' : )
or, more experimentally,

AP dQ

%= RQ+ L= (8)
Due to its linearized character, we may fit this
equation to experimental data with different fre-
quencies w or different a (o> = R?wp/m).

During the 1960s and 1970s, several groups com-
pared this equation to experiments in vivo. They
tried to fit the parameters that would give the cor-

ZR? (1 + % (1+ NF10)} (1).

rect value of L in equations 6 and 8. The dis-
crepancy between the derived R that used the same
parameters was 200% to 800% different from the
measured quantities at low a [7-9].

Afterwards; many scientists have checked the
assumptions made by Womersley. They studied
the tube with tapering shape, entrance effect, non-
linear effects and so on; each one picked up 10% to
15% difference. However, this is quite far from the
more than 200% discrepancy [3].

To explain this discrepancy, the theory of reflec-
tion [2, 3] then became popular. Whenever a
branch is met, it is treated as two tubes with a
junction. The junction will partially reflect and
partially transmit the pressure wave. This theory
has become the main explanation for the discre-
pancy. There is, however, the ambiguity that the
reflection coefficient and the point of reflection
seem to be chosen somewhat arbitrarily so as to fit
all kinds of different experimental results.

The reflection may be able to deal with branches;
however, the arbitrariness of the reflection coeffi-
cient and the center of reflection give no clue to the
involvement of the organs with respect to the shape
of the blood pressure wave.

Electrical power line analogy

Womersley has also suggested that somé further
correction must be made due to the arterial wall
dilation. Since the arterial wall does not dilate too
much, he estimated the correction would be about
11% for the first harmonic (for higher harmonics,
the correction should be somewhat larger).

In other words the solution of Womersley’s
equation may be simplified as ZI = R + joL
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With the addition of arterial dilation, we have
R L
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This is also the result of Lande and Noordergraaf
[10] who started from the electrical power line anal-
ogy. Actually, this analogy is quite good for wave
propagation in a single elastic tube filled with water
(11]. It is puzzling that it does not work for the
aorta.

Effect of organs on the pressure wave propagation

We started the study by tying the artery toward
some internal organ [12, 13]. If an organ on a side
branch of the aorta was damaged severely and
blood flowing through it was greatly reduced, what
would be the effect on the propagation of the blood
pressure wave in the aorta? We found that attachi-
ny the organ to the side branch of the aorta actually
enhances the intensity of high frequency compo-
nents.

From our experiments, we have found that the
organ’s condition can affect the shape of the blood
pressure wave in the artery. This is the teaching of
the ancient Chinese book Chou Li ( B,]}U %
However, what is the mechanism? Actually, the
clue to resolve the discrepancy between Womer-
sley’s equation and experimental results seems to
be found here also [14, 15].

Experimental method and results
.

We may the use transient response frequency char-
acteristic method to understand this coupled oscil-
lation or the resonance between organ and aorta.
From general system theory we know that any line-
ar system can be fully described either in the time
domain or in the frequency domain. Therefore. all
information concerning the frequency character-
istics of a linear system is contained in the transient
response of the system [16-18].

The frequency characteristics of a simulated ar-
tery with a closely attached side branch organ were
studied to illustrate the property of resonance. The
organ was simulated by a balloon.

From electrical line analogy, an elastic uni-

3

formed blood vessel is equivalent to an inductance
with a branch capacitance. L

T°
However, in this study, the vessel also has a short
side branch which is connected to a balloon. If we
look at this side branch as a perpendicular vessel

and couple these two vessels into one equivalent
circuit we will have |
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This is a resonance circuit that will select two reso-
nance frequencies
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"
with reduced resistance.

Therefore, in a plot of transmission versus fre-
quencies for this simulation, we will see two peaks
atw,and w-.

A stepping motor was controlled by PC to gener-
ate impulses to meet our requirement. An elastic
tube (length =50 cm, ID = 0.8cm) had a side
branch to which a small balloon of volume 1.5 cm?
was connected via a hard tube (length =10 cm,
ID = 0.25cm). We measured the pressure wave
after the impulse propagated through this elastic
tube. This structure was a simulation of a short
segment of the aorta with a closely attached organ.
The transient response was measured by DP103
differential pressure transducer (Validyne,
U.S.A.). The response in the time domain was
digitized by ADC, then through a Fourier trans-
form we got the response in the frequency domain.

The shape of the generated impulse was mea-
sured at about 3 cm from the stepping motor outlet
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Fig. 1. The shape of the impulses generated by the stepping motor measured near the outlet of the stepping motor. There are two
impulses with different durations. In the following experiments we used the impulse of the shorter duration.

with the catheter that led to the transducer sitting at
the center of the tube and parallel to the direction
of the flow so as 1o measure the end pressure. The
exponential increase and exponential decrease of
this impulse measured could be due to the Wind-
kessel-like property of this measuring arrange-
ment.

IMPULSE Response

There is a peak at w = 3.3 Hz. This is the peak of
a single elastic tube, which behaves like a low pass
filter and cuts off the higher components {11].

From the impulse response of the uniform elastic
tube with the attached balloon, we may conclude
that there are two resonance frequencies centered
at w, and w, due to the coupled oscillation between
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Fig. 2. The impulse response of the elastic tube (dashed line) and the impulse response of the elastic tube with a side branch balloon

(solid line) in a time domain.
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Fig. 3. The dashed line shows the impulse response of the uniform elastic tube without the attached balloon. There is a peak at w =
3.3 Hz. The solid line shows the impulse responses of the uniform elastic tube with the attached balloon. There are clearly two resonance

peaks; one appears at w; = 1.3 Hz, and the other at w, = 4.8 Hz.

the long elastic tube and the side branch balloon.
By replacing the balloon with a harder one (less
elastic), w, was shifted to a higher frequency (C*
became smaller). We also see w, as well as w,
changed to somewhat lower frequencies, due to
increases in L* and L.

From the equivalent circuit, C* is the compliance

of the side branch balloon; the leakage resistance is
equivalent to the resistance of the small hard tube
which connects the balloon with the main elastic
tube. Therefore, some fluid may flow across C*
through the leakage resistance. This is equivalent
to flowing from the main tube through the side

;10‘ Impulse response in f[requency domain
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Fig. 4. The line shows the impulse response of the same elastic tube with an attached balloo
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n which has a smaller C® (less elastic). The

becomes larger and shifts to about 2.1 Hz, w, is a little lower.
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Fig. 3. The line shows the impulse response of the same uniform elastic tube with an attached balloon, the same as A. but filled with
NaCl solution with density 1.2; the resonance peaks (w; = 1.2 Hz, w, = 4.3 Hz) both shift to smaller values due 10 the increase in L* and

L.

branch hard tube toward the balloon, then flowing
through the hard tube again back to the main tube.

The linearity of this preparation was checked by
generating a pure sinusoidal wave of different fre-
quencies from the stepping motor and measuring
the frequency composition of this wave after it
propagated to the end of the tube. The frequency
composition checked near the output of the step-
ping motor was more than 97% single frequency.
After the wave propagated through the elastic tube
with the artached balloon, it was more than 92%
the same single frequency (we checked from 0.5 Hz
to 7Hz). This means that this simulation was more
than 90% linear, which is comparable to the real
artery system tested [19].

Implications of Chinese medicine

In Fig. 5, there are actually three peaks in the
simulated aorta. If the elastic balloon becomes
even less elastic, w, will shift to a higher value. If the
main elastic tube becomes longer, the peak fre-
quency w of the dashed line in Fig. 5 will shift to a
lower value. Therefore, somewhere around 3Hz.
the peak w, in Fig. 6, and the peak w in Fig. 5 may
merge into one peak. Thus we may have

W= w w, W

If we tie the side branch, we will see the solid line.
If we release it, we will see the dotted line. There is
only one additional peak in the dotted line. In other
words, more high-frequency components are prop-
agating along the aorta due to the resonance effect
of the organ. These were the experimental results
we found by tying an organ such as the kidney or
spleen. ‘

Actually this phenomena has been described in
an ancient Chinese medicine Bible Nei-Ching
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It means ‘The higher frequency waves propagate to
the body surface and the lower frequency waves
propagate to the five solid organs. Higher frequen-
Cy components nourish the hands and legs, while

lower frequency waves enter the six hollow or-
gans.”
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If each organ is oscillating with a specific fre-
quency, the amplitude of this frequency will be a
good indicator of the health condition of this organ.
The change of this specific amplitude can be felt at
the surface artery.

The artery web behaves like a fancy musical
instrument. Each organ has its own tune. If every
organ is in healthy condition, the music is wonder-
ful. If some organ is out of order, the music will not
be in harmony, and we may figure out the problem
by listening to it. We may then tune itup by needles
or herbs.

This is the art of ‘Chi’ in Chinese medicine. It has
dominated the diagnostic and therapeutic theory in
Oriental medicine for more than three thousand
years.
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