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ABSTRACT

A system has been developed based on the measurement of skin surface vibration that can be used to detect
the underlying vascular wall motion of superficial arteries and the chest wall. Data obtained from tissue
phantoms suggested that the detected signals were related to intravascular pressure, an important clinical
and physiological parameter. Unlike the conventional optical Doppler techniques that have been used to
measure blood perfusion in skin layers and blood flow within superficial arteries, the present system was
optimized to pick up skin vibrations. An optical interferometer with a 633-nm He:Ne laser was utilized to
detect micrometer displacements of the skin surface. Motion velocity profiles of the skin surface near each
superficial artery and auscultation points on a chest for the two heart valve sounds exhibited distinctive
profiles. The theoretical and experimental results demonstrated that the system detected the velocity of skin
movement, which is related to the time derivative of the pressure. The system also reduces the loading effect
on the pulsation signals and heart sounds produced by the conventional piezoelectric vibration sensors. The
system’s sensitivity, which could be optimized further, was 366.2 um/s for the present research. Overall,
optical cardiovascular vibrometry has the potential to become a simple noninvasive approach to cardiovas-

cular screening. © 1997 Society of Photo-Optical Instrumentation Engineers. [S1083-3668(97)00604-7]

Keywords Doppler interferometry; Michelson interferometer; blood pressure; skin surface displacement.

1 INTRODUCTION

Along with blood pressure, the arterial pulse has
long been known as one of the most important
medical signs and an important indicator of cardio-
vascular disease. Clinically useful parameters that
can be obtained directly or indirectly from the pul-
sation profile include shape, rhythm, and ampli-
tude of pulsation peaks.! Any change in diameter of
an artery directly affects both pressure and flow
wave forms. Narrowing of the vascular lumen (in-
ner space), referred to as stenosis, alters the vascular
impedance and in turn modifies the contour of the
pressure wave and the pulsation or surface defor-
mation profile.”

Conventional noninvasive techniques to detect
cardiovascular pulsation, such as stethoscopes,
phonocardiograms, or manual palpation of superfi-
cial arteries, are limited in accuracy, sensitivity,
documentation, detected frequency range, and user
and patient friendliness. Laser Doppler for cardlo-
vascular applications was introduced in late 1970s.?
An optical Doppler shift can be produced through
interaction between incident photons and red blood

Address all correspondence to HyunDae Hong. Tel: (330) 375-3561; Fax:
(330) 375-3828; E-mail: hhong@brain.biomed.uakron.edu

382 JOURNAL OF BIOMEDICAL OPTICS * OCTOBER 1997 ¢ VoL. 2 No. 4

cells.*® Therefore the frequency spectrum of optical
Doppler signals can vary with the rate of blood
flow.” In detecting blood flow-related signals, the
principle involved in conventional optical Doppler
techniques is similar to that of continuous wave
(CW) ultrasound Doppler. The Doppler shift of a
laser beam was utilized by several researchers to
measure local microcirculation.®” Tissue perfusion
imaging was accomplished by scanning a tissue
surface with a laser beam and measuring the
Doppler—shlfted component of backscattered light.®
Unlike previous studies, the present work was di-
rected toward detection of skin pulsation. Pulsatile
movement of an artery (arterial wall) results in
movement of the overlying skin surface.” Near a
stenotic lesion in an embedded vessel, the maxi-
mum gradient of skin displacement has been
shown to be quite distinctive.” In addition, such
surface deformations are closely related to pressure.
A holographic interferometer was used to map skin
surface motion, which demonstrated the feasibility
of detecting pulsatile motion of a vessel wall at the
skin surface by optical interferometry. The optical
interferometer we developed was designed to spe-
cifically measure skin vibration profiles related to
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Fig. 1 Model for blood vessel and phantom tube. The two dashed
circles indicate the instantaneous inner (intimal) and outer (adven-
titial) radii of the vessel wall. Variations in these radii are caused
by systolic blood pressure. The variables are those given in the text:
h, for wall thickness, £(f) for an instantaneous luminal radius, r,;
for a diastolic luminal radius, py, for density of blood, E for an
elastic modulus, and p, for density of the vessel wall.

the underlying vasculature and so to the pulsation.

2 MATERIALS AND METHODS

The blood vessel model for analysis is shown in
Figure 1. The time-varying radial dilation of the
vessel wall §(t) at a fundamental angular frequency
w, of a pressure wave with a peak magnitude P,,

can be expressed aslo’“
; 3 Poej of 1
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which is realistic for major arteries embedded in
tissue layers. The r,; and p, are the internal radius
under no strain and the density of the blood vessel
wall, respectively. ¢, is the true blood pressure
wave velocity and is equal to [Eh%/(ZrUjpb)]1/2
where E, h,, and p, are the elastic modulus, the
thickness of the vessel wall, and the density of
blood, respectively. The exact value of the Poisson
ratio (o) for typical canine arteries is 0.49977 be-
cause the bulk modulus of the arterial wall is close
to that of water, 2.2X10°(dyn/ cm?).? The dilation
velocity of a vessel wall v, when the pressure wave
form consists of N harmonics, can be obtained from
the real part of the time derivative of Eq. (1)'%
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where K,, is the coefficient of the nth harmonic after
differentiation of the pressure profile with respect
to time. The radial velocity of vessel wall dilation v,,
can be empirically estimated as'>'*
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where C, is a first-order compliance factor of the
vessel wall with transmural pressure Py, .
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Fig. 2 Theoretical dilation velocity of a vessel wall. Pressure
waves are on the left and the corresponding arterial wall motions
are on the right [Eq. (2)] at the radial (a), femoral (b), and dorsalis
pedis (c) arteries. The pressure wave profiles follow the experimen-
tal data presented by O'Rourke, Kelly, and Avelio.'* The following
values for the parameters of Eq. (2) were used to obtain the wave
forms on the right; r,;=0.174 cm for (a), 0.216 cm for (b), and
0.13 cm for (c); m (viscosity of blood)=4.0 poise, py
(density of blood)=1.055 g/cm?, and P, (peak magnitude)=120
mmHg.

From Eq. (3), the expected vessel wall dilation ve-
locity for three typical peripheral arteries—the ra-
dial, femoral, and dorsalis pedis—can be calculated
and is shown in Figure 2. For convenience, only one
period of the cardiac cycle is shown. The blood
pressure profiles shown at the left in the figures
were obtained from the experimental data of
O'Rourke, Kelly, and Avolio.'* Only the magnitude
of velocity is given because the developed system
does not independently determine the direction of
skin surface motion. The motion profile of a vessel
wall for each artery is distinctive due to the pres-
sure profile; the shape and duration of the primary
and subsequent peaks in the optical signal profile
can be compared with the experimentally obtained
profiles shown in the results section. The differ-
ences between the theoretical (Figure 2) and empiri-
cal (Figures 9 and 10) profiles might be due to the
different blood pressure profiles, which vary ac-
cording to gender, age, vascular elasticity, and the
mechanical property of overlying skin layers.

A phantom simulating the viscoelastic properties
of a vessel wall (see Figure 3) was fabricated. A
latex tube is known to be elastic, so that thickness
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Fig. 3 Gelatin layers and an elastic tube phantom. At the top of
the figure, the design of the gelatin phantom is shown with the
corresponding dimensions. The latex tube imbedded in gelatin lay-
ers is shown as dashed lines. The schematic at the bottom shows
how the gelatin phantom and the pressure wave generator were
connected in the experimental arrangement. The latex tube has
inner and outer diameters of 0.66 and 0.85 cm, respectively.

and internal radius change according to the differ-
ence between internal and external pressures.”
Like blood vessels, small deformations of an elastic
tube are almost linear; the internal radius of the
tube varies linearly in response to pressure varia-
tions, while large deformations cause nonlinear ra-
dial variations.'*"

A latex phantom (0.66-cm internal diameter and
0.095-cm thickness) within a gelatin block was con-
nected to a pressure transducer and a blood pres-
sure calibrator (Figure 3). Gelatin with water (80 to
90%) was used to simulate overlying skin tissues.'®
There are two overlying gelatin layers with differ-
ent thicknesses; 0.61 (side-S) and 1.2 cm (side-T)
from the bottom. Therefore the effect of the overly-
ing gelatin layer, which simulated skin layers,
could be tested. The partition wall in the middle
was Plexiglas.

A programmed pressure wave from a pressure
calibrator (Blood Pressure Systems Calibrator, Bio-
Tek, Model 601A) was used to apply transmural
pressure on the phantom vessel and surrounding
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Fig. 4 Optical interferometry. A partial mirror (PM1) and plane
mirror (PM2) are mounted on a single optical plate. Optical paths
Iy, Iy, I3, and I4 are distances from the geometrical center of
PM1. The photodetector was installed within an electromagneti-
cally shielded case to minimize noise effects on the detected Dop-
pler signal. n,, n¢, and n, are indices of refraction for air, fiber
bundle (equivalent), and skin layers (equivalent). I; and Al are the
static and the net dynamic distances from an exit pupil of the fiber
to the skin surface.

gelatin layer. A piezoelectric transducer was used
to detect the motion of the gelatin surface. The tip
of the piezosensor gently contacted the surface of
the phantom at a position near the light spot of the
apical system. The piezoelectric element generated
a current signal that was proportional to the time
derivative of the pressure.’

The basic optical arrangement, shown in Figure 4,
followed a Michelson interferometer approach. The
He:Ne laser (NEC GL, G5269) emitted approxi-
mately 5 mW of power at 633 nm. The partial mir-
ror had about 50% power transmission. The initial
ray was split into reference and probing rays so that
the reference ray followed the path, [;—1,—1,, and
the probing ray followed the path, I —I3—1f —I;
(+AL)—I(+Al)—l—I3—14 where Al is the vi-
bration depth. The electric field E; of the laser light
can be represented as

2mc
E,=Eq cos(2mfyt)=E cos(Tt), 4)
where E is the amplitude of the electric field, c is
the speed of light in air (3.01X 108 m/s), and \ is
the wavelength of a laser. Because of the path
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Fig. 5 Block diagram of the instrumentation. The cathode of a
photodiode (D) is connected to a transimpedance amplifier by an
external coaxial cable. Output voltages or signals of each func-
tional block are denoted by V; through V.

length difference due to the skin’s surface motion, a
time-varying frequency signal wp was detected. It

can be expressed as
ZAZS (27 ) d Al
AN T

®)
where the 6, is a constant-phase term due to the
optical path length difference, which originates
from the path geometry of the reference and prob-
ing rays. Therefore, when the skin surface is opti-
cally homogeneous, the Doppler frequency of a de-
tected signal f),, is given as

d
wDZZWfD:E 0.+2m
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where the skin vibration velocity v, is defined as
dAl /dt.

As shown in Figure 4, the probing ray was com-
bined with the reference ray on the surface of a
photodiode (Hamamatsu, silicon photodiode
51226-5BQ). The laser beam was guided to the skin
surface by a flexible fiber optic bundle (Edmund
Scientific Co., G40640, 786 fibers). The total length
of the fiber bundle was 60 cm.

The electronic processing of the photodiode sig-
nal can be understood by referring to Figure 5. All
operational amplifiers used in the system had a suf-
ficiently large bandwidth (20 kHz) for the detected
Doppler frequencies. The dc level of the signal in-
put to the wave form converter was adjusted by a
variable gain summing amplifier. Such adjustment

CARDIOVASCULAR PULSATION ANALYSIS

of the dc threshold level was useful in reducing
false zero crossings caused by analog noise in a
fashion similar to that in ultrasound Doppler units.
A stable 10-V dc signal V¢ was added to the Dop-
pler signal V5. The output signal of the wave form
converter varied whenever the input signal V5 ex-
ceeded this threshold level. Therefore the frequency
and duty cycle of the output pulse train of the wave
form converter were linearly related to the ampli-
fied and filtered photodiode signal V5.

The frequency-to-voltage converter takes the
pulse train coming out of the wave form converter
and produces a signal Vo, which is a summation of
triangularlike pulses whose magnitude depends on
the period of the Doppler signal [Tp=1/fp; Eq.
(6)]. The final low-pass filter eliminates any ripples
at output of the frequency-to-voltage converter.

A 633-nm He:Ne laser beam can penetrate up to
600 um into skin layers.'” Therefore, photon scatter-
ing within skin layers can modify the diffusely re-
flecting beam at the skin surface, either as a func-
tion of power or beam angle.'® Experiments were
performed to clarify the effect of photon scattering
within skin layers on the detected optical signals.

Laser beam penetration into skin layers was
blocked in three ways: (1) by optically opaque poly-
styrene film, (2) by opaque polystyrene film with
white paint on one side of the film, and (3) by direct
white paint on the skin surface. The opaque film
without painting attenuated incident laser power
by 4.93 dB. In the case of opaque film with white
painting, optical attenuation was 32.2 dB. Optical
power was measured with an optical power meter
(Model 401B, 632.8 nm, Spectra Physics Co.).

Table 1 summarizes the human subjects who vol-
unteered for experiments. Institutional Review
Board approval was obtained prior to experimenta-
tion for clarification of laser safety and the rationale
for using human subjects. All subjects voluntarily
provided informed consent. We attempted to
achieve diversity in age groups, race, gender, and
health status in the subject population. Skin charac-
teristics and laser light reflectivity are known to
vary according to age and melanin concentration of
the skin.”

Data were taken at eight different sites for
manual palpation of rhythm and strength of arterial
pulse; radial, brachial, carotid, temporal, popliteal,
femoral, posterior tibial, and dorsalis pedis. Three
cardiac auscultation points were assessed by stetho-
scope: pulmonary (second left intercostal), tricuspid
(lower left sternal border), and mitral valves (fifth
intercostal space at the midclavicular line).

3 RESULTS

To calibrate the entire system, a simulated output
signal of the photodiode with transimpedance am-
plifier was supplied to an input of the unity gain
buffer (see Figure 5). The system output, V;, in dc
millivolts and frequency of Doppler signal f;, in
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Table 1 Specifications of human subjects.

Blood Health
Subject ID Age Sex pressure Race status
HUMO1 17 M 120/90 Mongolian
HUM-02 32 M 120/80 Mongolian
HUM-03 16 F 110/80 Indian
HUM-04 36 M 130/100 Mongolian
HUM-05 74 M 142/85 Caucasian Pacemaker
implanted
HUM-06 20 F 120/90 Indian
HUM-07 47 M 120/80 Caucasian
HUM-08 26 M 130/70 Indian
HUM-09 23 F 115/80 Indian Irregular
cardiac cycle
HUM-10 26 F 120/80 Caucasian
hertz, were measured and the following linear 300
equation was the best fit with a correlation factor of 420
1.0: =150
£ 100
8 50
= — . L}
Vo(mV) 2.2724+0.3455f;,(Hz). (7) ;i o T na T

The system output was monitored by a digital volt-
meter (Fluke Model 45). The calibration was per-
formed up to an input frequency of 24 kHz.

Through experimentation with the Tygon tube
model shown in Figure 3, it was found that the op-
tical signals corresponding to plot (b) of Figures 6
and 7 and V| in Figure 5 were well matched with
the theoretical profiles of v, , which were calculated
with Egs. (3) through (7) and given in plot (a) of
Figures 6 and 7, when considering the shape and
width, the number, and timing of each peak. Since
the piezo sensor signal is also proPortional to the
time derivative of pressure profile,” the piezo sig-
nal should be in phase with the optical signal and
have both a positive and a negative pulse for each
pressure pulse [see plot (c) of Figures 6 and 7].

Optical signals and reconstructed pressure pro-
files at various palpable sites of arterial pulsation
are shown in Figure 8. The optical signals were
taken from a single subject to allow appropriate
comparison of the profiles. The arterial pressure
profile was reconstructed from the optical signal,
and is shown at the right. Because of compounding
factors due to skin vibration, such as skin thickness,
viscoelasticity, and optical property, the recon-
structed pressure profiles are somewhat different
from the empirically known standards, and the nu-
merical values of the pressure profiles in Figure 8
are not given.

The signals detected superficial to the radial ar-
tery of normal and cardiac patients are shown in

Time Elapsed [sec}]
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n
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Fig. 6 Phantom test on the thick side of the gelatin layer. The
signals were taken at side-T indicated in Figure 3. The unit for the
piezo signal is arbitrary. Similarities of profiles are found between
(a) and (b) plots for peaks, widths, duration, and timing of a pulse
train. Plot (c) is the signal obtained with a touch-type piezo sensor.
The transmural pressure applied on the tube wall is shown as plot
(d). The pressure wave form follows a pattern of postsurgical blood
pressure at the radial artery. The pressure signal was measured
with a physiological pressure transducer (Bell & Howell, Model
4-327-0010).
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Fig. 7 Phantom test on the thin side of the gelatin layer: The sig-
nals were taken on side-S indicated in Figure 3. The peak vibration
velocity is higher than that of the signal shown in Figure 6, which is
a result of the reduced loading effects of the gelatin layer.

Figures 9(a) and 9(b). The amplitude and width of a
primary pulse are found to be similar in both sig-
nals; however, it is the secondary pulse, represent-
ing the downstroke phase of blood pressure, that is
not clearly seen in plot (b). Measurements were also
performed on two other subjects superficial to the
dorsalis pedis artery. The site of measurement was
the dorsum of the foot lateral to the extensor ten-
don of the first toe. The results are shown in Figure
10. The secondary peak is closer to the primary
peak and has a broader width, which can be a com-
bination of several peaks. Therefore, the blood pres-
sure profile is expected to be a rapid upstroke and
slow downstroke in the diastolic phase. The theo-
retical profile of vessel wall motion shown in Figure
2(c) also shows a similar change.

Signals due to chest wall motion are shown in
Figure 11. The chest wall vibrates at low frequen-
cies, usually less than 20 Hz."> The complex signal
profile is due to the elastic wave that results from
pericardial motion and cardiac acoustic waves.
However, when the optical signal was taken at the
mitral valve auscultation point, it was smaller in
amplitude but wider in primary pulse width, which
can be attributed to cardiac apex motion of low fre-
quency and large amplitude vibration.

The results for the optical reflectivity of the skin
surface are shown in Figure 12. Compared with the
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Fig. 8 Optical signals measured at arterial palpation sites and
reconstructed pressure profiles. The optical signals were taken from
subject HUM-04. Only the major peaks in the optical signal are
demonstrated, so the actual cardiac cycle lengths are longer than
those shown. The plots shown at left correspond to the optical sig-
nals taken at various palpable sites of the arterial pulse from the
same subject, and those shown at right correspond to the recon-
structed pressure profiles obtained by running integration (rectan-
gular window, 5 ms data inferval) of optical signals, which is a
procedure inverse fo those used to obtain the vessel wall motion
profiles in Figure 2.

control case shown as plot (a), the signal taken with
a film shown as plot (b) shows improved signal-to-
noise ratio (SNR) and appears to better define the
secondary peaks, which are due to attenuation of
skin vibration. The film was gently placed in appo-
sition to the skin surface by a stethoscope bell (3M,
Littman). A painted film contributed to enhanced
laser reflection and worked as a mechanical high-
pass filter that suppressed low-frequency vibra-
tions. Figure 12(d) shows the signal taken from the
skin painted at the laser spot. Compared with (a),
the SNR was significantly improved and the sec-
ondary and tertiary peaks were also enhanced. In-
creased optical reflectivity by skin painting could
result in more optical power coupled into the fiber
tip, thus improving the SNR of the Doppler signal.
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Fig. 9 Optical signals for human subjects. These signals were ob-
tained near the left radial arteries of subjects HUM-01 (normal) and

HUM-05 (cardiac).

4 DISCUSSION

During the experiments, a subject sitting on a chair
was exposed to ambient ground vibration. Signal
artifacts related to global motion of a subject need
to be minimized to improve sensitivity to the de-
sired surface waves. As shown in Figure 4, we used
a simple stethoscope bell-type adapter at the distal
end of a light guide. The role of the adapter was to
synchronize the mechanical motions of a light
guide with global skin surface, which minimized
the motion-related artifacts in a detected signal.
Further research may be necessary to see whether
this stretches or alters the skin at the sensing site,
thus perturbing the natural skin surface vibration
effect.

The minimum vibration velocity that the system
could detect depended on the cutoff frequency of
the low-pass filter (see Figure 5). Because of envi-
ronmental noise and the subject’s involuntary
movement, the pass band of the Doppler signal was
from 1.157 kHz to 19.56 kHz, and the minimum
velocity was 366.2 um/s. However, because the fil-
ters used in the system were not ideal, the actual
pass band was wider. Therefore, noise due to the
low-frequency motion of a subject, and environ-
mental noise, such as building vibration, could not
be completely removed and contributed signals
around zero.
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Fig. 10 Optical signals for human subjects. These signals were
obtained near the left dorsalis pedis artery of normal subjects
HUM-08 and HUM-04.
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Fig. 11 Optical signals taken from the chest of human subjects.
The signals were measured at the chest auscultation points for tri-
cuspid and mitral valves of human subject HUM-04.
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Fig. 12 Blocking of laser light penetration into skin layers. The
signals shown were measured superficial to the left radial artery.
Plot(a) is the control and plots (b), (c), and (d) correspond to three
methods of controlling light penetration: (1) blocking light penetra-
tion into skin layers with optically opaque film, (2) blocking by
painted film at the point of laser focus, and (3) blocking by direct
painting on the skin surface.

In the instrumentation shown in Figure 5, the fre-
quency to voltage converter was not designed to
discriminate signals according to the direction of
skin surface movement. Therefore, there were no
quadrature components in the optical signals, while
the compressive and stretching forces could be dis-
criminated in the piezo signal. To obtain the
direction-dependent signals from the present sys-
tem, modulating the probing ray with either an
acousto-optic or an electro-optics modulator and a
quarter wave retarder, which is used in ultrasound
imaging, can be tried.

As the results have shown, the vessel wall motion
profiles followed the characteristics of a blood pres-
sure wave; the amplitude of the major peak related
to the slope of the first upstroke, the pulse coupling
interval of the major peaks related to the width of
the major pressure wave, and the number of peaks
was related to the prominence and depression of
the blood pressure pulse train. The number of
peaks in the vibration signal was directly related to
the number of pulses, since one pressure pulse cor-
responds to two pulses in the optical signal.

At any one pulsation site, signal morphology var-
ied for different subjects because of dermal struc-
ture, cardiac function, and the thickness of skin
layers. The skin layers determine the photon
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scattering /absorption and mechanical damping or

delaying effects on the vessel wall motion.>!* Fur-
thermore, the input signal to the frequency-to-
voltage converter consisted of both the pure Dop-
pler component and the threshold signal, which
was adjusted according to the degree of environ-
mental noise and involuntary motion of the subject.
In performing experiments, the threshold level was
appropriately adjusted for each subject.

Even though the experimental system was ini-
tially developed as laboratory-based instrumenta-
tion to measure pulsation, the system could be used
clinically for epidemiological study of the aging of
the cardiovascular system, since the instrumenta-
tion is low cost and noninvasive. For clinical appli-
cation, the performance criteria of the system, such
as specificity and sensitivity, should be evaluated to
compare the signals before and after intentional al-
teration of pulse contours, such as the Valsalva ma-
neuver, exercise, or even with daily activity. The
results also suggest that signal patterns did not ap-
pear to change significantly with melanin concen-
tration in the dermal layer or with the race of a
subject.

8 CONCLUSION

Present research, which allows arterial wall motion
to be measured in the extremities, should have a
greater ability to assess the underlying viability of
the vascular system. It was demonstrated that the
measurement system developed responded to skin
vibration velocity, which was proportional to the
time derivative of the blood pressure profile within
the underlying vasculature. While more work is
necessary to examine the clinical implications of the
results obtained, it is clear that optical means can be
used to investigate surface vibrations induced by
underlying arterial wall motion and, even with its
existing limitations, the present system can have
the potential to assess the propagation velocity of a
pulse wave along multiple segments of an arterial
tree.
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