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7) ABSTRACT

Amethod and an apparatus for distinguishing concentrations
of blood constituents among distinct vascular components in
situ. The method has steps of inducing periodic vibration,
characterized by a frequency, in a limb of a person in such
as manner as to selectively excite a resonant response in a
specified blood vessel of the person, an artery or a vein,
illuminating the limb of the person with a light source, and
synchronously detecting a plethysmographic signal for dis-
criminating response attributable to the specified blood
vessel.

NN

/

7

—91




Patent Application Publication Nov. 18,2004 Sheet 1 of 6 US 2004/0230107 A1

-
o

L L A L A L L

777 7NENOUS BLOOD LY
LS S LLLLL LS L P L

DC

-
N

ABSORPTION

e - P
7\ — ,_J\—.,;—J

—

N

510

LM

KRS
- ommemmmeme-

\

TIME

FIG. 1

ARTERY VEIN
20 22

FIG. 2A FIG. 2B



US 2004/0230107 A1

Patent Application Publication Nov. 18,2004 Sheet 2 of 6

P

A%

14

Yvr—

o¢

¢ 9Old

\ ¢ 3No4g
PeE~

N

RO

N N

o¢ €e [#44 02




US 2004/0230107 A1

Patent Application Publication Nov. 18,2004 Sheet 3 of 6

G 'Old
v9
2 b
[T f=~7~=3-----7 | "iond3s3ay ol
i 7/ e
99
N aPas Ry
AAHHIIMITHMIHIIHITTTY NI <—| dnind
=D S
G9 . 02 89 29
09 ’



Patent Application Publication Nov. 18,2004 Sheet 4 of 6 US 2004/0230107 A1

o
N I B B B o T 1T 1T 7T T T Jo
B o
0
- Al
I ot
i © m
© (@
X * = o
~ L L
- o
N
5 ~N —_
- N
—~ I
U) el
~ >
C)uJ O
[ \—g = _L{)ﬁ
‘_:)
&
w
i
3 ©
o
©
= Jo
i ©
N ]
™
0
- q_ g §
I N
i ~N
©
©
\—_ 2
|-+ I I I O T I | o N S I I T o

JanLnNdnNY d43MOd



Patent Application Publication Nov. 18,2004 Sheet 5 of 6 US 2004/0230107 A1

O .
T T 1 (Y] = T T | I T _8
_ Joo
< 18
'\ & -m I\
i = o U
L LL
B A=
-
» Jdo
o~
- 1< N
5 =5
i o
= pd
N -ELLI = gLOLlJ
S A=
= 3 g
o
- 40 L
n o
=
N Jo
NS
B 4
AN
/ p— l:)
(@]  d
~ ~
B 4o
o~
M~
| 1 | o | 1 1 1 o

-a3antindwnvy H¥3IMOd



Patent Application Publication Nov. 18,2004 Sheet 6 of 6 US 2004/0230107 A1

57 50 57
54 94

‘ I I ﬁ\\~ 55

2 A4
~—1]-56

N Y,

// 57
b
L FIG. 8A

58

570




US 2004/0230107 Al

VIBRATORY VENOUS AND ARTERIAL
OXIMETRY SENSOR

[0001] The present application claims priority from U.S.
Provisional Application, Serial No. 60/433,570, filed Dec.
13, 2002, entitled “Vibratory Venous and Arterial Oximetry
Sensor,” which Application is incorporated herein by refer-
ence.

TECHNICAL FIELD

[0002] The present invention relates to a device and
method for monitoring the blood constituents of a patient
and, more particularly, for continuously measuring the arte-
rial and venous oxygen saturations of a patient using an
external perturbation.

BACKGROUND OF INVENTION

[0003] Traditional pulse oximetry has been recommended
as a standard of care for nearly all areas of the medical care.
By measuring the relative absorptions of different wave-
lengths of light, transilluminating a given region of the body
(normally the fingertip or the earlobe), important systemic
and physiological information related to the cardiovascular
system can be measured. Currently, arterial blood flow is
used as the main source of information because it provides
a universal indication of the amount of oxygen available
within circulating blood. Additionally, because of the pul-
satile nature of the arteries, it is relatively easy to separate
from other background absorption, as described in detail by
Tremper et al., “Pulse Oximetry,”Anesthesiology, vol. 70,
(1989), pp. 98-108, incorporated herein by reference. How-
ever, under many circumstances, a cellular oxygen con-
sumption provides a better measure of metabolic health, as
discussed by Guyton et al., “Textbook of Medical Physiol-
ogy,” 9™ ed., (W. B. Saunders Company, 1996), incorporated
herein by reference.

[0004] Tt is well known that there is a critical balance of
between the supply and demand for oxygen delivery within
the body. In fact, global tissue hypoxia (severe oxygen
deficiency) has been found to be an important indicator of
serious illnesses, leading up to multi-organ failure and death.
The level of tissue hypoxia provides information directly
related to the “golden hours” of health care. These are the
hours when recognition and treatment of the condition will
provide maximal outcome benefit towards the patient’s
recovery. Until recently, however, there has not been a
reliable measurement, or group of measurements for this
indicator.

[0005] Clinical results suggest that a goal-directed therapy
that utilizes early measurements of central venous oxygen
saturation during resuscitation “ . . . has significant short-
term and long-term benefits . . . ” (Rivers et al, “Early
Goal-Directed Therapy in the Treatment of Severe Sepsis
and Septic Shock,”The New England Journal of Medicine,
345 (2001), pp. 1368-77). These benefits are believed to be
the result of an earlier identification of the patients who are
at a high risk for eventual cardiovascular collapse. By
following a goal-directed therapy that includes the use of
central venous oxygen saturation, researchers found that
patient mortality rates related to shock could be reduced
from 46% down to just over 30%.
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[0006] Other studies have revealed that venous measure-
ments can provide useful information about the function of
the left heart as well as changes in cardiac output. Addi-
tionally, early localized, peripheral venous monitoring may
be an extremely useful early indicator of internal systemic
problems. For example, in low blood flow conditions, sig-
nificant decreases in peripheral venous oxygen saturation
will occur due to the fact that the slower blood flow provides
local tissue with more time to extract available oxygen. The
increased amount of extraction will be directly reflected by
the decreases in the peripheral venous saturation.

[0007] One method for measuring oxygen consumption
consists of measuring the difference between arterial and
venous oxygen saturations. Arterial measurements can eas-
ily be acquired because of their natural volumetric pulsa-
tions. These volumetric pulsations make it possible to opti-
cally differentiate arteries from the non-pulsatile
background, as depicted in FIG. 1. Moreover, arterial volu-
metric pulsations are the key to modern pulse oximetry
methods. Consequently, the arterial side of oxygen con-
sumption measurements is fairly simple.

[0008] FIG. 1 depicts the optical absorption of body
tissue. Optical absorption is plotted along the vertical axis,
while the horizontal axis depicts time. The lower segment 10
represents absorption due to bone, skin, and other non-
blood-bearing tissue. Segment 12 depicts absorption due to
venous and capillary blood, while segment 14 represents the
component of arterial blood flow that is non-pulsatile. Seg-
ments 10, 12, and 14, together, comprise a stationary and
substantially novarying (‘DC”) component of the optical
absorption of tissue. Segment 16 of the absorption is due to
the pulsation of arterial blood volume. Traditional pulse
oximeters measure the oxygen saturation at the artery by
using an empirical formula relating arterial oxygen satura-
tion (Sa02) to pulsatile photo-plethysmographic (PPG) sig-
nals at two wavelengths. In the prior art method, one or more
light sources, such as LEDs, provide illumination, typically
monochromatic, at one or more wavelengths. Photons from
the LEDs pass through the skin. Although the photons
illuminate in all directions, the average light path travels
through a portion of the tissue and then back to a photode-
tector. Light detected at the photodetector has periodic (AC)
and constant (DC) components, with the constant compo-
nent primarily governed by light source intensity, ambient
light, detector sensitivity, soft tissue, bone, venous blood,
capillary blood, and non-pulsatile arterial blood. The AC
component, on the other hand, captures the pulsating arterial
blood.

[0009] Arterial blood flow is measured using LEDs emit-
ting at the wavelengths specified with respect to the isobestic
point of hemoglobin and oxygenated hemoglobin, at
approximately 800 nanometers. At the isobestic wavelength
;, the optical absorption is insensitive to the fraction of
oxygenated hemoglobin. ‘RED’ refers to a measurement
performed at a wavelength shortward of A, while ‘IR’ refers
to a measurement performed at an infrared wavelength
longward of A,
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[0010] The light transmitted through a tissue path includ-
ing an arterial volume is monitored at each of the two (RED
and IR) wavelengths, and the ratio,

lr( Lo (systole) ]
_ Upe(diastole) Jpgp
- r( I (systole)

Loy (diastole) /g

[0011]

[0012] The pulsatile nature of the arterial signal differen-
tiates signals attributed to the arterial blood from the one due
to the venous blood and other surrounding tissue. The vein,
however, does not pulsate, hence the standard oxygen satu-
ration algorithm does not apply to the venous O, measure-
ment. The difficulty of noninvasively measuring local
venous saturation means that clinically acceptable oxygen
consumption measurements are presently made through the
use of blood drawn from highly invasive catheters. Unfor-
tunately, since this type of measurement is both invasive and
discrete (i.e., discontinuous) it is ordered mainly for critical
care patients.

is taken as a measure of arterial oxygen saturation.

[0013] Current technologies for determination of venous
saturation are extremely invasive and only provide informa-
tion on the mixed venous saturation (a more global value)
which is less sensitive to a low flow condition than a local
venous saturation measurement. It is also desirable to pro-
vide a noninvasive technology that allows sensors to be used
readily all over a hospital (emergency room, outpatient,
etc.).

SUMMARY OF INVENTION

[0014] In accordance with preferred embodiments of the
present invention, a method and an apparatus are provided
for distinguishing concentrations of blood constituents
among distinct vascular components in situ. The method has
steps of:

[0015] a. inducing periodic vibration, characterized
by a frequency, in a limb of a person in such as
manner as to selectively excite a resonant response in
a a specified blood vessel of the person;

[0016] b. illuminating the imb of the person with a
light source;

[0017] c.detecting light from the light source that has
traversed the specified blood vessel and generating a
plethysmographic signal corresponding thereto; and

[0018] d. synchronously detecting the plethysmo-
graphic signal for discriminating response attribut-
able to the specified blood vessel.

[0019] In accordance with alternate embodiments of the
invention, the specified blood vessel may be a vein, and the
method may further include separately monitoring the
plethysmographic signal attributable to the specified blood
vessel and a plethysmographic signal attributable to second
specified blood vessel. The step of illuminating the limb may
include illuminating with two wavelengths of light and
ratioing light detected at each of the two wavelengths of
light in order to derive oxygen saturation of blood in the
vein.
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[0020] In accordance with yet further embodiments of the
invention, the step of inducing vibration in the limb may
include modulating air pressure applied to at least one
inflatable pad enveloping the limb at least in part.

[0021] The method and apparatus described herein may
advantageously be employed to measure both arterial and
venous oxygen saturation, noninvasively, continuously, and
concurrently. As will be described in the following sections,
such a noninvasive, miniaturized design has wide applica-
bility in the fields of both clinical health monitoring and
personal fitness. In particular, this type of device is proficient
at monitoring local muscular oxygen consumption rates as
well as sudden changes in peripheral blood flow, as is known
to occur in cases of sepsis and systemic shock.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] The invention will more readily be understood by
reference to the following description taken with the accom-
panying drawings in which:

[0023] FIG. 1 depicts the time variation of absorption at
two wavelengths for calculation of arterial oxygen saturation
in accordance with prior art methods;

[0024] FIGS. 2A and 2B show the distinct mechanical
features of an artery and a vein giving rise to distinct
resonant behavior;

[0025] FIG. 3 depicts the principle of vibrational excita-
tion of venous blood in accordance with preferred embodi-
ments of the present invention, in order to provide a pho-
toplethysmographically detectable venous signal,

[0026] FIG. 4 depicts the characterization of a blood
vessel in terms its mechanical resonant properties;

[0027] FIG. 5 is a schematic representation showing a
network of vessels and sensors contained within a silicone
gel-filled chamber of a model arm used to simulate operation
of the present invention;

[0028] FIG. 6A and 6B are representative time-scaled and
frequency-scaled plots of the optical responses of an arterial
and venous photodetector without input perturbation, show-
ing only arterial pulsations;

[0029] FIGS. 7A and 7B are representative time-scaled
and frequency-scaled plots of the optical responses of an
arterial and venous photodetector with a 5 Hz input pertur-
bation in accordance with embodiments of the present
invention;

[0030] FIG. 8A is a schematic depiction of an apparatus
for inducing vibrations in the limb of a person in accordance
with embodiments of the present invention; and

[0031] FIG. 8B is a schematic depiction of an apparatus
for inducing vibrations in the limb of a person in accordance
with other embodiments of the present invention.

DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS

[0032] Advances in noninvasive cardiovascular monitor-
ing have greatly enhanced our understanding of systemic
metabolism and oxygen delivery kinetics. For example,
near-infrared spectroscopy (NIRS) has been shown to be an
extremely sensitive modality for studying local differences
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in muscle O, consumption and delivery, as discussed in
detail in Van Beekvelt et al, “Performance of near-infrared
spectroscopy in measuring local O, consumption and blood
flow in skeletal muscle,”Journal of Applied Physiology, vol.
90, (2001), pp. 511-19, which is incorporated herein by
reference. In addition to their high sensitivity, optically
based monitoring designs are readily worn on the person and
are capable of providing real-time information about the
condition of the patient. These features afford such wearable,
optical designs with a uniquely flexible applicability to the
fields of both clinical health monitoring and enhanced fitness
training.

[0033] Two primary considerations associated with
venous measurements are: (1) how to differentiate a vein
from both pulsatile and other non-pulsatile absorbers, (2)
how to calculate oxygen saturation from a naturally non-
pulsatile object such as a vein. Since, unlike the arteries, the
veins do not pulsate, they temporally appear the same as
most other absorbers within the body to photodetectors. In
fact, given that simple photodetectors only measure light
intensities and do not discriminate spatial intensity contri-
butions, absorption due to veins is not normally differen-
tiable from absorption due to surrounding tissue. Further-
more, as discussed, the key to traditional oxygen saturation
measurements is the pulsatile nature of the arteries. Tempo-
ral volumetric pulsations make it possible to eliminate both
path length and concentration dependencies from absorption
equations. Unless these parameters are known a priori it is
extremely difficult to optically calculate the saturation. Thus,
it is necessary to employ a measurement strategy, which
either eliminates the aforementioned issues or provides an
alternate means for the measurement.

[0034] Anatomically, arterics and veins can have signifi-
cantly different mechanical properties, as represented in
FIGS. 2A and 2B, as exemplified by the difference between
the elastic modulus (~1.1x10° N m™2), of the femoral artery
20 shown in FIG. 2A, and that (~0.5x10° N m~2) of the
femoral vein 22 shown in FIG. 2B. The average elastic
modulus of the femoral vein is thus approximately half that
of the corresponding femoral artery.

[0035] Because of the distinct mechanical properties of the
blood vessels, arteries and veins exhibit different dynamic
responses to the same input. By surrounding the target
vessels with an external perturbation cuff capable of induc-
ing vascular volumetric pulsations, and by perturbing the
system at the different resonant frequencies of the two
vessels, it is possible to optically differentiate and localize
their relative positions, as depicted schematically in FIGS.
8A and 8B, and as now discussed. FIG. 3 shows body
tissue, such as a finger 30, including bone tissue 32, as well
as an artery 20 and a vein 22. A light source 33, such as an
LED, illuminates the tissue and its light, shown in this case,
by way of example, as scattered light 34, is detected by one
or more photodetectors 36. Application of an external force
perturbation is indicated by arrows 38.

[0036] There are many advantages to adding a controlled
perturbation. By optimizing the location, duration, and mag-
nitude of the input, the stability of both the arterial and
venous measurements may be optimized. Also since this
method introduces a known venous volumetric pulsation,
oxygen saturation may advantageously be measured using
methods similar to traditional pulse oximeters. A final
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advantage of the monitoring method in accordance with the
present invention is that, if other tissue types within the body
are sufficiently decoupled, this method may advantageously
be applied to other important measurements such as per-
centage of body fat.

[0037] In order to optimize the sensor arrangement and
input perturbation it is essential to develop an accurate
opto-mechanical model of the sensor and arm, the elements
of which are depicted in FIG. 4. To this end, a model for
both the optical absorption and for the vascular kinematics
has been developed. Both models are based on first prin-
ciples and use fairly standard system assumptions. The
mechanical model consists of a fluid-filled flexible tube 40
(substantially cylindrical) with constrained motion. Bound-
ary conditions and input (magnitude and location) are
empirical. The optical model utilizes a diffusive photon flux
model to describe the light-skin interaction. Light source 33
and photodetector 36 are separated by a distance 42, while
depths from the surface of skin 44 characterize blood vessel
45, bone 32, and muscle and adipose tissue 46. The mechani-
cal and optical models are coupled, as now discussed.

[0038] Vascular Model: Fluid Mechanics

[0039] Womersley (“Oscillatory Flow in Arteries: the
Constrained Elastic Tube as a Model of Arterial Flow and
Pulse Transmission,”Physics in Medicine and Biology, vol.
2: (1958), pp. 178-87) developed the basic fluid mechanics
model for arterial blood flow in a flexible, constrained tube.
The systems of equations express the balance of forces and
the conservation of mass within the fluid and the tube and
the continuity of stress and velocity components at the
various boundaries.

[0040] The basic assumptions, which are standard for
most cardiovascular system models, include: incompressible
and Newtonian fluid that is laminar and axisymmetric.
Under these conditions the linearized Navier-Stokes equa-
tion can be shown to be:

8v, 1ap+ Bzv,+16v, v,+azv, M
ar ~ por a2z " 7ar 7 a3

and

vy 1dp Fv, Lav, Py, @)
R Y AN N AN TR T

[0041] with the equation of continuity written as,

v, v, v, 0 3
ety T

[0042] The variables are described as follows,
[0043] p=fluid density
[0044] v=fluid kinematic viscosity
[0045] p=pressure
[0046] v, v =radial and axial velocities
[0047] r=radial component
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[0048]
[0049]
[0050] Vascular Model: Tube

[0051] The model for the motion of an elastic, cylindrical
pipe with constraints is usually derived using membrane
theory. The general assumptions associated with this par-
ticular model are that the tube is linear, viscoelastic, isotro-
pic, homogenous, long, straight, and thin-walled. For these
assumptions, the vascular dynamics are written as,

x=axial component

t=time.

P u, v, Eh (u, o du, “
iy P TRaA &L I0k
T {p Mar}pa 1—0’2{a2 aax}
and, ®
hazux av, dv, Eh (u, o du,
T -‘“{E+a}w+—1_az o T aox
[0052] where the boundary conditions are,
_ Bu, (6a)
Vr Tl
Ouy {6b)
Vy = W r=a
vy =010 (6¢)
v, 0 (6)
E =Vi=0

[0053] The variables for these equations are defined as,

[0054] p._=wall density
[0055] E=Young’s modulus
[0056] o=Poisson’s as ratio
[0057] h=wall thickness
[0058] a=internal radius
[0059] wu,u =radial and axial displacements
[0060] p=modulus of rigidity.
[0061] These equations are used to analyze dynamic

motion of a fluid-filled vessel under a given external per-
turbation.

[0062] In addition to the development of a mathematical
description of the vibratory sensor, it is important to have an
experimental model of the method that is simple enough to
be easily described by the model, yet rich enough to be
applicable to human testing situations. To this end, a model
of a human arm, designated generally by numeral 50, has
been designed and constructed, and is depicted schemati-
cally in FIG. 5. A peristaltic pump 52 on the left provides
realistic arterial pulsations.

[0063] Phantom arm 60, shown in FIG. 5, is based on a
standard arterial-venous venipuncture testing kit. The arm
contains an extensive arterial and venous system, with
pulsatile “blood” controlled by a 1 Hz peristaltic pump.
Artery 20 and vein 22 are shown. Fluid-filled chamber 64 is

Nov. 18, 2004

an elastic membrane 69 filled with a silicone gel. Artery 20
is implemented by rubber tubing, while vein 22, imple-
mented by balloon skin, runs parallel along the length of the
arm. Between the two vessels is a steel rod 66 to which
multiple photodetectors 65 and LEDs 67 are affixed. Iden-
tical sets of LED source and photodetectors face each of the
respective vessels. Finally, two small, two-axis MEMS
accelerometers 68 are suspended in the silicone on either
side of the steel rod.

[0064] Elastic membrane 69, filled with silicone gel, pro-
vides a realistic approximation to human skin and a homog-
enous mixture of adipose and connective tissue, without
muscles. These materials are quite reasonable to a first order
because the main constraint against free vascular motion is
the mixture of adipose tissue and connective tissue sur-
rounding the vessels near the surface of the skin. The
materials chosen for the two vessels also demonstrate rea-
sonable approximations of the relative elastic modulii of the
two vessels, and the respective model vessels.

[0065] The experimental setup of FIG. 5 demonstrates
that different input perturbations produce unique arterial and
venous responses that are optically differentiable in the
presence of a dissipative media. All experiments were con-
ducted using a pressure cuff, surrounding the phantom arm,
set at a bias pressure of 40 mmHg. The cuff is then perturbed
at a constant force using a simple, variable frequency
oscillation. The frequency of the input was measured and
recorded using an additional MEMS accelerometer attached
to the oscillating part of the perturber. To minimize the
influence of external lighting, the entire apparatus was
placed inside a light-shielding container. The analog output
of the photodetectors is sent through a current-to-voltage
converting circuit and then through a 2™ order, analog
Butterworth low pass filter with cutoff frequency centered at
55 Hz. Finally, the analog signal is amplified and sent to a
A/D converter.

[0066] The previously described experimental setup was
tested over a wide range of low frequency inputs at various
loading magnitudes (1 Hz-50 Hz). All perturbation inputs
were continuous sinusoidal pressure waves. The vein model
was found to respond uniquely to preferred input frequen-
cies as apparent in the time record of photodetector ampli-
tude plotted in FIG. 7A where, for low frequency inputs (~5
Hz), significant venous pulsations 71 are optically detectable
while significantly smaller pulsations at the same frequen-
cies are identifiable in the arterial time record 71. The power
spectrum of the detected signal is shown in FIG. 7B, with
resonances dominated by the artery 72 and by the vein 74 are
apparent. By way of comparison, In FIG. 6A, in the absence
of external perturbation, no venous signal is apparent in
either the time record 82 of FIG. 6A, or the power spectrum
84 of FIG. 6B. Trace 83 showns the pulsatile areterial time
record, while trace 86 shows the power spectrum of the
arterial signal.

[0067] These results indicate that even though the arteries
and veins are coupled by surrounding adipose and connec-
tive tissue, the overall anatomical system may be perturbed
such that only the vein is significantly excited. In addition to
the vascular differentiability provided by the perturbation
method, an optically detectable volumetric pulsation has
also been created within the veins, making it possible to
measure SvO2 using the basic pulse oximetry methodology.
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[0068] An apparatus for mechanically exciting the veins in
a limb of a person is now described with reference to FIG.
8A where a schematic cross section is shown of an apparatus
for vibratory excitation of venous blood flow in accordance
with embodiments of the present invention. As shown in
FIG. 8A, a limb 50, such as an arm or a leg, of a subject is
encompassed by a fixture 52 on at least two opposing sides,
with three sides shown in FIG. 8A. The cross sectional view
of limb 50 shows multiple veins 54 which carry blood to be
characterized by means of the present invention. A light
source 55, which may include one or more light-emitting
diodes (LEDs), illuminates the limb while light from source
55 is detected by one or more photodetectors 56. The LEDs
may emit light in the visible or infrared, and may be
particularly chosen to emit light at one or more specified
wavelengths, such as wavelengths straddling the isobestic
wavelength, as has been discussed above.

[0069] Tt is to be understood that a plurality of detectors
may be employed and that the detectors may comprise an
array. Furthermore, one or more of the plethysmographic
sensors (i.e., source/detector combinations) may be disposed
at a position on the body of the subject that is remote from
the position where the blood vessels are being mechanically
excited. This provides for additional information to be
obtained based on phase delays of the signal with respect to
the excitation which may be different for different blood
vessel types due to differences in the wave propagation
velocity among the blood vessel types.

[0070] Periodic pulsation of the venous tissue is induced
by periodic inflation and tdeflation of one or more of pads 57
by modulating a source of pressurized fluid, such as air
pressure supply 59 by a pressure valve and fluidic perturber
58. A pressure ‘bias’ may be provided by means of a pad 570
(shown in FIG. 8B) inflated to a constant pressure. Periodic
changes in sensor output reflect changes in the volume of
sampled blood due to vibratory excitation of the blood
vessels.

[0071] An alternate embodiment of the invention is shown
in the schematic cross section of FIG. 8B. Fluidic perturber
58 of FIG. 8A is replaced, in this embodiment, by a
mechanical perturber 51 which acts with a periodic pushing
and pulling of one or more of inflated pads 57 to achieve
periodic pulsation of the venous tissue 54. Light transmitted
through the periodically pressurized tissue is detected by
photodetector 56 which generates a signal reflecting the
volume of blood traversed.

[0072] 1In a preferred embodiment of the invention, the
frequency of the perturbing excitation is swept, typically
over the range of 0-30 Hz, thereby permitting distinct blood
vessels to be identified on the basis of distinct properties of
mechanical resonance.

[0073] The described embodiments of the invention are
intended to be merely exemplary and numerous variations
and modifications will be apparent to those skilled in the art.
In particular, blood characteristics other than oxygen satu-
ration may be measured employing the techniques described
herein and is within the scope of the present invention. All
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such variations and modifications are intended to be within
the scope of the present invention as defined in the appended
claims.

We claim:

1. A method for distinguishing concentrations of blood
constituents among distinct vascular components in situ, the
method comprising:

a. inducing periodic vibration, characterized by a fre-
quency, in a limb of a person in such as manner as to
selectively excite a resonant response in a a specified
blood vessel of the person;

b. illuminating the limb of the person with a light source;

c. detecting light from the light source that has traversed
the specified blood vessel and generating a plethysmo-
graphic signal corresponding thereto; and

d. synchronously detecting the plethysmographic signal
for discriminating response attributable to the specified
blood vessel.

2. A method in accordance with claim 1, wherein the

specified blood vessel is a vein.

3. Amethod in accordance with claim 1, further including
the step of separately monitoring the plethysmographic
signal attributable to the specified blood vessel and a
plethysmographic signal attributable to second specified
blood vessel.

4. A method in accordance with either of claims 1 or 3,
wherein the step of illuminating the limb includes illumi-
nating with two wavelengths of light.

5. Amethod in accordance with claim 4, further including
the step of ratioing light detected at each of the two
wavelengths of light in order to derive oxygen saturation of
blood in the vein.

6. A method in accordance with claim 1, wherein the step
of inducing vibration in the limb includes modulating air
pressure applied to at least one inflatable pad enveloping the
limb at least in part.

7. An apparatus for inducing plethysmographic response
due to blood in a specified blood vessel of a person, the
apparatus comprising:

a. a vibrator for inducing periodic vibration, characterized
by a frequency, in a limb of a person in such as manner
as to selectively excite a resonant response in the
specified blood vessel of the person;

b. a light source for illuminating the limb of the person;

c. a detector for detecting light from the light source that
has traversed the specified blood vessel and for gener-
ating a plethysmographic signal corresponding thereto;
and

d. a signal processor for synchronously detecting the
plethysmographic signal and for discriminating
response attributable to the specified blood vessel.

8. An apparatus in accordance with claim 7, wherein the

vibrator is a mechanical perturber.

9. An apparatus in accordance with claim 7, wherein the

vibrator is a fluidic perturber.
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