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Attorney Docket No. 82828

1
2
3 NON-CONTACT WAVEFORM MONITOR
, .
5> STATEMEN’I‘ OF. GOVERNMENT INTEREST
6 The invention descrlbed.nereln may be manufactured and used
7 by or for the Government of the United States of America for
8 govérnmental purposes without the payment of any royalties
'9 thereon or therefore.
10
11 CROSS REFERENCE TO OTHER PATENT APPLICATIQNS
12 - Not applicable.
13
14 BACKGROUND OF THE INVENTION
15 (1) Field of the Invention
16 - The present invention relates generally to a méthod'and
17 apparatus for measuring and monitoring physiologicél events in
18 humans and animals, and more particularly to a non-contact method
19 and apparatus for cdntinuously measuring and monitoring
20 physiological events in humans or animals using a iaser Doppler
21 vibrometer to create waveforms which are directly related to the
22 physiological events.
23 (2) Description of the Prior Art
24 For decades, there has been a long felt but unsolved need
25 to ¢ontinuously and accurately measure physiological events such




as blood pressure without making contact with the patient. For

1

2 many patients, such as burn victims, neonatesg, and for patients
3 who need to be monitored without disturbing sleep er‘rest, the -
4 ability te accurately monitor blood pressure waveforhs without

5 contact has long been desired, but never accomplished.

6 Invasive monlitoring systems, using 1ntra—arEéfiéI"é§fﬁéfers
7 containing miniature pressure transducers are implemented‘for

8 continuous monitoring of arterial pressure waveforms, as well as
9 determining blood pressure values throughout the cardiac cycle.
10 However, due to the requirement of inserting these sensors into
11 the arterial system, the patient may be placed in distress.

12 An extremely well known non-invasive, contact'method of
13 measuring blood pressure uses a sphygmomanometer cuff wrapped

14 around the subject’s arm above the elbow. As the cuff is,being
15 inflated, a stethoscope is utilized to hear the sourds that

16 correspond to the systolic and diastolic end—points.‘ These end-
17 points essist in determining the corresponding blood pressure

18 wvalues. This ﬁethod prevides only systolic and diastolic

19 pressure values for a moment in time and does not provide time-
20 continuous pressure measurements.
21 Methods for continuoﬁsly monitoring blood pfessure that do
22 not require insertion of sensors into an artery, i.e., ﬁoﬁ—
23 invasive methods, have been developed within the last decade.

24 For instance, U.S. Patent No. 5,363,855, which is discussed
25 'belew, discloses a non-invasive means for continuously monitoring




blood pressure. However, contact must be made with the subject
and so a non-contact method for measuring blood preééure is not
disclosed. Other prior arﬁ'teachings as listed beiow, disclose
various means‘for measuring blood flow velocity, blood oxygen

saturation, and the like, by non-contact means. However, -such
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techniques are complicated to set up and have not béeﬁféble to
provide sufficient accuracy or definition of the timing of the
blood pressure waveform so as to be of any significant benefit in
analysis of the cardiac cycle beyond very réughly indicating
basic features such as the heart rate. For instance, such
techniques have never beén utilized to accurately detect the
timing of the dicfotic notch within the arterial blood pressure
waveform, ahd ﬁay be incapéble of dSing so..

Continuous recording of an accurate blood pressure wéveform
permits time series data analysis of the cardiac cycle. Analysis
of the arterial pressure waﬁeform identifies important events in
the cardiac cycle, e.g., the timing of peak systole, the dicrbtic
notch, the pre-éjection period (PEP), the left ventricular
ejection time (LVET), pulse tate, etc. Information.about the
systolic time intervals is useful in assessing cardiac condition
and various disease states, including left ventricular failure,
myocardial infarction, coronéry artery disease, and valve
disorders.

The time intervals of the varioué stages of the cardiac

cycle are also observed for changes under cardiac disease .




1 conditions and pharmacological influence5 For example,

2 conﬁinuous monitoring of pre-ejection period and left ventricular
3 ejection time ratios may be ﬁtilized to test the effects of

4 drugs, exercise, or other stimuli, whereby an increase or

5 decrease in the ratio may indicate an improvement or worsening of
6 sys€611c efficiency.

7 The three basic systolié time intervals are the pre-

8 ejection period (PEP), left ventricular ejection time (ﬁVﬁT) and
9 total electromechanical éystole (@s2). Linear relationéhips

10 Dbetween heart rate (HR) and the duration éf the systolic phases
11 of the left ventricle (LV) have been derived by observation.
12 These foilowing equations have been utilized in the pridr>art to
13 predict the durations of the systolic time intervals for normal
14 patient observations based on the heart rate alone:.

15 PEP= -0.0004*HR+0.126 | | (1)
16 LVET= -0.0016*HR+0.394 o (2)
17 QS2= —0.020*HR-|;O.522 , (3)
18

19 The dicrotic notch as observed on a blood preSsﬁre waveform
20 indicates the occﬁrrenée of the closure of the aortic valve and
21 marks the end of left ventricular ejection. This event
22 represents the end of the sysﬁolic phase and the start of

23 diastole and left ventricular relaxation. The location of the
24 dicrotic notch on a blood préssure waveform can be used for

25 evaluating the above listed linear regression equations-that may




be utilized to predict the systolic time interval as a function
of heart rate. The regression equations are expected to deviate
for patients with cardiac dysfunction. |

The following U.S. Patents describe various prior art

systems related to the above discussed problems but do not
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satisty the Iong felt but Gnsolved teed for ﬁbh-confééﬁ“blood
pressure waveform monitoring.

U.S. Patent No. 5,778,878, issued July 14, 1998, to K.
Kellam, discloses a laser Doppler technique to determine the
velocity of blood cells in skin or other tissue capillaries. A
laser beam is focused on to a capillary by means of a lens,
mirror and beam splitter system. Measurement of the velocity of
the blood cells in a direction substantially perpendicular to the
surface of the.tissue is effected by detecting directly back-
scatteréd radiation. |

U.S. Pateﬁt No. 5,363,855, issued November 15, 1994, to
Drzewiecki et al., discloses a pressure waveform monitor that
noninvasively monitors the pressure waveform in an underlying
vessel such as an artery. The apparatus comérises at least one
continuous, relatively thin and narrow diaphragﬁ mounted in a
housing to be placed on the tissue overlying the vessel of
interest. The diaphragm is lénger than the diameter of the
vessel for pﬁrpéseiy monitofing pressure in the tissue adjacent
to the vessel of.interest. The device also comprises deformation

sensor means for measuring deformation of the diaphragm both over




the vessel and adjacent to the vessel, and sighal processing

1

2 means for combining the waveform of the vessel as monitored by

3 the part of the diaphragm over the vessel with the waveforms of

4 adjacent tissue to accurately determine the actual ﬁressure

5 waveform in the vessel.

6 ~U.S. Patent No. 5,361,769, issued November 8, 1994, to G. T
7 Nilsson discloses a‘method and a system for reducing the

8 distance-dependent amplification factor when measuring fluid flow
9 movements with the aid of an image-producing laser-Doppler

10 technique, in particular when measuring blood perfusion»through
11 tissue. A lasef beam source directs a laser beam onto a

12 measurement object, which scatters and reflects the beam. The

13 reflected light is received by a detector that senses the
14 Dbroadening in frequency caﬁséd by the Doppler effect. One or more
15 1lenses are plaéed in the path of the beam and are inténded to
16 maintain constant the number of coherence areas on the deﬁecting
17 surface of the detector and independent of the distance between
18 detector and measurement object.

19 | U.S. Patent No. 5,280,589, issued January 25, 1994, to R.
20 A. Potts, discloses an apparatus for vertically aligning a giveﬁ
21 point on a pressure transducer unit with a desired point on a
22 patient comprising a light source, a housing adapted to contain
23 the light source, and at least one leveling tube having a -
24 leveling axis that is substantially parallel to the light beam.
25

The leveling tube comprises a closed transparent envelope




1 containing a liquid and a bubble of gas, and lines formed on the
2 envelope, where the leveling axis is substantially horizontally
3 aligned when the bubble of gas is located between the two lines.
4 The apparatus includes an indicating mark»formedvonﬁthenhousing
5 means where the beam of light is vertically aligned with the
6 given point o the transducer. A Tocking system seIéctltéI?w"
7 locks the housing means to prevent movement thereofArelative to
8 the transducer unit when the beam of light is both horizontally
9 aligned ‘and vertically aligned with the given point on the
10 transducer unit. To vertically align the given point with the
11 desired point, one of the transducer units and the patient are
12 +vertically displaced relative to the other until the light source
13 causes light to reflect off of the patient at the de81red point.
14 U.S. Patent No. 4,166,695, issued September 4, 1979, to
15 Hill et al., discloses a meahs for measuring blood flow in
16 retinal blood vessels by directing laser radiation,along an
17 optical path into the eye and onto a blood vessel;’ Laser
18 radiation.reflected off moving blood.corpuscles is directed back
19 along the optical path and into a detector. This reflected laser
20 radiation is mixed with a proportion of the original laser signal
21 to determine the Doppler shift produced by the moving blood
22 corpuscles and hence blood velocity.
23 U.S. Pateﬁt No. 5,995,856, issued November 30, 1995, to
24 Mannheimer et al., discloses monitoring of physiological
25

parameters of a patient through the use of optical systems that
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do not require direct physical contact with the patient. The
method and apparatus relate primarily to pulse oximetry for

monitoring pulse rate and arterial blood oxygen saturation.

However, the apparatus,and,method,ofwthismiﬁventionware»
applicable to any form of optical detection of the physiological
parameters in which light of any wavelength, visible or
invisible, is directed from a remote instrument into a patient at
a first_imaging site, and subsequently collected at a second‘site
spaced from the first site.

U.S. Patent No. 6,007,494, issued December 28, 1999, to
Zenner et al., discloses a device for determining data on
auditory capacity wherein the device preferably has hoﬁ—contact
means for measuring vibrations of the middle-ear ossiclesvand/or"
the tympanic membrane by means of electromagnetic waves. The
electromagnetic waves used for the measurement afe input by means
of a microscope, in particular an optical microscope. This
micresccpe can be modular iﬁ design, and a module can be provided
for the input of a laser beam. The invention also concefne a
method of determining data on auditory capecity wherein the
method calls for the vibration of the middle ear and/or the
eardrum_to be measured by means of electromagnetic waves and,
from the measurement signals thus obtained, the contributions to
the total signal by the middle ear and/or the eardrum determined

in at least one processing step.




10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

25

The Journal of Biomedical Engineering, 4(2): 142-8, 1982,

by Brown et al. teaches that a rather complex light emitting
diode sensor (LED) has sUfficient resolution to detect an
arterial pulse.

The above-discussed systems do not disclose a convenient

“and completely non-contact means for accurately and continuously

monitoring blood pressure or creating blood pressure waveforms.
Consequently, those skilled in the art will appreciate the

present invention that addresses the above and other problems.

SUMMARY OF THE INVENTION

It is é general purposé and object of the present invention
to pfovide an improved nén—céntact blood pressure wavefdrm
monitoring apparatus and method.

Another object is to provide a laser-based sysﬁem that may
be utilized to continuously provide highly detailed information
about the timing characteristics of the blood pressure waveform.

Another object is ﬁo provide a system that does not réquire
elaborate adjustments of one or more lasers and lésér detectors
so that the system may be quickly utilized.

These and other objects, features, and advantages of the
present invention will become apparent from the drawings,‘the
descriptions given herein, and the appended claims.  However, it
wili be undersﬁood that the above listed objects and/of

advantages of the invention are intended only as an aid in
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understanding aspects of the invention, are not intended to limit
the invention in any way, and do not form a comprehehsive'list'of
objectS,»features, and.advantages.

Accordingiy, a non-contact method and apparatus,fof -
continuously measuring a blood pressure waveform is»provided

which may comprise, for example, utilizing a laser based

measurement system mounted in a spaced relationship with respect

to avsubject and‘directing a laser beam toward a section of the
subject’s skin surface orienting the laser beam such that it is
substantially perpendicular to the skin surface at évlocation
wherein the skin surface is moveable in response td a blood
pressure pulse, and/or detecting one or more variables related to
movement of the skiﬁ surface, and/or producing a blood pressure
waveform representation by plotting the one or more variables
related to movement of the skin surface. |

The non-contact method and apparatus may further comprise
use of detectors capable of detecting the one or more variables
related to movement of the skin surface in a direction
substantially parallel to thé laser beam and/or producing the
blood pressure waveform reﬁresentation by plotting skin surface
velocity with.fespect to time through the use of a signél
processor.

In one embodiment, the non-contact method and apparatus may
comﬁrise utilizing interferometers and interferometer techniques

for detecting the one or more variables related to movement of
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the skin surface. One advantage of the invention is. that the
apparatus may comprise a sihgle houéing-to support the means for

measuring the blood pressure waveform, i.e., the means to effect

~ steps-such-as directing of the laser-beam to the skin surface-and - - -

the detecting of the reflected laser‘beam.

The non-contact method may further comprise aﬁalyziné the
blood pressuré_waveform reﬁresentation to determine systolic time
interval parameters’and/or analyzing the blood pressure waveform
parameters to determine heart rate and/or comparing:systolic time
interval parameters estimated utilizing the heart rate with
systolic time interval paraméters determined from the blpod
pressure waveform.

If desired, the hon—contéct method may also be utilized to
measure other physioloéical events such as respiration to the
extent that a skin sﬁrface is moveable in response to such a

physiological event.

BRIEF DESCRIPTION OF THE DRAWINGS
A more complete understanding of the invention and many of
the éttehdant advantages thereto will be readily appreciated as
the same becomes better understood by reference to the following
detailed description when considered in conjunction‘with the
accompanying drawings, wherein like reference numefals refer to

like parts and wherein:
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FIG. 1 is a schematic overview of the operation and setup of
a non-contact blood pressure waveform monitoring system in accord
with oné embodiment of the present invention;

FIG. 2 is a graph of a blood pressure waveform obtained by
measuring skin velocity in accord with the present invention for
a single cardiac cycle; and

FIG. 3 is'a graph of a blood pressure waveform obtained by
continuously measuring skin velocity for several cardiac éycles

in accord with the present invention.

DESCRIPTION OF THE PREFERRED EMBODIMENT

The presenf invention provides a non-contact method and
apparatus for continuously monitoring physiologicalvevents such
as the anatomical blood pressure waveform with sufficient
accuracy and ﬁrecision‘to determine important timing related
parameters such as, for example, the left ventriculaf ejectionA
time (LVET) and pre-ejection period (PEP). For cardiac cyclic
timing diagnostic purposes, thé timing of the blood pressure
waveforms should be measured with sufficient accuracy so that the
components of the waveform, e.g., the dicrotic notch, are
available for accurate analysis. However, it has been observed
by the inventors that cardiac cyclic analysis of the biood
pressure waveform does not réquire absolute values of blood
pressure. Thué, while the present technique does not necessarily

directly measure or provide absolute values of blood pressure,

12




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

cyclic analysis of the blood pressure waveform can be readily

performed utilizing the daté produced by the present inﬁehtion.
Calibration'teéhniques may be utilized as discussed'hereiﬁafter
to provide absolute values in certain circumstances, if desired.

Referring now to the dfawings and, more particularly, to
FIG. 1, there is shown a non-contact blood pressure waveform
mdnitoring system 10 in accord with a preferred embodiment of the
present invention. System 10 utilizes laser Dopplef‘vibrometer
12 to detect the movement of skin on a patient, in this case the
skin surface 26 above the carotid artéry.

Laser Doppler vibrometer 12 comprises laser source 14
capable of emitting a laser beam 32 that travels the distance 22
froﬁ laser soufce 14 to skin surface 26. The laser beém is
preferably directed perpendicularly or substantially
perpendicularl? to skin surface 26. Blood flowing through the
carotid artery directly below the skin causes skin surface 26 to
puléate in a rhythm corresponding to ventricular contractions of
the patient’s heart. Skin surface 26 moves an amount Ax, as
indicated by numeral 24, from its initial position to é pésition
represented by plane 28. Ax represents the distance of mdvement
of the plane of skin surface 26 in a direction substantially
paréllel to ﬁhe laser beam produéed by laser source 14. Laser
light is reflected by skin surface 26. The refleéted laser beam
34 is focused by lens 16 and recovered by detector 18. The

reflected laser light beam 34 is modulated by the movement of

13
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skin surface 26 bj means of a Doppler shift in the optical
wavelength, as compared to the original laser beam 32 produced‘by
laser 14. Detector 18 determines the velocity of thg pulsatile
skin motion as derived from the Doppler shift.

Detector 18 preferably comprises an interferometer for
comparison of the iﬁitially produced laser beam (or a reference
beam derived there from) with the reflected laser beam. 1In a
preferred embodiment, lasef Doppler vibrometer 12 operates by
splitting the laser beam 32 with a beam splitter 36 into a
reference beam 32a and a sensing beam 32b. &he referénce beam
32a is frequency shifted by a modulator (not shown) in deﬁector
18 so that the components of detector 18 can discriminate between
the reflected iaser beam 34 with the Doppler modﬁlation and the
reference beam 32a. Detector 18 measures the Doppler ffeéuency
6f the reflected beam 34 as modulated by the movement of skin
surface 26. The maximum and therefore optimum reflected signal
occurs when laser Doppler vibrometer 12 is oriented such that the
lasef beam 32 produced by laser source 14 is substantially
perpendicular to skin surface 26.

- Detector 18 generates a continuous stream of analog output
voltages corresponding to the pulsation velocity of skin surfaée
26. The analog voltage signals ﬁay be fed to computer 30 where
the analog voltage éignals are digitized, recorded, and analyzed

as desired. Alternatively, the analog voltage may be fed to a

14
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device, such as an escilloscope for immediate display of the
blood pressure waveform. |
Utilizing the pulsation velocity of skin surface 26 over

time, cdmputer 30 can plot a highly accurate representative blood
pressure waveferm 40 as indicated in FIG. 2. Such a waveform is
highly suitable for cardiac cyclic analysis. For instance,
dicrotic notch 42, which indicates the closing of the aortic
valve, is plainly visible as is the peak systole 44.' Heart rate
is easily determined by timing the distance between the easily
distinguishable peaks of successive pulse waveforms as indicated
in FIG. 3, which shows multiple peak systole 44 ovef a period Qf
time. Once heart rate is determined, the PEP, LVET and QS2 can
be derived from formulae (1), (2),and (3) as indicated above.
Thus, while the present invention does not directly measure
arterial pressure, nonetheless it has been found by the inventors
that the blood pressure waveform so obtained is quite suitable.
for timing anaiysis of the cardiac cycle to thereby evaluate
cardiac function with timing events such as the systolic peak 44
and dicrotic notch 42. |

| It will be4noted that all of the components of the laser
Doppler.vibrometef 12, inciuding the laser source 14, the lens
16, and‘the detector 18, are preferably built into a singie
housing and are therefore more easily and quickly set up than
prior art laser sensor instruments discussed herein. Moreover,

suitable laser Doppler vibrometers are commercially available so
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that after review of the specification herein, one Qf skill in
the art will be able to practice the invention.

The arterial pressure Wavefbrm 40 obtainéd by laser Doppler
vibrometer 12 may be analyzed to obtain various waveform
characteristics. The timing of these waveforms may be combined
with an electrocardiogram signal to estimate systolic time
interval parameters. Alternatively, p?g syg;ol%gvgéwg%?ﬁgrva}vv__
may be estimated using heart rate information from the recorded
waveform and applied to regression equations (1), (2), and (3).

While absolute blood ﬁressures are not available directly.
from the present invention, such readings may be obtéined by
calibraﬁion techniques as deécribed.below. For example, a
patient to be monitored during sleep may have the maximum/minimum
blood pressures direcﬁly measured by existing contact means while
awake to thereby calibrate the blood pressure_waveform that is-
produced in accord with thé present invention. Statistical
techniques reléting to expansion distances directly measﬁfed may
be determined to estimate blood pressures in normal patieﬁts such
as based on the amplitude of the movement parameters. Thus, the
present invention might alsb be utilized to predict abnormalities
due to déviations from anticipated valueé of absolute blood
pressures determined statistically.

 While similar but technically different in somé_ways, the
terms laser Doppler vibrometer, laser Doppler'veloéimeter, and

laser interferometer are used somewhat interchangeably herein and

16
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may each be utilized in accord with the present invention. For
instance, the laser Doppler velocimeter is also sometimes -
utilized to measure the velocity of objects in the direotion
perpendicular to thé laser beam and may therefore be utilized by
itself or in conjunction with a laser Doppler vibrometer to
measure the expansion of the artery by means of monitoring the
subsequent effect on the skin surface.

The pieseﬁt invention may also be utilized to provide
waveforms related to movement of any portion of the body that
moves and to record any phyéiological parameters using a laser
Doppler vibrometer containing a laser interferometer inherent to
its design. |

In summary, the present ih?ention utilizes a laser beam 32
produced by laser 14 to measure the movement of a particular skin
surface area, such as‘skin surface 26 adjacent to any artery,
such as the carotid arfery; The invention detects the movement
and plots the velocity of skin movement versus time to create a
waveform of the physiological event corresponding to tﬁe skin
movement such as the arterial blood pressure.

Many additional changes in the details, materials, steps and
arrangement of parts, herein described and illustrated to explain
the nature of the invention, may be made by those skilled in the
art within the principle and scope of the invention.  For
example; it may be desirable to utilize a fiber optic means for

directing and/or detecting the laser beams of interest. Due to

17




the motion of a patient’s skin surface, which is not directly
related to the measurement of the biological sighal of interest,
e.g., blood préssure waveform, an adaptive focus'may be ﬁﬁilized
to maintain the interrogating laser beam on the desired
measurement area, such as the carotid artery.

It is therefore understood that Within the scope of the
appended claims, the invention may be practiced otherwise than as

specifically described.

18
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Attorney Docket No. 82828
NON-CONTACT WAVEFORM MONITOR

ABSTRACT OF THE DISCLOSURE

A non-contact method and apparatus for continuously
monitoring a physiological event in a human or animal, such as
blood pressure, which involves utilizing a laser-based
interferometer system to produce a waveform that is
representative of continuous blood pressure in a subject. The
invention may preferably utilize a laser Doppler vibrometer which
is oriented to produce a laser beam directed toward the subject
substantially perpendicular to a skin surface of the subject
wherein the skin surface is moveable in response to blood |
pressure. The vibrometer is sensitive to motion of the skin
surface in a direction parallel to the laser beam and produces a
signal representative of this motion. By plotting the velocity
of the skin surface movement in the direction parallel to the
laser beam with respect to time, a waveform is produced that has
been found to be representative of the blood pressure waveform
and highly defined to thereby permit accurate timing analysis

thereof relating to cardiac cycles.
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