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Peak "a" indicates that the blood pumped out from the
heart has reached the capillaries in the fingertip.

Peak "e' corresponds to the fingertip Acceleration
Pulse Waveform after a contraction. The significance
of this is not yet understood
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Valley "d" is related to the load on the heart. When
the load on the heart is increasing, valley "d" falls
sharply.

Peak "c" is related to the venal return. From a blood circulation
standpoint, this peak indicates whether or not there is excessive
pooling of blood by appropriate contraction of the venules. When
the venal return is good peak “c¢" is near or above the baseline.
Conversely, when blood pooling in venules is increasing, peak "¢’
instead of rising, falls below valley "b".

Valley "b" relates to the hearts stroke volume---the
larger the stroke volume the deeper {i.e., more
negative) is the valley “b".

FIG.3
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The seven different shapes of the "Acceleration Pulse Waveform’
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b

o 1st Derivatives at point B
(a-b)&{b-c)

 2nd Derivatives at b is found by subtracting
the two first derivatives
(a-b)-(b-c)=a-2b+c

FIG.9
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SYSTEMS AND METHODS FOR DETERMINING
AN ORGANISM’S PATHOLOGY

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application No. 60/754,197, filed on Dec. 28,
2005, which application is incorporated herein by this ref-
erence.

BACKGROUND
[0002] 1. Field of the Invention
[0003] The present invention relates to systems and meth-

ods for detecting whether an organism has physiological
abnormalities.

[0004]

[0005] During the last eighty years, thanks to advances in
medical science, deaths from infectious diseases such as
pneumonia, measles, diphtheria, and many others, have
sharply diminished. The result of these advances is that the
average person lives considerably longer and healthier lives
than they used to.

[0006] One byproduct of the longer life span has become
the increasingly important need to prevent or delay the onset
of the adult diseases such as cancer, strokes and heart
attacks. These adult diseases are now the primary cause of
death in the developed world. Because of this, many studies
are currently being performed at The National Institutes of
Health and other research centers to determine the cause and
hopefully to diminish the early onset of these adult diseases,
thereby increasing the healthy life span.

[0007] This medical research has identified various factors
as causes of adult disease, particularly in the middle aged
and elderly population. For example, evidence suggests that
insufficient blood circulation can cause serious health prob-
lems because the blood flow in the body is the means of
taking the life sustaining oxygen from the lungs and critical
nutrients to all parts of the body. When blood circulation is
insufficient, the cells and tissues of the body do not receive
their necessary life-sustaining oxygen and nutrients. When
the situation persists for a period of time, organic patho-
logical changes begin to occur in organs and tissues. Once
these changes progress beyond a critical point, serious and
irreversible medical conditions (e.g., heart attacks and
strokes) can suddenly happen without any prior warning.
For example, approximately fifty percent of individuals
don’t survive their first heart attack.

[0008]

[0009] Medical research has identified certain body “con-
ditions” that an individual might have that increases their
risk of having a heart attack or stroke. These conditions
include having elevated blood pressure, higher than recom-
mended cholesterol, excess weight, and high percent body
fats. Other risk conditions might include changes in elec-
trocardiogram, distribution of the fat concentrations in the
body, smoking tobacco products, and others. However, all of
these preventive medicine approaches are based on statisti-
cal studies of large groups of individuals. These studies
demonstrate, for example, high cholesterol increases the risk
of an individual having a heart attack.

2. Discussion of the Background

Current Medical Practices:

[0010] However, in reality, it is not uncommon for heart
attacks or strokes to occur even in individuals who have had
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consistently low cholesterol values. Similarly, there are
examples of elderly persons who have very high blood
pressure, but still remain in good health. In fact, there are
numerous instances where a substantial organic pathological
change has occurred, and yet nothing has been observed in
the electrocardiogram, etc.

[0011] The unfortunate fact is that the current examination
equipment in most doctors’ offices usually only discover
substantial organic pathological changes after it has pro-
gressed to an advanced stage. Many health experts agree that
this is not acceptable because the additional delay may allow
irreversible and perhaps fatal damage to occur.

[0012] Thus, there is need for simple-to-administer,
simple-to-understand and non-invasive tests to determine
the status of a person’s organic pathology. Moreover, if such
non-invasive tests were available, it would allow re-mea-
surements to be made at periodical intervals to determine the
rate that organic pathological changes are occuring.

[0013] There are four different non-invasive measure-
ments that can be made using light transmission technology
at the fingertip. These measurements satisfy the need for a
simple-to-administer and simple-to-understand screening
test. These are: (1) Blood Circulation Analysis; (2) Heart
Rate Variability; (3) Detection of irregular heartbeats; and
(4) Pulse Oximetry. These four measurements are discussed
briefly below.

[0014]

[0015] Approximately twenty-five years ago, Japanese
researchers discovered a unique method of analyzing the
pulse signal at the fingertip that provides a useful indicator
of the quality of blood circulation. This Japanese research is
summarized in several technical papers. These include: (1)
Yugi Sano et al., “Evaluation of Peripheral Circulation with
Accelerated Plethysmography and Its Practical Applica-
tion”; J. Science of Labour, Vol. 61, No. 3, 1985; (2)
“Acceleration Plethysmogram, Technical Report by the
Misawa Homes Institute of Research and Development
(Japan) (year unknown); (3) Katsuki K. Yomamoto et al., “A
New Index of Acceleration Plethysmogram and Its Clinical
Physiological Evaluation;” Nepon Seirigaku Zasshi. 1994,
56(7): 215-22; and (4) Oh-I T. Okuda et al., “An Experi-
mental Study of Vascular Dynamics by an Acceleration
Plethysmogram Using Artifical Circulation Devices,” Life
Science 2002, August 23; 71(14): 1655-66.

[0016] In addition to the above technical papers, the
following patents related to this field have been uncovered:
(1) Japanese Patent 63-212327, A (Matsushita Electric
Industrial Co., Ltd.) Sep. 5, 1988; (2) Japan Patent 2-3927,
U (Nisan Motor Company, Ltd.) Jan. 11, 1990; (3) Japrese
Patent 6-105829, A (Masao Sakaguchi), Apr. 19, 1994; (4)
Japanese Patent 7-88092, A (Seiko Epson Corp.), Apr. 4,
1995; (5) European Patent 645117; (6) Japanese Patent
7-213499, A (Omron Corp.) Aug. 15, 1995; (7) European
Patent EPO 809 965 Al, “Healthcare Device for Exercise
Supporting Device.” Seiko Epson Corp, Mar. 12, 1997; and
(8) U.S. Pat. No. 5,941,837 dated Aug. 24, 1999, assigned to
Seiko Epson Corp., Tokyo, Japan.

[0017] The above referenced technical papers and patents
describe a method of analyzing the blood pulse signal at the
fingertip. Such measurement is a useful indicator of the
quality of blood circulation. The technology is that blood

1. Blood Circulation Analysis:
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circulation involves the heart pumping out blood, which
flows through the arteries to the capillaries of the tissues and
organs and then returns to the veins.

[0018] The supply of oxygen and nutrients takes place at
the capillaries so that the quality of blood circulation is
directly related to behavior of blood in these smallest
vessels. Therefore, changes over time and the amount of
blood contained in the capillaries serves as a good measure
of blood circulation (namely a slight difference on arterial
and venial blood pressure gives rise to differences in the
nutrients supplied and in gas exchange at the capillary level).
For this reason the medical researchers, as described in the
above papers, believe that organic physiological changes
may occur in tissues and organs if the difference in arterial
blood pressure increases over a longer period of time.

[0019] One widely used method for observing the changes
over time and the amount of blood contained in the capil-
laries is the examination of fingertip pulse waveform (the
gently undulating pulse waveform obtained in the finger tip
(see FIG. 1)). Unfortunately, it is difficult to interpret very
small changes in these types of pulse waveforms because
changes in blood circulation are small and are sensitive to
changes in the organisms environment. However, these prior
researchers have shown that if the Second Derivative of the
pulse waveform is performed (called acceleration pulse
waveform or acceleration plethysmogram) meaningful
information on the status of blood circulation is obtained.
FIG. 2 illustrates this acceleration pulse waveform. The
figure is derived from the basic pulse waveform of FIG. 1.

[0020] This Second Derivative function provides easy to
understand information. FIG. 3 provides an explanation of
the various peaks and valleys of the acceleration pulse
waveform. As shown in the figure, the first four peaks and
valleys (identified as a, b, ¢ and d) provide meaningful
information on the quality of blood circulation.

[0021] Such analyses can be performed at various body
sites such as the fingertip, ear lobe, and others that have high
capillary content. However, the measurement at the fingertip
is rather ideal because this is where arterial blood converts
to venous blood. Also, this is the site on the body where the
capillaries are most developed and the amount of blood
contained in the capillaries is great. Moreover, the fingertip
is ordinarily exposed.

[0022] The referenced literature and patents show that the
acceleration pulse waveform can be separated into seven
different “categories” as shown in FIG. 4. Category 1 is a
typical shape that the acceleration waveform would have for
a healthy young adult. As the person ages, or health dimin-
ishes, the relationship between point a, b, c, and d shown in
FIG. 4 changes. As the category number increases, it means
the person’s heart is providing less of the necessary nutrients
and oxygen to the tissues.

[0023] In the prior art, the fingertip pulse signal was
measured using a reflectance type sensor as shown in FIG.
5 (this is FIG. 16 from U.S. Pat. No. 5,941,837, which is
incorporated herein by this reference). In performing such a
measurement, a light emitting diode (LED) provides illumi-
nation to the flesh portion of the most distal portion of the
finger. In that same region, a reflectance silicon detector is
installed. The undulating pulse signal causes pressure
changes against the illumination sensor, thereby changing
the reflectance reading.
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[0024] Unfortunately, this reflectance signal is very small
and can be easily corrupted by the method the person enters
their finger into the measurement chamber. This causes a
high rate of measurement rejections because either the pulse
signal cannot be found or there are inconsistencies in the
measurement. Moreover, none of the technical literature nor
the patents describe how the basic pulse signal is then
converted to Second Derivative form in order to make the
measurement meaningful.

[0025] II. Heart Rate Variability:

[0026] In recent years, heart rate variability (“HRV™) has
become an important diagnostic tool. A person’s HRV is
determined by electrocardiogram where the variability of the
time between heart beats over four or five minutes is
calculated either in linear or in frequency terms. In general,
the more variability the heart rate (i.e., the larger the HRV),
the healthier the heart. Saying this differently, when the heart
is asked to respond to an outside stimulus, such as cold
temperature, it is healthier to have the heart respond by
having a change in heart rate.

[0027] The use of electrocardiogram for obtaining HRV
has major limitations. First, it requires the use of a skilled
professional to administer the test. Second, it requires the
person being tested to lie down during the testing after
disrobing of the chest and ankle area to allow placing of the
electrodes. Third, it is an expensive test.

[0028] In the Journal of Occupational Health, 1997,
39:154-155, there was an article entitled, “Accuracy of Pulse
Rate Variability Parameters Obtained from Finger Plethys-
mogram: A Comparison of Heart Rate Variability Param-
eters Obtained from ECG” (Takoyuki Kageyama, et al). This
paper showed that there is a good correlation between using
an ECG (sometimes called EKG) and fingertip plethysmo-
gram using the acceleration waveform as previously
described.

[0029] TII. Pulse Oximetry:

[0030] Oxygen is carried in the blood attached to hemo-
globin modules. Pulse Oximetry is a measure of how much
oxygen the blood is actually carrying as a percentage of the
maximum amount it could carry; normally called either
Pa02 or PSO2. For example, a fit healthy young person will
have an oxygen saturation of 95% to 99%.

[0031] Although the PaO2 can be measured at various
sites on the body including ear lobe, toes or fingertips, it is
most commonly measured at the fingertips. This is the same
place with the same type that the previously described blood
circulation analysis and heart rate variability is measured.

[0032] 1IV. Irregular Heart Beat:

[0033] Almost everyone has felt their heart beat very fast
or felt a “fluttering” in their chest or thought their heart was
“skipping a beat.” These are signs of arrhythmia or abnormal
irregular heart beat and are extremely common, especially as
you get older. This can occur in a healthy heart and be of
minimal consequence. However, it also could indicate a
serious problem due to heart disease that can lead to strokes
and sudden cardiac death.

[0034] The same fingertip plethysmogram technique used
for the three preceding measurements also provides a direct
method of determining whether a person has an irregular
heart beat.
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SUMMARY OF THE INVENTION

[0035] The present invention provides systems and meth-
ods for determining whether a subject has a physiological
abnormality.

[0036] In one embodiment, the method includes the fol-
lowing steps: attaching a fingertip sensor to a finger of a
subject, wherein, during a period of time when the fingertip
sensor is attached to the subject’s fingertip, the fingertip
sensor outputs data; storing at least some of said outputted
data; utilizing at least some of said stored data to derive a
score and/or index representing a quality of the subject’s
blood circulation; and utilizing at least some of said stored
data to: (a) determine whether the subject experienced an
irregular heart beat; (b) determine the subject’s heart rate
variability; and/or (c¢) determine the subject’s oxygen satu-
ration.

[0037] Insomeembodiments, the fingertip sensor includes
a light emitting configured to output light having a wave-
length between 880 and 950 nanometers and is further
configured such that it emits the light for at least a two-
minute continuous period while the fingertip sensor is
attached to the subject’s finger. In some embodiments,
during the two-minute continuous period, the fingertip sen-
sor outputs data and at least some of the data output during
the two-minute continuous period is utilized to derive the
score and/or index representing the quality of the subject’s
blood circulation.

[0038] A system according to some embodiments of the
invention includes: a fingertip sensor for attaching to a
subject’s finger and for outputting data that can be used to
determine whether the subject has a physiological abnor-
mality and a data collection and analysis system coupled to
the fingertip sensor and configured to receive said outputted
data. The data collection and analysis system includes a
programmable data processor that is configured to: store at
least some of said received data; utilize at least some of said
stored data to derive a score and/or index representing a
quality of the subject’s blood circulation; and utilize at least
some of said stored data to: (a) determine whether the
subject experienced an irregular heart beat; (b) determine the
subject’s heart rate variability; and/or (¢) determine the
subject’s oxygen saturation.

[0039] In another aspect, the invention provides a method
for analyzing a subject’s blood circulation. In one embodi-
ment, the method includes: attaching a fingertip sensor to a
finger of a subject, wherein, during a period of time when the
fingertip sensor is attached to the subject’s fingertip, the
fingertip sensor outputs data; analyzing at least some of the
outputted data to determine useable pulse beats; averaging
the second derivative spectra of all the good pulse beats to
produce an average; dividing the average by the largest
value of any individual pulse beat, thereby normalizing the
data; using the normalized data to derive a score and/or
index concerning the subject’s blood circulation. The step of
analyzing at least some of the outputted data to determine
useable pulse beats may comprise the step of smoothing at
least some of the outputted data.

[0040] The above and other embodiments of the present
invention are described below with reference to the accom-
panying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0041] The accompanying drawings, which are incorpo-
rated herein and form part of the specification, illustrate
various embodiments of the present invention. In the draw-
ings, like reference numbers indicate identical or function-
ally similar elements. Additionally, the left-most digit(s) of
a reference number identifies the drawing in which the
reference number first appears.

[0042] FIG. 1. illustrates a conventional fingertip pulse
waveform.

[0043] FIG. 2 illustrates an acceleration pulse waveform.
[0044] FIG. 3 illustrates the four points that are used for

calculating a blood circulation SCORE.

[0045] FIG. 4 illustrates that that the acceleration pulse
waveform can be separated into several categories.

[0046] FIG. 5 illustrates a prior art measurement system.

[0047] FIG. 6 illustrates a measurement system according
to one embodiment.

[0048] FIG. 7 illustrates various components of a mea-
surement system according to one embodiment.

[0049]

[0050] FIG. 8B shows the average second derivative of the
waveform shown in FIG. 8A.

[0051] FIG. 9 illustrates a common method of calculating
second derivative.

[0052] FIG. 10 is an example of smoothed second deriva-
tive data.

[0053] FIG. 11 is an example of unsmoothed second
derivative data.

[0054] FIG. 12 is a plot of normalized data plotted using
curvilinear interpolation.

FIG. 8A illustrates a fingertip pulse waveform.

[0055] FIG. 13 illustrates the scores given to the various
different shapes of the acceleration pulse waveform.

[0056] FIG. 14 is a plot of the value of SCORE versus the
seven categories.

[0057] FIG. 15 serves to illustrate how a “Heart Efficiency
INDEX?” is developed.

[0058] FIG. 16A illustrates a typical EKG signal.

[0059] FIG. 16B illustrates the signal by using the accel-
eration waveform.

[0060] FIG. 17A illustrates a normal heartbeat.

[0061] FIG. 17B illustrates an irregular heartbeat.
DETAILED DESCRIPTION OF PREFERRED
EMBODIMENTS
[0062] As used herein, the words “a” and “an” mean “one

or more.”
[0063] As described in the Background section, each of

the four measurements is well known in the art and are
currently used by researchers or clinicians. However, no one
has ever combined two or more of the measurements into a
single measurement system to allow them to be determined
essentially simultaneously. The value of such measurements
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is that the combination of knowledge provides greater
information than any of the individual knowledge. In addi-
tion, by combining the four non-invasive measurements in a
single instrument with one fingertip sensor allows them to be
included in self-testing kiosks that are commonly available
in pharmacies that normally only measure blood pressure
and body fat.

[0064] Referring to FIG. 6, FIG. 6 illustrates a measure-
ment system 600 according to an embodiment of the inven-
tion. As illustrated, in the embodiment shown, system 600
includes a fingertip sensor 602 coupled to a data collection
and analysis system 604. Data collection and analysis sys-
tem provides power to and receives data from fingertip
sensor 602. Fingertip sensor 602 includes one or more LEDs
(sometimes called IRED depending on the emitted wave-
length) 606 and one or more light sensors 608 (e.g., a
photodiode). At least one of the LEDs 606 may be imple-
mented using IRED AN304 available from Stanley Electric
Co, LTD.

[0065] A commercially available fingertip sensor that can
be used to implement fingertip sensor 602 is available from
Dolphin Medical, Inc. (see e.g., Dolphin Model 2000), but
other sensors from other companies can also be used.

[0066] Referring now to FIG. 7, FIG. 7 is a functional
block diagram illustrating various components of system
604 according to one embodiment. As illustrated. system
604 may include: (a) a power source 702 for providing
power to fingertip sensor 602; (b) an amplifier 704 for
receiving and amplifying analog data output from sensor
602 (preferably, the amplifier is a low noise amplifier); (c)
an analog-to-digital (A/D) converter 706 for converting the
output of the amplifier into digital data (preferably, A/D
converter is a precision high speed, high resolution A/D
converter); and (d) a data processor 710 for receiving,
storing and processing the digital data.

[0067] Insome embodiments it may be desired to electri-
cally isolate the data processor 710 from the A/D converter
706. In such embodiments, an optoisolator may be used to
couple A/D converter 706 to data processor 710.

[0068] Data processor 710 may be a general purpose
computer programmed to (I) perform blood circulation
analysis for a test subject, (II) measure the test subject’s hear
rate variability, (III) measure the test subject’s oxygen
saturation, and (IV) detect whether the test subject has an
irregular heart beat.

[0069]

[0070] As shown in FIG. 5, the prior art used reflectance
measurement off the pad of the most distal portion of the
finger to perform the measurement. But, the inventor rec-
ognized that considerably more measurement signal, thus
providing a more reliable measurement, can be achieved by
performing a light transmission measurement through the
most distal portion of the finger (see FIG. 6). Such mea-
surement, similar to the measurement that is widely used in
pulse oximetry, shows consistent measurement of the pulsal
waveform.

[0071] The recommended embodiment is to use the trans-
mission measurement at a single wavelength, preferably
between 880 and 950 nanometers. By having the LED 606
stay on continuously, precise measurement of the waveform

1. Blood Circulation Analysis
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can be achieved. Studies have shown that data should be
collected at least every 20 milliseconds in order to properly
define the pulse waveform. Moreover, such measurements
should be made over a number of pulse beats and then
averaged in order to reduce noise and provide the average
pulse waveforms. Accordingly, data processor 710 may be
programmed to collect a data point every 20 milliseconds,
where each data point corresponds to the light measured by
sensor 608 at a particular point in time. Accordingly a data
point may be associated with two values: (1) a value
representing optical absorption and (2) a time or sequence
value (e.g., a scan number). The collected data point may be
stored in storage device 712.

[0072] FIG. 8A is a typical waveform from a woman based
on performing measurements every 20 milliseconds for a
period of twenty seconds. Twenty seconds of measurement
provides twenty pulse waves for someone whose pulse rate
is 60 beats per minute (approximately the average of adults).
For those with a higher pulse rate more averages is available.
For those with slow pulse rates, somewhat less data is
available, but still sufficient to allow precise measurement.

[0073] FIG. 8B shows the average second derivative (the
“Acceleration Pulse Wave”) for the same individual.

[0074] As illustrated in FIG. 9, a common method of
calculating second derivative is by subtracting the slopes on
each side of the desired point. Using this approach, the
second derivative is equal to [a-2b+c]. The questions arise
on (i) how far should a be apart from b and (i) how far
should b be apart from c (the smaller the distance, the more
meaningful information.) However, a small distance could
introduces undesirable noise in the second derivative calcu-
lation. But, because small inflections in the pulse cyclic data
contains important information, the smaller gap provides the
best opportunity to capture that signal. If the noise level is
high enough to hide the signal the gap between atob and b
to ¢ must be increased. The larger gap does reduce the noise
but introduces undesirable artifacts that may eliminate the
sensitivity to small important inflections in the raw data.

[0075] An alternate approach is to use the Savitsky-Golay
approach. This approach provides a good signal to noise but
is somewhat complex mathematically. In the preferred
embodiment, the calculation may be performed as described
below.

[0076] TASK “A”—QObtaining Essentially Noise Free
Optical Data.
[0077] Because of the sensitivity of noise interfering with

meaningful second derivative data, preventing noise from
interfering with the measurement may be desired, but is not
required. Lowering the impact of noise may be accom-
plished by: (1) using fingertip sensor 602 in the transmission
mode with an LED left on in a continuous basis (in this
approach much higher resolution than the conventional
reflectance approach is obtained); (2) utilizing a precision
high-speed A/D converter to obtain 128 individual measure-
ments during the 20 ms period and obtaining the average,
thereby minimizing the random noise; (3) using a low noise
electrical amplification system to obtain the measured pulsal
signature at every 20 ms; (4) using an A/D converter that
provides a high resolution (e.g., nineteen bits of resolution);
(5) operating the fingertip sensor 602 directly off of batteries
as opposed to an AC adapter; and (6) decreasing the possi-
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bility of the person’s body acting as a receiving antenna
from random electrical noise due to radio stations and TV
signals (this may be accomplished by grounding the person
to the same ground as the analog portion of the measurement
system 600).

[0078] TASK “B”—Locating Every True Pulse Beat:

[0079] 1In order forthe analysis to be performed, care must
be taken to insure that only true pulse beats are recorded at
the proper intervals. We had discovered that an excellent
means of determining true pulse beats is to smooth the
collected data point by averaging the ODs of five adjacent
OD terms. Saying this differently, the OD at any instant is
the value of the OD measured at that instant plus the value
of the two OD terms just prior to that instant plus the two OD
terms just following that instant. This total is then divided by
five to provide the OD term at that instant.

[0080] Previous research has shown that using a second
derivative with gap==1 of the data file when the OD term
has been smoothed by the averaging 5 OD of five adjacent
OD terms provides an excellent means of determining the
pulse peak. The method used is defined in the following
three steps.

[0081] Step 1—Converting A/D data to OD

[0082] The “OD” is defined by the following Equation:
OD=Log(S/(AD/gain)), where “S” is the full scale value of
the linear measuring analog to digital converter; “AD” is the
value of the linear signal being measured; and “Gain” is the

sensitivity of the measurement system (typically 1, 10 or
100).

[0083]

[0084] The OD resulting from Step 1 is to be smoothed by
calculating the running average so that each data point
would be the average of five scan numbers.

Step 2—Smoothing the A/D Data

OD sms=(0OD,_,+OD;_+OD+OD,, +OD;,5)/5.

[0085] Step 3—Calculating the Second Derivative with
Gap=«1

[0086] Second derivative at any scan #=0D,_;-20D;+
ODi+1

[0087] FIG. 10 is an example of the second derivative data

for smoothing=>5. Written onto FIG. 10 are the scan numbers
of every pulse peak.

[0088] You will note that the smallest peak occurs at Scan
#234 which has a second derivative value of approximately
0.0016. Moreover, the largest noise between pulse peaks is
shown approximately midway between Scan #837 and #875.
It has a second derivative value of approximately 0.0006. It
is believed that a reasonable tolerance for allowable maxi-
mum noise would be approximately 60% of the minimum
true second derivative pulse point. For FIG. 10 this means
the 0.6x0.0016=0.001. Thus, the maximum noise in this
example (i.e., 0.0006) is well within the allowable tolerance,
thereby assuring that the selection of actual pulse points is
realistic.

[0089] TASK C—Doing Analysis Without Smoothing

[0090] As previously stated, smoothing tends to “wash
out” subtle differences that may occur. For the blood circu-
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lation analysis it is desired to actually measure these subtle
differences. Thus, the data analysis must be done for no
smoothing.

[0091]

[0092] The second derivative should be calculated using
the same equation as was used in Step 3, however, it should
be performed on the unsmoothed OD data. Shown on FIG.
11 are the scan numbers of the peak positive values of the
second derivative curve without any data smoothing.

Calculating Second Derivative without Smoothing:

[0093] Comparing the scan numbers of FIG. 11 with FIG.
10, illustrates that the unsmoothed data has positive peaks
approximately three scan numbers larger than the smooth-
ing=>5 data. Thus, although the smoothing=5 data determines
the existence of the pulse peak, the data from FIG. 11 (the
unsmoothed data) defines the true scan number that is to be
used in the subsequent analysis.

[0094] TASK D—Defining Missing or Non Usable Pulse
Beats
[0095] Approximately one out of ten normal people occa-

sionally skip a heart beat. The required blood circulation
analysis must not let such a skipped heart beat corrupt the
results. A second possible cause of corruption is if there is
a large noise spike, for example, by the person accidentally
hitting the fingertip sensor against a hard surface. The
following analysis is used to locate the missing pulse beat or
false pulse beats.

[0096]

[0097] First, compare the second derivative curve
obtained from the unsmoothed OD data to the second
derivative curve obtained from the smoothed OD data to find
those pulse beats from the unsmoothed data whose scan
number is not within three scan numbers of any scan number
corresponding to a pulse beat from the smoothed data. Those
determined pulse beats are not useable and are eliminated.

[0098] Next, the number of scans between pulse beats
should be determined for every remaining pulse beat from
the unsmoothed data. For example, the number of scans
between the first and the second pulse beat in that figure is
59-24=35. Similarly, the number of scans between the next
pulse beat would be 94-59=35. The largest number of scans
between any two adjacent pulse beats occurs between #391
and #352, a difference of 39.

[0099] The difference in scan numbers between every
adjacent pulse beat needs to be determined. Then the aver-
age of these differences is calculated. For the example
shown in FIG. 11, the average number of scans between
pulse beats is 37.12 scans. Acceptable pulse beats are those
in which the number of scans between it and the adjacent
pulse beat is within 15% of the average value.

[0100] Ifany pulse beat is found to violate this acceptance
criteria, it should be eliminated and the average recalculated.
On the recalculated average, the difference between pulse
beats, except for the location where the pulse beat had been
eliminated, should be within +15% of the average.

Determining Usable Pulse Beats:

[0101] The results of this analysis provides the meaningful
pulse beats that exist.
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[0102] TASK E—Determining the Shape of the Average
Second Derivative for Good Pulse Beats

[0103] In order to minimize noise, the second derivative
spectra of all the good pulse beats must be averaged. This
section describes how to perform this task (Note, in the
following steps the highest scan number peak should not be
included—for example, in FIG. 11 Scan #989 should not be
used).

[0104]

[0105] All usable pulses from the second derivative of the
unsmoothed data are then averaged. The average value is
then divided by the largest value of any individual pulse beat
(i-e., the maximum positive value), thereby normalizing the
data. FIG. 12 is a plot of the normalized data plotted using
curvilinear interpolation. It then is available to be compared
to the seven blood circulation categories defined in FIG. 4.

[0106] Calculation of “SCORE™:

[0107] The prior art defined a quantitative numerical mea-
surement parameter given the name of “SCORE.”

[0108] In FIG. 3, the four points that are used for calcu-
lating the SCORE are shown; points a, b, ¢ and d. The
calculation is as follows: SCORE=100(-b+c+d)/a

[0109] As shown in FIG. 13, the value of SCORE varies
from +73 for Category 1 to a =69 for Category 7. The
drawbacks of such a “plus to minus” type of scale is that the
lay person finds it difficult to understand the value of the
particular SCORE from their test. What is needed is a
simpler linear scale in order to provide the person being
tested with a meaningful measure of what that person’s
rating is.

[0110] To derive such a meaningful rating system, the
value of SCORE versus the seven categories was cross
plotted in FIG. 14. As shown in the figure, a logarithmic
regression line provides an R? of 0.9627. This very high R?
indicates that a meaningful linear rating system can be
developed.

[0111] To develop a meaningful “Heart Efficiency Index”
it was decided to define a Category 1 healthy heart to have
a INDEX of 90%, and a heart in Category 7 would have an
INDEX of 20%. Although these two limits are somewhat
arbitrary, it does allow a meaningful index to be derived.

[0112] FIG. 15 shows how the “Heart Efficiency INDEX”
was developed. To study the value of this INDEX, a group
of twenty-four individuals chosen at random had their blood
circulation analyzed by the definitions contained in this
Disclosure. They were each given both their SCORE value
and their Heart Efficiency INDEX values. They were then
given a questionnaire concerning which of the two results
had the most meaning to them. Of the twenty-four volun-
teers, twenty-three stated that the Heart Efficiency INDEX
was much easier to understand compared to the SCORE
concept. The other person said that they had no preference
of one versus the other.

[0113]

[0114] The traditional method of determining heart rate
variability is to use an electrocardiogram. Such testing
requires disrobing and, in general, and normally to have to
have the person lie down on one’s back. Such an approach

Adding all Scans Together:

1I. Heart Rate Variability
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is suitable for a medical office. However, it is not suitable for
a population screening test in order to find people that have
unknown medical problems.

[0115] FIG. 16a illustrates a typical EKG signal. FIG. 165
illustrates the signal by using the acceleration waveform as
described in the blood circulation analysis. The similarity
between the two figures is obvious.

[0116] Moreover, as described in the referenced article
(Journal of Occupational Health, 1997; 39:154-155) there is
a high correlation in determining HRV using the EKG
method compared to using acceleration waveform analysis.
In addition to this fact, is the knowledge that many, perhaps
a majority, of commercial pharmacies have kiosks that
currently measure blood pressure. Such measurements are
normally made while the person is seated and their arm is
through some type of fixed located cuff. During the cycle of
such measurement, if a fingertip sensor is used, the mea-
surement of HRV over a fixed period of time can also be
determined.

[0117] Traditional HRV testing is for a minimum of four
or five minutes. However, reasonable HRV data can be
determined during screening tests while the person is in the
seated position over a two-minute period. This means that by
using fingertip sensor 602, the measurement of blood cir-
culation analysis, heart rate variability analysis, pulse oxim-
etry analysis, and regular heart beat can all be performed
near simultaneously.

[0118] Once the measurement is made, the mathematics to
reduce the measured data to HRV standard format, either in
“time domain” (Example: Calculation of the Standard
Deviation of the beat-to-beat time intervals), or in “fre-
quency domain” (Example: Use of discrete Fourier time
series to the beat-to-beat interval).

[0119]

[0120] While PaO2 can be measured at various sites on the
body including ear lobe, toes or fingertips, it is most com-
monly measured at the fingertips using a fingertip sensor.
Because a fingertip sensor is used to perform the blood
circulation analysis and heart rate variability analysis, the
same fingertip sensor can be configured to measure pulse
oximetry before or after the blood circulation and heart rate
variability analysis. Accordingly, the measurement system
may be programmed to measure the subject’s oxygen satu-
ration before or after the blood circulation analysis. Using a
finger-clip sensor to measure pulse oximetry is well known
in the art (see e.g., U.S. Pat. No. 5,490,523). Thus, for the
sake of brevity, the details are omitted.

[0121]

[0122] As previously described, the presence of irregular
heart beat may be an indicator of serious medical problem.
During the BCA measurement and/or during the HRV mea-
surement and/or during the pulse oximetry measurement, the
time between adjacent heart beats may be determined by the
measurement system. FIG. 17 is a typical definition of how
an irregular heartbeat is identified. In this figure, when the
time between a heart beat and a previous heartbeat differs by
more than 25% of the average time between heart beats the
heart beat is defined as an irregular heartbeat and should be
brought to the attention of the test subject. Accordingly, the
measurement system may be programmed to determine the

1II. Pulse Oximetry

1V. Irregular Heart Beat
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time between a heart beat and a previous heart beat and
compare the determined time to a predetermined value to
determine whether the heartbeat is irregular. If the system
determines that the heartbeat is irregular, the system may
notify the test subject that an irregular heartbeat was
detected by, for example, displaying a message on a display
screen of the measurement system.

CONCLUSION

[0123] The ability of providing two or more non-invasive
health screening measurements using the disclosed measure-
ment system 600 allows a unique multi-use instrument to be
offered to the medical community. Additionally, the system
may be an ideal addition to commercial kiosks to allow
self-testing, thereby enabling a subject to obtain knowledge
about the subject’s health. This knowledge allows the sub-
ject when visiting a doctor to provide information to the
doctor to assist the doctor in a diagnosis.

[0124] While various embodiments/variations of the
present invention have been described above, it should be
understood that they have been presented by way of example
only, and not limitation. Thus, the breadth and scope of the
present invention should not be limited by any of the
above-described exemplary embodiments.

What is claimed is:

1. A method for detecting whether a subject has a physi-
ological abnormality, comprising:

attaching a fingertip sensor to a finger of a subject,
wherein, during a period of time when the fingertip
sensor 1s attached to the subject’s fingertip, the fingertip
sensor outputs data;

storing at least some of said outputted data;

utilizing at least some of said stored data to derive a score
and/or index representing a quality of the subject’s
blood circulation; and

utilizing at least some of said stored data to: (a) determine
whether the subject experienced an irregular heart beat;
(b) determine the subject’s heart rate variability; and/or
(c) determine the subject’s oxygen saturation.

2. The method of claim 1, further comprising: utilizing at
least some of said stored data to (a) determine whether the
subject experienced an irregular heart beat; (b) determine the
subject’s heart rate variability; and (c) determine the sub-
ject’s oxygen saturation.

3. The method of claim 1, further comprising: utilizing at
least some of said stored data to determine whether the
subject experienced an irregular heart beat.

4. The method of claim 1, further comprising: utilizing at
least some of said stored data to determine the subject’s
heart rate variability;

5. The method of claim 1, further comprising: utilizing at
least some of said stored data to determine the subject’s
oxygen saturation.

6. The method of claim 1, wherein the fingertip sensor
comprises a light emitting diode and a photodiode.

7. The method of claim 6, wherein the light emitting diode
is configured to output light having a wavelength between
880 and 950 nanometers.
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8. The method of claim 7, wherein the fingertip sensor
includes a second light emitting diode, which light emitting
diode is configured to output light having a wavelength less
than 880 nanometers.

9. The method of claim 7, wherein the light emitting diode
is configured such that it emits said light for at least a
two-minute continuous period while the fingertip sensor is
attached to the subject’s finger.

10. The method of claim 9, wherein, during said two-
minute continuous period, said fingertip sensor outputs data
and at least some of said data output during said two-minute
continuous period is utilized to derive said score and/or
index representing the quality of the subject’s blood circu-
lation.

11. The method of claim 10, wherein at least some of said
data output during said two-minute continuous period is
utilized to determine whether the subject experienced an
irregular heart beat and/or determine the subject’s heart rate
variability.

12. The method of claim 10, wherein at least some of said
data output during said two-minute continuous period is
utilized to determine whether the subject experienced an
irregular heart beat and is utilized to determine the subject’s
heart rate variability.

13. The method of claim 10, wherein at least some of said
data output during said two-minute continuous period is
utilized to determine the subject’s heart rate variability.

14. A system for detecting whether a subject has a
physiological abnormality, comprising:

a fingertip sensor for attaching to a subject’s finger and for
outputting data that can be used to determine whether
the subject has a physiological abnormality;

a data collection and analysis system coupled to the
fingertip sensor and configured to receive said output-
ted data, wherein the data collection and analysis
system comprises a programmable data processor,
wherein the programmable data processor is configured
to:

store at least some of said received data;

utilize at least some of said stored data to derive a score
and/or index representing a quality of the subject’s
blood circulation; and

utilize at least some of said stored data to: (a) determine
whether the subject experienced an irregular heart
beat; (b) determine the subject’s heart rate variabil-
ity; and/or (c) determine the subject’s oxygen satu-
ration.
15. The system of claim 14, wherein the data collection
and analysis system further comprises:

an amplifier configured to amplify said outputted data;
and

an analog-to-digital converter coupled to the amplifier and
coupled to the programmable data processor and con-
figured to convert said amplified data to digital data so
that said outputted data can be processed by said
programmable data processor.

16. The system of claim 15, further comprising an
optoisolator coupled between the analog-to-digital converter
and the programmable data processor.

17. The system of claim 14, wherein the fingertip sensor
comprises a light emitting diode and a light sensor.
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18. The system of claim 17, wherein the light emitting
diode is configured to output light having a wavelength
between 880 and 950 nanometers.

19. The system of claim 18, wherein the light emitting
diode is configured such that it emits said light for at least
a two-minute continuous period while the fingertip sensor is
attached to the subject’s finger.

20. The system of claim 17, wherein the fingertip sensor
includes a second light emitting diode, which light emitting
diode is configured to output light having a wavelength less
than 880 nanometers.

21. The system of claim 14, wherein the programmable
data processor is configured to utilize at least some of said
stored data to: (a) determine whether the subject experienced
an irregular heart beat; (b) determine the subject’s heart rate
variability; and (c) determine the subject’s oxygen satura-
tion.

22. The system of claim 14, wherein the programmable
data processor is configured to utilize at least some of said
stored data to determine whether the subject experienced an
irregular heart beat.

23. The system of claim 14, wherein the programmable
data processor is configured to utilize at least some of said
stored data to determine the subject’s heart rate variability.
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24. The system of claim 14, wherein the programmable
data processor is configured to utilize at least some of said
stored data to determine the subject’s oxygen saturation.

25. A method for analyzing a subject’s blood circulation,
comprising:

attaching a fingertip sensor to a finger of a subject,

wherein, during a period of time when the fingertip
sensor is attached to the subject’s fingertip, the fingertip
sensor outputs data;

analyzing at least some of the outputted data to determine
useable pulse beats;

averaging the second derivative spectra of all the good
pulse beats to produce an average;

dividing the average by the largest value of any individual
pulse beat, thereby normalizing the data;

using the normalized data to derive a score and/or index

concerning the subject’s blood circulation.

26. The method of claim 25, wherein the step of analyzing
at least some of the outputted data to determine useable
pulse beats comprises the step of smoothing at least some of
the outputted data.
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