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(57) ABSTRACT

A method and system for assessing blood volume within a
subject includes generating a cardiovascular waveform rep-
resenting physiological characteristics of a subject and deter-
mining blood volume of the subject by analyzing the cardio-
vascular waveform. The step of analyzing includes
generating a first trace of the per heart-beat maximums of the
cardiovascular waveform, which is representative of the sys-
tolic pressure upon the cardiovascular signal, generating a
second trace of the per heart-beat minimums of the cardio-
vascular waveform, which is representative of the diastolic
pressure upon the cardiovascular signal, and comparing the
respective first trace and the second trace to generate an
estimate of relative blood volume within the subject. In accor-
dance with an alternate method of analyzing harmonic analy-
sis is applied to the cardiovascular waveform, extracting a
frequency signal created by ventilation and applying the
extracted frequency signal in determining blood volume of
the subject.
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METHOD OF ASSESSING BLOOD VOLUME
USING PHOTOELECTRIC
PLETHYSMOGRAPHY

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The invention relates to methods for studying and
utilizing flow waveforms in the peripheral vasculature. In
particular, the invention relates to a method for assessing
blood volume by analyzing photoelectric plethysmographic
waveforms of the pulse oximeter.

[0003] 2. Description of the Prior Art

[0004] There is growing evidence that invasive monitors of
volume status, such as the pulmonary artery catheter, may be
a source of unacceptably frequent complications. Dalen J &
Bone R, Is it time to pull the pulmonary artery catheter?,
JAMA 1996; 276:916-14; Connors A, Speroff T & Dawson
N, The effectiveness of right heart catheterization in the initial
care of critically ill patients, JAMA 1996; 276:889-97. The
potential loss of this important monitor from routine peri-
operative care necessitates the search for another means of
monitoring a patient’s blood volume status.

[0005] It has been known for quite some time that ventila-
tion, and especially positive pressure ventilation, can have a
significantimpact on the cardiovascular system. Cournand A,
Motley H, Werko L & Richards D, Physiological studies of
the effect of intermittent positive pressure breathing on car-
diac output in man, Am J Physiol 1948; 152:162-73; Morgan
B, Crawford W & Guntheroth W, The hemodynamic effects of
changes in blood volume during intermittent positive-pres-
sure ventilation, Anesthesiology 1969; 30:297-305. The first
formal studies of the effect of ventilator induced changes on
the arterial pressure were done in the early 1980’s. Coyle J,
Teplick R, Long M & Davison I, Respiratory variations in
systemic arterial pressure as an indicator of volume status,
Anesthesiology 1983; 59:A53; Jardin F, Farcot J, Gueret P et
al., Cyclic changes in arterial pulse during vespiratory sup-
port, Circulation 1983; 68:266-74. This was soon followed by
the intensive investigations of Azriel Perel. He coined the
term “systolic pressure variation” to describe this phenom-
enon. Along with various co-investigators, his research has
encompassed over twenty articles and abstracts on the topic.
From this significant body of work, based on both animal and
human data, a number of conclusions have been drawn.
[0006] The degree of systolic pressure variation is a sensi-
tive indicator of hypovolemia. Perel A, Pizov R & Cotev S,
Systolic blood pressure variation is a sensitize indicator of
hypovolemia in ventilated dogs subjected to graded hemor-
rhage, Anesthesiology 1987; 67:498-502. This variation is
significantly better than heart rate, central venous pressure
and mean systemic blood pressure in predicting the degree of
hemorrhage which has occurred. Perel A, Pizov R & Cotev S,
Systolic blood pressure variation is a sensitize indicator of
hypovolemia in ventilated dogs subjected to graded hemor-
rhage, Anesthesiology 1987; 67:498-502; Pizov R, Ya’ari Y
& Perel A, Systolic pressure variation is greater during hem-
orrhage than during sodium nitroprusside-induced hypoten-
sion in ventilated dogs, Anesthesia & Analgesia 1988;
67:170-4. Chest wall compliance and tidal volume can influ-
ence systolic pressure variation. Szold A, Pizov R, Segal E &
Perel A, The effect of tidal volume and intravascular volume
state on systolic pressure variation in ventilated dogs, Inten-
sive Care Medicine 1989; 15:368-71. Changes in systolic
pressure variation correspond closely to changes in cardiac
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output. Ornstein E, Fidelman L, Drenger B et al., Systolic
pressure variation predicts the response to acute blood loss,
Journal of Clinical Anesthesia 1998; 10:137-40; Pizov R,
Segal E, Kaplan L et al., The use of systolic pressure variation
in hemodynamic monitoring during deliberate hypotension in
spine surgery, Journal of Clinical Anesthesia 1990; 2:96-100.
[0007] Systolic pressure variation can be divided into two
distinct components; Aup, which reflects an inspiratory aug-
mentation of the cardiac output, and Adown, which reflects a
reduction in cardiac output due to a decrease in venous return.
Perel A, Cardiovascular assessment by pressure waveform
analysis, ASA Annual Refresher Course Lecture 1991:264.
The unique value in systolic pressure variation lies in its
ability to reflect the volume responsiveness of the left ven-
tricle. Perel A, Cardiovascular assessment by pressure wave-
form analysis, ASA Annual Refresher Course Lecture 1991:
264. In recent years, with the increased availability of the
pulse oximeter waveform, similar observations have been
made with this monitoring system. Partridge B L, Use of pulse
oximetry as a noninvasive indicator of intravascular volume
status, Journal of Clinical Monitoring 1987; 3:263-8; Lherm
T, Chevalier T, Troche G et al., Correlation between plethys-
mography care variation (dpleth) and pulmonary capillary
wedge pressure (pewp) in mechanically ventilated patients,
British Journal of Anaesthesia 1995; Suppl. 1:41; Shamir M,
Eidelman L. A et al., Pulse oximetry plethysmographic wave-
form during change in blood volume, British

[0008] Journal Of Anaesthesia 82(2): 178-81 (1999). To
date though, there has been remarkably little work done to
document or quantify this phenomenon. Limitations of the
aforementioned include:

[0009] 1) Lack of a method of continuous measurement of
the phenomenon.

[0010] 2) Reliance on positive pressure and mechanical
ventilation; and the requirement of ventilator maneuvers such
as periods of apnea.

[0011] 3) Lack of recognition of the venous contribution to
the plethysmographic signal.

[0012] 4) The lack of algorithms resistant to artifacts.
[0013] The pulse oximeter has rapidly become one of the
most commonly used patient monitoring systems both in and
out of the operating room. This popularity is undoubtedly due
to the pulse oximeter’s ability to monitor both arterial oxygen
saturation as well as basic cardiac function (i.e. heart rhythm)
non-invasively. In addition, it is remarkably easy to use and
comfortable for the patient. The present invention attempts to
expand upon the known usefulness of the pulse oximeter.
[0014] Pulse oximetry is a simple non-invasive method of
monitoring the percentage of hemoglobin (Hb) which is satu-
rated with oxygen. The pulse oximeter consists of a probe
attached to the patient’s finger or ear lobe, which is linked to
a computerized unit. The unit displays the percentage of Hb
saturated with oxygen together with an audible signal for
each pulse beat, a calculated heart rate and in some models, a
graphical display of the blood flow past the probe. Audible
alarms that can be programmed by the user are provided. A
source of light originates from the probe at two wavelengths
(e.g., 650 nm and 805 nm). The light is partly absorbed by
hemoglobin, by amounts which differ depending on whether
it is saturated with oxygen. By calculating the absorption at
the two wavelengths the processor can compute the propor-
tion of hemoglobin which is oxygenated. The oximeter is
dependent on a pulsatile flow and produces a graph of the
quality of flow. Where flow is compromised (e.g. by hypov-
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olemia or vasoconstriction), the pulse oximeter may be
unable to function. The computer within the oximeter is
capable of distinguishing pulsatile flow from other more
static signals (such as tissue or venous signals) to display only
the arterial flow. Fearnley S J, Pulse Oximtery, Practical Pro-
cedures, Issue 5 (1995) Article 2.

[0015] Inthe process of determining oxygen saturation, the
pulse oximeter functions as a photoelectric plethysmograph.
In this role, it non-invasively measures minute changes in the
blood volume of a vascular bed (e.g., finger, ear or forehead).
The photoelectric plethysmograph is not a new invention.
Hertzman A B, The Blood Supply of Various Skin Areas as
Estimated By the Photceletric Plethysmograph, Am. J.
Physiol. 1938; 124:328-40. While the plethysmograph has
been examined previously as a potential anesthesia monitor-
ing device, remarkably little research has been done on this
ubiquitous signal. Dorlas J C & Nijboer J A, Photo-electric
plethysography as a monitoring device in a anaesthesia.
Application and interpretation, British Journal Of Anaesthe-
sia 1985; 57:524-30.

[0016] It is important to understand that the typical pulse
oximeter waveform presented to the clinician is a highly
filtered and processed signal. It is normal practice for equip-
ment manufactures to use both auto-centering and auto-gain
routines on the displayed waveforms so as to minimize varia-
tions in the displayed signal. Despite this fact, the pulse
oximeter waveform is still rich in information regarding the
physiology of the patient. It contains a complex mixture of the
influences of arterial, venous, autonomic and respiratory sys-
tems on the peripheral circulation. Key to the successful
interpretation of this waveform is the ability to separate it into
fundamental components.

[0017] Harmonic analysis (Fourier analysis) is one method
of studying waveforms. It allows for the extraction of under-
lying signals that contribute to a complex waveform. A simi-
lar method has been used previously, with the pulse oximeter
and photoelectric plethysmograph to improve the accuracy of
the oxygen saturation measurement and to monitor tissue
perfusion. Rusch T L, Sankar R & Scharf ] E, Signal process-
ing methods for pulse oximetry, Computers In Biology And
Medicine 1996; 26:143-59; Stack B Jr, Futran N D, Shohet M
J & Scharf J E, Spectral analysis of phtotoplethysmograms
from radial forearm free flaps, Laryngoscope 1998;
108:1329-33.

[0018] In addition, it is previously know that photoelectric
plethysmograph can be used to non-invasively measure
minute changes in light absorption ofliving tissue. Hertzman,
A B, The Blood Supply of Various Skin Aveas as Estimated By
the Photoeletric Plethysmograph, Am. J. Physiol. 124: 328-
340 (1938). Rhythmic fluctuations in this signal are normally
attributed to the cardiac pulse bringing more blood into the
region being analyzed (i.e., finger, ear or forehead). This
fluctuation of the

plethysmographic signal is commonly referred to as the AC
(arterial) component. The strength of the AC component can
be modulated by a variety of factors. These factors would
include stroke volume and vascular tone.

[0019] Inaddition to the cardiac pulse, there is a nonpulsa-
tile (or weakly pulsatile) component of the plethysmography
signal commonly referred to as the DC component. The DC
component is the product the light absorption by nonpulsatile
tissue. This would include fat, bone, muscle and venous
blood.
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[0020] Fluctuations in the photoelectric plethysmograph
due to respiration/ventilation can also be detected. Johansson
A & Oberg P A, Estimation of respiratory volumes form the
photoplethysmographic signal. Part I: Experimental results,
Medical And Biological Engineering And Computing 37(1):
42-7 (1999). These fluctuations have been used in the past in
an attempt to estimate the degree of relative blood volume of
patients undergoing surgery. Partridge B L, Use of pulse
oximetry as a noninvasive indicator of intravascular volume
status, Journal of Clinical Monitoring 3(4): 263-8 (1987);
Shamir M, Eidelman L A et al., Pulse oximetry plethysmo-
graphic waveform during changes in blood volume, British
Journal Of Anaesthesia 82(2): 178-81 (1999). Up until the
development of the present invention, there has been a lack of
recognition that respiratory signal modulates both the AC and
DC components of the photo-plethysmograph.

[0021] With the foregoing in mind, it is apparent that a need
exists for an improved method for efficiently and non-inva-
sively monitoring the blood volume of a subject. The present
invention attempts to achieve this goal by expanding upon the
functionality of the pulse oximeter to provide a reliable, con-
venient and non-invasive mechanism for monitoring blood
loss. In addition, the present invention provides new methods
for extracting and utilizing information contained in a pulse
oximeter waveform and other means of monitoring flow or
pressure waveforms in the peripheral vasculature.

SUMMARY OF THE INVENTION

[0022] TItis, therefore, an object of the present invention to
provide a method for assessing blood volume within a sub-
ject. The method is achieved by generating a cardiovascular
waveform representing physiological characteristics ofa sub-
ject and determining blood volume of the subject by analyz-
ing the cardiovascular waveform. In a preferred embodiment
the steps of analyzing includes generating a first trace of the
per heart-beat maximums of the cardiovascular waveform,
which is representative of the systolic pressure upon the car-
diovascular signal, generating a second trace of the per heart-
beat minimums of the cardiovascular waveform, which is
representative of the diastolic pressure upon the cardiovascu-
lar signal, and comparing the respective first trace and the
second trace to generate an estimate of relative blood volume
within the subject.

[0023] Itisalsoanobject of the present invention to provide
amethod for assessing blood volume within a subject wherein
the method is achieved by generating a cardiovascular wave-
form representing physiological characteristics of a subject
and determining blood volume of the subject by analyzing the
cardiovascular waveform. The step of analyzing includes
applying harmonic analysis to the cardiovascular waveform,
extracting a frequency signal created by ventilation and
applying the extracted frequency signal in determining blood
volume of the subject.

[0024] Tt is another object of the present invention to pro-
vide a method for assessing a cardiovascular waveform. The
method is achieved by generating a first trace of the per
heart-beat maximums of the cardiovascular waveform, gen-
erating a second trace of the per heart-beat minimums of the
cardiovascular waveform and comparing the respective first
trace and the second trace to generate physiological charac-
teristics of a subject.

[0025] It is a further object of the present invention to
provide a method for assessing a cardiovascular waveform.
The method is achieved by applying harmonic analysis to the
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cardiovascular waveform, extracting a frequency signal cre-
ated by ventilation and applying the extracted frequency sig-
nal in determining physiological characteristics of a subject.

[0026] It is still another object of the present invention to
provide a system for assessing blood volume within a subject.
The system includes a probe adapted for retrieving cardiovas-
cular waveforms of a subject and a processor associated with
the probe for analyzing the retrieved cardiovascular wave-
forms. The processor includes means for determining blood
volume of the subject by analyzing the cardiovascular wave-
form, wherein the step of analyzing includes generating a first
trace of the per heart-beat maximums of the cardiovascular
waveform, which is representative of the systolic pressure
upon the cardiovascular signal, generating a second trace of
the per heart-beat minimums of the cardiovascular waveform,
which is representative of the diastolic pressure upon the
cardiovascular signal, and comparing the respective first trace
and the second trace to generate an estimate of relative blood
volume within the subject.

[0027] It is yet a further object of the present invention to
provide a system for assessing blood volume within a subject.
The system includes a probe adapted for retrieving cardiovas-
cular waveforms of a subject and a processor associated with
the probe for analyzing the retrieved cardiovascular wave-
forms. The processor includes means for determining blood
volume of the subject by analyzing the cardiovascular wave-
form, wherein the step of analyzing includes applying har-
monic analysis to the cardiovascular waveform and extracting
a frequency signal created by ventilation; and applying the
extracted frequency signal in determining blood volume of
the subject.

[0028] Other objects and advantages of the present inven-
tion will become apparent from the following detailed
description when viewed in conjunction with the accompa-
nying drawings, which set forth certain embodiments of the
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] FIGS. 1a and 15 respectively show a baseline pulse
oximeter waveform (FIG. 1a) vs. a pulse oximeter waveform
exhibiting an acute blood loss effect (FIG. 15).

[0030] FIGS. 2a,2b and 2¢ demonstrate the isolation of the
local maximum and local minimum traces and their compari-
son during the different phases of blood loss.

[0031] FIGS. 3a and 35 are detailed displays of the local
maximum and local minimum traces demonstrating the phase
shift with continued blood loss (solid lines=local maximums,
broken lines=local minimums) with the upper graph (FIG.
3a) representing venous impact and the lower graph (FIG. 35)
representing arterial impact.

[0032] FIGS. 4a and 4b present idealized representations of
pure venous signal (FIG. 4a) and pure arterial signal (FIG. 456)
extracted from the pulse oximeter waveform.

[0033] FIGS. 5a and 5b show respective displays of
extracted local minimum and local maximum traces overlaid
on the original pulse oximeter waveform. The upper graph
(FIG. 5a) demonstrates moderate blood loss effect (venous
effect) and lower graph (FIG. 5b) demonstrates significant
blood loss effect (arterial effect).

[0034] FIGS. 6a and 65 show the transformation of a pulse
oximeter waveform of a subject with normal blood volume
via joint time-frequency analysis.
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[0035] FIGS. 7a and 75 show the transformation of a pulse
oximeter waveform ofa subject with a moderate loss of blood
volume via joint time-frequency analysis.

[0036] FIGS. 8a and 85 show the transformation of a pulse
oximeter waveform of a subject with an acute loss of blood
volume via joint time-frequency analysis.

[0037] FIGS. 9a, 95 and 9c respectively show the joint
time-frequency analysis of a pulse oximeter waveform of a
subject over time, a detailed view of the joint time-frequency
analysis with blood loss of approximately 100 cc and a
detailed view of the joint time-frequency analysis with blood
loss in excess of 900 cc.

[0038] FIG.10is achartoftesting performed in accordance
with the present invention. The chart shows the fluctuation in
the pulse oximeter waveform (RVTI) related to intraoperative
bleeding (EBL) and peak airway pressure (PAW).

[0039] FIGS.11aand 115 respectively show the joint time-
frequency analysis and EKG of a subject with arrhythmia.
[0040] FIGS. 124 and 124 respectively show joint time-
frequency analysis and airway pressure.

[0041] FIG. 13 demonstrates the construction of a joint
time-frequency analysis from a pulse oximeter (photoelectric
plethysmograph) waveform. The graphs also demonstrate the
manner in which cardiac pulse rates and respiratory rates may
be extracted from the analysis.

[0042] FIG. 14 is a perspective view of a pulse oximeter
that may be employed in accordance with the present inven-
tion.

[0043] FIG. 15 is a schematic of convention circuitry uti-
lized in conjunction with pulse oximeters.

[0044] FIG. 16 is an exploded schematic of a positive pres-
sure device in accordance with the present invention.

[0045] FIG. 17 is areflective plethysmographic signal from
three different sites (finger, ear, and forehead) from a supine
patient.

[0046] FIG. 18 are graphs showing the application of pres-
sure to the forehead probe that obliterates the low pressure
(venous or DC) component. This causes the tracing to more
closely resemble the arterial tracing generated by an intra-
arterial catheter.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0047] The detailed embodiments of the present invention
are disclosed herein. It should be understood, however, that
the disclosed embodiments are merely exemplary of the
invention, which may be embodied in various forms. There-
fore, the details disclosed herein are not to be interpreted as
limiting, but merely as the basis for the claims and as a basis
for teaching one skilled in the art how to make and/or use the
invention.

[0048] With reference to FIGS. 1 to 5, and in accordance
with a first embodiment of the present invention, a method for
assessing blood volume through the analysis of a cardiovas-
cular waveform, in particular, a pulse oximeter waveform, is
disclosed. As the following disclosure will clearly demon-
strate, the present invention monitors relative blood volume
or effective blood volume. As such, the present method is
preferably applied in analyzing blood volume responsiveness
(that is, whether a patient needs to be given blood or other
fluid).

[0049] In accordance with a preferred embodiment of the
present invention, blood volume within a subject is monitored
by using a pulse oximeter, or photoelectric plethysmograph,
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to first generate a pulse oximeter waveform representing
physiological characteristics of a subject. The pulse oximeter
waveform may also be considered a photoelectric plethysmo-
graphic waveform representing ventilation fluctuation of the
subject. Those skilled in the art will understand that a photo-
electric plethysmograph is a device used to estimate blood
flow in a region of the body using photoelectric measurement
techniques. In addition, those skilled in the art will under-
stand that the present invention is described with reference to
pulse oximeters, although other devices capable of measuring
ventilation changes might be utilized in accordance with the
present invention. For example, the concepts underlying the
present invention could be utilized in conjunction with a
strain gauge plethysmograph within the spirit of the present
invention.

[0050] Analysisisachieved by generating a first trace of the
local, that is, per heart-beat, maximums of the pulse oximeter
waveform, which is representative of the systolic activities
upon the blood volume, and generating a second trace of the
local, that is, per heart-beat, minimums of the pulse oximeter
waveform, which is representative of the diastolic activities
upon the waveform (see FIGS. 2a, 25, 2¢, 3a, 3b, 5a and 5¢).
Thereafter, the amplitude and phase shift of the respective
first trace and the second trace are compared to generate an
estimate of blood volume within the subject.

[0051] Briefly, the first trace and the second trace are gen-
erated by recording the local maximums and local minimums
of the pulse oximeter waveform during ventilation by the
subject. In practice, a determination that the first trace and the
second trace are in-phase with low amplitude is indicative of
no blood loss, while the degree of phase shift and amplitude
increase are indicative of increased blood loss.

[0052] This method of analyzing pulse oximeter, or photo-
electric plethysmographic, waveforms allows for the separa-
tion of the venous and arterial contributions to the waveform.
For example, during the time of moderate blood loss (or, more
specifically moderate hypovolemia), the amplitudes of both
the first trace of the local maximums and the second trace of
the local minimums will increase proportionally to the degree
of'blood loss (see FIGS. 25, 3a and 5a). For purposes of this
discussion, this may be referred to as a “venous” response
because it has a significant impact on the nonpulsatile com-
ponent. With continued blood loss, the impact focuses upon
the arterial system and the first and second traces go out of
phase with oscillations of the local minimum traces occurring
earlier than the oscillations of the local maximum traces (see
FIGS. 2¢, 3b and 5b). Analysis of these traces is done in such
a way that the waveform may be used to determine a patient’s
effective blood volume, or more accurately, volume respon-
siveness.

[0053] The difference between the venous response and the
arterial response is shown in FIGS. 4a and 4b. In particular,
FIGS. 4a and 45 respectively represent the venous component
and the arterial component of the waveform shown in FIG.
15; that is, the venous and arterial components of an indi-
vidual who has lost a substantial amount of blood. The venous
component as shown in FIG. 4a is derived by adding the peaks
and troughs of the waveform and dividing the sum by two.
Reference to FIG. 4a demonstrates the shift in venous blood
taking place during ventilation. With regard to FIG. 45, the
arterial component is derived by subtracting the troughs from
the peaks and dividing the remainder by two. FIG. 45 dem-
onstrates that the loss of blood in the individual is so great that
the individual is missing heartbeats.
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[0054] This method of analysis distinguishes between the
impact of ventilation on the arterial, pulsatile component
(AC) (see FIGS. 2¢, 3b, 4b and 5b) and the venous, nonpul-
satile component (DC) (see FIG. 25, 3a, 4a and 5a) of the
photoelectric plethysmograph. This is accomplished by cre-
ating first and second traces respectively based upon the local
maximums and local minimums of the pulse oximeter wave-
form during ventilation by the subject. The first trace is gen-
erated based upon the local maximums (systolic) of the wave-
form and the second trace is generated based upon the local
minimums (diastolic) of the waveform. The first and second
traces are then superimposed and compared in regards to their
amplitude and phase shift. As the amplitude and the phase
shift of the two traces increase, the blood loss of the subject is
known to be increasing.

[0055] In a normal patient, who has not suffered blood
volume loss, the amplitudes of the local maximum and local
minimum traces, first and second traces respectively, will be
of relatively low amplitude and in-phase (see FIGS. 1a and
2a). During the time of “venous” loss, the amplitudes of both
the local maximum and local minimum traces will increase
positively related to the degree of blood loss (see FIGS. 24, 3a
and 5a). In fact, the amplitudes will continue to increase as the
blood loss begins affecting the arterial system.

[0056] With continued blood volume loss, the two traces
will go out of phase with the local minimum trace occurring
earlier then the local maximum trace (see FIGS. 2¢, 36 and
5b). The phase shift is not apparent until the blood loss begins
affecting the arterial system. The degree of phase shift is
proportional to the degree of impact the blood loss is having
on cardiac output with each breath. If the local maximum
trace occurs earlier than the local minimum trace this would
indicate the patient is having ventilation augmentation of
their cardiac output, a phenomenon that can occur with con-
gestive heart failure.

[0057] These two measurements, the amplitude and phase
shift of the local maximum and local minimum traces, taken
together give an index of volume responsiveness of the
patient. If the amplitudes are increased and phase shift has
occurred, increasing the patient’s blood volume through
transfusion should increase the total cardiac output of the
patient.

[0058] An additional measurement of the non-pulsatile
component can be made by taking an average between the
local maximum and local minimum. The degree of fluctua-
tion of the average during a respiratory cycle corresponds
inversely to pre-load (venous) volume; that is, the greater
degree of fluctuation the lower the effective venous blood
volume. An additional measurement of the pulsatile compo-
nent (arterial) can be made by taking the difference between
the local maximum and local minimum. The degree of fluc-
tuation of the difference during a respiratory cycle corre-
sponds directly degree of compromise of cardiac stroke vol-
ume due to low blood volume. The phase relationship
between these two resulting waveforms can be used to deter-
mine the degree of ventilatory augmentation vs. dampening
of the cardiac stroke volume.

[0059] The ability to mathematically separate the impact of
ventilation on the arterial, (pulsatile component) and venous,
(nonpulsatile component) allows one to assess the relative
blood volume in two different regions of the vascular system
(arterial and venous). The venous system blood volume is
commonly referred to as the “pre-load”. The pre-load directly
impacts the amount of blood available to the heart before each
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contraction. The arterial system blood volume is commonly
referred to as the “after-load”. The after-load is a direct prod-
uct of the cardiac output of the heart (stroke volumexheart
rate). The sensitivity of this method can be increased by
simultaneously measuring the airway pressure.

[0060] The present invention provides a method and appa-
ratus for separating the impact of ventilation on the arterial
and venous systems. This method is safe (compared to pul-
monary artery catheters), noninvasive (compared to the use of
dyes or radioactive isotopes), inexpensive (compared to TEE
(transesophageal echocardiogram), requires no expertise for
its use (unlike TEE) and no calibration is required. The clini-
cian is presented with easy-to-understand numeric and a
graphic display.

[0061] As those skilled in the art will certainly appreciate,
it is desirable to provide clinicians with a warning regarding
venous impact and an “alarm” when the blood loss has reach
a quantity where it is affecting the arterial system. With this in
mind, it is contemplated a display will provide the clinician
with a basic numeric representation of blood loss and a wave-
form for a more studied evaluation of the patient’s blood
volume situation. The inclusion of a waveform with the basic
numeric representation will provide the clinician with a way
of evaluating the quality of the basic number provided in
accordance with the present invention.

[0062] It is contemplated in accordance with a preferred
embodiment that the invention may act as a dual level blood
volume monitoring system. The venous component can act as
part of an “early warning” system regarding the patient’s
blood volume status. As such, the present method would be
employed in detecting the reduction in blood volume during
the period of time that the body can still compensate. This is
during a period of time the blood loss has not impacted yet on
the cardiac stroke volume.

[0063] With further blood loss, the arterial component is
impacted. This “alarm” phase would indicate that cardiac
function is now being compromised by the loss of blood
volume. Blood volume replacement therapy could then be
guided by this dual level system.

[0064] As discussed above, the separation of the venous
and arterial components is accomplished by recording the
location of local maximums and local minimums of the pre-
determined pulse oximeter waveform during ventilation. A
trace of the local maximums and a trace of the local mini-
mums can then be superimposed and compared for relative
amplitude and phase shift. Blood loss is determined as a
function of amplitude and phase shift in the manner described
above.

[0065] Withregardto FIGS. 6 to 12, and in accordance with
an alternate embodiment of the present invention, another
method for assessing blood volume through the analysis of a
cardiovascular waveform, in particular, a pulse oximeter
waveform, is disclosed. In accordance with a preferred
embodiment of the present invention, blood volume within a
subject is monitored by first generating a pulse oximeter
waveform representing physiological characteristics of a sub-
ject. The pulse oximeter waveform is generally a photoelec-
tric plethysmographic waveform representing ventilation
fluctuation of the subject. Thereafter, blood volume of the
subject is determined by analyzing the pulse oximeter wave-
form or alternative means of monitoring cardiovascular
waveforms.

[0066] Analysis is achieved by applying harmonic analysis
to the pulse oximeter waveform, extracting a frequency signal
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created by ventilation, most commonly positive pressure ven-
tilation, and applying the extracted frequency signal in deter-
mining blood volume of the subject. In accordance with a
preferred embodiment of the present invention, the harmonic
analysis is Fourier analysis, more particularly, joint time-
frequency analysis. As those skilled in the art will certainly
appreciate, joint time-frequency analysis is a common signal
analysis tool utilized in studying frequency changes over
time. In accordance with a preferred embodiment of the
present invention, a short-time Fourier transform is
employed, although other types of joint time-frequency
analysis may be employed. In addition, the extraction of the
frequency signal is achieved using a peak detection algorithm
in the frequency range of ventilation.

[0067] Asmentionedinthe Background of the Invention, in
the process of determining oxygen saturation, the pulse
oximeter functions as a photoelectric plethysmograph. By
analyzing how the frequency spectrum of the pulse oximeter
waveform changes over time in accordance with the present
invention, new clinically relevant features can be extracted.
[0068] Referring to FIGS. 6a and 6b, a pulse oximeter
waveform is shown with an associated frequency spectrum
generated based upon joint time-frequency analysis which
breaks down the complex signals of the pulse oximeter wave-
form into its underlying sine and cosine waves. The signals
shown in FIGS. 6a and 64 are representative of a patient
before any blood loss. In particular, FIG. 65 shows the mini-
mal respiratory signal that results from fluctuation in the
venous system, while the signal at approximately 1 Hz results
from the patient’s base heart rate. FIG. 65 shows that, for the
given gray scale, there is no detectable signal at the respira-
tory frequency (between 0.15 and 0.20 Hz).

[0069] Referring to FIGS. 7a and 75, the signals generated
for a subject encountering moderate blood loss only affecting
the venous system (pre-load) are shown. FIG. 75 shows an
increase in the signal from the respiratory frequency (such
that it is now detectable, indicative of the change in blood
volume affecting the shifting of venous blood during venti-
lation.

[0070] Now referring to FIGS. 8a and 85, the signals gen-
erated for a subject encountering acute blood loss are shown.
With reference to F1G. 85, please note the different frequency
spectrums of the joint time-frequency analysis as compared
with that of the analysis shown in FIG. 6b. FIG. 85 shows an
increase in the signal from the respiratory frequency indica-
tive of the change in blood volume affecting the shifting of
venous blood during ventilation and the development of sec-
ondary harmonics about the base heart rate signal (or cardiac
pulse harmonic) resulting from the increased blood loss
affecting the arterial system (stroke volume) of the subject.
[0071] The effects of increased blood loss are further dem-
onstrated with reference to FIGS. 94, 96 and 9c¢. Specifically,
FIG. 9a is the joint time-frequency analysis of a pulse oxime-
ter waveform of a subject as continued blood loss is encoun-
tered. As is shown in FIG. 95, the joint time-frequency analy-
sis reveals changes in the strength of the signal at the
respiratory frequency with the development of harmonics
when there is a blood loss of approximately 300 cc (indicative
of changes in the venous component). This emergence of the
respiratory band is similar to that shown in FIG. 75.

[0072] The joint time-frequency analysis of the pulse
oximeter waveform produces secondary harmonics sur-
rounding the cardiac pulse harmonic, or primary harmonic, at
a continuous blood loss of greater than 900 cc (indicative of
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changes in the arterial component). The development of simi-
lar secondary harmonics about the cardiac pulse harmonic of
approximately 1 Hz is similarly shown in FIG. 84.

[0073] As a result of these differing changes the pulse
oximeter waveform, which are discerned via the application
of joint time-frequency analysis, arterial and venous compo-
nents of blood volume may be ascertained from the joint
time-frequency analysis of the pulse oximeter waveform.
Specifically, by monitoring shifts in the frequency baseline as
manifested in the joint time-frequency analysis of the pulse
oximeter waveform, one is able to monitor venous blood
volume in accordance with the present invention (see FIG.
9b). The impact on cardiac output may be monitored by
noting the development of secondary harmonics surrounding
the cardiac pulse harmonic (see FIG. 9¢). Such secondary
harmonics are not present in a normal person, but might be
present in a dehydrated individual although a medical prac-
titioner would certainly be capable of determining whether
the noted secondary harmonics are a result of blood loss or
dehydration.

[0074] The result of the application of the present analysis
technique to 8 patients is shown in FIG. 10.

[0075] The concepts underlying the present invention were
tested upon thirty patients undergoing abdominal surgery by
collecting their pulse oximeter waveforms, airway pressure
and exhaled CO, waveforms (50 Hz). The pulse oximeter
waveforms were analyzed with a short-time Fourier trans-
form using a moving 4096 point Hanning window of 82
seconds duration. The frequency signal created by positive
pressure ventilation was extracted using a peak detection
algorithm in the frequency range of ventilation (0.08-0.4
Hz=5-24 breaths/minute). The respiratory rate derived in this
manner was compared to the respiratory rate as determined by
CO0, detection. In total, 52 hours of telemetry data were ana-
lyzed. The respiratory rate measured from the pulse oximeter
waveform in accordance with the present joint time-fre-
quency analysis was found to have a 0.87 linear correlation
when compared to CO, detection and airway pressure
change. The signal strength increased in the presence of blood
loss.

[0076] Despite the success of the present method as tested
through comparison with CO, detection, it was found that
cardiac arrhythmia (i.e. atrial fibrillation & frequent prema-
ture atrial and ventricular contractions) proved to be the pri-
mary cause of failure of this technique. As shown in FIGS.
11a and 115, an irregular heart rhythm created a highly dis-
tinctive signal when joint time-frequency analysis was
applied to the pulse oximeter waveform.

[0077] More particularly, 30 patients undergoing abdomi-
nal hysterectomy under general anesthesia had their pulse
oximeter waveform, airway pressure and CO, waveform col-
lected. As a part of their anesthetic, all patients were intubated
after an induction with propofol and vecuronium. Anesthesia
was maintained with nitrous oxide (60%-70%) and isoflurane
(1%-2%). The ventilator was set to a tidal volume of 10 cc/kg
at an inspiratory to expiratory (I:E) ratio of 1:2. During the
surgery, estimated blood loss was closely followed and
recorded, as well as replacement fluid given to the patient.
Three times during the surgical procedure the ventilator was
adjusted. This adjustment consisted of increasing the tidal
volume until the peak pressure airway pressure was increased
above baseline by 10 cm H,O (to maximum of 35 cm H,O).
This higher setting was maintained for 5 mins and then
returned to baseline.
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[0078] The data were collected using a computer acquisi-
tion system consisting of a 16-bit A-to-D PC card (DAQCard
AlI-16XE-50, National Instruments, Austin, Tex.) sampling at
50 Hz. BioBench (Version 1.0, National Instruments, Austin,
Tex.) was the software used for the acquisition process. Wave-
form analysis was accomplished with Igor Pro (Version 3.14,
WaveMetrics, Inc. Lake Oswego, Oreg.).

[0079] The pulse oximeter waveform was collected with a
clinical pulse oximeter (OxiPleth Model 520A, Novametrics,
Wallingford, Conn.) using a standard finger probe. The pulse
oximeter had its auto-gain function disabled. The pulse
oximeter waveform collected consists of the AC portion of
inverted infrared signal (approximate 940 nm). The airway
pressure and CO, were obtained from an Ohmeda RGM gas
monitor (model 5250, Datex-Ohmeda, Madison Wis.).
[0080] The pulse oximeter waveform was analyzed with a
short-time Fourier transform using a moving 4096 point Han-
ning window of 82 seconds duration. The frequency signal
created by positive pressure ventilation was extracted using a
peak detection algorithm in the frequency range of ventilation
(0.08-0.4 Hz). The respiratory rate was derived in this manner
and was confirmed by to the respiratory rate as detected by
CO0, production. This was used as the gold standard for com-
parison purposes.

[0081] More particularly, and in accordance with a pre-
ferred embodiment of the present invention, the joint time-
frequency analysis of the pulse oximeter waveform is created
in the following manner. The pulse oximeter waveform is
converted to a numeric series by analog to digital conversion
with sampling of the continuous pulse oximeter output at a
rate of 50 Hz. The sampled waveform is collected into a
digital buffer, presently 4096 points-82 seconds. A window-
ing function is used on the data in the digital buffer (presently
Hanning window is used in accordance with a preferred
embodiment of the present invention). The windowing func-
tion is designed to minimize the effect of the finite range of the
sample set.

[0082] A Fourier transform is then preformed on the data
setinthe digital buffer. The data are expanded in a logarithmic
fashion. The logarithmic expansion, an optimal step, is done
to compensate for the otherwise overwhelming signal
strength for the heart rhythm. The result is transferred to a
display buffer. The digital buffer then accepted new data from
the pulse oximeter on a first-in, first-out basis. The amount of
new data added is determined by respiratory rate measured up
to that point. Specifically, the amount of data associated with
the time of one breath is added to buffer. This new data was
then analyzed by the method outlined in accordance with the
“windowing function” step and the Fourier analysis step
described above.

[0083] The resulting data are then plotted with Y axis—
frequency & X axis—time. A number of different techniques
can be used to display the results (false color, grayscale,
“waterfall” or as a surface plot), without departing from the
spirit of the present invention.

[0084] In total, 52 hours of telemetry data were analyzed.
The respiratory rate measured from the pulse oximeter wave-
form had a 0.89 linear correlation (Pearson coefficient of
correlation) when compared to CO, detection as a method of
detecting ventilation. Further analysis was done using the
method described by Bland and Altman. Bland J M & Altman
D G, 4 note on the use of the intradass correlation coefficient
in the evaluation of agreement between two methods of mea-
surement, Computers In Biology And Medicine 1990;



US 2013/0172702 Al

20:337-40. The differences between each pair of values
obtained using the two different methods were plotted as the
Y-axis, whereas the averages of the each pair of values
obtained using the two different methods were plotted as the
X-axis. The mean (bias), standard deviation (SD) [as a mea-
sure of precision], and the upper and lower limits of agree-
ment were calculated. The bias was 0.03 breath/min, SD was
0.557 breath/min and the upper and lower limits of agreement
were 1.145 and -1.083 breath/min respectively.

[0085] As mentioned above, review of the data generated
after joint time-frequency analysis revealed that the presence
of cardiac arrhythmia (i.e. atrial-fibrillation & frequent PVC/
PAC) proved to be the primary cause of failure of the present
methodology.

[0086] Analysis of the data generated as a result of the joint
time-frequency analysis revealed two factors that appeared to
influence the strength of the respiratory signal contained in
the pulse oximeter waveform; 1) the airway pressure (see
FIGS. 12a and 125) and 2) the blood volume status of the
patient (see FIGS. 9a, 956 and 9c¢). For any given patient,
higher airway pressures resulted in a stronger respiratory
signal (p<0.01 using paired student T-test). In addition, it was
observed that as significant blood loss (>300 cc EBL)
occurred during a surgical procedure (seen in 8 cases), the
respiratory signal would increase strength to only return to
baseline as fluid replacement was given. The present method
of harmonic analysis also appears to be useful in detecting
spontaneous ventilation occurring at the end of the proce-
dures (see FIGS. 12a and 125).

[0087] Further and with reference to FIG. 13, there were a
number of features noted in the joint time-frequency analysis
of pulse oximeter that, while not formally studied, were nev-
ertheless interesting. The pulse rate is given by the frequency
ofthe primary harmonic, or cardiac pulse harmonic (i.e., 1.13
Hz=68 beats/min). The thickness of the primary harmonic
band of the joint time-frequency analysis corresponds to the
heart rate variability (narrow~low heart rate variability;
wide~high heart rate variability).

[0088] Ventilation was observed to have two distinct
impacts on the pulse oximeter waveform as seen through joint
time-frequency analysis. The most commonly seen was a
shift of the baseline with each breath. The baseline of the
pulse oximeter waveform is often considered to reflect the DC
component of the pulse oximeter waveform. Shifts in the
baseline are felt to be associated with changes in the venous
bed (non pulsatile blood). Dorlas ] C & Nijboer I A, Photo-
electric plethysmography as a monitoring device in anaes-
thesia, Application and interpretation, British Journal Of
Anaesthesia 1985; 57:524-30. This type of DC modulation
was observed in all studied patients during both periods of
controlled and spontaneous ventilation. As such, by monitor-
ing shifts in the baseline as manifested in the joint time-
frequency analysis, one is able to monitor venous blood vol-
ume accordance with the present invention (see FIG. 95).
[0089] Theless commonly seen phenomenon was a change
ofthe amplitudes of the pulse beats (AC component or arterial
pulsatile component) with each breath in the joint time-fre-
quency analysis. This type of AC modulation has been asso-
ciated with hypovolemic states. Shamir M, Eidelman L A,
Floman'Y et al., Pulse oximetry plethysmographic waveform
during changes in blood volume, British Journal Of Anaes-
thesia 1999; 82:178-81; Partridge B L, Use of pulse oximetry
as a noninvasive indicator of intravascular volume status,
Journal of Clinical Monitoring 1987; 3:263-8. In accordance
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with the present invention, it have been noted that recurrent
changes in the amplitude of the pulse beat are manifested on
the joint time-frequency analysis as secondary harmonics
surrounding the cardiac pulse harmonic. The distance
between the secondary harmonics and the cardiac pulse har-
monic is proportionally linked to the respiratory rate. These
secondary harmonics were present in all patients (eight) who
had more then a 300 cc blood loss. As such, and in accordance
with the present invention, the arterial blood volume may be
monitored by noting secondary harmonics surrounding the
cardiac pulse harmonic of the joint time-frequency analysis
(see FIG. 9¢).

[0090] Joint time-frequency analysis allows for the extrac-
tion of the underlying frequencies that make up a signal and to
observe how these underlying waveforms change over time.
In the case of the pulse oximeter, the plethysmographic wave-
formthat is displayed is a highly processed and filtered signal
but is still rich in physiologic information. As would be
expected, the cardiac pulse waveform is the predominant
signal present in pulse oximeter signal. The respiratory com-
ponent, when present, can be subtle and difficult to monitor
using conventional display methods. When the same wave-
form is displayed in the frequency domain (i.e., using joint
time-frequency analysis), the respiratory effect is easy to
follow. The two most common reasons for inaccurate read-
ings appeared to be motion artifact and irregular heartbeats.

[0091] In practice, joint time-frequency analysis of the
pulse oximeter waveform offers a variety of advantages. In
particular, it provides for isolation of the respiratory induced
changes of the pulse oximeter, which may be related to intra-
vascular blood volume. It also allows for separation of the
venous and arterial components (AC & DC) of respiratory
variability, allowing for a unique detailed analysis of the
impact of blood volume on cardiac function (pre-load vs.
after-load effects). Joint time-frequency analysis also pro-
vides a method to determine respiratory rate (both controlled
and spontaneous) (see FIG. 13 wherein minor peaks of the
frequency spectrum are due to respiration), detecting sponta-
neous breathing patterns, detecting irregularity of heart rate,
allowing for the determination of heart rate and estimating
heart rate variability by the examination of the width of the
primary cardiac pulse harmonic. The analysis also provides a
method of displaying a large volume of pulse oximeter wave-
form information in a small area. (Three or more hours of data
collection easily fits on one page). In addition, the present
method is resistant to isolated artifacts.

[0092] Inimplementing the present invention, it is contem-
plated various limitation may be encountered and various
concepts are ripe for further consideration. Specifically, the
following clinical conditions may either preclude the use of
this techmique or greater limit its applicability, cardiac
arrhythmia such as atrial fibrillation or frequent premature
ventricular beats; (which causes a beat to beat variation in the
pulse waveform amplitude); excessive ventilator tidal vol-
umes or reduced chest wall compliance would have to be
taken into account; or in conditions of low cardiac output
(EF<30%) the potential exists for augmentation of the ven-
tricular output (Aup).

[0093] The present invention provides for the development
of an algorithm that generates an easily understood and clini-
cally relevant numeric index of respiratory variability. Such
an index could then be used to non-invasively monitor the
fluid status of patients undergoing surgical procedures. This
development is part of a larger on-going project to better
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understand and utilize the pulse oximeter waveform. It is
hoped that from this work the next generation of pulse oxime-
ters will be designed to improve clinical monitoring. These
improvements could allow for the non-invasive monitoring of
volume status, vascular tone and tissue oxygen extraction.
[0094] The present invention is adapted for use with a vari-
ety of traditional pulse oximeters, whether employing dispos-
able probes or reusable probes, as well as other related ven-
tilation measuring devices. With reference to FIGS. 14 and
15, an example of a pulse oximeter that may be utilized in
accordance with the present invention is disclosed.

[0095] Referring to FIGS. 14 and 15, a pulse oximeter 10 is
generally composed of a probe 12 adapted for positioning
over a patient’s finger (or at an alternative site such as the
forehead or ear) and a central processor 14 with a display 30
coupled to the probe 12 for receiving and displaying infor-
mation retrieved by the probe 12. With regard to underlying
electrical circuitry, and as described in U.S. Pat. No. 6,496,
711, the circuitry for a generic pulse oximeter 10 is disclosed.
The pulse oximeter 10 has a photodiode 16 for detecting an
optical signal 18 reflected from or transmitted through a vol-
ume of intravascular blood (not shown) illuminated by one or
more light emitting diodes (LEDs, not shown). The LEDs
emit electromagnetic radiation at a constant intensity; how-
ever, an optical signal 18 with a time-varying intensity is
transmitted through or reflected back from the intravascular
blood for each of the wavelengths. The photodiode 16 gener-
ates a low-level current proportional to the intensity of the
electromagnetic radiation received by the photodiode 16. The
current is converted to a voltage by a current to voltage
converter 20, which may be an operational amplifier in a
current to voltage (transimpedance) configuration.

[0096] The signal is then filtered with a filter stage 22 to
remove unwanted frequency components, such as any 60 Hz
noise generated by fluorescent lighting. The filtered signal is
then amplified with an amplifier 24 and the amplified signal is
sampled and held by a sample and hold 26 while the signal is
digitized with a high-resolution (12-bit or higher) analog to
digital converter (ADC) 28.

[0097] The digitized signal is then latched by the central
processor 14 from the ADC 28. The central processor 14 then
calculates a coefficient for the oxygen saturation value from
the digitized signal and determines the final saturation value
by reading the saturation value for the calculated coefficient
from a look-up table stored in memory. The final saturation
value is displayed on a display 30.

[0098] The methods and systems employed in accordance
with the present invention are equally applicable to both
mechanically ventilated individuals and spontaneously ven-
tilating individuals. As such, the concepts underlying the
present invention equally apply to mechanically ventilated
subject under positive pressure, spontaneously ventilating
subjects, spontaneously ventilating subjects with positive
expiratory pressure and spontaneous ventilating subjects with
inspiratory pressure.

[0099] However, it is contemplated the waveforms pro-
duced by those subjects that are mechanically ventilated
exhibit more pronounced variations then those produced by
subjects that are spontaneously breathing. This distinction is
believed to result from the effect the positive pressure of
mechanical ventilation has upon blood pressure and blood
flow within a subject. As such, it may be advantageous when
monitoring spontaneously ventilating subjects to increase the
positive pressure associated with breathing such that the

Jul. 4,2013

waveforms associated therewith exhibit relevant variations
with the same clarity found in mechanically ventilated sub-
jects.

[0100] More specifically, while in most cases clinicians and
investigators monitoring ventilation simply are interested in
the rate and/or depth of respiration, the intrathoracic pressure
generated by ventilatory effort is of greater importance when
one is assessing the effects of ventilation on peripheral blood
flow in accordance with the present invention. This effect,
which occurs in synchrony with positive pressure ventilation
due to a mechanical ventilator, is termed the “ventilator
effect”. The periodic oscillations in ventilatory pressure
cause synchronous oscillations in continuous waveforms of
peripheral blood pressure and peripheral blood flow. Specifi-
cally, the periodic delivery of positive pressure by the venti-
lator impedes the return of blood to the heart and hence causes
a transient decrease in the arterial pressure and peripheral
flow that may be measured by a device such as a plethysmo-
graph or laser Doppler flow meter.

[0101] The degree of oscillatory dampening is determined
by: a) the amount of positive pressure that is generated by the
ventilator; and b) the patient’s relative volume status. The
former is commonly measured by the means of positive pres-
sure mechanical ventilation in an intubated patient but, prior
to the present disclosure, was not readily attainable during
spontaneous (non-mechanical) ventilation, as would be the
case in a nonintubated patient. The latter is dependent on the
overall fullness of the patient’s heart and blood vessels (“vol-
ume status”), volume generated with each heartbeat (stroke
volume), and the vascular tone. These factors interact such
that when a patient is vasodilated or relatively hypovolemic,
there is a greater effect of ventilation on peripheral blood
pressure and flow.

[0102] With reference to FIG. 16, the present positive pres-
sure device has been developed for spontaneously breathing
subjects. The device is designed to measure the pressure
associated with each breath of ventilation, measure the pres-
sure generated by a prolonged inhalation or exhalation (e.g.,
Valsalva maneuver), and provide an adjustable resistance so
as to enable us to increase or decrease airway pressure in the
spontaneously breathing, nonintubated patient, whether that
patient be breathing totally on his/he own, or breathing spon-
taneously in response to a prompt such as a metronome tone.

[0103] The device includes a one-way valve 32 and, a con-
nector with side 34 attached via a stopcock 35 to an electronic
pressure transducer 36 and/or an anaeroid meter (not shown)
for recording and viewing pressure. The device further
includes an adaptor 38 for attaching a syringe 40 with occlud-
able holes to provide variable expiratory resistance and a
breathing filter 42 through which a subject breathes while
holding it in his/her mouth.

[0104] The aforementioned system for delivering positive
pressure may be packaged separately or integrated with
monitors of oscillatory cardiovascular signals (e.g., pulse
oximeter). This would enable monitoring of the rate, depth,
and pressure of ventilation. The integrated device also could
contain a means to prompt a spontaneously breathing patient
to breathe at a fixed rate, e.g., a metronome; this would be
critical so that one could then determine if the oscillations in
the waveform are associated with the ventilatory signal. Addi-
tionally, it may be incorporated with a means to monitor rate
and depth of respiration by measuring chest and/or abdominal
excursion.
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[0105] Inaddition to adding positive pressure to those sub-
jects spontaneously ventilating, it has been found that the
constant breathing rate of mechanically ventilating subjects
produces better waveforms for the purposes of the present
invention since the natural variations associated with sponta-
neous breathing add an additional variable to the process of
analyzing the waveforms to determine blood loss. As such, it
is contemplated that it may be desirable to associate a spon-
taneously ventilating subjects breathing rate with a metro-
nome. The breathing rate may also be controlled through the
squeezing of a ventilation bag. This will produce a more
consistent breathing rate, resulting in more easily analyzed
waveforms.

[0106] It is further contemplated that the waveforms gen-
erated in accordance with the present invention may be ana-
lyzed with reference to the pulse wave amplitude, (i.e. nor-
malized) respiratory oscillations, etc. so as to normalize the
resulting waveforms in an effort to produce more consistent
results from subject to subject and monitoring device to moni-
toring device.

Jul. 4,2013

[0109] overall mean
[0110] peak value for signal within the given breath-to-
breath interval
[0111] trough value for signal within the given breath-
to-breath interval
[0112] peak minus trough value for signal within the
given breath-to-breath interval
[0113] min for each heart beat (diastole of given pulse)
within the given breath-to-breath interval
[0114] max for each heart beat (systole of given pulse)
within the given breath-to-breath interval
[0115] max minus min for each heart (amplitude of given
pulse) within the given breath-to-breath interval
[0116] This could be performed for a single breath or for
multiple breaths so as to enable assessment of an extended
interval such as was used for the aforementioned Fourier
transformation.
[0117] Using the data illustrated in FIGS. 2a-2¢, we obtain
the following approximate values for the approximately 8
breaths obtained in a 50 second interval (2000 points/82
points/sec).

Parameter Being Averaged Over 50-sec Interval

Baseline 500 cc EBL 1500 cc EBL

50-sec Average for Individual Pulses:

Systole of pulses
Diastole of pulses
Amplitude of pulses

2.0 2.0 2.35
-2.0 =22 -2.3
4.0 4.2 4.65

50-sec Average for Per-Breath Values:

Peak per-breath values of entire waveform 2.1 2.7 3.0
Trough per-breath values of entire waveform -1.85 -2.55 -3.2
Difference between peak and trough per-breath 3.95 5.25 6.2
values of entire waveform

Peak per-breath values of arterial portion of 2.1 2.7 3.0
waveform

Trough per-breath values of arterial portion of 2.0 2.1 1.8
waveform

Difference between peak and tough per-breath 4.1 4.8 5.8
values of arterial portion of waveform

Peak per-breath values of venous portion of -1.95 -2.15 -2.15
waveform

Trough per-breath values of venous portion of =21 -2.55 -3.0
waveform

Difference between peak and tough per-breath 4.05 4.70 5.15
values of venous portion of waveform

Largest per-breath pulse amplitude 4.0 4.5 5.0
Smallest per-breath pulse amplitude 3.8 3.8 4.0
Difference between Largest per-breath and smallest 0.2 0.7 1.0
per-breath pulse amplitudes

Highest per-breath height of dicrotic notch -0.8 -1.3 -1.0
Lowest per-breath height of dicrotic notch -1.3 =22 -2.2
Difference between highest per-breath and lowest 0.5 0.9 1.2

per-breath heights of dicrotic notch

[0107] It is still further contemplated ventilation induced
changes in a cardiovascular waveform may be monitored in
the context of an irregular rate of respiration. The process
includes identifying each respiration and then determining
the maximum and minimum of the cardiovascular signal for
each respiratory interval.

[0108] Especially in the context of spontaneous ventilation
with varied intervals between breaths, one may use a respi-
ratory channel as the timing channel for assessment of car-
diovascular waveforms. For example, for each breath-to-
breath interval, one could record the following from the pulse
oximeter signal:

[0118] It should be noted that, in addition to assessment of
power at different frequencies the phase angle between the
different measurements (e.g., graphic delineation of local
mins vs local maxs) and changes in the different measure-
ments may be determined as per published work described in
Podgoreanu M 'V, Stout R G, El-Moalem E, Silverman D G,
Synchronous rhythmical vasomotion in the human cuatneous
microvasculature during nonpulsatile cardiopulmonary
bypass, Anesthesiology 2002; 97:1110-1116, which adapted
the technmique for determining phase angle described by Ber-
nardi L, et al., Syndoronous and baroreceptor-sensitive oscil-
lations in skin microcirculation: evidence for central auto-
nomic control, Am J Physiol 1997; 273: H-1867-1878.
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[0119] The aforementioned means to identify and segre-
gate the arterial and venous components of a cardiovascular
waveform such as the plethysmographic waveform ofa pulse
oximeter, enable one to selectively monitor the arterial or
venous component of that waveform with respect to flow (or
pressure). They also enable one to select the time of the
determination of a measurement such as oxygen saturation so
as to isolate arterial oxygenation from venous oxygenation.

[0120] In addition, the delineation of the arterial and
venous components enables one to modify the actual plethys-
mographic tracing by a means such as application of pressure
to the monitoring probe to a degree that obliterates the low
pressure (venous or DC) component. This would cause the
tracing to more closely resemble the arterial tracing generated
by an intra-arterial catheter. This sequence of steps is illus-
trated in FIGS. 17 and 18.

[0121] It should further be appreciated that the methods of
the present invention may include the additional step of moni-
toring the rate of respiration. This may further include inte-
grating the respiratory signal into a data collection system
which also collects input from a cardiovascular signal, iden-
tifying one or more breath-to-breath intervals, using the
breath-to-breath intervals as the “timing channel” for assess-
ment of the cardiovascular waveform and determining the
magnitude and change of the cardiovascular waveform for the
given breath or breaths.

[0122] The indices which may be measured in accordance
with the present invention are systole, diastole, and/or ampli-
tude of one or more individual pulses. More specifically, the
indices monitored include one or more of the following indi-
ces determined for one or more intervals: peak per-breath
values of entire waveform, trough per-breath values of entire
waveform, difference between peak and trough per-breath
values of entire waveform, peak per-breath values of arterial
portion of waveform; trough per-breath values of arterial
portion of waveform; difference between peak and tough
per-breath values of arterial portion of waveform; peak per-
breath values of venous portion of waveform, trough per-
breath values of venous portion of waveform, difference
between peak and tough per-breath values of venous portion
of waveform, largest per-breath pulse amplitude, smallest
per-breath pulse amplitude, difference between largest per-
breath and smallest per-breath pulse amplitudes, highest per-
breath height of dicrotic notch, lowest per-breath height of
dicrotic notch, and difference between highest per-breath and
lowest per-breath heights of dicrotic notch.

[0123] The method and system of the present invention
may also be utilized where there is positive inspiratory and/or
expiratory pressure during ventilation, and wherein the
amount of positive pressure is quantified and adjustable. The
method and system may also provide that the change in the
cardiovascular monitor attributed to respiration is normalized
to (e.g., expressed as a percentage of) the inspiratory or expi-
ratory pressure and the variation in the cardiovascular moni-
tor attributed to ventilation is normalized to the amplitude of
the individual pulse beats.

[0124] Inaddition, the present method and system may also
provide that outputs of different monitoring devices obtained
from one or more monitoring sites are compared. In this
instance the devices may both be pulse oximeters, or one or
more of the devices may be an alternative continuous measure
ofblood flow (e.g., laser Doppler flow meter) or a continuous
measure of blood pressure.
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[0125] In practicing the present method and system it is
contemplated that pressure may be applied to a monitoring
device such as an oximeter probe to eliminate the venous
component of the tracing and the pressure to eliminate the
venous component is quantified so that the venous pressure
may be measured. In addition, the present method and system
provides that oxygen saturation may be determined indepen-
dently for the arterial and venous phases.

[0126] While the preferred embodiments have been shown
and described, it will be understood that there is no intent to
limit the invention by such disclosure, but rather, is intended
to cover all modifications and alternate constructions falling
within the spirit and scope of the invention as defined in the
appended claims.

1-65. (canceled)

66. A method of monitoring a hypovolemia parameter of a
patient with electronic oximetry monitoring circuitry config-
ured to noninvasively and electronically monitor the patient,
the method comprising the steps of:

inputting a plethysmograph responsive to an output from a

noninvasive oximetry sensor applied to said patient, said
output responsive to light intensity after absorption by
fleshy tissue;

electronically measuring a respiration-induced variation in

said input;

electronically normalizing said measurement;

electronically converting said normalized measurement

into a numeric value indicating a blood volume level

wherein said value indicates hypovolemia; and
providing at least one of an audible indication and a visual

indication of said value to a caregiver of said patient.

67. The hypovolemia monitoring method according to
claim 66, wherein said inputting step comprises the substep of
generating a pulse oximeter plethysmograph.

68. The hypovolemia monitoring method according to
claim 67, wherein said measuring step comprises the substeps
of:

detecting an envelope of said plethysmograph; and

determining a magnitude of said envelope.

69. The hypovolemia monitoring method according to
claim 67, wherein said measuring step comprises the substeps
of:

fitting a curve to a locus of points on said plethysmograph;

determining a magnitude of said variation from a charac-

teristic of said curve.

70. The hypovolemia monitoring method according to
claim 67, wherein said measuring step comprises the substeps
of:

determining a frequency spectrum of said plethysmograph;

identifying a frequency component of said frequency spec-

trum proximate a respiration rate; and

calculating a magnitude of said frequency component.

71. A hypovolemia monitor comprising

one or more processors programmed to include a variation

function having a sensor input and generating a variation
parameter, said sensor input responsive to light intensity
after absorption by fleshy tissue, said variation param-
eter providing a measure of respiration-induced cyclical
variation in said sensor input; the one or more processor
also programmed to include a normalization function
applied to said variation parameter so as to generate a
normalized variation parameter responsive to an average
value of said sensor input; and the one or more processor
programmed to include a conversion function applied to
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said normalized variation parameter so as to generate a
numeric value indicating a blood volume level wherein
said value indicates hypovolemia; and

an output providing at least one of an audible indication
and a visual indication to one of a display and additional
instrumentation.

72. The hypovolemia monitor according to claim 71,

wherein said variation function comprises:

an envelope detector adapted to determine an envelope of
said sensor input; and

a magnitude function configured to calculate a magnitude
of said envelope.

73. The hypovolemia monitor according to claim 71,

wherein said variation function comprises:

a curve-fit function adapted to determine a locus of said
sensor input representative of said cyclical variation;
and

a magnitude function configured to calculate a magnitude
of said cyclical variation from said locus.

74. The hypovolemia monitor according to claim 71,

wherein said variation function comprises:

a frequency transform function configured to generate a
frequency spectrum of said sensor input; and

a frequency component function configured to determine
the magnitude of a frequency component of said spec-
trum corresponding to a respiration rate of said living
subject.

75. A method for facilitating detection of physiological

changes of a subject, the method comprising:
analyzing a cardiovascular waveform representing physi-
ological characteristics of a subject using a processor,
wherein the analyzing of the cardiovascular waveform
includes:
identifying a first component of the cardiovascular
waveform reflective of a cardiovascular impact of
respiration;

analyzing a characteristic of the first component reflec-
tive of amplitude variations of the first component,
wherein the amplitude variations are indicative of
changes in blood volume of the subject, wherein the
analyzing the characteristic of the first component of
the cardiovascular waveform includes calculating an
index responsive to the amplitude variations of the
first component, wherein the first component is nor-
malized and wherein index variations are indicative of
changes in blood volume of the subject;

wherein the cardiovascular waveform is a photoplethys-
mograph waveform generated using a photoplethysmo-
graphic device.

76. The method according to claim 75, further comprising

generating the photoplethysmograph waveform.

77. The method according to claim 75, wherein the first
component is one of (i) a first trace of the per heart-beat
maximums of the cardiovascular waveform, and (ii) a second
trace of the per heart-beat minimums of the cardiovascular
waveform.
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78. The method according to claim 75, wherein the cardio-
vascular waveform is analyzed using harmonic analysis to
identify the first component of the cardiovascular waveform,
wherein the first component is identified in the respiratory
frequency range, and wherein the amplitude variations of the
first component are indicative of changes in venous blood
volume of the subject.

79. The method according to claim 75, further comprising
detecting hypovolemia based on the index.

80. The method according to claim 75, further comprising
providing at least one of (i) a visual indication of the index and
(ii) an alarm indication of the index.

81. The method according to claim 75, wherein the ana-
lyzing the cardiovascular waveform further includes identi-
fying a second component of the cardiovascular waveform,
wherein the index is responsive to changes in a comparison of
the first and the second components relative to one another,
whereby the first component is normalized.

82. A system for facilitating detection of physiological
changes of a subject, the system comprising a processor con-
figured for analyzing a cardiovascular waveform representing
physiological characteristics of a subject, wherein the cardio-
vascular waveform is a photoplethysmograph waveform gen-
erated using a photoplethysmographic device, wherein the
analyzing the cardiovascular waveform includes identifying a
first component of the cardiovascular waveform reflective of
a cardiovascular impact of respiration, and analyzing a char-
acteristic of the first component reflective of amplitude varia-
tions of the first component, wherein the analyzing the char-
acteristic of the first component of the cardiovascular
waveform includes calculating an index responsive to the
amplitude variations of the first component, wherein the first
component is normalized and wherein index variations are
indicative of changes in blood volume of the subject.

83. The system according to claim 82, wherein the first
component is one of (i) a first trace of the per heart-beat
maximums of the cardiovascular waveform, and (ii) a second
trace of the per heart-beat minimums of the cardiovascular
waveform.

84. The system according to claim 82, wherein the cardio-
vascular waveform is analyzed using harmonic analysis to
identify the first component of the cardiovascular waveform,
wherein the first component is identified in the respiratory
frequency range, and wherein the amplitude variations of the
first component are indicative of changes in venous blood
volume of the subject.

85. The system according to claim 82, further comprising
anoutput providing at least one of (i) a visual indication of the
index and (ii) an alarm indication of the index.

86. The system according to claim 82, wherein the analyz-
ing the cardiovascular waveform further includes identifying
a second component of the cardiovascular waveform,
wherein the index is responsive to changes in a comparison of
the first and the second components relative to one another,
whereby the first component is normalized.
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