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(57) ABSTRACT

The disclosed embodiments relate to a system and method for
detecting a response of a patient to an external stimulus. An
exemplary method comprises the acts of generating at least
one time series of at least one physiologic parameter, detect-
ing the external stimulus, detecting at least one response
associated with the stimulus, the response comprising at least
one of a pattern and a value, and outputting an indication of
the response.
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SYSTEM AND METHOD FOR THE
DETECTION OF PHYSIOLOGIC RESPONSE
TO STIMULATION

[0001] This application is a continuation of U.S. patent
application Ser. No. 11/351,690, filed Feb. 10, 2006, which is
fully incorporated herein by reference.

FIELD OF THE INVENTION

[0002] This invention relates to an object based system for
the organization, analysis, and recognition of complex timed
processes and the analysis, integration and objectification of
time series outputs of data sets and particularly physiologic
data sets, and to the evaluation of the financial and physi-
ologic datasets and the determination of relationships
between them.

BACKGROUND

[0003] The analysis of time series data is widely used to
characterize the behavior of a system. The following four
general categories of approaches are commonly applied to
achieve characterization of such a system and these provide a
general background for the present invention. The approaches
are illustrative both in their conceptualization, application,
and limitations.

[0004] The first such approach represents a form of math-
ematical reductionism of the complexity through the appli-
cation of a cascade of rules based on an anticipated relation-
ship between the time series output and a given set of system
mechanisms. Inthis approach the operative mechanisms, data
set characteristics, and intruding artifact are a priori defined to
the best extent possible. Then a set of rules is applied to
characterize and analyze the data set based on predicted rela-
tionships between the data set and the systems being charac-
terized. Such systems often include cascading branches of
decision-based algorithms, the complexity of which increase
greatly in the presence of multiple interactive mechanisms.
The reductionism approach is severely limited by the uncer-
tainty and complexity, which rapidly emerges when a cascade
of rules is applied to a highly interactive data set, when the
signal to noise ratio is low, and/or when multiple data sets
generated by complex and dynamically interactive systems
are evaluated. These methods become inordinately more
cumbersome as the complexity and number of time series
increases. In addition the subtlety of the interactive and
dynamic relationships along and between datasets and the
variations associated with the technique or tools of data col-
lection often makes the cascading rules very difficult to define
a priori.

[0005] The weakness of simplification the analysis through
mathematical reductionism to adequately characterize the
complex systems generating such data sets, led to the percep-
tion that this failure resulted from specific limitations of a
particular data format (usually the time domain format). In
other words, the time series was perceived to contain suffi-
cient information to characterize the system but, it was
thought, that the recognition of this information required
reformatting into a different mathematical representation,
which emphasized other hidden components which were spe-
cific for certain important system characteristics. This
approach is exemplified by frequency processing methods,
which reformat the time series into frequency components,
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such as its sine components or wavelets, with the hope that
patterns of specific frequency relationships within the system
will emerge to be recognized. While often uncovering con-
siderable useful information, this approach is remains quite
limited when applied to highly complex and interactive sys-
tems, because many complex relationships are poorly char-
acterized by their frequency components, and it is often dif-
ficult to relate an output derived from frequency-based
primitives to specific mechanisms operative within the sys-
tem. In other words, the advantages associated with math-
ematically defined linkages between system mechanisms and
the rules based analysis provided by reductionism is reduced
by the data reformatting process for the purpose of frequency
based signal processing as, for example, is provided by Fou-
rier or wavelet transforms.

[0006] A third approach seeks to identify the patterns or
relationships by repetitively reprocessing the time series with
a set of general comparative rules or by statistical processing.
As with the data reformatting approach, the utility of this
method in isolation (as embodied in neural network based
analysis), is severely limited by dissociation of the output
from the complex and interactive operative mechanisms,
which define the output. With such processing, the relevant
scope and characterization of the relationships of the output
to the actual behavior of the dynamic interactions of the
system is often quite limited. This limits the applicability of
such processing in environments wherein the characteriza-
tion of behavior of the system as a function by the output may
be as important as the actual output values themselves.

[0007] A fourth approach has been to apply chaotic pro-
cessing to the time series. Again, like that of conventional
signal processing this alternative method is applied the expec-
tation that some predictive pattern will emerge to be recog-
nized. This technique shares several of the limitations noted
for both frequency and statistical based data reformatting. In
addition as, will be discussed, the application of this type of
processing to physiologic signals is limited by, redundant and
interactive higher control which greatly limits the progression
ofthe system to a state of uncontrolled chaotic behavior. Such
systems operate in environments of substantial interactive
control until the development of a severe disease state, a point
at which the diagnostic information provided by processing
often has less adjective utility relevant timely intervention.

[0008] Thehuman physiologic system derives a large array
of time series outputs, which have substantial relevance when
monitored over a finite time interval. The human can be
considered the prototypic complex interactive system. These
interactions and the mechanisms defining, them have been the
subject of intense research for over one hundred years and
most of this work has been performed the time domain. For
this reason any approach toward the characterization of such
a system needs to consider the value of engaging the body of
knowledge, whichrelates to these mechanisms. This has been
one of the reasons that the reductionism has predominated in
the analysis of physiologic signals. U.S. Pat. Nos. 5,765,563
to Vander Schaff, 5,803,066 to Rapoport, and 6,138,675 to
Berthon-Jones show such simple cascade decision systems
for processing physiologic signals. U.S. Pat. No. 5,751,911 to
Goldman shows a real-time waveform analysis system, which
utilizes neural networks to perform various stages of the
analysis. U.S. Pat. No. 6,144,877 to Depetrillo shows a pro-
cessor based method for determining statistical information
for time series data and for detecting a biological condition of
abiological system from the statistical information. U.S. Pat.
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Nos. 5,782,240 and 5,730,144 to Katz shows a system, which
apply chaos analysers, which generate a time series, vector
representation of each monitored function and apply chaotic
processing to identify certain events. All of these systems are
deficient in that they are not able to adequately organize, order
and analyze the true state of dynamic interaction operative in
the generation of these signals.

[0009] Critical illness is one example of a dynamic timed
process, which is poorly characterized by the above noted
conventional methods. When human physiologic stability is
under threat, it is maintained by a complex array of interactive
physiologic systems, which control the critical time depen-
dent process of oxygen delivery to the organism. Each system
(e.g. respiratory, cardiac or vascular) has multiple biochemi-
cal and/or mechanical controls, which operate together in a
predictable manner to optimize oxygen delivery under con-
ditions of threat. For example an increased oxygen require-
ment during infection causes the patient to increase oxygen
delivery by lowering lung carbon dioxide through hyperven-
tilation and the fall in carbon dioxide then causes the hemo-
globin molecule to increase its affinity for oxygen thereby
further enhancing oxygen delivery. In addition to the basic
control of a single system, other systems interact with the
originally affected system to producing a predictable pattern
of response. For example, in the presence of infection, the
cardiac system interacts with the respiratory system such that
both the stroke volume and heart rate increase. In addition, the
vascular system may respond with a reduction in arterial tone
and an increase in venous tone, thereby both reducing imped-
ance to the flow of oxygen to the tissues and shifting more
blood into the arterial compartment.

[0010] Each system generally also has a plurality of predi-
cable compensation responses to adjust for pathologic alter-
ation or injury to the system and these responses interact
between systems. For example the development of infectious
injury to the lung will result in an increase in volume of
ventilated gas to compensate for the loss of functional surface
area. This increase in ventilation can then induce a synergistic
increase in both stroke volume and heart rate.

[0011] Finally a pathologic process altering one system
will generally also induce an alteration in one or more other
systems and these processes are all time dependent. Sub acute
or acute life threatening conditions such as sepsis, pulmonary
embolism, or hemorrhage generally affect the systems in
cascades or predictable sequences which may have a time
course range from as little as 20 seconds or more than 72
hours. For example, the brief development of airway collapse
induces a fall in oxygen saturation, which then causes a
compensatory hyperventilation response, which causes a rise
in heart rate over as little as 20-30 seconds. An infection, on
the other hand, has a more prolonged time course inducing a
rise in respiration rate, a rise in heart rate, and then a progres-
sive fall in oxygen saturation and finally a fall in respiration
rate and a finally a terminal fall in heart rate often over a
course of 48-72 hours.

[0012] It can be seen therefore that each disease process
engaging the organism causes the induction of a complex and
interactive time series of pathophysiologic perturbation and
compensation. At the onset of the disease (such as early in the
course of infection) the degree of physiologic change may be
very slight and limited to one or two variables. As a disease
progresses both the magnitude of perturbation and the num-
ber of system involved increases. In addition to inducing a
predictable range of perturbation, a particular disease process
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generally produces a specific range of progression and pattern
of evolution as a function of injury, compensation, and system
interaction. Furthermore, this multi-system complexity,
which can be induced by initial pathologic involvement of a
single system, is greatly magnified when a plurality of patho-
logic processes is present.

[0013] Despite the fact that these conditions represent some
of the most important adversities affecting human beings,
these pathologic processes are poorly characterized by even
the most sophisticated of conventional monitors, which
greatly oversimplify the processing and outputs. Perhaps this
is due to the fact that this interactive complexity overwhelmed
the developers of substantially all of the conventional physi-
ologic signal-processing methods in the same way that it
overwhelms the physicians and nurses at the bedside every-
day. Hospital critical care patient monitors have generally
been applied as warning devices upon threshold breach of
specific critical parameters with the focus on the balance
between timely warning of a potentially life threatening
threshold breach and the mitigation of false alarms. However,
during the pivotal time, early in the process of the evolution of
critical illness, the compensatory responses limit the change
in primary critical variables so that the user, monitoring these
parameters in isolation, is often given a false sense of security.
For this reason it cannot be enough to recognize and warn of
the occurrence of a respiratory arrest, or hypotension, or
hypoxia, or ofa particular type of cardiac arrhythmia. To truly
engage and characterize the processes present, a patient
monitor must have capability to properly analyze, organize,
and output in a quickly and easily understood format the true
interactive state of critical illness. As discussed below, it is
one of the purposes of the present invention to provide such a
MONitor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1a is a diagram of a three-dimensional cylin-
drical data matrix in accordance with embodiments of the
present invention comprising corresponding, streaming, time
series of objects from four different timed data sets;

[0015] FIG. 15 is a diagram of a portion of the diagram
shown in FIG. 1a curved back upon itself to show the flex-
ibility of object comparison between levels and different data
sets within the same time period and across different levels of
different data sets at different time periods to identify a
dynamic pattern of interaction between the data sets in accor-
dance with embodiments of the present invention;

[0016] FIG. 2a is a diagram of a three-dimensional repre-
sentation of collective conformation of corresponding time
series of objects of pulse (which can be heart rate and/or pulse
amplitude), oxygen saturation, airflow, chest wall movement,
blood pressure, and inflammatory indicators during early
infection, organized in accordance with embodiments of the
present invention;

[0017] FIG. 2b is a diagram of a representation of the
dynamic multi-parameter conformation shown in FIG. 2aq,
but extended through the evolution of septic shock to the
death point;

[0018] FIG. 3a is a diagram of a time series of raw data
points;
[0019] FIG. 356 is a diagram of a time series of dipole
objects;
[0020] FIG. 3cisadiagram of a time series of a slope set of

the dipole objects shown in FIG. 35 with the spatial attributes
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of the points removed to highlight relative change in accor-
dance with embodiments of the present invention;

[0021] FIG. 3d is a diagram of a time series with critical
boundary points from which the wave pattern can be seg-
mented and the objects can be derived and associated prop-
erties calculated in accordance with embodiments of the
present invention;

[0022] FIG. 3eis adiagram of a time series of trend param-
eters calculated to provide the trend (or polarity) analysis in
accordance with embodiments of the present invention;
[0023] FIG. 3fis adiagram of a wave pattern shown in FIG.
3d, which can be derived from the utilization of user-defined
object boundaries in accordance with embodiments of the
present invention;

[0024] FIG. 3g is a diagram of a representation for the
manipulation by the user for slope deviation specification in
accordance with embodiments of the present invention;
[0025] FIG. 4 is a graphical representation of an orgamza-
tion of the waveforms shown in FIGS. 3a-3g into ascending
object levels in accordance with embodiments of the present
invention;

[0026] FIG. 5a is a diagram of a cyclic process of sleep
apnea that shows the complexity of the mechanisms defining
the timed interactions of physiologic systems induced by
upper airway instability, which may be referred to as an
“apnea cluster reentry cycle”;

[0027] FIG. 55 is a diagram of a raw data set comprising a
plurality of signals derived from the mechanism shown in
FIG. 5a and from which, according to embodiments of the
present invention, may be represented as multi-signal three-
dimensional hierarchal object as shown in FIG. 5a;

[0028] FIG. 5¢ is a diagram showing a representation of a
portion of a multi-signal object as derived from the multiple
corresponding time series of FIG. 55 with three multi-signal
recovery objects up to the composite object level identified
for additional processing according to embodiments of the
present invention;

[0029] FIG. 6a is a three-dimensional graphical represen-
tation of an output for clinical monitoring for enhanced rep-
resentation of the dependent and dynamic relationships
between patient variables, which may be referred to as a
“monitoring cube”;

[0030] FIG. 65 is a two-dimensional graphical representa-
tion of an output of the “monitoring cube” during a normal
physiologic state;

[0031] FIG. 6¢ is a two-dimensional graphical representa-
tion of an output of the “monitoring cube” showing physi-
ologic convergence during an episode of volitional hyperven-
tilation;

[0032] FIG. 64 is a two-dimensional graphical representa-
tion of an output of the “monitoring cube” showing patho-
physiologic divergence as with pulmonary embolism;
[0033] FIG. 6e is a two-dimensional graphical representa-
tion of an output of the “monitoring cube” showing a con-
comitant increase in blood pressure and heart rate, the cube
being rotated in accordance with embodiments of the present
invention to see which increase came first;

[0034] FIG. 7 is a schematic of a processing system for
outputting and/or taking action based on the analysis of the
time series processing in accordance with embodiments of
the present invention;

[0035] FIG. 8 is a schematic of a monitor and automatic
patient treatment system in accordance with embodiments of
the present invention;
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[0036] FIG. 9 is a graphical representation of correspond-
ing data at the raw data level of airflow and oxygen saturation
wherein a subordinate saturation signal segment demon-
strates physiologic convergence with respect to the primary
airflow signal segment;

[0037] FIG. 10 is a graphical representation of the raw data
level of FIG. 9 converted to the composite level, the data
comprising a time series of sequential composite objects
derived from the data sets of airflow and oxygen saturation
signals;

[0038] FIG. 11 is a graphical representation of a selected
composite subordinate object of oxygen saturation from FIG.
10 matched with its corresponding primary composite object
of airflow, as they are stored as a function of dipole datasets in
a relational database, object database or object-relational
database in accordance with embodiments of the present
invention;

[0039] FIG. 12 is a graphical representation of a compari-
son between two data sets of airflow wherein at the funda-
mental level the second data set shows evidence of expiratory
airflow delay during the recovery object, wherein the recov-
ery object is recognized at the composite level in accordance
with embodiments of the present invention,

[0040] FIG. 13 is a diagram of a schematic object mapping
at the composite level of corresponding signals of airflow and
oxygen saturation in accordance with embodiments of the
present invention;

[0041] FIG. 14 is a diagram of a schematic object mapping
at the composite level of two simultaneously measured
parameters with a region of anticipated composite objects in
accordance with embodiments of the present invention;
[0042] FIG. 15 is a diagram of a schematic object mapping
and scoring at the composite level of two simultaneously
measured parameters with the region of anticipated compos-
ite objects in accordance with embodiments of the present
invention;

[0043] FIG. 16 is a diagram of a system for customizing a
constant positive airway pressure (CPAP) auto-titration algo-
rithm based on the analysis of multiple corresponding signals
in accordance with embodiments of the present invention;
[0044] FIG. 17 is a diagram of a system for comparing
multiple signals and acting on the output of the comparison in
accordance with embodiments of the present invention;
[0045] FIG. 18 is a block diagram of a spirocapnoximetry
system in accordance with an exemplary embodiment of the
present invention; and analyzed in accordance with an exem-
plary embodiment of the present invention;

[0046] FIG. 19 is a graph of a functional arousal threshold
failure, which may be detected and analyzed in accordance
with embodiments of the present invention;

[0047] FIGS. 20 and 21 are graphs showing exemplary
segments of a time series and expanded snapshots of different
portions of data represented by the time series segment;
[0048] FIG. 22 is a graph showing a time series, along with
a plurality of thumbnails in accordance with an exemplary
embodiment of the present invention;

[0049] FIG. 23 is a block diagram of a hierarchical channel
object in accordance with an exemplary embodiment of the
present invention; and

[0050] FIG. 24 is a block diagram of a hierarchical time
series object in accordance with an exemplary embodiment of
the present invention.

DETAILED DESCRIPTION

[0051] The present invention comprises a system and
method of providing comprehensive organization and analy-
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sis of interactive complexity along and between pluralities of
time series. An embodiment of the present invention com-
prises an object-based method of iterative relational process-
ing of time series fragments or their derivatives along and
between corresponding time series. The system then applies
an iterative comparison process of those fragments along and
between a plurality time series. In this way, the relationship of
a wide range of characteristics of substantially any dynamic
occurrence in one time series can be compare to the same or
other characteristics of substantially any dynamic occurrence
along another portion of the same time series or any of the
processed corresponding time series.

[0052] In accordance with embodiments of the present
invention, a first time series is processed to render a time
series first level derived from sequential time series segments
the first series, the time series first level is stored in a relational
database, object database or object-relational database. The
first time series level is processed to render a second time
series level derived from the sequential time series compo-
nent of the first time series level and these are stored in the
relational database, object database or object-relational data-
base. Additional levels are then derived as desired. The com-
positions of sequential time series, which make up the first
and second levels, are determined by the definitions selected
for the respective segments from which each level is derived.
Each time series fragment is represented as a time series
object, and each more complex time series object inherits the
more basic characteristics of time series objects from which
they are derived.

[0053] The time course of sub acute and acute critical ill-
ness to point of death is highly variable and can range from
24-72 hours with toxic shock, to as little as 30 seconds with
neonatal apnea. The present inventors recognized that,
regardless of its time course, such a pathological occurrence
will have a particular “conformation”, which according to the
present invention can be represented spatially by an object-
based processing system and method as a particular object or
time series of objects, as a function of the specific progression
ofthe interactive components for the purpose of both process-
ing and animation. The present inventors also recognized that
the development of such a processing system would be
capable of organizing and analyzing the inordinate degree of
dynamic complexity associated with the output from the bio-
logic systems through the automatic incorporation of these
time series outputs into a highly organized relational, layered,
object based data structure. Finally, the inventors further rec-
ognized that because of the potentially rapid time course of
these illnesses and the irreversible endpoint, that patient care
monitors must provide a quickly and easily understood out-
put, which gives the medical personnel a simplified and suc-
cinct analysis of these complex relationships which accu-
rately reflects the interactive complexity faced by the
patient’s physiologic systems.

[0054] It has been suggested that the development of peri-
odicity in a human physiologic system represents a simplifi-
cation of that system. This concept is based on the perception
that the human interactive physiologic systems operates in an
environment of chaos and that a partial loss of control, sim-
plifies the relationships, allowing simpler periodic relation-
ships to emerge. However, there is considerable reason to
believe that this is not the case. Patients centering an environ-
ment of lower partial pressure of oxygen, as at altitude, will
develop periodicity of ventilation. This does not indicate a
general simplification of the system but rather, one proposed
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operative mechanism for the emergence of this new pattern is
that the pattern reflects the uncovering of a preexisting
dynamic relationship between two controllers, which now,
together determine ventilation in this new environment. At
sea level, the controller responding to oxygen was subordi-
nate the controller responding to carbon dioxide so that the
periodicity was absent. This simple illustration serves to dem-
onstrate the critical linkage between patient outputs and
higher control and the criticality of comprehensively compar-
ing dynamic relationships along and between signals to
achieve a true picture of the operative physiology. While
periodicities are, at times, clearly pathologic, their develop-
ment in biologic systems, rather than a manifestation of sim-
plification of physiological behavior often represents the
engagement of more rudimentary layers of protection of a
particular organ function or range built into the control sys-
tem. This illustration further demonstrates that a given physi-
ologic signal, when monitored in isolation, may appear to
exhibit totally unpredictable and chaotic behavior, but when
considered in mathematical or graphical relation (as in phase
space) to a plurality of corresponding interactive signals, and
to the interactive control mechanisms of those corresponding
signals, the behavior of the original, chaotic appearing, signal
often becomes much more explicable.

[0055] By way of example, consider a timed plot of oxygen
saturation (SPO,) under heavy sedation during sleep. This
state is often associated with a loss of the maintenance of a
narrow control range of ventilation during sleep and with the
loss of stability of the airway so that a plot of the oxygen
saturation, in the presence of such deep sedation, shows a
highly variable pattern, which often appears grossly unpre-
dictable, with sustained falls in oxygen saturation intermixed
with rapid falls and often seemingly random rapid correc-
tions. However, there are definable limits or ranges of the
signal, and generally definable patterns, which are definable
within the background of a now highly variable SPQO, signal.
It may be tempting to define this behavior statistically or by a
chaotic processor in the hope of defining some emerging
patterns as a function of the mathematical behavior of that
signal. However, when analyzed with the partial pressure of
CO,, the minute ventilation, and a plot of EEG activity the
oxygen saturation values are seen as a subordinate signal to
the airflow which is now being controlled by a dysfunctional
control process, which process is being salvaged by a more
coarse and rudimentary survival response mechanism such as
an arousal response. The apparently chaotic behavior is now
seen as driven by a complex but predictable sequence of a
plurality of dynamic interactive relationships between corre-
sponding signals and the forces impacting them. Therefore, in
the presence of a pathophysiologic process, the behavior and
ranges of any given signal are optimally defined by the
dynamic patterns of the interactive behavior of corresponding
signals and their respective dynamic ranges.

[0056] A biologic system actually exploits the chaotic out-
put of simple nonlinear relationships by defining control
ranges, which are affected by variations in corresponding
signals. This produces a great degree in diversity of dynamic
physiologic response, which is beneficial in that it may favor
survival of a particular subgroup, in the presence of a certain
type of pathophysiologic threat. The present inventors noted
that, while this diversity imparts greater complexity, this
complexity can be ordered by the application of iterative
processing in which a given signal is defined as a function of
a range “dynamic normality.” According to one embodiment
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of the present invention, each signal is defined as a function of
its own dynamic range (and in relation to a predicted control
range) and as a function of contemporaneously relevant rela-
tionships of the dynamic ranges of other corresponding sig-
nals (with respect to their respective control ranges).

[0057] Embodiments of the present invention may com-
prise a system and method for organizing and analyzing mul-
tiple time series of parameters generated by a patient (as
during critical illness) and outputting this analysis in readily
understandable format. The system may include the capabil-
ity of simultaneously processing dynamic time series of
physiologic relationships in real time at multiple levels along
each parameter and across multiple levels of different param-
eters. Embodiments of the present invention provide this level
of interactive analysis specifically to match the complexity
occurring during a pathologic occurrence. More specifically,
embodiments of the present invention may provide an analy-
sis system and method that analyzes the true dynamic state of
a biologic system and the interactive primary and compensa-
tory perturbations defining that state. During health the output
of physiologic systems are maintained within tight variances.
As will be discussed, a signal processing system in accor-
dance with embodiments of the present invention may expose
the extent to which the signals are held within these tight
variances and may be characterized as a function of their
dynamic ranges of variance. The signals may be further char-
acterized as a function their dynamic relationships along the
time series within a given signal and between a plurality of
additional corresponding signals. A monitor of the human
physiologic state during critical illness in accordance with
embodiments of the present invention may be adapted to
analyze time series relationships along and between a plural-
ity signals with the similar degree of analytic complexity as is
operative in the biologic systems controlling the interactive
responses which are inducing those signals and of outputting
an indication based on the analysis in a readily understand-
able format. Such a format may comprise a dynamic format
such as a two-dimensional or three-dimensional object ani-
mation, the configuration of which is related to the analysis
output. The configurations of the animation changes with the
analysis output, as this output changes over time in relation to
changes in the patient’s physiologic state. The animation
thereby provides a succinct and dynamic summary rendering
which organizes the complexity of the interactive compo-
nents of the output so that they can be more readily under-
stood and used at the bedside and for the purpose of patient
management and education of medical staff relevant the
application of time series analysis in the assessment of dis-
ease. According to an exemplary embodiment of the present
invention the process proceeds by organizing the multiple
data streams defining the input into a hierarchy of time series
objects in an object based data structure, analyzing and com-
paring objects along and across time series, organizing and
summarizing the output, animating and presenting the sum-
marized output and taking action based on the output.
Embodiments of the present invention may comprise analyz-
ing and comparing new objects derived subsequent the pre-
vious actions, adjusting the action and repeating the process.
Additionally, embodiments of the present invention may
comprise calculating the expense and resource utilization
related to said output.

[0058] In accordance with embodiments of the present
invention, a plurality of time series of physiologic signals
(including timed laboratory data) of a given physiologic pro-
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cess (such as sepsis) can have a particular conformational
representation in three-dimensional space (as is shown in
FIGS. 2a and 25). This spatial representation comprises a
summary of the relational data components, as analyzed, to
diagnose a specific pathophysiologic process, to determine its
progression, to define its severity, to monitor the response to
treatment, and to simplify the representative output for the
health care worker.

[0059] Two exemplary pathophysiologic processes (airway
instability and sepsis) will be discussed below and exemplary
patient monitoring systems and methods according to the
present invention, for processing, organizing, analyzing, ren-
dering and animating output, and taking action (including
additional testing or treatment based on said determining)
will be disclosed.

[0060] An important factor in the development of respira-
tory failure is airway instability, which results in air-way
collapse during sedation, stroke, narcotics, or stupor. As illus-
trated in FIGS. 54 and 5b, such collapse occurs in dynamic
cycles called apnea clusters affecting a range of physiologic
signals. These apnea clusters are an example of a common
and potentially life threatening process, which, perhaps due
to the dynamic interactive complexity of the time series, is not
recognized by conventional hospital processors. Yet sub-
groups of patients in the hospital are at considerable risk from
this disorder. Patients with otherwise relatively, stable air-
ways may have instability induced by sedation or narcotics
and it is critical that this instability be recognized in real time
in the hospital so that the dose can be adjusted or the drug
withheld upon the recognition of this development. Conven-
tional patient monitors are neither configured to provide inter-
pretive recognition the cluster patterns indicative of airway
and ventilation instability nor to provide interpretative recog-
nition of the relationship between apnea clusters. In fact, such
monitors often apply averaging algorithms, which attenuate
the clusters. For these reasons thousands of patients each day
enter and leave hospital-monitored units with unrecognized
ventilation and airway instability.

[0061] Conventional hospital-based central patient moni-
tors such as Agilent CMS, or the GE-Marquette Solar 8000,
do not automatically detect and quantify obstructive sleep
apnea or the cluster patterns indicative of airway instability.
Because sleep apnea is so common, it is possible that many
patients who unknowingly have sleep apnea have passed
through hospitals over the past decade without being diag-
nosed. Many ofthese patients may never be diagnosed in their
lifetime, which could result in increased suffering and medi-
cal costs. Also, other patients may develop complications
while in the hospital due to the failure to recognize obstructive
sleep apnea or airway instability. If automatic detection of
sleep apnea is not performed, an opportunity to improve the
efficiency of the diagnosis of obstructive sleep apnea, and to
increase the revenue for the critical care monitoring compa-
nies marketing may remain unrealized. Further, an opportu-
nity to increase hospital and/or physician revenue has been
missed. Automatic detection of airway instability and/or
obstructive sleep apnea by observing data clusters indicative
of those conditions may reduce the occurrences of respiratory
failure, arrest, and/or death related to the administration of IV
sedation and narcotics to patients in the hospital with unrec-
ognized airway instability.

[0062] The importance of recognizing airway instability in
real-time may be appreciated by those of ordinary skill in the
art based on consideration of the combined effect that oxygen
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therapy and narcotics or sedation may have in the patient care
environment in the hospital. By way of example, consider the
management of a post-operative obese patient after upper
abdominal surgery. Such a patient may be at particular risk for
increased airway instability in association with narcotic
therapy in the first and second post-operative day due to sleep
deprivation, airway edema, and sedation. Indeed, many of
these patients have significant sleep apnea prior to admission
to the hospital which is unknown to the surgeon or the anes-
thesiologist due to the subtly of symptoms. These patients,
even with severe sleep apnea, may be relatively safe at home
because of an arousal response. However, in the hospital,
narcotics and sedatives often undermine the effectiveness of
the arousal response. The administration of post-operative
narcotics can significantly increase airway instability and,
therefore, place the patient at risk. Many of these patients are
placed on electrocardiographic monitoring but the alarms are
generally set at high and low limits. Hypoxemia, induced by
airway instability generally does not produce marked levels
of tachycardia; therefore, airway instability is poorly identi-
fied by electrocardiographic monitoring without the identifi-
cation of specific clusters of the pulse rate. In addition, oxim-
etry evaluation may also be a poor method of identifying
airway instability if an averaging interval, which may resultin
the attenuation of dynamic desaturations, is employed. Even
when clustered desaturations occur, they may be thought to
represent false alarms if they are brief. When desaturations
are recognized as potentially real, a frequent result is the
administration of nasal oxygen by a caregiver, which may
produce undesirable results. For example, nasal oxygen may
prolong the apneas and potentially increase functional airway
instability. From a monitoring perspective, the addition of
oxygen therapy can be seen to potentially hide the presence of
significant airway instability by attenuation of the level of
desaturation and reduction in the effectiveness of the oxime-
ter as a monitoring tool in the diagnosis of this disorder.

[0063] Oxygen and sedatives can produce undesirable
results in patients with severely unstable airways since the
sedatives increase the apneas and the oxygen hides them from
the oximeter. For all these reasons, as will be shown, accord-
ing to the present invention, it is important to monitor and
identify specific cluster patterns indicative of airway instabil-
ity or sleep apnea. This may be particularly true during the
administration of narcotics or sedatives in patients with
increased risk of airway instability.

[0064] The central drive to breathe, which is suppressed by
sedatives or narcotics, basically controls two muscle groups.
The upper airway “dilator muscles” and the diaphragm
“pump muscles”. The tone of both these muscle groups must
be coordinated. A fall in tone from the brain controller to the
airway dilators results in upper airway collapse. Alterna-
tively, a fall in tone to the pump muscles causes hypoventila-
tion.

[0065] Two major factors contribute to respiratory arrest in
the presence of narcotic administration and sedation. The first
and most traditionally considered potential effect of narcotics
or sedation is the suppression of the drive to the pump
muscles. In this situation, airway instability may be less
important than the reduced stimulation of the pump muscles,
such as the diaphragm and chest wall, resulting in inadequate
tidal volume, which results in an associated fall in minute
ventilation and a progressive rise in carbon dioxide levels.
The rise in carbon dioxide levels causes further suppression
of the arousal response, therefore, potentially causing respi-
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ratory arrest. This first cause of respiratory arrest associated
with sedation or narcotics has been the primary focus of
previous efforts to monitor patients postoperatively for the
purpose of minimization of respiratory arrests. Both oximetry
and tidal CO, monitoring have been used to attempt to iden-
tify and prevent this development. However, in the presence
of oxygen administration, oximetry is likely to be a poor
indicator of ventilation. In addition, patients may have a com-
bined cause of ventilation failure induced by the presence of
both upper airway instability and decreased diaphragm out-
put. In particular, the rise in CO, may increase instability of
the respiratory control system in the brain and, therefore
potentially increase the potential for upper airway instability.

[0066] The second factor causing respiratory arrest due to
narcotics or sedatives relates to depression of drive to upper
airway dilator muscles causing a reduction in upper airway
tone. This reduction in airway tone results in dynamic airway
instability and precipitates cluster cycles of airway collapse
and recovery associated with the arousal response as the
patient engages in a recurrent and cyclic process of arousal
based rescue from each airway collapse. If, despite the devel-
opment of a significant cluster of airway collapses, the nar-
cotic administration or sedation is continued, this can lead to
further prolongation of the apneas and eventual respiratory
arrest. There is, therefore, a dynamic interaction between
suppression of respiratory drive, which results in hypoventi-
lation, and suppression of respiratory drive, which results in
upper airway instability. At any given time, a patient may have
a greater degree of upper airway instability or a greater degree
of hypoventilation. The relative combination of these two
events will determine the output of the monitor, with the
former producing a simple trending rise (as with end tidal
CO,) or fall (as with minute ventilation or oxygen saturation)
and the latter producing a cluster output pattern.

[0067] Unfortunately, this has been one of the major limi-
tations of carbon dioxide monitoring. The patients with sig-
nificant upper airway obstruction tend to be the same patients
who develop significant hypoventilation. The upper airway
obstruction may result in drop out of the nasal carbon dioxide
signal due to both the upper airway obstruction, on one hand,
or be due to conversion from nasal to oral breathing during a
recovery from the upper airway obstruction, on the other
hand. Although breath by breath monitoring may show evi-
dence of apnea, conversion from nasal to oral breathing can
reduce the ability of the CO, monitor to identity even severe
hypoventilation in association with upper airway obstruction,
especially if the signal is averaged or sampled at a low rate.
For this reason, conventional tidal CO, monitoring when
applied with conventional monitors may be least effective
when applied to patients at greatest risk, that is, those patients
with combined upper airway instability and hypoventilation.

[0068] As describedinU.S. Pat. No. 6,223,064 (assigned to
the present inventor and incorporated herein by reference),
the underlying cyclic physiologic process, which drives the
perpetuation of a cluster of airway closures, can be exploited
to recognize upper airway instability in real time. The under-
lying cyclic process, which defines the behavior of the
unstable upper airway, is associated with precipitous changes
in ventilation and attendant precipitous changes in monitored
parameters, which reflect and/or are induced by such venti-
lation changes. For example, cycling episodes of airway col-
lapse and recovery produces sequential precipitous changes
in waveform output defining analogous cluster waveforms in
the oximetry pulse tracing, the airflow amplitude tracing, the
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oximetry SpQ, tracing, the chest wall impedance tracing and
the EKG pulse rate or R to R interval tracing.

[0069] The use of central hospital monitors generally con-
nected to a plurality (often five or more) of patients through
telemetry is a standard practice in hospitals. The central
monitor is not, however, typically involved in the diagnosis of
sleep apnea, for which the application of additional monitors
is needed. The present inventors are not aware of any of the
cenfral patient monitors (such as those in wide use which
utilize central telemetry), which provide the above function-
ality. The use of additional monitors to diagnose sleep apnea
is inefficient because it requires additional patient connec-
tions, is not automatic, and is often unavailable. According to
one aspect of the present invention, the afore-referenced con-
ventional hospital monitors may be adapted to provide a
measurement and count of airflow attenuation and/or oxygen
desaturation and to compare that output with the chest wall
impedance to routinely identify the presence of obstructive
sleep apnea and to produce an overnight summary and for-
matted output. The summary and formatted output, which
may be over read by the physician, may meet the standard of
the billing code in that it includes airflow, oximetry, chest
impedance, and EKG or body position. Embodiments of the
present invention may use conventional apnea recognition
algorithms (as are well known in the art), such as the apnea
recognition system of U.S. Pat. No. 6,223,064 (hereby incor-
porated by reference), or another suitable system for recog-
nizing sleep apnea.

[0070] The present inventors discovered and recognized
that the addition of such functionality to central hospital
monitors could result in improved efficiency, patient care,
reduced cost and potentially enhanced physician and hospital
revenue. The business of diagnosing sleep apnea has long
required additional equipment relative to the standard hospi-
tal monitor and would be improved by the conversion and
programming of central hospital monitors to provide this
functionality. Moreover, the method of using the processor of
a central hospital monitor to interactively detect obstructive
sleep apnea and provide processor-based interpretive indica-
tion of obstructive output and to output a summary suitable
for interpretation to make a diagnosis of obstructive sleep
apnea can result in the automatic diagnosis of sleep apnea for
many patients who may be unaware of their condition. The
present invention may also allow patient monitoring compa-
nies, which manufacture the central hospital monitors, to
enter the sleep apnea diagnostic market and to exploit that
entry by providing a telemetry connection of positive pres-
sure devices to the primary processor or secondary processor
of the carried telemetry unit so that positive pressure can be
adjusted by the patient monitor. The present invention may
facilitate growth in the field of selling positive pressure
devices by providing an opportunity for hospital monitoring
companies to create specialized interfaces for the transport of
telemetry data between patient monitors and/or the associated
telemetry unit to the positive pressure devices. Moreover,
market growth may be enhanced because more potential cus-
tomers of positive pressure treatment may be identified.

[0071] According one aspect of the present invention, the
recognition of sequential precipitous changes can be achieved
by analyzing the spatial and/or temporal relationships
between at least a portion of a waveform induced by at least a
first apnea and at least a portion of a waveform induced by at
least a second apnea. This can include the recognition of a
cluster, which can comprise a high count of apneas with
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specified identifying features which occur within a short time
interval along said waveform (such as 3 or more apneas
within about 5-10 minutes) and/or can include the identifica-
tion of a waveform pattern defined by closely spaced apnea
waveform or waveform clusters. Further, the recognition can
include the identification of a spatial and/or temporal rela-
tionship defined by waveform clusters, which are generated
by closely spaced sequential apneas due to cycling upper
airway collapse and recovery. Using the above discoveries,
typical standard hospital monitors can be improved to provide
automatic recognition of apnea clusters indicative of upper
airway instability and to provide an automatic visual or
audible indication of the presence of such clusters and further
to provide a visual or audible output and severity of this
disorder thereby rendering the timely recognition and diag-
nosis of upper airway instability and obstructive sleep apnea
a typical occurrence in the hospital.

[0072] FIG. 5a illustrates the re-entry process driving the
propagation of apnea clusters. The physiologic basis for these
clusters has been previously described in U.S. Pat. Nos.
5,891,023 and 6,223,064 (the disclosure of each of which is
incorporated by reference as if completely disclosed herein).
This cycle is present when the airway is unstable but the
patient is capable of arousal. In this situation, in the sleeping
or sedated patient, upon collapse of the airway, the patient
does not simply die, she rescues herself and precipitously
opens the airway to recover by hyperventilation. However, if
the airway instability remains after the arousal and rescue is
over, the airway collapses again, only to result in another
rescue event. This cycle produces a cluster of closely spaced
apneas with distinct spatial, frequency and temporal wave-
form relationships between and within apneas wherein the
physiologic process re-enters again and again to produce a
clustered output. In accordance with aspects of the present
invention, an apnea cluster is comprised of a plurality (two or
more) of closely spaced apneas or hypopneas. Analysis of
three or more apneas is desirable. Embodiments of the present
invention include recognition of apnea clusters along signals
derived from sensors outside the body or from sensors within
the body, for example in association with pacemakers, cath-
eters, or other indwelling or implanted devices or sensors
wherein the signals are indicative of parameters including
Sp0O,, pulse (including pulse characteristics as derived for
example from the plethesmographic pulse defined, for
example, by a red pleth signal, an IR pleth signal, and ratio of
ratios, to name a few), chest wall impedance, airflow (includ-
ing but not limited to exhaled carbon dioxide (CO,) and air
temperature (for example measured by a thermistor), and
sound. Additional parameters that may be analyzed include
the plethesmographic pulse, blood pressure, heart rate, ECG
(including, for example, QRS morphology, pulse rate, R to R
interval plots and timed plots of ST segment position to name
a few), chest wall and/or abdominal movements, systolic time
intervals, cardiac output. Additional examples include con-
tinuous cardiac outputs as by CO2 analysis, chest impedance,
and thermodilution, esophageal and plevd process param-
eters, genioglossal tone, accessory, EEG signals, EMG sig-
nals, and other signals, that provide a cluster pattern indica-
tive of a condition that is of interest from a diagnostic
perspective. All of these parameters comprise respiratory
parameters since they manifest, for example, circulatory,
movement, electrical and electrochemical patterns of varia-
tions in response to respiratory patterns of variations due to
pathophysiologic instabilities.
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[0073] The present invention further includes a system for
defining the physiologic status of a patient during critical
illness based on the comparison of a first parameter along a
first monitored time interval defining a first timed data set to
at least one other parameter along a second time interval,
defining a second timed data set. The second time interval
corresponds to the first time interval and can actually be the
first time interval or another time interval. The second time
interval corresponds to the effected physiologic output of the
second parameter as inclined by the output of the first param-
eter during the first time interval. For example the first time
interval can be a five to fifteen minute segment of timed
airflow and the time interval can be a slightly delayed five to
fifteen minute segment of timed oxygen saturation derived
from the airflow which defined the dataset of the first time
interval.

[0074] According another aspect of the present invention,
the microprocessor identifies changes in the second param-
eter that are unexpected in relationship to the changes in the
first parameter. For example, when the microprocessor iden-
tifies a pattern indicative of a progressive rise in minute ven-
tilation associated with a progressive fall in oxygen satura-
tion, atextual warning can be provided indicating physiologic
divergence of the oxygen saturation and minute ventilation.
For example, the term “divergent oxygen saturation” can be
provided on the patient monitor indicating that an unexpected
change in oxygen saturation has occurred in association with
the ventilation output. The occurrence of such divergence is
not necessarily a life threatening condition but can be an early
warning of significant life threatening conditions such as
pulmonary embolism or sepsis. If the patient has an attached
apparatus which allows the actual minute ventilation to be
quantitatively measured rather than trended then, divergence
can be identified even when the oxygen saturation does not
fall as defined by plotting the timed output of ventilation
indexing oximetry as by formulas discussed in the U.S. patent
applications (of one of the present inventors) entitled Medical
Microprocessor System and Method for Providing a Ventila-
tion Indexed Value (U.S. Application Ser. No. 60/201,735)
and Microprocessor System for the Simplified Diagnosis of
Sleep Apnea (U.S. application Ser. No. 09/115,226) (the dis-
closure of each of which is incorporated herein by reference
as if completely disclosed herein). Upon the identification of
divergence, the time series of other parameters such as the
temperature, while blood cell count and other lab tests can be
included to identify the most likely process causing, the diver-
gence.

[0075] One of the reasons that the identification of patho-
physiologic divergence is important is that such identification
may provide earlier warning of disease. In addition, if the
patient progresses to develop significantly low levels of a
given parameter, such as oxygen saturation or pulse, it is
useful to be able to go back and identify whether or not the
patient experienced divergence of these parameters earlier
since this can help identify whether it is a primary cardiac or
pulmonary process which is evolving and indeed the time
course of the physiologic process is provided by both diag-
nostic and therapeutic. Consider, for example, a patient expe-
riencing significant drop in oxygen saturation and cardiac
arrest. One purpose of the present invention is to provide an
output indicative of whether or not this patient experienced a
cardiac arrhythmia which precipitated the arrest or whether
some antecedent pulmonary process occurred which caused
the drop in oxygen saturation which then ultimately resulted
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in the cardiac arrhythmia and arrest. If the patient is being
monitored by chest wall impedance, oximetry and EKG, all
three parameters can be monitored for evidence of patho-
physiologic divergence. If, according to the present inven-
tion, the processor identifies divergence of the oxygen satu-
ration in association with significant rise in minute
ventilation, then consideration for bedside examination, chest
x-ray, arterial blood gas measurement can all be carried out so
that the relationship between cardiac and pulmonary compen-
sationin this patient can be identified early rather than waiting
until a threshold breach occurs in one single parameter. Since,
with the use of conventional monitors, threshold breach of an
alarm can be severely delayed or prevented by an active
compensatory mechanism, such as hyperventilation, one
advantage of the present invention is that the processor can
provide warning as much as four to eight hours earlier by
identifying pathophysiologic divergence rather than waiting
for the development of a threshold breach.

[0076] Another example of the value of monitor based
automatic divergence recognition, according to embodiments
of the present invention is provided by a patient who has
experienced a very mild breach of the alarm threshold in
association with significant physiologic divergence such as a
patient whose baseline oxygen saturation is 95% in associa-
tion with a given baseline amplitude and frequency of minute
ventilation as identified by an impedance monitor. For this
patient, the fall in oxygen saturation over a period of two
hours from 95% to 89% might be perceived by the nurse or
house officer as representing only a mild change which war-
rants the addition of simple oxygen treatment by nasal can-
nula but no further investigation. However, if this same
change is associated with marked physiologic divergence
wherein the patient has experienced significant increase in the
amplitude and frequency of the chest impedance, the micro-
processor identification of significant pathophysiologic
divergence can give the nurse or house officer cause to con-
sider further performance of a blood gas, chest x-ray or fur-
ther investigation of this otherwise modest fall in the oxygen
saturation parameter.

[0077] Excessive sedation is unlikely to produce physi-
ologic divergence since sedation generally results in a fall in
minute ventilation, which will be associated with a fall in
oxygen saturation if the patient is not receiving nasal oxygen.
The lack of pathophysiologic divergence in association with
a significant fall in oxygen saturation can provide diagnostic
clues to the house officer.

[0078] In accordance with embodiments of the present
invention, a processor-based system can automatically output
an indication of pathophysiologic divergence relating to
timed data sets derived from sensors which measure oxygen
saturation, ventilation, heart rate, plethesmographic pulse,
and/or blood pressure to provide automatic comparisons of
linked parameters in real time, as will be discussed. The
indication can be provided in a two or three-dimensional
graphical format in which the corresponding parameters are
presented summary graphical format such as a timed two-
dimensional or three-dimensional animation. This allows the
nurse or physician to immediately recognize pathophysi-
ologic divergence.

[0079] According to another aspect of exemplary embodi-
ments of the present invention, the comparison of signals can
be used to define a mathematical relationship range between
two parameters and the degree of variance from that range.
This approach has substantial advantages over the simple
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comparison of a given signal with itself along a time series to
determine variability with respect to that signal, which has
been shown to correlate loosely with a diseased or aged
physiologic system. Such an approach is described in Griffin
U.S. Pat. No. 6,216,032, the disclosure of which is incorpo-
rated by reference as is completely disclosed herein. As
appreciated by those of ordinary skill in the art, the signal
variability processing method, which has been widely used
with pulse rate, lacks specificity since variance in a given
signal may have many causes. According to embodiments of
the present invention, a plurality of signals are tracked to
determine if the variability is present in all of the signals, to
define the relationship between the signals with respect to that
variability, and to determine if a particular signal (such as
airflow, for example) is the primary (first) signal to vary with
other signals tracking the primary signal. With respect to
analysis of signal variability, airway instability, sepsis, stroke,
and congestive heart failure are all associated with a high
degree of heart rate variability and this can be determined in
relation to a baseline or by other known methods. In accor-
dance with embodiments of the present invention, the general
variability of a plurality of signals is determined and these are
matched to determine if a particular signal has a greater
variability than the other signals, and more importantly the
dynamic relationship between the signals is determined to
identify the conformation of that variability. In this respect for
example, the pulse in sepsis in a neonate may show a high
degree of variability, by confirming that this variability is
associated with a general multi-parameter conformation
rather than a conformation of rapidly expanding and contract-
ing parameters, as is typical of airway instability. In this way,
the etiology of the pulse variability is much better identified.

[0080] FIGS. 2a and 24 are graphical representations of
parametric models that may be constructed in accordance
with embodiments of the present invention to assist in the
recognition of non-conformities of a range of parameters. The
parameters, which may represent time series data, may be
defined to correspond with data that is variable in response to
certain conditions such as sleep apnea or sepsis. The shape of
each region of the geometric figures illustrated in FIGS. 2a
and 2b may be defined to represent a range of normal values
for each parameter (oxygen saturation including arterial and
venous), airflow, pulse, inflammation indicators, blood pres-
sure and chest movement in F1G. 2a) that is being evaluated.
As illustrated in FIGS. 2a and 25, the shape of one or more of
the parametric representations may vary over time, indicating
relational non-conformity with respect to expected normal
time series data. The degree and pattern of divergence from
the predetermined normal range may serve to indicate the
presence of a malady such as sleep apnea or sepsis. Examples
of analytical tools that may be employed as at least one
component of an embodiment of the present invention
include time domain analysis, frequency domain analysis,
neural network analysis, preprocessing signals to remove
artifacts, phase analysis, pattern recognition, ratiometric
analysis, wavelet analysis, filtering (average, median, ACF,
ADC), histogram analysis (stochastic distribution), variabil-
ity analysis, entropy analysis, data fusion, fractal analysis
transformations, combine or convolve signals and peak detec-
tor analysis.

[0081] Asillustrated in FIGS. 2a and 2b, variability may be
defined in relation to which parameters are changing, whether
they are changing together in a particular category of confor-
mation indicative of a specific disease process, and the extent
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to which they follow anticipated subordinate behavior is iden-
tified. According to another aspect of an exemplary embodi-
ment of the present invention, the time series of the parameter
“relationship variance” and the time series of the “relation-
ship variability” may be analyzed as part of a data matrix.
Those of ordinary skill in the art will appreciate that the shape
of the region representing a collection of parameters of inter-
est may be defined to correspond to a wide range of geom-
etries. For example, the parametric representation may be
defined to have a cross section of a circle (see, for example,
FIGS. 1a and 15), a rectangle or any suitable parameter to
facilitate analysis of the data representative of that parameter.

[0082] As illustrated in FIG. 2a, airflow and heart rate
increases begin to develop early in the state of sepsis. In FIG.
2a, oxygen saturation does not vary much outside its normal
range even though airflow begins to increase because the peak
value of the oxygen saturation vale to limited. As septic shock
evolves, variability increases and the tight relationship
between airflow and oxygen saturation begins to break down
(see FIG. 2b). In one embodiment of the present invention,
this relationship is analyzed, as time seties of the calculated
variance of the airflow, variance of the heart rate, and variance
of the oxygen saturation, along with the streaming time series
of objects of the original measured values. Timed calculated
variability thereby comprises components of a data matrix of
objects having a particular geometric shape. Furthermore, a
time series of the variance from a given relationship and the
variability of that variance may be derived and added to the
data matrix. By way of example, an index of the magnitude
value of airflow in relation to the magnitude value of oxygen
saturation and/heart rate is calculated for each data point
(after adjusting for the delay) and a time series of this index is
derived. Then, a time series of the calculated variability of the
index is derived and added to the data matrix. The slope or
trend of the index of “airflow” and oxygen saturation will rise
significantly as septic shock evolves and this can be corre-
lated with the slope of the variability of that index. In com-
parison with septic shock, in airway instability, the time series
of these parameters show a high degree of variability gener-
ally but a relatively low degree of variance of the indexed
parameters associated with that variability (since despite their
precipitous dynamic behavior, these parameters generally
move together maintaining the basic relationships of physi-
ologic subordinance). In addition to heart rate, a time series of
the plethesmographic pulse (as amplitude, ascending slope,
area under the curve or the like) variability and variance (as
with continuous blood pressure or airflow) can be derived and
incorporated with the data matrix for analysis and compari-
son to determine variability and variance relationships as well
as to define the general collective conformation of the
dynamic relationships of all of these parameters.

[0083] According to another aspect of an embodiment of
the present invention, the analysis of subsequent portions of a
time-series can automatically be adjusted based on the output
of the analysis of preceding portions of a time-series. By way
of example, with timed waveforms, such as SpQ,, in clinical
medicine, two differing conditions may occur intermittently:
a first condition may occur in which additional processing of
acquired data is desirable intermittently with a second con-
dition in which the additional processing of data is not desir-
able. For example, the application of smoothing algorithms if
they are not needed may result in modification of the slope of
an oxygen desaturation and the slope of resaturation.
Improper smoothing may also affect the relative relationship
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between the desaturation and resaturation slopes. Embodi-
ments of the present invention may be adapted to perform
additional processing such as smoothing when it is desirable
and omit the additional processing when the additional pro-
cessing is not desirable. Subsequently, the data signal is pro-
cessed with cluster analysis technology for the recognition of
airway instability. The cluster analysis technology may be
adjusted to account for the effect of averaging on the slopes
and the potential for averaging to attenuate mild desatura-
tions.

[0084] In an exemplary embodiment of the present inven-
tion, a microprocessor system is provided for the recognition
of specific dynamic patterns of interaction between a plurality
of corresponding and related time series. The system com-
prises a processor programmied to process a first time series to
produce a lower-level time series of sequential time series
fragments derived from the first time series, process the
lower-level time series to produce a higher-level time series
comprised of sequential time series fragments from the
lower-level time series, process a second time series, the
second time series being related to the first time series, pro-
duce asecond lower-level time series of sequential time series
fragments derived from the second time series, and identify a
dynamic pattern of interaction between the first time series
and the second time series. The system can be further pro-
grammed to process the lower-level time series of the second
time series to produce a higher-level time series derived from
sequential time series fragments of the second lower-level
time series. The system can be programmed to process a third
time-series, the third time series being related to at least one
of the first and the second time series, to produce a third
lower-level time series of sequential time series fragments
derived from said third time series. The system can be pro-
grammed to process the higher-level time series to produce a
complex-level time series derived from sequential time series
fragments of said higher-level time series.

[0085] The time series fragments of the first and second
time series can be stored in a relational database. The frag-
ments of the higher-level time series can comprise objects that
inherit the characteristics of the objects of the lower-level
time series from which they are derived. The first and second
time series can comprise datasets of physiologic data points
and the system can comprise a patient monitoring system
wherein the dynamic pattern of interaction comprises patho-
physiologic divergence.

[0086] As set forth below, data obtained from embodiments
of the present invention may be employed to initiate or control
a wide range of actions, depending on the condition being
identified and other design considerations. Examples of diag-
nostic activities that may be performed responsive to data
analysis performed by embodiments of the present invention
include the identification of patterns indicative of airway
obstruction or instability, hypoventilation, hyperventilation
and Chenyne-Stokes respiration among others. Another
exemplary use for embodiments of the present invention is to
identify variations between similar conditions, such as the
difference between central and obstructive sleep apnea.
Examples of therapeutic activities that may be controlled or
initiated responsive to data analysis performed in accordance
with embodiments of the present invention include providing
an audiovisual alarm, waking a patient, providing a remote
notification, sending human intervention, altering setting of
life support event (ventilator), writing a severity index to a
display device such as a Digicalc, switching display modes of
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adisplay device, showing a list of options, printing a warning,
performing genioglossal stimulation, performing phrenic
nerve stimulation, performing diaphragm stimulation (im-
plantable pacemaker), titrating a CPAP or bi-level pressure
device, triggering another process, administering respiratory
stimulant drugs, administering theophylline (caffeine or the
like), reducing or ceasing administration of narcotics, reduc-
ing administration of O, or closing a control loop to processes
such as FiO,, CPAP, PCA or PEEP. A number of examples of
the application of embodiments of the present invention are
set forth below.

[0087] Inone exemplary embodiment of the present inven-
tion, the system comprises a monitor having a plurality of
sensors for positioning adjacent a patient and a processor
programmed to produce a first timed waveform based on a
first physiologic parameter of the patient, produce a second
timed waveform based on a second physiologic parameter
which is generally subordinate to the first physiologic param-
eter, so that the second parameter normally changes in
response to changes in the first parameter, identify patho-
physiologic divergence of at least one of the first and second
physiologic parameters in relationship to the other physi-
ologic parameter. The system can be further programmed to
output an indication of the divergence, calculate an index of
the divergence and/or provide an indication based on the
index. The first parameter can, for example, comprise an
indication of the magnitude of timed ventilation of a patient
which can, for example, be the amplitude and/or frequency of
the variation in chest wall impedance and/or the amplitude
and/or frequency of the variation in nasal pressure and or the
amplitude and frequency of the variation of at least one of the
tidal carbon dioxide and/or the volume of ventilation or other
measurable indicator. The second parameter can, for
example, comprise ameasure of oxygen saturation and can be
pulse oximetry value or other measurable indicator of arterial
oxygenation such as a continuous or intermittent measure-
ment of partial pressure of oxygen.

[0088] Another embodiment of the present invention may
include a method of monitoring a patient comprising moni-
toring a patient to produce a first timed waveform of a first
physiologic parameter and a second timed waveform of a
second physiologic parameter, the second physiologic
parameter being physiologically subordinate to the first
physiologic parameter, identifying a pattern indicative of
divergence of at least one of the waveforms in relation to a
physiologically expected pattern of the one of the other of the
waveforms and outputting an indication of the divergence.
The first timed waveform can be, for example defined by a
time interval of greater than about 5-20 minutes. The first and
second time series can, for example, be physiologic time
series derived from airflow and pulse oximetry. The processor
can comprise a primary processor, and the system can include
a secondary processor and at least one of a diagnostic and
treatment device, the primary processor being connectable to
the secondary processor, the secondary processor being pro-
grammed to control at least one of the diagnostic and treat-
ment device, the secondary processor being programmed to
respond to the output of said primary processor. The primary
processor can be programmed to adjust the program of the
secondary processor. The treatment device can be, for
examplean airflow delivery system controlled by a secondary
processor, the secondary processor being programmed to rec-
ognize hypopneas, the primary processor adjusting the pro-
gram of the secondary processor based on the identifying. In
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another embodiment, the treatment device can be an auto-
matic defibrillator. The secondary processor can be mounted
with at least one of the treatment and diagnostic device, the
primary processor being detachable from the connection with
the secondary processor. In one embodiment, the primary
processor is a hospital patient monitor adapted to monitor and
analyze a plurality of different patient related signals, which
may include electrocardiographic signals. The primary pro-
cessor may comprise a polysomnography monitor capable of
monitoring a plurality of different signals including encepha-
lographic signals.

[0089] Embodiments of the present invention may com-
prise a monitor capable of organizing the complexity of the
actual operative dynamic interactions of all of the signals both
with respect to the absolute values, the degree of relative
variation, and rate of variation across along and across mul-
tiple levels of the processed output and, more specifically,
along and across multiple levels of multiple signals. Embodi-
ments of the present invention may facilitate organization of
interactive complexity defining the physiologic outputs gen-
erated by the affected physiologic systems, to recognize spe-
cific types and ranges of interactive pathophysiologic time
series occurrences, and analysis of the components and evo-
lution of such occurrences, thereby providing a timely output
that reflects the true interactive, multi-system process impact-
ing the patient or to take automatic action base on the result of
said analysis.

[0090] Embodiments of the present invention may provide
an iterative processing system and method that analyzes both
waveforms and timed laboratory data to produce an output
corresponding to the dynamic evolution of the interactive
states of perturbation and compensation of physiologic sys-
tems in real time. As a result, accurate information about the
physiologic state of the patient may be obtained.

[0091] Embodiments of the present invention may provide
an iterative object oriented waveform processing system,
which can characterize, organize, and compare multiple sig-
nal levels across a plurality of signals by dividing each wave-
form level of each signal into objects for discretionary com-
parison within a relational database, object database or
object-relational database. Embodiments of the present
invention may provide a diagnostic system, which can con-
vert conventional hospital-based central telemetry and hard
wired monitoring systems to provide automatic processor
based recognition of sleep apnea and airway instability. Such
systems may be adapted to output data sets in a summary
format so that this can be over read by a physician. In this
manner, maladies such as sleep apnea can be detected in a
manner similar to that of other common diseases such as
hypertension and diabetes.

[0092] Embodiments of the present invention may provide
a diagnostic system, that can convert conventional hospital-
based central telemetry and hard wired monitoring systems to
provide processor based recognition of maladies such as
sleep apnea and airway instability though the recognition of
patterns of closely spaced apneas and/or hypopneas both in
real time and in overnight interpretive format.

[0093] Embodiments of the present invention may provide
a system that is adapted to identify map, and link waveform
clusters of apneas from simultaneously derived timed signals
of multiple parameters that include chest wall impedance,
pulse, airflow, exhaled carbon dioxide, systolic time intervals,
oxygen saturation, EKG-ST segment level, or the like to
enhance the real-time and overnight diagnosis of sleep apnea.
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In addition, embodiments of the present invention may be
adapted to provide timely, real-time indication such as a
warning or alarm of the presence of apnea and/or hypopnea
clusters so that nurses can be aware of the presence of a
potentially dangerous instability of the upper airway during
titration of sedatives and/or narcotics.

[0094] Embodiments of the present invention may provide
a system for the recognition of airway instability for com-
bined cluster mapping of a timed dataset of parameters such
as nasal oral pressure in conjunction with tidal CO, to identify
clusters of conversion from nasal to oral breathing and to
optimally recognize clusters indicative of airway instability
in association with tidal CO, measurement indicative of
hypoventilation.

[0095] An exemplary embodiment of the present invention
may be employed to identify pathophysiologic divergence of
aplurality of physiologically linked parameters along a timed
waveform over an extended period of time to provide earlier
warning or to provide reinforcement of the significance of a
specific threshold breach. Exemplary embodiments of the
present invention may be employed to identify an anomalous
trend of a first respiratory output in relation to a second
respiratory output wherein said first output is normally
dependent on said second output to identify divergence of
said first respiratory output in relationship to the expected
trend said first respiratory output based on the trend of said
second output.

[0096] An exemplary embodiment of the present invention
may be adapted to plot the prolonged slope of a first respira-
tory output in relationship to the prolonged slope of a second
respiratory output and to identify divergence of said first
respiratory output in relation to the slope second respiratory
output. Further, exemplarv embodiments of the present
invention may be adapted to automatically trigger testing
(and comparison of the output) of a secondary intermittently
testing monitor based on the recognition of an adverse trend
of the timed dataset output of at least one continuously tested
primary monitor.

[0097] Exemplary embodiments of the present invention
may be adapted to provide recognition of lower airway
obstruction (as with bronchospasm or chronic obstructive
pulmonary disease) by exploiting the occurrence of the
forced exhalation during the hyperventilation phase of recov-
ery intervals after and/or between intermittent upper airway
obstruction to identify obstructive flow patterns within the
forced exhalation tracing and thereby identify lower airway
obstruction superimposed on clustered upper airway obstruc-
tion. Additionally, embodiments of the present invention may
automatically customize treatment algorithms or diagnostic
algorithms based on the analysis of waveforms of the moni-
tored parameters. Finally, exemplary embodiments of the
present invention may include providing a method of linking
a time series of expense and/billing data to a time series of
patient related outputs and exogenous actions applied to the
patient so that the expense of each aspect of the patients care
can be correlated with both the procedures and medications
administered as well as the patient output both with respect to
dynamic patterns of interaction and specific laboratory values
or comparative results.

[0098] Embodiments of the present invention may com-
prise a digital object processing system that functions to
provide multidimensional waveform object recognition both
with respect to a single signal and multiple signals. Such a
system may be employed to identify and compare objects.
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Objects defined along one or more signals, including different
signals may then be analyzed, identified and compared and
defined by, and with, objects from different levels, if desired.
[0099] FIG. 1a is a diagram of a three-dimensional cylin-
drical data matrix 1 in accordance with embodiments of the
present invention comprising corresponding, streaming, time
series of objects from four different timed data sets. The
cylindrical data matrix 1 shown in FIG. 1a provides a repre-
sentation of a relational data processing structure of multiple
time series. As this representation shows, a plurality of time
series of objects are organized into different corresponding
streams of objects, which can be conceptually represented as
the cylindrical data matrix 1, comprising processed, ana-
lyzed, and objectified data with time defining the axis along
the length of the cylindrical matrix 1. In this example, the
cylindrical data matrix 1 is comprised of four time series
streams of processed objects, each stream having three levels.
Each of the time series and their respective levels are matched
and stored together in a relational database, object database or
object-relational database. Each streaming time series of
objects as from a single signal or source (e.g. airflow or
oximetry, as in a matrix of physiologic signals) is represented
in the main cylinder 1 by a smaller cylinder (2, 3, 4, 5) and
each of these smaller cylinders is comprised of a grouping of
ascending levels of time series of streaming objects (6, 7, 8)
with the higher levels being derived from the level below it.
The streaming objects in each ascending time series level are
more complex with each new level, and these more complex
objects contain the simpler objects of the lower levels as will
be described.

[0100] FIG. 16 shows a cross section 9 of the cylindrical
data matrix 1 (FIG. 1a) curved back upon itself to illustrate an
advantage of organizing the data in this way. Each object from
each grouping can be readily compared and matched to other
objects along the grouping and can further be compared and
matched to other objects from each other grouping. Further-
more, an object from one level of one signal at one time can be
readily compared to an object from another level of a different
signal at a different time. The time series of streaming objects
in FIG. 1b are airflow, SPO,,, pulse, and a series of exogenous
actions. This is a typical data structure, which would be used
according to the present invention to monitor a patient at risk
for sudden infant death syndrome and this will be discussed
below in more detail.

[0101] Using this data structure, highly complex patterns
and subtle relationships between interactive and interdepen-
dent streams of objects can be readily defined by searching
the matched object streams. This allows for the recognition of
the dynamic pattern interaction or conformation of the matrix
of analyzed streaming interactive objects.

[0102] FIG. 2a is a diagram of a three-dimensional repre-
sentation of collective conformation of corresponding time
series of objects of pulse (which can be heart rate and/or pulse
amplitude or another pulse object derived of one or more of
the many pulse characteristics), oxygen saturation, airflow,
chest wall movement, blood pressure, and inflammatory indi-
cators during early infection, organized in accordance with
embodiments of the present invention. FIG. 25 is adiagram of
a representation of the dynamic multi-parameter conforma-
tion shown in FIG. 2a, but extended through the evolution of
septic shock to the death point. Each particular expected
conformation will be defined by the specific parameters cho-
sen and the manner in which they are analyzed. In an exten-
sion of the example a time series of expenditures would
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reflect a significant increase in the slope of resource (as finan-
cial or other recourses), which begins at a recognition point.
Ifno recognition point occurs (i.e. the patient dies without the
condition being diagnosed), the resource object time series
may have a flat or even decreasing slope. The recognition of
a specific dynamic pattern of interaction occurrence falling
within a specified range may be used to determine the pres-
ence and severity of a specific of a biologic or physical pro-
cess. A correlation with a time series of recourse allocation
(such as timed expenditures) and a time series of exogenous
actions (such as pharmaceutical therapy or surgery) can be
used to determine the cost and causes of a given dynamic
pattern of interaction and to better define the efficacy of
intervention. The conformation of FIGS. 24 and 25 can be
seen as comprising a progressive expansion, evolving to
divergence of the parameters and eventual precipitous col-
lapse and death. This can be readily contrasted with the con-
formation of the cylindrical analyzed data matrix 1 (FIG. 1a)
derived from the same analysis of the same time series group-
ing during the state of evolving airway instability associated
with excessive sequential or continuously infused dosing of
sedation or narcotics. In this case, the pattern is one of pre-
cipitous, cyclic, and convergent expansion and contraction
with eventual terminal contraction and death.

[0103] The following discussion presents an exemplary
embodiment of the present invention for application to the
patient care environment to achieve organization and analysis
of physiologic data and particularly physiologic signals and
timed data sets of laboratory data from patients during a
specific time period such as a hospitalization or perioperative
period.

[0104] The interaction of physiologic signals and labora-
tory data is particularly complex, and requires a widely varied
analysis to achieve comprehensive recognition of the many
dynamic patterns of interaction indicative of potential life
threatening pathophysiologic events. This wide variation is
due, in part, to the remarkable variation in both patient and
disease related factors. Such analysis is best performed in
real-time to provide timely intervention. To accomplish this
level of organization and DPI identification through multiple
levels of each data set or waveform and then across multiple
levels of multiple data sets or waveforms, the system pro-
cesses and orders all of the datasets from each system of the
patient into a cylindrical matrix with each of the smaller
cylinders containing the levels in a specific ascending fash-
ion. An illustrative example of one exemplary method
sequence for organizing the data set of a single smaller cyl-
inder (comprised of a single signal of airflow) is shown in
FIGS. 3a-3i.

[0105] According to this method, a processor executing
instructions in accordance with an embodiment of the present
invention derives from a time series of raw data points (FIG.
3a) a series of dipole objects with their associated polarities
and slopes (FIG. 3b). As shown in FIG. 3¢ these dipoles can
be represented as a slope set which removes the spatial
attributes of the points and highlights relative change. As
shown in FIG. 3¢, various boundary types can be used to
separate the dipoles into composite sequential objects and the
figure shows three illustrative boundary types: pattern limits,
inflection points, and polarity changes. As shown in FIG. 34,
the system now has the critical boundary points from which
the wave pattern can be segmented and the composite objects
canbe derived and associated properties calculated. Although
this is represented in FIG. 3d as linear segments, each com-
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posite object is actually comprised of the original set of
dipoles so that the user can choose to consider it a straight
segment with one slope or a curved segment defined by the
entire slope set of the segmented object. FIG. 3eshows how
the “trend” composite objects can be identified to provide a
simplified linear trend (or polarity) analysis.

[0106] Though the “trend” object set is useful as shown in
FIG. 3e, the time series can be segmented into other compos-
ite objects derived from the utilization of more or different
user-defined boundary types. This can be useful even if the
curved shapes can be analyzed in the simpler trend analysis
because the selection of object boundaries at specific ranges
or deflections helps to organize the objects as a direct function
of changes in the physiologic output. In the example below,
all three boundary types are employed to derive a wave pat-
tern wire frame. The wire frame provides a simplified and
very manageable view of the pattern and has boundary
attributes that can be vary useful in waveform pattern search-
ing. This type of object segmentation can be shown (FIG. 30
as a set of object slopes with associated durations with the
spatial relationships removed. As is shown in FIG. 3/ this
provides a representation for the manipulation by the user for
object slope or duration deviation specification. Such devia-
tions may be specified specifically to individual segment
objects or may be globally designated. Deviations may or
may not be designated symmetrically. Multiple deviations
can be specified per segment with scoring attributes
(weighted deviations) to provide even more flexibility to the
user to search for and correlate derived patterns. These two
figures below shots specified deviations per segment (but not
weighted deviations) for slope and duration.

[0107] Inthe above exemplary manner, the time series can
be organized with its associated objects and user-specified
deviations, all of which are stored and categorized in a rela-
tional database, object database or object-relational database.
Also as will be discussed, once processed, portions of such a
time series can then be applied as target search objects to
other waveforms to search for similar objects and to score
their similarity.

[0108] FIG. 3% is representative of the user selection of
linear ranges of variations. Those skilled in the art will rec-
ognize that complex curved shape variations can be specified
in a similar way through the selection of specific ranges in
variations of the dipole slope data set (FIG. 3¢) defining the
ranges of the curved target search object. It should be noted
that, while the dipole set shown appears linearized, in fact, it
can be seen that the dipoles can contain all of the information
in the data points so that any curve present in the original raw
data canbe reproduced. Itis cumbersome to input such ranges
for each dipole so this can be provided by specifying a curved
shape and then moving a pointer adjacent a curved shape to
identify a range of shapes defining a curved target search
object.

[0109] FIG. 4 is a graphical representation of an orgamza-
tion of the waveforms shown in FIGS. 3a-3% into ascending
object levels in accordance with embodiments of the present
invention. The graphs shown in FIG. 4 illustrate the ascending
object processing levels according to embodiments of the
present invention, which are next applied to order the objects.
These levels may be defined for each signal and comparisons
can be made across different levels between different signals.
The first level is comprised of the raw data set. The data from
this first level are then converted by the processor into a
sequence of fundamental objects called dipoles to form the

Jul. 8, 2010

second (fundamental object) level. In accordance with
embodiments of the present invention, these dipole objects,
which will ultimately define complex multi-signal objects,
are comprised of these sequential fundamental objects having
the simple characteristics of slope polarity, and duration. At
this level, the dipoles can be processed to achieve a “best fit”
dipole matching of two or more signals (as will be discussed)
and are used render the next level, called the “composite
object level.”

[0110] The composite object level is comprised of sequen-
tial and overlapping composite objects, which are composed
of a specific sequence of slope dipoles as defined by selected
search criteria. Each of these composite objects has similar
primary characteristics of a slope duration, and polarity to the
fundamental objects. However, for the composite objects, the
characteristic of slope can comprise a time series character-
istic given as a slope dataset. The composite object level also
has the characteristic of “intervening interval time-series”
defined by a time series of the intervals between the recog-
nized or selected composite objects. At this level, a wide
range of discretionary index characteristics can be derived
from the comparison of basic characteristics of composite
objects. Examples of such index characteristics include: a
“shape characteristic” as derived from any specified portion
of the slope dataset of the object, a “positional characteristic”
as derived from, for example, the value of the lowest or
highest points of the object, or a “dimensional value charac-
teristic” as derived by calculating the absolute difference
between specified data points such as the value of the lowest
and the highest values of the object, or a “frequency charac-
teristic” such as may be derived from performing a Fourier
transform on the slope dataset of the object.

[0111] Thenext analysis level is called the “complex object
level.” In that level, each sequential complex object com-
prises plurality of composite objects meeting specific criteria.
A complex object has the same categories of primary charac-
teristics and derived index characteristics as a composite
object. A complex object also has the additional characteris-
tics of “composite object frequency” or “composite object
order” which can be used as search criteria defined by a
selected frequency or order of composite object types, which
are specified as defining a given complex object. A complex
object also has additional higher-level characteristics defined
by the time-series of the shapes, dimensional values, and
positional characteristics of its component composite objects.
As described for the composite objects, similar index char-
acteristics of the complex objects can be derived from these
characteristics for example; a “shape characteristic” derived
from the mean rate of change along the dataset of the mean
slopes of composite objects. Alternatively characteristics or
index characteristics may be combined with others. For
example, a shape characteristic may be combined with a
frequency characteristic to provide a time series of a math-
ematical index of the slopes and the frequencies of the com-
posite objects.

[0112] The next level, termed the “global objects level” is
then derived from the time series of complex objects. At this
level global characteristics are derived from the time series
datasets of complex objects (and all of their characteristics).
At the global objects level, the processor can identity specific
patterns over many hours of time. An example of one specific
pattern which is readily recognizable at this level would be a
regular monotonous frequency of occurrence of one substan-
tially complex object comprised of composite objects having
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alternating polarities, each with progressively rising or falling
slope datasets. This pattern is typical of Cheyene-Stokes Res-
pirations and is distinctly different from the pattern typical of
upper airway instability at this global object level. Additional
higher levels can be provided if desired as by a “comprehen-
sive objects level” (not shown) which can include multiple
overnight studies wherein a comprehensive object is com-
prised of a dataset of “global objects.”

[0113] While FIG. 3 and FIG. 4 illustrate the levels of
object derivations of a ventilation signal, in another example,
asimilar hierarchical architecture can be derived for the timed
data set of the pulse waveform (as from an arterial pressure
monitor or a plethesmographic pulse). Here the fundamental
level is provided by the pulse tracing itself and includes all the
characteristics such as ascending and descending slope,
amplitude, frequency or the like. This signal also includes the
characteristic of pulse area (which, if applied to a precise
signal such as the flow plot through the descending aorta, is
analogous to tidal volume in the fundamental minute venti-
lation plot). When the pulse signal is plethesmographic, it is
analogous to a less precise signal of ventilation such as nasal
pressure or thermister derived airflow. With these less precise
measurements, because the absolute values are not reliable
indicators of cardiac output or minute ventilation, the com-
plex spatial relationships along and between signals become
more important than any absolute value of components of the
signal (such as absolute amplitude of the ascending pulse or
inspiration curve). In other words, the mathematical process-
ing of multiple signals that are simply related to physiologic
parameters (but are not a true measurement of those param-
eters) is best achieved by analyzing the complex spatial rela-
tionships along and between those signals. To achieve this
purpose, in accordance with embodiments of the present
invention, as with ventilation, the pulse signal is organized
into a similar multi-level hierarchy of overlapping time series
of objects. Subsequently, these are combined and compared
with the processed objects of respiration to derive a unified
object time series defined by multiple corresponding data
sets.

[0114] FIG. 5a shows an exemplary pathophysiologic pro-
cess associated with a characteristic dynamic pattern of inter-
action. As discussed previously, this cyclic process is induced
by upper airway instability. FIG. 55 shows four correspond-
ing signals derived from monitoring different outputs of the
patient during a time interval wherein the dynamic process of
FIG. 5a is operative. The basic signals shown in FIG. 5b are
pulse, chest wall impedance, airflow, and oxygen saturation
(SPO2). According to the present invention, these signals are
processed into time series fragments (as objects) and orga-
nized into the object levels as previously discussed. For the
purpose of organizing and analyzing complex interactions
between these corresponding and/or simultaneously derived
signals, similar ascending processes are applied to each sig-
nal. As shown in FIG. 5¢, these streaming objects, many of
which overlap, project along a three-dimensional time series
comprised of multiple levels of a plurality of corresponding
signals. A “multi-signal object” is comprised of at least one
object from a first signal and at least one object from another
signal. The multi-signal object shown in FIG. 5¢ has the
primary and index characteristics derived from each compo-
nent signal and from the spatial, temporal, and frequency
relationships between the component signals. As illustrated,
the objects defining a multi-signal object can include those
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from analogous or non-analogous levels. With this approach
even complex and subtle dynamic patterns of interaction can
be recognized.

[0115] This type of representation may be difficult to ana-
lyze in a clinical environment, but is useful for the purpose of
general representation of the data organization. At such a
level of complexity, a complete representation of the time
series does not lend itself well to a two-dimensional graphical
(and in some cases a three-dimensional) representation.
Along the time series of sequential multi-signal objects, the
spatial characteristics of these multi-signal objects change as
a function of a plurality of interactive and different charac-
teristics derived from the different signals.

[0116] The mathematical power of this approach to char-
acterize the achieved organization of the complexity of the
timed behavior of a physiologic system is illustrated by the
application of this method to characterize the codependent
behavior of ventilation and arterial oxygen saturation and
plethesmographic pulse. While these variables are codepen-
dent in thata change in one variable generally causes a change
in the other two, they are also each affected differently by
different pathologic conditions and different preexisting
pathologic changes. For example, the multi-signal objects
comprising a time series of ventilation and arterial oxygen
saturation and plethesmographic pulse in a sedated 50-year-
old obese smoker with asthma and sleep apnea are very dif-
ferent than those of a sleeping 50 year-old patient with Chey-
ene Stokes Respiration and severe left ventricular
dysfunction. These differences are poorly organized or rep-
resented by any collection of two-dimensional graphical and/
or mathematical representations. Despite this, throughout
this disclosure, many of the signal interactions (such as those
relating to pathophysiologic divergence) will be discussed as
a function of a simplified two-dimensional component repre-
sentation for clarity based on older standards of mathematical
thought. However, it is one of the express purposes of the
present invention to provide a mathematically robust system
for the organization and analysis of the complex mathemati-
cal interactions of biologic and other systems through the
construction of time series sets of multidimensional and over-
lapping objects.

[0117] To illustrate the complexity ordered by this
approach, consider the components of just one of the three
simple recovery objects shown in FIGS. 55 and 5¢. This
single recovery object includes, by way of example, the
exemplary characteristics, each of which may have clinical
relevance when considered in relation to the timing and char-
acteristics of other objects, set forth in Table 1:

TABLE 1

1. Amplitude, slope, and shape of the oxygen saturation
rise event at the composite level

2. Amplitude, slope, and shape of the ventilation rise
event at the composite level which contains the
following characteristics at the fundamental level:

a. Amplitude, slope, and shape of the inspiration
rise object

b. Amplitude, slope, and shape of the expiration
fall object

c. Frequency and slope dataset of the breath to
breath interval of tidal breathing objects

d. Frequency and slope data sets of the amplitude,

slope, and shape of the pulse rise and fall
events
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TABLE 1-continued

3. Amplitude, slope, and shape of the pulse rise event at
the composite level which contains the following
exemplary characteristics at the fundamental level

a. Amplitude, slope, and shape of the
plethesmographic pulse rise event

b. Amplitude, slope, and shape of the
plethesmographic pulse fall event

c. Frequency and slope datasets of beat-to-beat
interval of the pulse rate

d Frequency and slope data set of the amplitude,

slope, and shape of the pulse rise and fall
events

[0118] As is readily apparent, it is not possible for a health
care worker to timely evaluate the values or relationships of
even a modest number of these parameters. For this reason,
the development of an output based on the analysis of these
time series of objects to be presented in a succinet and easily
interpreted format is a desirable aspect of an embodiment of
the present invention.

[0119] FIG. 6 shows several variations of a three-dimen-
sional graphical representation of an output for clinical moni-
toring for enhanced representation of the dependent and
dynamic relationships between patient variables. This repre-
sentation may be referred to as a “monitoring cube.” These
types of monitoring cubes may be adapted for display on a
hospital monitor, for example, for animation of the summa-
rized relationships between multiple interacting objects.

[0120] Such ananimation can be shown as a small icon next
to the real-time numeric values typically displayed on present
monitors. Once a baseline is established for a patient, either
for exaniple as the patient’s baseline settings for a selected or
steady state time period (of for example 10-15 minutes) or by
a selected or calculated set of normal ranges, the cube may be
illustrated as a square. For example, the patient may initially
have parameters out of the normal ranges and never exhibit a
square output. After the square for this patient is established,
the cube s built from the evolving time series of these param-
eters. A givenregion of the cube can be enlarged or reduced as
the particular value monitored increases or decreases respec-
tively. The relationship between these variables can be readily
seen even if they remain within the normal range. Moreover,
a system adapted according to embodiments of the present
invention may display distortions to the individual constitu-
ent components of the square (see FIGS. 6b-6¢) to illustrate
the deviation of those particular constituent components from
predetermined normal ranges. The computer can flag with a
red indicator a cube that is showing pathophysiologic diver-
gence when compared with the baseline values even though
none of the values are at a typical alarm threshold. If other
abnormalities (such as the development of pulse irregularity
or a particular arrhythmia or ST segment change, this can be
flagged on the cube so that the onset of these events can be
considered in relation to other events. If preferred the time
series components of the cube and their relationships to
occurrences on other monitored time series can be provided in
a two-dimensional timeline.

[0121] Using this approach, time series relationships of
multiple physiologic events can be characterized on the
screen with, for example, a small dynamic animated iconina
succinct and easily understood way. There are many other
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alternative ways to animate a summary of the dynamic rela-
tionships and some of these will be discussed later in the
disclosure.

[0122] One of the longstanding problems associated with
the comparison of outputs of multiple sensors to derive simul-
taneous multiple time series outputs for the detection of
pathophysiologic change is that the accuracy and/or output of
each sensor may be affected by different physiologic mecha-
nisms in different ways. Because of this, the value of match-
ing an absolute value of one measurement to an absolute value
of another measurement is degraded. This is particularly true
if the measurement technique or either of the values is impre-
cise. For example, when minute ventilation is measured by a
precise method such as a pneumotachometer, then the rela-
tionship between the absolute values of the minute ventilation
and the oxygen saturation are particularly relevant. However,
if minute ventilation is being trended as by nasal thermister or
nasal pressure monitoring or by chest wall impedance then
the absolute values become much less useful. However,
according to one aspect of embodiments of the present inven-
tion, the application of the slope dipole method, the relation-
ship between a plurality of simultaneously derived signals
can be determined independent of the relationships of the
absolute values of the signals. In this way, simultaneously
derived signals can be identified as having convergence con-
sistent with physiologic subordination or divergent shapes
consistent with the development of a pathologic relationship
or inaccurate data acquisition.

[0123] As noted, with physiologically linked signals, a spe-
cific occurrence or magnitude of change in one signal in
relationship to such a change in another signal may be more
important and much more reproducible than the absolute
value relationships of the respective signals. For this reason,
the slope dipole method provides an important advantage to
integrate and analyze such signals. Using this signal integra-
tion method, two simultaneously acquired physiologic linked
signals are compared by a processor over corresponding
intervals by matching the respective slope dipoles between
the signals. Although the exact delay between the signals may
not be known, the processor can identity this by identifying
the best match between the dipole sets. Embodiments of the
present invention may consider this to be a “best match”
constrained by preset limits. For example, with respect to
ventilation and oximetry, a preset limit could be provided in
the range of 10-40 seconds although other limits could be
used depending on the hardware, probe site and averaging,
intervals chosen. After the best match is identified, the rela-
tionships between the signals are compared (for example, the
processor can compare the slope dipole time series of oxygen
saturation to the slope dipole time series of an index of the
magnitude of ventilation). In this preferred embodiment, each
slope dipole is compared. It is considered preferable that the
dipoles of each respective parameter relate to a similar dura-
tion (for example. 1-4 seconds). With respect to airflow, cal-
culation of the magnitude value of airflow may require sam-
pling at a frequency of 25 hertz or higher, however, the
sampling frequency of the secondary plot of the magnitude
value of the index can, for example, be averaged in a range of
one hertz to match the averaging interval of the data set of
oxygen saturation. Once the signals have been sufficiently
matched at the dipole level, they can be further matched at the
composite level. In accordance with embodiments of the
present invention, most object matching across different sig-
nals 1s performed at the fundamental level or higher, however
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timing matching can be performed at the dipole level and this
can be combined with higher level matching to optimize a
timing match.

[0124] FIGS. 9, 10, and 11, show schematic mapping of
matched clusters of airway instability (of the type shown in
FIG. 5b) where clusters are recognized and their components
matched at the composite object level. When the objects are
matched, the baseline range relationship between the signals
can be determined. This baseline range relationship can be a
magnitude value relationship or a slope relationship. The
signals can then be monitored for variance from this baseline
range, which can indicate pathology or signal inaccurate. The
variance from baseline can be, for example, an increase in the
relative value of ventilation in relation to the oximetry value
or a greater rate of fall in oxygen saturation in relation to the
duration and/or slope of fall of ventilation. In another
example, the variance can include a change from the baseline
delay between delta points along the signals.

[0125] With multiple processed signals as defined above,
the user, who can be the program developer, can then follow
the following to complete the process of searching for a
specific pattern of relationships between the signals:

[0126] 1. Specify a search wave pattern

[0127] 2. Analyze and divide the search pattern into
objects

[0128] 3. Input the allowed deviation (if any) from the

search pattern or the objects comprising it.
[0129] 4 Input additional required relationships (if any)
to other objects in the target waveform.
[0130] 5. Apply the search pattern or selected component
objects thereof to a target waveform.
[0131] Various methods of identification may be employed
to provide a wave pattern to the system. For example, users
may:
[0132] 1. Choose from a menu of pattern options.
[0133] 2. Select dimensional ranges for sequential
related patterns of ascending complexity.
[0134] 3. Draw a wave pattern within the system with a
pointing or pen device.

[0135] 4. Provide a scanned waveform.

[0136] 5. Provide a data feed from another system.
[0137] 6. Describe the pattern in natural language.
[0138] 7. Type in a set of points.

[0139] 8. Highlight a sub-section of another waveform

within the system.

[0140] In accordance with embodiments of the present
invention, the system can be automated such that search is
automatically applied once the criteria are established. Also,
the method of identification of the search pattern can be
preset. For example, the occurrence of a specific sequence of
objects can be used as a trigger to select a region (which can
be an object of the types previously described) as the specified
search pattern, the processor can automatically search for
other such patterns in the rest of the study. The result of any of
these inputs would be a set of points with or without a refer-
ence coordinate system definition as shown in FIGS. 3a-3%.

[0141] After receiving search criteria, the system begins its
analysis of the target set of points to derive a series of object
sets. These sets will be used to identify key properties of the
wave pattern. These objects (and their boundaries) will pro-
vide a set of attributes which are most likely to be significant
in the wave pattern and that can be acted upon in the following
ways:
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[0142] 1. To provide parameters on which sets of rules
may be applied for the identification of expected condi-
tions.

[0143] 2. To provide parameters that can be associated
with specifically allowable deviations and/or a globally
applied deviation.

[0144] 3.To provide parameters than can be used to score
the relative similarity of patterns within the target wave-
form.

[0145] In such a manner, a search can be carried out for
specific pathophysiologic anomalies. This can be carried out
routinely by the software or on demand.

[0146] Oneexample ofthe clinical utility of the application
of the object processing and recognition system to physi-
ologic signals is provided by identification of upper airway
instability. As discussed in the aforementioned patents and
application, events associated with airway instability are pre-
cipitous. In particular, the airway closure is precipitous and
results in a rapid fall in ventilation and oxygen saturation.
Also the subsequent airway opening airway is precipitous,
and because ventilation drive has risen during closure the
resulting ventilation flow rate (as represented by a measure-
ment of airflow deflection amplitude) rises rapidly associated
with recovery. Also, after the period of high flow rate associ-
ated with the recovery the flow rate precipitously declines
when the chemoreceptors of the brain sense ventilation over-
shoot. In this way, along a single tracing of timed airflow
deflection amplitude, three predictable precipitous relatively
linear and unidirectional waveform deflections changes have
occurred in a particular sequence in a manner analogous to the
tracing of the SpO, or pulse rate. Subsequent to this, the
unstable airway closes suddenly propagating the cluster of
cycles in all of these waveforms.

[0147] As noted above, a hallmark of airway instability is a
particular cluster timed sequence of precipitous, unidirec-
tional changes in the timed data set. For this reason, the first
composite object to be recognized is defined by a precipitous
unidirectional change in timed output of one of the above
parameters. The system then recognizes along the fundamen-
tal sequential unipolar composite objects and builds the com-
posite level comprised of time series of these composite
objects. One presently preferred embodiment uses the follow-
ing method to accomplish this task. A unipolar “decline
object” is a set of consecutive points over which the parameter
level of the patient is substantially continually falling. A
unipolar “rise object” is a set of consecutive points over which
the parameter is substantially continually increasing. A
“negative pattern” is a decline together with a rise object
wherein the rise follows the decline within a predetermined
interval. A “positive pattern” is a rise together with a decline
wherein the decline follows the rise within a predetermined
interval. How closely these composite objects can follow
each other is a specifiable parameter. At the complex object
level, a cluster is a set of consecutive positive or negative
patterns that appear close together. How closely these pat-
terns must follow each other to qualify, as a cluster is a
specifiable parameter.

[0148] In operation, a system constructed in accordance
with embodiments of the present invention may proceed in
several phases. As an example, in a first phase, decline and
rise objects are identified. In a second phase, negative and
positive patterns are identified. In a third phase, clusters of
negative and/or positive patterns are identified. In a fourth
phase, a relationship between the events and patterns is cal-
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culated and outputted. In a fifth phase, a diagnosis and sever-
ity indexing of airway or ventilation instability or sleep/seda-
tion apnea is made. In a sixth phase, a textual alarm or signal
is outputted and/or treatment is automatically modified to
eliminate cluster. The process may then be repeated with each
addition to the dataset in real-time or with stored timed
datasets.

[0149] Embodiments of the present invention may apply
either a linear or iterative dipole slope approach to the recog-
nition of waveform events. Since the events associated with
airway collapse and recovery are generally precipitous and
unipolar, the linear method suffices for the recognition and
characterization of these nonlinear waves. However, the itera-
tive dipole slope approach is particularly versatile and is
preferred in situations wherein the user would like an option
to select the automatically identification of a specific range of
nonlinear or more complex waves. Using the iterative dipole
slope method, the user can select specific consecutive sets of
points from reference cases along a waveform as by sliding
the pointer over a specific waveform region. Alternatively, the
user can draw the desired target waveform on a scaled grid.
The user can also input or draw range limits thereby specify-
ing an object or set of objects for the microprocessor to
recognize along the remainder ofthe waveform or along other
waveforms. Alternatively, the processor can automatically
select a set of objects based on pre-selected criteria (as will be
discussed). Since the iterative dipole process output is shape-
dependent (including frequency and amplitude) but is not
necessarily point dependent, it is highly suited to function as
aversatile and discretionary engine for performing waveform
pattern searches. In accordance with embodiments of the
present invention, the waveform can be searched by selecting
and applying objects to function as Boolean operators to
search a waveform. The user can specify whether these
objects are required in the same order. Recognized object
sequences along the waveform can be scored to choose the
degree of match with the selected range. If desired, (as for
research analysis of waveform behavior) anomalies within
objects or occurring in one or more of a plurality of simulta-
neously processed tracings can be identified and stored for
analysis.

[0150] Forthe purpose of mathematically defining the pres-
ently preferred object system, according to the present inven-
tion, for recognition of digital object patterns let 0, 0,, . . .,
0,, be original data points. The data can be converted to a
smoother data set, X, X5, . . ., X,,, by using a moving n average
of the data points as a 1-4 second average for cluster recog-
nition or as a 15-30 second average for the identification of a
pathophysiologic divergence. For the sake of clarity of pre-
sentation, assume that x, 1s the average of the original data
points for the i second. A dipole is defined to be a pair of
consecutive data points. Let d,~(x,, X,, ) be the i’ dipole, for
i=1,2,...,n-1.The polarity, say p, of the i** dipole is the sign
of x,,,-%,, (le. p~l if x,, >%, p,=0 if x,,,=%,, and p=1 if
X,,1<x,). For the purpose of automatic recognition of user
specified, more complex nonlinear waveforms, the data can
be converted to a set of dipole slopes, z, 7,, . . ., 7,. Let
7~(x,,,-X,) be the i” dipole slope, fori=1,2, ..., n-1.
[0151] As an exemplary way to recognize a decline event
by applying the iterative slope dipole method in accordance
with embodiments of the present invention, let, {z,, Z,, . . .,
z,} beasetofconsecutivedipole slopes. Then {z,,%,, . ..,z
is a decline if it satisfies the following conditions:

i
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[0152] 1.7, 7,, . .., z, are less than zero ie., the
parameter level of the patient is continually falling over
the set of dipole slopes. This condition may be partially
relaxed to adjust for outliers, as by the method described
below for the linear method.

[0153] 2. The relationship of 7, to 75, 7z, t0 Z5. . . . 7, ; tO
7, s/are specified parameter(s) defining the shape of the
decline object, these specified parameters can be derived
from the processor based calculations of the dipole
slopes made from a user selected consecutive data set or
from a set drawn by the user onto a scaled grid.

[0154] To recognize a rise event a similar method is applied
whereinz,, z,, . . ., 7, are greater than zero. Complex events,
which include rise and fall components are built from these
more composite objects. Alternatively, a specific magnitude
of change along a dipole slope dataset can be used to specify
a complex object comprised of two composite objects sepa-
rating at the point of change (a waveform deflection point). In
one application the user slides the cursor over the portion of
the wave, which is to be selected, and this region is high-
lighted and enlarged and analyzed with respect to the pres-
ence of more composite objects. The dimensions of the object
and the slope data set, which defines it, can be displayed next
to the enlarged waveform. If the object is complex (as having
a plurality of segments of differing slope polarity or having
regions wherein the slope rapidly changes as by a selectable
threshold) then each composite object is displayed separately
with the respective dimensions and slope data sets. Inthis way
the operator can confirm that this is the actual configuration
desired and the user is provided with a summary of the spatial
and dimensional characteristics of the composite objects,
which define the actual selected region. The operator can
select a range of variations of the slope data set or chance the
way in which the composite objects are defined, as by modi-
fying the threshold for a sustained change in slope value along
the slope dataset. (For example, by allotting at least one
portion of the slopes to vary by a specified amount, such as
10%, by inputting graphically the variations allowed. If the
operator “OKs” this selection, the processor searches the
entire timed dataset for the composite objects, building the
selected object from the composite objects if identified
[0155] To recognize a decline event by applying the linear
method according to the present invention, let {X,, x,,,, - . -,
X,} bea setof consecutive points and let s=(x,~x /(r-i) be the
overall slope of these points. Although the slope could be
defined by using linear regression or the like, the previous
definition allows for improved fidelity of the output by allot-
ting rejection based on outlier identification. Then {x;, %;, , .
.. X} is a decline if it satisfies the following conditions:

[0156] 1.x,Zx,,,2>...X,,1i.e.the parameter level of the
patient is continually falling over the set of points. This
condition may be partially relaxed to adjust for outliers,
as described belong.

[0157] 2.r-i=D,,,, whereD,,;, is a specified parameter
that controls the minimum duration of a decline.

[0158] 3.s,,,=5=s,,,, Wheres,, and s, are param-
eters that specify the minimum and maximum slope of a
decline, respectively.

[0159] The set {97, 95, 94, 96, 92, 91, 90, 88}, does not
satisfy the current definition of a decline even though the
overall level of the parameter is clearly falling during this
interval. The fourth data point, 96, is an outlier to the overall
pattern. In order to recognize this interval as a decline, the first
condition must be relaxed to ignore outliers.
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The modified condition 1 is:

[0160] 1. *Condition 1 with Outlier Detection
[0161] a.i>xi+],
[0162] b. xi>xi+1 or xi+1>xj+2 for j=i+1, ..., r-2.
[0163] c.xr-1>x,.

[0164] To recognize a rise event, let {x,,X,,,,...,X,} bea

set of consecutive points and let s=(x,~x,/(r-i) be the overall
slope of these points. Then {x,, X,,1, . . . , X,} is a rise if it
satisfies the following conditions:

[0165] 1.x,<x,,,<...,<X,,1.e.,theparameter level of the
patient is continually rising over the set of points. This
condition may be partially relaxed to adjust for outliers,
as described below.

[0166] 2.r-i=D,,,, where D, is a specified parameter
that controls the minimum duration of rise.

[0167] 3.s,,;,=$=s,,,, Wheres,,,, and s, . are param-
eters that specify the minimum and maximum slope of a
decline, respectively.

[0168] Similar to declines, the first condition of the defini-

tion of a rise is relaxed in order to ignore outliers. The modi-

fied condition 1 is:

min

[0169] * Condition 1 with Outlier Detection

[0170] a. xi<xi+l.

[0171] b. xj<xj+1 or xj+1<xj+2 for j=i+1, ..., r-2.
[0172] c.xr-1<xr.

[0173] To recognize a negative pattern the program, iterates

through the data and recognize events and then identifies
event relationships to define the patterns. The system uses
polarities (as defined by the direction of parameter movement
in a positive or negative direction) to test for condition (1¥)
rather than testing for greater than or less than. This simplifies
the computer code by permitting the recognition of all decline
and rise events to be combined in a single routine and ensures
that decline events and rise events do not overlap, except that
they may share an endpoint. The tables below show how
condition (1*) can be implemented using polarities.

Equivalent Condition 1* For Decline Event

Condition 1* Equivalent Condition

& X; >Ry p;=-1
b X > %, or Xy > X Py=-lorP;,;=-1
C. X X, P=-1

Equivalent Condition 1* For Rise Event

Condition 1* Equivalent Condition

X <Xy | pi=1
b X <Xy orx;_; <X Py=lorP,, =1
C.X,_| <X, P, =1
[0174] Exemplary pseudocode for a combined micropro-

cessor method, which recognizes both unipolar decline
events and unipolar rise events, is shown below. In this exem-
plary code, E is the set of events found by the method, where
each event is either a decline or a rise.
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EVENT RECOGNITION

i=1
Exent_ polarity = p,
forj=2ton-2
if (p; .= event_polarity) and (p,,; . = event_ polarity)
=]
X =KXy
if event_ polarity =1
Add X to E if it satisfies rise conditions (2) and (3) elseif
event_polarity = -1
Add X to E if it satisfles decline conditions (2) and (3)
endif
i-i
event_polarity = p;
Endif
endfor

[0175] AddX={x,...
or decline conditions
[0176] Next, A specific pattern is recognized by identifying
a certain sequence of consecutive events, as defined above,
which comply with specific spatial relationships. For
example, a negative pattern is recognized when a decline
event, say D={x,, . . ., Xj}, together with a rise event, say
R={x,,...,X,}, thatclosely follows it. In particular, D and R
must satisfy k—i=t,,, wheret,;, is a parameter, specified by the
user, that controls the maximum amount of time between D
and R to qualify as a negative pattern.

[0177] The exemplary pseudocode for the microprocessor
system to recognize a negative pattern is shown below. Let
E={E,E,....,E_} be the set of events (decline events and
rise events) found by the event recognition method, and let
DR be the set of a negative pattern.

,X,} to B if'it satisfies either the rise

NEGATIVE PATTERN RECOGNITION

forh=1tog-1
Let D = {X,,..., X;,} be the event E,,
if D is a decline event
LetR = {xy,....X,,,} be the event E,, |
if R is a rise event
gap=k-j
ifgap =t
Add (D,R) to the list of negative patterns
endif
endif
endif
endfor

[0178] Asnoted, aclusteris a set of consecutive negative or
positive patterns that appear close together. In particular, let
C={DR,, DR,,,, . .., DR} be a set of consecutive negative
patterns. s.sub.j be the time at which DR; starts, and ¢, be the
time at which DR, ends. Then C is a cluster if it satisfies the
following conditions:

[0179] 1. s, ,-e=t, for j=i, . . ., k=1, where 1 is a
parameter, specified by the user, that controls the maxi-
mum amount of time between consecutive negative pat-
terns in a cluster.

[0180] 2.k-i-1=c,,;,, wheree,,, is a parameter, speci-
fied by the user, that controls the minimum number of
negative patterns in a cluster.
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[0181] The pseudocode for the algorithm to recognize clus-
ters of negative patterns is shown below. Let DR={DR, DR,,
..., DR, } be the set of negative patterns found by the above
pattern recognition method.

CLUSTER RECOGNITION ( OF NEGATIVE PATTERNS)

f=1
forh=2r
LetR =1x;,...,.X,,,| be the rise in DR;,_;
Let D = [x,...,X,,| be the in decline in DR,
gap=i-m
if gap > t,
g=h-1
ifg-f+l=¢,,
Add DRy,..., DR y,..., DR, to the list of clusters
endif
f=h
endif
endfor
g=r
ifg-f-1=c,,
AddDR; _pgige--- DRg to the list of clusters
Endif
[0182] In accordance with embodiments of the present

invention, this object based linear method maps the unique
events, patterns and clusters associated with airway instabil-
ity because the sequential waveform events associated with
airway closure and reopening are each both rapid, substan-
tially unipolar and relatively linear. Also the patterns and
clusters derived are spatially predictable since these precipi-
tous physiologic changes are predictably subject to rapid
reversal by the physiologic control system, which is attempt-
ing to maintain tight control of the baseline range. Because
timed data sets with predictable sequences of precipitous
unidirectional deflections occur across a wide range of
parameters, the same digital pattern recoguition methods can
be applied across a wide range of clustering outputs, which
are derived from airway instability. Indeed, the basic under-
lying mechanism producing each respective cluster is sub-
stantially the same (e.g. clusters of positive pulse rate deflec-
tions or positive airflow amplitude deflections). For this
reason, this same system and method can be applied to a
timed data set of the oxygen saturation, pulse rate (as for
example determined by a beat to beat calculation), amplitude
of the deflection of the chest wall impedance waveform per
breath, amplitude of deflection of the airflow signal per breath
(or other correlated of minute ventilation), systolic time inter-
vals, blood pressure, deflection amplitude of the nasal pres-
sure, the maximum exhaled CO, per breath, and other signals.
Additional details of the application of this digital pattern
recognition method to identify clusters are provided in patent
application Ser. No. 09/409,264, which is assigned to the
present inventors.

[0183] Next, for the purpose of building the multi-signal
object, a plurality of physiologically linked signals are ana-
lyzed for the purpose of recognizing corresponding patterns
and corresponding physiologic convergence for the optimal
identification of the cluster cycles. For example, a primary
signal such as airflow is analyzed along with a contempora-
neously measured secondary signal such as oxygen saturation
as by the method and system discussed previously. As dis-
cussed previously, for the purpose of organizing the data set
and simplifying the analysis, the raw airflow signal is pro-
cessed to a composite object level. For example, the compos-
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ite level of airflow can be a data set of the amplitude and/or
frequency of the tidal airflow as by thermister or pressure
sensor, or another plot, which is indicative of the general
magnitude of the timed tidal airflow. In an exemplary embodi-
ment, a mathematical index (such as the product) of the fre-
quency and amplitude is preferred, because such an index
takes into account the important attenuation of both ampli-
tude and frequency during obstructive breathing. Further-
more, both the frequency and amplitude are often markedly
increased during the recovery interval between apneas and
hypopneas. It is not necessary that such a plot reflect exactly
the true value of the minute ventilation but rather, it is impor-
tant that the plot reflect the degree of change of a given level
of minute ventilation. Since these two signals are physiologi-
cally linked, an abrupt change in the primary signal (airflow)
generally will produce readily identifiable change in the sub-
ordinate signal (oxygen saturation). As previously noted,
since the events which are associated with airway collapse are
precipitous, the onset of these precipitous events represent a
brief period of rapid change which allows for optimal detec-
tion of the linkage between the primary signal and the subor-
dinate signal.

[0184] The signals can be time matched by dipole slopes at
the fundamental level. In addition, in one exemplary embodi-
ment of the present invention, the point of onset of precipitous
change is identified at the composite object level of the pri-
mary signal and this is linked to a corresponding point of a
precipitous change in the composite object level of the sub-
ordinate signal. This condition is referred to herein as a “delta
point.” As shown in FIGS. 9, 10, and 11, a first delta point is
identified in the primary signal and in this example is defined
by the onset of a rise object. A corresponding first delta point
is identified in the subordinate signal and this corresponds to
the onset of a rise object in the subordinate signal. A second
delta point is identified which is defined by the point of onset
of a fall object in the primary signal and which corresponds to
a second delta point in the subordinate signal defined by the
onset of a fall event in the secondary signal. The point pre-
ceding the second delta point (the “hyperventilation reference
point”) is considered a reference indicating an output associ-
ated with a degree of ventilation, which substantially exceeds
normal ventilation and normally is at least twice normal ven-
tilation. When applying airflow as the primary signal and
oximetry as the subordinate signal, the first delta point match
is the most precise point match along the two integrated
waveforms and therefore comprises a (“timing reference
point”) for optimally adjusting for any delay between the
corresponding objects of the two or more signals. The math-
ematical aggregate (such as the mean) of an index of the
duration and slope, and/or frequencies of composite rise and
fall objects of the fundamental level of tidal ventilation along
a short region adjacent these reference points can be applied
as a general reference for comparison to define the presence
of relative levels of ventilation within objects along other
portions of the airflow time series. Important fundamental
object characteristics at these reference points are the slope
and duration of the rise object or fall object because these are
related to volume of air, which was moved during the tidal
breath. The fundamental objects comprising the tidal breaths
at the reference hyperventilation point along the composite
level are expected to have a high slope (absolute value) and a
high frequency. In this way, both high and low reference
ranges are determined for the signal. In another exemplary
embodiment, these points can be used to identify the spatial
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shape configuration of the rise and fall objects at the funda-
mental level during the rise and fall objects at the composite
level.

[0185] AsshowninFIGS.9 and 10, using this method at the
composite object level, a first object (FIG. 11) can then be
identified in the primary signal between the first delta point
and the second delta point which is designated a recovery
object. As also shown in FIG. 11, the matched recovery object
is also identified in the subordinate signal as the point of onset
of the rise object to the point of the onset of the next subse-
quent fall object. In an exemplary embodiment, the recovery
object is preceded by the apnea’hypopnea object which is
defined by the point of onset of the fall object to the point of
onset of the next rise object in both the primary and subordi-
nate signals.

[0186] As shown in FIG. 12, a recovery object recognized
at the composite level can used to specify a region for com-
parison of sequential objects at the fundamental object level.
Here, upon recognition of the presence of a recovery object
(where it is anticipated that the ventilation effort will be high)
the ratio of the slope of exhalation objects to the slope of
inhalation objects can be compared within the recovery object
and the time series derived from these comparisons can be
plotted if desired. During upper airway obstruction, the inspi-
ration is slowed to a greater degree than exhalation. The
magnitude change of the ratio during the clusters of apneas
provides an index of the magnitude of upper airway narrow-
ing (which selectively slows inhalation during the clustered
apnea’hypopnea objects). However, during the recovery
object or at the “hyperventilation reference point”, the upper
airway should be wide open for both inhalation and exhala-
tion and this can be used as a reference because, during this
time. The absolute slope of the fundamental objects during
recovery can then be compared to the absolute slope of the
fundamental objects during other times along the night to
provide an indication of upper or looser airway narrowing.

[0187] When airflow is the primary signal and oximetry the
subordinate, the most reliable delta point is the point of onset
of a rapid rise in ventilation (in a patient with an oxygen
saturation, at the point of onset point, of less than 96-97%).
Patients with very unstable airways will generally have rela-
tively short recovery objects. Other patients with more stable
airways may have a multi-phasic slope of decline in airflow
during the recovery objects herein, for example, there is an
initial precipitous decline event in the airflow parameter and
then a plateau or a much more slight decline which can be
followed by a second precipitous decline to virtual absence of
ventilation. Using the slope dipole method these composite
objects can be readily separated such that the occurrence of
multiple composite objects (especially wherein the slopes are
close to zero) or a single object with a prolonged slowly
falling slope dataset occurring immediately after the first data
point, can be identified. These patients generally have longer
recovery intervals and more stable airways. The identification
of a decline object associated with decline from the hyper-
ventilation phase of recovery followed by a plateau and/or a
second decline object associated with the onset of apnea is
useful to indicate the presence of a greater degree of airway
stability. Accordingly, with the airflow signal, a third delta
point (FIG. 12) designated a “airflow deflection point” can
often be identified in the airflow tracing corresponding to the
deflection point at the nadir of drop in airflow at the end of the
recovery. This point is often less definable than the second
delta point and for this reason matching the second delta
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points in the airflow and oximetry signals is preferred
although with some tracings a match between the airflow
deflection point and the second delta point in the oximetry
dataset provides a better match.

[0188] If a significant decline in airflow is identified after
the “airflow deflection point” then the region of the interven-
ing decline object and the next delta point (onset of the next
recovery)is designated a reference “ventilation nadir region”.
If the region or object(s) from the second delta point to ven-
tilation deflection point is very short (as 0-3 breaths) and the
ventilation nadir region has a mean slope close to or equal to
zero (1.e. the region is relatively flat) and the deflection ampli-
tude is close to zero or otherwise very small indicating now or
very little ventilation, then the airway is designated as highly
unstable.

[0189] Another example of object processing at the funda-
mental object level, according to the present invention,
includes the processor-based identification of fluttering of the
plateau on the pressure signal to recognize partial upper air-
way obstruction. During the nasal pressure monitoring a flut-
tering plateau associated with obstructive breathing often
occurs intervening a rise event and a fall event of tidal breath-
ing. Since the plateau objects are easily recognizable at the
fundamental level and readily separated using the present
object recognition system the plateau can be processed for the
tiny rise and fall objects associated with fluttering and the
frequency of these objects can be determined. Alternatively, a
Fourier transform can be applied to the plateau objects
between the rise and fall events of the nasal pressure signal to
recognize the presence of fluttering or another method can be
utilized which provides an index of the degree of fluttering of
the plateau objects.

[0190] Since reduced effort also lowers the slope of exha-
lation and inspiration, the configuration (as defined by the
slope dataset of the dipoles defining the fundamental objects
of both inspiration and expiration at the reference objects) can
be applied as reference fundamental object configurations
defining the presence of hyperventilation or hypopnea. This
process is similar to the selection process for identifying
search objects described earlier but in this case the input
region is pre-selected. In an example, the range of character-
istics of the objects at the fundamental level derived from one
or more tidal breaths occurring prior to the second airflow
delta point can be used to designate a reference hyperventi-
lation objects range. Alternatively, the object-based charac-
teristics, defined by of the range of characteristics of the
objects derived from one or more tidal breaths occurring prior
to the first airflow delta point can be used designate a refer-
ence hypopnea objects range. The processor can then auto-
matically assess object ranges along other points of the trac-
ing. In this way, the processor can apply an artificial
intelligence process to the identification of hypopneas by the
following process:

[0191] 1. Identify the region wherein a hypopnea is
expected (as for example two to three tidal breaths prior
to the first airflow delta point).

[0192] 2. Select this as a region for objects processing to
define the characteristics of hypopneas in this patient.

[0193] 3. Process the region using the slope dipole
method to define the range of fundamental objects com-
prising the target region.

[0194] 4. Compare the identified range of objects to other
analogous objects along to tracing to identify new
objects having similar characteristics.
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[0195] 5. Using the criteria derived from the objects
defining the target region search the processed wave-
form for other regions having matching sequences of
new objects and identify those regions.

[0196] 6. Provide an output based on said identification
and/or take action (e.g. increase CPAP) based on said
identification.

[0197] These processing methods exploit the recognition
that certain regions along a multi-signal object (as within a
cluster) have a very high probability of association with cet-
tain levels of ventilation. The objects defining those regions
can then be used as a reference or as an opportunity to exam-
ine for the effects of a given level of ventilation effort on the
flow characteristics. Patients with obstructive sleep apnea
will have a fall in the slopes of fundamental inspiration
objects during decline objects at the composite level indica-
tive of upper airway occlusion. Also, as shown in FIG. 12,
patients with asthma or chronic obstructive lung disease will
have a reduced slope of the exhalation when compared to the
slope of inhalation during the rise objects between apneas at
the base level. According to one embodiment of the present
invention, the time series of the ratio of the slope of inhalation
objects to exhalation objects is included with the basic time
series. Patients with simple, uncomplicated obstructive apnea
will have clusters of increasing slope ratios with the ratio
rising to about one during the recovery objects. Patients with
combined obstructive apnea and asthma or chronic obstruc-
tive lung disease will have a greater rise in slope ratios during
the recovery objects to into the range of 2-3 or greater, indi-
cating the development of obstructive lower airways during
the rapid breathing associated with recovery.

[0198] A system for processing, analyzing and acting on a
time series of multi-signal objects in accordance with one
embodiment of the present invention is shown in FIG. 8. The
examples provided herein show the application of this system
for real time detection, monitoring, and treatment of upper
airway and ventilation instability and for the timely identifi-
cation of pathophysiologic divergence. The system includes a
portable bedside processor 10, which may comprise a micro-
processor, having at least a first sensor 20 and a second sensor
25, which may provide input for at least two of the signals
discussed above. The system includes a transmitter 35 to a
central processing unit 37. The bedside processor 10 may
include an output screen 38, which provides the nurse with a
bedside indication of the sensor output. The bedside proces-
sor 10 can be connected to a controller of a treatment or
stimulation device 50 (which can include, for example, a
positive pressure delivery device, an automatic defibrillator, a
vibrator or other tactile stimulator, a drug delivery system
such as a syringe pump or back to the processor to adjust the
analysis of the time-series inputs), the central unit 37 prefer-
ably includes an output screen 55 and printer 60 for generat-
ing a hard copy for physician interpretation. In accordance
with embodiments of the present invention, the system allows
recognition of conditions such as airway instability, compli-
cations related to such instability, and pathophysiologic
divergence in real time from a single or multiple inputs.
Moreover, embodiments of the present invention may be pro-
grammed or otherwise adapted to identify recurring patterns
in a wide range of signals to identify conditions associated
with those recurring patterns. In the embodiment illustrated in
FIG. 8, the bedside processor 10 is connected to a secondary
processor 40 which can be a separate unit. The secondary
processor 40 may be adapted to perform measurements inter-
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mittently and/or on demand. Examples of measurements that
may be performed include non-invasive blood pressure moni-
toring or monitoring with an ex-vivo monitor, which draws
blood into contact with a sensor on demand for testing to
derive data points for addition to the multi-signal objects. The
secondary processor 40 includes at least one sensor 45. The
output of the bedside processor can be transmitted, for
example, to a central processor 37. which may comprise a
hospital monitoring station, or to the bedside monitor 10 to
render a new object output, action, or analysis. In an exem-
plary embodiment of the present invention, the method of
hypopnea recognition discussed previously can be coupled
with a treatment device 50 such as a CPAP auto-titration
system.

[0199] The previously described method for detecting
hypopneas may be desirably adapted to identify milder events
because, while the configuration of each tidal breath of the
hypopnea may be only mildly different, there is a cumulative
decline in ventilation or increase in airway resistance which
often, eventually directly triggers a recovery object or indi-
rectly triggers the occurrence of a recovery object via an
arousal response. The recovery objects being a precipitous
response to a mild but cumulative decline on airflow is easier
to recognize and is exploited to specify timing of the target
processing as noted above.

[0200] A potential problem with conventional CPAP is that
CPAP systems typically operate with pre-selected criteria for
recognition of a hypopnea (such as 50% attenuation of a
breath or group of breaths when compared with a certain
number of preceding breaths). These systems generally deter-
mine the correct pressures for a given patient by measuring
parameters derived from the algorithms which monitor
parameters through the nasal passage. Unfortunately, the
nasal passage resistance is highly variable from patient to
patient and may be variable in a single patient from night to
night. These simplistic single parameter systems are even less
suitable in a hospital environment where many confounding
factors (such as sedation or the like) may severely affect the
performance of a conventional auto-titration system. Since
most auto-titration system monitors their effectiveness
through nasal signals their algorithms are limited by this wide
variability of nasal resistance from patient to patient. Studies
have shown that, while apneas can be detected, the detection
of hypopneas by these devices is often poor. This becomes
even more important for the detection of mild hypopneas,
which can be very difficult to reliably detect (without an
unacceptably high false positive rate) through a nasal signal
alone. Indeed these milder hypopneas are more difficult char-
acterize and not readily definable as a set of function of a set
of predetermined rules for general application to all patients.
In an exemplary embodiment of the present invention, the
system customizes hypopnea recognition to match a given
patient’s nasal output.

[0201] An exemplary embodiment of a process in accor-
dance with the present invention suitable for deployment in an
auto-titration system is illustrated in FIG. 16. Such a system
adjusts its titration algorithm (which can be any of the con-
ventional algorithms) based on the configurations of the
multi-signal object, which can include oximetry data, chest
wall movement, EEG data sets or the like. In the illustrated
system, for example, the initial titration algorithm is applied
with the data set of CPAP pressure becoming part of the
multi-signal object. The object time series at the composite
level is monitored for the presence of persistent clusters (es-
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pecially clustered recovery objects or clustered EEG arous-
als). If persistent clusters are identified, then the region of the
cluster occurrences is compared to the identified hypopnea
region derived from the conventional method. If this region is
as recognized as hypopneas, then the pre-selected pressure
for a given increment in titration is further incremented by 1-2
cm so that conventional titration occurs at higher-pressure
levels. The process may be repeated until all clusters are
eliminated. If EEG arousals worsen with this increase, then
the increment can be withdrawn. If, on the other hand, the
algorithm did not recognize this region as a hypopnea, the
threshold criteria for a hypopnea is reduced until the clusters
are eliminated (some cases require a baseline fixed pressure
of 2-3 or more cm). The illustrative embodiment shown in
FIG. 16 relates to a CPAP auto-titration system which uses the
multi-signal object dataset during one or more auto-adjusting
learning nights to customize a treatment response to a given
triggering threshold or the triggering threshold to a given
treatment response. The application of a learning night can
prevent inappropriate or unnecessary adjustments and can
provide important information about treatment response
while assuring that the basic algorithm itselfis customized to
the specific patient upon whom it is applied. This may be
useful when using hospital-based monitors where the monitor
is coupled with the processor of the CPAP unit for the learning
nights while in the hospital. Alternatively, learning nights can
be provided at home by connecting a primary processor for
processing multiple signals with the processor of the CPAP
unit for a few nights to optimize the algorithm for later use. In
the hospital, components can be used to attempt to provide
optimal titration. Using object-based cluster analysis of trac-
ing of chest wall impedance and oximetry, the titration can be
adjusted to assure mitigation of all clusters. In the alternative,
if all clusters are not mitigated by the titration then, a nurse or
other caregiver may be warned that these clusters are refrac-
tory that central apnea should be considered, particularly if
the impedance movements during the apneas are equivocal or
low. If, for example, the patient’s oxygen saturation falls
(after adjusting for the delay) in response to an increase in
pressure, the pressure can be withdrawn and the nurse warned
that desaturation unresponsive to auto-titration is occurring.
Ifneeded, ventilation can be automatically initiated. The self-
customizing auto-titration system can include a pressure
delivery unit capable of auto adjusting either CPAP or BiPAP
such that such a desaturation in response to CPAP can trigger
the automatic application of BiPAP.

[0202] In accordance with embodiments of the present
invention, clusters of hypopneas can generally be reliably
recognized utilizing a single parameter. However, when sig-
nificant signal noise or reduced gain is present, the object-
based system can combine matched clusters within a time
series of multi-signal objects in the presence of sub-optimal
signals by providing a scoring system for sequential objects.
FIGS. 13, 14 and 15 are diagrams of schematic object map-
pings at the composite level in accordance with embodiments
of the present invention. The schematics in those figures
represent basic cluster matching in situations wherein sub-
optimal signals may be present. The multi-signal objects
defining the matched clusters of paired timed datasets of
airflow and oximetry include a matched sequence of negative
cycle objects in the airflow signal and corresponding negative
cycle object in the oximetry signal. Each cycle object is
defined by a set of coupled rise and fall objects meeting
criteria and occurring within a predetermined interval of each
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other (as discussed previously). The occurrence of a cycle
object in either dataset meeting all criteria is given a score of
one (1). The cycles are counted in sequence for each multi-
signal cluster object. For the purpose of illustration, in accor-
dance with embodiments of the present invention, the occur-
rence of a score of three (3) in any one signal (meaning that a
sequence of three (3) cycles meeting criteria have occurred
within a specified interval) provides sufficient evidence to
identify a cluster object. When two (2) simultaneous signals
are processed, a total score of four (4), derived from adding
the number of cycles meeting criteria in each signal, is suffi-
cient to indicate the presence of a cluster object. In this
manner, the cluster is continued by a sequential unbroken
count greater than three (3) with one signal, or greater than
four (4) with two signals. Once the presence of a cluster object
has been established along the time series, at any point along
the cluster object the sequential count along one signal can be
converted to a continuation of the sequential count along
another signal allowing the cluster object to continue unbro-
ken. The failure of the occurrence of a cycle meeting criteria
within either signal within a specified interval (for example
about 90-120 seconds, although other intervals may be used)
breaks the cluster object. A new cluster object is again iden-
tified if the count again reaches the thresholds as noted above.
It can be seen that this scoring method takes into account the
fact that artifact often affects one signal and not another.
Therefore, if either signal alone provides a sufficient score,
the presence of a cluster object is established. In addition, the
effect of brief episodes of artifact affecting both signals is
reduced by this scoring method. In this way, artifact, unless
prolonged, may cause the cluster object to be broken but as
soon as the artifact has reduced sufficiently in any one or more
signals the process of scoring for a new cluster object will
restart.

[0203] Another CPAP auto-titration system in accordance
with embodiments of the present invention includes a proces-
sor and at least one sensor for sensing a signal transmitted
through the nose. Examples of such signals include a pressure
signal indicative of airflow, sound, impedance or the like. An
oximeter, which can be detachable or integrated into the
CPAP unit, is connected with the processor. The processor
detects hypoventilation, using output from both the flow sen-
sor and the oximeter, when the oximeter is attached. In an
embodiment in which with the oximeter is detachable, the
processor detects hypoventilation using the flow sensor with-
out oximetry when the oximeter is not attached.

[0204] In accordance with embodiments of the present
invention, the multi-signal object time series can be used for
identifying pathophysiologic divergence. Pathophysiologic
divergence can be defined at the fundamental, composite, or
complex level object. An example of divergence at the fun-
damental level is provided by the relationship between an
airflow rise object (inspiration) and a fall object (expiration).
Along a time series of matched expiration and inspiration
objects, the occurrence of a marked increase in amplitude of
inspiration is commonly associated with an increase in the
ratio of the absolute value of inspiration slope to the absolute
value of the slope of exhalation. Should this value increase,
this provides evidence suggesting pathophysiologic diver-
gence. Alternatively, in an exemplary embodiment of the
present invention, the evaluation time period can be much
longer. In one embodiment, the objects defining the data set of
the first time interval is compared to the objects defining the
data set of the second corresponding time interval. This com-
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parison is performed in a similar manner to the aforemen-
tioned comparison of corresponding cluster objects noted
above. The specific parameters, which are compared, are
parameters having known predictable physiologic linkages
wherein a change of first physiologic parameter is known to
induce arelatively predictable change in a second physiologic
parameter. The second parameter is, therefore, a physiologi-
cally subordinate of the first parameter. As shown in FIG. 11,
the first parameter can be a measure indicative of the timed
volume of ventilation and the second parameter can be the
timed arterial oxygen saturation. Here, as shown in FIG. 11, a
progressive rise in minute ventilation is expected to produce
rise in oxygen saturation. The alveolar gas equation, the vol-
ume of dead space ventilation and the oxyhemoglobin disas-
sociation curve predict the rise in oxygen saturation by known
equations. However, in accordance with embodiments of the
present invention, it is not necessary to know the absolute
predicted value of oxygen saturation rise for a given change in
minute ventilation but rather the processor identifies and pro-
vides an output indicating whether or not an expected direc-
tion of change in the subordinate one parameter occurs in
association with a given direction of change in the primary
parameter. For example, with respect to arterial oxygen satu-
ration and ventilation, embodiments of the present invention
may determine whether or not an expected direction and/or
slope of change of oxygen saturation occur in association
with a given direction and/or slope change in minute ventila-
tion. The time course of the rise in ventilation of FIG. 11 is
short however, as the time period lengthens the relationship is
strengthened by the greater number of corresponding mea-
surements and the greater measurement time. When minute
ventilation slopes or trends upward over a sustained period,
after the anticipated delay there would be an expected mod-
erate upward change in oxygen saturation if the saturation is
not already in the high range of 97-100%. If, on the other
hand, if the oxygen saturation is falling during this period, this
would suggest that the patient is experiencing a divergent
pathophysiologic response which may warrant further inves-
tigation. Automatic recognition of falling or unchanged oxy-
gen saturation in association with a rising minute ventilation
can provide earlier warning of disease than is provided by the
simple non-integrated monitoring and analysis of these two
wave forms.

[0205] In accordance with embodiments of the present
invention, it is not necessary to be exact with respect to the
measurement of minute ventilation. Minute ventilation can be
trended by conventional methods, without an absolute deter-
mination of the liters per minute for example, by plotting a
measure of the amplitude and frequency of a nasal oral ther-
mister or by the application of impedance electrodes on the
chest, thereby monitoring the amplitude and frequency of
tidal chest movement. Alternatively, conventional impedance
or stretch sensitive belts around the chest and abdomen or
other measures of chest stall and/or abdominal movement can
be used to monitor tidal ventilation and then this can be
multiplied by the tidal rate of breathing to provide a general
index of the magnitude of the minute ventilation. In an exem-
plary embodiment of the present invention, the minute ven-
tilation is trended on a time data set over a five to thirty minute
interval along with the oxygen saturation.

[0206] In the exemplary embodiment of the present inven-
tion shown in FIG. 8, pathophysiologic divergence of timed
output may be identified. As discussed previously, the moni-
tor includes a microprocessor 5, the first sensor 20, a second
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sensor 25, and an output device 30, which can be a display a
printer or a combination of both. The processor 5 may be
programmed to generate a first timed waveform of the first
parameter, derived from the first sensor 20, and a second
timed waveform of second parameter, derived from the sec-
ond sensor 25. Using the multi-signal processing system,
described previously the processor 5, may be adapted to com-
pare the objects of the first timed output to the objects of the
second timed output to identify unexpected divergence ofthe
shape ofthe first timed output to the shape of the second timed
output and particularly to recognize a divergence in direc-
tional relationship or polarity of one timed output of one
parameter in relationship to another timed output of another
related parameter. In an exemplary embodiment, this diver-
gence comprises a fall in the slope of the oxygen saturation
(for example, as defined by the recognition of a “decline
object”, as discussed previously) in relationship to a rise
(referred to as a “rise object”) in the slope of the correspond-
ing minute ventilation. In another example, the processor
integrates three signals to identify divergence. The processor
identifies the relationship of other signals such as heart rate or
R-to-R interval or a measure of the pulse magnitude (as the
amplitude, slope of the upstroke, or area under the curve of
the plethesmographic pulse). In particular, a rise object in
minute ventilation may be identified in association with a
decline object in oxygen saturation and a decline object in
heart rate or pulse amplitude. These outputs can be plotted on
a display 30 for further interpretation by a physician with the
point of pathophysiologic divergence of one parameter in
relationship to another parameter identified by a textural or
other marker.

[0207] The identification of pathophysiologic divergence
can result in significant false alarms if applied to the short
time intervals used for rise and decline objects which are used
for detection of cluster objects (and also the short averaging
intervals for this purpose). In particular, if the identification of
divergence is applied for short intervals, such as one (1) to two
(2) minutes, a significant number of false episodes of diver-
gence may be identified. In accordance with embodiments of
the present invention, clear evidence of a trend in one mea-
sured parameter in relationship to a trend of another measured
parameter may be provided so that it is likely that divergence
has indeed occurred. This can be enhanced by the evaluation
of the prolonged general shape or polarity of the signal so that
it is considered preferable to identify divergence over seg-
ments of five to thirty minutes. The averaging of many com-
posite objects to identify a rise object at the complex object
level helps mitigate such false alarms. For this reason, the
expected time course of a divergence type must be matched
with the resolution (or averaging times) of the objects com-
pared.

[0208] According to an exemplary embodiment of the
present invention, to enhance the reliability of the analysis of
the timed data set, the averaging interval for this purpose, can
be adjusted to avoid excessive triggering of the intermittent
monitoring device. In one exemplary embodiment, the aver-
aging interval is increased to between thirty and ninety sec-
onds or only the analysis of complex objects can be specified.
Alternative methods may be used to identify a rise and fall
objects such as the application of line of best-fit formulas, as
previously discussed. Elimination of outlier data points to
define larger composite objects can also be applied as also
previously discussed or by other methods. In this way, the
identification of a trend change, which evolves over a period
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of five to fifteen minutes, can be readily identified. The iden-
tification of divergence can produce a textual output, which
can be maintained for a finite period until the secondary
parameter corrects or a threshold period of time has elapsed.
For example, if a rise in minute ventilation is identified over
apredetermined interval period (such as about ten minutes) to
define a rise object and a fall in oxygen saturation is identified
over a corresponding period to define a fall object, the pro-
cessor identifies the presence of divergence and can produce
atextual output which can be provided on the bedside display
or central processing display. This textual output can be main-
tained for a finite period, for example, one to two hours,
unless the oxygen saturation returns to near its previous value,
at which time the textual output may be withdrawn from the
display.

[0209] In this manner, the presence of pathophysiologic
divergence is readily identified. However, since divergence is
defined by divergent rise and fall objects of corresponding
physiologically linked parameters, its duration is necessarily
limited since these slopes cannot continue to diverge indefi-
nitely. It is important to carry forward the identification of
prior divergence in the patient’s display for at least a limited
period of time so that the nurse can be aware that this event has
occurred. For example, a “fall object” identified in the sec-
ondary, signal such as a fall in oxygen saturation from 95% to
90% over a period of ten minutes occurring in association
with arise object in the primary signal, such as, for example,
a doubling of the amplitude of the airflow or chest wall
impedance deflection over a period of ten minutes can pro-
duce an identification of pathophysiologic divergence that
can be linked to the outputted saturation so that the display
shows a saturation of 90% providing an associated textual
statement “divergence-TIME”. This identification of diver-
gence can, over a period of time, be withdrawn from the
display or it can be immediately withdrawn if the oxygen
saturation corrects back close to 95%.

[0210] As discussed previously and as also illustrated in
FIG. 8, in another exemplary embodiment of the present
invention, a change in the configuration of the multi-signal
time series can be used to trigger the addition of one or more
additional signals to the multi-signal time series, such as a
non-invasive blood pressure. In this manner, a system can
identify whether pathophysiologic divergence is occurring
with respect to the new, less frequently sampled signal. For
example, the trending rise in heart rate should not be gener-
ally associated with a fall in blood pressure. If, for example
over a period of 5 to 20 minutes, a significant rise in heart rate
(as for example a 25% rise and at least 15 beats per minute) is
identified by the processor, the monitor can automatically
trigger the controller of a non-invasive blood pressure moni-
tor to cause the measurement of blood pressure to be imme-
diately taken. The output of the non-invasive blood pressure
monitor is then compared by the processor to the previous
value which was recorded from the blood pressure monitor
and, if a significant fall in blood pressure (such as a fall in
systolic of 15% and more) is identified in association with the
identified rise in heart rate which triggered the test, a textual
warning can be provided indicating that the patient is expe-
riencing pathophysiologic divergence with respect to heart
rate and blood pressure so that early action can be taken
before either of these values reach life-threatening levels.
According to another embodiment of the present invention, a
timed dataset of the pulse rate is analyzed, if a significant
change (for example, a 30-50% increase in the rate or a
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30-50% decrease in the interval or a 50-75% increase in the
variability of the rate), then the blood pressure monitor can be
triggered to determine if a significant change in blood pres-
sure has occurred in relation to the change in pulse rate or the
R-to-R interval. This can be threshold adjusted. For instance,
asignificant rise in heart rate of 50%, if lasting for a period of
two and a half minutes, can be used to trigger the intermittent
monitor. On the other hand, a more modest rise in heart rate
of, for example, 25% may require a period of five or more
minutes before the intermittent monitor is triggered.

[0211] In another embodiment, also represented in FIG. 8,
identification by the bedside processor 5 of a sustained fall in
oxygen saturation can be used to trigger an ex-vivo monitor
40 to automatically measure the arterial blood gas param-
eters. Alternatively, a significant rise in respiratory rate (for
example, a 100% increase in respiratory rate for five minutes)
can suffice as a trigger to automatically evaluate either the
blood pressure or an ex-vivo monitor of arterial blood gasses.

[0212] There are vulnerabilities of certain qualitative
indexes of minute ventilation in relationship to divergence,
the effect of which may be reduced by embodiments of the
present invention serves to enhance the clinical applicability
of the output. For example, a rise in the signal from chest wall
impedance can be associated with a change in body position.
Furthermore, a change in body position could result in a fall
of oxygen saturation due to alteration in the level of ventila-
tion, particularly in obese patients. Such alterations can be
associated with an alteration in the ventilation perfusion
matching in patients with regional lung disease. Therefore, a
change in body position could produce a false physiologic
divergence of the signals when the multi-signal time series
includes chest wall impedance and oximetry. For this reason,
in accordance with embodiments of the present invention,
additional time series components may be employed, such as
information provided by a position sensor. Alternatively, if
position information is not available, a more significant fall in
one parameter may be used in association with a more sig-
nificant divergent rise in another. By way of example, a sig-
nificant fall in oxygen saturation of, for example, 4-5% in
association with a doubling of the product of the amplitude
and frequency of the impedance monitor would provide evi-
dence that this patient is experiencing significant pathophysi-
ologic divergence and would be an indication for a textual
output indicating that pathophysiologic divergence has
occurred. The thresholds for defining divergence, in accor-
dance with embodiments of the present invention, may be
selectable by the physician or nurse. When the time series
output of a position monitor is incorporated into the system
with a significant position-related change in one or more
parameters, the position monitor provides useful additional
information.

[0213] In accordance with embodiments of the present
invention, the magnitude of pathophysiologic divergence can
be provided on the central display 38 or bedside display 30. In
some cases, as discussed previously, a mild degree of patho-
physiologic divergence may not represent a significant
change and the nurse may instead want to see an index of the
degree of pathophysiologic divergence. A bar graph or other
variable indicator, which can be on the order of the monitor-
ing cubes of illustrated in FIGS. 6a-6e, can provide this. In
one embodiment the monitoring cube can be selectively time-
lapsed to observe the previous relational changes between
parameters. Alternatively, the animated object can be rotated
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and scaled to visually enhance the represented timed relation-
ships and points of divergence.

[0214] In one embodiment of the present invention, the
multi-signal time series output is placed into a format useful
for reviewing events preceding an arrest or for physician or
nurse education. In this format, the output controls an anima-
tion of multiple objects which, instead of being parts of a
hexagon or cube, are shaped into an animated schematic of
the as the physiologic system being monitored. The anima-
tion moves over time and in response to the signals in one
preferred embodiment. The type of signals (or the reliability
of such signals) determines which components of the sche-
matic are “turned on” and visible. One example includes a
multi-signal object defined by outputs of airflow, thoracic
impedance, oximetry, and blood pressure, rendering a con-
nected set of animation objects for the lungs, upper airway,
lower airway, heart, and blood vessels which can be animated
as set forth below in Table 2:

TABLE 2

Each inspiration causing an animated enlargement of the lungs
tracking the inspiration slope

Each expiration causing an animated reduction in size of the lungs
tracking the expiration slope

Each animated systolic beat of the heart tracks the QRS or upstroke
of the oximetry output

The color of the blood in the arteries and left heart tracks the oxygen
saturation

The diameter of the lower airway (a narrowing diameter can be
highlighted in red) tracks the determination of obstruction by the
slope ratio in situations of hyperventilation (as discussed previously)
The patency of the upper airway (a narrowing or closure can be
highlighted in red) tracks the determination of upper airway
obstruction (as discussed previously)

The magnitude of an animated pressure gauge tracks the blood
pressure

[0215] This provides “physiologic animation” which can
be monitored in real-time but will generally be derived and
reviewed from the stored multi-signal objects at variable time
scales. This is another example of an embodiment of the
present invention providing a quickly, easily understood and
dynamic animated output of a highly complex, interactive
time series derived form a patient. The animation can be
reviewed at an increased time lapsed rate to speed through
evolution of a given patients outputs or can be slowed or
stopped to see the actual global physiologic state at the point
of arrhythmia onset.

[0216] In another example, a patient with a drop in oxygen
saturation of 4% and a doubling of the product of the fre-
quency and amplitude of the chest wall impedance tidal varia-
tion may have a single bar presented on the monitor, whereas
a patient with a 6% drop wherein the product of the imped-
ance amplitude and frequency has tripled may have a double
bar, and so on. This allows reduction in the occurrence of false
alarms by providing a bar indicator of the degree of diver-
gence that has occurred. A similar indicator can be provided
for clustering, indicative of the severity of airway or ventila-
tion instability. It should be noted that very mild clustering
may simply represent the effect of moderate sedation, and
not, therefore, represent a cause for great concern (although it
is important to recognize that it is present). Such a clustering
could be identified with a single bar, whereas more severe
clustering would generate a larger warning and, it very severe,
an auditory alarm. When the clustering becomes more severe
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and demonstrates greater levels of desaturation and/or shorter
recovery intervals, the bar can be doubled.

[0217] In another embodiment, which could be useful for
neonates, the time series of multi-signal objects is derived
entirely from a pulse oximeter. Each object level for each
signal and further a multi-signal object time series of the
oxygen saturation and pulse (as for example can be calculated
below) is derived. This particular multi-signal time series has
specific utility for severity indexing of apnea of prematurity.
The reason for this is that the diving reflex in neonates and
infants is very strong and causes significant, cumulative
bradycardia having a progressive down slope upon the cessa-
tion. In addition, the apnea is associated with significant
hypoxemia, which also causes a rapid down slope due to low
oxygen storage of these tiny infants. Even a few seconds of
prolongation of apnea causes profound bradycardia because
the fall in heart rate like that of the oxygen saturation does not
have a reliable limit or nadir but rather falls throughout the
apnea. These episodes of bradycardia cluster in a manner
almost identical to that of the oxygen saturation, the pulse in
the neonate being a direct subordinate to respiration.

[0218] In neonates, oxygen delivery to the brain is depen-
dent both upon the arterial oxygen saturation and the cardiac
output. Since bradycardia is associated with a significant fall
in cardiac output, oxygen delivery to the neonatal brain is
reduced both by the bradycardia and the fall in oxygen satu-
ration. It is critical to have time series measurements, which
relate to cumulative oxygen delivery (or the deficit thereof)
both as a function of pulse and oxygen saturation. Although
many indices can be derived within the scope of the present
invention, the presently preferred index is given as the “Satu-
ration Pulse”. Although many calculations of this index are
possible, in one exemplary embodiment of the present inven-
tion, the index is calculated as:

SP=R(502-25)

[0219] Where:
[0220] SP is the saturation pulse in “% beats/sec”
[0221] R is the instantaneous heart rate in beats per sec-
ond, and
[0222] SO2 is the oxygen saturation of arterial blood in
%.
[0223] The saturation-pulse is directly related to the brain

oxygen delivery. The SpO,-25 is chosen because 25%
approaches the limit of extractable oxygen in the neonatal
brain. The index is preferably counted for each consecutive
acquisition of saturation and pulse to produce a continuous
time series (which is an integral part of a multi-signal time
series of oxygen saturation and pulse). This index can be
calculated for the time interval of each apnea and each cluster
to derive an apnea or cluster index of saturation-pulse during
apneaand recovery in a manner analogous to that described in
U.S. Pat. No. 6,223,064, which is hereby incorporated by
reference herein. This provides an enhanced tool for severity
indexing of apnea of prematurity in infants. Both the duration
and the absolute value of any decrement in saturation-pulse
are relevant. If desired, the average maximum instantaneous
and cumulative deficit of the pulse saturation index can be
calculated for each cluster (as by comparing to predicted
normal or automatically calculated, non apnea related base-
line values for a given patient).

[0224] Inthis way, in accordance with embodiments of the
present invention, a general estimate of oxygen delivery over
time to the infant brain is provided using a non-invasive pulse
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oximeter. This estimate is derived through the calculation of
both oxygen saturation and pulse over an extended time series
deriving a cumulative deficit specifically within clusters of
apneas to determine index of the total extent of global
decrease in oxygen delivery to the brain during apnea clus-
ters. The deficit can be calculated in relation to either the
baseline saturation and pulse rate or predicted normals.

[0225] The processor can provide an output indicative of
the pulse saturation index, which can include an alarm, or the
processor can trigger an automatic stimulation mechanism to
the neonate, which will arouse the neonate thereby aborting
the apnea cluster. Stimulation can include a tactile stimulator
such as a vibratory stimulator or other device, which prefer-
ably provides painless stimulation to the infant, thereby caus-
ing the infant to arouse and abort the apnea cluster.

[0226] In another embodiment of the present invention, the
recognition of a particular configuration and/or order of
objects can trigger the collection of additional data points of
another parameter so that these new data points can be added
to and compared with the original time series to recognize or
confirm an evolving pathophysiologic process. One applica-
tion of this type of system is shown in FIG. 8 and illustrated
further in FIG. 17. The time series of pulse, oxygen satura-
tion, and/or cardiac rhythm can be used to trigger an auto-
matic evaluation of blood pressure by a non-invasive blood
pressure device. The bedside processor, upon recognition of
tachycardia by evaluation of the pulse or EKG tracing, auto-
matically causes the controller of the secondary monitoring
device 40 to initiate testing. The nurse is then immediately
notified not only of the occurrence, but also is automatically
provided with an indication of the hemodynamic significance
of this arrhythmia. In this situation, for example, the occur-
rence of an arrhythmia lasting for at least twenty seconds can
trigger the automatic comparison of the most recent blood
pressure antecedent the arrhythmia and the subsequent blood
pressure, which occurred after the initiation of the arrhyth-
mia. The processor identifies the time of the initial blood
pressure, which occurred prior to the point of onset of the
arrhythmia, and the time of evaluation of the blood pressure
after the onset of the arrhythmia. These parameters may be
provided in a textural output so that the nurse can immedi-
ately recognize the hemodynamic significance of the arrhyth-
mia. Upon the development of a pulseless arrhythmia, a
printed output is triggered which provides a summary of the
parameter values over a range (such as the 5-20 minutes) prior
to the event as well as at the moment of the event. These are
provided in a graphical format to be immediately available to
the nurse and physician at the bedside during the resuscitation
efforts so that the physician is immediately aware if hyper-
ventilation, or oxygen desaturation preceded the arrhythmia
(which can mean that alternative therapy is indicated.

[0227] In accordance with another aspect of the present
invention, if the patient does not have a non-invasive blood
pressure cuff monitor attached, but rather has only a pulse
oximeter or an impedance based non-invasive cardiac output
monitor and an electrocardiogram attached, then the multi-
level time series plethsmographic pulse objects can be used to
help determine the hemodynamic significance of a given
change in heart rate or the development of an arrhythmia. In
this manner, theidentification of significant change in the area
under the curve associated with a significant rise in heart rate
or the development of an arrhythmia can comprises a multi-
signal object indicative of potential hemodynamic instability.
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[0228] Ifthe multi-signal object includes a new time series
of wide QRS complexes of this occurrence is compared to the
area under the plethesmographic pulse to determine the pres-
ence of “pulseless” or “near pulseless” tachycardia. It is criti-
cal to identify early pulseless tachycardia (particularly ven-
tricular tachycardia) since cardioversion of pulseless
tachycardia may be more effective than the cardioversion of
ventricular fibrillation. On the other hand, ventricular tachy-
cardia associated with an effective pulse, in some situations,
may not require cardioversion and may be treated medically.
Timing in both situations is important since myocardial lactic
acidosis and irreversible intracellular changes rapidly
develop and this reduces effective cardioversion. It is, there-
fore, very important to immediately recognize whether or not
the significant precipitous increase in heart rate is associated
with an effective pulse.

[0229] The plethesmographic tracing of the oximeter can
provide indication of the presence or absence of an effective
pulse. However, displacement of the oximeter from the
proper position on the digit can also result in loss of the
plethesmographic tracing. For this reason, in accordance with
embodiments of the present invention, the exact time in which
the wide QRS complex time series developed is identified and
related to the time of the loss of the plethesmographic pulse.
Ifthe plethesmographic pulse is lost immediately upon occur-
rence of a sudden increase of heart rate (provided that the
signal does not indicate displacement), this is nearly defini-
tive evidence that this is a pulseless rhythm and requires
cardioversion. The oxygen saturation and thoracic impedance
portion of the multi-signal object is also considered relevant
for the identification of the cause of arrhythmia. At that
moment, an automatic external cardioversion device can be
triggered to convert the pulseless rhythm. In an alternative
embodiment, as also shown in FIG. 17, a blood pressure
monitor, which can be a non-invasive blood pressure monitor
integrated with the automatic defibrillator, can be provided.
Upon the recognition of a precipitous increase in heart rate,
this event can trigger automatic non-invasive blood pressure
evaluation. If the non-invasive blood pressure evaluation
identifies the absence of significant blood pressure and pulse
confirmed by the absence of a plethesmographic pulse, then
the processor can signal the controller of the automatic cardio
version unit to apply and electrical shock to the patient based
on these findings. It can be seen that multiple levels of dis-
cretionary analysis can be applied. A first level of analysis
could be the identification of a precipitous development of a
wide complex tachyarrhythmia in association with simulta-
neous loss of plethesmographilc pulse which can trigger an
automatic synchronized external cardio version before the
patient develops ventricular fibrillation. A second level of
analysis could include confirmation by another secondary
measurement such as loss of blood pressure, the lack of the
anticipated cycle of chest impedance variation associated
with normal cardiac output as with a continuous cardiac out-
put monitor, or other quality or confidence indicator.

[0230] Itcan be seen that even without the EKG time series
component object an analysis of the multi-signal object can
be applied to compare the area under the curve of the plethes-
mographic pulse tracing generated by a pulse oximeter to a
plotof peak-to-peak interval of the pulse tracings. The sudden
decrease in the peak-to-peak interval or increase in pulse rate
in association with a sudden decrease in the plethesmo-
graphic area is strong evidence that the patient has experi-
enced a hemodynamically significant cardiac arrhythmia. In
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the alternative, a moderate and slowly trending upward
increase in heart rate in association with a moderate and
slowly trending downward plot of the area of the plethesmo-
graphic pulse would be consistent with intervascular volume
depletion, or ineffective cardiac output resulting from signifi-
cant sympathetic stimulation which is reducing the perfusion
of the extremities as with as congestive heart failure. During
such a slow evolution, it would also be anticipated that the
frequency of tidal respirations would increase.

[0231] Those skilled in the art will recognize that the infor-
mation provided from the data and analysis generated from
the above-described system can form the basis for other hard-
ware and/or software systems and has wide potential utility.
Devices and/or software can provide input to or act as a
consumer of the physiologic signal processing system of the
present invention’s data and analysis.

[0232] Table 3, set forth below, provides a non-exhaustive
list of examples of exemplary ways that the present physi-
ologic signal processing system can interact with other hard-
ware or software systems:

TABLE 3
1. Software systems can produce data in the form of a waveform that
can be consumed by the physiologic signal processing system
2. Embedded systems in hardware devices can produce a real-time

stream of data to be consumed by the physiologic signal
processing system

3. Software systems can access the physiologic signal processing
system representations of populations of patients for statistical
analysis

4. Software systems can access the physiologic signal processing

system for conditions requiring hardware responses (e.g. increased
pressure in a CPAP device), signal the necessary adjustment and
then analyze the resulting physiological response through
contimious reading of the physiologic signal processing system
data and analysis

[0233] Itis anticipated that the physiologic signal process-
ing system will be used in these and many other ways. To
facilitate this anticipated extension through related hardware
and software systems the present system will provide an
application program interface (API). This API can be pro-
vided through extendable source code objects, programmable
components and/or a set of services. Access can be tightly
coupled through software language mechanisms (e.g. a set of
C++ modules or Java classes) or proprietary operating system
protocols (e.g. Microsoft’s DCOM, OMG’s CORBA or the
Sun Java Platform) or can be loosely coupled through indus-
try standard non-proprietary protocols that provide real-time
discovery and invocation (e.g. SOAP [Simple Object Access
Protocol] or WSDL [Web Service Definition Language]).
[0234] In accordance with an exemplary embodiment of
the present invention, the physiologic signal processing sys-
tem with the API as defined becomes a set of programmable
objects providing a feature-rich development and operating
environment for future software creation and hardware inte-
gration.

[0235] Although embodiments in accordance with the
present invention have been described, which relate to the
processing of physiologic signals, it is also critical to recog-
nize the present streaming parallel objects based data organi-
zation and processing method can be used to order and ana-
lyze a wide range of dynamic patterns of interactions across a
wide range of corresponding signals and data sets in many
environments. The invention is especially applicable to the
monitoring of the variations or changes to a physical system,
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biologic system, or machine subjected to a specific process or
group of processes over a specific time interval.

[0236] Embodiments of the present invention may provide
a general platform for the organization and analysis of a very
wide range of datasets during hospitalization or a surgical
procedure. For example, in addition to the time series of the
monitored signals parameters, which may be sampled at a
wide range (for example between about 500 hertz and 0.01
hertz), previously noted, the cylindrical data matrix can
include a plurality of time series of laboratory data, which
may be sampled on a daily basis or only once during the
hospitalization. These data points or time series are stored as
objects and can be included in the analysis. These objects can
include, for example, the results of an echocardiogram
wherein a timed value ejection fraction of the left ventricle is
provided as an object in the matrix for comparison with other
relationships. In application, the presence of a low ejection
fraction object along the matrix with a particular dynamic
cyclic variation relationship between airflow and oxygen
saturation time series can, for example, provide strong evi-
dence of periodic breathing secondary to congestive heart
failure and this identified relationship can be provided for the
healthcare worker in a textual output. In another example,
medication data is included in data matrix. For example, in a
patient receiving digoxin and furosemide (a diuretic), the
daily serum potassium time series is compared to a time series
indicative of the number and severity of ventricular arrhyth-
mias such as premature ventricular contractions. A fall in the
slope of the potassium time series in association with a rise in
slope of such an arrhythmia indication time series could for
example produce an output such as “increased PYCs—pos-
sibly secondary to falling potassium, consider checking
digoxin level.” In another example, a first time series of the
total carbon dioxide level and a second time series of the
anion gap can be included in the general streaming object
matrix and compared to the time series of airflow. If a rise in
the slope or absolute values of the airflow is identified with a
fall in the slope or absolute value along the total carbon-
dioxide time series and a rise the slope or absolute values
alone the anion gap time series, the processor can provide an
automatic identification that the airflow is rising and that the
cause of a rise in airflow may be secondary to the develop-
ment of a potentially life threatening acidosis, providing an
output such as “hyperventilation—possibly due to evolving
anion gap acidosis”. In another example, the daily weight or
net fluid balance is included with the total carbon dioxide and
anion gap in the cylindrical data matrix. The identification of
a fall in slope of airflow or absolute value along with a fall in
slope of the oxygen saturation, and a fall in slope of the fluid
balance and weight can generate an output such as “possible
hypoventilation-consider contraction alkalosis.”

[0237] Alternatively with a matrix made up of the same
parameters, arise in the slope or absolute values of the airflow
time series and a rise in the pulse time series may be recog-
nized in comparison with a fall in the time series of the total
carbon dioxide, a flat slope of the time series of the anion gap,
and a rise in the slope or absolute values of the fluid balance
time series, confirmed by a trending rise in slope of the weight
time series, and a notification can be provided as “hyperven-
tilation—potentially secondary to expansion acidosis or con-
gestive heart failure” In one exemplary embodiment of the
present invention, the cylindrical data matrix becomes the
platform upon which substantially all relevant data derived
during a hospitalization is stored and processed for discre-
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tionary and automatic comparison. Initial input values, which
can be historical input, can also be included to set the initial
state of the data matrix. For example, if the patient is known
to have a history congestive heart failure, and that condition is
accounted for as an initial data point at the start of the matrix,
a particular conformation in the initial matrix may be consid-
ered in the analysis. The data matrix provides a powerful tool
to compare the onset of dynamic changes in parameters with
any external force acting on the organism whether this force
is pharmacological, a procedure, related to fluid balance, or
even simple transportation to other departments for testing. In
one exemplary embodiment, as shown in FIG. 15, a time
series of action applied to the patient is included in a time
series that may be referred to as an “exogenous action time
series.” This time series includes a set of streaming objects
indicating the actions being applied to the patient throughout
the hospitalization. In this example, within the exogenous
action time series, a time series component indicative of
dynamic occurrence of a particular invasive procedure, such
as the performance of bronchoscopy, is included. This “bron-
choscopic procedure object” may, for example, comprise a
time series component along the exogenous action time series
of 15 minutes within the total matrix derived from the hospi-
talization. The dynamic relationships of the parameters along
the matrix are compared with the onset of the procedure
(which comprises an object onset), dynamic patterns of inter-
action evolving subsequent to the onset of the procedure can
be identified and the temporal relationship to the procedure
objectidentified and outputted in a similar manner as has been
described above for other objects. The dynamic patterns of
interaction can be interpreted with consideration of the type
of procedure applied. For example, after a 15 minute time
series associated with a bronchoscopic procedure, the occur-
rence of a progressive increase in slope of the airflow time
series associated with a significant decrease in the slope of the
inspiration to expiration slope ratio time series suggests the
development of bronchospasm secondary to the bronchos-
copy and can initiate an output such as “hyperventilation
post-bronchoscopy with decreased I:E—consider broncho-
spasm.”

[0238] A larger surgical procedure comprises a longer
cylindrical data matrix and this can comprise a perioperative
matrix, which can include the portion of time beginning with
the administration of the first preoperative medication so that
dynamic patterns of interaction are compared with consider-
ation of the perioperative period as a global time series object
within the matrix. The preoperative period, the operative
period, and the post operative period may be identified as
different time-series segments of the matrix within the total
hospital matrix. Using this object-based relational approach,
a “dynamic pattern” of interaction occurring within this pro-
cedure-related data stream or subsequent to it can be easily
recognized. The dynamic pattern may then be temporally
correlated with the procedure so that the dynamic relation-
ships between a procedure and plurality of monitored time
series outputs and/or laboratory data are stored, analyzed, and
outputted. In another example, the continuous or intermittent
infusion of a pharmaceutical such as a sedative, narcotic, or
inotropic drug comprises a time series which has as one of its
timed characteristics the dose administered. This new time
series is added to the cylindrical matrix and the dynamic
relationships between monitored signals and laboratory data
is compared. For example after the initiation of Dobutamine
(an inotropic drug) the occurrence of a rising slope of pulse
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rate or a rising slope of premature ventricular contraction
frequency, or the occurrence of an object of non-sustained
ventricular tachycardia, can be recognized in relation to onset
the time series of medication infusion or a particular rise in
the slope or absolute value of the of the dose of this medica-
tion. In another example, the occurrence of a dynamic clus-
tering of apneas such as those presented in FIGS. 10, 11, and
5c in relation to a rise in slope, or a particular absolute value,
of the time series of the sedative infusion can be identified and
the pump can be automatically locked out to prevent further
infusion. An output such as “Caution—pattern suggestive of
mild upper airway instability at dose of 1 mg Versed” may be
displayed and/or printed. If, in this example, the nurse
increases the dose to 2 mg and the pattern shows an increase
in severity, an output such as “Pattern suggestive of moder-
ated upper airway instability at dose of 2 mg/hr. of Versed-
dose locked out” may be displayed and/or printed. To main-
tain Versed dose at the 2 mg level in this patient, the nurse or
physician would have to override the lockout. Upon an over-
ride, the processor then tracks the severity of the clusters and,
if the clusters reach a additional severity threshold then an
output such as “Severe upper airway instability—Versed
locked out” may be displayed and/or printed.

[0239] The anticipated range of time series for incorpora-
tion into the cylindrical relational matrix of streaming objects
include multiple pharmaceutical time series, exogenous
action time series, monitored signal time series (which can
include virtually any monitored parameter or its derivative),
fluid balance, weight, and temperature time series. Time
series or single timed data points of laboratory values (includ-
ing chemistry, hematology, drug level monitoring), and pro-
cedure based outputs (such as echocardiogram and pulmo-
nary function test outputs) may also be included. Interpreted
radiology results may also be incorporated as data points and
once the digital signal for such testing can be reasonably
summarized to produce a time series, which reliably reflects
a trend (such as the degree of pulmonary congestion). Such
outputs can also be included in the data matrix as time series
for comparison with for example the net fluid balance and
weight time series. An additional time series can be the pro-
vided by nursing input, for example, a time series of the pain
index, or Ramsey Scale based level of sedation. This time
series can be correlated with other monitored indices of seda-
tion or anesthesia as is known in the art.

[0240] The cylindrical matrix of processed, analyzed, and
objectified data provides a useful tool for the purpose of doing
business to determine, much more exactly, the dynamic fac-
tors, occurrences, and patterns of relationships, which
increase expense in any timed process. In the example of the
hospital system discussed above, the expense data is struc-
tured as a time series of objects with the data point value
represented by the total expense at each point. Expense values
can be linked and/or derived from certain procedures or labo-
ratory tests, for example the time series of the hemoglobin can
be associated with a corresponding time series of the calcu-
lated expense for that test. In an exemplary embodiment, the
plurality of time series of expenses for each monitored labo-
ratory tests are combined to produce a global expense time
series. Individual time series for the expense of each class of
exogenous actions (such as pharmaceutical, and procedural
time series) may also be provided and can then be combined
to form one global expense time series. This may be incorpo-
rated into the cylindrical data matrix to provide discretionary
comparison with dynamic expense variables and dynamic
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patterns of relationships of other variables. This allows the
hospital to determine the immediate expense related to the
occurrence of an episode of ventricular fibrillation. This
expense can be correlated with, for example, the timeliness of
treatment, the application of different technologies, or the
presence of a specific dynamic pattern of interaction of the
signals. In other words, the immediate cost, and resources
expended over, for example, the 24 hours following the epi-
sode of ventricular fibrillation, can be compared with the true
behavior and duration of the pathophysiologic components
relating the ventricular fibrillation episode.

[0241] In a further example consider a patient monitored
with an embodiment ofthe present invention deriving a cylin-
drical data matrix comprised of streaming and overlapping
objects of airflow, chest wall impedance, EKG, oximetry, and
global expense. The occurrence of the procedure for insertion
of the central line represents an object (which need not have
avariable value) along a segment of the cylinder. If the patent
develops a pneumothorax, the processor can early identify
and warn of the development of pathophysiologic divergence
with respect to the airflow (and/or chest wall impedance) and
the oxygen saturation (and/or pulse). In addition to eatlier
recognition, the expense related to this complication, the
timeliness of intervention, the magnitude of pathophysi-
ologic perturbation due to the complication, and the resources
expended to correct the complication can all be readily deter-
mined using the processor method and data structure of the
present invention.

[0242] In a further example, consider a patient monitored
with an embodiment ofthe present invention deriving a cylin-
drical data matrix comprised of streaming and overlapping
objects of airflow, chest wall impedance, EKG, oximetry, and
global expense. The occurrence of the procedure for insertion
of the central line represents an object (which need not have
avariable value) along a segment of the cylinder. If the patent
develops a pneumothorax, the processor can early identify
and warn of the development of pathophysiologic divergence
with respect to the airflow (and/or chest wall impedance) and
the oxygen saturation (and/or pulse). In addition to earlier
recognition, the expense related to this complication, the
timeliness of intervention, the magnitude of pathophysi-
ologic perturbation due to the complication, and the resources
expended to correct the complication can all be readily deter-
mined using the processor method and data structure in accor-
dance with embodiments of the present invention.

[0243] Many other additional new component time series
and “cylinders of ascending parallel time series” may be
added to the matrix. During the implementation ofthe present
invention it is anticipated that many subtle relationships
between the many components will become evident to those
skilled in the art and these are included within the scope of
this invention.

[0244] Many indices of instability are definable within the
scope of this teaching. One example of a useful mathematical
relationship calculated by a system in accordance with an
exemplary embodiment of the present invention may be
derived as set forth below.

[0245] Thepercentage of time during the selected measure-
ment interval wherein the airway is functionally unstable (and
cycling) can be defined by the ratio:

TwTt

where Tu is a time unstable, and Tt is a time total.
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However all unstable time is not equal. To quantify the sever-
ity of instability within Tu the following formula is applied:

Tr/Tc

where Tr is a time of recovery and Tct is a time of closure.
[0246] For example, when SPO2 is the parameter under
test, this would be (Duration of SPO2 Fall)/(Duration from
beginning of next SPO2 rise to beginning of next fall). From
this can be derived a “ratio of instability ratios™ as:

VII=[Tu/Te]/(Tr/Tc]

where VII is the Ventilation Instability Index (or Hypoventi-
lation Instability Index or Instability Index).

[0247] This Instability Index is parameter nonspecific and
is applicable to a wide range of discretionary time intervals
and to the time interval selected for the test, which may be
selectable, for example, using a menu. The index can then be
adjusted for the parameter under test (e.g. SPO2 or Pulse)
rendering, for example, a desaturation instability index, a
heart rate instability index or a pulse amplitude instability
index to name a few. Indeed, the instability index can be
calculated and adjusted for non-medical signals such as sig-
nals of movement, signals of electromagnetic energy, bio-
logic time series, mechanical time series, and financial sig-
nals, such as a time series of a financial index to name a few.
[0248] In one example of this adjustment we multiply the
VVI by the mean perturbation amplitude of the target event
under test (for example the Desaturation instability index is
calculated as:

DVII=(D)Tw/Te]/[Tr/Tc]

Where D=mean amplitude of the fall events within the clus-
ters (note that dPulse amplitude, or dheart rate would be used
for those indices if desired).

[0249] In one example, DAVII can be calculated as: (10)
(D) [Tw/Tt)/[Te/Tc]. For this example, it is desirable that the
recovery (interapnea interval) is not the mean interapnea
interval for the time period under test but rather the mean
interapnea interval within the unstable (cycling) time and
excludes recovery time between clusters.

[0250] In one exemplary embodiment, the analysis system
determines an “SPO2 Wake-Sleep Gradient,” an “SPO2
Wake-REM gradient” and/or an “SPO2 Non REM-REM gra-
dient.” To achieve this, the system can, for example, deter-
mine a baseline value of SPO2 (as, for example, over a 5
second to 15 minute period of resting wakefulness, although
other time periods may be used) and then determine the SPO2
value during a period of sleep, (or a period a particular sleep
stage such as REM) wherein the SPO2 value is not exhibiting
a cluster pattern (for example this may be the average of the
SPO2 over a 5 second to 15 minute period of REM). This
determination can for example be the point or range of points
immediately preceding the onset of the first cluster after sleep
onset. According to one aspect of the present invention, the
difference between the awake SPO2 and the sleep SPO2 is
outputted as by print or other output. This value is different
than the average value of SPO2 during wakefulness or a sleep
stage, which includes cluster related values. The SPO2 Wake-
Sleep Gradient can be a useful indication of the stability of
ventilatory control during sleep. For example, patients with
SPO2 Wake-Sleep Gradients of 4%-8% or more are often
exhibiting a significant decline in ventilation control in
response to assumption of a given sleep state especially if this
decline is progressive on sleep onset, and/or ends with the
onset of a cluster. This sleep onset related fall in ventilation
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and/or SPO2 which ends in the onset of a cluster pattern may
be called a “Pattern of Transitional Instability” and provides
evidence concerning the phenotype of the patient’s sleep
disordered breathing, as defined by suboptimal central venti-
lation control during sleep. Such patients may be at risk for
exhibiting severe worsening later in sleep with incomplete
arousals especially during REM sleep. A Wake-Sleep Gradi-
ent and the detection of the Pattern of Transitional Instability
can be similarly achieved by analysis of airflow parameters
(as, for example, by CO2 or minute ventilation to name a few)
and for transcutaneous parameters such as CO2 and/or PO2.

[0251] In another embodiment, an implanted pacemaker
may be programmed to record the ventilation patterns with a
sampling rate sufficient to detect the instability clusters. The
recording can be continuous or intermittent and can be trig-
gered by an internal clock or by an action or inaction of the
patient (for example, as by sensors recognizing the assump-
tion of a specific type or range of body positions, such as
horizontal body position, or a sensor detecting a lack of
movement (as by incorporated atigraphy)). In one embodi-
ment, the pacemaker stores the ventilation data sets for auto-
matic or manual retrieval by an external pacemaker interro-
gator. The datasets are then analyzed for detection and
severity indexing of Cheynne Stokes respirations or sleep
apnea, which can be useful in monitoring the severity of heart
failure. This provides a method for monitoring heart failure
and for detecting sleep disordered breathing in patients with
indwelling pacemakers. The interrogator can include
memory for storage of the ventilation datasets and software
for analyzing those data sets for sleep disordered breathing as
by detecting clusters. In one method, a pulse oximeter probe
is applied to a body part and the overnight time series of
oxygen derived from the oximeter and the timed datasets of
EKG, ST segment position, and ventilation derived from the
pacemaker are compared with a contemporaneously time
series from the oximeter.

[0252] In an exemplary embodiment of the present inven-
tion, a signal pattern viewer is provided. This viewer is pref-
erably accessible directly from the patient’s medical record in
the hospital information system or from, for example, the
display of a mechanical ventilator. When a healthcare worker
requests access, the viewer component loads and accesses the
physiologic time series data from a local database or through
services to a centralized data repository into which the time
series from the patient monitors are continuously or intermit-
tently updated and stored. The view component processes and
analyzes the physiologic time series data and the image of the
processed signals is then displayed. In one example, this
image can be a pre-selected grouping of processed and ana-
lyzed parallel time series of different parameters or can be a
group of parameters indicated through a set of user gestures.
Upon loading, the processor can then output a series of two-
dimensional cross-sections defining three-dimensional rep-
resentation of the parameters. This can be accomplished, for
example by displaying the parameters in different quadrants
of a two-dimensional representation, which can be rendered
with the points connected to enhance the image. The incre-
mental distance values from the center of the all the intersect-
ing quadrants can be defined for each parameter by placing
the normal ranges equidistant form the center.

[0253] In one embodiment, the three-dimensional repre-
sentation is tubular in appearance, but with flat sides of a
predetermined color (for example, green), the sides equal to
the number of parameters in the group when the values are
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normal. The respective walls of the tube bow in or out if one
or more of the parameters deviate from the normal range and
the walls turn a different color (for example, yellow) and then
yet another color (for example, red) when the values fall or
rise to threshold levels. A bi-directional arrow may be shown
across the tube between two parameters when a relational
breach or pathophysiologic divergence is identified. The sys-
tem may be adapted to provide the healthcare worker with the
option to move through the three-dimensional representation
along the time axis with each sequential cross-section appear-
ing on the display in a manner similar to the scrolling through
CT scan images provided to heath care workers today. For
example, with each user gesture, the user requests advance-
ment along the time axis (the longitudinal axis of the tube) to
the next sequential cross-section image or layer. The two-
dimensional image represents a plurality of data points of
different parameters in a predefined spatial relationship that
visually and simultaneously displays both the relationship to
other parameters and the relationship to normal values with
each cross-sectional image. This provides immediate visual
cues to the healthcare worker of the relational state of the
parameters to normality and to other parameters. Upon scroll-
ing the timing of these relationships and detected deviations
form normality (which may be relational) are dynamically
evident with rapid iteration, which can be automated provid-
ing a pseudo animation of the three-dimensional representa-
tion (as by scrolling back and forth). Examples of parameters
that can be included within the representation include the
parameters previously discussed as well as body dimension
characteristics (for example, weight), temperature, labora-
tory values (such as hemoglobin or white blood cell count),
and financial (or resource) expenditure to name a few. In
another embodiment the viewer emulates the instant or a
series of prior medical monitor representations (such as, for
example an oximeter or ventilator). This allows a physician,
for example, to view the patient’s medical records in a remote
location through ubiquitous standard secure internet proto-
cols to see a simulation of the monitor, which would other-
wise be visible only at the bedside. The viewer may also
provide a reanimation of the patients signals as will be dis-
cussed. Different options for viewing the signals in these and
other ways may be selectable by the user, as by a pull down
window, so that the user can choose to render and view the
various time series in his or her preferred viewing mode.

[0254] Another exemplary embodiment of the invention
may be adapted to assist in the classification of the type of a
patient’s sleep-disordered breathing by iterating though the
patterns outputted and or responses of the patterns to therapy
to define the best match. For the purpose of illustration, an
exemplary embodiment of the present invention may be
adapted to prioritize and weight a plurality of characteristics
associated with a condition of interest such as sleep-disor-
dered breathing. Parameter patterns associated with the plu-
rality of characteristics and/or appropriate treatment
responses may be characterized along at least one time series.
An iterative operation may be performed on the characteris-
tics to compare the patterns and treatment responses (such as
aprolonged fall in SPO2 terminated by a cluster) to each type
grouping. The best matching type may be identified and an
output of an indication based on the best matching type pro-
vided. The treatment of a patient may be adjusted based on the
identification of the best matching type.

[0255] By way of example, the patterns of sleep-disordered
breathing may be divided into five primary types, each with a
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grouping of different characteristics. In one embodiment, the
processor is progranmmed to detect at least one of the charac-
teristics below and to take at least one of the following actions
based on the detection of the characteristic or combination of
characteristics: output an indication of the characteristic, out-
put an indication of the most likely type or combination of
types of sleep disordered breathing, output an indication of
the therapy most likely to be effective, automatically adjust
treatment to the therapy most likely to be effective, provide a
graded auditory or visual alarm. The five types of sleep dis-
ordered breathing are:

[0256] Type I. Upper Airway Instability—Obstructive
Sleep Apnea, characterized by:

[0257] 1. Paroxysmal reentry derived clusters often with
precipitous onset and termination.

[0258] 2. Variable length of paroxysmal clusters.

[0259] 3. Paroxysmal clusters are commonly separated
by intervals of stable time having variable lengths.

[0260] 4. Variable amplitude of reciprocations (SPO2
often falls below about 85% or less).

[0261] 5. Very precipitous reciprocation recoveries.

[0262] 6. SPO2 “fall to rise” slope ratio commonly less
than about 1.

[0263] 7. Elimination of clusters is generally complete
with CPAP alone.

[0264] 8. Complete reciprocations even during REM
(fall to rise amplitude ratio of greater than 0.8 and usu-
ally about 1) and/or the peak of the recovery exceeding
85-90.

[0265] 9. Severity of clusters and amplitude of recipro-
cations increase during REM.

[0266] 10. Severity of clusters and amplitude of recipro-
cations increase with various body positions.

[0267] 11. Periods of prolonged slow reciprocations
with brisk recoveries occasionally occur between typi-
cal rapidly cycling clusters (as due to obstructive
hypoventilation).

[0268] 12. Cluster Pattern is often defined by regular
reciprocations but reciprocations also can be irregularly
irregular.

[0269] 13. Nasal oxygen alone reduces but generally
fails to eliminate moderate or severe SPO2 clusters.

[0270] 14.Nasal oxygen alone fails to improve (and may
increase) the severity of airflow clusters.

[0271] 15. Low or normal Baseline awake SPO2.
[0272] Type Il. Hypo-sensitivity/Hypo-responsive Induced
Ventilation Instability (Primary hypoventilation represents a
rare pure form of this process), characterized by:

[0273] 1. Cyclic Periods of prolonged reciprocations
with slow declines (greater than 3 minutes but often
10-20 minutes or more) with brisk recoveries may occur
generally without rapidly cycling clusters.

[0274] 2. Spontaneous precipitous recovery and/or pre-
cipitous recovery upon the occurrence of a stimulus to
the patient such as an auditory alarm.

[0275] 3.Increased SPO2 and or CO2 wake-sleep gradi-
ent.
[0276] 4. Incomplete reciprocations (for example with

an amplitude ratios of less than about 0.8 and/or a peak
of the recoveries being less than 85-90) are common,
especially during REM.

[0277] 5. Variable (often high) amplitude of reciproca-
tions (SPO2 often falls below 85% during reciproca-
tion).
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[0278] 6. Precipitous recoveries (but sometimes incom-
plete).
[0279] 7. Amplitude of desaturation component of recip-

rocations often increases with REM.

[0280] 8. Flimination of prolonged reciprocations is
often incomplete with even high levels of CPAP (indi-
cates a central component).

[0281] 9. Complete elimination of SPO2 clusters and
low SPO2 often achieved with BIPAP but often requires
an IPAP-EPAP difference of greater than 4, full face
mask, and backup rate.

[0282] 10. SPO2 “fall to rise” slope ratio less than 1 and
generally very low such as for example 0.1 or 0.2 or less.

[0283] 11. Sustained falls in SPO2 often responds com-
pletely to low flow oxygen alone but the falls in airflow
or other ventilation signals may be unaffected or wors-
ened by oxygen alone.

[0284] 12. Low or normal Baseline awake SPO2.
[0285] Type III Polymorphiclll (Complicated) Sleep
Apnea (generally a combination of type I one and type II),
characterized by:

[0286] 1. Incomplete reciprocations (for example with
amplitude ratios of about 0.8 or less and or recovery
peaks of leas than about 90-85 or less)) are common,
especially during REM.

[0287] 2. Periods of prolonged reciprocations with slow
declines (greater than 3 minutes but often 10-20 minutes
or more) with brisk recoveries may occur between rap-
idly cycling clusters.

[0288] 3. A plot of the amplitude of the peaks can look
similar to a plot of a Type II patient indicating progres-
sively weaker functional arousal (physiologic recovery)
response followed by improvement in the functional
arousal (physiologic recovery) response.

[0289] 4. Increased SPO2 wake-sleep gradient (high
delta).

[0290] 5. Highly unstable nadirs and unstable peaks.

[0291] 6. Clusters often begin after prior progressive (of-

ten slow) fall in SPO2 of 4-8% or more.

[0292] 7. Variable (often high) amplitude of reciproca-
tions (SPO2 often falls below 85% during reciproca-
tion).

[0293]
plete).

[0294] 9. Cluster pattern is often regular but also can be
irregularly irregular.

[0295] 10. SPO2 “fall to rise” slope ratio less than 1 is
most common.

[0296] 11.Low ornormal baseline awake SPO2 (low 90s
or high 80s is typical).

[0297] Type IV Delayed Response Induced Ventilation
Instability (e.g. Cheyenne Stokes Respiration), characterized
by:

[0298] 1. Monotonous “waxing and waning” pattern
often with slow and/or prolonged reciprocation recover-
ies.

[0299] 2. Regularly, regular pattern with monotonous
(often about 40-70 second) cycle length for most of the
night with 15-30 minute periods of stability due to REM
sparing.

[0300] 3. Clusters often begin with the onset of sleep
without prior fall in SPO2.

[0301] 4. SPO2 “fall to rise” slope ratio often near about
1 (but also commonly less than 1).

8. Precipitous Recoveries (but sometimes incom-
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[0302] 5. Partial reduction in reciprocation amplitude
may occur with CPAP.

[0303] 6. Increase in reciprocation amplitude with
BiPAP.

[0304] 7.REM sparing.

[0305] 8. Both Airflow and SPO2 Cluster are often very

responsive to nasal oxygen alone.
[0306] Type V  Hyper-sensitivity/Hyper-responsive
Induced Ventilation Instability, characterized by:
[0307] 1. Clusters begin with the onset of sleep without
prior fall in SPO2.
[0308] 2. Clusters of central apneas often with obstruc-
tion at end of the apneas low amplitude of reciprocations
(desaturation often fails to fall below about 90%).

[0309] 3. Precipitous recoveries of reciprocations.

[0310] 4. Clusters more severe with high CPAP or
BiPAP.

[0311] 5. REM sparing may occur.

[0312] 6. Often high awake baseline SPO2.

[0313] 7. SPO2 clusters (but not airflow clusters) are

often eliminated by low flow oxygen.
[0314] Additional categories of breathing may be
employed if desired, such as: Type V1. Non-Hypoventilation
induced Hypoxemia, characterized by:

[0315] 1. SPO2 fall is associated with at rise in minute

ventilation (pathophysiologic divergence)

[0316] 2. Sustained (greater than 3 minute and often

20-60 minute or more) falls in SPO2

[0317] 3. Slow SPO2 recoveries

[0318] 4. Often responds completely to oxygen but may

require high flow (4-6 liters per minute)

[0319] 5. Often fails to respond to CPAP or BiPaP
[0320] Considerable overlap between the types of sleep
disordered breathing commonly occurs.

[0321] In another exemplary embodiment, the system
detects a cluster pattern of timing delay or of spatial variation
between similar physiologic events measured at different
sites on the body. Such a cluster patterns is induced, for
example, by a rise in sympathetic tone which reduces the
diameter of the tiny blood vessels in the fingers thereby caus-
ing a delay or slope attenuation at a second sensing site in
comparison with a first sensing site wherein the second site
receives blood flow from vessels which are narrower or
longer than at a first site. In an example, the method can
include the application of a first pulse oximetry probe toa first
site and a second pulse oximetry probe to a second site the
second site being more remote form the heart than the first
site. The first site can, for example the thumb, ear, or forehead
and the second site can be, for example the third digit or
another digit. For example a combination of the thumb and
third digit may be used since the middle finger generally has
considerably longer small vessel supply through the palmar
arch and the digit itself.

[0322] A time series of the plethesmographic pulse is
derived from both sites in parallel and a cluster pattern of
variance between matching characteristics of the plethesmo-
graphic pulse (for example the characteristics noted in the
previous listing) is defined. For example, a time series of the
delay between the upstroke onset, and/or peak of the pulse
waveform at the second site in comparison with the first site.
Inanother example, a time series is provided comprised of the
difference in slope of pulse waveform at the second site and
the first site (for example, of the difference in slope of the
upstroke at each site). These relational time series can then be
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analyzed to monitor sympathetic tone, which rises for
example with drug infusion or hemorrhage and for detection
of clusters to indicate the presence of clusters of variations in
sympathetic tone or the presence of sleep apnea or other
disease processes.

[0323] The time series of delay can also be rendered for
time series of different parameters, for example the delay
between matching characteristics of the arterial pulse wave-
form and the pleth waveform or the onset of the QRS and the
onset of the rise of the pleth waveform. In one embodiment, a
single oximeter is used with the output triggering light deliv-
ery split or with rapidly alternating light delivery to each
probe to allow the pleth to be derived from each site with a
single pulse oximetry unit. In another embodiment, a plural-
ity of oximeters are used and each time series is analyzed in
parallel to derive the time series of the delay or variation
difference or to otherwise track the delay or variation differ-
ence.

[0324] In one exemplary embodiment, a system especially
useful for home detection of sleep apnea comprises or
includes a very small, low power, battery-operated pulse
oximeter, which may be patient mountable to the hand, wrist,
forearm, upper arm, head adjacent the ear, nose, forehead,
around the neck or the like. The oximeter preferably includes
a transmitter, or has sufficient memory for storage of at least
7-8 hours of a time series of high fidelity plethesmographic
pulse waveforms along with a high fidelity time series of the
SPO2 withorwithout a time series of the heart rate. The SPO2
data is desirably recorded or transmitted with a sampling rate
of about 0.5-1 hertz, although a slower or faster sampling rate
can be used depending on system design considerations. As
an example, the plethesmographic pulse could be recorded or
transmitted with a sampling rate of 25 hertz or higher with a
transmission of data in packets to a receiver updating every
five seconds to save power. The pluralities of stored time
series recordings may then be downloaded into an analysis
program for analysis and viewing using, for example, a
modem or a direct connection. The plurality of time series are
then analyzed for clusters for the detection and characteriza-
tion of sleep disordered breathing. In one embodiment, this
oximeter can be connectable (for example removably dock-
able or integrally combined with) a pressure or flow sensing
device (as may be deployed with a nasal cannula and/or with
a positive pressure delivery device). The system may desir-
ably include sufficient memory to record parallel high-fidel-
ity time-series of airflow to produce an additional parallel
time series for downloading with the time series grouping
from the oximeter. One exemplary method includes detecting
pathophysiologic occurrences that may represent abnormal
patient conditions. Another exemplary method may comprise
generating a plethesmographic output, generating an SPO2
output, programming a processor to compare the at least one
component of plethesmographic output to at least one com-
ponent of the SPO2 output to detect a pathophysiologic
occurrence or the like.

[0325] The component of both the plethesmographic pulse
and SPO2 compared can include, for example, the patterns or
frequency of the variation of amplitude, slope ofthe upstroke,
area under the curve, cycling, timing, or rate to name a few
and these can be compared for example using the processing
methods discussed supra or by another method.

[0326] In another exemplary embodiment, a nasal cannula
(such as a dual lumen nasal cannula capable of both deliver-
ing oxygen and sensing airflow, pressure waveforms and or
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CO2 waveforms) is deployed in connection with a processor
for storing a time series of airflow, pressure waveforms and or
CO2 preferably with a parallel time series indicative of the
flow rate of oxygen delivered to or flowing to the cannula. The
time series of parameters derived from this multi-function
cannula is then analyzed for clusters indicative of ventilation
instability in relation to oxygen flow (or to identify disconnect
of the nasal cannula from the nose). The analysis can be
provided in real-time and can, for example, be triggered by
automatically by a patient-related action or physiologic out-
put as by an actigraph or body position indicator or manually
by the patient.

[0327] Another exemplary embodiment for relational pro-
cessing comprises a mechanical ventilator with integrated
circulatory monitoring. In this embodiment, at least one time
series of at least one parameter derived from a mechanical
ventilator such as the 840 Ventilator manufactured by Nellcor
Puritan Bennett, (and which can also include a positive pres-
sure delivery device such as a CPAP unit or Bilevel ventilator)
is analyzed in combination with a parallel time series derived
from the flow of blood in at least one blood vessel. For
example, a time series of the minute ventilation and/or the
inspiration to expiration (I:E) ratio can be monitored in com-
bination with a time series of the blood pressure from an
invasive or noninvasive monitor, heart rate, cardiac output or
another circulatory parameter. The processor can then output
the relationship between pattern of the circulatory parameter
and patterns of variations of the parameter derived from the
mechanical ventilator. In one embodiment, the mechanical
ventilator is configured to receive signal indicative of at least
one circulatory parameter and a relationship between circu-
latory parameters and the ventilation parameters are dis-
played on the operator facing ventilator display as well as the
changes in circulatory parameters in association with changes
in ventilator output. For example, this display can be of the
types discussed previously for the signal viewer embedded in
the patient’s medical record.

[0328] For example, parallel time series of minute ventila-
tion and heart rate (as for example derived from an oximeter
that functions as a circulatory monitor), pulse amplitude, and
or blood pressure to name a few, may be displayed on the
ventilator screen to assist the operator in defining ventilator
parameter settings, which are optimal both from a circulatory
and respiratory perspective. In one embodiment, the ventila-
tor is configured to trigger or to queue the manual triggering
of a measurement of blood pressure prior to initiating a
change in ventilator settings and then again within a short
period of time after the change. A difference in the blood
pressure is identified on the ventilator display. When the
ventilation indexing oximeter is included as part of the
mechanical ventilator the detection of SPO2, minute ventila-
tion divergence can be derived along with the detection of
alterations in circulation in response to changes in the venti-
lator settings. In another embodiment, the variation in ampli-
tude of the pulse pressure or variation in amplitude of the
plethesmographic pulse in association with the inspiration
and expiration cycle is determined and for example plotted as
a time series of the variation. In another example, the ampli-
tude of the plethesmographic pulse can be plotted in parallel
with volume time curve or pressure time curve or another
ventilation time series on the display of the mechanical ven-
tilator. The operator therefore has immediate visualization of
the effect of any change in ventilation (or change in intravas-
cular volume) on a plethesmographic pulse parameter (such
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as the amplitude, area under the curve, or slope of the
upstroke to name a few). In one embodiment, the ventilator
has an input for a high fidelity plethesmographic pulse (for
example, from a pulse oximeter), a high fidelity pressure
tracing from an arterial line, an input from a noninvasive
blood pressure device, which if the device uses a compression
cuff can include a high fidelity plethesmographic tracing
from the arm under the cuff during partial and/or complete
inflation and the actual systolic and diastolic blood pressure
readings. With this embodiment, parallel vascular pressures
and pulmonary pressures are provided (preferably in real
time) on the ventilator display. Indices and differences
derived of these values can also be presented and chosen for
example from a menu on the display. In another exemplary
embodiment, outputs that relate to oxygen delivery such as
intermittent or continuous cardiac output, mixed venous or
central venous oxygen saturation, or the arterial to mixed
venous saturation difference are inputted to the ventilator and
provided as analyzed time series on the ventilator display. In
one embodiment, the processor is programmed to automati-
cally detect a relationship of a vascular or oxygen delivery
parameter in relation to a ventilation parameter (such as a
30% variation in plethesmographic amplitude) in relation to
the variation in positive airway pressure associated with
inspiration and expiration.

[0329] Another exemplary embodiment for relational pro-
cessing is comprised of a spirocapnometer. FIG. 18 is a block
diagram of a spirocapnometer in accordance with an exem-
plary embodiment of the present invention. The spirocap-
nometer is generally referred to by the reference number
1800. The spirocapnometer 1800 comprises a flow tube 1802.
The flow tube 1802 receives a gas flow 1804 from the mouth
of a patient. The patient’s lips provide a seal around the end of
the flow tube 1802. The flow tube 1802, which may comprise
a disposable pneumotachometer, includes a pressure sensing
port 1806. The pressure sensing port 1806 is connected to a
tube 1807, which delivers a portion of the gas flow 1804 to a
spirocapnometer 1816.

[0330] The flow tube 1802 may have a flange covered with
a screen or filter 1808. The flow tube 1802 may additionally
comprise a pilot tube 1810 that is adapted to deliver a portion
of the gas flow 1804 to a capnometer 1824. The pilot tube
1810 may be clipped onto the flange of the flow tube 1802 by
aclip 1812. A tip 1814 of the pilot tube 1810 may face up, in,
or out and can have a very small diameter lumen. If desired, a
flow detecting mask, as may be provided for example by
incorporating a flow tube into the lower port of a soft plastic
mask (the lower port of these masks is now conventionally
used to attach a medication nebulizer) may be provided.
[0331] The spirocapnometer 1800 may comprise a housing
1828 that houses a plurality of instruments. The housing 1828
may house the spirocapnometer 1816 and the capnometer
1824, as well as one or more of an oximeter 1818, a processor
1820, a display device 1822 and a transmitter 1826 (such asa
telemetry transmitter). The housing 1828 may assume a wide
range of configurations, including a handheld configuration
or a fixed configuration, such as for positioning on a rolling
stand.

[0332] The exemplary embodiment illustrated in FIG. 18
can provide continuous and spot assessment of respiratory
status in the emergency room or on the awards. A flow sensor
that is preferably disposable (such as a pneumotachometer of
a spirometer) is connected with a capnometer to produce a
spiro-capnometer. This device provides for the derivation ofa
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time series of exhaled CO2 along with the time series of flow
during a forced exhalation maneuver, which can include an
exhalation of the expiratory reserve volume or vital capacity
maneuver and desirably using a simple disposable pneumot-
achometer. In one method the patient is asked to breathe
normally and then at the end of a normal tidal exhalation is
asked to exhale till complete emptying rendering an end
forced exhaled CO2 (EFCOs) which is not preceded by a
large inspiration (thereby preventing the dilution associated
with the maximum inhalation). The CO2 monitor can be a
side-stream capnometer connected to an accessory port on the
disposable pneumotachometer or other flow sensor or can be
a mainstream capnometer with light emitter and transmitter
connectable to at least one window on or connected with the
tube of a disposable pneumotachometer or other flow sensor.
This system provides an exhaled CO2 waveform with the
spirometry data collection and further enhances the value of
the exhaled CO2 evaluation since the forced and/or slow vital
capacity maneuvers are associated with near complete emp-
tying of the lung (except for residual volume) so that a plateau
of CO2 more indicative of the PaCO?2 is derived. The system
thereby provides a measurement of the “end vital capacity
CO2” (EVCO?2) rather than the conventional end tidal CO2
(ETCO2). Because of the dilution of the large preceding tidal
volume, the EVCO2 is not considered as useful as the
EFCO2. In the absence of a high respiratory rate or shallow
breathing a high EFCO2 to ETCO2 gradient is suggestive of
airway obstruction. In one embodiment, the processor 1820 is
programmed to detect the plateau as by identifying a mini-
mum slope of CO2 rise during exhalation and/or the highest
CO2 value and report these values along with the forced vital
capacity and exhaled CO2 waveform adjacent the volume
time curve derived of the FVC maneuver. For example, the
reported EFCO2 can be the CO2 identified when exhalation
flow falls to about zero or the slope of the exhaled CO?2 falls
to about zero.

[0333] As illustrated in FIG. 18, the spirocapnometry sys-
tem 1800 can be integrated with the pulse oximeter 1818 to
provide for other measurements such as a simultaneous SPO2
and the ventilation indexed oximetry value. The method can
include determining the resting minute ventilation and the
oxygen saturation value corresponding to the resting minute
ventilation and then determining the exhaled carbon dioxide
at the end of a maximal exhalation maneuver (as for example
performed after or immediately at the end of resting minute
ventilation measurement). The EFCO2 value can then be used
to calculate the ventilation oximetry index instead of the
minute ventilation or both can be used. A method for directly
comparing exhaled CO2 and SPO2 and for calculating a
ventilation adjusted and/or exhaled carbon dioxide adjusted
oximetry value is discussed in U.S. Pat. No. 6,609,016 by the
present inventor (which is incorporated herein by reference as
if completely disclosed herein). When implemented with a
spirometer, a capnometer and an oximeter, the system 1800
may be referred to as a SpiroCapnOximetry (SCO) system.
The system 1800 can be combined in a single small compact
housing configured to be hand carried to the patient’s bedside
or can be modular with the spirometer, capnometer and
oximeter connectable (such as dock able, by cable connec-
tion, or by transmission-reception connection) or connectable
to a central processor (as, for example, by cabling or direct
docking or by transmission-reception based connection).
Alternatively, the SpiroCapnometer can be employed alone
without the oximeter. Additional sidestream or mainstream
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gas sampling can be added to detect and quantify, and char-
acterize the patterns of other exhaled gases such as nitric
oxide, carbon monoxide, or oxygen to name a few.

[0334] Whenimplemented as a spirocapnoximetry system,
the system 1800 can be combined with other monitors such as
an electrocardiogram and blood pressure monitor as, for
example, mounted on a rolling stand for immediate bedside
availability in the emergency room. The system is particularly
suitable for the evaluation of shortness of breath in the emer-
gency room and on the wards providing a dyspnea evaluation
montage, with which the patient can be followed by multiple
spot checks, or on a continuous basis. The montage displayed
or exported by the processor 1820 can include, for example,
the FVC, FEV 1, peak flow, end vital capacity CO2 (EVCO2),
EFCO2, end tidal CO2 (ETCO2), the EFCO2-ETCQ?2 differ-
ence, flow volume loop, resting SPO2 (RSPO2), hyperventi-
lation SPO2 (HSPO2), the HSPO2—RSPO?2 difference, the
resting heart rate, resting respiratory rate, I:E ratio, the resting
minute ventilation, the ventilation indexed oximetry (VOI)
value (calculated using the minute ventilation to estimate the
paCO2 or by using the measured EFCO?2 as a surrogate value
for the PaCO?2 applied in the formula) or the like. An adjust-
ment of 2-3 mm may be added to the EFCO2 or another
adjustment may be made by the processor for example if the
exhaled CO2 fails to reach plateau at the end of the forced
exhalation maneuver. Examples of other data that may be
exported include the inspiration to expiration variation of
plethesmographic pulse (the variation can be the amplitude,
slope, or area under the curve or slope etc.) to name a few.

[0335] One exemplary method using the oximeter 1818 for
detecting pathophysiologic occurrences abnormal patient
comprises generating a plethesmographic output comprised
ofatime series indicative of the waveform of a plurality ofthe
patient’s pulse, generating a capnographic output comprised
ofatime series indicative of the waveform of a plurality ofthe
patients tidal breaths, programming the processor 1820 to
compare the plethesmographic output with the capnographic
output to detect a pathophysiologic occurrence. All of these
can be generated and displayed along with a programmed
interpretation within a few minutes with a simple bedside
resting minute ventilation measurement and subsequent FVC
maneuver. In one embodiment, these values and the associ-
ated time series are uploaded automatically to the patient’s
medical records to subsequently become part of the time
series viewer discussed supra. The time series of these values
can then analyzed and viewed in the central patient record
along with the time series of other monitored parameters. An
application program may be adapted to analyze and view
physiologic datasets as accessible from a primary program
used to view the patient’s electronic medical records. A link
may be embedded in a user interface of the primary program
to induce loading and operation of the application program.
The application program, when launched, may acquire at
least one time series of physiologic data and transmit the time
series to a central processor for storage in a database. The
application program may be linked to the database. When the
link is activated (e.g. clicked), the relevant dataset may be
loaded, analyzed and displayed.

[0336] In one exemplary embodiment, the patient monitor
system 1800 may be adapted to evaluate a patient using the
display 1822. The spirometer 1816 may be attached to the
flow tube 1802 for measuring, at least, exhaled flow and
producing at least a first output indicative of the vital capacity.
The capnometer 1824 may additionally be connected to the
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flow tube 1802. The system 1800 may be adapted to produce
a second output indicative of the patient’s exhaled carbon
dioxide. The processor 1820 may be programmed to deter-
mine an indication ofthe exhaled carbon dioxide value, which
relates to the vital capacity. The monitor 1800 can further
including the processor 1820 being programmed to receive an
input indicative of a body dimension of the patient such as the
height, weight, body surface area and/or the age and sex of the
patient. The oximeter 1818 (if included in the system 1800)
may be adapted to determine an oxygen saturation value for
connection with the patient, the processor 1820 being pro-
grammed to compare the carbon dioxide value, which relates
to the vital capacity to the oxygen saturation value.

[0337] In another embodiment, the flow tube 1802 defines
aresistance to flow or otherwise has an obstruction such as a
spinning member. The flow tube 1802 may employ ultrasonic
or other methods for determining flow though the tube, the
tube having a first end for receiving exhaled flow from a
patient and a second end for venting the exhaled flow. The
spirometer 1816 or other flow meter may be connectable with
the flow tube 1802, the spirometer 1816 being programmed to
receive an input derived from a measure responsive to the
resistance or to the other parameters used to determine flow
through the flow tube 1802. In this manner, the system 1800
may determine the flow rate through the flow tube 1802 using
the input and to determine the vital capacity of the patient. A
carbon dioxide monitor (such as the capnometer 1824) may
be connectable with the flow tube 1802 for monitoring the
carbon dioxide flowing through the flow tube 1802. The pro-
cessor 1820 may be programmed to determine an indication
of the time series of exhaled carbon dioxide and to determine
an indication of the exhaled carbon value, which relates to the
end of forced exhalation or to the vital capacity. At least a
portion of the flow tube 1802 can be disposable or, preferably,
the entire flow tube 1802 can be disposable. The flow tube
1802 can be marked and/or coded (for example, with a bar
code 1828 or another method) with a calibration value, which
for example can relate to the resistance to flow through the
flow tube 1802. For example, the flow tube 1802 can be of the
disposable type marketed by Nellcor Puritan Bennett for use
the Renaissance II Spirometer. A small side port can be pro-
vided along the flow tube 1802 for attachment of (for
example) a cannula of a micro-stream capnometer of the type
marketed by Oridian. Alternatively, to avoid the need to
modify the presently manufactured flow tube, the small pilot
tube 1810 (illustrated in FIG. 18) or cannula may be attached
as by adhesive between the screen and the housing such that
the lumen of the gas sampling pilot tube 1810 or cannula
projects adjacent the flow stream at the distal end of the flow
tube. In one embodiment, the gas sampling pilot tube 1810
includes the clip 1812 for clipping onto the flow tube 1802
adjacent the distal end with the end of the pilot tube 1810
projecting adjacent the exhaled flow stream emitted from the
flow tube 1802. In one embodiment, the clip 1812 comprises
a pilot tube holding clip into which the pilot tube 1810 is
fixedly bonded or otherwise snapped and which holds the
projecting pilot tube 1810 such that it projects about 1-10
millimeters or more from the distal end of the flow tube 1802
so that the end of exhalation is detected by the capnometer
1824 even if the patient does not inhale. The pilot tube 1802
can be laterally shielded to prevent dilution of the exhaled gas
stream by ambient airflow. In another embodiment, the pilot
tube is connected to the flow tube 1802 along the length of the
tube so that the lumen of the pilot tube is positioned adjacent
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to or within the lumen of the flow tube. In this embodiment,
the onset of inhalation is detected by the washout of CO2.
When a nasal cannula is applied and connected with the
capnometer instead of a flow tube, the patient can be periodi-
cally asked (or the monitor can be programmed to ask the
patient) to exhale to residual volume through the nose with
the mouth closed and these peak CO2 values resulting for the
forced exhalation can be used to calculate Ventilation index-
ing SPO2 values as by the previously discussed formulas.
[0338] The present invention provides method for evaluat-
ing a patient, comprising disposing a flow tube of aflow meter
adjacent a patient and measuring using the flow meter, the
exhaled flow through the flow tube to determine at least a first
output indicative of the vital capacity; disposing a capnom-
eter in connection with at least a portion of the flow tube, the
capnometer being capable of producing a second output
indicative of the carbon dioxide exhaled through the flow tube
and using a processor, determining an indication of the
exhaled carbon dioxide value which relates to the vital capac-
ity.

[0339] If the capnometer is combined with a mechanical
ventilator as by providing an capnometry input into the
mechanical ventilator, the ventilator can be programmed so
that the operator can select manual or automatic (as every 15
minutes for example) the determination of the end forced
exhalation CO2 as will be described. Upon manual or auto-
matic queue, the processor 1820 delays the next breath until
exhalation flow falls to about zero or the slope of the exhaled
CO2 falls to about zero through a forced exhalation of the
patient in the manual mode (EFCO2) and at passive end of a
prolonged exhalation in the manual or automatic mode. The
measurement of the CO2 (such as the highest CO2) is iden-
tified at either of these points. In one embodiment, the venti-
lator is programmed to allow passive exhalation to functional
residual capacity.

[0340] In another embodiment a nebulizer or other medi-
cation generating device is provided connected with the flow
sensor tube (as for use with a disposable vane spirometer or
the like) so that the patient can inhale medication while the
minute ventilation and the patterns of tidal breathing such as
the inspiratory to expiratory time or slope ratio is continu-
ously monitored. The nebulizer of such asystem can be driven
by an oxygen cannula and the processor can adjust the calcu-
lated minute ventilation for the added flow rate of oxygen
automatically or this can be accomplished manually. This is
particularly suitable for continuous delivery of albuterol or
other inhaled bronchodilator.

[0341] In another embodiment, the capnometer 1824 may
be used in combination with the oximeter 1818 to assess the
relationship between ventilation, SPO2, and the plethesmo-
graph output of the oximeter (such as the photoplethesmo-
graph). The capnograph can be employed to determine the
respiration rate and this can be compared with the SPO2 to
identify pathophysiologic divergence between the SPO2 and
the respiration rate or the end tidal CO2 (ETCO2) as previ-
ously discussed. For example, a falling ETCO2 coupled with
a falling SPO2 comprises pathophysiologic divergence of the
ETCO2 and SPO2. Furthermore, a rising respiratory rate (as
derived for example from the capnograph) coupled with a
falling SPO2 or a rising CO2 comprises pathophysiologic
divergence. The system 1800 can include a side-stream cap-
nometer or mainstream capnometer.

[0342] According to one aspect of the present invention, the
time-series of the primary capnographic breath by breath
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output is compared with a time series of the plethesmograph,
a relationship between a change in at least one component of
the plethesmographic pulse (such as a fall in amplitude, fall in
the area under the curve, or slope of the upstroke, to name a
few) with a portion of the inspiration-expiration curve of the
capnograph canbe used to asses the influence of time series of
CO2, a time series of nasal pressure can be compared to
provide the inspiration-expiration curve for comparison. In
an example, the percent variation of the plethesmographic
pulse amplitude or area under the curve (AUC) during or at
the end of inspiration and the plethesmographic pulse ampli-
tude or AUC during or at the end of expiration.

[0343] According to one embodiment of the invention, the
tidal nasal pressure and tidal CO2 can be monitored using the
same cannula as for example by attaching a pressure trans-
ducer to the nasal tubing used for collecting the CO2 sample.
This can be achieved for example by providing an accessory
tubing bifurcation adjacent the nasal prongs or distally adja-
cent the capnometer, which leads to the pressure transducer.
Alternatively, the pressure transducer can be built into the
capnometer so that the monitor provides both outputs. In one
embodiment, the output from the capnometer is provided
with a contemporaneous output of the nasal pressure or other
nasal flow sensor and at least one component of the time-
series of the nasal pressure or flow sensor is analyzed and
compared with the capnographic breath by breath time series
to compare a change or pattern of change in the nasal pressure
or flow sensor (such as a rise or fall in amplitude, a rise or fall
in the area under the curve, or change in the slope of the
upstroke, to name a few) with a change or pattern of change in
the capnograph (such as the amplitude peak value, a rise or
fall in amplitude, a rise or fall in the area under the curve, or
a change in the slope of the upstroke, to name a few).

[0344] In another embodiment, a method for monitoring
sleep disordered breathing comprises a disposing a nasal,
oral, and/or nasal oral cannula (for example of the type mar-
keted by Oridian for delivery of oxygen during monitoring of
end tidal) in simultaneous connection with a pressure trans-
ducer and a side stream CO?2 sensor (for example, connecting
the nasal pressure monitor to the portion of the tubing which
is positioned at the neck or at the proximal end of or otherwise
along the oxygen delivery portion of the tubing. The tubing
connected to the transducer can be accessory tubing con-
nected to the main oxygen delivery lumen or can be the main
oxygen delivery tbing itself. The nasal pressure is then
monitored along with a contemporaneous measurement of
carbon dioxide. The processor 1820 can be programmed to
detect a fall in the amplitude of tidal nasal pressure coupled
with a rise in amplitude of the tidal carbon dioxide value and
to output an indication such as “evidence of reduced drive or
obstructive hypoventilation” if the nasal pressure has an
obstructive shape this can be so indicated. In the alternative, if
the processor 1820 detects a rise in the amplitude of the tidal
nasal pressure coupled with a rise in amplitude of the tidal
carbon dioxide the processor can output an indication of
pathophysiologic divergence of nasal pressure and CO2. The
development of a rising CO2 and rising tidal nasal pressure
suggests a late declining respiratory state and portends an
adverse outcome without timely intervention. The cluster
patterns of nasal pressure and CO2 (as discussed previously)
can likewise be detected using the combined pressure-CO,
monitoring described above.

[0345] Inanother embodiment, a direct or indirect capnom-
eter 1s coupled with the flow tube connected with a patient
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during cardiopulmonary resuscitation. According to an exem-
plary embodiment of the present invention, a plurality of time
series derived of the capnometer is outputted and analyzed by
the processor as by the methods discussed previously. The
time-series of the maximum CO2 per breath (as for example
the ETCO2) is compared with the slope of plateau of'the CO2
per breath. If the ETCO2 is falling at the same time the slope
is rising or if the slope exceeds about zero and the CO2 is low
(such as less than about 12-15), then the processor may pro-
duce an indication so that the operator is warned that the CO2
value may be low due to a high minute ventilation or an
excessive respiratory rate during CPR. This can prevent the
erroneous use of a low ETCO2 due to excessive ventilation as
an indication to terminate CPR efforts. In addition, the pro-
cessor-based detection of a slope exceeding about zero can
trigger an indication that the breathing rate should be slowed.
In one embodiment, the processor 1820 may be programmed
to provide an indication (such as a flash, a vibration or a
sound, to name a few) when there is no longer any objective
evidence that the patient is passively exhaling (indicating that
exhalation is complete) so that the operator has objective
evidence (such as a positive CO2 slope or continued exhaled
gas flow at a flow sensor) of ongoing exhalation or the end of
exhalation so that the operator can consider delaying the
administration of the next breath until the patient has com-
pletely exhaled to reduce the adverse potential for auto-PEEP.
In an automated system for delivering breaths during CPR,
the processor 1820 may be programmed to determine the end
of exhalation and so that the operator can obtain a more
accurate reflection of the true state of circulation using the end
expiration CO2 monitor and so that auto-PEEP is minimized.
In this respect, the system 1800 provides for the detection of
the exhaled CO2 value at the end for passive exhalation (at
functional residual capacity) which value should be less
affected by breathing rate and tidal volume. The potential for
auto-PEEP, which can severely compromise circulation and
lower the ETCO2 values during CPR is discussed in more
detailin U.S. patent application Ser. No. 10/080,387, entitled
“Asthma Resuscitation System and Method,” filed Feb. 25,
2002 and assigned to the present inventor (the contents of
which is incorporated herein by reference as if completely
disclosed herein).

[0346] In one exemplary embodiment, the monitor is con-
figured to detect functional arousal threshold failure. An
example of a method for using an oximeter for detecting
arousal threshold failure includes generating at least one time
series of a at least one physiologic parameter, detecting at
least one reciprocation having a threshold value, defining the
threshold value, determining the presence of arousal thresh-
old failure based on the value. The threshold value can be a
duration or length, such as an apnea or a desaturation dura-
tion, a nadir (such as a desaturation nadir), or a peak (such as
an exhaled carbon dioxide peak).

[0347] Another exemplary embodiment includes generat-
ing at least one time series of at least one physiologic param-
eter, detecting at least a first reciprocation having a first
threshold value (or a value indicative of, or resulting from of
the first threshold value), defining a value associated with the
first threshold value, determining at least a second reciproca-
tion having a second threshold value, (or a value indicative of,
or resulting from the second threshold value) determining the
presence of arousal threshold failure based on the relationship
between the first threshold value at the second threshold
value. The relationship of the plurality ofthreshold values can
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be, for example a magnitude difference between absolute
values of the nadirs, a magnitude difference between absolute
values of the decline events, a slope of consecutive nadirs, a
duration of a nadir range, a frequency or range of patterns of
nadir values, to name a few. In still another exemplary
embodiment, a plurality of threshold values are determined
and a baseline mathematical relationship, such as an average
range, of the threshold value is identified. The presence of
functional arousal threshold failure (or recovery threshold
failure) is detected upon the identification of a threshold
value, which is sufficiently lower (for example 10% lower),
higher or longer than the threshold baseline. Alternatively, the
presence of threshold failure can be detected upon the iden-
tification of a value indicative of the minimum threshold
value (such a nadir SPO2 value of about 65-75).

[0348] FIG.19is agraph showing an example of functional
arousal threshold failure, which may be detected and ana-
lyzed in accordance with an exemplary embodiment of the
present invention. The graph, which is generally referred to
by the reference number 1900, shows a 1000 second time
series of SPO2 values along an x-axis 1902. A y-axis 1904
shows a percentage SPO2 value. A waveform 1906 shows a
cluster pattern typical of obstructive sleep apnea. Note that 11
consecutive reciprocations are shown with baseline average
decline length of about 35 seconds and a baseline average
nadir SPO2 value of about 80. The 12th reciprocation has a
decline length of about 90 seconds and a nadir SPO2 value of
about 55%.

[0349] An exemplary embodiment of the present invention
may include a processor programmed to identify the 12th
reciprocation (or the decline component of the 12th recipro-
cation) as indicative of arousal threshold failure and to output
an indication based on the identification. In another exem-
plary embodiment of the present invention, the monitor is
configured to detect functional arousal response failure (or
recovery response failure). This type of failure can be due to
absolute arousal response failure (wherein the arousal
response is weak or absent) or relative arousal response fail-
ure (wherein the arousal response is weak relative to the
magnitude of the perturbation which triggered the arousal).
An example of a method for using an oximeter for detecting
arousal response failure in accordance with an exemplary
embodiment of the present invention includes generating at
least one time series of at least one physiologic parameter,
detecting at least one reciprocation having a response value,
defining the response value, determining the presence of
arousal response failure based on the value. The response
value can be for example, a magnitude or a relationship
between a magnitude and another value (such as a relation-
ship between the fall magnitude and a rise magnitude), a
duration, alength, an area or another such value. For example
a response value may be the airflow recovery or resaturation
duration, a peak value (such as a resaturation peak value or a
relationship between a peak and another value), or a nadir or
a relationship between a peak and another value (such as a
transcutaneous carbon dioxide nadir) or an area, such as the
recovery area (area under the curve from the onset of resatu-
ration to the onset of the next fall). In an example readily
applied to, for example an SPO2 time series, the processor
can be programmed to detect a threshold value indicative of
the peak value and/or a magnitude of rise event and to provide
an indication, for example to highlight the region of recovery
failure and to output a text warning indicative of “Severe
Recovery Failure” along with the instability index value
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which is calculated for the recovery failure and the surround-
ing associated patterns. The indication of the type of adverse
pattern for example “Unstable Hypoventilation Type III” can
also be outputted. The instrument, such as a pulse oximeter
can be programmed to provides the function of automatically
detecting the instability pattern type, the severity, and a range
of failure modes, and to take action such as to provide an
indication the instability pattern type, the severity, and arange
of failure modes and or to control therapy to treat the insta-
bility or reduce medication which may be inducing the insta-
bility or provide medication which may reduce the instability.
For example, a patient controlled analgesia pump may have a
port for connection with or connected with a reservoir con-
taining a narcotic reversing agent and for automatically
injecting or warning the nurse to consider injecting the revers-
ing agent upon the identification of a profoundly adverse
pattern. The PCA device might for example require the
mounting of a vial of a reversing agent or an indication that
such an agent is mounted before the device can be activated to
deliver IV analgesia.

[0350] Another exemplary embodiment of the present
invention includes generating at least one time series of at
least one physiologic parameter, detecting at least a first
reciprocation having a first response value, defining a value
associated with the first response value, determining at least a
second reciprocation having a second response value, deter-
mining the presence of arousal response failure based on the
relationship between the first response value at the second
response value. In one exemplary embodiment, a plurality of
response values are determined and a baseline mathematical
relationship, such as an average range, of the response value
is identified. The presence of response arousal failure is
detected upon the identification of a response value, which is
sufficiently lower (for example 10% lower), higher or longer
than the response baseline. Alternatively, the presence of
response arousal failure is detected upon the identification of
a value indicative of the maximum response value (such a
peak SPO?2 recovery value of about 92-84).

[0351] FIG. 19 also shows an example of arousal response
failure. Note that 11 consecutive reciprocations are present
with baseline peaks of 94 and SPO2 fall-to-rise amplitude
ratios ofabout one. The 12th reciprocation has a peak of about
90 and then the 13th reciprocation has a peak of about 60. The
processor, detecting this low peak, can output an indication in
response to the low peak, which can, for example, be an alarm
indication that the patient has evidence of arousal response
failure. A “low peak” which triggers an alarm may for
example be programmatically fixed as peak below between
about 90 and 80 or may be selectable from a menu. As dis-
cussed previously, the ratio of the SPO2 fall magnitude to the
subsequent rise magnitude may also be used to trigger the
detection of arousal (recovery) response failure. In addition,
the absolute value of the peak and/or the absolute magnitude
of the fall, and or the fall to rise magnitude ratio may be used
in combination. For example, the processor may be pro-
grammed to require a fall magnitude of at least 4%-6% or
higher before any peak value or magnitude ratio is considered
indicative of response failure. In another example the proces-
sor may be programmed to require a fall of at least 4%-6%
below a given threshold (such as 90%) before any peak value
or magnitude ratio is considered indicative of response fail-
ure.

[0352] Inone exemplary embodiment of the present inven-
tion, a time series of the peaks (for example as the highest
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point of each rise object) is plotted and analyzed as by the
aforementioned methods for falls and or reciprocations of the
peaks. The detection of a significant relative or absolute fall of
the SPO2 peaks can be used to trigger an indication of arousal
response failure. In another exemplary embodiment, a time
series of the nadirs (for example, as the lowest point of each
fall object) is plotted and analyzed as by the aforementioned
methods and falls and or reciprocations of the nadirs are
analyzed and detected. The detection of a significant relative
or absolute fall of the nadirs can be used to trigger an indica-
tion of arousal response failure. Other parameters may be
used instead of SPO2 (or in combination with SPO2) to detect
these failures.

[0353] Arousal response failure can also be detected by
programming the processor to determine a measure of physi-
ologic perturbation, resulting from an apnea and or hypopnea
(examples include the magnitude of fall in oxygen saturation,
the magnitude of rise in CO2, to name a few) determining a
measure of response to the perturbation (examples include;
the number of recovery breaths which follow the apnea or
hypopnea, the change in amplitude or duration of the EEG
arousal of the EEG in response to the apnea to name a few).
The processor can be programmed to compare (for example,
by calculating an index) the perturbation and the response. A
time series of this index can then be analyzed either manually
or automatically to detect a relative reduction in arousal
response.

[0354] In another exemplary embodiment of the present
invention, both the duration of the attenuation of the plethes-
mographic pulse amplitude and the magnitude of the desatu-
ration are used together to determine severity. If clustered
pulse amplitude attenuations are present and especially if
prolonged (for example more than 30 seconds) then the
threshold for outputting an indication of based on the detec-
tion of an associated cluster of desaturations can be reduced.
Forexample, if 30-second amplitude attenuations are present,
then an alert indication (such as an alarm) may be triggered by
clusters 0f 4% desaturation, whereas if only 15-second ampli-
tude attenuations are present, then the alert trigger threshold
may be set at 8%. In this way the duration of the amplitude
attenuations (which is a marker for apnea length) is used as a
marker of severity along with the magnitude of the desatura-
tion to reduce the potential for oxygen to hide the severity of
sleep disordered breathing when the magnitude of oxygen
saturation is used alone. The pattern, or a threshold measure
of the plethesmographic pulse amplitude can be compared
with the pattern, or a threshold measure of the SPO2 (or ratio
of ratios) to detect a pathophysiologic occurrence. For
example, the processor may be programmed to identify ven-
tilation instability upon the detection of three or more desatu-
rations of greater than or equal to 2% SPO2 coupled with a
cluster of three or more plethesmographic pulse amplitude
attenuations of 15 seconds or more wherein the recovery
between the pulse attenuations is less then or equal to 120
seconds.

[0355] Inone exemplary embodiment of the present inven-
tion, the processor is programmed to produce a different
output in response to the detection of a threshold breach and
the detection of a cluster pattern. For example, the output in
response to a threshold breach may be a continuous auditory
alarm whereas the output in response to the detection of a
cluster (as by detection of a plurality of threshold breaches)
may be a textual output or a discontinuous or periodic audi-
tory alarm. The processor can be programmed to produce a
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different alarm or signal output for each channel or for dif-
ferent patterns or different severities of the same patternalong
the same channel.

[0356] Inone exemplary embodiment of the present inven-
tion, the processor can be further programmed to detect a
plurality of threshold breaches or directional crossings within
a time interval to detect a cluster. The crossings may be
differentiated based on the direction of crossing. For
example, a fall crossing may be detected and recorded as
different than a rise crossing. In one exemplary embodiment,
the number of crossings of a threshold is determined for the
fall and/or the rise and/or for a coupled fall and rise (which
can be designated as comprising a single set of crossings). A
plurality of different threshold crossings can be set, for
example providing a different threshold for the fall and the
rise and/or for a rise following a fall a specified period (such
as a time period). In one embodiment, the various threshold
crossings of the above events or reciprocations are selectable
from a menu. Different threshold levels can be set for differ-
ent severity of clusters. For example, a plurality of crossings
of 90% saturation may produce a different severity index
and/or a different indication (such as an alarm) than a plural-
ity of crossings of 80% saturation. Further, this may be dif-
ferent than a plurality of crossings of 75% saturation or a
plurality of crossings of which a at least one of the crossings
reach a selected threshold or which progress through thresh-
olds of increasing severity. In addition to providing a level for
each crossing threshold, which may be different for fall than
a rise, the severity may be adjusted based on the baseline of
saturation prior to the fall or for the absolute or relative
magnitude of the fall or rise. The absence of a threshold rise
crossing after a fall crossing wherein the rise crossing fails to
occur within a period (as, for example, a period of time or
after a threshold magnitude of desaturation area such as a
desaturation second product) may also be used to indicate
severity. The relationships between the crossings (as for
example the pattern of the crossings, the patterns of the levels
of crossings, and/or the time interval or desaturation area
between the crossings) can be used to trigger an indication
such as an alarm. The relationships and patterns of falls, rises,
and reciprocations, have been discussed extensively previ-
ously. Various exemplary embodiments employing simple or
more complex analysis of threshold crossings to achieve a
processor based analysis, result, and/or alarm of signal pat-
terns similar or that achieved with more robust pattern analy-
sis (as disclosed, for example, in U.S. patent application Ser.
No. 10/150,582) are included within the scope of this teach-
ing.

[0357] In another exemplary embodiment of the present
invention, the instability index may be adjusted for the occur-
rence of threshold failure or recovery (such as arousal) fail-
ure. In an example, the detection of recovery failure may
result in the increase in the instability index by a multiple
factor of two with the minimum value after the increase being
raised to the minimum level selected for high severity. Alter-
natively, a graded factor can be applied such that the detection
of a plurality of incomplete recoveries or the detection of
severely reduced peaks or the detection of a prolonged period
with incomplete recoveries can produce a greater instability
index multiple or index adjustment value than the detection of
less severe threshold or recovery failures. The adjustment can
be provided in real time so that the nurses are notified or drug
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infusion (such as a narcotic) automatically or manually
reduced or stopped upon a threshold breach or a specific
pattern of the severity index.

[0358] In one exemplary embodiment, a time series of the
severity index, as adjusted for various precipitous adverse
occurrences (such as recovery or threshold failure), is ana-
lyzed (for example objectified as by the preciously disclosed
method methods) and the various alarms and indications are
outputted based on the pattern of the instability index time
series. For example, the system may be programmed such that
asudden sustained rise event may induce one output (one type
of indication or treatment adjustment whereas a reciprocation
(rise followed by a fall) may produce another. In this way, the
pattern of the time series of the severity instability.

[0359] In an exemplary embodiment for automatic treat-
ment adjustment (such as drug infusion or CPAP titration),
the detection of an occurrence of threshold failure after
upward titration of a medication or CPAP, as for example after
titration to CPAP levels above 15, can cause an action such as
anindication or an alarm or a modification such as a reduction
in the therapy (such as the drug dose or level of CPAP). The
preoperative detection of the occurrence of threshold failure
or recovery failure may be used to determine the operative or
anesthesia risk. In one exemplary embodiment of the present
invention, a patient is monitored preoperatively using a pulse
oximeter for recovery and/or threshold failure and then an
adjustment in risk is assigned the patient based on the detec-
tion of recovery and/or threshold failure. The patient can be
further monitored for recovery and/or threshold failure post-
operatively and therapy can be manually or automatically
adjusted based on the detection of recovery and/or threshold
failure.

[0360] In an exemplary embodiment, precipitous state
related threshold failure is differentiated from progressive or
evolving threshold failure. For example, a state-related
threshold failure is detected when a fall event of a time-series
of the SPO2 reciprocation nadirs declines precipitously (as
with for example a slope of 5-15% per minute) and/or when a
negative reciprocation of time series of the nadirs is sustained
(for example greater than 3-5 minutes).

[0361] FIG.201sagraph showing an exemplary segment of
a time series and an expanded snapshot of a portion of data
represented by the time series segment. The graph is generally
referred to by the reference number 2000. The segment of the
time series is referred to by the reference number 2002 and the
expanded portion of the time series is referred to by the
reference number 2004. FIG. 21 is a graph showing an exem-
plary segment of a time series and a different expanded snap-
shot of a portion of data represented by the time series seg-
ment. The graph is generally referred to by the reference
number 2100. The segment of the time series is referred to by
the reference number 2102 and the expanded portion of the
time series is referred to by the reference number 2104.
[0362] In one exemplary embodiment of a system accord-
ing to the present invention, the simulation of the real-time
environment can be accomplished through the storage and
representation of a series of snapshots of data and analysis. A
true representation of real-time conditions of a monitored
patient at a particular time (in the example called a real-time
point) can be derived by generating an analysis of a subset of
a time series. In an example, the snap analysis accomplishes
this by extracting a contiguous set of points from a time series
(such as the time series segments 2002 or 2102) into a second
time series (such as the expanded time series portions 2004 or
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2104) and performing an analysis against this subset. This
analysis executed as if the subset of data is all of the data
available, thus recreating real-time conditions. This snap
analysis can be performed against a single channel of data
(e.g. oximetry) or against any number of related channels.
Since data is stored with a timestamp (e.g. start time) the
subset of data can be extracted by describing a specific start
and end time. The analysis can be performed in the exact same
way it is against a full night of data including the consider-
ation of inter-channel properties.

[0363] In an exemplary embodiment of the present inven-
tion, three options exist for executing a snap analysis although
more can be provided if preferred. In this example, the three
options are: window, window-plus-thumbnail and past-om-
niscience. A window snap analysis can specify both a start
time and an end time that is other than the start and end time
of the entire night of data. The past omniscient analysis speci-
fies an end time (or a given termination time) and assumes that
the analysis can see everything up to that point. Past omni-
science will provide for comprehensive analysis when given
adequate resources for data storage. All data up to the point
specified (representing the real-time point) is available for
analysis.

[0364] The window options can be applied, for example,
when data storage resources or processing Power does not
allow the analysis of all data since the beginning of data
collection. A start point can be indicated as well, or a time
span (e.g. 30 minutes) may be specified to indicate limit the
data that would be available in a limited-resource real-time
environment. The window-plus-thumbnail option specifies a
start point (specifically or as an offset from the real-time
point), but also provides a data-structure containing informa-
tion about data previous to the start point that can be used to
more accurately calculate values that depend on information
derived from an entire time series (e.g. area above the curve,
number of clusters, or the like). The data stored in the thumb-
nail may include index values as applied to previous data
and/or component values that would be used to create those
indices such that data is differentiated sufficiently to calculate
indices that apply to the entire time series previous to the
real-time point with little or no loss of fidelity.

[0365] FIG. 22 is a graph showing a time series, along with
a plurality of thumbnails in accordance with an exemplary
embodiment of the present invention. The graph is generally
referred to by the reference number 2200. A time series 2202
may be indicative of a physiological parameter of a patient. A
plurality of thumbnails 2204, 2206 and 2208 may be derived
from the time series 2202 to allow closer analysis of the
underlying time series data. The thumbnails 2204, 2206 and
2208 may comprise XML (Extensible Markup Language)
documents.

[0366] In one exemplary embodiment, each analysis is
reduced to a set of relevant values stored in a single data
structure—the analysis thumbnail. Each analysis object may
have a separate thumbnail. For example, the thumbnails 2204,
2206 and 2208 may correspond to events, reciprocations and/
or clusters or the like, each with relevant values stored.
Higher-order thumbnails contain a collection of lower-order
thumbnails such that individual values can be iterated and/or
aggregated as necessary. For example, a cluster thumbnail
contains a set of reciprocation thumbnails. Further, a recip-
rocation thumbnail contains a pair of event thumbnails. This
hierarchical form of the data fits well within an XML docu-
ment.
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[0367] Thumbnails allow for an abstraction of data for
indexing, transmission and efficient storage. The thumbnail
can remain in memory, for example, without requiring stor-
age for all data points in a time series. The thumbnails of a
high volume of cases can be reviewed with statistical analysis
tools to identify correlations.
[0368] Inone exemplary embodiment of the present inven-
tion, a snap analysis is provided that renders an accurate
simulation of the state of the patient from the perspective of a
real-time point. A set of snap analyses provides a simulation
of the changes of that state over time. The analysis thumbnail
allows for an abstract representation of the state of the patient
from the perspective of a real-time point. A collection of
analysis thumbnails provides a sampling of those representa-
tions over time. Given a particular sample rate (e.g. about
0.5-10 minutes minute although other rates can be used), a
series of snap analyses can be stored assuming each succes-
sive time (e.g. minute) being the real-time point. Each analy-
sis can be abstracted into a thumbnail and stored in a collec-
tion of analyses thumbnails.
[0369] The execution of an analysis per sample rate (e.g.
per minute) can put a significant strain on resources. In-
memory versions of channels and associated time series are
required to allow the rapid creation of these objects.
[0370] FIG. 23 is a block diagram of a hierarchical channel
object in accordance with an exemplary embodiment of the
present invention. The diagram is generally referred to by the
reference number 2300. As illustrated in FIG. 23, an exem-
plary embodiment of the present invention may be adapted to
mitigate resource consumption by providing a process
wherein a channel has been refactored into an abstract class
(herein called “channel”) and two sub-classes (herein called
“persistent channel” and “in-memory channel” respectively).
In FIG. 23, the channel object is identified by the reference
number 2302. The in-memory channel object is identified by
the reference number 2304 and the persistent channel is iden-
tified by the reference number 2306. The persistent channel
2306 may be database-aware and can represent a channel that
has been stored in the database as part of a case. The in-
memory channel 2304 may be a lightweight class with no ties
to the database. In-memory channels can be created from
persistent channels (with a subset, or window of the time
series).
[0371] Inone exemplary embodiment of the present inven-
tion, the analysis builder classes have been refactored to be
polymorphic (i.e. to work against either in memory or data-
base-generated channels. In a similar way, the time series may
be refactored to support persistent and in-memory versions of
the class.
[0372] In one example, a real time analysis object is made
up of three elements:
[0373] 1. A selected sample rate that indicates the granu-
larity of the analyses collection;
[0374] 2. A snap analysis style—either window, win-
dow-plus-thumbnail or past-omniscient; and
[0375] 3. A collection of snapshot thumbnails abstracted
from snap analyses executed at the real-time points indi-
cated by the selected sample rate
This object can be stored along with a standard analysis to
provide a simulation of what could have been ascertained in
real time.
[0376] The user of the software can simulate moving
through the time series, which may represent a night of sleep
study data, and understand the real-time conditions. This can
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be used for training purposes or for the analysis, as discussed
below, of alarming mechanisms.

[0377] FIG. 24 is a block diagram of a hierarchical time
series object in accordance with an exemplary embodiment of
the present invention. The diagram is generally referred to by
the reference number 2400. The exemplary time series object
illustrated in FIG. 24 comprises a timeseries object 2402, a
Persisted TimeSeries object 2404 and an InMemory-
TimeSeries object 2406.

[0378] Once a real time analysis object such as the time
series object 2400 is available, a new type of time series can
be derived, displayed, manipulated, and transformed. A real
time analysis object is a collection of data structures associ-
ated with contiguous data points. From this collection, any
number of time series can be generated. Any value or calcu-
lation can be specified against the snap analysis thumbnail to
generate a series of contiguous values. This set of contiguous
values represents data parallel in the same time set of the
original channel or set of channels from which they were
derived. In other words, any function that can reduce a snap
analysis thumbnail into a single value can create a new chan-
nel. This channel has exactly the same general properties and
characteristics as any other channel within the system. Trans-
formations could be applied (e.g. smoothing). The data can be
displayed in a graphical format. For example, if the average
recovery interval was considered critical in the real time
analysis, the system could show a graphical representation of
what the average recovery interval was at any sample real-
time point in the time series. A significant increase in the
recovery interval would be represented as an upward trend on
the x-axis.

[0379] Examples for creating a separate channel can be
accomplished by providing the following:

[0380] 1. A real time analysis object. This will provide
the sample rate and the collection of snap analysis
thumbnails from which the values will be obtained.

[0381] 2. A function that will derive a single value when
applied to a snap analysis thumbnail. This can be the
specification of a value within the thumbnail or a calcu-
lation using the values contained in the thumbnail. The
time location can also be used—e.g. an algorithm may
follow a different path with real-time points that are
within the first 30 minutes of a case.

[0382] 3. A range of the channel. This can be auto-gen-
erated as the minimum and maximum of the values
actually obtained from the function or can be specified
directly.

[0383] Since areal time analysis channel can have the same
characteristics as any other channel, it can be subject to the
same analysis as any other channel. Patterns of change can be
identified using the same mechanism that generated the set of
original analyses. For example, the system could identify a
trend in the recovery interval and create an event from which
can be derived all of the information associated with an event
(e.g. slope and duration). Reciprocations, and even clusters
could be identified in the same way.

[0384] In one exemplary embodiment, the real time analy-
sis channel provides an effective mechanism for defining an
alarm. An alarm could be based on the following examples
although many other mechanisms are possible within the
scope of this teaching:
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[0385] 1. The identification of a real time value falling
into a particular range. Any number of ranges could be
used with severities attached.

[0386] 2. A function could be used to create a dynamic
range. Threshold values could be variable dependent on
the location within the time series (e.g. in the first 30
minutes) or be adjusted according to values earlier in the
real time analysis.

[0387] 3. The alarm could be based on the properties of
objects within the analysis of the real time analysis chan-
nel (e.g. the duration and/or slope of a trend of the
average recovery ratio).

[0388] 4. The alarm could examine relationships within
the final snap analysis thumbnail, which represents the
most comprehensive analysis given a specific real-time
point. For example, the alarm could look at whether the
real-time point is in a cluster and the characteristics of
the last five reciprocations. These relationships could be
quantified and measured against a static or dynamic
range.

[0389] 5. An alarm may look at a combination of char-
acteristics of the real-time channel and the final snap
analysis thumbnail.
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[0390] 6. An alarm my look at a combination of a real
time analysis channel and the parallel native channels
(e.g. the change the average recovery channel along with
the activity in the chest wall channel).

[0391] Therepresentation ofa separate channel provides an
effective mechanism for reviewing results of an alarm.
Experts can define an alarm and immediately test its veracity.
The system can highlight sections of the time series (in either
native channels or in the real time analysis channel) to indi-
cate the results and severity of an alarm. Alteratively, a
separate channel could display alarm results as a step func-
tion. If thresholds are used to trigger and determine the sever-
ity of an alarm, the threshold values could be indicated on the
appropriate channels (either as a simple horizontal line or a
curve if a function is used).

[0392] A set of representative cases could be manually
marked by an expert with the identification and severity of an
alarm. The system could run through the set of cases to
identify how closely the algorithmic alarm correlates with the
manual review of an expert.

[0393] The following program listing is an example of an
XML representation of a channel analysis thumbnail:

<ChannelAnalysisThumbnail>
<CaseName>Mono To Poly</CaseName>
<CaseDescription>Patient exhibits a moderate SpO2 delta. Progresses from
monomorphic pattern to polymorphic with incomplete recovery
cluster.</CaseDescription™
<CaseNumber>2</CaseNumber>
<ChannelCategory>Oximetry</ChannelCategory>
<ChannelType>0-</ChannelType>
<DurationInMilliseconds™>33898000</DurationInMilliseconds>
<NumberOfClusters>18</NumberOfClusters>
<ClusterThumbnails>
<Cluster Thumbnail>
<ClusterType>Symetrical Reciprocation Cluster</ClusterType>
<CorrelatedToSleepStage>false</Correlated ToSleepStage™>
<Percentageln Artifact>0</PercentageInArtifact™>
<Percentageln Wake>0</PercentageInWake>
<PercentagelnStage1>0</PercentagelnStagel>
<PercentagelnStage2>0</PercentagelnStage2>
<PercentagelnStage3>0</PercentagelnStage3>
<PercentagelnStage4>0</PercentagelnStaged>
<PercentagelnNonREM>0</PercentageInNonREM>
<PercentagelnREM>0</PercentageInR EM>
<Morphology>Monomorphic</Morphology>
<MeanStartEventDurationInMilliseconds>25400</MeanStartEventDurationInMilliseconds>
<MeanEndEventDurationInMilliseconds>12360</MeanEndEventDurationInMilliseconds>
<MeanStartEventMagnitude>-8.523999</MeanStartEventMagnitude>
<MeanEndEventMagnitude>8.539998</MeanEndEventMagnitude>
<MeanStartEventSlope>-0.341138542</MeanStartEventSlope>
<MeanEndEventSlope>0.698189259</MeanEndEventSlope>

<MeanReciprocationMax Value>96.49201</MeanReciprocationMax Value™>
<MeanReciprocationMinValue>87.564</MeanReciprocation MinValue>
<MeanReciprocationMagnitude>8.928</MeanReciprocationMagnitude>

<MeanReciprocationDurationRatio>2.10189247</MeanReciprocationDurationR atio>
<MeanReciprocationMagnitudeRatio>1.01252<'MeanReciprocationMagnitudeRatio>

<MeanReciprocationSlopeRatio>0.5337045</MeanReciprocationSlopeRatio>

<MeanRecoveryDurationInMilliseconds>1691 7</MeanRecovery DurationInMilliseconds>

<MeanRecoveryRatio>0.762648046</MeanRecoveryRatio>

<NumberOfReciprocations>25</NumberOfReciprocations™>

<ReciprocationThumbnails>

<ReciprocationThumbnail>

<StartEventDurationInMilliseconds>9000</StartEventDurationInMilliseconds>
<StartEventSlope>-0.455555379</StartEventSlope>
<EndEventDurationInMilliseconds>9000</EndEventDurationInMilliseconds>
<EndEventSlope>0.366666168</EndEventSlope>
<Magnitude>4.09999847</Magnitude>
<SlopeRatio>1.24242544</SlopeRatio>
<MagnitudeRatio>1.24242556</MagnitudeRatio>
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<DurationRatio>1</DurationRatio>
<MajoritySleepStage>—1</Majority SleepStage>
</Reciprocation Thumbnail>

</ReciprocationThumbnails™>
</ClusterThumbnail>

</Channel Analysis Thumbnail>

[0394] In one exemplary embodiment of the present inven-
tion, a trigger is used to enhance the detection of hypoventi-
lation. A fall in SpO2 can commonly occur from hypoventi-
lation or from a V/Q mismatch. A fall in SPO2 due to
hypoventilation is often rapidly reversed by patient stimula-
tion (for example by an auditory pulse oximetry alarm which
wakes the patient up or by the fall itself or the rise in CO2 that
accompanies the fall) whereas a fall in SPO2 from a V/Q
mismatch is not rapidly reversed by patient stimulation.
These represent various stimulus events, which can be
detected to identify a response to the stimulus. One of the
problems with the use of a SPO2 alarm is that fall in SPO2
may be reversed by the alarm induced by the fall or by the
nurse who wakes the patient up upon responding to the alarm.
This preempts the fall but this preemption may be early
enough that the pattern of the SPO2 time series, which would
have been evident if not preempted, is not available for analy-
sis so that the nurse is not advised as to the nature of the fall.
This may prevent the detection of dangerous types of unstable
hypoventilation such as a type II and Type III instability
discussed previously since the nurse may be inclined to sim-
ply add oxygen, which may not be the best choice of therapy.
However, one exemplary embodiment of the present inven-
tion provides a processor which can record and/or receive an
automatic or manual indication of the occurrence of a stimu-
lation event and/or which can induce patient stimulation
(such as an auditory alarm or a patient mounted vibration
inducer). The processor may be programmed to identify the
occurrence of a stimulation event (which may the externally
applied or may represent a physiologic stimulus, such as a fall
in oxygen saturation or a rise in CO2, from the patient under
test) and to identify the occurrence of a pattern or value or
range of values indicative of recovery, such as a recovery
event subsequent to the stimulation event. The processor can
be programmed to output an automatic indication of the
occurrence of at least one precipitous recovery event within a
short time interval (such as for example about 2-15 seconds)
after the onset of the stimulation event. In this way the nurse
is notified that the fall in SPO2 was likely due to unstable
hypoventilation. Another problem is that the conventional
bedside alarm may not be loud enough to awaken the patient
so that preemption of a profound and potentially fatal episode
of hypoventilation may depend on timely arrival of the nurse.
To solve these problems upon detection of an episode of
profound fall in SPO2, a very forceful (crisis alarm) stimula-
tion can for example be delivered to the patient by a bedside
monitor or by an attached headphone, a collar for auditory or
vibration stimulation or another patient mounted stimulator.
According to one embodiment of the invention, a patient
receiving parenteral narcotics using a patient-controlled anal-
gesia pump has the conventional basics alarm system for
notifying the nurses as well as a second tier crisis alarm
system and/or stimulator intended to stimulate and awaken

the patient in the event of a life threatening decline in SPO2.
Regardless of the cause of the stimulation, the detection of
rapid “Stimulation Induced Oxygenation Recovery”
(“SIOR”) can provided as an automatic output by the proces-
sor. SIOR provides strong evidence that the cause of the fall in
oxygen saturation is antecedent unstable hypoventilation and
that oxygen therapy may not be the best choice.

[0395] One exemplary method for using an oximeter for
detecting response of a patient to a stimulus can comprise
generating at least one time series of at least one physiologic
parameter derived from the oximeter, automatically detecting
the stimulus, detecting at least one response subsequent to the
stimulus, the response comprising at least one of a pattern and
a value and outputting an indication of the response to the
stimulus. The response can be a value indicative of the peak
value, a value indicative of a magnitude value, such as a
magnitude of a rise in oxygen saturation. The response value
is a value indicative of a peak value of oxygen saturation
and/or magnitude of rise in an oxygen saturation value (as for
example defined by the nadir to peak difference) that follows
the stimulus (such as the alarm) or which follows a manually
applied stimulus by the nurse (in this situation, the processor
can be programmed to receive an input, which may be a
manual input, indicating the occurrence of a stimulus). The
response value can be a value indicative of a change in a
component of the plethesmographic pulse such as the rise in
the plethesmographic pulse amplitude that follows the stimu-
lus.

[0396] In another exemplary embodiment of the present
invention, the monitor includes an alarm-response tracking
system. One of the problems with present hospital environ-
ments is that personnel may respond slowly to alarms and the
response time in a given hospital or on a given ward is gen-
erally unknown to the hospital administration. Yet the
“Alarm-to-Bedside-Response-Time” (ABRT) may be an
important factor in patient well-being. An exemplary embodi-
ment of the present invention includes a user interface for
inputting an indication that a response to the alarm has
occurred. The processor may record and output at least two
responses; The physiologic response of the patient subse-
quent to the alarm (including the presence or absence of SIOR
and the delay between the response, if any), and the alarm and
the nurse response subsequent to the alarm (including the
delay between the response, if any and the alarm). Using these
data sets, hospitals can identify delays by hospital ward, by
shift, an by many other factors. One issue can be that the
nurse, arriving at the bedside needs to examine the patient as
quickly as possible and perhaps should not be delayed by
having to input a bedside response into the monitor. However,
it can be hospital policy that, if the patient is in distress or
appears in crisis, that the response time need not be recorded.
The processor can include an input that indicates that the
nurse forgot to input the response or was too busy to do so.
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Since there are many non-distress alarms, these variations in
recording should not affect the validity of the quality of the
ABRT datasets.

[0397] Inone exemplary embodiment of the present inven-
tion, a severity index is determined using a combination of a
plurality of waveform features that are indicative of severity
of instability. Examples of such indicia include a combination
of one or more of the recovery threshold, the recovery
response, and the duration of objects (such as events recipro-
cations or cluster) or other features. In an example, these
features can include at least one value indicative of at least
one nadir relationship, at least one value indicative of at least
one peak relationship, and at least one value indicative of
duration such as the area above at least a portion of a cluster.
The nadir or peak relationship can be the absolute nadir or
peak value, a difference between the nadir and/or peak value
and another value or measure, a relationship between con-
secutive peaks and or nadirs, a relationship between the fall
and rise amplitudes, or a relationship between ranges of a
plurality of peaks and nadirs. These values can be weighted.
For example, the calculation can be weighted such that a poor
arousal response greatly affects the index. One example of a
weighted instability index calculation is (98-Nadir)+4(94-
Peak)+(area given in saturation seconds of desaturation
below 98 over an interval of X minutes/60Y). For example, X
can be about 3-15 minutes although other values may be used
andY any of a range of values including equal to X. The index
can be provided, for example, on a numerical scale having in
arange from 1 to 100 with the final calculation adjusted to that
range proportionally or by considering all values in excess of
100 to be equal to 100. This index can be calculated, for
example, for each a moving window of time. A few examples
of moving window of time include:

[0398] A series of contiguous sections of the time series
with a fixed time interval. As an example, a series of
1-minute sections that are adjacent to each other but not
necessarily intersecting.

[0399] A series of contiguous or near contiguous sec-
tions of the time series with a variable time interval. As
an example, a time interval that can change depending
on characteristics within the time series, a response to a
user gesture, according to a mathematical function, and/
or randomly to name a few.

[0400] A series of non-contiguous sections with a fixed
time interval with a fixed or variable separation in
between.

[0401] A series of non-contiguous sections with a vari-
abletimeinterval. As an example, a time interval that can
change depending on characteristics within the time
series, a response to a user gesture, according to a math-
ematical function, and/or randomly to name a few.

[0402] A series of overlapping windows. In an example,
a sample point can be chosen for each X seconds (e.g.
10) and the previous Y minutes (e.g., 5) can be analyzed.
The beginning of the window can be truncated such that
for any sample point less than 5 minutes the window will
be less than 5 minutes depending on the available data
between the sample point and the beginning of the time
series.

[0403] Non-discrete windows. For example, windows
that can conditionally include points outside of their
boundary (e.g. the minimum point of a rise event that
falls within the window which could be outside of the
window boundary).

Since a low SPO2 is indicative of instability risk, which is not
only the function of the oxygen deficit but also as a function
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of factors that allowed the SPO2 to fall to a low level and of
factors (such as the commonly increased CO2), which
accompanies a given low SPO2. The SPO2 value can be
weighted for severity of the absolute value itself as, for
example, the (100-SPO2 value) squared and then divided by
10. The value of a given measure or calculation may be
weighted for the presence of'a pattern such as a cluster pattern
(as for example a threshold pattern of clusters) as detected by
any method. Examples for the detection and/or quantification
of a cluster pattern include, the detection of a threshold dif-
ference between a plurality maximum and minimum values
detected within an interval as defined for example within a
series of contiguous, but substantially non-intersecting, sec-
tions of the time series (e.g., minute sections), the detection of
a temporal, spatial, or frequency pattern (as by a transform)
indicative of threshold clustering, or the detection of a spe-
cific object such as clusters or a pattern of objects such as a
plurality of reciprocations, or events to name a few. Maxi-
mum value may be defined as the maximum value or a con-
ditionally identified maximum within a set of maximum val-
ues. For example, a series of minimum values could be
derived from a moving window within a specified section of
time and a specific maximum value could be conditionally
determined according to thresholds, or through other charac-
terizations of the waveform (for example if a particular sec-
tion of the waveform is considered artifact, specific values
may be discarded). Minimum value may be defined as a
minimum value or a conditionally identified minimum value
within a set of minimum values. An example of the weighting
applied if clustering is detected follows. Using an oximeter, a
time series of SPO2 values are determined, the processor is
programmed to detect clusters and nadirs within clusters, the
calculation 2(98-Nadir) can then be applied if a cluster is
detected and the nadir is part of a fall event thereby indicating
that the nadir value is a component of an unstable SPO2
pattern. These choices for severity indexing and various
options for weighting can be provided in a menu, which is
especially useful for the researcher. For example, the calcu-
lation 2 (98-Nadir) may be used if a cluster is detected prior to
the determination of the Nadir and the nadir is part of a fall
event (which indicates that the nadir value is a component of
aunstable SPO2 pattern). These choices for severity indexing
and weighting can be provided in a menu, which is especially
useful for the researcher.

[0404] Alternatively, in another example, the window can
vary with the objects such that a prolonged continuous cluster
of a given cluster type can prolong the window as with the
denominator (below the area calculation) being adjusted for
the time and the nadir can be the mean nadir or the lowest
nadir and/or the peak can be the mean peak or the lowest peak.
In one example, a plurality of parallel time series of severity
can be generated, each containing at least one compornent
severity. For example, a time series indicative of a plurality of
at least one nadir relationship can be generated parallel to a
time series indicative of a plurality of at least one peak rela-
tionship. The patterns of each of these times series may be
then be analyzed to define events, reciprocations, and clus-
ters. A severity index can then be similarly calculated using
the pattern relationships of one or more of the severity time
series. The pattern relationships of one or more of the indices
of severity can be quantified using pattern recognition and
analysis software for example of the types disclosed previ-
ously. This is one example of providing a way to quantify the
patterns, absolute values, and relationships of the compo-
nents of the aggregate severity index to provide additional
diagnostic utility.
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[0405] The above system method for severity indexing can
be applied to a broad range of physiologic signals. For
example, aplethesmographic pulse time series (such as a time
series of the amplitude of the plethesmographic pulse) can be
similarly processed. In one exemplary embodiment, the time
series of the SPO2 and the time series of the amplitude of the
plethesmographic pulse are analyzed together in parallel. If
oxygen is applied, the severity of the instability of the plethes-
mographic pulse is used as a marker of severity.

[0406] In one exemplary embodiment of the present inven-
tion, an interpretive oximeter is capable of at least one of a
textual indication of the pattern detected and a severity index
value (such as the severity index value associated with that
pattern) which may be automatically displayed. For example,
upon the detection of an incomplete recovery cluster, the
processor may be programmed to output “Unstable Hypoven-
tilation with Incomplete Recovery” and also display a sever-
ity index of 78, which displays for the caregiver the severity of
the unstable hypoventilation pattern. In one exemplary
embodiment, all detected patterns, (including the failure pat-
terns) or a discretionary range of detected patterns, are stored
for retrieval by the nurse as by providing a “review detected
SPO2 or Pleth patterns” icon on the oximeter or central moni-
tor.

[0407] In one exemplary embodiment, the severity index-
ing and/or alerts are adjusted for the presence of oxygen
therapy (as by nasal cannula). The presence of oxygen
therapy is inputted either manually of automatically. For
example, the processor can include an input for manual des-
ignation of oxygen therapy on the display or can be pro-
grammed to receive the information relevant to the presence
of oxygen from the patient’s electronic chart, or the monitor
may have a sensor which connects to the bedside oxygen
source which automatically senses the flow of oxygen. Inone
example, oxygen delivery indicator, such as a flow-sensing
monitor can be mounted on the oxygen gas port. The flow or
pressure sensing monitor can have a connector for connecting
to the oxygen gas port at one end, and the conventional gas
delivery port at another end. This can be attached, as by
threading onto the oxygen gas port when the oximeter is in
use (or can be permanently connected to the rooms bedside
the location occupied by the oximeter). The flow or pressure-
sensing monitor includes a sensor, which identifies the pres-
ence of flow or pressure in the sensor, which is mounted at the
port distal the oxygen flow valve. The presence of pressure
sends a signal (such as an analog signal or digital signal ) to the
oximeter indicating the presence of oxygen flow (and the flow
rate if desired). The processor is programmed to adjust the
severity index and alarms for the presence of oxygen flow or
pressure. This adjustment can be, for example, indicating all
clusters as severe in the presence of oxygen or providing a
weight for the presence of oxygen therapy (for example mul-
tiplying the severity index by about 3-4 or adding a value such
as 50% of the maximum index to the calculated index. Alter-
natively the oxygen valve at the oxygen source can be an
electronic valve, which provides an output such as a digital
transmitted output of the flow rate being delivered or a flow
sensor can be mounted on the flow tubing extending to the
patient or otherwise along the flow path between the oxygen
source and the patient internal airway. When a real-time oxy-
gen delivery indicator is provided it can be combined with a
nasal pressure and/or CO2 monitor so that both oxygen deliv-
ery, nasal catheter and/or mask position, and the pattern of
patient response can be monitored.

[0408] As discussed previously, specific spatial, temporal,
and frequency patterns vary as a function of specific patho-
physiologic mechanisms, each of which produce a specific
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pattern type. Also, within each pathophysiologic mechanism,
specific types of biologic failure modes can occur which
produce specific patterns of deviation from the pattern type
occurring without the failure. For this reason, an exemplary
embodiment of the present invention generates an output,
which renders a contemporaneous output of at least one of the
detected adverse pattern type (if any), the detected failure
mode and failure mode pattern type (if any), and sequential
values or indicators indicative the magnitude, pattern, and/or
trend of instability, such as a time series of instability integers
(as, for example, derived form an aggregate analysis of the
instability of the pattern). For the purpose of illustration, the
factors derived of the patterns, which define clinical instabil-
ity, can be divided into two main component classes: Class 1
can contain pattern components, which potentially induce or
increase the probability of substantial adverse of an organ or
organ system. Such adverse condition or injury include car-
diac arrhythmias, cardiac ischemia, brain ischemia, enhanced
thrombogenisis, and/or patient confusion to name a few.
Examples of pattern subcomponents of Class 1 include high
amplitude of the oxygen deficit as defined for example by a
low SPO2 nadir, rapid progression of oxygen as defined for
example by a steep slope SPO2 fall, high duration of the
oxygen deficit as defined by a prolonged SPO2 fall, a short
recovery interval, a high area above a portion of the SPO2
curve, the presence of cycling (which can result in autonomic
stimulation and increased regional oxygen consumption) as
detected by a wide range of measures, for example, frequency
transforms, peak to trough detection, template comparison, to
name a few. Class 2 can contain pattern sentinel components
and subcomponents, which indicate an increased probability
of progression of general instability as, for example, progres-
sion to stupor, coma, and/or respiratory arrest. A few
examples of pattern subcomponents of Class 2 include vari-
ability of the arousal threshold (arousal threshold instability),
increased arousal threshold (arousal threshold failure), and
incomplete physiologic response to the perturbation (recov-
ery failure).

[0409] The pattern components of the basic patterns of the
pathophysiologic mechanisms and/or the pattern components
indicative of a specific failure mode can be derived from a
plurality of parameters and/or a plurality of processing meth-
ods. For example, an index combining a spatial pattern com-
ponent of a time series of SPO2 may be combined with
frequency component of the pleth to produce an aggregate
component indicative of a magnitude of adverse perturbation.
In another example, sequential measures of the maximum to
minimum difference of the pleth amplitude (or pleth derived
pulse rate) combined with sequential measures of the maxi-
mum to minimum difference of the SPO2 value, can be used
to aggregate component indicative of the magnitude of per-
turbation. These pattern components and aggregate compo-
nents may be detected and quantified by a wide range of
techniques. Examples include, time series objectification,
frequency transforms, template comparisons, adaptive meth-
ods, and/or the application of a moving window (for example
a 20-180 second window) as with a set of rules for detecting
minimum and maximum values and the spatial, temporal
and/or frequency relationships such as the differences or dis-
tributions of or between these patterns to name a few.
[0410] One exemplary embodiment can produce a continu-
ous instability index time series based on one or more, or at
least, the following weighted factors; an indication of a mini-
mum value or nadir relationship as, for example, a selected
value minus the nadir value, an indication of a maximum
value or peak relationship as for example a selected value
minus the peak value, an indication of an area, in relationship
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to the curve such as the product of the saturation seconds
above the curve (and below a reference value if preferred
which value can be varied with the detection of the presence
of cycling). With any of these calculations, absolute value can
be weighted for its difference from a normal or other refer-
ence value. For example, a greater weight (as a function of the
value itself) can be applied to a SPO2 fall of 5 between 85 and
80 then a fall of 5 between 80 and 75. This is a useful
weighting approach because, despite the presence ofidentical
magnitudes of fall, the first fall of 5 is indicative of less
inherent instability than the second fall of 5. Also, a greater
increased severity weight (beyond the difference 0f 10) can be
included in any subsequent calculation such that additional
weight may be given to a data point having absolute SPO2
value of 70 then to a SPO2 data point having a value of 80
which weight is greater than the weight ascribable to their
relative positions below 90. This type of weighting is particu-
larly useful when the parameter comprises an absolute refer-
ence values (values in which the absolute range of normality
is known) such as the CO2 or SPO2, the absolute value can be
weighted for its difference from a normal or other reference
value. An example of how such weighting can be derived
discussed earlier for the SPO2 parameter. This type of value
adjusted weighting can by used to derive an enhanced satu-
ration seconds calculation where a given low SPO2 provides
a greater weight than a higher value as a function of its
absolute value, its difference from a reference value or by
another method of weighting based on the relationship of the
value to another value, a pattern, or a reference value. In this
way, an instability index can be derived that is weighted as a
direct function of the position of any given measured SPO2 or
CO2 value in relation to a reference value or to the detection
of a pattern such as a specific pattern of cycling. For example,
an SPO2 value recognized at the nadir along a type IV pattern
may be given less weight then an identical SPO2 value rec-
ognized at the peak along a type IV pattern. In another
example, an SPO2 value recognized at the nadir along a type
1V pattern may be given less weight then an identical SPO2
value recognized at the nadir along the more fundamentally
unstable type II1 pattern. In each of these exemplary embodi-
ments, the processor can be programmed to produce an auto-
matic textual output of the aforementioned detected pattern
type or types, an automatic textual output of any detected
failure mode, such as arousal threshold failure or recovery
failure, and a time series of the calculated aggregate or com-
ponent severity index which relates to the severity of the
pattern and the severity of the failure. In this way, the proces-
sor is programmed to output for the nurse in real time at the
bedside and or central station, a display of the timed param-
eter, an automatic text indication of the pathophysiologic
pattern types with reviewable archived text indications and
the associated pattern, a text indication of the failure modes
with reviewable archived text indications of failures and the
associated failure pattern, and a timed numerical or other
scale indication ofthe aggregate instability which is archived,
reviewable at a range of scales, and analyzable for patterns of
aggregate instability. The time series of aggregate instability
can be incorporated into the cylindrical data matrix or other-
wise used to compare the pattern or absolute values of aggre-
gate instability with other parameter patterns, exogenous
actions such as drug infusion, patient location (as by a time
series output of a GPS recorder), or expense to name a few.

[0411] One exemplary embodiment comprises a monitor, a
processor programmnied to detect a maximum value, and to
detect a maximum value below an expected or reference
maximum value. The maximum value can be indicative of a
recovery the maximum value below an expected or reference
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maximum value can be indicative of an incomplete recovery.
The monitor can be an oximeter such as a pulse oximeter and
the incomplete recovery can comprise an incomplete recip-
rocation as defined by a magnitude, slope, shape, timing or
other relationship between a fall and a rise. In another
example the incomplete recovery can comprise an incomplete
reciprocation as defined by the absolute value of the peak or
by a relationship between an absolute value of the peak or
maximum value ofthe recovery and a reference value (such as
anormal value). For example, the relationship can be a spatial
relationship, a calculated difference, or a distance to name a
few. The presence of a recovery can be detected by a wide
range of methods or combinations of method or can be
inferred (as, for example, by detecting a maximum value
within a specified prolonged window or windows of time
after a point wherein clustering is initially detected. In
another example, the relative equivalent of a maximum value
of at least one recovery within the window can be assumed if
the detected minimum value within or adjacent the window is
different, as by a pre-selected amount than a subsequent
detected maximum value and wherein the detected maximum
value is not the last value in the window.

[0412] One exemplary embodiment of the present inven-
tion comprises a monitor, a processor programmed to detecta
minimum value, and to detect a minimum value below an
expected or reference minimum value. The minimum value
can be indicative of the nadir of a fall and the minimum value
below an expected or reference minimum value can be indica-
tive of clinically significant fall. One exemplary embodiment
comprises a monitor, a processor programmed to detect a
nadir and/or to detect a failing nadir (as with arousal threshold
failure) or an unstable pattern of nadirs. The monitor can be an
oximeter such as a pulse oximeter and presence of unstable
nadirs can comprise nadir, which varies in relation to other
nadirs as for example defined by a threshold pattern, slope,
timing or shape of a plurality of nadirs. The nadirs can also be
defined as a magnitude, slope, shape, timing or other relation-
ship between a fall and a rise. The nadir can be defined, for
example, by a relationship between an absolute value of the
nadir, or minimum value of the fall, and a reference value
(such as a normal value). For example, the relationship can be
a spatial relationship, a calculated difference, or a distance to
name a few. The presence of a fall and of a nadir can be
detected by a wide range of methods or combinations of
method or can be inferred (as, for example, by the detecting
minimum value within a specified window of time, which is
then assumed to be the relative equivalent of aminimum value
of at least one fall within the window). In an example, this
inference can be made if the detected minimum value within
or adjacent the window is different, as by a pre-selected
amount than the detected maximum value. The above
approach is useful for parameters, which fall with increasing
perturbation, such as SPO2; the CO2 often rises in association
with the SPO2 falls induced by increasing levels of hypoven-
tilation. For this reason, the peak of the CO2 in the above
discussed processing can be used as indicative of the magni-
tude of the adverse event and the nadir to the recovery from
the adverse event.

[0413] In an example using an oximeter, a method for
monitoring a patient comprises, placing a probe of an oxime-
ter adjacent a body part, outputting a time series of SPO2,
detecting at least one of a plurality of minimum and maxi-
mum values of SPO2 along the time series, using at least one
of the plurality minimum and maximum values, determining
an index of the severity of a pathophysiologic process such as
unstable hypoventilation. The method can further comprise
programmatically defining a moving window for the detec-
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tion of the minimum and maximum values. The method can
be similarly applied to CO2 monitors other monitors or to
combined SPO2, CO2 and or other monitors:

[0414] Inoneembodiment, the processor is programmed to
calculate a plurality of sequential and frequently updated
values indicative of the global or near global instability of the
patient which can be a time series of the patient’s Global
Instability Index (GII). The global instability index can be
derived from the processing of the spatial, temporal, and
frequency patterns and relationships of a plurality of numeri-
cal, spatial, temporal, and/or frequency derivatives of param-
eters such as oxygen saturation, exhaled carbon dioxide, res-
piratory rate, pulse, temperature, and blood pressure, to name
a few. The global instability index can be derived of the
patterns of at least one parameter compared with the pattern
of at least another parameter and/or the absolute value of at
least another parameter. The known presence of a potentially
volatile disease or disorder or of a particular vulnerability can
be induced to enhance the value of weighting. For example, if
a patient is known to have coronary artery disease and/or a
recent myocardial infarction the weight applied to the pres-
ence of clustering and/or to the nadir value of the SPO2 can be
adjusted so that the patient with particular known vulnerabil-
ity is identified as potentially more unstable by manifesting a
higher or otherwise more severe real time index in the pres-
ence of clustering then a patient without this vulnerability.
The nadir component can, for example, be doubled and then
applied to derive SPO2 instability index which is then com-
bined with derivatives of other parameters to output the global
instability index. Alternatively, the SPO2 instability index
could be weighted for the presence of coronary artery disease
after it is calculated as a combined index or the global insta-
bility index could be weighted for the presence of coronary
artery disease after it is calculated as a combined index.
Additional volatile diseases include, for example, congestive
heart failure, Type 1 diabetes, severe hypertension, sepsis,
pulmonary embolism, pulmonary hypertension to name a
few.

[0415] In one exemplary embodiment, a patient monitor is
provided that comprises an instability detection and tracking
monitor. The monitor preferably includes a large screen
(which can be a pop-up screen) so that multiple time series
and multiple instability indicators and for instability time
series can be displayed. For example, for the bedside version,
a configuration with a large display as well as a large display-
to-size ratio, similar to a tablet PC is suitable. A display that
allows various time series to be scrolled up into view, is also
acceptable to reduce size. The processor can be programmed
to automatically move the most unstable time series into view
upon, as on the occurrence of a threshold instability value or
pattern. The instability monitor preferably includes a pulse
oximeter and at least one ventilation monitor (such as a flow
monitor, pressure monitor, impedance or other chest move-
ment monitor, spirometer), and/or a CO2 monitor, and/or and
at least one cardiovascular monitor (which can be the pleth
portion of the pulse oximeter). The processor of the instability
detection and tracking monitor may be programmed to define
the SPO2 instability components and their subcomponents,
the cardiovascular instability components and their subcom-
ponents, and the ventilation instability components and their
subcomponents. The processor can be programmed to deter-
mine sequential instability index calculations for each param-
eter and then to combine them to render sequential, unifying
aggregate instability index calculations, which can be
adjusted as discussed above for the presence of a disease,
condition, other parameter, and/or pattern which is poten-
tially fundamental destabilizing. In an example, each param-
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eter specific instability index can render a value on a numeri-
cal scale between 1 and 100 as for example described for
SPO2. Such a numerical may be finite or unbounded. The
index of each of the parameters can be additive to render a
global Instability index also with a value range of 1 to 100
(where index values above 100 are given as 100). In this way,
aprofound instability as potentially of any one parameter will
trigger the maximum instability index whereas even a mod-
erate instability, which is sufficient to cause substantial per-
turbation of all three, may trigger the maximum value. Also,
combined patterns, such as the presence of divergence of
SPO2 and respiratory rate may generate a minimum value to
be added to the global instability index (such as 50), which is
sufficient to reliably trigger the recommendation of a proto-
col, by the processor as discussed below.

[0416] In an exemplary embodiment, a threshold breach,
trend or pattern of a parameter specific real-time or otherwise
frequently updated instability index is used to trigger a pro-
tocol, which can be an assessment protocol, which for
example calls for (or automatically triggers) additional test-
ing, monitoring or treatment. The protocol can include a
requisite entry based on the assessment of a health care
worker such, for example, a review and confirmation of the
SPO?2 pattern before an the automatic positive airway pres-
sure treatment and monitoring protocol is triggered. Using
this embodiment, the processor can be programmed to iden-
tify an instability pattern type along a parameter, identify a
failure pattern indicative of a specific failure mode (if any),
determine a frequently updated instability index (which can
be a time series of the instability index), identify a threshold
level or pattern along the instability index, of the instability
index of instability of a single parameter, trigger a protocol
based at least one of the parameter, the detected pattern type
(with or without health care worker confirmation of the pat-
tern type), the failure mode, and the threshold level which
triggered the protocol. The processor can be further pro-
grammed to; identify an instability pattern type along a plu-
rality of parameters, identify a failure pattern along each of
the parameters of at least one specific failure mode (if any),
determine a frequently updated instability index for each
parameter (which can be atime series of the instability index),
add or otherwise combine the instability index to produce a
global instability index, identify a threshold level or pattern
along the global instability index or at least one of the insta-
bility index of the parameter, the detected pattern type (with
or without health care worker confirmation of the pattern
type), the failure mode, and the threshold level which trig-
gered the protocol wherein the specific triggered protocol
type triggered by the processor’s determination of the
detected pattern type (with or without health care worker
confirmation of the pattern type). A typical protocol triggered
by the processor, and outputted by the processor if desired,
can include for example; review the patterns for confirmation
of unstable hypoventilation “physician accepts pattern?”, If
yes, physician should also to review narcotic and sedative
prescription and adjust as necessary, also if yes, call AutoPAP
administration team (the processor can be programmed to
automatically by the processor, fit mask and administer train-
ing, apply low acclimation pressures while patient is awake,
review history, any patient history of CPAP use, if yes, apply
minimum pressure as previously prescribed and maximum 5
cm higher, otherwise set min and max CPAP values at 5 and
12 respectively ), connect autoCPAP output to the input port
of the bedside instability tracking monitor (if wireless con-
nection is notavailable), have patient notify nurse when ready
to fall asleep, when patient is ready to fall asleep, apply mask
and turn on the autoCPAP device with the 3 minute ramp,
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using the instability monitor connected with the autoCPAP
device monitor the patterns. Call the AutoCPAP administra-
tion team if the SPO2 instability index is not reduced below
20 and global instability index ofless than 30 or if the patterns
are otherwise eliminated (this can be automatic as for
example a notification at the respiratory therapist office such
as “incomplete instability mitigation at bed 6 A, 8 north
Tower” or at another station at a centralized control location.
The protocol can also include secondary protocols based on
the failure of correction of the instability index or the new
development of a rising or otherwise high instability index
despite the initiation of treatment.

[0417] Those skilled in the art will recognize that various
changes and modifications can be made without departing
from the invention. Many different pattern analysis methods,
software tools, and mathematical calculations can be
employed within the scope of the invention. In particular, it
should be noted that the application of programming methods
techniques such as, for example, adaptive programming,
fuzzy logic, intentional programming, genetic algorithms and
statistical processing are included in this teaching. While the
invention has been described in connection with what is pres-
ently considered to be the most practical and preferred
embodiments, itisto be understood that the inventionis notto
be limited to the disclosed embodiments, but on the contrary,
is intended to cover various modifications and equivalent
arrangements included within the spirit and scope of the
appended claims.

1-24. (canceled)

25. A method for patient monitoring, comprising:

receiving signals indicative of a physiologic parameter

from a sensor;

generating a time series of physiologic data based on the

signals;

identifying at least one type of patient stimulus event based

on detection of a first pattern in the time series with a
processor;

identifying at least one response to the patient stimulus

event based on detection of a second pattern in the time
series with the processor; and

outputting an indication of the at least one response.

26. The method of claim 1, comprising receiving signals
indicative of blood oxygenation in the patient.

27. The method of claim 1, wherein identifying the at least
one type of patient stimulus event comprise identifying a
pattern indicative of patient arousal by an external stimulus.

28. The method of claim 1, comprising activating a stimu-
lation device in response to detection of a designated alarm
pattern in the time series to cause the patient stimulus event.

29. The method of claim 28, wherein the physiologic
parameter comprises a value of blood oxygen saturation and
the designated alarm pattern comprises a steep fall in the
value of the blood oxygen saturation.

30. The method of claim 28, wherein activating the stimu-
lation device comprises activating an audible alarm.
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31. The method of claim 28, wherein activating the stimu-
lation device comprises activating a vibrating collar config-
ured to be coupled to the patient.

32. The method of claim 1, wherein identifying the at least
one type of patient stimulus event comprise identifying a
pattern indicative of patient arousal by a physiologic stimu-
lus.

33. The method of claim 32, wherein the pattern indicative
of patient arousal by the physiologic stimulus comprises a
pattern indicative of a fall in oxygen saturation.

34. The method of claim 32, wherein the pattern indicative
of patient arousal by the physiologic stimulus comprises a
pattern indicative of a rise in carbon dioxide.

35. A patient monitoring system, comprising:

a monitor configured to receive signals indicative of a
physiologic parameter of a patient, the monitor having a
processor configured to:
generate a time series of data based on the signals;
analyze the time series to detect a pattern indicative of a

patient stimulus event; and.
record the patient stimulus event in a memory for com-
munication to a user.

36. The patient monitoring system of claim 35, wherein the
processor is configured to analyze the time series to detect a
pattern indicative of a response to the stimulus event.

37. The patient monitoring system of claim 35, wherein the
processor is configured to analyze the time series to detect a
pattern indicative of an external stimulus event.

38. The patient monitoring system of claim 35, comprising
asensor that is configured to produce the signals indicative of
the physiologic parameter of the patient.

39. The patient monitoring system of claim 35, comprising
a stimulation device, wherein the processor is configured to
activate the stimulation device to cause the patient stimulus
event in response to detection of'a designated alarm pattern in
the time series.

40. The patient monitoring system of claim 39, wherein the
stimulation device comprises an audio headset or a vibration
collar.

41. A physiologic data analysis system, comprising;

a processor configured to analyze a time series of data
representative of a physiologic parameter of a patient
measured over time to detect data corresponding to a
stimulus of the patient, detect a response associated with
the stimulus, and to output a indication of the response
associated with the stimulus as a video or audio indicator
via a display or speaker.

42. The system of claim 41, wherein the processor is con-
figured to output the indication within about 2-15 seconds
after the stimulus of the patient.

43. The system of claim 41, comprising a memory storing
the time series of data.

44. The system of claim 41, comprising a sensor configured
to provide the processor with the time series of data.

* ok ok sk ok
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