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A system and method for recognizing the locations of the
three ICP sub-peaks present in Intracranial Pressure (ICP)
pulses and then calculating pulse metrics automatically and
continuously. These metrics allow a comprehensive quanti-
tative characterization of ICP pulse morphology including
pulse amplitude, time intervals among sub-peaks, curvature,
slope, and decay time constants over a course of time. One
embodiment of the system provides real time monitoring and
forecasting of intracranial and cerebrovascular pathophysi-
ological changes with beat-by-beat pulse detection, pulse
clustering, non-artifactual pulse recognition, peak detection
and optimal peak designation processes.

20—

Acquire
ICP, ECG Signals

!

30~

ICP Pulse Detaction

!

40—

{CP Puise Clustering

{

B0~

Legitimate Pulse Filtering

¥

¥

80~

Peak Detaction

Regression Model ™ 70

80

Peak Designation

¥

G0~

Analysis of ICP Peaks (P1, P2 and P3)
Characteristics




Patent Application Publication  Aug. 18,2011 Sheet 1 of 3 US 2011/0201961 A1

“EQ\

Acguire

2

0™ ICP, ECG Signals
30~ %

ICP Pulse Detaction

!

40— ICP Pulse Clustering

f

Legitimate Pulse Filtering

é é

Peak Detection | | Regression Model ™ 70

% é

80—  Peak Designation

é

80~ Analysis of ICP Peaks (P1, P2 and P3)
Characteristics

50~

60~

FIG. 1



Patent Application Publication  Aug. 18,2011 Sheet 2 of 3 US 2011/0201961 A1

14
13.5 |-
13
125 |
12
11.5
i1
10.5

CP (mmHg)

Time {(ms)

FIG. 2A



US 2011/0201961 A1l

Aug. 18, 2011 Sheet 3 of 3

Patent Application Publication

¢ "Old

BdD 2870 = *dp sdeym X

UBISUND o Aedaq

(-9} V1 /(doisep -d) 8doig
(Egpinniennns Fann
‘(Brainnitang Aang (Shanniiang Sann oljey SimeAInT
85N
UWaing ‘gainn ‘gamns ‘bang SInjosqy
Gl R ROl IR RS R Gl I B SAllERH [eAIBIU|
€ f8 by iy BINosayY auilg
(EPIedn/edD “(BHdp) Faprtdp ‘(CHdpitdpiedp oley
apnydwy
dOISeIp ‘€4p “Cyp ‘tdp ‘g BINosqyY
ERTHEI dnols) oUel JIVOON




US 2011/0201961 Al

MORPHOLOGICAL CLUSTERING AND
ANALYSIS OF INTRACRANIAL PRESSURE
PULSES (MOCAIP)

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application a 35 U.S.C. §111(a) continuation
of, and claims priority to, PCT international application num-
ber PCT/US2009/053602 filed on Aug. 12, 2009, incorpo-
rated herein by reference in its entirety, which claims priority
to U.S. provisional application Ser. No. 61/088,114 filed on
Aug. 12, 2008, which is incorporated herein by reference in
its entirety.

[0002] The above-referenced PCT international applica-
tion was published on Feb. 18, 2010 as PCT International
Publication No. WO 2010/019705 (republished on Jun. 17,
2010), and is incorporated herein by reference in its entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0003] This invention was made with Government support
under Grant Nos. NS054881, NS055045, and NS055998
awarded by the National Institutes of Health. The Govern-
ment has certain rights in this invention.

INCORPORATION-BY-REFERENCE OF
MATERIAL SUBMITTED ON A COMPACT DISC

[0004] Not Applicable

BACKGROUND OF THE INVENTION

[0005] 1. Field of the Invention

[0006] This invention pertains generally to intracranial
pressure diagnostic and monitoring detectors, and more par-
ticularly to a system and method for continuous Intracranial
Pressure Pulse (ICP) signal analysis and tracking of pulse
metrics for real time diagnosis and prospective treatments.
[0007] 2. Description of Related Art

[0008] The treatment of many neurological disorders and
brain injuries relies on the continuous measurement of differ-
ent physiological signals like Electrocardiogram (ECG),
Intracranial Pressure (ICP), Saturation of Peripheral Oxygen
(Spo2), and Arterial Blood Pressure (ABP) by physicians.
Dynamic changes in the intracranial pressure (ICP) reflect the
ability of the body to compensate for changes in volume
within the skull and pathophysiological changes in the cere-
bral vasculature.

[0009] Raised intracranial pressure and low cerebral blood
flow are common indicators associated with ischaemia and
correlated with high morbidity and mortality after a brain
injury. Since the brain is encased in a skull that does not
expand and the brain parenchyma is essentially incompress-
ible, the volume of fluids in the cranium is essentially constant
and at an equilibrium. Thus, the outflow of venous blood
leaving the cranial cavity is approximately the volume of
arterial blood entering the cranial cavity. Compensatory
mechanisms that reduce the volume of intracranial blood or
cerebrospinal fluid (CSF) are also present to maintain ICP
homeostasis.

[0010] ICP monitoring is therefore an essential element of
current treatment protocols. The conventional method for
assessing ICP is with the surgical insertion of a catheter into
one of the lateral ventricles of the brain that is then connected
to an external pressure transducer. The output of the trans-
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ducer produces a characteristic ICP pulse waveform. It has
been recognized that an ICP pulse is typically triphasic with
three subpeaks that originate mostly from cerebral arterial
pulsations with some contributions of venous origin. Gener-
ally, ICP pulse wave forms have three characteristic peaks
that are referred to a P1 (percussion wave), P2 (tidal wave)
and P3 (dicrotic wave). The P1 peak normally sharp, with
constant amplitude and has its origin in the choroid plexis.
The second (P2) peak is rebound after the arterial percussion
and ends in the dicrotic notch. The third peak is venous in
origin.

[0011] Changes in the amplitude and configuration of the
ICP pulse can reflect changes in the physiological conditions
within the skull such as the cerebral autoregulation or intrac-
ranial adaptive capacity or elastance. The amplitude of the
ICP pulse waveform is the response of the intracranial pres-
sure to a volume increase and craniospinal elastance.

[0012] Despite the importance of ICP monitoring, signal
processing capabilities in existing commercial ICP monitor-
ing devices remain poor providing clinicians with a limited
amount of information that is confined to the mean ICP. As a
consequence, clinical decisions related to treating ICP-re-
lated abnormalities are typically made solely based on mean
ICP although raw continuous waveform data are usually
available. The utilization of only mean ICP, however, ignores
the potentially rich information embedded in dynamics of
ICP that may be related to cerebral volume compensatory
mechanism and cerebral vascular pathophysiology.

[0013] Accordingly, there is a need for a system and
method for ICP monitoring that not only evaluates mean ICP,
but can continuously evaluate the dynamic morphological
features of the ICP pulse wave forms that is at the same time
accurate, reliable and computationally practical. The present
methods satisfy these needs, as well as others, and are gener-
ally an improvement over the art.

BRIEF SUMMARY OF THE INVENTION

[0014] The present invention provides a system and method
for automatic and continuous monitoring of intracranial pulse
(ICP) characteristics and to track changes in pulse morphol-
ogy over time. Continuous monitoring and analysis of ICP
pulse wave form characteristics permit the accurate diagno-
sis, treatment and forecasting of intracranial and cerebrovas-
cular pathophysiological changes in a patient. By way of
example, and not of limitation, a system and method is pro-
vided for the continuous acquisition and analysis of refined
ICP Pulses with identification of the locations of the three ICP
sub-peaks and then calculating as many as 24 metrics that can
be tracked and evaluated as an illustration. These metrics
allow a comprehensive quantitative characterization of ICP
pulse morphology including pulse amplitude, time intervals
among sub-peaks, curvature, slope, and decay time constants.
[0015] Generally, the method accomplishes this detailed
analysis of ICP pulse by sampling a discrete period ofa digital
ICP recording, and then in order: 1) performing individual
ICP pulse detection, 2) segregating ICP pulses using cluster
analysis, and then 3) rejecting individual illegitimate (incom-
plete, bizarre, etc) waveforms. The latter step is preferably
facilitated by comparison to a library of legitimate ICP pulses
derived from a large patient database, in one embodiment.
Representative ICP waveforms from each cluster group are
preferably derived by an averaging process, which greatly
improves the signal-to-noise ratio. The representative wave-
form from this dominant cluster is then used for sub-peak



US 2011/0201961 Al

detection and designation. The peak designations are
achieved by two different methods. The first method uses the
Gaussian prior of each peak’s distribution to help designation
of each sub peaks in an optimal way. The second method
poses the problem of peak designation as a regression prob-
lem and solves it using a nonlinear regression approached
such as kernel spectral regression.

[0016] According to one embodiment of the invention, ICP
pulse data is acquired, processed and displayed for physician
evaluation and treatment decisions from sensors and comput-
ers as follows:

[0017] Pulse Detection. ICP Pulses are preferably acquired
using both ECG and ICP signals as input. As a result, the start
of'individual ICP pulses is defined at the corresponding QRS
peak of ECG. The raw ICP Pulse signals that are acquired are
preferably recorded and stored in the apparatus.

[0018] Pulse Clustering. Clinical ICP recordings are often
contaminated by noise and artifacts including instrument
noise, transient perturbations, sensor detachment, and quan-
tization noise by the digitization process. These noises and
artifacts result in poor quality of individual ICP pulses that
hamper a detailed analysis of their morphological features. It
is therefore preferred that the analysis of ICP pulse morphol-
ogy take place by using a representative cleaner pulse to be
extracted from a sequence of consecutive raw ICP pulses
rather than each individual pulse. The apparatus algorithm
preferably uses a clustering method to extract this represen-
tative ICP pulse. A sequence of raw ICP pulses are first
clustered into distinct groups based on their morphological
distance. The largest cluster is then identified. An averaging
process is conducted to obtain an averaged pulse for this
largest cluster. This average pulse of the largest cluster is
called a dominant ICP pulse. Subsequent analysis of ICP
morphology will be only conducted for this dominant pulse.
[0019] Legitimate Pulse Recognition. A dominant pulse is
immune to noises of a transient nature. However, the pulse
could still be artifactual because the complete segment it
represents could be noise, e.g., sensor detachment can cause
several minutes or even hours of an ICP recording to be
invalid. To identify legitimate ICP pulses automatically,
legitimate pulses are verified. In one preferred embodiment, a
filtering that is based on two verifications that both uses a
second hierarchical clustering applied on the dominant pulses
previously found by the hierarchical pulse clustering. The
first verification exploits a reference library containing vali-
dated ICP pulses that have been manually extracted from data
of multiple patients. A pulse is judged to be legitimate if it
belongs to a cluster whose average pulse correlates with any
of the reference ICP pulses.

[0020] The second test measures the coherence of a cluster
using the average of the correlation coefficients between each
member to the average pulse of the cluster. The dominant
pulses of the cluster that fail both checks are considered to be
illegitimate and are excluded from further analysis.

[0021] Detection of ICP Sub-peaks. Instead of using the
strict condition x,_,<x,<X,,, to define position i as a peak, the
algorithm performs a comprehensive search for all landmark
points on an ICP pulse as candidates for designating the three
ICP pulse sub-peaks. The first step to finding the landmarks is
to calculate the second derivative of an ICP pulse. Based on
the sign of the second derivative, an ICP pulse can be seg-
mented into concave and convex regions. The intersection of
a concave to a concave region on the ascending portion of the
pulse is treated as a landmark. On the descending portion of
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the pulse, the intersection of a convex to a concave region is
also treated as a landmark in this embodiment.

[0022] Assignment of Detected Peaks. The objective of the
last step of the MOCAIP algorithm is to obtain the best
designation of the three well-recognized ICP sub-peaks,
denoted as Py, P,, and P, respectively, from an array of
detected candidate peaks plus an empty designation. Where
a,, a,, ..., ayrepresents an array of N detected peak candi-
dates and a,, represents an empty designation such that if a, is
assigned to one of P, P,, and P, it means that no correspond-
ing sub-peak is present.

[0023] Analysis of Peaks And Metrics. The refined ICP
pulse form can be analyzed and patterns can be observed and
evaluated over time. The peaks and calculated metrics can be
indicators of existing conditions or may forecast other con-
ditions in the patient that can be monitored, recorded and
displayed over the course of treatment. Patterns of metrics
exhibited by a patient can be compared with patterns of met-
rics seen with documented conditions in many other patients
to form a library of patterns for comparison. Patient condi-
tions can be determined and treatment decisions can be made
and implemented in a very short time frame.

[0024] According to another embodiment of the invention,
a method for extracting morphological features from intrac-
ranial pressure pulses is provided that has the process steps of
acquiring intracranial pressure pulse data of a patient from at
least one sensor; refining the acquired pulse data with a com-
puter and programming to produce refined pulse data; and
then determining peaks and metrics from the refined pulse
data.

[0025] A further embodiment of the invention provides a
system and method for extracting morphological features
from intracranial pressure pulses by obtaining intracranial
pressure pulse data of a patient from a sensor; and processing
the obtained pressure pulse data with a computer with the
steps of clustering the pulse data to produce a plurality of
dominant pulses; validating the dominant pulses to eliminate
false dominant pulses; detecting at least one subcomponent
peak within the dominant pulses; designating final peaks and
metrics of said dominant pulses; and then analyzing the des-
ignated peaks and metrics.

[0026] Yet another embodiment of the invention provides a
system and method for extracting morphological features
from intracranial pressure pulses for patient treatment that
acquires intracranial pressure pulse data from a patient from
aplurality of intracranial pressure (ICP) pulse and electrocar-
diogram (ECG) sensors and processes the intracranial pres-
sure pulse data with a computer by clustering the pulse data to
produce a plurality of dominant pulses; validating the domi-
nant pulses to eliminate false dominant pulses; detecting at
least one subcomponent peak within said dominant pulses;
designating final peaks and metrics of said dominant pulses;
analyzing the designated peaks and metrics; and then com-
paring the analyzed and designated peaks and metrics of the
patient with analyzed and designated intracranial pressure
pulse peaks and metrics of one or more previous patients and
predicting possible physiological conditions and events of the
patient from said comparison of said peaks and metrics.

[0027] Accordingto one aspect of the invention, a system is
provided that records intracranial pressure pulse peaks and
metrics obtained from intracranial pulse data of a patient over
a course of time; correlates the patient symptoms and condi-
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tions with pulse peaks and metrics over the course of time;
and forms a profile of correlated data for comparison with
current patient data.

[0028] According to another aspect of the invention, a
library of patent profiles and data is provided that permits the
identification of patterns of correlated symptoms, pulse peaks
and metrics over time.

[0029] According to another aspect of the invention, a
method is provided for the continuous and automatic display
of ICP pulse data, peaks and metrics for real time status
evaluation and diagnosis.

[0030] Further aspects of the invention will be brought out
in the following portions of the specification, wherein the
detailed description is for the purpose of fully disclosing
preferred embodiments of the invention without placing limi-
tations thereon.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0031] The invention will be more fully understood by ref-
erence to the following drawings which are for illustrative
purposes only:

[0032] FIG. 1 is a flow diagram of a method for ICP Pulse
refinement and morphological feature extraction according to
one embodiment of the invention.

[0033] FIG. 2A depicts an illustrative refined ICP pulse
with 24 metrics that can be extracted and monitored accord-
ing to the invention.

[0034] FIG. 2B depicts the metrics that can be calculated
and shown in the refined ICP pulse in FIG. 2A.

DETAILED DESCRIPTION OF THE INVENTION

[0035] Referring more specifically to the drawings, for
illustrative purposes the present invention is embodied in the
methods generally shown in FIG. 1 through FIG. 2A and the
associated devices used to perform the methods. It will be
appreciated that the apparatus may vary as to configuration
and as to details of the parts, and that the method may vary as
to the specific steps and sequence, without departing from the
basic concepts as disclosed herein.

[0036] The present invention relates to an improved intrac-
ranial pressure monitoring apparatus and system for the con-
tinuous morphological analysis of ICP pulses. The preferred
method uses the Morphological Cluster and Analysis of
Intracranial Pressure (MOCAIP) algorithm to extract pulse
morphological metrics for evaluation by the physician.
[0037] Turning now to the flow diagram show in FIG. 1, one
embodiment 10 of the invention is schematically shown. In
FIG. 1, intracranial pulse signals are acquired at block 20
from a sensor using conventional methods of installation.
Signals produced from the sensors are preferably recorded
and analyzed or may be stored in random access memory of a
computer and analyzed in real time without recording in the
alternative. In the preferred embodiment, the continuous
input signals optionally include ECG signals to produce a
stream of pulse data.

[0038] The acquired pulse signal data at Block 20 is pro-
cessed with a number of process steps to eliminate noise and
to refine the peaks for analysis at Block 90. In the embodi-
ment shown in FIG. 1, a system with five major components
is provided including a beat-by-beat pulse detection compo-
nent 30, a pulse clustering component 40, a non-artifactual
pulse recognition component 50, a peak detection component
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60, and an optimal peak designation component 80. In addi-
tion, the algorithm makes use of a library of reference ICP
pulses that contains a collection of pulses and locations of
their designated three peaks. The beat-by-beat detection of
the ICP pulse at Block 30 is preferably conducted using an
algorithm developed in X. Hu, P. Xu, D. J. Lee, P. Vespa, K.
Baldwin, and M. Bergsneider, “An algorithm for extracting
intracranial pressure latency relative to electrocardiogram r
wave,” Physiol. Meas., vol. 29, no. 4, pp. 459-471, 2008,
incorporated by reference.

[0039] Pulse clustering may be used in two stages of pro-
cessing. Clustering is initially applied to consecutive subse-
quences of the raw ICP pulses obtained from the ICP pulse
detection process to generate a dominant pulse for each pulse
sequence at Block 40. This process results in a sequence of
dominant ICP pulses that is further analyzed by the pulse
recognition component 50. Pulse clustering may be applied
again to the sequence of dominant pulses in this process. The
recognized non-artifactual pulses may be further processed to
detect all peak candidates in each of them. Finally, the peak
designation process 80 is executed to optimally designate the
three well-established ICP peaks in each non-artifactual
dominant pulse using the detected peak candidates in the
embodiment shown.

[0040] Referring now to Block 30, the ICP pulse is detected
from the ICP signals from the sensors. This step segments the
continuous ICP into a sequence of individual ICP pulses.
Instead of solely using ICP for pulse detection, the mature
technique of ECG QRS detection to first find each ECG beat
is preferred to achieve reliable ICP pulse detection. Option-
ally, interval constraints for ICP peak locations can be incor-
porated to prevent false ICP pulse detections that would be
caused by spurious ECG QRS detections. The interval con-
straints can also be adapted on a beat-by-beat basis.

[0041] ICPrecordings collected from bedside monitors can
often be contaminated by several types of noise and artifacts.
For example ICP pulses can be contaminated by high-fre-
quency noise that originated from measurement or amplifier
devices. Transient artifacts from coughing or patient move-
ment or ICP recordings with the sensor detached from the
patient monitor for a period of time. These artifacts and noise
are common for typical ICP recordings and can interfere with
the analysis of ICP pulse morphology.

[0042] Instead of applying the ICP morphology analysis to
each individual pulse separately, a representative cleaner
pulse is preferably extracted from a sequence of consecutive
ICP pulses at Block 40. Therefore, a continuous ICP record-
ing can be segmented into consecutive pulse sequences and
morphological characteristics of the pulses can be calculated
based on the representative pulse of each sequence, in this
embodiment.

[0043] Inone embodiment at block 40, a sequence of raw
ICP pulses is first clustered into distinct groups based on their
morphological distance. The largest cluster is then identified.
An averaging process is conducted to obtain an averaged
pulse for this largest cluster. These averaged pulses of the
largest cluster are called dominant ICP pulses. Subsequent
analysis of ICP morphology will be only conducted for this
dominant pulse. This dominant pulse is preferred for per-
forming morphological analysis because the clustering pro-
cedure will effectively isolate transient disturbances from the
normal ICP pulses. Therefore, the dominant ICP pulse would
most likely represent the signal group. In addition, the aver-
aging process effectively reduces influences from random
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noise and quantization noise on the morphological analysis of
the ICP pulse by enhancing the signal-to-noise ratio.

[0044] In one embodiment, a hierarchical clustering
approach is used to cluster ICP pulses at Block 40 because it
does not require a prior specification of the number of clus-
ters. After the clustering procedure, the largest cluster is
retained to extract the dominant pulse.

[0045] It can be seen that a dominant pulse is immune to
noises of a transient nature. However, dominant pulse clusters
extracted from signal segments could still be artifactual
because the complete segment it represents could be noise.
For example, sensor detachment can cause several minutes or
even hours of ICP recording to be invalid. In such cases, the
dominant pulses should not be analyzed any further.

[0046] To identify legitimate dominant ICP pulses in an
automated fashion, a reference library of validated ICP pulses
is preferably used to aid the recognition of non-artifactual
peaks at Block 50. This library of reference ICP pulses is
preferably constructed with legitimate pulses of divergent
shapes. The library preferably uses data sets from many dif-
ferent patients. In one embodiment, a self-identification com-
ponent is incorporated so that a non-artifactual ICP pulse that
does not match a template found in the library is not falsely
rejected. For example, a self-authentication may be created
by further clustering the dominant pulses found in the first
pass of the clustering analysis since a cluster formed by an
artifactual dominant pulses will be less coherent that a cluster
formed by non-artifactual pulses.

[0047] The input at Block 50 is the sequence of dominant
pulses identified for each consecutive sub-sequence of the
signal segment being processed. This sequence may be fur-
ther clustered. The average dominant pulse of each cluster is
then subject to a matching test with each reference pulse
found in the library with a correlation analysis. A dominant
pulse is considered to be a non-artificial pulse if it belongs to
a cluster that has an average pulse that correlates with any of
the reference ICP pulses with a correlation coefficient greater
than a selected value, for example, a correlation coefficient
greater than r,. To avoid the false rejection of a valid cluster
because of the incompleteness of the reference library or
inappropriate r,, those clusters that fail the first test will be
further checked by comparing its self coherence against r.
Accordingly, the dominant pulses of the cluster that fails both
checks will be excluded from further analysis in this embodi-
ment.

[0048] Once a valid ICP pulse has been extracted and veri-
fied at Block 50 a set of peak candidates (or curve inflections)
are detected at Block 60 of FIG. 1. Each candidate is poten-
tially one of the three peaks. The extraction of these candi-
dates relies on the segmentation of the ICP pulse form into
concave and convex regions. This is preferably accomplished
using the second derivative of the pulse.

[0049] Generally, peak locations may be found at Block 60
using the concave portions of the pulse curve according to
four possible definitions in the embodiment shown. The first
definition treats the intersection of a concave to a convex
region as a peak if the first derivative of the concave portion is
greater than zero otherwise the intersection of a convex region
to a concave region is the peak. The second definition is based
on the curvature of the signal such that the peak is the location
with maximal absolute curvature within each concave region,
the third and the fourth definitions both involve a straight line
linking the two end points of a concave region. According to
the third and the fourth definitions, a peak can be found at the

Aug. 18,2011

position where the perpendicular distance or the vertical dis-
tance from the ICP to this line is maximal, respectively.
[0050] Typically, a peak corresponds to the intersection of
a convex to a concave region on a rising edge of ICP pulse or
to the intersection of a concave to a convex region on the
descending edge of the pulse. This detection process at Block
60 produces a pool of N peak candidates (a,, a,, . . . , ay).
[0051] At Block 80 of FIG. 1, the detected peaks are
assigned. The objective of Block 80 is to obtain the best
designation of the three well-recognized ICP peaks, denoted
as P,, P, and P;, respectively, from an array of detected
candidate peaks at Block 60. Given Pi(aj), i=1, 2, 3 to denote
the probability density functions (PDF) of assigning aj to the
i-th peak (each PDF is a Gaussian distribution estimated from
peak locations previously detected on a set of reference ICP
pulses). In order to deal with missing peaks, an empty desig-
nation a0 is added to the pool of candidates. In addition, to
avoid false designation, MOCAIP uses a threshold q such that
Pi(ak)=0, i [{1, 2,3}, k [{1, 2, ..., N} if the probability of
assigning ak to pi is less than q.

[0052] In an alternative embodiment, the detection and
assignment of peaks is accomplished with a regression model
at Block 70 instead of using unimodal priors during peak
designation to improve the accuracy of the peak designation
process.

[0053] Referring now to Block 70 and Block 80, a regres-
sion model y=f(x) is able to predict the most likely position of
the three peaks, y=(p1, p2, p3), given a segmented ICP pulse
discretized as a vector x. Regression analysis is a statistical
technique used for the numerical analysis between an input
variable and an output variable. Different regression analysis
methods may be used such as Multi-Linear Regression, Sup-
port vector machine (SVM) algorithm, spectral regression
(SR) analysis, and extremely randomized decision trees.
[0054] During the peak assignment at Block 80, the method
exploits Gaussian priors to infer the position of the three
peaks from a set of peak candidates. Because large variations
in the pulse morphology of the ICP signals exist the actual
position of each of the three peaks is extremely variable. The
complexity of data may lead to wrong or missed assignments
in some instances.

[0055] Inthe alternative embodiment at Block 70, the posi-
tion (p1, p2, p3) of the peaks is considered as a function f of
the pulse signal. To this end, a regression model is exploited
instead of the Gaussian priors during the peak designation to
improve the accuracy of the process. One strength of using
this model is that it exploits the values of the pulse itself
during the peak assignment at Block 80. Another advantage is
the ability of the framework to exploit powerful machine
learning algorithms.

[0056] Finally, the designated peaks at Block 80 can be
analyzed and morphological features can be extracted at
Block 90 of FIG. 1. The various features can be used by
treating physicians to evaluate the condition of the patient and
make timely treatments to avoid potential future events.
[0057] Referring also to FIG. 2A and FIG. 2B, different
metrics of the final designated pulse peaks can be identified
and tracked over time. Such metrics can be clinically corre-
lated with observed conditions in previous patients with dif-
ferent types of injuries or neurological conditions. In some
settings, tracking ICP pulse morphological changes in a near
real-time fashion can lead to forecasting intracranial patho-
logical changes. For example, ICP pulses originate from
blood pressure along the cerebral vasculature. A particular
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configuration of sub-peaks in an ICP pulse is influenced by
arterial, capillary, and venous blood pressure pulses, as well
as their interactions with the three major intracranial com-
partments, including the cerebral vasculature, the brain tis-
sue, and the cerebrospinal fluid circulatory system. There-
fore, the ICP pulse morphological changes may provide good
indications of changes in any of these three compartments.
These morphological changes can be caused by a variety of
pathological events such as the narrowing cerebral arteries
(vasospasm) after a subarachnoid hemorrhage and the devel-
opment of mass-occupying lesions after a brain injury.
[0058] In the embodiment shown in FIG. 2, twenty four
metrics have been identified that can be monitored and evalu-
ated to make clinical decisions in a specific case or evaluated
to identify patterns when compared with data from previous
patients with characteristic conditions as illustrated in the
Examples below. Libraries of patient peak and metric profiles
can be assembled and stored to be available for future refer-
ence. Identified patterns and correlations of metrics with
observed physiological symptoms and conditions can allow a
treating physician to identify physical conditions, foretell
events in evolving conditions and to provide prophylactic
treatment. It can be seen that the clinical value of the mor-
phological properties extracted by the invention provide more
information than the mean ICP, which is currently used in
clinical practice.

[0059] Embodiments ofthe present invention are described
with reference to flowchart illustrations of methods and sys-
tems according to embodiments of the invention. These meth-
ods and systems can also be implemented as computer pro-
gram products. In this regard, each block or step of a
flowchart, and combinations of blocks (and/or steps) in a
flowchart, can be implemented by various means, such as
hardware, firmware, and/or software including one or more
computer program instructions embodied in computer-read-
able program code logic. As will be appreciated, any such
computer program instructions may be loaded onto a com-
puter, including without limitation a general purpose com-
puter or special purpose computer, or other programmable
processing apparatus to produce a machine, such that the
computer program instructions which execute on the com-
puter or other programmable processing apparatus create
means for implementing the functions specified in the block
(s) of the flowchart(s).

[0060] Accordingly, blocks of the flowcharts support com-
binations of means for performing the specified functions,
combinations of steps for performing the specified functions,
and computer program instructions, such as embodied in
computer-readable program code logic means, for perform-
ing the specified functions. It will also be understood that
each block of the flowchart illustrations, and combinations of
blocks in the flowchart illustrations, can be implemented by
special purpose hardware-based computer systems which
perform the specified functions or steps, or combinations of
special purpose hardware and computer-readable program
code logic means.

[0061] Furthermore, these computer program instructions,
such as embodied in computer-readable program code logic,
may also be stored in a computer-readable memory that can
direct a computer or other programmable processing appara-
tus to function in a particular manner, such that the instruc-
tions stored in the computer-readable memory produce an
article of manufacture including instruction means which
implement the function specified in the block(s) of the flow-
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chart(s). The computer program instructions may also be
loaded onto a computer or other programmable processing
apparatus to cause a series of operational steps to be per-
formed on the computer or other programmable processing
apparatus to produce a computer-implemented process such
that the instructions which execute on the computer or other
programmable processing apparatus provide steps for imple-
menting the functions specified in the block(s) of the flow-
chart(s).

[0062] The invention may be better understood with refer-
ence to the accompanying examples, which are intended for
purposes of illustration only and should not be construed as in
any sense limiting the scope of the present invention as
defined in the claims appended hereto.

Example 1

[0063] In order to demonstrate the functionality of the
invention and the general principles behind the refining ICP
Peak sub-transformations, comparative reconstructions of a
phantom were conducted. In the embodiments tested, N sig-
nal segments were selected from the recoded ICP and ECG
signals from 66 patients, including 32 females and 34 males,
who were seen as inpatients at the University of California,
Los Angeles (UCLA) Adult Hydrocephalus Center for vari-
ous ICP-related conditions. The average age of these patients
is 61 with their ages ranging from 14 to 94 years old.

[0064] During their hospitalization, the patients received
continuous ICP monitoring for the clinical purpose using
Codman intraparenchymal microsensors (Codman and
Schurtleff, Raynaud, Mass.) situated in the right frontal lobe.
Simultaneous cardiovascular monitoring was also performed
using the bedside GE monitors. ICP and lead II of ECG
signals were archived using either a mobile cart at the bedside
that was equipped with the PowerLab TM SP-16 data acqui-
sition system (ADInstruments, Colorado Springs, Colo.) or
the BedMaster system that collects data from the GE Unity
Network to which the bedside monitors were connected. Sig-
nal files in this archive were transformed into the Chart
Binary file format for further processing. A total of N=153
signal segments, each of which is approximately 5-h long,
were randomly selected, at an interval of 12 h, without avoid-
ing noisy regions from these datasets. These 153 signal seg-
ments were subsequently processed according to the protocol
set forth in FIG. 1.

[0065] A sequence length of 3 min was used in the
MOCAIP algorithm, i.e., a dominant ICP pulse was gener-
ated for every 3-min recording. This choice resulted in a total
of 14,230 raw dominant pulses. The number of non-artifac-
tual dominant pulses was 13,371 accounting for 93.96% of
identified dominant pulses.

[0066] Nonartifactual pulse recognition was demonstrated
to be successful with an overall accuracy of 97.84%. This is
partly due to the adoption of a reference library of non-
artifactual ICP pulses and partly due to the use of the pulse
clustering. Designation of P, P, ,,,; P; achieved an overall
accuracy around 85% for P, and an accuracy approaching
90% for P,. This may reflect the fact that P, and P, have a
larger variability and that more candidate peaks are detected
at later portions of an ICP pulse.

[0067] The MOCAIP algorithm was demonstrated to be
able to accurately identify, from continuous ICP recordings,
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non-artifactual dominant ICP pulses for analysis and to sat-
isfactorily detect and designate individual peaks in an ICP
pulse.

Example 2

[0068] An alternative embodiment of the system and
method for detecting and designating individual subpeaks of
ICP pulses from continuous ICP data was conducted using a
singular value decomposition (SVD) technique as an alterna-
tive to the correlation based approach utilized in recognizing
valid ICP pulses shown in FIG. 1. A comparative analysis of
the valid ICP recognition using the SVD technique and the
correlation based method demonstrated a significant
improvement in terms of accuracy (61.96% reduction in false
positive rate while keeping true positive rate as high as
99.08%) and computational time (91.14% less time con-
sumption).

[0069] Using the same raw data set as used in Example 1,
the extracted ICP and ECG signal segments were subse-
quently processed by MOCAIP and a dominant ICP pulse
was generated for every 3 minutes of recording resulting in
14903 raw dominant pulses. All these 14903 dominant pulses
were assessed by visual inspection and manually annotated as
avalid ICP pulse (a typical triphasic ICP pulse or a non-valid
ICP pulse caused by noise or artifacts or wrong QRS detec-
tion). As a result of this assessment, 13611 were annotated as
valid pulses accounting for 91.33% of total dominant pulses.
[0070] The construction of the original reference library of
valid ICP pulses which were used in the MOCAIP was con-
ducted. Up to 10 validated dominant ICP pulses were selected
from each of the 158 signal segments in a completely random
fashion. This resulted in 1440 valid ICP pulses with the mean
ICP of 3.1 plus or minus 7.2 mmHg. The mean amplitude of
these ICP pulse was 6.6 plus or minus 3.3 mmHg.

[0071] To perform SVD on the original ICP reference
library, we chose M as the 90th percentile of the lengths of
pulses in the library. After resizing and normalizing all the
pulses, a singular value decomposition on the matrix A 428x
1440 was performed. The effective reference library was
determined to be 18 pulses. The technique for recognizing
valid ICP pulses using the singular value decomposition
improved the correlation-based approach used in MOCAIP
algorithm in terms of both accuracy and computational cost.
In addition, this method has low sensitivity to the choice of
number of bases in the reduced-noise signal space, the selec-
tion and number of ICP pulses to perform initial SVD.
Finally, the proposed method may be potentially applicable to
validate pulsatile physiological signals other than ICP pulses,
e.g. ABP pulses and pulse Oximetry signals.

Example 3

[0072] To illustrate the use of intracranial pressure (ICP)
pulse morphological metrics to classify cerebral blood flow
(CBF) into low and normal groups, forty-four acutely brain
injured patients with ICP monitoring and daily ***Xenon
CBF were studied. Patient ICP recordings were time-aligned
with the CBF measurements so that a one-hour ICP segment
near the CBF measurement was obtained. Each of these
recordings was processed by the Morphological Cluster and
Analysis of Intracranial Pressure (MOCAIP) algorithm to
extract pulse morphological metrics.

[0073] Although the full set of MOCAIP metrics illustrated
in FIG. 2 can be used as input features to a classifier to
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separate different cerebral perfusion states, correlations exist
among different MOCAIP metrics leading to redundancies if
they are all used as input features. In addition, it is beneficial
to use a minimal set of MOCAIP metrics to avoid unneces-
sarily complicating the classification. The challenge is that no
prior knowledge exists with regard to what the relevant
MOCAIP metrics are for characterizing cerebral perfusion
states or symptoms.

[0074] Due to the lack of accurate prior knowledge regard-
ing the pathophysiological implication of each of the
MOCAIP metrics and their interactions, advanced data
exploration tools that include global optimization, regular-
ized quadratic classifier, and bootstrapping cross-validation
techniques were used to design an experiment that requires
minimal subjective choices of parameter values, e.g., which
morphological metrics to use. Accordingly a two-class clas-
sification experiment where a threshold value based on cere-
bral blood flow (CBF) to designate the perfusion state was
designed. After running the MOCAIP algorithm, a regular-
ized quadratic classifier was trained using an optimization
process, which resulted in the determination of the optimal
combination of the MOCAIP metrics and the CSF drainage
rate as well as the optimal parameters controlling the degree
of regularization (w, and w,). Under this optimal setup, a
further cross-validation using a bootstrapping approach was
conducted to obtain various performance metrics of the clas-
sification. In addition to the optimal subset of MOCAIP met-
rics, the performance of using the full set of MOCAIP metrics
as feature vector using the same bootstrapping procedure
were tested as well. In this case, optimal values of w, and w,
were found using a differential evolution algorithm as well.
[0075] Most metrics that are shown in FIG. 2 were not
selected. Only L,, L, L,, L,, dP,, and Curv; were selected
for the majority of six independent runs (n 5). In addition to
these six MOCAIP metrics, there are a few metrics, including
dP,,, dP;, diasP, mICP, and Curv,, that were selected at least
once but less than four times.

[0076] One of the findings from the classification experi-
ment is that the elevation of the third peak of'an ICP pulse may
indicate low global cerebral perfusion. This is both visually
confirmed from pulse graphs and by the fact that dP,; was
selected in all six independent runs of the experiment, which
is significantly larger for the low CBF group.

[0077] While there appears to be an association between P,
elevation and low global cerebral perfusion, further physi-
ological studies are needed fully explain this observation. The
origin of the P; has been largely attributed to the cerebral
venous circulation. Therefore, an elevation of P; may indicate
some pathological changes in the cerebral venous bed or
elevated cerebral venous pressure, which consequently leads
to the reduction of the cerebral perfusion pressure and causes
a global cerebral perfusion deficit.

[0078] The metrics, including L, L,, L,, and L, were also
included in the sub-group of classifier features in addition to
the metrics that reflect P, elevation. The inclusion of L, in the
classification process can be probably explained by the fact
that it measures the timing difference between ECG QRS
peak and the onset of ICP pulse, which is significantly influ-
enced by systemic arterial blood pressure. Therefore, L, is a
relevant measure as it contains information about the driving
pressure of the cerebral blood flow.

[0079] One important implication of this study is that the
system may be used to enable a prospective study where one
uses ICP pulse morphological changes, which can be conve-
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niently tracked, to actively trigger more detailed cerebral
vascular, neuro-electrical, brain imaging and metabolism
studies so that more accurate explanations can be found.
Furthermore, attention to ICP pulse morphology in addition
to the mean ICP may offer a practical monitoring practice to
physicians for probing the functional integrality of the cere-
bral vasculature including the cerebral venous bed.

[0080] Therefore, the ICP pulse morphology analysis
method of the present invention can be used to show that low
global cerebral blood perfusion may be detected by using a set
of ICP pulse morphological metrics through a trained pattern
recognizer.

Example 4

[0081] The system and methods of the present invention
were used to derive 24 metrics characterizing morphology of
ICP pulses and tested the hypothesis that pre-intracranial
hypertension (pre-1H) segments of ICP can be differentiated,
using these morphological metrics, from control segments
that were not associated with any ICP elevation.

[0082] Thirty six 36 subjects were selected from 38 patients
undergoing continuous intracranial pressure monitoring for:
1) headache evaluation in patients with suspected idiopathic
intracranial hypertension or shunt malfunction, and 2) man-
agement of adult slit ventricle syndrome in which CSF flow
from an externalized CSF shunt was purposefully stopped
and 3) pre- or post-treatment of Chiari. Spontaneous intrac-
ranial hypertension can occur for all three patient popula-
tions. The ICP recordings were screened to identify episodes
of intracranial hypertension defined as elevated ICP (>20
mmHg) over a period of at least five minutes. A total of 70
Pre-IH(0), 67 Pre-IH(S), 66 Pre-IH(10), 62 Pre-IH(15), and
54 Pre-IH(20) segments were generated.

[0083] In addition, a global optimization algorithm was
used to effectively find the optimal sub-set of these morpho-
logical metrics to achieve better classification performance as
compared to using full set of MOCAIP metrics.

[0084] The results showed that Pre-IH segments, using the
optimal sub-set of metrics found by the differential evolution
(DE) algorithm, can be differentiated from control segments
ata specificity of 97% and sensitivity of 78% for those Pre-IH
segments 5 minutes prior to the ICP elevation. While the
sensitivity decreased to 68% for Pre-IH segments 20 minutes
prior to ICP elevation, the high specificity remained. The
performance using the full set of MOCAIP metrics was
shown inferior to results achieved using the optimal sub-set of
metrics. This demonstrated that advanced ICP pulse analysis
combined with machine learning could potentially lead to the
forecasting of ICP elevation so that a proactive ICP manage-
ment could be realized based on accurate forecasts.

[0085] From the foregoing it can be seen that the present
invention can be embodied in various ways, including, but not
limited to, the following:

[0086] 1. A method for extracting morphological features
from intracranial pressure pulses, comprising: acquiring
intracranial pressure pulse data of a patient from at least one
sensor; refining the acquired pulse data with a computer and
programming to produce refined pulse data; and determining
peaks and metrics from said refined pulse data.

[0087] 2. A method as recited in embodiment 1, wherein
said acquired intracranial pressure pulse data comprises
simultaneously recorded intracranial pressure (ICP) pulse
and electrocardiogram (ECG) sensor data.
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[0088] 3. A method as recited in embodiment 1, wherein
said refining of said acquired intracranial pressure pulse data
comprises: segmenting continuously acquired intracranial
pressure pulse data into a sequence of individual intracranial
pressure pulses; clustering said sequences of segmented
pulses to produce a plurality of refined pulses.

[0089] 4. A method as recited in embodiment 3, further
comprising: validating said refined pulses; and eliminating
refined pulses that are not accurate intracranial pressure
pulses.

[0090] 5. A method as recited in embodiment 4, wherein
said refined pulses are validated by a singular value decom-
position algorithm.

[0091] 6. A method as recited in embodiment 4, wherein
said validation of said refined pulses comprises correlating
said refined pulses with a library of previously validated ICP
pulses.

[0092] 7. A method as recited in embodiment 1, further
comprising: selecting a final refined pulse from said refined
pulses for analysis using an nonlinear regression model.
[0093] 8. A method as recited in embodiment 1, further
comprising: comparing said determined peaks and metrics
from said refined intracranial pressure pulse data of a patient
with a library of peak and metric profiles of prior patients.
[0094] 9. A method as recited in embodiment 1, further
comprising: recording pulse peak and metric data over time
for a plurality of patients; correlating said pulse peak and
metric data with physical and symptom data of each patient to
produce a profile; forming a reference library of patient pro-
files; and comparing pulse peak and metric data of a current
patient with patient profiles in said library of patient profiles.
[0095] 10. A method for extracting morphological features
from intracranial pressure pulses, comprising: obtaining
intracranial pressure pulse data of a patient from a sensor; and
processing said pressure pulse data with a computer, com-
prising: clustering said pulse data to produce a plurality of
dominant pulses; validating said dominant pulses to eliminate
false dominant pulses; detecting at least one subcomponent
peak within said dominant pulses; designating final peaks and
metrics of said dominant pulses; and analyzing said desig-
nated peaks and metrics.

[0096] 11. A method as recited in embodiment 10, further
comprising segmenting continuously obtained intracranial
pressure pulse data into a sequence of individual intracranial
pressure pulses.

[0097] 12.A method as recited in embodiment 10, wherein
said obtained intracranial pressure pulse data comprises
simultaneously recorded intracranial pressure (ICP) pulse
and electrocardiogram (ECG) sensor data.

[0098] 13. A method as recited in embodiment 10, wherein
said validation of said dominant pulses comprises comparing
said dominant pulses with a library of previously validated
ICP pulses.

[0099] 14. A method as recited in embodiment 10, further
comprising: clustering said dominant pulses to provide a set
of clustered dominant pulses to be used for peak detection.
[0100] 15.A method as recited in embodiment 10, wherein
said designation of said final peaks comprises using a Gaus-
sian prior of the distribution of each peak to designate at least
one final peak.

[0101] 16. A method as recited in embodiment 1, wherein
said designation of said final peaks comprises using a nonlin-
ear regression model.
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[0102] 17. A method as recited in embodiment 10, further
comprising: monitoring said peaks and metrics obtained from
said intracranial pulse data of a patient over a course of time;
and comparing said peaks and metrics data with library of
peaks and metrics to identify patterns of peaks and metrics.
[0103] 18.A method for extracting morphological features
from intracranial pressure pulses for patient treatment, com-
prising: acquiring intracranial pressure pulse data from a
patient from a plurality of intracranial pressure (ICP) pulse
and electrocardiogram (ECG) sensors; processing said intrac-
ranial pressure pulse data with a computer, comprising: clus-
tering said pulse data to produce a plurality of dominant
pulses; validating said dominant pulses to eliminate false
dominant pulses; detecting at least one subcomponent peak
within said dominant pulses; designating final peaks and met-
rics of said dominant pulses; and analyzing said designated
peaks and metrics; comparing said analyzed and designated
peaks and metrics of the patient with analyzed and designated
intracranial pressure pulse peaks and metrics of one or more
previous patients; and predicting possible physiological con-
ditions and events of the patient from said comparison of said
peaks and metrics.

[0104] 19. A method as recited in embodiment 18, further
comprising: recording final intracranial pressure pulse peaks
and metrics obtained from intracranial pulse data of a patient
over a course of time; correlating patient symptoms and con-
ditions with said pulse peaks and metrics over said course of
time; and forming a profile of correlated data for comparison
with current patient data.

[0105] 20. A method as recited in embodiment 19, further
comprising: compiling a library of patient profiles; and iden-
tifying patterns of correlated symptoms, pulse peaks and
metrics and time.

[0106] Although the description above contains many
details, these should not be construed as limiting the scope of
the invention but as merely providing illustrations of some of
the presently preferred embodiments of this invention. There-
fore, it will be appreciated that the scope of the present inven-
tion fully encompasses other embodiments which may
become obvious to those skilled in the art. In any appended
claims, reference to an element in the singular is not intended
to mean “one and only one” unless explicitly so stated, but
rather “one or more.” All structural, chemical, and functional
equivalents to the elements of the above-described preferred
embodiments that are known to those of ordinary skill in the
art are expressly incorporated herein by reference and are
intended to be encompassed by the present disclosure. More-
over, it is not necessary for a device or method to address each
and every problem sought to be solved by the present inven-
tion, for it to be encompassed by the present disclosure.
Furthermore, no element, component, or method step in the
present disclosure is intended to be dedicated to the public
regardless of whether the element, component, or method
step is explicitly recited in the claims. No claim element
herein is to be construed under the provisions of 35 U.S.C.
112, sixth paragraph, unless the element is expressly recited
using the phrase “means for.”

What is claimed is:
1. A method for extracting morphological features from
intracranial pressure pulses, comprising:
acquiring intracranial pressure pulse data of a patient from
at least one sensor;
refining the acquired pulse data with a computer and pro-
gramming to produce refined pulse data; and
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determining peaks and metrics from said refined pulse

data.

2. A method as recited in claim 1, wherein said acquired
intracranial pressure pulse data comprises simultaneously
recorded intracranial pressure (ICP) pulse and electrocardio-
gram (ECG) sensor data.

3. A method as recited in claim 1, wherein said refining of
said acquired intracranial pressure pulse data comprises:

segmenting continuously acquired intracranial pressure

pulse data into a sequence of individual intracranial
pressure pulses;

clustering said sequences of segmented pulses to produce a

plurality of refined pulses.

4. A method as recited in claim 3, further comprising:

validating said refined pulses; and

eliminating refined pulses that are not accurate intracranial

pressure pulses.

5. A method as recited in claim 4, wherein said refined
pulses are validated by a singular value decomposition algo-
rithm.

6. A method as recited in claim 4, wherein said validation
of said refined pulses comprises correlating said refined
pulses with a library of previously validated ICP pulses.

7. A method as recited in claim 1, further comprising:

selecting a final refined pulse from said refined pulses for

analysis using an nonlinear regression model.

8. A method as recited in claim 1, further comprising:

comparing said determined peaks and metrics from said

refined intracranial pressure pulse data of a patient with
a library of peak and metric profiles of prior patients.

9. A method as recited in claim 1, further comprising:

recording pulse peak and metric data over time for a plu-

rality of patients;

correlating said pulse peak and metric data with physical

and symptom data of each patient to produce a profile;
forming a reference library of patient profiles; and
comparing pulse peak and metric data of a current patient

with patient profiles in said library of patient profiles.

10. A method for extracting morphological features from
intracranial pressure pulses, comprising:

obtaining intracranial pressure pulse data of a patient from

a sensor; and

processing said pressure pulse data with a computer, com-

prising:

clustering said pulse data to produce a plurality of domi-
nant pulses;

validating said dominant pulses to eliminate false domi-
nant pulses;

detecting at least one subcomponent peak within said
dominant pulses;

designating final peaks and metrics of said dominant
pulses; and

analyzing said designated peaks and metrics.

11. A method as recited in claim 10, further comprising
segmenting continuously obtained intracranial pressure pulse
data into a sequence of individual intracranial pressure
pulses.

12. A method as recited in claim 10, wherein said obtained
intracranial pressure pulse data comprises simultaneously
recorded intracranial pressure (ICP) pulse and electrocardio-
gram (ECG) sensor data.

13. A method as recited in claim 10, wherein said valida-
tion of said dominant pulses comprises comparing said domi-
nant pulses with a library of previously validated ICP pulses.
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14. A method as recited in claim 10, further comprising:

clustering said dominant pulses to provide a set of clustered

dominant pulses to be used for peak detection.

15. A method as recited in claim 10, wherein said designa-
tion of said final peaks comprises using a Gaussian prior of
the distribution of each peak to designate at least one final
peak.

16. A method as recited in claim 1, wherein said designa-
tion of said final peaks comprises using a nonlinear regression
model.

17. A method as recited in claim 10, further comprising:

monitoring said peaks and metrics obtained from said

intracranial pulse data of a patient over a course of time;
and

comparing said peaks and metrics data with library of

peaks and metrics to identify patterns of peaks and met-
rics.

18. A method for extracting morphological features from
intracranial pressure pulses for patient treatment, comprising:

acquiring intracranial pressure pulse data from a patient

from a plurality of intracranial pressure (ICP) pulse and
electrocardiogram (ECG) sensors;

processing said intracranial pressure pulse data with a

computer, comprising:

clustering said pulse data to produce a plurality of domi-

nant pulses;
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validating said dominant pulses to eliminate false domi-
nant pulses;
detecting at least one subcomponent peak within said
dominant pulses;
designating final peaks and metrics of said dominant
pulses; and
analyzing said designated peaks and metrics;
comparing said analyzed and designated peaks and metrics
of the patient with analyzed and designated intracranial
pressure pulse peaks and metrics of one or more previ-
ous patients; and
predicting possible physiological conditions and events of
the patient from said comparison of said peaks and met-
rics.
19. A method as recited in claim 18, further comprising:
recording final intracranial pressure pulse peaks and met-
rics obtained from intracranial pulse data of a patient
over a course of time;
correlating patient symptoms and conditions with said
pulse peaks and metrics over said course of time; and
forming a profile of correlated data for comparison with
current patient data.
20. A method as recited in claim 19, further comprising:
compiling a library of patient profiles; and
identifying patterns of correlated symptoms, pulse peaks
and metrics and time.
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