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(57) ABSTRACT

The systems, devices, and methods described herein provide
for the estimation and monitoring of cerebrovascular system
properties and intracranial pressure (ICP) from one or more
measurements or measured signals. These measured signals
may include central or peripheral arterial blood pressure
(ABP), and cerebral blood flow (CBF) or cerebral blood flow
velocity (CBFV). The measured signals may be acquired
noninvasively or minimally-invasively. The measured signals
may be used to estimate parameters and variables of a com-
putational model that is representative of the physiological
relationships among the cerebral flows and pressures. The
computational model may include at least one resistive ele-
ment, at least one compliance element, and a representation
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SYSTEMS, DEVICES AND METHODS FOR
NONINVASIVE OR MINIMALLY-INVASIVE
ESTIMATION OF INTRACRANIAL
PRESSURE AND CEREBROVASCULAR
AUTOREGULATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application No. 61/095,892, filed Sep. 10, 2008, the
contents of which are incorporated herein by reference in
their entirety.

GOVERNMENT CONTRACTS

[0002] The U.S. Government has a paid-up license in this
invention and the right in limited circumstances to require the
patent owner to license others on reasonable terms as pro-
vided for by the terms of Contract No. R01-EB001659
awarded by the National Institutes of Health via the National
Institute of Biomedical Imaging and Bioengineering.

BACKGROUND

[0003] Theinvention relates to the field of systems, devices
and methods for noninvasive or minimally-invasive estima-
tion of cerebrovascular parameters and variables. More par-
ticularly, this invention relates to the field of systems, devices,
and methods for estimating intracranial pressure (ICP), cere-
brovascular resistance, cerebrovascular compliance, and
cerebrovascular autoregulation.

[0004] Stroke and traumatic brain injury (TBI) rank among
the top healthcare challenges faced today. About 800,000
Americans suffer a new or recurrent stroke each year, and
strokes take 140,000 lives in the U.S. annually, making stroke
the number three cause of death in the U.S., behind only heart
disease and cancer [1]. (Reference numerals listed in square
brackets in this application refer to citations appearing at the
end of the detailed description.) Annually, about 420,000
Americans suffer a traumatic injury to the head, and about
50,000 deaths are attributed to such injuries each year; about
6 million Americans, or 2% of the US population, live with
the effects of TBI [2]. Attention to traumatic head injuries has
increased recently, as about 15-28% of U.S. soldiers returning
from Iraq report some degree of head injury that resulted in
either loss of consciousness or altered mental status [3,4].
Recent evidence in animal models suggests that even low-
level blast injuries raise ICP and impair cognitive function
[5]. This is an important finding, as the majority of service-
men and women reporting brain injury suffer from mild trau-
matic brain injury, in which ICP is currently not monitored
[4].

[0005] Brain tissue is highly vulnerable to unbalanced oxy-
gen supply and demand. A few seconds of oxygen deficit may
trigger neurological symptoms, and sustained oxygen depri-
vation over a few minutes results in severe and often irrevers-
ible brain damage. Normally, brain tissue is protected from
injury by its exquisite ability to modulate cerebral blood flow
to match oxygen demand, primarily by modulating the resis-
tance of the cerebrovascular bed. This autoregulatory ability,
however, can be critically impaired due to brain damage (e.g.,
stroke or traumatic brain injury), putting such patients at great
risk of serious further brain injury. The rapid dynamics
coupled to the potential for severe injury necessitates con-
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tinuous, and ideally non-invasive, cerebrovascular monitor-
ing, at least in the populations at greatest risk for developing
brain injury.

[0006] Monitoring the cerebrovascular state of a patient, or
an animal, suffering from cerebrovascular accident or dis-
ease—such as stroke, cerebral hemorrhage, TBI or hydro-
cephalus—requires assessing the cerebrovascular system’s
ability to regulate a desired blood supply. Cerebral blood flow
depends on arterial blood pressure (ABP) and ICP as well as
cerebrovascular parameters, such as cerebrovascular resis-
tance and cerebrovascular compliance. Specifically, the dif-
ference of ABP and ICP is termed cerebral perfusion pressure
(CPP), and constitutes the driving pressure for cerebral blood
flow. As a consequence, monitoring of ICP, cerebrovascular
parameters and autoregulation is central to diagnosis, track-
ing of disease progression, and titration of therapy for a range
of conditions involving cerebral pathophysiology.

[0007] Monitoring ICP in current clinical practice requires
penetration of the skull and insertion ofa catheter or pressure
sensor into the ventricular or parenchymal space [24]. Thus
current methods for monitoring ICP are significantly inva-
sive, and are therefore reserved for only the most severe of
cases. Other measurement methods based on lumbar punc-
ture are also used in clinical practice; however, in addition to
being invasive, these methods pose a risk of herniation of the
brain stem in patients suffering from intracranial hyperten-
sion. The invasiveness of current methodologies for the mea-
surement of ICP results in such measurements being taken
only in patients at highest risk of developing intracranial
hypertension and associated compromised cerebral blood
flow. Thus, the current ICP monitoring paradigm excludes a
large patient pool that can potentially benefit from such moni-
toring, such as those suffering from or suspected of suffering
from mild traumatic brain injury. Therefore, there is a strong
need for noninvasive or minimally-invasive methods and sys-
tems for estimating and monitoring ICP and cerebrovascular
autoregulation.

[0008] Research and development efforts related to nonin-
vasive or minimally-invasive estimation of ICP and autoregu-
lation have been disclosed in the scientific literature and
patent descriptions, particularly over the last decade [9-15].
None of these approaches, however, has all of the following
desirable features: ability to estimate ICP, hence CPP; ability
to estimate cerebrovascular resistance and compliance,
thereby permitting an assessment of autoregulation; ability to
estimate these variables and parameters continuously, at beat-
to-beat temporal resolution, and in real time; minimally or
non-invasively; at the patient’s bedside; without reference to
patient- or population-specific data; ability to exploit funda-
mental physiological relationships rather than empirical or
statistical associations; without the need for any calibration;
and at high fidelity.

[0009] Furthermore, the portion of the literature addressing
cerebrovascular autoregulation has typically been handi-
capped by the lack of a noninvasive ICP estimate, and has
therefore had to substitute ABP for CPP in assessing auto-
regulation. This presents a serious methodological deficiency
for existing indices of autoregulation.

[0010] Non-invasive and continuous estimation of ICP will
have impact at three levels. First, it will save patients from the
associated risks and complications. Second, it will open up
the possibility for use in many other scenarios where ICP
monitoring would improve care, but is currently avoided
because of the highly invasive nature of available methods.
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For instance, the somewhat arbitrary boundaries that pres-
ently distinguish between mild, moderate and severe TBI
could perhaps be clarified [8]. Given the brain’s sensitivity to
even short disruptions in oxygen supply, continuous tracking
of ICP and vascular autoregulatory capacity seem indicated
for diagnosis and monitoring of mild TBI. Another example
might be the monitoring and programming of CSF shunts in
chronic hydrocephalus patients. Third, non-invasive ICP esti-
mation could be informative in a still broader population
where elevated ICP may be involved in the pathophysiologi-
cal pathways, possibly even in such common conditions as
migraine (where studies indicate a correlation between
intracranial hypertension and migraine involving bilateral
transverse sinus stenosis [27]) and chronic daily headache
[28].

SUMMARY

[0011] Thesystems, devices, and methods described herein
in various embodiments provide non-invasive, continuous,
real-time estimates of intracranial pressure, cerebrovascular
resistance, and cerebrovascular compliance, thus allowing an
assessment of cerebrovascular autoregulation.

[0012] Thesystems, devices, and methods described herein
include processes for estimating and monitoring cerebrovas-
cular system properties and ICP as functions of time from one
or more measurements or measured signals. These measured
signals may include central or peripheral arterial blood pres-
sure (ABP), and cerebral blood flow (CBF) or cerebral blood
flow velocity (CBFV). Furthermore, these measured signals
may be acquired noninvasively or minimally-invasively. As
described herein, the measured signals are used in combina-
tion with a computational model that represents the physi-
ological relationships among cerebrovascular flows and pres-
sures. In some embodiments, the computational model
includes at least one resistive element, at least one compliance
element, and a representation of ICP.

[0013] The systems, devices and methods described herein
could operate on minimally- or noninvasive measurements
taken from a patient, e.g., cuff-based ABP measurements
taken from a patient’s extremity, and ultrasound-based cere-
bral blood flow (CBF) or cerebral blood flow velocity
(CBFV) measurements taken at the level of a cerebral artery,
and may provide continuous estimates, i.e., consecutive esti-
mates, with each estimate corresponding to one cardiac cycle
in a consecutive sequence (or a beat-by-beat estimate), in
real-time to be displayed on the display of a patient monitor.
[0014] In one aspect, the invention relates to a method for
estimating ICP, based atleast in part on estimating parameters
and variables of a computational model. The method includes
a processor receiving ABP measurements and at least one of
CBF measurements and CBFV measurements. The method
further includes the processor computing an estimate of ICP
based at least in part on estimating the parameters and the
variables of the computational model and the received mea-
surements. The computational model represents the physi-
ological relationships among cerebrovascular flows and pres-
sures and includes at least one resistive element and at least
one compliance element and a representation of ICP.

[0015] In some embodiments, the processor may compute
the estimates based at least in part on minimizing an error
criterion such as least-squared error. In some embodiments,
the processor does not receive patient-specific and/or popu-
lation-specific data.
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[0016] Insome embodiments, the processor also computes
an estimate of at least one of a cerebrovascular resistance and
a cerebrovascular compliance. In some embodiments, the
processor may use the estimated cerebrovascular compliance
to compute an estimate of a blood flow through the cere-
brovascular resistance. In some embodiments, the parameters
and the variables of the computational model are computed at
least once per cardiac cycle. In some embodiments, the
parameters and the variables of the computational model are
estimated using a data window of a pre-specified size. The
size may be any suitable fraction of the length of a cardiac
cycleor beat, e.g., 12 to Y20 of a beat, or any suitable multiple
of the length of a cardiac cycle, e.g., 1, 2,3, 5, 10, 15, 20 or 30
beats.

[0017] Insome embodiments, the processor computes esti-
mates of the parameters and the variables using a two-stage
algorithm. The processor may compute estimates of a cere-
brovascular compliance in a first stage of the two-stage algo-
rithm, and may compute estimates of at least one of a cere-
brovascular resistance and ICP in a second stage of a two-
stage algorithm.

[0018] Inasecond aspect, the invention relates to a method
for estimating a cerebrovascular resistance based at least in
part on estimating parameters and variables of a computa-
tional model. The method includes a processor receiving ABP
measurements and at least one of CBF measurements and
CBFV measurements. The method further includes the pro-
cessor computing an estimate of the cerebrovascular resis-
tance based at least in part on estimating the parameters and
the variables of the computational model and the received
measurements. The computational model represents the
physiological relationships among cerebrovascular flows and
pressures and includes at least one resistive element and at
least one compliance element and a representation of ICP. In
some embodiments, the processor also computes an estimate
of at least one of ICP, a cerebrovascular compliance, and an
assessment of cerebrovascular autoregulation.

[0019] In a third aspect, the invention relates to a method
for estimating a cerebrovascular compliance based at least in
part on estimating parameters and variables of a computa-
tional model. The method includes a processor receiving ABP
measurements and at least one of CBF measurements and
CBFV measurements. The method further includes the pro-
cessor computing an estimate of the cerebrovascular compli-
ance based at least in part on estimating the parameters and
the variables of the computational model and the received
measurements. The computational model represents the
physiological relationships among cerebrovascular flows and
pressures and includes at least one resistive element and at
least one compliance element and a representation of ICP. In
some embodiments, the processor also computes an estimate
of at least one of ICP, a cerebrovascular resistance, and an
assessment of cerebrovascular autoregulation.

[0020] In a fourth aspect, the invention relates to a device
for estimating at least one of a cerebrovascular compliance, a
cerebrovascular resistance, ICP and an assessment of cere-
brovascular autoregulation, based at least in part on estimat-
ing parameters and variables of a computational model. The
device includes a processor, a memory in communication
with the processor, and a display in communication with the
processor. The processor is configured to receive ABP mea-
surements, receive at least one of CBF measurements and
CBFV measurements, and compute an estimate of at least one
of the cerebrovascular compliance, the cerebrovascular resis-
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tance, ICP and the assessment of cerebrovascular autoregu-
lation. This estimate is computed based at least in part on
estimating the parameters and the variables of the computa-
tional model and the received measurements. The computa-
tional model represents the physiological relationships
among cerebrovascular flows and pressures and includes at
least one resistive element and at least one compliance ele-
ment and a representation of ICP. The memory is configured
to store at least one of the received measurements and the
computed estimate. The display is configured to display an
estimate of at least one of cerebrovascular compliance, cere-
brovascular resistance, ICP and cerebral autoregulation.
[0021] Insomeembodiments, the device further includes a
sensing device in communication with the processor for sens-
ing the ABP measurements. This sensing device may include
one of an arterial catheter, a tonometry sensor, a sphygmo-
manometer sensor, and a photoplethysmography sensor.
[0022] TInsomeembodiments, the device further includes a
sensing device in communication with the processor for sens-
ing at least one of the CBF measurements and the CBFV
measurements. This sensing device may include an ultra-
sound sensor, e.g., a Doppler-based device.

[0023] Insomeembodiments, the device further includes a
signal quality processor in communication with the proces-
sor. The signal quality processor is configured to assess the
quality of the received measurements. Optionally, the signal
quality processor is configured to remove unwanted portions
of the received measurements. The unwanted portions may
include noise and artifact.

[0024] Insomeembodiments, the device further includes a
smoothing processor configured to filter the computed esti-
mate. The filter may include a median filter.

[0025] In this application, embodiments will be described
in reference to the estimation of one or more cerebrovascular
parameters or variables using one or more computational
models that represent physiological relationships among
cerebrovascular flows and pressures. It is to be understood
that the systems and methods discussed herein are applicable
to systems, devices, and methods in which other computa-
tional models may be employed, or to applications in which
the other physiological parameters or variables are estimated
using computational models.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] The invention description below refers to the
accompanying drawings, of which:

[0027] FIG. 1 is a block diagram of a medical device for
estimating cerebrovascular parameters and variables, accord-
ing to an illustrative embodiment;

[0028] FIG. 2 is a process flow diagram of a process for
estimating cerebrovascular parameters and variables, accord-
ing to an illustrative embodiment;

[0029] FIG.3A illustrates cerebral circulation in humans as
illustrated in Human Anatomy, Martini et al. [31];

[0030] FIG. 3B illustrates a physiologic compartmental
view of the intracranial space as illustrated in Ursino et al.
(20];

[0031] FIGS. 4A and 4B illustrate computational circuit-
analog models of cerebrovascular dynamics, according to an
illustrative embodiment;

[0032] FIG. 5 illustrates representative CBF and ABP
waveforms used to estimate cerebrovascular compliance,
according to an illustrative embodiment;
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[0033] FIG. 6 is a process flow diagram of an estimation
algorithm for estimating cerebrovascular parameters and
variables. according to an illustrative embodiment;

[0034] FIG. 7 illustrates comparisons of estimates of ICP
with actual ICP measurements for two patients, according to
an illustrative embodiment; and

[0035] FIG. 8 illustrates the use of cerebrovascular resis-
tance estimates along with ICP estimates to obtain an assess-
ment of cerebrovascular autoregulation for the second patient
of FIG. 7, according to an illustrative embodiment.

DETAILED DESCRIPTION

[0036] To provide an overall understanding of the inven-
tion, certain illustrative embodiments will now be described.
However, it will be understood by one of ordinary skill in the
art that the methods described herein may be adapted and
modified as appropriate for the application being addressed,
and that the systems, devices, and methods described herein
may be employed in other suitable applications, and that such
other additions and modifications will not depart from the
scope hereof.

Introduction

[0037] Applicants’ approach is based on using a computa-
tional model of the cerebrovascular and/or intracranial
dynamics, in which the model parameters have physiological
relevance. Over the past few decades, several such models
have been proposed and studied in the literature [17-23].
Applicants have adapted the well-established model by
Ursino and Lodi [20] by making necessary modifications to
represent the pulsatile nature of the variables captured in the
computational model. These modifications allow for the
exploitation of both the intra-beat and beat-to-beat waveform
variations, as will be described further in reference to FIGS. 3
and 4.

[0038] Thesystems,devices, and methods described herein
allow for the estimation and monitoring of cerebrovascular
system properties and ICP from one or more measurements or
measured signals [16]. These measured signals may include
central or peripheral ABP, and CBF or CBFV. The measured
signals may be acquired noninvasively or minimally-inva-
sively. The measured signals are used in combination with a
computational model that represents the physiological rela-
tionships among cerebrovascular flows and pressures. The
computational model used for the estimates includes at least
one resistive element, at least one compliance element, and a
representation of ICP.

[0039] Applicants’ approachis advantageous as Applicants
represent the cerebrovascular dynamics (i.e., relationships
between cerebrovascular flows and pressures) by a computa-
tional model that is compact (i.e., reduced-order or containing
only a few elements), yet physiologically meaningful. In
some embodiments, Applicants’ approach includes an esti-
mation algorithm that exploits the intra-beat (i.e., within each
beat) and inter-beat (i.e., beat-to-beat) features of the received
ABP and CBF velocity waveforms, to compute estimates of
one or more parameters of the computational model. Appli-
cants’ estimation algorithm takes into account artifacts,
uncertainty, and noise in the received measurements while
providing beat-by-beat estimates of one or more of ICP, cere-
brovascular resistance, and cerebrovascular compliance. The
estimation algorithm may include one or two stages as
described further in relation to FIGS. 2 and 6.
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[0040] In some embodiments, a known or fixed computa-
tional model is used that requires neither any training nor
learning, nor externally supplied patient-specific or popula-
tion-based parameters. This computational model is gener-
ally (1) a simple, compact representation of cerebrovascular
physiology, (2) obtained from a detailed physiologically
based model via multi-scale analysis (i.e., time-scale separa-
tion), hence retaining the physiological interpretability of
parameters and variables, and (3) represents the pulsatile
nature (intra-beat dynamics) of the cerebrovascular pressures
and flows. Inter alia, these features provide significant advan-
tages as described with respect to the illustrative embodi-
ments of FIGS. 1-8. In particular, the computational model
allows for estimation of all the model parameters, instead of
a single empirical relationship between a desired quantity and
the measurements. In some embodiments, the intra-beat fea-
tures and beat-to-beat features are extracted from the received
measurements to provide, in real-time, estimates of one or
more unknown quantities from the following set: ICP, cere-
brovascular resistance, cerebrovascular compliance, and
cerebrovascular autoregulation.

[0041] The quality of the estimates thus obtained is gener-
ally independent of the length of the measured signal or
measurement signal history in a particular patient. This is
because the Applicants’ estimation algorithm based on the
computational model does not need to learn or train on exten-
sive patient-specific data or data from a population of
patients. Furthermore, theuse of a short sliding window in the
Applicants’ algorithm allows close tracking of the temporal
variations in cerebrovascular parameters and variables.
[0042] Tllustrative embodiments will now be described in
reference to FIGS. 1-8.

[0043] FIG. 1 is a block diagram of a cerebrovascular
parameter and variable estimation device 100, according to an
illustrative embodiment. Such a device may be part of a
patient monitoring system, e.g., a bed-side monitor. Device
100 includes one or more sensing devices 102, a processing
unit 104, a memory 106, e.g., Read-Only Memory (ROM), a
display 108, and a user interface 110. The processing unit
may include one or more processors, including a signal qual-
ity processor, a computation processor, an extraction proces-
sor, and a smoothing processor. Each of these processors may
be in communication with one another and with one or more
of memory 106, sensing devices 102, display 108, and user
interface 110. Sensing devices 102 may include one or more
invasive or noninvasive devices. Memory 106 may include
any form of persistent storage, e.g., a hard drive, flash
memory, etc. Furthermore, memory 106 may be a local
memory or a memory attached to a network accessible to the
processing unit 104.

[0044] Processing unit 104 operates on measurements that
are either received from sensing devices 102, or stored in
memory 106. The received measurements may include ABP
measurements, and CBF or CBFV measurements. Thus,
sensing devices 102 may include a sensing device for mea-
suring ABP. Such a sensing device could include a minimally-
invasive arterial catheter, or a minimally-invasive or nonin-
vasive sphygmomanometer sensor, tonometric sensor, or
photoplethysmographic sensor, each of which would be con-
figured to measure ABP. The blood pressure may be measured
at any suitable central or peripheral artery in the cardiovas-
cular system.

[0045] In clinical environments, ABP is generally mea-
sured continuously by a Finapres (Portapres, Finometer)
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device on the finger or by a radial-artery catheter, while
CBFV is generally measured by transcranial Doppler (TCD)
focused, for example, on the middle cerebral artery (MCA).
Assuming that the radius or cross-sectional area of the MCA
varies relatively little, the velocity can be converted into
regional CBF by multiplying the mean flow by the cross-
sectional area of the artery. The ABP and CBF or CBFV
signals are typically sampled at a rate high enough to capture
essential intra-beat morphological features of each wave-
form. In some embodiments, the measured arterial blood
pressure may be received by processing unit 104 as samples
of a continuously measured arterial blood pressure sampled at
an appropriate frequency, e.g., 20 Hz-250 Hz. Generally, a
sampling rate of 100 Hz or greater is used. Alternatively, or
additionally, the measured arterial blood pressure may be
received as discrete samples of systolic, diastolic, or mean
arterial blood pressure.

[0046] Processing unit 104 operates on measurements in
accordance with computer-executable instructions loaded
into memory 106. The instructions will ordinarily have been
loaded into the memory 106 from local persistent storage in
the form of, say, a disc drive with which the memory 106
communicates. The instructions may additionally, or instead,
be received by way of user interface 110. The system may also
receive user input from user interface 110 via user input
devices such as a keyboard, mouse, or touch-screen.

[0047] In operation, processing unit 104 computes esti-
mates of at least one of ICP, cerebrovascular resistance, cere-
brovascular compliance, and an assessment of cerebrovascu-
lar autoregulation, based at least in part on estimating the
parameters and the variables of a computational model and
the received measurements. The computational model is rep-
resentative of the relationships among cerebrovascular flows
and pressures as described in reference to FIGS. 2, 3A, and
3B, and includes at least one resistive element and at least one
compliance element and a representation of ICP. The com-
puted estimates, e.g., cerebrovascular resistance or ICP, may
be displayed on display 108. The computed and displayed
estimates may be relative or absolute. For instance, in some
embodiments, the radius or cross-sectional area of the cere-
bral artery is known or estimated, and the computed estimates
are thus absolute. In other embodiments, however, the radius
or cross-sectional area of the cerebral artery is not known, and
the computed estimates may be relative estimates, 1.e., esti-
mates that need to be scaled (by the radius or cross-sectional
area of the cerebral artery, for example) in order to yield a
calibrated or absolute estimate. In some embodiments, ICP is
obtained without the need for scaling.

[0048] FIG.2isaprocess flow diagram 200 including steps
suitable for estimating one or more cardiovascular parameters
and variables using a computational model, according to an
illustrative embodiment. This process may be implemented
on processing unit 104 of FIG. 1. The steps shown in FIG. 2
are only illustrative and in general may be performed in any
order. In addition, some of the steps shown in FIG. 2 may be
optional.

[0049] With continued reference to FIGS. 1 and 2, process-
ing unit 104 may receive ABP measurements (202) and/or
CBF or CBFV measurements (204). These measurements
may be pre-processed by an extraction processor and/or a
computation processor that is part of processing unit 104
(205). The signal quality of the received measurements may
also be assessed by a signal quality processor that is part of
processing unit 104 (206). In some embodiments, the
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received measurements, which may have been sampled at
different rates (e.g., 20 Hz, 30 Hz, 50 Hz, or 70 Hz), may be
re-sampled at a higher rate (e.g., 120-250 Hz) by the extrac-
tion processor. This re-sampling may be advantageous as it
may aid the detection of the onset times and/or other intra-
beat features of the ABP, CBF, or CBFV measurements.
Those skilled in the art will realize that the re-sampling fre-
quency may be any suitable frequency.

[0050] In some embodiments, to remove noise, such as
electromagnetic interference (EMI) or sampling and/or quan-
tization noise, the signal quality processor may be configured
1o implement a low-pass FIR filter with cut-off frequency of
0.75-40 Hz, preferably 16 Hz. Those skilled in the art will
realize that this cut-off frequency may be any suitable fre-
quency. In some embodiments, the signal quality processor
may automatically assess the quality of the received ABP,
CBF, and CBFV measurements by classifying the received
measurements into data segments with noise, data segments
with artifact, and data segments in which no measurements
were recorded. These labels may be combined to form a
signal quality metric for use in an estimation algorithm for a
computation model as described further in reference to FIGS.
4A-6.

[0051] With continued reference to FIGS. 1 and 2, the com-
putation processor of the processing unit 104 may use an
estimation algorithm to compute parameters and variables
(208) of this computational model as described further in
reference to FIGS. 4A-6. Finally, the processing unit commu-
nicates with the display 108 and displays one or more of
estimates of an ICP, a cerebrovascular resistance, cerebrovas-
cular compliance, and an assessment of autoregulation (210).

The Cerebrovascular Circulation in Humans

[0052] FIG. 3A illustrates the cerebral circulation in
humans as illustrated in Human Anatomy, Martini et al. [31],
while FIG. 3B illustrates a physiologic compartmental view
of the intracranial space as illustrated in Ursino et al. [20].
[0053] 1InFIGS. 3A and 3B, important blood vessels carry-
ing blood to cerebral tissue and the path of formation and
re-absorption of cerebrospinal fluid (CSF) are shown, where
ICP (p,.) indicates the CSF pressure in the cranial space.
Perfusion to the brain directly depends on ABP, ICP, and the
physical properties of the cerebral vasculature (resistance and
compliance). For example, an asymmetry between the left
and right hemispheres, as picked up from the estimates of
resistance of the right and left middle cerebral artery territo-
ries, might be indicative of a unilateral stroke. There is also
growing evidence suggesting that many pre-term neonates
lack a fully developed cerebral vasculature and hence the
ability to regulate cerebral blood supply [29-30]. Monitoring
of resistance and compliance of the cerebrovascular blood
vessels can prove useful in such cases.

[0054] Since venous pressure (p,,) is typically lower than
ICP, ICP establishes the downstream pressure for perfusion
through the cerebral vasculature. Cerebral perfusion pressure
(CPP) is thus defined as the difference between arterial blood
pressure (p,,) and ICP. Dividing CPP by the cerebral blood
flow (CBF) yields the effective resistance of the cerebral
vasculature. An increase in ICP accordingly can cause a
decrease in CPP and a consequent drop in CBE, if the resis-
tance does not vary significantly. The drop in CBF can jeop-
ardize tissue oxygenation. Second, even when CBF may not
drop dangerously low due to an active autoregulation, an
elevated ICP can still cause compression of the brain tissue,
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neural damage and ultimately brain herniation and brain
death. Finally, abundant evidence suggests that sustained
elevation of ICP is associated with a poor prognosis and
outcome [6]. Hence, in order to track the cerebrovascular
state of a patient and guide therapy, it is critical to monitor
ICP.

[0055] The importance of ICP monitoring to critical care in
neurological injury is well-established [8]. Medical guide-
lines for TBI patients, for example, require maintaining ICP
below 20-25 mmHg and CPP between 50 and 70 mmHg [8].
Typical therapy for treating high ICP includes hyperventila-
tion, head-up positioning, administration of drugs such as
osmotic diuretics and corticosteroids, drainage of cerebrospi-
nal fluid (CSF), or even surgical relief of pressure through
craniectomies [8].

[0056] Normal ICP is 10-15 mmHg in adults [7]. However,
in a variety of pathological conditions (cerebral edema, brain
tumor, intracranial hemorrhage, hydrocephalus, sagittal sinus
thrombosis, to mention a few), ICP can rise dramatically
beyond these normal values. In all such conditions, compro-
mised blood supply to the brain tissue can rapidly result in
loss of neuro-cognitive function, and ultimately irreversible
cerebral damage.

[0057] Applicants will now describe computational models
of cerebrovascular dynamics with reference to FIGS. 4A and
4B. These models may be used with the estimation algorithm
described in relation to FIG. 6 to produce estimates of param-
eters and variables, e.g., ICP in the computational models as
shown in FIGS. 7-8.

Computational Models

[0058] FIGS. 4A and 4B illustrate computational circuit-
analog models 400 and 450 of cerebrovascular dynamics,
according to an illustrative embodiment. FIG. 4A shows a
computational model 400 proposed by the Applicants [16]
based at least in part on a well known lumped-parameter
model of the cerebrovascular system first proposed by Ursino
et al. [20]. Computational model 400 is relatively simple, yet
captures the key dynamics of the cerebrovascular system.
Computational model 400 is drawn in terms of an electrical
circuit analog, in which current represents blood flow, and
voltage represents pressure. The resistance to flow and com-
pliance of the blood vessels are represented by their respec-
tive electrical analogs, resistors and capacitors. CSF forma-
tion/outflow pathways are similarly represented by resistors.
The diode symbols indicate the unidirectional flows, and the
current source represents any external injection of fluid into
(or removed from) the intracranial space. The autoregulatory
mechanism is indicated by the controlled (and time-varying)
cerebrovascular compliance C, and cerebrovascular resis-
tance R,. Finally, intracranial compliance represents the
capacity of the intracranial space to accommodate CSF vol-
ume, mainly due to elasticity of the brain tissue and compres-
sion of the blood vessels.

[0059] Pressure atthe inletof amain artery into the cerebral
section—right or left middle cerebral artery (MCA), for
example—is represented as p (t) and is assumed to be almost
the same as systemic arterial pressure. CBF is represented as
the pulsatile flow input q(t) to the computational model 400.
In some embodiments, CBFV may be used as an input to the
computational model 400 instead of, or in addition to, CBF
q(t). The arterial-arteriolar segment is represented by a single
cerebrovascular compliance, C,,, mainly due to large arteries,
and a single cerebrovascular resistance, R, for both large and
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small arteries and arterioles. Hence, the cerebrovascular
resistance and cerebrovascular compliance are “lumped-pa-
rameters” of the computational model. Both C, and R, are
modeled as slowly time-varying computational model
parameters that can be used to assess cerebrovascular auto-
regulation. ICP, labeled as p,(t) in model 400, acts as the
downstream pressure for the flow path, a consequence of the
Starling resistor mechanism causing the cerebral veins to
collapse in the region where ICP exceeds venous pressure. In
terms of parameter estimation using computational model
400, the systems, devices, and methods disclosed herein
allow for the estimation of one or more of ICP 420 (p,.(1)),
cerebrovascular resistance R, and cerebrovascular compli-
ance C_, using measurements of the ABP signal p,(t) and the
CBEF signal q(t).

[0060] In the computational model 400 of FIG. 4A, the
venous space is divided into two cerebrovascular resistances,
R, and R, respectively, to distinguish proximal veins from
the collapsible lateral lacunae and bridge veins. The compu-
tational model 400 assumes that the last section of the venous
system is collapsed and that therefore cerebral venous pres-
sure 1s almost equal to the pressure external to the veins,
namely ICP, i.e., p,=p,,.. Furthermore, the resistances R ,, and
R, are kept constant since they play no role inautoregulation.
Venous compliance is ignored in the computational model
400. Pressure at the venous sinus is denoted as constant p,.
CSF formation occurs at the capillaries and is captured by a
unidirectional flow with a high resistance R, while CSF reab-
sorption or outflow is represented by a cerebrovascular resis-
tance R at the level of large veins. R is also large compared
to R,,. ICP is denoted by p,.(t) 420 and the cerebrovascular
compliance of the intracranial space is denoted as C,_. This
compliance C,, is a strong function of ICP, p, (1) 420.

[0061] Applicants modified the model in [20] so as to con-
struct a computational model 400 that captures the pulsatile
(as opposed to cycle-averaged or averaged) dynamics of the
cerebrovascular system. In this manner, parameters and vari-
ables of computational model 400 now assume instantaneous
values rather than averaged values, and averages based on
running windows may be computed for the cerebrovascular
pressures and flows, and may be used to update the cere-
brovascular resistance R , and cerebrovascular compliance C,
at every beat in the window. Applicants also modified the
model in [20] so as to define an input flow q(t) to the model as
arepresentative measurement of CBF, instead of flow through
R, as defined in [20]. Note that in this disclosure cerebrovas-
cular resistance is denoted R, or R, while cerebrovascular
compliance is denoted C, or C.

[0062] With the limited availability of clinical measure-
ments, it is not possible to reliably estimate all the model
parameters in computational model 400. Moreover, all the
parameters of model 400 do not need to be estimated—only
those that are relevant to ICP p, (t), cerebrovascular resis-
tance R,, and cerebrovascular compliance C,. Therefore,
Applicants performed a model reduction of the computa-
tional model FIG. 4A to obtain the computational model 450
shown in FIG. 4B.

[0063] To propose and construct computational model 450,
Applicants made two main observations regarding computa-
tional model 400. First, a physiologically-inspired separation
of time-scales is possible between the blood flow and the CSF
flow dynamics, because the latter occur at a very slow rate (at
least by two orders of magnitude), since the resistance of the
CSF formation pathway is at least three orders of magnitude
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higher than the arterial-arteriolar resistance R,. Therefore,
the flow through this path is negligible compared to arterial
flow over short time windows of a few beats. Similarly, the
resistance of the CSF re-absorption or outflow channels is
much higher than the resistance in the cerebrovascular blood
vessels and can be assumed to be an open circuit. Second, one
can ignore the relatively small intra-beat variability (about 8
mmHg) of ICP compared to that of ABP (about 50 mmHg).
Therefore, when one estimates the incremental volume stored
in the arterial compliance C over a fraction of a beat, the
changes in transmural pressure can be assumed to be only due
to changes in ABP (rather than ABP and ICP).

[0064] These observations may be stated in an alternate
way: model 400 exhibits two time-scales which are signifi-
cantly different, one being on the order of the length of a
cardiac cycle or beat and the other being normally a couple of
orders of magnitude longer. Since Applicants are interested in
analyzing the model 400 at the time-scale of the beat interval,
Applicants safely ignore the slow modes in model 400 to
obtain model 450.

[0065] The computational model 450 may be described by
the following linear time-invariant differential equation,

which forms the basis for the estimation algorithm described
further in reference to FIGS. 5 and 6:

dpa(n dpicy 1 )
a0 = L - PN 20 - i,
[0066] Computational model 450 mimics the behavior of

the larger model 400 reasonably well over time intervals that
are on the order of a cardiac cycle or beat. Since cerebrovas-
cular parameters vary slowly (via regulatory mechanisms),
the coefficients in (1) are assumed to be constant over a beat
period or over an estimation window comprising several con-
secutive beats. However, as the estimation window advances
across the data, the estimates of the parameters in (1) capture
the variation in these cerebrovascular variables. With compu-
tational model 450, only three unknown parameters, namely
ICP 470 p, (t), cerebrovascular resistance R, and cerebrovas-
cular compliance C, need to be estimated using measure-
ments of the ABP signal p (t) and the CBF signal q(t). In some
embodiments, CBFV may be used instead of, or in addition
to, CBF. Note that in this disclosure cerebrovascular resis-
tance is denoted R or R, while cerebrovascular compliance s
denoted C,, or C. Note further that ICP 470 may be estimated
as the pressure downstream of cerebrovascular resistance R,
or as the pressure downstream of the cerebrovascular com-
pliance C. Embodiments will now be described with respect
to estimating ICP 470 downstream of the cerebrovascular
resistance R. Computational model 450 is the basis for the
estimation algorithms described in reference to FIGS. 5 and
6.

Estimation Algorithms for Computational Models

[0067] Using computational model 450 and the corre-
sponding differential equation (1), Applicants estimate one or
more of ICP 420 p, (1), cerebrovascular resistance R, and
cerebrovascular compliance C,_, using received measure-
ments of the ABP signal p ,(t) and the CBF signal q(t). Such an
estimation algorithm may be implemented by configuring
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one or more of the processors in the processing unit 104 of
FIG. 1 to perform the various steps of the estimation algo-
rithm.

Two-Stage Estimation Algorithm

[0068] In some embodiments, given access to an ABP
waveform p,(t) and a CBF waveform q(t) as received mea-
surements, a two-stage estimation algorithm may be used to
estimate model parameters for computational model 450 in
FIG. 4B.

[0069] FIG. 5 illustrates representative cerebrovascular
blood flow q(t) and arterial blood pressure p,(t) measure-
ments used to estimate cerebrovascular compliance C, in the
first stage of the two-stage estimation algorithm. In the sec-
ond stage, cerebrovascular resistance R, and [CP p,_ are esti-
mated.

[0070] With continued reference to FIGS. 4B and 5,
because sharp transitions in p,,(t) 514 induce a large flow into
the cerebrovascular compliance C, and because there is a
comparatively negligible flow through the cerebrovascular
resistance R during such transitions as they occur over short
enough periods, the input flow q(t) 508 in model 450 in FIG.
4B can be attributed primarily to the cerebrovascular compli-
ance during such sharp transitions:

! dp.(D) @)
q(t) ~ G4 7

for t,<t<t,. Assuming t,(510) and t (512) indicate the begin-
ning and end of the sharp transition, respectively, in a particu-
lar beat of ABP waveform p,,(t) (514), one can estimate C,, by
integrating (2) over the transition period to get stored volume
(506), and divide it by the pressure differential between the
beginning and end of the transition:

s 3
f q(ndr
=t

o pa([x) - pa([b).

[0071] This integration process is demonstrated graphi-
cally in FIG. 5. Someone skilled in the art will recognize that
1,(510) and t,(512) need not be chosen to coincide with the
arterial diastolic or systolic pressures, respectively, but may
be chosen as other fiducial markers of rapid transitions in
arterial blood pressure.

[0072] To cope with measurement noise in the received
waveforms, Applicants have also proposed performing a
least-squared error estimate for C, over N consecutive beats,
or a window of size N, of the received measurements, assum-
ing C_ is approximately constant over the window. In general,
N may be any suitable number of beats (e.g., 1.2, 5, 10,15, 21,
31, 61, etc., though odd numbers are sometimes more conve-
nient than even). Re-arranging (3) and collecting N beats of
Ap,(t) and q(t) measurements in a vector gives the following
expression:
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[Apa[n], Apgn+1], ... ,} N Qln], Qln+1], ..., 4)
Apaln+N=1] “ On+N=-1] |
where
1sln] 5)
Qln] = f g(ndi,
tplrl
and
Apgln] = palts[n]) = pa(ts[n]), ©)

and t,[n] and t[n] are appropriately chosen fiducial markers
of sharp transitions in the n” blood pressure wavelet (cycle or
beat). The estimate of C, thus obtained is:

2. Ap,[n1Qin] @

a =

2 (Apq[nl)?

n

[0073] This value Ca (may be attributed to the middle beat,
i.e., the estimate is stored as C,, [n+(N-1)/2] for odd N, and is
generally held constant over the corresponding beat period
T,=t,[n+1]-t,[n]. Advantageously, this method of solution
provides a smoother estimate of C,, than that of (3).

[0074] Using the result of the estimation of C,, as described
above, and again ignoring [CP variations over the duration of
a single beat or estimation window, one can assume the flow
qy(t) through R is given by:

R 5, dps(t) ®)
511([)—51([)_00 ar

[0075] Note that direct computation of the derivative
involved above may accentuate noise in the received ABP
measurements. Assuming that the resistance R, stays con-
stant over the interval of a cardiac cycle or beat, ICP can be
computed using g, (?) as:

Pi(D=pa(D-Raf1 () ©)
[0076] Assuming further that ICP stays approximately con-
stant within a beat, Applicants may estimate R, from (9) using

(1) and p (1) evaluated at two or more time instants t. For
example, by picking t, and t, within a beat, (8) yields

. Pa(t2) = palny) (10)
T ) -0

To reduce sensitivity to the noise in g, (t), it is advantageous to
pick t; and t, to lie near the maximum and minimum of the
ABP waveform so that

dps(1)

0
dr

in (8). With this choice the estimate of R, is minimally-
dependent on the estimate of C,. Re-writing (9) in terms of
beat-to-beat averages now gives the desired estimate for ICP

= .
pic'
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where

Pas Pior 4

indicate the ABP, ICP and q,(t) are averaged over a beat
period.

[0077] To cope with error due to timing jitter in marking the
discrete-time indices in (10), and to improve robustness
against measurement noise, the equation may be solved for
several consecutive beats using a least-squared error crite-
rion, just as was done for the solution of (3) as described
above. This method of solution of a least-squares equation
advantageously provides smoother estimates of R ,, and thus
ICP. In some embodiments, the estimation algorithm may
involve employing a sliding window of N consecutive beats,
computing the estimates as described above, and associating
the estimated values of the parameters and variables to the
time index of the middle beat of the chosen data window. For
instance, to cope with measurement noise, Applicants pro-
pose averaging over a window of observed waveforms. Esti-
mation over a few such collected points can then be set up as
a least-squares solution to the system of equations:

[8q/n].dq[n+1], . . ., dq/mN=-1]|R,=[0p [n],dp,fn+

1], ..., dp,n+N-11], (12)
where
& fn]=x(t2 n])-(t1 fn]), 13)

where x=qorp,, andt,[n]andt,[n] are the time points chosen
in the n™ beat. Again, in one embodiment, the choices for t,
and t, are the local minimum and maximum points within
each beat where

d p, (1)

=0.
dt

Single-Stage Estimation Algorithm

[0078] In some embodiments, given access to an ABP
waveform p_(t) and a CBF waveform q(t) as received mea-
surements, a one-stage or single-stage estimation algorithm
may be used to estimate model parameters for computational
model 450 in FIG. 4B. This approach involves applying a
mod-function approach [32] to identify the model parameters
of computational model 450 in FIG. 4B. By choosing a data
segment of appropriate size, possibly a fraction of the cardiac
beatduration, and integrating the evolution equation (1) of the
reduced-order model over that data segment, with p,.(t)
assumed to be constant, we obtain one equation for the three
unknowns in the estimation problem: C,_, R, and ICP p,.. By
selecting several such segments, one may obtain a system of
equations which can be solved for the three unknown param-
eters/variables by a least-squared error approach, for
example. Someone skilled in the art will recognize that one
can identify the desired parameters through different choices
of data windows or by a different choice of optimization
methods.

Timing Offset Correction

[0079] Since the ABP and CBF or CBFV measurements
may be made at different anatomical sites, there may be an
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unknown timing offset between the pressure and flow wave-
forms. Insome embodiments, this offset may be compensated
for prior to application of any of the estimation algorithms
described herein. For this purpose, the Applicants developed
and implemented a routine that constructs a set of offset
candidates and corresponding estimation results. All the can-
didate results may be displayed, or the algorithm may choose
from among them according to some criterion, for instance to
a minimal dispersion of ICP estimates, and to keep the esti-
mates within a realistic range of values. The offset selection
mechanism could also make use of the physiological relation-
ships that exist between cerebral pressure and flow.

Process Flow Diagram for Two-Stage Estimation Algorithm

[0080] FIG. 6 is a process flow diagram of a two-stage
estimation algorithm for estimating cerebrovascular param-
eters and variables of computational model 450 of FIG. 4,
according to an illustrative embodiment. This process may be
implemented on processing unit 104 of FIG. 1. The steps
shown in FIG. 2 are only illustrative and in general may be
performed in any order. In addition, some of the steps shown
in FIG. 2 may be optional.

[0081] With continued reference to FIGS. 1, 4B, and 6, a
window of pre-determined size length of window is selected,
and a computation loop is initiated by setting the beat index
variable i=1 (602). If the signal quality of beat i is sufficient
for reliably obtaining the parameter and variable estimates
(604), compliance C, for beat k is estimated as described
above in relation to FIG. 5 (606). Flow g, for beat k is then
estimated as described above in relation to FIG. 5 (610).
Resistance R, for beat k (612), and ICP, for beat k (614) are
also estimated. The computed estimates R, C,, and ICP, are
also then displayed (e.g., on display 108) or stored in memory
e.g., memory 106 of FIG. 1 (616). This process is repeated
until estimates of R, C,, and ICP, are obtained for all k beats
in the window (608). If the signal quality of the received
measurements for beat 1 are not sufficient for reliably obtain-
ing the parameter and variable estimates (604), the beat is
skipped and not used in the computation of estimates R, C,,
and ICP,.

[0082] The estimation algorithm described in reference to
FIGS. 5 and 6 allows for continuous beat-by-beat estimates of
the cerebrovascular compliance and cerebrovascular resis-
tance. From these two estimates, we can observe the response
of the cerebral vasculature during the time interval of a drop/
rise in CBFV caused by variations in ABP and/or ICP. This
approach exploits the availability of the ICP estimate, which
can be used to obtain an estimate of CPP. For instance, one can
characterize the status of pressure autoregulation by analyz-
ing the dynamic trends in resistance and compliance at such
episodes of sudden variations in CPP, checking whether these
parameters adjust themselves to keep the desired CBF steady,
and the time-constants of these variations. Variations in CPP
may occur naturally or may be externally induced. An assess-
ment of cerebrovascular autoregulation in this manner aids in
characterizing the injury and recovery process, for example,
in patients of head trauma and stroke.

Estimates of ICP Obtained Using the Estimation Algorithm
)
[0083] Applicants have applied their estimation algorithm

(s) described above to both simulated (described in [16]) and
actual patient data in which the desired measurements (e.g.,



US 2010/0063405 Al

ABP and CBFV) and actual (i.e., invasively obtained) ICP
were available. Inthe results obtained and illustrated in FIGS.
7-9, Applicants applied the algorithms described above to
estimate ICP, and compared the estimates of ICP to the actual
ICP measurements.

[0084] Applicants thank Dr. Marek Czosnyka of Adden-
brooke’s Hospital, Cambridge, UK., for his generosity in
making the patient data used for illustration in this patent
application available to the Applicants. The patient database
provided by Dr. Czosnyka includes clinical data records of
sedated/comatose patients suffering from severe TBI. Each
patient record includes continuous recordings of CBFV via
unilateral transcranial Doppler, ABP via an intra-arterial
radial artery catheter or a Finapres device, and ICP via a
parenchymal probe. Each patient record contains measure-
ments obtained over a continuous stretch of time that varies
between 15 minutes and four hours across the patients. All
waveforms are sampled at the same sampling frequency for a
given patient, but varying across the patient records from 20
Hz to 70 Hz.

[0085] FIG. 7 illustrates comparisons of estimates of ICP
with actual ICP measurements for two patients from the
above-described patient database. The left panel 700 illus-
trates data for a patient with a case of intracranial hyperten-
sion (IH) where ICP 710 increases from 60 mmHg to 120
mmHg over a period of one hour. The ICP estimate 720
produced by applying Applicants’ method to the available
CBFV and ABP measurements falls close to the actual mea-
surement and tracks the variations in actual ICP 710 very
well. The right panel 750 shows a case of the so-called pla-
teau-wave phenomenon, where ICP suddenly increases from
its base level and stays elevated for at least a few minutes
before dropping back to its previous level. The ICP estimate
770 produced by applying Applicants’ method to the avail-
able CBFV and ABP measurements tracks the transients in
actual ICP 760 quite precisely.

Assessment of Cerebrovascular Autoregulation

[0086] FIG. 8 illustrates the use of cerebrovascular resis-
tance and compliance estimates along with CPP estimates to
obtain an assessment of cerebrovascular autoregulation for
the second patient of panel 750 in FIG. 7. Graph 800 of FIG.
8 focuses on the first plateau-wave from 750 in F1G. 7 where
ICP increases, causing CPP 810 and thus CBFV 820 to
decrease near time t=32 minutes. The bottom panel 830
shows the corresponding estimate of cerebrovascular resis-
tance. Applicants note that cerebrovascular resistance drops
to about half of its initial value, leading to a CBF restored to
its base level before CPP returns to its base level near t=42
minutes. An opposite trend is observed in cerebrovascular
resistance when ICP falls below from its plateau, leading to an
increase in CPP near t=45 minutes. This dynamic behavior of
cerebrovascular resistance can be inferred as being an assess-
ment of the cerebrovascular autoregulation as being “intact”
or “functional”.

Discussion

[0087] Applicants note that the estimation performance of
the estimates in FIGS. 7-8 relies on a sufficient signal quality
for the received measurements. Signal quality in turn depends
on noise and other artifact in the received measurements or
waveforms as well as the sampling rate of the data acquisition
system or sensing device. Noise in the measurements
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degrades the estimation performance, e.g., it makes the
approximation of the derivative in (7) poorer. Appropriate
pre-processing may be applied to improve the signal quality
as described above.

[0088] Any further errors in the ICP estimates shown in
FIGS. 7-8 may be attributed to the fact that the ABP measure-
ments were obtained from a radial artery catheter or finger
Finapres device, instead of a sensor located at the site of flow
measurement (cerebral artery). This results in possible dis-
crepancies in the measured pressure amplitude and timing
compared to the actual cerebral pressure amplitude and tim-
ing. In one embodiment, the Applicants’ algorithm includes a
routine for adjustment of the timing offset between the
acquired ABP and CBF or CBFV waveforms to compensate
for the discrepancy.

[0089] Since Applicants employ time domain analysis of
the ABP and CBFV waveforms, incorporating mechanisms to
extract beat morphology/intra-beat features and their varia-
tions, the sampling rate for the received measurements may
have an impact on performance. This sampling rate deter-
mines, for example, the timing jitter in the discrete-time indi-
ces for beat-onset detection and for marking intra-beat indi-
ces by the algorithm; a low sampling rate adds more noise to
these marker locations and introduces both bias and disper-
sion in estimates. The results presented in FIGS. 7-8 above
were obtained for waveforms sampled between 30 Hz and 70
Hz. The estimation performance is expected to improve by
increasing the sampling frequency to 100 Hz and above.
Furthermore, dispersion in the estimates may be controlled by
some algorithm choices, such as the number of consecutive
beats (or window length) used to set up the least-squares
equation-error formulation for a robust estimate of the param-
eters. A larger window may serve to average out the noise
better but can degrade tracking of the transients. A window
length of 15 beats was used in the results reported above.
[0090] The invention may be embodied in other specific
forms without departing from the spirit or essential charac-
teristics thereof. For instance, the methods and systems
described herein may be employed in any device, method, or
system, without limitation. The foregoing embodiments are
therefore to be considered in all respects illustrative, rather
than limiting of the invention. For instance, while embodi-
ments have been described with relation to the estimation of
one or more cerebrovascular parameters or variables using a
computational model, it is to be understood that the systems,
devices and methods discussed herein are applicable to medi-
cal applications in which the other physiological parameters
or variables are estimated using computational models simi-
lar to those described herein.
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What is claimed is:

1. A method for estimating at least one of a cerebrovascular
resistance, an intracranial pressure, and a cerebrovascular
compliance based at least in part on estimating parameters
and variables of a computational model, comprising:

a processor receiving arterial blood pressure measure-

ments;

the processor receiving at least one of cerebral blood flow

measurements and cerebral blood flow velocity mea-
surements; and

the processor computing an estimate of at least one of the

cerebrovascular resistance, the intracranial pressure,
and the cerebrovascular compliance based at least in part
on estimating the parameters and the variables of the
computational model and the received measurements,
the computational model representing the physiological
relationships among cerebrovascular flows and pres-
sures, the computational model including at least one
resistive element and at least one compliance element
and a representation of the intracranial pressure.



US 2010/0063405 Al

2. The method of claim 1, further comprising the processor
computing an estimate of an assessment of cerebrovascular
autoregulation.

3. The method of claim 1, further comprising the processor
computing an estimate of a blood flow through the cere-
brovascular resistance using an estimate of the cerebrovascu-
lar compliance.

4. The method of claim 1, wherein at least one of the
parameters and the variables are computed at least once per
cardiac cycle.

5. The method of claim 1, whetrein at least one of the
parameters and the variables are estimated using a data win-
dow of a pre-specified size.

6. The method of claim 1, wherein the processor computes
estimates of the parameters and the variables using a two-
stage algorithm.

7. The method of claim 6, wherein the processor computes
estimates of a cerebrovascular compliance in a first stage of
the two-stage algorithm.

8. The method of claim 6, wherein the processor computes
estimates of at least one of a cerebrovascular resistance and
the intracranial pressure in a second stage of a two-stage
algorithm.

9. The method of claim 1, wherein the processor computing
an estimate is based at least in part on the processor minimiz-
ing an error criterion.

10. The method of claim 9, wherein the error criterion is
least-squared error.

11. The method of claim 1, wherein the processor does not
receive at least one of patient-specific and population-specific
data.

12. The method of claim 1, wherein the estimate is a rela-
tive estimate.

13. A device for estimating at least one ofa cerebrovascular
compliance, a cerebrovascular resistance, an assessment of
cerebrovascular autoregulation, and an intracranial pressure,
based at least in part on estimating parameters and variables
of a computational model, the device including:

a processor, the processor configured to:

receive arterial blood pressure measurements;

receive at least one of cerebral blood flow measurements
and cerebral blood flow velocity measurements;

compute and display an estimate of at least one of the
cerebrovascular compliance, the cerebrovascular
resistance, the assessment of cerebrovascular auto-
regulation and the intracranial pressure based at least
in part on estimating the parameters and the variables
of the computational model and the received measure-
ments, the computational model representing the
physiological relationships among cerebrovascular
flows and pressures, the computational model includ-
ing at least one resistive element and at least one
compliance element and a representation of the
intracranial pressure;

amemory in communication with the processor for storing

at least one of the received measurements and the com-
puted estimate; and
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a display in communication with the processor for display-
ing an estimate of at least one of cerebrovascular com-
pliance, cerebrovascular resistance, and intracranial
pressure.

14. The device of claim 13, further comprising:

a sensing device in communication with the processor for
sensing the arterial blood pressure measurements.

15. The device of claim 14, wherein the sensing device
includes at least one of an arterial catheter, a tonometry sen-
sor, a sphygmomanometer sensor, and a photoplethysmogra-
phy sensor.

16. The device of claim 13, further comprising:

a sensing device in communication with the processor for
sensing at least one of the cerebral blood flow measure-
ments and the cerebral blood flow velocity measure-
ments.

17. The device of claim 16, wherein the sensing device

includes an ultrasound sensor.

18. The device of claim 13, further comprising a signal
quality processor in communication with the processor con-
figured to assess the quality of the received measurements.

19. The device of claim 18, wherein the signal quality
processor is configured to remove unwanted portions of the
received measurements.

20. The device of claim 19, wherein the unwanted portions
include noise and artifact.

21.The device of claim 13, further comprising a smoothing
processor configured to filter the computed estimate.

22. The device of claim 21, wherein the filter may include
a median filter.

23. The device of claim 13, further comprising an extrac-
tion processor for extracting intra-beat features of the
received measurements.

24. The device of claim 13, wherein at least one of the
parameters and the variables are computed at least once per
cardiac cycle.

25. The device of claim 13, wherein at least one of the
parameters and the variables are estimated using a data win-
dow of a pre-specified size.

26. The device of claim 13, wherein the processor com-
putes estimates of the parameters and the variables using a
two-stage algorithm.

27. The device of claim 26, wherein the processor com-
putes an estimate of a cerebrovascular compliance in a first
stage of the two-stage algorithm.

28. The device of claim 26, wherein the processor com-
putes an estimate of at least one of a cerebrovascular resis-
tance and an intracranial pressure in a second stage of the
two-stage algorithm.

29. The device of claim 13, wherein the processor does not
receive at least one of patient-specific and population specific
data.

30. The device of claim 13, wherein the estimate is a
relative estimate.
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