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Abstract

Background—The waveform morphology of intracranial pressure (ICP) pulses holds essential
informations about intracranial and cerebrovascular pathophysiological variations. Most of current
ICP pulse analysis frameworks process each pulse independently and therefore do not exploit the
temporal dependency existing between successive pulses. We propose a probabilistic framework
that exploits this temporal dependency to track ICP waveform morphology in terms of its three
peaks.

Material—ICP and electrocardiogram (ECG) signals were recorded from a total of 128 patients
treated for various intracranial pressure related conditions.

Methods—The tracking is posed as inference in a graphical model that associates a random
variable to the position of each peak. A key contribution is to exploit a nonparametric Bayesian
inference algorithm that offers robustness and real time performance. A simple, yet effective
learning procedure estimates the statistical, nonlinear, dependencies between the peaks in a
nonparametric way using evidence collected from manually annotated pulses.

Results—Experiments demonstrate the effectiveness of the tracking framework on real ICP
pulses and its robustness to occlusion and missing peaks. On artificialy distorted ICP sequences,
the average error in latency in comparision with MOCAIP detector was reduced as follows:
11.88-8.09 ms, 11.80-6.90 ms, and 11.76-7.46 ms for the first, second, and third peak,
respectively.

Conclusion—The proposed tracking algorithm sucessfuly increases the temporal resolution of
detecting ICP pulse morphological changes from the minute-level to the beat-level.

Keywords

Waveform morphology; Belief propagation; Bayesian inference; Probabilistic tracking; Graphical
model; Dynamic markov model; Intracranial pressure; Brain injury; Hydrocephalus

1. Introduction

The treatment of traumatic brain injuries (TBI) in critical care unit, as well as other
neurological disorders, relies on the continuous monitoring of intracranial pressure (ICP)
(i.e. the sum of the pressures exerted within the craniospinal axis system) [1]. It is known
that the management of ICP can attenuate secondary brain injuries and improve chances of
recovery.

© 2011 Elsevier B.V. All rights reserved.
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While current clinical protocols generally rely on the continuous measurement of the mean
ICP, recent works have demonstrated that the morphology of ICP waveform also holds
essential informations about the intracranial adaptive capacity, and even the outcome of
head injured patients [2,3]. For example, it has been shown that variations of the ICP pulse
morphology are linked to the development of intracranial hypertension [4,5] and cerebral
vasospasm [6], acute changes in the cerebral blood carbon dioxide (CO5) levels [7,8],
changes in the craniospinal compliance [9], decreased cerebral blood flow [10], and elevated
ICP [11]. Therefore, the extraction of morphological features may provide insight to monitor
and to understand ICP in an automatic fashion with the ultimate goal of improving the
treatment of pathophysiological intracranial and cerebrovascular dynamics.

Special attention has recently been drawn from several research groups, including ours, to
develop peak recognition algorithms for ICP pulses [12-15]. ICP pulses, which are typically
triphasic [7] (see Fig. 1), can exhibit irregular variations in their shape that make the
recognition of their three peaks very challenging. In addition, the ICP signal is usually
affected by noise and various artifacts. To obtain robustness to these perturbations,
MOCAIP [13] (Morphological Clustering and Analysis of ICP Pulse) extracts a dominant
pulse obtained by clustering 2 min segments of ICP. In [12], different filters are applied to
remove high and low frequency noise. However, these pre-processing steps come at
computational cost, and unlike the tracking of mean ICP, real-time ICP pulse analysis is no
longer possible.

This paper tackles this problem by proposing a probabilistic framework to track ICP peaks
in real time that exploits temporal dependencies between successive peaks. The tracking is
posed as inference in a graphical model that associates a continuous random variable to the
position of each of the three peaks, in terms of their latency within the pulse and pressure
elevation. A key contribution is to exploit an efficient nonparametric Bayesian inference
algorithm, nonparametric belief propagation (NBP) [16]. NBP was successfully used in
computer vision to track hands, people, cars, and to recognize objects. A simple, yet
effective learning procedure estimates the statistical, nonlinear, dependencies between the
peaks in a nonparametric way using kernel density estimation (KDE) from resampled
evidence collected from manually annotated pulses.

The model is evaluated on real ICP data sampled from a large database of ICP signals
collected from 128 neurosurgical patients. In addition, to quantify the peak tracking
accuracy, we simulate artificial trends of peak position changes from randomly extracted
pulses. The accuracy on two types of trends (sinusoidal trend, and phase multiplication),
allow us to investigate how well peak tracking techniques work on ICP sequences with
known trend.

2. Methods

2.1. Data source and pre-processing

The dataset of ICP signals originates from the UCLA Neurosurgery Medical Center and its
usage in the present study was approved by the UCLA Internal Review Board. It is a large,
representative dataset that is reasonably distributed across gender, age, and type of patients
(admitted to the intensive care unit (ICU) or not (NON-ICU)).

The ICP and electrocardiogram (ECG) signals were acquired from 128 patients treated for
various intracranial pressure related conditions. ICP and intraparenchymal pressure (IPP)
were monitored continuously either using Codman microsensors (Codman and Schurtleff,
Raynaud, MA) placed in the right frontal lobe (IPP), or using a sensor placed in the
ventricle. Although, IPP as measured in the right frontal lobe may not be strictly equivalent
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to the ICP measured in the cerebrospinal fluid, several works [17-19] have shown that the
pressure waveform can reasonably be considered as equivalent, no matter where it is
measured in the brain. In this work, ICP refers indifferently to ICP (measured inside the
ventricle) and IPP. Signals were recorded from bedside monitors using corporate data
acquisition systems at a sampling frequency of 400 Hz. A total of 275 signal segments were
extracted, whose length range from 30 min to 5 h. The continuous ICP signal was split into a
series of individual ICP pulses (i.e. cardiac cycle) using a pulse extraction technique [20]
that exploits an ECG QRS detection [21] as reference.

Because peak recognition methods [13,22,23] cannot usually process these raw ICP pulses
reliably due to the noise and artifacts originating from the acquisition process, a more robust
dominant pulse was extracted from a 3-min sequence of consecutive ICP pulses using
hierarchical clustering [24]. The chosen dominant pulse corresponds to the centroid of the
largest cluster. The ICP recordings were pre-processed to produce a representative set of
75,717 dominant pulses, of which 67,719 had three peaks. Note that the proposed tracking
method will perform directly on raw ICP pulses, but dominant pulses are required to
evaluate and to train peak detectors (such as MOCAIP).

Peak candidates are used by peak detectors and are located at curve inflections of the ICP
pulse. Using the second derivative of the signal, the pulse is segmented into concave and
convex regions. A peak is said to occur at the intersection of a convex to a concave region
on a rising edge of ICP pulse, or at the intersection of a concave to a convex region on the
descending edge of the pulse. To establish the groundtruth, experienced researchers
annotates each dominant pulse by selecting manually the position of the three peaks (py, p2,
and p3) among the peak candidates.

2.2. Problem formulation

We assume that the tracking framework is presented with a series of raw pulses Si=; _ p that
are continuously extracted from the ICP signal. Each ICP peak i is characterized by a state
Xtj in the model. Because an ICP pulse is triphasic, the model consists of three distinct states
[Xt 1, Xt 2, Xt 3] that correspond to the position of the three peaks at time t. A state x;; = {ut
Vi i} is two-dimensional that defines the latency 44 ; € R, and the ICP elevation v € R of the
peak.

To each state x; j is associated an observation y; ;, directly obtained from the current pulse,
that depicts the position of the peak within the current pulse. It differs from the state x; ; in
the sense that it comes from peak detectors that can be affected by noise and transient
artifacts present in the current pulse, whereas the value x; j is obtained through inference,
thus believed to be more robust.

The tracking model is assumed to follow the general properties of a Markov Chain. This
means that the probability of a state x; ; at time t given all the states available so far x;
depends only the previous state X1 j,

PCxilxg. —1y,0)=p(Xeilx-1,)

where p(x; 1/x—1,1) represents the temporal dependency between successive states of the first
peak.

By introducing observations y; j in the model, it becomes a hidden markov model (HMM),
and the posterior marginal of the first peak can be written in the following recursive fashion,
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Palyian) o pOrilxe) [pGealxi-11) X plet 1y —1y.0dx-1.1 @
where p(yy i/t ) is the likelihood.

The formulation of Eq. (2) assumes that the distribution of the three peaks are independent.
However, Fig. 2, which plots the co-occurence of latency of the three peaks collected from
training pulses, shows that this hypothesis is not valid. There exists a non-linear dependency
between the different peaks that should also be included in the Bayesian model. Therefore,
the posterior marginal can then be written as,

pxlyir.) o< pOiale) [ plalx-in)
XpXe-t,1 (1. -1 xe-11 [ plaelx2) ©)
Xp(xe2 |.V{ 1..‘1})d-xx.2f P(x11x:3)p(xe 3 |.V{ 1 ._Ar})d-xt.\%

Practically, solving Eq. (3) exactly is not feasible because the conditional dependencies
between different peaks, and the likelihood functions in the model are non-Gaussian ones.
For these reasons, we propose to use a graphical model formalism (Section 2.3) to represent
this problem, and a nonparametric Bayesian method to perform the peak tracking (Section
2.4).

2.3. Probabilistic tracking framework

The graphical model used in our tracking framework defines relations between pairs of
nodes only. It is usually referred to as pairwise Markov random field (PMRF) in the
literature.

As illustrated in Fig. 3(a), states x;; € x and observations y; ; € y are represented in the
graphical model by white, and shaded nodes, respectively. Edges represent dependencies
between states, and possibly observations, by two types of functions: observation potentials
#(x¢ i, Yt i) that are the equivalent of the likelihood part p(y: i/ ;), and compatibility potentials
wij(X¢i, Xtj) that embed the conditional parts p(xg At ), p(Xtj/At,i) of the Bayesian formulation
and can be used by conditioning them in either directions during inference. By introducing
compatibility potentials between states of the same peak at successive times y(X j, X—1,),
that we name temporal potentials, the PMRF becomes a dynamic Markov model, as
illustrated in Fig. 3(b).

2.3.1. Observation model—An observation y; ; represents the information about the
position of the ith peak that is directly extracted from a raw ICP pulse at time t via a peak
detector.

More formally, an observation y; ; € {R2 U @} in our model corresponds to the position of
the ith peak, in terms of latency and ICP elevation, that was produced by a peak detector at
time t. Our framework uses MOCAIP [13] as peak detector but any other peak detection
technique, such that the one based on regression models [22], could in principle be used
within our model. After being trained on a set of manually annotated pulses, the peak
detector can detect the position of the peaks in newly acquired ICP pulses. Due to noise and
artifacts present in the pulse, the detector might not be able to detect a peak in the current
pulse. In such cases, the detector assigns the empty set @ to the observation y; j of the peak.

Observations y; j are linked probabilistically to their state x; ; through an observation
potential ¢(xt i, yti). EQ. (4) formalizes the integration of the observation within a Gaussian
model,
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o exp(=a i — xif). if (v # @)
A(xei, yei)= { 1. (31 # @) ()
where a is a smoothing parameter, and ; is a constant factor that accounts for missing peaks
by the detector.

2.3.2. Compatibility and temporal potentials—Temporal potentials y(X¢—q j, Xt i)
define the relationship between two successive states of a peak. They are defined as a
Gaussian difference between their arguments,

|1 — Xl
U(x1, X i)=€Xp (#) ®)
2

t

where the standard deviation o of the model was previously estimated using maximum
likelihood (ML) on training data.

Compatibility potentials w;jj(xti, Xj), however, are not expected to follow a Gaussian
distribution. An essential property of our framework is to be able to represent and to exploit
the nonlinear relation that exists between ICP peaks. To do so, each potential is represented
by a KDE wj j(Xti, Xtj) = f(xij; ©) (Eq. (6)) that is constructed by collecting a total of N co-
ocurring ICP peak positions {pj, pj}1...n. across the training set.

N,
—~ I 1
f(xzj;®)=ﬁ(_;6(-¥ijl{17{-\ Pl}}, Zij) (6)

G(xif k I{}Z). . kooky - .
where YWY APi- Pl 2 ;) is a Gaussian kernel centered at {p;» P} with standard deviation j;
which is common to all the components k. © = {{Pj, Pj}1.. N, Zij} denotes the parameter set
of the KDE and the two observed peaks of a component are bidimensional and defined in

terms of their latency and ICP elevation pf:{,ui, v;}, and 17§={/1,; vil.

2.4. Tracking ICP morphology using nonparametric Bayesian inference

Detecting peaks in an ICP pulse at time t amounts to estimating p(xyy1...t3), the posterior
belief associated with the states x¢ = {X; 1, Xt,2, X3} given all observations yg1 . =
{yg1..0.0 Y{1...8,2 Yq1...15,3} accumulated so far. Thus, peak detection is achieved through
inference in our graphical model. One way to do this efficiently is to use NBP [16]. It is a
message passing algorithm for graphical models that generalizes particle filtering and belief
propagation (BP). Messages are repeatedly exchanged between nodes to perform inference.
Following the notation of BP, a message m;; sent from node i to j is written,

m; j(X;) < f Ui j(xi, x)pi(xi, yi) l—I my i (x;)dx; @
keNy

where Njy; is the set of neighbors of state i where j is excluded, w;j j(x;, X;) is the pairwise

potential between nodes i, j, and g(x;, y;) is the observation potential. Each message mj j(x;)

as well as each node x; € x distribution is represented through a multivariate KDE that is

defined as,

Ito simplify the notation, we discard the temporal subscript t of each node which is not necessary to explain the inference.
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1

ﬁx;;@)zN—ZW{»{G(.’(,‘;Sf, Zf) 8)

a k=1

ke NK . " "
where G(xi3s;, Zi) is a Gaussian kernel centered at point st € R? that represents the position

k
of the peak, wf.‘ is the weight, Zi is a smoothing matrix (i.e. bandwidth), and Ng is the
number of particles in the KDE.

To compute an outgoing message m; j(x;) (Algorithm 1), NBP requires the pairwise potential
#i,j(xi, x;), which represents the joint distribution between the nodes, to be conditioned on
the source state x;. This task is achieved by sampling N, particles Yﬁ — i j(xi=s}, x;) from

k
the potential and then selecting a kernel bandwidth Zi to complete the kernel density
estimate. A common way to compute the bandwidth is to use the k nearest neighbors, where
an empirical choice for the integer k is ¢ ~ N/2.
After any iteration of message exchanges, each state can compute an approximation g

(Xilyg1...53), called belief, to the marginal distribution p(x;ly{y...t) by combining the
incoming messages with the local observation:

Pxilyyi.g) < ¢i(xi, yi) ]—[ my i (x;) ©)

keN;

The estimation of messages (Eq. (7)) and beliefs (Eq. (9)) requires the computation of a
product of Gaussian kernel densities. The product of Ny Gaussian densities [16] of mean
$1..Ng and variance Zl...Nq is a Gaussian of mean sand variance X given by,

The weight w associated with component G(x;; s, £) of the product is,

N,
_ 12 wiGxisses 2)
W= . (11)

G (x,~ iS, E)

For tree-structured graphs, the beliefs (Eq. (9)) will converge to the exact solution
P(Xilyg1...t)- On graphs with cycles, NBP is not guaranteed to converge. In practice, as it has
been observed in previous works [16], the algorithm exhibits satisfactory performance.

2.5. Validation procedure

Our tracking framework is evaluated on real and artificially created sequences of ICP pulses.
While real ICP sequences are useful to evaluate how the framework performs on ICP
recordings acquired under clinical conditions, artificially created sequences allow to
evaluate the robustness of the method on pre-defined dynamics of waveform changes and
noise. Real ICP sequences are extracted from our dataset by randomly selecting 30 min of
consecutive recording for each patient. Artificial ICP sequences are generated by randomly

Artif Intell Med. Author manuscript; available in PMC 2013 February 1.
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selecting a raw ICP pulse from each patient in our dataset and by applying a given dynamic
to it for a duration of 30 min, which amounts approximately to 2800 pulses. The temporal
dynamic applied follows either: (a) a sinusoidal trend, or (b) a phase multiplication, as
described below.

a. Sinusoidal temporal dynamic: Let S; denote a raw ICP pulse extracted randomly
from a recording, an artificial sequence Qi=1.. n Of N pulses is generated by
applying a sinusoidal trend in latency to the pulse S;. This amounts to shifting the
pulse (Eq. (12)) using a series that follows a sinusoidal dynamic.

Q,=circshift(S;, Hit=1...N (12)

where N is the total number of pulses in the sequence, and the circular shift function 7" =
circshift(S;, t) is defined as,

T(a)=S((a — h)%s)+&la=1...s (13)

where s is the length of a pulse, % denotes the modulo operator that finds the remainder of
the division, h; is the amount of shifts for the tth pulse of the sequence and follows a
sinusoidal dynamic,

2
h;=sin (me) (14

The sinusoidal ICP sequence, which is shown at the top of Fig. 4 by a green curve, is
perturbed by a Gaussian noise & which has a variance of 20 ms.

In addition, to make the problem more challenging, we purposely blanked the input for a
duration of about 8 min for each peak. We hypothesize that the tracking will be able to
recover the latency of the peaks, through the pairwise potentials, even if the evidence in the
current pulse is not available for a given peak.

a. Phase multiplication dynamic: The second type of artificial sequence is produced
from a raw ICP pulse S; by multiplying the phase of the pulse by a factor that varies
linearly between [0.5,1.5]. The phase of the pulse is obtained using a discrete
Fourier transform a = fft(S;) computed with a fast Fourier transform algorithm.
After multiplying the phase with a factor proportional to the current time within the
artificial sequence, the pulse is projected back using an inverse Fourier transform 7
= ifft(a*), thus producing an artificially altered pulse of the sequence.

The tracking algorithm predicts state estimates X; 1, X; 2, X; 3 of the three peaks in terms of
their latency and ICP elevation at each time t, so that X; 1 = {1, v, 1} X2 = = {ue 2, Vi o} Xe3
= {ut 3, Vi 3}. For the sinusoidal dynamic, the predicted latency {ﬂt 1 ,utz ,Ut 3} is evaluated
quantitatively against the actual artificial trend minus noise & (Eq. (12)), which corresponds
to the groundtruth {u4, up, u3}. The average prediction error & is reported in milliseconds
(ms) between the actual position of the peaks and the prediction,

1

N
{Eﬂ;»zygsepz :;Z[ M1, #17 ﬂf’% {”f.l’ﬂf.Zs“l}H (15)
t=1

where N is the total number of pulses in the artificial sequence, and é,; denotes the
prediction error for the first peak, and é,, = (¢4 + é,, + €,3)/3 is the average latency error
for the three peaks.

Artif Intell Med. Author manuscript; available in PMC 2013 February 1.
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In contrast with the sinusoidal dynamic that only affects the latency of the peaks, the phase
multiplication trend has its main effect on the pressure elevation of the peaks. The prediction
error of the tracking algorithm is therefore measured on the phase multiplication trend by
comparing the predicted peak elevations {V; 1, Vi 2, Vi 3} of the tracking algorithm against the
groundtruth {v¢ 1, vt 2, V¢ 3} that was obtained by manual annotation. The average prediction
error &y is reported in millimeter of mercury (mmHg) between the actual elevation of the
peaks and the prediction,

N

- - - 1 -~

{e\'laex'gs 6’|-3}=;Z|m,1, Vi2, ‘7)‘.3} - {\’I,ls V2, \'t.3}|
t=1

where N is the total number of pulses, and &, denotes the prediction error for the first peak,
and éy = (éyy + &y, + éy5)/3 is the average pressure error for the three peaks.

For evaluation on clinically recorded ICP sequence, we run the tracking algorithm on 30 min
segments randomly chosen within the full recording. The model is trained on 20
representative patients, and predictions, in terms of latency and ICP, are evaluated on the
remaining 108 patients. It is important to notice that the latencies and elevations are
estimated jointly, and in real-time, using the result of MOCAIP peak detector applied on raw
ICP pulses as input y. We compare the real-time prediction obtained by the tracking
framework with post-processing results obtained by MOCAIP on dominant pulses. These
dominant pulses are computed over a segment of ICP recording (of length comprises
between 1 and 180 s) and are expected to be robust to noise. In addition, the tracking is also
performed on a 30 min ICP recording of a patient who was administered Versed
(Midozalam) intravenously at 6 mg per hour starting after 5 min on the recording. This drug
is usually applied to TBI patients to decrease their mean ICP. We use our tracking algorithm
to evaluate the impact of the drug on the patient ICP. Finally, we evaluate the robustness of
the tracking algorithm against missing peaks. Because the real ICP is not known, another
reference signal has to be used as ground truth. For this experiment, it is set to the estimated
output of the tracking algorithm where all the individual input pulses are used (100%). It is
reasonable to expect that the tracking results on all the available input peaks will lead to a
more reliable estimation of the ICP morphology in comparison to estimations made from
missing input peaks. To measure this impact, we repeatidly run the tracking algorithm by
keeping a subset of 90%; 70%; 50%; 30%; 10% of the input peaks. Peaks are selected
randomly and in an independent fashion for each peak so that the first peak may be
discarded on one pulse but the second and third may still be present. The average distance
and standard deviation to the results obtained with the full set of peaks (100%) are reported
as a measure of performance.

Fig. 4 illustrates the estimated latency (black), the groundtruth (green), and the input2 (gray)
for the three peaks in presence of a sinusoidal temporal dynamic. The proposed method can
recover the intrinsic trend despite the noise, and missing inputs. For this experiment, it
obtains an average prediction error in latency of 8.09 £ 2.0 ms, 6.90 + 1.7 ms, and 7.46 £ 2.1
ms for the first, second, and third peak, respectively. In comparison, a pulse by pulse
detection using MOCAIP peak detector, which is affected by transient perturbations, has
average errors of 11.88 + 7.1 ms, 11.80 £ 7.0 ms, and 11.76 + 7.0 ms. The probabilistic
model, and the use of temporal information clearly helps to produce a better estimate of the
peaks latency on these artificial data. For the second experiment, we report in the bottom of

2The input corresponds to the results of MOCAIP applied on raw ICP pulses.
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Fig. 4 the estimated peak elevation under a phase multiplication dynamic of the ICP pulse.
Similarly to the results observed for the sinusoidal dynamic on the latency, the tracking
algorithm (black) is able to give estimates that closely follow the groundtruth (green).
Average error in ICP elevation for the three peaks are 0.04 £ 0.02 mmHg, 0.09 + 0.06
mmHg, 0.08 £ 0.04 mmHg for the tracking, and 0.23 £ 0.18 mmHg, 0.32 £ 0.27 mmHg,
0.33 + 0.23 mmHg for the pulse by pulse MOCAIP.

Fig. 5 illustrates the predicted latency and ICP elevation for MOCAIP (left) and for the
proposed tracking method (right) on a 30-min ICP recording. To overcome noise, MOCAIP
may extract a cleaner dominant pulse by applying a hierarchical clustering on a series of
consecutive ICP pulses. The left column illustrates how the sequence length, used in
MOCAIP to extract of the dominant pulse, impacts of the positions of the peaks. The
duration varies from less than 1 to 180 s. Because a longer duration means that more ICP
pulses are used to compute the dominant pulse, it generally leads to a smoother estimate of
the peak locations. For example, we can observe that the blue curve, corresponding to an
interval of 180 s, does not seem to be affected by noise in the top left plot, while the
predictions on raw pulses (red) are not reliable and exhibit a lot of variations. In MOCAIP,
the length of the sequence chosen is critical and reflects a tradeoff between invariance to
noise and sensitivity to quick changes. The proposed tracking framework, shown on the
right, can capture rapid changes in elevation and latency while remaining robust to transient
noise. In addition, while MOCAIP is usually applied as a post-processing tool due the
computational complexity of the hierarchical clustering, the developped framework can be
applied in real time.

In Fig. 6, we present an average ICP pulse computed from 10 successive raw pulses. The
predicted location of the three peaks for the proposed tracking algorithm are compared to the
ones obtained by using MOCAIP. Because it does not exploit temporal correlation,
MOCAIP detector leads to inconsistent predictions between the second and the third peak.

In contrast, the tracking algorithm gives a more robust and precise location of the peaks.

Fig. 7 shows the tracking results for the three peaks on a patient administered with Versed
after approximately 5 min. This drug aims at decreasing the mean ICP. Our framework is
particularly useful to provide insight to the changes in waveform morphology in a
continuous fashion. While the latency of the peaks does not change significantly, their ICP
elevation exhibits different kind of changes. The first peak increases, the third decreases,
and the second peak remains stable. The observation potential of the tracking framework
corresponds to the detected peak obtained by MOCAIP on raw pulses. Fig. 7 also shows that
the confidence given to the observation, that is adjusted by a standard deviation parameter («
in Eq. (4)), impacts on the prediction. A larger standard deviation means that less
importance is given to the current pulse, and thus leads to smoother variations (red, right
column). Fig. 8 shows the corresponding changes in morphology, before and after 5 min
administration of Versed. Table 1 reports the results of the tracking algorithm across
different percentages (10%; 30%; 50%;70%; 90%) of peaks used as input to the algorithm.
When only 10% of the peaks are used as input, the error reaches an error rates of 11.14 +
11.3ms, 14.71 + 14.2 ms, 14.80 + 13.7 ms for the latency and 0.140 £+ 0.12 mmHg, 0.094 +
0.08 mmHg, 0.104 £ 0.09 mmHg for the ICP of the peaks p1, p2, p3, respectively. Note that
these performances have limitations in the sense that they are compared to the results of the
tracking using all the peaks (100%), and may also be linked to the sampling rate. These
results were produced with a sampling rate of 400 Hz for the recorded ICP signal,
performances may rapidly deteriorate with lower sampling rates.
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4. Discussion

The present work has significantly furthered a series of efforts from our group towards the
next generation of ICP monitoring in terms of providing a comprehensive and quantitative
characterization of morphology of an ICP pulse [13,22]. Such a technical capability would
provide far more information to clinicians than the average value of ICP currently supplied
by monitoring devices. The tracking algorithm, as proposed and evaluated in this present
work, has increased the temporal resolution of detecting ICP pulse morphological changes
from the minute-level to the beat-level. More importantly, the algorithm relies on NBP
inference, which has a strong theoretical basis and has been proven successful in many other
fields requiring solution of a tracking problem [25,26].

The proposed tracking algorithm explicitly models, in a probabilistic fashion, two types of
correlative relations: (1) the correlation of peak characteristics between successive ICP
pulses; (2) the correlation among peaks of the same pulse. The tracking algorithm, in
essence, benefits from such an explicit model while previous peak recognition methods
[13,22] failed to capitalize on these two types of correlations. Although the loopy topology
of the graphical model adopted here prevents us from achieving a theoretically optimal
solution using the message passing algorithm, our results indicate that the algorithm works
quite well in practice as experienced by other existing publications [25,27] in different
fields. It remains interesting to see the effect of removing the loop in the model as it might
require additional nodes but would enable optimal inference using the message passing
algorithm.

The quantitative experiments on artificially created sequences of ICP pulses demonstrated
the effectiveness of the tracking algorithm. Known trends in the signal were tracked
accurately. More impressively, it has been demonstrated that it is still feasible to recover
missing peak information by exploiting the correlation among peaks of the same pulse. This
has a significant practical implication because it is not rare in practice to be unable to
recognize ICP peaks when we consider only a single dominant pulse. For instance, as it has
been reported in a previous study [22] on a database of 13,611 dominant pulses, 1717 had
missing p1, 265 had missing p2, and 34 had missing p3. In practice, the peaks tend to
dissapear gradually. Even thought a peak might not be visible in the current pulse, it is still
desirable to be able to extract its plausible location. Even when a peak is not clearly visible,
the tracking algorithm can estimate its most likely position given the past pulses and the
context (position of the two other peaks). Being able to summarize the ICP waveform
morphology as a fixed size vector even when peaks cannot be observed is a key property of
the tracking framework that should lead to improved ICP morphology analysis.

When applied to real ICP pulses, the algorithm confirms its good performances and it is able
to reliably estimate the ICP elevation and latency of the three peaks in a beat-by-beat
fashion. To the best of our knowledge, this is the first successful attempt to track peaks of
ICP signals at such a temporal resolution. Although additional clinical research is needed to
demonstrate the impact of this tracking algorithm, it can be fairly predicted that leveraging
such a high temporal resolution will surely improve the timeliness of detecting pulse
morphological changes and offer innovative solutions in practicing the advocated next
generation ICP monitoring in a challenging clinical environment.

Algorithm 1. NBP update of an outgoing nonparametric message Given messages

k Ny
ool "y . )= v 'k - -
mu(l/)—{‘g’ Z,_-,’ ”z‘j}k:, received from nodes i € Nj

1. /ICompute Incoming Message Product and Draw M samples
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Fig. 1.
Illustration of three peaks X1, X2, x3 detected on an ICP pulse together with their
corresponding latency uq, up, 13 and ICP elevation vy, vy, vs.
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Fig. 2.

[llustration of the nonlinear distribution within pairwise potentials constructed from 3000
ICP pulses randomly extracted from the training dataset. For better visualization, only the
latency dimensions is shown.
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Fig. 3.

The graphical model represents the dependence through pairwise potentials (w12, w13, ¥23)
between hidden nodes (x1, X2, x3), and likelihood functions (¢1, ¢», ¢3) between hidden and
observable nodes (y1, Y2, y3) (2). By introducing temporal potentials between sucessive
nodes (b), the graphical model becomes dynamic and allows for tracking ICP peaks in real
time.
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Fig. 4.

Results of the NBP tracking (black) on an artificial sequence of ICP pulses affected by a
sinusoidal dynamic (top), and phase shifting (bottom three plots). Latency dimension is
reported for the sinusoidal dynamic, while ICP elevation is shown for the phase shifting. In
both sequences, the predictions of the tracking algorithm closely follow the groundtruth
(green). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)
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Fig. 5.

Peak latency (top) and ICP elevation (bottom) estimated on real ICP sequences by MOCAIP
(left) and the NBP tracking algorithm (right). For MOCAIP, the effect of the length of the
sequence of raw ICP pulse used to extract a dominant pulse is depicted by different colors (1
s (red) to 180 s (blue)). The predictions of the tracking are obtained in real-time and are
robust to transient perturbations that frequently occur during the ICP signal recording. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of the article.)
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Fig. 6.

Illustration of an average ICP pulse computed from 10 successive raw pulses. Predicted
peak locations (p1, p2, and p3) are shown for the proposed tracking algorithm (black), and
using a peak detector (MOCAIP) that does not exploit temporal correlation. While the raw
peak detector leads to inconsistent predictions between the second and the third peak, the
tracking algorithm gives a more robust and precise location of the peaks.
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Real-time joint tracking of peak latency estimation (top) and ICP elevation (bottom) for the
three peaks on a patient administrated with Versed after 5 min. The effect of the smoothing
parameter ag, Which controls the confidence of evidence extracted from the current pulse, is
shown by different colors. While a high confidence (blue) help to capture quick changes,

less confidence (red) tends to smooth the estimation and to obtain more robustness to

transient perturbations. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)
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Fig. 8.
Effect of intravenous administration of Versed on the ICP waveform morphology.
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