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Abstract—We describe a novel statistical model of pressure In this paper we present a simple mathematical model of
signals that incorporates the effects of respiration on arterial physiologic pressure signals. The model incorporatestitest
(ABP) and intracranial pressure (ICP). This model can be used 4y effects of respiration on arterial and intracriblaod

to synthesize pulsatile ABP and ICP signals with similar time, .
frequency, and variability characteristics of real pressure signés. pressure (described later). Furthermore, we present waeft

These synthetic signals can be used during the developmentimplementation of the model that can be used to generate
simulation, or quantitative assessment of biomedical algorithms synthetic pressure waveforms with realistic characiesst
in a variety of applications.

Keywords— ABP modeling, ICP modeling, respiratory changes, II. M ODEL DESCRIPTION
pressure signal simulators. ) ) )
A. Modeling Pressure Sgnals. Respiratory Changes in Arte-

|. INTRODUCTION rial and Intracranial Pressure

YNTHETIC physiologic signal simulators and biomedical The simplest model of pulsatile pressure consists of a pure
ignal models are important tools in biomedical signginusoid with a DC component,

analysis. The ability to simulate physiologic signals with -
realistic characteristics enables researchers to devatap P(t) = pp + Peos2mfet) @
test their algorithms and methodology on synthetic signalghere i, corresponds to the mean pressufejs the pulse
prior to validation on experimental or clinical data. Themplitude, andf. is the cardiac frequency.
main advantage of synthetic data over real data is that weA more realistic model of physiologic pressure signals
know its statistical properties and other characteristiosed must take into account the pulse morphology, its variahilit
therefore there is a clear gold standard which can be usedatwl the effects of respiration on the pressure signal. Tisere
guantitatively evaluate the performance of the algorithm. abundant literature on respiration and respiratory mdiula

There are three main settings where the availability of human autonomic rhythms [3]-[7]. There are three primary
signal simulators is important: (1) quantitative assesgmeeffects of respiration on pressure signals: pulse ammitud
of biomedical noise enhancement algorithms, (2) valigatiovariation (amplitude modulation), respiratory sinus #rnyia
of biomedical estimation algorithms, and (3) validation offrequency modulation), and an additive effect.
detection algorithms. In the case of noise removal and pa-
rameter estimation algorithms we often cannot assess their
performance quantitatively using real data, since the wunc
rupted (clean) signal or the parameter to be estimated are
not available. The availability of annotated syntheticnsig ~ The amplitude modulation accounts for part of the pulse
with real characteristics also allows developers to tesirthpressure changes and we modeled as a double—sideband large
detection algorithm extensively without the need of manuggrrier (DSB-LC) amplitude modulation (AM), also known as
annotations. Furthermore, synthetic signals enable refses  conventional AM,
to develop their algorithms and methodologies in situaion
where real data is yet unavailable or must be reserved for Gan(t) = Ac[l 4 amy,(t)] - cos 2w fet 2
posterior prospective studies. herem,,(t), the normalized message signal, corresponds to

Although software tools have been developed to simulaje N X

ECG signals [1], [2], there are no pressure signal simukatorFSP'ratlon‘ and the carrier signabs(2rf.t) represents the

; : S . pulsatile ABP or ICP components at the cardiac frequency.
available for pressure signals. The unavailability of ketic .. )
: ; : Since both ABP and ICP signals are composed of more than
pressure signal simulators has, in part, prevented resaarc

from conducting simulation studies and quantitative atpor one harmonic and are not exactly periodic, the carrier $igna

o . . cos(2m f.t) does not provide an accurate model of ABP or
validation and assessment on synthetic arterial bloodspres
; . . ICP pulse pressure. However, we can model ABP and ICP as
(ABP) and intracranial pressure (ICP) signals.

a modulation scheme where the carrier is not a pure sinusoid,
This work was supported in part by the Thrasher Research.Fund but a periodic signal with more than one harmonic,
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noisen(t) to the deterministic pressure signét) given in (6),

p(t) = AL + arp(t)] - i O, ei2mfent 3) and passing it through a linear-time invariant (LTI) chdnne
. . n:ioo . . p,,t:/ h(t —7)[p(7) +n(r)ldr. )
wherer, (t) is the normalize respiratory signal (i.e,,(t)| < () —oo ( () Gl

1), and the carrier signal is a periodic signal with an arbjtra Note that the channel model of (7) is not the classical
pulse morphology that has a Fourier series representation.communications linear filter channel; in this case the noise
The pressure signal modeft) given in (3) can be simplified is added to the signal prior to sending it through the LTI filte
by considering only the first two harmonics (i.£. and2f:), The impulse response of the channel can also be made time—
since most of the power in real pressure signals is containedyariant h(7;t), which enables to incorporate low—frequency
the first two harmonics and the DC component. The simplifiegriability by slowly updating the filter coefficients.
model is then, Noise such as motion artifacts and abrupt baseline drifts
_ are not part of the model, singe,(¢) is only intended to
P(t) = pip + Ac[L + ara(t)] - (ovcos 2 fet + feos(dmfet + ) capture the physiologic characteris(ti():s of pressure kbgad
r(t) = o cos2m frt, n(t) = cos2mfrt @) its variability, not artifacts.
According to this model, the normalized respiratory
signal r,(t) modulates a carrier signal with aE. Modeling Frequency Variability

respiratory frequencyf,. The carrier signal is given by As we already established, the simplest model of pulsatile
c(t) = avcos 2 fot + B cos(4m fet + 0) and has a fundamentalpressure consists of a pure sinusoid with a DC component.
frequency of f. (i.e. the cardiac frequency) and a secongle generalized this simple model by modeling the effects of
harmonic at twice the fundamental. The tefin+ ar.(t)] pulse pressure variation as a conventional amplitude modu-
is always greater than zero. This allows for envelopgtion (AM) of a multi-frequency pulse pressure carriertwit
demodulation of respiration. respiration as the modulating signal, and an additive effec

N
p(t) =up + [1+ary(t)] - Z Cre?®™Ient L kr(t)  (8)
C. Modeling Respiratory Snus Arrythmia n=1
. . : e refer to (8) as thdarmonic model. In this modelr,, (¢)
The model for pressure signals given in (4) accounts f¥sy the normalized respiratory signad, is the modulation

the amplitude modulation effect that respiration has orsgul.

pressure, the constant cardiac component, and a reflected v\llgdex, and the carrier signal is a quasi-periodic signahwit

due to the changes in impedance in the arteries. Howeverit a_rbitrary pulse r_norphc_)logy th_at can be approximated as a
does not incorporate the effect of respiratory sinus ahrnyja fnul.tl-harmomc p?r'Od'C signal V\."th a fundamental freqc_gen
(i.e. frequency modulation of the cardiac frequency witR.f fe, corresponding to the cardiac frequency. The respiratory

respiration). The general form of frequency modulation @gnal rn(t) €an also be modeled as a multl-harmgnlc signal
given by (5) with a fundamental frequency equal to the respiratory rate

fr- In the harmonic model the effect of respiratory sinus
arrhythmia is modeled as a sinusoidal FM modulation @
with respiration.

The main limitation of the harmonic model is the lack of
stochastic variability in the frequency domain, that ise th
variation of the cardiac and respiratory frequencies ig@gt
deterministic. To overcome this limitation, we generalizbis

p(t) = pp + A1+ arp(t)] - [a cos(2r fot + Bsin2r fr,t)+ Model by modelingf. and f. as a sum of two components:
a constant carrier frequency an a stochastic frequency

+

¢FM(t) = Ac COs (27[’f6t + Zka / TIL(T)dT>~ (5)
Since in our modelm(t) = r(t) = ocos(2nf,t), the
integration is trivial. Incorporating the frequency moatidn

and the additive effect of respiration, the model becomes,

+ Bcos(dm fot + Bfsin2m fr, + 0)] + Kk -r(n) (6) variation A(¢),
where 5 = % is the modulation index andl; is the FM P
deviation constant. £) = ot M), A () = =D aron(t — k) +w(t)
k=1
D. Modeling Pulse Morphology Variability L) = Ffot (), Alt) = — Z bede(t — k) + w(t)
The model for pressure signals presented in (6) is deter- k=1

ministic. Even though it can be used to generate synthetic Q

pressure signals with realistic time morphology and freqye + Z he(B)Ar(t — k) 9)
characteristics, and incorporates the amplitude, frequand k=0

additive effects of respiration on pressure; it lacks thése@u where the cardiad.(¢) and the respiratory,.(¢) stochastic
morphology variability typical of real ABP or ICP signals.frequency variations were modeled as two correlated auto-
Variability is incorporated into the model by adding Gaassi regressive (AP) processes. The model is completed by passin
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Fig. 1. (a) Example of two real pressure signals over a 10 ®ge(b) Plot showing two synthetic pressure signal withidastcharacteristics generated

using the model presented.
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(a) Spectrogram of a real pressure signal showinfyatgiency content. (b) Spectrogram of a synthetic pressigreal generated using the harmonic

model. (c) Spectrogram of a synthetic pressure signal geeresing the proposed statistical model.
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TABLE |

U study previously described. This is due to the fact that the
SER-SPECIFIED PARAMETERS OF THE MODEL

model captures the pulse morphology and its variabilityhim t

Par. | Description Par. Range time domain. However, visual inspection of a time—freqyenc
7 | Signal duration — decomposition such as the spectrogram of a synthetic signal
a | Cardiac component amplitude | 0-1 reveals the shortcomings of the ha_rmonic model. Comparing
3 | Second harmonic amplitude 0-1 _the s_pectrogra_m of a real pressure S|gne_1l such as the one sh_ow
o | Respiratory component amplitudel-5 in Fig. 2(a_) with the spectrogram obtalned_from a sy_nthet|c
x| Additive respiration amplitude 1-5 pressure signal generated using the har_m_onlg model Fip, 2(b
. | Respiratory frequency 0.1-1 we can clearly see the main model Ilmytatlon, namely, Fhe
7. | cardiac frequency 1-25 Lack of stochastic va;na#)llqlltyf of the respl_ratt)c_i_rty _and mﬁ;}?

P s requency components. The frequency variability is co
Z E:zrs)ier;[g:;ziﬁe(i:r?;\:xharmomc 06 _1 2 deterministic, ghanging sinusqidally, as a consquenct_h_e)f
B; | Respiratory FM index 00-05 model harr_nomc structure. This may limit the applicability
1y | Mean pressure (i.e(t)) 5200 the.model in some S|tuat|9ns, for instance, in the. case df.eva
o, | Standard deviation of(t) 1-15 uation of detection algorithms. To overcome this limitatio
UZL Standard deviation of Noise 0-15 we proposed to model the respiratory and cardiac components
N | Filter Order (MA coefficients) 3.10 as correlated AR processes. Comparing the spectrograms of

the real and synthetic pressure signal generated using this
generalization (Fig. 2(c)), we can observe that the simadlat

ressure captures the frequency characteristics typfoadad
the pressure signal through a fading multipath channel g?llsatile prezsure. q y P

incorporate the nonstationary pulse pressure varialyljical
of real ICP and ABP signals. Thus, the general model equation
is given by (10). IV. CONCLUSION
We described a simple mathematical model of pressure
signals that can be used to synthesize pulsatile ABP and ICP
signals with similar time, frequency, and variability cher
The model was implemented as a MATLAB function. Iteristics of real pressure signals. These synthetic sigcah
can be used as a random ABP and ICP signal generatorberused during development and assessment in a variety of
to simulate pressure signals with specific time and frequenapplications. These include quantitative validation asaae-
characteristics. In addition to the model parameters shiownmoval algorithms, assessment of pressure component idetect
(6), the user specifies standard deviatiop) (of the pressure algorithms, estimation of respiration from ABP or ICP, and
signal, and the noise powerj). Table | shows the user- spectral estimation.
specified parameters.

F. Model Implementation
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