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Abstract The study of the dynamic interactions between signals related to the autonomous
nervous system can improve the understanding of the underlying mechanisms of the cardiovas-
cular control. In this study, cross time—frequency (TF) analysis is used to estimate the phase
differences, the time—delay and the phase locking between cardiovascular signals. Phase dif-
ferences and time delay give a measure of the changes in the synchronization between two
oscillations, while phase locking measures the degree of similarity of these changes across sub-
jects. The presented methodology is based on the smoothed pseudo Wigner—Ville distribution
and includes time—frequency coherence analysis.

In a first simulation study involving highly non—stationary synthetic signals, this methodology
provided accurate estimates of the temporal changes of the phase differences, with an error
characterized by interquartile ranges lower than 2% and 9% for SNR equal to 20 dB and 0 dB,
respectevely. A comparative study showed that the proposed estimator outperformed an esti-
mator based on the integration of the difference between the instantaneous frequency of each
spectral component. In a second simulation study, it is shown that the presented methodology
reliably followed abrupt time delay changes, with a time of adaptation lower than 10 s.

This methodology was used to characterize the interactions between the RRV and the respira-
tory signals during tilt table test. In 16 young healthy subjects, head-up tilt caused the phase
differences (resp. time delay) to decrease about 0.57 rad (resp. 0.312 s) in HF spectral range,
with HF€[0.15, 0.4 Hz]. During the test, the phase locking estimated in HF range, fluctuated
around 0.640.11 and slightly decreased during head-up tilt, from 0.67H to 0.61-0.11,

thus indicating a higher variability across subjects in the coupling during head-up tilt.
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1 INTRODUCTION

To introduce the time—frequency phase differences (TFRid)the time—frequency phase
locking (TFPL), let's write a simple model for the analytiepresentation of cardiovascular
signals, as the sum of complex exponentials showing bothitame and frequency modulation,
embedded in noise:

X(t) = Aue(t)eer® L A (t)e0er b 4w (t) 1

YO = Aus(ES + Ap(()68 0 1) .
In this expression LF and HF indicate the low frequency comemd, LR=[0.04, 0.15 Hz],
and the high frequency component, €{B.15, 0.4 Hz], respectivelyd,(t), with B€[LF,HF]
andk € [x,y], is the instantaneous phase, related to the instantanesmsehcy byf,s(t) =
(dBs(t)/dt)/(2m); w,(t) is a white Gaussian noise (WGN). As cardiovascular signalsisu-
ally non—stationary, the phase difference between eaattrgpeomponentf,(t) = 6,5(t) —
6,:(1), is expected to be time—varying. An illustrative exampleévad synthetic signals which
share similar instantaneous frequencies and are chadractdry time—varying phase differ-
ences, is shown in Fig. 1. This example may represent LFlaseoils of R—R variability
(RRV) and systolic arterial pressure variability (SAPV) idgrnon—stationary conditions. The
estimation of the TFPD spectrum, which quantifies the cheingghe synchronization between
two oscillations, and the TFPL, which measures the degremolarity of these changes across
subjects, can reveal valuable information to charactehealynamic interactions between sig-
nals related to the cardiovascular and cardiorespiraistems.
The estimation of phase differences between biomedicatstationary signals in the joint TF
domain was used in few studies [1, 2, 3, 4, 5]. Among them, rofoouses on the characteriza-
tion of cardiovascular dynamics. From a methodologicalvpeint, TFPD has been estimated
by wavelet transform [2, 3], by Rihaczek transform [1] andéguced interference distributions
[6].
The purpose of this study is to describe a robust technigaedorately estimate the TFPD and
TFPL via smoothed pseudo Wigner—Ville distribution (SPWYBN)d to show the usefulness
of such approach in the analysis of the cardiovascular artiazaspiratory system. The pre-
sented methodology is assessed in simulation studies arsgdésto characterize the dynamic
interactions between the RRV and respiratory signals duiiirigble test.

2 METHODS

Given (1), the time—course of the phase difference betweensignals, evaluated for a
specific spectral componeBt can be estimated as:

A

t
By(t) = 21 /O [f,0(T) — f,0(T)]dT )

This procedure has two main drawbacks: it is very sensitivestimation errors it 5(t), since
an estimation error a4 affects all6,(t > t, ), and gives a quantification of the phase differences
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Figure 1: Example of signals oscillating at typical Mayenvedrequency and characterized by
time—varying phase differencést)
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Figure 2: Time—frequency structure of signals of type (Bdis the simulation studies. (a)—(b):
Instantaneous frequencies, (c)—(d): instantaneous amed of signalx(t) andy(t), respec-
tively. Time—course of LF and HF spectral indices are in blaed red, respectevely.
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only at f,s(t). In cardiovascular signal analysis, these inconvenieapegarticularly serious,
since biomedical signals are never perfectly narrow—barttiam accurate estimation of the
instantaneous frequencies is not always possible.

Cross TF analysis provides a simultaneous characterizafitine phase differences in time
and frequency, and allows to overcome these limitationg gresented methodology is based
on the estimation of the TFPD spectrum, from which the tinoewse of the phase difference
between each spectral component is extracted. It is cordmighe following steps:

(i) Estimation of auto and cross TF specta(t, f), S, (t,f) andS, (t,f),via SPWVD [7, 8]:

S,(t.f)= //0; O(1,v)A,(1,v)el?™ T Ddydr @)
e [ x(e2)y (- ema X

CD(r,v;ro,vO,)\):exp{—nKVKo)er (Tlo)zr} (5)

whereA,,(1,Vv) is the cross ambiguity function ar|(7,v) is a smoothing kernel func-
tion [9], already used in cross TF analysis of cardiovasaignals [8, 10, 11].

(i) Estimation of the TFPD spectrur@(t, ), and TF coherencét, f):

. B 0[S0 | 4 B
(a(t,f)—arctan[—D &) o(t,f) e [-m, (6)
V(Lf): }Sw(t?f)‘ : V(t7f> € [07 1] (7)

Su(t.H)S,(t.f)

(iii) Localization of the TF regions where the coherenceatistically significant. This is done
by a hypothesis test, based on the comparisatof ) with a threshold functiom,(t, f),
obtained as the 9percentile of the statistical distributidit, f) = {yi(t,f),..., y(t,f),...},
wherey(t, ) is the TFC between thigh realization of two WGNSs. The estimation of the
threshold as the 95ercentile of (t, f) is associated to a significance level (type | error)
of 5%. The regions where the TF coherence is significafit,are defined as:

QY = {(t,f) € (R*xB) | y(t,f) > Vm(t,f)}; with B= {LF,HF} (8)

(iv) ldentification of the TF regionQ¥Y, in which the time—course of the phase difference
between each spectral component is estimated. To lochAksetTF regions, the instan-
taneous frequency which corresponds to the maximum of tlgninale of the cross TF
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spectrum, evaluated insid#? is estimated as:
fém()—arg[max{{sx (t, f)|H (9)
feQl

RegionsQ®, with Q© C Q¥ are centered arounif’ (t) and are defined as:

Qo — {(t,f) cQu|f= fé‘”(t)i%} (10)

wherel\; is a term related with the frequency resolution of the TFrifigtions, which
determines the maximum width 61. Parameter\, is estimated as the full width at
half maximum of the functiomp(t =0, f), whereg(t, f) is the two dimensional Fourier
transform of (5):

olt, ) :/ o(1,v)d2 - drdy (11)

(v) The time—course of the phase differences between eaitrabcomponent of the two
signals,6;(t), is finally estimated (in radians) by averaging the TFPD spetin Q:

6,(t) = UQS’) G)(t,f)df] / {/anldf}; Be {LF,HF} (12)

The time delay associated @Q(t) can be estimated (in seconds) as:

5 Bs(t)

e(t) = 2O () (13)

The degree of phase—locking between different couplegobds [1] is estimated, on the whole
population, by the TFPL.:

$(t,f) € [0,1] (14)

L |2n@ (t,f)
2€

wherelL is the number of subjects. For a given TF poiﬁ#(,t,f):l if at that point the phase
differences are the same for all subjects, whié, f)=0 if the phase differences randomly
change across subjects.

I_II—‘

3 VALIDATIONS

Two simulation studies were carried on with the purpose bfiating the proposed method-
ology and comparing its performance with a traditionalreator not based on cross TF anal-
ysis. In particular, these simulations aim at assessing|uistrative examples, the tracking
capability and the robustness against noise of the estimafmulated signals are of type (1)
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and are characterized by the highly non—stationary TF streceported in Fig. 2. These sig-
nals can be seen as locally coupled, since their spectrgg@oemts share similar instantaneous
frequencies and their amplitudes vary slowly. From a pHggical viewpoint, the time—course
of the instantaneous frequencies of the HF componépigt) and f,,-(t), covers the range of
possible respiratory frequencies observed in many autantests, and it may correspond to
the pattern of the respiratory frequency observed durimges@spiratory disorders such as pe-
riodic breathing. From a theoretic viewpoint, the trackaigime—varying spectral components
characterized by sinusoidal frequency modulation is engiing, due to the high level of inner
interference terms which characterizes signals with sunledulation [12].

Simulation | — phase differences: The performance of the estimator of phase differences
based on cross TF analysis, described through (3)—(12pngared to the performance of
the estimator based on the integration of the instantanieqgaencies, described in (2). The
time—course of the phase difference between each speotrgdanent ofx(t) andy(t), i.e.
B:(t) = 6,5(t) — B,5(t), are reported in Fig. 3a—b. These phase differences caesestanta-
neous frequencies of the signals to slightly differ. In &imulation, the tracking of the phase
differences is particularly challenging since all the paegers which determine the TF struc-
ture of the signals, i.eA(t), f.:(t) andB;(t), vary quickly and simultaneously. In particular,
the most abrupt changes occur in LF, where the rate of vaniatf 6,-(t) gives, fort ~260 s,

| foe(t) — f,(t)| = 0.028 Hz.

Simulation 1l — time delay: In this simulation, the performance of the proposed methodo
ogy in tracking the time delay, given in (13), is assessednd&iy(t) is obtained from signal
X(t), whose TF structure is the same as that used in the previowsation (see Fig. 2a—b), as
y(t) =x(t+ 2(t)). Time delayZ(t) increased stepwise as shown in Fig. 4.

4 PHYSIOLOGICAL STUDY

Signals were recorded from 16 young healthy subjects (age83&ars) during a tilt ta-
ble test with a protocol already illustrated in [10]. The exXmental protocol consisted of: 4
minutes in early supine positiohf), 5 minutes tilted head—-up to an angle ofq0V,) and 4
minutes back to later supine positioN,J. During head—up tilt, subjects undergo a progressive
orthostatic stress. The ECG and respiratory signals wergded using the Biopac MP 150
system with a sampling frequency of 1 kHz and 125 Hz, resypalgti The QRS complexes in
the ECG were detected and the RR signal was obtained by usinthadri®ased on the integral
pulse frequency modulation model, which accounts for tlesgmce of ectopic beats and arti-
facts [13]. The RR and the respiratory signals were resangtlédHz and the RRV signals was
obtained by high—pass filtering the corresponding seriés avcut—off frequency of 0.03 Hz.
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5 RESULTS
5.1 Simulation studies

Time—frequency spectra were estimated by using the keBjelhich gave a time and fre-
quency resolution of about 12 s and 0.04 Hz. In both simulatithe estimation of(t) and
2(t) was repeated for different level of SNR, going from 20 to 0 dB. é&eery SNR level, 100
couples of signals were processed. The results of the firatlation are summarized in Fig.
3, where panels (a)—(d) and (e)—(h) show the results olstdigecross TF analysis as in (12),
and by integration of the differences of the instantaneoeguiencies, as in (2), respectively. In
(2), the instantaneous frequencies of the spectral conmp®oéx(t) andy(t) were estimated as
the frequencies corresponding to the maximum of the insteattus auto TF spectra in both LF
and HF bands. The time—course of the estimated phase diffesebetween each component,
6:(t), is shown in panels (a)—(b) and (e)—(f), where results arergas the range between the
lower and upper quartiles of the estimates. As shown, thmatir based on cross TF analysis
gave a better characterization of the changes of the ph#iseedces than the estimator based
on the estimation of the instantaneous frequencies. Totiyéme goodness of the estimation,
the median, and the lower and upper quartiles of the estimaiirors,6,(t) — 6(t), were cal-
culated for every iteration. The results of error analysesgiven in Fig. 3c—d and Fig. 3g—h,
where circles and bars represent the average of the mediaof #me interquartile ranges of the
estimation errors. Numerical results are given in Table Indgming the results obtained by
cross TF analysis, it is shown that the median errors werayaviower than 0.013 rad, even
for SNR as low as 0 dB. The variability of the estimation demzhdn the SNR and on the
rate of variation of9,(t). For SNR=20 dB and fo8(t) varying quadratically, as i8,(t), the
interquartile ranges were lower than 0.05 rad, less than 2#eototal range of variation of
O(t). For SNR=0 dB and fof(t) varying sinusoidally, as ié(t), the interquartile range was
about 0.42 rad, about 8% of the total range of variatioB (@§.

The estimation of the phase differences by integration efdifferences between the instan-
taneous frequencies gave results characterized by mudr keeuracy. The estimation errors
were characterized by interquartile ranges at least 34¥%ehithan those obtained by cross TF
analysis. For SNR equal to 0 dB, the interquartile rangeseéthors given by (2) were, in LF
and HF bands, more than 200% and 800% higher than those ethtayrthe proposed method.
The lower accuracy in estimating the phase differences bwith respect to (12), was mainly
due to the difficulty of perfectly tracking the instantanedrequencies of the signals, specially
in presence of noise.

Results of the simulation Il are reported in Fig. 4 and Tabldrithis simulation, the time
delay Z;(t) is estimated only by cross TF analysis, as in (13). In Fig.b4#-is shown that
the median trend of the estimates correctly tracked thepalmhanges ofZ;, with a time of
adaptation, from the stepwise increasezgft) to the stabilization of the estimates, of about 10
s. As shown in Table 1, the variability of the estimates isaflyeaffected by the level of the
noise and is higher in LF.
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Figure 3: Simulation I. (a)—(d): results of the proposedhodblogy based on cross TF analysis;
(e)—(h): results obtained by instantaneous frequencynagtis. (a)—(b) and (e)—(f): red lines
represenif(t); shadowed areas represent the range between the lower pad guartile of
estimated(t). In these examples SNR=10 dB; (c)—(d) and (g)—(h): circleskamd represent
the average of the I, Il and Ill quartiles of the estimatioroes.
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Figure 4: Simulation Il — Time delay estimation (a)—(b): uks of the proposed methodology
based on cross TF analysis; red lines represg(it); shadowed areas represent the range be-
tween the lower and upper quartile of estimaiét). In these examples SNR=10 dB; (c)—(d):
circles and bars represent the average of the I, Il and llitdes of the estimation errors.
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Param  (eq.) [unit] 20dB 10 dB 5dB 0dB
éLF(t) (12) | [Hz] | 0.000+0.200 0.00Gt 0.220 0.013:0.274 -0.004+ 0.426
(2 [Hz] | -0.180+ 0.268 -0.131 0.300 -0.113t0.331 -0.20H- 0.886
Be(t) (12) | [Hz] | -0.001+0.049 -0.006t 0.153 -0.00A 0.264 0.005t 0.468
(2) [Hz] | -0.2544+0.126 -0.23+ 0.253  -0.309+ 0.551 -1.719+ 3.923
Ze(t) (13) | [sec] | 0.008+0.084 0.01:0.218 0.0170.376 0.006t 0.571
Zae(t)  (13) | [sec] | 0.000+0.036 -0.002+ 0.093 0.003: 0.151 -0.006+ 0.256

Table 1: Simulation results. Results are reported as thageeaf the mediatt the interquartile
range of the estimation errors obtained at each iteratioomRop to bottom, results concern
the estimation errors shown in Fig. 3c, 3d, 3g, 3h, 4c, 4d.
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Figure 5. Phase differences between RRV and respiratorglsityming tilt table test. Vertical

lines mark the early supine position, the head—up tilt aredl#ter supine position. (a)—(c):
Results from a subject. (d): Global results. (a): black corgeencircled the regions where
the TFC was statistically significant. (b): black contouepresenQQ?. (c) phase difference

between the HF component, estimated by avera@ifigf) in Q9. (d) Global trends: lines

represent the median values and the shadowed area thealrttetween the lower and upper
guartile.
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Figure 6: (a): Time—frequency phase locking(t,f), between the RRV and the respiratory
signal estimated in 14 subjects undergoing tilt table tés}: Interval between the | and Il
quartiles of¥(t, f), estimated along.

5.2 Physiological study

An illustrative example of the estimation of the phase ddfeees between the RRV and the
respiratory signals is shown in Fig. 5. In Fig. 5a it is shoWwat} despite the non—stationary
structure of the signals, by TF coherence analysis was lgest localize regions in which
coherence was statistically significant. These regi6€)is, are encircled by a black contour.
In Fig. 5b it is shown that the TFPD spectrum was everywhessectorr. Given that the
spectral content of the respiratory signal usually lies i ehly results concerninéHF(t) are
shown. Parametdd,(t) was estimated by averaging the TFPDX}{, whose boundaries are
reported in Fig. 5b. In Fig. 5c, it is shown that for this suibjeghe movement back and forth
from supine position to head—up tilt provoked almost in&taaous changes i (t), which
during tilt decreased more thar2 and then, when supine position was restored, went back to
values similar to those observed in early supine posititnes€ changes in the phase differences
corresponded to a change in the time delay(t), whose mean trend decreased 1.57 s, from
2.89 s in early supine position to 1.32 s during tilt. Notet tthés subject showed particularly
high changes of both phase differences and time delay.

Results concerning the global trends of the study populatershown in Fig. 5d, where lines
represent the instantaneous median valueé@f) and shadowed areas the lower and upper
guartiles, estimated among subjects. In the whole studylptipn, the head—up tilt caused the
phase differences to decrease about 0.55 rad in HF, beingdéd&an trend equal to 2.7®.14

rad inW,, 2.12+0.13 rad inW,, 2.61+0.24 rad inW,. On average, during the head-up tilt, the
time delayZ;(t) decreased 0.272 s, being the median trend equal tat0,80 s W), 1.33+
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0.19sW,) and 1.46-0.28 s \\,).

The TFPL, shown in Fig. 6a, fluctuated around @411 in HF and 0.440.15 in LF. The
median trend and the interquartile range of the TFPL, evatli;m HF, are shown in Fig. 6b. In
HF, the median trend of the TFPL was equal to 66707 {\,), 0.614+-0.07 {\,) and 0.63-0.03
(W,). Although the phase diﬁerenC&F(t) followed a common pattern, shown in Fig. 5d,
the phase locking, evaluated in HF, is not high and slightigrdased during head—up tilt, thus
indicating a higher variability across subjects in the dmgpduring\W.. The low values of the
TFPL are likely due to the fact that the common patterépft) took place, for every subject,
in different portions of the TF domain. This shown the imparte of the localization of specific
TF regions QY, to properly estimate the time—course of the phase diftezen

6 DISCUSSION

In this study, a new methodology for the quantification ofgghdifferences in non—stationary
signals related to the cardiovascular and cardiorespyraistems, based on cross TF analysis,
is proposed. This methodology includes the estimation eftémporal changes of the phase
differences, the time delay and the phase locking. The SPWhgldqes auto and cross spectra
characterized by high joint TF resolution [8], which can bdapendently adjusted in time and
frequency. Moreover, the localization of TF regions whgvecdral coherence is statistically
significant (i.e., where signals are sharing similar instaaous frequencies) allows to robustly
estimate the phase differences and the time delay. Thedatah of these TF regions is of
crucial importance to reliably extract the time—coursehaf phase differences from the TFPD
spectrum.

In non—stationary context, this methodology was shown twige accurate estimates also in
presence of noise, and it outperformed techniques basatstantaneous frequency estimates.
Finally, the TF representation of the phase-locking betwdiferent couples of signals allows
to assess whether a determined stimulus provokes, amdegedif subjects, similar patterns
of synchronization. The analysis of signals recorded dutilh table test shows that head—
up tilt provoked changes in the phase differences between &RWVthe respiratory signals.
The presented methodology provides a characterizatiormam@liavascular interactions which
may add valuable information toward a better understandfrthe dynamics involved in the
cardiovascular control.
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