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Abstract—In this paper, we propose the use of black box
models for the system identification of the cardiopulmonary
baroreflex control of arterial resistance and of ventricular
contractility and of arterial baroreflex control of heart rate
(HR) from invasive, continuous measurements of arterial blood
pressure (ABP) and central venous pressure (CVP), and non
invasive, continuous recordings of ECG and respiration. Two
crucial phases of the abdominal aortic aneurism (AAA) repair
were investigated: the clamping and declamping of aorta. The
objective of the present work is to evaluate and to test the
ability to monitor baroreflex responses to clamping and
declamping maneuvers preceding and following aneurism
removal.

I. INTRODUCTION

HE analysis and modeling of short term
cardiovascular (CV) variability can provide with a
powerful insight the autonomic nervous system control of
circulation [1,2]. Securing hemodynamic stability in order to
prevent hypotension and organ perfusion deficiencies is one
of the main challenges faced by the anesthesiologist or
intensivist during major surgery as well as in the intensive
care unit. In this context, one of the most commonly
practiced maneuvers is intravenous administration of
colloids or crystalloids, where increasing circulating volume
will aid in maintaining arterial blood pressure (ABP)
through modulation of arterial resistances and ventricular
contractility mediated by the cardiopulmonary baroreflex.

In this paper, we propose the use of black box models for
the system identification of the cardiopulmonary baroreflex
control of arterial resistance and of ventricular contractility
and of arterial baroreflex control of heart rate (HR) from
invasive, continuous measurements of ABP and central
venous pressure (CVP), and non invasive, continuous
recordings of ECG and respiration [3]. These models were
applied to the analysis of a standard surgical procedure. CV
signals were continuously recorded during open surgical
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repair of abdominal aortic aneurism (AAA).

In particular, two crucial phases of the intervention were
investigated: the clamping and declamping of aorta, which
precede and follow the surgical removal of the aneurism.
Typical maneuvers consist in the infusion of vasodilators
just before the clamping, and in the infusion of
vasoconstrictors and/or fluids during the declamping of the
aorta. These phases are very challenging as changes in total
peripheral resistance and hemodynamics are sudden and
marked.

The choice of this type of procedure is motivated by the
fact that it is quite standard and the timing of the events well
established. The objective of the present work is to evaluate
and to test the ability to monitor the baroreflex responses to
clamping and declamping maneuvers preceding and
following aneurism removal.

II. METHODS

A. Data collection

A custom software was developed (termed “Global
Collect”, Labview 2009© environment) in order to
simultaneously acquire, interpret and visualize data from
multiple patient monitors, including the GE S/5 Avance
Carestation©, Pulsion PiCCOO, Edwards Vigileo©. All
devices perform internal A/D conversion and transmit data
(RS232 interfaces) sampled at heterogencous frequencies
and packaged through proprietary protocols. Custom
interpreter modules were built based on protocol
information obtained from device manufacturers and
integrated into a single application which provides the user
with flexible synchronised waveform and indices acquisition
as well as on-screen visualization through a multiple RS232-
USB 2.0 Hub.

Four surgical interventions were analyzed. Patients
underwent the same procedures: open AAA surgery,
sedation induced by a bolus of propofol (2mg/kg) and
sedation maintenance by a total intravenous anesthesia
(TIVA, 6-8 mg /kg-hr).

B. Pre-processing of signals

Pre-processing of raw recordings of ABP, CVP, ECG and
respiration (Airway Pressure, Airway Flow, CO, and O,
relative concentrations) was performed in order to extract
beat-by-beat series, employing standard and robust
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algorithms based on ECG and ABP analysis. In particular, R
peaks indicative of each cardiac cycle were extracted
through ECG processing, hence constructing RR intervals
series (RRI); beat-by-beat series of systolic blood pressure
(SBP), diastolic blood pressure (DBP), mean arterial
pressure (MAP), and pulse pressure (PP), computed as the
difference between SBP of the current cardiac cycle and
DBP of the previous cycle, were extracted from the arterial
pressure waveform; beat-by-beat CVP was calculated as the
mean value of continuously recorded CVP over each cardiac
cycle, defined as the interval between two consecutive R
peaks; the value of respiration for the each cycle was
defined as the mean value of the respiration within an heart
cycle.

Analyses were performed on segments of 5 minute long
sliding windows, 80% overlapped. Zero-mean time series
representative of short term hemodynamic variability were
obtained by resampling beat-by-beat series in the time
domain through an anti-aliasing low-pass filter (sampling
frequency 1 Hz), and subtracting the mean value over the
window.

C. Modeling autonomic control of circulation

As the mechanical ventilation produces a marked driving
oscillation, the phase relationship between input and output
signals of the proposed models, was found by computing the
phase ¢ of cross-spectrum around 0.2Hz (frequency of the
mechanical ventilator) when coherence is >0.5; the obtained
value (¢/27f) was taken as the value of latency T.

Two models were implemented for the prediction of beat-
by-beat fluctuations of ABP, as an extension of a previously
proposed model [3]:

ADBP(i)= 2y (1) ASBP(I= - Tyu) + 2 i) ACVP= - Twr) (1)
J=) J=

+h, - ARRI(i)+ w,(i) = DBPg,, + DBP.,;, + DBP,; + W,

APP(i) = ihder(j)lARESP(i _J"Tder)"'i h,.(G)-ACVP(i—j-T,.) (2)
j=1 j=1
+ hdbp -ADBP(i) + wp(i) =PPrpsp + PPy + PPppr + W,

Equation 1 models the prediction of beat-by-beat
oscillations around the mean value of DBP (ADBP) from
ASBP, ACVP and ARRI series, including the black box
modeling of the cardiopulmonary baroreflex control of
afterload resistance (DBP,cyp). Equation 2 represents the
prediction of beat-by-beat oscillations around the mean
value of PP (APP) from the variability signals of respiration,
CVP and DBP, including the effects of cardiopulmonary
baroreflex control of ventricular contractility (PP/cyp).

The assumptions underlying this modeling approach to
autonomic control of blood pressure regulation are: a) DBP
is classically related to total peripheral resistance, as
outlined in Windkessel modeling of the arterial tree [4]; b)
PP can be employed as a surrogate of stroke volume [5].
Model components describe the following physiologic
mechanisms of ABP control: arterial tree hemodynamics
(DBP/spp), cardiopulmonary baroreflex control of afterload

resistance (DBP,cyp), diastolic runoff (DBPgr), mechanical
modulation of venous return by respiration (PPgsp), effects
of preload on stroke volume and cardiopulmonary
baroreflex control of ventricular contractiliy (PP,cyp),
afterload modulation of cardiac ejection (PP/pgp). Model
coefficients were identified by standard system
identification techniques, such as generalized least square
algorithm. The noise series wy represent residual predictions
errors.

Impulse responses and step responses of the two filters
(DBP,cyp) and (PP,cyp) are assumed to be representative of
cardiopulmonary baroreflex control of afterload resistance
and of ventricular contractility, while final step response
values are assumed to quantify the gains of these
mechanisms.

Cardiac baroreflex was investigated as well. As suggested
in [6], we used a minimal closed loop model to investigate
the dynamic inter-relationship between respiration, HR, and
ABP. RRI fluctuations are assumed to depend on SBP
fluctuations through arterial baroreflex (ABR) and a direct
autonomic coupling between HR and respiration
(Respiratory Cardiac Coupling, RCC). A portion of change
in SBP is assumed to be produced by direct effects of the
respiratory activity (DER), and by the Windkessel runoff
effects (circulatory dynamics, CID)[7]:

ARR(D)= Y e i) ARESP(= - Tyec) + o

3y () SBP(i - Ty) +W g i)
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The impulse response of the model components (equation
3 and 4) were constructed using both Laguerre basis
function [8] and the least square error method.

The baroreceptor-heart rate reflex sensitivity (BRS) was
assessed through the computation of the transfer function
(TF) between SBP and RRI time series in the low frequency
(LF) band. The mechanical ventilation frequency higher
than 0.15Hz assures that the oscillation in LF band should
not be of respiratory origin [9].

D. Spectral Analysis

Autoregressive (AR) spectral analysis was performed for
all ABP time series and RRI series and power in the 1) very
low frequency (VLF, 0.003<f<0.04Hz), 2) low frequency
(LF, 0.04,<f<0.15Hz), 3) high frequency (HF,
0.15<f<0.4Hz) bands was computed, as well as 4) total
power, 5) LF/HF ratio, 6) LF+HF power, 7) LF% and 8)
HF% as suggested in [10].
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Fig. 1. Vertical lines indicate the time of clamping and declamping. The panels report the mean values of SBP, DBP, MAP, PP, RR, CVP time series; the
normalized LF component of SBP, DBP, PP variability time series; the total power and LF component of RR signal; the gain of cardiopulmonary baroreflex
control of ventricular contractility (PP,cvp); the gain of cardiopulmonary baroreflex control of afterload resistance (DBP,cvp). When the recorded signals have
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Fig. 2. Vertical lines indicate the time of clamping and declamping. The panels report the values of cardiac baroreflex measured with the transfer function
method (TF a LF) and by the minimal model closed loop; circles indicate the gain estimated by the least square error method, triangles by the Laguerre basis

function (LBF) expansion.
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III. RESULTS

As figure 1 shows, the effects of drug infusion are clearly
observable in the LF spectral components. Before clamping
and after declamping the sympathetic nervous system (SNS)
drastically decreases and increases respectively (about a
factor of fourfold or more) due to vasodilators and
vasoconstrictors. After the first minutes following
declamping, the response of the analyzed patients is mainly
volume and drug driven: the increase of venous return, as
shown by a significant raise of CVP, is accompanied by an
increase of HR, of LF oscillations in ABP signals, and of
total power of HR (Fig.1). After this transient, the phase
after declamping is characterized by 1) the increase of PP cyp
gain which becomes positive again, as it is in baseline ii)
the increase of DBP,cyp gain which becomes negative again
(Fig.3).

The recovery after the transient seems to be mainly
mediated by cardiopulmonary baroreflex more than cardiac
baroreflex. As the values of cardiac baroreflex are quite
stable and low during the procedure and no remarkable
trends were obtained in the analyzed subjects (Figure 2).
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Fig. 3. Values of cardiopulmonary baroreflex control of ventricular
contractiliy (PP,cvp), obtained from the 4 subjects are showed for the three
different phase.

IV. DISCUSSION AND CONCLUSION

In this paper we present preliminary results, showing the
potential of investigating autonomic nervous system control
of circulation under anesthesia in aiding hemodynamic
monitoring and maintenance of blood pressure stability in
patients undergoing major surgery.

While these results provide with a preliminary picture,
future works should aim at characterizing the hemodynamic
status of patients in the perioperative period and recast the
results in form of synthetic indexes and/or indicators. The
integration with modeling techniques suited to interpret
variability of central volumes and to track heart performance
under stress conditions such as anesthesia and surgery can

pave the way to the definition and validation of clinical tools
designed to support the decision making of
anesthesiologists, constantly faced with the challenge of
identifying the optimal strategy to stabilize volumes and
pressures during surgery.
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Fig. 4. Mean values of SBP, DBP, MAP, PP, HR and CVP obtained from
the 4 subjects are showed for the three different phase.
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