
  

  

Abstract — We present applications of recently developed 
algorithms for data-driven nonlinear systems identification to 
the study of cardiovascular and respiratory control 
mechanisms on an integrated systems level, utilizing 
experimental data obtained during resting conditions. 
Specifically, we consider cerebrovascular regulation during 
normal conditions in a two-input context, as well as respiratory 
control during a model opioid drug (remifentanil) infusion in a 
closed-loop context. The results illustrate the potential of using 
data-driven modeling approaches, which do not rely on prior 
assumptions about model structure, for modeling physiological 
systems, as they are well-suited to their complexity. They also 
illustrate the potential of utilizing spontaneous physiological 
variability, which can be monitored noninvasively and does not 
require experimental interventions, to extract rich information 
about the function of the underlying mechanisms. 
 

I.  INTRODUCTION 
 
Homeostasis is maintained by the complex interaction of 

multiple mechanisms, which often involve feedback loops 
and inherent nonlinearities. As a result of these mechanisms 
and their constant interaction with a fluctuating 
environment, stochastic variations over a wide range of time 
scales arise in physiological signals. Consequently, resting 
physiological variability, contains rich information about the 
function of the underlying mechanisms under natural 
operating conditions. In this context, cardiovascular and 
respiratory control mechanisms are of particular importance. 
In the present paper we present the application of utilizing 
spontaneous physiological variability and nonlinear, data-
driven systems identification to the investigation of these 
mechanisms. Specifically, we consider cerebrovascular 
regulation, as well as the investigation of the effects of 
opioid drugs on respiratory control.  

The cerebrovascular bed is able to maintain cerebral blood 
flow (CBF) relatively constant despite changes in cerebral 
perfusion pressure [1]. Cerebral autoregulation was long 
viewed as a static phenomenon, whereby the “steady-state” 
pressure-flow relationship is described by a sigmoidal curve, 
suggesting that CBF remains constant despite changes in 
pressure within certain bounds. However, with the 
development of Transcranial Doppler (TCD) 
ultrasonography for the noninvasive measurement of CBF 
velocity (CBFV) with high temporal resolution, it was found 
that spontaneous CBFV variations may vary rapidly in 
response to variations of systemic arterial blood pressure 
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(ABP) [2]. Furthermore, the cerebrovascular bed is 
exquisitely sensitive to changes in arterial CO2 [1]. 
Spontaneous fluctuations of arterial CO2 tension, assessed 
by end-tidal CO2 (PETCO2) measurements, have a significant 
effect on slow fluctuations of both CBFV as well as regional 
blood flow, assessed by BOLD functional magnetic 
resonance imaging [3], [4]. It has also been suggested that 
cerebral hemodynamics are characterized by nonlinearities 
[2], [5]. Therefore, we have introduced a two-input, 
nonlinear model of cerebral hemodynamics [6], shown in 
Fig. 1, and in the present paper we show results obtained 
from using this model to study cerebrovascular regulation 
during resting conditions.  

Much of the understanding of human respiratory control is 
based upon characterization of the ventilatory feedback loop, 
which is shown in Fig. 2 in a simplified form. Ventilatory 
responses are usually examined during hypoxic or 
hypercapnic stimulation [7]. Moreover, it has been shown 
that spontaneous breath-to-breath fluctuations in PETCO2 are 
responsible for a considerable fraction of the normal 
variability in tidal volume (VT) [8], and the dynamic effects 
of these spontaneous fluctuations have been used to derive 
information on ventilatory feedback [9]. Respiratory 
depression is the most common serious side effect of opioid 
drugs, [10], [11]; therefore, avoiding respiratory depression 
remains an important clinical aim. In the present paper we 
also considered the effects of a model opioid drug 
(remifentanil) infusion on respiratory control by quantifying 
the dynamic interrelationships between PETCO2, VT and 
breath-to-breath ventilation (VT/TTOT, where TTOT is total 
breath time) in both causal directions of the ventilatory loop. 
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Fig. 1. Two-input, nonlinear model of cerebrovascular regulation, 
which includes the dynamic effects of ABP and arterial CO2 
(assessed by PETCO2) on CBFV, termed dynamic pressure 
autoregulation and CO2 reactivity respectively. 
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kernel exhibits a low-pass characteristic. Typical second-
order MABP and CO2 kernels are shown in Fig. 5, whereby 
most of their power lies below 0.1 Hz.  

 

 

 

  
  

 
B. Respiratory control during opioid infusion 

 
The effects of remifentanil on the respiratory variables 

were: (i) a dose-dependent decrease in respiratory rate that 
was due to increases in duration of expiratory time (TE) and 
its variability coefficient (see [15]) (ii) VT initially decreased 
(at 0.7 ng/ml) but increased at higher levels towards baseline 
values and (iii)  PETCO2 increased and became more 
variable. The spectral power of PETCO2 from 0 to 0.3 cycles/ 
breath increased markedly, while VT spectral power 
increased during remifentanil infusion, albeit less 
pronouncedly above 0.02 cycles/ breath. Nonlinear models 
reduced the prediction NMSEs significantly in both 
directions of the ventilatory loop [15]. Representative linear 
and nonlinear model predictions are shown in Fig. 6. PETCO2 
variations mainly account for the VT post-sigh response, as 
sighs are clearly correlated with sharp PETCO2 drops, which 
in turn influence VT. These sharp drops are evidently 
accounted by the VT  PETCO2 model. The incorporation of 
nonlinear model terms improved performance over a wide 
range of frequencies below 0.03 cycles/breath. 

The averaged first-order kernels for the forward part of 
the ventilatory loop are displayed in Fig. 7, when both VT 
(blue) and VT/TTOT (black) were used to assess ventilatory 
variability. Their form during baseline suggests that an 
increase in PETCO2will cause an increase in VT (or VT/TTOT), 
with the maximum instantaneous effects occurring at 4 and 8 
breaths after the PETCO2 increase. The kernel values 
decreased during remifentanil, with the decrease being more 
evident for the second peak. For the reverse branch of the 
ventilatory loop (V  PETCO2), the form of the first-order 
kernel suggests that an increase in ventilation will lead to a 
decrease in PETCO2, with the effects occurring almost 
instantaneously, i.e., within the first 2 breaths (results not 
shown). Remifentanil infusion did not alter these 
characteristics; however, the kernel values increased at all 
levels, suggesting a stronger dynamic effect of ventilatory 
variability on PETCO2.  

 
 

Fig. 5. Representative second-order MABP and CO2 kernels. Left 
panel: time domain, right panel: 2D-FFT magnitude. 

 
Fig. 4. First-order MABP and CO2 kernels (solid lines) and 
corresponding standard errors (dotted lines), averaged over all 
subjects – resting conditions. Left panel: time domain, right panel: 
FFT magnitude. 

 
Fig. 3. Decomposition of model prediction of the two-input 
nonlinear model of cerebrovascular regulation into linear and 
nonlinear components, as well as into ABP and CO2 components, 
for a representative data segment in the time (left) and frequency 
(right) domains - resting conditions. 

  TABLE I 
CEREBROVASCULAR REGULATION DURING RESTING 

CONDITIONS: PREDICTION NMSES (MEAN±SD) FOR ONE-
INPUT AND TWO-INPUT MODELS. 

Model  
order 

Model inputs 
[NMSE in %] 

 ABP PETCO2 ABP & PETCO2  

1 42.2 ±7.2 93.2±2.7 38.2±6.5 

2 25.7± 8.3 78.2±25.7 22.0 ± 6.0 

3 26.8±7.6 71.7±4.8 20.2±5.4 
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