
 

Abstract—We introduce a blind identification technique to 
reconstruct the clinically more relevant central aortic pressure 
waveform from multiple less invasively measured peripheral 
arterial pressure waveforms.  We conducted initial testing of 
the technique in two swine in which peripheral arterial 
pressure waveforms from the femoral and radial arteries and 
reference central aortic pressure were simultaneously 
measured during diverse hemodynamic conditions.  We report 
an overall error between the estimated and measured central 
aortic pressure waveforms of 4.8%.  Potential clinical 
applications of the technique may include critical care 
monitoring with respect to invasive catheter systems and 
emergency and home monitoring with respect to non-invasive 
arterial pressure transducers.    

I. INTRODUCTION

S the arterial pressure wave traverses from the central 
aorta to smaller peripheral arteries, its contour becomes 
significantly distorted due to complex wave reflections 

in the distributed arterial tree [1].  For example, both systolic 
pressure and pulse pressure usually become amplified, with 
the extent of the amplification dependent on the particular 
peripheral site and state of the arterial tree [2].  Thus, it is the 
systolic and diastolic pressures measured specifically in the 
central aorta that truly reflect cardiac afterload and perfusion 
[3].  Perhaps, as a result, central measurements of systolic 
pressure and pulse pressure have been shown to be superior 
in predicting outcome than corresponding measurements 
made in more peripheral arteries [4][5].  Moreover, central 
aortic pressure is not significantly complicated by the wave 
phenomena [6][7].  Thus, the entire central aortic pressure 
waveform often reveals the cardiac ejection time through the 
dicrotic notch (which is obscured by wave reflections in 
peripheral arterial pressure waveforms) [8] and may be fitted 
to relatively simple models in order to accurately estimate 
other clinically important hemodynamic variables such as 
beat-to-beat proportional stroke volume [6].   

The measurement of the central aortic pressure waveform 
usually involves introducing a catheter in a peripheral artery 
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and guiding the catheter against the flowing blood to the 
central aorta.  However, placement of an aortic catheter is 
not commonly performed in clinical practice [3] because of 
the risk of blood clot formation and embolization.   

On the other hand, related, but distorted, peripheral arterial 
pressure waveforms may be measured less invasively and 
more safely via placement of a catheter in a distal artery, 
especially the radial or femoral artery.  Indeed, radial and 
femoral artery catheterizations are routinely performed in 
clinical practice [9].  Moreover, totally non-invasive 
methods are commercially available to continuously 
measure peripheral arterial pressure based on finger-cuff 
photoplethysmography [10] and applanation tonometry [11].  

Several techniques have therefore been recently 
introduced to mathematically derive the clinically more 
relevant central aortic pressure waveform from less 
invasively measured peripheral arterial pressure waveforms.  
Most of these techniques have generally involved 1) initially 
obtaining simultaneous measurements of central aortic and 
peripheral arterial pressure waveforms in a group of 
subjects, 2) estimating a group-averaged transfer function 
relating the measured peripheral arterial pressure to the 
measured central aortic pressure, and 3) subsequently 
applying this generalized transfer function to measured 
peripheral arterial pressure in order to predict the 
unobserved central aortic pressure waveform [2][3][8][12].  
The principal assumption underlying these techniques is that 
arterial tree properties are relatively constant over all time 
and between all individuals.  Because of known inter-subject 
and temporal variability of the arterial tree, a few methods 
have been more recently proposed towards partial 
individualization of the transfer function relating peripheral 
arterial pressure to central aortic pressure using a model-
based approach [13][14]. 

It would be desirable to be able to estimate the central 
aortic pressure waveform from peripheral arterial pressure 
waveforms in an entirely data specific manner.  One possible 
way to do so is with recently developed multi-channel blind 
system identification techniques in which the outputs of a 
single input, multi-output system are analyzed so as to 
reconstruct the common input [15][16].  To our knowledge, 
the study by McCombie et al. represents the only application 
of multi-channel blind system identification to the field of 
hemodynamic monitoring [17].  However, their study was 
specifically designed to estimate the morphology of the 
aortic flow from peripheral arterial measurements.  

In this study, we introduce a blind identification technique 
to reconstruct the absolute central aortic pressure waveform 
from multiple peripheral arterial pressure waveform 
measurements.  We then demonstrate the validity of the 
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technique with respect to two swine in which femoral and 
radial arterial pressure waveforms and a reference central 
aortic pressure waveform were simultaneously measured 
during diverse hemodynamic interventions.  

II. BLIND IDENTIFICATION TECHNIQUE

Our technique for estimating the central aortic pressure 
waveform is generally implemented according to the 
following four steps: 1) modeling the measured peripheral 
arterial pressure waveforms as outputs of distinct channels 
driven by the common central aortic pressure input; 2) 
applying multi-channel blind system identification to the 
measured waveforms to estimate the channels of the model 
to within an arbitrary scale factor; 3) applying the inverse of 
the estimated channels to the measured waveforms to 
reconstruct the central aortic pressure waveform to within an 
arbitrary scale factor; and 4) scaling the reconstructed 
waveform to absolute central aortic pressure based on 
physiologic knowledge.  Each of these steps is specifically 
implemented as described below.   

First, the relationship amongst the pressures at different 
arterial tree sites is modeled as a single-input, multi-output 
system as shown in Fig. 1.  More specifically, the m outputs 
of the system (ppi(t), 1 ≤ i ≤ m, where m > 1) correspond to 
m measured and sampled peripheral arterial pressure 
waveforms, while the common input (pca(t)) represents the 
unmeasured and likewise sampled central aortic pressure 
waveform.  Each of the discrete-time channels coupling the 
common input to each distinct output characterizes the 
dynamic properties of a different arterial tree path.   

The assumptions underlying the model of Fig. 1 are as 
follows.  The channels are assumed to be linear and time-
invariant (LTI) over each time interval of the subsequent 
mathematical analysis (1 min intervals as described below).  
Over such short time intervals, the arterial tree is usually 
operating in near steady-state conditions in which the 
statistical properties of the pressure waveforms vary little 
over time.  Such steady-state conditions clearly justify a 
time-invariance approximation while also supporting a 
linearity approximation (see [17] and references therein).  
The LTI channels are further assumed to be well 
approximated with finite impulse responses (FIRs; hi(t), 1 ≤ i 
≤ m, 0 ≤ t ≤ L, where L is the maximum order of the FIRs).  
This assumption is well justified, since pressure waveforms 
from distinct arterial sites only differ significantly in terms 
of their high frequency detail while being quite similar at 
lower frequencies [7][18].  Thus, the dynamics of each of 
the channels are fast and effectively vanish within ~0.5 sec 
[19].  The FIRs are also assumed to be coprime (i.e., have no 
common zeros) with each other, which is necessary for the 
subsequent application of multi-channel blind system 
identification and signal detection [15][16].  This 
assumption may be more valid for some groups of peripheral 
arterial pressure waveforms than others.  Finally, the central 
aortic pressure waveform input is assumed to be persistently 
exciting of high enough order (i.e., containing at least as 
many frequency components as the number of parameters 
needed to characterize all of the channels), which is also 

necessary for the subsequent application of multi-channel 
blind system identification [16].  Since the channel dynamics 
are short in duration, the number of parameters to be 
estimated may be small enough to satisfy this assumption. 

    
     
Fig. 1.  Single-input, multi-output model of the relationship of the 
pressures at different sites in the arterial tree.  The outputs (ppi(t), 1 ≤ i 
≤ m) correspond to measured peripheral arterial pressure waveforms, 
while the common input (pca(t)) corresponds to an unmeasured central 
aortic pressure waveform.  Each channel (hi(t), 1 ≤ i ≤ m) coupling 
the common input to each distinct output represents the dynamic 
properties of a different arterial tree path.  

Second, the m FIRs hi(t) in Fig. 1 are estimated to within 
an arbitrary scale factor from the m measured outputs ppi(t) 
based on the cross relations between pairs of measured 
outputs as described in [16].  Below, we briefly review this 
multi-channel blind system identification technique when m 
= 2 for the sake of simplicity.  The cross relation between 
the two measured and sampled outputs is specifically given 
as follows: 
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where e(t) accounts for measurement noise and/or modeling 
error, and N represents the number of available output 
samples.  Equation (1) may be expressed in matrix form by 
stacking each individual equation for a given t, one on top of 
the other, as follows:    
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Here, Pp1 and Pp2 are [(N-L+1)×L] Hankel matrices 
comprising the respective measured output samples, h1 and 
h2 are [L×1] vectors including the parameters of the two 
respective FIRs, and e is an [(N-L+1)×1] vector of the noise 
samples.  For a fixed channel order L, the vector h is 
estimated to a certain non-trivial constraint by minimizing 
the energy in the vector e.  This optimization problem is 
specifically solved by selecting the eigenvector associated 
with the smallest eigenvalue in the matrix PTP as a unit-
energy estimate of the vector h.  The channel order L is 
determined by minimizing the Minimum Description Length 
(MDL) criterion over a range of candidate values of L [20].  
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Third, the common input pca(t) in Fig. 1 is determined to 
within an arbitrary scale factor from the m FIRs hi(t) (in the 
estimated vector h) and the m measured outputs ppi(t) 
through multi-channel least squares deconvolution as 
described in [15].  Below, we likewise briefly review this 
technique when m = 2.  The two measured outputs may be 
expressed in terms of their common input via the 
convolution sum as follows: 
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where ni(t) accounts for any noise.  Equation (3) may be 
expressed in matrix form by stacking each individual 
equation for a given output and t, one on top of the other, as 
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Here, pp1 and pp2 are [N×1] vectors of the respective 
measured output samples, H1 and H2 are the [N×(N+L)] 
Sylvester matrices including the estimated parameters of the 
respective FIRs, pca is a [(N+L)×1] vector of unmeasured 
common input samples, and n is a [N×1] vector of the noise 
samples.  The vector pca is then estimated to within an 
arbitrary scale factor by minimizing the energy in the vector 
n.  This optimization problem is specifically solved in 
closed-form using the linear least squares solution as 
follows:   
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Following the deconvolution, the reconstructed input is 
lowpass filtered with a cutoff frequency equal to 5 Hz. 

Fourth, the reconstructed central aortic pressure waveform 
above is scaled to have a mean value equal to that of the 
measured peripheral arterial pressure.  This scaling step is 
well justified, since the paths from the central aorta to 
peripheral arteries offer very little resistance to blood flow 
due to Poiseuille’s law [7].  Note that the reconstructed 
absolute central aortic pressure waveform will be slightly 
delayed with respect to the true central aortic pressure 
waveform, because the time delay shared by the channels in 
Fig. 1 cannot be identified with blind identification [17].  
However, this delay, which is usually < 0.1 sec, is irrelevant 
for most clinical applications. 

III. METHODS

A. Experimental Procedures 
The hemodynamic data utilized here to initially evaluate 

the blind identification technique were originally collected to 
address different specific aims, and the materials and 
methods are presented in detail elsewhere [18].  We briefly 
describe below the most basic aspects of the experimental 
procedures that were relevant to the present study.  All 
procedures were reviewed and approved by the MIT 
Committee on Animal Care.   

Two swine (~30 kg) were studied as follows.  After 

induction of general anesthesia, instrumentation was 
installed including catheters in the femoral artery for femoral 
arterial pressure, an artery as distal as possible to the 
brachial artery for radial arterial pressure, and the 
descending aorta (approximately 20-25 cm from the aortic 
root) via the opposite femoral artery for reference central 
aortic pressure.  The pressures were then continuously 
recorded and sampled at 250 Hz during the administration of 
isoproterenol, esmolol, phenylephrine, nitroglycerin, and 
acetylcholine as well as the infusion of volume in order to 
vary the hemodynamic conditions over a wide range (see 
Table I). 

B. Data Analysis 
 The technique was applied to 1 min segments of the 
femoral and radial arterial pressure waveforms from each 
swine.  To quantitatively assess the overall performance of 
the technique, the root-mean-squared-normalized-error 
(RMSNE) between all of the estimated and corresponding 
measured central aortic pressure waveform segments was 
computed.  For comparison, the RMSNE between all of the 
peripheral arterial pressure waveform segments and 
corresponding measured central aortic pressure waveform 
segments was also computed.    

IV. RESULTS

Table I summarizes the results of the experimental 
evaluation of the technique in the two swine.  This table 
indicates that the overall RMSNE between the estimated and 
reference central aortic pressure waveform segments was 
4.8%.  For comparison, the average overall RMSNE 
between the peripheral arterial pressure waveform segments 
and reference central aortic pressure waveform segments 
was 11.8%.  Thus, the technique was effectively able to 
reduce the wave distortion in the peripheral arterial pressure 
waveform segments by 59.3%.  Fig. 2 provides an example 
illustrating significant differences between peripheral arterial 
pressure waveform segments (short-dashed and long-dashed) 
and the corresponding measured central aortic pressure 
waveform segment (solid), while Fig. 3 shows the central 
aortic pressure waveform segment estimated from these 
peripheral arterial pressure waveform segments (short-
dashed) along with the reference central aortic pressure 
waveform segment (solid). 

V. SUMMARY AND CONCLUSIONS

In summary, we have introduced a blind identification 
technique to reconstruct the clinically more relevant central 
aortic pressure waveform from multiple less invasively 
measured peripheral arterial pressure waveforms.  We have 
applied the technique to femoral and radial arterial pressure 
waveforms from two swine over a wide hemodynamic range 
and found that the technique was able to effectively reduce 
the wave distortion in the peripheral arterial pressure 
waveforms by 59.3%.  In the future, we plan to further 
develop the technique and determine the optimal sites in the 
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arterial tree for which the peripheral arterial pressure 
waveforms should be measured.  Potential applications of 
the technique may include critical care monitoring with 
respect to invasive catheter systems as well as emergency 
and home monitoring with respect to non-invasive arterial 
pressure transducers. 

     
TABLE  I 

SUMMARY OF THE EXPERIMENTAL EVALUATION OF THE BLIND IDENTIFICATION 
TECHNIQUE. 

ANIMAL 
MAP  

RANGE 
[MMHG] 

HR 
RANGE 
[BPM] 

CAP 
RMSNE 

[%] 

FAP 
RMSNE 

[%} 

RAP 
RMSNE 

[%] 
1 57 – 143 99 – 223 5.3 15.7 7.5 
2 44 – 114 91 – 243 4.5 11.8 11.6 

TOTAL 44 – 143 91 – 243 4.8 13.2 10.4 
MAP is mean arterial pressure; HR, heart rate, CAP, central aortic 

pressure, FAP, femoral arterial pressure; RAP, radial arterial pressure; and 
RMSNE, root-mean-squared-normalized error. 

Fig. 2.  Example of the measured central aortic pressure (solid), 
femoral arterial pressure (long-dashed), and radial arterial pressure 
(short-dashed) waveform segments from one of the swine. 

Fig. 3.  Example of an estimated (dashed) and measured (solid) 
central aortic pressure waveform segment.  The estimated segment 
was obtained by applying the blind identification technique to the two 
peripheral arterial pressure waveform segments in Fig. 2.  
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