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First published January 5, 2007; doi:10.1152/ajpheart.01159.2006.—We
have developed a new technique to estimate the clinically relevant
aortic pressure waveform from multiple, less invasively measured
peripheral artery pressure waveforms. The technique is based on
multichannel blind system identification in which two or more mea-
sured outputs (peripheral artery pressure waveforms) of a single-input,
multi-output system (arterial tree) are mathematically analyzed so as
to reconstruct the common unobserved input (aortic pressure wave-
form) to within an arbitrary scale factor. The technique then invokes
Poiseuille’s law to calibrate the reconstructed waveform to absolute
pressure. Consequently, in contrast to previous related efforts, the
technique does not utilize a generalized transfer function or any
training data and is therefore entirely patient and time specific. To
demonstrate proof of concept, we have evaluated the technique with
respect to four swine in which peripheral artery pressure waveforms
from the femoral and radial arteries and a reference aortic pressure
waveform from the descending thoracic aorta were simultaneously
measured during diverse hemodynamic interventions. We report that
the technique reliably estimated the entire aortic pressure waveform
with an overall root mean squared error (RMSE) of 4.6 mmHg. For
comparison, the average overall RMSE between the peripheral artery
pressure and reference aortic pressure waveforms was 8.6 mmHg.
Thus the technique reduced the RMSE by 47%. As a result, the
technique also provided similar improvements in the estimation of
systolic pressure, pulse pressure, and the ejection interval. With
further successful testing, the technique may ultimately be employed
for more precise monitoring and titration of therapy in, for example,
critically ill and hypertension patients.

arterial tree; blood pressure; model; system identification; transfer
function

AS THE ARTERIAL PRESSURE WAVE traverses from the aorta to the
peripheral arteries, its contour becomes significantly distorted
due to complex wave reflections in the distributed arterial tree
(18). 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 (22). Thus it is the systolic and diastolic pressures
measured specifically in the aorta that truly reflect cardiac
afterload and perfusion (5). Perhaps, as a result, central mea-
surements of systolic pressure and pulse pressure have been
shown to be superior in predicting patient outcome compared
with corresponding measurements made in more peripheral
arteries (20, 26, 27). Moreover, aortic pressure (particularly in

the descending thoracic aorta) is less complicated by wave
reflections than peripheral artery pressure (4, 17), and the entire
waveform usually reveals the cardiac ejection interval through
the dicrotic notch (6).

The measurement of the aortic pressure waveform involves
introducing a catheter into a peripheral artery and guiding the
catheter against the flowing blood to the aorta. However,
placement of an aortic catheter is not commonly performed in
clinical practice (5) because of the risk of blood clot formation
and embolization. On the other hand, related, but distorted,
peripheral artery pressure waveforms may be measured less
invasively and more safely via placement of a catheter in a
distal artery. Indeed, radial and femoral artery catheterizations
are routinely performed in clinical practice (14). Moreover,
over the past few decades, totally noninvasive methods have
been developed and refined to continuously measure peripheral
artery pressure based on finger-cuff photoplethysmography (7)
and applanation tonometry (12). These noninvasive methods
are even available as commercial systems at present (see, for
example, the Finometer and Portapres, Finapres Medical Sys-
tems, The Netherlands, and the T-Line Blood Pressure Moni-
toring System, Tensys Medical, San Diego, CA).

Several techniques have therefore been recently developed
to mathematically derive the clinically more relevant aortic
pressure waveform from less invasively measured peripheral
artery pressure waveforms. Most of these techniques have
involved applying an average transfer function derived over a
group of subjects to measured peripheral artery pressure from
another subject to predict the unobserved aortic pressure wave-
form (5, 6, 11, 22). The principal assumption underlying these
“generalized transfer function” techniques is that arterial tree
properties are constant over all time and between all individ-
uals. Because of known intersubject and temporal variability of
the arterial tree, a few techniques have been more recently
proposed toward partial individualization of the transfer func-
tion relating peripheral artery pressure to aortic pressure
through modeling (9, 10, 21, 24).

It would be desirable to be able to estimate the aortic
pressure waveform from peripheral artery pressure in an en-
tirely patient- and time-specific manner. One possible way to
do so is with the multichannel blind system identification
(MBSI) approach of recent interest in signal processing (1, 28).
In this approach, two or more outputs of a single-input,
multi-output system are analyzed to reconstruct the common
input. To our knowledge, the very recent study by McCombie
et al. (15) represents the first application of MBSI to the field
of hemodynamic monitoring. However, their study specifically
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aimed to estimate the shape of the aortic flow waveform from
peripheral artery pressure measurements (see DISCUSSION).

In this study, we introduce a new technique to reconstruct
the aortic pressure waveform from multiple peripheral artery
pressure waveform measurements, using the MBSI approach
without the need for a generalized transfer function. We then
demonstrate proof-of-concept of the MBSI technique with
respect to four swine in which femoral and radial artery
pressure waveforms and a reference aortic pressure waveform
from the descending thoracic aorta were simultaneously mea-
sured during diverse hemodynamic interventions.

MATERIALS AND METHODS

MBSI Technique

Our technique, which was initially presented in abbreviated form
(25), applies standard MBSI algorithms from the signal processing
literature (1, 28) to two or more peripheral artery pressure waveforms
to reconstruct the aortic pressure waveform to within an arbitrary
scale factor and then calibrates the reconstructed waveform to abso-
lute pressure based on known physiology. Below, we describe the
technique at a conceptual level while stating its underlying assump-
tions. See the APPENDIX for a full description of the mathematical
details of the technique and the DISCUSSION for a justification of its
assumptions.

Figure 1 illustrates the single-input, multi-output model of the
pressure waveforms in the arterial tree on which the technique is
based. In this model, the m (�1) measured and sampled peripheral
artery pressure waveforms [ppi(t), 1 � i � m] are modeled as outputs
of m unknown systems or channels driven by the common unobserved
and likewise sampled aortic pressure waveform [pa(t)] input. Each of
the discrete-time channels coupling the common input to each of the
distinct outputs characterizes the dynamic properties of a different
arterial tree path. These channels are assumed to be linear and time
invariant (LTI) over each 1-min interval of analysis (see Methods).
The LTI channels are further assumed to be well approximated by
impulse responses [i.e., time-domain version of transfer functions;
hi(t), 1 � i � m] that are finite in duration and different from each
other. “Different” in this case precisely means that the finite impulse
responses (FIRs) are coprime with each other (i.e., the Z transforms of
the impulse responses share no common zeros or roots). In this way,

all of the commonality in the measured outputs may be attributed to
the input, and the differences in the measured outputs (see DISCUSSION)
may then be deciphered to estimate the FIRs and ultimately recon-
struct the common aortic pressure waveform input. Note that it is
generally impossible to determine the scale factor of the FIRs and,
therefore, the scale factor of the common input, because any scaling
of the common input may be offset with a reciprocal scaling of the
FIRs. Thus physiological knowledge must be employed to clarify the
ambiguity.

More specifically, first, the FIRs are mathematically estimated
based on the cross relations between pairs of measured outputs. These
cross relations may be derived from the fundamental properties of the
convolution operation governing LTI input-output behavior as fol-
lows:

ppi�t� � hj�t� � �pa�t� � hi�t�� � hj�t�

� hi�t� � �pa�t� � hj�t��

� hi�t� � ppj�t�,

where i � j and V denotes the convolution operation. To obtain
intuition about the above cross relations, note that with m known
peripheral artery pressure waveforms arising from a single unknown
aortic pressure waveform input to m unknown systems, there is
essentially one less equation (m) than unknowns (m � 1). Thus the
cross relations effectively provide the additional equation needed to
determine all of the unknowns. In particular, the FIRs are estimated to
within an arbitrary scale factor by solving the homogenous system of
equations resulting from the cross relations, using the convenient
Eigenvector Algorithm (28). The implicit assumption is that the aortic
pressure waveform input contains at least as many frequency compo-
nents as the number of estimated FIR samples (28).

The aortic pressure waveform input is then reconstructed to within
an arbitrary scale factor by deconvolving the estimated FIRs from the
measured peripheral artery pressure waveforms. A single recon-
structed waveform is specifically obtained by employing the mul-
tichannel least-squares deconvolution algorithm (1).

Finally, the reconstructed waveform is calibrated to absolute pres-
sure by scaling it to have the same mean value as the measured
peripheral artery pressure via a single multiplication. This scaling step
is well justified, since the paths from the aorta to peripheral arteries
offer very little resistance to blood flow due to Poiseuille’s law (17).

It should be noted that the reconstructed absolute aortic pressure
waveform will be slightly delayed with respect to the actual aortic
pressure waveform, because the time delay shared by the FIRs cannot
be identified with MBSI. However, this delay, which is usually �0.1
s, is not important for most clinical applications.

Methods

We evaluated the MBSI technique with respect to previously
collected hemodynamic measurements from swine, which are de-
scribed in detail elsewhere (16). Below, we briefly describe the
experimental procedures employed for collecting these hemodynamic
data and then present the methods for the data analysis utilized.

Hemodynamic data. Six Yorkshire swine (30–34 kg) were studied
under a protocol approved by the MIT Committee on Animal Care.
After the induction of general anesthesia and mechanical ventilation,
physiological transducers were placed in each animal as follows. A
micromanometer-tipped catheter with high-fidelity frequency re-
sponse was fed retrograde to the descending thoracic aorta via a
femoral artery for reference aortic pressure. Fluid-filled catheters were
then inserted in the opposite femoral artery for femoral artery pressure
and in an artery as distal as possible to the brachial artery for “radial”
artery pressure. Finally, an ultrasonic flow probe was placed around
the aortic root following a midline sternotomy for cardiac output. In
each animal, a subset of the following interventions was then per-
formed over the course of 75 to 150 min to vary arterial pressures as

Fig. 1. The single-input, multi-output model of the arterial tree on which the
multichannel blind system identification (MBSI) technique introduced pres-
ently is based. The outputs [ppi(t), 1 � i � m] correspond to multiple measured
peripheral artery pressure waveforms, whereas the common input [pa(t)]
corresponds to the unobserved aortic pressure waveform. The channels relating
the common input to each output represent the dynamic properties of different
arterial tree paths and are assumed to be well characterized by coprime finite
impulse responses [FIRs; hi(t), 1 � i � m]. The technique applies standard
MBSI algorithms (1, 28) to the peripheral artery pressure waveforms to
estimate the FIRs and reconstruct the aortic pressure waveform to within an
arbitrary scale factor. The technique then calibrates the reconstructed wave-
form to absolute pressure via Poiseuille’s law.
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well as other hemodynamic parameters: infusions of volume, phen-
ylephrine, dobutamine, isoproterenol, esmolol, nitroglycerine, and
progressive hemorrhage. Several infusion rates were implemented,
followed by brief recovery periods. The hemodynamic waveforms
were continuously recorded throughout the intervention period at a
sampling rate of 250 Hz and 16-bit resolution.

Data Analysis

We discarded two of the six swine data sets from the study due to
excessive damping of the femoral artery pressure waveform in one
data set (16) and an improperly calibrated reference aortic pressure
waveform in the other data set. We then applied the technique to all
253 one-minute nonoverlapping intervals of the femoral and radial
artery pressure waveforms resampled to 50 Hz (because �99% of the
reference aortic pressure waveform energy was usually within 25 Hz)
in the remaining four swine datasets. We evaluated the resulting aortic
pressure waveform estimates with respect to the measured reference
waveforms (likewise resampled to 50 Hz) in terms of standard
Bland-Altman plots (to comprehensively illustrate the estimation error
including bias 	 and precision 
) (3) and the root mean squared error
�RMSE � �	2 � 
2 to succinctly indicate the total estimation error)
of the following parameters: total waveform (i.e., sample to sample),
beat-to-beat systolic pressure, beat-to-beat pulse pressure, and beat-
to-beat ejection interval. For comparison, we likewise evaluated the
peripheral artery pressure waveforms with respect to the measured
aortic pressure waveforms in terms of the first three parameters. (Note
that we did not attempt to determine the ejection intervals from the
peripheral artery pressure waveforms, because the dicrotic notch was
generally not visible.) Before conducting these evaluations, we ad-
vanced the aortic pressure waveform estimates so that they were
temporally aligned with the measured aortic pressure waveforms. To
make a fair comparison, we likewise time aligned the peripheral artery
pressure waveforms.

RESULTS

Table 1 shows the hemodynamic parameter range for each of
the four analyzed swine datasets. Figures 2 and 3 comprehen-
sively illustrate the estimation errors of the MBSI technique
and the corresponding errors of the measured peripheral artery
pressure waveforms over all four data sets in terms of Bland-
Altman plots, whereas Table 2 succinctly provides these results
for each data set in terms of RMSE. (Note that the x-axis of the
Bland-Altman plots is the measured reference parameter rather
than the average of the measured and estimated parameter.)
These results generally indicate that the technique was able to
reliably estimate the aortic pressure waveform over a wide
hemodynamic range with a level of accuracy that was far better
than no mathematical analysis of the peripheral artery pressure
waveforms.

More specifically, the overall total waveform RMSE of the
estimated aortic pressure was 4.6 mmHg (after a modest time
alignment as described above). For comparison, the average
overall total waveform RMSE between the measured periph-
eral artery pressures and the measured aortic pressure was 8.6
mmHg (after a more significant time alignment). Thus the
technique was able to effectively reduce the total wave distor-
tion in the measured peripheral artery pressure waveforms by
47%. Furthermore, the overall beat-to-beat systolic pressure
RMSE and the overall beat-to-beat pulse pressure RMSE of the
estimated aortic pressure were 6.1 and 7.1 mmHg, respectively.
These errors represent an average overall improvement of 63
and 50% with respect to the corresponding parameters from the
measured peripheral artery pressure waveforms. In addition,
the overall beat-to-beat ejection interval RMSE of the esti-
mated aortic pressure was 20 ms. Finally, the errors in the four
studied parameters of the estimated aortic pressure were gen-
erally uncorrelated with the respective reference values of
these parameters.

Figure 4, A and B, provides two visual examples illustrating
the significant differences between the measured peripheral
artery pressure waveforms and the corresponding measured
aortic pressure waveforms, whereas Fig. 4, C and D, shows the
resulting aortic pressure waveforms estimated from these pe-
ripheral artery pressure waveforms along with the reference
aortic pressure waveforms. As is evident in these examples at
two different mean pressure levels, the estimated and reference
aortic pressure waveforms agree very closely, and much of the
wave distortion in the measured peripheral artery pressure
waveforms has been eliminated.

DISCUSSION

In summary, we have introduced a new technique to math-
ematically reconstruct the clinically more relevant aortic pres-
sure waveform from multiple, less invasively measured periph-
eral artery pressure waveforms distorted by wave reflections.
Our technique capitalizes on the powerful MBSI approach of
recent interest in signal processing in which the differences in
two or more outputs of a single-input, multi-output system are
assessed to reconstruct the common input to within an arbitrary
scale factor. The technique then calibrates the reconstructed
waveform to absolute pressure by using Poiseuille’s law. As a
result, in contrast to previous, related efforts, our technique
neither employs a generalized transfer function nor requires
any training data and is therefore entirely patient and time
specific. We have demonstrated proof-of-concept of the tech-

Table 1. Hemodynamic parameter range of the swine evaluation data sets

Animal MAP Range, mmHg SP Range, mmHg PP Range, mmHg EI Range, ms HR Range, beats/min CO Range, l/min

1 54–136 62–182 17–54 160–400 100–223 2.3–4.1
2 58–117 70–148 17–52 160–340 92–190 1.7–6.0
3 45–114 55–144 20–62 120–240 91–243 2.4–5.7
4 48–119 58–157 19–57 140–300 102–207 1.3–6.2

Total 45–136 55–187 17–62 120–400 91–243 1.3–6.2

The multichannel blind system identification (MBSI) technique was experimentally evaluated with respect to 4 swine in which femoral artery pressure and
radial artery pressure waveforms and a reference aortic pressure waveform were simultaneously measured over a wide hemodynamic range. MAP, mean arterial
pressure; SP, systolic pressure from aortic pressure; PP, pulse pressure from aortic pressure; EI, ejection interval from aortic pressure; HR, heart rate; and CO,
cardiac output.
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nique through its experimental evaluation in four swine in
which radial and femoral artery pressure waveforms and a
reference aortic pressure waveform from the descending tho-
racic aorta were simultaneously measured over a wide hemo-
dynamic range. Our results specifically show that the technique
was able to reliably estimate the entire aortic pressure wave-
form and thereby significantly improve on the determination of
systolic pressure, pulse pressure, and the ejection interval
compared with measurement of these clinically significant
parameters directly from the peripheral artery pressure wave-
forms.

Assumptions of the MBSI Technique

As stated above, our MBSI technique is based on a set of
assumptions. We make physiological arguments to justify each
of the underlying assumptions below.

Assumption 1: the channels relating the common input to
each distinct output in Fig. 1 are LTI over each 1-min interval
of analysis. Over such short time intervals, the arterial tree is
usually operating in near-steady-state conditions in which the
statistical properties of the arterial pressure waveforms vary
little over time. Such steady-state conditions clearly justify the
time-invariance approximation. Moreover, these conditions
also support the linearity approximation as argued by McCom-
bie et al. (15) and references therein.

Assumption 2: the LTI channels are characterized
with FIRs. Although not widely appreciated, it is known that
arterial pressure waveforms measured from distinct sites only
differ significantly in terms of their high-frequency detail while
being quite similar at lower frequencies (16, 17). Thus the
dynamics of each of the channels in Fig. 1 are fast [e.g.,
effectively vanishing within �0.5 s (29)], thereby supporting
the FIR approximation.

Fig. 2. Bland-Altman plots illustrating the sample-to-sample total waveform (TW), beat-to-beat systolic pressure (SP), and beat-to-beat pulse pressure (PP) errors
(means � 2 SD) of the estimated aortic pressure waveforms by the MBSI technique and the femoral and radial artery pressure waveforms with respect to the
measured reference aortic pressure waveforms over all 4 analyzed swine data sets. (The errors falling within the dashed lines represent 95% of all of the errors.)
These results indicate that by mathematically analyzing the femoral and radial artery pressure waveforms, the technique was able to estimate the aortic pressure
waveform with a level of accuracy that was far better than no analysis of the 2 peripheral artery pressure waveforms. RMSE, root mean squared error. See Table
2 for the corresponding results within each data set and Fig. 4 for example results.
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Assumption 3: the FIRs are coprime with each other. If the
FIRs were not coprime with each other, then the noncoprime or
common FIR dynamics would be erroneously attributed to the
common input. As discussed above, peripheral artery pressure
waveforms from distinct sites in the arterial tree appear differ-
ent. Thus the dynamics of each channel cannot be the same,
and the coprime channel approximation is at least somewhat
tenable.

Assumption 4: the aortic pressure waveform is persistently
exciting of high enough order. This assumption means that the
aortic pressure waveform contains at least as many frequency
components as the number of estimated FIR samples. As
described above, the channel dynamics are of short duration.
Thus the number of FIR samples to be estimated may be small
enough to buttress the persistence of excitation approximation.

Potential Sources of Error of the MBSI Technique

Any violation to the four aforementioned assumptions in the
present swine study may indeed represent a source of error of
our MBSI technique. However, we note that each of the
assumptions must have been at least largely valid, given that

the discrepancy between the estimated and reference aortic
pressure waveforms was relatively small (see Figs. 2 and 3 and
Table 2).

Another potential source of error of our MBSI technique is
any damping of the peripheral artery pressure waveforms,
which were measured with fluid-filled catheters. However, note
that only the noncoprime or shared damping dynamics of the
two catheter systems would introduce error, whereas the
coprime damping dynamics would be attributed to the channels
of Fig. 1 and therefore would not affect the estimate of the
aortic pressure waveform. Since the employed peripheral ar-
tery catheters were not identical (e.g., different in length), at
least part of the damping dynamics was likely coprime. In this
way, the technique may have been able to at least partly
compensate for any damping by the peripheral artery catheters.

The MBSI Technique and Its Swine Evaluation in the
Context of Previous Efforts

The MBSI technique that we have introduced in this report
was inspired by the contributions of several previous investi-
gations described in the hemodynamic monitoring literature. In
particular, the idea of mathematically deriving aortic pressure
from measured peripheral artery pressure stems from the body
of generalized transfer function literature (5, 6, 9–11, 21, 22,
24), whereas the idea of employing MBSI to do so in an
entirely patient- and time-specific manner is based on the very
recent study by McCombie et al. (15).

McCombie et al. (15) specifically proposed a technique
using MBSI to reconstruct the shape of the common aortic flow
waveform input from multiple peripheral artery pressure wave-
form outputs and demonstrated its feasibility in a single pilot
swine experiment. However, the channels coupling the aortic
flow waveform to each peripheral artery pressure waveform
include common dynamics, namely, the channel relating the
aortic flow waveform to the aortic pressure waveform, and are
therefore not coprime. As a result, these investigators had to
develop additional signal processing to estimate the common
channel dynamics, which resulted in a considerably more
complicated algorithm than standard MBSI. Moreover, their
framework did not provide an obvious means to determine the
scale factor of the reconstructed input. Thus the technique
cannot be utilized to monitor changes in cardiac output. In
contrast, our MBSI technique aimed to estimate the aortic
pressure waveform input in which the coprime channel as-
sumption is more tenable (thereby rendering a relatively
straightforward algorithm), and the arbitrary scale factor of the
input is conveniently determined by invoking Poiseuille’s law.

Fig. 3. Bland-Altman plot illustrating the beat-to-beat ejection interval (EI)
errors (means � 2 SD) of the estimated aortic pressure waveforms by the
MBSI technique with respect to the measured reference aortic pressure wave-
forms over all 4 analyzed swine data sets. (Note that each error actually
represents many individual errors as a result of the sampling process.) These
results indicate that the technique was able to reliably estimate the EI through
the dicrotic notch of the estimated waveforms. See Table 2 for the correspond-
ing results within each data set and Fig. 4 for example results.

Table 2. Summary of experimental evaluation results of the MBSI technique with respect to each swine data set

Animal

Estimated Aortic Pressure RMSE Femoral Artery Pressure RMSE Radial Artery Pressure RMSE

TW, mmHg SP, mmHg PP, mmHg EI, mm TW, mmHg SP, mmHg PP, mmHg TW, mmHg SP, mmHg PP, mmHg

1 4.4 4.1 4.3 23 11.6 19.2 10.5 4.0 5.1 4.9
2 4.4 5.0 5.9 14 7.8 13.5 14.3 10.5 24.5 19.2
3 3.8 5.0 7.1 22 6.3 12.0 10.2 9.4 16.7 10.3
4 5.7 9.4 9.9 22 7.0 10.7 14.3 9.3 22.7 21.6

Total 4.6 6.1 7.1 20 8.1 13.7 12.6 9.1 19.7 15.9

The MBSI technique (see Fig. 1) was applied to the radial and femoral artery pressure waveforms in the 4 swine data sets (see Table 1), and the resulting aortic
pressure waveform estimates were compared with reference measured aortic pressure waveforms. RMSE, root mean squared error. See example results of the
MBSI technique in Fig. 4.
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The previous generalized transfer function studies have, for
the most part, aimed to estimate the aortic pressure waveform
specifically from the ascending aorta, presumably because this
pressure is clearly reflective of cardiac afterload and perfusion.
In contrast, we used the aortic pressure waveform measured in
the descending thoracic aorta as our reference measurement.
Although this reference measurement may be viewed as a
potential limitation of our study, we were interested in this
particular site because the diastolic pressure intervals have
been shown to best resemble pure exponential decays (4).
Furthermore, the time constants of these decays have been
shown to be extremely strong predictors of relative changes in
total peripheral resistance (4). In this way, total peripheral
resistance may potentially be monitored from only arterial
pressure without the need for a cardiac output measurement.
Moreover, although we observed changes in the morphology of
the aortic pressure waveform between measurements made
from around the aortic arch and the lower descending thoracic
aorta in the swine studied (16), the pressure differences at these
sites were small in terms of systolic pressure (�2 mmHg) and
pulse pressure (� 0.25 mmHg). These observations are sup-
ported by the study of O’Rourke et al. (19) in which the
pressure amplitudes at the mean heart rate measured from the
ascending aorta, aortic arch, and descending thoracic aorta
were shown to be similar in human patients. It is conceivable
that small differences in systolic pressure and pulse pressure
from the ascending aorta and descending thoracic aorta could
make the former a better predictor of patient outcome than the
latter. However, we find no previous studies that demonstrate
this in the literature. Finally, we note that although we have
shown that the MBSI technique was able to reliably estimate
the pressure in the descending thoracic aorta with an overall
total waveform RMSE of 4.6 mmHg, it is possible that the

technique more accurately reconstructs the pressure at another
site in the aorta, including ascending aortic pressure.

It is not valid to compare the results of the MBSI technique
reported presently with those of previous studies employing
generalized transfer functions due to variations in methods for
evaluation (e.g., reference measurements as described above)
and evaluation data sets (both subject classes and experimental
conditions). To obtain an initial fair comparison, we applied
the generalized transfer function approach to the four swine
data sets studied. We specifically implemented the autoregres-
sive exogenous input-based generalized transfer function de-
scribed by Fetics et al. (6), which was shown to be the most
accurate among three different generalized transfer functions.
We created the generalized transfer function by training on an
8-min contiguous interval (similar to that used in Ref. 6) of
arterial pressure waveforms. We then applied the generalized
transfer function to the remaining 245 min of data and com-
pared the estimated and measured aortic pressure waveforms
exactly as we did for our MBSI technique (e.g., at the same
sampling frequency and after time alignment and calibration).
To attenuate any bias, we repeated the above steps by training
on each contiguous 8-min interval in the four swine datasets
and testing on the remaining 245 min of data. We then
averaged the results to obtain an average overall total wave-
form RMSE of 5.4 mmHg. This error represents a 17%
increase in error with respect to our MBSI technique. We note
that the strength of our MBSI technique is that it does not
require any training data. It is therefore conceivable that further
improvements can be expected when the technique is applied
to the diverse combination of patients and pathophysiological
conditions seen in clinical practice, which would invariably
include scenarios that would be “foreign” to the generalized
transfer function. On the other hand, we acknowledge that the

Fig. 4. A and B: example segments of the mea-
sured aortic pressure from the descending thoracic
aorta (solid lines), femoral artery pressure (dashed
lines), and radial artery pressure waveforms (dot-
ted-dashed lines) from the 4 analyzed swine data
sets (see Table 1). C and D: example segments of
the aortic pressure waveform measured (solid
lines) and estimated (dashed lines) by applying the
MBSI technique (see Fig. 1) to the 2 segments of
peripheral artery pressure waveforms in A and B.
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cost of this improvement in accuracy is the requirement of
more than one peripheral artery pressure waveform for analy-
sis. However, several convenient methods are currently avail-
able for measuring peripheral artery pressure waveforms (see
above), and new systems are continually in development. For
example, it may be possible one day to chronically monitor
peripheral artery pressure waveforms with wearable ring sen-
sors (2).

Future Directions

The present study opens up the possibility of several differ-
ent avenues of future investigation. Since 1-min intervals of
analysis were selected simply to have a sufficient number of
pressure samples per estimated FIR parameter, it would be
worthwhile to determine the length of the analysis interval that
optimizes the accuracy of the MBSI technique. Moreover, as
alluded to above, it would certainly be important to establish
the precise point in the aorta that best reflects the waveform
reconstructed by the technique. In addition, it would be inter-
esting, from a scientific point of view, to establish the optimal
sites and number of the peripheral artery pressure measure-
ments (e.g., the arterial sites that result in the most coprime
channels and the smallest number of measurements that do not
significantly compromise estimation accuracy). Finally, future
evaluations of the technique in humans and with respect to
noninvasive peripheral artery pressure waveforms are certainly
warranted. Ideally, these subsequent investigations would like-
wise use the analyzed data sets to conduct further comparisons
of the technique with the generalized transfer function ap-
proach.

Potential Applications of the MBSI Technique

Our MBSI technique mathematically derives the clinically
more relevant aortic pressure waveform from multiple, less
invasively measured, but distorted, peripheral artery pressure
waveforms without using any training data. The technique may
easily be implemented in near real time (with a 1-min delay)
using a standard home personal computer. With further devel-
opment and successful testing, the technique may ultimately be
utilized for more precise monitoring and titration of therapy (5)
in, for example, hypertension and coronary artery disease
patients instrumented with noninvasive arterial pressure trans-
ducers (e.g., calibrated with standard sphygmomanometry). In
addition, the technique may possibly be used in critically ill
patients with invasive catheters installed, although direct ap-
plicability would currently be limited because only one periph-
eral arterial catheter is commonly employed. Advancements in
arterial pressure monitoring technology hold further promise
for the application of the technique in the context of chronic
ambulatory and home monitoring.

APPENDIX

We outline below all of the mathematical steps of the MBSI
technique for the simplest case in which two peripheral artery pressure
waveforms are analyzed. See Refs. 1 and 28 for a more general
mathematical treatment of the employed MBSI algorithms as well as
Refs. 13 and 23 for related background material.

First, the FIRs in Fig. 1 are mathematically estimated to within an
arbitrary scale factor based on the following cross relation between
the two measured outputs:


k�0

L�1

h1�k�pp2�t � k� � 
k�0

L�1

h2�k�pp1�t � k� � e�t�,

t � �L � 1,N � 1�.

(A1)

The convolution sum has been explicitly written (rather than using
shorthand notation as in the initial cross relations equation in the text),
and the term e(t) has been included to account for any measurement
noise and/or modeling error. The variables L and N in Eq. A1
respectively represent the number of samples of each FIR (channel
order) and the number of measured peripheral artery pressure wave-
form samples. This equation can be expressed in matrix form by
stacking each individual equation corresponding to each time t, one on
top of the other, as follows:

�Pp2 � Pp1� �h1

h2
� � e, (A2)

P h

where

Ppi � �
ppi�0� ppi�1� . . . ppi

�L � 1�

ppi�1� ppi�2� . . . ppi�L�

···
··· . . . ···

ppi�N � L� ppi�N � L � 1� . . . ppi�N � 1�
�, i � �1, 2�

are [(N � L � 1) � L] Hankel matrices comprising the respective
measured output samples,

hi � �hi�L � 1�hi�L � 2� . . . hi�0��T, i � �1, 2�

are [L � 1] vectors specifying the samples or parameters of the two
respective FIRs, and

e � �e�0� e�1� . . . e�N � L��T

is an [(N � L � 1) � 1] vector of the noise samples. For a fixed
channel order L, the vector h in Eq. A2 is estimated to a certain
nontrivial constraint by minimizing the energy in the vector e. This
optimization problem is specifically solved in closed form by select-
ing the eigenvector associated with the minimum eigenvalue of the
matrix PTP as a unit-energy estimate of the vector h (e.g., see “svd”
function in the widely employed MATLAB software package, The
MathWorks, http://www.mathworks.com). The channel order L is
determined by 1) forming a P matrix of dimension [(N � Lmax � 1) �
2Lmax], where Lmax � 15 is assumed to encompass the true channel
order, 2) computing the eigenvalues of the matrix PTP, and 3) establish-
ing the optimal value of L as one-half the number of eigenvalues
(rounded up when odd) that are at least 5% of the maximum eigenvalue.

Second, the common aortic pressure waveform input in Fig. 1 is
determined to within an arbitrary scale factor from the two determined
FIRs (i.e., the estimated vector h) and the two measured outputs
through multichannel least squares deconvolution. That is, the two
measured outputs may be expressed in terms of their common input
via the convolution sum as follows:

ppi�t� � 
k�0

L�1

hi�k�pa�t � k� � ni�t�, i � �1, 2�, t � �0, N � 1� (A3)

where ni(t) accounts for any noise. This equation also may be
expressed in matrix form by stacking each individual equation for
each t and i, one on top of the other, as follows:

�pp1

pp2
� � �H1

H2
�pa � �n1

n2
�, (A4)

pp H n
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where

ppi � �ppi�0�ppi�1� . . . ppi�N � 1��T, i � �1, 2�

are [N � 1] vectors of the respective measured output samples,

Hi � �
hi�L � 1� . . . hi�0� . . . 0

··· . . . . . . ···

0 . . . hi�L � 1� . . . hi�0�
�, i � �1, 2�

are the [N � (N � L � 1)] Toeplitz matrices including the estimated
samples of the respective FIRs,

pa � �pa(�L � 1� pa(�L � 2) . . . pa�0� pa�1� . . . pa�N � 1�]T

is a [(N � L � 1) � 1] vector of unmeasured common input samples,
and

ni � �ni�0�ni�1� . . . ni�N � 1��T, i � �1, 2�

are [N � 1] vectors of the respective noise samples. The vector pa in
Eq. A4 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 following linear least-
squares solution:

pa � �HTH��1HTpp, (A5)

where the inverse is computed efficiently as described in Ref. 8 (e.g.,
see “pinv” function in MATLAB).

Third, the reconstructed waveform (i.e., the determined pa vector)
is calibrated to absolute pressure by scaling it to have the same mean
value as that of the measured peripheral artery pressure as follows:

pa
s�t� � pa�t�


t�0

N�1

pp1�t�


t�0

N�1

pa�t�

, t � �0, N � 1� (A6)

where pa
s (t) is the final absolute (scaled) estimated aortic pressure

waveform. Note that the above calibration does not explicitly correct
for any offset error in the reconstructed waveform. However, both
offset and gain are effectively corrected with Eq. A6, because the
reconstructed waveform is only in error by a scale factor (rather than
a scale factor and offset value).

Finally, if the average systolic pressure of the reconstructed aortic
pressure waveform is greater than that of the measured peripheral artery
pressure, then the solution is considered to be invalid and the above steps
are repeated but with the channel order reduced by one. We note that this
technique always resulted in a valid estimate of the aortic pressure
waveform for every interval of analysis in the present swine study.
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