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N-Point Moving Average: A Special Generalized
Transfer Function Method for Estimation of
Central Aortic Blood Pressure

Hanguang Xiao ~, Mark Butlin

Abstract—Objective: N-point moving average (NPMA)
is a simplified method of central aortic systolic pressure
(CASP) estimation in comparison with the generalized
transfer function (GTF). The fundamental difference or
similarity between the methods is not established. This
study investigates theoretical properties of NPMA relative
to GTF and explores the integer and fractional denomi-
nator for the averaging process in the NPMA. Methods:
Convolution of a specified square wave and the radial (or
brachial) blood pressure waveform constituted the NPMA.
A single uniform tube model-based TF (MTF) was employed
to investigate potential physiological meaning of NPMA. In
experimental analysis, invasive, simultaneously recorded
aortic and radial pressure waveforms were obtained in
62 subjects under control conditions and following nitro-
glycerin administration. CASP was estimated by NPMA
(CASPnpma), GTF (CASPctr), and MTF (CASPyirr)
from radial waveforms by tenfold cross validation. Results:
Theoretical analysis showed that NPMA was an inversed
constant TF. Its spectrum matched that of MTF in low
frequency (<4 Hz for radial and <5 Hz for brachial) by
optimizing reflection coefficient and propagation time.
Experiment results showed the NPMA optimized fractional
denominator of K = 4.4 significantly decreased the mean
difference between CASPnxpna and measured CASP to
0.0 £+ 4.7 mmHg from -1.8 + 4.6 mmHg for integer denom-
inator of K = 4. CASPnpwn 4 correlated with CASPy; +» and
CASP¢ 1y ( = 0.99 and 0.97, mean difference: —0.3 & 1.8
and 0.5 + 2.7 mmHg). Conclusion: This study demonstrated
that NPMA is similar in nature to the GTF.

Index Terms—N-point moving average, generalized trans-
fer function, arterial pressure, blood pressure monitoring.

|. INTRODUCTION

ENTRAL aortic systolic pressure (CASP) has attracted
increasing attention during the last decades due to a
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closer association with target organ damage [1], specific
antihypertensive drugs [2], future cardiovascular events [3] and
all-cause mortality in several populations [4] when compared
with brachial systolic blood pressure [5]. Therefore, accurate
and reliable estimation of CASP is important for routine clinic
examination, cardiovascular disease diagnosis and treatment
assessment of new blood pressure-lowering drugs [1].

The “gold standard” of CASP measurement is cardiac
catheterization where blood pressure is measured directly at
the aortic root. However, it is an invasive method which is com-
monly used in limited patients with serious arterial disease and
unsuitable for routine clinical examination. Hence, noninvasive
methods have been proposed for CASP estimation [6], [7], such
as direct carotid tonometry [8], [9], generalized transfer func-
tion (GTF) method [10]-[12], N-point moving average (NPMA)
[13]-[15], wave analysis [16], [17], physical model [18], [19].
The most widely used method is the GTF method [6], [7]. Al-
though there is controversy regarding whether it is appropriate
to apply a single constant TF to all subjects, the reproducibil-
ity and accuracy of the GTF method has been demonstrated by
many invasive and noninvasive studies, and it has been consid-
ered as the first choice for use as compared to other methods
[20]-[22].

NPMA was proposed as a novel and simple method for the
estimation of CASP from radial artery blood pressure wave-
forms (RABPWs) and was shown to have good agreement with
the GTF method [14]. Recently, NPMA was successfully ap-
plied for the estimation of CASP by using cuff-based brachial
artery blood pressure waveforms (BABPWs) [13]. These find-
ings showed the mean difference of measured CASP and esti-
mated CASP by NPMA was similar to that by GTF for both
generation group and validation group [14], [15]. However, the
relationship between NPMA and GTF method is still not clearly
established. In addition, the averaging point number N of NPMA
is different as different peripheral arterial pressure waves were
used, i.e., N = Fs/4 for RABPWs and Fs/6 for BABPWs (Fs is
the sampling frequency, and the numbers 4 and 6 represent the
optimal integer denominator K). The reason for this difference in
the point number N of NPMA has not been explained. Although
NPMA achieved a satisfactory performance for the estimation
of CASP in a Caucasian cohort, it is necessary to conduct ad-
ditional experiments to confirm the accuracy of NPMA in other
populations, in particular with an invasive validation of NPMA
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Fig. 1. lllustration of NPMA with a denominator K = 4 for the estima-
tion of aortic pressure wave from radial pressure wave with sampling
frequency Fs = 128 Hz.

in patients on medications, because NPMA removes all pulse
wave features >4 Hz—features which may be influenced by the
effects of drugs [23]. Therefore, it is necessary to investigate
the nature of NPMA with regards to GTF and the underlying
physiological significance of the point number N of NPMA.

In the present study, a relationship between the NPMA and
TF was derived from theoretical analysis by proposing a spe-
cial square wave to represent NPMA. The potential physiolog-
ical significance of the N and K of NPMA was also studied
by a model-based TF (MTF) described by a transmission line
model of a single uniform tube. For experimental analysis, the
optimization of the denominator of NPMA was conducted in
a fractional (decimal) space. Comparisons between the inva-
sive CASP and the estimated CASP by NPMA (CASPxpwma)»
GTF (CASPgtr) and a model-based TF (MTF) (CASPyiTr)
were conducted to assess the similarity of the three estimation
methods.

[I. THEORETICAL ANALYSIS

A. Convolution of Square Wave and Peripheral
Waveforms

NPMA estimates aortic pressure at each time point by aver-
aging several (n = N) radial or brachial pressures near this time
point in a measured radial or brachial pressure wave. N (Fs/K) is
determined by sampling frequency (Fs) of blood pressure wave
and a denominator K, a parameter that requires optimization.
The procedure for NPMA to estimate aortic pressure wave from
radial pressure wave using the denominator K = 4 under the
sampling frequency of 128 Hz is shown in Fig. 1.

Essentially, NPMA is the convolution of a square wave and a
peripheral pressure wave. The square wave was constructed in

the present study with a period of cardiac cycle, an amplitude
of 1/N and a pulse width of N, which is shown as (1).

t

Pa:Rg®R>(t)E/ Py(x)P,(t — z)dx 0<t< o
0

(D

where P,, P; and P, are mean aortic blood pressure wave-
form, the square wave and RABPWs, respectively. The discrete
convolution is:
N
P, =P,@P[n]= > PJm]- P.[n—m] 2)

m=0

B. Relationship of Square Wave and Transfer Function

According to the convolution theorem, the convolution of
two signals in the time domain is equivalent to the product of
their Fourier spectra in the frequency domain. Thus, (2) can be
expressed as the dot product of the Fourier transformation of
P, (F{Ps}) and the Fourier transformation of P, (F{P,}), as
shown in (3).

F{Pa}:F{Ps}F{PI} 3)
According to the definition of transfer function:
TF = F{P,}/F{P.} 0)

the relationship between TF and the frequency spectrum of the
square wave F'{ P, } is derived by (5).

F{P,} =TF! (5)

This indicates that the frequency spectrum of the square wave
is the inverse of the transfer function TF.

In addition, the N of NPMA is fixed once it is optimized or
specified. Therefore, the square wave P; and F{P;} are also
fixed. The corresponding TF in (5) also does not change in the
estimation of aortic pressure for all patients, which means that
NPMA is a constant peripheral-to-aortic TF method.

C. Comparison of Square Wave and Transfer Function in
Frequency Domain

To investigate how this constant TF or the frequency spectra
of the two square waves in (5) is similar to the well-known GTF
[11] and the effect of the N of NPMA on this similarity, two
square waves were constructed with the period of 1 second or
128 sampling points under a sampling frequency Fs = 128 Hz,
corresponding to a cardiac cycle for a heart rate (HR) of 60 bpm.
The pulse widths of the square waves equals the point number
N of NPMA: 32 (Fs/4) and 21 (=Fs/6), which correspond to the
NPMA denominator K = 4 and K = 6 [13], [14], respectively.
Consequently, the duty cycles of the square waves are 1/4 and
1/6. The amplitudes of the two square waves were firstly spec-
ified to be 1, then divided by their pulse widths of 32 and 21,
respectively. The amplitudes of 1/32 and 1/21 ensure the sum of
each of the square waves would equal 1. The comparison of the
frequency spectra of the two square waves and the well-known
GTF [11] was conducted and shown in the result section.

To study the potential physiological significance of the point
number N of NPMA, the frequency spectra of the two square
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waves were compared with a MTF of a single uniform tube based
on a transmission line model as introduced in our previous work
[24]. The MTF was derived as a function of reflection coefficient
and phase delay based on the transmission line model:

P outlet 1+ r

MTF = innlet = eijt+1“e—ijt

Where I" and wAt represent the reflection coefficient and phase
delay of the pulse wave between the arterial outlet and inlet. As
the reflection coefficient and phase delay depend on frequency,
it is difficult to estimate both parameters for each frequency.
Simply, the real numbers were used for the reflection coefficient
and phase delay in this study in the same way as discussed by
Westerhof et al. [20]. In optimization of MTEF, the reflection
coefficient and phase delay of MTF were modified manually to
match each frequency spectra of the two square waves.

(6)

Ill. EXPERIMENTAL ANALYSIS

A. Subject Population

Patients undergoing diagnostic catheterization were recruited
and those with hemodynamically significant brachial, subcla-
vian, or innominate stenosis were excluded. A total of 62 sub-
jects (age: 61 + 11, male: 45, hypertension: 58) entered the
study, and all were included in the analysis. Details of this pa-
tient cohort were reported in an earlier study by Pauca et al.
[25] The study was approved by the institution’s clinical re-
search practices committee and informed consent was obtained
from all subjects before the examination.

B. Data Acquisition

In brief, simultaneous ascending aortic and radial pressure
recordings were obtained in 62 patients undergoing diagnostic
catheterization. Blood pressure waveforms were acquired dur-
ing supine rest and during nitroglycerin (NTG) administration
(up to 16 pg/kg/min, mean 6 pg/kg/min, to obtain a reduction in
radial systolic arterial pressure to 100 mmHg). Blood pressure
was acquired with two fluid-filled catheters attached to external
pressure transducers after calibration by a mercury manometer
in relation to atmospheric pressure. The frequency response of
the manometer system was >20 Hz and sufficient to obtain high
fidelity recordings of aortic and radial pulses. The recordings
of invasive pressure waveforms were maintained for at least 20
seconds to obtain at least 10 cardiac cycles. The pressure data
was sampled at 200 Hz with a subsequent re-sampling to 128 Hz
by linear interpolation.

C. Study Protocol

1) Establishment of the Derivation and Validation
Groups: Ten-fold cross validation (CV) [26] was used to es-
tablish the derivation and validation groups, a method com-
monly used in various fields [24]. In 10-fold CV, all patients
were randomly divided into 10 equal and independent sets. In
10 iterations, each set among the 10 sets was used only once as
the validation group and the remaining 9 sets as the derivation
group. In this way, it ensured all data of the patients were uti-
lized fully to validate the NPMA, GTF and MTF methods, and
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Fig. 2. lllustration of the procedure for estimating the central aortic
pressure by NPMA, GTF and MTF from the radial artery pressure wave-
form parameters: (A) the estimated aortic pressure waveform by NPMA
from radial artery pressure waveform, (B) measured aortic and radial
pressure waveform, (C) one beat ensemble average of measured aortic
pressure waveform, and (D) one beat ensemble average of measured
aortic pressure waveform for the estimation of aortic pressure waveform
by GTF and MTF. NPMA represents N-point moving average method;
GTF, generalized transfer function; MTF, model-based transfer function.

the data of patients in the validation group were independent
from those in the derivation group for each iteration. In each
cross validation, the derivation group was used to optimize pa-
rameters of the NPMA and GTF, and the validation group was
used to test the performance of the NPMA, GTF and MTFE.

In the derivation and validation groups, the data processing
is shown in Fig. 2 for the estimation of aortic systolic pressure
by NPMA, GTF and MTF. For NPMA, the measured radial
pressure waves were directly used to estimate the aortic pressure
waves, and then to calculate the mean of the errors between the
estimated and measured aortic systolic pressure and at each beat.
For GTF and MTF, the measured aortic and radial pressure
waves were firstly divided into each cardiac cycle, then the
average of all divided waves was used to estimate the CASP
and to calculate the error between the estimated and measured
CASP, as shown in Fig. 2.

2) Estimation of CASP from Peripheral Waveforms
by NPMA: Although the denominator K of the NPMA method
was optimized to be 4 [14] and 6 [13] for the estimation of
CASP from RABPWs and from BABPWs, respectively, it is
not necessary to have an integer value for the optimal K. In
this study, K was optimized by two steps in both an integer
and fractional (decimal) space. Firstly, an integer from 2 to
10 was sequentially selected as K, generating square waves of
varying pulse widths of N/K. Each generated square wave was
then moved on the measured waves (RABPWSs) to obtain the
estimated aortic pressure waveform. The error of CASPnpya
versus CASPy,, was calculated for all beats in each aortic
pressure waveform in the derivation group, and the best and
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second best of K: K; and Kj,.; were determined. Secondly,
similar to the first step, the value of K was optimized with
a step increment of 1/10 in the range from the K; and K.
Finally, the optimized K was used in NPMA for the estimation
of CASPypuna from the measured RABPW: in the validation
group.

3 ) Estimation of CASP From RABPWs by GTF: To
establish the GTF using the derivation group, the mean RABPW
P. and mean CABPW P, averaged on all cardiac circles were
firstly obtained for each patient. Then, individual TF (ITF) for
each patient was estimated by the division of the Fourier trans-
formation of P, and P,. Finally, the ensemble average of ITFs
of all patients in the derivation group was the GTF.

A F{P}
F{P,}

1 & 1

GTF = N, ; ITF; = N, (7
where, NN, represents the number of patients, ITF; is the indi-
vidual TF of the ith patient. To reconstruct the CABPW of the
patients in the validation group, the mean P, of each patient
was transformed to frequency domain, and was multiplied by
the inversed GTF. Finally, an inverse Fourier transformation of
the frequency spectrum of CABPW was performed.

4) Estimation of CASP from Peripheral Waveforms
by MTF: The MTF was calculated from the model of a single
uniform tube, described in Eq. (6), by adjusting the two param-
eters (reflection coefficient and time delay) to match the low
frequency (<4 Hz) part of the spectrum of the optimal square
wave, which represents NPMA.

The optimal square wave was determined by the optimal
denominator of NPMA, which was obtained in the optimization
of the CASP estimation from RABPWs by NPMA in 10-fold
CV. Because each CV had one optimal denominator of NPMA
generated from each derivation group to minimize the error of
the CASP estimation, the mean of 10 optimal denominators
was used as the final optimal square wave. Then, the reflection
coefficient and phase delay of MTF were adjusted manually to
best match the final optimal square wave. Finally, the fixed and
optimal MTF was used to reconstruct the CABPWs similar to
GTF in ten-fold CV.

i=1

D. Statistical Analyses

In ten-fold CV, the correlation coefficients and mean
differences among CASP;,,, CASPxpya, CASPgTr and
CASPy 1 for all patients in all validation groups were calcu-
lated. P < 0.05 was considered statistically significant. Linear
regression was used to describe the relation of these measured
and estimated CASP. All data were presented as mean £ SD.
All statistical analysis was processed in MATLAB (R2014b,
MathWorks, USA) by using the built-in functions.

IV. RESULTS

A. Comparison of Frequency Spectrum of Square Wave
with Published GTF and MTFs

The frequency spectra of the two square waves representing
the NPMA (see Section II-C) were obtained by Fourier transfor-
mation after a periodic extension and are shown in Fig. 3. The

1.6 T T T T
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1.2} --@-+- MTF, ('=0.9, At=0.068)
= P--= MTF,, (['=0.7, At=0.048)

Magnitude

Phase (radians)

Frequency (Hz)

Fig. 3. Comparison of the well-known inversed GTF, the inversed MTF,
and the spectrums of two square waves representing NPMA: (A) mag-
nitude and (B) phase. NPMA means N-point moving average method;
GTF, generalized transfer function; MTF, model-based transfer function.

magnitude and phase of the inverse GTF between aorta and ra-
dial artery from Karamanoglu et al. [11] are also shown in Fig. 3.
The reflection coefficients and time delays of two model-based
TFs (MTF; and MTF,), as calculated by (6), were adjusted to
match the spectra of the two square waves. Their optimal values
for MTF; and MTF, were I' = 0.7 and 0.9, respectively, and
time delay At = 0.048 and 0.068 s, respectively.

In Fig. 3, comparison of the magnitude spectra of the square
waves with the inverse GTF and the inverse model-based TFs
showed high agreement between the spectra of the two square
waves and the inverse model-based TFs in the low frequency
<4 Hz and <5 Hz, respectively. The GTF was only consis-
tent with the magnitude spectrum of one square wave in low
frequency <2 Hz. In high frequency >5 Hz, all spectra were
different.

B. Optimization of NPMA and Generation of
GTF and MTF

The two-step optimization results of the denominator K of
NPMA are shown in Fig. 4 for each derivation group in the
ten-fold cross validation.

In Fig. 4A, the optimization of K of NPMA in integer
range showed that the mean difference between CASPr,, and
CASPxpaa increased from -20 mm Hg to 12 mm Hg as K was
increased, and crossed zero between K =4 and 5. The 10 curves
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are virtually superimposed in Fig. 4A. In Fig. 4B, the optimiza-
tion of K in the fractional space showed a significant increase
by 4.5 mm Hg in the mean difference between CASPy,, and
CASPxpuma as K was increased from 4 to 5. The value of
K was optimized to be 4.4, corresponding to the minimal
absolute mean difference between CASPy,, and CASPxpya.
In addition, Fig. 4B shows there is small change (about 0.5 mm
Hg) in the mean difference between CASPy,,, and CASPnpya
among different derivation groups, which indicates that the
performance of NPMA is stable for different derivation groups.

Fig. 5 shows an aortic blood pressure for one cardiac cycle of
one patient, as estimated by NPMA with K = 4.4 and 4, respec-
tively, corresponding to two square waves with amplitudes of
Fs/4.4 = 1/29 and Fs/4 = 1/32; pulse widths 29 and 32, respec-
tively, where Fs = 128 Hz. In Fig. 5, the NPMA with K = 4.4
presents a more accurate estimation of CASP than the NPMA
with K = 4, which underestimated the CASP by about 3 mm Hg.

The spectrum of the optimal square wave with
K = 4.4 is shown in Fig. 6. Compared with the spectrum of
the square wave with K = 4, the magnitude of the spectrum of

K = 4.4) on the estimation of the central aortic blood pressure wave-
forms (CABPW) by NPMA (two different square waves and convoluting
with radial arterial blood pressure waveform (RABPW), and the compar-
isons with measured central aortic blood pressure waveform.
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Fig. 6. Comparison of the inversed GTF in this study comparing with

the inversed GTF by Karamanoglu et al. (1993), the inversed MTF with
reflection coefficient 0.8 and time delay 0.063 s, and the frequency spec-
tra of square waves with the K = 4 and 4.4 of NPMA: (A) magnitude and
(B) phase. NPMA means N-point moving average method; GTF, gener-
alized transfer function; MTF, model-based transfer function.
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the square wave with K = 4.4 increased with increasing fre-
quency in the low frequency of <4 Hz. In the high frequency
from 4 Hz to 10 Hz, there is alteration variation in the magnitude
between the two spectra.

Ten GTFs were extracted from the ten derivation groups,
which were then averaged to obtain a single GTF. The modulus
of the averaged inverse GTF is shown in Fig. 6, compared with
the inverse GTF from Karamanoglu et al. [11]. In Fig. 6, the
trends of both moduli of the inverse GTFs were similar, which
firstly decreased from 0 Hz to a minimum at 4 Hz, then increased.

For the MTF, by adjusting the two parameters of the MTF
to match the spectrum of the optimal square wave of NPMA
(K =4.4), the optimal reflection coefficient and time delay were
optimized to 0.8 and 0.063 seconds, respectively. Although the
low frequency range of the inverse MTF agreed well with the
spectrum of the optimal square wave of NPMA (K = 4.4) as
shown in Fig. 6, there was a greater difference in the high
frequency range.

Comparisons of all plots in Fig. 6A showed there was good
agreement in the low frequency range <3 Hz. As frequency in-
creased beyond 3 Hz, the differences between the square waves,
GTFs and MTF became more pronounced.

C. Comparison of the Invasive CASP and Estimated
CASP by NPMA, GTF and MTF

The two-step optimization of the K of NPMA improved the
mean difference between CASPr,, and CASPypya from -1.8
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The mean difference between CASPy,, and CASPypya With (A) K= 4 and (B) K= 4.4.

+4.6 mmHg (K=4)t00.0 4.7 mm Hg (K =4.4), as shown in
Fig. 7. Although the mean difference was improved to be no sig-
nificant difference from 0 (p = 0.97), the standard deviation and
the correlation coefficient did not show any marked improve-
ment. A slight change of 0.0023 in the correlation coefficient
between CASPy,, and CASPxpya was found for K = 4 and
4.4 as shown in Fig. 7A (left) and 7B (left). The linear regres-
sion equations were CASPp,, = 0.952 x CASPnpMma +
2.87 and CASPr,, = 0.956 x CASPxpma + 4.3 for K =
4 and K = 4.4, respectively.

Fig. 8 shows the Bland-Altman plot of CABPp,, and
CABP¢r for all patients (n = 124) in validation groups. Com-
parison of CASPy,, and CASP ¢ shows the correlation coef-
ficient and the mean difference (> = 0.92, -0.5 + 4.3 mm Hg)
were similar with those between CASPy,, and CASPNpya -

Fig. 9 shows the Bland-Altman plot of CASPy,, versus
CASPyrr. In Fig. 9, the standard deviation 4.9 mm Hg
was larger than that of CASPy,, versus CASPynpya and
that of CASPy,, versus CASPgrr. But the mean differences
of CASPy,, versus CASPyTr were more similar to that of
CASPIHV Versus CASPNPMA.

D. Comparison of the Estimation of CASP by NPMA,
GTF and MTF

In order to test whether CASPNpya was closerto CASPy e
than to CASPrr, the Bland-Altman plots of CASPNpya ver-
sus CASPy;rr and CASPqrr were drawn in Fig. 10. Fig. 10
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shows that the agreement between CASPypya and CASPy g
(correlation coefficient: r> = 0.99, mean difference: -0.3 +
1.8 mm Hg) was as good as that between CASPynpya and
CASPgrr (correlation coefficient: 12 = 0.97, mean differ-
ence: 0.5 &+ 2.7 mm Hg).

V. DISCUSSION

In this study, the characteristics of NPMA relative to a GTF
were investigated by theoretical analysis, and the spectral fea-
tures of the square wave of NPMA in the low frequency range
was well described by the inverse TF of a single uniform tube.
By experimental analysis, although there is greater difference
in the high frequency components of the MTF and square wave
spectrum, a high level of agreement for the estimation of CASP
by NPMA and MTF was still achieved.

A. Optimization of the Denominator of NPMA

NPMA is a simple and robust method for the noninvasive
estimation of CASP. The denominator of NPMA is the only
parameter that requires optimization. The previous findings by
Williams et al. [14] showed the optimal denominator was a

quarter of the sampling frequency when the noninvasive CASP
was estimated from the RABPWSs. Later, Shih et al. [13] de-
termined the optimal denominator to be one sixth of the sam-
pling frequency when the noninvasive CASP was estimated from
BABPWs. In this study, the optimal denominator K = 4.4 was
obtained by a two-step search in the integer and fractional space
from RABPWs. It is important to perform this search when the
CASP was estimated by RABPWs than by BABPWs because
there is a sharper slope,or faster change, in the curves of mean
difference between CASPy,, and CASPypuma at K = 4 than
K = 6, as shown in Fig. 4A. This is also supported by the results
(Fig. 3 and Table) of Shih et al. [13]. Although the mean of the
difference between CASPy,,, and CASPypy a4 Was improved by
optimizing the denominator of NPMA, the standard derivation
of the difference remains around the same value. An attempt
to change the denominator according to each patient’s HR was
made, but the standard derivation did not change significantly
(data not shown). Other methods could be proposed to reduce
the standard derivation by estimating possible individual de-
nominators for the NPMA using reflection coefficient and time
delay calculated from one or two peripheral blood pressure and
flow waveforms [27]-[29]. At same time, quality control of the
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measurement of pulse waveforms is also important to reduce
the standard derivation introduced by the noise in input signal
sources.

B. Relationship Between MTF and NPMA

As a mathematical low-pass filter, NPMA was expected to
eliminate the high frequency components of the RABPWs. From
the spectrum of the square wave in Fig. 3, the low-pass frequency
of NPMA was <4 Hz (K =4) and <6 Hz (K = 6). The larger the
duty cycle of the square wave, the lower the low-pass frequency.
This means that more harmonic components of RABPWs will
be removed than those of BABPWs by NPMA.

As for the agreement of CASPxpya and CASPyrr, al-
though the two parameters of MTF were fixed for all derivation
and validation groups in this study, a strong agreement between
CASPxpma and CASPyrr was obtained and was as good
as that between CASPxpya and CASPgrr. It demonstrated
the similarity between the magnitude of the inversed MTF and
the spectrum of the square wave of NPMA in low frequency
dominated the agreement of the CASP estimation.

C. Comparison Between GTF and NPMA

As mentioned in the theoretical analysis section, the funda-
mental nature of the NPMA is a special GTF method. This
means that NPMA is not a patient-specific method, because
the frequency spectrum of the square wave was fixed for each
derivation and validation group. Although some studies show
good agreement between CASPynpyna and CASPqrp, there
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Bland-Altman plot of CASPnpaa and CASPg e (A) and CASPyrr (B).

was a substantial difference between the spectrum of the inverse
GTF and that of the square wave. This suggests that there exist
many TFs to estimate CASP. However, if one needs to accu-
rately reconstruct the CABPWs, there may be only one optimal
TF. The capacity of the CABPW reconstruction and the wave-
based index estimation by GTF is superior to that of NPMA.
Even so, the simplicity of NPMA is an important feature, which
is accessible and repeatable.

D. Limitations

There are a number of limitations in this study. Firstly, the
number of patients is small and therefore results may not be
extendible to the general population. As such, the comparison
between CASPypma and CASPgrr should be conducted in
different characteristic populations. Secondly, this study was
based on the invasive recordings of RABPWs and CABPWs
without the influence of the error from noninvasive measure-
ment. But in clinic routine, noninvasive measurement is the
primary choice to record blood pressure except for special pa-
tients requiring invasive measurements. Thus, the consistency
between CASPxpya and CASPy g should be confirmed by
more realistic noninvasive recordings of RABPWs and invasive
CABPWs. At the same time, the values of the reflection coef-
ficient and time delay of MTF that were used to explain the
denominator K of NPMA would need to be validated by mea-
sured values. Thirdly, the MTF of a single uniform tube may
be too simplistic, and thus would be difficult to match the high
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frequency spectral feature of the square wave and that of the
GTF. A MTF of two or three series-connection tubes [30], or
lossy tube [31] with Winkessel models would be a better choice
to study the physiological significance in the NPMA and GTF.
However, there are many parameters that would need to be op-
timized, and some of these parameters are not commonly used
in clinical practice.

VI. CONCLUSION AND FUTURE WORK

This study demonstrated that the fundamental nature of
NPMA is a special GTF. The NPMA essentially is the con-
volution between blood pressure waveform and a square wave
whose duty cycle is determined by the denominator of NPMA.
In low frequency <4 Hz, the spectrum of the square wave could
be described well by a special GTF, namely the MTF of one sin-
gle uniform tube. The reflection coefficient and time delay of the
MTF are optimized to match the minimal value and its frequency
of the spectrum of the square wave, and thus give physiological
significance for the denominator of NPMA. Given a constant re-
flection coefficient, the larger the time delay between CABPWs
and RABPWs, the higher the duty cycle of the square wave.
The experimental results confirmed that MTF is more similar
to NPMA compared to the GTF. In addition, it is necessary to
optimize the denominator K of NPMA in the factional space by
RABPWs than by BABPWs.
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