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Abstract

A novel ECG-derived respiration (EDR) approach is
presented to efficiently estimate the respiratory rate. It
combines spatial rotations and magnitude variations of the
heart’s electrical vector due to respiration. Orthogonal
leads X, Y and Z from 10 volunteers were analyzed dur-
ing a tilt table test. The largest vector magnitude (VM)
within each QRS loop was assessed, and its 3D coordi-
nates were converted into unit quaternion qp. Angular dis-
tances between these quaternions and the axes of the refer-
ence coordinate system, 0, 0, and 0, were then computed
as EDR signals to track their relative variations caused
by respiration. The respiratory rate was estimated on the
spectrum of individual EDR signals obtained from the an-
gular distances and VM time-series, but also on EDR sig-
nals obtained by principal component analysis (PCA). Rel-
ative errors (er) to the reference respiratory signal exhib-
ited relatively low values. The combination of EDR sig-
nals’ spectrum {0x,0y,0z, VM} (eg=0.63+4.15%) and
individual signals derived from 0x (e g=0.46+8.22%) and
PCA (egr=0.36+6.58%) achieved the overall best results.
The proposed method represents a computationally effi-
cient alternative to other EDR approaches, but its robust-
ness should be further investigated. The method could be
enhanced if combined with other features tracking mor-
phological changes induced by respiration.

1. Introduction

Measuring respiratory rate represents an important task
in many clinical applications, especially in those involving
patients with chronic respiratory disorders. Different tech-
niques are used in clinical practice for this purpose, such as
plethysmography or pneumography, based on impedance
measurements. Other techniques use airflow measures in-
cluding volumen (spirometry), temperature (thermistors)
or pressure (pressure transducer). Despite their accuracy,
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the above techniques might be uncomfortable and invasive,
and are not suitable for continuous, long-term monitoring
in the clinical setting, at home or in sport applications .

In particular, real-time respiration monitoring with non-
invasive devices can be useful for studying exercise phys-
iology, patients’ sleep and other dynamic conditions [1].
However, obtaining accurate and robust respiratory infor-
mation during such scenarios might be challenging. A
potential solution is clearly sighted from the proliferation
of wearable devices, many of them provided with several
physiological sensors. The wide range of indirect methods
proposed in the literature to extract respiratory information
make it much more suitable. Among these methods, the
electrocardiogram (ECG)-derived respiration (EDR) sig-
nals are commonly used with either one or several ECG
channels [2]. Since respiratory information affects both the
ECG rhythm and morphology, a convenient method would
be one that combines morphological information from all
leads, as occurs with respiration-induced rotations of the
heart’s electrical vector.

In this study, we aimed at implementing an efficient
EDR approach based on quaternions to estimate respira-
tory rate. The approach combines the spatial rotations and
magnitude variations of the heart’s electrical vector from
the vectorcardiogram (VCG). Using quaternions provides
us with a compact mathematical notation for 3D orienta-
tions and rotations, leading to more efficient rotation oper-
ations compared to Euler’s angles or rotation matrices.

2. Material and Methods
2.1. Tilt test database

The database comprises 10 healthy volunteers subjected
to a tilt table test, aged 28.5 £ 2.5 years. The protocol
included an initial basal period of 4 min in supine posi-
tion, followed by 5 min tilted head-up to 70°, and a fi-
nal 4 min period in supine position. Transition periods
between stages lasted 18 s. For all subjects, standard
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12-lead ECG recordings were acquired at 1000 Hz using
Biopac ECG100C. The respiratory signal was recorded us-
ing RSP100C amplifier and TSD201 transducer sampled at
125 Hz. More details on this database can be found in [3].

2.2. ECG Preprocessing

ECG signals were preprocessed before the analysis and
estimation of respiratory rate, including automatic QRS
complex detection and delineation [4] and visual inspec-
tion to remove abnormal beats, baseline drift attenuation,
4th order bidirectional Butterworth low-pass filtering at 45
Hz to remove power line interference and high frequency
noise. These steps were applied to orthogonal leads X, Y
and Z, derived from standard leads (V1-V6, I and II) using
the Dower inverse matrix. The maximum vector magni-
tude within each QRS complex loop, VM4, Was deter-
mined using a 140-ms segments starting 10 ms before the
QRS onset points. The 3D points coordinates x;, y; and z;,
associated with the VM., of the i-th beat, were used in
further analysis to computed the proposed measures.

2.3. Orientation and rotation quaternions

To estimate the respiratory rate from the ECG, we ex-
ploit the advantages of an efficient approach to represent
and compute 3D spatial rotations based on quaternions [5].
Quaternions are basically a numerical compact notation for
3D rotation and orientations, in the form of’:

q = [q0,q1,92, 3] (1

where qq is referred to as the real component, and the re-
maining terms (q1, g2, g3) are the imaginary components
of three mutually orthogonal imaginary unit vectors, ¢, J
and k, respectively, which are implied in (1). Thus, quater-
nions can also be expressed in their extended notation as:

q=qo+1iq +Jq2 + kg3 2

Rotation quaternions belong to a subset of quaternions
closely related to the axis-angle representation of rotations.
According to Euler’s rotation theorem, two parameters are
needed to specify any 3D rotation: a unit vector % = [z, y,
z] that defines an axis of rotation; and an angle 6 represent-
ing the magnitude of the rotation about that axis. Thus, an
axis-angle rotation can be represented by four numbers as:

[0, 2,y, 2] 3

and the axis-angle components [, z, y, z] of any rotation
can be converted into a rotation quaternion q as follows:

q =[cos(0/2),x sin(g),y . sin(g), z- sin(g)] )

From (1) and (4) it can be observed that the real term qq
is entirely determined by the rotation angle 6, while the
three imaginary terms (q1, g2 and ¢s) are just the three rota-
tion axis vector scaled by the same factor. A consequence
of this representation is that the magnitude of a rotation
quaternion is always equal to one.

Quaternions can also be used to rotate a 3D point with
respect to the coordinate system, so that the new position
of the rotated point can be obtained as follows:

P =q 'pq (5)

where p is the quaternion corresponding to the initial
3D point p=[0,z,y, z|; q and g~ ! represent the rotation
quaternion and its conjugate (¢~ '=[qo, —q1, —q2, —g3)),
respectively; and p’ is the quaternion containing the
new coordinates position of the rotated 3D point,
p'=[0,2',y’, 2’]. Note that, for both quaternions p and p’,
the real part po and p{, are always equal to 0. In these cases,
quaternions are called orientation quaternions or attitude
quaternions.

2.4. Angular distances using quaternions

Now, given two unit quaternions p and p’ obtained from
two spatial 3D points, one can determine the shortest arc
representing the angle of rotation from p to p’. First, we
need to find the difference quaternion:

qa=p 'p’ (6)

Then, the angle of rotation or angular distance 64 is com-
puted by the following expression:

0q = 2cos *(N(qq)) (7

where R is the real component of gg4.

Based on Eq. (7), we propose in this work three dif-
ferent measures, denoted as 0,, 0, and 0, evaluating the
angular distances between the normalized unit quaternion
corresponding to the maximum vector magnitude’s coor-
dinates obtained for each QRS loop, and three reference
quaternions related to each orthogonal axis, denoted as:

9z = [Oa 17 07 O] (8)
qy = [07 07 1v O] (9)
q- =[0,0,0,1] (10)

where the normalized unit quaternion related to each
VM,,,4z 1S Obtained by:

q;, = di
© lladll

(1)

with g;= [0, z(n;), y(n;), z(n;)].

Page 2



0.
0.5~
NN
N o 0, \S y
-—
-0.5+
SIS
4
- N
> _— 1
0 T "
VA o

Figure 1. Coordinates of a 3D point associated with the
maximum vector magnitude (red arrow) of a real QRS
loop, normalized and represented on the unit-ratio hyper-
sphere surface. Arcs in blue, yellow and green represent
the angular distance between the 3D point and each axis.

Finally, the values of 0, 6,, and 6, computed over time
(see Fig. 1) will be used to generated the EDR signals used
for estimating the respiratory rate.

In addition to the angular measures, we evaluated other
ECG-derived markers proposed in previous studies to es-
timate respiratory rate for comparison purpose [2]. These
measures represent the upward and downward slopes of
the R-wave (sy, sp), and the shortest angle formed by the
intersection of the straight lines resulting from the above-
mentioned slopes (£g). These markers were evaluated
only in the lead called N-loop derived lead (NLDL), as it
was proposed in [1]. The corresponding EDR signals were
thus denoted as Ry, (t), Rs, (t) and R, (¢). Finally, the
time needed for ECG markers computation, was estimated
on an Intel Core 17-8750H CPU @2.21 GHz, RAM 16 GB.

2.5. Proposed EDR signals

Different EDR signals were generated from each marker
described in previous section. Four EDR signals were ob-
tained from the angular distances and vector magnitude
time series, 0 (t;), 6, (:), by 6.(t;) and VM,,q4(%;), be-
ing ¢, the time instant associated to the i-th beat. An out-
lier rejection filter based on the median absolute deviation
(MAD) was then applied, followed by cubic-splines inter-
polation at 4 Hz to get evenly sampled signals. Lastly, a
band-pass filter ([0.05, 1] Hz) was used to retain a wide
but conservative frequency range in which the components
related to the breathing modulation are expected to be.

In addition to the above signals, we generated a new
EDR signal from principal component analysis (PCA), ap-
plied to Ry, (t), Ry, (t) and Ry, (t). With this, we obtain a
new signal projected onto the first component, defined as
Rpca(t), emphasizing the breathing-related oscillations.

2.6. Respiratory rate estimation

Respiratory rate estimation was performed using a ro-
bust approach used in [1]. It was applied to individual EDR
signals, but also to combinations of signals to obtain more
robust respiratory rate estimates. The approach is based on
3 stages, including the estimation of power spectrum (PS),
a peak-conditioned average, and the respiratory rate esti-
mation. The PS is obtained from the Welch periodogram,
using a running window k of T duration (42 s) for each
signal [. An average spectrum, S; 1 (f), is obtained every
5 s from average of PS obtained in subintervals of 12 s
with half overlapping. Then, H, spectra S; . (f) are peak-
conditioned average in the second stage. Mathematically,
it can be defined as:

H,—1
Sk(f) = Z fok—hxfk—hsz,k—h(f) (12)
h=0 1

where X/} _, and X/5_, are two criteria deciding
whether S; i (f) is sufficiently peaked or not. Finally, the
respiratory peak is determined as the largest peak inside
a reference interval Qg (k), updated after each respiratory
rate estimate. Further details can be found in [1].

To evaluate the performance of the proposed method,
conventional error measures were determined:

ea(k) = f(k) — frus(k) (13)
_ ea(k)
eR(k) = 7fRES(k?) (14)

where frrs(k) is the respiratory rate estimated from the
reference respiratory signal, ex (k) and eg (k) are the abso-

lute and relative errors, respectively, and f (k) is the actual
estimate of the respiratory rate.

3. Results

Figure 2 shows an example of the TF maps derived from
the average spectra for the angular measure 6 x (¢) and the
PCA-derived EDR signal. Respiratory rate estimates from
these signals and the reference respiratory signal are also
added. The numbers at the top of the panels indicate the
errors referred to the reference signal estimates.

Table 1 summarizes the average values (Mean £ SD)
accross the participants of e4 and ep obtained for all EDR
signals analyzed in this work, including those ones used for
comparison purpose. On the other hand, Table 2 displays
the average processing time achieved when obtaining the
measures that produced the different EDR signals.

4. Discussion and conclusions

In this study, we presented a novel approach to esti-
mate respiratory rate from the ECG, based on quaternions.
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Figure 2. Time-frequency maps obtained from the aver-
age spectrum of the EDR signals Ry, (t) and Rpca(t).
Estimates of respiratory rate are plotted for the reference
(dashed magente) and the EDR signal (black).

Table 1. Mean 4 SD of the absolute an relative errors
obtained for all patients of the tilt table dataset.
€4 (mHz) er (%)
EDR signal from Mean &+ SD Mean £+ SD
Rg (1) -0.06 £ 1.99 0.46 + 8.22
Ry, (t) 0.04 +2.29 2.08 4+ 10.89
Ry, (t) 0.22 +1.32 1.64 + 7.30
Rpca(t) 0044+ 121  036+658
Rym(t) 039+ 121 3274798
Comb{Rg, , Ro, ,Ro,} 0.06+1.07 0.68+575
Comb{Rg, , Roy,Ro,, Rym} | 0.04+072  0.63+4.15
Ry, (t) 026134 047 +7.85
Rsy, () 0.19£1.00 -0.56 +5.46
Rsp (t) 0.15+£1.19 -0.08 +6.64
Comb{RsU,RsD,RéR} -0.18 £1.03  -0.50 £ 5.69

Table 2. Mean 4 SD of the mean execution time obtain
among all subjects using 10 iterations.

Elapsed time (ms)
ECG-derived features Mean + SD
Su +Sp 182.0 £ 25.2
SU+SD+ZR 1825 +£21.3
Or + 0y +0. 47+83
Oz + 0y + 62+ VMpas 455+ 7.6

Quaternions provide very high speed for signals process-
ing, stability and robustness to noise arising from numeri-
cal inaccuracies caused by floating point computations [5].
We exploited its properties to track the breathing effects on
the ECG through the heart’s electrical vector rotations.
Our results suggest that the combination of the spectra
corresponding to EDR signals derived from the angular
distances provides a better performance in relative terms
than individual signals. By adding the VM-derived EDR
signal spectra to those from the angular measures, and thus
incorporating the changes in the magnitude of the cardiac
electrical vector, the results became even better and robust.
Besides, the error estimates were even lower for the PCA-
derived EDR signal and fx, and similar to those of the

QRS slopes and the R angle. However, the proposed angu-
lar measures presented a faster execution time, reducing it
to more than 30 times in the best case.

The QRS slopes have demonstrated to provide a great
performance and robustness, especially in applications us-
ing a single ECG channel for the same purpose [2]. How-
ever, its computation requires a fitting process that could
make it more computationally expensive. Quaternions, by
contrast, can be directly generated from the heart electrical
vector coordinates, and operating with them involve cer-
tain advantages in terms of computational efficiency with
respect to Euler’s angles and rotation matrices. They are
compact, and avoid the problem of ”gimbal lock”. Further
studies are needed to test the robustness of the proposed
approach in noisy signals such as those obtained during
ambulatory records or sport activities.
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