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Abstract—In the US alone, 22 million individuals suffer from
obstructive sleep apnea (OSA), with 80% of the cases symptoms
undiagnosed. Hence, there is an unmet need to continuously and
unobtrusively monitor respiration and detect possible
occurrences of apnea. Recent advancements in wearable
biomedical technology can enable the capture of the periodicity
of the heart pressure pulse from a wrist-worn device. In this
paper, we propose a bio-impedance (Bio-Z)-based respiration
monitoring system. We establish close contact with the skin
using gold e-tattoos with a 35 mm by 5 mm active sensing area.
We extracted the respiration from the wrist Bio-Z signal
leveraging three different techniques and showed that we can
detect the start of each respiration beat with an average root
mean square error (RMSE) less than 13% and mean error of
0.3% over five subjects.

Keywords — Respiration; e-tattoo; wrist-worn; obstructive sleep
apnea (OSA); bio-impedance (Bio-Z).

I. INTRODUCTION

Sleep apnea is a potentially life-threatening disorder most
often associated with weight gain and the buildup of soft
tissues in the throat. The most common form of sleep apnea,
obstructive sleep apnea (OSA), is a breathing disorder causing
breathing to repeatedly stop and start during sleep. The
occurrence of OSA degrades sleep quality leading to both
cognitive and physical performance drop [1] and if left
untreated could increase the risk of serious life-threatening
conditions such as myocardial infarction and stroke [2], [3].
OSA can be difficult to detect, requiring overnight evaluation
in a specialized clinic through continuous monitoring of the
breathing. In the US alone it is estimated that 22 million people
suffer from OSA, and it is estimated that 80% remain
undiagnosed [4]. To facilitate a convenient diagnosis, a single
continuous monitoring system with easy-to-wear sensors
needs to be developed to capture the respiratory parameters
such as the respiration rate (RR) and the pattern of breathing
along with any others which may aid in the process such as
heart rate (HR) and blood pressure (BP).

The most common methods preferred in clinics are
capnography and nocturnal polysomnography, that monitor
the respiration cycles by tracking the gas-exchange during
ventilation or with chest-abdomen bands/belts that record the
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upper abdominal wall movement. The former requires a face
mask that is continuously worn over the course of the
experiment and the latter requires the bands to be attached
securely. Both cause significant discomfort and require a visit
with trained clinicians in a sleep study room [5], [6]. Hence,
these methods fail to provide an effective diagnostic tool for
the higher percentage of the possible OSA sufferers. Current
wearable technology allows us to provide certain
physiological biomarkers like heart rate and its variability
commonly through optical and capacitive sensing modalities.
Additionally, these systems allow integration with
smartwatches or other wrist-worn devices. On the other hand,
capturing respiration from the wrist is not a direct
measurement and requires extracting the influence of
ventilation in the arteries, which possesses most of the blood
circulation parameters at the wrist.

Photoplethysmography (PPG) is the most common
example for the optical modalities, that depends on a light
illumination on a specific part of the body and recording the
resultant reflection/transmission to detect pulsatile activity [7].
The major drawbacks of PPG based systems in detecting
respiration from the wrist is the weak penetration of the light
into the skin that captures pulsatile activities from the
capillaries rather than the arterial sites, which is not sufficient
to detect slight variations in the blood flow parameters during
each inhalation and exhalation accurately, essential for apnea
detection [8]. In addition, the sensitivity of the PPG sensor is
highly dependent on environmental and human-based factors
such as humidity, skin color, skin temperature, hydration level
and ambient light [9] that degrade the confidence in capturing
respiration. Therefore, current wearable respiratory systems
depending on optical sensing modalities are limited with the
average RR and demonstrate low accuracy in detecting the
sleep [10]. The capacitive [11] and radar/Wi-Fi-based [12],
[13] systems suffer from similar problems, in addition to being
extremely position-dependent and exhibiting low signal-to-
noise ratios (SNR). Moreover, these methods report the
dominant frequency component in the processed signals
corresponding to the average respiration rate and this is not
sufficient to detect a possible apnea, since apnea is not
registered in the reported average per-minute respiration rate.
There is a need to provide a new and robust sensing modality
that still supports wearable and non-invasive wrist-worn
applications, without trading off signal quality, fidelity and
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sensitivity across the sensing area. In addition, the system
should be able to provide breath-by-breath respiration rate
analysis to detect the patterns of possible apnea.

In this paper, we introduce a technique based on bio-
impedance (Bio-Z) to capture variations in the hemodynamic
and respiratory biomarkers non-invasively. In our previous
works, we showed that we can capture HR, pulse transit time
(PTT) [14] as well as BP with high confidence [15] from the
wrist, as well as the heart and lung activities from the chest
[16] using Bio-Z. This paper focuses on capturing the
respiration rate from the wrist with Bio-Z through ultra-thin
gold e-tattoos as shown in Fig. 1. To achieve this, we capture
signal modulations on the Bio-Z signal as possible influences
from the respiratory cycle.

Our contribution in this paper can be summarized as
follows:

e A novel method that leverages Bio-Z to extract
breath-by-breath respiration rate from the variations
in the heart pressure pulse-wave and the physical
motion at the wrist.

e The system injects a non-invasive microamp AC
current at high frequency and picks-up differential
voltage induced by the Bio-Z on a 35mm by Smm
sensing area established by ultra-thin gold e-tattoos,
which can be integrated into a wrist-worn device with
ease.

e Since the system processes individual breaths to
extract the breath-by-breath respiration rates, it can
be extended to carry a respiration pattern analysis to
detect possible hyperpnea and hypopnea along with
apnea.

The rest of the paper is organized as follows. In Section II,
we describe the developed measurement setup and our signal
post-processing to extract respiration influence on Bio-Z.
Then, we share the experimental results in Section III. Finally,
our conclusion is given in Section IV.

II. METHODS

Biological tissues, cells, surrounding extracellular fluid and
encapsulated intracellular fluid create a finite impeding path
for any AC signal penetrating through the skin. Although cell
membranes, as well as the skin, acts as a capacitive barrier,
increasing the frequency of the applied AC signal leads to a
lower attenuation while traveling its course. Therefore, a non-
invasive bio-impedance (Bio-Z) signal can be acquired
through injecting a very-small AC signal and picking up the
accumulated voltage signal due to this injection. If the
placement of the electrodes responsible for injection and
sensing happens on the projection of the artery, the magnitude
of the Bio-Z becomes a factor of physiological and physical
changes occurring at the moment of signal injection. For
instance, while blood volume changes at the vessels, due to
periodic heart activity, additional changes in the momentary
impedance of the vessels, muscle movements or gestures will
also contribute to the Bio-Z variations. Therefore, continuous
Bio-Z measurement provides significant and strongly
correlated information about these phenomena. However, a
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Fig. 1. A wrist-worn continuous respiration and blood flow monitoring
device based on non-invasive bio-impedance (Bio-Z) sensing and ultrathin
gold e-tattoos.

significant challenge in measuring the Bio-Z changes remains
in building a system establishing good contact with the skin
while preventing the skin impedance from dominating the
dynamic range of the system. To obtain the former, we use
ultrathin and flexible gold e-tattoos that form an intimate
contact with the skin, and for the latter, we introduce Bio-Z
XL that provides low-noise multichannel Bio-Z sensing based
on four-terminal sensing (Kelvin sensing). In this study, the
frequency of the injected signal is selected as 10 kHz due to
the low electrode-skin impedance, the 1 mA allowance of
current injection amplitude due to safety standards [17] and
the low contribution of flicker noise (1/f noise) at this
frequency. This operation frequency is validated in our prior
studies [18], [19].

A. Multi-Channel Bio-Impedance Sensing on the Wrist

In this work, we use ultra-thin gold e-tattoos with 25 mm?
square shaped active surfaces that establishes an intimate
contact with the skin. We previously shared the cut-and-paste
manufacturing method of the tattoos as well as the acquisition
of certain signal modalities such as ECG, SCG, and capacitive
sensing [20], [21]. In order to improve the stability of the ultra-
thin tattoos, the traces are designed in a serpentine shape. Prior
to each signal acquisition with the tattoos, we obtained LCR
measurements (LCR Meter IM3536, Hioki, Japan) at the
tattoo-skin interface. The interface brings 5-10 kQ impedance
at our operation frequency of 10 kHz, which is comparable to
the state-of-the-art wet electrodes [18]. The tattoos are
supported with a Tegaderm layer to provide additional
flexibility, mechanical stability, and adhesion to the skin. The
characterization of the tattoo integration, as well as the contact
quality, is planned to be published as a separate work.

The Bio-Z XL board operates based on an ARM Cortex
M4 MCU that triggers a 16-bit DAC converter (DACS8811,
Texas Instruments, USA) to generate an AC signal with
programmable gain and frequency. The output of DAC is fed
to the negative terminal of a precision amplifier (OPA211,
Texas Instruments, USA) through a resistor and a capacitor in
series in order to prevent DC injection into the body and
arrange the gain of V-to-I conversion. The injection electrodes
are connected to the feedback loop of the op-amp, allowing a
stable current injection into the epidermis. In order to sense the
small variations in the Bio-Z, the board contains low-noise and
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low-power instrumentational amplifiers (AD8421, Analog
Devices, USA) that amplify the small voltage signal induced
in between the sensing electrodes due to the current injection
with 20 dB. The amplified signal is then filtered with a low-
pass anti-aliasing filter with cut-off frequency at 30 kHz and
fed into a high-resolution and high-speed 24-bit delta-sigma
ADC (ADS1278, Texas Instruments, USA) with a sampling
frequency of 93,750 Hz with 4 simultaneous channels (0.3 pV
sensing resolution, with 9 points per signal period) [18], [19].
The overall system is calibrated with a calibration circuit
demonstrating less than 1 m{) root-mean-square (RMS) error,
which is sufficiently lower than the target Bio-Z variations (50
m{).

B. Signal Post-Processing for Respiration Extraction

The sampled data of all channels is sent to the MCU, which
then sends it to the PC through Hi-Speed USB Bridge for
signal post-processing in MATLAB and to extract the
respiratory activity. First, the raw ADC readings are converted
to the units of () using the calibration measurement and
multiplied with the carrier signal, Ve (z), which is also fed to
the DAC for demodulating the changes in the Bio-Z. We apply
a 2" order Butterworth low-pass filter at 6 Hz cut-off
frequency to measure the physiological dependent changes
such as heart and respiration activities and to reject the image
noise at twice the carrier frequency as well as the high-
frequency oscillations. We then downsampled the signals from
93,750 Hz to 375 Hz without a significant loss of information
to get the raw Bio-Z readings.

Respiration is the transport of oxygen and carbon dioxide
in and out of the body, with lungs being the primary organs of
the respiratory system. This vital process of the air movement
is driven by lung muscles that cause a significant amount of
volume change in the lungs during each breathing cycle. The
volume changes of the lungs during respiration influences the
intrathoracic pressure upon the circulation as well as the
pulmonary arterial pressure [22]-[24], where during each
positive-pressure insufflation of the lungs, the diastolic
pressure increases [25]. This impacts the blood volume that is
traveling through the arteries. At every heartbeat, the arrival of
the blood volume to the sensing location due to the pressure
pulse wave causes a sharp decrease in the Bio-Z signal from
its first main peak (PK) to the first foot (FT) [15]. Therefore,
for each hemodynamic cycle, the magnitude of the decrease in
the impedance is a direct indicator of the blood volume
travelling through the sensing location, and this can be
calculated by recording the difference between PK and FT
points, denoted as Ypejta—z in this manuscript.

In addition to blood volume changes, respiration causes a
shift in the mean of the Bio-Z signal in both directions
depending on whether the subject is inhaling or exhaling. This
behavior is related to the heavy physical movements with the
insufflation and inhalation as well as the change in the
intrathoracic pressure. To monitor these shifts in the Bio-Z
signal, we used maximum slope point (MSP), another
important point defined at the descending slope from PK to
FT. MSP provides more reliable information than PK and FT
points about the changes in the baseband of the signal, ypc,
since it is insensitive to the noise that may occur at the peak or
the foot of the signal [15]. Moreover, the difference between
time locations for consecutive MSPs provides an accurate

Ve

‘l’l In phase (1) o
- 1250 Raw Bio-Z
L\ —

fo=6 Hz |

Dff (t.55)

t'msp

Combine Pts

Yoc

— —> Max Slope Pt (msp)J
N characteristic
CH, on wrist points

— Peak Pt (pk) = Dpifference

YDelta-Z
—> Foot Pt (it)y —»| (BioZ,-BioZy) —

Fig. 2. Signal post-processing. k is channel calibration with units of Q/Volts.
Ve(t) is digital sinusoidal (carrier) that feeds DAC and used for demodulation
purposes. y is the resampled signal that passes through the corresponding
characteristic point. ¢ is the time stamp of the signal at the characteristic point.

estimate for the inter-beat intervals (IBIs). Monitoring the
signal constructed by the serial combination of the consecutive
IBIs, yig1, allow to detect the increase/decrease of the sinus
rate with inspiration/expiration, revealing another interrelation
between ventilation and circulation. This specific heart-rate
variability is referred to as respiratory sinus arrhythmia and is
a normal rhythm for healthy and young individuals, and
becomes less apparent for the individuals that are likely to be
older or have an underlying cardiac problem [26], [27]. Hence,
the Bio-Z signal is modulated by the respiration in three main
characteristic ways and the overall signal post-processing is
shared in Fig. 2.

III. EXPERIMENTAL RESULTS AND DISCUSSION

All our experiments were conducted on healthy
participants under the IRB approval IRB2017-0086D by Texas
A&M University at room temperature with the participants
being at rest. Gold e-tattoos were fabricated at UT Austin and
were placed on the wrist, aligned to the arterial site. Prior to
the tattoo placement, we located the artery on the wrist using
an ultrasound doppler (Super Dopplex II, Huntleigh, USA).
The tattoos have an array of six 25 mm? electrodes with a 3
mm separation that builds an intimate contact with the skin.
The outermost electrodes were used for injecting a 0.4 mA
sinusoidal electrical current at 10 kHz. The second most outer
electrodes were used for sensing the Bio-Z changes, where we
did not use the most inner electrode pair in this study. We
employed a commercial Capnograph (RespSense II, Nonin,
USA) that monitors the CO, exchange via an attached nose
cannula as a gold standard to get the baseline respiration. We
enrolled five participants, where we ran five sets of
experiments each including two minutes of signal acquisition
from each subject. Fig. 3 shows an example of the
experimental setup and tattoo placement on the wrist. The first
10 seconds of each trial is used to synchronize the
Capnography signal to the Bio-Z signal, where subjects were
asked to hold their breath in this 10 second period.

Fig. 4 shows an example of the raw Bio-Z signal after the
demodulation of the ADC readings recorded from the first
subject. We also included the characteristic peak, foot and
maximum slope points on the same plot, that are used to carry
out the rest of the post-processing. Next, we estimated the
respiratory influence in three different waveforms from the
raw Bio-Z signal. Placing the electrodes at the arterial site
leads to strong variations in the Bio-Z with circulation. This is
mostly governed by the low impedance of the blood compared
to the surrounding tissues [28] that allows Bio-Z to penetrate
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throughout the whole body via arteries. The amount of blood (%) (%) (%)
carried with the pulse pressure as well as its wave velocity are 1 125 0.62 9.7 0.03 133 0.48
a factor of cardiac mechanics. Therefore, the Bio-Z signal 2 6.6 0.23 10.9 0.74 - -
acquired within a region containing the underlying arteries 3 13.25 0.04 17.09 0.05 22.81 1.35
reflects all the variations in the cardiac cycle. As the 4 11.64 021 15.48 0.40 2157 0.36
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that affect blood flow (and, consequently, Bio-Z), we built our Average 1245 0.27 13.06 027 2086 0765

analysis to extract the influence of the respiration on
circulation using three different techniques. The first
estimation, ypc, focuses on the low-frequency trend of the Bio-
Z signal, whereas ypelta-z and yisr extract the amplitude and
frequency modulation of the blood flow, respectively within a
period of inhaling and exhaling. Fig. 5 shows the normalized
fast Fourier Transform (FFT) of the estimated signals, the
reference Capnography signal and the raw Bio-Z, with § mHz
resolution. All of the signals carry a dominant frequency at
0.265 Hz in agreement with the reference signal.

To evaluate the performance of the proposed technique, we
carried out a breath-to-breath analysis. Initially, we found the
MSPs for each of the estimated signals, and zero-crossing of
the Capnography signal, followed by calculating the
corresponding inter-breath-intervals (IBrl). Fig. 6 shows the
distribution of the IBrls for each estimated signal. We shared
the root-mean-squared error (RMSE) in locating the start of
the breath (i.e. error between measured IBrl and true IBrI) as
well as the error in the average breath-per-minute (BPM) in
Table 1. The evaluation represents a total of five two-minutes

long signal acquisition and processing for each subject with a
total of five subjects. All of the values in Table 1 are shared in
percentages with respect to the average IBrl determined over
the whole 10-minutes of data for each subject.

The average RMSE is less than 14% over five subjects for
yoc and ym1 with the mean of average error appearing at
0.27%. OSA occurs with episodes of breath cessations. Since
our system gives both the rate and pattern of the ventilation
cycle, the device performance is well enough to detect a
possible “apnea” [29]. In addition, the magnitude of the
modulation of Bio-Z with the ventilation is possibly a factor of
the lung capacity as well as the per-breath volume changes.
Hence, a further investigation with our device offers a
potential wearable and convenient approach to detect other
abnormal patterns, such as Chyne-Stokes respiration, that are
possible biomarkers of heart failure, strokes, brain tumors,
traumatic brain injuries and hyponatremia [30], [31]. We will
study the respiration pattern analysis with the proposed
technique in the future.
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IV. CONCLUSION

With growing concerns of obesity and increased stress
levels, obtrusive sleep apnea has become a significant life-
limiting disorder. Most of the time the disorder stays hidden
until the occurrence of a serious life-threatening implication.
Therefore, continuous monitoring of the signs of OSA in the
respiration pattern during sleep becomes a must for both
diagnostic and prognostic care. We shared a new technique
that depends on Bio-Z that can be integrated into a wearable
wrist-worn device to non-invasively monitor ventilation. We
showed the performance of our system in estimating
respiration parameters. The proposed approach in this study
carries a strong potential in improving the current practice of
wearable respiratory monitoring due to its superior
performance.
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