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Abstract

Decreasedheart rate variabilityHRV) seems to predict increased risks of sudden cardiac
death. Thus HRV monitoring may provide additional information that could helpe

risk stratification of patients. We designed a etlsnnel personal computer based
monitor to calculate HR and HRV indices, froelectrocardiogram(ECG) and
photoplethysmogram (PPG) signals. Preliminary tests showed that the PPG signal can be

used & an alternative to obtain accurate HRV values from resting subjects.
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1. Executive Summary
Sudden Cardiac Death (SCD) is responsible 400,000 to 460,000 deaths per year in the

United State$l]. Prior studies have shown theart rate variabilitfHRV) analysis can
predict mortality in recent cardiac episode survivors. This is because of the reduction in
t he bodyos abihkarttaggHR) througtetigautoremienerious system.
Patients will present with increased HR and reduced abilities of the HR to adapt to
changing conditions. Patient cardiac health monitoring following a severe cardiac episode
could be beneficial as a reduced HRV, may helpisk stratify patients. HRV datis
typically obtained through the electrocardiogram (ECG) via-bgskd electrodes.
However, this approach is problematic when used in a dynamic environment where
subjects may be actiydue to problems associated wittotion artifactsMotion artifacts

may be especially problematic when due to signal corruption from electromyogram
(EMG) signals. Alternatively, HRV data may be obtained from a photoplythesmogram
(PPG) signal. The PPG signetpresentsvarying levels of light absorptiordue to
pulsations othe arteries and arterioleaused by blood pressure changes during the heart

cycle

The goals of the project are to obtain both ECG and PPG signals for HRV calculations
and to compensate for the problems associated with each signal analysis. Fo&the PP
signal, this involves a reduction motion artifactsas well as optimizing device battery

life. For the ECG signal, dry electrodes must be shown to work as effectively-as gel
based electrodes in a dynamic environment. Data obtained from ECG and P&6& sign
must be closely correlated to show the PPG signal as an effective alternative to help

prevent problems associated with E€iGnal acquisition

Optimizing battery life of the PPG unit was done by reducing the poegeiirements of

the PPG phottetecton unit. To minimize the affects ofiotion artifactswithin the PPG

signal, areas of the body were analyzed to determine the portion least susceptible to
motion artifacts Problems associated with gelsed ECG electrodes were attenuated
through implementson of dry electrodes. Signals obtained via dry electrodes were used
to determine whether dry electrodes offer an effective alternative-tmaget electrodes.



ECG and PPG signailgere recorded and analyzed simultaneously under restatidn
artifacts conditions. Correlation values close to 1 would indicate a strong relationship
between signals. Ability to accurately display desired outputs will be vital for device use

in long term patient monitoring.



2. Literature Review

2.1 HeartRate Variability

HRVisot en used as an indicator of the health

(ANS) [2]. The heartacts as a pump circulating the appropriate amount of blood
throughout the body through rhythmic contraction aalhxations. HR contraction is
triggered by the sinatrial (SA) node, which consists of a group of specialized nerve
cells that generate the necessary electrical impulse to initiate heart muscle contraction.

Impulses are usually generated at a rate 61D times per minute during r¢8{.

However, HR in healthy individuals typically ranges betweerB@&Meats per minute

(bpm) during rest and varies depending on body activity e.g. variations of the HR are
most noticeabléo an average person during times of increased physical stress. This is
because HR is continuously controlled by the ANS whose net regulatory effect dictates
HR. The ANS is the portion of the nervous system that controls involuntary functions in
the body[3]. From its central nuclei located in the brain stem, activities are coordinated
and controlled through afferent and efferent fibers of the peripheral nervous system.
There are two branches of the ANS, the sgthptic (SNS) and parasympathetic nervous
systems (PNS) that always work in an antagonistic manner to control organ function (see
Figure 2.1). In the heart, stimulation by the SNS increases heart function sucRRas H
stroke volume etc. with a response time of about 5 secdndsontrast, the PNS
stimulation causes a decrease in HR, with an almost instantaneous response time. At rest,
both SNS and PNS actively regulate HR with parasympathetic dominance. However, the
balance between each system activity changes constantly based on a feedback mechanism

to adapt instantaneous HR based on internal and external environmental canditions
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Figure 2.1: Comparison of theSNSand PNSon heart activity [3].

Variability is controlled through the withdrawal or expressions of the two syg#ms
During restthe ECG of healthy individuals<kibits rhythmic variation irR-R intervals,

a phenomenon, known as respiratory sinus arrhythmia (RSA). RSA fluctuates at the
phase of respiration; cardacceleration during inspiration, and cardieceleration

during expiration. During exercises, HR iaases as the parasympathetic system
response is attenuated, creating a greater response due to the sympathetic nervous system
[4]. The inability of the body to maintain sefgulation has associated itself iramy
common cardiac conditions. Most of these are caused by poor response of either the
sympathetic or parasympathetic nervous systems, resulting in an abnormally high or low
HR and an inability to adequately regulate the HR. This is subsequently repiessiate

poor HRV value, or a low standard deviation of the differences between rmrmal
normal beats. Problems relating to unbalanced SNS or PNS activity can be deduced from
HRV analysig5].



2.2 Medical Significance
In addition to blood pressure, HR, and the ECG recordings, HRV is a significant

diagnostic tool used to assess cardiovascular function during cardiopathophysiologies.
Recent studies have observed a significant relationship between the autonomic nervous
system and cardiovascular mortality, linking HRV with major cardiac ailments such as
coronary artery disease (CAD) and SCD, or cardiac arrest (CA). The changes are usually
manifested as abnormalities with the sympathetic and parasympathetic nervous system
activities. As seen with CAD, activity within tHeNSis attenuated while the response

due to theSNS is accentuated, resulting in a perceivable increase in the HR and a
reduction in HRV6].

2.2.1 Diagnostic Capablities
The major reason for the interest in measuring HRV stems fropossibleability to

predict survival after heart attack. Several studies have related HRV changes to estimate
the mortality rate of patients with specific cardiac problems. Signtficadicators of
potential problems have been associated with hypertension (HTN), congestive hear
failure (CHF), CAD, and SCI6]-[7]. Shown inFigure2.2, are examples of the affects

of CAD on HRV. Within the figure, it can be sedhat all of the variability indices
decrease with the presence@AD. CHF patients have been shown to have a generalized
decrease of all frequeres of variability. In addition, CHF patients also exhibited a
decrease in the PNS functionality with a further decrease tiigherequencyariability
componentsuch as respiratiolsCD or CAin patients has been shown to have a direct
relation to thepower spectrum of HRV. Examples of this are through variations within
the HRV indices and depressions of the HRV indices themsgle€AD has been

shown to be manifested as an attenuation of thedd&n acentuation of the SNB].
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Figure 2.2: Affects of CAD presence on HR\[6]

2.3 Current Methods and Practices

Currentlythere are two major methods of analysis for HRV. Whilefdneulas for HRV
indicesremain the same, the methods of signal acquisition differ. These two methods
respectively are througeCG and PPG signalsEach of these two methods is used to

acquire thenormal beato-beat intervals of the heart rhythm.

2.3.1 Electrocardiography
The ECG is used to detect the electrical signature of the [@&arthis is an important

tool for determining the rate and rhythm of tineart. The ECG of the body is generated
from the nerve impulses propagating within the heart. These are due to the depolarization

and subsequent repolarization of the atria and ventricles of the heart muscles.

A variety of methods are available for detec of the QRS complex of the normal heart
beat. The most common method is through determination of the QRS peak by analysis of
threshold values. By scrutinizing the signal amplitudes, it is possible to determine
whether the signal has crossed over a ifipdcthreshold value. Analysis of the time
between peaks can be used to determine the HR and HRYV indices. A second method is
through isolation of the QRS complex by way of limiting the signal frequencies to only

the high frequency components of the QR®&reBhold detectors based on frequency



content can then be employed to detect the QRS complex, eliminating the remainder of
the signal and noise while retaining a good trigger point for the cardiac cycle and

subsequently for finding the instantaneous HRme between beats.

2.3.1.1 Principle
The ECG is used to detect and monitor the electrical signals of the heart. This is done by

determining the voltage potential across the heart, using tyolai leads placed on
either side of the heart. When analyzing til@&3Esignal, there are multiple techniques for
acquiring the signal from the body, these being dependent on the placement of the
electrodes. Relative placement of the electrodes determines the area of the heart the ECG
signal will be acquired from. As theeelrical signals propagate through the heart, it is
possible to view the ECG. Electrical propagations running perpendicular to the placement
of the electrodes will not result in a visible potential changeile potential change

along the axis between tiwo electrodesill be recorded An example of the possible
placements for the electrodes is showfigure2.3. The top row within the figure gives
the gener al el ectrode pl acgenidese pacements are s e
Leads I, II, and Ill, respectively, where when the Lead | and Il electrodes are placed
perpendicular to one and other, the sum of the two resulting signals will provide the Lead

Il signal.

Electrical signals obtained throughettECG indicate various portions of the hearts
contraction cycld10]. A sample of a single heart beat is showiigure 2.4, where the

peaks of the various individuabgions of the signal are noted. The initial small wave,
labeled as the P wave, corresponds to the depolarization of the atrialldWwéng QRS
complex represents the depolarization of the ventricles as well as the repolarization of the
atria. Finally, he T wave represents the end of the heart cycle with the repolarization of

the ventricles. With the cycle concluded, the heart is then ready for the next beat.
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Figure 2.3: Einthoven's triangle [9

Figure 2.4: Sample electrical signal for single bart beat indicating ECG electrical components

The above signal of the ECG can be used to determine the heart function. As the QRS
complex is representative of the beat of the heart, an analysis of the QRS complexes
within a signal sample can allow for awsis of the heart function. Determining the

number of QRS occurrences in a minute provides the number of beats per minute.
Furthermore, an analysis of the time between QRS peaks will allow for a further analysis

of the functions of the heart, with specifelation to the HRV.

2.3.1.2 Methods for Acquisition
For the majority of applications for ECG signals, the signals are acquired through gel

based electrodes. These are used to reduce the effective resistance between the skin and
electrode surface contact. Hever, problems can exist with this method. Since the gels

used by these electrodes are water based, over time the gels can dry, causing an increase



in the resistance between the skin and electrode contact surface. Other problems can exist

from skinirritat on caused by extended conflHct of the

Dry ECG electrodeshave been employed in asttempt to alleviate the problems
associated witlgelbased electroddd1]. By employing a dry electrode, it is possible for

the patient to wear the electrode continuously without experiencing any adifecss.
Furthermore, with the elimination electrode contact gel, resistance changes over time can
be eliminatedFor this to be an effective alternative to-gaeked electrodes, the signal
guality and reliability of the electrodes must be comparable. The final hypothesis was that
dry ECG electrodes could be used as an effective alternative-tmgml electrodes in
acquiring ECG signals and measuring accurate HRV values while preventing problems

associated with lonterm ECG gel use.

2.3.1.3 Limitations of Electrocardiography
Current methods for the determination of the ECG involve the detection of alkctric

potentials between two points using a reference ground. Potential problems with this are
due to the necessity of requiring lead connections from the two points to determine the
electrical potential across. Further problems that may be experiencech&iBCG are

that the ECG signals are not the sole electrical signals present within the body. All nerve
impulses within the body can be represented as electrical signals of varying amplitudes
and frequencies, sdggure2.5. As such, signals with frequency ranges that overlap the
frequency range of the ECG signal cannot be removed based on simple frequency range
based filtration. Noted within the figure are the frequency cutoffs, shown as time period.
From this, theECG signal is seen as containing frequencies between 0.5 to 50 Hz.
Overlapping the ECG are signals from the EMG anceteetroencephalogram (EEG)
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Figure 2.5: Frequency spectrum of bioelectric events[12]

FromFigure2.5, it can be seen how it is possible for signal artifacts to enter into the ECG
signal. Due to the location of the ECG electrode placements on thetblees remains a
significant chance for EMG signals to be recorded along with the ECG. Depending on the
degree of muscle activity, there will be varying degrees corruption due to EMG noise.
Should muscle activity be high enough, this may cause the E§¥f@l b not be easily

distinguishable, and thus preventing analysis of the signal.

2.3.2 Photoplethysmography

2.3.2.1 Principle

Photoplethysmography is based on the differences in light absordaedechanges in

arterial configuration during the various stageshaf tardiac cycleDuring the cardiac

cycle, the heart undergoes rhythmic contractions (systole) and relaxations (diastole)
creating pressure changes in blood vessels. No blood is pumped out when the heart is
relaxing and refilling. To ensure continuous ddoflow in the capillaries, arteries are
functionally specialized to serve as pressure reseryb@p Elastin fibers present in
arterial walls enable them to stretch and accommodate the extra blood volunmg duri
systole. Arteries therefore behave as balloons, changing their diameters during the

different phases of the cardiac cycle (Begure2.6).

1C
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Figure 2.6: Arterie s acting aspressurereservoirs by varying crosssectional area[16]

During systole, there is more blood volume in the arteries resulting in an increase in
arterial diameter. The optical path length of lightreases, hence more light is absorbed
by blood. This causes a decrease in the amount of transmitted light, and RBGhe
waveform reaches a minimum peak. The opposite is true during diastole aR@&he
waveform reaches a maximum peak (Bepire2.7). ThePPGwaveform thus consists of

a distinguishable AC component due to pulsatile arterial blood flow. The DC component
represents the composite absorbanckthe non pulsatile portion of arterial blood, as

well asof other tissue types such as veins, bone, muscles, etc

& Absorption due to
AC - . - pulsatile arterial blood
" e e 8 % o8 9.5 | Abzorption due to non-

. e
¢ 0? 0% %0 2 0" %%y | Licatile arterial blood

?:;T:._._._._._.__ Abzorption dus t
* - e & ption dus to venous
0% 0 o s &0 and capillary blood

DC

Light absorption

Absorption due to tissue

Time

Figure 2.7: Light absorption through tissueas a function of pulsatileblood flow [17]
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Changes in arterial blood volume during heart activity are thus reflected as pulsations in
arterial blood flow. Signal processing alghms can thus be applied to compptdse
rate(PR), andoulse rate variabilityPRV), and thus HR and HRV.

2.3.2.2 Sensor Probes
The PPG sensor probeonsists of a light emitting source andphotodetetor. The

amount of light that is transmitted from the ligitturce is detected by tipdotodetetor
as a current. This current, proportional to the amount of transmitted light, is converted to
a voltage by a tramsnpedance amplifier. The detected signal undergoes further

conditioning such as filtering and signahglification to extract the PPG waveform.

2.3.2.3 Methodsfor Light Detection
PPGsensors can be classified into two types based on the relative position of the LED

with respect to thphotodetetor, namely transmittance and reflectance mode sensors
[14].

Transmittance mode
Signal detection via transmittance mode is dependent on light being transmitted through

tissue. It thus requiressoft tissue andninimal bone tissue (that significantly reflects
light) to allow maxmal transmittance of lighifThe LED andphotodetetor are placed on
opposite sides of tissue thus requiring a small tissue lengthrigee 2.8a). As a result
transmittance sensors are limited to peripheraltioga of the body such as the leae

fingers, nasal septum, tsetc.

Reflectance mode
Reflectance photoplethysmography is dependent on light being reflected from tissue and

Il i ght refl ection i s usual ly facil amdat ed
photodetetors are placed adjacent to each other in the s€sseiFigure 2.8b). As a

result of this architecture, reflectance sensorshmplacedat various locations in the

body.
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Figure 2.8: Transmittance (a) and reflectance (b) PPG probef 4]
Transmittance versus Reflectance
The main advantage of transmittance sensors is that most light is transmittegh thoét
tissue. Finger sensors are the most popular commercial probes used in clinical settings for
patient monitoring. However as transmittance probes are limited to peripheral locations,
sensors are easily susceptible to inaccuracies due to envirohwamdétions such as
vasoconstriction. Reflectance photoplethysmography is often facilitated by the presence
of bone tissue, with higher amplitude being obtained from regions such as the forehead
and chesf{18]. Reflectance probes can be used both invasively andnwasively in
many areas in the body, especially those that cannot be accessible by transmittance
probesWouda et al utilized a tampdike vaginal reflectance PPG sensor to demonstrate
differences m vaginal vasocongestion in women with and withdyspareuniaduring
sexual arousdll9]. Sometimes, reflectance probes are most applicable when monitoring

HR during conditions of compromised peripheral bldo/20].

Motion artifactsadversely affect the accuracy of PPG measurements. Peripheral sensors
such as the finger and toe are easily susceptible to artifact due to movement of limbs,
limiting patient activiy during recordingsJohnston et al demonstrated reduosation
artifactsin reflectance sensorsptaining greatest signal stability froforehead sensors
during motion [21]. However, motion artifactsreduction is still one of the many
challenges in designing long term wearable health monitors where high specificity is
desired[22]. Several approaches likeotion artifactssemoval or correlation such as in
simple ankog filtering and software adaptive filtering have been developed to attenuate
the problems due to this limitation.
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Power consumption is also an important criterion in LED selection. To guarantee a good
PPG signal, the intensity of light transmitted olleeted must be strong enough to be
detected by th@hotodetetor. The intensity of incident light is directly proportional to
theLED drive curr ent-10% eficr@ thus anose of itsnesyy by 2
dissipated as hedfl4]. While power consumption may not be a problem with AC
powered PR monitors, it is the main limitation when designing battery operated and
portable units as most of the power is consumed by the LED e.g. in a microcontroller
PPGunit7 0% of the power 1 s consu[bh SBavadgeetdl EDO s
demonstrated the preference of a reflectance sensor with aplaotmdetetton area as

the estimated battery life was 18 times higtiem transmission mode sensor, due to the
lesser current requirements for reflectance sensors3(h8) compared to transmittance
sensors (19:646mA) [23].

2.4 Electrocardiography versus Photoplethysmography
HRV is a measure of changes in instantaneous HR. It is easily calculated by analyzing

time series of bedb-beat intervals from ECG tracings from its distinguishable QRS
complex. Although the P wave serves as a reference point for onset of cardiac beents, t
R wave is generally preferred in HR measurements due to higher signal to noise ratio
(SNR) [24]. However, the ECG signal is susceptible to baseline drift, power line noise,
motion artifactsdue to electrode avement as well as electrical muscle activity
interference[25]. ECG signals are also traditionally acquired via gel electrodes, to
maintain good surface contact. However, gel electrodes are usually uncorefdoiabl
patients especially in long term recordings because of potential skin irritation, as well as
drying[11].
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Figure 2.9: lllustration of b eatto-beatintervalswithin ECG and PPG signals[3]

Alternatively, HRV data can be extracted from the PPG as the heart cycle is reflected via
pulsations in arterial blood flow (sefigure 2.9). Comparative studies have shown
correlation between HRV measurements obtained from ECG and PPG dJ@fjals
Mendelson et al compared HR and HRV data obtained from simultaneous ECG and
reflectance mode FRG recordingq27]. Correlations coefficients of 0.9 and 0.91 were
observed for HR/ PR and HRV/PRYV values, respectively. Bolanos et al. also observed
similar correlation using a PDBased system, with sophistied HRV analysis such as
autoregressive modeling, Poincaré plots, standard deviation etc. to better demonstrate

correlation between the two sign§®s].

PPGsensor systems are more compact and conveniepafi@nt use. Th@PGsignal is
detected optically, making it less susceptible to electric interference PPf&esignal
requires only one wirdor signal acquisitionras opposed to three for tHeCG. This
reductionin wire content is thus desirable, espdgiduring ambulatoryconditions[25].
PPGsignals also offer the versatile advantage of obtaining other vital physiologic signals
like breathing rateand area perfusionhence offering a better range of clinical
applicability. PPG monitors canalso be incorporated imon medical instruments,
increasing their versatilityKim et al. developed an armband sports MP3 player
incorporating a HR monitoring unit via reflectancephotglethysmography[28].
Comparison with a professional medical sensor demonstrated an effectiveness of

calculatingPRwithin an error of <3% from 20 subjects.
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2.5 Mathematical Models
In 1996, a Task Force of the European Society of Cardiology and Narridan

Society of Pacing and Electrophysiology set standfardsalculating HRV to harmonize

HRV measuresThese measures involtieme domain and frequency domain analygis

Both methods utilize the samatd set, using mathematical interpolations such as Fourier
transformsto move between domains. The flow chart kigure 2.10 outlines the
necessary steps taken to process signals for HRV analysis. HRV can thyzdssed

under different parameters and models, and the choice of methods depends primarily on

the application and length of data recording.

RR interval
Rejection

%

RR data
editing

%

Artefact
identification

%

Microcomputer Time Domain Frequency
digitising HRV domain HRV

%

ECG recording

NNdata [ N| Interpolating
sequence [ /| and sampling

Figure 2.10: Flow chart summarizing stepsfor ECG HRYV analysis[7]

2.5.1 Signal Conditioning
A sequence dbeatto-beatintervals can be obtained froBCG signals using appropriate

software/hardware algorithmAtapattuet al developed a simple computer algantfor
HRV acquisition and analysig4]. They described aequence of discreteormal to
normal (NN) ntervalsas agrossly approximatedimpulse train of unit impulses that
temporally locate peak occurrencesisTban mathematically be described as an infinite

series set of spaced impuse (séeEquation J.
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P(t) = a dt-t) (1)

The time interval between consecutive impulses located at sffeends(t+1), for t=0,
1, 2 én can be described aseries x(t) represenng the normal to normal (NN) time

interval series (selequdion 2).
X(t) =s(t) - st +1) 2

The analysis oHRV assumes NN intervals are obtained from normal heart [&gits
Figure2.11 shows an irregular heart beat doepremature ventricular contractionhis
leads to the@bsence of the P wave as a result of the lack of atrial contraction.

R

Figure 2.11: Irregular heart rhythm shown as PVC [3]

The PPG waveform is diminished due to decrease in heart stroke vdloeneonsequent
R-R interval is thus significantly larger thaadjacent intervalsSuch increasedR-R
intervals are typically rejected from the HRV processing algoriffinms is because their
irregularity can introduce erroneous deviationsHiRV and cause misinterpretation of
results.For this reason data aftBrR edting is termed normal to normal or NN intervals

(seeFigure2.10).

2.5.2 Time Domain Analysis
Time domain methods for HRV analysis are derived by evaluatinigfher theintervals

between successiveatto-beator nomalto-normal (NN) intervals. Simple time domain
variables include the mean NN intervlle mearHR, the difference between night and
day HR etc. Variations in NN intervals can also be observed to evaluate changes in

instantaneoublR secondary to respinan, tilt, drug intake, exercise etc.
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2.5.2.1 Statistical Methods
Several statistical indices have been developed to quatily, and these indices are

usually chosen based on length of timeE&ZG recordings. A typical manipulation
involves calculating the meaand standard deviation ¢iR. The simplest and most
commonly used index is the standard deviation of the NN (SDNN) interval (unit=ms)
[29].

SDNN:\/%éiﬂ:l(NNi - m)? (3)

Where NN; = duration ofthe ith NN interval in theanalyzedeCG (ms)
n = number of all NN intervals

m =mean duration

However, for large values of n, with the assumption that the mean of differences between
neighboringintervals isnegligible the formula can be approximatedo another HRV

index, the root mean square of successive differend&SD (unit: ms).

n- =

The SDNN andrMSSD indices are preferentially used for short term, steady state
analysis because vital information can be omittedomger recordings as signals are
averaged out. This problem can be resolved by adapting the formula for shorter time
segments to take into account variations in longer recordings. Other indices to quantify
HRV are listed inTable2.1 below.
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Table 2.1: Statistical HRV Measures

Measure | Unit Description
SDNN ms Mean of the standard deviations of all NN intervals for all 5 min
index segments in the entire recording

Standard deviation of the averages of the NN interval in all 5 mi

SDANN | ms : )
segments of the entire recording
The number of interval differences of successive NN interval
NN50 ms
greater than 50 ms
ONN50 | ms The proportion derived by dividing NN50 hiye total number of

NN interval

There exist no standard prognostic values for rMSSD and SDNN indices, although some
studies have tried to establish some ranges. This is because identical statistical measures
can result due to entirely different causast Patients are generally monitored over time,
and from various studies with cardiac patients, the general pattern observed was the
inference of better survival from increased HRYV indices. In a study by Bilchick et al., 179
patients withCHF were treateckither with doses of amiodarone (medication used for
irregular heart beat) or a placebo and monitored over about a 4 year [36tioc8imong

127 patients, an SDNN<65.3ms (p=0.0001) was a predictive value e vgorvival,

with an increase of 10ms of SDNN resulting in 20% decreased mortality risk. A study by
UK-Heart of 433 CHF patients monitored over 482+161 days, indicated annual mortality
rates for SDNN at 5% for >100 ms, 12.7% for 50 to 108s, and 51.4%or <50 ms

[31].

One limitation of statistical methods is that their accuracy depends on the quality of the
R-R data obtained. This is sometimes difficult in long term recordings (e.g. 24 hrs), as it
requirescareful maintenance of recording equipment, lead stal@btywell aspatient
cooperation29]. The possibility of introducing artifact errors is likely if abnorrRaR
intervals are not rejected. To amelioréités problem, Kleiger et al proposed that the
durations of neighborinB-R intervals of sinus rhythm usually amt differ by more than

20%, and thus only the set which satisfies this requirement be included in the respective
calculations[32]. However, this approach may not always be successful in properly
rejecting abnormal intervals. For long term recordings, statistical measures should be

used when the quality of NN interval data is guaranteed. For 5 nmeuteds it is
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believed that these measures quantify the slow components of heart although there is a

lack of physiological understanding for this phenomei2&h.

2.5.2.2 Geometrical Methods

Geometrical methods providesual representations of HRV data by converting the series
of NN intervals into a geometric pattern. This is usually done using three approaches (a)
converting a geometric pattern into an HRV measure, (b) obtaining parameters by
interpolating the geometr pattern to a mathematically defined shape and (c) classifying
geometric shapes into several patteased categories representing different HRV

classeg7].

Interval Tachogram
A simple graphic representatios plotting NN interval duration against time, an interval

tachogram. However, given the long and repetitive nature of the heart cycle, the
tachogram is often cumbersome #malyze and thus preferentially mapped to the
frequency domain for analysis. It isually suitable whemanalyzingHR trends during
specific activitiesFigure2.12 shows an interval tachogram recordsezhf a patient using

Mini Loggei® monitor, with a strapped chest electrode. As observedpeadeinterval

decreasewith increases ibody stress (e.g. walking, jogging) due to incredsRd33].
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Figure 2.12 Interval tachogramfrom Mini Logger ® monitor during various activities; redrawn
from [33]
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HRYV Triangular Index
Another method involves calculating HRV triangular index from a sample density

histogram of NN intervals. This method is most suited in prstms that have a
dominant peak, where the histogram assumes a triangular shape whose height
corresponds to the number BfR intervals with modal duration (H), and area of the
histogram corresponds to number of all NN intervals used to construct thgrdasioA

[34]. The baseline width i.e. HRV index is then computed by the fraction A/H. Based on
the spread of the histogram, individuals with defective heart rate variability can easily be
discerned, as can beeseinFigure2.13. A decrease in histogram spraadicatesa low

HRV triangular index. Also observe the reduction in mdgd intervals, compared to

that of a normal person.

i RR  imterval all normals 33000 RR imerval all normals
fram 1515 to 1505 from 11:3 o @2
mean 1138 mean 1]
SONN 107 §0n 30
RMSSDD 112 RMSSD 15

PNNSD § PNNSO 0

Figure 2.13: N-N interval histogram to compute HRV triangular index[34]

In a study of 385 survivors of acute myocardial infarction, Odemuyiwa et al
demonstrated that HRV triangular index of < 20ad a sensitivity of 75% and specificity
of 76% in the prediction of arrhythmic events, 40% and 83% respectively in the

prediction of sudden deaths, respecti8hj.

Poincaré Plots
HRV data can also banalyedusing a Poincaré plot, where each NN interval is plotted

as a function of the previous interval (segure 2.14). The data can be interpreted

visually or quantitativelyand one advantage is th&n@rmal beat are usually observed
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as outliers on the plot. The Poincaré plot typically appears as an elongated cloud of points
oriented alonga line-of-identity. The dispersion gboints perpendicular to the linef-

identity reflects the level of sherérm variabilt y R-R;gowhile the dispersion of points

along the lineof-identity is thought to indicate the level of leghge r m v arR-Rbi | i ty |
[36].

RREi+l
ns

2000+

1000+

zZ00 1000 Zooo RRi, ms

Figure 2.14: HRV analysisusing Poincaré Plot [37]

Some studies have classified Poincaré plots based on their relative patterns such as
torpedo or comeshape, which indicate various rangeH®V (seeFigure2.15, A and
B).

Contreras et al. observed that lagged Poincaré widths and spectral indices might be a

useful tool to distinguish normal from pathological HRV, recommending additional tests

for validations[39]. Pagkevi | i Tt & et platdcondtreaedfromlorgat ed Po
term ECG recordings oR-R intervals might be potential tool in diagnostics of atrial

fibrillation, atrial flutter and other supraventricular dysrhythmias (Segire 2.15 C) [38].

This was as a result of observed characteristic plot shapes in patients after long term ECG

recordings of 43 patients suffering with respective aants.
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Figure 2.15. Examples of Poincag plot patterns with different HRV values[38]

The weakness of using Poincaré plot analysis lies in the subjecterpretation and
classification of plot patterns, hence no precise definition for the conditions for which
they represenfThe studies above assessed their results by comparing Poincaré between
normal and cardiac patients, and assessing the change piothgeometry irpatients
monitored over timeNonetheless, geometric methods can often provide a reasonable
assessment of HRV when the qualityRR interval does not permit the use of statistical
methods. Another important factor to note is that thresthods can only be valid from

data generated from a substantial number of data points and the longer the recordings
being more effectivi29].
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2.5.3 Frequency Domain Analysis
With additional reampling and Fourietransforms, the interval tachogram can be

analyzedo obtain its frequency componenthe HRV spectrum, usually obtained from
short term recordings of 2 to 5 minutes, contains three main characteristic components.
These frequency components give an ins@hthe influence of central nervous activity

on the respiratory cyclgseeFigure2.16).

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Frequency [Hz]

Figure 2.16: Frequency power spectrum of HRV [40]

Table 2.2: Frequency Domain HRV measures

Measure Unit Description
Al E_:'ei()]uency ms’ Total power from 0.15 to 0.4 Hz
LEY l(:[;e:;:{uency ms Total power from 0.04 to 0.15Hz
Very Low
Frequency (VLF) ms’ Total power from < .04Hz
LF/HF ratio none Ratio of high frequency to low frequency component
The variance of NN intervals over the temporal segme
Total power me’

usually O 0.4 Hz

The HF component reflects parasympatheti@tand fluctuations caused by respiratory
sinus arrhythmia. The LF component reflects of both parasympathetic and sympathetic
tone. Frequencies in the very low ranges (VLF) are typically not good diagnostic
indicators and do not have a well defined phygal explanation. The LF/HF gives the
balance between parasympathetic and sympathetic activityRorSpectral recordings

over longer recordings of a d¥ur period usually include an Ultra Lowefjuency
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(ULF) <component/[7]. Deperaing nGhe lBvel®dodyHzetabolism, the
distribution of frequency contents changes dependingt@miiR [4]. Bigger Jr. et al
studied 715 patients, 2 weeks after myocardial infarction to estahkstrelationship
between frequency domain measures of HRV and mortality during 4 years of-tglow
[43]. They demonstrated strgnassociation between total ULF and VLF power

components in predicting arrhythmic deaths.

2.6 Current Devices
Several ECGHRV measuring systems that utilize different algorithms processing

methods have been developed. THWi@i Logger Series 2000 is a commeicmortable
system that measures interbefR (IBl) intervals by a polar chest belt electrode system
[33. A pulse is transmitted each time an ECG
suite. This unit can bprogrammed via software to record data at user selected intervals.
The software also allows for setting parameters for data collection, downloading and
charting resultsFigure 2.12 showsa sample tachogram obt&d from the deviceUS
Patent 20060287605 developed by Lin et al describes a versatile pétR¥lenonitor

with a built in central processing unit to perform time and frequétRRy analysis[44].

ECG signals & obtained via two electrodes. The systems algorithms allow for the
elimination of irregulaR-R intervals. HRV measures obtained from the device include
time domain analysis measures such as mean NN interval; HiRgastandard deviation,
rMSSD indices asvell as frequency domain analysis of HF, LF, HF/LF components. The
device also includes a data storage anddata module that can transmit data via a USB
interface. Data can also be wirelgssansmitted via Bluetooth to a personal computer,

cell phone database etc.

The existence of modern wireless technology has enabled the flgxibilipatient
monitoring optionsvia wireless wearable sensors, for hospital environment, home use as
well as outdom. The convenience, portability and versatility dietPersonal Digital
Assistant (PDA) devices in health care management, has made them a popular choice for
monitoring devices Wearable sensors usually possess a Bluetooth radio to transmit
acquired signals to a PDA unithis datacanbe analyzedwithin the PDA using software

or uploaded to a weberver This versatile platform allowkr the easy transmission of
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patient data, facilitating and accelerating patient care. PDA based systems developed by
Mendelson et al and Bolanos et al companed correlaté HRV data obtained from PPG

and PPG system<arlsson et al developed a similar PDA based sydi@mhouse

nursing however their device assesd¢RV via real time analysis of Poincapéots [45].

They selectedPoincaré plots as the preferred method of visualization because the overall
geometrical pattern is less sensitive to error, as measurement errors such as detection
errors and artifact can often be discerned as outliers. They stipulated that patients with
atrial fibrillation would benefit from this device, due to the irregular and chaotic nature of
their plots, providing and easy way even for patients to discern recurrence of atrial
fibrillation. Further developments for their device included developingnaller data

acquisition module with improved battery life.

2.7 Future Developments
Future developments in the field are mainly focused on attaining a better signal while

reducing general signal noise duenmtion artifacts Each of the methods of signal
acqusition is being further adapted for incorporatiotoineattime monitoring systems.
Such systems will allow for the user to gain more mobility, which can be especially
beneficial for reducing overall healthcare co$#d]. Further benefits of increased
mobility are allowing for longterm signal acquisition and analysis. This is especially
important for the detection of rare signal anomalies or arrhythmias.

The ECG electrode design, with the development ol electrodes, is being applied

to applications requiring continuous monitoridg]. Problems associated with HRV can
indicate increased risks of SD]. Due to his it may be sometimes necessary to delay
patient discharges. Developments of comfortable electrode systems designed for long
term monitoring will allow patients to be safely discharged with mobile monitoring
systems[41]. Further advances include the development of wireless ECG monitoring
systems. Such a device may allow for the patient to have further increased mobility while
also allowing for transmission of ECG telemd#2]. Other developments with the ECG
signal are with the further understanding of the specific segments of the ECG signal.

Specifically this applies to theP and PR intervalg[7]. Each of these feates within the
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signal can provide important information regarding the cardiac health of a patient. Future
developments along these lines will provide for better detection of the P waves within the
ECG signal. These methods for the ECG are being used pofdslitate long term
monitoring of patients outside of the hospital environment.

PPG sensor developments are focused on the development of wireless transmission
technology. This will help to eliminate potential problemg&h motion artifactsin

addition to allowing for a more flexible sensor platfof@8]. These developments will

allow for the subject to have an increased range of mobility, allowing for earlier patient

discharges while utilizing patient teletny transmission for remote monitoring.

Further developments for HRV monitoring include improvements in the mathematical
models used, and correlations between the HRV indices and other physiological functions
[7]. Current methods for HRV analysis do not provide a wide spectrum of analysis
methods, especially under changing environmental conditions. Signal correlations can be
used to determine the affects of HRW various physiological signals. This is espégia
important in determining how HRV is manifested throughout the body and in
determining alternative methods for determining the HRV indices. An example of this

can beshownwithin this report in the correlation of ECG and PPG signals.
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3. Project Approach
3.1 Hypothesis

HRV has been shown to have certain predictive values for patients who are likely to
suffer fromSCD. To date, cumbersome methods have prevented the use of HRV as an
effective tool. Although the humdaCG s easy to acquire, utilizing gelased kectrodes
makes it impractical for use in a dynamic setting where subjects remain active.
Alternatively, HR information can also be obtainedmimvasively from thePPGsignal.
However, correlation between HRV derived from #€G or aPPGsignal need to

established. This project is based on two hypotheses.

3.1.1 Dry Electrodes
Gelbased electrodes can cause skin irritation during extended use and signal quality may

degrade over time due to electrode drying. Use of dry electrodes can alleviate the
problems asociated with gabased electrodes while still maintaining an adequately good
signal quality for analysis. This will allow for more effective long term patient

monitoring.

3.1.2 PPG Signal Alternative
Heartelectricalactivity is reflected in pulsatile artafiblood flow, so PPG signals can be

used as a reliable nonvasive alternative to obtaidRV data. This avoids the problems
that arise withdifficulties in acquiring ECG such as baseline drift, EMG interference and

utilizing gel based electrodes in a&isubjects.

3.2 Specific Aims

The overall goal of the project is tequire ECG and PPGsignalssimultaneously, and
calculateHR and PR as well as respective variability indices (SDNN and rMSSD
indices). Waveforms and computed indisé®uldbe displayed. Té design should also

haveset ofcontrols for useto changecertain parameters.
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3.2.1 PhotoplethysmographyAcquisition
The two major aims addressed in designing the PPG unit of the device include optimizing

power consumption as well minimizinghotion artifactsto prevent PPG system
inaccuracies. Optimizing power consumption assumes most of the power in the device
circuit will be used to drive the LED in the PPG circttitvas assumed that the dominant
power consumption was due to the LEDther factors that nyaalso affect the pwer
requirement include LED emissiomavelength and PPG sensor mode. The effects of
varying LED drive current amplitude as well as current duty cycle will be investigated. It
is also assumed thatotion artifactsintroduced in the devecare due primarily to the
location of the PPG sensor, as well as the relativeomatf the sensor dahe attachment

site. Sensor locations will be evaluated to determihieh is least susceptibleo motion

artifacts

3.2.2 Electrocardiogram Acquisition
The $ecific aim of the electrocardiogram portion of the system is to acquireGie

signal throughexperimental dry electrode3his should be done with a minimum of
hardware components to decrease the possibilities of component failure and reduce
overall devce cost.Signals for theECG system are to be examined based on the QRS
complex locations. From this information, the time between peaks of the signal is to be
determined. This will then be used to calculate e of the subjectand from this to

determire theHRYV indices.

3.2.2.1 Comparison of Dry Electrodeswith Gel Electrodes
The dry electrodes used for the system must be comparable in their functioning to gel

based electrodes. The immediate goal of the dry electrodes is to produce avilgnal
similar qualty to gelbased electrodes. Furthermore, the dry electrodes hmist
potentialmotion artifactsandadditional noise contained within the system. During iong

term use, the electrode system selected must prevent signal degradation due to electrode
gel drying. Finally the electrodes chosen must provide for decreases in the potential for

skin irritations caused by materials used in the electrode construction.
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3.2.3 Correlation of ECG and PPG signals
The final aim is to correlate HRV and PRV obtained from simeibais ECG and PPG

recordings, i.e. respective rate and variability indic&kgorithms should minimize
standard error of estimate between PPG and ECG derived indicemrrelation
coefficient close to 1 wilklsoindicate a strong relationship between thv® signals,
demonstrating that the PPG can be used as an alternative for HRV calculations.
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4. Analysis of Needs and Specifications
The main objectiveof this MQP project igo0 designHRV monitor. Current methods

utilize the ECG signal for HRV analysis, i& time domain and frequency domain
analysis. Alternatively, the F¥can be used for HRV dagaalysissince PPGvaveforms

are caused by pulsatile arterial blood flduring the various stages of the heart cycle

4.1 Initial Client Statement
For this projet, Professor Yitzhak Mendelson and Suresh Atapattu were considered the

sole clients. They provided thdQP groupwith the following initial client statement,

anda budget constraint of $450.

The correlation between HRV derived from tBEG or a PPG signal needs to be
established. Since SCD occurs during normal daily function, it is imperative to have a
reliable monitoring system that can function in normal life situations. The goal of this
project is to design and construct a small microprocesmsedECG/PPG recording
device that will acquire th&€CG and PPG signals of a moving person simultaneously

using surface contact negel electrodes and optic®IPG sensor

Given the brief nature of the 1initial clien
objectives through gathering more information through literature search, client interviews

and brainstorming sessions, in order to develop a more detailed engineering statement
expressing the clientsd wants. TeHoeHRVI i ent s
monitoring with the versatility of offering a wide variety of desirable outputs. Desired

system outputs included signal waveform as well as HR/PR rate and respective variability

indices. The clientsalso requested that rMSSD and SDNN variabilitydices be

displayed in real time.

4.2 User Requirements
The MQP group identified twtypes of users for the devigeatientsand physiciaa The

devicewasgoing to be used for continuottlR monitoring by a patienat risk of SCD.

To enable patient carry ogsbme normal daily activitiesjesign considerations for the
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patient includd ease of use, as well as patient comfort and convenience. The physician
has to be able to make predictions and administer proper therapeutic or preventive action
based on interptation of patient data. This especially critical given the importance

that HRV data can sometimes predict mortality after a patient survives a cardiac episode.
Therefore,the MQP group determined that tlklevice outputsnvere to be accurately
calculatedand displayed in a clear manner. The outputs of interest to the physician
include ECG and PPG signaldR andPR, as well as computed HRV and PRV indices.
The accompanying software als@s going tobe easy to usewvith minimal technical
knowledge. The MQP group determined that thdevice should allow for function
controls, offering the flexibility of changing desired system outputs or modifying system
parametersThe device was also tpossess high and low alarm controls to monitor
patient HR within a cer&in range as desired by the physicidhe MQP group also
determined that signal storage was important to allow retrieval of pattato create
patient records for better health care management. Desirable features in clinical
monitoring devices, suctsa QRS detection beepould also help to indicateachheart

beat

4.3 Objectives
Based on client interviews and user requirements, the MQP group developed a set of

design objectives and swbjectives and ranked them in a pairwise comparison chart
(PCC) summarized inTable 4.1, to determine what area to focus most on during the
design.Each element in a row was compared to a corresponding column element. Row
elements were assigned a score of 1 if considered momtampthan column feature, 0

if considered less important and 0.5 if equally valued. An (x) is assigned for the same row
and column entry (Note: this PCC model will be applicable throughout the whole design).
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Table 4.1: Pairwise Comparison Chart for Design Objectives

FrLiJeSrfdrly Reliable Versatile Safe Total Weight %
User Friendly X 0 0 1 1(+1)=2 20%
Reliable 1 X 1 1 3(+1)=4 40%
Versatile 0 0 X 1 1(+1)=3 30%
Safe 0 0 0 X 0(+1)=1 10%
Total 100%

1. The device should be reliabl¢40%)

a. The deice outputs should be accurate

b. The device should correlate data obtained from PPG and ECG

c. The device should have minimal parts to minimize device failure

d. The device should be durable to withstand extended pasent u
2. The device should be versatil¢30%)

a. The device should provide visual and numeric outputs

b. The device shouldavedual ECG and PPGhannels

c. The device should store data for further signal analysis

d. The device should be battery operated

i. The device battgrshould require minimal change
3. The device should be user friendly20%)
The device should display outputs in a clear manner
The device should allow for physician control of output parameters
The device should have easy user instructionsafidiare inteface
The device sensors should be comfortablerear
The device hardware should be portable
i. Cell phone to PDA size range

4. The device should be safél0%)

a. The device hardware should have no sharp edges

b. The device should be electrically insulated

"0 T

The MQP goup ranked system reliability highest due to the critical nature of the device.
Inability of the device to accurately calculate and display its values may have severe
consequences if proper therapeutic action is not administered. It was also necessary to
design a device that would be able to correlate data obtained from ECG and PPG systems
in order to demonstrate that PPG signals can be used alternatively to calculate HRV. The
MQP group determined that minimal design parts are desired to decrease thdifyroba

of device failure. It was also important to assure that device with&siended patient

use for longterm monitoring.
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The MQP group rankededice versatilitysecondo provide a wide range of optiottzat

the physician could usto facilitate dagnosis. These includeECG and PPGsignal
displays as well aBlR, PR, HRV and PRV indiceIhe MQP also decided to design a
dual channel, aspposed to two separate devitedacilitate simultaneous recording of
ECG and PPG signaland make better signatomparison. Since both signals are
processed differently due to their different characteristics, their systems can be made
independentData storage was also necessary for further signal analysis and creation of a
patient databas@he MQP group decidetthat abattery operated device would also allow

for easy patientransportatioras well as operate during lack of electrical power.

The MQP group evaluated thatar friendlinessvas adesign consideration applicable to
both patients and physiciank is vital that system outputs be displayed in a clear manner
in order to facilitate easy comprehension of displayed restlte MQP group
determined that data interpretation is usually facilitated bgytsutas well as aesthetics.

It was also necessarytallow the physician a degree of control over certain parameters
e.g. alarm controls, type of data displayed stcthatthe devicecould serve as hetter

tool for analysis. Device instructioriead to be easyotinterpret anticipating potential
problens thatcould arise during uselThe device sensors had to d@mfortable for long
term patient uselThe MQP group determined that the ideal device size wiaswathin a

cell phone to PDA size range facilitate device transportatio@verall, the dualityof
device user.e. patient and physician was going to poseflicting design considerations

in achieving a balance between patient comfort and ease of use as well as clinical

acceptability.

Although device safety is importarithe MQP determined th#tat there was low risk of
electrical shock due to the batteryeogted hardwarand so thisvould not contribute a
significant amount of difficulty in ensuring electrical safefr an average adult, the
amount of current necessary to trigger ventrictitaillation is between 75 and 400mA
[12]. The design of the device will have currents no more than 15mA to minimize risk of
macro shock. A insulated device cas@th no sharp edges was to be used for the device

hardware witrRoHS compliant materials.
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Figure 4.1: Weighted objectivestree

4.4 Constraints
The MQP group identified the followinglesign constraintghat could limit the
implementation othedesign project:

1 Budget: kinding for the device implementation was limited to $450 from/tire
BiomedicalEngineeringDepartment

1 Regulatory Requirement$he MQP group had to design a devioecompliance
with FDA regulations and ASTM standards to validate its use as a clinidakde

4.5 Revised Client Statement

Based on the weighted objectivéise MQP group developedravised client statement
which was aproved by the client. This was done in an effort to better define the final
goals of the project. Due to limited knowledgethe MQP groupthe microprocessor
unit of the device waseplaced bycombinational hardware and softwareutines

Software processing for the signal waa LabVIEW software The intended outcome
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would be to develop algorithms that would be later used miaoprocessor based

device The following is the revised client statement:

The goal of this project is to design and build a functionaitR€edHRV monitor. The
device will be a versatile duahannel monitor capable of calculatifdRV and PRV
indices from electrocardiograph (ECG) and photoplethysmograph (PPG) signals
respectively. ECG signals will be collected via dry electrodes and PPG signals from a
standard sensor interface. The device will include a hardware portion encasing the bio
amplifiers andfilters for acquiring the ECG and PPG signals. Signals obtained will be
filtered and processed by hardware aadftware using LabVIEW Software. Signals will

be refreshed and updated at least every five seconds. Outputs of the system will include
displaysof the ECG and PPG signals as well as respective rate and variability indices.
Raw vaveforns will be stored for later access and analysis. The hardweilleoperate

on battery powercontinuously for more than twentyur hours. The total budget of the
desgn should not exceed $450.

4.6 Functions
The MQP group selected tidackbox methodseeFigure4.2) as the mosappropriate

tool to determine device functions that would realize stated objectives by identifying
system inputs andutputs

) Signal Displays
ECG signal———»

Rate and Variability
measures
PPG signal Convert ECG and PPG

signals to rate and
variability measures

Beep Soud

Battery Power——» Signal Storage

Visual Alarm

Figure 4.2: Designblack box with inputs and outputs

This enabled the device sfilnctions to be identified in a sequential flow of events by
discerninghow the system would process the signal to obtain the desired output. The
MQP group developed a transparenkbshown inFigure 4.4, using considerations for
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processing physiological signalEigure 4.3) as well as the as HRV data (segure
2.10).

. Outputs

Sansor .| Signal .| Signal _ Data
Measurand "|conditioning | | processing 4 displays
=/
Data » Data
storage communication|

Figure 4.3: Physiologicalsignal processing usg sensors, signaprocessing and outputs [56]

4.6.1 System Inputs
The MQP group had to design appropriate transducers that will be used to transform the

signals of interest into electrical signals. These included electrodes for the ECG and a
standard photodetetton unit for the PPG signal. These transducers had to be
appropriately packaged to guarantee good surface contact, and signal quality as well as be
comfortable for the user to wear. Battery power was going to be used to power the device
hardware. The MQP grouplentified EMG noise, optical interference amabotion
artifactsas primary sources of noise, and brainstormed several options to minimize their

effect on system output accuracy.

4.6.2 Signal Amplification and Filtering
Physiological signals typically havew amplitudes and have to be amplified within the

order of about 20A000.These are effectuated by bitstrumentation amplifierfor the

ECG and a transimpedance amplifier for the PPG signal. There is also the presence of
other physiologicakignalsand hgh frequency noise which have to be removed. The
MQP group considered filter characteristics that would satisfy the bandwidth

requiremerd of our respective signals, as well minimize as the effect of signal noise.
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4.6.3 Signal Digitization
Software requireshiat signals be sample and digitized prior to processing. For LabVIEW,

this would be implemented via National Instruments DAQ data acquisition hardtvare
was vital tosample signals at a rate satisfying the Nyquist theorem of sampling signals
with at leas twice their maximum frequency content in order to guarantee signal
reconstructionlt is recommended that signals used for HRV analysis be sampled at a

frequency greater than 250Hz for proper peak deteffion

4.6.4 Signal Storage
Storage of ECG and PPG signals was important in order to allow creatiothatdbase

for further signal analysis

4.6.5 Interbeat Interval Detection
The raw data for calculating HRV airgerbeat intervalgbtainedfrom either the ECG or

PPG signa. Thisis usually determined from the EC@GRS complexwhich offers the
advantage of having a high SNR, although artifact such as from noise or enhanced P or T
waves can interfere with this peak detection. The M@Ripanticipated the challenges

with implementinga proper peak detection methéol the PPG signal as it lacks a
characteristic sharp peakhere is also thpresence of a diotic notch that can introduce

false peaks. The MQP group considered peak detection methods that would adapt itself
for inherent differences inphysiological signal amplitudes,through an adjustable

threshold, calibrated based on incoming signal ampktude

4.6.6 Signal Artifact Detection
HRYV algorithms require the removal of abnormal beats for proper data interpretation, as

their introduction could render the system results invalid. The M@&p investigated
algorithms that would be used to minimib@se introduced byotion artifactsas well as
false peaks. The MQP grouetdrmined that these could be implemented either through

amplitude orabnormalnterbeatnterval rejection.
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4.6.7 Rate and Rate Variability Algorithms
The MQP identified that several processing algorithms would be implemented to

calculate HR/PR. One method involved the direct averaging of interbeat intervals. Other
methals include spectral analysis. HRV measures included rMSSD and SDNN indices
throughEquation 3and Equation 4 Buffers are also necessary to store data values for
these calculations.

4.6.8 Heart Beat Beep and Alarm Controls
The MQP group decided to implement dalel QRS peak detection, to mimic a clinical

device monitor. Also alarm controlgere implemented tenonitor patientHR within a

certain acceptable rangg using comparators.
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Figure 4.4: Developed transparent box of device design with inputs and outputs
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4.7 Initial Design Specifications
The MQP group established initia¢wice specifications to provide a basis for evaluating

our final design. These specifications were primarilyeddasn similar commercial

devices, summarized ippendix G

4.7.1 Physical Dimensions
The hardware portion of the device needed to be portable. In an effort to better describe

the ter m thé MOQP graup reeech@d the characteristics of a few similar
industry productdor their size and weigh# range within cell phone to PDA sizeas
considered tde ideal for our device. However, to allow for greater size, the maximal
device size was set with regards te tMarquette Medical Systems Series 8500 Holter
Monitor, an older version of portable heart monitoring device Agpgendix G. Physical
dimensions of our device were capped at &825x1.125 intiesand 10 ozveight.

4.7.2 Example Industry Specifications

4.7.2.1 PPG

PPG signal of at least 1V pe#tdkpeak amplitude
Bandwidthbetweer0.57 20 Hz

PR calculation rangbetweer80-240 bpm

PR accuracy of t5bpm between380bpm
Battery life greater than 6 days

= =4 -4 -4 A

4.7.2.2 ECG

Standard ECGelad configuration
Overall signal gain of one thousand
HR detection rangbetweer80-240 bpm

1
1
1
1 Accurate to within £5bpm
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5. Alternative Designs
The MQP group generated and evaluated the best possibfeatve designs fo

implementation of the projecDesign alternatives were weighted with reference to the
design objectives, developed from the set objectives in sedtriThe MQP group
utilized a divide and conquempproach,by breaking downthe devicesystem io
manageable sub entities that were easier to hadtd of the secti@below details the

different design alternatives as well as their respectilative strengths and weaknesses.

5.1 PPG

Functions of the PPG unit includextracting and conditioning F&G  waveform
appropriately prior to LabVIEW processinlj consists of a photodetection unit, bio
amplifiers and hardware filters. The photodetection unit consists of the LED, photodiode

and transimpedance amplifier.

5.1.1 Sensor Wavelength
The MQP group evalted wavelengths to determine the most suitable one for our design.

This was determined by examining the absorption spectra of bloo#i(gee5.1). The

main pigments responsible for light absorption in bloodn@moglobin (Hb), a metaHo

protein and its oxygenated form HhQRed blood cells make up about half of blood
composition and Hb within their cells is responsible for oxygen transpor{d#dnThe
absorption cefficients of Hb and Hb@differ over the range 650r1000nm except at

the isobetic wavelength of around 805nm. Wavelengths shorter that 600nm are typically
not used for PPG applications because red skin pigmentation absorbs a great amount of
light within this rang€g/14]. Since arterial blood contains greater concentration of,HbO

it is necessary to select a wavelength greater that the isobetic length where the absorbance

of HbG,is greater, to better captureethulsatile PPG waveform.
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Figure 5.1: Absorption spectra of oxygenated and deoxygenated HA.5]

Another criterion for wavelength selection is the relativén#as of the curve over the
wavelength region. The peak emission spectr
Theoretically, the peak wavelength of an LED is defined as the wavelength at which the
radiated power is maximal, but usually the actual peavelength occurs over a

bandwidth rangg14]. Shifts in these peak emission spectra can pose problems in peak
detection due to changing amplitudes resulting from different temperature conditions.

The absorptiorspectra curve is relatively flat over the region of 900 to 950nm, and the
bandwidth consideration is considered not important for accuracy due this flatness of the

curve. An LED of peak emission wavelength of 940nm, with a low maximal power
dissipation of7/'5mW (LTE302-M) was thus selected.

5.1.2 Sensor Mode
PPG signals can be acquired by either transmittance or reflective niadde 5.1

summarizesdifference between the two methods. The choice of transmittance or

reflectancewas going to beetermined based on the selected sensor location.
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Table 5.1: Comparison of Transmittance and Reflectancé®PG Probes

Mode .
Transmittance Reflectance
Factor
Dependent offight being transmitted | Dependent on light being reflected
Princiole through tissugusually requires soft from tissue and presence of bone
P tissue to allow for maximal tissue and thin skin layer facilitates
transmission light reflection

Sensors$ limited to peripheral location| Sensor can be placed relative
SensoiPlacement | with small tissue size (e.g. ear, toe, | anywhere in the body, both internally
nasal septum etc) and externally

If location is close to body center,
perfused region i

Peripheral locations are subject to

Blood Perfusion L
vasoconstriction

vasoconstriction
Motion Artifact Pen_pheral_ locations are susceptible t¢ Motion artlfactsgusceptlblhty depends
motion artifacts on sensor location
Power High; battery life appximately 4.8 Low; battery life approximately 73.3
Consumption hourg18] hourg18]

5.1.3 Sensor Location
Sensor placement locations usuaffect PPGsignal quality and site locabn also limits

the mode of signal detectiohn selecting thePPG sensor locationthe MQP group
consideredhe following factors:

1. Minimize power consumption: This is necessary to extend battery life. Batteries
typically have aspecified mAh (i.e. millimp/hour) ratingand thus lower current
usage extergbattery life For example, for a 150 mAh battery, 0.5mA and 1mA
current use will drain the battery in 300 and 150 hougspectively. Power
requirement also depends on sensor location, as well as ihsideal detection.

2. Area blood perfusionSystemaccuracy is dependent on the ability to obtain a
high amplitude signafor processing Highly perfused regions usually provide
higher amplitude signaln reflectance PPG, the presence of a bone beiieath
perfusedissue also facilitates light reflection and thus better signal detection.

3. Minimize motion artifacts Sensor location should be less susceptiblendtion
artifactsas the system is to be used for moderate daily actMogion artifacts
can futher be eliminated by filtering and softwar@pessing.

4. Stable sensor attachment: Sensor attachment should prevent dislocatien of
sensor. This can be implemented by adheshersisor clips.

5. Sensor comfortSensor shoulde small insize, as wellas be familiar tothe
person wearing the device
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The MQP group ranked evaluated and ranked tlesmgn factors in CCto determine

the level of importancie sensor location consideration

Table 5.2: Pairwise Comparison Chart for PPG Sensor Location Objectives

Power Blood Sensor | Motion | Sensor | Total Normalized
Consumption| perfusion| Stability | Artifact Size Score Fraction
RO X 0 1 0 1 2(+1) 0.300
Consumption
Blood 1 X 1 05 1 | 35(+1)| 0300
perfusion
Sensor
Stability 0 0 X 0 1 1(+1) 0.133
Motion
Artifact 1 0.5 1 X 1 3.5(+1) 0.200
STy 0 0 0 0 X 0(+1) 0.066
comfort

The MQP group ranked blood perfusion and motion equally highest because both affect
signal quality as well as the accuracy and religbitif software algorithmsSignal
integrity is a very critical factor in the technical design of wearable sensors. Therefore,
signals with higher SNR are preferred. Minimizinghotion artifactsis important

considering that the patient is going to be usiregdevice during normal daily activity.

Power consumption was ranked next among objectives because of the battery operated
hardware. Hence, locations that minimize power requirement are preferred, as this will

extend device battery life, reducing thelplem of the user constantly changing batteries.

Sensor attachment should be stable to guarantee good skin contact during signal
acquisition and prevent dislocation that can either result in false system alarms or

introduce additional artifacts. This che achieved either through adhesives, sensor clips,

or bands. Adhesives pose the problem of dislocation due to wear of the glue material, as
well as other factors such as sweat and skin oils. Clip sensors are more susceptible to
signalmotion artifactq14]. Alternatively, sensors can be wrapped around measurement

area using a band with adjustable straps, thus preventing the problem of dislocation.
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The MQP group ranked sensor comfort lowest given the preceeent clinical
considerations in the design. In addition, sensor probes can be made small enough due to
the relative smal/l sizes of LEDG6s and photo

uncomfortable for the user.

Ranked objectives: Signal amplitudemiotion artifacts> Power consumption > Sensor

stability > Sensor comfort.

Transmittance probes have enabled the placement of PPG probes in virtually any part of
the body. CJ Pujary identified at least 20 sensor locations that have been used in research
[18]. Given the scope and time limitation of this project, it was necessary for the MQP
group to narrow down sensor locations to at least a few sites to facilitate design
alternative evaluation. Sensor locatiomgere narrowed down based on clinical
acceptability, sensor versatility, available research data as well as user familiarity and
comfort. Some areas in the body can also utilize both transmittance and reflective modes

e.g. cheek, finger, palm.

Four areasvere primarily selected and these include: finger, ear, arm, and foreead

Figure5.2).These areas were ranked according to the five criteria developed above.

The following scale was used:

Motion Artifact: mostLl € 1k
Blood perfusion: ow L €ufh
Power Consumption: R R - !
Sensor Stability: mstavlel € e
Sensor comfort: uncomforiable L € cfhortabie
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Figure 5.2: PPG Sensor location alternative$28], [46]-[47]

Table 5.3: Numerical Evaluation Matrix for PPG Sensor Locations

Finger Ear Forehead Arm
Motion artifacts | 0-300*1=0.300 | 0.300%3=0.900 | 0.300*3=0.900 | 0.300"1= 0.300
Blood perfusion | O-3003=0.900 | 0.300:3=0.900 | 0.300%4= 1.200 0.3004= 1.200
Power 0.200:2= 0.400 | 0.200:2= 0.4000 | 0.2004= 0.800 0.2003= 0.600
consumption
Sensor stability | 0-1333=0.399 | 0.1333=0.399 0.1333=0.399 0.1333=0.399
Sensor comfort | 0-066*2= 0.132 | 0.0662= 0.132 0.0663= 0.198 0.0663=0.198
Tl 2.131 2731 (3.499 2697

Signal amplitude is generally evaluated by examining the blood perfusioAgpeadix

H). Pujary ranked signal strengtbtained from these areas as: finger Hagh, earhigh,
armmedium and forehealligh [18]. However, Hummler et al examined the limitations

of relying on perfusion index in selecting sensor location siteases with during poor
peripheral perfusion such as during vasoconstriction or spfgjisUsing the perfusion
index alone is thus not sufficient to evaluate signal accuracy. Peripheral locations are
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most suscedjble to vasoconstriction due to cold environmental conditions. The finger and
the ear are mainly affected due to their smaller surface areas, hence ranked lower. Palve
assessed the performance of the transmittance and reflectance probes in compromised
peipheral perfusion during cardiac surgddg]. He concluded thaeven though the
accuracy of pulse rate data was comparable, the reflectance sensor was more likely to

obtain better readings under poorer peripheirculation.

Transmittance sensors generally require a larger current than reflectance probes. Due to
the large sizes of the forehead and arm, they are limited to reflectance probe sensors. The
ear and finger can utilize both transmittance and reffteet mode§48], [51]. Savage et

al were able to demonstrate that reflectance finger probes had a lower current
requirement than transmittance probes, with battéeyidisting 18 times longer than the

latter [23]. Other means to extend battery life include achieving a balance between
increasing the photdetection surface area, reducing the amount of current and
decreasinghe duty cycle of the LED current sourld?]. Increaseghotodetetion area
increases the amount of backscattered light detection. However, reducing current can
adversely affect signal quality, because of tffecéive reduction in the intensity of the

transmitted signal.

It was important for the MQP group to select a location that will be least susceptible to
motion artifactdo minimize errors. Placing the sensor in limbs can limit patient mobility;
hence tle lower scores for finger and arm sensors. Fingers are even more susceptible due
their smaller size. Johnston et al compared the effatiotibn artifactson measurement
accuracy on forehead, jaw, chin and finger senfits Subjects were made to do a
series of exercises such as talking, head movements and vertical motion. Signals recorded
from the forehead demonstrated greater stability during all activities. Forehead sensors
are also the preferred locatioh @hoice in military applications, to detect physiological
parameters from moving soldi€i&l]. By inference the ear sensor was also ranked like

the forehead sensor.
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Sensor attachment to measurement site should eliminateoi®bility of dislocation
under motion. The MQP ranked all sensors equally because of the possibility of using a

variety of attachment options on the sites.

The MQP ranked sensor comfort lowest in finger due to decreased user mobility. The ear
sensor cagause swelling due to soft tissue. Forehead and arm locations are considered to

be familiar locations to the device user.

The MQP group thus selected the forehead sensor due to its low power requirement, least

susceptibility tamotion artifacts highersignal amplitude and moderate sensor stability.

5.1.4 Sensor Architecture
Since the MQP group selectedaaiehead sensor propie was limited to either adhesive

or band type due to its size. Both attachment methoelased inclinical settingg47].
Since signals were going to be acquired from the same site, the MQP group considered
long term sensor stability as the only factor for considerafisrm design architectures

were considered for our design ($égure5.3).

Figure 5.3: Designalternatives for PPG sensor architecture
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Design A: HeadbandSensor

This design consists of an open end headband sensor with areatf@ubtodetection

unit. The photodetection unitas shielded with a pliable plastic, and surrounded by a
padded cushion. The ends of the sensor band are attached with Velcro of varying lengths

for user to adjust according to head circumference.

Design B:AdhesiveSensor

This design consists of the photodiode arrangement mounted on a durable and pliable
support. The photodetection umsshielded with a pliable plastic, and surrounded by a
padded cushion. Adhesivaseattached to the backend of the ddalipport and changed

as desired.

The MQP group used standard DB9 connectors as hardware inputs, to facilitate LED and
photodiode arrangements. The MQP grougeds the same LED and photodiode
specifications to better compare signals between both sems®rexpected, signals
obtained from both sensors were comparable. However, the adhesive sensor was more
susceptible to dislocation due to weakening of glue, which was facilitated by sweating as
well as skin oils, thus requiring constant replacements. The FiQup determined that

this might not be suitable for long term monitoring and constant adhesive replacement
can also affect long term device cost. Dresher compared errors obtained from forehead
sensors with elastic band, helmet and adhesive attachnretds motion[53]. The tests
confirmed a statistical difference in PR measurements between attachment methods, with

band sensors offering lesser error than adhesive type sensors.

The MQP group selected the foead band sensor due to its greater long term stability,
guarantying good surface contact for signal acquisition.

5.1.5 Filters
Filter functions include extracting and amplifying the AC component of the PPG signal,

eliminating noise such DC component, baseliné& and 60 Hz noise. Filters have to
fulfill the bandwidth requirement of the PPG waveform. The PPG signal is very similar

50



to that of blood pressure waveform, which can be reproduced with up to the tenth
harmonic. The MQP group determined that filtericmuld either be implemented via
hardware or software. In selecting filter type the following design factors were
considered:

1. Minimize cost: Software filtering was readily available in the computer via
LabVIEW. Reducing number of IC components in hardweiteminimize mass
production costs.

2. Flexibility: Filtering methods should be flexible thange characteristics like
filter bandwidth,order, typeetc

3. Effectiveness: This is determined biys ability to meet its bandwidth
specifications and eliminat®ise.

The MQP group evaluated these factors RCLto determine their level of importance:

Table 5.4: Pairwise Comparison Chart for PPG Filter

Cost Flexibility Effectiveness | Total score Normalized
fraction
Cost X 0 0 0(+1) 0.167
Flexibility 1 X 0 1(+1) 0.333
Effectiveness 1 1 X 2(+1) 0.500

The MQP group ranked filter effectivenesshighest because the ability to accurately
determinePR is greatly dependent on the filter meeting its bandwidth requireared
eliminating the necessary noigdexibility to change filter parametevgs considered for

the design implementation to allow the testing of a variety of options desider u
minimal time. Device costwas ranked least because of the precedenceiltef f
effectiveness on signal accuracy as well as the flexibility of the designer to change
parameters during the design process under limited TimeMQP group evaluated tho

filtering methods in a numerical evaluation matrix, using the following ndracae:

Effectiveness:
Flexible:
Mass production cost:

High (1), Low (0)
Yes (1), No (0)
High (1), Low (0)
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Table 5.5: Numerical Evaluation Matrix for PPG Filter Design

Hardware Software
Effectiveness 0.500%0.0=0 0.500*1.0=0.500
Flexible 0.333*0.0=0 0.333*10=0.330
Cost 0.167*0.0=0 0.167*10=0.167
Total 0 1

Software filtering utilizes digital filters which can be designed to fulfill its bandwidth
requirements, with lesser degree of error hence ranked higher. The effectiveness of
hardware filtering is greatly dependent on the tolerance values of filter components
(resistors, capacitors, etc). These can be purchased in various tolerance ranges (1%, 5%
10%) with per unit cost increasing with decrease in tolerance values. However, active
hardware filters can introduce additional noise like bias voltage as well as changing filter
characteristics due to temperature. In addjtitrere is the likelihood of amponent

failure.

Software filtering offers the advantage of being able to change filter parameters in a short
time. LabVIEW software also has the option of changing filter type (Butterworth,
Chebyshev etc). Software filtering is also programmable, cadebgned, tested and
implemented within a short time period, with greater versatility of implementing robust
algorithms. Changing parameters in hardware requires physically changing components
which can be time consuming. This can pose a problem espeuialh already finished
productshoulderrorsoccur.

Although the initial cost of software is expensive, a -bme purchase can be
downloadable to several units. However, it requires an analog to digital converter prior to
signal processing. Mass pradion can reduce hardware component cost due to
discounted low per unit cost, thus minimizing the number of components reduces overall
device cost. However, cost can significantly be larger depending on the number of device

units.
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The MQP group implementesoftware filtering for PPG signal to satisfy the bandwidth
requirement of the PPG signal. In general, the PPG waveform is similar to the blood
pressure waveform which can be reproduced with as much as"itsafi®onic. For an
averageHR of 60bpm, i.e. Hz, the high cut off for this filter can be about 10Hz. To
eliminate DC and baseline drift, the MQP group selected a low cut off of 0.5Hz. The
MQP group selected a Butterworth filter because of its flat gain characteristics, and its
steep roll off which cold be achieved with higher filter order. However, an order of 3
was selected because greater filter settle time was observed in filters of higher order. The
MQP group implemented a®3order Butterworth filter with bandwidth of GEOHz
directly after theransimpedance amplifier stage. However, the resulting signal was very
noisy (sed~igure5.4).
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Figure 5.4: PPG signal obtained after LabVIEW software filtering

The MQP group explored several other options like increasing filter order, or changing
filter type, and no change was observed in signal quality. Due to time limitation in
exploring other software functions, the MQP group decided to pursue the option of
implementing hardware filtering prior to LabVIEW, with additional filtering
implemented via software. Signals giléered with hardware were observed be of better
quality (seeFigure5.5). Initial testing for compoent values were implemented first on a
breadboard until component values were finalized prior to soldering unto a printed circuit
board.
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Figure 5.5: Clean PPG signal after prehardware filtering

5.2 ECG

Obectives for theECG portion of the project ereto develop an effective method for
acquiringthe ECGsignal, applying basiclfering, and sending the sigrtal the software

for further analysis and display. This section of the project consists specifichlidy
standard instrumentation amplifier, connected to the body through experimental dry

electrodes, and sent through to the softWaliewing basicanalog hardware filtarg.

5.2.1 ECG Electrodes
The electrodes for the ECG system are a primary design catserThe objedte of

the project was to develop and implement dry electrodes for the ECG monitor. This was
done to allow for continuousgseof the electrodes without the possibilities of electrode
fouling due tadrying of the electrode gek skin irritation. With regards to the electrodes,
three alternatives were tested for compliance with the design criteria. These alternatives
were the use of stainless steel plates, silver/silver chloride contactsilaedsilver
chloride contactwith vinyl adhesive The stainless steel plates were circular stainless
steel metal contacts, approximately one inch in diameter. These plats were secured to the
body via medical tape and connected into the circuit for anaBsth. of the silver/silver
chloride electrodesvere developed from standard ¢pelsed electrodes. An example of

the gelbased electrodes used is shownFigure 5.6a, with an example of the dry

electrode shown ifigure5.6b. This design was divided into two parts, one retaining the
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vinyl adhesive, the other with the adhesive removed to ensure that signal acquisition was
done only through the metal contact surfaces, with the adhesive having no affect on the

signal qualiy or strength.

Figure 5.6: Wet (a) and dry (b) ECG electrodes

Each designwvascapable of acquiring the signal to varying degrees. The results of testing
for each of the electrodes can be foundppendix F Design evaluation criteria for the

electrodes were as follows:

1. Signal Quality: depending on the chosen electrode type, there are degrees of
baseline noise inherent to the electrode. The optimal deftgmative should
minimize this potential noise artifact.

2. Electrode Motion Artifact: depending on the electrode choice, there is the
possibility for physical motion of the electrode. Should this occur, significant
amounts of noise will enter the systemedo the capacitive coupling between the
skin and electrode surfag®l].

3. Ease of Use: depending on the electrode alternative, varying degrees of attention
is required for the use of the electrode. ShouldetBetrode not in itself include a
method for adhering to the body, additional methods for doing so would be
required by the user.

4. Reliability: depending on the electrode alternative, the reliability of the chosen
method can vary. This may be particwagvident with the stainless steel plates
as variations between the sensors would prevent consistent data acquisition
between tests.
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Table 5.6: Pairwise Comparison Chart for ECG Electrode Type

SL%TS AI\\/Ir?i;g)crl Ease of Use| Reliability | Total Score Ng:?g:gﬁd
SL%T%I/ X 1 1 1 3(+1) 0.40
Xr?i;:)cr: 0 X 1 1 2(+1) 0.30
Ease of Use 0 0 X 1 1(+1) 0.20
Reliability 0 0 0 X 0(+1) 0.10

Of the given criteria, signal quality wasetmost important factor in determination of the
appropriate electrode alternative. Without a sufficient signal qualitalysis of the

signal is not possible. Should the quality be inherently poor with a certain design
alternative, than that design woultk an inappropriate choic&ach of the design
alternativeswvasranked to determine the overall effectiveness of each deRagrkings

of the alternatives ranges from one to three, depending on how well the alternatives meet

the criteria set forth.

Table 5.7: Numerical Evaluation Matrix for ECG Electrode Type

Stainless Steel Ag/AgCl w/o Ag/AgCl w/
Plates Adhesive Adhesive
Signal quality 0.4*1 0.4*2 0.4*3
Motion Artifact 0.3*1 0.3*1 0.3*3
Ease of Use 0.2*1 0.2*1 0.2*3
Reliability 0.1*1 0.1*2 0.1*3
Total 1 15 ( 3 >

For the tests performed on the different electrode alternatives, the silver/silver chloride
electrodes with the surrounding adhesive performed the best. This greater performance
than the other lernative designs allowed for a greater signal quality and most
significantly a reduction in the possibility for electrode sensor movement due to the
incorporation of the contact adhesive with the electrode sensor face. The results of the

tests performedan be seen iAppendix F
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5.2.2 ECG Electrode Location
There were two primary alternative designs considerations for the ECG sensor location.

Possible placements for electrodes were either on the extremitiestbe @hest. The
following criteria were used to determine the relative effectiveness of each sensor

location:

1. EMG Motion Artifact: Depending on the locations of the electrodes, greater or
lesser degrees ofiotion artifactamay be present. This is primaritiepending on
the amount of muscles between the sensors, where greater amounts will have the
ability to create a greater voltage potential.

2. Signal Strength: Depending on the proximity to the heart, the signals will have
varying amplitudes. This is due tbe differences in effective resistance that
increasing degrees of tissue will cause.

3. Electrode Lead Length: Depending on the placement of the electrodes, greater or
lesser degrees of witis needed to make the connections between the electrodes
and thehardware sensing suite.

Table 5.8: Pairwise Comparison Chart for ECG Sensor Placement

Motion Signal Lead Total Norerr&ahz
Artifact Strength Length score | i
raction
Motion
Artifact X 1 1 2(+1) | 0.500
Signal
Strength 0 X 1 1(+1) | 0.333
Lead Length 0 0 X 0(+1) 0.167

From the criteria, it was determined timaotion artifactsdue to EMG signals werthe

most influential in determining the appropriate lead placement. This was determined
since of the listed critea, themotion artifactswerethe only criterion that would prevent

the signal from being properly analyzed. Signal strength could be compensated for by
increasing the overall gain of the system, and lead length does not have a direct affect on
the signalquality, only on the overall ease of use of the system. For ranking of the
different alternatives, each was ranked in relation to the listed criteria. Values were given
based on a scale of zero and one, where the design alternative that better agained th
criteria was ranked higher. Equal attainment of a given criteria results in an equal

ranking.
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Table 5.9: Numerical Evaluation Matrix for ECG Sensor Placement

Chest Extremities
Motion Artifact 0.500*1 0.500*0
Signal Strength 0.333*1 0.333*0
Lead Length 0.167*1 0.167*0
Total < 1 > 0

Following analysis of the two design alternatives, it was determined that the chest
placement of the electrodes outperformed placement on the extremities. Placement on the
chest allows for a reduction in the ovenadbtion artifactssince there is a lesser degree of
muscle activity occurring between the two electrodes. As such, the amplitude of EMG
signals detected will be lesser. Furthermore, since the chest electrodeataneicaily

closer to the heart, the overall strength of the signal is increased. Finally the lead length is
reduced since there is a lesser amount of spacing between each of the three electrodes.
This allows for the sensing hardware to be placed closerath of the electrodes,
reducing the necessary lead length. A comparison of the two signals can beFSgarein

5.7, where the electrodes placed on the chest aateroverall amplitude and a slightly

lower baeline noise.

Chest versus Extremity Electrode Placement

—
~
—

3

[ >

[ >

—— Chest —— Extermities

Figure 5.7: Chest versusextremity electrode placement

58



5.2.3 Filters
There were two main design alternatives considered for the filter portions of the ECG

hardware. These alternatives were tadibon the signal entirely with the use of analog
hardware filters or to employ the use of software filters for the primary filtration of the
signal. For this portion of the project, the two implementations of the design can be seen
as Revision A and ResionC in Appendix B Revision A is comprised of angjle analog
hardware filter.  purposas to prevent baseline drift of the signal, which is especially
important for preventing signal saturation of the ragienal amplifiers.Revision C
consists of full hardware filtration of the ECG signBksign criteria established was

used to evaluate the relative advantages and disadvantages of the filter alternatives. The
following designcriteria were used to evalua the effectiveness of the ECG hardware

filter alternatives:

1. Cost:Lowering the costs of the individual units will allow for greater production
and lesser unit costs.

2. Reliability: Reductions in the total number of hardware components allows for
increaes in the overall reliability as there are fewer possible components that may
fail during use.

3. EffectivenessThe filters must have sufficient effectiveness in order to provide
the user with the expected signal outputs.

Table 5.10: Pairwise Comparison Chart for ECG Filter Design

Cost Reliability Effectiveness lgé?é N?r;rrgzlci;ed
Cost X 0 0 0(+1) 0.167
Reliability 1 X 0 1(+1) 0.333
Effectiveness 1 1 X 2(+1) 0.500

For the given criteria, theffectiveness of the design ranked highest. Without the ability
to provide the user with the desired signal, the design would not be appropriate
Following this, the reliability of the device is ranked secavith the overall device
determined to have ¢hleast overall effect on the decision process. The ability of the two

alternatives to meet the design criteria was determined based on a scale of zero to one.
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Thedesign alternative that better met the described criteria was ranked higher as one. The

values from each were totaled then to determine the better alternative.

Table 5.11: Numerical Evaluation Matrix for ECG Filter Design

Hardware Software
Effectiveness 0.500*0 0.500*1
Reliability 0.333*0 0.333%1
Cost 0.167*0 0.167%1
Total 0 ( 1>

It was determined that the software filtering design was most capable of performing the
requisite functions. Being that there were only a limited number of hardware components
used to initially condition the signal,ghreliability of the total design is increased due to
lower possibilities for component failure. The effectiveness of the total design is
furthermore increased primarily due to the ability to {finee the frequency ranges of the
software. Utilizing asmaler bandwidth of frequencies, it is possible to disallow
additional artifacts that would not be possible with the hardware filters. Finally the

overall cost is reduced by limiting the necessary components of the design.

5.3 Software Algorithms

One of the sdivare functions is to implement algorithms for both rate and variability
index calculations. Of interest atdR/PR as well as RR time intervals. The algorithm
choice was based on its effectiveness in implementing the desired function.

5.3.1 R-R Interval Detection
R-R time intervals were necessary for calculation of SDNN and rMSSD indices, by

detecting peaks of ECG and PPG waveforms Egeation 3 and Equation).4Two
methods were used to determine these inter&dmal algorithms were investigated by
inputting signals of known frequencies into the system, and comparing the observed time

interval value with its ideal.
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5.3.1.1 PeakTime Location
In this method, th&k-R interval time between consecutive peaks is calculated by taking

the time difference between pealcooencesWhen peaksra detected, théocaions are

given with respect to the block of data being analytsee Figure 5.8). As such, raw
location outputs are represented as a number between zero and one hiimaeed.
between peaks is determined by determining the peak locations with reference to the total
acquisition and subtracting the previous location from the curfémg. total number is
multiplied by the inverse of the sampling rate of the software tordeterthe overall

time between peaks.

[oel —{F 5] #oi] |

| [Time Intervals

{foeL] |

g B
[

Figure 5.8: Time peaklocations

5.3.1.2 ElapsedTime
In this method, theR-R interval time between consecutive peaks is calculated by

initiating a timer each time a peak igtdcted. When a peak occurs, a binary 1 is
displayed, and 0O if otherwise. The binary 1 initiates the timer to start measuring elapsed
time. The timer is reset each time a new peak is detected, and the value of elapsed time
stored in a buffer

Peak Detection
)
Jata Input _E[@:} lapsed Time (s

5 : T .-.
Thresheld| |0.25§ Y. i

|#Peaks | [Detection Type]

Figure 5.9: Peakdetection viatimer

Of the two design alternatives analyzed, it was determined thatlpeation was the

better method. This was based on the fact that the program could not rdésdty the
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location of the peak when used for timing between the peaks. This was due to the nature

of the software and itds method for analyzi
acquired data continuously atl@M0Hz sampling rate, and analyzed the data inkislad

100 samples. Because of this, the elapsed timer was capable only of determining the
locations of peaks to within a tenth of a secohkis resolution would not have been

capable of properly analyzing data.

5.3.2 Heart/ Pulse Rate Calculation
Two signalprocessing algorithms were investigated for measuring rates. These included

rates calculated from a sequence BfR intervals andvia frequency analysis of the
signal. Rate averaging was used for the ECG signal. Both methods were investigated in
the PPG gnal.

5.3.2.1 Rate Averaging
This algorithm was implemented by calculating the average value of a number of

consecutive R time interval values. The-R interval values are stored in a buféey
milliseconds between peak$he inverse of this average was muiég by 6Q000 to

obtain rate in beats per minute ($egure5.10).
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Figure 5.10: HR averaging

5.3.2.2 Frequency Analysis
This method calculateéR based on the spectrahalysis of the blocks of the PPG signal.

The largest amplitude frequency content corresponded to the fundamental frequency of

the signal. This fundamental frequency was then multiplied by 60 tdPgtve

Eignall Fundamental frequency]

E- =]
|
E- "9:: Fulse rate

= o
[}

Figure 5.11: PR by frequencyanalysis
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5.4 User Interface
In designing the user interface, it is essential to meet user expectations by communicating

the data accurately and clearly as well as meeting regulatory requirements for clinical
acceptance. In particad, the US Food and Drug Administration Guidance for Pulse
Oximeters and Diagnostic ECG as well as tB@ndard Specifications for Pulse
Oximeters, F1418992from the American Society for Testing and Materials (ASTM)
[14]. FDA standards include regulatory requirements as well as recommended device
testing and documentation for submitting 510(k) for device approval in the US. ASTM
standards are international specification and testing requirements that glabalbynize

the quality of medical equipment. While data accuracy is addressed in the core aspect of
the device design, clarity of data communication involves displaying the necessary
information in a useful way to the device user. The desired outputs system include

real time graphical displays of ECG and PPG physiological signals as well as computed
HR/PR rMSSD and SDNN HRV/PRYV indices. Also necessary for this application are
alarms that alert the user of specific activities e.g. acoustic alarndi¢ateinstances of
heartbeat, or audigisual alarms to indicate low or high heart rate. Function controls
include the on and off switch, as well as alarm controls to indicate low and high heart
rate. The ASTM standard requires that alarm controls beatgeadjustable. Data
storage and easy retrieval protocol is also useful a useful tool for further signal analysis,
for better patient care.

5.4.1 Layout
Several commercial he#dPR monitors were reviewed in designing a familiar user

interface layout. In desmgng the layout, it is essential that the layout of the graphical
displays, indicators and controls have a relationship. In most-sigittal monitors there

are generally two types of relationships: vertical and horizontal. Horizontal relationships
display data from obtained from the same physiological signal, while vertical
relationships display similar data from different types of signals as can be d&gorim

5.12. While the overall aesthetic between devicemyrbe different, design outputs are

generally displayed in a similar manner, for easy harmonization amongst healthcare
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users. The wser interface would thus implement the same basic layout for data

communication.

Visual Alarm

Graphic displays Numeric displays

Function Controls

Figure 5.12 Sampleindustry monitor by Mindray PM 7000 [54]
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6. Methods
6.1 PPG

6.1.1 Photodetedion Unit
The photodetetton unit consists of the standard phetmitter photodiode circuit

coupled with a transipedance amplifier (seléigure 6.1). The MQP group selected an
LED diode with a peak emission wavelength of 950nm (LTE), and also with a
photodiode with a peak wavelength sensitivity of 940nm (QSB34ZR9. MQP grop
measured a 1.2V drop across the IR LED diode, to take into consideration when

calculating our current values for the LED drive current.

Transimpedance
amplifier

Re

N
IR LED Y/ \<>
N Photodiode

io]

Figure 6.1 Ligh7t emission and cetection circuit

The IR LED emits light with intensity proportional to the amount of currghthrough

it. The photodiode generates an output currentpioportional to the intensity of
reflected light. The transimpedance amplifier converts the curresu twutput voltage,
(seeEquation 3. The generated current is usually very small, and so the gain resistor, R
is typically in the MY range.

Vout = id * RG (5)
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Initially, the MQP project group thought that a differential transimpedance amplifier

would more effectivén collecting PPG signalshown inFigure6.2.

However, there was the disadvantage of additional device components

o

a mAa,

selected.

1.6Mq "
4
3kq
2 1 13 4
IC1C
100q 3 " .
— 3kq r 11
4 Photodiode 3kq
1.6Mq
4
6 7
IC 1B
+
5 11

and a gain r

Differential
transimpedance amplifier

Figure 6.2: Differential transimpedance amplifier

esi stor of

Transimpedance

amplifier

5MY

0 Photodiode

! Vout

Figure 6.3: Single op-ar%p transimpedance amplifier
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thus selectedshown inFigure6.3. For our initial tests, a current wélue p was chosen at

5MY was

A single
transimpedance amplifier with increased feedback resisfaoged as effective, and was
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IC: LM 348N

]
P

Pin4: +9V
Pin 11: -9V

[N

a b~ W N

[1 M ;i

OO oo oo

Figure 6.4: Quad op-amp pin specification

6.1.2 Filter Design

The MQP group designed filters to satisfy tedwidth requirement of the PPG signal.
The MQP group performed preliminafypourier analysis of the PPG waveform, and
realized itcould be reproduced with as little as itsrd or fourth harmoni¢seeFigure
6.5). For an averagelR of 60bpm, i.e. 1Hz, the bandwidth of the filter can be about 3Hz.
A high cut of 10 Hz will thus be sufficieid accommodatélR up to about 240bpriio
eliminate DC as well as baseline defg due tdoreathing a low cut off frequency of 0.5

Hz was selected.

Amplitude

12.0
Time(s)

e

14

13
12
11

10

L
3.0
Frequency(Hz)
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FigUre 6.5: Fourier anélysiéoi‘ aPPGwaveform




The MQP groupthus constructed a hardware bgrass(BPF) filter (BW: 0.5 to 10H2

with an overall g ai n-pass{HPR and |&wpassfLyPF) fiters c adi ng
insteadof a single opamp BPF filter (seeFigure 6.6). This was necessary to achieve a

low gain in the high pass stage (gaid)-to avoid saturating the egmp with the high

DC component from the photodiodehe MQP group calculated component values based

on Equation 6 and selected theclosestpossible standard valuesThe MQP group

*
implemented bias resistofl’, in respectivdilter stages (i.e. R= R

) to minimize
. :

the effect of bias current of the filter

11

. . Lowpass Filter
Highpass Filter Gain: R/R;
Gain: R{/R;

Figure 6.6: PPG band-passfilter

1

R ©)

Where  f = cut off frequencyHlertz:Hz)
R=resistancé¢ o hm: Y)

C = capacitancéfarad: F)
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Table 6.1: PPG Filter Characteristics

fe Ri C Ry Rbias Gain

High-pass| 0.5Hz 30k Y| 10pF 120k Y 24k Y 4
Low-pass| 10Hz 3k Y 0.1uF 160KY 2.7KY 37.2
Bandpass Filter bandwidth: 0-50Hz 148.8

6.1.3 Power Optimization
The MQP group explored options ofinimizing power consumptionvia reduction of

LED drive current and dity cycle.To obtain the mimhum current requirement that could
still produce an adequate waveform, the MQP group decreased the amount of circuit

current and measured &fect on signal amplitude and quality.

The MQP group implemented a pulsatile current source using an LM555 (Seer

Figure6.7. The duty <cycl e ( Ui dicated byRh and Roegistor suppl vy
values(seeEquation 7. Ty represents the time when the voltage is at maximum, while

T., the time when the voltage is at 0OVhe MQP group maddy and T values

independent by puttgha diode acrossgRThe MQP group used a samyield IC after
thetransimpedance amplifier stage to keep voltage values constant during times when the

LED is off.

.

Ra = 5v
J 7 o— L
Re L 3

¥ 1| LM555

Cz=0.01pF

Figure 6.7: LM 555 timer circuit outputting 5V pulsatile
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duty cycle= TT—H*loo (7)

H L
T, =R,*C,*In2
T, =R *C,*In2

Due to increased noise as a result of signal sampling, the dQPD implemented an

additional second ordelLPF stage Signals at various tegpoints in the circuitwere

observe to verify proper functioning of the PPG sample hold circuit (8ppendix F.

To determine the duty cycle that would be optimal for our device, the MIQEp

observed the eft# of various duty cycle percentages on signal quality. aMeage root

mean square value of the currevesa ppr oxi mat ed t o (@hisOwas U* cur r

done by using a pulsatile voltage from a power supply source.
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Figure 6.8: PPG circuit to investigate current amplitude
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6.2 ECG

The final circuit design, shown iAppendix B as Revision A consists of a standard
instrumentation amplifier. Each of the two stages for this is set with a g&nFsbm
that section, the signal filtered through the analog hardware filterided in6.2.2 and

has a gain db. The resulting total gain of the ECG hardwar#as.

6.2.1 Electrodes
The final design of the electrodes, shownFigure 6.28, gives he design of the dry

electrodes used for testing and experimentation. These electrodes are derived from
Ver Med 6 s shased dlectrodes. gProt to use, gmonge and gel contained
within were removed from the contact plate of the electrode. Theaatoptate was
cleaned to ensure th#tere remained no residual gélhis allowed for the use of the
metal contact plate with the surrounding adhesive to secure the electrode in place. By
using this design, physical movement of the electrodes could bmatéd, providing a

stable base for the contacts.

6.2.2 Filter Design
Hardware filtering was implemented throughtiBF to remove baseline drift in order to

avoid saturating the amplifier egamps (sed-igure 6.9). Remowal of higher frequency
components such as 60Hz electrical noise will be effectuated via software filtering.

Component values were calculated baseBaumation 6

C_H=10pF R H=75K0

A=

IC1C

Figure 6.9: ECG high-pass flter design
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Table 6.2: ECG Filter Characteristics

RH CH fc
High-Pass
Eilter 75 Kq 10 ¢F 0.21 Hz
6.3 Software

Signalsweresampled and digitized using LdlEEW DAQ Assistant, with analog inputs
collected via a Mtionallnstu me nDatd Acquisition Boaravith a sampling frequency

of 100Hz Functions of the software include additional signal filteripgak detection,
and signal conditioning to calculatedR/PR and respective SDNN and rMSSD indices.
LabVIEW also has to displasignal waveforms and their respective calculated measures,
as well as effectuate device controBetails of the sequence of software processes

applicable to both signals are summarizeBigure6.10.

.| Signal Display
Signal R Signal Signal Peak Peak to Peak
Acquisition - Filtering Detection Interval Timers
|
A 4
Sié'nal Numeric Time Data Error
Recording Display Analysis Correction

The breakdown of each category will be further described in the following sections, via

LabVIEW subVI programs.

Figure 6.10: Software flow chart
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6.3.1 Signal Acquisition
Signal acquisition was done through thebVIEW DAQ Assistant with analog signal

collected via NI DAQ board. Signal selectors were used to separate waveforms from their
respective cannels (se&igure6.12). ECG and PPG signals were designated to channel
0 and channel respectively in the DAQ Assistant since both signals were going to be

processed differently.

6.3.2 Signal Filtering
Software filtering was implemented to remove residual signal noise, following hardware

filtering. Shown inFigure6.14 are fiter VI locations for PPG and ECG signals. For the
ECG, the filter bandwidth was set to 1-32Hz to accommodate for the higher frequency
components of the QRS complex. The signal was further amplified by a gain of 8 to
achieve a total signal amplificatiasf 1000 (125 from the hardwarelhe PPG signal
bandwidth was set to 0.8H8Hz. The signal was further amplified by a gain of seven to
achieve a total signal amplification of approximately 10583(8 from the hardware).
Filter characteristics setting cdie seen irFigure 6.13. Signals were displayed in the

front panel after filtering.
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Configure Filter [ECG Filter]

Configure Filter [PPG Filter]

Figure 6.13 ECG (top) and PPG(bottom) software filter settings
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Figure 6.14: Signal filtering and gain

A further consideration for the PPG waveform is that it lacks the characteristic sharp
demarcation in its waveform like that of the high amplitude QRS peak of the ECG
waveform ad so peak detection may not always be implemented effectively. The signal
required a larger peak detection window. However, a dicrotic notch can introduce an
additional peak, causing the detection of multiple peaks. Since the PPG slope changes in
polarity from peakto-peak, a derivative filter was used to obtain a steeper signal peak
and separate amplitudes due to the dicrotic notch. This phase of the signal conditioning
was done following the filtering of the signal and prior to the signal being senigthro

the remainder of the system to determine the signal peaks.
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Figure 6.15. Sample PPGsignal (a) and respectivederivative (b)
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