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ABSTRACT 

 
QUANTITATIVE VARIATION OF BLOOD PRESSSURE DYNAMICS 

DURING SLEEP APNEA 

 

 

Raichel Alex, M.S. 

 

The University of Texas at Arlington, 2010 

 

Supervising Professor:  Khosrow Behbehani 

 Sleep Apnea is one of the major sleep disorders characterized by complete cessation 

or decline in breathing for about 10s or more during sleep, thereby adversely affecting the 

quality of sleep. Studies show that about 6 % of the US adult population suffers from obstructive 

sleep apnea, which in turn plays a major role in the development of hypertension, heart failure, 

stroke and is also responsible for reduced performance in everyday activities due to lack of 

quality sleep.  

In this study the physiological response to sleep apnea were determined using beat to 

beat blood pressure in both healthy subjects and sleep apnea patients.  During simulated study, 

two protocols were used which varies on the inter breath hold intervals and are named as 

protocol A and protocol B.  The study was conducted for both the sitting and supine posture of 

the subjects.  The features extracted are: systolic and diastolic pressure values, pulse pressure, 

mean arterial pressure, slope of the waveform trend and area under the pressure waveform.  

Using these metrics, the physiological variations during both simulated and actual apnea are 

determined and the results indicate a significant rise in blood pressure during apnea episodes.  
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In addition to the systolic, diastolic and  mean arterial pressure, some of the new metrics like 

area under the blood pressure waveform and the slope of systolic and diastolic trend proved to 

be significant features in detecting apnea.  For sitting A, the mean and standard deviation for 

area are 85.95 ± 24.69 mmHg-s (breath hold) and 75.58 ± 20.57 mmHg-s (baseline) and for 

systolic slope, the values are 0.59 ± 0.38 mmHg/s during breath hold and -0.01 ± 0.29 mmHg/s 

during baseline.  Similarly mean values of these metrics during breath holds were higher for 

other protocols used.  From the sleep apnea study the mean values obtained for area are 79.45 

± 22.25mmHg-s (normal breathing), 82.05± 22.30 mmHg-s (apnea), 81.77± 23.15 mmHg-s 

(hypopnea) and for systolic slope: -0.11± 0.03 mmHg/s (normal breathing),  0.6 ±0.07 mmHg/s 

(apnea), 0.04± 0.006 mmHg/s (hypopnea).  This shows that area under pressure waveform and 

the slope or the rate of rise of the blood pressure are good indicators to distinguish between 

apnea events.  
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CHAPTER 1 

INTRODUCTION 

1.1 Sleep Apnea 

  

1.1.1 What Is Sleep Apnea? 

 The term Sleep apnea, derived from Greek word "apnea" which means "without 

breath", is characterized by shallow breaths or complete cessation of breathing for 10 seconds 

or more during sleep [19].  With reduced or zero ventilating the lungs, arterial oxygen 

concentration decreases and CO2 accumulates thus, signaling the brain to briefly arouse the 

sleep apnea patients from sleep to resume breathing.  Breathing will continue until the next 

episode of apnea.  The duration of apnea episodes may last from few seconds to over a minute 

and may recur hundreds of times during a single night of sleep.  Frequent apnea episodes 

results in extremely fragmented sleep there by adversely affecting the quality of sleep and 

resulting in excessive day- time sleepiness [18]. 

1.1.2 Types of Sleep Apnea 

 There are mainly three types of sleep apnea: central sleep apnea (CSA), obstructive 

sleep apnea (OSA), and mixed sleep apnea.   

Central apnea is a less common form of apnea and occurs when brain region that 

controls respiration, fails to send proper signals to the muscles to initiate breathing [19].  This is 

more common in infants with prematurity or congenital disorders and in adults with cardiac 

insufficiency or opiate addiction.  

Obstructive sleep apnea is the most common form of sleep apnea and occurs when the 

airway collapses during sleep due to excessive muscle relaxation in the posterior oropharynx 

thereby by obstructing the air flow to lungs [19].   
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Central sleep apnea sometimes occurs with obstructive sleep apnea and this type of 

sleep apnea is known as mixed or complex sleep apnea. 

1.1.3 Health Consequences of Sleep Apnea 

Frequent drops in blood oxygen levels and poor quality of sleep activate the 

sympathetic nervous system which in turn promotes release of the stress hormone adrenaline.  

This causes constriction of blood vessels and places increased stress on the heart throughout 

night [22].  Over time, these responses lead to health complications including high blood 

pressure, stroke, heart disease, memory disorders, increased risk for automobile accidents, and 

poor performance in everyday activities due to excessive day time sleepiness [18]. 

1.1.4 Detection and Treatment of Sleep Apnea 

 Polysomnography is the universally accepted means of measuring a set of 

physiological parameters to detect sleep apnea.  This includes measurement of 

electroencephalogram (EEG), blood oxygen levels, electro-oculogram (EOG), electromyogram 

(EMG), oral and nasal air flow, chest and abdominal movement [18].  The number of apneas 

and hypopneas (mild decrease in breathing) occurring during entire sleep study is recorded and 

is divided by number of hours of sleep to calculate apnea-hypopnea index (AHI).  AHI scale of 

5-15 events/hour is generally classified as mild apnea, 15-30 events/hour as moderate apnea.  

If AHI is above 30 it is categorized into severe apnea [19]. 

 Treatment of sleep apnea depends on the severity of sleep apnea.  The best 

nonsurgical treatment for moderate to severe sleep apnea is continuous positive airway 

pressure (CPAP) [20].  CPAP delivers air through a mask that fits over nose and in some 

instances mouth and the lowest air pressure which is needed to keep the airway open during 

sleep is used.  Other treatment techniques include changing the sleep position, medications, 

dental appliances and surgical treatment [21].  However, CPAP remains the treatment of 

choice. 
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1.2 Arterial Blood Pressure 

1.2.1 What is Arterial Blood Pressure?     

 Arterial Blood Pressure is the pressure exerted by blood on the arterial wall and 

depends on three main pressures associated with circulatory system: hemodynamic pressure 

(pressure exerted by contraction of heart), kinetic energy (associated with the movement of 

blood along vasculature) and the hydrostatic pressure (proportional to the height of the column 

of blood above or below this hydrostatic indifference level) [3].  An additional major determinant 

of blood pressure is the degree of vasoconstriction of the arterial walls.  The typical blood 

pressure waveform is as shown in Figure 1.1.  

 

Figure 1.1 Typical Blood Pressure Waveform 

The systolic pressure is caused by the contraction of left ventricle and represents the 

maximum arterial pressure following ejection.  Diastolic pressure is the minimum arterial 

pressure when the left ventricle is relaxing and getting filled with blood.  Normal range for 

systolic and diastolic pressure are 120 mmHg and 80 mmHg respectively.  The difference 

between systolic and diastolic pressure is known as the pulse pressure and is usually between 

40-50mmHg.  Mean arterial pressure (MAP) represents the average arterial pressure during the 

entire cycle.   
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1.2.2 High Blood Pressure (Hypertension) 

 Hypertension refers to persistently high arterial pressure with systolic pressure higher 

than 140mmHg and diastolic pressure above 90mmHg.  Hypertension can be divided into 

different stages according to American Heart Association (AHA) and is shown in table 1.1. 

Table 1.1 Stages of Hypertension 

Category Systolic (mmHg) Diastolic (mmHg) 

Hypotension < 90 < 60 

Normal 90 – 120 and 60 – 80 

Prehypertension 121 – 139 or 81 – 89 

Stage 1 
Hypertension 

140 – 159 or 90 – 99 

Stage 2 
Hypertension 

≥ 160 or ≥ 100 

 

According to AHA approximately 73 million people in the Unites States are affected by 

hypertension and one third of people who have hypertension have un-diagnosed symptoms 

until major organ damage occurs and hence hypertension is also known as the 'silent killer ' 

[23].  Hypertension plays a major risk factor in the development of stroke, coronary heart 

disease, kidney failure and impaired vision due to retinal damage [24]. 

1.2.3 Relationship between Hypertension and Sleep Apnea 

 Studies have shown that frequent cessation of breathing during night causes a 

reduction in the blood oxygenation level which in turn activates the sympathetic nervous 

system.  This causes the constriction of blood vessels via stress hormones and nerve signals 

thereby increasing the blood pressure and making it difficult for the heart to pump blood into 

smaller blood vessels [22].  Studies shows that sleep apnea patients have a higher risk of 

developing hypertension compared to healthier population [6].   
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1.3 Study Overview and Organization 

1.3.1 Objective of the Study 

 Given the significance of normal blood pressure for cardiac health and the established 

mediation of sleep apnea in hypertension, the goal of this study is to investigate new 

quantitative measures of blood pressure variation during sleep apnea.  Traditionally, systolic, 

diastolic and mean arterial blood pressures are used to quantify the effect of apnea on blood 

pressure.  The objective of this study is to derive additional metrics from continuously monitored 

blood pressure waveform and examine the efficacy of these measures in quantifying the effect 

of apneas on blood pressure.  Specifically, there are two objectives for this study: 

1. Develop quantitative measures (in addition to the systolic and diastolic blood 

pressures) using continuous blood pressure monitoring during sleep that are 

responsive to the effects of apnea. 

2. Examine the efficacy of the measures in detecting the presence of apnea. 

In order to attain the objective, this study proposed following hypotheses. 

1. Overall hypothesis is that the blood pressure data during sleep apnea are 

significantly different from normal breathing.  

2. The frequency of the apnea episodes and the posture of the apnea subjects can 

influence the blood pressure variations. 

3. Breath hold tolerance is lesser in supine posture compared to sitting posture. 

 For testing this hypothesis, the study was divided into two distinct parts.  In the first part, a 

controlled experiment of simulating sleep apnea is conducted.  Secondly, a sleep study is 

conducted to evaluate the efficacy of the devised measures during the apnea episodes. 
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1.3.2 Thesis Organization 

 Chapter two of this thesis deals with the detailed description of the blood pressure 

monitor used and its principle of operation.  This chapter also explains the experimental set up, 

protocols, subject demographics, development of a signal processing algorithm and the 

significant features extracted from the blood pressure waveform.  Chapter three presents the 

results obtained from statistical analysis such as t-test and ANOVA.  The interpretation and 

significance of the results are given in chapter four.  The conclusions and limitations of this 

study, and the future work are also included in this chapter.    
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Non-invasive Blood Pressure Monitoring-Finapres  

Studies shows that about fifty percent of sleep apnea patients without a previous history 

of hypertension develop high blood pressure within short period of time [6].  Each obstructive 

sleep apnea episode is accompanied by repetitive rises in nocturnal blood pressure which in 

turn may lead to long term hypertension [5, 7].  Blood pressure is traditionally measured by arm 

cuff measurement systems.  Since the blood pressure changes during obstructive sleep apnea 

are extremely rapid, they cannot be completely estimated by intermittent cuff measurement [5].  

One alternative to this standard method is non invasive continuous finger arterial blood pressure 

monitoring based on vascular unloading: Finapres (FINger Arterial PRESsure).  

2.1.1. Principle of Operation 

Finapres is based on pulsatile unloading of finger arteries with the Penaz method [12] 

coupled with photoelectric transmission plethysmography.  In this method an electro-pneumatic 

servo controller generates a pulsating external cuff pressure which is equal and opposite to 

intra-arterial pressure.  This process is known as dynamic or pulsatile unloading of arteries and 

is used to clamp the artery at steady size irrespective of the pulsatile variations in blood flow.  In 

this technique vascular unloading of radial and ulnar digital arteries are used.  The nonpulsating 

diameter of the artery is obtained by using the equation of transmural pressure (Pt), defined as 

the difference between intra arterial pressure (Pa) and external cuff pressure (Pc) and given as 

follows;   

Pt = Pa - Pc  
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As transmural pressure, Pt, increases the arterial wall dilates and as Pt goes to negative the 

arteries constrict due to viscoelasticity [10].  Dynamic unloading of artery is obtained when the 

transmural pressure is zero, as follows:  

Pt=0; 

   i.e; 0= Pa-Pc; 

   i.e; Pa=Pc    

In this condition the blood volume stays constant and the cuff pressure will become equivalent 

to the intra-arterial pressure.  This unloading process of the artery is enabled by the light 

absorbed by the photodiode of the plethysmograph and the variable set point of the servo 

control system.  If the diameter of arteries increases due to increase in blood pressure, more 

light will be absorbed by the blood and less light reaches the photodiode of the plethysmograph, 

thereby decreasing its output to the servo system.  The servo system instantaneously increases 

cuff pressure such that the transmural pressure remains at zero there by allowing the cuff 

pressure to be equivalent to arterial blood pressure [13]. 

2.2 Blood Pressure Monitor  

 The noninvasive Blood Pressure Unit used in this study consists of a touch screen 

monitor, a wrist, module that is worn on the wrist, finger cuffs and a heart reference system that 

can be connected to the wrist unit.  All these units are described in detail in the following 

sections. 

2.2.1 Monitor 

 This study monitored beat to beat blood pressure noninvasively using Nexfin HD 

monitor (BMEYE, Amsterdam, Netherlands).  The Nexfin monitor is portable, easy to use and 

has a touch screen graphical user interface monitor that utilizes the principle of Finapres volume 

clamp method described in section 2.1.1 [14].  The monitor has a color screen displaying beat 

to beat hemodynamic parameters derived from blood pressure waveform including systolic 

pressure, diastolic pressure, mean arterial pressure, pulse rate, stroke volume, cardiac output 
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and systemic vascular resistance.  In this study, we have only used the blood pressure 

waveform generated by the unit. The front side of the monitor has receptacle for wrist unit 

connector and a LED which will be green when monitor is switched on and will be orange when 

monitor is in standby mode.  The right side of the monitor has two USB ports (for transferring 

the stored data from the inbuilt disk of monitor to computer platform or for updating the 

software), an analog port from which analog blood pressure waveform is taken from monitor to 

be stored for future analysis.  The monitor can store about forty two hours of recordings on a 

built in disk and the data can be reviewed offline or be transferred to USB device later.  The 

monitor and the parts are as shown in Figure 2.1.  

 

Figure 2.1 Blood Pressure Monitor 

2.2.2 Finger Cuff  

The finger cuffs employs a photo electric plethysmograph for detecting the blood flow 

and is also equipped with inflatable thin transparent plastic bladder controlled by the wrist unit 

through air hose connector.  A finger cuff unit is as shown in Figure 2.2.  
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Figure 2.2 Finger Cuff Unit 

The photo electric part comprises of an infra red light emitting diode (LED) of 

wavelength 950 nm and an infra red photodiode for detection.  The cuff can be wrapped around 

finger such that LED and photodiode are positioned on the opposite sides of the finger to allow 

optimal signal [10].  The infrared region of electromagnetic spectrum is used since infrared 

absorption by blood is far more sensitive than its absorption by bone and other blood less 

tissues [12].  The LED will illuminate the underlying tissue and the tissue absorption and 

scattering of light takes place.  If the artery is fully open more absorption of light takes place and 

vice versa.  Hence, depending on the amount of light reaching the photodiode, the extent of 

absorption by blood can be determined and hence the relative variations in diameter of the 

artery can be estimated.  The air hose is connected to the cuff on the palm side and it supplies 

uniform pressure around the finger and is controlled by wrist unit.  This is described in detail in 

the succeeding section 2.2.3.  The finger cuffs come in three different sizes depending on the 

finger circumference: small (43-51 mm); medium (51-60 mm) and large (60-71 mm).  

Appropriate selection and application of finger cuff is required for the accurate measurement of 

peripheral arterial blood pressure.   

2.2.3 Wrist Unit 

 The wrist unit comprises the servo control system and the feedback loop for the blood 

pressure monitoring.  The internal elements of this unit are preamplifiers, manometer and air 

valve.  The preamplifier is a differential amplifier which amplifies the difference between the 
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output current from photodiode of finger cuff and a set point level.  This amplified difference is 

given to an adaptive servo controller to drive a proportional valve for modulating the cuff 

pressure at high speed.  The servo controller in turn adjusts the set point such that the 

difference between the photodiode output and set point is zero, thereby unloading the finger 

arteries.  When the set point value is equivalent to the photodiode output, the cuff pressure will 

be equal to the intra arterial pressure [12].   

The wrist unit has receptacles for the air hose connector and the cuff connector from 

the finger cuffs and also outlet for heart rate reference system.  The other end of the wrist unit is 

connected to the front end of Nexfin monitor as shown in Figure 2.8.  The entire unit is worn 

around the wrist of the person throughout the monitoring.  Before applying to the wrist, a wrist 

band with a foam pad is connected to the wrist unit.  The foam pad is placed between the 

subject’s wrist and the wrist unit for providing comfortable application to the wrist.  The pictorial 

representation of wrist unit is as given in Figure 2.3.  

 

Figure 2.3 Wrist Unit 

2.2.4 Heart Reference System 

 The earth’s gravity have a prominent role in creating blood pressure gradients from 

head to lower extremities.  This is known as the hydrostatic effect and depends on the density 

of blood and vertical height of the blood column above or below the hydrostatic indifference 

level.  Hydrostatic pressure will be constant in hydrostatic indifference level and for humans this 

point is located just below the diaphragm [17].  Hence to avoid the gradient changes in blood 
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pressure due to hydrostatic effect during invasive blood pressure measurement or using 

sphygmomanometry the pressure monitoring sensor is kept at heart level.  While using Nexfin 

blood pressure monitor, an integrated heart reference system (HRS) is used to allow accurate 

heart level blood pressure measurement with free movement of hand irrespective of its vertical 

height with respect to the heart.  The heart reference system is as shown in Figure 2.4.   

 

Figure 2.4 Heart Reference System 

The main components of the system are a pressure transducer, a reference transducer at heart 

level and a connector to the wrist unit.  The pressure transducer is wrapped around the middle 

phalanx of finger adjacent to the one on which cuff is applied.  The transducer is placed in such 

a way that both the finger cuff and transducer are at same height.  The reference transducer is 

attached to the subject’s clothes at heart level.  The system monitors both hydrostatic height of 

hand and the pressure changes due to movement and this output is given to the servo controller 

in wrist unit for making necessary hydrostatic corrections to the arterial pressure monitored.  

2.3 Calibration and Measurement  

 Before starting the monitoring of blood pressure, calibration procedures for the heart 

reference system and the physiological calibration for the finger arteries has to be performed for 

a stable and accurate arterial pressure measurement.  The calibration procedures are described 

in this section.  
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2.3.1 HRS Calibration 

 The zero level of heart reference transducer has to be performed to ensure the 

cancellation of hydrostatic effects.  For this the pressure transducer and reference transducer is 

kept at same level and the HRS connector is plugged into the wrist unit.  The monitor is 

switched on and the HRS nulling procedure is activated.  Once the procedure is over, the HRS 

reading will reflect zero when both pressure sensor and reference box are kept at the same 

level.   

2.3.2 In Situ Calibration (Physiocal) 

The arterial blood pressure can be affected by physiological factors like the smooth 

muscle tone which alters the size of artery resulting in errors in the servo controller loop.  Hence 

to correct these errors the monitor uses a technique known as physiological calibration of finger 

or the “Physiocal”.  In this method the shape and amplitude of the plethysmograph signal is 

analyzed at constant cuff pressure intervals and servo loop is recalibrated for the dynamic 

unloading of the artery.  This automatic recalibration takes approximately two to three beats to 

complete and occurs every 10 to 20 seconds during the initial stage of monitoring and as the 

blood volume under the cuff stabilizes, the recalibration occurs at regular intervals of up to 70 

beats [10].  The initial start up and the physiocal calibration is as depicted in Figure 2.5.  
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Figure 2.5 Physiocalibration 

As shown in the above figure the cuff pressure is raised with standardized increments 

such that point of maximum plethysmogram amplitude is reached and then the physiocal is 

applied.  The corresponding pressure is used to set the servo set point and loop is closed for 

finger pressure measurement.  After an interval of about ten beats the loop is opened again to 

set the cuff pressure to half way between systolic and diastolic followed by the closed loop 

pressure measurement.  These calibration intervals are gradually increased up to an elapse of 

70 beats [10].    

2.4 Validation Studies 

Many validation studies have been performed on the Nexfin monitor and one such 

studies has compared blood pressure obtained from Nexfin with auscultatory measurements 

such as Riva Rocci / Korotkoff [14].  This study has found out that Nexfin provides accurate 

pressure measurements with good within-subject precision.  Another study has observed that 
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Nexfin noninvasive monitoring pressure values are similar to invasive radial artery pressure 

during reduced arterial pulsatility [15].  In this study we calibrated our monitor using 

conventional arm auscultation.  The Nexfin finger cuff was applied to left hand of the subject 

and the manometer cuff to the right arm for simultaneous measurement.  It was found that the 

pressure displayed by the Nexfin monitor and the manometer readings were close enough 

(maximum average difference of ± 5 mmHg).  The systolic and diastolic readings differed by an 

average of ± 5 mmHg and ± 2 mmHg respectively.  A limitation of Nexfin monitor is that the 

prolonged application of finger cuff can compromise circulation distal to cuff leading to 

discoloration of finger tip.  

2.5 Subject Demographics  

 A healthy population of 16 volunteer subjects who did not have any known sleep apnea 

disorder or any other cardiac or respiratory disorder were recruited for this study and they 

represent the control group.  Another set of data was collected from sleep apnea patients who 

were undergoing 8 hour polysomnography (except one subject who was subjected to have 

partial Polysomnography) at Sleep Consultants, Inc. (Fort Worth, TX).  The healthy subjects 

were chosen from the students and staff in the Bioengineering Dept. of UTA and were asked 

about their health issues and assured that no subject who participated in study suffered from 

any sleep disorder or cardiac problems.  These subjects were given complete instructions about 

the experiment and signed informed consent.  The data were collected according to the 

protocols which will be described later in section 2.8 of this chapter.  The subject demographics 

for both the groups with corresponding mean and standard deviation (σ) are as shown in Table 

2.1.  The average age, height, weight and BMI for male subjects were 30.11± 5.11 years, 172 ± 

6.86 cm, 77.78 ±17.99 kg, 26.14 ± 4.68 kg/m
2 
and for females corresponding values were 27.57 

4.54 yrs, 158± 4.89 cm, 53.57± 10.78 kg and 21.4± 3.83 kg/m
2
. 
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Table 2.1 Subject Demographics 
 

Subject 

Group 

Gender Age 

(mean ± σ) 

yrs 

Height 

(mean ± σ) 

(cm) 

Weight 

(mean ± σ) 

(kg) 

BMI 

(mean ± σ) 

(kg/m
2
) 

Control 9 M, 7 F 29.00±4.89 165.88±9.23 67.19 ±19.31 24.07±4.84 

Sleep 

Apnea  

4 M, 1 F 53.60±7.40 166.10±6.60 93.00±23.60 33.66±7.27 

 

2.6 Blood Pressure Measurement 

 The measurements were done in a quiet room and subjects refrained from speaking or 

moving during measurements in order to reduce motion artifacts.  Since the subject’s in this 

study didn’t had a preference over the hand on which blood pressure measurement is done, left 

hand was used for all the subjects.  In this chapter, the blood pressure measurement unit, its 

principles of operation, and the process of applying it to a subject is described. 

2.6.1 Finger Cuff Positioning      

 The finger cuff is an important part of the Nexfin monitor and is wrapped around a 

subject's finger to detect arterial blood pressure.  The proper placement of finger cuff is crucial 

to get reliable blood pressure measurement and is done in several steps: 1) An appropriate size 

Nexfin Finger cuff can be applied to any of the larger fingers (middle, index or ring finger).  In 

this study we applied the correct cuff size to the left hand middle finger.  2) The finger cuff is 

centered between the two knuckles (inter phalangeal joints) of the middle phalanx.  3) The 

finger is placed exactly between the optical components (Infra Red Light Emitting Diode and 

infra red Photo detector) of the finger cuff.  4)  The finger cuff is secured with a small Velcro 

strips such that it cannot be twisted or shifted.  5) The cuff connector and the air hose cable 
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from the finger cuff are connected to the respective receptacles in the wrist unit.  Figure 2.6 

shows the connection of finger cuff both to the subject's arm and to wrist unit. 

 

Figure 2.6 Finger Cuff Connection 

2.6.2 Applying Heart Reference System      

 In order to avoid the hydrostatic effect due to the distance of finger from the heart, the 

monitor has a sensor known as the heart reference system.  This allows the subjects to move 

their hands freely and not have to keep them at the heart level.  The heart rate sensor has three 

parts which has been described in detail in section 2.2.4 of this chapter.  Calibration of the heart 

reference system should be done to zero the HRS before attaching the sensor to the subject's 

arm.  The heart reference box of the reference system is attached to the subject's clothes at 

approximately heart level using the clip provided with the device.  The pressure transducer is 

fastened to a finger strap and is wrapped around the middle phalanx of an adjacent finger to 

which the finger cuff is wrapped.  The pressure transducer is placed at the same level as of the 

finger cuff.  The small diameter conduit from the sensor is connected to black connector inlet on 

the wrist unit labeled as 'HRS'.  Figure 2.7 shows the application of Heart Reference System.   
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Figure 2.7 Application of Heart Reference System 

2.6.3 Wrist Unit Placement 

 The wrist unit has to be wrapped around the wrist of the subject and connects to the 

finger cuff and the heart reference system on one side and to the Nexfin monitor on the other 

side.  Before applying the wrist unit to the subject's arm, a wrist band with a form pad and 

Velcro outer surface is attached to the wrist unit and then wrapped around the subject's wrist.  

Next the finger cuff and the heart reference system connectors from the subject's finger are 

inserted into the respective receptacles on the wrist unit.  The wrist unit is connected to the 

Nexfin monitor using a large connector at the end of the wrist unit cable.  The connection of 

wrist unit to the pressure monitor is as shown in Figure 2.8.     
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Figure 2.8 Wrist Unit Connection to Monitor and Finger Cuff 

2.6.4 Commencing Blood Pressure Measurement 

 After the wrist unit is connected, the monitor is switched on and the measurement tab in 

the display is selected.  The subject's ID, gender, age, height and weight are entered into the 

patient data screen.  Each subject is given a unique random identification number to keep the 

anonymity of the person and the number is known only to the people who are named on the IRB 

protocol as research investigators.   After subject’s general demographics entry, the 

measurement screen will appear and by tapping the start button the blood pressure monitoring 

commences.  An automatic recalibration of the unit, called Physiological is performed 

automatically by the unit throughout the experiment at set intervals (approximately every 70 

heart beats, once the signal is stabilized) to preserve the accuracy of the measurement for 

prolonged measurements.  The Physiocalibration was enabled throughout the experiment for 

stable pressure monitoring.  The measured continuous blood pressure waveform from the 

monitor is output to the computer-based data acquisition system through an analog cable 

connected to the Nexfin monitor. 
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2.7 Data Acquisition 

2.7.1 Computer-Based Data Acquisition Unit      

 The analog outputs from all the physiological monitors are given to the Data Acquisition 

Unit (DAQ).  This study used DAQ 6024 E which is a 200 kS/s, 12 Bit, 16 Analog Input 

Multifunction DAQ. It has two 12 bit analog output lines, 8 digital I/O lines, and two 24 bit 

counters manufactured by the National Instruments (Austin, TX). The output from the Nexfin, 

monitor is passed on to a printed circuit board that interfaces with the DAQ called CB-68 LP.  

CB-68 LP is a 64 Pin I/O connector Block which acts as an interface between the monitors and 

DAQ.    The output from CB-68 LP is passed on to the DAQ.   The DAQ and the interface from 

National Instruments are shown below in Figure 2.9.   

 

Figure 2.9 Connector Block and DAQ 

 DAQ digitizes the signals at a sampling frequency of 1 kHz and the output is acquired 

using custom program developed in Lab VIEW 9.0 software.  .  The digitized data from the DAQ 

is stored as .lvm (LABVIEW Measurement) files which can be imported as text file in MATLAB 

for further analysis.   

2.8 Experimental Protocol and Postures for Healthy Subjects  

 In this study the physiological response to apnea were elicited by a series of breath-

hold maneuvers in 16 healthy subjects.  The study followed two different protocols approved by 
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the UTA IRB and these protocols were performed during two different postures of the subject, 

which are described in detail below.  

2.8.1 Simulated Apnea Protocols 

 Two experimental protocols were devised to capture the effect of apnea on blood 

pressure dynamics using breath holds as a method of simulating apnea. The experimental 

protocols differed in duration of breath holds and the time duration between successive breath 

holds. For ease of reference, they were named as Protocol A and Protocol B. Both protocols 

included collecting data from the patient in supine and sitting position. Details of the postures 

are given in the next section.   It is noted that the order of testing subjects under protocol A and 

B was randomized. Additionally, the order of postures assumed by the subjects during each 

protocol testing was also randomized. 

 Protocol A started with at least 60s of normal breathing in either supine or sitting 

position in an air-conditioned room with 75 F temperature at quite environment. During the initial 

period no breath hold maneuver was performed and data was collected to establish a baseline 

of normal blood pressure for the subject.  After the initial baseline data collection, a nose clip 

was placed on the subject’s nostrils and the subject was asked to breath hold (BH) lasting for as 

long as subject can hold breath.  The subject was asked to signal when she/he could no longer 

hold breath. At that point the nose clip was removed and the subject resumed normal breathing, 

while the data collection continued.  90s of normal breathing was permitted before the next 

breath hold maneuver was performed.  Experiment had a total of five breath holds.  Once the 

five breath holds were concluded, the subject resumed normal breathing, but the data recording 

continued for another 60s. A timing diagram for protocol A is as shown below. The design of 

protocol A sought to elicit the physiological responses that may be present when the successive 

apnea episodes occur with enough temporal distance to allow the physiological responses to 

return to baseline or near baseline values. 
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Figure 2.10 Protocol A Timing Diagram 

 Protocol B was similar to Protocol A except for a shorter duration of 30s between 

successive breath hold maneuvers compared to 90s in Protocol A.  Protocol B was used to 

investigate whether a shorter duration between the breath holds will lead to an accumulative 

increase in the physiological response due to repetitive breath holds.  Also this protocol tries to 

mimic sleep apnea condition in which subject may experience recurring apneas with short time 

interval between the successive episodes.  The timing diagram for protocol B is as shown in 

Figure 2.11. 

 

Figure 2.11 Protocol B Timing Diagram 

 In both protocols, the start of breath hold maneuver in the data file was tagged by a 

step voltage that was fed into the DAQ.  Hence, the exact period of breath hold could be readily 

identified in the recorded data.   

2.8.2 Subject Postures  

 As mentioned earlier, both Protocol A and B were conducted with subjects assuming 

the sitting and supine positions in a randomized order.  For the sitting posture tests, the sensors 

were attached to the subject and then the subject sat upright comfortably in a chair, as shown in 

Figure 2.12.  For the supine posture tests, after placing the instruments on the subject, the 
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subject lay down comfortably in an air bed (Fig. 2.13).  Of course, while the supine posture is 

what a great majority of sleep apnea patients may use for sleep, the sitting position was also 

studied, as some sleep apnea patients choose this posture to lessen the number of their apnea 

episode.  

 

Figure 2.12 Sitting Posture of Subject 
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Figure 2.13 Supine Posture of Subject 

2.9 Experimental Set Up For Sleep Apnea Subjects  

 The sleep study is mainly used to detect the sleep apnea and other sleep disorders by 

monitoring the physiological parameters while the subject is asleep.  The test is done mainly as 

eight hour polysomnography.  

2.9.1 Experimental Set Up 

  At Sleep Consultants Inc, the polysomnography was conducted on subjects who have 

been previously diagnosed of having obstructive sleep apnea.  The parameters monitored are 

electroencephalogram (EEG), electro-oculogram (EOG), electromyogram (EMG), oral and nasal 

airflow, chest and abdominal movement, leg movements, snoring, blood oxygen saturation, 

blood pressure, cerebral blood flow and a video monitoring of the subject.  A synchronization 

signal was used for both Sandman software used in sleep lab and the DAQ board to ensure that 

there is no time lag between the data collected on both.   

2.9.2 Apnea Scoring  

  Once the 8 hour data is collected, it is scored by an expert sleep lab technician.  The 

scoring is mainly done to determine the sleep stages and also the occurrence of apneas and 

hypopneas during the sleep.  This file also contains the start time and duration of the stages 
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and apnea events.  Once scoring is done the file is imported to MATLAB software to create 

graphical representation of these stages and events.  The graph is created by assigning a 

certain amplitude value for the sleep stages with Rapid eye movement (REM) stage being the 

lowest value and wake being the highest. Similarly the apneic events are also assigned values 

with central apnea having maximum amplitude.  These values are generated for entire time 

period of the study.  

2.10 Data Processing  

 The raw data obtained from the Labview program has to go through a set of 

preprocessing steps before useful features can be extracted from the waveforms.  The 

preprocessing steps and the features extracted from the waveform are described in detail in this 

chapter.  Initially, the data processing for the simulated sleep apnea study will be presented. It 

will then be followed by a description of the processing the data obtain in polysomnography.  

2.10.1 Clip Preparation and Selection 

 The .lvm files acquired from Labview are visualized using a Graphic User Interface (GUI) 

for the process of clipping the data into segments of normal breathing and breath holds.  The 

GUI can accept .lvm or .mat files and allows user to display four different signals at a time.  The 

data points of interest can be specified by using data cursor in the tool bar on the top of GUI and 

the points can be selected by placing the cursor on top of the point followed by double click.  

Once the starting and ending points are selected the smallest value among the two is chosen as 

the starting point and the data is clipped according to these positions.  The normal breathing 

clips are selected such that clip doesn't have the last 5 seconds preceding the breath hold.  This 

is done to avoid the misleading fluctuations which may happen in the physiological signals due to 

informing the subject about the upcoming breath hold.  Hence for Protocol A which has 90 

seconds in between breath holds, a 30 second clip starting from 55th second till 85th second is 

used and for Protocol B,  which has just 30 seconds interval in between, a 20 second clip from 

5th second till 25th second is used.  For breath hold events, each episode is saved as a separate 
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clip.  Hence, both normal breathing and breath hold episodes are clipped and stored into 

separate Matlab binary files with .mat extension.  

 For clipping the sleep data, the synchronous signal is used to merge the sleep stages 

and apnea information from the Sandman software with the signals collected using the DAQ 

board.  The blood pressure waveform during the period of apnea is clipped in the Matlab GUI.  

The length of the clip depends on the duration of the apnea event and the start and end points 

are determined according to the time stamps corresponding to the beginning and ending of 

apnea. 

2.10.2 Feature Extraction     

  Once the raw data is segmented into normal breathing and breath hold clips and are 

stored in Matlab binary format, these clips are imported into the Matlab software for further 

analysis.  Several designed features are extracted from the clipped waveform for conducting the 

statistical analysis to investigate the efficacy of the features in reflecting the physiological 

response to apnea.  The steps involved in feature extraction are as shown below.   

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14 Flowchart Showing Feature Extraction 
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             The clipped breath holds and normal breathings are imported into MATLAB software 

and are filtered and down-sampled using an eighth order  low pass Chebeshev type 1 filter 

whose cut off frequency is given by the equation 0.8*(Fs/2)/r, where Fs is the sampling 

frequency and r is the down sampling factor (in this study Fs=1000Hz, r = 10).  Hence the cut 

off frequency is obtained as 40 Hz and the filtered signal is down-sampled at a rate of 100Hz.  

This entire process is achieved using inbuilt function in MATLAB known as decimate.  Using the 

decimated signal, a custom-designed program was developed in the MatLab environment to 

detect the peaks and valleys of the blood pressure waveform. Specifically, first a min and max 

array of values are created and each sample of the decimated signal is compared with 

preceding and succeeding point and the larger of them is stored in max array and minimum is 

stored in min array.  This is done for each pulse of the entire waveform and the peaks and 

valleys are detected.  The MATLAB program for this peak detection can be found in appendix A.  

Figure 2.15 shows the peak and valley detection in blood pressure signal.    

 

Figure 2.15 Peak and Valley Detection 
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Once the peaks and valleys are detected, using those values the features are extracted from 

the waveform.  As shown in Figure 2.16, various features extracted are systolic and diastolic 

pressure, mean arterial pressure, pulse pressure, slope of the pressure trend and area under 

the pressure waveform.  .   

 

Figure 2.16 Pressure Signal with Extracted Features 

2.10.3 Significance of Features 

 All the features extracted from the waveform reflect some of the basic characteristics of 

the blood pressure waveform which may be altered by the breath holding events.  The 

explanation and significance of these parameters are given later on in this section.   

 The peak values of the signal represents the systolic blood pressure values where as the 

valleys correspond to the diastolic pressures which are described in detail in chapter 1 under 

section 1.2.1.  Mean arterial pressure (MAP) is derived from systolic and diastolic values and 

represents the average blood pressure in the peripheral arteries.  A minimum MAP of 60mmHg 
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is required to maintain blood perfusion for the organs in the body.  Mean arterial pressure is 

calculated using the equation given below. 

Pmean= 1/3*Psystolic + 2/3*Pdiastolic 

where Pmean represents the mean arterial pressure, Psystolic  is the systolic pressure and Pdiastolic 

 is the diastolic pressure.  The multiplication factor of 2/3 is used for diastolic pressure since the 

2/3 fraction of cardiac cycle is used up for the diastole.  The classic span of MAP is 70-110 

mmHg and can be illustrated as in Figure 2.17    

 

Figure 2.17 Mean Arterial Pressure 

 The amplitude of the blood pressure waveform represents another important parameter 

of the cardiovascular system known as the pulse pressure.  This pulsatile component of blood 

pressure depends on stroke volume and arterial compliance and hence is a good predictor of 

cardiovascular events such as myocardial infarction, strokes etc especially in middle aged to 

older adults [8].  The pulse pressure can be calculated using the equation given below    

PP = Psystolic  -  Pdiastolic 

where PP represents the pulse pressure, Psystolic is the systolic pressure and Pdiastolic is the 

diastolic pressure.  A pulse pressure value of 60 mmHg or above is considered to be clinically 

significant.  

  Next feature analyzed is the area under blood pressure waveform which is proportional 

with the local blood volume in the underlying peripheral tissue [9].  Further, it is proportional to 

the stroke volume and depends on arterial obstruction, vasodilatation etc.  The area is 

estimated for each pulse separately and is evaluated as the cumulative integration of pulse 
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waveform between two diastolic valleys as shown in fig 2.16.  This way area is computed for 

entire blood pressure waveform and is further analyzed for any changes due to breath hold 

events. 

  The slope of the blood pressure trend represents the rate of rise in systolic and diastolic 

pressure values due to physiological changes resulting from simulated apnea.  The slope is 

estimated by fitting a linear line to the systolic pressure values and evaluating the slope of that 

line.  Same procedure is used to find the slope of diastolic pressure as well and is shown in fig 

2.18.  

 

Figure 2.18 Slope of Blood Pressure Trend 

The asterisk marks represents the diastolic values for one breath hold clip. Redline is the linear 

line fit to the data. 

In example shown in Figure 2.18, a linear line with equation y = m*x + c is fitted according to the 

diastolic values and the m value gives slope which is 0.0046 mmHg/s in this case.     

2.11 Statistical Analysis 

  Statistical analysis is carried out to find the find the significance of the features 

extracted and their variations with respect to different breathing stages (breath hold and normal 

breathing), protocols and postures.  In this study we have used Mixed Linear Model for the 
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simulated sleep data due to the inter dependence between the breathing states, protocols and 

postures.  The sleep study data is analyzed using one way ANOVA followed by post hoc 

analysis.  The following sections provide detail description of the statistical approaches used.  

2.11.1 Mixed Linear Model 

  Mixed linear models are used to analyze data sets which are inter-dependent.  In this 

study each breath hold depend on the preceding normal breathing.  Also we have many 

different states and protocols.  Hence a multi level mixed linear model is used to determine the 

effect of variables with one another with in a single level and also cross level interaction effects.  

The model can be expressed as 

Y=β X + γ Z + ε  

Where Y is the vector of observations or the dependent variable, X and Z are matrices of 

regressors used to determine Y, β represents unknown fixed-effects parameters, γ is the 

unknown random-effect parameter and ε is random variable.  This modeling is done using 

PROC MIXED command in Statistical Analysis Software.  In this study the breathing states 

(normal breathing, baseline, breath holds), protocols and position are considered to be the fixed 

effects and interaction between each subject and Sitting A, Sitting B, Supine A, Supine B is 

taken as the random effect.   

2.11.2 Tukey Kramer Analysis 

  Tukey Kramer analysis is a multiple comparison analysis used together with ANOVA 

(Analysis of Covariance) to compare all possible pairs of means.  This analysis corrects for type 

I error which usually occurs during multiple comparisons.  Equation for Tukey Kramer analysis 

is given by  

Qs=Ya-Yb/SE  

Where Ya is the larger mean among the two means compared and Yb is the smaller one, SE is 

the standard error.  The statistical significance in this study is expressed in terms of confidence 

limits which specify the estimated interval for the mean.  This specifies the range in which the 
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true mean value can fall.  Usually a 95 % confidence interval is taken and the values at each 

end of the interval are specified as the confidence limits.  If the confidence interval does not 

overlap zero, then the two means are said to be statistically significant.  
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CHAPTER 3 

RESULTS 

3.1 Simulated Sleep Apnea 

 The extracted parameters are analyzed using statistical methods to obtain their 

significance.  Also, these parameters are studied for sitting and supine postures and frequency 

of apnea as was implemented in protocols A and B, which are described in section 2.8.  These 

two protocols for sitting posture are named as Sitting A and Sitting B for convenience and 

similarly for supine posture.  Sitting A corresponds to protocol A for sitting position and Sitting B 

relates to protocol B for sitting position.  Also the breath hold events are named as BH1, BH2, 

BH3, BH4 and BH5 corresponding to the order of the five breath holds.  Similarly the inter 

breath hold intervals are represented by NB2, NB3, NB4 and NB5.  The Mixed Linear Model 

was used to find the statistical significances and p-value of less than 0.05 (p <0.05) is 

considered to be significant.  The results include baseline comparisons, effect of apnea 

frequency and posture of the subject on blood pressure variations, effect of duration of breath 

holds across postures, and gender effect.   

3.1.1 Overall Blood Pressure Rise during Simulated Apnea 

 The increase of blood pressure during simulated apnea events are as shown in Figure 

3.1.  Figure 3.1 shows the blood pressure during normal breathing followed by a breath hold 

event and succeeded by another normal breathing.   
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Figure 3.1 Blood Pressure Variations during Simulated Apnea 

3.1.2 Baseline Comparisons 

 The blood pressure during the baseline period is compared with simulated apnea 

episodes and also with inter breath hold interval.  These comparisons are made for each 

parameter and across both posture and protocols.   

 3.1.2.1 Systolic Pressure 

 Systolic pressure is an important feature extracted from the blood pressure waveform 

as described in section 2.10.2 and 2.10.3.  The mean systolic pressure along with standard 

deviation for Sitting A, Sitting B, Supine A and Supine B are as shown in Figures 3.2, 3.3, 3.4 

and 3.5 respectively.  In this comparison baseline is compared with both breath holds and inter 

breath hold intervals.   
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Figure 3.2 Mean Systolic Pressure for Sitting A 

 

Figure 3.3 Mean Systolic Pressure for Sitting B 
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Figure 3.4 Mean Systolic Pressure for Supine A 

 

Figure 3.5 Mean Systolic Pressure for Supine B 
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The Mixed Linear Model is used to determine the statistical significance of systolic 

pressure for baseline comparisons and the p-values obtained are as shown below.  P value of 

<0.05 is considered to be significant.   

Table 3.1 p-values for Baseline vs. Breath hold for Systolic Pressure 

 
BL vs BH1 BL vs BH2 BL vs BH3 BL vs BH4 BL vs BH5 

sitting A <0.0001 * <0.0001* <0.0001* 0.0147* <0.0001* 

sitting B <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 

supine A <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 

supine B <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 
 

Table 3.2 p-values for Baseline vs. Normal Breathing for Systolic Pressure 

 
BL vs NB2 BL vs NB3 BL vs NB4 BL vs NB5 

sitting A 0.2749 0.0573 0.0815 0.0423* 

sitting B 0.0378* <0.0001* 0.0003* 0.0017* 

supine A 0.4054 0.204 0.2603 0.2361 

supine B 0.195 0.0017* 0.0051* 0.0062* 
 

3.1.2.2 Diastolic Pressure 

 Diastolic pressure is another important matrix extracted from the blood pressure 

waveform as described in section 2.10.2 and 2.10.3.  The mean diastolic pressure along with 

standard deviation for Sitting A, Sitting B, Supine A and Supine B are as shown in Figures 3.6, 

3.7, 3.8 and 3.9 respectively.  In this comparison baseline is compared with both breath holds 

and inter breath hold intervals.   
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Figure 3.6 Mean Diastolic Pressure for Sitting A 

 

Figure 3.7 Mean Diastolic Pressure for Sitting B 
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Figure 3.8 Mean Diastolic Pressure for Supine A 

 

Figure 3.9 Mean Diastolic Pressure for Supine B 



 

 40 

The Mixed Linear Model is used to determine the statistical significance of diastolic 

pressure for baseline comparisons and the p-values obtained are as shown below.  P value of 

<0.05 is considered to be significant.   

Table 3.3 p-values for Baseline vs. Breath hold for Diastolic Pressure 

 
BL vs BH1 BL vs BH2 BL vs BH3 BL vs BH4 BL vs BH5 

sitting A <0.0001 * <0.0001* <0.0001* 0.0064* <0.0001* 

sitting B <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 

supine A <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 

supine B <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 
 

Table 3.4 p-values for Baseline vs. Normal Breathing for Diastolic Pressure 

 
BL vs NB2 BL vs NB3 BL vs NB4 BL vs NB5 

sitting A 0.2065 0.0225* 0.0317* 0.0038* 

sitting B 0.2994 0.2944 0.8902 0.6361 

supine A 0.7741 0.0492* 0.7888 0.9223 

supine B 0.6675 0.1362 0.3713 0.388 
 

3.1.2.3 Mean Arterial Pressure (MAP) 

 MAP is the next feature extracted from the blood pressure waveform as described in 

section 2.10.2 and 2.10.3.  The mean MAP along with standard deviation for Sitting A, Sitting B, 

Supine A and Supine B are as shown in Figures 3.10, 3.11, 3.12 and 3.13 respectively.  In this 

comparison baseline is compared with both breath holds and inter breath hold intervals.   
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Figure 3.10 Mean MAP for Sitting A 

 

Figure 3.11 Mean MAP for Sitting B 
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Figure 3.12 Mean MAP for Supine A 

 

Figure 3.13 Mean MAP for Supine B 
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The Mixed Linear Model is used to determine the statistical significance of MAP for 

baseline comparisons and the p-values obtained are as shown below.  P value of <0.05 is 

considered to be significant.   

Table 3.5 p-values for Baseline vs. Breath hold for MAP 

 
BL vs BH1 BL vs BH2 BL vs BH3 BL vs BH4 BL vs BH5 

sitting A <0.0001 * <0.0001* <0.0001* 0.0066* <0.0001* 

sitting B <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 

supine A <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 

supine B <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 
 

Table 3.6 p-values for Baseline vs. Normal Breathing for MAP 

 
BL vs NB2 BL vs NB3 BL vs NB4 BL vs NB5 

sitting A 0.2239 0.0322* 0.0507 0.0143* 

sitting B 0.795 0.4447 0.1266 0.3855 

supine A 0.8657 0.08 0.7993 0.6572 

supine B 0.4275 0.0256* 0.0901 0.0732 
 

3.1.2.4 Pulse Pressure  

 Pulse pressure is next important feature extracted from the blood pressure waveform as 

described in section 2.10.2 and 2.10.3.  The mean pulse pressure along with standard deviation 

for Sitting A, Sitting B, Supine A and Supine B are as shown in Figures 3.14, 3.15, 3.16 and 

3.17 respectively.  In this comparison baseline is compared with both breath holds and inter 

breath hold intervals.   
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Figure 3.14 Mean Pulse Pressure for Sitting A 

 

Figure 3.15 Mean Pulse Pressure for Sitting B 
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Figure 3.16 Mean Pulse Pressure for Supine A 

 

Figure 3.17 Mean Pulse Pressure for Supine B 
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The Mixed Linear Model is used to determine the statistical significance of pulse 

pressure for baseline comparisons and the p-values obtained are as shown below.  P value of 

<0.05 is considered to be significant.   

Table 3.7 p-values for Baseline vs. Breath hold for Pulse Pressure 

 
BL vs BH1 BL vs BH2 BL vs BH3 BL vs BH4 BL vs BH5 

sitting A 0.0042* 0.0506 0.6013 0.4067 0.5849 

sitting B 0.0647 0.0097* 0.0039* 0.0100* 0.0188* 

supine A 0.003* 0.0003* 0.0002* 0.0011* 0.0003* 

supine B 0.0163* 0.0045* 0.0009* 0.0002* 0.0025* 
 

Table 3.8 p-values for Baseline vs. Normal Breathing for Pulse Pressure 

 
BL vs NB2 BL vs NB3 BL vs NB4 BL vs NB5 

sitting A 0.5038 0.3184 0.3333 0.3378 

sitting B <0.0001* <0.0001* <0.0001* <0.0001* 

supine A 0.1052 0.6155 0.0592 0.1386 

supine B 0.1351 0.0019* 0.0002* 0.0003* 
 

3.1.2.5 Area under Pressure Waveform  

 Area is another important feature extracted from the blood pressure waveform as 

described in section 2.10.2 and 2.10.3.  The mean area along with standard deviation for Sitting 

A, Sitting B, Supine A and Supine B are as shown in Figures 3.18, 3.19, 3.20 and 3.21 

respectively.  In this comparison baseline is compared with both breath holds and inter breath 

hold intervals.   
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Figure 3.18 Mean Area for Sitting A 

 

Figure 3.19 Mean Area for Sitting B 
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Figure 3.20 Mean Area for Supine A 

 

Figure 3.21 Mean Area for Supine B 
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The Mixed Linear Model is used to determine the statistical significance of area for 

baseline comparisons and the p-values obtained are as shown below.  P value of <0.05 is 

considered to be significant.   

Table 3.9 p-values for Baseline vs. Breath hold for Area 

 
BL vs BH1 BL vs BH2 BL vs BH3 BL vs BH4 BL vs BH5 

sitting A <0.0001 * <0.0001* <0.0001* <0.0001* <0.0001* 

sitting B <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 

supine A <0.0001* <0.0001* <0.0001* <0.0001* <0.0001* 

supine B 0.0018* 0.0001* <0.0001* 0.0002* 0.0008* 
 

Table 3.10 p-values for Baseline vs. Normal Breathing for Area 

 
BL vs NB2 BL vs NB3 BL vs NB4 BL vs NB5 

sitting A 0.1751 0.1688 0.3386 0.5061 

sitting B 0.6804 0.9296 0.1648 0.4375 

supine A 0.0837 0.311 0.1971 0.0488* 

supine B 0.3792 0.2341 0.2544 0.4002 
 

3.1.2.6 Systolic Slope 

 The rate of rise of systolic pressure or the slope of systolic pressure is an important 

feature extracted from the blood pressure waveform as described in section 2.10.2 and 2.10.3.  

The mean systolic slope along with standard deviation for Sitting A, Sitting B, Supine A and 

Supine B are as shown in Figures 3.22, 3.23, 3.24 and 3.25 respectively.  In this comparison 

baseline is compared with both breath holds and inter breath hold intervals.   
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Figure 3.22 Mean Systolic Slope for Sitting A 

 

Figure 3.23 Mean Systolic Slope for Sitting B 
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Figure 3.24 Mean Systolic Slope for Supine A 

 

Figure 3.25 Mean Systolic Slope for Supine B 
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The Mixed Linear Model is used to determine the statistical significance of systolic 

slope for baseline comparisons and the p-values obtained are as shown below.  P value of 

<0.05 is considered to be significant.   

Table 3.11 p-values for Baseline vs. Breath hold for Systolic Slope 

 
BL vs BH1 BL vs BH2 BL vs BH3 BL vs BH4 BL vs BH5 

sitting A <0.0001 * <0.0001* <0.0001* <0.0001* <0.0001* 

sitting B <0.0001* <0.0001* <0.0001* 0.0003* <0.0001* 

supine A 0.0307* 0.0001* <0.0001* 0.0071* 0.0081* 

supine B 0.0170* 0.0008* 0.0029* 0.0022* 0.0013* 
 

Table 3.12 p-values for Baseline vs. Normal Breathing for Systolic Slope 

 
BL vs NB2 BL vs NB3 BL vs NB4 BL vs NB5 

sitting A 0.4414 0.5369 0.0091* 0.6916 

sitting B <0.0001* <0.0001* <0.0001* <0.0001* 

supine A 0.57 0.4728 0.0257* 0.3429 

supine B <0.0001* <0.0001* <0.0001* <0.0001* 
 

3.1.2.7 Diastolic Slope 

 The rate of rise or the slope of diastolic pressure is an important feature extracted from 

the blood pressure waveform as described in section 2.10.2 and 2.10.3.  The mean diastolic 

slope along with standard deviation for Sitting A, Sitting B, Supine A and Supine B are as shown 

in Figures 3.26, 3.27, 3.28 and 3.29 respectively.  In this comparison baseline is compared with 

both breath holds and inter breath hold intervals.   



 

 53 

 

Figure 3.26 Mean Diastolic Slope for Sitting A 

 

Figure 3.27 Mean Diastolic Slope for Sitting B 
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Figure 3.28 Mean Diastolic Slope for Supine A 

 

Figure 3.29 Mean Diastolic Slope for Supine B 
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The Mixed Linear Model is used to determine the statistical significance of diastolic 

slope for baseline comparisons and the p-values obtained are as shown below.  P value of 

<0.05 is considered to be significant.   

Table 3.13 p-values for Baseline vs. Breath hold for Diastolic Slope 

 
BL vs BH1 BL vs BH2 BL vs BH3 BL vs BH4 BL vs BH5 

sitting A <0.0001 * <0.0001* <0.0001* <0.0001* <0.0001* 

sitting B 0.0012* <0.0001* <0.0001* <0.0001* <0.0001* 

supine A 0.0136* <0.0001* 0.0007* 0.0045* 0.0006* 

supine B 0.0114* 0.0002* 0.0013* 0.0012* 0.0010* 
 

Table 3.14 p-values for Baseline vs. Normal Breathing for Diastolic Slope 

 
BL vs NB2 BL vs NB3 BL vs NB4 BL vs NB5 

sitting A 0.5427 0.7874 0.2931 0.7797 

sitting B 0.0003* <0.0001* <0.0001* <0.0001* 

supine A 0.187 0.0392* 0.0056* 0.0289* 

supine B <0.0001* <0.0001* <0.0001* <0.0001* 
 

3.1.3 Effect of Posture and Apnea Frequency on Blood Pressure 

To determine effect of subject’s posture and frequency of apnea, comparisons were 

made across sitting and supine postures and across protocol A and protocol B.  These 

comparisons were done for all the parameters and the results obtained are as shown below.   

 3.1.3.1 Systolic Pressure 

 The protocol and posture effect on mean systolic blood pressure is as shown in Figure 

3.30 and 3.31.   
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Figure 3.30 Posture Effect on Systolic Pressure 

 

Figure 3.31 Protocol Effect on Systolic Pressure 
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The mixed linear model is used to determine the statistical analysis of the protocol and 

posture effect and the resulting p-values are as shown below.  P-value of <0.05 is considered to 

be significant and is marked with asterisks. 

Table 3.15 p-values for Protocol and Posture Effect on Systolic Pressure  

 

Sit A vs. Sit 
B 

Sup A vs Sup 
B 

Sit A vs. Sup 
A 

Sit B vs. Sup 
B 

BL 0.1668 0.9059 0.1052 0.6169 

BH1 0.6863 0.9584 0.1852 0.2112 

BH2 0.7323 0.6647 0.4342 0.6508 

BH3 0.7517 0.7214 0.6244 0.5161 

BH4 0.7608 0.9235 0.5384 0.6899 

BH5 0.5914 0.8545 0.5858 0.7941 

NB2 0.9197 0.6055 0.2897 0.6005 

NB3 0.3864 0.0769 0.2485 0.8098 

NB4 0.1895 0.2491 0.6504 0.3736 

NB5 0.3213 0.2741 0.7062 0.8527 
 

3.1.3.2 Diastolic Pressure 

 The protocol and posture effect on mean diastolic blood pressure is as shown in Figure 

3.32 and 3.33.   

 

Figure 3.32 Posture Effect on Diastolic Pressure 
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Figure 3.33 Protocol Effect on Diastolic Pressure 

The mixed linear model is used to determine the statistical analysis of the protocol and 

posture effect and the resulting p-values are as shown below.  P-value of <0.05 is considered to 

be significant and is marked with asterisks. 

Table 3.16 p-values for Protocol and Posture Effect on Diastolic Pressure  

 
Sit A vs. Sit B Sup A vs Sup B Sit A vs. Sup A Sit B vs. Sup B 

BL 0.1357 0.7405 0.1496 0.5862 

BH1 0.9667 0.9287 0.0575 0.0250* 

BH2 0.9602 0.84777 0.177 0.1278 

BH3 0.6282 0.9356 0.1755 0.3215 

BH4 0.8583 0.8659 0.4527 0.4707 

BH5 0.3765 0.9491 0.3452 0.8533 

NB2 0.1723 0.9772 0.2737 0.7058 

NB3 0.4809 0.3407 0.3134 0.5201 

NB4 0.7433 0.7758 0.6428 0.886 

NB5 0.642 0.8611 0.734 0.7795 
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3.1.3.3 Mean Arterial Pressure (MAP) 

 The protocol and posture effect on mean MAP is as shown in Figure 3.34 and 3.35.   

 

Figure 3.34 Posture Effect on MAP 

 

Figure 3.35 Protocol Effect on MAP 
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The mixed linear model is used to determine the statistical analysis of the protocol and 

posture effect and the resulting p-values are as shown below.  P-value of <0.05 is considered to 

be significant and is marked with asterisks. 

Table 3.17 p-values for Protocol and Posture Effect on MAP  

 
Sit A vs. Sit B Sup A vs Sup B Sit A vs. Sup A Sit B vs. Sup B 

BL 0.1311 0.7786 0.1202 0.5472 

BH1 0.801 0.9819 0.0878 0.0474* 

BH2 0.8478 0.7476 0.2434 0.1685 

BH3 0.6725 0.8199 0.3276 0.3675 

BH4 0.8118 0.8971 0.4473 0.5341 

BH5 0.4369 0.913 0.4226 0.8194 

NB2 0.4554 0.846 0.263 0.8973 

NB3 0.9463 0.1974 0.2539 0.8392 

NB4 0.6691 0.5216 0.6298 0.7 

NB5 0.8503 0.538 0.6999 0.931 
 

3.1.3.4 Pulse Pressure 

 The protocol and posture effect on mean pulse pressure is as shown in Figure 3.36 and 

3.37.   

 

Figure 3.36 Posture Effect on Pulse Pressure 
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Figure 3.37 Protocol Effect on Pulse Pressure 

The mixed linear model is used to determine the statistical analysis of the protocol and 

posture effect and the resulting p-values are as shown below.  P-value of <0.05 is considered to 

be significant and is marked with asterisks. 

Table 3.18 p-values for Protocol and Posture Effect on Pulse Pressure  

 
Sit A vs. Sit B Sup A vs Sup B Sit A vs. Sup A Sit B vs. Sup B 

BL 0.4778 0.9804 0.2722 0.7069 

BH1 0.5702 0.9156 0.5271 0.8681 

BH2 0.7224 0.6998 0.8229 0.8046 

BH3 0.9497 0.6793 0.8789 0.8371 

BH4 0.8476 0.9936 0.7742 0.9364 

BH5 0.9688 0.8954 0.9635 0.8835 

NB2 0.3143 0.6705 0.5441 0.3252 

NB3 0.1936 0.1855 0.4323 0.406 

NB4 0.0588 0.2814 0.7774 0.2041 

NB5 0.1687 0.1929 0.7724 0.6991 
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3.1.3.5 Area under Blood Pressure  

 The protocol and posture effect on mean area is as shown in Figure 3.38 and 3.39.   

 

Figure 3.38 Posture Effect on Area 

 

Figure 3.39 Protocol Effect on Area 
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The mixed linear model is used to determine the statistical analysis of the protocol and 

posture effect and the resulting p-values are as shown below.  P-value of <0.05 is considered to 

be significant and is marked with asterisks. 

Table 3.19 p-values for Protocol and Posture Effect on Area 

 
Sit A vs. Sit B Sup A vs Sup B Sit A vs. Sup A Sit B vs. Sup B 

BL 0.9395 0.7018 0.961 0.7932 

BH1 0.6784 0.7849 0.6924 0.766 

BH2 0.9765 0.6021 0.9001 0.6884 

BH3 0.8636 0.6167 0.8604 0.6357 

BH4 0.9124 0.8604 0.681 0.6927 

BH5 0.818 0.863 0.6452 0.9502 

NB2 0.9252 0.9014 0.8485 0.7426 

NB3 0.6224 0.7096 0.3843 0.4151 

NB4 0.779 0.8065 0.4567 0.19 

NB5 0.6484 0.9108 0.6259 0.4454 
 

3.1.3.6 Systolic Slope 

 The protocol and posture effect on mean systolic slope is as shown in Figure 3.40 and 

3.41.   

 

Figure 3.40 Posture Effect on Systolic Slope 
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Figure 3.41 Protocol Effect on Systolic Slope 

The mixed linear model is used to determine the statistical analysis of the protocol and 

posture effect and the resulting p-values are as shown below.  P-value of <0.05 is considered to 

be significant and is marked with asterisks. 

Table 3.20 p-values for Protocol and Posture Effect on Systolic Slope 

 
Sit A vs. Sit B Sup A vs Sup B Sit A vs. Sup A Sit B vs. Sup B 

BL 0.5887 0.1791 0.076 0.5026 

BH1 0.0264* 0.7578 0.0666 0.694 

BH2 0.7374 0.133 0.4206 0.6683 

BH3 0.4041 0.7785 0.6006 0.5594 

BH4 0.8102 0.6764 0.5329 0.3658 

BH5 0.7428 0.1044 0.7618 0.1918 

NB2 <0.0001* <0.0001* 0.1957 0.6681 

NB3 <0.0001* <0.0001* 0.2761 0.342 

NB4 <0.0001* <0.0001* 0.0036* 0.4529 

NB5 <0.0001* <0.0001* 0.8012 0.4981 
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3.1.3.7 Diastolic Slope 

 The protocol and posture effect on mean diastolic slope is as shown in Figure 3.42 and 

3.43.   

 

Figure 3.42 Posture Effect on Diastolic Slope 

 

Figure 3.43 Protocol Effect on Diastolic Slope 
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The mixed linear model is used to determine the statistical analysis of the protocol and 

posture effect and the resulting p-values are as shown below.  P-value of <0.05 is considered to 

be significant and is marked with asterisks. 

Table 3.21 p-values for Protocol and Posture Effect on Diastolic Slope 

 
Sit A vs. Sit B Sup A vs Sup B Sit A vs. Sup A Sit B vs. Sup B 

BL 0.5829 0.1447 0.0477* 0.4047 

BH1 0.0369* 0.8562 0.0313* 0.9694 

BH2 0.6389 0.0442* 0.1185 0.9251 

BH3 0.4309 0.5326 0.2941 0.3946 

BH4 0.2424 0.5439 0.7521 0.9714 

BH5 0.2884 0.1999 0.8337 0.778 

NB2 0.0001* <0.0001* 0.5854 0.7048 

NB3 <0.0001* <0.0001* 0.8801 0.2153 

NB4 <0.0001* <0.0001* 0.0261* 0.2471 

NB5 <0.0001* <0.0001* 0.5901 0.9693 
 

3.1.4 Effect of Posture and Protocol on Breath hold Duration 

The mean breath hold duration for protocols and positions along with their standard 

deviation are as shown in Figures 3.44 and 3.35.   

 

Figure 3.44 Comparisons of Duration during Sitting and Supine positions 
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Figure 3.45 Comparisons of Duration during Protocol A and Protocol B 

The p value obtained from Mixed linear model is as given in Table 3.22.  

Table 3.22 Comparison of Duration across Protocols and Postures  

 Sit A Vs Sit B Sup A Vs Sup B Sit A Vs Sup A Sit B Vs Sup B 

BH1 0.4692 0.9300 0.5119 0.9898 

BH2 0.4338 0.4474 0.6862 0.7471 

BH3 0.2430 0.4398 0.7851 0.6834 

BH4 0.3931 0.7232 0.7421 0.4146 

BH5 0.5389          0.6420 0.6331 0.5480 
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3.1.5 Gender Effect on Blood Pressure Features 

The p value obtained from Mixed linear model is as given in Table 3.23. 

Table 3.23 Effect of Gender on Extracted Features  

systolic <0.0001* 

diastolic <0.0001* 

MAP <0.0001* 

pulse pressure 0.0002* 

area 0.0148* 

sys-slope 0.8479 

dia slope 0.7828 
 

3.2 Sleep Apnea 

 In order to validate the simulated sleep apnea results obtained, sleep study was 

conducted and statistical analysis of same features from blood pressure is carried out.  The 

sleep data was classified into normal breathing, apnea and hypopnea events.  One way ANOVA 

followed by post hoc analysis by Tukey Kramer method is used to test the statistical significance 

and the results are given in the following sections.  The mean along with standard deviation of 

each parameter, for the three events are as shown below.  
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Figure 3.46 Mean Systolic Pressure for Sleep Study 

 

Figure 3.47 Mean Diastolic Pressure for Sleep Study 
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Figure 3.48 Mean MAP for Sleep Study 

 

Figure 3.49 Mean Pulse Pressure for Sleep Study 
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Figure 3.50 Mean Area under Pressure Waveform for Sleep Study 

 

 

Figure 3.51 Mean Systolic Slope for Sleep Study 
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Figure 3.52 Mean Diastolic Slope for Sleep Study 

 

 One way ANOVA was conducted to test the significance between normal breathing, 

hypopnea and apnea events and this test was followed by Tukey Kramer pair wise 

comparisons.  The p- values obtained are summarized in Table 3.24.  Significant features are 

marked by asteriks under the significance column.   

  

 

 

 

 

 

 

 

 

 

 

 



 

 73 

Table 3.24 ANOVA Results for Sleep Study 
 

Features 
State 

Comparison LSMEANS  

TUKEY KRAMER    

METHOD 
Significance 

    p-value 95 % Confidence Limits   

Systolic 

Pressure 

  

  

Normal Breathing vs. 

Apnea <0.0001 0.0257 0.0437 *** 

Normal Breathing vs. 

Hypopnea <0.0001 0.0160 0.0335 *** 

Apnea vs. Hypopnea <0.0001 0.0507 0.0683 *** 

Diastolic 

Pressure 

  

  

Normal Breathing vs. 

Apnea <0.0001 0.0084 0.0181 *** 

Normal Breathing vs. 

Hypopnea 0.0086 0.0006 0.0100 *** 

Apnea vs. Hypopnea <0.0001 0.0138 0.0233 *** 

 

MAP 

  

  

Normal Breathing vs. 

Apnea <0.0001 0.0143 0.0259 *** 

Normal Breathing vs. 

Hypopnea <0.0001 0.0073 0.0185 *** 

Apnea vs. Hypopnea <0.0001 0.0274 0.0387 *** 

Pulse 

Pressure 

  

  

Normal Breathing vs. 

Apnea <0.0001 0.0159 0.0295 *** 

Normal Breathing vs. 

Hypopnea <0.0001 0.0140 0.0272 *** 

Apnea vs. Hypopnea <0.0001 0.0366 0.0500 *** 

 

Area 

  

  

Normal Breathing vs. 

Apnea <0.0001 1.4670 3.7324 *** 

Normal Breathing vs. 

Hypopnea <0.0001 1.2171 3.4088 *** 

Apnea vs. Hypopnea 0.5442 -0.8215 1.3950 NS 

Systolic 

Slope 

  

  

Normal Breathing vs. 

Apnea <0.0001 0.0049 0.0085 *** 

Normal Breathing vs. 

Hypopnea 0.0519 -0.0003 0.0033 NS 

Apnea vs. Hypopnea <0.0001 0.0034 0.0070 *** 

Diastolic 

Slope 

  

  

Normal Breathing vs. 

Apnea <0.0001 0.0030 0.0054 *** 

Normal Breathing vs. 

Hypopnea 0.0656 -0.0020 0.0002 NS 

Apnea vs. Hypopnea <0.0001 0.0022 0.0044 *** 
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CHAPTER 4 

DISCUSSION AND CONCLUSION 

4.1 Simulated Sleep Apnea 

 During the statistical analysis of simulated apnea episodes, many of the devised 

metrics were found to be responsive or sensitive to simulated apnea.  These features can shed 

light into the various physiological changes occurring due to the simulated apnea.  This chapter 

deals with the interpretation and significance of the results explained in chapter 3.   

4.1.1 Baseline Comparison 

 A baseline of 60 seconds was allowed before the initiation of breath hold episodes.  The 

blood pressure features during baseline is compared with all the five breath holds and inter-

breath hold intervals.  Mixed Linear Model is used to perform the statistical analysis for baseline 

comparisons since this model is very powerful when experimental data consists of repetitive 

measurements on same features and inter dependence of data.  In this study, since the breath 

holds and normal breathings are dependent on each other as well as there is an interaction 

between protocol and position of subject this model is well appropriate for this study. 

From the baseline comparison for Sitting A given in Table 3.1 to Table 3.14, it is shown 

that the p values obtained from baseline vs. breath hold analysis were significant for all features 

(systolic pressure, diastolic pressure, MAP, Area under pressure waveform, systolic and 

diastolic slope) except for pulse pressure.  Hence, the result shows that all the features except 

pulse pressure are affected by the simulated breath holds.  Alternatively, it can be said that it is 

responsive to apnea effects.   The increase in systolic, diastolic and MAP values may be due to 

the fact that as the as Oxygen saturation reduces and CO2 builds up in the body, sympathetic 

nervous system is activated.  This constricts the blood vessels there by increasing the blood 
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pressure in peripheral arteries.  The increase in area of blood pressure waveform may be as a 

result of increase in the amplitude or diastole to diastole interval (width of pressure waveform).  

Its observed that during the simulated apnea events the heart rate slows down which can 

increase the width of the pressure waveform there by contributing to the rise in area.  The 

significance difference in slope of systolic and diastolic pressure is as expected since there is 

an elevation of blood pressure during simulated apnea events.  When inter breath hold intervals 

were compared with baseline, diastolic pressure seems to be significantly different from NB3 

onwards, whereas all other features were not.  This may be due to the fact that the inter breath 

hold intervals may not have been sufficient for the diastolic values to return to its baseline 

values.  But for other parameters this 90 second interval was found to be sufficient to return to 

their original levels.   

For sitting B, all features turned out to be significant for breath hold and baseline 

comparison.  This significance may be due to the activity of sympathetic system which rises 

blood pressure thereby increasing other features like area, pulse pressure and slope.  Slowing 

down of heart rate may also contribute for the significance difference in area.  The pulse 

pressure variations may be due to increased stroke volume by the heart to meet up the 

metabolic demands of body during breath holds.  Also from the normal breathing and baseline 

comparison it’s clear that systolic pressure, pulse pressure and the slope of systolic and 

diastolic trends did not recover from the effect of breath holds.  Hence this short inter breath 

interval was not sufficient for all these values to return to its baseline levels.  

Supine A and Supine B also showed prominent difference in all the features extracted 

when breath holds were compared with baseline.  For supine position the 90 second inter 

breath hold interval proved to be sufficient for features to come back to their baseline values 

and hence the p values were not significant for normal breathing vs. baseline comparison.  

Supine B shows similar results to that of Sitting B, where the shorter duration of 30 seconds 

interval between breath holds was not adequate for systolic pressure, pulse pressure and the 
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systolic and diastolic slope to revert back to its normal values.  Hence the frequency of apnea 

episodes has an effect on these matrices.   

4.1.2 Effect of Posture and Frequency of Apnea 

 In order to investigate whether the time duration between the breath holds and the 

posture of subject has any effect on the blood pressure variations, the comparisons are made 

across the protocols and postures.  The breath hold events and the normal breathing events are 

compared across protocol A and protocol B for both sitting and supine positions of the subject 

and also across Supine and Sitting posture.  The results obtained from mixed linear model are 

summarized in table 3.15 to 3.21 in section 3.1.3.  From the p values, it is shown that the 

protocol had an effect on the systolic and diastolic slopes.  In protocol A when there was longer 

time duration between breath holds, these slopes can return to normal values where as during 

the 30 second interval in protocol B, before the slope return to normal level the next breath hold 

is initiated.  Hence this may lead to an increased slope during protocol B compared to that of 

protocol A.  This leads to suggestion that rate of rise of systolic and diastolic pressures are 

affected most by the frequency of apnea episodes.   

 Due to the hydrostatic effect on cardiovascular system we expected that the blood 

pressure variations during sitting and supine posture to be different [17].   However, the p-

values obtained from mixed linear model were not significant for postures in this study.  This 

suggests that the rise in blood pressure during supine position would have been same as that of 

sitting position.  The carotid sinus reflex regulates the hydrostatic effects on blood pressure due 

to variations in postures [25].  If this reflex is inactive there will not be any gravity effects on 

blood pressure.  Another reason may be that the autonomic regulation of blood pressure may 

compensate for the blood pressure variations resulting from posture.  

4.1.3 Effect of Posture and Protocol on Breath Hold Duration 

 Mixed linear model is used to find the statistical significance of posture and protocol 

effect on the breath hold duration.  The p values are summarized in Table 3.22.  From the p 
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values it can be observed that the breath hold duration was independent of the protocols and 

postures.  Since breath hold duration depends on the lung capacity, it can be suggested that the 

young healthy subjects who participated in the study had larger lung capacity regardless of the 

body posture or protocols.   

4.1.4 Gender Effect 

 The effect of gender on the blood pressure is summarized in Table 3.23.  As seen from 

p values all features except the slope of systolic and diastolic pressures are influenced by the 

gender.  Many researches have been done on this field and it has been shown that the blood 

pressure in younger men is higher compared to women of same age group [16].   This is 

observed in our study also since we found a significant difference for the blood pressure 

features across genders.  However the rate of rise of pressure was proved to be independent of 

gender according to our study.  

  

4.2 Sleep Apnea 

 The sleep data collected from five subjects undergoing polysomnography were 

analyzed for statistical significance.  The sleep data was categorized into three event groups: 

normal breathing (when the subject is breathing normally), apnea event corresponding to the 

airway obstruction and hypopnea which represents the partial closure of airway.  All the blood 

pressure features are compared across these three groups using one way ANOVA followed by 

Tukey Kramer analysis.  The p values obtained are given in Table 3.24.  The graphs in section 

3.2 show the mean and standard deviation of various features during these three stages.   

From the p value table it was clear that for normal breathing vs. apnea, all the metrics 

were highly significant.  This means that blood pressure is affected by apnea episodes.  As 

expected there is a rise in blood pressure during apnea episodes due to increased CO2 and 

consequent autonomic control of blood pressure.  This increase in systolic and diastolic values 

will contribute to a higher mean arterial pressure in peripheral arteries.  Also the rise in these 
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pressure values lead to increase in pulse pressure.  The rise in blood pressure together with 

slow heart rate due to vagus nerve activity can affect the area under the pressure waveform.  

Since the pressure is almost stable during normal breathing periods there will not be any 

prominent rise in blood pressure; whereas due to elevated pressure levels during apnea 

episodes the rate of rise or slope of pressure trend will be different from baseline. 

For hypopnea comparisons with normal breathing, it was observed that except systolic 

and diastolic slope, all other features were significantly different.  This suggests that even partial 

occlusion of airway can activate the sympathetic rise of blood pressure.  But the overall rise in 

pressure may not be as high compared to apnea event due to the fact that drop in oxygen 

saturation and consequently carbon dioxide build up is less during hypopnea.  This is evident 

from the fact that slopes or rate of rise in systolic and diastolic values are not significantly 

different compared to normal breathing.  In apnea there may be steep rise in pressure due to 

complete obstruction; but this steepness of slope is not prominent in hypopnea.   

To understand the differences between complete airway occlusion and partial 

obstruction, apnea events were compared with hypopnea events and the results indicate that 

the degree of obstruction has an effect on the blood pressure features except for area which did 

not show any significant difference.  In hypopnea, since the airway is only partially occluded, 

there may be some amount of oxygen reaching the lungs where as in apnea this is absent.  

Hence the drop in O2 saturation and consequently CO2 build up will be more in apnea 

contributing to stronger activation of chemoreceptors which in turn activates sympathetic 

nervous system resulting in high blood pressure.  However in this study, area was found to be 

insignificant between apnea and hypopnea.  This may be due to fact that increase in area due 

to air way occlusion may be same in both apnea and hypopnea regardless of the degree of 

closure.  
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4.2.1 Comparison of Sleep Apnea with Simulated Apnea 

In sleep apnea the p-values (Table 3.24) showed significance of blood pressure 

variations during apnea events compared to normal breathing.  This finding validates the 

simulated apnea result that there is a significant difference between breath holds and baseline.  

Also the all the features which were significant during simulated study turned out to be 

significant during sleep data.  Hence in addition to traditionally used metrics (systolic, diastolic 

and MAP), area under the pressure waveform, pulse pressure and rate of rise in pressure can 

also be used to determine an apnea event and in turn can be used to determine the efficacy of 

apnea treatments. 

4.3 Conclusion 

 From the results and discussions presented in chapter 3 and 4, it has been observed 

that in addition to the traditional features such as systolic, diastolic and mean arterial pressure, 

there are new metrics which can be used for quantifying the blood pressure variations arising 

from sleep apnea.  Some of them are area under the blood pressure waveform, pulse pressure, 

and rate of rise in systolic and diastolic pressures.  All these parameters proved to be very 

sensitive to apnea events regardless of the protocols and postures.  The efficacies of these 

metrics are evaluated during the real apnea episodes and the findings validate the simulated 

apnea results.  Also it has been noted that when the time interval between the apnea episodes 

are less (as in protocol B), the slope or the rate of rise in systolic and diastolic values can be a 

useful feature for evaluating the cardiovascular effects of sleep apnea.  But there was no 

significant posture effect on these metrics.  Also the posture and frequency of apnea episodes 

did not play a major role in controlling the breath hold durations.  Our study shows that blood 

pressure variations can significantly differ depending on the male or female gender.  

4.4 Limitation of Study 

  One of the major limitations of the study was that the simulated apnea episodes were 

done in young healthy subjects whose physiological conditions will be different from the middle 
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aged and older population suffering from sleep apnea.  Also the study was performed on awake 

subjects and hence the physiological response obtained from simulated apnea studies may not 

be sufficient to completely mimic the real sleep apnea responses.  Another limitation is, for 

simulated study we have used breath holding technique to replicate sleep apnea.  Breath 

holding is a voluntary action which the individual is well aware off and this can affect the 

physiological response elicited.  This is in contrast to the involuntarily controlled airway closure 

during sleep apnea.  Hence responses in simulated study may not be exactly same as during a 

real apnea episode.  One further factor is that we have done sleep study on small population of 

apnea patients.  To provide an accurate validation of simulated apnea results, comparison with 

larger population of apnea patients is required.   
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APPENDIX A 

 
 

MATLAB CODE FOR PEAK AND VALLEY DETECTION 
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clear all; 
close all; 
clc; 

  
% LOADING THE FILE AND PLOTTING THE SIGNAL  

  
A=load('C:\Documents and Settings\rxa9331\Desktop\new 

clippings(04092010)\1986\1986_sitting_proto_A\1986_10-02-

01_1905_bh1.mat'); 
time=A.savedata(:,1); 
x=A.savedata(:,8); 
sync=A.savedata(:,6); 
figure 
plot(time,x) 
hold on 
plot(time,sync) 
hold off 
title('7645-bh1-sitting A'); 
xlabel('time in secs'); 
ylabel('pressure (*100mmHg'); 

  

  
% DECIMATION AND FILTERING OF THE SIGNAL  

  
d1=decimate(x,10); 
d2=decimate(time,10); 
figure 
plot(d2,d1); 
title('6235 BH 1'); 
xlabel('time in secs'); 
ylabel('pressure (*100mmHg') 

  
%PEAK AND VALLEY DETECTION 

  
max = []; 
min = []; 
delta=0.15; 

  
mn = 0; mx = 0; 
mnpos = 0; mxpos = 0; 

  
lookformax = 1; 

  
for i=1:length(d1) 
    a1 = d1(i); 
  if a1 > mx, mx = a1; mxpos = i; 
  end 
  if a1 < mn, mn = a1; mnpos = i; 
  end 

   
  if lookformax 
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    if a1 < mx-delta 
      max = [max ; mxpos mx]; 
      mn = a1; mnpos = i; 
      lookformax = 0; 
    end   
  else  
    if a1 > mn+delta 
      min = [min ; mnpos mn]; 
      mx = a1; mxpos = i; 
      lookformax = 1; 
    end 
  end 
end 

  
v1=max(:,2); 
index=max(:,1); 
v2=min(:,2); 
val=min(:,1); 
t1=d2(index); 
t2=d2(val); 
figure 
plot(d2,d1); 
hold on 
plot(t1,v1,'r*') 
hold on 
plot(t2,v2,'g*') 
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