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Abstract 

     The mind–body problem in philosophy examines the relationship between mind 

and matter, and in particular, the relationship between consciousness and the brain. In 

order to provide a scientific footing to this centuries old philosophical problem, an 

investigation into the interaction between consciousness and the autonomic nervous 

system, which controls the internal viscera, is required. However, this issue has received 

scant attention to date. 

   Here, I investigate the response of the autonomic system and its sympathetic and 

parasympathetic components, to visual awareness using classical paradigms of binocular 

rivalry and visual detection, using a combination of electrocardiography (ECG), 

impedance cardiography (ICG) and pupillometry to examine cardiac autonomic 

functions, namely heart rate, the high-frequency component of heart rate variability 

(HRV), pre-ejection period (PEP) and change in pupil area. My studies reveal that the 

parasympathetic component dominates the autonomic response to visual awareness; 

physical alternation of stimuli has effects on the autonomic activation that go above and 

beyond alternations in percept; and uncertainty of subjective judgment drives the 

dynamics of autonomic response.  

   The present studies, from the autonomic pathway, demonstrate that “mind affects 

body in action”, which leads to a more integrative view of sensory awareness and 
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suggests the involvement of structures in the nervous system above and beyond the 

cortex. 
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Chapter 1. Introduction 

     The mind-body problem is generally traced to René Descartes (Cottingham ed., 1986), 

who held that there is a two way causal interaction between the following two substances: 

the material body affects the immaterial mind in perception, and the immaterial mind 

affects the material body in action. In particular, this philosophical problem examines the 

relationship between consciousness and the electro-chemical interactions in the body. On 

one side of the mind-body problem, consciousness is an ambiguous term. It can refer to (i) 

the waking state, (ii) experience, or (iii) the possession of any mental state (Zeman, 2001). 

Conscious states referring to experience have specific content, such as seeing, hearing, 

remembering, planning or fantasizing about something. With the development of modern 

neuroscience, this centuries old question can be brought to a more scientifically rigorous 

setting by addressing the relationship between the brain on the one hand and the body, or 

internal organs, on the other. Among the aforementioned states, seeing, which refers to 

visual awareness, has been a preferred modality in the quest for the neural correlates of 

consciousness (NCC) due to the fact that scientists have well-developed tools to precisely 

manipulate vision in time and space.  

     The first recording of the human electroencephalogram (EEG; Berger, 1929) enable 

people to probe the neural basis of consciousness. In fact, Berger’s underlying purpose of 

recording EEG was to elucidate the physical, i.e., neural, basis of consciousness. Indeed, 

EEG became the most popular and favorable tool to investigate the NCC and the brain was 

http://www.informationphilosopher.com/solutions/philosophers/descartes/
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treated as the only neural substance that correlates with consciousness. Using 

neuroimaging, activation in nuclei with distinct chemical signatures in 

the thalamus, midbrain and pons (upper brainstem) corresponding to consciousness have 

been demonstrated (Zoltoski et al., 1999; Kinomura et al., 1996; McCarley, 1999). 

     On the other hand, the nervous system consists of not only the central nervous 

system, i.e., the brain, but the peripheral nervous system which includes the autonomic 

nervous system that controls various internal organs of the body. It is reasonable to 

hypothesize that activity of the autonomic nervous system also correlates with 

consciousness. Scott et al. (2011) and Bensafi et al. (2001) revealed that the autonomic 

nervous system correlates with the arousal of an auditory and olfactory stimulus 

respectively. More specifically, Scott et al. (2011) demonstrated that awareness of 

auditory violations results in significant greater skin conductance response (SCR) which 

reflected autonomic responses (Pflanzer, 2013), whereas Bensafi et al. (2001) showed 

positive correlation between the SCR amplitude and the arousal level of an odor. It is not 

unreasonable to expect that the conscious awareness of a visual stimulus will lead to 

predictable changes in activity levels of the autonomic nervous system. Here, I show 

experimental data using classical paradigms of binocular rivalry and visual detection to 

probe for autonomic markers of visual awareness. Studying the issue offers several 

advantages over past attempts: there is a rich history of experimental paradigms that have 

been successfully used to investigate visual awareness and a wealth of behavioral and 

http://en.wikipedia.org/wiki/Thalamus
http://en.wikipedia.org/wiki/Midbrain
http://en.wikipedia.org/wiki/Pons
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neurophysiological data has resulted (Britz et al., 2011a, 2011b; Liu et al., 2012; 

Einhauser et al., 2008; Privitera et al., 2008). The richness of available paradigms means 

different aspects of visual awareness can be investigated. Novel methods to probe the 

absolute levels of activity of the individual components of the autonomic nervous 

system—the sympathetic and parasympathetic—can now be brought to bear on the 

question. Finally, our analysis also allows us to investigate several different 

variables—internal as well as external.  

     More specifically, I implemented three experiments – binocular rivalry, visual 

detection and forced-choice detection to probe the autonomic response to the internal or 

external initialed awareness of visual stimulus. From binocular rivalry study, I aimed to 

distinguish the corresponding cardiac signals between the internal perceptual switch and 

stability and test the difference and similarity between the rivalry condition and physical 

alternation conditions. From visual detection and forced-choice detection studies, I 

planned to examine if the autonomic nervous system responds to the awareness of an 

external visual stimulus or the potential of such awareness. If so, a further study to 

determine which factor or factors, such as correctness, confidence, stimulus presence and 

stimulus intensity, drive the autonomic response would be implemented.    

1.1. Binocular rivalry 

What is binocular rivalry? 
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     In humans and animals with forward facing eyes, the views provided by the two 

eyes are only subtly different from one another. In each eye, the lens focuses light into a 

two-dimensional image on the retina. In normal vision, the difference between the two 

retinal images provides a stereoscopic cue to the third spatial dimension - depth. But 

when the eyes are presented with a pair of images that cannot be fused into a coherent 

percept, the two images compete to be perceived. Perception then alternates between the 

two eyes' images as they rival for perceptual dominance (Clifford, 2009). This is 

binocular rivalry. 

How binocular rivalry can help in the study of visual awareness 

     Binocular rivalry has provided a powerful tool to study the neural basis of visual 

awareness. To illustrate the utility of rivalry, consider the visual input into each eye is 

different, but continuously, we tend to see the visual input as received by one eye alone, 

then by the other one, and then the first one, and so on. At any given moment, only one of 

the two visual inputs can be seen, the “winner” dominates the perception and the “loser” 

is suppressed from conscious awareness (Blake, 2005; Crick and Koch, 1998).   

History 

     The phenomenon of binocular rivalry was first observed by Porta (1593, as cited in 

Wade, 1996) who proposed an alternate theory that we can only see with one eye at a 

time and alternate between two eyes. The binocular rivalry concept was first reported by 

Le Clerk in 1712 (Wade, 1996, 1998). The first clear description of rivalry in English is 
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attributed to Sir Charles Wheatstone in 1838, who also invented the stereoscope – the 

optical device by which the two eyes can receive independent stimulation, which is still 

used today.  

Early theories 

     Various theories have been proposed to explain binocular rivalry. Aristotle 

proposed a fusion theory that we can see only one of everything because the information 

from the two eyes is combined or fused. Perhaps, the most comprehensive early study of 

binocular rivalry was Breese (1899, 1909). He quantified the amount of rivalry by 

requiring participants to press keys when rivalry occurred. The key-press recording 

procedure let Breese quantify rivalry in three ways: the rate of rivalry of each stimulus, 

the total duration of exclusive visibility of each stimulus, and the average duration of 

each period of rivalry. Breese found that by attending to just one stimulus, one may 

increase its period of dominance, but cannot increase the rate of that stimulus. Breese also 

found that his participants were unable to control which stimulus their eyes focused on 

(Breese, 1899). After Breese, many significant findings on binocular rivalry emerged, 

such as the “suppression effect” (Fox and Check, 1972; Fox and Check, 1968; Blake and 

Fox, 1974a), “global dominance” (Whittle, 1965; Whittle et al., 1968), and the classic 

Levelt (1965) study on predominance. Since the 1990s, as the neurophysiological 

concomitants of binocular rivalry ware explored, research on binocular rivalry was 

rejuvenated. Alternative theoretical views have been advanced recently (Logothetis et al., 



 

6 

 

1996; Andrews and Purves, 1997; Lee and Blake, 1999), and these theoretical views have 

spurred further empirical work on rivalry.  

1.2. Visual detection 

Light 

     Light is usually described in two ways: first, an electromagnetic wave, which can 

vary in frequency and wavelength; second, a series of discrete packets of energy, called 

photons. In determining the sensitivity of the visual system to light, such as the detection 

of certain levels of light intensity, it is common to refer to light in terms of photons. 

However, when we talk about color perception, the electromagnetic wave description 

may be more suitable (Tovee, 1996). 

     In the photon theory, at the threshold of vision, the photons are used for the 

photodecomposition of visual purple and each absorbed photon transforms one molecule 

of visual purple (Dartnall et al., 1938). Early measurements showed that only a small 

number of photons, in other words only a small number of primary molecular 

transformations are required for a threshold stimulus (Langley 1889). The circumstance 

has been found closely related to visual sensibility. To yield the maximum retinal 

sensibility, the circumstances, such as dark adaptation, peripheral vision, small test fields, 

short exposures, and selected portions of the spectrum, have been studied for years 

(Hecht, et al., 1942; Geisler, 1983). Furthermore, human eyes operate over a wide range 

of light levels (Kalloniatis and Luu, 1995), and the sensitivity of our eyes vary markedly 
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between individuals (Halpern et al., 1999). This study proposes to arouse highest visual 

sensitivity by placing participants in a dark room, presenting a small target on a dark 

background, and adjusting the luminance of the stimulus based on each subject’s 

detection threshold to ensure certain miss rate.   

Visual detection of appearance of stimuli 

     Visual detection of the presence of a clear object in a noise-free environment is 

probably the simplest perceptual act of which the human is capable (Posner et al., 1980). 

However, in many cases, the object may be non-unitary, unclear, correlated with noise, or 

the environment complicates detection. Numerous studies have compared different 

detection paradigms; these include object onset, offset, luminance, contrast, color, and 

change of present object. Cole et al. (2004) found that the visual system is particularly 

more sensitive to the onset of a new object than to changes of the present object. Shapiro 

(2008) stated that the visual system responds faster for contrast difference than color 

difference. The ability to perform simple detection tasks is also detrimentally affected by 

decreases in target luminance (Waugh and Levi, 1993). 

     Visual perception fluctuates across repeated presentation of the identical 

near-threshold stimulus – sometimes the presence of a stimulus is consciously perceived, 

and sometimes it is not (Wyart and Tallon-Baudry, 2009). Because the two perceptual 

outcomes are based on the physically identical stimulation, these fluctuations of visual 

awareness are thought to reflect neuronal variability. There is converging evidence that 
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electrophysiological responses over posterior cortical region in the 200-300 ms range 

distinguish between physically identical stimuli that reach consciousness or remain 

unseen (Liu et al., 2012).      

1.3. Autonomic nervous system (ANS) 

1.3.1. Introduction  

     The autonomic nervous system (ANS) is the part of the peripheral nervous 

system that acts as a control system of the viscera functioning primarily below the level 

of consciousness. The ANS affects heart rate, digestion, respiration rate and many other 

bodily functions. It is classically divided into two subsystems: sympathetic nervous 

system (SNS) and the parasympathetic nervous system (PNS).    

     The SNS neurons start at the thoracic and lumbar portions of the spinal cord 

whereas the PNS neurons start at the cranial nerves and sacral spinal cord. The SNS can 

mobilize the body’s resources under stress, whereas the PNS is responsible for 

maintaining and restoring homeostasis. The two subsystems typically function in a 

complementary fashion as opposed to antagonistic. That is to say, it is not necessarily the 

case that during activation of one of the two subsystems, the other is deactivated. In fact, 

Cacioppo and Berntson (1994a, 1994b, 1994c) have found experimental evidence for all 

nine possible combinations of activity levels in the two components (activation/no 

change/deactivation in each subsystem). An important implication of these results is that 

knowing the level of activity in one subsystem does not help one predict with certainty 

http://en.wikipedia.org/wiki/Peripheral_nervous_system
http://en.wikipedia.org/wiki/Peripheral_nervous_system
http://en.wikipedia.org/wiki/Control_system
http://en.wikipedia.org/wiki/Sympathetic_nervous_system
http://en.wikipedia.org/wiki/Sympathetic_nervous_system
http://en.wikipedia.org/wiki/Parasympathetic_nervous_system
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the level of activity in the other, i.e., knowing the ratio of activation levels of each is not 

enough. One must be able to measure the absolute levels of both the sympathetic and 

parasympathetic systems. 

1.3.2. The cardiac cycle and heart rate  

 

Figure 1-1. The heart and its chambers. 

     The cardiac cycle refers to the sequence of events related to the flow or blood 

pressure that occurs from the beginning of one heartbeat to the beginning of the next 

(Guyton and Hall, 2006). There are two phases of the cardiac cycle: In the diastole phase, 

the heart ventricles are relaxed and the heart fills with blood. In the systole phase, the 

ventricles contract and pump blood to the arteries. The cycle begins with depolarization 

of the sinoatrial (SA) node in the right atrium during the latter part of diastole. The wave 

http://en.wikipedia.org/wiki/Blood_pressure
http://en.wikipedia.org/wiki/Blood_pressure
http://en.wikipedia.org/wiki/Heart_sounds
http://biology.about.com/library/organs/heart/bldiastole.htm
http://biology.about.com/od/anatomy/ss/ventricles.htm
http://biology.about.com/library/organs/heart/blsystole.htm
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of depolarization passing through the atrial muscle corresponds to the P wave in the 

electrical signal generated by the heart. The P wave is followed by atrial contraction 

during which the QRS complex of the electrocardiogram (ECG) appears, reflecting 

ventricular contraction and demarcating the onset of systole. The onset of the Q wave, 

which defines the beginning of the pre-ejection period (PEP), marks the time when 

ventricular contraction occurs. 

 

Figure 1-2. General morphology of the electrocardiographic (ECG) signal showing the individual P, Q, R, S, 

T components. Also pictured are the PR, ST, QRS intervals, and the st segment. 

     Next, we describe the various stages of a cardiac cycle in detail. Three waves are 

generated on the ECG, called P, QRS, and T respectively. They occur in sequence 

PQRST (Figure 1-2; Cacioppo et al., 2007). The P wave is the first wave of the cardiac 

cycle. It represents atrial depolarization. The impulse originates in the sinus node which 

is situated at the top of the right atrium (Figure 1-1). Hence, the right atrium is 

depolarized before the left. Therefore, the initial potion of the P wave is generated by the 

right atrial contractions and the terminal portion by the left atrial contractions. The 
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normal duration of the P wave is 0.08 to 0.11 seconds. The PR interval is measured from 

the beginning of the atrial depolarization or P wave, to the beginning of the QRS complex. 

It represents the time that it takes for the impulse to travel from the sinus node through 

the atria, AV node, the bundle of His and the bundle branches. The normal PR interval 

takes 0.12 to 0.20 second. The QRS complex is generated by the depolarization of the 

ventricles. The QRS complex begins when the electrical impulse reaches the bundle 

branches. Its normal duration is 0.04 to 0.12 second. The ST segment is the tracing on the 

ECG from the end of the QRS complex to the beginning of the T wave. During this 

period no current flows through the cells. Hence, this segment represents the interval 

between ventricular depolarization and polarization. Finally, the T wave reflects 

ventricular repolarization (Mihailovic, 1995). 

     Heart rate is the frequency of the cardiac cycle, which is the number of heartbeats 

per unit of time, typically expressed as beats per minute (bpm). Heart rate is the reverse 

of the R wave to R wave interval (RR interval). The typical resting heart rate in adults is 

60-90 bpm. 

1.3.3. Heart rate variability (HRV) 

     HRV is the variation in the beat-to-beat interval. The electrocardiogram (ECG) is a 

commonly used instrument to provide a clear waveform of the cardiac cycle. Under 

resting conditions, the ECG of healthy individuals exhibits periodic variation in R-R 

intervals. HRV refers to the beat-to-beat alterations in heart rate. There are two basic 
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approaches to quantifying HRV: (a) time domain analyses, which involve global 

descriptive statistics of the distribution of heart periods such as the standard deviation of 

all normal heart periods (SDNN) and the triangular index (Malik and Camm, 1995) and 

(b) spectral analyses which include the discrete Fourier Transform (DFT) and 

autoregressive (AR) modeling. Although there are a number of advantages and 

disadvantages to DFT and AR modeling respectively, there are also many similarities that 

in practice usually lead to essentially equivalent results (Parati et al., 1995). The high 

frequency component of the heart rate variability spectrum is widely accepted as the best 

measure of parasympathetic nervous system activation. Initially, HRV was assessed 

manually by calculating the mean R-R interval and its standard deviation measured on 

short-term (e.g., 5 minute) electrocardiograms. The smaller the standard deviation in R-R 

intervals, the lower is the HRV. Nowadays, spectral measures of HRV are more 

commonplace because of the information different frequencies provide about the 

components of the autonomic system. 

     Heart rate is normally controlled by centers in the medulla oblongata. One of these 

centers, the nucleus ambiguous, increases parasympathetic nervous system input to the 

heart via the vagus nerve. The vagus nerve provides sensory information from the 

thoracic and abdominal viscera, including the lungs. During inspiration, the lungs expand 

and stimulate stretch receptors that convey information to the brain stem. The stretch 

receptors are prepotent in signaling the brain stem to inhibit the vagal efferents to the 
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heart, which causes an increase in heart rate (Lopes and Palmer, 1976). During exhalation, 

the stretch receptors in the lungs no longer convey signal to the brain stem gating 

mechanism, and the vagal efferents influence the heart by prolonging the time between 

successive heart beats. Thus, the vagus nerve activity is a measure of the activation level 

of the parasympathetic system. 

     One can noninvasively measure the vagus nerve by observing how it controls the 

heart, specifically its effect on HRV. In order to know the relationship between 

respiration and HRV, Porges et al. (1980) plotted the spectral power densities for each 

frequency of heart rate and respiration noting that both series exhibited a peak power 

density estimate at the same frequency, representing the dominant or most characteristic 

respiratory frequency, which is between about 0.15Hz to 0.4Hz. Thus by integrating the 

power of heart rate variability in this band, we can get an idea of how the vagus nerve 

controls the heart rate. In further support of this, Pomeranz et al. (1985) reported that 

cardiac parasympathetic blockade eliminates all heart rate fluctuations above 0.15 Hz and 

about 75% of those below 0.15 Hz, whereas sympathetic blockade has little effect on 

fluctuations above 0.15 Hz, which suggests that the high-frequency (HF) spectrum (0.15 

– 0.4 Hz) reflects parasympathetic activity. Analyses of pharmacological blockade data 

further confirm that HF is the only measure to reflect vagal but not sympathetic 

influences on the heart (Cacioppo et al., 1994), which concluded that the sympathetic 

branch exerts significantly more neural control over basal PEP than does the 
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parasympathetic branch, whereas the parasympathetic branch exerts significantly more 

neural control over basal HF than the sympathetic branch. 

     Historically, low-frequency heart period variability was linked to both sympathetic 

and parasympathetic (Akselrod et al., 1981; Grossman et al., 1991) control of the heart. 

However, careful investigations (Cacioppo et al., 1994) have found these claims to be 

false. They found that low frequency power is a measure of the ratio of the sympathetic 

to parasympathetic activations, and is not a pure measure of the absolute level of 

sympathetic system activation. 

     For clinical studies of HF and LF variability, standard recording periods of five 

min on a stationary system have been recommended (Camm et al., 1996). However in 

many psychophysiological studies, it may not be possible to maintain a stable 

psychological or cognitive state over a five min period. In accordance with the basic Task 

Force guideline (Camm et al., 1996) of at least ten cycles of the target rhythm, standard 

recording periods of one min. and two min. are recommended for HF and LF respectively 

(Berntson et al., 1997).  

1.3.4. Pre-ejection period (PEP) 

     PEP is widely accepted as the best measure of the absolute level of sympathetic 

nervous system activation. PEP is generally taken as the time between the Q wave onset 

and the B point inflection on the dZ/dt waveform (Figure 1-3; Sherwood et al., 1990). 
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The more activated the sympathetic system, the faster this increase occurs, the earlier the 

B point occurs, and the shorter is the PEP duration.  

 
Figure 1-3.  ECG and first derivative of the pulsatile thoracic impedance signal (dZ/dt) recorded during 

electromechanical systole of a cardiac cycle. Waveform components depicted are the ECG 

Q-wave, dZ/dt B-point, and dZ/dt X-point. The dZ/dt amplitude measure is also illustrated.  

     Myocardial contractility is the intrinsic ability of the heart to contract independent 

of preload and afterload. The sympathetic nervous system determines the concentration 

of Ca
2+

 ions in the cardiac muscle cells through catecholamines (produced by the 

postganglionic fibers of the SNS). Higher activation level of the sympathetic system 

means increased catecholamines in the heart. A higher concentration of catecholamines 

increases intracellular Ca
2+

 ions during contraction (Opie et al., 1985). This brings about 

a faster increase in left ventricular pressure and faster aortic valve opening (when the left 

ventricular pressure is higher than the aortic pressure). Faster aortic valve opening leads 

to faster increase in the diameter of the aorta. This results in a faster change in the 

electrical impedance of the aorta thereby causing a shorter PEP to occur. 
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     The B point is the inflection point, or “notch” near the onset of the rapid upstroke 

of the dZ/dt waveform (Figure 1-3). This serves to mark the point in time when 

intraventricular pressure becomes higher than aortic pressure, the aortic valve opens, and 

ventricular ejection of blood into the aorta commences. The earlier the occurrence of the 

B point, the shorter the PEP, which corresponds with elevated sympathetic activation. In 

order to measure HRV (i.e., HF component) and PEP, one has to record the 

electrocardiogram (ECG) and impedance cardiogram (ICG), which are described below. 

1.4. Electrocardiography (ECG) 

  Electric currents in the heart have been measured for over a hundred years, but the 

fundamental function of the ECG as we know it today was developed by the Dutch 

scientist Willem Einthoven at the beginning of the 20th century. He used a string 

galvanometer to improve the sensitivity of the ECG which was a challenge in the early 

days. Einthoven was awarded the Nobel Prize in Physiology or Medicine in 1924 for his 

discovery of the mechanism of the ECG. 

  The ECG (or EKG from the German Elektrokardiogramm) is a graphic 

representation of the electrical events of the cardiac cycle. It is detected by electrodes 

attached to the outer surface of the skin and recorded by a device external to the body. 

  ECG is the best way to measure and diagnose abnormal rhythms of the heart in 

clinical areas and for the purposes of research, an important way to study the autonomic 

nervous system. Specifically, ECG measures HRV, which is a measure of the level of 
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activation of the parasympathetic system. The ECG device detects and amplifies the tiny 

electrical changes on the skin that are caused when the heart muscle depolarizes during 

each heartbeat.  

  In ECG, the term “lead” describes the placement of electrodes. Usually, a 

10-electrode placement is standard in a “12-lead” ECG, which includes 4 on the limbs, 

and 6 on the left chest wall. The lead placement has a number of ways to improve its 

sensitivity or to meet the demand of particular needs.  

1.5. Impedance cardiography (ICG) 

  ICG was introduced over 40 years ago (Kubicek et al., 1970) as a noninvasive and 

unobtrusive technique for measuring systolic time intervals and cardiac output. It has 

been found to be critical in measuring the activation of the autonomic nervous system. 

ICG provides information about the autonomic system that complements information 

provided by ECG. Specifically, ICG measures PEP, which is a measure of the level of 

activation of the sympathetic system (see 1.3.4). 

  A 0.1-0.4mA constant AC current, typically at 100 kHz, is applied at the outer two 

electrodes (see electrode placement in figure 1-4). Because the current is alternating, the 

resistivity to current flow is a function of both the DC resistance and the reactance of the 

circuit, collectively referred to as impedance. The body components with the lowest 

resistivity are blood and plasma, so the measured thoracic impedance is highly sensitive 

to changes in the cardiac and aortic distribution and flow of blood during the cardiac 
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cycle. The inner two electrodes are used to measure voltage, which reflects the changes in 

impedance due to volumetric alterations in blood distribution and blood flow. 

 
Figure 1-4. One example of ICG electrodes placement. The two outer electrodes are placed over the fourth 

cervical vertebra and the ninth thoracic vertebra. The two inner electrodes are placed 4cm 

above the clavicle and over the sternum at the fourth rib. 

1.6. Pupillary response 

     Besides controlling cardiac activity, parasympathetic and sympathetic pathways 

also control pupil size and dynamics. The parasympathetic pathway is mediated by the 

Edinger Westphal oculomotor complex in the midbrain and innervates the iris sphincter 

which is the circular muscle responsible for constriction. The sympathetic pathway, 

which is mediated by the hypothalamus, stimulates the radial dilator muscle of the iris 

responsible for dilation (Privitera et al., 2008, Loewenfeld, 1993, Steinhauer, Siegle, 

Condray, and Pless, 2004). Increased sympathetic activity increases the activity of the 

dilator muscle, prompting dilation, however, inhibition of parasympathetic activity 

lessens constriction of the iris sphincter muscle, which also results in dilation. Thus, 

increases in pupil size can be mediated by activity in either division of the autonomic 

nervous system (Bradley et al., 2008). A study comparing the pupil size and dynamics of 

a normal group with a group in which sympathetic input had been pharmacologically 
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removed found that the sympathetic pupillodilator input acts slowly to modulate pupil 

diameter. This indicates that the parasympathetic pupilloconstrictor input is most 

important in modulating the pupil size at short latencies (Clarke et al., 2003).      

     Pupillary response has been studied in relation to emotional arousal and cognitive 

processing of visual information, including binocular rivalry and visual detection. Pupil 

size was found to increase at the time of a perceptual transition. (Einhauser et al., 2008). 

On the basis of Clarke et al.’s (2003) finding, this could mean that the parasympathetic 

system deactivates during a perceptual switch in binocular rivalry. Einhauser et al. (2007) 

also found that pupil diameter increased just before the reported perceptual switch. 

Furthermore, the relative amount of dilation before this switch was a significant predictor 

of the subsequent duration of perceptual stability. Privitera et al. (2008) found that the 

appearance and detection of a specific object in a visual search task also triggers pupil 

dilation, which, on the basis of Clarke (2003), suggests parasympathetic deactivation in 

visual search.      

     Unlike the HRV and PEP study in visual awareness, the pupillary response to 

visual awareness has been studied in great detail. Although we are not replicating the 

same tasks as theirs, their methods and results provide us valuable references.   
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Chapter 2. Autonomic response in binocular rivalry 

2.1. Introduction 

     Binocular rivalry alternations are typical visual awareness transitions without any 

physical alternation involved and are appropriate for studying internally generated visual 

awareness. So far, most studies on binocular rivalry have focused primarily on its 

association with the central nervous system, i.e., the brain. In these studies, EEG, MEG 

and fMRI were often used as the techniques to probe the brain’s response to binocular 

rivalry. For example, Britz and Pitts (2011) found three major ERP components during 

binocular rivalry. Pitts et al. (2010) found that anatomically early visual areas generate 

the difference in ERPs at 130-160ms. There is no study directly investigating autonomic 

nervous system response to binocular rivalry alternations. However, researchers have 

studied pupil dilation in perceptual rivalry. Pupil dilation was found to be related to 

autonomic activities (see 1.6). Einhauser et al. (2007) demonstrated that pupil diameter 

increases immediately after or even before the perceptual transition in binocular rivalry. 

Along with Clarke et al.’s finding in 2003 that parasympathetic activity drives the change 

in pupil size in shorter term instead of sympathetic activity, and the sympathetic system 

tends to dilate pupil over a longer time interval (1100ms; e.g., Steinhauer & Hakerem, 

1992), we could hypothesize that parasympathetic system deactivates at the transition in 

binocular rivalry.  
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     To test this hypothesis, we designed visual stimulus paradigms suitable for 

autonomic system monitoring, collected data and analyzed behavioral performance along 

with autonomic signals (HR, HRV, PEP and pupil area) to observe the sympathetic and 

parasympathetic activations during binocular rivalry alternations. 

2.2. Methods 

2.2.1. Participants 

     Twenty volunteers were recruited from University of Houston student population 

to participate in the binocular rivalry experiment. Fourteen of them (10 males, 4 females, 

age 22.7±4.41 yrs.) participated in the ECG/ICG experiment and six (3 males, 3 females, 

age 19.7±3.14 yrs.) participated in the pupillometry experiment. All participants 

reported having normal or corrected-to normal vision. Each participant was required to 

provide a written informed consent in accordance with the University of Houston 

Institutional Review Board (IRB) approval for this project. 

2.2.2. Stimuli and procedure 

 
Figure 2-1. The experimental and control paradigms and the paradigm order during the experiment. BRa 

and BRb are the experimental paradigms, C1, C2a, C2b and C3 are the four types of control 

paradigms.  
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     The stimuli are square-shaped face and house pictures (2.8° in diameter; 

Appendices A.2) presented as pairs, one to each eye. We used face and house pictures as 

the stimuli because they are complex coherent visual objects instead of simple stimuli 

among a range of different patterns commonly used in binocular rivalry. Other patterns 

include slants, oriented gratings, Necker cubes and so on. Alais and Melcher (2007) 

compared the rivalry between simple stimuli (oriented gratings) and complex stimuli 

(face-house) in two rivalry characteristics – depth of rivalry suppression and coherence of 

alternations. They found rivalry between coherent visual objects (face-house) exhibits 

deep suppression and coherent rivalry, whereas rivalry between simple stimuli exhibits 

shallow suppression and piecemeal rivalry (transition is not clear). My study aimed to 

investigate the autonomic response to transitions in binocular rivalry, so a clear transition 

was expected from choosing the pattern of the stimuli. Because the human eye is 

differentially sensitive to light in the green, red, and blue spectrums (making it more 

difficult to accurately estimate luminance for color photographs) (Bradley et al., 2008), 

we presented pictures in grayscale. Moreover, to eliminate the effect of brightness of 

stimuli dominating the perception, we controlled luminance by equating the average 

luminance across the two stimuli constituting each individual pair of pictures. Each pair 

is presented during eight non-consecutive blocks of trials. Along with three types of 

control conditions (Figure 2-1a), a 16-block paradigm series is presented to each 

participant in the order shown in Figure 2-1b. Each block consisted of 100 stimulus 
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presentations (~2 min) after which participants took self-paced breaks. All stimuli were 

presented intermittently (see Appendices A.1) for a random duration between 600 and 

800 ms, and the inter-stimulus interval (ISI) varied randomly also between 400 and 600 

ms, yielding 1.2 sec for each intermittent presentation (Figure 2-2). During the ISI, the 

stimulus areas were filled with shuffled pictures from face and house to keep the same 

luminance as the on and off stimulus going, which prevented luminance-dependent 

changes to the physiological signals and pupil size. To obtain the shuffled pictures, we 

applied a 2-D FFT to convert the original face and house pictures to their complex format, 

kept the amplitude spectrum the same, randomly varied the phase spectrum, and applied a 

2-D inverse FFT to construct the shuffled pictures. For each stimulus, participants were 

asked to indicate the picture they perceived by pressing a key after the onset of a given 

pair of stimuli and before the onset of the next pair of stimuli. Four keys were used to 

represent the possible: all-face, more-face-than-house, more-house-than-face, and 

all-house they perceived, where the more-face-than-house and more-house-than-face are 

piecemeal percepts. 

     Three types of control conditions include two physical alternation procedures. The 

first one is shown in Figure 2-3 (also see C1 in Figure 2-1a): the same picture (e.g., house) 

was presented to both eyes simultaneously and after a few seconds, another picture (e.g., 

face) was presented to both eyes, and the two alternated. This condition was designed to 

measure the response of the autonomic nervous system to external changes in stimulus. 
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Figure 2-2. The paradigm of intermittent binocular rivalry procedure (two trials of presentation were 

shown). The stimuli were presented intermittently with an ISI of 400-800ms, and kept 

presenting to the same eye within each block.  

 
Figure 2-3. The paradigm of intermittent control condition 1 (also see C1 in figure 2-1a), in which the same 

stimuli are presented on both eyes simultaneously.    
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The second control is shown in Figure 2-4 (C2a and C2b in Figure 2-1a): one stimulus 

(from a pair, e.g., face) was presented to one eye while input to the other eye was 

presented the phase-shuffled version of it, and then the second stimulus (e.g., house) was 

presented to the other eye while the first eye viewed a phase-shuffled version of it, and 

again these two stimulus arrangements interchanged every a few seconds. This switch 

time (ST in Figure 2-1a) was set to simulate perceptual switching rates on the 

experimental intermittent rivalry condition. In this condition, the perception change was 

due to the eye switching, which again resulted from a change of external stimulus. This 

condition was designed to observe the response of the autonomic nervous system to eye 

switching of stimulus viewing. The third control condition was the same paradigm as C1 

(see C3 in Figure 2-1a), the only difference was that each pair in C3 was presented for 

half of the block time (~1 min). The aim of this control condition was to obtain stable 

autonomic nervous system activity baseline during the perception of a stable stimulus.   

     All stimuli were presented on a black background and centered horizontally within 

the left and right halves of a CRT computer screen with a refresh rate of 60 Hz. A mirror 

stereoscope was used for participants to view the separate stimuli by the left and right eye. 

An adjustment of the angle of the mirrors was needed to achieve stereo fusion. In order to 

aid fixation, each stimulus was surrounded by a striped mask outside and with a fixation 

cross (0.3° in diameter) in the center. 
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Figure 2-4. The paradigm of intermittent control condition 2 (C2a and C2b in figure 2-1a), in which one 

stimulus is presented to one eye while input to the other eye is kept scramble. 

2.2.3. Recording 

     Both the ECG and ICG recordings used HIC-3000 with software COPWIN v6.21 

(Bio-Impedance Technology, Inc., Chapel Hill, NC), with lowpass filter = 100 Hz, 

highpass filter = 0.16 Hz, and sampling rate = 500 Hz. A three-electrode placement was 

used for ECG recording with two electrodes below the midpoint of the left and right 

collar bones, respectively, and the third one on the subject’s fifth rib on the left. A 

four-spot-electrode placement was used for ICG recording: two electrodes were placed at 

(and parallel to) the base of the neck separated by 6 cm and centered about the seventh 

cervical vertebra (C7). The other two electrodes were placed on the left anteriolateral 

chest surface: one at the end of the ninth intercostals space, near the mid-clavicular line; 
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and the other 8 cm from the first, in the tenth intercostals space, near the mid-axillary line. 

The current electrodes were on the left side of the neck and over the ninth intercostals 

space, with the remaining two electrodes used as voltage electrodes (Penney et al., 1985).     

     An EEG system was also conducted along with the ECG and ICG to the same 

participant. The EEG recording used an ActiveTwo system (Biosemi Inc.) with a 

sampling rate of 512 Hz. Signals were recorded from 19 Ag/AgCl-sintered electrodes 

mounted on a cap, each referred to a common source (CMS electrode). The 19 electrodes 

were placed according to the 10-20 standard system of the American 

Electroencephalographic Society: three over midline sites at Fz, Cz and Pz locations, 

along with nine lateral pairs of electrodes over standard sites on frontal (Fp1, Fp2, F7 and 

F8), fronto-central (F3 and F4), temporal (T3 and T4), central (C3 and C4), parietal (P3 

and P4), and occipital (T5, T6, PO7 and PO8) positions. One touch-proof electrode from 

the ActiveTwo system was placed on the left chest surface, near the 3
rd

 electrode of ECG 

to collect heartbeat waves to synchronize with the data recorded by COPWIN. The EEG 

data analysis will not be talked about in my dissertation.   

     A separate pupillary response recording from a different group of participants was 

conducted with the Eye-link II system (SR Research Ltd.). The right eye pupil size data 

(pupil area) along with the task was collected at a sampling rate of 500 Hz.    

     Programs for ECG and ICG recordings were scripted in Matlab (The MathWorks 

Inc., Natick, MA), including for design of the task, synchronization with other recording 
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devices, data acquisition and analysis. Toolboxes EEGLab v6.03b (Makeig and Inlow, 

1993) and Psychtoolbox v2.54 (Pelli, 1997; Brainard, 1997) were used as accessories. 

Programs for pupillary response recording were scripted in Experiment Builder 1.3.74 

(SR Research Ltd.). 

2.2.4. Analysis 

2.2.4.1. Behavioral analysis 

     We determined which picture the subject perceived by recording their key 

responses throughout the stimulus presentation. Four keys – ‘1’, ‘2’, ‘3’ and ‘4’ 

respectively represented all-face, more-face-than-house, more-house-than-face, and 

all-house percepts. For most participants (11/14 in the ECG/ICG group and 5/6 in the 

Pupil monitoring group), the rate of rivalry, which is the number of periods of exclusive 

visibility of each stimulus, was almost equally balanced between the two stimuli. 

Responses ‘1’ and ‘2’ were combined and designated as response to the face percept, and 

‘3’ and ‘4’ as response to the house percept for those participants. For the remaining 

participants (3/14 in the ECG/ICG group and 1/6 in the pupil monitoring group), one of 

the two eyes was extremely dominant (Khan and Crawford, 2001), so that the stimulus 

presented to the dominant eye was perceived for over 80% of the time. In other words, 

most of the key responses were either ‘1’ and ‘2’ (condition 1), or ‘3’ and ‘4’ (condition 

2). For these participants, we combined responses ‘2’, ‘3’, and ‘4’ as response to the 
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house percept if it was condition 1, or combined responses ‘1’, ‘2’, and ‘3’ as response to 

the face percept if it was condition 2.  

     We aimed to investigate the autonomic response to visual awareness transitions in 

binocular rivalry. Therefore, the combined data of perceptual response stated above was 

compared. When the percept changed, this trial was classified as a reversal trial; when the 

percept remained the same as the last one, it was a stability trial. The time interval 

(number of trials) between any two consecutive reversal trials was considered to be the 

perceptual duration (Figure 2-5). Similar to binocular rivalry, trials of the two physical 

alternation procedures were also classified as reversal and stability trials according to true 

external physical alternations.        

 
Figure 2-5. The frequency distribution of the perceptual duration in the binocular rivalry experiment 

across 14 participants in the ECG/ICG group. 

2.2.4.2. ECG analysis 

Weighted heart rate 
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     The RR interval for each cardiac cycle was recorded by COPWIN (Bio-Impedance 

Technology, Inc., Chapel Hill, NC). Normally, the heart rate is directly derived from 

                 
      

                
 .               (1) 

This measures heart rate on a minute by minute basis. To investigate more rapid 

transitions in heart rate over a shorter time interval, i.e., over a single trial of stimulus 

presentation (1.2 sec.), a weighted heart rate (wHR) was developed on the basis of 

Graham (1978) and Zhao (2011).  

 

Figure 2-6. Illustration of the wHR during each trial. Each trial of binocular rivalry lasted 1.2 sec, during 

which one or two R-peaks may be observed. 

     If the period of a given trial contains only one R-peak in it, such as the period 

between trials 4 and 5 in Figure 2-6, the wHR will be computed using Eq. 2. However, if 

two R-peaks show up during the period of a given trial, such as the period between trial 6 

and 7 in Figure 2-6, the wHR will be calculated using Eq. 3, expressed as 
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     Knowing the wHR on each trial allows us to compute the change in wHR from 

stability to reversal trials. The simplest, most direct way would be to compare the wHRs 

of a given reversal trial to the stability trial. I would like to choose the immediately 

preceding stability trial as the one to be compared with the given reversal trial, because a 

slow oscillation of heart rate might exist and both the two trials in the comparison 

occurred relative close to each other in time. However, because each trial only lasted for 

1.2 second and we did not know yet how long the effect on heart rate was going to show 

up if there is an effect, the wHR change in one trial might not be enough to reflect the 

actual heart rate change at the transition in binocular rivalry. One alternative would be 

investigating how the wHR changes along with the increasing number of stability trials 

after one reversal trial, which would give us a dynamic view of how the heart rate 

changed after the transition in binocular rivalry. 

High frequency (HF) power of HRV 

     Heart rate spectral analysis is a powerful noninvasive tool for quantifying 

autonomic nervous system activity (Bruce et al., 1985). Two frequency bands of interest 

have been commonly used: low frequency band (0.04 – 0.15 Hz) and high frequency 

band (0.15 – 0.40 Hz). The HF power is accepted as a measure of parasympathetic 

system activity (see 1.3.3). 

     Compared to stimulus-induced changes in brain activity, putative stimulus-induced 

changes in the autonomic nervous system are slower. More than 1 sec of continuous 
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recording is required to observe any change in autonomic activity. Ideally, one needs 10 

sec of data in order to get a frequency resolution of 0.1 Hz, which would allow us to 

measure the HF power (0.15 – 0.40 Hz). However, the duration of each perception in 

binocular rivalry is normally less than 10 sec (Figure 2-5) and this duration varies 

significantly across the population (Carter and Pettigrew, 2003). As each trial lasts for 1.2 

sec with a frequency resolution of 0.833 Hz, which is far greater than the HF band (0.15 – 

0.4 Hz), we cannot calculate the HF power of HRV within a single trial. This means 

direct comparison between reversal trial and stability trial is not suitable for HRV 

analysis. However, a sequence consisting of a reversal trial followed by a variable run of 

stability trials (i.e., RS, RSS, RSSS, RSSSS and so on) could be used.  

     Using two Control blocks (C3 in Figure 2-1) at the beginning and end of the 

experiment, we obtained several consecutive stability trials series with a long duration 

(~1 min each). Nine consecutive stability trials (10.8 sec total duration, 0.0926 Hz freq. 

resolution) generated four data points on the frequency band around the HF spectrum 

(data points 1 ~ 4 in Figure 2-7). These points contributed in building a linear 

interpolation model as shown in Figure 2-7. After using this model to fit the frequency 

resolution data of RSn (RS, RSS, RSSS and so on), we could obtain a, b and c points at 

0.2, 0.3 and 0.4 Hz no matter how long the perceptual duration is. For example, if an 

integer multiple of a certain frequency resolution are located within region ③ (Table 

2-1), point c would be determined, points a and b would be calculated from c, and so on. 
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The average power of a, b and c points could be used to represent the HF power of HRV. 

The HF power of HRV of different perceptual durations could give us a dynamic view of 

how the parasympathetic activity changed after transitions in binocular rivalry.    

 

Figure 2-7. Illustration of the linear interpolation model built from Control blocks (C3). Every nine 

consecutive stability trials (10.8 sec, 0.0926 Hz freq. resolution) generated four data points 1, 2, 

3 and 4 at 0.1852, 0.2778, 0.3704, and 0.4630 Hz respectively.  

 

Table 2-1. The frequency resolution for each RSn. 

with n consecutive S (RS
n
) Length of signal (sec) Frequency resolution Freq. region 

RS 2.4 0.4167 ③ 

RSS 3.6 0.2778 ② 

RSSS 4.8 0.2083 ①③ 

RSSSS 6.0 0.1667 ② 

RSSSSS 7.2 0.1389 ②③ 

RSSSSSS 8.4 0.1190 ①② 

…    

SSSSSSSSS 10.8 0.0926 ①②③ 

     Besides the method stated above, another way was used to measure the change of 

HF power of HRV at reversals. When picking up certain length of data (10 consecutive 

trials with 9 trials overlapped), we could calculate both the HF power of HRV and the 

number of reversal trials during this period. The trend of HF power of HRV as the 
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number of reversal trials goes up could then be analyzed. This method represents the 

affects in parasympathetic activity of accumulated reversals.    

2.2.4.3. ICG analysis 

PEP analysis 

     PEP values were recorded using the ICG electrodes in each cardiac cycle 

(COPWIN). After synchronizing with the stimulus procedure, we intended to get the PEP 

value on each trial. However, the ICG recording was not as stable as the ECG. 

Sometimes we missed PEP data due to not finding the B point from the dZ/dt signal 

(Figure 1-3). The reason could be participants’ body movements or loose electrode(s). 

Therefore, we had to discard the trials that did not provide complete PEP data. Similar to 

our analysis of wHR, we analyzed PEP data in two different ways. First, we compared 

the PEP of a given reversal trial to the nearest previous stability trial. Because it was not 

known if the PEP of only one trial would reflect the effect of transitions in binocular 

rivalry, we conducted a second analysis to study how the PEP adapted over successive 

stability trials. The second analysis provided us with a dynamic view of how the 

sympathetic activity changed after transitions in binocular rivalry.    

2.2.4.4. Pupillometry Analysis 

     The pupil size data from the right eye of a separate group of participants (n=6) was 

recorded by the Eye-link II eye tracking system (SR Research Inc., Ontario, Canada). The 
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pupil size (reported as pupil area) was an integer number, in arbitrary units, and the units 

of pupil measurement varied with subject setup. In addition, pupil size measurements are 

affected by up to 10% by pupil position, due to the optical distortion of the cornea of the 

eye, and camera-related factors (Eyelink II User Manual 1.05). Therefore, the participants 

were asked to fixate on the fixation cross throughout the experiment and we tried to make 

the camera setting fixed for each participant. To compare the absolute values of pupil size 

between reversal and stability trials within each participant, the raw data was analyzed. 

To make the pupil size data consistent within or across participants, data were also 

z-score normalized. Trials in which eye blink artifacts occurred were removed from pupil 

size data. On the basis of participants’ key responses, pupil size data were labeled 

reversal or stability for each trial of stimulus presentation (same behavioral analysis as 

for ECG/ICG group) and plotted as dynamic curves.  

2.2.4.5. Statistics 

     For wHR and PEP single trial data, we calculated the change in response from the 

reversal trial to the immediately preceding stability trial, and a t-test was applied on the 

arcsine square-root transformed data to examine if the change in each condition (BR, C1 

or C2) was significant. A Kruskal-Wallis test was used for comparing the changes among 

the three conditions. For the dynamic curves, which represented how the autonomic 

signals (wHR, PEP and HRV) adapted with perceptual stability, an up to 5
th

 order trend 

analysis using SPSS (v11.5) was applied to the cross-subject data for all three conditions 
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(only BR condition for HRV data). For the analysis of HRV hf power changes as the 

number of reversal trials goes up, a Proc Mixed procedure using SAS (v9.3) was 

conducted by making the number of reversals as a continuous variable, which would 

measure if a linear trend exists.  

  For the pupil size data, a Proc Mixed procedure using SAS was applied to the 

assembled signal on each of the three conditions. Every 50
th

 data point (to reduce the 

correlation among the levels of Time factor) on the dynamic curves was extracted to 

conduct this test.  

2.3. Results 

2.3.1. wHR analysis results 

     As can be seen in Figure 2-8, there is almost no change in wHR between a reversal 

trial and its immediately preceding stability trial and the statistics confirmed it (BR: 

t(13)=0.19, p=0.855; C1: t(13)=0.29, p=0.775; C2: t(13)=-0.17, p=0.864). A 

Kruskal-Wallis test did not find any difference (
2
(2)=0.75, MSe=155.34, p=0.688) in the 

changes occurring on the three conditions. On the other hand, the dynamic curves which 

represent change in wHR with perceptual stability over increasingly longer durations 

(Figure 2-9), showed an upward trend for all three conditions: A trend analysis using 

SPSS found a significant linear trend in each of the three conditions (BR: F(1,78)=8.627, 

p=0.004; C1: F(1,78)=20.629, p<0.001; C2: F(1,78)=5.591, p=0.021). C1 also exhibited 
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a significant 4
th

 order polynomial trend (F(1,78)=5.349, p=0.023) whereas C2 exhibited a 

significant quadratic trend (F(1,78)=6.131, p=0.015).  

 
Figure 2-8. StabilityReversal induced change in wHR (n=14 participants). 

 

Figure 2-9. Normalized wHR with perceptual stability over increasingly longer durations, the mean of 

each curve was subtracted. 

2.3.2. PEP analysis results 

  PEP did not change significantly from stability trials to an immediately following 

reversal trial (Figure 2-10, BR: t(13)=1.76, p=0.102; C1: t(13)=-0.84, p=0.414; C2: 

t(13)=-0.82, p=0.864), and no condition dependent differences in the amount of change 
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was observed either (Kruskal-Wallis test: 
2
(2)=1.4, MSe=152.81, p=0.496). On the other 

hand, trend analysis of the dynamic data across a sequence of trials, which includes a 

variable run of stability trials (Figure 2-11) found the following: C1 data exhibited a 

quadratic trend (F(1,78)=4.271, p=0.042) and C2 data exhibited a cubic trend 

(F(1,78)=5.375, p=0.023); no significant trend of any kind was observed for the BR data 

(p>0.05).  

 
Figure 2-10. StabilityReversal induced change in PEP (n=14 participants). 

 

Figure 2-11. Normalized PEP with perceptual stability over increasingly longer durations, the mean of each 

curve was subtracted. 
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2.3.3. HRV analysis results 

  Paradigms C1 and C2 were designed so that physical alternation occurred only 

after four successive trials of the same stimulus. Therefore, we did not have any RS or 

RS
2
 data for conditions C1 or C2. For the above wHR and PEP analysis, the data of the S 

and S
2
 were from the first and second stability trials after a given reversal trial. Even the 

perceptual duration was longer than four consecutive trials, we could still pick up the S 

and S
2
 since there was no overlap with S

n
. However, for HRV analysis, the RS

n
 must 

cover the entire perceptual duration after a given reversal trial. For example, if the 

perceptual duration was a reversal trial followed by three stability trials, we can only 

obtain the data of RS
3
. The RS and RS

2
 from a partial duration were not appropriate due 

to their overlaps with RS
3
. Therefore a trend analysis was only performed on the BR 

condition (Figure 2-12), but no significant trend was found (p>0.05).  

 

Figure 2-12. High frequency spectral power of HRV with increasing longer perceptual stability (n=14 

participants). Error bars represent one s.e.m. 
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     Results of HRV hf power change with increasing number of reversal trials was 

shown in Figure 2-13. 6/14 participants exhibited significant decreasing linear trend, 2/14 

showed significant increasing linear trend and the rest 6/14 showed no trend. The overall 

trend analysis of all participants combined using Proc Mixed procedure in SAS showed a 

significant decreasing linear trend (F(1, 11220)=5.92, p=0.015).  

 
Figure 2-13. HRV hf power change with increasing number of reversal trials. Blue curves are the means of 

data for 14 participants; red one is the overall mean of all participants.   
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2.3.4. Pupillometry analysis results 

     Pupil size showed a small increase for after stimulus onset which lasted until 

around 200 ms post-onset and then a relative large decrease until 600 ms, followed in the 

end by a return to baseline (Figure 2-14). A Proc Mixed procedure comparing the 

down-sampled (10 Hz) dynamics of pupil size for each condition showed no main effect 

of the reversal/stability factor itself (BR: F(1, 135)=0.45, p=0.503; C1: F(1, 137)=0.12, 

p=0.728; C2: F(1, 137)=0.00, p=0.960) or in its interaction with time
3
 (BR: F(1, 

135)=0.07, p=0.789; C1: F(1, 137)=0.00, p=0.986; C2: F(1, 137)=0.18, p=0.674). 

Comparing the three conditions using Proc Mixed procedure, no differences were found 

in either condition (F(2, 419)=0.42, p=0.661), condition X time
3
 (F(2, 419)=0.22, p=0.8), 

or condition X reversal/stability (F(2, 419)=0.01, p=0.99). 

     The z-score normalization and the DC removal of the pupil size data attenuate the 

difference between reversal and stability to some degree. An investigation of the raw data 

of pupil size is necessary. Because the pupil size is an integer number, in arbitrary units, 

and the units of pupil measurement varied with subject setup, we can only show figures 

of raw data on per-subject basis (Figure 2-15). The Proc Mixed procedure using SAS 

revealed that the pupil size was larger in reversal trails than in stability trials on 5/6 

participants, which means parasympathetic system deactivates at reversals. In C1 and C2 

conditions, although some participants showed significant difference between reversal 

and stability, no general difference was found (Table 2-2).     
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Figure 2-14. Pupil size data in one trial of presentation for three conditions – BR, C1 and C2. The DC of the 

pupil size at the onset of stimulus presentation was removed. The shaded areas represent one 

s.e.m. Sampling rate is 500 Hz. 
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Table 2-2. Statistics results from comparing the raw pupil size between reversal and stability trials 

(r=pupil size of reversal trials; s=pupil size of stability trials). 

ID BR C1 C2 

S1 r>s (F(1, 5549)=12.38, p=0.0004) r>s (F(1, 997)=12.37, p=0.0005) r=s (F(1, 1218)=0.05, p=0.8163) 

S2 r>s (F(1, 7517)=59.57, p<0.0001) r=s (F(1, 2165)=1.01, p=0.3159) r=s (F(1, 2249)=1.88, p=0.1703) 

S3 r>s (F(1, 7422)=31.70, p<0.0001) r<s (F(1, 773)=13.23, p=0.0003) r=s (F(1, 747)=3.68, p=0.0555) 

S4 r>s (F(1, 2508)=112.26, p<0.0001) r<s (F(1, 845)=6.43, p=0.0114) r>s (F(1, 701)=8.71, p=0.0033) 

S5 r<s (F(1, 6581)=23.32, p<0.0001) r<s (F(1, 1061)=27.73, p<0.0001) r<s (F(1, 1577)=13.92, p=0.0002) 

S6 r>s (F(1, 9029)=16.09, p<0.0001) r>s (F(1, 2157)=4.54, p=0.0332) r=s (F(1, 2301)=2.88, p=0.0898) 

 

Figure 2-15. Raw pupil size data of reversal and stability trials in BR, C1 and C2 conditions for six 

participants (S1 ~ S6). The shaded areas represent one s.e.m. 

     Finally, we analyzed eye blink artifacts. Participants in our experiments were free 

to blink as they wished and we removed trials on which participants blinked from 
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pupillary analysis discussed above. However, we also calculated the percentage of trials 

which included at least one eye-blink over total trials for each subject, and we found no 

significant difference between the percentages of eye-blink trial on reversal and stability 

trials for BR and C1 condition (BR: Pr=25.92%±17.33%, Ps=24.94%±17.17%, 

t(4)=0.84, p=0.449; C1: Pr=25.57%±23.42%, Ps=20.4%±17.48%, t(4)=1.44, p=0.222). 

However, on the C2 condition, eye-blinks occurred somewhat more frequently on 

reversal trials than stability trials (Pr=31.58%±16.03%, Ps=25.3%±14.59%, t(4)=4.13, 

p=0.015). 

2.4. Discussion 

     Note that in the binocular rivalry condition, perception changed with no 

concomitant change in physical stimulation, whereas on the two control conditions, C1 

and C2, the perceptual was yoked to the physical. Thus, it is important to compare and 

contrast BR on the one hand and C1 and C2 on the other, as differences in how percept 

versus optics guides the autonomic system are brought to light. Similarities in autonomic 

response in BR vs. C1 indicate perception driving the autonomic system, whereas 

differences between BR and C1 indicate that the physical stimulus drives the autonomic 

system. 

Changes after reversal 

     Direct comparison of a given reversal trial with its immediately preceding stability 

trial did not find any significant change in wHR or PEP on the BR, C1, or C2 condition. 
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This could either be because there is no effect on autonomic signals when perceptual 

alternation occurs or a single reversal trial (1.2 sec) is not long enough for putative effects 

to arise. In light of the latter possibility, extending analysis to changes across a variably 

long run of stability trials (SS
6
) extended the duration to 8.4 sec (1.2 sec X 7) and 

indeed, effects were observed.  

     First, we found an increasing linear trend of the heart rate in all three conditions. 

This means as the duration of perceptual stability increased, the heart rate increased as 

well. Clearly, the heart rate cannot keep increasing forever, and indeed, reversals in 

visual perception appear to reset the heart rate. From a broader perspective, the wHR 

signal appears to be a notched or saw-toothed waveform. In addition, the wHR of C1 and 

C2 conditions also exhibited fourth order and quadratic trends respectively; this means 

that for the two control conditions, the heart rate did not just monotonically increase as 

the physical and perceptual stability duration increased: Heart rate approached a peak 

value around the S
4
, and thereafter started to decrease. The heart rate is controlled by 

both sympathetic and parasympathetic systems. Therefore we could not pinpoint the 

system responsible for the change in heart rate. 

     In this context, no linear trend of PEP was found with increasing perceptual 

stability in any of the three conditions. However, there was a quadratic and cubic trend 

observed for C1 and C2 conditions respectively. PEP represents sympathetic activity: 

shorter the PEP, greater the activation of the sympathetic system. On the basis of the PEP 
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results, we can conclude that sympathetic activation was unaffected by perceptual 

alternation, but adapted with prolonged viewing of the same stimulus in the C1 condition. 

     Although there was no trend observed of HF power of the HRV with increasing 

perceptual stability for the BR condition, the analysis of it with increasing number of 

reversal trials on per-subject basis showed an overall decreasing linear trend, which 

indicates the deactivation of the parasympathetic system at perceptual reversals.   

     When we compared the pupillary dynamics of the reversal trial vs. stability trial 

(Figure 2-16; time period was within 1.2 sec), the parasympathetic system should play a 

dominate role over the sympathetic system in controlling the pupil size in the reversal 

trial. The raw data did show the difference between reversal and stability in BR condition. 

However, the averaged pupil size data after z-normalization and DC removal, dismissed 

the difference between the two dynamics. Einhauser et al. (2007) claimed that the pupil 

dilates at the reversal during a continuous rivalry task. Since we used an intermittent 

rivalry task in this study, from our perspective, the pupil is more sensitive to each 

intermittent stimulus presentation rather than the parasympathetic activation. This could 

explain why we observed similar changes in dynamics of pupil size for both reversal and 

stability trials, but no difference between the two. 

Differences between C1, C2 and BR conditions 

     Our experiment was designed to study three different types of perceptual 

alternations. In the BR condition, the alternation was internal, namely it occurred inside 
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the visual system of the individual. In the C1 condition, perceptual alternation was the 

result of external stimulus alternation, which is the most direct and straightforward 

change among the three. In this condition, the reversal happened right away without any 

lag, and the perceptual stability resulting was the clearest and most stable of all three 

conditions. In the C2 condition, the perceptual alternation was due to a physical change in 

stimulus as well as a switch in the eye viewing the stimulus.          

     The differences between the three conditions in the autonomic results, which 

mainly consisted of higher-order trends in the autonomic response in the physical 

alternation control conditions alone, suggest that physical persistence of the stimulus goes 

above and beyond conscious perception, namely that sub-conscious effects of physical 

stimulation, which include effects like adaptation and response attenuation in the brain, 

extend to the autonomic system as well. On the flip side of the coin, strong 

commonalities exist among the three conditions, which mainly consisted of a strong 

linearly increasing trend of autonomic response with prolonged perceptual stability, 

which suggests that conscious perception had universal effects that extended even to the 

autonomic nervous system. 

Limitations and future directions 

     Note that participants were given four choices, which allowed for piecemeal as 

well as clear, complete percepts to be reported. This provides several advantages. First, 

its finer resolution allows one to find subtle transitions in perception. For example, when 
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a study participant only perceives either a clear face or more-face-than-house, he/she 

would only press one key for the entire block if only two choices were provided, but four 

choices allows us to observe that his/her perception changes. Second, for future work, it 

allows us to study the difference in autonomic responses between clear and piecemeal 

perception.  

     This issue also point toward limitations in our experimental design. Binocular 

rivalry is a gradual process (Naber et al., 2011), and a few choices in an intermittent 

procedure are not sufficient to reflect this gradual nature. EEG recordings were 

simultaneously conducted (but not reported here) and because EEG has excellent 

temporal resolution, intermittent rivalry is required, otherwise continuous rivalry would 

have been the favored choice, and we would have used a knob to respond to the gradual 

alternation instead of using discrete keys.    

     Another limitation was that we did not obtain the RS, RS
2
, RS

3
 data in C1 and C2 

conditions, which meant that we could not investigate how the HF power of HRV 

adapted to prolonged stability or changed with increasing number of reversal trals as in 

the case of BR condition did.  
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Chapter 3. Autonomic response to conscious visual detection 

3.1. Introduction  

     Visual detection is another type of visual awareness in which an external stimulus 

may or may not lead to a conscious percept. Most studies on visual detection have 

focused on the central nervous system, i.e., the brain. Liu et al. (2012) distinguished 

detected from undetected stimuli from signals recorded in the lateral occipital cortex 

around 200-300ms after stimulus onset. The autonomic nervous system has not been as 

extensively studied in association with visual awareness. However, there have been a 

handful of studies on the relationship between the autonomic nervous system and 

auditory or olfactory arousals. Scott et al. (2011) showed significantly greater skin 

conductance response (SCR) to a conscious auditory stimulus as compared to an 

unconscious one. Bensafi et al. (2002) found that the SCR amplitude positively correlated 

with the arousal level of an odor. The SCR is believed to be under the control of the 

sympathetic nervous system (Martini and Bartholomew, 2003), but the SCR is a 

notoriously noisy signal. External factors such as temperature and humidity and internal 

factors such as medications can affect SCR measurements. These factors show the 

complexity of the relationship between the SCR and sympathetic activity (Pflanzer, 2013). 

Zhao’s previous study (2011) in our laboratory investigated the autonomic response to 

moderate combined visual and audio stimuli using HRV and PEP and found a significant 

increase in parasympathetic activation (increase of HF power of HRV) after the 
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combined stimuli were presented. In conclusion, we expect increased activity of the 

parasympathetic pathway triggered by the conscious detection of a visual stimulus.  

     In order to investigate the autonomic response to the conscious detection of a 

stimulus, and to external factors, i.e., stimulus presence/absence, we used a stimulus with 

only one level of visibility which was pre-set to be near an individual’s detection 

threshold (see Discussion 3.4 for details). The stimulus was randomly presented on half 

of all trials, yielding a two-class confusion matrix: hit, miss, false alarm and correct reject. 

Participants also had to provide a confidence rating regarding their perceptual judgment, 

and this allowed us to investigate the autonomic signal as a function of three factors – 

stimulus (present/absent), judgment (correct/wrong), and rating of confidence 

(confident/not-confident). 

     HF of HRV and PEP respectively were used to measure the activation levels of the 

parasympathetic and sympathetic systems. Pupil size data was also recorded for an 

additional group of participants. Initially, we also planned to include SCR as a measure of 

sympathetic activity. However, pilot studies from our laboratory showed that the SCR is 

not sensitive to subtle stimulus variations, such as the near-threshold dim visual stimulus 

in our study. For most of the stimulus presentations we could not observe a robust SCR; 

therefore, SCR was not recorded in the present study.  

3.2. Methods 

3.2.1. Participants 
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     Eighteen volunteers were recruited from University of Houston student population 

to participate in the visual detection experiment. Thirteen of them (9 males, 4 females, 

age 23.5±4.61 yrs.) participated in the ECG/ICG experiment and five (4 males, 1 

females, age 20.8± 3.27 yrs.) participated in the pupillometry experiment. All 

participants reported having normal or corrected-to normal vision. Each participant was 

required to provide a written informed consent in accordance with the University of 

Houston Institutional Review Board (IRB) approval for this project. 

3.2.2. Stimuli and procedure 

     The stimulus was a dim gray square frame (2.6° outer side length, 0.3° thickness) 

with visibility near an individual’s detection threshold (pre-set using staircase procedure; 

see 3.4) presented at the center of a black background screen. It was surrounded by 

another bright gray square frame (4.1° outer side length, 0.8° thickness) outside as a mask 

to indicate the position of the stimulus, and with a fixation cross in the center to help 

maintain fixation and to give the participant a cue about stimulus onset. 

     The experiment consisted of two blocks of trials. Each block consists of 30 

presentations (~8 min). For each presentation, the fixation cross changed color to green 

from gray every 10 to 15 seconds (ISI) and stayed green for 3 seconds. During these three 

seconds, the stimulus appeared after the first second, and lasted for a second thereafter 

(Figure 3-1). The stimulus was presented on 15/30 trials and participants were asked to 

indicate whether or not they saw the stimulus by pressing a key after the fixation cross 
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turned green and before the next time the fixation cross turned green. Four keys were 

used to indicate “stimulus present” and “stimulus absent” and two confidence levels of 

each (confidence rating was recorded from 8/13 participants). 

 

Figure 3-1. The paradigm of one stimulus presentation on visual detection task. The brightness of stimulus 

in the figure is enhanced for illustration.  

     A third block of no-stimulus trials was given to 8/13 participants as a control 

condition to isolate the orienting response to the fixation cross turning green. The block 

was identical to the first two blocks except that a target stimulus from the previous two 

blocks was never presented, a fact of which the participants were duly informed 

beforehand. Participants were asked to press a key after the fixation cross changed color 

from gray to green.  
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3.2.3. Recording 

     All the apparatus and setups in this study were the same as in the binocular rivalry 

study (see 2.2.3) except that a mirror stereoscope was not required here and was therefore, 

not used. The recording was paused after each block during participants’ self-paced 

breaks. 

3.2.4. Analysis 

3.2.4.1. Behavioral analysis 

     Autonomic response recorded during the two experimental blocks and the control 

block were compared for change of the factor STIMULUS/NO-STIMULUS. The 

STIMULUS condition included both stimulus present and absent trials in the 

experimental blocks.  

  Second, for a given stimulus presentation in the experimental blocks, we 

determined whether it was seen or unseen and whether the subject was confident or not 

by checking each response to the stimulus. Regardless of the confidence rating, each 

physiological signal we investigated could be classified based on four combinations of 

stimulus and judgment: hit, miss, false alarm, and correct reject, as shown in Table 3-1, 

hits and correct rejects are Correct trials, misses and false alarms are Wrong trials. Hits 

and misses are Stimulus present trials, and false alarms and correct rejects are Stimulus 

absent trials. Along with two confidence levels, each autonomic parameter could be 
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understood as a function of three factors – Correct/Wrong, Stimulus Present/Absent, and 

Confident/Not-Confident.   

Table 3-1. The confusion matrix obtained from the STIMULUS condition. 

 Perceptual Judgment 

“Stimulus Present” “Stimulus Absent” 

Ground 

Truth 

Stimulus Present Hit Miss 

Stimulus Absent False Alarm Correct Reject 

 

     Notably, the three factors were not independent, in particular correctness and 

confidence. When participants reported being confident of their judgment, they tended to 

be correct as well: the percentage of wrong trials that participants were confident of their 

judgment about was 40.74%, while the percentage of correct trials that participants were 

confident of their judgment about was 64.03%. 

3.2.4.2. ECG analysis 

Weighted heart rate (wHR) 

     wHR was computed using the same formula used as in the binocular rivalry 

experiments (see 2.2.4.2), with the only difference being that the wHR is computed here 

on a second-by-second basis here rather than on a trial-by-trial basis for the binocular 

rivalry experiments. For the two conditions stated in Figure 2-6 (x-axis is time in 

seconds), the wHR could be calculated using 

                               
   

   
 

   

   
      and                 (4)    

           
   

   
   

   

   
     .                 (5) 
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     wHR was computed starting from seven seconds prior to stimulus onset until ten 

seconds following stimulus onset. The six seconds prior to the fixation cross turning 

green constituted the baseline for the given trial.  

High frequency (HF) power of HRV 

     The ISI was long enough (13~18 sec) in this task, we could cut off the fixed length 

of wHR signal and still retain a reasonable frequency resolution for HRV calculations. To 

investigate the dynamics of the HF power of HRV with a reasonable enough frequency 

resolution, we binned the data into five second long bins with a four second overlap. This 

yielded 13 discrete HF power values (from –7 to 10 s following stimulus onset). The 

baseline was the HF power of the five second period prior to the fixation cross turning 

color from gray to green.   

3.2.4.3. ICG analysis 

PEP analysis 

     The timing of the PEP was not evenly distributed, the PEP data must be measured 

and plotted in a cycle-by-cycle fashion rather than in a second-by-second fashion (Zhao, 

2011). The PEP was recorded starting from seven cardiac cycles pre-stimulus onset to ten 

cycles post-stimulus onset for each trial. PEP analysis was discussed in detail earlier in 

the context of binocular rivalry experiments (see 2.2.4.3). Due to incomplete PEP data, an 

average of all trials for each discrete time point under a certain label (e.g., stimulus 

present, or not-confident) was used to represent the PEP dynamic curve for that label.  
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3.2.4.4. Pupillary analysis 

     Pupillary data from the right eye of a separate group of participants (n=5) was 

recorded. Similarly to the data obtained in the binocular rivalry experiment, eye blink 

artifacts removed and pupil size data were normalized with z-score for further analysis. 

All calculations were based on continuous eye tracking from one second before fixation 

cross turns green until six seconds after the onset of stimulus on each trial.  

3.2.4.5. Statistics 

     We applied the Proc Mixed procedure using SAS to compare different conditions 

of each cardiac signal. In order to get a good test, we respectively modeled the time 

structure and residual covariance, and finally tested the hypothesis on main effect of 

condition within each factor, time, or condition X time interaction. We further conducted 

a LSMEANS statement to test where the differences occur. For the pupil size data, same 

statistics method was applied to the down-sampled data (2 Hz).       

3.3. Results 

3.3.1. wHR analysis results 

     As shown in Figure 3-2, wHR on the STIMULUS versus NO-STIMULUS blocks 

of trials showed different dynamics after the fixation cross turned color from gray to 

green. Note that the NO-STIMULUS block refers to the block of trials during which no 

stimulus was presented on any of the trials and participants were aware of this from the 

outset. A Proc Mixed procedure revealed significant effects of time
3
 (F(1, 12E3)=67.09, 
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p<0.0001) and block (F(1, 12E3)=16.93, p<0.0001), but no effect on the interaction 

between them (F(1, 12E3)=1.46, p=0.228). A further test using LSMEANS showed that 

the differences between two blocks occurred at the 1
st 

(t(12E3)=4.04, p<0.0001), 2
nd 

(t(12E3)=3.76, p=0.0002), 3
rd

 (t(12E3)=3.26, p=0.0011) and 4
th

 (t(12E3)=2.58, p=0.01) 

seconds after stimulus onset. 

 

Figure 3-2. The wHR for the STIMULUS and NO-STIMULUS blocks from six sec. before the fixation 

across turning green until ten sec. after stimulus onset (n=8 participants). The fixation cross 

changing color from gray to green cued the participant to the onset of a stimulus in one second. 

     We further analyzed the STIMULUS blocks of trials in terms of three factors – 

Stimulus (Present/Absent), Correctness (Correct/Wrong), and Confidence (confident/ 

not-confident; Figure 3-3), all six curves showed a decrease until the 2
nd

 second after the 

stimulus onset and then rebounded and overshoot to hit a peak at about the 6
th

 second. 

The Proc Mixed procedure confirmed that this dynamic change was significant (Time
3
:  
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Figure 3-3. The weighted heart rate dynamic curves for STIMULUS condition were presented in terms of 

three factors. a) Present/Absent and b) Correct/Wrong were across 13 participants, while c) 

Confident/Not-Confident was across eight participants.  
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F(1, 8059)=118.62, p<0.0001). However, there were no significant differences between 

the two levels of each of the three individual factors (Present/Absent: F(1, 8059)=1.09, 

p=0.298; Correct/Wrong: F(1, 8059)=1.62, p=0.204; Confident/Not-Confident: F(1, 

8059)=2.37, p=0.124) or with interactions of stimulus and correctness with time 

(Stimulus X Time
3
: F(1, 8059)=1.85, p=0.174; Correctness X Time

3
: F(1, 8059)=1.89, 

p=0.17). The effect on Confidence X Time
3
 interaction was significant (F(1, 8059)=8.19, 

p=0.0042). A post-hoc analysis using LSMEANS statement revealed that the heart rate of 

confident and not-confident trials was different at the 9
th

 (t(8059)=-2.09, p=0.036) and 

10
th

 (t(8059)=-2.27, p=0.024) seconds after the stimulus onset.  

3.3.2. PEP analysis results 

 

Figure 3-4. The PEP for the STIMULUS and NO-STIMULUS conditions across eight participants from 6 

cardiac cycles before the cue until 10 cycles after stimulus onset.  
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     PEP data analysis comparing STIMULUS and NO-STIMULUS blocks (Figure 3-4) 

showed a significant main effect on time
3
 (F(1, 11E3)=5.54, p=0.019), as well as a 

significant block X time
3
 interaction (F(1, 11E3)=5.17, p=0.023). The main effect on 

block only was not significant (F(1, 11E3)=2.20, p=0.138). A post-hoc analysis using 

LSMEANS revealed that the differences occurred at the 9
th

 (t(11E3)=-2.01, p=0.045) and 

10
th

 (t(11E3)=-2.11, p=0.035) cardiac cycles.  

     We further analyzed the STIMULUS blocks of trials in terms of three factors – 

Stimulus (Present/Absent), Correctness (Correct/Wrong), and Confidence (confident/ 

not-confident), all six curves (Figure 3-5) showed an increase starting from the thrid 

cardiac cycle following stimulus onset. This dynamic change has been confirmed by the 

significant main effect of time
3
 (F(1, 7201)=7.62, p=0.006). However, no significant 

differences between the levels of each of the three individual factors were found 

(Present/Absent: F(1, 7201)=0.01, p=0.916; Correct/Wrong: F(1, 7201)=0.00, p=0.97; 

Confident/Not-Confident: F(1, 7201)=0.02, p=0.881) or their interaction with time
3
 

(Stimulus X Time
3
: F(1, 7201)=3.70, p=0.054; Correctness X Time

3
: F(1, 7201)=1.51, 

p=0.23; Confidence X Time
3
: F(1, 7201)=0.22, p=0.641). 



 

61 

 

 
Figure 3-5. PEP dynamic curves for STIMULUS condition presented in terms of three factors. a) 

Present/Absent and b) Correct/Wrong were across 13 participants, while c) 

Confident/Not-Confident was across eight participants.  
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3.3.3. HRV analysis results 

     HF power of HRV analyzed on the STIMULUS and NO-STIMULUS blocks of 

trials (Figure 3-6) showed a significant main effect of time
2
 (F(1, 9327)=12.21, 

p=0.0005), and block (F(1, 9327)=13.31, p=0.0003), but no effect of block X time
2
 

interaction (F(1, 9327)=1.06, p=0.302), as revealed by the Proc Mixed procedure.  

 
Figure 3-6. HF power of HRV on the STIMULUS and NO-STIMULUS blocks of trials (n = 8 participants) 

from seven seconds before stimulus onset until ten seconds after.  

     As can be seen in Figure 3-7, HF power of the HRV changed significantly over 

time regardless of condition: there was an increase just after the moment of stimulus 

onset (-2:3 sec) followed by a decrease back to baseline starting at about seven seconds 

after stimulus onset(2:7 sec). This was statistically confirmed with a Proc Mixed 

procedure (Time
2
: F(1, 6160)=16.10, p<0.0001) However, no significant differences 

among the levels of the three individual factors were found (Present/Absent: F(1, 6160)   
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Figure 3-7. The HF power of HRV for STIMULUS condition presented in terms of three factors. a) 

Present/Absent and b) Correct/Wrong were across 13 participants, while c) 

Confident/Not-Confident was across eight participants.  
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=0.08, p=0.776; Correct/Wrong: F(1, 6160)=0.09, p=0.762; Confident/Not-Confident: 

F(1, 6160)=0.03, p=0.857) or in their respective interactions with time
2
 (Stimulus X 

Time
2
: F(1, 6160)=0.54, p=0.463; Correctness X Time

2
: F(1, 6160)=1.87, p=0.171; 

Confidence X Time
2
: F(1, 6160)=0.14, p=0.708). 

3.3.4. Pupillary analysis results 

 

Figure 3-8. The normalized pupil size for the STIMULUS and NO-STIMULUS blocks of trials (n = 5 

participants) from one second before the fixation cross turns color until three seconds after 

stimulus onset.  

     As shown in Figure 3-8, on both the STIMULUS and NO-STIMULUS blocks of 

trials, the pupil constricted after the fixation cross turned color from gray to green and 

started to dilate before the stimulus onset and gradually came back to the baseline. The 

Proc Mixed procedure on the down sampled data (2 Hz) confirmed this dynamic change 

(Time
3
: F(1, 3577)=18.57, p<0.0001), and revealed a significant effect of block X time

3
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Figure 3-9. The normalized pupil size for STIMULUS blocks of trials are sub-classified in terms of three 

factors - a) Stimulus (Present/Absent), b) Correctness (Correct/Wrong) and c) Confidence 

(Confident/Not-Confident). The NO-STIMULUS data (black) are also plotted for reference.   
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interaction (F(1, 3577)=7.04, p=0.008), but no main effect on block (F(1, 3577)=1.40, 

p=0.237). A post-hoc analysis using LSMEANS showed that the differences occurred 

through the 2
nd

 second until the 6
th

 second after stimulus onset (p<0.05). The pupil size of 

the STIMULUS block is larger than that of the NO-STIMULUS block within this time 

range.  

     We further analyzed the STIMULUS blocks of trials in terms of three factors 

(Figure 3-9) – Stimulus (Present/Absent), Correctness (Correct/Wrong), and Confidence 

(confident/ not confident). Only the Correctness X Time
3
 interaction showed significant 

effect (Table 3-2) and the differences occurred after the 3
rd

 second post stimulus onset 

(p<0.05).  

Table 3-2. Statistics results from comparing pairwise pupil size dynamics within three factors. 

Stimulus 
Condition F(1, 2256)=0.06, p=0.811 

Condition X Time
3
 F(1, 2256)=2.36, p=0.125 

Correctness 
Condition F(1, 2256)=1.04, p=0.309 

Condition X Time
3
 F(1, 2256)=18.87, p<0.0001 

Confidence 
Condition F(1, 2256)=0.01, p=0.924 

Condition X Time
3
 F(1, 2256)=0.01, p=0.915 

3.4. Discussion 

     All three cardiac signals - wHR, PEP and HF power of HRV, as well as pupil size 

differed significantly in their dynamics between the STIMULUS and NO-STIMULUS 

blocks of trials. Note that the NO-STIMULUS block was designed to isolate the orienting 

response to the fixation cross changing color. Such results can conclude that the 

autonomic responses on the SITMULUS block did not just result from changing color of 
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the fixation cross. More information was involved on the STIMULUS block even for the 

stimulus absent trials.  

     By comparing the two conditions under each factor within the STIMULUS block - 

Present/Absent, Correct/Wrong and Confident/Not-Confident, the only differences we 

found were the heart rate between confident and not-confident trials at the 9
th

 and 10
th

 

second after stimulus onset and the pupil size between correct and wrong trials through 

the 3
rd

 to 6
th

 second after stimulus onset. No difference was found on all other signals 

including the PEP and HRV.  

     However, regardless of the conditions within each factor, all the cardiac signals 

showed dynamic changes on the main effect of time. The heart rate dynamics indicated 

that the ratio of the sympathetic to parasympathetic activation decreased at first and then 

increased. PEP dynamics showed a major projection around 6
th

 cardiac cycle, indicating 

that the sympathetic activity decreased with a latency. From the dynamics of the HF 

power of HRV, we could conclude that the parasympathetic activity increased after the 

stimulus onset and decreased later. The pupil size dynamics especially the transient 

change around the cue and stimulus is more considered as a response to the fixation cross 

changing color instead of the actual stimulus. To sum up the findings we have indicated 

above, both the sympathetic and parasympathetic systems change their activations after 

the cue, but the parasympathetic activity is dominant in a transient response to the 

impending arrival of the visual stimulus.  
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Limitations 

     One of our aims was to compare the cardiac signals between the correct and wrong 

trials, we wanted the correct rate significantly greater than the 50% chance, but as low as 

possible to obtain enough amount of wrong trials. The only way we could control the 

correct rate was the stimulus luminance preset through the staircase procedure. For the 

first five participants, we conducted the two-alternative force-choice (2AFC) staircase 

procedure (Blackwell, 1953) with the desired probability of 71% (Table 3-3) for three 

times, averaged the outputs of the stimulus level, and used the rounded averaged value as 

the stimulus level in the formal experiment. The actual correct rate was 79.69%±9.44%, 

which was higher than what we expected. The next lower desired probability of 2AFC 

staircase procedure was 50%, which was just the chance. Considering the actual 

probability was higher than the desired one, we still used it for the rest eight participants. 

However, the actual correct rate was 77.31%±13.54%, which was not even lower than 

the first procedure. The reason could be the average of three outputs and the rounding of 

the averaged value may raise the stimulus level to a higher stage than participants’ actual 

threshold. With a higher correct rate, the only drawback was that we did not obtain many 

wrong trials to be used to compare with correct trials for some participants. For future 

work, using the lowest level from multiple staircase procedures as the stimulus level in 

the formal experiment may solve such issue.    
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Table 3-3 Common rules and thresholds of 2AFC staircase procedure. 

Number of correct 

responses 

Number of incorrect 

responses 

Estimated probability 

of correct response 

1 1 0.50 

2 1 0.71 

3 1 0.79 

     Besides, there was another issue of subjective bias - a tendency to respond having 

seen a stimulus, or not having seen one which varies across subjects, and even within 

subject. The bias could be observed from different threshold values produced from 

multiple staircase procedures on the same subject. To eliminate the bias, we designed 

another experiment which we named forced-choice detection as described in Chapter 4.  
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Chapter 4. Autonomic response to conscious forced-choice 

detection 

4.1. Introduction  

     To address the subjective bias in Visual Detection study, we designed the task 

referred to as Forced-choice Detection. The participant was presented two frames in the 

middle of the screen with a fixation cross in the center. When the cross turns to green, a 

stimulus will appear within the left or right frames on each trial. This is different from the 

detection paradigms in Chapter 3 in which the target appears on only 50% of trials. 

Instead of reporting whether or not they saw the stimulus, participants were forced to 

decide on which side they saw the stimulus. Rather than determining if the stimulus 

presence or absence drives the dynamics of the autonomic signals (Chapter 3), we aimed 

to test if the intensity of stimulus will affect the signals. In this study, a stimulus with one 

of six intensities appeared randomly on each trial. Along with a two-level confidence 

rating, the autonomic signals were categorized into three factors – correctness, 

confidence, and intensity. We expected the similar dynamics of signals in response to the 

stimulus in this experiment as in the visual detection experiment.  

4.2. Methods 

4.2.1. Participants 

     Eighteen volunteers have been recruited from University of Houston student 

population to participate in the forced-choice detection experiment. Thirteen of them (9 
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males, 4 females, age 23.5±4.61 yrs.) participated in the ECG/ICG experiment and five 

(4 males, 1 females, age 20.8±3.27 yrs.) participated in the pupillometry experiment. All 

participants reported having normal or corrected-to normal vision. Each participant was 

required to provide a written informed consent in accordance with the University of 

Houston Institutional Review Board (IRB) approval for this project. 

4.2.2. Stimuli and procedure 

 

Figure 4-1. Stimulus will be manipulated by varying the visibility. Six visibility levels will be used. The 

brightness of stimulus in the figure is enhanced for illustration. 

     Two bright gray square frames (2.4° in diameter, 0.6° in thickness) were presented 

on left or right side of the fixation cross on a black background screen as the masks. The 

stimulus, a dim gray square frame (1.2° in diameter, 0.3° in thickness) with varied 

visibility, was presented within either mask frame for each presentation. Six levels of 

visibility involved as shown in Figure 4-1. Level 3 (L3 in Figure 4-1) was set with the 

RGB level of near-threshold value pre-set in the visual detection study. The difference 

between any two contiguous levels was set to be only one RGB unit except for L5 and L6, 

in which the difference was 2 units. This task was implemented for four non-consecutive 

blocks of trials. Each block consists of 30 presentations (~8 min). For each presentation, 
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the procedure and function of the cue (the fixation cross changing color from gray to 

green) were same as in the visual detection task (Figure 4-2). One of six levels of 

stimulus was randomly selected for each presentation, yielding 20 trials for each level in 

total. Participants were asked to focus on the fixation cross for the entire duration and 

indicate on which side they saw the stimulus by pressing a key after the onset of the cross 

turning green and before next onset of the cross turning green. Four keys were used to 

represent “left for sure”, “left possible”, “right possible” and “right for sure” to separate 

the two confident levels. 

 
Figure 4-2. The paradigm of one stimulus presentation on the Forced-choice Detection task. The 

brightness of stimulus in the figure is enhanced for illustration. 
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4.2.3. Recording 

     The apparatus and setups were identical to those in the visual detection study (see 

3.2.3). The key response of each trial and the level of stimulus intensity were both 

recorded by Matlab.   

4.2.4. Analysis 

4.2.4.1. Behavioral analysis 

 

Figure 4-3. The percentage of Correct and Confident trials over total trials at each Intensity level 

(participants: n=13).      

     The stimulus appeared 100% of time in this task. Therefore the stimulus 

present/absent factor in visual detection was replaced by the stimulus intensity factor in 

forced-choice detection. According to participants’ response, each trial could also be 

labeled as correct/wrong and confident/not-confident. The three factors in forced-choice 

detection were not completely independent. For example, the higher the intensity of the 

stimulus, the higher likelihood of being observed with the greater confidence (Figure 4-3); 



 

74 

 

trials that were answered incorrectly tended to correspond to lower confidence (“wrong, 

confident” to “wrong, not-confident” ratio was 1/8).     

4.2.4.2. Cardiac and pupillay signals analyses 

     The same data processing procedures were applied to all wHR, PEP, HRV and 

pupil size data of forced-choice detection task as in visual detection task (see 3.2.4.2). 

The only difference was that in addition to the correctness and confidence categories, 

signals in forced-choice detection task were also categorized in terms of stimulus 

intensity instead of stimulus present/absent.   

4.2.4.3. Statistics 

  Proc Mixed procedure using SAS was applied on all wHR, PEP, HRV and pupil 

size (down sampled to 2 Hz) data within each factor. A post-hoc analysis using 

LSMEANS statement was performed on each time point to measure when the putative 

difference occurred.  

4.3. Results 

4.3.1. wHR analysis results 

  As shown in Figure 4-4, the heart rate response to the stimulus in Forced-choice 

Detection task showed the same dynamic as in Visual Detection task. The heart rate 

decreased after the fixation cross turned color from gray to green and rebounded about 

three seconds later. This dynamic change along the time series turned to be significant 

according to the Proc Mixed procedure (Time
3
: F(1, 25E3)=315.58, p<0.0001). From the  
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Figure 4-4. The weighted heart rate dynamic curves in terms of three factors - a) Correctness, b) 

Confidence, and c) Intensity (n = 13 participants). The fixation cross changing color from gray 

to green cued the participant to the onset of a stimulus in one second.   
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rebound, we could observe the differences between conditions in terms of each factor – 

correct/wrong, confident/not-confident, and intensity levels. For example, in Figure 4-4a, 

the rebound amplitude of the Correct curve was smaller than the Wrong curve; in Figure 

4-4b, the rebound in the Confident curve occurred earlier than the Not-Confident curve, 

and the amplitude was smaller in the Confident curve than in the Not-Confident curve; in 

Figure 4-4c, as the stimulus intensity level decreased (from L6 to L1), there was a delay 

on the rebound. However, those differences were from visually observation, we applied 

the Proc Mixed procedure to test them and it turned out most of the observed differences 

were significant, including the main effects of all three conditions (Correct/Wrong: F(1, 

25E3)=5.25, p=0.022; Confident/Not-Confident: F(1, 25E3)=15.49, p<0.0001; L1~L6: 

F(1, 25E3)=7.15, p=0.0075) and effects of correctness and confidence X time
3
 interaction 

(Correctness X Time
3
: F(1, 25E3)=4.54, p=0.033, Confidence X Time

3
: F(1, 

25E3)=29.98, p<0.0001). However, there is no significant effect of the intensity X time
3
 

interaction (F(1, 25E3)=1.27, p=0.26). A post-hoc analysis using LSMEANS statement 

showed that the heart rate of confident and not-confident trials were significant different 

through the 7
th

 to the 10
th

 second after the stimulus onset (p=0.007, p=0.0006, p<0.0001, 

p<0.0001 respectively), which confirmed the delay of not-confident trials over confident 

trials (Figure 4-4b). 

4.3.2. PEP analysis results 
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Figure 4-5. The PEP dynamic curves in terms of three factors - a) Correctness, b) Confidence, and c) 

Intensity (n = 13 participants). The fixation cross changing color from gray to green cued the 

participant to the onset of a stimulus in one second.  



 

78 

 

     As shown in Figure 4-5, PEP data showed a small dip at about two cycles after 

stimulus onset and then exhibited a large amplitude rebound after that. When the PEP 

approached the peak amplitude at around the fifth cycle, it remained unchanged for a 

while (four to five cardiac cycles). We applied a Proc Mixed procedure using SAS and it 

showed significant main effect on time factor (Time
3
: F(1, 21E3)=23.89, p<0.0001), and 

significant effect of confidence and intensity X time
3
 interaction (Confidence X Time

3
: 

F(1, 21E3)=4.40, p=0.036; Intensity X Time
3
: F(1, 21E3)=6.27, p=0.012). However, no 

effect on any condition (Correct/Wrong: F(1, 21E3)=0.72, p=0.397; 

Confident/Not-Confident: F(1, 21E3)=0.56, p=0.454; L1~L6: F(1, 21E3)=1.85, p=0.174) 

or the correctness X time
3
 interaction (F(1, 21E3)=0.18, p=0.675) was found. A post-hoc 

analysis using LSMEANS showed that the PEP of confident and not-confident trials were 

significant different on every second from the onset of stimulus until the 10
th

 second after 

the stimulus (p<0.05), and the PEP of different stimulus intensity appeared a linear trend 

from L1~L6 at the 1
st
, 6

th
, 7

th
, 9

th
 and 10

th
 second after the stimulus onset (p=0.031, 

p=0.034, p=0.008, p=0.007, p=0.006 respectively).  

4.3.3. HRV analysis results 

     As can be seen in Figure 4-6, all the curves showed an increase in HF power of 

HRV when the stimulus onset involved in the time range investigated (from -4:1 to 0:5 

second) and started to decrease at about six seconds after the stimulus onset (1:6 second). 

This dynamic change has been confirmed by the Proc Mixed procedure on the main  
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Figure 4-6. The HF power of HRV dynamic curves in terms of three factors - a) Correctness, b) Confidence, 

and c) Intensity across 13 participants.  
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effect of time factor (Time
2
: F(1, 19E3)=101.09, p<0.0001). From observing the curves, 

especially on Figure 4-6a and Figure 4-6b, the correct and confident curves shifted left 

from the wrong and not-confident curves respectively. However, these observed 

differences were not turned to be significant statistically on either condition 

(Correct/Wrong: F(1, 19E3)=0.74, p=0.391; Confident/Not-Confident: F(1, 19E3)=3.64, 

p=0.056; L1~L6: F(1, 19E3)=1.78, p=0.182), or correctness and confidence X time
2
 

interactions (Correctness X Time
2
: F(1, 19E3)=0.01, p=0.929; Confidence X Time

2
: F(1, 

19E3)=0.08, p=0.774). The only significant effect we found is on the intensity X time
2
 

interaction (F(1, 19E3)=11.05, p=0.0009). A post-hoc test on each time range showed a 

significant linear trend of HF power of HRV from L1~L6 at time range 2:7 second (F(1, 

1474)=10.11, p=0.0015).  

4.3.4. Pupillary analysis results 

     The pupil size fluctuated the same way in Forced-choice Detection task as in 

Visual Detection task. The pupil constricted right after the fixation cross turned to green 

from gray and dilated before the stimulus onset until about one second after the fixation 

cross turned to gray from green. The Proc Mixed procedure on the down sampled data (2 

Hz) revealed a marginal significant effect on the time factor (Time
3
: F(1, 4743)=3.40, 

p=0.065). From looking at Figure 4-7a and Figure 4-7b, the pupil dilation amount was 

smaller in the correct and confident curves compared to the wrong and not-confident 

curves respectively. However, these observed differences were not significant according  
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Figure 4-7. The normalized pupil size in terms of three factors - a) Correctness, b) Confidence, and c) 

Intensity (n = 5 participants). The fixation cross changing color from gray to green cued the 

participant to the onset of a stimulus in one second.  
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to the Proc Mixed procedure on either the main effect of conditions (Correct/Wrong: F(1, 

4743)=2.77, p=0.096; Confident/Not-Confident: F(1, 4743)=3.15, p=0.076; L1~L6: F(1, 

4743)=1.52, p=0.218) or their interactions with time
3
 (Correctness X Time

3
: F(1, 

4743)=0.59, p=0.442; Confidence X Time
3
: F(1, 4743)=0.44, p=0.509; Intensity X Time

3
: 

F(1, 4743)=0.08, p=0.78).  

4.4. Discussion 

     The cardiac and pupillary signals in the visual detection and forced-choice 

detection experiments exhibited similar dynamics. However, more observed differences 

were confirmed statistically in the forced-choice detection experiment. For each type of 

signal (wHR, PEP, HRV and pupil area), we applied the Proc Mixed procedure using 

SAS to measure the dynamics of the fluctuation; if the condition X time interaction 

showed a significant effect, we further used a LSMEANS statement to test when the 

difference occurred.  

     From the wHR results, we found significant main effects of all three factors – the 

correctness, confidence, and stimulus intensity, and effects of correctness and confidence 

with interaction with time factor. The effects of confidence and its interaction with time 

were more significant than other effects. Therefore, the confidence can be considered as 

the one drives the heart rate dynamics most. PEP dynamics were not as smooth as the 

wHR ones due to the incompleteness of the PEP recording for every single trial. However, 

we still observed some differences and statistically confirmed that, including the effects 
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of confidence and stimulus intensity with interaction with the time factor which indicates 

that both the confidence and stimulus intensity drive the dynamics of PEP. From the HF 

power of HRV results, only the stimulus intensity and time interaction showed significant 

effect. Lastly, none of the three factors showed any significant difference from the 

pupillometry results. 

     In summary, confidence and stimulus intensity are the two factors that drive the 

dynamics of the cardiac signals. Given the correlation between the two factors (Figure 

4-3) and their similarity that both represent the uncertainty level (e.g., the higher the 

stimulus intensity, the lower the uncertainty level). The delay of cardiac signals in our 

results (especially wHR and HRV) in not-confident or low intensity level trials 

demonstrates Damasio’s (1996) suggestion that in high uncertainty situations, cognitive 

processes might become insufficient and affective states may intervene to lead subject 

arrive at a decision.   

     Regardless the conditions within each factor, all the cardiac and pupillary signals 

showed dynamics changes along the time series. For example, the heart rate dynamics 

indicated that the sympathetic to the parasympathetic activity ratio decreased at first and 

then increased. PEP dynamics indicated that the sympathetic activity decreased with 

latency. From the dynamics of the HF power of HRV, we could conclude that the 

parasympathetic activity increased after the stimulus onset and decreased later. To sum 

up the findings we have indicated above, both the sympathetic and parasympathetic 
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systems change their activations after the stimulus onset, but the parasympathetic activity 

is dominant in a transient response to such visual stimulus.  

     The only difference between the forced-choice detection and visual detection 

experiments was that the forced-choice detection experiment addressed the subjective 

bias issue from redesigning the stimulus paradigms. However, the results from the two 

experiments were different in terms of assessing three factors. The confidence and 

stimulus intensity factors were distinguished from the forced-choice detection experiment 

but not from the visual detection experiment. Whether this is resulted from the 

experimental difference or simply because less participants provided the confidence 

ratings in visual detection experiment is still unknown. 
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Chapter 5. Conclusions 

     The present study investigated the activation of the autonomic nervous system in 

response to visual awareness using classical paradigms of binocular rivalry and visual 

detection. We assessed the autonomic activation by using a combination of ECG, ICG 

and pupillometry to examine cardiac autonomic functions, namely heart rate, the HF 

power of HRV, PEP and change in pupil area. Our study of binocular rivalry 

demonstrates that 1) Perceptual alternations during binocular rivalry deactivate the 

parasympathetic system while the sympathetic system remains unaffected; 2) Physical 

alternation of stimuli has effects on the activation levels of the autonomic nervous system 

that go above and beyond alternations in percept (that are not accompanied by physical 

change). Complementary to the above findings, studies of visual detection and 

forced-choice detection reveal that 1) Anticipation of an upcoming visual stimulus has a 

profound effect on autonomic activation, even more so than the actual onset of the 

stimulus or awareness of it; 2) Although both the sympathetic and parasympathetic 

systems are affected, the parasympathetic system appears to be more sensitive, at least at 

short latencies, to the anticipated arrival of a visual stimulus and to visual awareness; 3) 

The participant’s subjective rating of uncertainty in their perceptual judgment appears to 

be the dominant factor driving the dynamics of cardiac signals.      

     The former conclusion from visual detection experiment is based on the fact that 

on the STIMULUS block of trials, a visual stimulus was presented on half of all trials, 
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whereas on the NO-STIMULUS block of trials, participants knew no stimulus would be 

presented at all, and differences were found in autonomic activity during STIMULUS 

trials in which no stimulus was shown and NO-STIMULUS trials. Thus, the STIMULUS 

condition can be categorized as a suspense condition, which is a type of neutral emotion 

(Kreibig, 2010). Our finding is consistent with Hubert and de Jong-Meyer (1990, 1991), 

which showed that heart rate decreases at suspense. Furthermore, in forced-choice 

detection experiment, trials on which the observer was not confident of his/her judgment 

and the stimulus intensity was low can be thought of as an uncertainty condition, which is 

generally viewed as an aversive emotional state (Hogg, 2000; Weary and Edwards, 1996), 

and our results are concordant with Studer and Clark (2011) who showed that that heart 

rate decelerations are greater under conditions of greater uncertainty.   

We can also add uncertainty to the visual stimulus and see if that affects the 

activation of the autonomic nervous system. For instance, our finding of a significantly 

greater change in activation of the various components of the autonomic nervous system 

on the STIMULUS trials as compared to the NO-STIMULUS trials can be interpreted in 

terms of enhanced stimulus uncertainty on the former. A companion experiment in which 

a stimulus is presented on 100% of trials would provide an ideal complement to the 

present study: if the actual, physical occurrence of a visual stimulus is what triggers a 

change in autonomic activity, the change in activation in the proposed experiment would 

be high, perhaps even greater than that on the STIMULUS trials of the present study, on 
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which a visual stimulus is randomly presented on only 50% of trials, whereas if 

uncertainty--whether external, as in the proposed study, or internal as in the present 

study--is what triggers a change in autonomic activity, the change in activation in the 

proposed experiment would be low, perhaps lower than that on the STIMULUS trials of 

the present study.            

     From both cognitive and affective perspectives, the present studies demonstrate 

one direction of the mind-body problem that “the immaterial mind affects the material 

body in action” from an autonomic pathway. This leads to a more integrative view of 

sensory awareness and suggests the involvement of structures in the nervous system 

above and beyond the cortex.  

     The opposite direction, namely whether the autonomic nervous system affects the 

brain’s response, or that “the material body affects the immaterial mind in perception”, 

remains to be seen. With the existing data, we could divide each cardiac signal of each 

participant into four quartiles – low, low-medium, high-medium and high, and link the 

signal before the stimulus onset to the behavioral categories to see if the level of cardiac 

signal affects the following subjective judgment. For example, participant A with heart 

rate at the low quartile is likely to report confident in his/her following response. Because 

our experiments (visual detection and forced-choice detection) only allowed an 

inter-stimulus interval of 13~18 seconds (which was done to balance out a sufficient 

number of trials with the time commitment required of the participant), it is not sufficient 
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(according to Zhao, 2011) to obtain a dynamical view before the stimulus onset but after 

the preceding autonomic response (especially PEP according to our findings) returns to 

baseline. If we could prolong the inter-stimulus interval, the variability (i.e., whether or 

not the pre-stimulus HR/HRV/PEP signal is stable or fluctuating, or is drifting upward 

versus downward) of the cardiac signals before stimulus onset could be used as the 

dependent variable to associate with the following behavioral response. A putative 

Granger causality analysis will help build a causal model predicting the behavioral 

response as well as the neural data (EEG data were recorded during all our experiments. 

These data have not been reported for this thesis.) from the autonomic signals. 

     The present studies mainly focus on binocular rivalry and visual detection. There 

are a number of other techniques that can be used to probe the visual awareness, such as 

masking (Breitmeyer and Ogmen, 2006), which studies the temporal stages of visual 

awareness, continuous flash suppression (Tsuchiya and Koch, 2004), which is precisely 

controlled in time, motion induced blindness (Bonneh et al., 2001), which is 

a phenomenon of visual disappearance, and so on. In order to comprehensively 

understand the relationship between visual awareness and autonomic nervous system, 

investigations using other techniques need to be implemented.  

     The autonomic nervous system controls visceral functions, disturbances of the 

autonomic nervous system play a crucial role in the pathogenesis and clinical course of 

many diseases, such as heart failure, hypertension, myocardial infarction and diabetes 

http://en.wikipedia.org/wiki/Flash_suppression
http://en.wikipedia.org/wiki/Motion_induced_blindness
http://en.wikipedia.org/wiki/Phenomenon
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(Mancia, 2001). Our studies, from a scientific view, will provide references of techniques 

and analysis methods in assessment of the autonomic nervous system with particular 

emphasis on those that are useful in diagnosis and treatment of relative diseases. For 

example, our method of calculating HRV from short term signal could potentially help 

assess the parasympathetic system more efficiently in diagnosing hypertension (Zygmunt 

and Stanczyk, 2010) and myocardial infarction (Buccelletti et al., 2009). Furthermore, 

our studies of the cardiac autonomic function in asymptomatic individuals will be the 

first step of a full-fledged study in establishing a tool to help in the early diagnosis of 

diabetic neuropathy.  

     HRV and PEP can be used as another means to identify awareness in patients who 

cannot communicate to the outside world, such as comatose patients, or patients in the 

vegetative state, or those suffering from locked-in syndrome. HRV and PEP have 

advantages over EEG in that these measures do not require as many trials. The signal is 

greater, the SNR is higher. HRV and PEP can also be used to study sleep and the effects 

of sensory stimulation in sleep during which the individual is not communicating with the 

outside world. One can also use this technique to investigate consciousness in infants 

who are not verbal. 
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Appendices 

A.1. Intermittent binocular rivalry 

    The traditional binocular rivalry involves uninterrupted presentation of different 

stimuli to the left and right eyes, and the dominant perception alternates between the two 

eyes every a few seconds (Tong et al., 2006; Sterzer et al., 2009). The subjective reports 

(usually key-presses) are used to indicate the current percept and to index the time at 

which a perceptual transition has occurred. However, the time interval between the 

perceptual changes and the reports of such changes are likely to vary from trial-to-trial by 

tens to hundreds of milliseconds (Pitts et al., 2010). Such trial-to-trial variation has 

remarkable influence when we analyze the physiological signals with high time 

resolution along with rivalry, such as the event-related potentials (ERPs) of EEG.     

    To address this problem, stimuli can be presented intermittently (onset/offset 

presentation) and the reversal (if occurs) could be lead to the onset of the stimuli (Orbach 

et al., 1963, 1966). The duration of the presentation should be short enough (usually less 

than 800ms) to prevent any re-reversals during this interval (Kornmeier and Bach, 2004). 

The instance of onset could provide a more reliable time reference for ERP analysis than 

reaction time, and perceptual transition rates across intermittent presentations are 

equivalent to those found using continuous displays (Pitts et al., 2010). 

A.2. Face-house binocular rivalry 
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    Because the response of autonomic nervous system to stimulus is usually slow 

compared to central nervous system, and the present study aimed to see their response to 

visual awareness transition, the stimulation pattern in binocular rivalry should be 

designed to prolong the percept duration, and meanwhile, reduce the piecemeal as much 

as possible. After comprehensive consideration of these two indexes, I decided to use 

face-house pattern as the stimulation in the binocular rivalry experiment. 

Face-house is the only complex coherent visual object instead of simple stimuli 

among a range of different patterns commonly used in binocular rivalry. Other patterns 

include slants oriented gratings, Necker cubes and so on. Alais and Melcher (2007) 

compared the rivalry between simple stimuli (oriented gratings) and complex stimuli 

(face-house) in two rivalry characteristics – depth of rivalry suppression and coherence of 

alternations. They found rivalry between coherent visual objects (face-house) exhibits 

deep suppression and coherent rivalry, whereas rivalry between simple stimuli exhibits 

shallow suppression and piecemeal rivalry.    

    However, the slant rivalry has relatively longer percept duration compared to the 

other rivalry stimuli (van Ee, 2005). According to van Ee’s study, the mean percept 

duration for slant rivalry is relatively long (6.3s), and relatively short for grating rivalry 

(2.1s). The face-house rivalry has the second longest percept duration (3.4s).  

    One other benefit of using face-house rivalry is that these two pattern involve two 

high-level visual areas – the human fusiform face area (FFA), which responds selectively 
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to faces as compared to a variety of nonface stimuli, and the parahippocampal place area 

(PPA), which responds strongly to houses and places but not to faces (Tong, 1998). The 

differential response properties of these two areas enable us to measure changes in 

electrophysiological signals during rivalry alternations.   

 


