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Abstract 

 Understanding the effect of subject arousal on saccadic behavior can shed light on 

the mechanisms by which arousal influences executive and oculomotor systems. 

Increased vagal activity is a key component of the parasympathetic response, and is 

inversely associated with arousal. We designed two experiments to examine the 

relationship between saccadic reaction times (SRTs) and two cardiovascular correlates of 

vagal activity: heart rate (HR) and the normalized high-frequency (HFν) component of 

heart rate variability (HRV). In the first experiment, 11 normal human subjects performed 

a simple saccade task where they were asked to shift their gaze towards an eccentric 

target. In the second experiment, 19 subjects performed a counterbalanced and 

interleaved task where they were asked to look either towards (prosaccade) or away from 

(antisaccade) a visual stimulus. Experiment #1 aimed to probe the role of arousal on 

automatic oculomotor mechanisms, while Experiment #2 added an executive component. 

On the basis of data from these experiments, we propose the existence of two discrete 

mechanisms: a parasympathetic pathway that modulates automatic functions on a 25-

minute timescale and another that modulates both executive and automatic functions on a 

2 min timescale. We also postulate a mechanistic hypothesis for the neurovisceral 

integration of arousal, oculomotor behavior and cardiovascular parameters. These 

findings may allow concurrent pulse oximetry to be used for improving the fidelity of 

future oculomotor and other neurophysiological experiments. 
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Chapter 1 

Introduction 

 

 The effect of alertness on the performance of cognitive, motor and affective tasks 

has been measured in specific contexts using cardiovascular parameters. These contexts 

include computer work (Hjortskov et al. 2004), car driving (Michail et al. 2008), the 

Stroop task (Petkar, 2011), visual perception of fearful faces (Park et al. 2012) and others 

(Reviewed in Thayer et al. 2012). However, there remains comparatively little 

understanding of the diverse effects of arousal and the mechanisms underpinning them, 

particularly as these mechanisms and effects apply to the modulation of motor control 

systems. This lack of understanding has hampered the development of neurorehabilitative 

approaches to the recovery of motor function following structural brain injury (Goldfine 

and Schiff, 2011) 

The rapid and accurate performance of oculomotor tasks allows an organism to 

assess its environment and react to it in a timely fashion. Arousal, given its relationship 

with 'fight or flight' responses, can therefore be expected to influence oculomotor 

mechanisms. If changes in arousal are associated with changes in oculomotor behavior, 

then an ability to control for variations in arousal will allow for clearer interpretation of 

experimental results derived from oculomotor paradigms. Neuroimaging, 

electroencephalography and magnetoencephalography studies that utilize an oculomotor 
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component may be improved by adequate control for arousal. Furthermore, a mechanistic 

approach to the study of arousal dynamics will allow this vital process to take its 

appropriate place in our understanding of central nervous system function.  

 The potential significance of changes in subject alertness and arousal through the 

course of oculomotor experiments has not been fully assessed. It has, however, been 

shown that top-down modulation of neural activity resulting from increased phasic 

alertness influences visual processing areas (Thiel et al. 2004). A predominantly right-

hemispheric frontal, parietal, thalamic, and brain-stem network has been reported to be 

coactivated by alerting and orienting attentional demands (Strum and Willmes, 2001). 

However, the role played by these networks in modulating saccadic reaction times 

remains unknown. 

 

Saccades are rapid, conjugate eye movements used to orient the fovea toward a 

visual stimulus. The generation and mechanistic basis of these ballistic movements has 

been an important subject of inquiry in neuroscience (Scudder et al. 2002; Sparks, 2002; 

Munoz & Everling, 2004; Ramat et al. 2007). Over the last several decades in particular, 

technical advances have facilitated eye tracking and the study of corresponding neural 

correlates (Westheimer, 1989; Hall & Moschovakis, 2004; Schall, 2004; Ramat et al. 

2005). Impairment in saccadic generation and the inability to suppress involuntary 

saccades hold importance as findings in the context of neurological diagnosis (Brandt et 

al., 2003; Thurtell et al. 2007; Munoz et al., 2007). From the standpoint of evolutionary 
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biology, saccade generation is seen in the broader context of orienting responses 

(Boehnke & Munoz, 2008). Understanding the neurological mechanisms underlying such 

responses sheds light upon the evolution of the human nervous system. 

 The relative simplicity of the oculomotor system is also of cardinal importance to 

understanding the keen research interest taken in it. The three dimensions of ocular 

movement – horizontal, vertical and tortional – are a great simplification over the 

multidimensionality of limb and segmental link control (Carpenter, 1977). Efferent 

pathways of the oculomotor system are mediated by cranial nerves, bypassing spinal 

mechanisms (Goodwin, 2007). All of the neural structures controlling eye movement are 

located at the level of the brainstem and above. For these reasons, the oculomotor system 

has been studied extensively at every physiological level (Ramat et al., 2005).  

 These properties make saccadic behavior an ideal tool for probing nervous system 

function and dysfunction in a clinical research setting, where observations of saccadic 

movement in the context of behavioral tasks shed light on mechanisms influencing the 

behaviors (Munoz et al. 2007). The neurological mechanisms underlying changes in 

saccadic behavior can be elucidated by concurrent neuroimaging and elecrophysiological 

recording. In addition to providing structural insights, these techniques can reveal 

electrochemical and spatiotemporal patterns of nervous system activity that correlate with 

elements of saccadic behavior such as reaction time, trajectory, velocity and temporal 

frequency. Saccadic behavior is altered in conditions such as Parkinson’s disease 

(Kennard & Lueck, 1989; Cameron et al. 2010), ADHD (Munoz et al. 2003; Rommelse 
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et al. 2008), Tourette’s syndrome (Straube et al. 1997; Farber et al. 1999; Munoz et al. 

2002) and fetal alcohol syndrome (Green et al. 2007) as well as a number of others 

(Kennard & Lueck, 1989; Rommelse et al. 2008; Thurtell et al. 2007). 

 Our laboratory focuses on two experimental paradigms that probe saccadic 

behavior. Pro-saccade tasks evaluate the ability of a subject to initiate visually triggered 

saccades automatically. Anti-saccade tasks, in contrast, evaluate subject ability to 

suppress the automatic visually triggered saccade and instead initiate a voluntary saccade 

in the opposite direction. The latter task probes very different neural mechanisms from 

the former (Munoz & Everling, 2004). 

 Saccadic reaction times (SRTs) in humans performing a pro-saccade task 

distribute bimodally on a plot of frequency versus reaction time (Fischer and 

Ramsperger, 1984). Typical regular saccadic latencies range from 180-250 ms, with a 

faster modal peak appearing in the 90-120 ms range under specific circumstances 

(Fischer and Boch, 1983; Dorris et al. 1997). The ‘express saccades’ are elicited through 

the shortest sensorimotor stimulus-response loop available to the visual system. An 

alternative breakdown of the SRT distribution proposed by Fischer in 1987 recognizes 

three major components: express saccades in the 100-135 ms range, fast-regular saccades 

in the 140-180 ms range and slow-regular saccades with latencies above 200 ms. More 

recent parametrizations of the distribution (Gezeck & Timmer 1997) incorporate more 

modes within these categories. 
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Antisaccades are saccadic eye movements that are executed in the direction away 

from a visual stimulus. Their correct performance requires the suppression of an 

automatic prosaccade and the execution of a voluntary saccade in a direction opposite to 

the stimulus (Munoz and Everling, 2004). Because antisaccades are voluntary rather than 

automatic, requiring both the suppression of automatic behavior and an operation of 

vector inversion for the execution of a voluntary saccade in the opposite direction, they 

occur at longer latencies than prosaccades. Antisaccades distribute between 200 and 500 

ms with a mean SRT between 300 and 360 ms (Munoz et al. 1998; Peltsch et al. 2011).  

 

Cardiovascular variables have not traditionally undergone monitoring in 

neurophysiological studies of the oculomotor system. Central line placement for the 

direct measurement of blood pressure is physically invasive. The placement of EKG 

leads on human subjects requires exposure of the precordium, which can be 

psychologically invasive for some subjects. Moreover, the utility of measuring 

cardiovascular variables routinely for control purposes had not been established. 

The heart is innervated both by the sympathetic and parasympathetic system, its 

activity regulated by sympathovagal balance. Investigating this balance can provide an 

estimate of subject stress (Hjortskov et al. 2004) and arousal (Michail et al. 2008), factors 

which may have bearing upon the distribution of SRTs. Saccades are an orienting 

response. It can therefore be expected that modulating their velocity on the basis of 

autonomic balance confers a survival advantage. Organisms that are cued toward ‘fight or 
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flight’ with a sympathetic predominance could benefit from an acceleration of saccadic 

responses. However, when the time comes to ‘rest and digest’, a parasympathetic 

predominance is established: rapid reactions are not equally advantageous. 

Two rapidly responding, easily acquired, noninvasively examinable parameters 

can be used as measures of sympathovagal balance: heart rate and heart rate variability 

(Camm & Malik, 1995). The heart of a normal human subject beats at an intrinsic rate 

determined by the sinoatrial node. Unmodified, this rate corresponds to 100-115 beats per 

minute. At rest, parasympathetic innervation through the vagus nerve reduces the heart 

rate to 60-80 bpm (Jose & Collison, 1970). However, the activation of sympathetic 

efferents originating from the superior cervical to the 4th thoracic sympathetic ganglia, 

coupled with a withdrawal of inhibitory parasympathetic tone, can increase heart rate 

beyond its intrinsic value (Klabunde 2005). In this manner, heart rate is dependent on 

sympathovagal balance. Although heart rate is generally computed by finding the number 

of beats in a given unit of time, the regular sinus rhythm of the normal heart is not 

precisely regular. 

Heart rate variability (HRV) refers to this variation in beat-to-beat intervals. In 

subjects with a denervated heart, the length of time separating any two beats is equal. In 

normal subjects, variation exists in the length of time separating any two beats. This 

variation has an intrinsic oscillatory character with respect to beat number. The 

characteristics of this oscillation are dependent on sympathovagal balance.  
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Examined in the frequency domain, HRV has three primary features: the very low 

frequency (VLF), low frequency (LF), and high frequency (HF) components (Camm & 

Malik, 1995). The VLF range is located between 0 and 0.03 Hz. Oscillations here are 

related to long-term regulatory mechanisms, and cannot be adequately examined using 

recordings several minutes in length. The LF range between 0.03 and 0.15 Hz contains 

another rhythm, typically centered on 0.1 Hz. Its physiological interpretation is not 

straightforward. The HF component is located at the respiratory frequency, between 0.18 

and 0.4 Hz. Linked to mechanical changes during the breath cycle and mediated by the 

vagus nerve, it can be used as a measure of parasympathetic modulation (Malik & Camm, 

1993; Hedman et al. 1995). 

The ratio of these two components, or the LF/HF ratio, has been used as a marker 

of sympathovagal balance. While sympathetic predominance is generally related to a high 

‘fight or flight’ arousal state, parasympathetic predominance is related to a low ‘rest and 

digest’ arousal state. However, this relationship only holds in cases that involve mild to 

moderate activity or significant changes in baroreceptor stimulation (Perini & 

Veicsteinas, 2003). In conditions characterized by relative physical inactivity and a 

sustained sitting posture such as that assumed by subjects in typical oculomotor tasks, the 

normalized LF component exhibits little correlation with heart rate, while the HF 

component increases (Perini et al. 1993). Under such conditions, heart rate can be 

interpreted as an autonomic integrator reflecting changes in vagal tone – a variable that 

changes as a function of both sympathetic and parasympathetic drive. The LF component 
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is not readily interpretable. The normalized HF component, however, can be interpreted 

as a measure of variability in vagal tone rather than as a proxy for vagal tone itself 

(Hedman et al. 1995).  

Models of neurovisceral integration have linked changes in vagal modulation with 

changes in blood flow to the amygdala, anterior cingulate and ventromedial prefrontal 

cortex, consistent with the role of these structures in the perception of uncertainty and 

‘top down’ appraisal (Thayer et al. 2012). HF, given its relationship to variability in 

vagal drive, can therefore be thought of as providing a measure for the degree to which 

affective context is involved in modulating the parasympathetic system. In a more 

concrete sense, the HF component can be seen as a measure of the oscillatory amplitude 

in the parasympathetic signal. An attenuation or increase in this amplitude, when 

normalized for total spectral power, implies differential activation of filter or amplifier 

circuits in the arousal pathway. 

Multiple methods may be used to calculate spectral parameters for HRV analysis 

in the frequency domain (Montano et al., 2009). The most common of these involves the 

computation of a power spectrum using a fast Fourier transform (FFT) of the tachogram 

representing beat-to-beat interval length versus beat number. The power of each 

component is then calculated by integrating spectral values with respect to frequency in 

its given range, and the sympathovagal balance may be deduced from the ratio between 

the LF and HF components. In practice, the true ranges of the components – particularly 

those of the VLF and LF peaks – overlap. As a result, more complex autoregressive 
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methods exist to evaluate the power of each component. However, such methods are less 

widely used and more difficult to implement.  
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Chapter 2 

Goal of Thesis 

 The goal of this thesis is to demonstrate the link between cardiovascular measures 

of arousal and saccadic behavior in normal human subjects. The specific aims of this 

thesis are as follows: 

 

1. To determine whether SRTs or the cardiovascular variables of HR and HFν 

change across a prosaccade-only oculomotor paradigm under constant and well-

controlled conditions. 

2. To investigate whether there is a relationship between SRTs and the 

cardiovascular variables of HR and HFν. 

3. To probe the effect of adding an executive component to the oculomotor task on 

SRTs, HR, HFν and the relationships between them. 

 

Establishing a link between cardiovascular measures of arousal and SRT will 

enable the construction of better controlled oculomotor paradigms by allowing the 

experimenter to adjust methodology and correct data analysis in order to account for 

arousal effects. Therefore, we used cardiovascular parameters to probe the relationship 

between subject arousal and performance in two well-controlled oculomotor tasks that 

require different levels of executive involvement.  
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Chapter 3 

Hypothesis 

 

In order to achieve the aims of this thesis, we have conducted two experiments: 

Experiment #1 addresses aims 1 and 2, investigating SRT, HR and HRV dynamics 

through a prosaccade-only paradigm. 

Experiment #2 addresses aim 3 by interleaving antisaccade and prosaccade blocks 

in a counterbalanced fashion in order to introduce two executive components to the task: 

the requirement of suppressing the automatic prosaccade in order to make a voluntary 

saccade in the opposite direction during antisaccade blocks, and the requirement of 

maintaining and changing appropriate behavior as prosaccade and antisaccade blocks 

alternated. 

We hypothesized that subject arousal as measured by HR will decrease during 

both experiments. If such a decrease is observed in sedentary conditions, it can be 

inferred that it occurs largely due to an increase in parasympathetic tone and therefore 

due to decrease in arousal. 

If saccadic latencies are subject to modulation by the arousal system, it is 

reasonable to anticipate that they would correlate with cardiovascular variables that 

receive similar input from the arousal system. Such a correlation would be anticipated in 

both Experiment #1 and Experiment #2.  
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The change in SRTs with decreasing subject arousal can be expected to depend on 

the interplay between arousal, executive and automatic motor functions. The aggregate 

result of Experiment #1 and Experiment #2 can be used to illustrate this relationship. 

Experiment #1 focuses only on automatic motor responses, while Experiment #2 

incorporates both automatic motor responses and a cognitive component. Automatic and 

voluntary processes are in competition during the antisaccade blocks of Experiment #2. 

A 2 × 2 design matrix of automatic vs. executive SRT inhibition or noninhibition can 

therefore be constructed. The four elements of this matrix are the experimental outcomes 

as follows: 

 

1. A parasympathetic pathway that inhibits executive function will increase 

antisaccade SRTs in Experiment #2 and decrease SRTs in Experiment #1.  

2. A parasympathetic pathway that inhibits automatic processes will decrease 

antisaccade SRTs in Experiment #2 and increase SRTs in Experiment #1. 

3. A parasympathetic pathway that inhibits both executive function and automatic 

processes will produce mixed inhibitory effects. The nature of these effects 

depends on the relative extent to which both automatic functions and executive 

processes are inhibited.  

4. A parasympathetic pathway that influences neither function will result in no SRT 

change through Experiment #1 or Experiment #2. 
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 The change in prosaccade SRTs through Experiment #2 is difficult to predict, as 

automatic and executive processes would be in active competition with one another. 

However, prosaccade SRTs in Experiment #2 were expected to be higher than prosaccade 

SRTs in Experiment #1 due to the presence of a longitudinal executive component in 

Experiment #2. 

Differences in the temporal relationship between SRT and cardiovascular changes 

can be used to illustrate mechanistic differences between arousal processes. If the latency 

between SRT and HR or HFν changes between Experiment #1 and Experiment #2, it can 

be inferred that different mechanisms mediate arousal in the two paradigms. 
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Chapter 4 

Materials and Methods 

 

 The methods of this study complied with the principles set forth in the “Tri-

Council Policy Statement: Ethical Conduct for Research Involving Humans” 

and the study was approved by the Health Sciences Research Ethics Board. 

 

4.1 Subject selection criteria 

 

 Subjects were grossly neurologically intact males and females. All had sufficient 

visual acuity to perform a nine-point calibration task without refractive correction. 11 

subjects – 3 male and 8 female between 20 and 30 years of age – performed Experiment 

#1, which consisted of 10 prosaccade-only blocks. 19 subjects – 9 male and 10 female 

between 20 and 47 years of age – performed Experiment #2, which consisted of 

interleaved prosaccade and antisaccade blocks. All subjects gave informed verbal consent 

for participation in the experiment. No financial reward was provided to the subjects and 

they were not compensated for their participation. 
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4.2 Experimental Design 

 

 Experiment #1 was designed with a step paradigm with no gap or overlap 

between the presentation of the fixation point and stimulus. Following a 2000 ms fixation 

period during which subjects maintained their gaze on a central dot, subjects were 

presented with an isoluminant target stimulus flashed for 100 ms that appeared 10 

degrees left or right of center. The fixation target and stimulus were white and 55 cd/m2 

in intensity, while the background of the LCD monitor remained < 1 cd/m2 in intensity. 

No additional stimuli were presented for 1900 ms following target offset. The duration of 

a single trial was 4000 ms. Subjects performed 30 consecutive prosaccade trials in a 

single block and the stimulus was presented pseudorandomly on the right or left side. 

Each block lasted 120 seconds. Subjects were permitted brief, untimed breaks between 

the blocks. The duration of an entire experiment from the beginning of the first blocks 

was under 25 minutes.  

 This task was modified for Experiment #2 to an interleaved prosaccade-

antisaccade task by verbally instructing the subject to perform either prosaccades or 

antisaccades prior to the commencement of each block. Prosaccade and antisaccade 

blocks were interleaved in a manner where there were no consecutive blocks of the same 

kind. The sequence of the blocks was counterbalanced for order effects. Each block in 

Experiment #2 also lasted 120 seconds. Subjects were again permitted brief, untimed 

breaks between the blocks. The duration of an entire experiment from the beginning of 

the first blocks was under 25 minutes. 
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 In both tasks, there were variable-length delays between the blocks. Most of these 

delays were no longer than 15 seconds. Blocks were started manually once the subject 

communicated their readiness to continue. During the prosaccade only task, subjects were 

verbally informed that they were nearing the end of the experiment on the 9th block. 

 

4.3 Visuomotor data collection 

 

 Subjects were seated comfortably in a dimply lit room throughout the experiment. 

Visual stimuli were presented on an LCD monitor, and the Eyelink 1000 system supplied 

by SR Research was used for eye tracking and administration of the experiment. Both the 

monitor and tracking camera were approximately 50 cm away from the eye of the 

subject. Data was collected at 500 Hz. A 9-point calibration along the horizontal and 

vertical axes performed prior to the experiment was used to map oculomotor data to gaze 

location. Calibration annuli were shown at either corner of the display, in directions to the 

center and to the right, left, top and bottom of center. Saccades were detected using a 

velocity threshold method. As we were interested primarily in saccadic response times, 

no drift correction was performed during the experiment. Subject performance was 

monitored online during the experiment, and the Eyelink 1000 output was subsequently 

analyzed offline. 
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4.4 Pulse oximetry data collection 

 

 

 Although it is common practice to use intervals between the tall R waves of the 

QRS complex from EKG recordings in order to gather data for use in heart rate 

variability studies, the viability of using pulse oximetry tracings in order to obtain similar 

data has also been demonstrated (Lu et al. 2008). Pulse oximetry data was collected using 

a finger clip USB pulse oximeter (Rising Medical Equipment Co., Ltd.) connected to a 

laptop computer. The device sampled oxygen saturation at 60 Hz. The capture of an 

adequate signal was ensured prior to each block. If a signal interruption was experienced 

during a block, the oximeter was repositioned on the fly in order to recapture the signal. 

Data collection was started and stopped manually using the laptop at the beginning and 

end of each block. Experimental block and oximetry recording starts were not machine 

synchronized. Data acquisition was monitored online during the experiment, and the data 

was subsequently analyzed offline. 

 

4.5 Data analysis 

 

 Cardiovascular variables were analyzed in the time and frequency domains. Data 

representing heart rate within each run were imported directly from an output file 

generated by the pulse oximetry interface software, then analyzed using MATLAB 7.4.0.  
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A script was written in MATLAB 7.4.0 to correct for spurious tachographic data 

resulting from recording errors. First, peaks in the tracing corresponding to each cardiac 

cycle were detected and used to build an initial tachogram. Since power spectrum 

calculation methods are sensitive to spurious maxima and minima therein, cutoff criteria 

were used to find such values. The outlying time intervals that fell outside the acceptable 

range denoted by these minimum and maximum criteria were then interpolated across by 

averaging surrounding values and replacing the outlier with this average. The error 

detection and interpolation process was supervised manually in order to select 

appropriate cutoffs and prevent overinterpolation of the data. 

Interpolated tachograms were used to compute the heart rate and calculate power 

spectra using the PhysioNet HRV toolkit. The Lomb periodogram method implemented 

within this toolkit to calculate power spectra is less sensitive to noise and outliers than 

FFT-based methods (Moody, 1993). Because the distributions of total spectral power and 

its components are not normally distributed, a mean of logarithms was used to calculate 

their center measures. Components and total powers were then transformed back into 

linear space, and the components were then normalized by total power. 

 Saccadic reaction times (SRTs) were plotted in the form of a histogram in order to 

qualitatively assess their distribution. Normalized cumulative plots representing the area 

underneath the histogram were also plotted, with the number of saccades completed by 

500 ms in each instance denoting unity. Rank-sum tests were used to assess the 

significance of differences between SRT distributions.  
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SRT distributions from Experiment #1 were bimodal. The relative maxima of the 

two modes were at 200 ms and 300 ms. The two modes were termed the ‘fast mode’ and 

‘slow mode’, respectively. In order to describe the bimodality of the SRT distribution in 

Experiment #1, the number of saccades performed in the 200 ms fast mode was assessed 

as a fraction of the number of trials. This fraction was termed ‘fast mode preference’. A 

cutoff of 250 ms was used to distinguish between the fast and slow mode as it represented 

a local minimum in the SRT distribution. 
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Chapter 5 

Results of Experiment #1 

 

The goal of Experiment #1 was to determine whether SRTs or the cardiovascular 

variables of HR and HFν change across a prosaccade-only oculomotor paradigm under 

constant and well-controlled conditions. Experiment #1 consisted of 10 blocks of 30 

trials. Subjects were instructed to fixate on a central dot, and then make a saccade toward 

an eccentric stimulus. HR, HFν and SRTs were measured. HR changed through the 

experiment with different kinetics within and between blocks. SRT fast mode preference 

decreased, correlating with HR and HF. 

 

5.1 HR changed during the experiment 

 

 Subject heart rates during Experiment #1 averaged 77.6 ± 1.1 (mean ± SEM) 

bpm, and are shown in normalized form in Fig. 1, averaged across all 10 blocks for all 

subjects. The first third of the block saw an elevated HR that decreased to an undershoot 

with a minimum at 40 seconds (Fig. 1A). The undershoot epoch took place between 21 - 

60 sec from the start of the block. The difference between the undershoot epoch and 40 

sec of baseline immediately following it was highly significant (1-way ANOVA F(1,78) 

= 91.37, p < 0.001). This was followed by an increase in heart rate for 20 sec, at which 

point a baseline heart rate was maintained. The difference between the top of the elevated 
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region and the baseline was approximately 5 bpm, while the difference between the 

baseline and undershoot was approximately 1.5 bpm. 

 HR also decreased between blocks through the experiment (Fig. 1B). The steepest 

decline appeared to occur between blocks 4 and 7, with relative stability in the initial and 

final blocks. Although statistically significant (1-way ANOVA F(9,100) = 2.08, p < 

0.05), the magnitude of the decrease between blocks 1 and 10 was modest at 

approximately 1.5 bpm. 

 

5.2 SRT changed during the experiment 

 

 SRTs were pooled from all trials and all subjects in the Experiment #1. Over 90% 

of saccades were completed by 350 ms, and the SRTs were distributed in a bimodal 

fashion. Two maxima were seen in the SRT distribution: one at approximately 200 ms 

and one at 325 ms. The two modes centered about these maxima were termed the fast 

mode and slow mode, respectively (Fig. 2). The minimum between the fast mode and 

slow mode maxima occurred at approximately 250 ms. This bimodality was not driven by 

intersubjective differences (Fig. S1): 9 subjects showed at least two distinct saccadic 

modes while 2 were unimodal. One of the unimodal subjects made > 90% of saccades by 

200 ms, while the other made approximately half by 250 ms. Minima in the SRT 

distributions of the bimodal subjects were located at and around 250 ms. A value for ‘fast 
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mode preference’ was therefore calculated by dividing the number of SRTs under 250 ms 

by 30 - the total number of trials per block. 

 There was a significant difference (Mann-Whitney U = 2.56 × 106, n1 = 1567, n2 

= 1560, p < 0.001) 2-tailed) between saccadic behaviors in the first and second half of the 

block (Fig. 2A). The size of the fast mode decreased in the second half of the block. The 

median of SRT in the first half of the block was 220 ms, while it was 234 ms in the 

second half of the block. 

 In a manner similar to the SRT changes observed within a block, the SRT 

distribution also changed between blocks. There was a significant (Mann-Whitney U = 

2.52 × 106, n1 = 1608, n2 = 1519, p < 0.001) 2-tailed) reduction in the preference of the 

200 ms fast mode between the last five blocks and the first five blocks (Fig. 2B). The 

SRT median for the first half of the experiment was 220 ms, while it was 234 ms for the 

second half. 

 

5.3 SRT correlated with HR and HFν 

 

 The sympathovagal state of a subject may bias the oculomotor system toward the 

activation of either faster or slower saccadic modes. In order to investigate the 

relationship between autonomic-associated cardiovascular parameters and saccadic 

behavior, the fast mode preference of SRT was correlated with HR and HFν. Block by 

block values of HR were found to correlate with the fraction of saccades made in the fast 
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mode (Pearson r = 0.78, p = 0.005 2-tailed) (Fig. 3A). Fast mode preference correlated 

even more strongly with HFν (Pearson r = 0.85, p < 0.005 2-tailed), and significant cross-

correlations are observed with HFν in the preceding (Pearson r = 0.80, p < 0.01 2-tailed) 

and following (Pearson r = 0.71, p < 0.05 2-tailed) run (Fig. 3B). Correlation coefficients 

between fast mode preference and HFν are shown as a function of lag represented in 

blocks. Positive lag values represent change in the oculomotor metric preceding changes 

in HF. The correlation was also observed when the mean SRT is used in lieu of fast mode 

preference (Fig. 3C), but it was less pronounced (Pearson r = 0.65, p < 0.05 2-tailed).
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1A 

Figure 1  

Heart rate changes in Experiment #1. Figure 1A shows normalized heart rate as a function of time within a single block. Each 

point on the curve represents the mean normalized heart rate from all blocks and all subjects. Figure 1B demonstrates a 

significant decrease in normalized mean heart rate across all ten blocks of the experiment (1-way ANOVA F(9,100) = 2.08, p < 

0.05). Each point represents the normalized mean heart rate for all trials within that block and all subjects. The envelope 

boundaries reflect standard error of the mean in both panels. 
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2B 

Figure 2 

SRT changes in Experiment #1. Figure 2A shows the normalized cumulative distributions of SRTs up to 500 ms made in the 

first half (solid line) and second half (dashed line) of a block, demonstrating a fast mode preference reduction in the second 

half (Mann-Whitney U = 2.56 × 106, n1 = 1567, n2 = 1560, p < 0.001 2-tailed). Median SRT decreased from 220 ms to 234 ms. 

SRTs from all blocks and all subjects were combined to generate the curves. Figure 2B shows the normalized cumulative 

distributions of SRTs up to 500 ms made in the first and last five blocks of the experiment, demonstrating a fast mode 

preference reduction in the second half (Mann-Whitney U = 2.52 × 106, n1 = 1608, n2 = 1519, p < 0.001 2-tailed). SRTs from 

all subjects were combined to generate the curves. The dotted line at 250 ms represents the cutoff used in calculating fast 

mode preference: the fraction of saccades < 250 ms. Note that rank sum testing was performed on all recorded SRTs rather 

than just SRTs < 500 ms. 
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Figure 3 

Cardiovascular parameters correlate with oculomotor 

behavior in Experiment #1. Figure 3A shows normalized 

mean heart rate plotted as a function of fast mode 

preference (Pearson r = 0.78, p < 0.005 2-tailed). Figures 3B 

and 3C show the cross-correlation of HF with mean SRTs 

(Pearson r max = 0.65, p < 0.05 2-tailed) and fast mode 

preference (Pearson r max = 0.85, p < 0.005 2-tailed), 

respectively. Correlation coefficients are shown as a 

function of lag represented in blocks. Positive lag values 

represent change in the oculomotor metric preceding 

changes in HF. 
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Chapter 6 

Results of Experiment #2 

 

Experiment #2 extended the paradigm of Experiment #1 to include a manipulation 

of executive control via the introduction of interleaved antisaccade blocks. This 

experiment consisted of 10 blocks of 30 trials. At the beginning of each block, subjects 

were instructed to fixate on a central dot, then make a saccade either toward or away 

from an eccentric stimulus. Prosaccade and antisaccade blocks were interleaved and 

counterbalanced. HR, HFν and SRTs were measured. HR changed during the block and 

decreased between blocks. HFν changed little. However, Mean SRT correlated with HR 

and preceded changes in HFν. The number of SRTs < 250 ms was greatly reduced. 

 

6.1 HR changed during the experiment 

 

 Subject heart rates during Experiment #2 averaged 70.3 ± 0.9 bpm. The 

differences in HR between prosaccade and antisaccade blocks had overlapping SEM 

envelopes, and the normal root mean square difference between the two traces was 

9.63%. HR from these conditions was therefore pooled for the purposes of further 

analysis. The first third of the block saw a significantly elevated HR as compared to the 

second third (1-way ANOVA F(1,78) = 42.32, p < 0.001). HR decreased to a baseline 

level by 40 sec (Fig. 4A), remaining at this baseline for the duration of the block. The 
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difference between the top of the elevated region and the baseline was approximately 4 

bpm. 

HR also decreased between blocks through the experiment (Fig. 4B). The decline 

appears to be continuous until about block 7. Although the magnitude of the decrease was 

a physiologically modest 2 bpm, the dataset was rich enough to ascribe it overwhelming 

statistical significance (1-way ANOVA F(9,180) = 4.39, p < 0.001).  

 

6.2 SRT changed during the experiment 

 

 In comparison with the SRT distributions in Experiment #1, the SRTs for 

prosaccadic trials in Experiment #2 were shifted toward the slow mode, with the majority 

of SRTs exceeding 250 ms (Fig. 5A). No significant differences were observed in 

prosaccadic behavior between the second and third (Mann-Whitney U = 6.96 × 105, n1 = 

824, n2 = 833, p = 0.20) or first and last (Mann-Whitney U = 7.01 × 105, n1 = 835, n2 = 

833, p = 0.57 2-tailed) thirds of the block when these were averaged across subjects. The 

difference in SRT distribution between the first and second thirds of the block 

approached statistical significance (Mann-Whitney U = 7.02 × 105, n1 = 835, n2 = 824, p 

= 0.060 2-tailed). The median SRTs of each third, in order, were 260 ms, 267 ms and 264 

ms. 

 As in previous studies (Reviewed in Fischer et al. 1997), the distribution of SRTs 

from antisaccade trials was markedly slower compared to the prosaccade task. There was 
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an increase observed in the anti-SRTs through the block, with the most apparent increase 

taking place between the second and third thirds (Mann-Whitney U = 8.35 × 105, n1 = 

900, n2 = 899, p < 0.05 2-tailed). The median antisaccade SRTs of each third of a block, 

in order, were 274 ms, 275 ms and 281 ms. The difference between SRT distributions of 

the first and second thirds of the block was not significant (Mann-Whitney U = 8.26 × 

105, n1 = 917, n2 = 900, p = 0.50 2-tailed), while the difference between the first and third 

thirds was (Mann-Whitney U = 8.52 × 105, n1 = 917, n2 = 899, p < 0.005 2-tailed).  

Interestingly, the opposite trend was seen when comparing the change in SRTs 

between blocks: there was a statistically significant decrease in prosaccadic (Mann-

Whitney U = 5.44 × 105, n1 = 690, n2 = 740, p < 0.005 2-tailed) and antisaccadic (Mann-

Whitney U = 5.89 × 105, n1 = 798, n2 = 762, p < 0.005 2-tailed) SRTs from the first five 

blocks to the last five blocks of the experiment (Fig. 5B). The magnitude of this decrease 

was greater than that of the decrease observed in Experiment #1. The median prosaccadic 

SRT decreased from 268 ms to 260 ms, while the median antisaccadic SRT decreased 

from 280 ms to 271 ms. 

 The shift in pro- and anti-SRTs through the experiment occurred in the same 

direction and was of a similar magnitude. Indeed, the significance of the difference 

(Mann-Whitney U = 2.42 × 106, n1 = 1516, n2 = 1532, p < 0.001 2-tailed) between the 

grouped pro- and anti-SRTs of the first versus the second half of the experiment was 

greater than the difference in either pro- and anti-SRT groups compared separately. 
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Therefore, the pro- and anti- groups were merged for the purposes of a block-by-block 

comparison with cardiovascular variables. 

 

6.3 SRT correlated with HR and HFν 

 

Block by block values of the normalized mean heart rate correlate with mean SRT 

(Pearson r = 0.83, p < 0.005 2-tailed). This correlation retained considerable strength and 

significance in the face of single point exclusion of the three most outlying points (Fig. 

6A). The correlation of mean SRT with HFν was weaker than in Experiment #1 and lost 

statistical significance (Pearson r = 0.57, p = 0.09 2-tailed). However, a significant cross-

correlation between mean SRT and HFν was observed at a lag of one block (Pearson r = 

0.68, p < 0.05 2-tailed), where change in mean SRT precedes changes in HFν (Fig. 6B). 

 

6.4 HFν falls during Experiment #1, but not Experiment #2 

 

Figure 7 shows the changes in HFν in the two experiments (1-way ANOVA 

F(3,16) = 61.59, p < 0.001). A significant decrease between the first and second half of 

Experiment #1 was observed HFν (Bonferroni p < 0.001). The fraction shifted from 0.31 

to 0.22. In contrast, there was no statistically significant change in HFν between the first 

and second half of Experiment #2. The difference in the HFν fraction between the first 

halves of Experiment #1 and Experiment #2, however, were significant. The level of 
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parasympathetic modulation at the beginning of Experiment #2 was higher than in 

Experiment #1 (Bonferroni p < 0.005). 
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Figure 4 

Heart rate changes in Experiment #2. Figure 4A shows normalized heart rate as a function of time within a single block. 

Each point on the curve represents the mean normalized heart rate from all blocks and all subjects. Figure 4B 

demonstrates a significant decrease in normalized mean heart rate across all ten blocks of the experiment (1-way 

ANOVA F(9,180) = 4.39, p < 0.001). The difference between the last two blocks is not significant. Each point represents 

the normalized mean heart rate for all trials within that block and all subjects. The envelope boundaries reflect standard 

error of the mean in both panels. 
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Figure 5 
SRT changes in Experiment #2. Figure 5A shows the normalized cumulative distributions of prosaccade (green) and antisaccade (red) 
SRTs up to 500 ms made in the first (Pro 1/3 and Anti 1/3), second (Pro 2/3 and Anti 2/3), and third (Pro 3/3 and Anti 3/3) thirds of a 
block. Changes between the first and second thirds of the prosaccadic block approached significance (Mann-Whitney U = 7.02 × 105, 
n1 = 835, n2 = 824, p = 0.060 2-tailed). Changes between the second and third (Mann-Whitney U = 6.96 × 105, n1 = 824, n2 = 833, p = 
0.20) as well as first and (Mann-Whitney U = 7.01 × 105, n1 = 835, n2 = 833, p = 0.57 2-tailed) portions of the prosaccadic block were 
not significant. Significant changes occurred between the second and last thirds (Mann-Whitney U = 8.35 × 105, n1 = 900, n2 = 899, p 
< 0.05 2-tailed) as well as first and last thirds (Mann-Whitney U = 8.52 × 105, n1 = 917, n2 = 899, p < 0.005 2-tailed) of the 
antisaccadic block. The difference between SRT distributions of the first and second thirds of the block was not significant (Mann-
Whitney U = 8.26 × 105, n1 = 917, n2 = 900, p = 0.50 2-tailed). The median SRTs of each third, in order, were 260 ms, 267 ms and 264 
ms for prosaccades and 274 ms, 275 ms and 281 ms for antisaccades. SRTs from all blocks and all subjects were combined to generate 
the curves. Figure 5B shows the normalized cumulative distributions of all prosaccade (green) and antisaccade (red) SRTs up to 500 
ms made in the first (Pro 1/2 and Anti 1/2), and last (Pro 2/2 and Anti 2/2) five blocks of the experiment, demonstrating a reduction in 
SRTs for the second half. This reduction was significant for both prosaccades (Mann-Whitney U = 5.44 × 105, n1 = 690, n2 = 740, p < 
0.005 2-tailed) and antisaccades (Mann-Whitney U = 5.89 × 105, n1 = 798, n2 = 762, p < 0.005 2-tailed). SRTs from all subjects were 
combined to generate the curves. The dotted line at 250 ms represents the cutoff used in calculating fast mode preference: the fraction 
of saccades < 250 ms. Note that rank sum testing was performed on all recorded SRTs rather than just SRTs < 500 ms. 
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Figure 6 

Cardiovascular parameters correlate with oculomotor behavior in Experiment #2. Figure 6A shows normalized mean heart rate 

plotted as a function of mean SRT (Pearson r = 0.83, p < 0.005 2-tailed). The correlation holds on exclusion of the lowest point 

(Pearson r = 0.76, p < 0.05 2-tailed). Figure 6B shows the cross-correlation of HF with mean SRTs (Pearson r max = 0.65, p < 

0.05 2-tailed). Correlation coefficients are shown as a function of lag. The maximal correlation is encountered at a lag of one. 

Positive lag values represent change in mean SRT preceding changes in HF. 
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7 Figure 7 

Parasympathetic modulation as expressed by HFν is 

reduced in the second half of Experiment #1 

(Bonferroni p < 0.001), but not Experiment #2. There 

is also a significant difference between HFν in the first 

half of the two experiments (Bonferroni p < 0.005). 
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Chapter 7 

Discussion 

 

7.1 Summary of findings 

 

 The main goal of this thesis was to demonstrate a link between cardiovascular 

measures of arousal and saccadic behavior in normal human subjects. We conducted two 

experiments to measure changes in subject arousal while they performed saccadic tasks 

and we quantified the relationship between SRT and arousal by correlating SRT with two 

concurrently measured cardiovascular metrics, HR and HFν. SRT, HR and HFν changed 

across oculomotor paradigms. Experiment #1 required only prosaccades and established 

that SRT, HR and HFν were not stationary across an experimental session. Experiment 

#2 required subjects to perform alternating blocks of prosaccades and antisaccades, 

adding a cognitive component. The relationships between SRT, HR and HFν were 

modulated differently on 2 min versus 25 min timescales in the second experiment. These 

findings led us to postulate a two-process model for the influence of arousal on 

oculomotor behavior. The actions of the two processes were then brought together in an 

integrated hypothesis that describes the effect of central arousal mechanisms on 

cardiovascular parameters and saccadic behavior, linking the two. 
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7.2 Utility of HR and HFν 

 

Absolute HR and HFν are influenced by the cardiovascular fitness, water balance, 

age, metabolic demand and sympathovagal balance of a subject (Jose & Collison, 1970; 

Camm & Malik, 1995; Perini et al., 2003). The former three parameters did not change in 

our experiment, while the continuously sedentary nature of the task assured constant and 

relatively low metabolic demand. Under our experimental conditions, relative changes in 

HR and HFν were therefore useful for the measurement of sympathovagal effects, and 

therefore arousal. Arousal is regulated in part by the relative balance of sympathetic and 

parasympathetic autonomic processes (Camm & Malik, 1995). The ratio between 

sympathetic and parasympathetic activity is termed sympathovagal balance. A high 

sympathovagal balance is associated with a highly alert state and vice versa (Elsenbruch 

et al. 1999; Delaney & Brodie, 2000; Hilton et al., 2000; Busek et al., 2005). 

 Changes in heart rate under conditions of low stress and exertion are mediated 

primarily by parasympathetic activity (Perini et al., 2003). Parasympathetic signals are 

transduced to the viscera by the action of the vagus nerve, which forms cholinergic 

synapses at parasympathetic ganglia situated near effector organs. In our experiment, 

changes in HR therefore corresponded to changes in vagal tone: decreases in HR 

indicated increases in vagal tone and vice versa. Autonomic vagal activity is associated 

with the parasympathetic ‘rest and digest’ response and therefore with decreased arousal.  
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By contrast, relative changes in HFν represent a measure of parasympathetic 

modulation (Malik & Camm, 1993). This parameter can be thought of as a scaled 

variance of vagal tone. Changes in the pulsatile properties of vagal activity as described 

by this parameter serve as a qualitative marker of change in the balance of input into the 

nucleus ambiguous. Tracking the HF parameter also allows for the postulation of 

electrophysiological predictions regarding the activity of the vagus nerve. High HFν 

suggests wide-amplitude oscillatory activity in the vagus nerve, while low HFν implies 

narrower amplitude. HR and HFν are therefore complementary parameters rather than 

two reflections of the same measurement. HR is a measure of tonic vagal activity, while 

HFν describes pulsatile vagal activity. 

 

7.3 Interpretation of results 

 

Experiment #1 established the presence of strong arousal effects during blocks of 

a simple task requiring a saccade to a visual target, demonstrating correlation between 

SRT and HR (Fig. 3A). There was a reduction in the proportion of faster, more automatic 

prosaccades as subjects relaxed during the block. HR decreased between the first and 

second half of the block in Experiment #1 and median SRT increased (Fig. 1A and 2A). 

The same effect was observed between blocks, with HR decreasing and median SRT 

increasing (Fig. 1B and 2B). Experiment #1 also demonstrated that there was a tight 

coupling between preference of the fast mode and parasympathetic modulation as 
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measured by HFν (Fig. 3C). Taken together, these findings support the hypothesis that 

the oculomotor and cardiovascular systems receive similar input from the arousal system. 

This common input links HR and HFν to SRT. 

To our knowledge, this is the first demonstration that endogenous neurovisceral 

states associate with changes in SRT. Exogenous substances that modulate both arousal 

and saccadic behavior are described in the pharmacological literature reviewed by Reilly 

et al. (2008). Benzodiazepines (Fafrowicz et al. 1995; Masson et al. 2000), ketamine 

(Radant et al. 1998) and oxcarbamazepine (Tedeschi et al. 1989; Remler et al. 1990) 

increase prosaccade SRT. Nicotine reduces antisaccade SRT (Larrison et al. 2004; 

Roycroft et al. 2006; Roycroft et al. 2007). Caffeine has been shown to reduce SRT while 

increasing blood pressure and improving cognitive performance via noradrenergic 

mechanisms (Smith et al. 2003). Smith et al. demonstrated that pharmacologically 

mediated increases in arousal may influence cardiovascular parameters, saccadic 

behavior and cognition.  

 Experiment #2 demonstrated – to our knowledge, for the first time – that the 

properties of the endogenous relationship between vagal activity and oculomotor 

behavior changed when a cognitive component was added to the task. The inverse 

relationship between HR and SRT did not hold for prosaccades within the block of 

Experiment #2, but did hold for antisaccades (Fig. 5A). In Experiment #2, SRT increased 

with HR rather than decreasing with HR between blocks. This positive correlation was 

observed for both prosaccades and antisaccades (Fig. 5B & 6A). Unlike in Experiment 
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#2, change in SRT preceded change in HFν by some period of time shorter than one 

block, or under 120 sec (Fig. 6B). 

 The results of Experiment #1 and Experiment #2 can be interpreted using the 

design matrix framework established in our hypothesis. The framework can be applied to 

our result on the timescale of one block or the timescale of the entire experiment, as 

changes in sympathovagal balance can occur at timescales ranging from seconds to hours 

(Camm & Malik, 1995). The timescale of one block is ~2 minutes in length, while the 

timescale of the experiment is 20-25 minutes in length. On both timescales, a decrease in 

HR was observed between the first and second halves of the time period. Therefore, 

parasympathetic activity increased on both timescales. This implies that subjects were 

becoming increasingly sedated through both experiments. The observed responses 

therefore result from an increase in parasympathetic activation rather than a reduction of 

parasympathetic tone. 

 On the block timescale, SRTs increased in Experiment #1 and increased for 

antisaccades only in Experiment #2. This result suggests that a parasympathetic pathway 

inhibits both automatic functions and executive processes. In Experiment #1, where there 

is relatively little executive function to inhibit, this process inhibits automatic functions. 

In Experiment #2, it inhibits both automatic functions and executive processes as 

evidenced by the mixed nature of the result.  

 On the timescale of the entire experiment, SRTs increased in Experiment #1 and 

decreased in Experiment #2. This suggests that a parasympathetic pathway which 
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predominantly inhibits automatic rather than executive processes is present in the system, 

operating on a timescale of 20-25 minutes. 

 

7.4 The two-process model 

 

 A model consisting of two parasympathetic processes can be constructed to 

describe the findings of this experiment. The first process acts over 20-25 min to inhibit 

automatic functions. The second process inhibits both executive and automatic functions 

on timescales of ~2 min.  

 A clue regarding the relationship between these two processes is seen in the cross-

correlation plots between HFν and SRT. HFν change in Experiment #2 occurs 

approximately 2 minutes following changes in SRT. However, HFν changes concurrently 

with SRT in Experiment #1 (Fig. 6B). These findings are obtained by analyzing block-

by-block data. Therefore, they are representative of the kinetics of the first process. The 

cardiovascular changes associated with the first process are delayed by an amount of time 

that is on the order of second process kinetics, but only in an experiment where executive 

functions are engaged. It can therefore be postulated that the second autonomic process is 

associated with executive activity.  

 In Experiment #2, executive control is required to shift behavior from prosaccade 

to antisaccade and vice versa. This added cognitive demand may explain why the second 

process occurs on a timescale on the order of one block. The second process serves to 
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inhibit automatic functions and other executive processes, all the while delaying first 

process inhibition of cardiovascular function. Given this description, we speculate that 

the second process may be attentional in nature. 

 A possible neuroanatomical target of second process-associated top-down 

inhibition is the Ch5 pedunculopontine cholinergic neuron population in the brainstem 

(Yeomans, 2012). Their ascending projections activate forebrain regions responsible for 

arousal and attention (Kayama & Koyama, 2003; Steriade & McCarley, 2005). Ch5 

cholinergic activation of superior colliculus intermediate layers (SCi) facilitates fast 

saccades (Aizawa et al. 1999; Kobayashi et al. 2001; Kobayashi et al. 2004). 

Interestingly, Ch5 neurons are activated by arousing and reward-activating stimuli (Pan 

& Hyland, 2005; Kobayashi & Okada, 2007), and inhibited via M2-like muscarinic 

autoreceptors (Luebke, 1993; Leonard & Llinás, 1994). This would explain the transient 

effects of the second process in response to each block start: after inhibition of the Ch5 

neurons is lifted, they briefly activate, arouse the forebrain and SCi, and then promptly 

shut themselves off. 

 The lag discrepancy in HFν -SRT cross-correlations between Experiment #1 and 

Experiment #2 suggests that the effects of arousal on automatic oculomotor behavior are 

more closely linked with vagal modulation than are the effects of arousal on oculomotor 

behavior that is under executive control. The faster oculomotor changes in Experiment #2 

must bypass some of the networks that delay the vagal modulatory response. This is 

possible if executive processes require arousal signals to take a faster pathway for 
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reaching motor centers, bypassing the additional layers of processing affecting the 

cardiovascular component. 

 Speculation regarding the origins and functions of the first process are 

comparatively more difficult. Given its slow kinetics and the fact that it influences 

automatic, but not executive functioning, the first process is likely a bottom-up pathway 

that is phylogenetically old. The extent of its activation may be representative of task-

related demand. A candidate downstream target of the first process is the locus coeruleus 

(Foote et al. 1983; Gargaglioni et al. 2010). In addition to its functions in the sleep-wake 

cycle, this area is thought to facilitate the maintenance of arousal levels that are optimal 

for processing sensory information (Berridge, 2008). 

Further support for the two-process model is found in the HFν data. HFν falls by 

over 40% from the first five blocks to the second five blocks of Experiment #1, while 

there is no significant difference in HFν between the two halves of Experiment #2 (Fig. 

7). The presence of such a change in Experiment #1, but not Experiment #2 suggests that 

the parasympathetic drive in each experiment is mediated by a different balance of 

parasympathetic mechanisms. This finding is consistent with the two-process model. 

Moreover, Thayer et al. (2012) hold that HRV may “index the degree to which affective 

context provides flexible control over the peripheral autonomic nervous system.” Given 

that the second process appears to be associated with executive function and occurs on a 

short timescale, it is possible that increased involvement of this process in Experiment #2 

prevents HFν from declining in the second half.  
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 Interpreted in light of the neurovisceral integration model (Williams, 2010; 

Thayer et al. 2012), the finding that HFν falls in Experiment #1, but not Experiment #2 

indicates that the requirements for top-down control changed as the prosaccade task was 

successively repeated, but did not do so when it was interleaved with the antisaccade 

task. Such an outcome is expected given that the alternating nature of the preparatory set 

in Experiment #2 would require increased executive control of behavior. 

 

7.5 Integrated hypothesis 

 

 On the basis of our findings and the two-process model, we can propose a 

hypothesis that integrates the influence of autonomic functions on cardiovascular 

parameters with their influences on oculomotor behavior (Fig. 8). At the center of this 

hypothesis are the relationships between executive networks, motor networks and the 

higher arousal systems.  

A saliency filter processes the initial verbal instructions as well as novel stimuli 

such as block start commands, parsing the input to cortical processing centers and the 

arousal system as necessary. The initial instructions, as well as the block start command, 

were given verbally. The salience filter may therefore be comprised in part of 

corticofugal circuits in the auditory system (Suga, 2008). In this system, auditory signals 

ascending from thalamic nuclei to the auditory cortex are adjusted by a gating mechanism 
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(Suga, 2012). The initially high heart rates at the beginning of the block result from 

signals processed by this filter transiently influencing the arousal system. 

 The neurological correlates of cortical arousal systems are reviewed by Thayer et 

al. (2012). The dorsal anterior cingulate cortex (dACC) is involved in the control of 

sensorimotor attention and set maintenance sustained for the duration of a task block 

(Dosenbach, 2006). The dACC is therefore an attractive candidate for the origin of the 

executively linked second process. The amygdala, anterior cingulate gyrus and 

ventromedial prefrontal cortex can be considered to be components of the higher arousal 

system in our model (Thayer & Sternberg, 2006).  

 The thalamic (McCormick, 1992) and brainstem (Munk et al. 1996) subsystems 

of the arousal network are represented as the lower arousal system (Fig. 8). The thalamus 

receives descending input from the higher arousal system and ascending input from the 

median reticular formation (Edlow et al. 2012). Thalamic efferents then project diffusely 

to a number of cortical areas (Steriade, 1996). The nucleus ambiguus in the brainstem is 

the origin of parasympathetic vagal efferents to the heart, and is closely associated with 

the respiratory neurons of the ventral medulla (Dergacheva, 2010). 

 The oculomotor system as represented in the model is comprised of the 

oculomotor cortex and associated brainstem structures (Munoz & Coe, 2011). The 

oculomotor cortex includes the frontal eye fields (FEF), supplementary eye fields (SEF) 

and dorsolateral prefrontal cortex (dlPFC). It receives input from executive networks in 

the prefrontal cortex as well as thalamocortical projections mediating arousal. While 
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cortical activity is required for initiating voluntary saccades (Munoz & Everling, 2004), 

highly automatic prosaccades can be initiated directly at the level of the superior 

colliculus by incoming visual signals (Sparks et al. 2002; Dorris et al. 1997). 

 

7.6 Limitations in measures and interpretations 

 

 There are several important limitations to the present study. Because no 

intracranial recordings, neuroimaging or electroencephalography was performed, the 

precise anatomical correlates of the nodes in the integrated hypothesis (Fig. 8) remain 

speculative. There are known postural effects on HRV and arousal (Huikuri et al. 1994; 

Galland et al. 1998). In preparation for imaging studies, it will be necessary to study 

subjects in the recumbent position and discern how the changes in their cardiovascular 

parameters and oculomotor behavior compare to those of subjects in the sitting posture. 

The characteristics and significance of the heart rate elevation observed at the start of 

each block can be studied more closely if pulse oximetry and block starts are machine-

linked rather than manually triggered.  

 The error rate in the antisaccade blocks was not analyzed, and antisaccade trials 

where an automatic prosaccade was performed instead of an antisaccade were not 

discarded prior to analysis. Examining the rate of such errors can provide insight into the 

state of cognitive processing through the experiments (Munoz & Everling, 2004). For 

prosaccade and antisaccade trials alike, left-right biases were not studied. There remains a 
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possibility that the two hemispheres respond differently to changes in arousal. Likewise, 

in the case of cardiovascular data, no systematic analysis was performed regarding the 

usability of highly interpolated recordings. Discarding problematic blocks may improve 

the fidelity of future results. 

 Our study experiments a limited age group of adults, all of whom were grossly 

intact from the standpoint of neurological function. No effort was made to control for 

medication use, baseline alertness, fitness level or psychological state at the time of the 

experiment. Nevertheless, these factors play an important role in both saccadic behavior 

and cardiovascular regulation. For example, the administration of caffeine 

While the lack of control at higher levels of stringency lends generalizability to 

our findings, all of these factors have potential bearing on cardiovascular and oculomotor 

results. 

It will be instructive to demonstrate the generalizability of our findings to other 

tasks, or lack thereof. Either outcome would be instructive, leading to a greater 

understanding of arousal mechanisms and their importance. Rigorous investigation of the 

mechanisms by which arousal influences oculomotor experiments would be valuable in 

and of itself. Coupled with a quantification of arousal effects and recognition of their 

significance, such investigation could also open the door for better controlled and more 

readily replicable experimental paradigms across neuroscience, neuropsychology and 

neurophysiology.  
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Figure 8 
The neurovisceral integration of 
autonomic systems with oculomotor 
behavior and cardiovascular parameters. 
A saliency filter processes the initial 
auditory instructions and other task-
related stimuli. Corticofugal pathways are 
likely involved in establishing auditory 
salience. Feedback from prefrontal 
executive centers is used to tune the filter. 
The PFC also projects to the oculomotor 
system, enabling the execution of 
voluntary saccades. The oculomotor 
system as represented here includes the 
cortical eye fields, basal ganglia and SC. 
The first inhibitory process (green lines) 
is thought to be a top-down mechanism 
with relatively direct oculomotor 
connectivity. The dACC is an attractive 
candidate for the origin of the executively 
linked second process which directly 
inhibits both executive and oculomotor 
systems in addition to influencing lower 
arousal centers (red lines). Other cortical 
centers involved in arousal include the 
amygdale and PFC. The thalamic and 
brainstem subsystems of the arousal 
network are represented as the lower 
arousal system. These include the locus 
coeruleus, nucleus ambiguus and 
respiratory medulla. 
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Chapter 8 

Conclusion 

 

In this thesis, we have demonstrated a link between cardiovascular measures of 

arousal and saccadic behavior in normal human subjects. We designed two experiments 

to examine the relationship between SRT, HR and HFv. Subjects were instructed to 

perform 10 blocks of 30 prosaccades in Experiment #1. In Experiment #2, they were 

instructed to perform 10 counterbalanced, alternating blocks of 30 prosaccades or 

antisaccades each. Eye positions were recorded while HR and HRV were measured using 

pulse oximetry. Experiment #1 demonstrated the effect of arousal on automatic functions. 

Experiment #2 extended Experiment #1 by adding a cognitive component to the 

paradigm. These experiments revealed the presence of two discrete mechanisms: a 

parasympathetic pathway that modulates automatic functions on a 25-minute timescale 

and another that modulates both executive and automatic functions on a 2 min timescale. 

This two-process model led us to propose a hypothesis that integrates the influence of 

autonomic functions on cardiovascular parameters with their influences on oculomotor 

behavior. Possible neurological correlates of the two parasympathetic processes and the 

network postulated by the integrated hypothesis were then identified. Our findings 

challenge stationarity assumptions in eye movement research, establishing a role for 



 

50 

 

arousal in the regulation of saccadic behavior. They also demonstrate a non-invasive 

method by which better control of oculomotor experiments can be achieved.   
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Figure S 1 

Cumulative SRT distributions for all blocks and 

trials in Experiment #1 by subject. 9 subjects 

showed at least two clear modes while 2 were 

unimodal. The dotted line at 250 ms represents the 

cutoff used in calculating fast mode preference: the 

fraction of saccades < 250 ms. 

 

Figure S 2 

Three representative normalized HR traces from 

Experiment #1 showing changes in heart rate during 

a block. Each trace was generated using a different 

subject. 

 


