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EPIGRAPH 

 

 

Far better it is to dare mighty things, to win glorious triumphs, even though checkered by 

failure, than to take rank with those poor spirits who neither enjoy much nor suffer much, 

because they live in the gray twilight that knows not victory nor defeat. 

 

Theodore Roosevelt, 1899 
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ABSTRACT OF THE DISSERTATION 

 

Neurobiology of Insomnia as Measured with FMRI 

by 

Henry John Orff 

Doctor of Philosophy in Clinical Psychology 

University of California, San Diego, 2010 

San Diego State University, 2010 

Professor Sean P. A. Drummond, Chair 

 

Insomnia is diagnostically characterized by a chronic complaint of difficulty 

sleeping at night and a report of consequent impairment in daytime functioning. Despite 

this diagnostic requirement studies to date have shown only limited evidence of objective 

daytime cognitive impairment in this population.  

This investigation tested a neurobiological compensation model which attempted 

to explain how patients with insomnia overcome cognitive challenges resulting from 

chronic partial sleep loss (utilizing FMRI). The proposed model suggests that patients 

with insomnia might increase cortical activation during cognitive challenge (relative to 

good sleepers) to “compensate” for their sleep loss and that this compensation would lead 

to maintenance of performance. Furthermore, this study examined the relationship 

between brain activation and performance and brain activation and daytime complaint in 

patients with Primary Insomnia.  
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24 subjects, 13 with Primary Insomnia [PI] (7 female, 6 male) and 11 good 

sleeper controls [GS] (5 female, 6 male) were studied in this investigation. Patients and 

controls did not differ statistically in terms of age (PI: 39.8+/-8.0 yrs; GS: 37.1+/-7.7 yrs) 

or estimated IQ (PI: 116.3+/-8.0; GS: 115.8+/-8.5).  

Results from the study showed several statistically significant findings, including: 

a) Patients with insomnia have more disturbed sleep and greater complaints of 

impaired daytime functioning when compared to matched good sleeper controls 

b) Patients showed no evidence of cognitive impairment as a result of their sleep loss 

and despite their complaints of impaired daytime functioning 

c) Patients exhibit differential patterns of activation during the performance of 

cognitive tasks relative to controls 

d) Differences in activation between patients and controls depended to a large degree 

upon the type of task and level of task difficulty (patients had greater levels of 

activation on attention, working memory, and learning of easy words, but less 

activation on inhibition and learning of hard words) 

e) Within the insomnia sample, individuals who performed better had greater levels 

of activation (similar to controls) on each task 

f) Within the insomnia sample those individuals who had the greatest complaints of 

impaired daytime functioning showed less activation on each task 

Overall, the findings suggest that the proposed “compensation” model may not 

adequately explain the complex interaction between sleep loss, daytime complaint, 

cognitive function, and activation for this population. 
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Introduction 

Epidemiology of Insomnia 

 Approximately 5-35% of the population report sleep disturbance problems at 

some point in their lives (Ford & Kamerow, 1989; Gallup, 1995; Mellinger, Balter, & 

Uhlenhuth, 1985) and approximately 10-15% suffer from persistent insomnia (Ancoli-

Israel & Roth, 1999). Insomnia is associated with diminished quality of life (Zammit, 

Weiner, Damato, Sillup, & McMillan, 1999), poor work performance, and increased 

absenteeism (Leger, Guilleminault, Bader, Levy, & Paillard, 2002). Insomnia increases 

vulnerability for medical (Leger, et al., 2002) and psychiatric disorders, risk for 

automobile accidents, and health care utilization (Kuppermann et al., 1995). In addition, 

patients with insomnia often complain of impaired concentration, impaired memory, and 

decreased ability to accomplish daily tasks. These complaints worsen as their sleep 

problems increase in severity (Ancoli-Israel & Roth, 1999). 

Differential Diagnosis of Primary Insomnia 

The Diagnostic and Statistical Manual DSM-IV-TR (APA, 2000), includes a 

formal diagnosis of “primary insomnia” under the category of “dyssomnia.” The 

dyssomnias include problems of initiating or maintaining sleep or of excessive sleepiness 

characterized by disturbances associated with the amount, quality, timing, or perception 

of sleep. The DSM-IV-TR  diagnostic criteria for Primary Insomnia requires: "a) that 

there be a predominant complaint of difficulty in initiating or maintaining sleep, or 

nonrestorative sleep, for at least 1 month; b) that the sleep disturbance (or associated 

daytime fatigue) causes clinically significant distress or impairment in social, 

occupational, or other important areas of functioning; c) that the sleep disturbance does
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not occur exclusively during the course of another sleep disorder (e.g., narcolepsy, 

breathing-related sleep disorder, circadian rhythm sleep disorder, or a parasomnia, etc); 

and d) that the disturbance is not due to the direct physiological effects of a substance 

(e.g., a drug of abuse, a medication) or another psychiatric or general medical condition" 

(p. 553). 

 Primary insomnia is usually classified based on symptom presentation and on 

chronicity.  If an individual has problems initiating sleep, this is described as onset 

insomnia or “initial” insomnia. If the problem occurs following natural sleep onset such 

that the individual cannot quickly return to sleep after awakening in the middle of the night, 

then this is referred to as “middle” insomnia. Finally, if an individual awakens prior to 

when he or she desires to awaken in the morning and cannot fall back asleep, this is 

referred to as “terminal” insomnia or early morning awakening insomnia. Sleep initiation, 

maintenance problems, or early morning awakenings may occur singly as the primary 

complaint or in any combination with one another. As for chronicity, sleep problems that 

last from one to several nights are considered transient or acute and can often be linked to a 

clearly definable precipitant such as stress or pain (Dollander, 2002).  Trouble initiating 

and/or maintaining sleep that lasts several nights to a month and which may manifest in 

response to a more persistent stressor, is termed short-term insomnia.  Finally, insomnia 

that lasts for more than 1 month is considered chronic.   

 Most classification schemes do not specify criteria for: 1) how much wakefulness 

(prior to desired sleep onset or during the night) is considered abnormal, 2) how little 

total sleep must be obtained to fall outside the normal range, or 3) how frequently these 

difficulties must occur to be considered pathologic. With respect to wakefulness prior to 
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desired sleep onset, 30 or more minutes to fall asleep and/or 30 or more minutes of 

wakefulness after sleep onset typically has been used as the threshold between normal 

and abnormal sleep (Lichstein, Durrence, Taylor, Bush, & Riedel, 2003). With respect to 

total sleep, establishing such a value is difficult because representing what is pathological 

with one number is confounded by factors such as age, prior sleep, and the individual's 

basal level of sleep need.  As well, such values can be misleading as it is possible that an 

individual can experience profound sleep initiation or maintenance problems in the 

absence of sleep loss. Researchers typically have agreed that the amount of sleep 

obtained on a regular basis be equal to or less than 6 to 6.5 hours per night to make a 

diagnosis of insomnia. Finally, there is also no fixed benchmark for frequency.  Most 

investigators however, require that subjects experience problems on 3 or more nights per 

week to make a diagnosis of insomnia.  It should be noted that it represents an arbitrary 

cutoff, one based more on increasing the odds of studying the occurrence of the disorder 

in laboratory rather than any factual information that would suggest that having less than 

3 nights of poor sleep per week represents a normal state.  

Subjective Daytime Complaint in Insomnia 

Based on diagnostic criteria insomnia must necessarily result from both 

subjectively poor nighttime sleep and the presence of significant daytime sequlae. 

Daytime impairment is an essential component in the conceptualization of this disorder in 

that 1) it is a common presenting symptom and 2) without daytime complaints, insomnia 

exists only as a mismatch between sleep opportunity and the basal sleep need of the 

individual.  When asked to describe their daytime performance, patients with insomnia do 

in fact typically report problems with impaired concentration, impaired memory, and 
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decreased ability to accomplish daily tasks (Grunstein, 2002; Roth & Roehrs, 2003). 

Telephone surveys of individuals with insomnia have indicated that a majority of 

untreated patients with insomnia report being too tired to do things (78%), having trouble 

remembering things (59%), having confused thinking/judgment (43%), and forgetting 

presleep activities (44%) (Balter & Uhlenhuth, 1991). Furthermore, 67% of individuals 

with insomnia report repercussions on daytime functioning (Ohayon & Lemoine, 2004) 

and most patients report that these factors worsen as their sleep problems increase in 

severity (Ancoli-Israel & Roth, 1999).  Yet while patients often complain of daytime 

sleepiness and performance deficits, most studies fail to reveal any objective increase in 

sleepiness or decrease in performance in this population (Leger, 2000; Orff, Drummond, 

Nowakowski, & Perils, 2007). Similarly, observed neuropsychological consequences of 

insomnia seem to be relatively minor in nature (Riemann et al., 2007).   

Objective Neuropsychological Performance in Insomnia 

Given the ubiquitous nature of daytime complaints in this population, one would 

expect a substantial literature supporting the notion that patients with insomnia 

experience significant objectively measured neuropsychological deficits.  However, the 

data to support this concept is surprisingly sparse. To date approximately a dozen studies 

have investigated daytime performance in patients with insomnia.  These studies have 

focused on three main areas of performance: attention, memory, and working memory.    

The cognitive domain in which insomnia patients most consistently have shown 

deficits is attention. For example, patients with insomnia exhibited worse performance in 

comparison to controls on choice reaction time tasks (patients were slower and more 

variable) (Hauri, 1997). When compared to good sleepers on a performance battery that 
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included simple reaction time, continuous performance, and switching attention tests, 

patients with insomnia showed significantly longer response latencies and greater 

response variability across many of the subtests (Edinger, Means, Carney, & Krystal, 

2008). Similarly, insomnia sufferers showed a greater propensity toward attention lapses 

on reaction time tests and performed worse on a visual tracking test (Schneider, Fulda, & 

Schulz, 2004) compared to normal control groups (Vignola, Lamoureux, Bastien, & 

Morin, 2000).  Insomnia patients have been shown to recall fewer numbers on the Digit 

Span Test (Hauri, 1997; Vignola, et al., 2000) and exhibited significant overall 

performance problems in vigilance during a 24-hour constant routine procedure 

(Varkevisser & Kerkhof, 2005). Also consistent with attention deficits, insomnia patients 

showed more perseverations on the HVLT, make more errors on the Trailmaking Test, 

and have more intrusions on the COWAT (Orff, et al., 2007).  

Not all studies, however, have found attention deficits in insomnia, suggesting 

that even this cognitive domain is not always affected (Bonnet, 1985; Mendelson, 

Garnett, Gillin, & Weingartner, 1984; Orff, et al., 2007). In fact, the relationship between 

attention and performance in patients with insomnia may actually be fairly complicated. 

Recent work by Altena, et al, showed that patients with insomnia differ from good 

sleepers in reaction times across tasks that have parametrically manipulated cognitive 

demands (Altena, Van Der Werf, Strijers, & Van Someren, 2008). In this investigation it 

was found that insomnia patients responded faster on a simple vigilance task and slower 

on a more complex vigilance task. These results suggest that task demand may be an 

important variable that mediates performance in this population.  
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While there appears to be some evidence that patients with insomnia show 

attention problems, deficits in memory seem less apparent. For example, Mendelson et al. 

reported that insomnia patients showed no performance deficits relative to normal 

controls on tests of episodic memory, but did display deficits in accessing semantic 

memory (Mendelson, et al., 1984). Additionally, insomnia patients did not show deficits 

in immediate (Mendelson, et al., 1984; Randazzo, Schweitzer, & Stone, 2000; Vignola, et 

al., 2000) or delayed (Bastien et al., 2003; Hauri, 1997; Vignola, et al., 2000) verbal 

recall, but did require more repetitions to learn items from a list of words, relative to 

normal controls (Randazzo, et al., 2000). In other studies, tests of auditory verbal learning 

failed to distinguish good and poor sleepers as did the overall score on the HVLT 

(Mendelson, et al., 1984; Orff, et al., 2007). Tests of working memory have shown 

similarly inconsistent results. Insomnia patients exhibited impaired performance on a 2-

back working memory task during constant routine (Varkevisser & Kerkhof, 2005), but 

in a separate study, patients performed better on the color/word test and the letter-number 

sequencing test of the WAIS than their good sleeping counterparts (Mendelson, et al., 

1984). 

Overall, then, the evidence to date for overt neuropsychological impairment in 

insomnia patients is equivocal.  Patients with insomnia exhibited slightly slower reaction 

times and more attentional lapses, but declarative memory and working memory seem 

less impaired, if at all. Failure to find clear patterns of cognitive impairment in this 

population may be due to the fact that 1) patients have an exaggerated sense of their 

impairment or 2) typical neuropsychological assessment instruments fail to measure the 

neurophysiological substrates of cognitive performance in insomnia.  With respect to the 
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latter, it is possible that insomnia patients experience compensatory cerebral responses 

during cognitive challenges similar to those reported in sleep deprivation and some 

neuropsychiatric disorders (Drummond & Brown, 2001). Such compensation may lead to 

relatively normal performance despite subjective complaints. It may also be the case that 

the internalized aspect of compensatory recruitment leads to the perception of difficulties 

with performance that characterizes the daytime complaint of insomnia.  In such a model, 

neuropsychological tests may fail to adequately capture the true underlying problem 

because they measure the behavioral output rather than the associated neurophysiology.  

Thus, the discrepancy between patients’ self-reported daytime difficulties and their actual 

performance on objective tests may be due to increased neurophysiological workload. 

The associated compensatory recruitment may account for both the ability of an insomnia 

patient to perform well despite sleep loss, and the subjective impression of difficulty in 

performing cognitive tasks.  

Neurophysiological Studies of Insomnia 

While numerous studies have investigated the neurophysiology of insomnia, the 

majority have focused exclusively on nighttime factors. In fact, few studies have 

examined the impact of insomnia on daytime performance. Most studies that have 

investigated daytime consequences of insomnia have focused primarily on assessing 

either levels of hyperarousal as a proposed mechanism by which insomnia is initiated and 

maintained (Regestein, Dambrosia, Hallett, Murawski, & Paine, 1993), or 

psychophysiological aspects of insomnia such as autonomic activity (Irwin, Clark, 

Kennedy, Christian Gillin, & Ziegler, 2003), neuroendocrine function (Rodenbeck, 

Huether, Ruther, & Hajak, 2002), or immune function (Vgontzas et al., 2002).  Much of 
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the research in the literature has come from studies utilizing qualitative EEG 

methodology with few studies using neuroimaging technology. Recent studies have 

shown evidence however, for important differences in the neurophysiology between good 

and poor sleepers. For example, Smith et al, in a study using SPECT imaging, found that 

insomnia patients showed a consistent pattern of hypoperfusion across eight pre-selected 

regions of interest with profound deactivation in the basal ganglia (Smith, Perlis, 

Chengazi, Soeffing, & McCann, 2005). Additionally, Reimann et al, using MRI found 

that patients with primary insomnia demonstrated significantly reduced hippocampal 

volumes bilaterally compared to the good sleepers, raising the possibility that chronic 

insomnia is associated with alterations in brain structure (Riemann et al., 2007). 

To date there have been only two studies that have used functional imaging to 

investigate daytime sequela in insomnia. In a study conducted by Nofzinger, et al, PET 

imaging was used to examine resting glucose metabolism in patients with insomnia and 

matched controls. In this study patients show increased whole brain glucose metabolism 

(averaged across rest and sleep), but reduced relative metabolism, within the prefrontal 

and parietal cortices during wake-only scans (Nofzinger et al., 2004). No cognitive 

testing was done in this study.  In the only FMRI study to be published, Altena et al, 

studied 21 patients with insomnia and 12 good sleeper controls during the performance of 

a category and a letter fluency task (Altena et al., 2008). The patients were then randomly 

assigned to either a 6-week period of nonpharmacological sleep therapy or a wait list 

period, after which time FMRI scanning was repeated using parallel tasks. The results 

showed that compared to controls, insomnia patients showed hypoactivation of the 
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medial and inferior prefrontal cortical areas (BA 9, 44-45), which recovered after sleep 

therapy but not after a wait list period. 

Sleep Deprivation as a Model of Neurophysiological Compensation 

As few studies have attempted to investigate the neurophysiological effects of 

insomnia, there are no exact working models to guide research in this area.  However, a 

model can be found within the sleep deprivation literature.  While experimental sleep 

deprivation is not completely analogous to the chronic partial sleep loss in insomnia, the 

data from this literature provide a template by which a model of performance in insomnia 

can be conceived. 

For instance, when sleep is chronically reduced to 4, 6, or 8 hours time in bed per 

night for 14 consecutive days, it leads to a cumulative, dose-dependent deficit in 

cognitive performance. Chronic restriction of sleep to 6 hours or less per night produces 

cognitive performance deficits equivalent to up to 2 nights of total sleep deprivation and 

even moderate sleep restriction can impair waking cognitive function in healthy adults 

(Van Dongen, Maislin, Mullington, & Dinges, 2003). While partial sleep deprivation 

studies suggest that sleep loss can lead to reliable dose-dependent changes in cognitive 

performance, performance in insomnia is often observed to be variable.  This may be due 

in part to the fact that insomnia is not a continuous or unchanging problem, but rather one 

with periodic bouts of recovery interspersed amongst periods of poor sleep (Hohagen et 

al., 1994).  Hence, sleep loss in insomnia is not as controlled or consistent as it is in 

experimental protocols.  Furthermore, in insomnia, cognitive performance remains only 

marginally affected (if at all) despite sleep loss, and the daytime complaints of 

performance deficits continue despite intermittent recovery sleep. 
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Thus it seems likely that other factors may influence objective and subjective 

cognitive function in this population irrespective of sleep quantity.  Evidence from the 

sleep deprivation literature may help address this conundrum by providing a model that 

demonstrates how sleep deprived individuals can maintain performance on cognitive 

tasks during periods of sleep loss as a function of compensatory brain activation. Recent 

research has shown that following acute total sleep deprivation (TSD) normal control 

subjects show increased cerebral activation (relative to when well rested) as measured 

with FMRI during attention (Drummond, Gillin, & Brown, 2001; Portas et al., 1998), 

verbal learning (Drummond et al., 2000; Drummond, Meloy, Yanagi, Orff, & Brown, 

2005), language processing (Drummond, Brown, Salamat, & Gillin, 2004), and working 

memory tasks (Chee & Choo, 2004). This increased activation has been interpreted as 

compensatory recruitment because greater activation after sleep deprivation correlates 

with better performance (Drummond & Brown, 2001; Drummond et al., 2000; 

Drummond, et al., 2004; Portas et al., 1998). Finally, increased task difficulty seems to 

facilitate this cerebral compensatory response following TSD (Chee & Choo, 2004; 

Drummond, et al., 2004). 

In this study, we are testing the applicability of this compensatory recruitment 

hypothesis to insomnia.  Our working model is that sleep loss due to chronic insomnia 

results in progressive performance difficulties.  Nonetheless, subjects are able to maintain 

performance on daily tasks as a result of the same type of compensatory recruitment seen 

with acute sleep deprivation. This increased activation may be perceived by the patient as 

increased effort or cognitive “work load” and then subjectively reported as trouble with 

concentration, memory, and/or attention. Under this scenario, the neurobiology 
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underlying the performance complaints reported by insomnia patients may be best 

identified through neuroimaging measures. We used FMRI to examine brain activation 

during cognitive performance in insomnia patients compared with normal controls. Our 

hypotheses held that insomnia patients would show increased activation relative to 

controls and that the more compensatory recruitment a patient had the better that 

individual would perform. 

Summary and Significance 

In much of Western society insomnia has become a significant public health 

concern. Despite the subjective complaints associated with insomnia, few studies have 

found objective performance deficits in this population. Studies examining the 

neurophysiological substrates of cognitive function in insomnia are therefore needed to 

better understand how insomnia patients maintain objective performance in the face of 

subjective deficits. This need is reflected in the National Center for Sleep Disorders 

Research strategic plan which stated that there is “a definitive need for in-depth studies of 

not only sleep but waking neurobehavioral and neurobiological functions in insomnia” 

(NCSDR et al., 2001). Likewise, the recent NIH State-of-the-Science Conference on the 

Manifestations and Management of Chronic Insomnia in Adults (June 13-15, 2005) 

concluded that: “The neural mechanisms underlying chronic insomnia are poorly 

understood.  Studies aiming to identify neural mechanisms should use…in vivo neural 

imaging approaches in people with insomnia and in individuals with normal sleep (p. 11) 

(NIH, 2005).” This study was one of the first to directly address the neurophysiology 

underlying daytime cognitive function in insomnia. Findings from this investigation 

should help elucidate the processes by which insomnia impacts subjective and objective
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daytime performance. Increasing understanding of the cognitive and neurobiological 

components of insomnia may, in turn, have the potential to provide for enhanced 

treatments for this disorder. 

 

. 
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The Present Study 

This study aims to examine these questions: 

 

Specific Aim 1: Compare patients with insomnia to matched controls on 

neuropsychological test performance. 

Hypothesis 1: Patients with insomnia were expected to show limited performance-based 

differences from controls on objective neuropsychological measures, despite self-

reported impairment in daytime functioning.  

 

Specific Aim 2: Compare patients with insomnia to matched controls on FMRI measures 

of brain function during cognitive challenges  

Hypothesis 2: Patients with chronic insomnia were expected to exhibit differential task 

dependent brain activation (as measured with BOLD signal) relative to controls, but 

equivalent performance.  It was anticipated that patients would show increased activation 

relative to controls on a verbal encoding task (VL), a working memory task (NBACK) 

and a behavioral inhibition task (GO-NOGO stops), but would show decreased activation 

on an attention task (GO-NOGO hits). 

 

Specific Aim 3: Within the insomnia cohort, correlate FMRI BOLD signal during each 

task to performance and daytime complaint. 

Hypothesis 3a: Increased BOLD signal during cognitive performance was anticipated to 

be associated with better behavioral performance. Patients who “compensated” were
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 expected to perform well and those who failed to compensate were expected to perform 

worse. 

Hypothesis 3b: Patients with greater levels of daytime complaint (derived from Insomnia 

Severity Index, Question #3), were expected to show increased BOLD signal relative to 

those who had fewer daytime concerns.  
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Methods 

In this study, we examined differences in neuropsychological test performance 

and the cerebral substrates of cognitive performance in a group of patients with insomnia 

and matched normal controls. Subjects underwent a neuropsychological test battery and 

two FMRI testing sessions while performing a series of tasks. Analyses focused on: 1) 

neuropsychological test performance between groups, 2) comparing brain activation 

patterns during cognitive challenges between groups, and 3) determining the relationship 

between cerebral responses and both cognitive performance and daytime functioning 

complaints within the insomnia group. Completion of the protocol required 

approximately 3 weeks after informed consent. The protocol consisted of three parts: 1) 

eligibility determination, 2) study preparation, and 3) experimental phase (see Table 1).  

Subjects who met inclusion/exclusion criteria were brought into the laboratory for 

a thorough clinical assessment and were given sleep diaries and actigraphs 7-10 days

prior to beginning the experimental phase. The experimental phase of the study consisted 

of two overnight polysomnographic (PSG) evaluations, a complete neuropsychological 

testing battery, and two FMRI scanning sessions scheduled on consecutive days.  Due to 

the intermittent pattern of poor sleep nights in patients with insomnia, two scanning 

sessions were performed to increase the likelihood that an insomnia subject would 

experience at least one poor night of sleep prior to a testing session. Practice effects, 

which could confound results, were controlled by having subjects take each of the 

cognitive tests during orientation prior to study in the scanner. Subjects were also asked 

to refrain from intake of stimulants and alcohol for 48 hours prior to and during the 

experimental phase.  
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Subject Recruitment 

 All subjects had a stable sleep/wake schedule with a preferred sleep phase between 

10:00 p.m. and 8:00 am.  Age (+/- 5 years), gender, and IQ were matched to minimize 

possible differences due to affects on sleep architecture and/or cognitive performance. 

Handedness was controlled due to potential hemispheric differences on imaging measures. 

The age range was restricted to adults 25-50 years of age to: 1) minimize circadian rhythm 

influences on the diagnoses of insomnia, 2) increase our ability to recruit a medically 

healthy sample, and 3) reduce aging effects in the FMRI measures.   

Eligibility Determination and Screening 

Eligibility determination occurred in three steps. Initial screening took place via 

telephone. Subjects were given an overview of the study and, after providing verbal 

consent, were screened with a questionnaire covering the major inclusion/exclusion 

criteria. Second, those who were not excluded were scheduled to come to the laboratory 

for a review of medical history, a psychiatric interview using the Structured Clinical 

Interview for DSM-IV (SCID), and a sleep disorders interview using the Duke Structured 

Interview for Sleep Disorders. Informed consent (approved by the UCSD IRB and VA 

San Diego R&D Committee) was signed at the beginning of this meeting. In addition to 

the interview, subjects completed several questionnaires, including the Edinburgh 

Handedness Inventory (Oldfield, 1971), the Horne-Ostberg Morningness-Eveningness 

Questionnaire (Horne & Ostberg, 1976), the Pittsburgh Sleep Quality Index (PSQI) 

(Buysse et al., 1991), and the Insomnia Severity Index (ISI) (Bastien, Vallieres, & Morin, 

2001). To be eligible for the study insomnia patients had to score within the clinical range 

on the Duke Structured Interview for Sleep Disorders, have a PSQI score >5 and an ISI 
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score > 15, while the controls could not score in the clinical range on any measure (see 

Tables 2 and 3).  

Subjects who remained eligible after this appointment wore an actigraph and 

completed daily sleep diaries for 7-10 days to document their sleep-wake schedules. 

Inclusion criteria for insomnia was defined as ≥ 30 minutes to fall and/or stay asleep, and 

either <6 hours TST or sleep efficiency <85% on ≥ 3  n igh ts per week  fo r ≥ 3  months 

duration (Lichstein, et al., 2003).  Normal sleepers needed to obtain 7-9 hours total sleep 

time per night with <1 daytime nap per week. Subjective daytime complaint was assessed 

using 5-point Likert scales (0-4 scale) on the sleep diaries, which include questions 

regarding memory and concentration difficulties, as well as ISI question #3 describing 

overall daytime functioning.  Patients with insomnia needed to have an average weekly 

cognitive complaint >2 (“much” or “very much” interference with daily activities) while 

normal subjects had to average <2 (“not at all” or “little” interference). Subjects who met 

these respective criteria underwent a sleep study at the UCSD General Clinical Research 

Center’s Laboratory for Sleep and Chronobiology (GCRC-LSC) to screen for unreported 

sleep disorders. The sleep study consisted of a standard overnight PSG, including EEG 

(C3/C4, O1/O2), EOG, and mentalis EMG, as well as respiratory effort belts, airflow 

monitors, and pulse-oximetry to screen for sleep apnea, and tibialis EMG to screen for 

periodic leg movements (PLMs). Subjects who screened positive for a sleep disorder 

other than insomnia were informed of the results and removed from the study. Those who 

continued to be eligible were brought back for a second sleep study where only EEG 

measures of sleep (C3/C4, O1/O2) were acquired for potential post-hoc analyses. 
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Actigraph Data 

The collection of actigraphy data subsumed two important functions: 1) to ensure 

that subjects maintained a regular sleep/wake schedule (with respect to bed time and 

wake time) prior to the study, and 2) to objectively assess sleep impairment in the 

insomnia group (although inclusion in the study was based only on subjective reports). In 

this study Octagonal Sleep Scoring Watches from Precision Control Design, Inc. were 

used and data was scored for the presence of sleep versus wakefulness with ActionW v.2 

software, the actigraph manufacturer-supplied scoring software based on the Cole-Kripke 

scoring algorithm.  

Neuropsychological Testing 

On the evening of the first sleep study night, subjects were assessed on an 

extensive neuropsychological test battery.  This battery included standardized and well-

normed tests covering a variety of basic cognitive functions including attention, working 

memory, verbal/non-verbal memory, executive functioning, visuomotor speed and 

visuospatial functioning. The test measures included: 

 

Block Design from the WAIS-III: In this task a set of modeled or printed two 

dimensional geometric patterns are replicated by the subject using two-color 

cubes. The subject is timed on the task. The test assesses visuospatial functioning.  

 

California Verbal Learning Test 2 (CVLT-2): The California Verbal Learning 

Test is a clinical and research test that measures key constructs in cognitive 
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psychology such as repetition learning, serial position effects, semantic 

organization, intrusions, and proactive interference. 

 

Controlled Oral Word Association Test (COWAT).  The purpose of this test is to 

assess verbal fluency and the ability to inhibit previous responses. This executive 

function test requires that subjects spontaneously produce words beginning with a 

given letter, within a limited amount of time. This test measures production of 

individual words under restricted search conditions (i.e., a given letter of the 

alphabet). For phonetic association, the subject is asked to produce orally as many 

words as possible beginning with the letters F, A, or S in a one-minute time 

period. 

 

Digit Span from the WAIS-III: This task requires subjects to repeat a series of 

orally presented number sequences verbatim in forward and reverse conditions. 

This task tests both attention (forward) and working memory (backward). 

 

Digit Symbol Coding from the WAIS-III: In this task a series of numbers is paired 

with its own hieroglyphic like symbol. Using the key, subjects write as many of 

the symbols (corresponding to the number) that they can in 120 seconds. This task 

assesses visuospatial speed of processing. 
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Letter-Number Sequencing Subtest of the WAIS-III:  In this test, subjects are 

required to listen to a string of letters and numbers and to repeat them back in 

alphabetical and chronological order. This test assesses working memory. 

 

Logical Memory from the WMS-III: In Trial 1 the subject is presented with two 

short stories. The second story is presented twice. The subject is asked to retell the 

stories from memory. In Trial 2 the subject is asked to retell both stories from the 

prior condition (after delay). The subject is also asked yes/no questions about the 

stories. The task assesses verbal learning and memory.  

 

Matrix Reasoning from the WAIS-III: In this task a series of incomplete gridded 

patterns are completed by the subject who points to or orally states the number of 

a correct response made from five possible choices. This test assesses executive 

functioning.  

 

Psychomotor Vigilance Task: This test assesses attention and reaction time. In 

this test, subjects are required to respond as quickly as possible to a visual 

stimulus (timer) presented on computer screen at random intervals within a 

defined 10-minute period. Speed of reaction is determined in milliseconds from 

the time the stimulus appears on the screen to the time when the subject presses a 

key on the keyboard.  
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Similarities from the WAIS-III: In this task the subject is presented with pairs of 

words and then attempts to explain the similarity of the common objects or 

concepts that they represent. This task assesses executive functioning.  

 

Spatial Span from the WMS-III: In this task the subject is shown a series of 

spatial patterns which are visually presented on a three dimensional board. For the 

first task the examiner points to a series of blocks at a rate of one block per 

second, and the subject then points to the same blocks in the same order. For the 

second task, the examiner points to a series of blocks, and the subject points to the 

same blocks but in reverse order. This task assesses both attention (forward 

condition) and working memory (backward condition). 

 

Visual Reproduction from the WMS-III: In Trial 1 the subject is presented with a 

series of five designs one at a time for 10 seconds. After each design is presented 

the subject is asked to draw the design from memory. In Trial 2 the subject is 

asked to draw the designs learned in the immediate condition (after delay) from 

memory in any order.  The task assesses non-verbal learning and memory. 

 

Vocabulary from the WAIS-III: In this task the subject hears a series of orally and 

visually presented words that they orally define. This test was administered to 

subjects to help assess estimated IQ. 
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Cognitive Testing Orientation 

Prior to the second sleep night subjects were given an opportunity to practice the 

cognitive tasks used during the FMRI sessions. Each subject practiced the VL and GO-

NOGO task one time and the NBACK task two times. 

Neurobehavioral Measures 

During each FMRI session, three cognitive tasks were administered: 1) verbal 

learning (VL), 2) working memory (NBACK), and 3) an attention/behavioral inhibition 

task (GO-NOGO). These tasks were chosen to test several important domains of 

cognitive functioning that have been shown either to be potentially impaired in 

insomnia (attention) or to respond to acute sleep deprivation (encoding, working 

memory, inhibition). The VL and NBACK tasks also contain multiple levels of task 

difficulty allowing for investigation of whether parametric manipulation of task 

demands influence the hypothesized compensatory response.  The GO-NOGO task taps 

a cognitive domain on which insomnia patients have more consistently shown deficits 

(i.e., attention), and thus was expected to help test the specificity of the compensatory 

response. In addition to the cognitive tasks, a set of questionnaires was also 

administered before and after each FMRI session assessing sleepiness and subjective 

measures of performance.  

Verbal Learning 

This task involves language processing and memorization. It alternated between 

blocks of two conditions: case determination of nouns and memorization of nouns. In the 

case determination condition, participants identified if the word presented was printed in 

all capital letters or all lowercase letters and were instructed to press a corresponding 
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button on a response box; they were also told to not memorize these words.  In the 

memorization condition, subjects continued to make a determination as to whether the 

words were in all capital or lowercase letters (and to press the response buttons 

accordingly) but here were also instructed to memorize the words. Based on recallability 

norms, half of the memorization conditions contained words that are EASY and half 

contained words that are HARD to learn. The overall task began with direction reminders 

lasting 7.5 seconds. This period corresponds to the number of images that are excluded 

from the FMRI analysis due to partial saturation effects. Each condition is then identical 

visually.  Participants saw a word for 4000 ms followed by an asterisk for 1000 ms. Each 

block begins with directional prompts for 2500 ms and contains 4 words, for a total of 

22.5 seconds. There were 6 blocks of memorization and 7 blocks of case discrimination 

(task begins and ends with the baseline condition) and the entire task lasted 5 minutes. 

There are a total of 24 to-be-learned words (12 Easy and 12 Hard). Immediately upon 

completion of the task, subjects were asked to recall the words they remember being 

asked to learn, and verbal responses were recorded by the staff. No scanning takes place 

during this recall. After the entire scanning session, and once outside the scanner, 

subjects were given both delayed free recall and recognition memory tests. The free recall 

tests were scored for number of easy, hard, and total words recalled and number of false 

positives.  

NBACK 

The NBACK task assessed the maintenance and updating of information in 

working memory. It contained 4 conditions: 0-back, 1-back, 2-back, and 3-back. Each 

condition is identical visually. Subjects see a series of letters one at a time. For the 0-
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back condition, subjects pressed a button every time they see an "X". For the 1-back, 

they pressed a button every time the stimulus was the same as the stimulus 1letter 

before. The 2- and 3-back increased this target-probe distance. The entire task lasted 8 

minutes.  

GO-NOGO 

The GO-NOGO was developed based on previous work reported by Chee, et al 

(Chee, 2006). In this task the letters X and Y are presented in a serial, alternating pattern 

lasting 1 second. Participants are instructed to make a button press to every letter except 

when the alternation was interrupted by repetition of a letter. The duration of time each 

letter was displayed on the screen and the blank screen interstimulus intervals are varied 

from 900 ms/100 ms to 100 ms/900 ms, this to enhance task difficulty and create more 

individual variability in the data. During the practice session subjects took the test at each 

level of difficulty and the point at which subjects failed to correctly inhibit a NOGO 

response on 50% of the trials was obtained. This presentation speed was subsequently 

used during the imaging session.  

Questionnaires 

Immediately prior to each scan, subjects completed the Karolinska Sleepiness 

Scale (KSS) (Gillberg, Kecklund, & Akerstedt, 1994) and the Spielberger State Anxiety 

Scale (Spielberger, 1985). Immediately after each cognitive task a computerized 

questionnaire that contains the KSS and a series of 10-point Likert scales asking about 

motivation to perform well, ability to concentrate, amount of effort required to perform 

the task, and perceived task difficulty was administered. After the scan, subjects were 

taken to a quiet room, given the delayed free recall and recognition memory tests, and 
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asked to provide information on strategies and perceptions regarding their performance. 

As with cognitive task data, the questionnaire data was used to assist in the interpretation 

of the FMRI data and utilized a similar analysis strategy. Self-report measures are 

important because any changes observed in brain responses across conditions may be due 

to such factors as changes in effort or perceived difficulty of the cognitive tasks. This 

data therefore was used to test if constructs such as effort, perceived difficulty, or 

subjective sleepiness contribute significantly to the FMRI brain responses within or 

between groups during task performance. 

Functional Magnetic Resonance Imaging (FMRI) Data Acquisition 

FMRI sessions took place at the UCSD Center for Functional Magnetic 

Resonance Imaging (CFMRI). Each session was performed at the same time of day, 12 

hours post habitual wake time for each subject, and last about 75 minutes. The imaging 

studies were performed on a GE Signa EXCITE 3.0T whole-body imaging system. Each 

FMRI session contained several primary scans: a localizer image, two field map scans, an 

anatomical image of the brain, three functional images acquired during each of the 

cognitive tasks, and three scans used to acquire baseline blood flow data (Arterial Spin 

Labeling). The order of the cognitive tasks randomized and counter-balanced across 

subjects and nights. Anatomical scans utilized a T1-weighted FSPGR pulse sequence 

(TE=4ms, flip angle= 90o, 1mm3 resolution). The functional scans were sensitive to the 

T2*-weighted blood oxygenation level dependent (BOLD) signal. For the VL 117 

gradient echo, echo planar images (EPI) were collected across 32 4 mm axial slices 

covering the whole brain (TR=2500 ms, TE=30 ms, image matrix= 64x64, 4 mm3 

resolution). For the NBACK 192 EPI images were collected across 32 4 mm axial slices 
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covering the whole brain (TR=2500 ms, TE=30 ms, image matrix= 64x64, 4 mm3 

resolution). The GO-NOGO tasks utilized the same pulse sequence and slice selection, 

but used a TR =2000 ms and acquired 308 EPI images. 

FMRI Data Processing 

Statistical processing of the FMRI data requires several steps: preprocessing of the 

data, signal processing on the individual subject level, and group analyses.  Local 

software and the Analysis of Functional NeuroImages (AFNI) library were used to 

analyze images.  

Preprocessing 

 After reconstructing slice selected raw signal matrices into 3 dimensional (3D) 

images, the echo planar images are corrected for motion artifact by co-registering to the 

base image whose position is most typical of the images in the EPI time series. AFNI 

software realigned each image in the time series along 3 axes of rotation and 3 planes of 

translation with the base image from the time series. Images obtained in the middle of the 

time series are typically more representative of the movement of most time series images 

than images collected either early or late in the time series. Consequently, a base image 

from the middle of the time series was chosen and required that 5 time points (i.e., 12.5 

seconds) on either side be motion free. In addition to using rotation and translation data to 

co-register within the time series, these data were used as covariates in the signal-

processing model to control for spin history. Finally, a visually guided co-registration 

method was used to correct for movement between the high-resolution anatomical image 

and the echo planar time series. 
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Signal Processing 

 Time series data was analyzed on the individual level by fitting a general linear 

model (GLM) to the data (Cohen, 1997). The GLM contained parameters for the 

constant, linear drift, 6 motion parameters (derived from the motion coregistration step 

discussed above), and individual reference functions (depending upon task). The 

reference functions are vectors representing the alternating behavioral paradigm 

convolved with the expected shape of the hemodynamic response, based on the formula 

provided by Cohen et al. (Cohen, 1997). For the Verbal Learning task, separate reference 

functions for the Easy and Hard words were used. For the NBACK separate reference 

functions for the 1-BACK, 2-BACK, and 3-BACK were used. For the GO-NOGO task 

separate reference functions for GO, NOGO-Hits, and NOGO-Misses were used. The 

parameter estimates from the GLM for each reference function serve as dependent 

variables in the subsequent group analyses.  

Image Standardization 

 After the individual time series analysis, an additional set of processing steps was 

undertaken prior to group analyses. First, to account for inter-subject variability in gyral 

anatomy, the functional images a spatially smoothed using a Gaussian filter (FWHM=4.0 

mm). Next, the T1-weighted anatomical images were transformed in standard atlas 

Talairach space (Talairach & Tournoux, 1988). Each functional image data set was then 

similarly transformed into standard atlas space using the algorithm developed for the 

anatomical scan from same scanning session. These steps put all brains and every data set 

into a common set of spatial coordinates and reduce variability due to differences in 
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individual brain shapes and sizes. At this point, the individual functional data sets were 

ready for whole-brain group analyses.  

Group Analyses 

Prior to group analyses, a determination needed to be made as to which night’s 

data would be entered into the analyses. This decision was made based upon the sleep 

diary data, from which the worst of the two night’s sleep for the insomnia patients was 

chosen. Imaging and performance data following the “bad” night of sleep was used for 

the group analyses. The matched control subject’s data was then yoked to the patient to 

remove potential bias in the decision process, and their imaging/performance data for that 

corresponding night was entered into the group analyses. The choice of “bad” night of 

sleep was based first on reported sleep efficiency and secondarily on total reported sleep 

time. Issues such as missing data also influenced this choice as two insomnia subjects 

only had one night of imaging/performance data. 

Group analyses of BOLD data followed standard statistical procedures. For group 

analyses, the dependent measures were the parameter estimates discussed above for each 

cognitive task, after spatial smoothing and Talairach transformation. Region of interest 

(ROI) analyses were conducted on the VL data while whole brain analyses were

conducted on the NBACK and NOGO data for Aim 2. For Aim 3 an ROI approach was 

also developed for the NBACK task so as to help minimize potential error due to the 

presence of large number of significant clusters of activation being found following an 

initial whole brain analysis. A whole brain analysis involved conducting statistical tests 

on every voxel in the brain, resulting in an enormous number of tests. Type I error rate is 

controlled in this situation by using a cluster threshold method (Forman et al., 1995).  
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This method utilizes a Monte Carlo simulation to determine the probability that a single 

significantly activated voxel is also part of a contiguous cluster of N voxels that are all 

individually significantly activated in the analysis. In this study, a cluster threshold of 12 

voxels was used (768 mm3). That is, areas of significant activation were only considered 

reliable if at least 12 contiguous voxels were activated, each of at p = 0.05. This resulted 

in a whole-brain alpha level of 0.05 under the null hypothesis (i.e., the probability that the 

largest single cluster of activation in the brain contains 12 or more significant voxels

 simply by chance is 0.05).  Setting this as a minimum cluster size maintains the 

probability of a Type I error in the entire whole-brain analysis at 0.05. 
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Testing the Specific Aims 

Aim 1. Group differences in neuropsychological test performance 

 Few, if any, neuropsychological differences were hypothesized to exist between the 

groups, based on findings from the literature. Standardized scores were grouped by domain 

of function and an omnibus MANOVA was calculated. In cases where the omnibus test 

was significant, post-hoc follow-up t-tests and an alpha = .05 were conducted to examine 

individual test performance between the groups. 

 

Aim 2. Group differences in FMRI measures during cognitive challenges 

It was hypothesized that insomnia patients would show greater BOLD signal 

activation on the VL, NBACK, and response inhibition portion of the GO-NOGO task, 

and less BOLD signal activation on the attention component of the GO-NOGO task, 

despite equivalent performance. Analysis of cognitive measures was performed using 

MANOVAs for each domain of function. Analysis of the FMRI data was performed 

using ANOVAs for VL (2x2) and NBACK (2x3), and by using independent samples t-

tests for the GO-NOGO data. 

 

Aim 3. Relationship of performance to FMRI measures in insomnia patients. 

For hypothesis 3a, it was hypothesized that insomnia patients who showed greater 

BOLD signal during the task would also show better performance on the task. To 

evaluate this hypothesis, cerebral activation as measured on each cognitive task was 

regressed onto the respective performance measures for that cognitive task. For
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 hypotheses 3b, it was hypothesized that patients with the greatest daytime complaints 

would show the greatest BOLD signal during task performance. Here, cerebral activation

 was regressed onto each subject’s rating of daytime complaint as measured by Question 

#3 on the ISI.  
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Results 

Demographic and Insomnia Diagnosis and Screening Variables 

We studied 24 subjects, 13 with Primary Insomnia [PI] (7 female, 6 male) and 11 

good sleeper controls [GS] (5 female, 6 male).  The results showed that the samples did 

not differ statistically in terms of age (PI: M=39.77, SD=7.98, range=25-50; GS:

M=37.09, SD=7.73, range=26-49, p=.457) and estimated IQ (PI: M=116.31, SD=7.98, 

range=98-127; GS: M=115.82, SD=8.48, range=103-127, p=.490).  

Prospective Sleep Measures (Sleep Diaries) 

Independent samples t-tests showed that the patients with Primary Insomnia (PI) 

reported significant impairment in sleep across all variables relative to good sleepers 

(GS) (see Table 4). On the diaries, the patients reported significantly more sleep 

difficulties relative to the good sleepers averaged across five nights prior to study in the 

lab. Variables showing disrupted sleep in the patients, included: longer sleep latencies 

(PI: M=63.89, SD=53.72; GS: M=14.78, SD=10.67, p=.007), greater number of nocturnal 

awakenings (PI: M=3.30, SD=2.40; GS: M=1.22, SD=.74, p=.007), more wake time after 

sleep onset (PI: M=96.68, SD=76.60; GS: M=8.31, SD=8.20, p=.001), less total sleep 

time (PI: M=318.46, SD=73.19; GS: M=456.40, SD=50.29, p<.001), and lower sleep 

efficiency (PI: M=.69, SD=.17; GS: M=.95, SD=.03, p<.001). On the 10-point Likert 

scales patients self-reported feeling less refreshed in the morning (PI: M=6.01, SD=1.89; 

GS: M=2.21, SD=.87, p<.001 – lower values equal “more refreshed”) and as having had 

poorer sleep quality (PI: M=4.58 SD=1.74; GS: M=8.27, SD=.93, p<.001 – higher values 

equal better sleep). Given that the sleep diary is not validated instrument and given that 

multiple measures of sleep complaint were obtained from it, there is an increased chance 
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of Type I error. To correct for this possibility a Bonferroni correction was applied to the 

data. Assuming a new alpha at .007 all of the above measures would still remain 

significant except for number of nocturnal awakenings. 

With respect to prospective sleep reported on the night prior to cognitive testing 

and FMRI evaluation, PIs also reported significant impairment in sleep relative to GS 

(see Table 5). In particular, independent t-tests showed that PIs reported significantly 

longer sleep latencies (PI: M=63.31, SD=70.40; GS: M=17.45, SD=13.43, p=.045), more 

wake time after sleep onset (PI: M=72.54, SD=61.16; GS: M=9.27, SD=9.53, p=.003), 

less total sleep time (PI: M=310.85, SD=104.28; GS: M=468.18, SD=57.37, p<.001), and 

lower sleep efficiency (PI: M=.70, SD=.19; GS: M=.95, SD=.04, p<.001). Utilizing a 

Bonferroni correction for multiple comparisons, and assuming a new alpha at .0125, all 

of the above measures would remain significant except for sleep latency. 

Retrospective Sleep Measures (Self-Report Questionnaires) 

Horne-Ostberg Morningness/Eveningness Scale 

Independent samples t-tests showed that patients with insomnia did not 

significantly differ from good sleepers on this measure. Both groups also displayed 

scores that fell in the non-delayed/advanced sleep phase range of values (see Table 6). 

Insomnia Severity Index 

Independent samples t-tests showed that patients with insomnia reported 

significantly greater sleep impairment than good sleepers (PI: M=18.00, SD=7.26; GS: 

M=1.27, SD=1.68, p<.001). Patients also reported greater levels of daytime complaint 

(Item #3) on this measure (PI: M=.2.54, SD=1.33; GS: M=.18, SD=.41, p<.001). See 

Table 6. 
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Pittsburgh Sleep Quality Inventory 

Independent samples t-tests showed that patients with insomnia reported 

significantly poorer sleep quality than good sleepers (PI: M=2.08, SD=.64; GS: M=.09, 

SD=.30, p<.001). Patients also reported more trouble falling asleep (PI: M=2.08, 

SD=1.32; GS: M=.18, SD=.41, p<.001), less sleep duration (PI: M=2.31, SD=.75; GS: 

M=.36, SD=..51, p<.001), lower sleep efficiencies (PI: M=2.46, SD=.88; GS: M=.18, 

SD=.41, p<.001), more sleep disturbance (PI: M=1.31, SD=.48; GS: M=.73, SD=.47, 

p=.007), and greater daytime dysfunction (PI: M=1.31, SD=.95; GS: M=.18, SD=.41, 

p=.001). Use of sleeping medications was found to be marginally non-significant 

between groups ( p=.056). The groups also were shown to be significantly different in 

terms of the PSQI total score (PI: M=12.23, SD=3.66; GS: M=1.82, SD=1.17, p<.001). 

See Table 6. 

Prospective Daytime Functioning Measures (Sleep Diaries) 

 Independent samples t-tests showed that the patients with insomnia reported 

significant impairment in several areas of daytime functioning relative to good sleepers 

(see Table 7). On the 5-point Likert scales taken from the sleep diaries the patients 

reported greater levels of fatigue (PI: M=3.01, SD=1.00; GS: M=.32, SD=.43, p<.001), 

more stress (PI: M=1.72, SD=1.25; GS: M=.61, SD=.76, p=.018), greater daytime pain 

(PI: M=1.89, SD=.88; GS: M=.51, SD=.90, p=.001), poorer health (PI: M=1.46, SD=1.03; 

GS: M=.38, SD=.85, p=.011), and substantial impairment in alertness (PI: M=3.31, 

SD=.43; GS: M=4.55, SD=.62, p<.001) and concentration (PI: M=2.74, SD=.90; GS: 

M=.96, SD=1.02, p<.001).  Utilizing a Bonferroni correction for Type I error and a new 

alpha of .006, most of these measures would remain significant except for stress levels 
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and poorness of health. Additionally, PIs and GSs were not found to differ on self-

reported measures of napping, exercise, or time spent outside each day. 

Retrospective Daytime Functioning Measures (Self-Report Questionnaires) 

Multdimensional Fatigue Inventory 

Independent samples t-tests showed that patients with insomnia did not 

significantly differ from good sleepers in terms of fatigue, activity levels, and /or 

motivation as reported on this measure (see Table 8). 

SF-36 

Independent samples t-tests showed that the patients with insomnia reported 

significant impairment in several areas of general health and functioning relative to good 

sleepers on this measure (see Table 8). PIs reported significant difficulty with 

energy/fatigue (PI: M=39.23, SD=20.19; GS: M=77.73, SD=12.32, p<.001), more 

limitations on physical abilities (PI: M=63.46, SD=41.60; GS: M=.97.73, SD=.7.54,  

p=.014), more pain (PI: M=66.62, SD=18.47; GS: M=85.14, SD=24.07, p.044), poorer 

general health (PI: M=75.54, SD=13.77; GS: M=92.00, SD=10.15, p=.003), and poorer 

social functioning (PI: M=76.92, SD=23.85; GS: M=.100.00, SD=.0, p=.004). No 

differences were found between groups with regards to physical functioning, emotional 

limits, and emotional well-being. 

Profile of Mood States 

Independent samples t-tests showed that patients with insomnia reported 

significantly less vigor (PI: M=22.31, SD=4.57; GS: M=30.64, SD=4.23, p<.001) and 

greater levels of fatigue (PI: M=19.38, SD=5.27; GS: M=10.18, SD=3.57, p<.001) 
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relative to good sleepers. Levels of tension, confusion, depression, and/or anger as 

assessed on this measure were not found to differ between the groups. See Table 9. 

Epworth Sleepiness Scale 

Patients with insomnia reported significantly higher levels of daytime sleepiness 

relative to controls (PI: M=8.54, SD=5.32; GS: M=4.45, SD=3.42, p=.039). See Table 9. 

Note, though, that patients with insomnia did not score in the clinically significant range 

of daytime sleepiness on this measure. 

Self-Reports of Psychological Functioning 

Beck Depression Inventory 

Patients with insomnia reported significantly higher levels of depressive 

symptomatology relative to good sleepers (PI: M=7.84, SD=6.56; GS: M=.73, SD=1.42, 

p=.002). It should be noted however that the mean level of depressive symptoms reported 

by PIs is below the cutoff for clinically significant depression and none of the patients 

meet criteria for a current Major Depressive Episode as assessed by the SCID. See Table 

10. 

Sleep Diary – Quality of Mood 

On a 5-point Likert scale assessing mood on the sleep diaries patients with 

insomnia reported significantly worse mood relative to good sleepers (PI: M=3.57, 

SD=.89; GS: M=4.62, SD=.70, p=.004). See Table 10. 

Spielberger State-Trait Anxiety Inventory 

Patients with insomnia reported significantly higher levels of both state (PI: 

M=37.85, SD=8.67; GS: M=25.00, SD=10.13, p=.003) and trait (PI: M=37.23, SD=9.68; 

GS: M=25.46, SD=9.64, p=.007) anxiety relative to good sleepers. See Table 10.
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Aim 1 - Neuropsychological Performance Variables 

A comprehensive neuropsyhological assessment battery was performed on both 

good and poor sleepers. To reduce the chance of Type I error due to multiple 

comparisons, the battery was grouped into putative domains of function and multivariate 

analyses of variance (MANOVAs) were performed on each domain. If a domain showed 

significant omnibus results then individual t-tests were performed to assess group 

differences on specific tasks. To reduce the potential effects of age and education on 

performance all raw scores (except for the psychomotor vigilance task scores) were 

converted to scaled or standard scores, based on published norms, prior to running the 

MANOVAs. The five cognitive domains that were evaluated with this approach included: 

Attention, Working Memory, Verbal and Nonverbal Learning and Memory, Executive 

Functioning, and Visuomotor Speed and Visuospatial Functioning. 

Attention 

A between group MANOVA was performed on six dependent variables (PVT: 

median reaction time, mean reaction time for the fastest 10% of responses, number of 

lapses, and mean reciprocal reaction time for the slowest 10% responses, Digit Span 

Forward, and Spatial Span Forward). Using an alpha of .001 to evaluate the homogeneity 

of assumptions, neither Box’s M test of homogeneity of covariance (p=.095) nor 

Levene’s homogeneity of variance test (p’s range from .114 to .999) were statistically 

significant. Using Wilk’s criterion (λ) as the omnibus test statistic, the combined 

dependent variables showed no significant difference between groups: F(6, 17)= .726, 

p=.635, partial η2 = .204. Comparison of the individual tests also failed to show any 

significant differences in performance between groups (p’s range from .058 to .947).
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Effect sizes ranged from minimal to large depending on the task (partial η2’ range from 

.000 to .154). See Table 11A.  

Working Memory 

A between group MANOVA was performed on three dependent variables (Letter 

Number Sequencing, Digit Span Backward, and Spatial Span Backward). Using an alpha 

of .001 to evaluate the homogeneity of assumptions, neither Box’s M test of homogeneity 

of covariance (p=.296) nor Levene’s homogeneity of variance test (p’s range from .294 to 

.918) were statistically significant. Using Wilk’s criterion (λ) as the omnibus test statistic, 

the combined dependent variables showed no significant difference between groups: F(6, 

20)= .186, p=.905, partial η2 = .027. Comparison of the individual tests also failed to 

show any significant differences in performance between groups (p’s range from .444 to 

.895). Effect sizes ranged from minimal to small depending on the task (partial η2’ range 

from .001 to .027). See Table 11B.  

Verbal and Nonverbal Learning and Memory 

A between group MANOVA was performed on eight dependent variables 

(Logical Memory: Immediate and Delayed Recall, Visual Reproduction: Immediate and 

Delayed Recall, CVLT: Total Learning Slope for Trials 1-5, Immediate Recall 

Discriminability, Delayed Recall Discriminability, and Cued Recall Immediate Recall 

Discriminability scores). Using an alpha of .001 to evaluate the homogeneity of 

assumptions, neither Box’s M test of homogeneity of covariance (p=.163) nor Levene’s 

homogeneity of variance test (p’s range from .242 to .685) were statistically significant. 

Using Wilk’s criterion (λ) as the omnibus test statistic, the combined dependent variables 
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showed no significant difference between groups: F(8,15)= 1.58, p=.212, partial η2 = 

.457. Comparison of the individual tests also failed to show any significant differences in 

performance between groups (p’s range from .223 to .983). Effect sizes ranged from 

minimal to medium depending on the task (partial η2’ range from .000 to .067). See 

Table 11C.  

Executive Functioning 

A between group MANOVA was performed on three dependent variables (Matrix 

reasoning, Similarities, and COWAT). Using an alpha of .001 to evaluate the 

homogeneity of assumptions, neither Box’s M test of homogeneity of covariance 

(p=.827) nor Levene’s homogeneity of variance test (p’s range from .179to .821) were 

statistically significant. Using Wilk’s criterion (λ) as the omnibus test statistic, the 

combined dependent variables showed no significant difference between groups: 

F(3,20)= .483, p=.698, partial η2 = .068. Comparison of the individual tests also failed 

to show any significant differences in performance between groups (p’s range from .284 

to .895). Effect sizes ranged from minimal to small depending on the task (partial η2’ 

range from .001 to .052). See Table 11D. 

Visuomotor Speed and Visuospatial Functioning 

 A between group MANOVA was performed on two dependent variables (Block 

Design and Digit Symbol Coding). Using an alpha of .001 to evaluate the homogeneity of 

assumptions, neither Box’s M test of homogeneity of covariance (p=.824) nor Levene’s 

homogeneity of variance test (p’s range from .913 to .923) were statistically significant. 

Using Wilk’s criterion (λ) as the omnibus test statistic, the combined dependent variables
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showed no significant difference between groups: F(2,21)= .1.41, p=.267, partial η2 = 

.118. Comparison of the individual tests also failed to show any significant differences in 

performance between groups (p’s range from .130 to .929). Effect sizes ranged from 

minimal to medium depending on the task (partial η2’ range from .000 to .101). See 

Table 11E. 
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Aim 2 - Cognitive Performance Variables during FMRI 

Three cognitive tasks were performed during each of the FMRI scanning sessions. 

For the VL and NBACK tasks multivariate analyses of variance (MANOVAs) were 

performed on the behavioral data. For the GO-NOGO task independent samples t-tests 

were used to analyze the behavioral data. 

Verbal Learning Task 

A between group MANOVA was performed on seven dependent variables 

(Immediate Recall - Easy/Hard words, Delayed Recall- Easy/Hard words, Recognition - 

Easy/Hard words, and d’ discriminability). Using an alpha of .001 to evaluate the 

homogeneity of assumptions, neither Box’s M test of homogeneity of covariance 

(p=.834) nor Levene’s homogeneity of variance test (p’s range from .064 to .889) were 

statistically significant. Using Wilk’s criterion (λ) as the omnibus test statistic, the 

combined dependent variables showed no significant difference between groups: 

F(7,14)= 1.35, p=.301, partial η2 = .402. Comparison of the individual tests also failed 

to show any significant differences in performance between groups (p’s range from .137 

to .880). Effect sizes ranged from minimal to medium depending on the task (partial η2’ 

range from .001 to .107). See Table 12 and Graph 1. 

NBACK Working Memory Task 

Two between group MANOVAs were performed, one for percent accuracy on 

correct responses (Hits) and one for mean number of errors in responding (False Alarms), 

each assessed on the four levels of difficulty presented  in this task (0-back, 1-back, 2-

back, and 3-back conditions). Using an alpha of .001 to evaluate the homogeneity of 

assumptions for Hits, neither Box’s M test of homogeneity of covariance (p=.007) nor 
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Levene’s homogeneity of variance test (p’s range from .055 to .716) were statistically 

significant. Using Wilk’s criterion (λ) as the omnibus test statistic, the combined 

dependent variables showed no significant difference between groups: F(4,17)= .714, 

p=.594, partial η2 = .144. Comparison of the individual tests also failed to show any 

significant differences in performance between groups (p’s range from .217 to .946). 

Effect sizes ranged from minimal to medium depending on the task (partial η2’ range 

from .000 to .075). See Table 13 and Graph 2.  

Using an alpha of .001 to evaluate the homogeneity of assumptions for False 

Alarms, neither Box’s M test of homogeneity of covariance (p=.155) nor Levene’s 

homogeneity of variance test (p’s range from .146 to .654) were statistically significant. 

Using Wilk’s criterion (λ) as the omnibus test statistic, the combined dependent variables 

showed no significant difference between groups: F(4,17)= .329, p=.855, partial η2 = 

.072. Comparison of the individual tests also failed to show any significant differences in 

performance between groups (p’s range from .400 to 1.000). Effect sizes ranged from 

minimal to small depending on the task (partial η2’ range from .000 to .036). See Table 

13 and Graph 2. 

GO-NOGO Attention/Inhibition Task 

Independent samples t-tests were conducted on three components of the GO-

NOGO task: Hits Reaction Time, percent False Alarms across trials (i.e., frequency of 

disinhibition), and d’ discriminability for GO versus NOGO trial responses. The results 

showed that the samples did not differ statistically in terms of Hits Reaction Time  (PI: 

M=349.79, SD=79.23; GS: M=300.65, SD=49.67, p=.102), percent False Alarms (PI: 
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M=.35, SD=.17; GS: M=.41, SD=.18, p=.776), or d’ discriminability (PI: M=2.40, 

SD=.54; GS: M=2.56, SD=.99, p=.197). See Table 14 and Graph 3. 

Postscan Questionnaires 

 Following each task in the scanning session, subjects were asked to rate their 

effort, motivation, and ability to concentrate on the tasks on a 10 point scale (1 low to 10 

high). Subjects were also asked to rate their sleepiness on the Karolinska Sleepiness Scale 

(higher scores indicative of more sleepiness). Based on these ratings, PIs rated 

themselves as having more sleepiness, less ability to concentrate, and having more 

difficulty on the VL and GO-NOGO tasks as compared to good sleepers. They did not 

report similar concerns during the NBACK, nor did they report differences in effort or 

motivation in performance of any of the tasks. When corrected for potential Type I error 

using a Bonferroni correction, PIs still show significantly more sleepiness on the VL task 

(PI: M=5.77, SD=2.05; GS: M=3.27, SD=1.10, p=.002), and poorer concentration on both 

the VL (PI: M=7.08, SD=2.33; GS: M=9.36, SD=.92, p=.006) and GO-NOGO task (PI: 

M=5.77, SD=2.35; GS: M=8.82, SD=1.40, p=.001). See Table 15 

. 
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Aim 2 - FMRI Measures of Activation during Cognitive Testing 

Verbal Learning Task 

A two-level mixed effects analysis was run in AFNI to examine mean activation 

differences as a function of group (2 levels: PI, GS) and task difficulty (2 levels: easy 

words, hard words). An ROI approach was taken in evaluation of the data, such that the 

analysis focused on regions known from prior studies to be active on this task. The per 

voxel p-value was set at .05 and the cluster threshold set at 384 mm3 for significance to 

be ascertained. Based on this 2 x 2 ANOVA, four regions were found to have significant 

group-by-difficulty interactions (left inferior frontal gyrus and three areas in the bilateral 

inferior parietal lobes). The results indicated that PIs had more activation for easy words 

and less for hard words (relative to GSs) in the left hemisphere regions and the opposite 

pattern in the right hemisphere regions (see Figure 1). For these four regions, p values 

ranged from < .001 to .013 and partial η 2 ranged from .270 to .495. See Table 16.  

To follow-up the interaction effects, the simple main effects of word difficulty 

within group were tested and results showed that PIs had significant differences in 

activation based on load in three of four regions (p’s ranging from .004 to 068, partial η 2 

ranging from .296 to .584), while GSs had significant activation differences in two of 

four regions (p’s ranging from .006 to 085, partial η 2 ranging from .268 to .542).  When 

the simple effects of group were examined at each level of difficulty, significant 

differences in activation were only observed in two regions; hard words in the left 

inferior frontal gyrus (GS > PI: p= .013, partial η 2 = .271) and easy words in the right 

inferior parietal lobe (GS > PI: p= .010, partial η 2 = .290). See Graph 4. 
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NBACK Working Memory Task 

A three-level mixed effects analysis was run in AFNI to examine mean activation 

differences as a function of group (2 levels: PI, GS) and task difficulty (3 levels: 1-back, 

2-back, 3-back). A whole brain analysis was conducted in evaluation of the data. In the 

first pass, the per voxel p-value was set at .05 and the cluster threshold set at 448 mm3 for 

significance to be ascertained. Based on this 2 x 3 ANOVA, 28 significant regions were 

found to have significant interactions. Given that this number of interactions would be 

difficult to interpret, a second pass analysis was performed using a more conservative 

significance level (per voxel p=.01, cluster threshold= 276). This second analysis 

resulted in eight regions showing significant group interactions (two areas in the right 

medial frontal gyrus, bilateral precuneus, bilateral precentral gyrus, left superior frontal 

gyrus, and left cerebellar tonsil). For these eight regions p’s ranged from < .001 to .001 

and partial η 2 ranged from .286 to .360. See Table 17 and Figure 2 for examples. 

To follow-up the interaction effects, simple main effects of difficulty within group 

showed that PIs had significant differences in activation based on load in 6/8 regions (p’s 

ranging from, <.001 to .002, partial η 2 ranging from .455 to .642 in the significant 

regions), while GSs had significant activation differences in 3/8 regions (p’s ranging 

from .001 to 018, partial η 2 ranging from .333 to .510 in the significant regions).  When 

the simple effects of group were examined within difficulty levels, significant differences 

in activation were not observed in any of the 1-back conditions, however significant 

differences in activation were noted in 6/8 regions on the 2-back ( p’s ranging from .007 

to .067, partial η 2 ranging from  .184 to .312) and 6/8 regions on the 3-back ( p’s ranging 
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from .002 to .105, partial η 2 ranging from  .126 to .377). In all instances activation for 

PIs at higher loads (2-back and 3-back) was greater than that for GS. See Graph 5. 

GO-NOGO Attention/Inhibition Task 

Two independent samples t-tests were run in AFNI to examine mean activation 

differences as a function of group on two distinct constructs of the GO-NOGO task, 

namely attention (activation during GO trials) and behavioral inhibition (activation 

during NOGO trials). A whole brain analysis was conducted in evaluation of the data. For 

response to GO trials (“hits”) the per voxel p-value was set at .05 and the cluster 

threshold set at 448 mm3 for significance to be ascertained. Based on this analysis 27 

regions were found to have significant between group levels of activation (right 

precentral gyrus, right superior occipital gyrus, left middle temporal gyrus, left cuneus, 

left precentral gyrus, right claustrum, left cingulate gyrus, bilateral medial frontal gyrus, 

right insula, left inferior frontal gyrus, left postcentral gyrus, right culmen, right 

thalamus, right inferior parietal lobe, right cingulate gyrus, left superior frontal gyrus, left 

lingual gyrus, left superior temporal gyrus, left cerebellar tonsil, and left hypothalamus); 

p’s ranged from <.001 to .007. See Table 18. Activation was greater for PI relative to GS 

in all except three of the 27 regions (right culmen, left cerebellar tonsil, and left 

hypothalamus). See Graph 6 and Figure 3 for examples of representative regions. 

A second analysis was performed for responses to the GO-NOGO trials focused 

on response inhibition. To focus on brain regions involved in correct inhibition responses, 

a within-subject contrast was calculated that subtracted activation related to inhibition 

errors (false alarms) from activation related to correct inhibitions (stops). This Stops-

False Alarms contrast thus reveals neural substrates of inhibition controlling for visual
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stimulation and other non-specific factors common to both types of responses. The 

resultant activation was then compared across groups with an independent samples t-test. 

The per voxel p-value for this analysis was set at .05 and the cluster threshold set at 448 

mm3 for significance to be ascertained. Based on this analysis, 13 regions were found to 

have significant between group levels of activation (left precentral gyrus, bilateral 

culmen, left insula, left postcentral gyrus, bilateral cerebellar tonsil, right superior 

temporal gyrus, left inferior parietal lobe, and right superior frontal gyrus); p’s ranged 

from .001 to .016. See Table 19. Activation (i.e., the difference between stop-related 

activation and false alarm-related activation) was found to be lower for PI relative to GS 

in all 13 regions. See Graph 7 and Figure 4 for examples of areas of activation observed 

during this task. A follow-up analysis of between group difference in activation for Stops 

only in these regions found significant differences in four areas (bilateral culmen and 

bilateral cerebellar tonsil) all of which showed lower activation in PIs;  p’s ranged from 

.015 to .694. A similar analysis for False Alarms only failed to show any significant 

between group differences. For activation on Stops and False Alarms within group only 

the left insula showed significant differences for PIs (activation was higher for False 

Alarms) and only the right cerebellar tonsil showed significant differences for GSs 

(activation for Stops was higher). 
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Aim 3a - Association between Activation and Performance during Cognitive Testing in 

Patients with Insomnia 

 To further evaluate the compensatory model, a series of regression analyses were 

performed comparing activation and performance on each of the cognitive tasks for the

insomnia subjects. For the verbal learning task, activation during the learning of words 

was regressed against performance as measured by total immediate recall. An ROI 

approach was taken in evaluation of the data and the per voxel p-value was set at .05 with 

a cluster threshold of 384 mm3 for significance to be ascertained. Based on this analysis, 

five areas of activation were found to be associated with performance (see Table 20). In 

particular, increased activation in four left hemisphere areas were associated with better 

performance (left inferior frontal gyrus, left inferior parietal lobe, and left 

parahippocampal gyrus) while decreased activation in one area in the right inferior 

parietal lobe was associated with better performance. See Graph 8 and Figure 5.  

 For the NBACK activation on the most difficult parametric manipulation of the 

task (3-BACK) was compared to percent correct responses on the 3-BACK trials. An 

ROI approach was also taken in the evaluation of the data with the mask derived for this 

approach developed from regions known to be involved in the task per recent meta 

analyses (Owen, McMillan, Laird, & Bullmore, 2005). The per voxel p-value was set at 

.05 and the cluster threshold set at 384 mm3 for significance to be ascertained. Based on 

this analysis, 25 areas were found to have a significant association between activation and 

performance (see Table 21), with all areas showing a strong positive relationship, such 

that increased activation in these areas was associated with better performance (see Graph 

9 and Figure 6 for examples of areas of activation observed during this task).
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 For the GO-NOGO task, activation and performance were assessed for attention 

and response inhibition separately. For attention, activation during the GO portion of the 

task was regressed on reaction time for responses on this part of the task. A whole brain 

analysis was taken in evaluation of the data with the per voxel p-value was set at .05 and 

the cluster threshold set at 448 mm3 for significance to be ascertained. Based on this 

analysis, 12 areas were found to have a significant association between activation and 

performance (see Table 22). Eight of the areas showed a positive correlation suggesting 

that increased activation was associated with slower performance and four areas showed 

a negative relationship indicating that increased activation was associated with faster 

performance (see Graph 10 and Figure 7 for examples).  

 For response inhibition, activation during correct stops on the NOGO portion of 

the task was regressed on percent correct stops on this part of the task. As well, activation 

during false alarms on the NOGO was regressed on percent false alarms on this part of 

the task. A whole brain analysis was taken in evaluation of the data with the per voxel p-

value was set at .05 and the cluster threshold set at 448 mm3 for significance to be 

ascertained. Based on this analysis 18 areas were found to have a significant association 

between activation on the stop portion of the NOGO and percent correct stops (see Table 

23), with most areas showing positive relationships (16 areas) and only two areas 

showing negative relationships (see Graph 11 and Figure 8 for examples of areas of 

activation observed during this task).These results suggest that greater activation on the 

task was generally associated with more successful inhibitions. For the association 

between activation and performance on false alarms, 13 significant areas were found to 

be significantly associated (see Table 24), with all areas showing a negative relationship 
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(see Graph 12 and Figure 9 for examples of this relationship in the four largest areas of 

activation). These results would suggest that less activation in these areas was associated 

with more false alarms. 
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Aim 3b - Association between Activation and Daytime Complaint in  

Patients with Insomnia 

 To evaluate the role that daytime complaint might play in the compensatory 

model a series of regression analyses were performed comparing activation and scores on 

Question #3 on the ISI for the insomnia subjects. For the verbal learning task, activation 

during the learning of words (averaged across both word difficulty levels) was regressed 

against ISI score. An ROI approach was taken in evaluation of the data, such that a mask 

was applied prior to analysis focusing on regions known from prior studies to be 

maximally active on this task. The per voxel p-value was set at .05 and the cluster 

threshold set at 384 mm3 for significance to be ascertained. Based on this analysis three 

areas of activation were found to be associated with daytime complaint (see Table 25). In 

particular, decreased activation in the left parahippocampal gyrus and right inferior 

frontal gyrus as well as increased activation in the left inferior parietal lobe areas were 

associated with greater levels of daytime complaint (See Graph 13 and Figure 10).  

 For the NBACK activation on the most difficult parametric manipulation of the 

task (3-BACK) was compared to daytime complaint as measured on the ISI. An ROI 

approach was taken in the evaluation of the data with the mask derived for this approach 

developed from regions known to be involved in the task. The per voxel p-value was set 

at .05 and the cluster threshold set at 384 mm3 for significance to be ascertained. Based 

on this analysis, 21 areas were found to have a significant association between activation 

and performance (see Table 26), with 19 areas showing a negative relationship and 2 

showing a positive relationship. Overall it appears that decreased activation on this task
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was associated with greater levels of daytime complaint (see Graph 14 and Figure 11 for 

examples of areas of activation observed during this task).  

 For the GO-NOGO task, activation and performance were assessed for attention 

and response inhibition separately. For attention, activation during the GO portion of the 

task was regressed on ISI score. A whole brain analysis was taken in evaluation of the 

data with the per voxel p-value was set at .05 and the cluster threshold set at 448 mm3 for 

significance to be ascertained. Based on this analysis, 40 areas were found to have a 

significant association between activation and performance (see Table 27), with all areas 

showing negative relationships (see Graph 15 and Figure 12 for examples of areas of 

activation observed during this task) These results suggest that less activation on this task 

was associated with more daytime complaint. 

 For response inhibition, activation during correct stops on the NOGO portion of 

the task was regressed on ISI score and activation during false alarms on the NOGO was 

also regressed on ISI score. A whole brain analysis was taken in evaluation of the data 

with the per voxel p-value was set at .05 and the cluster threshold set at 448 mm3 for 

significance to be ascertained. Based on the stops analysis, 20 areas were found to have a 

significant association between NOGO activation for correct stops and ISI score (see 

Table 28), with most areas showing negative relationships (14 areas) and six areas 

showing positive relationships (see Graph 16 and Figure 13 for examples). These results 

suggest that less activation was generally associated with greater levels of daytime 

complaint. For the association between activation on false alarms and ISI score, 41 

significant areas were found to be significantly associated (see Table 29), with all areas 

showing a negative relationship (see Graph 17 and Figure 14 for examples of
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areas of activation observed during this task). These results would suggest that less 

activation in these areas was associated with greater levels of daytime complaint.
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Discussion 

Insomnia, the most common sleep disorder afflicting adults, is diagnostically 

characterized by a chronic complaint of difficulty sleeping at night and a report of 

consequent impairment in daytime functioning. Despite this diagnostic requirement and 

the relative prevalence of daytime distress in patients with insomnia, studies to date have 

shown only limited evidence of objective daytime impairment in this population. This 

lack of objective impairment raises several questions as to what may underlie the daytime 

impairment, questions that this investigation attempted to initially address. In particular, 

this study attempted to test a neurobiological compensation model which could 

potentially explain how patients with insomnia might overcome cognitive challenges 

resulting from the sleep abnormalities characterizing the disorder. The proposed model, 

based on prior studies examining the effects of total sleep deprivation on healthy subjects 

(Chee & Choo, 2004; Chuah, Venkatraman, Dinges, & Chee, 2006; Drummond, et al., 

2004) and patients with obstructive sleep apnea (Ayalon, Ancoli-Israel, Klemfuss, 

Shalauta, & Drummond, 2006), suggests that patients with insomnia might increase 

cortical activation (relative to good sleepers) during cognitive challenge to “compensate” 

for their sleep disruptions and that this compensation would lead to maintenance of 

performance on tasks. Furthermore, it was proposed that increased activation would be 

correlated with greater levels of daytime complaint. In this way, it was thought that 

“compensation” would be responsible for both the ability to maintain performance and 

the resulting subjective sense that doing so was difficult. In its most simple form the

daytime complaint hence would result not from an inability to do a task (“output”) but 

rather from the perception that doing so is more difficult than would be the case if the 
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patient had slept well (“effort”). The discussion below summarizes the findings across the 

main questions of the study and attempts to draw conclusions about the original 

hypotheses based on those findings. 

Sample Characteristics 

As expected, patients with primary insomnia who were recruited for this study 

reported significantly more sleep problems and greater daytime complaints than their 

matched good sleeper controls. Subjective prospective reports of sleep in PIs included 

significantly longer sleep latencies, more time awake at night, less total sleep times, and 

lower sleep efficiencies than GSs. Patients retrospectively also reported poorer sleep on 

the PSQI, greater insomnia severity on the ISI, and more daytime sleepiness on the 

Epworth Sleepiness Scale. Patients did not however, show evidence of more awakenings 

at night, greater use of medications, or advanced/delayed sleep phase. 

In terms of daytime functioning, PIs prospectively reported higher levels of 

fatigue and stress, less alertness, and more problems with concentration when averaged 

across daily self reports. Retrospectively, PIs reported more limits on physical activity, 

lower energy, less vigor, greater fatigue levels, more pain, poorer health, and more limits 

on social functioning than GSs. Conversely, patients did not differ from controls on 

measures of amount of exercise, time spent outdoors, number of naps, physical 

functioning, overall emotional well-being, tension, confusion, and/or anger. While there 

was some evidence for increased levels of psychopathology in the patient population (PIs 

reported more depressive symptoms and more state/trait anxiety than GSs), it should be 

noted that the scores were not in a clinically significant range.  
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In sum, patients with insomnia in this study reported significant problems with 

sleep across multiple measures. They also showed evidence for subjective impairment in 

daytime functioning including greater levels of fatigue and impairment in concentration, 

alertness, and social functioning. These findings are, of course, in keeping with the 

diagnosis of primary insomnia. On the other hand, PIs reported very little subjective 

problems in areas such as physical and/or emotional functioning that could potentially 

serve to explain the sleep and daytime complaints in a confounding manner.  

Specific Aim 1: Do PIs differ from GSs in terms of neuropsychological functioning? 

It was anticipated that patients and good sleeper controls would exhibit 

comparable performance on objective cognitive testing, in keeping with results from prior 

studies (Fulda & Schulz, 2001; Orff, et al., 2007). In this investigation an extensive 

neuropsychological battery was performed across multiple domains of cognitive 

functioning including attention, working memory, verbal/nonverbal memory, executive 

functioning, visouomotor speed, and visuospatial functioning. In keeping with the a priori 

hypothesis for this aim, PIs showed statistically equivalent performance to GSs across all 

measures. These results suggest that the daytime complaint with which PIs presented 

does not align well with their objective neuropsychological performance. 

Specific Aim2: Do PIs differ from GSs on measures of cerebral responses during 

cognitive challenge? 

This specific aim functionally attempted to address the role that neurophysiologic 

compensation plays in maintenance of performance on cognitive tasks, despite poor 

sleep. It was anticipated that in three of four cognitive domains - verbal encoding (VL), 

working memory (NBACK), and inhibition (inhibitions on the GO-NOGO task) - PIs 
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would need to recruit additional cerebral resources to maintain performance. This 

hypothesis was derived from prior work in experimental sleep deprivation and patients 

with obstructive sleep apnea (Ayalon, et al., 2006; Chee & Choo, 2004; Drummond, et 

al., 2004).  Conversely, it was expected that PIs would show less activation than GSs on 

an attention task (correct hits on the “go” trials from a GO-NOGO task), based on prior 

studies showing some evidence difficulty for PIs on this type of cognitive challenge 

(Altena, et al., 2008; Edinger, et al., 2008). 

VL task: Results of behavioral performance on the VL task revealed no significant 

differences between groups (see Graph 1). When activation during the learning of words 

was examined however, an interesting pattern of interactions emerged (see Graph 4). As 

a group, PIs were observed to show greater activation on learning of easy words and less 

activation on learning of hard words than GSs in left inferior frontal gyrus (BA 45) and 

left inferior parietal lobe (BA 39). These areas are regions typically associated with 

cognition, speech, and language, and are areas that would be expected to be related to the 

demands of this task. An opposite pattern (less activation on easy words, more activation 

on hard words) was observed in two regions of the right hemisphere, both located in the 

inferior parietal lobe (BA 40). These areas are more typically associated with reasoning, 

attention, and perception, and presumably play less of a role in the performance of an 

encoding task. They have, however, been reported as involved in the compensatory 

recruitment response during sleep deprivation and in obstructive sleep apnea. While 

overall the observed patterns of activation were not as straightforward as anticipated, they 

are still potentially consistent with the idea of compensation (Drummond, et al., 2004). It 

seems that PIs may need to recruit additional neural activation in cortical verbal encoding 
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during acquisition of easy items. PIs may be vulnerable to increasing task demands in 

these verbal areas, though, and thus compensate for this deficit and maintain performance 

levels by recruiting additional resources in right hemisphere homologues of task specific 

areas.  

NBACK task: Results from behavioral performance on the NBACK task showed 

no significant differences in outcomes (see Graph 2). Similar to the VL task however, 

several regions emerged in which differences in activation between PIs and GSs were 

observed. In particular, eight interactions were found in which activation between the 

groups differed as a function of increasing task demands (see Graph 5). In each of these 

areas, PIs were shown to have greater activation relative to GSs as load was increased (1-

BACK to 3-BACK). Most of the areas in which these interactions occurred appeared to 

be relevant to task performance, including regions thought to be involved in motor 

functioning (bilateral precentral gyrus - BA 4 and 6, right medial frontal gyrus - BA 6, 

and left cerebellum), language and reasoning (left superior frontal gyrus - BA 8), as well 

as visual processing and attention (bilateral precuneus – BA 7 and 39). Follow-up 

analyses revealed that, typically, activation in these regions was modulated by task 

difficulty for the PIs, but not for the GSs. In turn, this suggests the PIs required increased 

cognitive resources as the task became more difficult that the GSs did not require.   

Overall, then, it appears the increased activation observed in PIs on the NBACK task 

most likely facilitated maintenance of performance on the task. These findings match 

well with the proposed compensation model. 

GO-NOGO task: Findings from the GO-NOGO task proved to be consistent with 

VL and NBACK in that no differences in performance were noted behaviorally between 
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groups on either the GO (attention) or the NOGO (inhibition) trials (see Graph 3). Results 

of the imaging data, however, suggested a pattern of activation that was opposite to a 

priori hypotheses. In particular, rather than seeing decreased activation in PIs during the 

attention component of the task, PIs exhibited mostly increased activation across 27 of 30 

regions shown to have significant between group differences. These areas were 

widespread and covered regions involved in many cognitive processes including 

language skills (e.g, left inferior frontal gyrus – BA 47), attention (left medial frontal 

gyrus – BA 9, left cuneus – BA 19, right inferior parietal lobe – BA 40), inhibition (right 

medial frontal gyrus – BA 6, right inferior parietal lobe – BA 40), perception of colors 

and shapes (left lingual gyrus – BA 18, right superior occipital gyrus – BA 19, right 

inferior parietal lob – BA 40), motor learning (left postcentral gyrus - BA 3), and 

working memory (right cingulate – BA 31). It is also notable that much of the increased 

activation observed in PIs occurred in midline regions that are often associated with 

default mode activity (Raichle et al., 2001). Higher levels of activation in these regions 

may suggest that PIs exhibited both successful compensation and a failure to inhibit 

important areas of the brain during the task. 

Findings from the inhibition component of the GO-NOGO task also ran contrary 

to a priori hypotheses with patients showing decreased activation across all 13 areas 

found to be statistically different between groups. These areas were widespread areas and 

included regions believed to be associated with language (left precentral gyrus - BA 6, 

left inferior parietal lobe – BA 40), inhibition (right superior frontal gyrus – BA 6, left 

insula - BA 13), attention (right superior frontal gyrus – BA 6, bilateral culmen – BA 37, 

left inferior parietal lobe – BA 40), somatosensory (left postcentral gyrus – BA 40), and 
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motor functioning (bilateral cerebellum). Analysis of group differences for correct 

inhibitions and false alarms separately showed that PIs and GSs did not differ in any of 

these regions during false alarms, but did differ in 4 of 13 regions for correct inhibitions. 

In particular, areas in the attention (bilateral culmen) and motor areas (bilateral 

cerebellum) distinguished activation between the groups. 

Overall, results from Aim 2 analyses showed compelling evidence that activation 

in PIs during cognitive testing is considerably different from that of GSs. This said, it is 

also clear that these patterns of activation represent only a partial confirmation of the 

original hypotheses. The VL and NBACK tasks both showed evidence for compensation 

and suggest that load may play an important moderating role in how the brains of PIs 

compensate for the disorder and maintain intact performance. Moreover, the VL task 

findings suggest that as typical task-related brain regions begin to fail to respond 

normally to task demands, other brain regions not typically related to the task may 

activate to compensate for such failure. While compensation was shown to occur in the 

attention component of GO-NOGO, this result was contrary to what was proposed. As 

well, decreased activation in PIs on the inhibition portion of the GO-NOGO task turned 

out to be opposite what was expected.  

Specific Aim3a: Does performance correlate with activation within the PI sample? 

For Aim 3a, performance on each task was regressed on activation for each task 

with the expectation that better performance (maintenance of performance) would be 

associated with greater levels of activation. This result was anticipated irrespective of 

how the PI group performed as a whole relative to GSs.  
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VL task: To examine this association on the VL task, immediate recall scores 

were correlated with activation during the learning of all words. Immediate recall scores 

were chosen as the performance measure as they represent a good proximal measure of 

performance on the task. Based on this comparison, five cortical regions were found to 

have a significant relationship; four areas in the left hemisphere showed a positive 

correlation and one area in the right hemisphere showed negative correlation between 

activation and performance (see Graph 8). Positive associations were seen in the left 

parahippocampal gyrus (BA 34), left inferior parietal lobe (BA 40), and two regions of 

the left inferior frontal gyrus (BA 45 and BA 47). These areas functionally relate to 

language and memory. The one negative association was seen in the right inferior parietal 

lobe (BA 40), an area involved in attention, inhibition, and reasoning functions. In this 

analysis therefore it appears that increased activation in the left hemisphere was 

associated better performance. In particular, PIs were observed to show a pattern of 

increased activation on the left side for easy words which likely assisted in maintenance 

of performance on this task. However, increased activation was not associated with better 

performance for the right hemisphere region noted above, a finding which may suggest 

that in some instances compensation may result in worse performance on a given task. 

NBACK task: To examine the association between performance and activation on 

the NBACK, performance on 3-BACK trials was regressed on activation during 3-BACK 

trials. The 3-BACK was chosen for this analysis as Aim 2 results had shown this load 

level (the most difficult) to produce the greatest activation in the PI sample and to best 

differentiate PIs from GSs on the overall task. Based on these analyses, 25 areas were 

determined to have significant positive correlations between activation and performance. 
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These regions included areas that are involved with attention and working memory 

(bilateral middle frontal gyrus – BA 9/10), language function (left middle frontal gyrus – 

BA 6), visual processing (left precuneus – BA 7), decision making (left anterior cingulate 

– BA 32), and sensory input (multiple thalamic areas). Several of these regions have been 

also shown in prior studies to be associated with working memory type tasks (see Graph 

9 for examples) (Cabeza & Nyberg, 2000; Owen, et al., 2005). The directionality of these 

findings support the Aim 2 results which suggest that increased activation leads to better 

performance, and hence may serve a compensatory role. 

  GO-NOGO task: For the GO-NOGO task three regression analyses were 

performed. First, reaction times during the GO portion of the task were compared to 

activation on this part of the task to assess attention. Next, percentage of correct stops and 

percentage of false alarms were compared to activation on their respective activation on 

the NOGO portion of the task to assess inhibition. Results from the attention data found 

12 areas of significant association, eight with positive and four with negative correlations. 

Positive correlations were seen in regions involved in attention functioning (right 

superior parietal – BA 7), as well as multiple areas typically thought to be part of the 

default mode network (e.g., left hippocampus, right cuneus, and left lingual gyrus – BA 

19, bilateral parahippocampal gyrus – BA 19/30). Several of these regions have been also 

shown in prior studies to be associated with GO-NOGO type tasks (see Graph 10 for 

examples) (Cabeza & Nyberg, 2000; Simmonds, Pekar, & Mostofsky, 2008). Areas of 

negative association were seen in regions related to cognitive and perceptual functioning 

(right superior frontal gyrus - BA 6, right superior parietal lobe - BA 7) and areas 

previously shown to be related to fast reaction times (right precentral gyrus - BA 6, left 
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inferior parietal lobe - BA 40) (Drummond, et al., 2005). Results from this task, while 

mixed, suggest that several possible outcomes for PIs. It may be the case that increased 

activation was generally associated with maintenance of performance on the task. 

Alternatively, failure to activate fast reaction time areas could actually be compelling 

compensatory changes due to a failure to properly engage necessary cortical regions for 

the task. Also the presence of increased activity in default mode areas may suggest that 

PIs may experience a failure to inhibit these regions effectively during the task, making 

compensation in other areas necessary for maintenance of performance on the task.. 

These findings, taken together might suggest that increased activation in and of itself may 

not always lead to improved performance and may provide evidence as to why attention 

has proven in prior studies to be the one domain of function in which PIs have 

experienced the most deficits. 

Results from the successful stops trials on the GO-NOGO task found 18 areas 

where a significant association between performance and activation occurred. Of these 18 

areas, 16 had positive correlations and 2 negative correlations. Positive correlations were 

seen in widespread brain areas including those involved in execution (bilateral precentral 

gyrus – BA 4/5), emotion (left insula – BA 13, bilateral cingulate - BA 24), and visual 

attention (left cuneus – BA 18). Negative correlations were seen in the right inferior 

frontal gyrus (BA 46) and right uncus (BA 28), areas involved in multiple cognitive and 

interoceptive functions. Several of these areas have been previously observed to be 

involved in successful stops in sleep deprived subjects (for examples see Graph 11)   

(Chuah, et al., 2006). Results from the false alarm analyses showed 7 regions of 

association, all with negative correlations (see Graph 12). These areas included regions 
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responsible for language and cognition (left middle temporal gyrus – BA 21, left superior 

temporal gyrus – BA 22), perception (left precentral gyrus – BA 4, left anterior cingulate 

– BA 33), and emotion (right parahippocampal gyrus – BA 35 and left amygdala). The 

results of the inhibition data suggest that greater accuracy for responses (more correct 

stops/fewer false alarms) resulted from increased activation in multiple brain regions, a 

result which would be expected based on Aim 2 analyses. 

In summary, Aim 3a analyses demonstrated, for the most part, that better 

performance on tasks was dependent upon increased activation. This finding was 

especially true for NBACK and the inhibition component of the GO-NOGO. The VL task 

provided evidence that increased activation in task related regions was associated with 

improved performance, but also showed that increased activation in non-task related 

areas might impair performance. Finally, activation patterns observed on the attention 

component of the GO-NOGO seemed to suggest several possible factors that may be 

related to slower reaction times, these finding perhaps providing some insight into the 

problems that PIs have been shown to have on this type of task in prior studies. 

Specific Aim3b: Does daytime complaint correlate with activation within the PI sample? 

For this aim, daytime complaint was measured on Question #3 on the Insomnia 

Severity Index. Scores on this item were regressed on activation with the expectation that 

greater daytime complaint would be associated with increased activation. It had been 

proposed that this increased activation would result in the perception on the part of PIs 

that greater effort was needed to perform a task, hence greater daytime complaint. ISI 

Question #3 was chosen as a proxy for daytime complaint as it was the one question that 

specifically addressed the impact of their insomnia on daytime functioning (”To what 
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extent do you consider your sleep problem to interfere with your daily functioning, e.g., 

daytime fatigue, ability to function at work/daily chores, concentration, memory, mood, 

etc.?”). 

VL task: For the VL analyses daytime complaint was regressed on activation 

during the learning component on the task. Based on these analyses, three areas of 

significant association were found for the VL task, one positive and two negative (see 

Graph 13). A positive correlation was found in the left inferior parietal lobe (BA 40), an 

area involved in language and memory function. Negative correlations were found in 

areas related to memory (left parahippocampal gyrus – BA 34) and language syntax 

functions (right inferior frontal gyrus – BA 47). The mixed results seen here make 

generalizations regarding the relationship between daytime complaint and activation on 

the VL task difficult. It does appear however, that both increased and decreased 

activation in language and memory areas influence daytime complaint in PIs. 

NBACK task: For the NBACK analyses, daytime complaint was regressed on 

activation during the 3-BACK component on the task. Based on this analysis 21 

significant areas of activation (19 negative, 2 positive) were revealed. Areas of negative 

correlation mostly included those involved in motor functions (e.g., left superior frontal 

gyrus – BA 6, , right superior frontal gyrus – BA 8), inhibition (right cingulate gyrus – 

BA 24), perception (right superior temporal gyrus – BA 39), and several regions shown 

in prior studies to be associated with working memory tasks (e.g., left superior frontal 

gyrus – BA 10, left inferior parietal lobe – BA 40, right middle frontal gyrus – BA 6, 

right inferior frontal gyrus – BA 9) (Cabeza & Nyberg, 2000; Owen, et al., 2005). For 

examples see Graph 14. Overall, it appears that on the NBACK greater daytime 
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complaint was mostly associated with less activation on the task. These results might 

therefore suggest that daytime complaint is associated with a perception of having trouble 

performing the task on the part of PIs.  

GO-NOGO task: As in Aim 3a, three comparisons were run for the GO-NOGO. 

In this case, daytime complaint was regressed on activation during the attention 

component, and activation during the inhibition component (correct stops and false 

alarms). Results from the attention component revealed 40 areas of significant 

association, all with negative correlations. These regions were widespread but generally 

concentrated in cerebellar, visual (e.g., right middle occipital gyrus – BA 37, right cuneus 

– BA 19), and response monitoring areas (e.g., bilateral cingulate) of the brain (e.g., 

Nieuwenhuis, 2003). These areas also included bilateral medial frontal (BA 6/9) and left 

precuneus (BA 7) which have been observed in prior studies to be active in GO-NOGO 

type tasks (see Graph 15) (Cabeza & Nyberg, 2000; Simmonds, et al., 2008). These 

results clearly suggest that greater daytime complaint was associated with less 

neurophysiological activation for PIs on this task. 

For correct stops, 20 areas of significant association were found (14 negative, 6 

positive). Negative correlations were primarily located in motor areas in the frontal 

region (e.g., right middle frontal gyrus – BA 6/9, left medial frontal gyrus – BA 6), 

sensory areas of the temporal region (e.g., left superior temporal gyrus – BA 36, right 

inferior temporal gyrus – BA 20), and somatosensory areas (left postcentral gyrus – BA 

2/3). Several of these areas have been found in prior studies to be involved in inhibition

on GO-NOGO tasks in both well rested and sleep deprived subjects (see Graph 16 for 

examples) (Chuah, et al., 2006; Simmonds, et al., 2008). For false alarms, 41 areas of 
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significant association were found (all negative). These areas were fairly widespread and 

included areas involved in memory (right hippocampus – BA 30), emotion (right insula – 

BA 13, left parahippocampal gyrus – BA 28), sensory processing (right thalamus), as 

well as several language areas that have been shown to be involved with false alarms in 

prior studies of sleep deprived individuals (bilateral superior frontal gyrus – BA 6, 

bilateral medial frontal gyrus – BA 6/9) (Chuah, et al., 2006). See Graph 17 for examples. 

The results of the inhibition portion of the GO-NOGO generally suggest that greater 

daytime complaint was associated with less activation on the task. 

In summary, Aim 3b analyses demonstrated, for the most part, that greater 

daytime complaint was associated with decreased activation on the tasks. Contrary to a 

priori hypotheses these results suggest that PIs with grater overall complaints of daytime 

dysfunction may actually exhibit diminished cerebral responses to cognitive demands. 

Thus, rather than daytime complaints representing an outward interpretation of the need 

for greater cognitive resources during task performance, such complaints may represent 

an accurate intrinsic understanding that the patients are having difficulty responding to 

task demands. 
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Summary and Conclusions 

The findings from this investigation revealed several informative preliminary 

conclusions regarding sleep and daytime functioning in primary insomnia:

  

a) Patients with insomnia have more disturbed sleep and greater complaints of 

impaired daytime functioning when compared to matched good sleeper controls 

b) Patients showed no evidence of cognitive impairment as a result of their sleep loss 

and despite their complaints of impaired daytime functioning 

c) Patients exhibit differential patterns of activation during the performance of 

cognitive tasks relative to controls 

d) Differences in activation between patients and controls depended to a large degree 

upon the type of task and level of task difficulty (patients had greater levels of 

activation on attention, working memory, and learning of words, but less 

activation on inhibition) 

e) Within the insomnia sample, individuals who performed better had greater levels 

of activation on each task 

f) Within the insomnia sample those individuals who had the greatest complaints of 

impaired daytime functioning showed less activation on each task 

 

In a general sense, these results are in line with the a priori hypotheses that were 

proposed for this investigation. However, the manner in which the results departed from 

expected findings actually provided a richer and more complex picture of the effects of 

insomnia than had been originally conceived. This complexity, in turn, raised several 
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interesting questions that were not originally proposed in the investigation, but 

nonetheless may help with the interpretation of the results. 

One issue of import raised by this study is whether severity of daytime complaint 

is related to actual symptom severity or results from subjective discomfort related to poor 

sleep. Unfortunately this issue has not been fully examined in prior research. The lack of 

published studies on this concern may be due in part to the subjective nature of insomnia 

and also to the inherent difficulty in establishing objective indices for what constitutes 

poor sleep and daytime impairment. This latter fact makes assignment of severity of 

illness a somewhat subjective issue which may vary considerably from patient to patient.  

Within the context of the current investigation, post hoc analysis found that 

subjective report of daytime impairment (ISI Item #3) was negatively correlated with 

reported sleep quality on the diaries, such that poorer sleep quality was associated with 

greater daytime complaint (Pearson correlation: p=.035). Measures of sleep quantity such 

as sleep latency, total sleep time, WASO, and sleep efficiency were not found to be 

correlated with daytime complaint. A recent study by Ustinov, et al. (Ustinov et al., 2009) 

found that self-reported insomnia symptoms (trouble falling or staying asleep in the six 

month period of time prior to the study), were a significant predictor of five daytime 

complaint measures (Epworth Sleepiness Scale, Insomnia Impact Scale, Fatigue Severity 

Scale, Beck Depression Inventory, and the State-Trait Anxiety Inventory). In this study 

the authors did find that sleep quantity measures such as sleep latency and WASO were 

predictive of daytime complaint. Of note, two other studies have been published which 

found that patients with insomnia report more psychological pathology (e.g., anxiety, 

depression) and show more evidence of specific personality traits that may be linked to 
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insomnia and its impact on patient’s quality of life (e.g., neuroticism, arousal 

predisposition, emotion-oriented coping) (LeBlanc et al., 2007; van de Laar, Verbeek, 

Pevernagie, Aldenkamp, & Overeem, 2009). In light of this limited evidence, the 

relationship between daytime complaint and actual symptom severity appears somewhat 

equivocal. Conversely, it does seem that a case can be made that daytime complaints 

result from subjective concerns about sleep loss coupled with psychological and/or 

personality issues in patients. These combined factors may make patients more prone to 

perceive their functioning as poor and/or to be more inclined to “complain” about 

daytime concerns related to their poor sleep. 

 A second issue raised in this study relates to the relationship between partial sleep 

loss (as observed in insomnia) and sleep loss as seen in experimental sleep deprivation 

paradigms. In particular, the basis for the hypothetical model of compensation proposed 

to explain both the lack of objective evidence of daytime impairment, as well as the 

actual daytime complaint seen in PIs, was derived from published data taken from studies 

of subjects undergoing total sleep deprivation (TSD) protocols. Hence is would perhaps 

be interesting to compare patterns of activation seen in a “natural” partial sleep 

deprivation model (i.e., PIs) with activation seen in experimental TSD populations. 

With regards to brain activation observed on the verbal learning task, PIs in this 

study showed increased left hemisphere activation (inferior frontal gyrus and inferior 

parietal lobe) for easy words and increased right hemisphere activation (inferior parietal 

lobe) for hard words. By comparison, several studies utilizing the same VL task have also 

shown increased activation in bilateral prefrontal cortices and bilateral parietal lobes 

(Drummond et al., 2000) as well as increased activation  in the left inferior frontal and 



71 
 

 

left inferior parietal lobes (Drummond, et al., 2005). In these published studies the 

patterns of activation appeared to be related to the compensation effect. That is, more 

activation in language areas (left hemisphere) and additional recruitment of non-language 

areas seemed to be related to maintenance of task performance. Presumably this process 

is operational in the PI sample as well. 

On the working memory task, several regions of the brain appeared to be more 

active in PIs relative to GSs as task load was increased. When compared to the one 

published report on working memory activation following TSD (Chee & Choo, 2004) 

only the bilateral precuneus appeared in common. This region of the brain has been 

implicated  in a wide spectrum of highly integrated tasks, including visuo-spatial 

imagery, episodic memory retrieval and self-processing operations, and may also be 

involved in default mode activity. Given the variety of potential roles played by this 

region, it makes sense that this area might be involved in potential compensatory 

mechanisms in both PIs and TSD subjects. 

On the attention portion of the GO-NOGO task (“go”) several areas were noted to 

overlap with published TSD studies. On sustained attention tasks (similar to the go trials 

on the GO-NOGO in this study) subjects undergoing TSD showed greater activation in 

the left medial frontal gyrus, right premotor area, right inferior parietal lobe, and left 

posterior cingulate (Drummond, et al., 2005). These areas were observed to be more 

active in PIs relative to GSs and may be related to both task performance and default 

mode activity (e.g., posterior cingulate). Published data on divided attention tasks in TSD 

also showed considerable overlap with patterns of activation in PIs including increased 

activation the bilateral prefrontal cortices, bilateral parietal lobes, anterior cingulate, left 
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postcentral gyrus, right insula (Drummond, et al., 2001), and thalamus (Portas et al., 

1998). As well, decreased activation in the left temporal gyrus has been observed during 

divided attention tasks (Drummond, et al., 2001), similar to what was observed in PIs. 

With regards to inhibition on the GO-NOGO task, there were no regions in the current 

study that were observed in the only published report that evaluated this cognitive 

domain in TSD populations (Chuah, et al., 2006). 

In summary, it seems that there was a respectable degree of overlap in areas of 

activation seen in both PIs (who experience chronic partial sleep deprivation) and TSD 

populations. In particular this was true for the verbal learning task and for the attention 

component of the GO-NOGO. Comparisons between populations on these tasks 

benefitted from the relative abundance of prior published work that utilized identical 

and/or similar tasks with TSD subjects. The failure to find significant overlap between PI 

and TSD subjects on the working memory or inhibition tasks was probably related to a 

combination of factors including sample characteristics, methodology, analytic strategies 

and a paucity of published work on these tasks in TSD samples.  

A final point of consideration relates to the relationship amongst the three aims 

proposed in this investigation. While the aims were originally conceived as separate and 

independent lines of analysis, in hindsight the results suggest a good deal of 

interrelationship in the findings. Examination of the combined results from both a 

functional and structural standpoint might therefore better explain the patterns of 

activation seen in PIs more so than the individual analyses taken in isolation.  

For example, in the VL task it was observed at a functional level that PIs showed 

greater activation than GSs in the left hemisphere for easy words and greater activation in 
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the right hemisphere for hard words. Based on this Aim 2 analysis alone, it was posited 

that PIs might be exhibiting compensation in two ways, i.e., increased task region related 

activation for easy words and increased non-task related activation for hard word. 

However, when the Aim 3a data was analyzed, it appeared that increased activation in the 

left hemisphere regions was associated with better performance, while increased 

activation in the right hemisphere was associated with poorer performance. Therefore it 

seems that utilization of right hemisphere regions as a means of compensating on the 

more difficult elements of the task may not have been an effective strategy. Aim 3b data 

in turn found that greater daytime complaint was associated with less activation, 

regardless of hemisphere. A model thus can be conceived in which PIs who report the 

least daytime complaint are those individuals who are best able to recruit additional 

cerebral resources (e.g., increased left hemisphere activation) and are therefore able to 

maintain performance on the VL task. Structurally speaking, none of the regions involved 

in the between group interaction analyses overlapped with both Aim 3 data sets. 

However, increased activation in the right inferior parietal lobe (BA 40), which was 

noted in for PIs during the memorization of hard words (Aim 2), was observed to lead to 

poorer performance on the task (Aim 3a). As well, increased activation in the left 

parahippocampal gyrus (BA 34) was observed to be related to both better performance 

(Aim 3a) and less daytime complaint (Aim 3b) in PIs. 

With regards to the NBACK, increased activation was noted in the PIs (relative to 

the GSs) across several brain regions as task difficulty increased. Functionally, PIs who 

showed greater activation in these regions on the task also performed better and had 

fewer daytime complaints. These results appeared to support the predicted compensation 
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model. Structurally, the right middle frontal gyrus (BA 6) was the one region that 

appeared to be best related to this compensation effect as it was the one region in 

common to all levels of analyses. As well, activation in the left cerebellum, which was 

higher in PIs relative to GSs across load (Aim 2), was associated with better task 

performance (Aim 3a). Activation in the right precuneus, which was higher in PIs relative 

to GSs across load (Aim 2), was observed to be associated with less daytime complaint 

(Aim 3b). 

For the attention component of the GO-NOGO task, PIs functionally showed a 

pattern of widespread increased activation relative to GSs during the task. Interestingly, 

however, the Aim 3a analyses indicated a mixed pattern of results. In some regions 

increased activation was related to better performance on the task, while in some regions 

increased activation was associated with poorer task performance. In particular it 

appeared that areas in which increased activation led to poorer performance might be 

related to default mode regions that typically are deactivated during task performance. 

Again, these results suggest that compensation is a complicated process, one which was 

made less efficient by (in this instance) PIs failure to inhibit specific default mode regions 

(thus impacting performance). The Aim 3b results showed that greater daytime complaint 

was associated with less activation in multiple brain regions. This finding again 

suggested that regardless of the relationship between activation and performance on the 

task, the less a patient was able to recruit required cerebral resources the more they 

complained of daytime concerns. Structurally speaking, only the right claustrum (BA 13) 

was shown to be related to multiple levels (Aim2 and 3a) of the analyses. In particular the 
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increased activation observed in this region for PIs relative to GSs was associated with 

slower reaction times on the task. 

Lastly, on the inhibition component of the GO-NOGO task, PIs functionally 

showed lower activation than GSs across several brain regions. In general, the Aim 3a 

data indicated that increased activation was associated with better accuracy and fewer 

false alarms. As well, Aim 3b data indicated that greater daytime complaint was 

associated with less activation for both stops and false alarms. Here it appears that 

patients who performed better on the task also had fewer daytime complaints and were 

able to recruit additional cerebral resources. Generally speaking, however, it appears that 

PIs were unable to “compensate” as well as their GSs counterparts on this particular type 

of cognitive challenge. Structurally, increased activation in the left insula (BA 13) was 

associated with better performance in PIs (Aim 3a), however this region was observed to 

show less activation for PIs relative to GSs during performance of the task. As well 

greater activation in the left cerebellum was associated with less daytime complaint, 

however, PIs again showed less activation than GSs in this region during performance of 

the task. For false alarms the left middle temporal gyrus (BA 21) was related to all levels 

of the analyses. In this region PIs were observed to show less activation than GSs during 

performance of the task, a pattern which was associated with poorer performance and 

more daytime complaint. Regions such as the left postcentral gyrus (BA 40), bilateral 

cerebellum, left culmen, and right superior frontal gyrus (BA 6) were also observed to 

show less activation in PIs relative to GSs during the task and were regions where less 

activation was associated with greater daytime complaint. 
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Having acknowledged the complexity of the findings in this investigation and 

having now considered these important questions, the next issue to address would be how 

the results of this study coalesce into a larger conceptual framework. This is obviously a 

challenging task, however, there are several possible models that might help explain the 

findings and provide guides to future follow-up studies.  

 

1) Patients with PI are “wired” neurophysiologically different from GSs. 

It is conceivable that the patterns of activation observed in this study are a 

byproduct of trait level neurobiological differences in PIs. Such a hypothesis would 

suggest that PIs either have altered activation on tasks naturally or perhaps develop 

differences over time as a result of conditioning processes (a common aspect of the 

disorder). Support for this rationale would clearly be found in the differential activation 

seen between good and poor sleepers in this study. However, compelling counter 

evidence to this rationale comes from recent treatment/imaging studies (Altena et al., 

2008) showing that activation differences between PIs and GSs were ameliorated 

following successful treatment of the insomnia. The latter findings suggest that the 

observed patterns of activation are state dependent and not permanent and/or conditioned 

processes.  

 

2) Patients are more neurophysiologically hyperaroused at baseline and hence 

exhibit differential activation relative to GSs on cognitive tasks. 

Prior studies have demonstrated that PIs may be more neurophysiologically active 

than GSs across the 24-hour day (Bonnet, 2009; Nofzinger et al., 2004). Such 
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hyperactivity would potentially have the effect of increasing baseline activation and 

consequently suppressing mean BOLD signal change difference scores in the PI group 

more so than controls. If such a process was active in this study, the PIs would appear to 

have less activation on tasks than GSs. Clearly there is some evidence to support this 

hypothesis in the finding of decreased activation in the PI sample in the left hemisphere 

on the VL (hard words) and on the GO-NOGO inhibition task. Conversely, however, 

increased activation on the NBACK and attention component of the NOGO task tends to 

diminish confidence in this potential rationale. 

 

3) Patients with PI engage in neurophysiological “compensation” for the disorder with 

increased activation on cognitive tasks.  

This “compensation” model, based on results seen in studies of total sleep 

deprivation, was the principle guiding model for a priori hypotheses developed for this 

study. This model basically stated that patients would compensate for insomnia by 

increasing activation on tasks (with the exception of attention tasks). Support for this 

model was seen for learning of easy words in the VL task, for increasing load in the 

working memory task, and for the attention task portion of the GO-NOGO task (though 

this result was unanticipated). Conversely, the pattern of activation found for learning of 

hard words on the VL task and the observation of decreased activation in PIs on the 

inhibition portion of the GO-NOGO task, makes this rational less convincing. 
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4) Patients utilize a “redistributive” neurophysiological strategy to compensate for 

sleep loss during cognitive tasks.  

Based on the results of this investigation it is possible that a new model of 

compensation could be conceived. Given that the pattern of “compensation” observed in 

PIs varied considerably by task it is possible that PIs may respond to cognitive challenge 

by reallocating neurophysiological resources along a continuum of cognitive challenge 

and/or primacy of cognitive demand. More specifically, given their sleep disruption, PIs 

are neither well-rested (in which case no compensation is necessary) nor are they

completely sleep deprived (in which case compensation is the only option available to 

maintain performance). Hence they may have some resources available to bring to bear 

on a cognitive challenge, but not enough for “normal” functioning. In such a case it is 

reasonable to assume that tasks that take precedence in the cognitive hierarchy (attention, 

working memory) would be compensated for prior to more complex functions (encoding, 

inhibition). It is clear from the data in this study that this is in fact what appeared to occur 

in the PI sample. The counter to this theory however, would be the expectation of better 

performance in those tasks receiving the compensatory benefit and poorer performance 

on the more complex tasks, a finding which was not observed in this study. 

Overall, the results of this study have provided some compelling preliminary 

findings on the effects of sleep loss on cognitive functioning in primary insomnia. It is 

hoped that these results help guide future research on the short- and long-term 

consequences of insomnia on sleep and daytime functioning for individuals who suffer 

from this prevalent sleep disorder. 
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Limitations 

There are several important limitations that need to be addressed in respect to the 

findings in this investigation. The most obvious limitation was the small sample size 

which may call into question the generalizability and/or replicability of the findings. 

Secondarily, due to the small sample size, and factors such as missing data and/or 

limitations of the analytic approaches used in the study, not all analyses conducted in this 

investigation were able to use the same exact subjects. The result of this limitation was 

that in some cases subject groupings were determined by the aforementioned concerns 

rather than strict matching criteria. Third, the study lacked good objective sleep data with 

which to correlate the subjective measures. This limitation was primarily due to data 

acquisition problems with actigraphy. Lastly, validated measures of daytime complaint 

should, in retrospect have been administered more proximally to the FMRI scanning 

sessions. While acquisition of PIs subjective report of performance was obtained at the 

time of testing, this data was specific to the PIs functioning during each task and did not 

take into account global daytime impairment nor perceived influence of insomnia on task 

performance. 
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Future Directions 

The current study hopefully will provide many avenues for future investigation. 

For example future studies might want to examine cognitive functioning utilizing 

alternative tasks and/or tasks of greater length or difficulty. In this way aspects of 

potential vulnerability (especially for more complex tasks) could be better evaluated. 

Future studies would benefit as well from better acquisition of objective sleep data as 

differences in insomnia subtype (objective/subjective) may play a role in task 

performance and neuronal activation. Longitudinal studies would also be valuable in that 

various aspect of insomnia such as duration (acute versus chronic), treatment status 

(pre/post), and day-to-day variability (good versus bad night) could be compared. Based 

on the data acquired in this investigation it will be possible to address the latter issue in 

the context of sleep, daytime complaint, and neuronal activation. Finally, to examine the 

role of possible baseline activation differences between good and poor sleepers, measures 

of baseline blood flow (Arterial Spin Labeling - ASL) should be examined. ASL data 

were acquired in the current study and, though not presented here, will be analyzed post-

hoc to address this issue.  



 

81 
 

References 

Altena, E., Van Der Werf, Y. D., Sanz-Arigita, E. J., Voorn, T. A., Rombouts, S. A., 
Kuijer, J. P., et al. (2008). Prefrontal hypoactivation and recovery in insomnia. 
Sleep, 31(9), 1271-1276. 

 
Altena, E., Van Der Werf, Y. D., Strijers, R. L., & Van Someren, E. J. (2008). Sleep loss 

affects vigilance: effects of chronic insomnia and sleep therapy. J Sleep Res, 
17(3), 335-343. 

 
Ancoli-Israel, S., & Roth, T. (1999). Characteristics of insomnia in the United States: 

results of the 1991 National Sleep Foundation Survey. I. Sleep, 22 Suppl, S347-
353. 

 
APA. (2000). Diagnostic and Statistical Manual of Mental Disorders (DSM-IV-TR). 

Washington, DC: American Psychiatric Association. 
 
Ayalon, L., Ancoli-Israel, S., Klemfuss, Z., Shalauta, M. D., & Drummond, S. P. (2006). 

Increased brain activation during verbal learning in obstructive sleep apnea. 
Neuroimage, 31(4), 1817-1825. 

 
Balter, M. B., & Uhlenhuth, E. H. (1991). The beneficial and adverse effects of 

hypnotics. J Clin Psychiatry, 52 Suppl, 16-23. 
 
Bastien, C. H., Fortier-Brochu, E., Rioux, I., LeBlanc, M., Daley, M., & Morin, C. M. 

(2003). Cognitive performance and sleep quality in the elderly suffering from 
chronic insomnia. Relationship between objective and subjective measures. J 
Psychosom Res, 54(1), 39-49. 

 
Bastien, C. H., Vallieres, A., & Morin, C. M. (2001). Validation of the Insomnia Severity 

Index as an outcome measure for insomnia research. Sleep Med, 2(4), 297-307. 
 
Bonnet, M. H. (1985). Recovery of performance during sleep following sleep deprivation 

in older normal and insomniac adult males. Percept Mot Skills, 60(1), 323-334. 
 
Bonnet, M. H. (2009). Hyperarousal and insomnia. Sleep Med Rev. 
 
Buysse, D. J., Reynolds, C. F., 3rd, Monk, T. H., Hoch, C. C., Yeager, A. L., & Kupfer, 

D. J. (1991). Quantification of subjective sleep quality in healthy elderly men and 
women using the Pittsburgh Sleep Quality Index (PSQI). Sleep, 14(4), 331-338. 

 
Cabeza, R., & Nyberg, L. (2000). Imaging cognition II: An empirical review of 275 PET 

and fMRI studies. J Cogn Neurosci, 12(1), 1-47.
 
 



82 
 

 

Chee, M. W., & Choo, W. C. (2004). Functional imaging of working memory after 24 hr 
of total sleep deprivation. J Neurosci, 24(19), 4560-4567. 

 
Chuah, Y. M., Venkatraman, V., Dinges, D. F., & Chee, M. W. (2006). The neural basis 

of interindividual variability in inhibitory efficiency after sleep deprivation. J 
Neurosci, 26(27), 7156-7162. 

 
Cohen, M. S. (1997). Parametric analysis of fMRI data using linear systems methods. 

Neuroimage, 6(2), 93-103. 
 
Dollander, M. (2002). [Etiology of adult insomnia]. Encephale, 28(6 Pt 1), 493-502. 
 
Drummond, S. P., & Brown, G. G. (2001). The effects of total sleep deprivation on 

cerebral responses to cognitive performance. Neuropsychopharmacology, 25(5 
Suppl), S68-73. 

 
Drummond, S. P., Brown, G. G., Gillin, J. C., Stricker, J. L., Wong, E. C., & Buxton, R. 

B. (2000). Altered brain response to verbal learning following sleep deprivation. 
Nature, 403(6770), 655-657. 

 
Drummond, S. P., Brown, G. G., Salamat, J. S., & Gillin, J. C. (2004). Increasing task 

difficulty facilitates the cerebral compensatory response to total sleep deprivation. 
Sleep, 27(3), 445-451. 

 
Drummond, S. P., Gillin, J. C., & Brown, G. G. (2001). Increased cerebral response 

during a divided attention task following sleep deprivation. J Sleep Res, 10(2), 85-
92. 

 
Drummond, S. P., Meloy, M. J., Yanagi, M. A., Orff, H. J., & Brown, G. G. (2005). 

Compensatory recruitment after sleep deprivation and the relationship with 
performance. Psychiatry Res, 140(3), 211-223. 

 
Edinger, J. D., Means, M. K., Carney, C. E., & Krystal, A. D. (2008). Psychomotor 

performance deficits and their relation to prior nights' sleep among individuals 
with primary insomnia. Sleep, 31(5), 599-607. 

 
Ford, D. E., & Kamerow, D. B. (1989). Epidemiologic study of sleep disturbances and 

psychiatric disorders. An opportunity for prevention? Jama, 262(11), 1479-1484. 
 
Forman, S. D., Cohen, J. D., Fitzgerald, M., Eddy, W. F., Mintun, M. A., & Noll, D. C. 

(1995). Improved assessment of significant activation in functional magnetic 
resonance imaging (fMRI): use of a cluster-size threshold. Magn Reson Med, 
33(5), 636-647. 

 



83 
 

 

Fulda, S., & Schulz, H. (2001). Cognitive dysfunction in sleep disorders. Sleep Med Rev, 
5(6), 423-445. 

 
Gallup, Organization (1995). Sleep in America. Princeton, NJ: Gallup Organization. 
 
Gillberg, M., Kecklund, G., & Akerstedt, T. (1994). Relations between performance and 

subjective ratings of sleepiness during a night awake. Sleep, 17(3), 236-241. 
 
Grunstein, R. (2002). Insomnia. Diagnosis and management. Aust Fam Physician, 

31(11), 995-1000. 
 
Hauri, P. J. (1997). Cognitive deficits in insomnia patients. Acta Neurol Belg, 97(2), 113-

117. 
 
Hohagen, F., Kappler, C., Schramm, E., Riemann, D., Weyerer, S., & Berger, M. (1994). 

Sleep onset insomnia, sleep maintaining insomnia and insomnia with early 
morning awakening--temporal stability of subtypes in a longitudinal study on 
general practice attenders. Sleep, 17(6), 551-554. 

 
Horne, J. A., & Ostberg, O. (1976). A self-assessment questionnaire to determine 

morningness-eveningness in human circadian rhythms. Int J Chronobiol, 4(2), 97-
110. 

 
Irwin, M., Clark, C., Kennedy, B., Christian Gillin, J., & Ziegler, M. (2003). Nocturnal 

catecholamines and immune function in insomniacs, depressed patients, and 
control subjects. Brain Behav Immun, 17(5), 365-372. 

 
Kuppermann, M., Lubeck, D. P., Mazonson, P. D., Patrick, D. L., Stewart, A. L., 

Buesching, D. P., et al. (1995). Sleep problems and their correlates in a working 
population. J Gen Intern Med, 10(1), 25-32. 

 
LeBlanc, M., Beaulieu-Bonneau, S., Merette, C., Savard, J., Ivers, H., & Morin, C. M. 

(2007). Psychological and health-related quality of life factors associated with 
insomnia in a population-based sample. J Psychosom Res, 63(2), 157-166. 

 
Leger, D. (2000). Public health and insomnia: economic impact. Sleep, 23 Sup 3, S69-76. 
 
Leger, D., Guilleminault, C., Bader, G., Levy, E., & Paillard, M. (2002). Medical and 

socio-professional impact of insomnia. Sleep, 25(6), 625-629. 
 
Lichstein, K. L., Durrence, H. H., Taylor, D. J., Bush, A. J., & Riedel, B. W. (2003). 

Quantitative criteria for insomnia. Behav Res Ther, 41(4), 427-445. 
 
Mellinger, G. D., Balter, M. B., & Uhlenhuth, E. H. (1985). Insomnia and its treatment. 

Prevalence and correlates. Arch Gen Psychiatry, 42(3), 225-232. 



84 
 

 

 
Mendelson, W. B., Garnett, D., Gillin, J. C., & Weingartner, H. (1984). The experience 

of insomnia and daytime and nighttime functioning. Psychiatry Res, 12(3), 235-
250. 

 
NCSDR, NHLBI, NIMH, NIA, NIAAA, & NIDA. (2001). Neurobiology of sleep and 

waking: Workshop report. Bethesda, MD: Neuroscience Center. 
 
NIH. (2005). Manifestations and Management of Chronic Insomnia in Adults.National 

Institutes of Health State-of-the-Science Conference Statement. Bethesda, MD. 
 
Nofzinger, E. A., Buysse, D. J., Germain, A., Price, J. C., Miewald, J. M., & Kupfer, D. 

J. (2004). Functional neuroimaging evidence for hyperarousal in insomnia. Am J 
Psychiatry, 161(11), 2126-2128. 

 
Ohayon, M. M., & Lemoine, P. (2004). [Daytime consequences of insomnia complaints 

in the French general population]. Encephale, 30(3), 222-227. 
 
Oldfield, R. C. (1971). The assessment and analysis of handedness: the Edinburgh 

inventory. Neuropsychologia, 9(1), 97-113. 
 
Orff, H. J., Drummond, S. P. A., Nowakowski, S., & Perils, M. L. (2007). Discrepancy 

between subjective symptomatology and objective neuropsychological 
performance in insomnia. Sleep, 30(9), 1205-1211. 

 
Owen, A. M., McMillan, K. M., Laird, A. R., & Bullmore, E. (2005). N-back working 

memory paradigm: a meta-analysis of normative functional neuroimaging studies. 
Hum Brain Mapp, 25(1), 46-59. 

 
Portas, C. M., Rees, G., Howseman, A. M., Josephs, O., Turner, R., & Frith, C. D. 

(1998). A specific role for the thalamus in mediating the interaction of attention 
and arousal in humans. J Neurosci, 18(21), 8979-8989. 

 
Raichle, M. E., MacLeod, A. M., Snyder, A. Z., Powers, W. J., Gusnard, D. A., & 

Shulman, G. L. (2001). A default mode of brain function. Proc Natl Acad Sci U S 
A, 98(2), 676-682. 

 
Randazzo, A., Schweitzer, P., & Stone, K. (2000). Impaired cognitive function in 

insomniacs vs normals. Sleep, 23(4 (Suppl). 
 
Regestein, Q. R., Dambrosia, J., Hallett, M., Murawski, B., & Paine, M. (1993). Daytime 

alertness in patients with primary insomnia. Am J Psychiatry, 150(10), 1529-
1534. 

 



85 
 

 

Riemann, D., Voderholzer, U., Spiegelhalder, K., Hornyak, M., Buysse, D. J., Nissen, C., 
et al. (2007). Chronic insomnia and MRI-measured hippocampal volumes: a pilot 
study. Sleep, 30(8), 955-958. 

 
Rodenbeck, A., Huether, G., Ruther, E., & Hajak, G. (2002). Interactions between 

evening and nocturnal cortisol secretion and sleep parameters in patients with 
severe chronic primary insomnia. Neurosci Lett, 324(2), 159-163. 

 
Roth, T., & Roehrs, T. (2003). Insomnia: epidemiology, characteristics, and 

consequences. Clin Cornerstone, 5(3), 5-15. 
 
Schneider, C., Fulda, S., & Schulz, H. (2004). Daytime variation in performance and 

tiredness/sleepiness ratings in patients with insomnia, narcolepsy, sleep apnea and 
normal controls. J Sleep Res, 13(4), 373-383. 

 
Simmonds, D. J., Pekar, J. J., & Mostofsky, S. H. (2008). Meta-analysis of Go/No-go 

tasks demonstrating that fMRI activation associated with response inhibition is 
task-dependent. Neuropsychologia, 46(1), 224-232. 

 
Smith, M. T., Perlis, M. L., Chengazi, V. U., Soeffing, J., & McCann, U. (2005). NREM 

sleep cerebral blood flow before and after behavior therapy for chronic primary 
insomnia: preliminary single photon emission computed tomography (SPECT) 
data. Sleep Med, 6(1), 93-94. 

 
Spielberger, C. (1985). Assessment of state and trait anxiety: Conceptual and 

methodological issues. Southern Psychologist, Vol 2(4), 6-16. 
 
Talairach, J., & Tournoux, P. (1988). Co-Planar sterotaxic atlas of the human brain. NY: 

Thieme Medical. 
 
Ustinov, Y., Lichstein, K. L., Wal, G. S., Taylor, D. J., Riedel, B. W., & Bush, A. J. 

(2009). Association between report of insomnia and daytime functioning. Sleep 
Med. 

 
van de Laar, M., Verbeek, I., Pevernagie, D., Aldenkamp, A., & Overeem, S. (2009). The 

role of personality traits in insomnia. Sleep Med Rev. 
 
Van Dongen, H. P., Maislin, G., Mullington, J. M., & Dinges, D. F. (2003). The 

cumulative cost of additional wakefulness: dose-response effects on 
neurobehavioral functions and sleep physiology from chronic sleep restriction and 
total sleep deprivation. Sleep, 26(2), 117-126. 

 
Varkevisser, M., & Kerkhof, G. A. (2005). Chronic insomnia and performance in a 24-h 

constant routine study. J Sleep Res, 14(1), 49-59. 
 



86 
 

 

Vgontzas, A. N., Zoumakis, M., Papanicolaou, D. A., Bixler, E. O., Prolo, P., Lin, H. M., 
et al. (2002). Chronic insomnia is associated with a shift of interleukin-6 and 
tumor necrosis factor secretion from nighttime to daytime. Metabolism, 51(7), 
887-892. 

 
Vignola, A., Lamoureux, C., Bastien, C. H., & Morin, C. M. (2000). Effects of chronic 

insomnia and use of benzodiazepines on daytime performance in older adults. J 
Gerontol B Psychol Sci Soc Sci, 55(1), P54-62. 

 
Zammit, G. K., Weiner, J., Damato, N., Sillup, G. P., & McMillan, C. A. (1999). Quality 

of life in people with insomnia. Sleep, 22 Suppl 2, S379-385.
 



 

87 
 

 TABLE 1- STUDY TIMELINE 
 

 
 

Week Appointment Length Data Collected 

Pre-week 1 Study Overview & 
Initial Screen 20-30 minutes Basic eligibility data 

Week 1 
 

Informed consent 
Screening:  H&P, 
SCID, 
questionnaires, take 
home sleep diaries 
& actigraph 

3 hours 
 

Comprehensive 
eligibility data 

Week 2 

Sleep diaries and 
actigraph 
 
Screening PSG 

0.5 hours 
 
 

Overnight 

Evaluation of sleep 
diaries and 
actigraphy eligibility 
data 
 
Evaluation of sleep 
eligibility data 

Week 3 Neuropsychological 
Testing 2 hours 

Comprehensive 
neuropsychological 
data 

Week 3 Orientation to 
FMRI phase 2 hours Practice cognitive 

tests 

Week 3 2 FMRI on 
consecutive days 60 minutes each 

FMRI and cognitive 
performance testing 
data 
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TABLE 2 - MAJOR INCLUSION CRITERIA 
 

*The Duke Structured Interview for Sleep Disorders is the only structured interview for 
sleep disorders that has established reliability and validity. It includes detailed sections 
to obtain information about medication use and medical conditions. The PSQI is a 19-
item self-administered questionnaire, with a ‘global’ score that ranges from 0 to 21 
(higher score is worse sleep). It has good internal consistency (α = .83) and test-retest 
reliability  (r = .85). It will be a measure of severity of sleep disturbance. A score of > 5 
identifies a clinically significant sleep disturbance with 89.6% sensitivity and 86.5% 
specificity . The ISI is a 7-item scale that reflects the DSM-IV-TR diagnostic criteria for 
insomnia. The total score ranges from 0 to 28 (higher score is more sleep impairment). It 
has adequate internal and concurrent validity (item-total correlation = .32 -.71; α = .76 -
.78; correlation with sleep diary variables = .32 - .91; correlation with polysomnography 
variables = .07 -.45) and has been shown to be sensitive to change. Scores > 15 indicate 
‘clinical insomnia’.  

Inclusion Criterion Source of Information 
Normals: 7 – 9 hours total sleep time per 
night, and < 1 daytime nap per week, no 
complaint of impaired daytime 
performance 

Phone Interview, Sleep Diaries, Actigraphy 
Duke*, PSQI*, and ISI* 

Insomnia: ≥ 31 minutes to fall and/or stay 
asleep, and either <6 hours TST or sleep 
efficiency <80% on ≥ 3 nights per week 
and a complaint of impaired daytime 
performance ≥ 6 months 

Phone Interview, Sleep Diaries, Actigraphy 
Duke*, PSQI*, and ISI* 
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TABLE 3 - MAJOR EXCLUSION CRITERIA AND SCREENING INFORMATION 
 

Exclusion Criterion 
Source of 
Information  

Exclusion 
Criterion Source of Information 

Polarized Chronotype 
Horne-Ostberg 
MEQ 

 Left-handed 
Phone Interview, 
Edinburgh Handedness 
Inventory 

Respiratory 
Disturbance Index >5 PSG Screening   

Loss of  
consciousness 
>15 minutes 

Phone Interview, 
Medical History 

PLM w/arousal Index 
>10 PSG Screening   

Inappropriateness 
for MRI 

Phone Interview, 
Medical History, SCID 
(i.e., anxiety) 

Personal History of 
Axis I disorder 

SCID  

>400mg caffeine 
or 2 oz alcohol 
per day, or any 
nicotine 

Phone Interview, 
Medical History, SCID 

Use disallowed 
medications/drugs 

Phone 
Interview, 
Medical 
History, SCID, 
toxicology 
screens 

 
Education < 12 
years 

Phone Interview, SCID 

Family History of 
Mood or Psychotic 
Disorder 

Interview 
during SCID 

 
Cognitive 
impairment 

Neuropsychological 
tests 
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TABLE 4 – PROSPECTIVE SLEEP DIARY MEASURES 
 

MEASURE                             PI (MEAN/SD)     GS (MEAN/SD)          SIG 

Sleep Latency (SL) 63.89 (53.72) 14.78 (10.67) .007 

# of Awakenings 3.30 (2.40) 1.22 (.74) .011 

Wake After Sleep Onset 
(WASO) 96.68 (76.60) 8.31 (8.20) .001 

Total Sleep Time (TST) 318.46 (73.19) 456.40 (50.29) < .001 

Sleep Efficiency (%) .69 (.17) .95 (.03) < .001 

How Refreshed 
(10 pt scale) 6.01 (1.89) 2.21 (.87) < .001 

Sleep Quality 
(10 pt scale) 4.58 (1.74) 8.27 (.93) < .001 

Note: Sleep values are averaged for 5 days prior sleep study in lab. Values reported are 
not corrected for Type I error, however, most of the tests would remain significant based 
on Bonferroni correction at p <.007.  
 
Refreshed scale: lower = more refreshed; Quality scale: higher = better sleep. 
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TABLE 5 – SLEEP DIARY MEASURESFOR NIGHT PRIOR TO FMRI SCAN 
 

MEASURE                             PI (MEAN/SD)    GS (MEAN/SD)          SIG 

Sleep Latency (SL) 63.31 (70.37) 17.45 (13.43) .045 

Wake After Sleep Onset 
(WASO) 72.45 (61.16) 9.27 (9.53) .003 

Total Sleep Time (TST) 310.85 (104.28) 468.18 (57.37) < .001 

Sleep Efficiency (%) .70 (.19) .95 (.04) < .001 

Note: Sleep measures taken from the night in which PIs had the poorest sleep prior to the 
scanning protocol (of two scan sessions); GSs sleep values yoked to the PI night. Values 
reported are not corrected for Type I error, however, most of the tests would remain 
significant based on Bonferroni correction at p <.0125.  
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TABLE 6 – RETROSPECTIVE SLEEP MEASURES 
 

HORNE-OSTBERG MORNINGNESS/EVENINGNESS SCALE 
 
MEASURE                               PI (MEAN/SD)     GS (MEAN/SD)          SIG 

Horne-Ostberg 55.85 (10.95) 58.00 (6.86) .578 

Scores in the 42-58 range represent non-delayed/advanced sleep phase 

INSOMNIA SEVERITY INDEX 
 
MEASURE                               PI (MEAN/SD)     GS (MEAN/SD)          SIG 

Total Score 18.00 (7.26) 1.27 (1.68) <.001 

Item #3 - Level of Daytime 
Complaint 2.54 (1.33) .18 (.41) <.001 

Higher scores = worse sleep 

PITTSBURGH SLEEP QUALITY INVENTORY 
 
MEASURE                               PI (MEAN/SD)      GS (MEAN/SD)           SIG 

Subjective Sleep Quality 2.08 (.64) .09 (.30) <.001 

Sleep Latency 2.08 (1.32) .18 (.41) < .001 

Sleep Duration 2.31 (.75) .36 (.51) < .001 

Habitual Sleep Efficiency 2.46 (.88) .18 (.41) < .001 

Sleep Disturbances 1.31 (.48) .73 (.47) .007 

Daytime 
Dysfunction 1.31 (.95) .18 (.41) .001 

Use of Sleeping Meds .69 (.95) .09 (.30) .056 

Total Score 12.23 (3.66) 1.82 (1.17) < .001 

Higher scores =”more” of a particular characteristic 
Meds: 0=none past month – 1= less than once a  week  
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TABLE 7 – SLEEP DIARY DAYTIME COMPLAINT MEASURES (5 pt scales) 
 

MEASURE                  PI (MEAN/SD)    GS (MEAN/SD)               SIG 

Fatigue 3.01 (1.00) .32 (.43) < .001 

Stress 1.72 (1.25) .61 (.76) .018 

Alertness 3.31 (.43) 4.55 (.62) <.001 

Difficulty w/ Concentration 2.74 (.90) .96 (1.02) <.001 

Napping .13 (16) .09 (.21) .591 

Time Spent Exercising 33.74 (34.77) 36.30 (29.24) .849 

Time Spent Outdoors 68.13 (60.88) 98.44 (91.23) .342 

Pain 1.89 (.88) .51 (.90) .001 

Poorness of health 1.46 (1.03) .38 (.85) .011 

Note: Values reported not corrected for Type I error (Bonferroni correction would be 
p<.006) 
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TABLE 8 – SELF-REPORT DAYTIME FUNCTIONING MEASURES 
 

MULTIDIMENSIONAL FATIGUE INVENTORY 

MEASURE                    PI (MEAN/SD)    GS (MEAN/SD)         SIG 

General Fatigue 12.62 (3.50) 10.18 (3.97) .125 

Physical Fatigue 10.23 (2.74) 9.27 (2.97) .420 

Reduced Activity 11.31 (4.72) 9.27 (4.03) .273 

Reduced Motivation 10.92 (3.55) 10.55 (3.75) .802 

Mental Fatigue 12.85 (3.26) 10.18 (3.63) .071 

 
SF-36 
 
MEASURE                   PI (MEAN/SD)    GS (MEAN/SD)         SIG 

Physical Functioning 91.92 (9.48) 92.27 (24.01) .962 

Physical Limits 63.46 (41.60) 97.73 (7.54) .014 

Energy/Fatigue 39.23 (20.19) 77.73 (12.32) <.001 

Pain 66.62 (18.47) 85.14 (24.07) .044 

General Health 75.54 (13.77) 92.00 (10.15) .003 

Emotional Limits 82.05 (37.55) 97.00 (9.95) .214 

Emotional Well-Being 75.08 (18.49) 88.36 (17.93) .089 

Social Functioning 76.92 (23.85) 100.00 (.00) .004 

 

 

 



95 
 

 

TABLE 9 – SELF-REPORT DAYTIME FUNCTIONING MEASURES (cont) 
 

PROFILE OF MOOD STATES 

MEASURE                 PI (MEAN/SD)    GS (MEAN/SD)         SIG 

Tension 16.31 (7.94) 13.09 (6.35) .291 

Vigor 22.31 (4.57) 30.64 (4.23) <.001 

Fatigue 19.38 (5.27) 10.18 (3.57) <.001 

Confusion 12.23 (5.82) 8.09 (6.16) .105 

Depression 22.23 (10.73) 18.91 (8.56) .417 

Anger 19.54 (5.35) 16.36 (5.10) .153 

Higher scores =”more” of a particular characteristic  
 
EPWORTH SLEEPINESS SCALE 
 
MEASURE                  PI (MEAN/SD)    GS (MEAN/SD)         SIG 

Epworth Sleepiness Scale 8.54 (5.32) 4.45 (3.42) .039 

Higher scores = greater trait level daytime sleepiness  
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TABLE 10 – SELF-REPORT PSYCHOLOGICAL FUNCTIONING 
 

BECK DEPRESSION INVENTORY 

MEASURE          PI (MEAN/SD)    GS (MEAN/SD)         SIG 

Total Score 7.85 (6.56) .73 (1.42) .002 

     
SLEEP DIARY MOOD RATINGS 
 
MEASURE                    PI (MEAN/SD)    GS (MEAN/SD)         SIG 
Sleep Diary - Quality of 
mood (5 pt scale) 3.57 (.89) 4.62 (.70) .004 

 
SPIELBERGER STATE-TRAIT ANXIETY INVENTORY 
 
MEASURE          PI (MEAN/SD)    GS (MEAN/SD)         SIG 

State Anxiety 37.85 (8.67) 25.00 (10.13) .003 

Trait Anxiety 37.23 (9.68) 25.46 (9.64) .007 
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TABLE 11A – NEUROPSYCHOLOGICAL TEST MEASURES OF ATTENTION 
  (MANOVA: Wilks’λ, p=.635)   
 
MEASURE                         PI (MEAN/SD) GS (MEAN/SD)        SIG          Partial η2 
PVT- Reaction Time 
(Median) .24 (.03) .26 (.02) .058 .154 

PVT-Reaction Time 
(Mean Fastest 10%) .20 (.03) .22 (.02) .128 .102 

PVT-Reciprocal Reaction 
Time (Mean Slowest 10%) 3.07 (.47) 2.74 (.52) .112 .111 

PVT- Number of Lapses .62 (1.04) 1.09 (1.81) .431 .028 

Digit Span Forward .51 (.96) .27 (.98) .554 .016 

Spatial Span Forward 11.54 (3.01) 11.45 (3.01) .947 .000 

Mean and SD values based on raw scores for PVT, z-scores for Digit Span, and scaled 
scores for Spatial Span. 
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TABLE 11B–  NEUROPSYCHOLOGICAL TEST MEASURES OF WORKING  
MEMORY (MANOVA: Wilk λ, p=.905)   

 
MEASURE               PI (MEAN/SD) GS (MEAN/SD)     SIG           Partial η2 

Letter Number Sequencing 12.38 (3.07) 11.55 (1.97) .444 .027 

Digit Span Backward .31 (.99) .19 (.61) .742 .005 

Spatial Span Backward 12.69 (2.69) 12.55 (2.70) .895 .001 

Mean and SD values based on scaled scores for Letter-Number Sequencing and Spatial 
Span and on z-scores for Digit Span. 
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TABLE 11C– NEUROPSYCHOLOGICAL TEST MEASURES OF VERBAL &  
NONVERBAL LEARNING AND MEMORY  
(MANOVA: Wilks’λ, p=.212) 

 
MEASURE                          PI (MEAN/SD) GS (MEAN/SD)      SIG            Partial η2 
Logical Memory 
(Immediate Recall) 10.46 (2.37) 10.18 (2.04) .762 .004 

Logical Memory 
(Delayed Recall) 11.62 (1.90) 11.64 (2.73) .983 .000 

Visual Reproduction 
(Immediate Recall) 11.92 (2.70) 13.09 (1.64) .223 .067 

Visual Reproduction 
(Delayed Recall) 13.54 (2.60) 14.55 (3.01) .389 .034 

CVLT – Total Learning 
Slope (Trials 1-5) -.115 (1.73) -.045 (1.11) .909 .001 

CVLT – Immediate Recall 
Discriminability Score .38 (1.31) -.14 (1.03) .297 .049 

CVLT – Delayed Recall 
Discriminability Score .50 (1.06) .09 (.94) .333 .043 

CVLT – Cued Recall 
Discriminability Score .42 (1.08) .18 (.93) .567 .015 

Mean and SD values based on scaled scores for Logical Memory and Visual 
Reproduction and on z-scores for CVLT. 
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TABLE 11D–  NEUROPSYCHOLOGICAL TEST MEASURES OF EXECUTIVE 
FUNCTIONING (MANOVA: Wilks’λ, p=.698) 

 
MEASURE            PI (MEAN/SD)  GS (MEAN/SD)     SIG            Partial η2 

Matrix Reasoning 12.69 (2.46) 12.82 (2.09) .895 .001 

Similarities 12.23 (3.03) 11.00 (2.32) .284 .052 

COWAT 12.69 (3.66) 12.45 (3.83) .878 .001 

Mean and SD values based on scaled scores for each measure. 
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TABLE 11E– NEUROPSYCHOLOGICAL TEST MEASURES OF VISUOMOTOR 
SPEED & VISUOSPATIAL FUNCTIONING  
(MANOVA: Wilks’λ, p=.267)   

 
MEASURE            PI (MEAN/SD) GS (MEAN/SD)      SIG            Partial η2 

Digit Symbol Copy 11.38 (2.53) 13.09 (2.77) .130 .101 

Block Design 12.38 (2.93) 12.27 (3.13) .929 .000 

Mean and SD values based on scaled scores for each measure. 
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TABLE 12– PERFORMANCE ON VERBAL LEARNING TASK DURING FMRI  
(MANOVA: Wilks’λ, p=.301) 

 
MEASURE                         PI (MEAN/SD) GS (MEAN/SD)    SIG          Partial η2 
Immediate Recall – 
Easy Words 5.00 (3.29) 3.91 (1.76) .343 .045 

Immediate Recall –  
Hard Words 2.18 (1.78) 1.55 (1.51) .376 .039 

Delayed Recall – 
Easy Words 5.27 (3.29) 3.55 (1.70) .137 .107 

Delayed Recall – 
Hard Words 1.27 (1.56) 1.36 (1.21) .880 .001 

Recognition – 
Easy Words 9.45 (3.05) 9.00 (2.00) .683 .008 

Recognition – 
Hard Words 6.64 (1.29) 5.91 (2.77) .439 .030 

d’ discriminability .90 (.56) .70 (.58) .429 .032 
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TABLE 13– PERFORMANCE ON THE NBACK WORKING MEMORY TASK  
DURING FMRI  
(MANOVA: Wilks’λ, p=.594 for Hits, p=.855 for False Positives) 

 
MEASURE               PI (MEAN/SD) GS (MEAN/SD)    SIG            Partial η2 
Percent Hits Accuracy: 
0-BACK .98 (.05) .99 (.03) .408 .034 

Percent Hits Accuracy: 
1-BACK .84 (.27) .95 (.06) .217 .075 

Percent Hits Accuracy: 
2-BACK .79 (.28) .78 (.23) .946 .000 

Percent Hits Accuracy: 
3-BACK .64 (.26) .66 (.21) .826 .002 

Mean False Positives: 
0-BACK .46 (.52) .27 (.45) .400 .036 

Mean False Positives: 
1-BACK .55 (.82) .55 (1.04) 1.000 .000 

Mean False Positives: 
2-BACK .46 (.82) .82 (1.33) .449 .029 

Mean False Positives: 
3-BACK .64 (.67) .73 (1.01) .806 .003 
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TABLE 14– PERFORMANCE ON THE NOGO ATTENTION/INHIBITION TASK  
DURING FMRI 

 
MEASURE                                  PI (MEAN/SD)          GS (MEAN/SD)            SIG     

Hits Reaction Time 349.79 (79.23) 300.65 (49.67) .102 

Mean False Alarms .35 (.17) .41 (.18) .498 

d’ discriminability 2.40 (.54) 2.56 (.99) .645 
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TABLE 15– POSTSCAN QUESTIONNAIRE SELF-REPORTS OF  
PERFORMANCE DURING FMRI TESTING  

 
MEASURE                  PI (MEAN/SD)         GS (MEAN/SD)               SIG               

VL – KSS 5.77 (2.05) 3.27 (1.10) .002 

VL - Concentration 7.08 (2.33) 9.36 (.92) .006 

VL – Difficulty  7.54 (1.90) 4.82 (2.93) .012 

VL - Motivation 8.62 (1.39) 9.36 (.92) .142 

VL - Effort 8.08 (2.50) 9.64 (.81) .061 

NBACK – KSS 6.08 (2.06) 5.18 (2.60) .357 

NBACK - Concentration 7.08 (2.10) 8.09 (2.07) .248 

NBACK – Difficulty  8.23 (1.48) 6.36 (3.78) .114 

NBACK - Motivation 6.15 (2.64) 5.73 (3.32) .729 

NBACK - Effort 8.31 (1.55) 8.64 (2.92) .681 

NOGO – KSS 5.15 (2.34) 3.27 (1.95) .046 

NOGO - Concentration 5.77 (2.35) 8.82 (1.40) .001 

NOGO – Difficulty  7.38 (2.26) 5.18 (2.60) .037 

NOGO - Motivation 8.38 (1.66) 9.27 (1.19) .153 

NOGO - Effort 8.69 (.95) 8.91 (1.70) .697 

Values reported are not corrected for Type I error. Bonferroni correction for each task 
independently (5 rating scales each) would result in an adjusted p = .01.  
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TABLE 16 –  SIGNIFICANT REGIONS OF ACTIVATION ASSOCIATED WITH  
PERFORMANCE ON THE VERBAL LEARNING TASK  
(GROUP X DIFFICULTY INTERACTION) 

  
Volume   CM RL    CM AP     CM IS                        Location                              BA      

704 47.7 -20.2 7. 4 Left Inferior Frontal Gyrus     44 

512 -49.6 33.4 24.0 Right Inferior Parietal Lobule   40 

512 -51.9 41.9 46.6 Right Inferior Parietal Lobule   13 

384 36.8 61.8 40.5 Left Inferior Parietal Lobule    39 
RL = right/left, AP = anterior/posterior, IS = inferior/superior coordinates 
BA = Brodmann Areas 
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TABLE 17–  SIGNIFICANT REGIONS OF ACTIVATION ASSOCIATED WITH  
PERFORMANCE ON THE NBACK WORKING MEMORY TASK  
(GROUP X DIFFICULTY INTERACTION) 

 
 Volume    CM RL     CM AP    CM IS             Location                   BA      

1472 -7.2 11.0 53.7 Right Middle Frontal Gyrus       6 

704 -13.8 70.6 37.1 Right Precuneus                  7 

640 6.3 57.2 28.8 Left Precuneus                   39 

640 27.6 13.3 50.2 Left Precentral Gyrus            6 

576 -18.7 -2.1 50.0 Right Middle Frontal Gyrus        6 

512 -30.9 -21.3 33.8 Right Precentral Gyrus           9 

448 17.9 -22.0 42.7 Left Superior Frontal Gyrus       8 

320 30.0 45.3 -41.0 Left Cerebellar Tonsil           n/a 
RL = right/left, AP = anterior/posterior, IS = inferior/superior coordinates 
BA = Brodmann Areas 
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TABLE 18–  SIGNIFICANT REGIONS OF ACTIVATION ASSOCIATED WITH  
PERFORMANCE ON THE GO-NOGO TASK BETWEEN GROUPS  
(HITS) 

 
 Volume    CM RL    CM AP   CM IS            Location         BA 

3200 -32.1 13.3 50.0 Right Precentral Gyrus           4 
2752 -30.2 73.6 25.6 Right Superior Occipital Gyrus   19 
2048 -50.3 44.3 -5.9 Right Brodmann area 37           37 
1920 52.1 22.3 -14.0 Left Middle Temporal Gyrus       21 
1920 26.5 81.3 25.1 Left Cuneus                      19 
1728 34.5 10.1 52.9 Left Precentral Gyrus            6 
1344 -35.0 12.0 4.2 Right Claustrum                  13 
1344 5.6 29.9 37.4 Left Posterior Cingulate Gyrus             31 
1280 5.1 -35.8 29.7 Left Middle Frontal Gyrus        9 
1152 -9.2 23.0 54.8 Right Middle Frontal Gyrus       6 
1088 -8.7 -59.9 16.5 Right Superiorl Frontal Gyrus       10 
896 -45.4 8.8 18.4 Right Insula                     13 
832 36.9 -21.1 -4.7 Left Inferior Frontal Gyrus      47 
768 -36.6 27.7 17.7 Right Insula                     13 
704 55.9 21.3 36.0 Left Postcentral Gyrus           3 
640 -13.0 35.0 -23.6 Right Culmen                     n/a 
640 -15.5 13.8 7.3 Right Thalamus                   n/a 
640 -29.5 39.8 56.4 Right Inferior Parietal Lobule    40 
576 -12.2 -39.4 36.7 Right Superior Frontal Gyrus        10 
576 -9.6 36.9 40.6 Right Posterior Cingulate Gyrus            31 
576 17.4 -19.1 53.8 Left Superior Frontal Gyrus       6 
512 16.4 87.4 -11.7 Left Lingual Gyrus               18 
512 57.4 36.5 2.3 Left Middle Temporal Gyrus        22 
448 31.7 -15.0 -30.3 Left Superior Temporal Gyrus      38 
448 -35.0 -59.0 -45.0 Left Cerebellar Tonsil n/a 
448 4.1 2.1 -11.8 Left Hypothalamus                n/a 
448 21.0 -20.7 -12.0 Left Inferior Frontal Gyrus             47 

RL = right/left, AP = anterior/posterior, IS = inferior/superior coordinates   
BA = Brodmann Areas 
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TABLE 19 –  SIGNIFICANT REGIONS OF ACTIVATION ASSOCIATED WITH  
PERFORMANCE ON THE GO-NOGO TASK BETWEEN GROUPS 
(CORRECT STOPS - FALSE ALARMS) 

 
 Volume    CM RL  CM AP   CM IS            Location                            BA 

2688 47.3 6.3 34.5 Left Precentral Gyrus            6 

1600 21.5 49.5 -13.3 Left Culmen                      37 

1600 43.5 12.1 13.2 Left Insula                      13 

704 -1.1 33.6 -24.0 Right Culmen                     n/a 

704 59.0 18.7 20.1 Left Postcentral Gyrus           40 

640 31.9 54.3 -33.9 Left Cerebellar Tonsil           n/a 

576 43.2 -0.7 -30.4 Left Middle Temporal Gyrus      21 

512 28.7 54.8 -48.2 Left Cerebellar Tonsil           n/a 

512 -24.3 54.8 -37.1 Right Cerebellar Tonsil          n/a 

512 -65.1 20.6 3.3 Right Superior Temporal Gyrus     22 

512 50.9 41.0 42.9 Left Inferior Parietal Lobule     40 

448 45.7 42.5 -29.1 Left Culmen n/a 

448 -18.9 7.1 64.0 Right Superior Frontal Gyrus      6 
RL = right/left, AP = anterior/posterior, IS = inferior/superior coordinates 
BA = Brodmann Areas 
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TABLE 20–  REGIONS OF ACTIVATION IN PIS ASSOCIATED WITH  
PERFORMANCE ON THE VERBAL LEARNING TASK AND 
IMMEDIATE RECALL 

 
 Volume    CM RL    CM AP     CM IS            Location         BA 

2496 48.6 -35.4 3.2 Left Inferior Frontal Gyrus 45 

1216 -57.4 26.8 27.6 Right Inferior Parietal Lobule 40 

896 44.7 36.8 39.0 Left Inferior Parietal Lobule 40 

576 31.3 25.7 -10.6 Left Parahippocampal Gyrus 34 

512 37.0 -28.7 -6.8 Left Inferior Frontal Gyrus 47 
RL = right/left, AP = anterior/posterior, IS = inferior/superior coordinates 
BA = Brodmann Areas 
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TABLE 21–  REGIONS OF ACTIVATION IN PIS ASSOCIATED WITH 
PERFORMANCE ON THE NBACK TASK AND THE 3-BACK 
PERCENT ACCURACY 

 
  Volume      CM RL     CM AP    CM IS             Location                    BA 

18880 13.7 64.3 44.6 Left Precuneus 7 
11904 38.1 -34.7 26.7 Left Middle Frontal Gyrus        9 
10368 -31.3 -36.6 28.3 Right Middle Frontal Gyrus       9 
9664 5.8 71.0 -25.1 Left Pyramis                     n/a 
3584 2.4 -10.0 45.1 Left Cingulate Gyrus        32 
3392 -41.9 44.6 38.5 Right Inferior Parietal Lobe 40 
2560 -42.3 -20.4 1.4 Right Inferior Frontal Gyrus     47 
2368 31.0 2.7 56.4 Left Middle Frontal Gyrus        6 
2176 -29.0 3.7 55.1 Right Middle Frontal Gyrus 6 
1408 44.1 -19.0 -0.2 Left Inferior Frontal Gyrus      47 
1344 37.6 50.9 -39.6 Left Cerebellar Tonsil           n/a 
1216 18.2 23.9 5.3 Left Thalamus                    n/a 
1152 -46.2 64.7 -25.0 Right Tuber                      n/a 
1152 8.7 13.9 8.6 Left Thalamus                    n/a 
1088 -38.8 71.3 33.1 Right Angular Gyrus              39 
896 -27.3 -48.0 -4.6 Right Middle Frontal Gyrus       10 
896 25.3 -32.0 40.6 Left Middle Frontal Gyrus        8 
768 7.0 -25.8 -4.2 Left Anterior Cingulate 32 
640 40.1 60.3 -27.4 Left Tuber                       n/a 
576 -12.8 10.0 11.3 Right Thalamus                   n/a 
512 16.8 43.6 34.2 Left Cingulate Gyrus             31 
448 4.0 19.8 62.2 Left Superior Frontal Gyrus        6 
384 14.0 -45.1 -4.0 Left Anterior Cingulate          32 
384 -5.2 38.3 41.1 Right Cingulate Gyrus            31 
384 -17.2 1.3 61.9 Right Middle Frontal Gyrus       6 

RL = right/left, AP = anterior/posterior, IS = inferior/superior coordinates 
BA = Brodmann Areas 
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TABLE 22–  REGIONS OF ACTIVATION IN PIS ASSOCIATED WITH  
PERFORMANCE ON THE GO-NOGO ATTENTION TASK AND 
HITS REACTION TIME 

 
  Volume     CM RL    CM AP   CM IS        Location         BA 

  1984 19.2 58.1 -2.0 Left Lingual Gyrus               19 

1728 0.0 65.6 10.6 Left Posterior Cingulate         30 

1408 -3.7 -12.5 49.9 Right Superior Frontal Gyrus     6 

1088 28.5 39.4 -0.7 Left Hippocampus                  19 

1088 -31.4 59.4 48.2 Right Superior Parietal Lobule   7 

960 -48.0 3.5 39.1 Right Precentral Gyrus           6 

960 37.3 56.2 45.2 Left Inferior Parietal Lobule    40 

640 15.8 40.8 -2.5 Left Parahippocampal Gyrus       30 

640 -10.2 80.3 28.2 Right Cuneus                     19 

512 -19.9 50.4 -2.6 Right Parahippocampal Gyrus      19 

448 -30.6 -4.2 -8.0 Right Claustrum                  13 

448 38.0 13.7 3.1 Left Insula                      13 
RL = right/left, AP = anterior/posterior, IS = inferior/superior coordinates 
BA = Brodmann Areas 
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TABLE 23–  REGIONS OF ACTIVATION IN PIS ASSOCIATED WITH  
PERFORMANCE ON THE GO-NOGO TASK AND PERCENT 
CORRECT STOPS 

 
  Volume     CM RL    CM AP     CM IS        Location         BA 

84160 3.9 27.0 -5.0 Left Red Nucleus                 n/a 

6528 46.4 8.4 15.7 Left Insula                      13 

5760 6.8 40.8 53.7 Left Paracentral Lobule          5 

4352 -3.1 -49.2 13.3 Right Medial Frontal Gyrus       10 

2176 -39.1 29.8 22.4 Right Insula                     13 

2176 1.4 12.7 40.6 Left Cingulate Gyrus             24 

1984 -0.5 -8.6 29.0 Right Cingulate Gyrus            24 

1408 -16.8 -46.0 4.0 Right Superior Frontal Gyrus       10 

1280 42.6 54.6 24.8 Left Middle Temporal Gyrus       39 

1152 -43.4 -4.2 33.3 Right Inferior Frontal Gyrus     6 

1024 -19.5 43.0 62.5 Right Postcentral Gyrus          5 

960 14.1 88.5 13.4 Left Cuneus                      18 

768 -16.1 -6.0 -24.2 Right Uncus                      28 

704 7.3 29.4 15.6 Left Pulvinar n/a 

512 19.2 -30.6 -3.7 Left Inferior Frontal Gyrus            47 

512 -53.1 4.0 11.0 Right Precentral Gyrus           43 

448 -9.4 -26.0 -14.1 Right Middle Frontal Gyrus       11 

448 27.1 26.0 58.1 Left Precentral Gyrus            4 
RL = right/left, AP = anterior/posterior, IS = inferior/superior coordinates 
BA = Brodmann Areas 
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TABLE 24 –  REGIONS OF ACTIVATION IN PIS ASSOCIATED WITH  
PERFORMANCE ON THE GO-NOGO TASK AND PERCENT  
FALSE ALARMS 

 
 Volume   CM RL    CM AP    CM IS        Location        BA 

3648 -28.1 7.8 -16.7 Right Parahippocampal Gyrus      35 

1088 21.3 7.7 -6.7 Left Amygdala                    n/a 

768 -20.4 30.0 -8.5 Right Parahippocampal Gyrus      35 

768 0.7 -10.8 21.6 Left Anterior Cingulate          24/33 

576 53.2 -1.9 -21.0 Left Middle Temporal Gyrus       21 

512 36.8 8.8 24.0 Left Precentral Gyrus            13 

448 47.4 6.0 -7.9 Left Superior Temporal Gyrus     22 
RL = right/left, AP = anterior/posterior, IS = inferior/superior coordinates 
BA = Brodmann Areas 
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TABLE 25 –  REGIONS OF ACTIVATION IN PIS ASSOCIATED WITH  
PERFORMANCE ON THE VERBAL LEARNING TASK AND 
DAYTIME COMPLAINT AS MEASURED BY THE INSOMNIA 
SEVERITY INDEX (QUESTION #3) 

 
Volume   CM RL     CM AP     CM IS              Location         BA 

704 22.8 10.4 -16.0 Left Parahippocampal Gyrus 34 

640 -31.3 -17.3 -14.8 Right Inferior Frontal Gyrus    47 

384 33.5 48.5 54.1 Left Inferior Parietal Lobule    40 
RL = right/left, AP = anterior/posterior, IS = inferior/superior coordinates 
BA = Brodmann Areas 
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TABLE 26–  REGIONS OF ACTIVATION IN PIS ASSOCIATED WITH  
PERFORMANCE ON THE 3-BACK TASK AND DAYTIME 
COMPLAINT AS MEASURED BY THE INSOMNIA SEVERITY 
INDEX (QUESTION #3) 

 
Volume    CM RL    CM AP    CM IS            Location         BA  

6528 -31.3 54.6 50.2 Right Superior Parietal Lobule 7 

1600 -7.6 4.3 32.8 Right Cingulate Gyrus 24 

1600 -25.6 -11.0 58.0 Right Middle Frontal Gyrus 6 

1408 -6.8 -17.0 50.9 Right Superior Frontal Gyrus 8 

1152 0.1 62.8 51.6 Left Precuneus 7 

960 24.9 -51.5 26.2 Left Superior Frontal Gyrus 10 

960 -44.2 -5.8 33.4 Right Inferior Frontal Gyrus 9 

960 25.6 64.2 43.6 Left Superior Parietal Lobule 7 

832 -30.2 60.2 -24.7 Right Culmen n/a 

704 -55.0 -28.3 -7.7 Right Inferior Frontal Gyrus 47 

640 36.2 50.2 46.3 Left Inferior Parietal Lobule 40 

576 -35.5 43.6 -36.4 Right Cerebellar Tonsil n/a 

576 -52.3 74.4 -21.8 Right Declive n/a 

576 21.4 -14.0 55.6 Left Superior Frontal Gyrus 6 

512 16.0 -62.1 1.4 Left Superior Frontal Gyrus 6 

448 -4.3 47.0 47.1 Right Precuneus 7 

384 -5.7 -33.4 0.0 Right Anterior Cingulate n/a 

384 -13.5 -60.8 16.0 Right Superior Frontal Gyrus 10 

384 -48.7 56.5 22.7 Right Superior Temporal Gyrus 39 

384 43.9 -26.4 36.7 Left Middle Frontal Gyrus 9 

384 -46.2 -3.7 49.6 Right Middle Frontal Gyrus 6 
RL = right/left, AP = anterior/posterior, IS = inferior/superior coordinates 
BA = Brodmann Areas 
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TABLE 27 –  REGIONS OF ACTIVATION IN PIS ASSOCIATED WITH HITS ON  
THE GO-NOGO TASK AND DAYTIME COMPLAINT AS 
MEASURED BY INSOMNIA SEVERITY INDEX (QUESTION #3) 

 
  Volume      CM RL   CM AP    CM IS               Location        BA  

28736 10.4 -9.6 22.2 Left Anterior Cingulate n/a 

9984 -0.7 -50.6 3.4 Right Middle Frontal Gyrus 10 

4864 -41.8 2.8 -23.3 Right Fusiform Gyrus 20 

4160 -41.0 64.0 -2.3 Right Middle Occipital Gyrus 37 

4160 -15.7 43.5 34.5 Right Precuneus 31 

3328 34.5 19.1 -14.6 Left Parahippocampal Gyrus 20 

2624 -21.2 -18.5 32.1 Right Cingulate Gyrus 32 

2624 -20.1 1.2 58.0 Right Middle Frontal Gyrus 6 

2176 34.7 81.3 6.4 Left Middle Occipital Gyrus 19 

1344 30.2 6.3 -32.7 Left Uncus 20 

1344 -18.4 25.5 -22.6 Right Culmen n/a 

1216 24.3 63.0 -18.7 Left Declive n/a 

1216 -26.8 41.6 -15.3 Right Culmen n/a 

1152 -49.1 50.7 -33.1 Right Cerebellar Tonsil n/a 

1152 -24.7 77.1 32.4 Right Cuneus 19 

896 -36.4 14.3 -1.2 Right Claustrum n/a 

896 -12.4 29.6 0.2 Right Thalamus n/a 

896 26.7 46.8 17.9 Left Cingulate 31 

896 -23.1 -34.3 29.0 Right Declive n/a 

832 -7.4 76.9 -12.3 Right Culmen n/a 

768 11.1 20.1 -29.7 Right Insula 13 

768 -37.2 45.7 -25.1 Left Precentral Gyrus 4 

768 -31.4 -8.9 13.6 Left Precuneus 7 

768 55.2 15.3 40.0 Left Culmen n/a 

768 5.0 59.9 47.0 Right Declive of Vermis n/a 
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TABLE 27 –  REGIONS OF ACTIVATION IN PIS ASSOCIATED WITH HITS ON  
THE GO-NOGO TASK AND DAYTIME COMPLAINT AS 
MEASURED BY INSOMNIA SEVERITY INDEX (QUESTION #3) – 
CONTINUED 
 

Volume  CM RL    CM AP     CM IS               Location        BA 
704 41.3 51.5 -23.8 Right Posterior Cingulate 30 

704 -1.9 67.7 -20.4 Right Precentral Gyrus 22 

704 -23.9 61.4 8.0 Left Middle Temporal Gyrus 37 

640 -48.7 -1.5 5.0 Right Anterior Cingulate n/a 

576 51.5 59.4 -8.1 Right Anterior Cingulate n/a 

576 -21.6 -34.9 5.8 Left Lingual Gyrus 17 

576 -23.1 -29.4 16.2 Right Middle Temporal Gyrus 37 

512 13.4 89.1 -7.5 Left Medial Frontal Gyrus 6 

512 -57.3 50.4 -5.3 Right Declive n/a 

512 6.4 11.9 60.1 Left Superior Temporal Gyrus 38 

448 -26.1 67.9 -20.4 Left Anterior Cingulate 25 

448 43.9 -6.2 -19.4 Right Cuneus 17 

448 3.1 -6.6 -9.1 Left Cingulate Gyrus 31 

448 -11.4 94.7 -1.0 Right Lingual Gyrus 17 

448 19.5 31.4 41.1 Left Cingulate Gyrus 31 
RL = right/left, AP = anterior/posterior, IS = inferior/superior coordinates 
BA = Brodmann Areas 
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TABLE 28 –  REGIONS OF ACTIVATION IN PIS ASSOCIATED WITH CORRECT  
STOPS ON THE GO-NOGO TASK AND DAYTIME COMPLAINT AS 
MEASURED BY INSOMNIA SEVERITY INDEX (QUESTION #3) 

 
 Volume   CM RL    CM AP    CM IS           Location         BA  

1728 8.8 -62.6 5.1 Left SuperiorFrontal Gyrus        10 

1536 61.3 27.5 -11.9 Left Middle Temporal Gyrus       21 

1152 53.8 21.1 30.0 Left Postcentral Gyrus           2 

1024 28.9 -4.8 -10.1 Left Superior Temporal Gyrus     34 

768 30.4 -22.9 41.6 Left Middle Frontal Gyrus 8 

768 37.1 26.5 47.9 Left Postcentral Gyrus           7 

768 -21.4 5.6 60.0 Right Middle Frontal Gyrus       6 

640 10.8 -37.0 43.5 Left Superior Frontal Gyrus      8 

576 -31.7 1.1 -34.1 Right Inferior Temporal Gyrus    20 

576 -54.5 -2.6 -12.9 Right Middle Temporal Gyrus      21 

576 -31.7 -15.0 52.7 Right Middle Frontal Gyrus       6 

576 13.3 -5.6 56.9 Left Medial Frontal Gyrus        6 

512 15.0 25.2 -30.5 Left Cerebelum n/a 

512 0.2 20.8 3.5 Left Thalamus                    n/a 

512 -50.0 -26.5 21.6 Right Middle Frontal Gyrus       46 

512 0.3 -20.1 21.4 Left Anterior Cingulate          37 

512 -50.8 -12.9 32.5 Right Middle Frontal Gyrus       9 

512 51.1 20.8 46.3 Left Postcentral Gyrus           2 

512 9.7 18.9 57.4 Left Middle Frontal Gyrus        6 

448 49.6 -25.9 21.8 Left Middle Frontal Gyrus        45 
RL = right/left, AP = anterior/posterior, IS = inferior/superior coordinates 
BA = Brodmann Areas 
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TABLE 29–  REGIONS OF ACTIVATION IN PIS ASSOCIATED WITH FALSE  
ALARMS ON THE GO-NOGO TASK AND DAYTIME COMPLAINT 
AS MEASURED BY INSOMNIA SEVERITY INDEX (QUESTION #3) 

 
 Volume     CM RL  CM AP   CM IS                Location        BA  

39104 -1.5 -17.4 6.6 Right Caudate Head               n/a 

18688 -11.1 66.8 -12.7 Right Declive                    n/a 

7232 34.8 35.4 53.8 Left Postcentral Gyrus and 
Left Inferior Parietal Lobe           2/40 

5248 -32.2 73.4 -2.3 Right Lingual Gyrus              18 

2752 24.1 60.9 -17.4 Left Declive                     n/a 

2432 7.5 16.7 57.3 Left Superior Frontal Gyrus        6 

1920 50.0 54.2 -13.4 Left Inferior Temporal Gyrus     20 

1920 1.0 46.6 21.9 Left Posterior Cingulate         27 

1408 31.3 7.3 9.1 Left Lentiform Nucleus           n/a 

1408 56.2 11.3 15.5 Left Postcentral Gyrus           43 

1344 -31.4 65.6 -39.7 Right Inferior Semi-Lunar Lobule n/a 

1280 -45.2 68.3 27.0 Right Middle Temporal Gyrus      39 

1280 -8.9 47.4 62.3 Right Precuneus 7 

1088 55.2 20.3 29.9 Left Postcentral Gyrus 2 

960 -29.2 40.1 -40.6 Right Cerebellar Tonsil                n/a 

960 -13.1 50.0 37.3 Right Precuneus                  7 

960 -7.6 -22.3 53.5 Right Superior Frontal Gyrus     6 

960 -2.4 -2.0 61.8 Right Superior Frontal Gyrus       6 

896 -21.3 -3.8 5.4 Right Lentiform Nucleus          n/a 

896 5.1 55.5 2.3 Left Culmen                      n/a 

896 -29.0 49.6 12.8 Right Superior Temporal Gyrus    39 

832 -23.4 11.5 63.6 Right Precentral Gyrus           6 

704 41.8 45.9 -39.6 Left Cerebellar Tonsil            n/a 

704 50.1 4.1 -18.8 Left Middle Temporal Gyrus       21 

704 -13.4 34.4 31.9 Right Cingulate Gyrus            31 
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TABLE 29–  REGIONS OF ACTIVATIONIN PIS ASSOCIATED WITH FALSE  
ALARMS ON THE GO-NOGO TASK AND DAYTIME COMPLAINT 
AS MEASURED BY INSOMNIA SEVERITY INDEX (QUESTION #3) 
CONTINUED 
 

Volume  CM RL     CM AP     CM IS                Location          BA  
640 -48.6 48.8 -30.6 Right Cerebellar Tonsil          n/a 

640 23.4 -6.4 -17.5 Left Parahippocampal Gyrus       28 

640 -37.1 1.9 4.0 Right Insula                     13 

640 41.3 71.4 31.6 Left Angular Gyrus               39 

576 -28.4 39.0 3.0 Right Hippocampus                30 

512 -30.3 3.4 -29.7 Right Uncus                      36 

512 58.7 27.8 -18.6 Left Inferior Temporal Gyrus     20 

512 -23.3 27.5 13.9 Right Thalamus                   n/a 

512 -57.4 7.9 13.2 Right Precentral Gyrus           43 

512 7.7 -37.9 30.9 Left Middle Frontal Gyrus        9 

512 -59.6 24.8 39.0 Right Postcentral Gyrus          1 

512 9.7 -29.8 53.8 Left Superior Frontal Gyrus      6 

448 -18.2 84.8 -16.6 Right Declive                      18 

448 2.4 -20.4 -11.0 Left Subcallosal Gyrus           32 

448 16.4 -64.2 4.9 Left Superior Frontal Gyrus        10 

448 -57.3 26.4 22.9 Right Inferior Parietal Lobe   40 
RL = right/left, AP = anterior/posterior, IS = inferior/superior coordinates 
BA = Brodmann Areas 
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GRAPH 1- BEHAVIORAL PERFORMANCE DURING THE VERBAL  
LEARNING TASK (Mean/sd)  
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GRAPH 2- BEHAVIORAL PERFORMANCE DURING THE NBACK WORKING  
MEMORY TASK (Mean/sd)  
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GRAPH 3- BEHAVIORAL PERFORMANCE DURING THE GO- NOGO  
ATTENTION/ INHIBITION TASK (Mean/sd)  
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GRAPH 4- REGIONS OF SIGNIFICANT GROUP x DIFFICULTY  
ACTIVATION DURING THE VERBAL LEARNING TASK (Mean/sd) 

 

    

    
Note: Lines in red indicate significant simple effects for activation based on load within 
group; stars indicate significant simple effects for activation at each level of difficulty 
between groups. 
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GRAPH 5- REGIONS OF SIGNIFICANT GROUP x DIFFICULTY ACTIVATION  
DURING THE NBACK WORKING MEMORY TASK (Mean/sd) 

 

     
 

    
Note: Lines in red indicate significant simple effects for load within group; stars indicate 
significant pairwise comparisons at each level of difficulty within groups; plus signs 
indicate significant pairwise comparisons between groups, within difficulty. 
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GRAPH 5- REGIONS OF SIGNIFICANT GROUP x DIFFIUCULTY  
ACTIVATION DURING THE NBACK WORKING MEMORY TASK 
(Mean/sd) - CONTINUED 

 

    
 

    
Note: Lines in red indicate significant simple effects for load within group; stars indicate 
significant pairwise comparisons at each level of difficulty within groups; plus signs 
indicate significant pairwise comparisons between groups, within difficulty. 
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GRAPH 6- REGIONS OF SIGNIFICANT BETWEEN GROUP ACTIVATION  
DURING THE ATTENTION COMPONENT (HITS) ON THE  
GO-NOGO TASK (Mean/sd) 
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GRAPH 7- REGIONS OF SIGNIFICANT BETWEEN GROUP ACTIVATION  
DURING THE BEHAVIORAL INHIBITION COMPONENT  
(STOPS-FALSE ALARMS) ON THE GO-NOGO TASK (Mean/sd) 
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GRAPH 8- ASSOCIATION BETWEEN ACTIVATION DURING THE VERBAL  
LEARNING TASK AND PERFORMANCE ON IMMEDIATE 
RECALL  
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GRAPH 9- ASSOCIATION BETWEEN ACTIVATION DURING THE NBACK  
TASK AND PERFORMANCE ON THE 3-BACK TRIALS 

 

     
 

                         



132 
 

 

GRAPH 10- ASSOCIATION BETWEEN ACTIVATION DURING CORRECT HITS  
ONTHE GO-NOGO TASK AND PERFORMANCE AS MEASURED 
BY HITS REACTION TIME 
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GRAPH 11- ASSOCIATION BETWEEN ACTIVATION DURING CORRECT  
STOPS ON THE GO-NOGO TASK AND PERFORMANCE AS 
MEASURED BY PERCENTAGE OF CORRECT INHIBITIONS 
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GRAPH 12- ASSOCIATION BETWEEN ACTIVATION DURING ERRORS ON  
THE GO-NOGO TASK AND PERFORMANCE AS MEASURED BY 
PERCENTAGE OF FALSE ALARMS 
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GRAPH 13- ASSOCIATION BETWEEN ACTIVATION DURING THE VERBAL  
LEARNING TASK AND DAYTIME COMPLAINT AS MEASURED 
BY INSOMNIA SEVERITY INDEX QUESTION #3 
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GRAPH 14- ASSOCIATION BETWEEN ACTIVATION DURING THE NBACK  
TASK AND DAYTIME COMPLAINT AS MEASURED BY 
INSOMNIA SEVERITY INDEX QUESTION #3 
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GRAPH 15- ASSOCIATION BETWEEN ACTIVATION DURING CORRECT HITS  
ON THE GO-NOGO TASK AND DAYTIME COMPLAINT AS 
MEASURED BY INSOMNIA SEVERITY INDEX QUESTION #3 
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GRAPH 16- ASSOCIATION BETWEEN ACTIVATION DURING CORRECT  
STOPS ON THE GO-NOGO TASK AND DAYTIME COMPLAINT AS 
MEASURED BY INSOMNIA SEVERITY INDEX QUESTION #3 
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GRAPH 17- ASSOCIATION BETWEEN ACTIVATION DURING FALSE  
ALARMS ON THE GO-NOGO TASK AND DAYTIME COMPLAINT 
AS MEASURED BY INSOMNIA SEVERITY INDEX QUESTION #3 
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Left Inferior Frontal Gyrus (BA 45) 

 

 
Left Inferior Parietal Lobe (BA 39) 

 

 
Right Inferior Parietal Lobe (BA 40) 

 
FIGURE 1- REGIONS OF SIGNIFICANT GROUP x DIFFICULTY  

ACTIVATION DURING THE VERBAL LEARNING TASK
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Left Precentral Gyrus (BA6) and Left Precuneus (BA 39) 

 

 
Right Middle Frontal Gyrus (BA 6), Right Precentral Gyrus (BA 9), 

and Right Precuneus (BA 7) 
  

 
FIGURE 2- REGIONS OF SIGNIFICANT GROUP x DIFFICULTY 

ACTIVATION DURING THE NBACK WORKING 
MEMORY TASK  
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Left Hemisphere Activations 

 

 
Right Hemisphere Activations  

 

 
R                         L 

Combined Hemisphere Activations 
 
FIGURE 3- REGIONS OF SIGNIFICANT BETWEEN GROUP ACTIVATION  

DURING THE ATTENTION COMPONENT (HITS) ON THE 
GO-NOGO TASK 
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Left Precentral Gyrus (BA 6), Left Insula (BA13), Left Middle Temporal Gyrus (BA 21),  

and Left Culmen 
 

 
Right Superior Frontal Gyrus (BA6) and Right Cerebellum 

 
FIGURE 4- REGIONS OF SIGNIFICANT BETWEEN GROUP ACTIVATION  

DURING THE BEHAVIORAL INHIBITION COMPONENT 
  (STOPS-FALSE ALARMS) ON THE GO-NOGO TASK 
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Left Inferior Frontal Gyrus (BA 45) and Left Inferior Parietal Lobe (BA 40) 

 

 
Left Inferior Frontal Gyrus ( 45) and Left Parahippocampal Gyrus (BA 34) 

 

 
R                         L 

Right Inferior Parietal Lobe (BA 40) 
 

FIGURE 5- ASSOCIATION BETWEEN ACTIVATION DURING THE VERBAL  
LEARNING TASK AND PERRFORMANCE ON IMMEDIATE 
RECALL 
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Left Hemisphere Associations 

 

 
Right Hemisphere Associations 

 

 
R                         L 

Combined Hemisphere Associations 
 

FIGURE 6- ASSOCIATION BETWEEN ACTIVATION DURING THE NBACK  
TASK AND PERFORMANCE ON THE 3-BACK TRIALS 
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Left Insula (BA 13) and Left Inferior Parietal Lobe (BA 40) 

 

 
Right Superior Frontal Gyrus (BA 6) and Right Cuneus (BA 19) 

 

     
R                         L                            R                        L   
Midline Patterns of Increased/Decreased Associations 

 
FIGURE 7- ASSOCIATION BETWEEN ACTIVATION DURING CORRECT HITS  

ON THE GO-NOGO TASK AND PERFORMANCE AS MEASURED 
BY HITS REACTION TIME 
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Left Hemisphere Associations (all positive)  

 

 
Right Hemisphere Associations (positive and negative) 

 

 
R                         L 

Combined Hemisphere Associations  
 
FIGURE 8- ASSOCIATION BETWEEN ACTIVATION DURING CORRECT  

STOPS ON THE GO-NOGO TASK AND PERFORMANCE AS 
MEASURED BY PERCENTAGE OF CORRECT INHIBITIONS  
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Left Middle Temporal Gyrus (BA 21) and Left Superior Temporal Gyrus (BA 22) 

 

 
Right Parahippocampal Gyrus (BA 35) 

 

 
R                         L 

Combined Hemisphere Associations 
 
FIGURE 9- ASSOCIATION BETWEEN ACTIVATION DURING ERRORS ON  

THE GO-NOGO TASK AND PERFORMANCE AS MEASURED BY 
PERCENTAGE OF FALSE ALARMS 
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Left Inferior Parietal Lobe (BA 40) and Left Parahippocampus (BA 34) 

 

 
Right Inferior Frontal Gyrus (BA 47) 

 
FIGURE 10- ASSOCIATION BETWEEN ACTIVATION DURING THE VERBAL  

LEARNING TASK AND DAYTIME COMPLAINT AS MEASURED 
BY INSOMNIA SEVERITY INDEX QUESTION #3 
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Left Hemisphere Associations 

 

 
Right Hemisphere Associations 

 

 
R                         L 

Combined Hemisphere Associations 
 
FIGURE 11- ASSOCIATION BETWEEN ACTIVATION DURING THE 3-BACK  

TASK AND DAYTIME COMPLAINT AS MEASURED BY 
INSOMNIA SEVERITY INDEX QUESTION #3 
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FIGURE 12- ASSOCIATION BETWEEN ACTIVATION DURING CORRECT HITS  
ON THE GO-NOGO TASK AND DAYTIME COMPLAINT AS 
MEASURED BY INSOMNIA SEVERITY INDEX QUESTION #3 
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Left Middle Frontal Gyrus (BA 10) and Left Poscentral Gyrus (BA 2) 

 

 
Right Middle Frontal Gyrus (BA 6/9) and Right Middle Temporal Gyrus (BA 21) 

 
 

FIGURE 13- ASSOCIATION BETWEEN ACTIVATION DURING CORRECT  
STOPS ON THE GO-NOGO TASK AND DAYTIME COMPLAINT AS 
MEASURED BY INSOMNIA SEVERITY INDEX QUESTION #3 
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FIGURE 14- ASSOCIATION BETWEEN ACTIVATION DURING FALSE  
ALARMS ON THE GO-NOGO TASK AND DAYTIME COMPLAINT 
AS MEASURED BY INSOMNIA SEVERITY INDEX QUESTION #3 
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