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Abstract

Sleep abnormalities are extremely common in anxiety disorders and may contribute to their 

development and persistence. Their shared pathophysiological mechanisms could thus serve as 

biomarkers or targets for novel therapeutics. Individuals with Primary Insomnia were age- and 

sex-matched to controls and to persons with Generalized Anxiety Disorder. All underwent fMRI 

resting-state scans at 3-T. In Primary Insomnia and controls, sleep was recorded for 2 weeks using 

diaries and actigraphy. All participants completed state-anxiety and neuroticism inventories. 

Whole-brain connectivity of 6 fear- and extinction-related seeds were compared between the 3 

groups using ANOVA. The only significant between-group main effect was seen for connectivity 

between the left amygdala seed and a bilateral cluster in the rostral anterior cingulate cortex. The 

latter is believed to exert top-down control over amygdala activity and their interaction may thus 

constitute an emotion regulatory circuit. This connectivity was significantly greatest in controls 

while Primary Insomnia was intermediate between that of controls and Generalized Anxiety 

Disorder. Across Primary Insomnia and control subjects, mean connectivity decreased with poorer 

sleep. Across all 3 groups, connectivity decreased with greater neuroticism and pre-scan anxiety. 

Decreased top-down control of the amygdala may increase risk of developing an anxiety disorder 

with preexisting Primary Insomnia.
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1. Introduction

Insomnia can be formulated as an anxiety-related disorder in which the anxious thoughts and 

feelings pertain to sleep itself (Baglioni et al., 2010a; Baglioni et al., 2014). However, more 

general emotional dysregulation is also common in insomnia as reflected in personality 

variables (van de Laar et al., 2010) such as a tendency to internalize conflict (Kales et al., 

1983) as well as the high comorbidity with mood and anxiety disorders (Alvaro et al., 2013; 

Baglioni et al., 2011; Riemann, 2007; Stepanski and Rybarczyk, 2006). Such findings have 

led to the suggestion that emotional reactivity is both a risk and a perpetuating factor for the 

development of chronic insomnia (Baglioni et al., 2010b; Espie, 2002).

Contributing to this emotional dysregulation is now well-replicated evidence for chronic 

hyperarousal in insomnia (Riemann et al., 2010) manifested in peripheral (Bonnet and 

Arand, 2010) and central (Kay et al., 2016; Nofzinger et al., 2004) physiology (albeit to a 

lesser extent) as well as in cognitive style (e.g., rumination, neuroticism, anxious 

attentiveness) (Fernandez-Mendoza et al., 2010; Harvey, 2002) and sensitivity of sleep 

quality to acute stress (Drake et al., 2011). Primary Insomnia (PI) can therefore be 

considered as a neuropsychiatric syndrome with affective, behavioral and cognitive 

maladaptive dimensions, in addition to autonomic changes. In the current study, we show 

that, in Primary Insomnia (PI), resting state functional connectivity (rsFC) between the left 

amygdala and a key emotion regulatory area in the rostral anterior cingulated cortex (rACC) 

is intermediate between what is seen in healthy good-sleepers (GS) and individuals with 

Generalized Anxiety Disorder (GAD)..

Disrupted sleep is increasingly viewed as a causative contributing factor in the development 

of psychiatric conditions, and not just a symptom common to mood and anxiety disorders 

(Harvey, 2011; Pace-Schott et al., 2015b). Although a number of studies suggest that anxiety 

disorders most often precede or emerge simultaneously with insomnia (Johnson et al., 2006; 

Ohayon and Roth, 2003), for a significant number of individuals, preexisting insomnia also 

increases the odds of incident anxiety disorders (Breslau et al., 1996; Ford and Kamerow, 

1989). For example, in a large European sample, insomnia was present before the onset of 

anxiety disorders in 18% of those with first-episode anxiety disorders and 23.2% of those 

with recurrent anxiety. Additionally, elevated odds ratios for incident anxiety disorders have 

been reported among those with pre-existing insomnia with magnitudes of 1.97 (Breslau et 

al., 1996), 2.3 (Jansson-Frojmark and Lindblom, 2008), 2.6 (Ford and Kamerow, 1989), and 

3.4 (Neckelmann et al., 2007). Importantly, the diagnosis of PI (APA, 2000) rules out sleep 

difficulties secondary to another Axis 1 disorder, hence, those with PI may represent the 

subset of individuals for whom preexisting insomnia could predispose them to an incident 

anxiety disorder. GAD is the anxiety disorder most commonly diagnosed comorbidly with 

insomnia disorder (Ohayon et al., 1998), and more than half of patients with GAD report 
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insomnia as a core symptom of the syndrome (Belanger et al., 2004). Given these multiple 

clinical associations, and the formulation of PI as a neuropsychiatric syndrome, we 

hypothesize that abnormalities in connectivity seen in GAD relative to healthy controls may 

also be present in those with PI, for whom these abnormalities may constitute a risk for later 

development of comorbid GAD.

By examining low frequency oscillations (0.008 – 0.1 Hz) of the blood oxygen dependent 

(BOLD) fMRI signal during resting wakefulness, investigators have described at least seven 

widely distributed and highly stable brain networks (Fox and Raichle, 2007; Fox et al., 2005; 

Fox et al., 2009; Raichle, 2011). These include the default mode network (DMN: anterior 

and posterior midline and inferior parietal cortices, hippocampal formation), the salience 

network (SN: amygdala, dorsal anterior cingulate and insular cortices), a central executive 

network (CEN: dorsolateral prefrontal and parietal cortices), a dorsal attention network 

(frontal and parietal networks) and, three networks corresponding to processing in the major 

sensory modalities (Peterson et al., 2014; Raichle, 2011; Seeley et al., 2007; Yeo et al., 

2011).

Resting state functional connectivity (rsFC) has increasingly been used to characterize and 

compare brain networks in psychiatric disorders including anxiety disorders [for a recent 

review see (Peterson et al., 2014)]. In GAD, rsFC studies suggest abnormal amygdala 

engagement with brain networks that normally regulate anxiety (Etkin et al., 2009; Oathes et 

al., 2015). For example, in healthy controls, clearly differentiated resting-state connectivity 

was seen between an amygdala input structure, the basolateral nucleus (BLA) that is 

connected with widespread areas of the cortex, and an amygdala output structure, the 

centromedial nucleus (CMA) that is connected with subcortical regions including thalamus, 

brainstem, and cerebellum (Etkin et al., 2009). In individuals with GAD, however, this 

functional segregation of connectivity between BLA and CMA was reduced and less well 

organized (Etkin et al., 2009). In particular, amygdala connectivity was reduced within areas 

of the SN. In contrast, amygdala connectivity was increased within areas of the CEN, the 

latter being interpreted as compensatory, top-down efforts to self-regulate anxiety (Etkin et 

al., 2009). In contrast, other rsFC studies linked GAD with reduced connectivity between the 

amygdala and regulatory frontal regions such as the dorsolateral prefrontal cortex and 

suggest reduced top-down control of negative emotion (Liu et al., 2015).

Although Insomnia Disorder has been, to date, understudied using rsFC, a number of recent 

reports show both hypo and hyper-connectivity in PI compared to controls. In one such 

study, a seed region in the left amygdala showed reduced functional connectivity with areas 

in the left insula, bilateral striatum and thalamus in PI compared with healthy controls 

(Huang et al., 2012). Although these investigators interpreted such decreased connectivity of 

the amygdala as evidence for impaired emotional processing in PI, their use of a cluster-

based analyses with high rates of false positive results (Eklund et al., 2016) calls into 

question these findings. A more recent study that - that followed the more stringent 

recommendations for controlling false positives suggested by Eklund et al. (including a 

cluster-defining threshold of p < 0.001) showed hyper-connectivity in PI between the insula 

and rACC suggesting increased connectivity within the SN (Wang et al., 2017), a finding 

consonant with hypothesized hyperarousal underlying PI (Bonnet and Arand, 2010; 
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Riemann et al., 2010). A number of recent studies have used also novel rsFC measures to 

compare PI to controls.

For example, Zhou et al. (2016) used brain entropy (a measure of temporal randomness) to 

identify regions differing between individuals with PI and healthy controls followed by rsFC 

to test connectivity among these regions. Findings primarily showed greater brain entropy 

and reduced rsFC in PI within important brain structures (e.g., hippocampus) and networks 

(e.g., DMN), and these rsFC differences correlated with scores on the Pittsburgh Sleep 

Quality Index (PSQI, Buysse et al., 1989b). Other such rsFC measures used to compare PI 

and controls include amplitude of low frequency fluctuations (ALFF) and regional 

homogeneity (ReHo), and investigators using these approaches have suggested that 

differences may reflect hyperarousal in PI (Dai et al., 2016; Dai et al., 2014; Li et al., 

2016a). Importantly, these measures have also been shown to correlate with PSQI scores. 

For example, PSQI global scores positively correlated with temporal regions where, in 

males, ALFF in PI exceeded that of good-sleepers (Dai et al. 2016). These investigators 

suggest that greater activation in these temporal areas is associated with hyperarousal. In 

another study, ALFF in an inferior parietal area negatively correlated with PSQI global 

scores (Li et al. 2016a). These investigators suggest lowered ALFF in these regions may 

reflect lowered restorative activity in the DMN resulting from poor sleep. In another study, 

among PI, ReHo showed a negative relationship with PSQI in frontal areas, a finding 

investigators associated with deficits in emotion regulation (Dai et al. 2014). In 

investigations of DMN connectivity in PI, one study reported reduced rsFC between key 

components of the DMN compared with controls (Nie et al., 2015). Another group found no 

differences in DMN rsFC between PI and good sleepers but found that greater DMN rsFC 

during wakefulness predicted poorer sleep quality, a finding they suggested may reflect the 

association of ruminative mentation with both DMN activity and with insomnia (Regen et 

al., 2016). An additional seed-based rsFC study reported altered functional connectivity 

between the superior parietal lobe and frontal areas in PI compared to controls (Li et al., 

2014).

In the current study, we test the hypothesis that rsFC of fear circuitry will reveal shared 

pathophysiological mechanisms between PI and GAD, with potential value as a biomarker 

or therapeutic target. Functioning of fear circuitry, and related fear-extinction networks are 

important determinants of individual differences in emotion regulation and risk for anxiety 

disorders (Milad and Quirk, 2012; Shin and Liberzon, 2010). Hence rsFC of these regions 

might be expected to differ between groups with differing degrees of persistent anxiety 

(Etkin et al., 2009; Oathes et al., 2015). If PI is indeed a risk factor for anxiety disorders and 

GAD in particular, we should expect a progression of abnormality with PI occupying an 

intermediate position between GS and GAD. Deficient extinction, in particular, has been 

widely linked to behavioral and physiological features of anxiety disorders (Graham and 

Milad, 2011), and effects of sleep quality on extinction have also been reported (Pace-Schott 

et al., 2015a). Therefore, in the following report, regions of interest (ROI) that have known 

fMRI task-based associations with fear conditioning and extinction (Milad and Quirk, 2012) 

(bilateral amygdala, ventromedial prefrontal cortex and dorsal anterior cingulate cortex) 

were selected to be compared for whole-brain rsFC patterns between GS, PI and GAD.
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2. Methods

2.1. Participants

Resting state fMRI data were obtained from 13 individuals with DSM-IV-R (APA, 2000) 

Primary Insomnia. Comorbid Axis 1 psychiatric disorders were ruled out using the 

Structured Clinical Interview for DSM-IV-TR Axis I Disorders–Non-Patient Edition (SCID 

1/NP) (First et al., 2007). PI and GS participants were screened for other sleep disorders 

using the Pittsburgh Structured Clinical Interview for Sleep Disorders (unpublished 

investigator-administered instrument).

All PI participants scored > 15 on the Insomnia Severity Index (ISI) (Bastien et al., 2001) 

(except one scoring 13) and exceeded the threshold for clinical sleep disturbance (global 

score > 5) on the PSQI. All PI met criteria for DSM-5 Insomnia Disorder (Persistent, no 

comorbidities) (APA, 2013, see Supplementary Methods). For brevity, the diagnosis 

“Primary Insomnia” (PI) is used here, however it is recognized that this is an outdated term 

equivalent to the above DSM-5 specification. Thirteen GS control subjects were age- and 

sex-matched to each PI, showed no Axis 1 psychiatric or sleep disorders, and had ISI ≤ 3 

and PSQI < 4. GS and PI subjects were screened using ambulatory polysomnography (PSG) 

to exclude any clinically significant obstructive sleep apnea (OSA) or periodic limb 

movement disorder (PLMD). Using archival data drawn from a comprehensive study on 

extinction memory across the anxiety disorders, 12 of a total 25 individuals who met SCID 

1/NP criteria for GAD as a primary diagnosis were selected. This selected GAD subset were 

those who: 1) could be age- and sex-matched to a specific PI subject, and 2) were free of 

psychiatric medication (except 1 on a steady dose of fluoxetine for 2 years).

Although GAD subjects had not been specifically screened for sleep complaints, 11 of the 

12 endorsed difficulty initiating or maintaining sleep on the SCID 1/NP. Current and lifetime 

comorbidities existed among GAD subjects. For current comorbidity, 3 met criteria for 

obsessive compulsive disorder (OCD), 2 for specific phobia, 2 for SAD and 1 for dysthymia. 

For lifetime occurrence, 7 met criteria for major depressive disorder, 2 for OCD, 3 for 

substance abuse, 1 for eating disorder and 1 for panic disorder. Therefore, unlike GS and PI 

in whom diagnoses other than insomnia in PI were ruled out, those with GAD displayed 

significant psychopathology. Subjects in all 3 groups were right handed, free of any 

neurological or major medical illness and were not taking psychiatric or sleep medication 

(excepting the 1 GAD above). Sex ratio (identical between groups), and mean, median and 

range of ages are given in the first 4 rows of Table 1.

2.2. Protocol

After clinical and sleep interviews, GS and PI (but not GAD) participants completed 14 days 

of wrist actigraphy and sleep diaries using the Evening-Morning Sleep Questionnaire 

(EMSQ) (Pace-Schott et al., 1994; Pace-Schott et al., 2005). Alcohol and recreational drugs 

were proscribed during these 14 days.

All participants (GS, PI and GAD) were given a urine toxicology screen for illegal 

substances and, if positive, were discontinued in the study. In addition to the above 

proscriptions, caffeine and daytime napping were additionally proscribed on the 2 
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experimental days. Each PI and GS subject underwent a total of 3 nights of ambulatory PSG 

using the Somte-PSG monitor (Compumedics USA, Inc., Charlotte, NC). (See 

Supplementary Methods for montage.) GAD subjects underwent identical scanning 

procedures but no sleep measures were made and no pre-MRI prescriptions or proscriptions 

were requested. All PI and GS participants’ scans all took place between 16:00 and 22:00. 

GAD participants’ scanning sessions took place at variable times of day between 09:00 and 

20:00. It is recognized that sleep may occur during resting-state scans (Tagliazucchi and 

Laufs, 2014) thus all participants were instructed to remain awake with eyes open and 

fixated throughout the resting-state scan. All responded promptly to questions asked 

immediately following this scan indicating wakefulness at this time.

2.3. Resting state functional connectivity (rsFC)

Functional connectivity analysis employed a regional approach based on Biswal et al. 

(Biswal et al., 1995) and extended in Fox et al. (Fox et al., 2005) and Vincent et al. (Vincent 

et al., 2006). Scans took place in a 3-Tesla Siemens Magnetom TrioTim Syngo scanner 

magnet. After an automated scout image was acquired and shimming procedures were 

performed to optimize field homogeneity, high-resolution 3D MEMPRAGE sequences (TR/

TE1,2,3,4/flip angle=2530 ms/1.64,3.5,5,36,7.22 ms/7°) with an in-plane resolution of 1.0 

mm, and 1 mm slice thickness, were collected. Following T1 MEMPRAGE anatomical 

scans, 10-minute resting state scans were performed with subjects’ eyes open and fixated. 

Forty-eight slices per TR were obtained with 2.5 mm slice thickness, 3×3 mm in-plane 

resolution, TR = 2560 ms, TE = 30 ms and flip angle = 90°.

Pre-processing was done with in-house scripts and SPM8 using standard procedures in 

accordance with Van Dijk et al. (2010). The first 4 volumes were dropped and data then 

underwent slice-time correction, realignment, spatial normalization and registration to a 3 

mm isotropic MNI template, 6 mm isotropic FWHM Gaussian smoothing and band-pass 

filtering between 0.01 and 0.08 Hz. The following sources of spurious variance were then 

removed from the data through linear regression: (i) six parameters obtained by rigid body 

correction of head motion plus their first temporal derivative, (ii) the whole-brain signal 

averaged over a fixed region in atlas space, and (iii) the signal from a ventricular region of 

interest and a region centered in the white matter. In this manner, variance unlikely to be 

involved in spatially specific regional correlations was removed from the data.

Global signal regression (GSR) is a controversial data processing step (Anderson et al., 

2011; Fox et al., 2009; Murphy et al., 2009) that warrants careful consideration by 

investigators. Primary criticisms of GSR are that it: 1) negatively biases correlations by 

mandating an approximately zero-meaned distribution of correlation constants, and 2) can 

alter the interregional correlations within groups and thereby complicate group comparisons 

(Saad et al., 2012).

Recent studies have largely addressed these issues empirically by demonstrating that GSR: 

1) helps improve the correspondence in anti-correlated networks between rs-fMRI and 

intracranial electrocorticographic recordings in the same subjects (Keller et al., 2013), and 2) 

is a powerful tool for removing motion artifact which accounts for a significant portion of 

the globally shared variance (Power et al., 2014). Additionally, Power et al. (2014) 
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demonstrated that, in contrast to criticism (Saad et al., 2012), application of GSR actually 

decreases observed group differences. More recently, GSR has been shown to be especially 

effective at removing correlations of connectivity with subject motion (Ciric et al., 2017). 

Given these considerations, we feel GSR is an appropriate processing technique in this 

study.

Following pre-processing, maps of functional connectivity were obtained by plotting the 

correlation strength between the mean time course of a seed region to that of each voxel. 

Key nodes in fear and extinction networks were selected as seed regions and included left 

and right amygdala, ventromedial prefrontal cortex (vmPFC) and dorsal anterior cingulate 

cortex (dACC) (Graham and Milad, 2011; Milad and Quirk, 2012). Amygdala seeds were 

defined for the left (−24, −4, −18) and right (26, 0, −22) amygdala as 6 mm spheres centered 

on the peak voxels in the Harvard-Oxford subcortical atlas (Jenkinson et al., 2012). Cortical 

seed regions were defined from a meta-analysis of 298 fear-related studies included in the 

NeuroSynth database (www.neurosynth.org) (Yarkoni et al., 2011) by creating 6 mm spheres 

around identified peak voxels in 2 vmPFC ROIs at 6, 40, −20 and 0, 16, −18 (the latter 

corresponding to the subgenual ACC). Seed regions were similarly created for 2 ROIs 

identified in the dACC at 0, 24, 22 and 0, 14, 28. Whole-brain seed-based functional 

connectivity analyses were performed at the individual subject level. Group level whole-

brain analyses were conducted with a 3×1 between-subjects ANOVA model investigating the 

differences in fear network functional connectivity between GS, PI and GAD subjects.

Corrections for multiple comparisons were conducted using the cluster-extent based 

thresholding approach in AFNI’s 3dClustSim. It has been recently demonstrated (Eklund et 

al., 2016) that some cluster-extent based thresholding approaches, including 3dClustSim, 

can lead to inflated false positive rates. In response to this finding, an updated version of 

3dClustSim (from AFNI Version 16.2.09, August 6th, 2016), incorporating a new mixed 

autocorrelation function model proposed in Cox et al. (Cox et al., 2016), was used for 

calculating family wise error (FWE) rates. Further, as cluster defining thresholds (CDTs) of 

p = .01 were also shown to produce inflated rates of false positives (Eklund et al., 2016), the 

CDT for these analyses was set to p =.005. Anatomical localization of peak voxels was 

estimated using the Yale BioImage Suite (http://bioimagesuite.yale.edu) MNI to Talairach 

Coordinate Converter with Brodmann Areas (http://sprout022.sprout.yale.edu/mni2tal/

mni2tal.html).

To examine the clinical and behavioral relevance of group differences in connectivity, z-

scores were extracted from each voxel in significant clusters and averaged to get a mean 

cluster connectivity score for each subject. The relationship of mean cluster z-scores with 

the measures of sleep, anxiety and neuroticism described below were then examined using 

simple regression.

2.4. Sleep questionnaires (GS and PI only)

The Insomnia Severity Index (ISI) (Bastien et al., 2001) and PSQI are the standard 

instruments used to quantify insomnia and retrospective assessment of sleep quality 

respectively. The Evening-Morning Sleep Questionnaire (EMSQ) provides measures of 

Pace-Schott et al. Page 7

Psychiatry Res. Author manuscript; available in PMC 2018 July 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.neurosynth.org
http://bioimagesuite.yale.edu
http://sprout022.sprout.yale.edu/mni2tal/mni2tal.html
http://sprout022.sprout.yale.edu/mni2tal/mni2tal.html


subjective total sleep time (TST), sleep onset latency (SOL) and sleep efficiency (SE). See 

Supplementary Methods for details on ISI, PSQI and EMSQ.

2.5. Measures of state anxiety and trait neuroticism

All participants completed the Spielberger State-Trait Anxiety Inventory (STAI) State 

version (Spielberger et al., 1990)--a validated measure of state anxiety--30–60 min before 

beginning their resting-state scan. GS and PI participants completed the Revised NEO 

Personality Inventory (NEO-PI-R) (Costa and McCrae, 1992) while GAD participants 

completed the NEO Five-Factor Inventory (NEO-FFI) (Costa and McCrae, 1992). Scores for 

the Neuroticism domain of both the NEO-PI-R and the NEO-FFI were converted to z-scores 

using population means (combined men and women) for the respective tests (Costa and 

McCrae, 1992) and were then converted to T-scores based on population norms to equate 

NEO-PI-R and NEO-FFI scores.

2.6. Actigraphy

GS and PI participants wore the Actiwatch-2 (Philips Respironics, Bend, OR) continuously 

for at least 14 days (mean 15.4, range 9–21) and 4 participants (3 GS, 1 PI) were not 

analyzed due to device malfunction (Supplementary Methods). Participants pressed an 

event-marker button when beginning to attempt sleep and when waking for the day and time 

stamps defined time-in-bed. Movement data was collected in 1-min epochs and analyzed 

using the default algorithm of Actiware 5.61 software. Within time-in-bed, the default 

algorithm scored sleep onset at the beginning of the first continuous 10 immobile minutes 

and thereafter via algorithm (Supplementary Methods). Sleep Efficiency was computed as 

total sleep epochs in minutes divided by total time between event marks×100.

3. Results

3.1. Group differences in whole-brain functional connectivity with ROI seeds

Among the 6 seeds, only the left amygdala showed a significant group (GS vs. PI vs. GAD) 

main effect for connectivity in 1-way ANOVA. Using a CDT of p=0.005, only a single 

above-threshold cluster of 76 voxels appeared for connectivity between the left amygdala 

and a bilateral rACC region (peak voxel 9, 44, 14; F=14.52, z=4.05, FWE=0.02; Figure 1). 

The Yale BioImage Suite locates coordinates of this peak voxel in Brodmann Area (BA) 32 

in the left hemisphere and at the boundary of areas 32 and 10 in the right hemisphere, 

though the cluster extended into BA 32.

This finding was also significant in the GS > GAD contrast and consisted of a 143-voxel 

cluster with the same peak voxel (9, 44, 14) that was significant at a CDT of p=0.005 

(T=5.39, z=4.57) at a FWE of p=0.01 (Figure 2A). The GS > GAD comparison remained 

significant even at a CDT of p=0.001 and a FWE of p=0.03, appearing as bilateral clusters 

with left and right peak voxels of −9, 44, 14 (28 voxels) and 9, 44, 14 (36 voxels) 

respectively. According to our stringent CDT, the GS > PI contrast was trending toward 

significance with a CDT slightly above 0.005 (74 voxels; CDT p=0.007; T=4.00, z= 3.61; 

FWE p=0.05; Figure 2B), a finding significant by traditional standards.
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3.2. Correlations of extracted connectivity with measures of sleep quality in GS and PI

GS participants showed significantly better retrospective and diary-based sleep quality than 

PI (Table 1). Across GS and PI subjects, mean z-values extracted from the cluster 

corresponding to the above ANOVA group main effect for left amygdala to rACC 

connectivity correlated significantly with retrospective and longitudinally measured sleep 

quality. Connectivity varied negatively with ISI (R= −0.52, p=0.008) and global PSQI (R= 

−0.50, p=0.011) (i.e., lower connectivity z-scores were associated with worse sleep quality 

measures). Connectivity varied positively with increasing diary-reported mean SE (R=0.41, 

p=0.039, Figure 3A) but not with actiwatch-measured SE. Therefore, lower connectivity z-

scores were associated with lower subjective, but not objective estimates of sleep time as a 

percentage of total time in bed. In addition, connectivity varied negatively with both diary-

reported (R= −0.40, p=0.044, Figure 3A) and actigraph-measured mean SOL (R= −0.35, 

p=0.079, Figure 3C). Therefore, lower connectivity z-scores were associated with 

subjectively and objectively delayed sleep initiation. These correlations were driven by 

group differences and, within groups, z-scores did not significantly correlate with diary- or 

actigraph-reported measures (see Supplementary Results). However, correlation coefficients 

of diary sleep parameters with z-scores in GS were in the expected direction with a trend for 

PSQI (R= −0.50, p=0.08).

3.3. Correlations of extracted connectivity with neuroticism and state anxiety in all 3 
groups

Absolute mean T-values of neuroticism were least in GS, intermediate in PI and maximal in 

GAD (Table 1). Bonferroni-corrected post-hoc comparisons showed significantly higher 

neuroticism in GAD compared to both GS and PI (p≤ 0.0001) but a trend between GS and PI 

(p=0.073). For individual subjects across all 3 groups, mean z-values in the cluster 

corresponding to the above ANOVA group main effect decreased with increasing 

neuroticism (R= −0.44, p=0.005, Figure 4A).

State anxiety prior to the resting state scan was greatest in GAD but equal in GS and PI 

(Table 1). Across all 3 groups, mean connectivity between the left amygdala and rACC was 

lower with increasing state anxiety (R= −0.35, p=0.038).

4. Discussion

In good sleepers compared to both persons with PI and those with GAD, greater rsFC was 

seen between the left amygdala and a bilateral region of the rACC that extended anteriorly 

beyond the cingulate sulcus into caudal medial prefrontal areas. Among an additional 5 seed 

regions comprising other known portions of fear and extinction circuitry, the main effect of 

group (i.e., GS vs. PI vs. GAD) did not reach significance.

The current finding suggests one potential mechanism by which pre-existing insomnia may 

increase vulnerability to an incident anxiety disorder. The rACC is part of a prefrontal 

network responsible for top-down control of amygdala activity (Dodhia et al., 2014; 

Pizzagalli, 2011). Thus, both PI and GAD share diminished connectivity in this emotional 

regulatory circuit relative to GS and, in those individuals for whom development of PI 
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precedes development of GAD, this deficit could increase their tendency to generalize 

anxiety beyond concerns specifically dealing with sleep (Pace-Schott et al., 2015b). Indeed, 

persons with insomnia show greater levels of neuroticism by a variety of measures (van de 

Laar et al., 2010) and, in the current study, post-hoc comparisons showed elevated 

neuroticism in PI compared to GS.

It is noteworthy that a number of rsFC studies utilizing indices such as brain entropy, ALFF 

and ReHo have suggested reduced organization of interregional connectivity in PI compared 

to controls as well as further evidence of hyperarousal in PI (Dai et al., 2016; Dai et al., 

2014; Li et al., 2016a; Zhou et al., 2016). Thus, in insomnia, top-down emotion-regulatory 

structures such as the rACC may have reduced influence on subcortical emotion-generative 

structures, such as the amygdala, due to abnormalities in intrinsic properties of neuronal 

activity. Abnormality may also extend to the brain’s structural connectivity. Notably, in 

GAD, a diffusion-tensor imaging (DTI) study suggested reduced white matter integrity 

(fractional anisotropy; FA) in the uncinate fasciculus, a major fronto-limbic tract connecting 

the prefrontal cortex with the amygdala (Tromp et al., 2012). These investigators suggest 

that such reduced structural connectivity may represent a basis for reduced top-down control 

of negative emotions in GAD. Similarly, in PI, reduced FA has been reported in multiple 

white matter tracts, and reduced FA correlated with both PSQI and duration of PI (Li et al., 

2016b). Hence GAD and PI may share disruption of axonal connectivity resulting in 

diminished top-down emotional regulation.

A yet more specific, albeit highly speculative, pathophysiological mechanism is suggested 

by two additional studies. First, a recent rsFC study showed hyper-connectivity, in PI, 

between the left insula and a region of the right rACC (9, 45, 21) (Wang et al., 2017) that is 

in close proximity to the region identified as hypo-connected to the left amygdala in the 

current study (9, 44, 14). Second, a structural MRI study revealed hypertrophy of the rACC 

in PI compared to controls, which correlated with the extent of sleep disturbance and which 

these investigators interpreted as a compensatory response to prolonged sleep disturbance 

(Winkelman et al., 2013). Thus excessive self monitoring in PI, associated with attempts to 

initiate sleep in a hyperaroused state, may lead to excessive interoceptive information 

impinging on the rACC from the insula leading to dysfunction of the rACC, with impaired 

rACC ability to regulate amygdala activity and increased vulnerability to anxious symptoms.

Left amygdala to rACC mean z-scores, across subjects, diminished with poorer sleep, 

greater neuroticism and greater pre-scanning state anxiety. Such correlation of connectivity 

scores with multiple domains of functioning suggests a dimensional clinical significance to 

these resting state findings, beyond syndromal classifications. Although the sleep quality of 

GAD subjects was not assessed, its reduction relative to GS can be assumed from their 

statements on the SCID as well as from the well-replicated relationship between measures of 

anxiety and neuroticism (on which GAD scored maximally) and those of subjective sleep 

quality (e.g., Pace-Schott et al., 2015c).

The finding of group differences in connectivity to the left but not right amygdala is of 

interest. There is some evidence of greater discrimination of fear stimuli in the left versus 

right amygdala (Hardee et al., 2008). Moreover, left lateralization of amygdala activation 
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with emotional memory in females contrasts with right lateralization in men (Cahill et al., 

2004) and, in this sample, 89% of subjects were women.

The current study reports preliminary findings that reflect a number of limitations, and 

subsequent, planned research will address each of the following. First, the small sample size 

and predominance of female participants limits generalizability of findings. Second, as a 

cross-sectional study, one can only speculate that PI may precede and promote incident 

GAD. Third, the lack of sleep data from the GAD sample precludes consideration of sleep 

impairment (or exclusion of OSA or PLMD) in this group although, as noted, the SCID 

1/NP suggested that at least subjective sleep difficulties were indeed present. Fourth, the lack 

of sleep-hygiene prior to scanning in the GAD sample might have influenced functional 

connectivity if some GAD were sleep deprived or had recently drunk caffeine (e.g., Khalsa 

et al., 2016; Rack-Gomer and Liu, 2012). However such behaviors would not necessarily 

have systematically altered group findings for GAD. (Urine toxicology screens were 

obtained for all participants.) Fifth, the differing time of day for scanning GAD compared 

with the other subjects had the potential to introduce circadian effects (e.g., Pace-Schott et 

al., 2013). Sixth, obtaining cortical ROI coordinates from a Neurosynth meta-analysis is less 

desirable than deriving such regions from task-based analyses (e.g., of fear conditioning and 

extinction) within the current sample itself. However, sufficient numbers of subjects within 

each condition of this counterbalanced protocol (Milad et al., 2007) were not yet available to 

conduct task-based analyses. Seventh, the recommended stringent CDT of p=.001 (Eklund et 

al., 2016) was not achieved for all comparisons. Nonetheless, this level was achieved for the 

GS > GAD post-hoc analysis which represented the major influence on the 3-group ANOVA 

finding. Eighth, the correlations of sleep and anxiety measures with mean z-values resulted, 

to a large extent, from these measures’ shared relationship with diagnosis (Table 1). 

Nonetheless, the amygdala-to-rACC connectivity finding reflected the ANOVA main effect 

of differences among all 3 groups, whereas variation of mean connectivity with sleep quality 

was seen among the combined GS and PI without GAD, despite the fact that majority of the 

ANOVA main effect occurred between GS and GAD (Figure 2). In addition, within GS 

alone, there were indications of relationships between connectivity and subjective sleep 

quality. Thus differences between diagnostic groups, although driving statistical 

significance, were unlikely to have been the sole cause of correlation between connectivity 

and sleep quality.

In conclusion, findings suggest that resting-state connectivity in GS exceeded both PI and 

GAD within an emotion regulatory circuit and thus supports the concept of insomnia as a 

neuropsychiatric condition with affective as well as sleep abnormalities (e.g., Baglioni et al., 

2010b). As detailed in the Introduction, although sleep disturbances more often follow or co-

occur with associated anxiety disorders, when preexisting primary insomnia occurs, it 

elevates risk of incident anxiety disorders. The current findings provide preliminary support 

for the hypothesis that, in this latter case, alteration of emotion regulatory pathways 

associated with poor sleep may contribute to the observed elevated risk. Additionally, 

findings support the importance of adequately treating primary insomnia for patients’ long-

term mental health.
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Highlights

• Resting-state fMRI compared controls, insomniacs and Generalized Anxiety 

groups

• Whole-brain connectivity of 6 fear-related seed regions compared between 

groups

• Using ANOVA & cluster-size thresholds, only L amygdala-rostral ACC 

differentiated

• Amygdala-rACC connectivity significantly greater in controls vs. insomniacs 

and GAD

• Connectivity in insomniacs intermediate between controls and GAD
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Fig 1. 
Using 1-way, 3-level ANOVA, a 76-voxel region in the rostral ACC (rACC) showed 

significant differences among the 3 groups for whole-brain connectivity with the left 

amygdala seed. A. rACC region of ANOVA main effect with peak voxel at 9, 44,14 and a 

CDT of p=0.005; B. L amygdala seed; C. extracted mean z values for the rACC cluster 

connectivity with the L amygdala seed.
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Fig 2. 
Pair-wise, post-hoc group comparisons using t-tests computed by SPM8 within the ANOVA 

comparing all three groups and displayed at the level of the peak voxel in the ANOVA main 

effect (9, 44, 14). A. GS > GAD, CDT p=0.005, cluster size 143, peak voxel −9, 44, 14; B. 

GS > PI, CDT p=0.007, cluster size 74, peak voxel −6, 47, 17.
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Fig 3. 
Simple regression, across GS and PI subjects, of sleep parameters against the extracted mean 

z-value of the ANOVA main effect. A. Diary-based sleep efficiency, B. Diary-based sleep 

latency, C. Actigraphy-based sleep latency.
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Fig 4. 
Simple regression, across all subjects, of trait and state measures of anxiety against the 

extracted mean z-value from the ANOVA main effect. A. T-scores for Neuroticism measured 

using the NEO-PI-R or the NEO-FFI. B. Spielberger State-Trait Inventory-State-portion 

score reported 30–60 min before beginning resting-state scan.
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Table 1

Means and standard deviations of demographic, sleep measurements (GS and PI only), indices of trait (NEO 

neuroticism) and pre-scan state (STAI-S) anxiety, as well as quality control measures for resting state scans.

GS PI GAD ANOVA, t test

Total 13 13 12

Number males 2 2 2

Mean age (yr) 35 (15.0) 35.2 (15.7) 30.2 (10.3) n.s., p= 0.60

Median age (yr) 29 27 26

Age range (yr) 21–60 20–63 20–51

ISI 0.77 (1.67) 18.83 (3.79)a p ≤ 0.0001

PSQI 1.69 (0.95) 10.68 (3.09)a p ≤ 0.0001

ESS 3.54 (2.57) 8.69 (6.18) p= 0.01

MEQ 52.77 (8.67) 48.08 (9.58) n.s., p= 0.20

Diary TST (min) 454.12 (46.26) 399.46 (80.83) p ≤ 0.0001

Diary SE (%) 95.36 (2.48) 82.66 (8.45) p= 0.045

Diary SOL (min) 11.78 (7.03) 44.51 (25.53) p= 0.0002

midpoint (min) 209.84 (61.93) 239.08 (55.73) n.s. p= 0.22

Actiwatch TST 391.12 (60.77)b 408.64 (42.00)a n.s. p= 0.45

Actiwatch SE 87.55 (5.50)b 81.48 (4.44)a p= 0.005

Actiwatch SOL 10.78 (6.12)b 31.04 (19.33)a p= 0.01

midpoint 185.14 (47.98)b 238.69 (58.73)b p= 0.03

PSG TST 389.25 (69.44) 326.18 (147.89) n.s., p= 0.64

PSG WASO 42.31 (30.92) 34.75 (43.90) n.s. p= 0.86

PSG % N1 9.09 (4.48) 7.96 (3.94) n.s., p= 0.89

PSG % N2 57.28 (8.15) 46.81 (19.20) n.s., p= 0.23

PSG % N3 15.93 (9.28) 17.58 (10.98) n.s., p= 0.29

PSG %REM 17.68 (8.33) 15.36 (8.14) n.s., p= 0.93

STAI-S 26.62 (6.43) 26.54 (7.14) 41.70*b p ≤ 0.0001

NEO-N, T score 47.01 (8.59) 52.92 (7.97)† 68.25 (7.56)* p ≤ 0.0001

Mn. movement 0.08 (0.05) 0.08 (0.04) 0.08 (0.04) n.s., p= 0.94

Tot. movement 0.92 (0.42) 1.19 (0.60) 1.31 (1.09) n.s., p= 0.43

Tot. rotation 0.16 (0.01) 0.02 (0.01) 0.02 (0.02) n.s., p= 0.46

ISI – Insomnia Severity Index; PSQI – Pittsburgh Sleep Quality Index; ESS – Epworth Sleepiness Scale; MEQ – Morningness-Eveningness 
Questionnaire; TST – mean total sleep time; SE – mean sleep efficiency; SOL – mean sleep onset latency; midpoint – mean minutes past midnight; 
PSG – polysomnography, average of two nights; WASO – mean wake time after sleep onset; N1-N3 – non-rapid eye movement sleep stages 1–3; 
REM – raid eye movement sleep; STAI-S - Spielberger State-Trait Anxiety Inventory, Connectivity in Insomnia and Generalized Anxiety State 
Version; NEO-N - T score based on population means for NEO Personality Inventory, Revised (GS and PI) or NEO Five-Factor Inventory (GAD); 
Mn. – mean; Tot. – Total;

†
PI differs from GS, p< 0.10;

*
GAD significantly greater than GS and PI, p= 0.0001;

a
N=12,
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b
N=10
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