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ARTICLE INFO ABSTRACT

Keywords: Deficient extinction learning and memory are hypothesized mechanisms for pathological anxiety that are
Anxiety associated with sleep disturbance. fMRI neural activations to threat conditioning, extinction learning, and
Insomnia—-comorbid extinction recall were measured. Activations were compared, in persons with Generalized Anxiety Disorder
Functional brain imaging (GAD), between those with moderate to severe Insomnia Disorder (ID) and those with absent or sub-threshold ID.
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Relationships of activations with measures of sleep quality and physiology were examined. Between-group
comparisons and whole-sample correlation with sleep parameters were examined in relation to large-scale
brain networks using a liberal cluster-determining threshold. Localized activations were then identified using
family-wise error correction. Activations to the reinforced stimulus (CS+) that increased from the beginning to

Abbreviations: AASM, American Acad. Sleep Med; ACC, anterior cingulate cortex; AG, angular gyrus; AIC, anterior insular cortex; BOLD, blood-oxygen-level-
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reinforced, not extinguished CS; dACC, dorsal anterior cingulate cortex; dAI, dorsal anterior insula; DAN, dorsal attention network; DLPFC, dorsolateral prefrontal
cortex; DMN, default mode network; DMPFC, dorsomedial prefrontal cortex; DSM, APA Diag.Statistical Manual; ECG, electrocardiogram; EEG, electroencephalo-
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frontoparietal control network; FWE, family-wise error; GAD, Generalized Anxiety Disorder; GAD+ID, GAD with moderate to severe ID; GAD-ID, GAD without or
with mild ID; HC, healthy controls; HRV, heart-rate variability; ID, Insomnia Disorder; IFC, inferior lateral frontal cortex; IPC, inferior parietal cortex; ISI, insomnia
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end (“across”) threat conditioning were more extensive within the GAD+ID group. Increased activations to the
CS+ across extinction learning were greater within the GAD-ID than the GAD+ID group, and delayed 24 h in the

latter. Greater sleep efficiency was associated with decreased activations across threat conditioning, but with
increased activations across extinction learning. Better sleep quality promoted greater engagement of neural
substrates of extinction learning. The GAD-+ID group failed to engage brain areas supporting extinction learning
immediately following threat conditioning, but did so when stimuli were again presented following a delay.

1. Introduction

Pathological anxiety constitutes a major public health concern in the
US, affecting approximately 18% of adults (Kessler et al., 2005, 2010).
Among such disorders, generalized anxiety disorder (GAD) is the most
common and is a risk factor for psychiatric comorbidities, especially
depression and substance abuse (Stein and Sareen, 2015).
Anxiety-related disorders and insomnia show immense comorbidity
with up to 30% of those with insomnia also having anxiety disorders,
and with GAD being the most frequent comorbidity (Glidewell et al.,
2015; Ohayon and Roth, 2003). Whereas, it is well documented that
sleep disturbance is ubiquitous in persons with existing depressive and
anxiety-related disorders (Alvaro et al., 2013; APA, 2013b; Johnson
et al., 2006; Krystal et al., 2017; Mellman, 2008; Ohayon and Roth,
2003; Riemann, 2007), there is now abundant evidence that insomnia
disorder (ID) also increases the odds of incident depressive and anxiety
disorders (Baglioni et al., 2011a, 2016; Baglioni and Riemann, 2012;
Baglioni et al., 2011b; Breslau et al., 1996; Ford and Cooper-Patrick,
2001; Ford and Kamerow, 1989; Hertenstein et al., 2018; Jansson--
Frojmark and Lindblom, 2008; Neckelmann et al., 2007). For example, a
recent meta-analysis showed that individuals with preexisting ID are
3.2X more likely to develop an anxiety disorder and 2.8X more likely to
develop major depression (Hertenstein et al., 2018). We have suggested
that preexisting sleep disturbance can disrupt emotion regulatory cir-
cuits and that mutually reinforcing sleep disruption and
emotion-regulatory impairment can increase the probability that path-
ological anxiety will arise (Pace-Schott et al., 2015, 2023, 2017).

1.1. Sleep symptoms of GAD

GAD is the anxiety disorder most commonly comorbid with ID
(Breslau et al., 1996; Monti and Monti, 2000; Ohayon et al., 1998;
Tsypes et al., 2013). More than half of patients with GAD report
insomnia symptoms (Belanger et al., 2004), and difficulty initiating
and/or maintaining sleep is a DSM-5 diagnostic criterion for GAD (APA,
2013a). Monti and Monti (2000) reviewed polysomnographic (PSG)
studies comparing GAD and healthy controls (HC) and reported, in GAD,
longer sleep onset latency (SOL) and/or more wake time after sleep
onset (WASO), reduced total sleep time (TST) and/or sleep efficiency
(SE), as well as increased Stage 1 NREM and/or reduced slow wave
(SWS) and rapid eye movement (REM) sleep. Similarly, a systematic
review by (Cox and Olatunji, 2016) reported that, compared to healthy
controls, different studies have shown that individuals with GAD display
decreased TST, increased SOL and WASO as well as various differences
in sleep stage percentages suggestive of abnormal sleep architecture.

1.2. ID and the etiology of GAD, potential role of deficient threat-
extinction

GAD is a multidimensional syndrome in which sleep disturbance is
only one of several cardinal symptoms. However, poor sleep may be of
particular importance to the etiology and perpetuation of GAD and other
anxiety-related disorders. As noted above, preexisting insomnia symp-
toms have repeatedly been shown to be a risk factor for the onset of
anxiety and mood disorders. A putative mechanism by which sleep
fosters incident anxiety is by interfering with the acquisition and sleep-
dependent consolidation of fear-extinction memory, viz. the ability to

learn and remember that something once feared need no longer be
feared (Pace-Schott et al. 2015, 2023; Bottary et al. 2023). Sleep loss or
disturbance has been shown to be associated with impairment of
extinction learning, extinction memory and safety learning (reviewed in
Bottary et al. 2023). Moreover, studies using the current fear condi-
tioning and extinction protocol have shown that compromised sleep is
associated with delayed activation of brain regions associated with
extinction learning in healthy (Seo et al. 2020), ID (Seo et al. 2018), and
trauma-exposed (Seo et al. 2022) individuals (reviewed in Pace-Schott
et al. 2023).

1.3. Functional differences between GAD and healthy controls

Both white matter and grey matter structural differences between
individuals with GAD and healthy controls (HC) have been reported (Ma
etal., 2019; Ou et al., 2024; Yang et al., 2020). Similarly, differences in
resting state functional connectivity (rsFC) between GAD and HC have
shown specific alterations of limbic circuitry involved in the modulation
of anxiety and fear (Li et al., 2020; Ma et al., 2019; Oathes et al., 2015;
Peterson et al., 2014; Qiao et al., 2017), alterations recently also seen
using high-density EEG (Wang et al., 2025). For example, prefrontal
cortex (PFC) rsFC was reduced to areas of the salience network (SN),
including the anterior insula (AIC) and dorsal anterior cingulate (dACC)
(Etkin et al., 2009). Other studies link GAD with reduced rsFC between
the amygdala and frontal regions such as the dorsolateral PFC (DLPFC),
suggesting reduced top-down control of negative emotion (Liu et al.,
2015; Roy et al., 2013; Wang et al., 2021). Differences between GAD and
HC have also been observed in regions associated with the default and
salience networks (Li et al., 2023b; Wang et al., 2016; Xiong et al.,
2020).

In contrast, in functional imaging studies using task-based emotional
learning and reactivity protocols, individuals with GAD versus HC have
shown diverse and often inconsistent results even among those studies
using similar protocols (Fonzo and Etkin, 2017; Hilbert et al., 2014).
Fonzo and Etkin (2017) suggest that this variability is due to the
domain-variable nature of each individual’s unique, private inner
thoughts that generate anxiety in this disorder. Nonetheless, some
general findings have emerged. A recent review found that PFC hypo-
activation with abnormal PFC-amygdala connectivity was the most
typical finding in task-based fMRI studies of GAD (Mochcovitch et al.,
2014). A more recent meta-analysis (Kolesar et al., 2019) also identified
functional differences between GAD and HC in DLPFC, anterior cingu-
late cortex (ACC), amygdala, and hippocampus suggesting disturbance
of emotion processing in GAD. Kolesar et al. (2019) suggest that seeking
task-based differences at the level of large-scale networks identified
using rsFC may be an avenue to characterize differences between GAD
and HC while casting a wide enough net to accommodate a high degree
of inter-individual variation in the neural substrates of GAD symptoms
in responses to task-based paradigms.

1.4. Functional differences between ID and healthy controls

Individuals with Insomnia Disorder (ID) also show rsFC abnormal-
ities relative to HC similar to those reported with GAD. For example, in
an rsFC study comparing ID with HC (Huang et al., 2012), the left
amygdala showed reduced rsFC with the left insula, bilateral striatum,
and thalamus but increased connectivity with premotor (PMC) and
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sensorimotor cortex. The authors suggested that decreased amygdala
connectivity was evidence for impaired emotional processing in ID and
that increased cortical connectivity was compensatory. Another study
showed hyper-connectivity in ID between the insula and rostral ACC
(rACC) suggesting increased connectivity within the salience network
(SN) (Wang et al., 2017), a finding consistent with the hypothesized
hyperarousal underlying ID (Bonnet and Arand, 2010; Kay and Buysse,
2017; Riemann et al., 2010). In healthy individuals, sleep deprivation
has also been associated with decreased amygdala-PFC functional con-
nectivity both in rsFC paradigms (Lei et al., 2015; Motomura et al., 2017;
Shao et al., 2014) and in response to emotional images (Motomura et al.,
2013; Yoo et al., 2007). A comparison of individuals with GAD, ID, and
HC using rsFC with seeds in the fear/salience network (bilateral amyg-
dala, dACC) and the extinction/default network (vmPFC), showed
connectivity between the left amygdala and bilateral rostral ACC (rACC)
in ID that was intermediate between their connectivity in HC and GAD
(Pace-Schott et al., 2017). The rACC is an emotion regulatory region
(Dodhia et al., 2014; Pizzagalli, 2011) thus suggesting that weakened
emotional regulatory circuits may predispose those with ID to develop
GAD.

1.5. Threat conditioning and extinction in GAD

Although numerous emotional-task based neuroimaging studies of
GAD have been published (for review see Fonzo and Etkin, 2017; Hilbert
et al., 2014; Kolesar et al., 2019; Mochcovitch et al., 2014), only two of
these studies included threat conditioning (Cha et al., 2014; Cooper
etal., 2018). Cha et al. (2014) reported that overgeneralization of fear in
GAD versus HC was accompanied by a less accurate correspondence
between activations in the mesocorticolimbic circuit and the degree to
which generalization stimuli resembled the originally reinforced stim-
ulus, suggesting abnormal threat processing in GAD. To the best of our
knowledge, the current study is the first to examine the sleep correlates
of threat conditioning and extinction in GAD.

1.6. Threat conditioning and extinction in ID

Research on the neural bases and sleep correlates of threat condi-
tioning and extinction in ID is limited, with one study showing that,
compared to good sleepers, recruitment of extinction-learning related
structures is delayed in those with ID (Seo et al., 2018), and another
study reporting that REM is associated with poorer extinction memory in
ID but not in HC (Bottary et al., 2020). In addition, a theoretical paper
(Perogamvros et al., 2020), a protocol proposal (Sun et al., 2024) and a
comorbid ID and PTSD treatment study (Hunt et al., 2023) also address
extinction in ID. However, to the best of our knowledge, no studies have
examined the influence of ID on the neural bases of extinction learning
and memory in GAD.

1.7. Hypotheses

In the current study, we used a validated 2-day, 3-phase experi-
mental protocol (Milad et al., 2013, 2007; Seo et al., 2018) to compare
neural activations during threat conditioning, extinction learning and
extinction recall between individuals with GAD and comorbid moderate
to severe insomnia (GAD-+ID) and those without or with sub-threshold
insomnia (GAD-ID). In addition, among both groups combined, we
examined associations of these activations with pre-selected sleep var-
iables derived from PSG, actigraphy, sleep diaries and retrospective
questionnaires. We hypothesized that, across all 3 phases of this
experiment: (1) GAD+ID compared to GAD-ID would exhibit greater
activation of threat-related neural structures (i.e., those of the SN) and
lesser activation of regulatory regions (e.g., those of the fronto-parietal
control network, FPCN). (2) Activations of regulatory regions would
positively correlate with sleep quality (subjective and objective SE),
REM percent and SWS percent, whereas these same sleep variables
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would negatively correlate with activations of SN regions. (3) As sug-
gested by literature on GAD and ID in wakefulness (Dodds et al., 2017;
Wang et al., 2023), lower parasympathetic tone in REM and SWS would
predict greater activation of threat-related SN, and diminished activa-
tion of regulatory regions. We have previously associated para-
sympathetic measures negatively with hyperarousal (Daffre et al.,
2022), and positively with extinction memory (Yuksel et al., 2025) as
well as positively and negatively with neural activations using the cur-
rent protocol (Seo et al., 2022).

1.8. Localized and network neural activations to threat conditioning and
extinction

Based on animal studies and initial human neuroimaging, two
opposed neural networks have been hypothesized to support the
acquisition of conditioned fear and the extinction of such fear (Graham
and Milad, 2011; Milad and Quirk, 2012). The amygdala and dACC
activate during acquisition and expression of conditioned threat
whereas the ventromedial prefrontal cortex (vmPFC) and hippocampus
activate during learning and recall of extinction (Milad et al., 2007).
However, recent meta-analyses have shown that, in humans, much
broader regions of the forebrain and brainstem are recruited in experi-
mental models of both threat conditioning and extinction (Fullana et al.,
2018, 2016; Wen et al., 2024).

In fMRI analyses, the use of highly conservative corrections, such as
nonparametric permutation, to restrict family-wise error (FWE) to p <
0.05 has been strongly advocated following an influential study by
Eklund et al. (2016) showing that the probability of false positives had
been greatly underestimated in prior fMRI studies. However, by thus
maximizing specificity and minimizing Type 1 error, sensitivity and
statistical power are lost and the probability of Type II error is greatly
increased (Noble et al., 2020). Interpretations of neuroimaging findings
have increasingly invoked the large-scale networks initially revealed in
rsFC studies but clearly relevant to task-based analyses (Bressler and
Menon, 2010; Kong et al., 2024; Pessoa and McMenamin, 2017; Uddin,
2023; Uddin et al., 2023, 2019). Moreover, Multivariate Pattern Anal-
ysis (MVPA) has revealed a high degree of overlap and variability in the
activation of such networks in response to specific behavioral tasks
(Pessoa, 2018; Wen et al., 2024; Westlin et al., 2023). Such variability
presents a plausible explanation for the lack of replicability among
specific regional activations to seemingly equivalent behavioral tasks
(Westlin et al., 2023). In a recent review, Westlin et al. (2023) argue that
instead of specific regions or groups of regions consistently becoming
activated by specific neurobehavioral functions, and thus that the
varying results seen in the literature must reflect task differences, a
particular function can elicit multiple distributed and varying activities
depending upon contextual factors many of which cannot be controlled.

1.9. Network and localized neural activations in the current study

Given the alternative, but non-exclusive perspectives described
above (1.6, 1.7), we have pursued a two-tiered approach whereby ac-
tivations to specific fMRI contrasts in a threat-conditioning and extinc-
tion protocol are first reported and interpreted in relation to large-scale
networks (based on (Uddin et al., 2019; Yeo et al., 2011) using a liberal
detection threshold, after which regions surviving stringent FWE
correction are reported to provide additional specificity. These activa-
tions will first be compared between GAD-+ID and GAD-ID. Correlations
of these activations with the sleep variables described above (1.4) will
then be examined in the entire sample. Among networks, we will spe-
cifically focus on the SN, FPCN and default (DMN) networks, which have
shown rsFC differences between GAD and HC as well as correlations
with anxiety symptoms (Li et al., 2023a, 2023b, 2016; Yuan et al.,
2023).
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2. Methods
2.1. Participants

Participants with GAD symptoms were recruited from the greater
Boston general public via social media and electronic bulletin boards.
Interested individuals first completed a telephone screening that
included the Generalized Anxiety Disorder 7-Item (GAD-7) Question-
naire (Spitzer et al., 2006). Those scoring >10 on the GAD-7 who
self-reported GAD symptoms and did not report exclusion criteria were
then scheduled for an interview. The psychiatric interview confirmed
GAD diagnosis and absence of exclusion criteria using the Structured
Clinical Interview for DSM-5, Research Version (SCID-5 RV) (First et al.,
2015). The Pittsburgh Structured Clinical Interview for Sleep Disorders
(SCIDSLD), a widely used (Insana et al., 2013; Stocker et al., 2017) but
unpublished sleep interview, was used to diagnose DSM-5 ID, identify
sleep-related exclusion criteria (vis., an intrinsic sleep disorder other
than ID), and obtain a comprehensive picture of sleep habits. For
detailed exclusion criteria, please see Supplemental Materials. Inclusion
criteria included diagnoses of GAD using the SCID-5 RV and ID using the
SCIDSLD, a score of > 10 on the Generalized Anxiety Disorder 7-Item
(GAD-7) Questionnaire (Spitzer et al., 2006) and a score > 50 on the
Penn State Worry Questionnaire (PSWQ) (Behar et al., 2003). If all
criteria were met, the participant was assigned to one of two groups:
GAD with (GAD+ID) or without (GAD-ID) Insomnia Disorder. Among
the 35 individuals who met GAD criteria, GAD-+ID was defined as those
individuals with an Insomnia Severity Index (ISI) (Bastien et al., 2001) >
13 (N 21, mean 17.8, SD 3.6, range 13-25) and GAD-ID as those with an
ISI score < 12 (N 14, mean 6.4, SD 3.4, range 1-12) (please see Sup-
plemental Material for details). Because most individuals diagnosed
with GAD show some degree of sleep disturbance, finding
GAD-diagnosed good sleepers with as low an ISI score as healthy good
sleepers was very difficult. Thus, a between-group cut-off was selected
based upon a median split of the entire sample (ISI = 13.5) before any
individuals were excluded due to fMRI artifact. Although slightly lower
than the standard minimum ISI for moderate vs. sub-threshold ID (ISI =
15), this minimum was lowered to ISI = 13 for the CS+ID group in order
for the GAD-ID group to be as asymptomatic as possible. The age 40
upper limit was selected to ensure that subjects retained a measurable
amount of SWS, a sleep stage that is closely linked with sleep-dependent
memory consolidation (Diekelmann and Born, 2010; Rasch and Born,
2013), and which has declined considerably by middle age (Ohayon
et al., 2004). Of the 35 participants meeting criteria, 5 were excluded
due to excessive movement during fMRI scans, poor quality ambulatory
sleep (actigraphy and/or PSG) data, or both. Of the remaining 30, 28
(93%) were female and both males were in GAD-ID. All study procedures
were approved by the Partners Healthcare Institutional Review Board.
Participants provided written informed consent and were paid for their
participation.

2.2. Procedures

Interviews were followed by a 2-week sleep assessment period using
sleep diaries and actigraphy to estimate subjective and objective
habitual sleep parameters. During this period, an acclimation/diag-
nostic night with ambulatory polysomnography (PSG) was completed in
order to acclimate the participant to PSG and detect obstructive sleep
apnea (OSA) or periodic limb movement disorder (PLMD) of a severity
sufficient to warrant referral for treatment. No participants were
excluded based on this criterion following review of the acclimation
night PSG by a highly experienced clinical Registered Polysomnographic
Technician (RSPGT). Ambulatory PSG used the Compumedics Somte-
PSG system and a standard montage (Bottary et al., 2020; Seo et al.,
2018). The second PSG occurred on the night before the first evening
MRI scan (Baseline night) and a third recording occurred during the
night following Threat Conditioning and Extinction Learning, the night
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during which initial consolidation of threat and extinction learning was
expected to take place (Consolidation night). Participants were instru-
mented for PSG in the lab and then returned to their homes to sleep in
their usual environment. Please see Supplemental Material regarding
the rationale for holding experimental sessions in the evening. Please
also see Figure S1 in Supplemental Material for a graphic representation
of the protocol.

On the evening following the Baseline PSG, participants began a
validated 2-day threat-conditioning and extinction protocol (Milad
et al., 2013, 2007; Seo et al., 2018) carried out, with simultaneous
measurement of skin conductance level (SCL), in a 3-T Siemens Prisma
scanner. Threat Conditioning and Extinction Learning phases occurred
on the first evening followed 24 hours later by the Extinction Recall
phase. During Threat Conditioning, partial reinforcement (62.5%) with
a mild electric shock produced conditioned skin conductance responses
(SCR) to 2 differently colored lamps (CS+), but not a third color (CS-).
During Extinction Learning, one CS+ (CS+E) but not the other (CS+U)
was extinguished by un-reinforced presentations. At Extinction Recall,
all 3 stimulus types were presented. (Please see Milad et al., 2013, 2007;
Seo et al., 2018 and Supplemental Materials for additional details.)
Blood-oxygen-level-dependent (BOLD) functional magnetic resonance
imaging (fMRI) signal was recorded throughout all phases of the pro-
tocol. Concurrently, skin conductance level (SCL) was recorded
throughout the protocol and shock expectancy ratings were made by
participants at the end of each phase.

2.3. Sleep (diary, actigraphy, PSG) and clinical measures (Table 2)

2.3.1. Sleep diary: evening-morning sleep questionnaire (EMSQ)
(Pace-Schott et al., 1994)

The evening portion of the EMSQ sleep diary queried the time at
which the participant began to attempt sleep. Morning portions queried
the time of waking for the day, subjective sleep onset latency (SOL), and
number and duration of nocturnal awakenings (WASO). Subjective sleep
efficiency (SE) was computed from these data as total sleep time (TST) as
a proportion of time in bed (TIB) ([TIB - (SOL + WASO]/TIB).

2.3.2. Actigraphy

The Actiwatch 2 (Philips Respironics, Bend, OR) was a motion-
sensitive wrist monitor that counted arm movements in 1 min epochs.
Participants pressed an event marker when beginning to attempt sleep
and when waking for the day. Within this period, epochs were scored as
sleep or wake using the Actiwatch default algorithm. Objective SE was
computed from these data. (Please see Supplemental Materials for
additional details.)

2.3.3. Ambulatory PSG

The Somte-PSG ambulatory recorder (Compumedics USA, Inc.,
Charlotte, NC) was worn on the chest in a cloth pack. The montage
included the following channels: 6 EEG (F3, F4, C3, C4, O1, 02) refer-
enced to contralateral mastoids (A1, A2), 2 EOG, 2 submental EMG and
2 ECG (right clavicle, left 5th intercostal space). A research-experienced
RPSGT, blind to participant group, scored sleep following standard
AASM criteria (Berry, 2012) using Compumedics Profusion 4.0 software.
Heart-rate variability (HRV) was measured using Kubios HRV Premium
software (Kubios Oy, Kuopio, Finland). Measures of parasympathetic
activity in all REM and SWS periods exceeding 5 min were computed in
the time domain as RMSSD (root-mean square differences of successive
R-R intervals). PSG data were used to compute sleep-stage percentages
and HRV (Please see Supplemental Materials for additional details.)

2.3.4. Retrospective sleep and clinical questionnaires
The retrospective sleep and clinical questionnaires are listed in
Table 2 and further detailed in Supplemental Materials.
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2.4. fMRI methods

Whole brain images were collected using a 32-channel head coil
inside a 3 T Siemens Prisma MAGNETOM scanner (Siemens Medical
Systems, Iselin, NJ). Detailed fMRI data acquisition and preprocessing
methods are reported in Seo et al. (2018) and Seo et al. (2022) and
summarized in Supplemental Methods.

2.4.1. First-level analyses

Nine contrasts (3 per phase) were analyzed to generate whole-brain
first-level parametric maps (Table 1). For Threat Conditioning, differ-
ential BOLD activations to the CS+ versus the CS- for the second to
fourth (early CS+>CS-) and the last 4 (late CS+>CS-) as well as across
the Threat-Conditioning phase (early CS+>late CS+) were averaged for
each of the 2 CS+’s. (During Threat Conditioning, the first presentation
of each of the two CS+s, along with their ordinally corresponding CS-,
were excluded from analyses because pairing with the US, and hence
threat learning, had not yet occurred.) For Extinction Learning, activa-
tions to the CS+E versus the CS- were analyzed for the first 4 (early
CS+E>CS-) and last 4 (late CS+E>CS-) trials of Extinction Learning as
well as across the Extinction Learning phase (late CS+E> early CS+E).
For Extinction Recall, only the first 4 trials of each stimulus type were
modeled to capture extinction recall but not the new extinction learning
occurring during this phase. The early CS+E>early CS+U contrast
identified regions that were more responsive to the CS+ that was both
threat-conditioned and subsequently extinguished (CS+E) compared
with the CS that was previously only threat-conditioned (CS+U). The
first 4 (early) CS+E>CS- and first 4 (early) CS+U>CS- contrasts were
also modeled. (see Table 1 for working interpretations of contrasts).
Standardized methods for recording, preprocessing, motion correction,
and first-level analysis of all task-based fMRI procedures for the threat
conditioning and extinction paradigm are detailed in (Seo et al., 2018)
and (Seo et al., 2022) and summarized in Supplemental Methods.

2.4.2. Second-level analyses

We compared brain activation to the 9 contrasts within and between
GAD+ID and GAD-ID groups as well as associations of these activated
areas with sleep parameters within the entire sample. Within- and
between-group analyses and multiple regression analyses with sleep
parameters were run using age and sex as covariates to account for
potential confounds. Activations within each group and in the entire
sample were defined using both low- and high-cluster determining
thresholds (CDT) (defined in Statistical Analyses). Both high- and low-
threshold activations for the 9 contrasts are shown in Table 3. Low-

Table 1
Interpretation of fMRI contrasts in threat conditioning and extinction protocol.

Phase and contrast Neurocognitive construct

Fear conditioning
Early CS+ > Early CS-  Differential threat perception at the beginning of Threat
Conditioning

Differential threat perception at the end of Threat
Conditioning

Acquisition of threat perception across Threat Conditioning

Late CS+ > Late CS-

Late CS+ > Early CS+

Extinction learning

Early CS+E > Early Differential threat perception at the beginning of Extinction
Cs- Learning

Late CS+E > Late CS- Differential threat perception at the end of Extinction

Learning

Late CS+E > Early Acquisition of extinction, decrease in threat perception
CS+E over phase

Extinction recall

Early CS+E > Early Distinguishing extinguished from unextinguished threat
CS+U perception

Early CS+E > Early Remaining differential threat perception followed by its
Cs- extinction 24 h earlier

Early CS+U > Early Differential threat perception remaining following 24 h
CS- delay
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threshold activations were modeled to illustrate the potential involve-
ment of one or more of 6 large-scale networks following a modified Yeo
et al. 7-network template (Uddin et al., 2019; Yeo et al., 2011). The
current modification of the Yeo et al. template equates the ventral
attention network with the salience network and assigns Yeo et al.’s
cortical limbic network areas to the default network (see Kong et al.,
2024; Uddin et al., 2019). Thus, low-threshold activations were assessed
in salience (SN), default (DMN), frontoparietal control (FPCN), soma-
tomotor (SM), dorsal attention (DAN), and visual (VN) networks. Among
sub-cortical activation clusters, amygdala and hippocampal activations
are assigned to salience and default networks respectively, while
remaining agnostic regarding network involvement of basal ganglia and
thalamic clusters (reported here as “subcortical”). Here, we first report
clusters activated at a low-threshold by listing anatomic regions (see
glossary) in which clusters are seen in a specified network, followed by
the total number of voxels in all anatomic regions within that network
[e.g., “default network (DMPFC, PCC, hippocampus; 408 DMN)”] as
shown also in Fig. 1. Low-threshold results are followed by any
high-threshold clusters that survived SPM12 FWE correction.
Low-threshold voxel counts are inclusive of both hemispheres (Fig. 1).
However, their laterality is provided in Tables 3, 4 and Figs. 3, 4.
High-threshold laterality is indicated in both text and tables. For the
sake of clarity, only changes in activation to the CS+ across Threat
Conditioning and Extinction Learning phases (i.e., early CS+ vs. late
CS+ contrasts) are compared between groups and regressed against
sleep parameters in the main paper. However, for these two phases, low-
and high-threshold results for CS+>CS- contrasts at the beginning
(early) and end (late) of the Threat Conditioning and Extinction
Learning phases are provided for group comparisons in Table 3 and for
multiple regressions against sleep parameters in Table 4 as well as in
Supplemental Results.

2.4.3. Exclusion of specific scans based on image quality

Prior to second-level analyses, raw Echo Planar Imaging (EPI) data
for all scans were examined using SPM’s “Check Registration” function
(Di and Biswal, 2022), and specific scans were excluded when excessive
signal intensity was observed. Given the limited sample size, all par-
ticipants with good scanning data in an experimental phase were
included in the analyses of that phase (i.e., pairwise deletion). In total, 6
Threat Conditioning scans and 3 scans each from Extinction Learning
and Extinction Recall were excluded from second-level analyses. Scans
from all 3 phases were obtained from 12 participants in the GAD+ID
group and 10 from the GAD-ID group. Among the partial data sets for
specific participants, Threat Conditioning and Extinction Learning scans
only were obtained from 1 GAD-+ID and 2 GAD-ID participant, Extinc-
tion Learning and Extinction Recall only from 2 GAD+ID and 1 GAD-ID
participants, and Extinction Recall only from 1 GAD+ID participant.

2.5. Statistical analyses

Group comparisons and multiple regression analyses were carried
out with Statistical Parametric Mapping (SPM12; Wellcome Trust Centre
for Neuroimaging, www.fil.ion.ucl.ac.uk) implemented in MATLAB
v2022a (The Mathworks Inc., Natick, Massachusetts, USA) using age
and sex as covariates. For both group comparisons and multiple
regression analyses, low-threshold activations used a cluster determining
threshold (CDT) of p < 0.005 with at least 10 contiguous voxels, whereas
high-threshold activations used a CDT of p < 0.001 and included only
clusters surviving SPM12 family-wise error (FWE) correction at p <
0.05. PSG sleep parameters used for multiple regressions with neural
activations were derived from the Baseline night for activations
measured during Conditioning and Extinction learning and from the
Consolidation night for activations during Extinction Recall. Sleep,
clinical, and demographic variables were compared between groups
using independent sample t-tests (Table 2).
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Fig. 1. Low-threshold activations within large scale brain networks (Yeo et al., 2011) across Threat Conditioning and Extinction Learning and at early Extinction
Recall in individuals with GAD. Low threshold is defined as a cluster-determining threshold (CDT) of p < 0.005 and clusters with at least 10 contiguous voxels. GAD
with ID (GAD+ID) was defined as having an Insomnia Severity Index (ISI) of 13 and above (mean ISI 17.76, range 13-25) and GAD without ID (GAD-ID) is defined as
having an ISI of 12 or below (mean ISI 6.43, range 1-12). See Table 3 and Fig. 2 for clusters activated at high threshold that used a CDT of p < 0.001 and survived

SPM12 family-wise error (FWE) correction at p < 0.05.
3. Results
3.1. Threat conditioning and extinction learning

As detailed in Supplemental Methods, analyses of both psycho-
physiological response (skin conductance) and subjective ratings (shock
expectancy) showed that both threat conditioning and its extinction
were successfully achieved. A forthcoming report will detail objective
and subjective ratings of threat conditioning, extinction learning and

extinction recall in relation to sleep physiology.

3.2. Group characteristics

Of the 35 individuals who provided psychometric and sleep data, we
obtained usable fMRI data from 30 (Table 2). Threat-Conditioning data
were obtained from 26 (14 GAD+ID, 12 GAD-ID), Extinction Learning
data were obtained from 29 (16 GAD-+ID, 13 GAD-ID) and Extinction
Recall data were obtained from 26 (15 GAD-+ID, 11 GAD-ID). Table 2
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Table 2
Demographic, psychometric and sleep parameters of individuals with GAD from whom fMRI data were available.
Total Insomnia Non-insomnia (p, t-test)
Mean SD N Mean SD N Mean SD N

Age 24.63 4.09 30 24.88 4.08 17 24.31 4.25 13 0.3550
Sex ratio (F/M) 28/2 17/0 13/2
ISI 12.60 6.09 30 17.12 291 17 6.69 3.40 13 0.0000*
PSQI 7.80 3.01 30 9.47 1.37 17 5.62 3.20 13 0.0001*
FIRST 24.41 5.36 29 26.76 3.73 17 21.08 5.68 12 0.0015*
ESS 9.17 3.76 29 8.29 3.42 17 10.42 4.01 12 0.0685
GAD -7 14.00 3.12 30 14.18 3.03 17 13.77 3.35 13 0.3648
PSWQ 52.33 4.88 30 53.76 4.52 17 50.46 4.86 13 0.0325*
ASI 31.45 8.64 29 33.38 9.43 16 29.08 7.20 13 0.0938
STICSA-T cognitive 26.86 5.20 28 27.35 5.34 17 26.09 5.15 11 0.2705
STICSA-T somatic 21.86 4.89 28 23.59 4.56 17 19.18 4.29 11 0.0084*
Diary
TST diary 422.22 64.15 29 421.57 76.61 16 423.03 47.58 13 0.4764
SOL diary 29.65 29.62 29 39.52 36.61 16 17.51 9.12 13 0.0222%*
SE diary 90.39 7.40 29 87.76 8.83 16 93.64 3.08 13 0.0152*
WASO diary 25.46 68.45 29 37.96 91.29 16 10.08 7.02 13 0.1416
Midpoint diary 269.73 95.48 29 279.54 106.13 16 257.66 83.10 13 0.2746
Actigraphy
TST actiwatch 422.84 50.41 23 420.70 51.98 13 425.61 50.93 10 0.4115
SOL actiwatch 29.65 32.71 23 41.33 39.55 13 14.46 8.68 10 0.0240*
SE actiwatch 87.26 10.01 23 84.34 12.01 13 91.06 4.93 10 0.0560
WASO actiwatch 36.88 44.85 23 46.06 57.92 13 24.94 12.76 10 0.1363
Midpoint actiwatch 279.19 129.30 23 313.43 146.33 13 234.67 91.77 10 0.0759
Baseline-night PSG
REM Latency 121.02 60.40 26 114.12 60.24 13 127.92 62.19 13 0.2853
N1% 4.70 2.28 27 5.13 2.67 14 4.24 1.75 13 0.1601
N2% 57.27 11.09 27 55.13 11.84 14 59.58 10.17 13 0.1530
N3% 19.10 13.75 27 19.23 15.54 14 18.96 12.15 13 0.4805
REM% 18.93 8.53 27 20.51 9.27 14 17.22 7.65 13 0.1635
REM RMSSD 46.35 46.35 20. 33.54 22.04 8 54.89 25.96 12 0.0725
SWS RMSSD 48.61 23.43 21 52.11 33.16 8 46.46 16.14 13 0.6049
Consolidation PSG
REM Latency 107.38 50.22 25 104.04 53.58 12 110.46 48.89 13 0.3784
N1% 4.35 2.21 25 4.07 1.80 12 4.62 2.58 13 0.2733
N2% 57.00 10.29 25 53.92 7.58 12 59.84 11.88 13 0.0774
N3% 18.96 11.79 25 19.67 12.75 12 18.32 11.31 13 0.3907
REM% 19.69 8.73 25 22.35 10.10 12 17.24 6.74 13 0.0737
REM RMSSD 46.94 20.09 23 44.65 22.50 11. 49.04 18.35 12 0.6121
SWS RMSSD 49.73 23.39 23 40.86 22.55 11 57.86 21.93 12 0.0812

ASI-Anxiety Sensitivity Index (Reiss et al., 1986), ESS- Epworth Sleepiness Scale (Johns, 1991), FIRST- Ford Insomnia Response to Stress Test (Drake et al., 2004),
GAD-7- Generalized Anxiety Disorder 7-item scale (Spitzer et al., 2006), IDT- Inventory of Depressive Symptomatology (Rush et al., 2003), , ISI- Insomnia Severity
Index (Bastien et al., 2001), PSQI- Pittsburgh Sleep Quality Index (Buysse et al., 1989), PSWQ- Penn State Worry Questionnaire (PSWQ) (Behar et al., 2003), , REM-
Rapid eye movement sleep, SE- sleep efficiency (SE), N1-N3- NREM sleep stages 1-3, SOL-sleep onset latency, STICSA-T- State-Trait Inventory for Cognitive and
Somatic Anxiety-Trait Version (Gros et al., 2007; Ree et al., 2008, 2000), RMSSD- root mean square of successive R-R intervals TST- total sleep time, WASO-wake time

after sleep onset.

provides mean group characteristics including only those individuals for
whom fMRI data were available. Self-report and objective sleep data in
Table 2 include measures to be analyzed in relation to neuronal acti-
vations (e.g., ISI, REM%) as well as additional measures (e.g., Ford
Insomnia Response to Stress Test, REM Latency) that are provided to
further characterize sleep in this sample. Group comparisons used
independent-sample t-tests at an uncorrected alpha of p < 0.05. For sleep
quality measures, as expected, compared to GAD-ID, GAD+ID showed
scores indicative of higher severity on the ISI, Pittsburgh Sleep Quality
Index (PSQI), Ford Insomnia Response to Stress Test (FIRST), diary SE,
diary SOL, actigraph SOL and a trend (p = 0.056) for actigraph SE.
Among psychometric measures, compared to GAD-ID, GAD+ID showed
higher (greater severity) scores on the PSWQ and on the somatic sub-
scale of the State-Trait Inventory of Cognitive and Somatic Anxiety-Trait
Version (STICSA-T). There were no significant group differences among
sleep-stage percentages.

3.3. Brain activation within and between groups

3.3.1. Across threat conditioning (late>early CS+ contrast)
In GAD+ID, there was increased low-threshold activation in regions
of the salience (neuroanatomic region[s] = dACC; total number of voxels in

network bilaterally = 42 network abbreviation= SN), default (DMPFC,
PCC, hippocampus, STG; 516 DMN), frontoparietal control (DLPFC; 71
FPCN), and somatomotor (SMA, PMC; 572 SM) networks (Figs. 1, 2,
Table 3). However, no clusters reached high-threshold significance. In
contrast, low-threshold activity in GAD-ID across this contrast showed
activation in only the default (hippocampus; 142 DMN) and frontopar-
ietal control (IFC; 82 FPCN) networks (Figs. 1, 2, Table 3). As in
GAD+ID, no clusters reached high-threshold significance for this
contrast. At the low threshold, GAD-ID was greater than GAD+ID in the
default (MTG; 40 DMN) network (Table 3). No group differences were
seen at the high threshold.

3.3.2. Across extinction learning (late>early CS+E contrast)

In GAD-+ID, there was increased low-threshold activation in the
default (DMPFC; 206 DMN) and frontoparietal control (STG/SMG; 491
FPCN) networks, no clusters of which reached high-threshold signifi-
cance (Figs. 1, 2, Table 3). However, in GAD-ID there was much more
extensive low-threshold activation in salience (dACC/rACC, anterior
insula; 521 SN), default (DMPFC, MTG, parahippocampus; 1552 DMN),
frontoparietal control (VLPFC; 964 FPCN), and dorsal attention (IPC;
702 DAN) networks (Figs. 1, 2, Table 3). Clusters reached significant
high-threshold activation for this contrast in default (bilateral IPC, left
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Fig. 2. Within-group activations to contrasts across the Threat Conditioning phase (panel A), across the Extinction Learning phase (B), and during early Threat
Extinction Recall phase (C, D, and E). In each of panels A-E, low-threshold activations (cluster-determining threshold [CDT] of p < 0.005 and at least 10 contiguous
voxels) are indicated (in graded blues) on both the upper sets of 8 smaller images and on the lower sets of 8 larger images, which also display the 7 large-scale
networks reported by Yeo et al. (Uddin et al., 2019; Yeo et al., 2011) color coded as indicated by the bottom legend. (Note that the Yeo ventral attention
network is renamed “salience” and the Yeo limbic network is added to the default network). Clusters circled in white on the upper (smaller) images indicate
high-threshold activations that survived family-wise error correction at p < 0.05 with a cluster-determining threshold of p < 0.001. Abbreviations: CS+, conditioned
stimulus reinforced by the unconditioned (shock) stimulus; CS-, nonreinforced conditioned stimulus; CS+E, CS+ extinguished during Extinction Learning; CS+U,
un-extinguished CS+; GAD, generalized anxiety disorder; ID, insomnia disorder; LL, left lateral view; RL, right lateral view; LM, left medial view; RM, right
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VLPFC) and salience (rACC) networks (Figs. 1, 2, Table 3). GAD-ID
showed greater low-threshold activation than GAD+ID in two areas of
the frontoparietal control network (VLPFC, ITG; 141 FPCN) and the
dorsal attention network (SPC/IPC; 185 DAN), however, these differ-
ences did not reach high-threshold significance (Table 3).

3.3.3. During early threat extinction recall

3.3.3.1. Early CS+E>CS+U contrast. In GAD+ID, there was increased
low-threshold activation in default (MTG, OFC, vmPFC, para-
hipocampus; 883 DMN), frontoparietal control (DLPFC; 190 FPCN),
dorsal attention (SPC/Precuneus; 382 DAN), and somatomotor (PMC,
S1; 218 SM) networks (Figs. 1, 2, Table 3). Also, in GAD+ID, activation
was significant at the high-threshold in the right parahippocampus
(DMN) (Fig. 2, Table 3). For this contrast, GAD-ID showed low-threshold
activation in default (SFC; 69 DMN), and somatomotor (SMA, S1; 43 SM)
networks, and no areas reached high-threshold significance (Figs. 1, 2,
Table 3). GAD+ID showed greater low-threshold activation than GAD-
ID in default (vmPFC, MTG, OFC, and parahippocampus; 766 DMN),
dorsal attention (SPC/precuneus; 341 DAN), and frontoparietal control
(DLPFC; 138 FPCN) networks, however, none of these areas reached
high-threshold significance (Fig. 2, Table 3).

3.3.3.2. Early CS+E>CS- contrast. In GAD+ID there was increased low-
threshold activation in salience (SMG, mCC, dACC, amygdala; 510 SN),
default (hippocampus, parahippocampus, MTG, temporal pole; 1143
DMN), frontoparietal control (DLPFC; 160 FPCN), somatomotor (PMC;
116 SM) and visual (fusiform; 223 VN) networks (Fig. 1, 2, Table 3). In
GAD+ID, there was also high-threshold activation in the bilateral tem-
poral pole (DMN) (Fig. 2, Table 3). In contrast, low-threshold activity in
GAD-ID for this contrast showed activation in salience (anterior insula,

amygdala; 198 SN), default (precuneus, hippocampus; 129 DMN), and
somatomotor (pre-SMA, PMC; 453 SM) networks (Fig. 1, 2, Table 3). In
GAD-ID, high-threshold activation was reached in the pre-SMA (SM)
(Fig. 2, Table 3). Low-threshold activation for this contrast was greater
in GAD-ID than GAD+ID in salience (left anterior and bilateral middle
insula; 77 SN), default (precuneus; 24 DMN) and somatomotor (SMA; 95
SM) networks, and subcortically in the right putamen, however, none of
these areas reached high-threshold significance (Table 3).

3.3.3.3. Early CS+U>CS- contrast. In GAD+ID, increased low-
threshold activation was seen only subcortically in the left thalamus
(Table 3). However, in GAD-ID, there was much more extensive acti-
vation in salience (dACC, anterior insula; 256 SN), default (DMPFC,
hippocampus, temporal pole; 337 DMN), and frontoparietal control
(VLPFC; 173 FPCN) networks (Fig. 1, 2, Table 3). In GAD-ID there was
also significant high-threshold activation in dACC and right primary
visual cortex (Fig. 2, Table 3). GAD-ID showed greater low-threshold
activation than GAD-+ID in salience (dACC, anterior insula; 188 SN),
frontoparietal control (DLPFC, VLPFC; 601 FPCN) and somatomotor
(pre-SMA, PMC; 658 SM) networks and subcortically in the putamen
(Table 3). For this contrast, GAD-ID activation was greater than GAD+ID
at high-threshold significance in the right VLPFC (FPCN) and right PMC
(SM) (Table 3).

3.4. Association of sleep measures with neural activations

Among the entire sample (GAD+ID and GAD-ID combined) sleep
measures that were examined for associations with neural activations to
the 9 contrasts included IS, Pittsburgh Sleep Quality Index (PSQI), mean
Objective SE (actiwatch), mean Subjective SE (diary), REM and SWS as
percent of TST, and heart-rate variability in REM and SWS (Table 4,
Figs. 3-5, Supplemental Materials). Among the measures shown in
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Neural activations to 9 contrasts, 3 per phase, within GAD groups and between GAD groups (GAD with INS and GAD without INS). Whole brain analyses with low
threshold uncorrected activations - CDT p <0.005 with at least 10 contiguous voxels, and high threshold activations - CDT p < 0.001 with FWE correction p < 0.05.\

Peak Montreal Neurological Institute (MNI) coordinates, cluster size, and T value are reported for each cluster.

‘ Brain regions Side ‘ Coordinates (mm) ‘ Cluster ‘ T ‘
size | value
[ x [ [ [
Early Threat Conditioning: Early CS+ > Early CS-
GAD | Premotor cortex (BA4,6) | R 60 4 6] 16 2.
with INS | somatomotor T 28 6 72 iass 462 |
Primary sensory cortex L 48 20 56| o1° | 442
(BA1,3)
L 48 44 60| 30 3.84
Inferior Parietal cortex
(BA 40) frontoparietal
control
Angular gyrus (BA 39) L 56 a4 32| 33 347
fetal control
TACC (BA 24) salience c B 34 6| 64 487
Anterior Dorsal Insula L 26 22 8| 12 366 | |
(BA 13) salience
Pallidum R 12 2 4 17 4.40
L 16 0 4| 96 | 387
Putamen L 14 B 6| 115° | 551
Caudate L 12 12 2| 57 4.33
Thalamus L 8 8 2] 2 337
GAD | Superior Parietal cortex | L -16 -50 76| 50 5.40
without | (BA 7) dorsal attention
INS SMA/MCC (BA 24) C E) 4 50| o7 373
Premotor cortex (BA4,6) | L -48 E) 50| 32 371
Pallidum R 16 0 2] 41 369 | |
Superior Temporal pole | R 54 18 22 19 5.44
(BA 38) default
GAD | Inferior Occipital lobe (BA | L 44 82 6| 9% 443
with INS | 19) visual | |
> V2 (BA 18) visual L -18 86 ERIE 295
without [ \jsiform (BA 37) L 40 46 18 17 460
INS vi
Late Threat Conditioning: Late CS+ > Late CS-
GAD | V2 (BA 18) visual R 14 98 20] 176 | 3.84
with INS DMPFC (BA 10) default L 32 66 8| 49 442
Anterior Dorsal Insula R 34 24 4 25 364
(BA 13) salience
Middle Insula (BA 13) L 36 B 8] 46 3.84
salience
GAD | Precuneus (BA7) default | L 12 -56 62| 15 361
mtshcut L 16 4 4] 23 3.15
SMA (BA 6) somatomotor | R 16 2 58| 19 3.40
V2 (BA 18) visual L 12 -100 10 33 435
GAD | DLPFC (BA 46) R 48 48 18] 18 288 | |
with INS | frontoparietal control
> IFC (BA 44) frontoparietal | L 64 4 8| 78 3.36
without | control
INS DMPFC (BA 10) default | L 32 66 8| 27 3.67
Hippocampus default L 32 28 6| 51 3.06
Temporal pole (BA 38) L 54 16 26| 133 | 411
default
GAD | M1/S1(BA1,3) L -40 -30 68| 113 | 372
with INS
< dACC (BA 32) salience R 18 42 18] 58 2.99
without  “Angular gyrus (BA 39) L 56 54 18 14 307
INS frontoparietal control
Across Threat Conditioning: Late CS+ > Early CS+
GAD | SMA (BA 6) somatomotor | R 14 12 58] 179 | 411
with INS L ) 4 62| 291 4.35
DLPFC (BA 9) R 36 34 38| 37 3.48
frontoparietal control T 36 28 8 34 314
dACC (BA 32) salience | C 8 24 28| 42 3.63
DMPFC (BA 9) default | C B 66 [ 18 357
Premotor cortex (BA 6) L -48 4 42 102 | 388 | |
somatomotor | |
PCC (BA 23, 31) defaull_| C 2 -40 26| 283 | 425
Hippocampus default R 26 34 6| 11 3.26
L 24 34 4| 9% 4.46
STG (BA 22) default L 56 -10 6| 108 [ 334
Fusiform (BA 37) R 36 42 ECIES 355 | |
visual L 32 -40 14| 55 3.95
GAD | IFC (BA 45) frontoparietal | L 56 24 0] 82 4.18
without | control ||
INS Hippocampus default R 20 34 o] 90 5.05
L 24 -36 0| 52 5.20
GAD | MTG (BA 21) default L 62 30 2[ 40 3.04
with INS
<
without
INS
Early Fear Extinction Learning: Early CS+E > Early CS-
GAD | DLPFC (BA 46) L 42 36 20] 19 329
with INS | frontoparietal control
Fusiform and Lingual R | 22] 52| 6] 92 |39

(continued on next page)
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gyrus (BA 37) visual
Parahippocampus (BA R 20 24 8| 28 | 351
35, 36) default
GAD | SMG (BA 40) R 64 30 42| 27 | 413
without | frontoparietal control T 56 30 8] 236 | 538
INS Middle Occipital lobe (BA | R 30 72 24| 266 | 416
19, 39) visual L 22 76 24| 75 | 500 | |
GAD | Putamen R 30 -10 8] 9 | 479
with INS
>
without
INS
GAD | IPC and SMG (BA 40) L 54 28 46| 227 | 331
with INS | frontoparietal control
< SFC (BA 10, R 36 62 4 14 |32
without | frontoparietal control
INS
Late Fear Extinction Learning: Late CS+E > Late CS-
GAD | dACC (BA 32, 24) c 4 50 0] 64 | 433
with INS | salience ||
TACC (BA 32) salience c 8 36 2] 79 | 482
DMPFC (BA 10) default | C -10 56 20| 163 | 399
PCC/Precuneus (BA23, | C K 56 28] 98 | 387
31) default
Putamen L 18 6 4] 32 |30
Posterior Insula (BA 13) | R 40 4 8| 14 |36
salience L 42 2 10 46 457
Hippocampus default L 34 -16 18| 52 | 470
Parahippocampus (BA L 20 24 8| 21 2.99
| 35) default
ITG (BA 37, 20) R 50 32 18| 226° | 560
fetal control
GAD | No significance
without
INS
GAD | PCC (BA 31) default c 6 58 30| &7 | 371
with INS "gACC/DMPFC (BA 10, [ 4 52 10 51 3.69
> | 32) default ||
m‘gm ACC (BA 24) salience c 8 38 2 48 325
SFC (BA 10) default L 22 66 0] 36 |33
Middle Insula (BA 47) L 44 20 PR 352 | |
salience
STG (BA22) L 42 2 “i2| 3 | 391
ietal control
Hippocampus default L 36 20 A2 12 35
Across Fear Extinction Learning: Late CS+E > Early CS+E
GAD | DMPFC (BA 10, 32) c 2 52 0] 206 | 395
with INS | default
STG/SMG (BA 39, 40) R 50 44 22| 283 | 476
ietal control L 50 48 14| 208 | 4.04
GAD | IPC(BA7, 40) dorsal R 44 52 58| 396° | 6.46
without | attention
INS L 52 54 42| 306° | 657
DMPFC (BA 10) default | C % 52 34| 886 | 5.19
dACC (BA 32) salience | C E) 4 2. 182 | 7.89 |
rACC (BA 24) salience c 8 0 2677 35
VLPFC (BA 47) R 50 2 231 | 413
control L 44 6 4] 7337 04 ||
Anterior Insula (BA 47) L 38 B E 72 95
salience
MTG/ITG(BA 21) default | R 62 14 18] 119
L 62 44 12| 537 ]
Parahippocampus default | R 24 20 18] 10 ]
GAD | SPCIIPC (BA 7, 40) R 40 54 62| 41
with INS | dorsal attention
< L 36 54 54| 144 | 351
without | VLPFC (BA 47) L 44 36 4| 131 375
INS ietal control
TG ietal control | R 52 8 28] 10 289 | |
Early Fear Extinction Recall: Early CS+E > Early CS+U
GAD | Premotor cortex (BA6) | R 32 -16 70 69 357
with INS
Primary sensory cortex | R 54 -18 54| 149 | 384
(BA1,3)
DLPFC (BA 9) 30 32 46| 190 | 474
frontoparietal control
SPC and Precuneus (BA | R 26 54 64| 260 | 435 | |
7) dorsal attention L -10 56 54| 113 | 5.06 | |
MTGIITG (BA 37) default | R 50 54 K] 116 | 474
L 48 50 4| 55 | 444
OFC (BA 11, 47) default | R 26 48 - o7 64 | |
L -4 26 14 13| 403 |
VmPFC and rectus (BA | R 22 14 01 .78
11, 25, 47) default L -1 20 -14 58 | 4.94
an R 3 20 24| 233° | 439 | |
Fusiform (BA 20, 36) L 26 E) 20| 128 67
efault
GAD MA (BA 6) R 12 28 54| 27 84 | |
without | S1 (BA 1) R 40 42 66| 16 .66 | |
INS FC (BA 9) default L -18 46 3 69 | 421
halamus L 20 26 17 .70 | |
V2 (BA 18, 19) visual R 26 -100 1 39 .68
L 24 ~100 4| 62 24

10
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GAD | SPC and Precuneus (BA | R 20 62 70] 327 | 422
with INS | 7) dorsal attention L 12 66 66 14 3.19
> DLPFC (BA 9) L -40 30 42| 138 | 312
without | frontoparietal control
INS MTG/ITG (BA 37) default | R 46 52 - 38 86
L 50 -56 - 33 12
OFC (BA 11) default R 24 42 -1 118 18 | |
L 24 40 -1 42 62 | |
VmPFC and rectus (BA L 12 18 El 31 65
47) default
i and R 32 -16 24| 115 | 351
Fusiform (BA 20) default | L 22 -16 26| 48 375
Early Fear Extinction Recall: Early CS+E > Early CS:
GAD | Premotor cortex (BA 6) L -2 16 60 116 | 451
with INS | somatomotor
SMG and IPC (BA 40) R 62 22 46| 65 549
salience ||
L 56 34 42| 253 | 3.89
mCC (BA 31) salience c 10 40 52| 44 4.25
dACC (BA 24, 33) c 2 16 22| 66 712
salience
DLPFC (BA 46) L 40 22 26| 160 | 411
frontoparietal control
Hippocampus default L 32 10 20| 52 2.40
Parahippocampus default | R 34 20 22| 9% 382
L 26 20 22| 54 3.92
MTG/STG (BA 21) default | R 62 28 10| 298 | 456 | |
L 48 50 14| 230 | 656 | |
Amygdala salience L 26 0 26| 82 4.1
Temporal pole (BA38) R 44 6 32| 183° | 4.99 | |
default L 42 8 28] 230° | 472
Fusiform (BA 37) R 40 50 18| 128 | 3.23
visual L 44 56 14 95 4.45
GAD | Pre-SMA (BA 6) c 0 16 66| 313° | 6.07
without
INS Premotor cortex (BA 6) R 52 2 52| 140 | 622
‘somatomotor
Precuneus (BA 7) default | C 0 54 6! 56 07
Anterior Insula (BA 13) R 32 102 39
salience L 32 4 1 70 90 | |
Putamen R 32 E 108 | 452 |
Amygdala salience R 28 -4 A 26 39
" default L -34 K] -1 73 7
GAD | SMA (BA6) [ K 7 95
with INS [ Precuneus (BA 7) default | C 62 60 24
< Anterior Insula salience L 2 24 14 13
without | Middle Insula (BA 13) R 44 4 6| 24
INS ['salience |
L -36 8] 12 40 322 |
| Putamen R 28 12] [ a8 2.95
Early Fear Exti Recall: Early CS+U > Early CS-
GAD | Thalamus L 8 12 6] 45 359
with INS |
GAD | DMPFC default c 2 24 48| 212 | 647
without | dACC (BA 32) salience c 4 40 10| 185° | 564 | |
INS VLPFC frontoparietal R 38 48 10 173 | 899
control
Anterior Insula (BA 13) R 34 8 33 452 |
salience L 28 0 3 67
Putamen R 2 4 4 .85 | |
L -2 6 2 .01
[ default L 1 38 2 24|
Thalamus R 24 1 105 .05 | |
Temporal pole (BA 38) R 52 20 K] 5: 26
default L 34 20 24| 49 26
V1 (BA 17) visual R 14 62 10| 189° | 7.24
GAD | Pre-SMA (BA6) c 0 24 46| 46 3.84
with INS | somatomotor
< Premotor cortex (BA 6) R 54 8 36| 376° | 621
without L 50 42| 236 | 4.18
INS dACC (BA 32) salience c 0 40 26 60 357
DLPFC (BA 9) R 46 24 46| 65 4.22
frontoparietal control
FC R 38 0 10| 456° 37
control L 34 4 1 80 403 | |
Anterior Insula (BA 13) R 32 0 39 .42
salience L 26 4 89 A7
Putamen R 28 0 33 .06
L 24 2 36 | 3.86
ITGIMTG default R 56 14 28| 58 3.40

Abbreviations: BA — Brodmann area, CS+E - reinforced CS+ extinguished during extinction learning; CS- — CS never reinforced by the unconditioned stimulus; CS+U —
reinforced CS+ not extinguished during extinction learning; SMA — supplementary motor areas, mCC — middle cingulate cortex, DLPFC — dorsolateral prefrontal cortex,
VLPFC - ventrolateral prefrontal cortex, DMPFC — dorsal medial prefrontal cortex, vmPFC - ventromedial prefrontal cortex, dACC - dorsal anterior cingulate cortex,
rACC - rostral anterior cingulate cortex, PCC - posterior cingulate cortex, SFC — superior frontal cortex, SMG — supramarginal gyrus, SPC — superior parietal cortex, IPC
—inferior parietal cortex, IFC- inferior frontal cortex, OFC — orbitofrontal cortex, ITG - inferior temporal gyrus, MTG — middle temporal gyrus, STG — superior temporal
gyrus, M1 — primary motor cortex, S1 — primary sensory cortex, V1 — primary visual cortex, V2 — secondary visual cortex, GAD - generalized anxiety disorder, INS —

insomnia, L — left, R - right, C - center.

2 Number of contiguous voxels in a cluster for the cluster-determined threshold correction (CDT) p < 0.001) with family-wise error (FWE) p < 0.05.

Table 2, these specific ones were selected, pre-hoc, as they best
addressed hypotheses 2 and 3.

3.4.1. Objective and subjective sleep efficiency (SE)

3.4.1.1. Threat conditioning. Across Threat Conditioning (late
CS+>early CS+ contrast), as objective SE increased, low-threshold
activation decreased in salience (mCC; 53 SN), default (OFC, vmPFC;
228 DMN), somatomotor (PMC, SPC; 200 SM), and visual (V2, cuneus;
39 VN) networks. Only activation in vmPFC (DMN) significantly
decreased at high-threshold with increased objective SE (Fig. 3,
Table 4.). As, subjective SE increased, low-threshold activation
decreased in salience (mCC; 30 SN), default (MTG; 75 DMN), fronto-
parietal control (ITG, IPC; 291 FPCN), somatomotor (precuneus; 41 SM),
and visual (BA19; 205 VN) networks. However, no activations were

associated with subjective SE at high-threshold significance (Table 4).

3.4.1.2. Extinction learning. Across Extinction Learning (late
CS+E>early CS+E contrast), as objective SE increased, there was
increased low-threshold activation in default (DMPFC, AG, MTG; 441
DMN) and frontoparietal control (DLPFC, IFC; 274 FPCN) networks, but
decreased activation in somatomotor (Precuneus; 37 SM), dorsal
attention (SPC; 87 DAN), and visual (MOL; 171 VN) networks. However,
no activations were associated with objective SE at high-threshold sig-
nificance (Fig. 3, Table 4). As, subjective SE increased, there was
increased low-threshold activation in default (DMPFC, MTG; 44 DMN),
frontoparietal control (DLPFC; 81 FPCN) and somatomotor (S1; 42 SM)
networks, but decreased activation in default (hippocampus, precuneus;
51 DMN) and visual (MOL; 88 VN) networks. However, no activations
were associated with subjective SE at high-threshold significance
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Table 4
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Multiple regression analyses to 9 contrasts, 3 per phase, within entire GAD sample. Whole brain analyses with low threshold uncorrected activations - CDT p <0.005
with at least 10 contiguous voxels, and high threshold activations - CDT p < 0.001 with FWE correction p < 0.05. Peak Montreal Neurological Institute (MNI) co-

ordinates, cluster size, and T value are reported for each cluster.

12

Measures ‘ Brain regions ‘ Side ‘ Coordinates ‘ Cluster ‘ T value
(mm) size
[ [ [xT [ [
Early Fear ing: Early CS+ > Early CS-
Objective SE +$1 (BA 6) somatomotor L [ 6] 3676 154 433
+ Premotor cortex (BA 6) L |40 6|34 100 7.57
somatomotor R |54 o[ 40| 17 314
+mCC (BA 24) salience R | 8| 6|40 28 354
+IFC (BA 44) salience R |54 8| 6 2 365
+OFC (BA 47) defaull U [46] 4010 84 430
R | 26| 46|-10 10 322
+ VmPFC (BA 1) default C | 4| 34a|20| 206 560
- dACC (BA 32) salience C | 4| 0|2 82 4.06
Subjective SE +Premotor cortex (BA 6) L [0 64| 49 461
somatomotor
+vmPFC (BA 11) default L |2 38[-20] 16 298
R | 14| 40[20] 12 318
- SMA (BA 6) somatomotor C [ o] o|7e| s 362
- dACC (BA 32) salience C [ 2] 2238 80 367
~TACC (BA 32) salience C | 2| 4| 2] 72 404
~ Hippocampus_defaull L |30 32| 8| 40 419
REM RMSSD ~JACC (BA 32) salfence C | 2| %22 15 327
SWS RMSSD - Parahippocampus defaull R [32] -30-6| 44 438
~dACC (BA 32) salience C | 6| 3 3| 52 373
Late Fear Conditioning: Late CS+ > Late CS-
Objective SE + Premolor cortex (BA 6) L [40] -14[e4] 104 392
somatomotor R |30 14|72 74 454
+SMG (BA 40) L [s4| 22[20] 1417 632
frontoparietal control R 8| 24| 16| 1307 462
+ Precuneus (BA 7) default L 6| 52|62 67 361
+5TG (BA 21) salience R |58 6| 2| 3 353
+ TG (BA 22) default U 60| 54 14| 17 631
R |44 62| 4| 18 297
+ Parahippocampus defaull | R | 24| 8| 24| 13 380
- Anterior insula (BA 13) U [z 8 14| 14 338
salience
Subjective SE - SMA (BA 6) somatomotor C [12| 16| 46| 2027 570
~PCC (BA 31) default C | 2| 424z 105 433
- DLPFC (BA9) R 40| 22|24 34 323
control
REM RMSSD - Anterior insula (BA 13) R 3| 18| 10 34 494
salience
-OFC (BA11) frontoparietal | R | 28| 44|10 11 343
control
SWS RMSSD -OFC (BA 11) frontoparietal | R | 28| 42|-10| 60 458
control
psal -DMPFC (BA8, 10) defaull | C | 2| 52| 18| 205 348
~Precuneus (BA 7) defaull U | 8| 54|52 1s0° 246
~IFC frontoparietal control L 40 26| 6 27 333
- Temporal pole (BA 38) R |50 822 85 380
default
Across Fear Late CS+ > Early CS+
Objective SE - Premotor cortex (BA 6) R [52] 0[50 55 399
somatomotor
- SPC (BA 7) somatomotor U |32 5062 34 370
R | 32| 46|62 111 405
~mCC (BA 24) salience R | 12| 16| 44 53 347
- V2 (BA 18) visual L 6| 76|22 28 343
- Cuneus (BA 19) visual R | 6| 86|02 i 322
~OFC (BA 10) default L (44 6] 8| 12 330
R | 28| 56 6 9 389
~VmPFC (BA 11) defaull C | 2| 38|20| 120° 520
Subjeciive SE - Precuneus (BA 7) L0, 42|74 41 374
somatomotor
~IPC (BA 40) L |50 58|46 188 377
frontoparietal control R 48| 50 56 5 385
~mCC (BA 24) salience C 6 83 30 346
~Miiddle occipital lobe (BA19) | L | 32| -84 | 16| 172 341
visual R |28 80| 8 33 330
- MTG (BA 21) default L |56 56| 0 15 362
-1TG (BA 37, 20) R | 54| 4412 50 373
frontoparietal control
REM RMSSD - DMPFC (BA 9) default L 2] 38|26 19 373
- Anterior insula (BA 38) R | 44| 2|2 13 338
salience
- Parahippocampus defaull R | 18| 16|22 21 498
Early Fear Extinction Learning: Early CS+E > Early CS-
Subjective SE - Widdle occipital lobe (BA 19) | L | 42| -82| 32| 220° 520
visual
- Parahippocampus defaull U [22] 28|14 27 398
Psal - pre-SMA (BA 6) L |8 14[e8| o6 331
R | 12| 14| 68| 48 3.90
~Pemotor cortex (BA 6) L 30| 2| e8| 18s* 502
somatomotor
- 1PFC (BA 10) sallence R | 32| 50| 8] 60 351
REM RMSSD + SMIA (BA 6) somatomotor | C_|_ 2| 6| 70| 176 491
+ Thalamus Lo [a6[ 12| 12| 710 411
R [16] 10| 2| 90 667
+ Anterior insula (BA 47) R |48 14| 8| 45 347
salience
+1TG (BA 37, 20) 50| 50 -2 6
control R |62 -52[-20| 89°
SWS RMSSD + SMA (BA 6) somatomotor 6 a7
+ DMPFC (BA 9, 10)) default | L | 10| 64| 2 74
+ Thalamus R[4 E 20
+ vmPFC (BA 11) default C | 6| 382 64
Late Fear Extinction Learning: Late CS+E > Late C:
Objective SE + Premolor cortex (BA 6) 30 12]52] 38 339
+ Angular gyrus (BA 39) L |46| 58|28 24 353
frontoparietal control R 50| -70] 36| 130 405
M1 (BA6,4) L | 8| 28| 74 211 4.81
R 10| 24| 76| 200 4.05
-DMPFC (BA 9, 10)) default | R 112
-~SPC (BAT) L [-26] - 138
dorsal attention E 150
- Superior occipital lobe (BA | L |16 - 4227
19) E 229
visual
- Middle occipital lobe (BA 37) 42| 68| 2| 2ii 512
visual R | 42| 76| 0| 155 565
~ Anterior insula (BA 13) 26| 26| 8| 719 5.69
salience
- Caudate R |16 22| 8| 50 345
~ Hippocampus default R [ 34| -14]20] 80 373

(continued on next page)



J. Seo et al. Psychiatry Research: Neuroimaging 358 (2026) 112152

Table 4 (continued)

Subjective SE +SMA (BA 6) R 6] 66] 25 70
-51(BA13) L |- 36| 78| 172 63 | |
R 261 80| 17 38 ||
~DMPFC (BA 9) default L |- 50| 24| 88 99 ||
R 581 34| 100 | 391
- Superior occipital lobe (BA L | -8 -86]40| a27° 03 ||
19) R | 20| -82] 40| 263° 81
visual
- V2 (BA 18) visual [ L 20| 54 644°
R | 20| -50 6897
~1PC (BA 40) L |-42] -34]3 16
control R _| 68| -28]2 4
-mCC (BA31, 24) defaull R |12 -24] 44| 4 3 [
~Thalamus L [ -8 22 3 } 28 ||
Across Fear Learning: Late CS+E > Early CS+E
Objective SE + DMPFC (BA 8, 9) default C [ 2] 44]42] 283 436 |
+DLPFC (BA 9) L |38 14| 40| 243 5.05
frontoparietal control
+IFC (BA 47) L 42| 28| 2| 3 3.10
frontoparietal control
+Angular gyrus (BA 39, 40) L 0
control [ R 7
+MTG (BA 21) default L 1
~Precuneus (BA 7) c 7
somatomotor
-SPC (BA 7) dorsal attention | L |- 78| 50| 87 4.14
- Middle occipital lobe (BA37) | L |~ 70 120 | 620
visual R 72| - 51 03 ||
- Hi default L |- 38 23 429 | |
- Caudate L[~ 24 60 13
Subjective SE +DMPFC (BA 10) default R 44 1 31 2
+DLPFC (BA 9) L |- 12 4 81 4.07
frontoparietal control |
+MTG (BA 21) default L |68 18] 6 55 |
+51 (BA 2) R 40| 66 .38
- Precuneus (BA 7) default L |- 72| 56 447 ||
~Middle occipital lobe (BA37) | L | 7 422 | |
visual R 74| - 26 | |
- Hi default L |- -3 54
SWS % ~Thalamus L |- 8] 1 97 ||
- Posterior insula (BA 13) L[- EFIN] .95
salience
- Hippocampus default L |28 8|22 2
R | 36| -10|-24 7
- Amygdala salience R | 28| 2|24 1
- Fusiform gyrus (BA37) L |30 50|20 122° 3
visual
REM % - Angular gyrus (BA 40) L |- 60| 52| 256° 24 ||
dorsal attention R 66| 52| 123 85
~tPFC (BA 10) [ L [ 52| 16| 16 94 ||
frontoparietal control R 52| 26| 57 92 ||
~MFC (BA 8) R 16 44| 51 91
frontoparietal control
- DMPFC (BA 8) default R 34 74 36 ||
~dACC (BA 32) salience c 0 55 ||
~PCC (BA 23) default L [ -8 -4 .84
R | 10| -4 98 | |
- Paral default L [26] -28]- 4.13
- MTG (BA 21) default L [64] -32] | 480
R_| 60| -40| 4| 220 87
~Temporal pole (BA 38) R | 36| 12]-36] 34 43
salience
REM RMSSD + Angular gyrus (BA 39) L [50| -62] 34 41
ontrol R 48 -72 | 34 32
+DMPFC (BA 10) default C | 6] 581 10 ||
+VLPFC (BA 10, 46) L [38] 46 .80
frontoparietal control
+VmPFC (BA 32) default R [ 10| 34[a2] 27 3.46
SWS RMSSD +Angular gyrus (BA 39, 40) L |48 62| 38| 76 4.49
ietal control R | 50| -70|32] 65 3.40
Early Fear Extinction Recall: Early CS+E > Early CS*
REM % +dACC (BA 24, 32) salience | L | - 16| 3 103 | 390
R_| 1 26 3 35 37
+TACC (BA 24) salience C | 6 38 60 48
+PCC (BA 31) default c -38 63 67
+51(BA6) R -38 62 62 | |
+DLPFC (BA 9) L |36 8 77 74
frontoparietal control R [ 50| 26 105 | 403 ||
+1PFC (BA 10) R | 24] 60 131 35
frontoparietal control
+SPC (BAT7) L |20 72| 60| 2za1° 5.49
dorsal attention
+ Precuneus (BA 7) default L | 8| 64| 48| 63 368 | |
+Angular gyrus (BA 39) L |38| -64] 34| 333° 4.40
dorsal attention/frontoparietal | R | 38| -64| 38| 191° 4.66
control
+MTG default L [50] -4 100 56 | |
R |62 3 205° 87
+ Temporal pole (BA 38) L 42 K 191 84
default R_| 40| 10 1 40
+Anterior insula (BA47,13) | L | 28] 10|~ 17° 33 | |
salience R _[36] 12]- 38| |
+ Thalamus R 20 65 | |
Objective SE - SMA (BA 6) R 28] 52 93 ||
“1PFC (BA 10) L |- 64 4 29
default R 60| 2| 139 30
- IPCISMG (BA 40) L [54| -36| 62| 274° 61 | |
control R 42| 54| 3 98 ||
- Posterior insula (BA 13) L [34] 18] 18] 15 61
salience
- STG (BA 22) salience L |50 12| 4| 309
R _[56] -18] -4 90
“MTG (BA 21) default L [46] - 40
R | 46| -62] 1 285
-1TG (BA 21, 38) L[4 38| 197
control R | 4 36| 165
Subjective SE - Premotor cortex (BA 6, 9) L[4 20| 375
somatomotor
- DMPFC (BA 8) default L -6 28| 44 47 4.37

(continued on next page)
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- IPCISMG (BA 39, 40) L [34] -62]34] 215 453 [
ntrol 32| 62| 44| 99 406 ||
~Posterior insula (BA 13) L [36] -16] 22| 29 432
salience
- VA (BA 17, 18) visual R | 6| 92| 4| 101 | 415
-V2 (BA19) visual L [34] 90 4| 160 430
Early Fear Extinction Recall: Early CS+E > Early CS-
REM % + DMPFC (BA 8) default L [ 6] 42[62] 1257 432 1|
+ superior dmPFC (BA 10) C | 2| 58|28 163 369
default
+1ACC (BA 24) salience C | 6| 32| 2] 6 | 431
+MFC (BA8) L [40| 18] 46| 44 3.60
frontoparietal control | | |
+PCC (BA 31) default C | 2 5030 212 381
+ Angular gyrus (BA 39) R |50 -50| 24| 51 351
default/frontoparietal control
+ Anterior insula (BA 47) L (32| 16/-14] 184 391
salience TR [38] 12/-14] 36 314
+ITG/Temporalpole (BA21) | L | 46| 4|36 141 4.87
default R |44 10[-38] 59 4.20
+ Fusiform/V2 (BA 18, 19) L [22] -82[-12] 100% 430
visual
Early Fear Extinction Recall: Early CS+U > Early CS-
Objective SE +SMA (BA 6) somatomotor | C | 2] 0] 60] 33 371
+ Premotor cortex (BA 6) L [48] 0l 42| 295 4.49
somatomotor R[50 4|42 237 529
+IFC (BA 44) L (52| 8|22 175 433
frontoparietal control TR [48] 22[22] 209 470
+dACC (BA 32) salience C | 6| 2234 15 423
+mCC (BA 24) salience C | 2 14l4a] 64 366 ||
+SPC (BAT) L [16] 74| 54| 184 430 [
dorsal attention TR [ 18] 64 68] 159 558
+SMG (BA 40) L |56 -32| 36| 363 3.60
frontoparietal control R | 46| -38] 40| 252° 6.21
+STG (BA 22) salience L [56] 26| 2| 847 6.63
R |56 -16] -4] 633 5.10
+MTG (BA 21) default L |62 28| 2| 204 7.7
R |58 -4 5647 5.94
+ [TGIFusiform (BA 19, 37) L [42] 341 331 414
visual R [ 54] -60[-10] 592° 762 ||
+ Amygdala salience L [22] 4] 33 455 ||
+ Putamen/Pallidum L [22] [ 243 3.36
R |26 8| 6| 65 3.38
+ Thalamus R 10 -22] 6] 31 357
- VA (BA 17) visual R | 6| -94] 4] 69 4.04
Subjective SE + Premotor cortex (BA 6) L |24 2] 58] 114 441
R 4 6 102 18
+ dACC (BA 32) salience R 22| 3 17 29
+ SPC/IPC (BA 40) dorsal L 50 50| 5087 49
attention/ frontoparietal control | R 40 50| 3267 20 [
+STG (BA 22) salience L 26 60 92 [
"R [54] -18 17 91
+MTG (BA 21) default R |60 -14[-18] 23 3.44
+ [TGIFusiform (BA 19, 37) R | 54| -46[-14| 1987 579
visual
+ Putamen L |22 2 12] 35 362
+ Posterior insula (BA L |44 2] 6] ot 363 ||
13)salience R [34] 6 14| 11 325
+ Thalamus L [16] 28| 12| 68 5.44
R |12 -26/10] 35 3.89
-V (BA 18) visual L [-14] 106 2| 60 391 [
R 10| -92] 4| 245 562
5] - DMPFC (BA 8) default C | 2| 24[48] 6t 378
- dACC (BA 32) salience C | 4 36[26] 13 297 ||
- premotor/IFC (BA9, 6) L (50| 6 40| 158 385 ||
somatomotor/frontoparietal R |50 6|38 319 571
control
- DLPFC (BA 46) R |46 42| 6| 255 428
control
- Anterior insula (BA 47) L (26| 24| 4| = 370
salience
- STG (BA 22) salience R |64 -40[ 10| 14 3.00

Abbreviations: SE - sleep efficiency, PSQI - Pittsburgh Sleep Quality Index, REM - rapid eye movement, RMSSD - root mean square of successive differences between
normal heartbeats, SWS — slow wave sleep, ISI — Insomnia Severity Index, BA — Brodmann area, CS+E — reinforced CS+ extinguished during extinction learning; CS+U —
reinforced CS+ not extinguished during extinction learning; CS- — CS never reinforced by the unconditioned stimulus; SMA — supplementary motor area, M1 - primary
motor cortex, DLPFC — dorsolateral prefrontal cortex, DMPFC — dorsal medial prefrontal cortex, vmPFC - ventromedial prefrontal cortex, dACC — dorsal anterior
cingulate cortex, mCC — middle cingulate cortex, rACC — rostral anterior cingulate cortex, PCC — posterior cingulate cortex, rPFC — rostral prefrontal cortex, SMG —
supramarginal gyrus, SPC — superior parietal cortex, IPC - inferior parietal cortex, MFC — middle frontal cortex, IFC- inferior frontal cortex, OFC - orbitofrontal cortex,
S1 - primary sensory cortex, V2 — secondary visual cortex, STG — superior temporal gyrus, MTG — middle temporal gyrus, ITG - inferior temporal gyrus, GAD —

generalized anxiety disorder, L — left, R - right, C — center.

@ Number of contiguous voxels in a cluster for the cluster-determined threshold correction (CDT) p < 0.001 with family-wise error (FWE) p < 0.05.

(Table 4)

3.4.1.3. Extinction recall

3.4.1.3.1. Early CS+E>early CS+U contrast. During early Extinction
Recall, for the early CS+E>early CS+U contrast, as objective SE
increased, there was decreased low-threshold activation in default (PFC,
MTG; 483 DMN), frontoparietal control (IPC and ITG; 674 FPCN),
salience (PIC, STG; 555 SN) and somatomotor (SMA; 18 SM) networks.
Decreased activation with increased objective SE reached high-
threshold significance in the left IPC (FPCN) (Fig. 3, Table 4). As sub-
jective SE increased, there was decreased low-threshold activation in
salience (PIC; 29 SN), default (DMPFC; 47 DMN), frontoparietal control
(IPC, SMG; 314 FPCN), and visual (V1, V2; 261 VN) networks. However,
no activations were associated with subjective SE at high-threshold
significance (Table 4).

3.4.1.3.2. Early CS+U>early CS- contrast. For the early
CS+U>early CS- contrast, as objective SE increased, there was
increased low-threshold activation in salience (dACC, mCC, STG,
amygdala; 1732 SN), frontoparietal control (IFC, SMG; 999 FPCN),
dorsal attention (SPC; 343 DAN), somatomotor (SMA, PMC; 565 SM)
and visual (ITG/fusiform; 923 VN) networks, but decreased activation in
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visual network (V1; 69 VN). Increased activations with increased
objective SE reached high-threshold significance in right SPC (DAN),
right SMG (FPCN), right STG (SN), bilateral MTG (DMN), and right ITG/
fusiform (VN) (Fig. 3, Table 4). Similarly, as subjective SE increased,
there was increased low-threshold activation in salience (dACC, STG,
PIC;126 SN), default (MTG; 23 DMN), frontoparietal control/dorsal
attention (IPC/SPC; 834 FPCN/DAN), somatomotor (PMC; 216 SM) and
visual (ITG/fusiform; 198 VN) networks as well as the subcortex (pu-
tamen, thalamus; 138), but decreased activation in visual network (V1;
305 VN). Increased activations with increased SE reached high-
threshold significance in bilateral IPC/SPC (FPCN/DAN) and right
fusiform (VN). Decreased SE reached high-threshold significance in
bilateral V1 (VN) (Table 4).

3.4.2. REM as a percent of total sleep time

3.4.2.1. Extinction learning. Across Extinction Learning, As REM%
increased, there was decreased low-threshold activation in default
(DMPFC, PCC, parahippocampus, MTG; 477 DMN), frontoparietal con-
trol (rPFC, MFC; 124 FPCN), dorsal attention (AG; 379 DAN), and
salience (dACC, temporal pole;ISCU 154 SN) networks. Decreased
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Fig. 3. Associations of activations in the whole-sample (GAD+ID and GAD-ID) with objective sleep efficiency across Threat Conditioning (panel A), across
Extinction Learning (panel B), and at early Threat Extinction Recall (panels C, D, and E). In each of panels A-E, low-threshold activations (cluster-determining threshold
[CDT] of p < 0.005 and at least 10 contiguous voxels) are indicated in graded blues on both the upper sets of smaller images and on the lower sets of \ larger images
which also display the 7 large-scale networks reported by Yeo et al. (Uddin et al.,
circled in white on the upper (smaller) images indicate high-threshold activations that survived family-wise error correction at p < 0.05 with a CDT of p < 0.001.
Abbreviations: CS+, conditioned stimulus reinforced by the unconditioned (shock) stimulus; CS-, nonreinforced conditioned stimulus; CS+E, CS+ extinguished
during Extinction Learning; CS+U, un-extinguished CS+; GAD, generalized anxiety disorder; ID, insomnia disorder; LL, left lateral view; RL, right lateral view; LM,

left medial view; RM, right medial view.

activation with increased REM% reached high-threshold significance in
the left AG (DAN) (Fig. 4, Table 4).

3.4.2.2. Extinction recall

3.4.2.2.1. Early CS+E>early CS+U contrast. During Extinction
Recall, for the early CS+E>early CS+U contrast, as REM% increased,
there was increased low-threshold activation in salience (dACC, rACC,
AIC; 350 SN), default (PCC, precuneus, MTG, temporal pole; 703 DMN),
frontoparietal control (DLPFC, rPFC; 313 FPCN), dorsal attention (SPC;
241 DAN), and frontoparietal control/dorsal attention (AG; 524 FPCN/
DAN) networks. Increased activations with increased REM% reached
high-threshold significance in left SPC (DAN), bilateral AG (FPCN), right
MTG (DMN), and left AIC (SN) (Fig. 4, Table 4.).

3.4.2.2.2. Early CS+E>early CS- contrast. At Extinction Recall, for
the early CS+E>early CS- contrast, as REM% increased, there was
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2019; Yeo et al., 2011) color coded as indicated by the bottom legend. Clusters

increased low-threshold activation in default (DMPFC, PCC, AG, ITG/
temporal pole; 751 DMN), salience (rACC, AIC; 283 SN), frontoparietal
control (MFC; 44 FPCN), and visual (fusiform, 100 VN) networks.
Increased activations with increased REM% reached high-threshold
significance in left DMPFC (DMN) and left fusiform gyrus (VN) (Fig. 4,
Table 4).

3.4.3. SWS as percent of total sleep time

Across Extinction Learning, as SWS% increased, there was decreased
low-threshold activation in salience (PIC, amygdala; 34 SN), default
(bilateral hippocampus; 40 DMN) and visual (fusiform gyrus; 122 VN)
networks. Decreased activation with increased SWS% reached high-
threshold significance in the left fusiform gyrus (VN) (Table 4.)
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Fig. 4. Associations of activations in the whole-sample (GAD+ID and GAD-ID) with REM % across the Extinction Learning phase (panel A), and the early Threat
Extinction Recall phase (panels B and C). In each of panels A-C, low-threshold activations (cluster-determining threshold [CDT] of p < 0.005 and at least 10 contiguous)
are indicated in graded blues on both the upper sets of smaller images and on the lower sets of larger images which also display the 7 large-scale networks reported by
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high-threshold activations that survived family-wise error correction at p < 0.05 with a CDT of p < 0.001. Abbreviations: CS+, conditioned stimulus reinforced by the
unconditioned (shock) stimulus; CS-, nonreinforced conditioned stimulus; CS+E, CS+ extinguished during Extinction Learning; CS+U, un-extinguished CS+; GAD,
generalized anxiety disorder; ID, insomnia disorder; LL, left lateral view; RL, right lateral view; LM, left medial view; RM, right medial view.

3.4.4. HRV (RMSSD) in REM and SWS

3.4.4.1. HRV and Threat Conditioning. Across Threat Conditioning, as
REM RMSSD increased, there was decreased low-threshold activation in
the salience (AIC; 13 SN) and default (DMPFC, parahippocampus; 40
DMN) networks. However, no activations were associated with REM
RMSSD at high-threshold significance (Table 4).

3.4.4.2. HRV and Extinction Learning. Across Extinction Learning, as
REM RMSSD increased, there was increased low-threshold activation in
the default (DMPFC, vmPFC; 44 DMN) and frontoparietal control (AG,
VLPFC; 142 FPCN) networks. Similarly, as SWS RMSSD increased, there
was increased activation in the frontoparietal control network (AG; 141
FPCN). However, no activations were associated with subjective SE at
high-threshold significance (Table 4).

3.4.5. Insomnia severity index

At Extinction Recall, for the early CS+U>early CS- contrast, as ISI
severity increased, there was decreased low-threshold activation in
default (DMPFC; 61 DMN), salience (dACC, anterior insula, STG; 48 SN),
somatomotor (PMC/IFC; 477 SM), and frontoparietal control (DLPFC;
255 FPCN) networks. Decreased activation with increased ISI reached
high-threshold significance in the right PMC/IFC (SM/FPCN) (Fig. 5,
Table 4).

4. Discussion
4.1. Summary of results

Neural activations to threat conditioning, extinction learning, and
extinction recall were compared between persons diagnosed with GAD
who had moderate to severe ID (GAD+ID) and those without ID or with
mild ID (GAD-ID). Relationships of these activations with specific sleep
measures known to be abnormal in anxiety-related disorders were also
examined. Both group comparisons and whole-sample sleep-parameter

16

relationships with neural activations were first detected at a low-
threshold that showed the extent to which contrasts engaged large-
scale brain networks but presumably had high Type-1 (false positive)
error. Second, they were examined with FWE correction (high-
threshold) that minimized Type-1 but risked high Type-2 (false nega-
tive) errors. Some contrasts but not others supported our 3 following
hypotheses that: 1. GAD+ID vs. GAD-ID would show more activations in
SN and less in regulatory networks; 2. regulatory regions would activate
more, and SN areas less with better sleep quality, as well as with greater
REM and SWS percent; and 3. regulatory regions would activate more
and SN areas less with greater parasympathetic tone (HRV) in REM and
SWS,. As expected, GAD+ID showed poorer self-reported sleep quality
and greater worry and somatic anxiety (Table 2).

4.2. Comparison of activations in GAD+ID vs. GAD-ID

4.2.1. Summary

Across the acquisition of threat conditioning, low threshold activa-
tions to the reinforced stimulus (CS+) increased more within the
GAD+ID than within the GAD-ID group. In contrast, increased low-
threshold activations to the CS+ across Extinction Learning were
greater within the GAD-ID group reaching high-threshold (FWE) sig-
nificance in the DMN and SN. At Extinction Recall, greater low-
threshold activation became more extensive within the GAD+ID than
within the GAD-ID group when contrasting the extinguished (CS+E)
stimulus with either the un-extinguished (CS+U) or the non-reinforced
(CS-) stimuli, an association reaching high-threshold significance in
the DMN. In contrast, greater activation in the CS4+U > CS- contrast was
much more extensive within the GAD-ID group, reaching high-threshold
significance in the SN and exceeding GAD+ID at high-threshold signif-
icance in the FPCN and SMN.

Although ID severity as measured using the ISI is a continuous var-
iable, activations that significantly varied with ISI at low or high
thresholds occurred in only one contrast (early CS+U > CS- during
Extinction Recall). This suggests that, unlike the many regional
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Fig. 5. Associations of activations in the whole-sample (GAD+ID and GAD-ID) with the Insomnia Severity Index (ISI) during the early Threat Extinction Recall
phase (early CS+U>early CS-). low-threshold activations (cluster-determining threshold [CDT] of p < 0.005 and at least 10 contiguous) are indicated in graded blues
on both the upper sets of smaller images and on the lower sets of larger images which also display the 7 large-scale networks reported by Yeo et al. (Uddin et al.,
2019; Yeo et al., 2011) color coded as indicated by the bottom legend. Clusters circled in white on the upper (smaller) images indicate high-threshold activations that
survived family-wise error correction at p < 0.05 with a CDT of p < 0.001. Abbreviations: CS+, conditioned stimulus reinforced by the unconditioned (shock)
stimulus; CS-, nonreinforced conditioned stimulus; CS+E, CS+ extinguished during Extinction Learning; CS+U, un-extinguished CS+; GAD, generalized anxiety
disorder; ID, insomnia disorder; LL, left lateral view; RL, right lateral view; LM, left medial view; RM, right medial view.

activation differences between GAD+ID and GAD-ID groups (between
which a large mean ISI difference was present, Table 2), incremental
changes in ISI may be of insufficient magnitude to result in significant
associations with incremental changes in neural activations.

4.2.2. Brain activations across Threat Conditioning

Across Threat Conditioning (late>early CS+ contrast), several ob-
servations suggest greater threat-based low-threshold activation in
GAD+ID vs. GAD-ID. First, although within both groups there were
activations in the FPCN and DMN, within GAD-+ID there were additional
activations in the SN and SM (Fig. 1). However, there were no significant
high-threshold activations within either group across this phase. Second,
the CS+>CS- contrast at early Threat Conditioning resulted in a greater
number of low-threshold clusters and networks (including the SN)
within GAD+ID than within GAD-ID, and several of these clusters in the
SM and subcortex reached high-threshold significance (Table 3, Sup-
plemental Materials).

4.2.3. Brain activations across Extinction Learning

Across Extinction Learning (late>early CS+E contrast), strikingly
different low-threshold activation patterns were seen within GAD-ID vs.
GAD+ID groups. First, across-phase low-threshold activations to the
CS+ in the FPCN, DM, and SN were more extensive in GAD-ID than in
GAD-+ID (Figs. 1, 2, Table 3). Second, across-phase activations in the SN
and, especially, the FPCN reached high-threshold significance in GAD-
ID, whereas in GAD+ID, there were no significant high-threshold acti-
vations (Fig. 2, Table 3). Third, across Extinction Learning, low-
threshold activations were greater in GAD-ID than GAD+ID in the
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FPCN (Fig. 2, Table 3). Fourth, there were extensive low-threshold ac-
tivations to the late CS+E>CS- contrast in GAD+ID, whereas no late
CS+E>CS- activations were seen in GAD-ID (Table 3, Supplemental
Materials). This contrasts with greater activations to the CS+E across
Extinction Learning in GAD-ID. These findings suggest that, across
Extinction Learning, GAD-ID, unlike GAD+ID, increased activity of both
top-down regulatory (FPCN) and, to a lesser extent, threat (SN) regions
to the CS+E whereas, by the end of this phase, these regions were no
longer more reactive to the CS+E than to the CS-, i.e., the threat had
been extinguished (Table 3, Supplemental Materials). In contrast, at the
end of Extinction Learning, GAD+ID remained highly reactive to this
contrast (i.e., remained more fearful of CS+ than CS-). Extinction
Learning involves a competition between the memory for the previously
learned threat and acquisition of new safety learning, thus requiring
activation of both threat (SN) and regulatory (FPCN) regions as took
place across this phase in GAD-ID but not GAD+ID.

4.2.4. Brain activations during early Extinction Recall

4.2.4.1. Early CS+E>early CS+U contrast. At Extinction Recall, unlike
across Extinction Learning, for the early CS+E>early CS+U contrast,
low-threshold activations were now more extensive within GAD+ID
than GAD-ID (Figs. 1, 2, Table 3). This was especially the case in the
DMN in which one cluster in the parahippocampus and fusiform gyri
reached high-threshold significance within GAD+ID (Fig. 2, Table 3).
Moreover, greater low-threshold activations, again especially in the
DMN, were seen when comparing CS+ID with CS-ID, although these did
not reach high-threshold significance (Table 3). This striking reversal of
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the group showing the greater activation following a delay replicates our
previous findings in individuals with ID versus good-sleeping controls
(Seo et al., 2018), in sleep-deprived versus fully rested healthy young
adults (Seo et al., 2020), and in individuals recently exposed to trauma
who developed PTSD versus trauma-exposed individuals who did not
(Seo et al., 2022) (reviewed in Pace-Schott et al., 2023). This can be
interpreted as a delay in the engagement of the neural substrates of
extinction learning in individuals whose sleep is compromised
(Pace-Schott et al., 2023). Such a delay is possibly analogous to the
immediate extinction deficit seen in rodent studies, which has been
attributed to a carry-over of stress responses elicited during threat
conditioning (Giustino et al., 2017; Maren, 2014, 2022). This possibility
is suggested by significant high-threshold activation in CS+ID to the
early CS+E>early CS+U contrast in the parahippocampus, a DMN re-
gion strongly associated with memory encoding.

4.2.4.2. Early CS+E>early CS- contrast. For the early CS+E>early CS-
contrast at Extinction Recall, a greater extent of low-threshold activa-
tions within the GAD+ID vs. within the GAD-ID group also occurred
(Figs. 1, 2, Table 3). This can be seen in more extensive low-threshold
activations of the SN, SM, and DMN in GAD+ID vs. GAD-ID (Fig. 1,
Table 3). In addition, only within GAD+ID was there low-threshold
activation of the FPCN (Fig. 1, Table 3). Although within both groups
there were regions reaching high-threshold significance, this was seen in
a DMN region (temporal pole) for GAD+ID but in the SMN (pre-SMA) for
GAD-ID (Fig. 1, Table 3). Interestingly, when the two groups were
directly compared, low-threshold activation in specific SN and DMN
areas was greater in GAD-ID vs. GAD+ID despite more extensive low-
threshold activation within GAD+ID (Table 3). The persistence of low
threshold activations in the SN of both groups suggests that some degree
of threat memory had been maintained in GAD-ID despite their greater
neural activity across Extinction Learning.

4.2.4.3. Early CS+U>early CS- contrast. The pattern seen in the con-
trasts of CS+E with CS+U and CS- was then strikingly reversed for the
early CS+U>early CS- contrast in which GAD-ID now showed extensive
low-threshold activation in the SN, DMN, and FPCN (Fig. 1), which
reached high-threshold significance in an SN region (dACC), whereas,
for this contrast in GAD+ID there was only a low-threshold activation in
the thalamus (Figs. 1, 2, Table 3). Moreover, low-threshold activation to
this contrast was greater in GAD-ID than GAD+ID in SN, DMN, FPCN,
and SM networks (Fig. 1, Table 3), reaching high-threshold significance
in a region of the FPCN (right VLPFC) (Fig. 2, Table 3). Activation to the
reinforced but un-extinguished CS+ in GAD-ID might be interpreted as
an memory-based adaptive response to a threat that remains dangerous
(unextinguished) whereas the lack of activation in GAD-+ID may
represent a delay in initiating new extinction learning to the currently
non-reinforced CS+U.

4.3. Association of sleep measures with neural activations

Across the entire sample (GAD+ID and GAD-ID combined), the
interpretation of positive and negative associations between neural ac-
tivations and sleep variables requires operational definitions of the
neurocognitive processes represented by contrasts. Table 1 lists such
putative processes associated with each of the 9 contrasts. Only associ-
ations reaching low and/or high-threshold significance are reported.
Although sleep associations with activations to contrasts are interpreted
in light of these processes, it must be remembered that any such sleep
effects are indirect.

4.3.1. Sleep quality (sleep efficiency)

To limit the number of analyses, overall sleep quality was oper-
ationalized as sleep efficiency (SE). Both objective and subjective SE
were analyzed since, in individuals with insomnia, there are
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characteristic differences between objective sleep and subjective esti-
mates. Among sleep parameters examined, mean objective (actigraphic)
and subjective (diary-based) sleep efficiency (SE) showed the greatest
number of low-threshold associations with neural activations among the
different contrasts (Table 4, Fig. 3).

4.3.1.1. Sleep efficiency and threat conditioning. Across Threat Condi-
tioning (late CS+>early CS+), as objective SE increased, threat learning
was associated with lesser low-threshold activation in SN, DMN, SM and
VN networks, a decrease that was significant at high threshold in
vmPFC, a DMN region (Table 4, Fig. 3). Similarly, as subjective SE
increased, threat conditioning was associated with reduced activation in
areas of the SN, DMN, FPCN, SM and VN (Table 4). These results might
be interpreted as better sleep quality buffering against anxious (over)
reactivity to mild threats, represented here by an annoying shock.

4.3.1.2. Sleep efficiency and extinction learning. Across Extinction
Learning (late CS+E>early CS+E), as both objective and subjective SE
increased, acquisition of extinction (with a concomitant decrease in
threat perception) was associated with increased low-threshold activa-
tion in the DMN and FPCN networks, albeit without reaching high-
threshold significance (Table 4).

4.3.1.3. Sleep efficiency and extinction recall. At early Extinction Recall,
as both objective and subjective SE increased, discrimination of an
extinguished from an un-extinguished threat (early CS+E>early CS+U)
was associated with decreased low threshold activation in the SN, DMN,
FPCN and SM networks, with increased objective SE associated with
high-threshold decrease in the SMG, an FPCN region (Table 4, Fig. 4). At
early Extinction Recall, neither objective nor subjective SE were related
to the remaining differential threat response to an extinguished CS+
(early CS+E>early CS-). However, at early Extinction Recall, as both
objective and subjective SE increased, the differential response to a
conditioned but unextinguished threat (early CS+U>early CS-) was
associated with increased low-threshold activation in multiple networks
(SN, DMN, FPCN, SM, DAN, VN and subcortex and significantly so at
high threshold in SPC, SMG and STG (DAN, FPCN and DMN networks
respectively).

4.3.1.4. Sleep efficiency relationships with threat conditioning and
extinction. Thus greater sleep quality (SE) was associated with brain
activations reflecting lesser acquisition of threat, greater acquisition of
extinction, lesser differentiation of an extinguished from unextinguished
threat, but increased activation to an unextinguished threat. Greater
neural response to the recall of the unextinguished stimulus might
suggest the association of greater SE with better memory for a
continuing threat. Thus, one might speculate that greater sleep quality
diminishes initial response to a threat and enhances learning of the
extinction of that threat. The seeming paradox of finding an association
of greater SE with increased activations across Extinction Learning but
decreased activation to the contrast CS+E > CS+U at Extinction Recall
may indicate that better sleep quality favors the ability to extinguish
soon after conditioning whereas such activation is delayed in those with
poorer sleep quality. In contrast, better sleep quality favors increased
responding to a “real” (unextinguished) threat represented by the
CS+U>CS- at Extinction Recall. Such a generally adaptive, threat-
modulating effect of greater SE is further suggested by significant,
high-threshold associations seen with activations of emotion-regulatory
areas in the FPCN and DMN.

4.3.2. REM and SWS percent
4.3.2.1. Extinction learning. Across Extinction Learning, as the condi-

tioned threat was being extinguished, increased REM% was associated
with decreased low-threshold activations in SN, DMN, and FPCN
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networks and significantly so at high-threshold in the left AG, a region of
the FPCN.

4.3.2.2. Extinction recall. During early Extinction Recall, when dis-
tinguishing extinguished from unextinguished threat conditioning
(early CS+E>early CS+U), increased REM% was associated with
increased low-threshold activation in SN, DMN, FPCN, and DAN net-
works and significantly so at high threshold in bilateral AG (FPCN), right
MTL (DMN) and left SPC (DAN). When responding to conditioned threat
memory remaining after prior extinction (early CS+E>early CS-),
increased REM% continued to be associated with greater low-threshold
activation in SN, DMN, FPCN as well as VN networks and significantly so
at high threshold in the DMPFC (DMN) and fusiform gyrus (VN).
However, REM% was unrelated to neural activations during threat
conditioning or when the memory of unextinguished threat (early
CS+U>early CS-) was being recalled.

4.3.2.3. REM and SWS percent relationships with threat conditioning and
extinction. Thus, since unassociated with threat acquisition and unex-
tinguished threat memory, REM% may specifically support processes
related to extinction learning and memory. For example, its association
with a decrease in activity across Extinction Learning may represent
down-regulation of reactivity as extinction is learned (threat is dimin-
ished), while the positive association of REM% with activations during
recall of an extinguished stimulus might suggest that a greater prior
night’s REM% supports differentiation of extinguished from unextin-
guished threat (CS+E>CS+U) as well as from safety cues (CS+E>CS-).
As with REM%, across Extinction Learning, greater SWS% was associ-
ated with decreased low-threshold activation in SN and DMN as well as
significantly at high threshold in the fusiform gyrus (VN). Thus, like
REM%, SWS% may support down-regulation of reactivity as extinction
is learned.

4.3.3. REM and SWS HRYV relationships with threat conditioning and
extinction

REM and SWS HRV (RMSSD) are indicators of parasympathetic
outflow during sleep. It has been hypothesized that the role of the
parasympathetic nervous system in maintaining physiological homeo-
stasis extends to the domain of emotional regulation (Porges, 2011;
Thayer and Lane, 2000). Therefore, the positive association of para-
sympathetic activity during sleep with activation of regions of the FPCN
and DMN across Extinction Learning might suggest that greater HRV
during sleep supports the mobilization of emotional and cognitive
control during wakefulness. Similarly, the negative associations of sleep
HRV with these same networks at the beginning, end, and across Threat
Conditioning (Table 4, Supplemental Materials) may indicate that sleep
HRYV also supports adaptive withdrawal of top-down regulation when
threat is being learned. Our recent findings suggest that parasympathetic
outflow during REM sleep supports the consolidation of extinction
memory in this same protocol (Yuksel et al., 2025). In addition, para-
sympathetic activity (during wake) has been shown to be associated
with extinction learning (Jenness et al., 2019; Pappens et al., 2014;
Wendt et al., 2015), and enhancing parasympathetic activity via vagus
nerve stimulation boosts extinction learning and retention of extinction
memory in both rodents (e.g., Souza et al., 2022) and humans (Burger
et al., 2019, 2016; Szeska et al., 2020).

4.3.4. Self-report sleep-quality measures and threat conditioning and
extinction

Retrospective measures of sleep quality and insomnia (PSQI, ISI)
showed few associations with primary contrasts. While recalling unex-
tinguished differential threat remaining following a 24 h delay
(CS+U>CS-), greater ISI was associated with lesser low-threshold acti-
vations in the SN, DMN, FPCN and SM networks and significantly so at
high threshold in IFC/PMC (FPCN/SM networks). For this same contrast,
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as noted, SE was positively associated with activations in all networks.
Thus, greater ID severity may interfere with the ability to recall or
respond to threat stimuli that may continue to be threatening. Greater
PSQI was negatively associated with somatomotor activation at the
beginning of Extinction Learning (early CS+E>CS-) (Table 4, Supple-
mental Material), which may indicate that poorer sleep quality in-
terferes with initial brain activations associated with extinguishing
threat (acting oppositely to RMSSD).

4.4. Limitations

The primary limitation of the current study is its small sample size,
which resulted from limited funds and restrictions on research during
the pandemic. In addition, there were only 2 male participants, both in
the GAD-ID group, therefore results may not generalize to men with
GAD. Thus, statistical power is clearly limited and results should be
interpreted cautiously and replicated with analyses of fully powered
samples. Although other GAD symptoms closely correlated with sleep
symptoms might also explain the observed neural activations, additional
covariates were not added to analyses in SPM 12 due to such power
concerns as well as the likelihood of collinearity among the different
GAD symptoms. The small sample size also precluded the use of
connectivity-based measures such as dynamic functional connectivity
(Wen et al., 2022) to define large-scale networks. Although the majority
of group differences and correlations were seen at the low threshold, the
high threshold results either supported or did not contradict
low-threshold findings. For example, high-threshold activations during
early Threat Conditioning were seen in GAD+ID but not GAD-ID,
high-threshold activations in both salience and frontoparietal control
networks across Extinction Learning were seen in GAD-ID but not
GAD+ID, delayed activation to the CS+E>CS+U and CS+E>CS- con-
trasts at Extinction Recall was seen in GAD+ID but not GAD-ID, and
renewed activity to a previously unextinguished reinforced stimulus
(CS+U>CS-) at Extinction Recall was seen only in GAD-ID. Similarly, in
multiple regressions, the most common correlate of high-threshold ac-
tivations was Objective SE which showed positive correlation with ac-
tivations that were also seen in GAD-ID but not GAD+ID, especially for
the CS+U>CS-contrast at Extinction Recall. Several additional limita-
tions existed. First, the menstrual phase and use of contraceptives, both
of which can affect extinction (Hwang et al., 2015), were not stan-
dardized. Second, in GAD+ID compared to GAD-ID groups, it is possible
that both their differential patterns of neural activation to extinction and
their insomnia severity might have resulted from more severe GAD (as
suggested by PSWQ and STCSA-S being greater in GAD-+ID). In this case,
differences in neural activations might not have been directly related to
sleep quality but rather to GAD severity. Third, sleep associates of threat
conditioning and extinction learning and those of extinction recall were
measured on two different nights. This might have introduced additional
confounding factors such as PSG-measured sleep quality on the consol-
idation (third) night having benefitted from the additional acclimation
to PSG during the baseline (second) night. Fourth, to date, behavioral
(psychophysiological and self-report) measurements of fear condition-
ing and extinction have not shown the delays in timing of extinction
learning in sleep-compromised individuals that are suggested by imag-
ing findings (Bottary et al., 2020; Seo et al., 2018).

4.5. Conclusions

Group comparisons between individuals with GAD differing in
insomnia severity are strikingly similar to our fMRI findings that
compared other more to less sleep-compromised individuals, viz, the
more compromised group fails to engage brain areas supporting
extinction-learning immediately following threat conditioning but does
so following a delay (Pace-Schott et al., 2023; Seo et al., 2018, 2022,
2020). Such findings may be related to the compromised group being
more susceptible to an immediate extinction deficit reported in rodents
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(Maren, 2022). Nonetheless, studies that separate threat conditioning
from extinction learning by varying durations would be needed to assess
whether other deficits in the initiation of extinction are also associated
with poor sleep. In individuals with GAD, most of whom had some de-
gree of insomnia symptoms, better sleep quality (SE) and increased
parasympathetic outflow during REM and SWS (RMSSD) were associ-
ated with increased activation of regions that support top-down
emotional regulation (FPCN, DMN), while extinction is learned. How-
ever, greater REM% was associated with greater activation of emotion
regulatory regions when extinction was recalled, suggesting that REM
may specifically support consolidation of extinction learning. More
definitive conclusions, however, must await better-powered studies
contrasting individuals with GAD and other anxiety-related disorders to
healthy controls with high-quality sleep.
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