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Abstract

Atypical responses to fearful stimuli and the presence of various forms of anxiety are commonly 

seen in children with autism spectrum disorder (ASD). The fear potentiated startle paradigm 

(FPS), which has been studied both in relation to anxiety and as a probe for amygdala function, 

was carried out in 97 children aged 9–14 years including 48 (12 female) with ASD and 49 

(14 female) with typical development (TD). In addition, exploratory analyses were conducted 

examining the association between FPS and amygdala volume as assessed with magnetic 

resonance imaging in a subset of the children with ASD with or without an anxiety disorder 

with available MRI data. While the startle latency was increased in the children with ASD, there 

was no group difference in FPS. FPS was not significantly associated with traditional Diagnostic 

and Statistical Manual (DSM) or “autism distinct” forms of anxiety. Within the autism group, 

FPS was negatively correlated with amygdala volume. Multiple regression analyses revealed 

that the association between FPS and anxiety severity was significantly moderated by the size 

of the amygdala, such that the association between FPS and anxiety was significantly more 

positive in children with larger amygdalas than smaller amygdalas. These findings highlight the 

heterogeneity of emotional reactivity associated with ASD and the difficulties in establishing 

biologically meaningful probes of altered brain function.

Lay summary:

Many children with autism spectrum disorder (ASD) have additional problems such as anxiety that 

can greatly impact their lives. How these co-occurring symptoms develop is not well understood. 

We studied the amygdala, a region of the brain critical for processing fear and a laboratory method 

called fear potentiated startle for measuring fear conditioning, in children with ASD (with and 
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without an anxiety disorder) and typically developing children. Results showed that the connection 

between fear conditioning and anxiety is dependent on the size of the amygdala in children with 

ASD.
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Introduction

Autism spectrum disorder (ASD) is characterized by impaired social communication 

and by restricted or repetitive behaviors and commonly affects language and cognitive 

abilities [American Psychiatric Association, 2013]. Beyond the core features of ASD, 

affected individuals commonly experience a variety of co-occurring conditions including 

intellectual disability, which affects at least 40% of individuals with autism [Autism 

and Developmental Disabilities Monitoring Network Surveillance Year 2008 Principal 

Investigators & Prevention, 2012]; epilepsy, in approximately 25% [El Achkar & Spence, 

2015]; and gastrointestinal problems in 25%–48% [Buie et al., 2010; The Research Units 

On Pediatric Psychopharmacology Anxiety Study Group, 2002]. Anxiety disorders are 

particularly troubling, co-occurring mental health conditions that have been estimated 

to affect up to 69% of individuals with ASD [Kerns et al., 2014, 2020]. Interestingly, 

a subset of individuals with ASD demonstrate an absence of adaptive fear in some 

circumstances and may endanger themselves by engaging in behavior such as elopement 

[Kiely, Migdal, Vettam, & Adesman, 2016]. Attempting to develop biologically meaningful 

probes of brain function in order to phenotype the behavioral heterogeneity of ASD has 

become a major initiative of modern ASD research. We have been focusing on efforts to 

appropriately diagnose anxiety disorders in individuals with ASD and to establish biological 

or physiological biomarkers that are associated with increased anxiety. Much of this effort 

focuses on the potential role of the amygdala, a region of the brain important for mediating 

emotional responses, particularly to fearful stimuli [LeDoux & Pine, 2016].

The amygdala has long been implicated in the mediation of important aspects of anxiety 

[Adhikari, 2014; Amaral & Corbett, 2003; Marazziti et al., 2015; Taylor & Whalen, 2015]. 

There is also a long history of neuropathological and neuroimaging findings suggesting that 

the structure and function of the amygdala is altered in ASD [Aylward Minshew et al., 1999; 

Bauman & Kemper, 1985; Herrington et al., 2017; Nordahl et al., 2012; Shen et al., 2016]. 

Interestingly, Kerns et al. [2014, 2020] have shown that some manifestations of clinically

significant anxiety disorder in children with ASD are quite different from those defined by 

the DSM-5. For example, children with ASD experience intense anticipatory anxiety related 

to changes in their routine or when they have reduced access to objects of intense interest. 

They may develop very unusual and uncommon phobias or develop social anxiety that is 

less related to embarrassment or fear of negative evaluation but rather anxiety due to social 

confusion stemming from their autism related social deficits. What is not yet clear is how an 

anxiety disorder develops in the context of ASD and the degree to which amygdala structure 

and function play a role in the pathogenesis of these troubling symptoms. Both animal and 
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some clinical research has raised the possibility that fear conditioning tasks such as the 

fear potentiated startle (FPS) paradigm may be useful tools to examine the potential links 

between anxiety and amygdala function in ASD.

FPS is defined as an elevated startle reflex response to a sudden probe (such as a loud 

noise) in the presence of a stimulus (the conditioned stimulus or CS) that was previously 

paired with an aversive event (the unconditioned stimulus—US, e.g., electric shock). Typical 

rodent FPS studies start with initial training sessions in which a light (CS) precedes an 

electric shock (US). Afterward, during the testing session, a whole-body startle reflex is 

elicited by a loud acoustic stimulus (startle probe) in the presence or absence of the light. 

The startle reflex is measured by a strain gauge in the apparatus that quantifies the animal’s 

movement. Potentiation of the startle response is indicated by a larger movement when the 

CS is delivered prior to the startle stimulus in comparison to without the CS. This response 

is sensitive enough to detect alterations related to drug administration. In rats, the FPS is 

dampened by anxiolytic drugs [Chi, 1965; Davis, 1979; Davis, Redmond, & Baraban, 1979] 

and enhanced by anxiogenic drugs [Bridger & Mandel, 1967; Davis et al., 1979]. These 

findings have been interpreted as indicating that enhanced startle is due to anticipatory fear 

(or anxiety) experienced by the animal prior to the startle stimulus.

The FPS effect is also reliably measured in humans (Grillon, Ameli, Foot, & Davis, 1993; 

Grillon, Ameli, Woods, Merikangas, & Davis, 1991; Grillon et al., 2006; Hamm, Greenwald, 

Bradley, Cuthbert, & Lang, 1991; Jovanovic et al., 2005; Lissek, Biggs, et al., 2008; Lissek, 

Levenson, et al., 2008; Norrholm et al., 2006; Ross, 1961; Spence & Runquist, 1958). In 

human studies, the CS is typically a light, or images presented on a screen. The US can 

range from an aversive air puff to the neck, to an electric shock, to the sound of a human 

scream. Once the contingency is learned that the CS predicts an aversive event, the CS 

sometimes precedes or is paired with the startle probe. In humans, the startle reflex is 

usually measured by the amplitude of the eye blink startle reflex (i.e., the electromyographic 

response of the orbicularis oculi muscle) or by electrodermal activity (e.g., skin conductance 

of the palmar surface).

Consistent findings in animal studies support the notion that the amygdala is an important 

brain region in the mediation of the FPS response. Studies of rats and rhesus monkeys alike 

have found that lesions to the amygdala before training effectively block FPS [Antoniadis, 

Winslow, Davis, & Amaral, 2007, 2009; Campeau & Davis, 1995; Heldt, Sundin, Willott, & 

Falls, 2000; Hitchcock & Davis, 1986; Lee & Davis, 1997], suggesting that the amygdala 

is necessary for fear learning and FPS. However, there may be some species differences in 

this phenomenon. For example, in rats, the amygdala is essential both for the learning and 

for the expression of FPS, while in rhesus monkeys lesions occurring after training do not 

block FPS [Antoniadis et al., 2007; Antoniadis et al., 2009], indicating that a functioning 

amygdala is required for acquiring the FPS response but not for its expression. Moreover, 

there may be neurodevelopmental alterations to how FPS neuropathology impacts FPS 

response. Neonatal amygdala lesions appear to attenuate but not abolish FPS when tested in 

adult rhesus monkeys that received additional training in the CS-US pairings, suggesting that 

early amygdala damage may induce other brain regions to take over the mediation of FPS 

[Kazama, Heuer, Davis, & Bachevalier, 2012].
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Three previous studies have investigated the FPS response in individuals with ASD. All 

three studies reported that there were no significant differences in the FPS response in 

participants with ASD compared to typically developing (TD) controls [Bernier, Dawson, 

Panagiotides, & Webb, 2005; Chamberlain et al., 2013; Sterling et al., 2013]. One study, 

however, did find a significant increase in baseline startle amplitudes in participants with 

ASD [Chamberlain et al., 2013]. This finding is reminiscent of the increased baseline startle 

amplitude in adults with generalized anxiety disorder [Grillon et al., 2016]. Surprisingly, 

the Chamberlain et al. [2013] study in individuals with ASD found that total anxiety scores 

and Generalized Anxiety Disorder scores were negatively correlated with startle amplitudes; 

greater anxiety was associated with lower startle amplitude. One of the studies [Sterling et 

al., 2013] correlated anxiety symptoms with magnitude of startle during a threat condition 

but failed to examine startle potentiation (the degree to which the startle reflex is augmented 

by the threat condition relative to baseline); thus, the association of anxiety with FPS is 

unknown in this cohort. It is worth noting, that in all three studies of FPS in ASD, anxiety 

was assessed using self-report or caregiver-report questionnaires that had not been validated 

for use in individuals with ASD [Jitlina et al., 2017; Mazefsky, Kao, & Oswald, 2011]. 

Thus, it is possible that levels of anxiety or presence of co-occurring anxiety disorders were 

not reliably measured, or they may not cover the full range of anxiety symptom expression 

within this disorder. For example, in Kerns et al. [2020], we reported that sensitivity was 

poor for brief anxiety screeners compared to diagnostic interviews for children with ASD, 

and these anxiety scales are very poor for those with IQs <70. In addition, these three studies 

were limited to older adolescents and adults, with normal or above average IQ and relatively 

low ASD symptom severity. Chamberlain et al. [2013] made the important observation that 

younger and more impaired samples may be needed to further explore this phenomenon, 

noting as well that the anxiety response in ASD may be related to environmental signals that 

most people do not find threatening, such as specific types of sounds or lighting.

The primary aim of the current study was to evaluate fear conditioning using a potentiated 

startle paradigm in a cohort of 9–14-year-old children with ASD who are part of the 

longitudinal Autism Phenome Project at the UC Davis MIND Institute. These children 

are a diverse group that run the full spectrum of both autism severity and intellectual 

functioning. Additionally, brain imaging data are available for most of the children and they 

have completed comprehensive clinical assessment for the presence of anxiety disorders, 

including both traditional anxiety as defined by the DSM as well as distinct forms of anxiety 

disorder that occur in ASD [Herrington et al., 2017; Kerns & Kendall, 2012; Kerns et al., 

2014, 2020]. Thus, a secondary aim was to determine potential interrelationships between 

measures of FPS, anxiety, and amygdala volumes in autism. This would provide important 

information concerning the neurobiological substrates of anxiety in ASD. We hypothesized 

that FPS would be increased in the children with ASD relative to those with TD. We also 

hypothesized there would be a positive association between the magnitude of FPS and the 

anxiety severity as well as the volume of the amygdala in those with available MRI data.
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Materials and methods

Participants

Participants (Table 1) were enrolled in the ongoing University of California, Davis Medical 

Investigation of Neurodevelopmental Disorders (MIND) Institute Autism Phenome Project. 

Participants with ASD were recruited through the MIND Institute Massie Clinic, California 

Regional Centers and local clinics and community events when they were 2–3.5 years 

of age. TD participants were recruited through community events and health fairs. Data 

utilized in the current study were acquired during a longitudinal visit when participants 

were between 9 and 14 years of age. All aspects of the study protocol were approved by 

the University of California, Davis Institutional Review Board, and informed consent was 

obtained from the parent or guardian of each participant.

Diagnostic measures included the Autism Diagnostic Observation Scale—Second Edition 

(ADOS-2) [DiLavore, Lord, & Rutter, 1995; Lord et al., 2000] and the Autism Diagnostic 

Interview—Revised (ADI-R) [Lord, Rutter, & Couteur, 1994], conducted by trained, 

licensed clinical psychologists who specialize in ASD and were research reliable for these 

tools. These assessments were originally completed when participants were 2–3 years of 

age. Inclusion criteria for ASD at that time point were based on the diagnostic definition 

of ASD in young children established by the Collaborative Programs of Excellence in 

Autism network using DSM-IV [American Psychiatric Association, 1994] criteria. ADOS 

Calibrated Severity Scores (CSS) were calculated to allow comparison of autism severity 

across participants tested with different ADOS-G modules [Gotham, Pickles, & Lord, 2009]. 

Diagnostic confirmation with the ADOS-2 and DSM 5 criteria was carried out again at 

ages 9–12 years concurrent with the present data. IQ for all participants was measured 

using the Differential Ability Scales (DAS-2; [Elliott, 2007]. All participants were native 

English speakers, ambulatory, had no vision or hearing problems, and no other neurological 

conditions. A characteristic of the Autism Phenome Project is that there are very few 

exclusions. Thus, children at all levels of autism severity and with and without intellectual 

disability are included in this study along with an age-matched TD control group.

The Anxiety Disorders Interview Schedule–IV–Parent Interview [ADIS–P; Silverman, 

Albano, Siebelink, & Treffers, 2001] is a semi-structured interview conducted with parents 

to assess the presence of childhood anxiety disorders with strong inter-rater and test–

retest reliability [Lyneham, Abbott, & Rapee, 2007; Silverman, Saavedra, & Pina, 2001]. 

We used the ADIS-P modules for OCD, separation, social, and generalized anxiety 

disorders, and specific phobia. Each module receives a clinical severity rating (CSR), 

from 0 (no interference) to 8 (severe interference), with 4 representing the cutoff for 

significant interference, and–when all other criteria are met-diagnosis. The Autism Spectrum 

Addendum [ASA; Kerns, Renno, Kendall, Wood, & Storch, 2017] is a series of prompts 

and guidelines that are woven into the ADIS protocol to tailor the instrument for children 

with ASD. The ADIS/ASA gathers additional information about the child’s developmental 

level, social functioning and motivation, experiences and environment, sensory sensitivities, 

and perseverative cognitive style. This information is used to guide differential diagnosis of 

symptoms and estimations of the impairment due to anxiety as opposed to other difficulties 
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(e.g., communication challenges, ASD-related social deficits). Guidelines for differentiating 

ASD-related perseveration or repetitive thinking from worry, and specific phobias from 

sensory sensitivities are also included.

The ADIS-ASA also allows interviewers to assess for “autism distinct” manifestations of 

anxiety that commonly arise in ASD, but do not match the anxiety disorders specified by 

the DSM. Distinct anxiety types include uncommon phobia (e.g., fears of toilets, specific 

sounds, and glasses, beards), social fear which includes fear related to social confusion 

rather than fear of negative evaluation, special interest fear (i.e., excessive worry or anxiety 

related to being able to engage in perseverative or intense interest activities), fear of change 

(i.e., children with anxious anticipation of and distress following changes or novelty), and 

ambiguous compulsive symptoms which capture compulsions or rituals that were associated 

with negative rather than positive affect, but which could not be clearly identified as being 

used to “prevent or neutralize” distress consistent with DSM-IV and DSM-5 OCD criteria. 

Negative reactions to change (i.e., severe distress following change, but no anticipatory fears 

of change) are also assessed but are not considered manifestations of anxiety. We applied 

CSR severity scores for autism distinct manifestations of anxiety using the same scaling and 

criterion as those applied to DSM anxiety disorders in the ADIS-P. The ADIS-ASA also 

demonstrates excellent inter-rater and retest reliability [Kerns et al., 2014, 2017].

Magnetic Resonance Imaging Acquisition

MRI was carried out at the UC Davis Imaging Research Center using a 3T Siemens TIM 

Trio MRI scanner (Siemens Medical Solutions, Erlangen, Germany) with an 8-channel head 

coil. MRI scans were conducted while participants were awake, using principles of behavior 

analysis to enable scanning in children at all levels of severity and functioning [Nordahl et 

al., 2016]. 3D T1-weighted MPRAGE (TR 2,170 ms; TE 3.5 ms; FOV 256 mm; FA 7, 192 

sagittal slices, 1.0 mm slice thickness; 5:10 acquisition time) were acquired for each child. 

T2-weighted images were also collected and reviewed by a pediatric neuroradiologist to rule 

out clinically significant incidental findings. A calibration phantom (ADNI MAGPHAN, 

Phantom Laboratory, Inc., Salem, NY) was scanned at the end of each MRI session 

using an MPRAGE pulse sequence matched to the study sequence and using the same 

landmark and shim as the corresponding participant to ensure accurate measurement of 

spatial characteristics of the MRI volume. A 3D image distortion map was derived to correct 

for hardware-induced geometric distortion [Image Owl, Inc., Salem, NY; Nordahl et al., 

2012].

Image Processing

Participants’ distortion corrected structural MRI images were visually inspected slice-wise 

for motion, grainy images, ringing, or Gibbs artifact that blurred the boundaries between 

gray matter and white matter tissues. If any of these artifacts were present on at least 

one 2D image slice, the entire 3D structural MRI did not pass inspection. Eighty of 

the 98 participants with valid FPS data had sufficient quality structural MRI scans to 

extract amygdala volumes. Distortion corrected and anonymized MRIs were uploaded 

to MRICloud [https://mricloud.org; Mori et al., 2016] for segmentation using the fully

automated MRICloud T1-Segmentation pipeline (version 7A) [Ceritoglu et al., 2009; 
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Wang & Yushkevich, 2013]. The whole-brain segmentation output for each participant 

was visually inspected slice-wise for segmentation quality. Total hemispheric volumes and 

volumes for right and left amygdala were extracted and used in the reported analyses. Total 

hemispheric volumes were summed for a total cerebral volume (TCV) measurement.

FPS Paradigm

Participants were evaluated using an FPS paradigm adapted from methods used in a previous 

FPS study conducted on adolescents with ASD [Sterling et al., 2013]. A social story with 

photos depicting the steps involved in the protocol and appearance of the laboratory space 

was used to increase familiarization and understanding for a subset of the ASD sample 

requiring extra support. Participants were seated in a chair facing a computer screen and 

tablet (Fig. 1A) within a sound attenuated testing room (ETS-Lindgren, Letchworth, UK). A 

decorative backboard was located behind the computer to draw attention to the computer and 

tablet but was not visible once the experiment began and the lights were turned off. In order 

to keep the participants engaged and looking toward the computer screen, a silent, neutral 

standard video for all children depicting a walk through the landscape of the game Minecraft 

played on the tablet located above the computer screen.

The FPS protocol (Fig. 2) was administered using a San Diego Instruments (SDI, San Diego, 

CA, USA) SR-HLAB EMG system. Experimental stimuli included a noxious air puff (the 

US), a 60 PSI burst of air for 200 ms duration from plastic tubing pointing at the base 

of the throat and an acoustic startle stimulus (SS), a 100 dB white noise sound lasting 

50 ms presented through a set of headphones. The CS was the computer screen in front 

of the participant turning red for ≤2,000 ms. The FPS paradigm included four phases: (1) 

habituation I, (2) conditioning, (3) habituation II, and (4) testing (Fig. 2). Habituation I 

consisted of 12 SS probes paired with a blank white computer screen. The conditioning 

phase consisted of 20 presentations of the CS paired with the US (the air puff) for 50 ms 

to facilitate learning of the CS–US association. The air puff was initiated at 0, 160, 280, 

710, 1,000, and 1,430 ms after the initiation of the ≤2,000 ms CS so that its onset could 

not be anticipated; both the CS and US terminated simultaneously. The conditioning phase 

was followed by a second habituation phase consisting of five SS probes paired with a blank 

white screen.

The final testing phase included 30 randomized trials of three types: (1) 6 CS–US pairings, 

(2) 12 CS–SS “threat” trials, (3) 12 SS alone “safe” trials. The startle reflex (eyeblink) 

was measured via electromyographic activity (EMG) recorded using two Ag/AgCl surface 

electrodes placed under the left eye (orbicularis oculi), and a ground electrode placed behind 

the left ear (mastoid) (Fig. 1B). Eyeblink amplitude and latency were collected and analyzed 

using the SRH-LAB software (San Diego Instruments, San Diego, CA). Gain was adjusted 

to 0.5 (0.5-mV electrode input was amplified to 2,500-mV signal output) and band pass 

filtered (100–1,000 Hz). A 60-Hz notch filter was used to eliminate 60 Hz interference and 

sampling rate was 1 kHz.

The FPS response was analyzed from the 12 “threat” and 12 “safe trials”; potentiation 

was indicated by a greater response in the threat condition compared to the safe condition, 

measured as percentage startle potentiation. Eyeblink startle amplitude, latency (time taken 
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between stimulus presentation and maximum EMG response), and habituation (measured 

as the slope of the first 12 startle amplitudes in response to SS presentations during the 

habituation I phase) were also examined.

FPS Data Review and Cleaning

All FPS protocol trials were visually reviewed by the first author (David Hessl), blind to 

group or other participant variables, within SRH-LAB software and any trial with excessive 

EMG noise that obscured an unambiguous startle response within a time window from SS 

onset to 150 ms postonset was excluded from analysis. A minimum of four acceptable 

trials per FPS condition (safe and threat) were required [Lieberman et al., 2017] to be 

considered valid for inclusion in the analyses. Using this criterion, 26 participants with 

ASD and 7 with TD were excluded from analysis due to noisy EMG data (poor electrode 

impedance, movement artifacts, and excessive facial EMG activity). An additional nine 

participants with ASD and one with TD were noncompliant with the protocol and had to 

be excluded. Two with ASD and two with TD were EMG startle “nonresponders” (i.e., they 

had no measurable startle response across trials). Finally, data from four with ASD and 

four with TD were excluded due to equipment problems. Participants who were successful 

with the FPS protocol and provided valid data for analysis were compared to those who 

were excluded from further analysis (excluding equipment problems) on variables such as 

group (ASD vs. TD), presence of an anxiety disorder, family income, ethnicity/race minority 

status, parental education level, and participant age and IQ (within ASD and TD). Overall, 

ASD participants were less likely than TD to be successful with providing FPS data (χ2 = 

10.86, P = 0.001), and among those with ASD, those providing valid FPS data had higher 

IQ (mean = 90.79 vs. 69.92; P = 0.003). There were no other significant differences on other 

variables associated with success with the FPS protocol.

Statistical Analysis

Participants with ASD were assigned to the ASD with anxiety disorder (ASD + AD) 

subgroup if they met diagnostic criteria for a DSM anxiety disorder or clinically significant 

distinct anxiety according to ADIS or ADIS-ASA criteria and to the ASD without anxiety 

disorder (ASD − AD) subgroup if they did not meet threshold criteria by this clinical 

assessment across all anxiety categories assessed by the instruments. ADIS CSR scores were 

used as indices of anxiety severity. Anxiety severity was taken for each participant as the 

highest CSR domain score across all anxiety disorders assessed, including traditional DSM 

anxiety disorders and ADIS-ASA “autism distinct” disorders. Demographic and clinical 

group differences were first examined using Chi-square tests or one-way ANOVA. The 

association between each of these variables and FPS, startle latency and startle amplitude 

were examined using Pearson’s r or Spearman’s ρ correlation as appropriate. Demographic 

or clinical variables that demonstrated significant group differences and were correlated 

with the startle protocol dependent variables were included as covariates in subsequent 

analyses. Startle amplitude and its potentiation by fear conditioning was examined using 

a 2 (condition) × 3 (group) repeated measures ANOVA, utilizing a log-transformation of 

startle amplitude to achieve normality and reduce skew in the data. A repeated measures 

ANOVA was similarly applied to the startle latency data. For each participant, we calculated 

degree of fear-potentiated startle (expressed as a percentage) using the following formula: 
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[ln(average “threat” startle amplitude) − ln(average “safe” startle amplitude)/ln(average 

“safe” startle amplitude)] * 100.

To examine startle habituation across the 12 habituation trials, we conducted a linear mixed 

effects model of response amplitude (again, log transformed) including fixed effects of 

group and trial as a continuous covariate, a group by trial interaction, and a random effect 

including a random intercept and random slope for trial. The mixed effects model was 

estimated using an unstructured variance–covariance matrix with the nlme package (v. 3.1) 

in R (v. 3.6.3). Significance of trial, group, and interaction terms was assessed using a 

likelihood ratio test that contrasted models with and without each term in models estimated 

using maximum likelihood [Hoffman, 2015].

Direct associations between anxiety severity and FPS, as well as between ADIS anxiety 

severity and amygdala volume were examined using Spearman’s ρ correlations. Differences 

in amygdala volume (as a proportion of TCV) by group were examined using a 3 (group) by 

2 (hemisphere) ANOVA.

To examine the role of the amygdala as a moderator of associations between ADIS severity 

scores and FPS response, we conducted two multiple regression analyses in which ADIS 

CSR scores were regressed onto FPS response, the left (or right) amygdala volume, 

and interaction thereof. We followed up these analyses by separating anxiety into DSM 

traditional and autism distinct anxiety in a mixed effects model with type of anxiety as a 

within-person factor and testing two- and three-way interactions with FPS and left (or right) 

amygdala volumes. For all these analyses, FPS and amygdala scores were converted into 

Z-scores. Given limitations in the number of participants with MRI data, we considered 

analyses pertaining to amygdala volume as exploratory. Finally, since the TD sample had 

a very limited range of anxiety severity scores, moderation analyses were conducted only 

within the ASD group.

Results

Demographic and Clinical Data

In all, 97 children aged 9–14 years completed the FPS protocol and provided valid data, 

including 48 (12 female) with ASD [20 without an anxiety disorder (5 female and 15 

male) and 28 with an anxiety disorder (7 female, 21 male)] and 49 with TD (14 female). 

Descriptive statistics by groups are shown in Table 1. Among the ASD + AD group, 4 

met diagnostic criteria for Separation Anxiety Disorder, 4 with Social Anxiety Disorder, 

11 with Generalized Anxiety Disorder, 16 with Specific Phobia, 3 with Social Fear, 5 with 

Uncommon Phobia, 1 with Special Interest Fear, and 8 with Fears of Change (the latter 4 

categories are autism-specific derived from the ADIS-ADA). Fifteen of the 28 participants 

with anxiety met criteria for multiple anxiety disorders, 22/28 met criteria for at least one 

DSM anxiety disorder and 6/28 had clinically significant autism distinct anxiety without 

meeting criteria for a DSM anxiety disorder. Among all participants with valid FPS data, 70 

had acceptable MRI data for analyses pertaining to amygdala volume (42 TD, 16 ASD − 

AD, and 22 ASD + AD). The three groups were compared for significant demographic and 

other potentially confounding differences. The ASD groups, especially ASD − AD, were 
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more likely to be taking a psychoactive medication (Chi-square = 16.52, P <0.001; 12.2% 

TD, 60% ASD − AD, 28.6% ASD + AD), the most common being stimulants. Participant 

race differed significantly by group (Chi-square = 6.14, P = 0.046): ASD + AD had a higher 

proportion of non-Caucasian participants. Finally, IQ differed significantly by group, F(2,80) 

= 7.85, P = 0.001 (both ASD groups had lower IQ than the TD group). Other demographic 

variables did not significantly differ between groups. Race (White/Caucasian vs. minority) 

was significantly correlated with startle amplitude in the TD group and thus was entered as 

a covariate in the startle amplitude analyses to check for possible confounding effects. No 

other demographic variables were correlated with outcomes of interest.

Startle Amplitude and Startle Habituation

During the habituation I phase of the protocol, there were no significant mean differences 

in response amplitude between the three groups (Chi-square (2) = 1.56, P = 0.46). Response 

amplitude decreased significantly (Fig. 3) across the 12 trials (b = −0.036, SE = 0.004, t = 

−8.58; Chi-square (1) = 50.8, P <0.0001). However, groups did not significantly differ in 

their rates of habituation across trials (group by trial interaction: Chi-square (2) = 0.22, P 
<0.89).

Startle Latency

Startle latency distributions were generally normal and without skew or significant outliers, 

and therefore raw latencies were used for analysis. The 3 (group) by 2 (condition:” safe” 

vs.” threat”) repeated measures ANOVA with startle latency as the dependent variable 

yielded a main effect of condition [F(94) = 82.00, P <0.001, ηP
2 = 0.47; the “threat” 

condition elicited a shorter latency startle response than the” safe” condition] and a 

significant main effect of group [F(2,94) = 4.46, P = 0.014, ηP
2 = 0.09] but no significant 

group by condition interaction (P = 0.296; Fig. 4). Follow-up pair-wise group comparisons 

using Tukey’s HSD showed that the ASD + AD group had longer latencies than TD (P = 

0.03) while the difference between ASD − AD and TD approached significance (P = 0.06).

Fear Potentiated Startle

A 3 (group) by 2 (condition:” safe” vs.” threat”) repeated measures ANOVA yielded a main 

effect of condition [F(94) = 72.75, P <0.001, ηP
22 = 0.44] and no significant main effect of 

group (P = 0.35) or condition by group interaction (P = 0.15). (Inclusion of the dichotomous 

race variable as a covariate in the model did not change these results). Estimated marginal 

means of startle amplitude are shown in Fig. 5, with the expected main effect of condition 

demonstrating greater startle amplitude during “threat” versus” safe” trials. However, FPS 

was similar in the ASD and TD groups.

Association Between FPS and Anxiety Severity

The ASD − AD and ASD + AD groups were combined for this analysis to capture a full 

range of severity because some participants in the ASD − AD group had subclinical anxiety 

and CSR scores. FPS was not significantly associated with overall (ADIS CSR, ρ = 0.204), 

traditional (DSM ADIS CSR, ρ = −0.12) or distinct (ADIS-ADA “autism distinct” CSR, ρ = 
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0.18) anxiety. As the TD group had no significant anxiety disorders and very limited range 

of CSR scores, correlations were not attempted for this group.

Amygdala Volume

Analysis of variance examining group differences (TD, ASD − AD, ASD + AD) in 

amygdala volume adjusted for TCV showed a significant main effect of hemisphere 

(right>left, F = 84.11, P <0.001, ηP
2 = 0.52) and no main effect of group and no significant 

group by hemisphere interaction.

Association Between FPS and Amygdala Volume

Examination of scatterplots showing the association between FPS and amygdala volumes 

(adjusted for TCV) revealed three bivariate outliers in the ASD group and two in the TD 

group (Fig. 6). The individual trial startle responses underlying these FPS scores were 

re-reviewed and confirmed to be valid. Various arithmetic transformations did not achieve 

satisfactory distributions for Pearson correlations, so Spearman’s ρ was used. In the ASD 

group, FPS was significantly and negatively correlated with adjusted right amygdala volume 

(ρ = −0.461, P = 0.004, n = 38) while the correlation with adjusted left amygdala volume 

approached significance (ρ = −0.305, P = 0.062, n = 38). These correlations in the TD 

group were small and nonsignificant for the left and right amygdala (ρ = 0.038 and 0.121, 

respectively).

Amygdala Volume as a Moderator of the Association Between FPS and Anxiety Severity

The association between FPS (Z-scored) and anxiety severity (CSR scores) was significantly 

moderated by both left amygdala (b = 0.84, SE = 0.31, t = 2.76, P = 0.009) and right 

amygdala (b = 0.74, SE = 0.34, t = 2.14, P = 0.040), indicating that for each 1 SD increase 

in left amygdala volume the slope of the association between FPS and anxiety increased by 

+0.84 (ADIS CSR points per SDFPS). Similarly, for each 1 SD increase in right amygdala 

volume the slope increased by +0.74 (ADIS CSR points per SD FPS). These slopes were 

not significantly different from zero at the average volume of left or right amygdala (P’s 

≥0.39). Assessing the interval of significance of the left amygdala moderation, FPS was 

significantly negatively associated when the left amygdala was −1.39 SD below the mean 

and significantly and positively associated when left amygdala was +1.38 SD. For the 

weaker right amygdala moderation, FPS was significantly negatively associated at −3.28 

SD and positively associated at +4.02 SD right amygdala volume. Figure 7 depicts the 

predicted relations between FPS and ADIS CSR while moderated at three selected amygdala 

volumes: The average, and ± 1 SD from the average. Finally, similar results were observed 

when anxiety severity scores (CSR) were treated as an ordered factor and subjected to 

ordinal logistic regression, such that significant interactions between FPS and amygdala 

volume were observed for both left (χ2(1) = 8.06, P = 0.0045) and right (χ2(1) = 4.98, P = 

0.026) amygdala, as assessed by a likelihood ratio test of logistic models with and without 

this interaction term. The moderation of the association between anxiety and FPS did not 

significantly differ for DSM and autism distinct forms of anxiety severity for either left 

(χ2(1) = 0.007, P = 0.94) or right (χ2(1) = 0.11, P = 0.74) amygdala.
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Discussion

There have been three previous studies which examined FPS in autism [Bernier et al., 

2005; Chamberlain et al., 2013; Sterling et al., 2013]. The current study differed from these 

in several respects. First, the previous studies involved older individuals (Bernier et al., 

12–45 years old; Sterling et al., 13–17.5 years and Chamberlain et al., 15–18 years) and 

the current study participants were 9–14 years old. Second, the participants in the previous 

studies all had normal IQ whereas the average IQ for participants in the current study 

was significantly lower in the ASD group than in TD group and many participants had 

co-occurring intellectual disability. Third, the numbers of ASD participants were smaller in 

the previous studies [Bernier et al., 2005; Chamberlain et al., 2013; Sterling et al., 2013] 

whereas the current study had usable FPS data from 48 individuals with ASD. Fourth, while 

anxiety was a variable of interest in two of the previous studies, different anxiety assessment 

tools were utilized (Sterling et al., Revised Children’s Manifest Anxiety Scale Second 

Edition, RCMAS-2; Chamberlain et al., Spence Children’s Anxiety Scale-Child Report, 

SCAS-C). These self-report or caregiver-report questionnaires have not been validated for 

use in individuals with ASD. By comparison, the current study used a semi-structured 

diagnostic interview, the ADIS, with the Autism Spectrum Addendum (ASA; [Kerns et 

al., 2017]) which is a series of prompts and guidelines that are woven into the ADIS 

protocol to tailor the instrument for children with ASD. Finally, the current study is the 

only one that has additional MRI data on the development of the amygdala that enabled 

exploratory analysis of the relationship between amygdala volume and FPS. Our hypothesis 

at the beginning of these studies was that FPS would be increased in our participants with 

ASD relative to those with TD and that there would be a positive relationship between the 

magnitude of FPS and the presence of anxiety as well as the volume of the amygdala. As is 

often the case in ASD research, the outcomes of the study were far more complicated than 

initially expected.

Consistent with all three previous studies, there was no difference in FPS between TD 

and ASD groups regardless of whether the individual had a diagnosis of anxiety or not. 

Moreover, we did not find that there was an association between level of anxiety and FPS. 

A similar conclusion was reached by Sterling et al. who also did not find any association 

between FPS and level of anxiety. There were subtle differences observed in ours and in the 

previous studies. We found, for example, that the ASD group had a longer latency to respond 

than the TD group. This was not found in the previous studies.

The current report extends prior work by evaluating the structure of the amygdala relative 

to FPS. The critical question addressed by the present study is whether comorbid anxiety 

disorder in children with ASD is driven by morphological or functional alterations of 

the amygdala, a region of the brain necessary for the conditioning of fear and anxiety 

[LeDoux & Pine, 2016]. Contrary to our initial hypothesis, we found that there was a 

negative association between amygdala volume (corrected for TCV) and FPS which was 

significant for the right amygdala and approaching significance for the left—higher FPS 

level was associated with a smaller amygdala! Interestingly, our results are consistent with 

the findings of Herrington et al. who studied children in the same age range and found that 

children with autism and anxiety had a smaller right amygdala relative to ASD participants 
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without anxiety and TD controls. Earlier studies of non-autistic children and adolescents 

with anxiety suggested that DSM anxiety is associated with an enlarged amygdala [De 

Bellis et al., 2000]. However, this finding is based on the analysis of a small population 

of subjects. More recently, larger studies of children in the age range of the current study 

have shown that children who self-reported higher levels of anxiety have smaller amygdala 

volume [Warnell, Pecukonis, & Redcay, 2018].

Unlike previous studies, we examined different types of anxiety symptoms in relation to 

FPS and amygdala volume. We recently reported that while anxiety is found in 69% of the 

Autism Phenome Project cohort [Kerns et al., 2020], a substantial proportion of the group 

does not endorse signs of anxiety. Moreover, the types of anxiety observed are also quite 

heterogeneous, with some children experiencing anxiety in response to social stimuli, some 

in response to narrow specific situations or objects and others in the form of generalized 

anxiety and worry. Moreover, we have previously demonstrated that several different 

trajectories of amygdala growth can be identified in children with ASD [Nordahl et al., 

2012]. It is perhaps more reasonable, therefore, to hypothesize that the relationship between 

FPS and anxiety would depend on the particular trajectory of amygdala development. This 

perspective prompted us to evaluate whether amygdala size may be a moderator of the 

relationship between FPS and anxiety.

By carrying out multiple regression analysis examining the moderating effect of amygdala 

volume (as a proportion of TCV), we have confirmed this hypothesis. In short, we found 

that in those children with ASD who had a larger amygdala, there was a positive association 

between the magnitude of FPS and the severity of anxiety. In contrast, in those children 

with ASD who had a smaller amygdala, there was a negative association between FPS 

and anxiety severity. This relationship was not observed for children with average size 

amygdalas, suggesting that the FPS response is not simply a physiological stand-in for 

anxiety measures. The explanation for these findings is not currently clear. FPS may only 

serve as an index into anxiety when individuals have an amygdala that is either much larger 

(or smaller) than average, potentially as a result of more serious or distinct developmental 

pathologies affecting the amygdala.

Limitations and implications

The present study had several important limitations. First, a relatively high proportion of 

children with ASD enrolled in the study were unable to complete the FPS protocol and 

provide valid data for analysis. These children were more likely to have lower intellectual 

functioning and this may place some limits on the generalizability of findings. The limited 

sample size may prevent adequate power for detecting group differences and correlations of 

interest. Similarly, the number of valid FPS protocol trials per condition was relatively low 

for some participants, which might affect FPS reliability and accuracy. Second, although the 

anxiety interviews were conducted by very experienced and reliable clinicians, the reports 

were entirely dependent on caregivers as a high proportion of children with ASD are unable 

to reliably report their symptoms. This limits access to the internal, lived experience of 

anxiety in this group. The reliance on external behaviors and emotional expressions may 

inadequately capture the full range of anxiety, and some unwanted behaviors could be 
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misinterpreted as anxiety driven. Also, the ADIS CSR scores we used to measure anxiety 

severity do not provide a wide, granular range of scores across all domains of anxiety, 

which may have limited detection of associations of interest between anxiety severity and 

FPS or amygdala volume. Although new measures designed for ASD have been recently 

created, validated, and published (e.g., Parent-Rated Anxiety Scale for Youth with ASD; 

[Scahill et al., 2019]), the parent-report dimensional anxiety measures available at the time 

of this project’s design and initiation have poor sensitivity in children with ASD and 

ID [Kerns et al., 2020]. Third, FPS is a biobehavioral probe of amygdala activity—it is 

not a direct measure. Although the amygdala has been repeatedly shown to mediate fear 

conditioning and potentiation, the procedure in the current study involves only one type of 

startle-inducing stimulus (auditory) and one CS (tactile). There is likely to be considerable 

variability in how individuals respond to these stimuli and this may be especially true among 

those with ASD who are known to have atypical responses to sensory stimuli. Finally, MRI 

data were not available for all participants and as such the results examining associations 

between amygdala volume and the other study measures should be considered preliminary 

and require replication in separate samples to confirm the findings.

Conclusions

As with previously published studies, we did not observe group differences in FPS, 

providing further evidence that fear conditioning is not abnormal in children with ASD 

when considered as a group. Since more than half of the current participants had an 

anxiety disorder and it is well established that individuals with anxiety have increased 

potentiated startle [Grillon et al., 2008; Lissek, Biggs, et al., 2008; Lissek, Levenson, et al., 

2008; Lissek et al., 2014], and even these participants did not show altered FPS, this is a 

surprising finding. Our data provide provocative indications that the relationship between the 

amygdala, anxiety and FPS may be linked to the heterogeneity of amygdala development in 

individuals with ASD. This link will need to be confirmed in larger, follow-up studies.
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Figure 1. 
Fear potentiated startle laboratory set-up. (A) Participants are seated facing a spaceship 

or pilot cockpit themed background and the laptop computer displaying a red (“threat”; 

CS) or white (“safe”) screen, while a silent video plays on a small tablet to maintain 

engagement and compliance. (B) Placement of EMG electrodes over the orbicularis oculi 

muscle measuring the startle response and headphones used to deliver the 50 ms, 100 db 

white noise startle stimulus.
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Figure 2. 
Fear potentiated startle (FPS) paradigm. Habituation to the startle stimulus (SS) is measured 

during Habituation 1, followed by fear conditioning, during which the aversive air puff 

to the neck is paired with the red screen background. This is followed by a brief second 

habituation. Finally, the FPS measurement is derived from the testing phase, during which 

the percent conditioned increase in startle magnitude is measured by the difference between 

12 startle stimulus (SS) trials paired with the CS (red screen; “threat”) and 12 trials 

paired with the blank/white screen (“safe”). Six additional trials are included to maintain 

conditioning during the test phase. These 30 test trials are randomly administered.
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Figure 3. 
Startle amplitudes across the 12 startle stimulus (SS) trials during Habituation 1, by group. 

Data shown are individual cases, with mean levels shown by thicker solid and dashed lines 

for each group. Error bars show SEM.
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Figure 4. 
Startle latencies (ms) by group and condition. The threat condition produced significantly 

shorter latencies overall, and the ASD + AD group had significantly longer latencies than 

TD. Error bars show SEM.
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Figure 5. 
Startle amplitudes during the FPS testing phase. A significant main effect of condition 

demonstrated greater startle amplitudes during “threat” versus “safe” trials. However, there 

were no significant group or group-by-condition interactions.
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Figure 6. 
Scatterplot showing the significant negative association between right amygdala volume 

(adjusted for total brain volume) and fear potentiated startle (FPS) in participants with ASD 

(with and without anxiety disorder).
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Figure 7. 
The association between fear potentiated startle (FPS) and anxiety severity, significantly 

moderated by amygdala volume. The figure depicts the moderating effect of amygdala 

volumes at −1 SD, the mean, and at +1 SD of (A) left amygdala volume, and b) right 

amygdala volume. For every 1 SD increase in amygdala volume the slope of the association 

between FPS and anxiety increased by +0.84 (ADIS CSR per SD FPS) for left amygdala and 

+0.74 (ADIS CSR per SD FPS) for right amygdala.

Hessl et al. Page 25

Autism Res. Author manuscript; available in PMC 2021 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Hessl et al. Page 26

Ta
b

le
 1

.

Pa
rt

ic
ip

an
t D

es
cr

ip
tiv

e 
St

at
is

tic
s

T
D

A
SD

 −
 A

D
A

SD
 +

 A
D

X
2 ,

 F
, t

-t
es

t:
 P

-v
al

ue

Pa
rt

ic
ip

an
ts

, n
49

20
28

G
en

de
r 

(M
, F

)
35

, 1
4

15
, 5

21
, 7

0.
92

A
ge

11
.5

5 
(0

.8
3)

11
.7

7 
(0

.7
4)

11
.4

7 
(0

.8
2)

0.
33

tI
Q

11
2.

98
 (

12
.9

4)
90

.8
6 

(2
3.

37
)

97
.8

3 
(2

9.
25

)
0.

00
1

ra
ng

e 
=

 8
3–

13
6

ra
ng

e 
=

 4
1–

13
1

39
–1

70

Fa
m

ily
 in

co
m

e 
(%

 a
bo

ve
 $

75
 K

)
54

.2
0

40
.0

0
66

.7
0

0.
19

Pa
re

nt
al

 e
du

ca
tio

n 
(e

ith
er

 p
ar

en
t %

 c
ol

le
ge

 d
eg

re
e)

66
.7

0
61

.1
0

52
.0

0
0.

47

E
th

ni
ci

ty
 (

%
 H

is
pa

ni
c/

L
at

in
o)

28
.6

0
25

.0
0

21
.4

0
0.

82

R
ac

e 
(%

 M
in

or
ity

)
28

.6
0

10
.0

0
42

.9
0

0.
04

Ps
yc

ho
ac

tiv
e 

m
ed

ic
at

io
n 

(%
)

12
.2

0
60

.0
0

28
.6

0
<

0.
00

1 
(A

SD
 −

 A
D

 >
T

D
, P

 <
0.

00
01

; A
SD

 −
 A

D
>

A
SD

 +
 A

D
, P

 <
0.

05
)

A
D

O
S 

se
ve

ri
ty

N
A

7.
70

 (
1.

66
)

7.
11

 (
1.

52
)

0.
20

SR
S 

T
 S

co
re

44
.6

1 
(5

.0
0)

71
.8

2 
(1

3.
32

)
72

.8
1 

(1
1.

46
)

<
0.

00
1 

(A
SD

 −
 A

D
 v

er
su

s 
A

SD
 +

 A
D

, n
s)

FP
S 

(%
)

63
.9

6 
(6

9.
02

)
40

.1
7 

(6
6.

51
)

95
.3

6 
(1

52
.4

9)

FP
S 

m
ea

n 
ra

nk
53

.0
0

37
.9

5
49

.8
9

0.
13

 (
K

ru
sk

al
–W

al
lis

 H
)

L
ef

t a
m

yg
da

la
 v

ol
um

e 
(c

m
3 )

1.
81

 (
0.

20
)

1.
86

 (
0.

25
)

1.
90

 (
0.

20
)

0.
28

R
ig

ht
 a

m
yg

da
la

 v
ol

um
e 

(c
m

3 )
1.

97
 (

0.
18

)
2.

04
 (

0.
26

)
2.

05
 (

0.
21

)
0.

26

To
ta

l c
er

eb
ra

l v
ol

um
e 

(c
m

3 )
11

43
.5

6 
(8

8.
56

)
11

65
.2

6 
(1

21
.6

1)
11

81
.3

8 
(9

7.
94

)
0.

56

Autism Res. Author manuscript; available in PMC 2021 September 15.


	Abstract
	Lay summary:
	Introduction
	Materials and methods
	Participants
	Magnetic Resonance Imaging Acquisition
	Image Processing
	FPS Paradigm
	FPS Data Review and Cleaning
	Statistical Analysis

	Results
	Demographic and Clinical Data
	Startle Amplitude and Startle Habituation
	Startle Latency
	Fear Potentiated Startle
	Association Between FPS and Anxiety Severity
	Amygdala Volume
	Association Between FPS and Amygdala Volume
	Amygdala Volume as a Moderator of the Association Between FPS and Anxiety Severity

	Discussion
	Limitations and implications
	Conclusions
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Table 1.

