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Abstract

Duchenne muscular dystrophy (DMD), an X-linked childhood-onset muscular dystrophy

caused by loss of the protein dystrophin, can be associated with neurodevelopmental, emo-

tional and behavioural problems. A DMD mouse model also displays a neuropsychiatric

phenotype, including increased startle responses to threat which normalise when dystrophin

is restored in the brain. We hypothesised that startle responses may also be increased in

humans with DMD, which would have potential translational therapeutic implications. To

investigate this, we first designed a novel discrimination fear-conditioning task and tested it

in six healthy volunteers, followed by male DMD (n = 11) and Control (n = 9) participants

aged 7–12 years. The aims of this methodological task development study were to: i) con-

firm the task efficacy; ii) optimise data processing procedures; iii) determine the most appro-

priate outcome measures. In the task, two neutral visual stimuli were presented: one ‘safe’

cue presented alone; one ‘threat’ cue paired with a threat stimulus (aversive noise) to enable

conditioning of physiological startle responses (skin conductance response, SCR, and heart

rate). Outcomes were the unconditioned physiological startle responses to the initial threat,

and retention of conditioned responses in the absence of the threat stimulus. We present

the protocol development and optimisation of data processing methods based on empirical

data. We found that the task was effective in producing significantly higher physiological

startle SCR in reinforced ‘threat’ trials compared to ‘safe’ trials (P < .001). Different data

extraction methods were compared and optimised, and the optimal sampling window was

derived empirically. SCR amplitude was the most effective physiological outcome measure

when compared to SCR area and change in heart rate, with the best profile on data process-

ing, the least variance, successful conditioned response retention (P = .01) and reliability

assessment in test-retest analysis (rho = .86). The definition of this novel outcome will allow

us to study this response in a DMD population.
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Introduction

Duchenne muscular dystrophy (DMD) is a childhood-onset, progressive, life-limiting muscle-

wasting disorder, which is frequently associated with complex neuropsychiatric co-morbidities

[1]. It is an X-linked disorder caused by mutations in the DMD gene, which lead to a loss of

the protein dystrophin [2]. Boys with DMD have long been noted to have a higher prevalence

of intellectual disability than the typical population [3, 4]. There is also a higher prevalence of

other neurodevelopmental disorders such as autism spectrum disorder, attention deficit

hyperactivity disorder and emotional and behavioural problems than the typical population

[5–9]. Whilst several studies have found clinically significant anxiety or internalising symp-

toms in 23–27% of the DMD participants studied [6–8, 10], anxiety symptoms in DMD have

received relatively little attention.

The neurobiological basis of anxiety disorders has been extensively investigated in typically

developing populations. The ‘emotion’ circuits of the brain involve the amygdala and other

deep brain nuclei, as well as connected cortical structures often known together as the limbic

system [11]. Dystrophin is highly expressed in the amygdala, hippocampus and other limbic

structures in humans [12]. Several studies have implicated changes in limbic structures result-

ing from a lack of dystrophin in the pathogenesis of the neuropsychiatric phenotype in DMD.

Studies in a mouse model of DMD, the mdx mouse, have shown reduced Gamma amino

butyric acid-A (GABAA) receptors in the hippocampus and amygdala [13, 14]. In DMD

patients there is reduced GABAA receptor distribution in the prefrontal cortex, which closely

interconnects with limbic structures [15]. A recent study of resting-state functional magnetic

resonance imaging (MRI) found hyperconnectivity in the default-mode network connections

between some limbic structures, including the hippocampus, posterior cingulate and precu-

neus in the DMD group compared to controls [16]. Furthermore, mdx mice show a beha-

vioural phenotype implicating emotion circuits, demonstrating exaggerated unconditioned

‘freezing’ startle responses compared to wild-type mice when exposed to a threat stimulus,

which can be normalised with treatment to restore functional dystrophin [13, 17]. Therefore,

it may be that pathological changes in the emotion circuits due to a lack of dystrophin leads to

an increase in anxiety symptoms in DMD, although this has not previously been investigated

in humans with DMD.

Anxiety in humans is thought to be caused by reactivation of innate fear circuits, and that

excessive activation in these circuits could cause pathological anxiety [18]. The neurobiology

of fear and startle responses has been extensively investigated with behavioural studies in ani-

mals and humans using cued fear-conditioning experimental paradigms [19–21]. These para-

digms use classical fear conditioning to produce associative fear-learning, by pairing a neutral

stimulus (conditioned stimulus, CS) with an aversive ‘threat’ stimulus, known as the uncondi-

tioned stimulus (UCS), for example a loud noise or low amplitude electric shock. The UCS

elicits a behavioural and/or physiological startle or fear response (Fig 1A). Repeated presenta-

tion of this pairing leads to a learned association or ‘conditioning’ of the physiological

responses to the neutral CS, so subsequent presentation of the CS elicits this conditioned

response even without the ‘threat’ UCS. This learned response can subsequently be extin-

guished with repeated presentation of the CS without the UCS. In discrimination fear condi-

tioning paradigms, two neutral CS are used: a ‘threat’ cue, which is conditioned by the UCS as

above (CS+), and a ‘safe’ cue (CS-), which enables comparison of the responses to both cues

[22].

Individuals with anxiety disorders have been extensively studied with classical fear condi-

tioning paradigms [23]. Physiological startle responses to aversive stimuli in fear-conditioning

tasks are typically greater in anxious compared to non-anxious individuals. The degree of
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acquisition and extinction of conditioned startle responses amongst anxious and non-anxious

subjects has varied across paediatric studies, with some showing larger and more persistent

conditioned responses in extinction in anxious vs. non-anxious children, and others showing

no difference [23–25].

Fig 1. Schematic diagrams of the discrimination fear conditioning task and individual trial protocols. (A) Trials of two different

neutral visual stimuli (coloured squares) called the conditioned stimuli (CS) are presented to the subject in pseudo-randomised trials.

One is a ‘threat’ cue (CS+), which is paired with the unconditioned stimulus (UCS), an aversive noise, in the Acquisition phase only. A

‘safe’ cue (CS-) is presented alone with no UCS. The ‘threat’ CS+ and ‘safe’ CS- are presented in equal proportions throughout all phases

in a pseudo-randomised order. Each block comprises 8 trials, with on average four of each CS per block. In the pre-task calibration

phase, no stimuli are presented to allow for baseline skin conductance (SCR) and heart rate (HR) recordings and calibration

physiological manoeuvres. The Familiarisation phase (one block) comprises eight CS+/CS- trials presented with no UCS. In the

Acquisition phase (three blocks), 10/12 CS+ trials are paired with the aversive UCS (loud white noise) presented binaurally via

headphones (~80% reinforcement schedule). After 1–2 hours the Extinction phase is conducted (five blocks), comprising 40 CS+/CS-

trials with no paired aversive noise. SCR and HR responses are recorded throughout. (B) Structure of a CS+ trial showing the onset and

offset times of conditioned (CS) and unconditioned (UCS) stimuli, and the inter-trial interval (ITI). Each CS+/CS- stimulus is presented

for 6s, with onset of UCS after 5s (duration 1s). Both CS and UCS co-terminate 6s into the trial. The ITI begins with a fixation cross for

4s, followed by a neutral picture (black and white drawings of common objects: e.g. house, shoe and car) to maintain attention during

the ITI, and ends with a fixation cross prior to commencement of the next trial. The ITI duration is randomised between 13-16s. CS-

trials and unreinforced CS+ trials are identical, except for the omission of the UCS. Break periods of 20s occurred between each block of

8 trials.

https://doi.org/10.1371/journal.pone.0264091.g001
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Given the increased prevalence of anxiety in DMD and the potential for underlying patho-

logical differences in the emotion circuits in DMD, we aimed to design a novel fear-condition-

ing task that could be used to investigate startle responses in young males with DMD. These

tasks have been used before in paediatric populations, but not in young people with DMD.

Given the complex neuropsychiatric profile affecting some people with DMD, there are a

number of methodological aspects that are important to take in consideration when develop-

ing such a task for this specific population. Indeed, some boys with DMD have sensory pro-

cessing difficulties, including sensory over-responsivity to loud sounds [26]. Sensory over-

responsivity can be associated with autism spectrum disorder (ASD) and other neurodevelop-

mental disorders, which are common DMD comorbidities, and there is some evidence that it

is linked to changes in inhibitory GABAergic synapses [27, 28]. Most previous studies in chil-

dren have used auditory stimuli as the UCS, at sound levels ranging from 83–106 dB, rather

than an electric shock stimulus (see S1 File) [29–31], so the sound level of auditory stimulus

would need to be appropriate for participants with possible sensory over-responsivity.

Tolerability and drop-out has been a problem in some paediatric studies with more aversive

unconditioned stimuli, such as a fearful face paired with a screaming sound, which had drop-

out rates of between 10–42% in the non-anxious groups [32–34]. Other studies have shown

that conditioning can be enhanced by using more salient conditioned stimuli, such as a fearful

face as the conditioned stimulus rather than a neutral shape [35] however, this could be a con-

founding factor in the context of DMD, as impaired facial emotion recognition can be associ-

ated with the condition [36].

Fear-conditioning studies have employed a number of different physiological outcome

measures, which arise from autonomic nervous system reactivity to a ‘threat’ presentation and

subsequent conditioned responses. The skin conductance response (SCR), a measure of skin

sweating, is a well-established and reliable marker of sympathetic activity in fear-conditioning

paradigms and is commonly used in both paediatric and adult studies [24, 29, 37–40]. Other

measures used in paediatric studies include fear-potentiated startle and self-reported fear;

heart rate and heart rate variability have also been used in adult fear-conditioning studies [39,

41, 42].

Heart rate (HR) can either decrease or increase depending on the balance between para-

sympathetic and sympathetic activity: a short-lasting parasympathetically-mediated bradycar-

dia occurs in both humans and animals in response to threat, typically associated with the

freezing response in animals, whilst sympathetically mediated tachycardia arises with condi-

tioning to a given context [42–44]. In DMD there is typically a raised resting heart rate and

decreased heart rate variability [45, 46], however using HR relative to the baseline may be a

useful outcome.

The eyeblink reflex in the measurement of fear-potentiated startle measured with electro-

myography of the orbicularis oculi muscle is another measure of the initial startle response

[47], although this measure could be confounded in the DMD population due to the underly-

ing muscle pathology. Pupillary responses, electroencephalography (EEG), magnetoencepha-

lography (MEG) and functional magnetic resonance imaging (fMRI) have also been used in

studies in the typical population [48–50].

In this protocol-development study we aimed to i) confirm the efficacy of a newly devel-

oped fear-conditioning task; ii) optimise data processing procedures; iii) determine the most

appropriate outcome measures for the startle response. We present novel fear-conditioning

task protocol and its empirical evaluation, firstly in a small group of healthy volunteers, and

then in a group of 20 young male DMD and age-matched Control participants. The definition

of this novel outcome measure will then allow us to study a DMD patient population for this

response.
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Materials and methods

Recruitment

For the first stage of this task development study, we recruited six healthy volunteers, via

advertising at University College London (UCL) UCL Great Ormond Street Institute of Child

Health (UCL GOS ICH) from September 2018 to January 2019. Inclusion criteria were: aged

8–25 years; no known neuromuscular disease, mental health diagnosis, cognitive impairment

or uncorrected auditory or visual impairment. The study was approved by the UCL Research

Ethics Committee (REC) (Project ID no. 9639/001) and was conducted at UCL Great Ormond

Street Institute of Child Health. All participants were provided with participant information

leaflets in advance and gave written, informed consent or assent prior to the study.

For the second task development stage, we recruited 20 male participants aged 7–12 years,

half DMD and half age-matched control participants from February to May 2019, with follow-

up visits for DMD participants after three months (May to August 2019). Inclusion criteria

were: male; age 7–12 years; no significant uncorrected auditory/visual impairment or noise-

sensitivity; no neurological/psychiatric diagnosis (Controls only); DMD only—genetically-

proven diagnosis of DMD and not receiving ataluren (a dystrophin-modulating therapy tar-

geting nonsense mutations that has the potential to cross the blood-brain barrier). Participants

were also asked about visual impairments, including colour-blindness, and whether they expe-

rience significant sensory over-responsivity to loud sounds, in which case taking part in the

study was advised against.

The narrower age range, limiting to pre-pubertal participants, was used for the second stage

of the study with DMD and Control participants, as there is evidence in both mouse and

humans that age of subject can affect fear responses, with increased responses in adolescence

compared to childhood and adulthood [22, 29, 33]. Pubertal status was assessed by parents

and/or participants using the ‘Growing and Changing’ questionnaire [51].

Ethical approval was granted by the Health Research Authority (HRA), London Bridge

Research Ethics Committee (18.LO.1575). The study assessments took place at Great Ormond

Street Hospital for Children (GOSH) and UCL GOS ICH. All participants and their parents/

guardians were provided with age-appropriate participant information leaflets prior to the

study and gave their written informed assent or consent respectively.

Fear-conditioning task protocol

Task design. We designed a discrimination fear-conditioning paradigm, which involves

two conditioned stimuli (CS) (Fig 1A). One was the ‘threat’ stimulus (CS+) which cued the

aversive unconditioned stimulus (UCS), and the other the ‘safe’ stimulus (CS-) which was not

associated with the UCS. The CS+/CS- were coloured squares (green and blue) of similar tone

and colour depth to make them as similar as possible and with limited prior connotations (e.g.

not a typical ‘danger/warning’ colour such as red or orange). Faces were not used to avoid

potential bias due to poorer facial effect recognition in some boys with DMD [36]. The CS

+ colour (either blue or green) was counterbalanced randomly between participants to avoid

any stimulus bias.

The auditory aversive unconditioned stimulus (UCS) was a computer-generated white

noise of duration 1s at a sound level of 85–90 dB, which is towards the lower end of that used

in previous studies (S1 File) and was chosen as a balance aiming for a sufficiently aversive UCS

to elicit physiological startle responses but not so aversive as to cause distress. As a comparison,

90dB is the sound level heard when using a hairdryer, lawnmower or blender [52].
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The task was divided into four stages, detailed in Fig 1A. During the pre-task calibration

period, physiological manoeuvres (deep breath; sudden head turn) and an external stimulus (a

loud hand clap) were performed as calibration checks, and neutral images shown in the inter-

trial intervals and break periods were presented so participants could habituate to these. In the

Familiarisation phase, CS+/CS- were presented with no UCS, allowing participants to also

habituate to the conditioned stimuli, and provide baseline measurements of responses to the

CS+/CS- alone. In the Acquisition phase, CS+ was paired with the aversive UCS in a partial

reinforcement schedule, with 10/12 CS+ trials being reinforced with the UCS and 2/12 unrein-

forced. Partial reinforcement schedules typically strengthen conditioning responses to the

UCS [53]. The Extinction phase occurred after a break of at least 1–2 hours and comprised

presentation of 40 CS+/CS- trials without the UCS. This enabled measurement of the degree

of retention of the conditioned fear response to CS+, and the time taken to extinguish the con-

ditioned response. Due to time constraints it was only feasible to perform the Extinction phase

on the same day, although ideally a gap of 24 hours between acquisition and extinction is pref-

erable for stronger retention of conditioned responses [54].

A schematic diagram of the structure of a trial is shown in Fig 1B, comprising presentation

of one CS (CS+ or CS-), with or without the UCS, followed by a variable inter-trial interval

(ITI) that allowed enough time for a return of physiological responses to baseline [38]. Simple

neutral images were displayed on the screen for part of the ITI to maintain participants’ atten-

tion, followed by a fixation cross prior to onset of the next trial. Break periods of 20s duration

occurred between each block, during which simple written instructions and encouraging com-

ments were displayed on the screen. Where participants found reading difficult, the researcher

read out the displayed text.

Following the testing of the first two healthy volunteer participants, several changes were

made to the task protocol. The trial timings had initially been longer (CS presentation 8 s, UCS

2 s, break periods 30 s) and were subsequently shortened as above to improve retention of

attention, based on feedback from participants. To further improve attention, neutral images

were presented during the ITI and the break periods. In the Extinction phase, the task initially

comprised 24 trials (three blocks) based on similar previous studies, however preliminary data

suggested that extinction of the conditioned response was not complete by the third block,

therefore the Extinction phase was extended to five blocks (40 trials).

Test-retest reliability of similar paradigms has been established in healthy individuals [37],

however as this was the first such study in a DMD population we invited DMD participants to

return for a second visit after three months to repeat the fear-conditioning task to enable test-

retest reliability assessment.

Stimulus presentation and event recording. The task was scripted in MATLAB (2017b,

Mathworks) using the Psychophysics Toolbox extensions [55, 56]. The CS (blue and green

squares), UCS (white noise) and text instructions were generated from code within the script.

Additional images were presented within the script as.jpg or.gif files. Text instructions were

kept as short as possible and in large font, as boys with Duchenne muscular dystrophy can

have reading difficulties [57]. Digital event markers in the script indicated the start and end of

trials, CS and UCS onset, and manually triggered markers for events that may cause non-stim-

ulus-related physiological responses (e.g. cough, talking, deep breath, movement or an external

noise). Digital events were recorded using a USB TTL event marking module

(BlackBox Toolkit Ltd, Sheffield, UK) to accurately record the timing of these events within

the physiological data recordings.

Participants undertook the task while seated in a quiet room, either in an outpatient clinic

or a research facility. They were seated in front of a laptop computer screen wearing over-ear

headphones. Participants were verbally instructed to maintain their focus on the screen and
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keep still, and that the task included hearing loud sounds which may startle them, and that

they could stop the test at any time. The researcher and parent/guardian were present but out

of sight of the participant during testing.

Physiological variable data acquisition and processing. The physiological variables

recorded were the electrodermal activity (EDA), from which the skin conductance response

(SCR) was derived, and the electrocardiogram (ECG). from which heart rate (HR) was

derived.

Surface skin electrodes were applied to the subject 5–10 minutes before the start of testing

to allow the electrode paste to be absorbed into the skin. Two disposable Ag/AgCl surface elec-

trodes pre-filled with isotonic gel were placed on the palmar surface of the 2nd and 3rd digits

of the non-dominant hand to record the EDA. Three standard limb ECG electrodes were

placed on the torso and wrist. ECG and EDA leads were connected to a Biopac MP160 unit

(Biopac Systems, Inc., Aero Camino, CA) and calibrated. EDA and ECG were recorded

throughout all phases of the task. EDA data was recorded using a sampling rate of 2000 Hz

and a SCR response threshold of 0.01μS [37, 38, 58], and ECG data was recorded at a sampling

rate of 1000 Hz [59].

The sound level of the UCS was checked with an external digital sound level meter prior to

each task. The ambient temperature of the room was recorded using a digital thermometer, as

this can correlate positively with SCR level, when tested over a range from 20–40˚C affect SCR

[60]. Most Control participants were tested in a research facility room (median temperature

21.0˚C; range 18.9–23.3˚C), whereas DMD participants were tested in several different clinical

settings (median temperature 19.3˚C; range 18.3–22.5˚C). Whilst there was a significant differ-

ence between these values on Mann Whitney U-test comparisons (U = 10.5, P = .04), tempera-

ture did not correlate with either baseline SCR (rho = 0.15, P = 0.58) or SCRuc (rho = -0.13,

P = 0.66). Linear regression analysis confirmed that temperature was not a significant predic-

tor of either of these variables.

EDA recordings were re-sampled at 15.625Hz and filtered using a 1Hz low pass filter, fol-

lowing Biopac EDA guidelines, to rectify and smooth the data. ECG recordings were filtered

using a band pass filter at 1–35 Hz, as per Biopac guidelines, and 2% noise rejection to optimise

ECG complex peak detection [59]. ECG data was transformed into R-R intervals in seconds,

the time intervals between each heartbeat (the ‘R’ indicating the R-wave, which is the maximal

positive peak of the ECG complex).

Empirical optimisation of sampling window. EDA data were initially extracted using an

automated event-related analysis using a priori sampling windows of 0-10s after CS onset,

determined by the timings of stimulus presentation and previously published data on the tim-

ings of the latency, peak and recovery time of skin conductance and heart rate responses [38,

40]. This was refined empirically by determining the ‘time-to-peak’ (TTP) using the latency

and rise-times (time from SCR onset to peak), where TTP = latency+rise-time (Fig 2A), to

ensure that the time to the SCR peak following UCS-onset time was adequately captured. The

mean TTP was longer in the first CS+ trial compared to the remaining trials: mean TTP in the

first CS+ trial 13.0s (sd 1.6), mean TTP in remaining trials 8.9s (sd 1.8). By taking the mean

plus two standard deviations as an empirical sampling window to ensure maximal capture of

outliers, the window would be 12.5s from CS-onset. However, a window >12s would increase

the risk of NS-SCRs related to the start of the ITI being captured based on the trial timings.

Therefore, to maximise peak detection and minimise the chance of non-specific SCRs being

included, we redefined the data extraction window as 0-12s after CS-onset for our paradigm.

Manual inspection was still performed for all trials, especially for the first SCR peak, to ensure

any outliers were detected but the new window duration optimised peak detection. All EDA

and ECG data were re-extracted using this new 0-12s window.
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Data extraction and cleaning. EDA data was extracted from Biopac AcqKnowledge 5.0.3

into Microsoft Excel, using two methods which were then compared: 1) an automated Event-

related analysis to linking SCRs to digital event markers for CS+/CS-/UCS presentations; 2) an

‘Epoch’ analysis where pre-specified measurement parameters could be set for extraction

within a given time window after the digital markers. The EDA is the absolute skin conduc-

tance level (SCL) in μS, from which the SCR amplitude (SCRamp, in μS) was derived, the differ-

ence between skin conductance level (SCLbase) at start of the trial and at maximal response

SCLmax, i.e. SCRamp = (SCLmax)—(SCLbase), as shown in Fig 2A. The Epoch analysis parame-

ters were: SCLbase, SCLmax, the minimum SCL in the extraction window (SCLmin), the area

under the curve of the SCR (SCRarea, in μS-s). ECG data was also extracted using the Epoch

analysis method: the mean R-R interval within the sampling window. Heart rate (HR) in beats

per minute (bpm) was derived from the R-R interval using the calculation: HR = 60/R-R.

Data cleaning involved manual inspection of all SCRs, cross-referencing digital markers.

Adjustments to automated measurements were made where the true specific SCR had been

incorrectly measured due to artefacts or non-specific SCRs (NS-SCRs) or incorrectly assigned

by the automated analysis. Non-specific SCRs (NS-SCR) are physiological responses related to

an external or other internal physiological stimulus, or background skin conductance activity.

Examples of the manual inspection process are shown in Fig 2. For the event-related analysis,

Fig 2. Measurement of skin conductance responses. (A) Schematic diagram of a typical skin conductance response following presentation of the conditioned

stimulus, CS. The amplitude of the skin conductance response (SCRamp) is measured from the baseline skin conductance level (SCLbase) to the maximum SCL

at the peak of the response (SCLmax). If artefacts in the data affect SCLbase, the minimum SCL before the peak (SCLmin) can be used as a baseline measurement

instead. Latency is the time from CS onset to the start of the SCR (defined as when the SCR crosses the 0.01μS detection threshold) and is typically 1-3s. Rise-

time is the time from SCR onset to the peak response (SCLmax). The ‘time-to-peak’ (TTP) equals latency + rise-time. For the TTP calculations to determine the

sampling window, latency was taken from the CS presentation time rather than the UCS (unconditioned stimulus) presentation time. (B)-(D): SCL data from

a single participant analysed with automated event-related data extraction. Upper trace (blue) is the tonic skin conductance level (SCL) from which SCRs are

measured. Lower trace (pink) is the phasic SCL, used to determine when threshold of 0.01μS is passed for event-related response identification in the

automated analysis. Stimulus onset time (time = 0s) indicated by purple arrow/dashed purple vertical line. Orange dashed horizontal line on phasic SCL

indicates the 0.01μS detection threshold. Open parenthesis symbol indicates the start of the SCR when the threshold is crossed. Closed parenthesis symbol

indicates the end of the SCR when the phasic SCL drops below 0.01μS. ‘Water drop’ symbol denotes the event-related SCR determined by the automated

analysis. Dark blue dotted vertical arrows indicate the automated amplitude measurement; Light blue dotted arrows indicate the actual SCR amplitude

measurement. (B) A typical SCR, which has been correctly identified and measured. (C) A non-specific skin conductance response (NS-SCR) starts before CS

is presented; a slight hump in the upward NS-SCR indicates where the event-related SCR starts but the automated response measurement (dark blue arrow)

overestimates the SCR by measuring the combined amplitude of both responses. This is difficult to accurately re-measure manually so would need to be

excluded. (D) A typical response starts but as the phasic response (pink line) does not re-cross the 0.01 μS threshold (orange dashed line) when a second

response occurs (e.g. due to a physiological response from a deep breath) the peak of the second response is taken as SCLmax so the automated measurement

overestimates the SCR. Responses such as these can be accurately re-measured manually.

https://doi.org/10.1371/journal.pone.0264091.g002
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if a non-specific SCR (NS-SCR) started before CS presentation or just after the specific SCR it

could merge with the specific SCR leading to a larger, combined response being erroneously

measured (Fig 2C and 2D), or the NS-SCR might be the only response recorded if the SCL

returned to baseline, and the subsequent specific SCR was disregarded (as only the first

response was extracted in the event-related analysis). In some of these cases manual measure-

ments were possible if the initial peak was easily identifiable, but if it was not clear where the

true specific SCR started and peaked these data points had to be excluded. For the Epoch-anal-

ysis extracted data, if an artefact/NS-SCR just affected the SCLbase value a simpler adjustment

was often possible instead of manual remeasurement, by measuring the amplitude from the

trough value at the start of the response (SCLmin) to the maximal response, SCLmax, provided

that the SCLmin was indeed the trough level before the peak, termed a ‘max-min’ switch. Man-

ual remeasurement of SCRs was done in accordance with documented guidelines [37, 60, 61].

All manual inspection and remeasurement was performed by a researcher who was blinded to

the subject’s group and reviewed by an independent researcher. Non-responders were defined

as participants in whom�50% raw SCRs following UCS presentations and pre-exposure tasks

were<0.01μS, based on recommendations from previous literature [40, 62].

HR data was cleaned following manual inspection of ECG traces. Very few artefacts affected

ECG data, mainly due to body movements, therefore only a small number of data required

exclusion. Occasionally R-R intervals were incorrectly measured, if ECG complexes were

small, in which case the detection threshold was changed and the analysis re-run to ensure all

ECG complexes had detectable R-waves.

Optimisation of data extraction method. We compared both the automated Event-

related analysis and Epoch analysis extraction methods to determine which was the most effec-

tive method for our data. In the Event-related analysis, the specific SCR is identified from the

point at which the SCL first passes the 0.01μS threshold on the phasic SCL recording after the

digital event marker of interest to the subsequent maximum peak SCL (SCLmax), shown in Fig

2. Using the data from four healthy volunteers, we reviewed all SCRs (288 trials) and scored

manually for correct detection of SCRs. The Epoch analysis identified significantly more true

SCRs than the Event-related analysis (50.3% vs. 34.4%, χ2 = 15.1; P< .001). We applied both

methods to the DMD and Control data from the second stage of the study. Artefacts and

NS-SCRs were frequently present in the data and affected both extraction methods, and as

such following manual inspection adjustments were required in 38.2% (423/1105) of Event-

related analysis trials and 39.1% (417/1067) of Epoch analysis trials (Fig 3B). The data points

for the two extraction methods were similar for both study cohorts when represented graphi-

cally (Fig 3A), although confidence intervals were wider in the event-related analysis in the

Acquisition phase, suggesting lower accuracy for this method. The degree of data cleaning was

greater for the Event-related extraction method, as time-consuming manual remeasurement

was required in more than double the number of trials for the Event-related vs. Epoch method

(38.2% vs. 16.7%; χ2 = 126.5; P< .001). The more rapid ‘max-min’ switch was used in the

remaining 22.3% of Epoch trial adjustments. Data exclusion rates were similar for both meth-

ods, with exclusion rates of approximately 9% for both methods in the familiarisation and

acquisition phases, and in the extinction phase 18.0% for the epoch analysis and 20.0% for the

event-related analysis, reflecting that in the majority of cases the artefacts leading to data exclu-

sion would have affected the data no matter which extraction method was used. The epoch

analysis raw data points were slightly closer to the cleaned data than the event-related analysis

data points, although not significantly, which also suggests more accuracy with the epoch

method (Fig 4). The cleaned SCR data points were very similar for both extraction methods,

suggesting that there was good inter-method reliability for the independent manual inspection

of the data.
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Overall, we concluded that the Epoch analysis extraction method was superior to the

Event-related analysis, given the more rapid and replicable data cleaning, less reliance on

potentially subjective manual remeasurement and risks of unblinding and an indication of

increased accuracy. It also allowed the SCR area and heart rate data to be extracted in the same

process, thus improving efficiency.

Fig 3. Comparison of skin conductance response amplitude data derived by Event-related and Epoch analysis methods. (A) Mean skin

conductance responses (SCR) in μS from second stage of task development study (DMD and Control participants) in all phases of the fear

conditioning paradigm (n = 17). SCRs are shown both for analysis using the epoch analysis extraction method (‘Epoch’; circular markers)

and the event-related analysis extraction method (‘Event’; triangular markers), for both CS+ and CS- trials. Each data point represents the

mean of four CS+ or CS- trials in each block, and error bars indicate 95% confidence intervals. ‘Raw’ data includes all data as extracted using

these methods. ‘Clean’ data has excluded data points affected by artefacts, or data points that have been remeasured after manual inspection.

FAM = Familiarisation phase; ACQ = Acquisition phase (1–3 blocks); EXT = Extinction (1–5 blocks). (B) Bar chart indicating percentages of

trials included with and without adjustment, and those excluded following manual inspection. ‘Max-min switch’ refers to the use of the

minimum skin conductance level (SCLmin) value within the trial window where it was more appropriate to use this than the SCL at the trial

onset (SCLbase). ‘Remeasured’ refers to manual remeasurement, where artefacts prevented automated SCR measurement and a max-min

switch was not appropriate or available.

https://doi.org/10.1371/journal.pone.0264091.g003
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Fig 4. Comparison of physiological startle response metrics. (A) & (B) show comparison of raw and cleaned SCR

data for all phases. (A) Mean skin conductance response amplitude (SCRamp) for raw (AmplRaw) and cleaned

(AmplClean) data by block. Unconditioned SCR startle response taken as the SCRamp on the first CS+ trial (termed

‘SCRuc’). (B) Mean skin conductance response area (SCRarea) for raw (AmplRaw) and cleaned (AmplClean) data by

block. Baseline = baseline recordings taken from mean of Familiarisation phase SCR; ACQ = Acquisition phase (1–3
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Statistical considerations

Sample size. For the healthy volunteers study the sample size of six participants was

selected for pragmatic reasons including time and resources constraints. There is no prior data

from a DMD population to base a formal power calculation on. As a guide, a power calculation

estimation was performed using healthy paediatric control SCR data from a discrimination

fear conditioning study conducted by Gao and colleagues, with mean SCR 0.1μS and standard

deviation 0.075μS for 8 year old subjects (n = 172) [31]. Taking 0.05μS as the precision

required to detect a clinically significant difference, as in other paediatric studies [31, 63], and

alpha = .05, the estimated sample size required for a power of 80% would be 56, with 28 in

each group. Previous studies measuring fear responses in anxious/non-anxious children have

used total sample sizes of: 35 (group size n = 17/18) [24]; 54 (group size n = 16/38) [33]; 60

(group size n = 8/11/19/16) [30]. Pragmatic considerations potentially limiting the DMD sam-

ple size include the fact that is a rare disease with a restricted age range in the inclusion criteria.

Furthermore for the purposes of this task development study we were not investigating group

differences, therefore we used a sample size of 20, including both DMD and Control subjects,

in order to test proof-of-principle which could then be expanded to a larger study to test group

differences if we were successful at this stage.

Quantitative variables. SCR amplitude is a well-established outcome measure for fear-

conditioning studies, as the SCR response is typically a discrete peak in the EDA recording

from which obtaining the amplitude is simple to measure both in automated analysis and

manual measurements. Area under the curve has also been proposed a useful measure [64], as

it captures the additional information of both the maximal amplitude and the duration of the

response rather than just the maximum. A review of the initial data from the healthy volunteer

study indicated that both SCR amplitude (SCRamp) and area (SCRarea) were potentially useful

SCR metrics. The heart rate (HR) responses to stimuli were continuous changes in HR rather

than the discrete peaks seen for SCRs, therefore it was not possible to discriminate between CS

+ and CS- in the same was as for SCR, therefore a differential HR metric was not derived.

Instead, the change in the absolute heart rate from the baseline heart rate (ΔHR) was calcu-

lated. The measured variables were: 1) SCRamp and SCRarea in CS+ trials (SCRCS+) and CS- tri-

als (SCRCS-); 2) Differential SCR, SCRDiff, which is the difference between SCR from

contiguous CS+ and CS- trials; 3) Absolute heart rate (HR); 4) Change in HR from baseline

(ΔHR), where the baseline was mean HR in the baseline phase for each section of the task

(familiarisation phase HR for acquisition trials; pre-extinction baseline phase for extinction tri-

als). As our primary aim was to investigate startle responses, the main outcomes of interest

were the initial unconditioned responses to the threat stimulus, which were the initial uncon-

ditioned SCR (SCRuc) and the change in HR after the initial threat stimulus (ΔHRuc).

Normality checks using Q-Q plots showed approximately normal distributions for SCRuc

and ΔHRuc, however on Shapiro-Wilks testing, ΔHRuc failed the normality testing (test statis-

tic for SCR: 0.92, df 18, P = .13; test statistic for ΔHR: 0.86, 21 18, P = .006), although the small

group sizes may have made this assessment inaccurate.

Data analysis. Prior to analysis all subjects were randomly allocated a unique blinding

identifier to allow blinded analysis to be conducted. All SCR and HR metrics were plotted and

blocks); EXT = Extinction (1–5 blocks). (C) Change in heart rate from baseline (ΔHR) in Acquisition phase. Baseline

heart rate (HR) taken from mean HR in Familiarisation phase. Data points are mean ΔHR for each numbered trial,

where ‘+’ denotes a CS+ trial, ‘-’ denotes a CS- trial and and ‘o’ indicates a non-reinforced CS+ trial, i.e. no

unconditioned stimulus (UCS) presented. The unconditioned HR startle response metric was taken from the change

in HR after first CS+ trial, i.e. from trial ‘3+’ to trial ‘4-’ (termed ΔHRuc). All data were obtained by Epoch analysis

extraction. Error bars show 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0264091.g004
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visually inspected as an initial evaluation. For the healthy volunteer analysis, as the task proto-

col was modified after the first two participants, only the remaining four participants data was

used for further comparison.

Paired sample t-tests were used to evaluate: task efficacy and degree of conditioning

(response retention in extinction), based on the difference between SCRCS+ and SCRCS-; for

any differences in SCRuc and ΔHRuc between Visits 1 and 2. Coefficients of variation (CV)

were used to compare outcome measures, where CV = (sd/mean)�100. Chi-squared tests were

used to compare data extraction methods and pubertal stage, and baseline characteristics of

the DMD and Control groups were compared with Mann-Whitney U tests. Spearman correla-

tions and Bland-Altman plots and were used to evaluate test-retest reliability of SCRuc and

ΔHRuc metrics. Validity of Bland-Altman plots was confirmed with paired t-tests for each data

set.

Results

Participant demographics

In the first task development stage, six participants took part in a healthy volunteers’ study.

The first two participants undertook the first iteration of the paradigm, following which a

review of the data and feedback from these participants was used to make some modifications

to the task. Four more participants, all male and aged between 20–25 years old, took part in

the final version of the task. From an initial data review of the healthy0 volunteer data, we

determined that the task achieved its purpose: it was able to elicit from participants appropriate

and recordable physiological responses, particularly event-related skin conductance responses.

In the second stage of the task development, we recruited and tested 20 young DMD and

Control participants aged 7–12 years old (DMD n = 11; Control n = 9). Out of these 20, SCR

data could not be used in three participants (DMD n = 2, Control n = 1): one with technical

difficulties in the EDA recording, one defined as a ‘non-responder’ and one with a protocol

deviation (the participant stopped and re-started several times) so the data could not be used

for either SCR or HR. The final analysis included SCR data from 17 participants (DMD n = 9,

Control n = 8) and HR data from 19 participants (DMD n = 11, Control n = 8).

There was no difference in median age between the groups, and the distribution of pubertal

stage scores also did not differ between groups (Table 1). The mean heart rate was significantly

higher in the DMD group compared to Controls (P = .02), which is a recognised phenomenon

in the literature [46], but there was no difference in baseline SCR between groups.

Confirmation of task efficacy

Data from both the first healthy volunteer study and the study in young DMD and Control

participants indicated the maximal SCR amplitude (SCRamp) occurred on the first reinforced

CS+ trial, i.e. the initial response to the threat stimulus, and also in the first acquisition phase

block (Fig 4A), with significant discrimination between SCRamp in CS+ and CS- trials on first

presentation of the threat stimulus, and throughout all Acquisition blocks. This was most

marked in block one, ACQ1 (mean difference 2.4 μS (95%CI 1.6, 3.1); P< .001), with the larg-

est difference occurring on the first reinforced CS+ trial (mean difference 4.1 μS (95% CI 2.6,

5.6); P< .001) (Table 2).

To confirm whether conditioning had occurred, we checked for the conditioned response

retention when the threat stimulus was no longer presented in CS+ trials in the Extinction

phase. There was significant discrimination between SCRCS+ and SCRCS- in the first three

Extinction blocks (P = .01; P = .02; P = .02; Table 2), indicating that the SCRCS+ had been
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conditioned as it remained higher than SCRCS-. This significant discrimination was lost for the

remaining two Extinction blocks, indicating that the conditioned response had extinguished.

We have thus confirmed that this new fear-conditioning task achieved the aim of producing

physiological responses to the unconditioned stimulus, and successfully conditioning these

responses, which could then be extinguished. It also supported the extended Extinction phase

that we employed based on preliminary data from the healthy volunteer study.

Evaluation of physiological variables

Comparing SCR amplitude and area metrics. As well as measuring SCR amplitude

(SCRamp) as described above, we also investigated using the area under the phasic skin conduc-

tance response curve (SCRarea) as an additional exploratory measure, as theoretically this could

provide temporal as well as magnitude information [37]. Raw and cleaned data for SCRamp

and SCRarea, shown in Fig 4, indicate that the SCRarea metric appeared more accurate than

SCRamp for CS+ trial data in Acquisition, but the discrepancy between raw and cleaned data

Table 1. Baseline demographics of DMD and Control participants.

Whole cohort DMD groupb Control group

No. participants, n 20 11 9

Age, median (range) 10.2 (7.1–12.9) 10.1 (7.1–11.4) 10.4 (8.1–12.9)
Pubertal stage score 1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0 2.5 3.0

Frequencya (%) 8/21

(38)
6/21

(27)
3/21

(14)
2/21

(10)
2/21

(10)
5/12

(42)
4/12

(33)
2/12

(17)
1/12

(8)
0/12

(0)
3/9

(33)
2/9

(22)
1/9

(11)
1/9

(11)
2/9

(22)
Baseline SCR, median

(range)
0.23 (0.0–0.76) 0.23 (0.01–0.76) 0.23 (0.0–0.49)

Baseline HR, median

(range)
91.3 (70.2–126.5) 95.4 (70.1–126.5); P = .02c 80.1 (70.1–102.1)

Data presented for the whole cohort (n = 20) as well as DMD (n = 11) and Control groups (n = 9). Median and range presented for variables: age, skin conductance

response (SCR); heart rate (HR).
aPubertal stage score data shown as frequencies (%) in each category (ranging from 1–5).
bGroup differences were assessed with Mann-Whitney U-tests (age, baseline SCR and HR) and Chi-squared test (pubertal stage), with alpha level P = .05.
csignificant difference in baseline HR between DMD and Control groups; P = .02.

https://doi.org/10.1371/journal.pone.0264091.t001

Table 2. Comparison of skin conductance responses in paired CS+ and CS- trials.

SCRCS+ vs. SCRCS- N Mean difference (μS) 95% CI t Sig., P
1st CS+/CS- ACQ trial pair 16 4.1 2.6, 5.6 5.7 < .001

ACQ block 1 18 2.4 1.6, 3.1 6.9 < .001

ACQ block 2 17 1.7 0.9, 2.5 4.5 < .001

ACQ block 3 16 1.4 0.9, 2.0 6.0 < .001

EXT block 1 17 0.31 .08, 0.54 2.9 .01

EXT block 2 15 0.32 0.05, 0.59 2.5 .02

EXT block 3 13 0.28 0.05, 0.51 2.6 .02

EXT block 4 12 0.17 -0.10, 0.41 1.3 .20

EXT block 5 11 0.16 -0.01, 0.32 2.2 .06

Skin conductance responses (SCR) in CS+ and CS- trials were compared for the first trial pair in Acquisition phase,

and for the mean of all CS+ and CS- trials in each block (four trial pairs per block) during Acquisition (ACQ) and

Extinction (EXT) phases. Statistical comparisons were performed with paired t-tests. CS = conditioned stimulus;

CI = confidence interval; Sig. = significance, with alpha level = .05. P-values < .05 are shown in bold.

https://doi.org/10.1371/journal.pone.0264091.t002
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was greater in the Extinction phase for SCRarea than SCRamp. However, data cleaning was

more time-consuming and potentially subjective and prone to bias for area measurements,

due to the higher chance of artefacts and NS-SCR affecting the data within the whole sampling

window. Due to these limitations, we concluded that future analysis should use SCR amplitude

as the primary SCR metric.

Heart rate metrics: Absolute heart rate and change in heart rate. As has previously

been established, the mean heart rate was significantly higher in the DMD group compared to

the Control group (Fig 5B), therefore evaluation of absolute heart rate between groups was not

a useful comparison. It was also not possible to derive a ‘differential’ heart rate, comparing CS

+ and CS- trials as HR varied in a continuous way rather than in discrete peaks as seen with

SCR, therefore it was more informative to represent the change in HR (ΔHR) compared to

baseline, showing all CS+ and CS- trial data in the order presented in the task (Fig 5C).

Unconditioned startle response outcome measures. As our hypothesis concerned mea-

surement of startle responses, we evaluated the unconditioned physiological response metrics

to determine the optimal outcome measures for the startle response; firstly how to derive

them, and secondly how precise and reliable they were.

As the greatest difference in SCRamp between CS+ and CS- trials occurred at the start of the

Acquisition phase, we used the SCR amplitude in the first CS+ trial as the unconditioned SCR

metric (termed ‘SCRuc’). For the optimal HR metric, from inspection of the ΔHR data we

determined that there was a reduction in HR after each reinforced CS+ trial in the early stages

of the Acquisition phase (Fig 4C), which was largest after the first reinforced CS+ trial. This is

a recognised phenomenon known as fear-induced bradycardia [42]. We measured the differ-

ence in HR after the first reinforced CS+ trial and took this as the unconditioned HR metric

(termed ‘ΔHRuc’).

In Fig 4C it was also evident from the wide confidence intervals for the ΔHR data point

after the first CS+ trial (trial 4-) that there was a large variation in ΔHRuc, which might reduce

the utility of this as an outcome measure. To determine this more precisely, we calculated coef-

ficients of variation (CV) for each measure. A CV of 100% occurs when the standard deviation

of a measure is equal to its mean, and as CV reduces below 100% towards 0% this indicates

increasing precision [65]. The CV for SCRuc was 67.8%, the CV for SCRs in CS+ trials in the

first Acquisition block was 56.7% and the CV for ΔHRuc was 103.1%, indicating that the SCR

metrics were more precise than the ΔHRuc.

To determine test re-test reliability of these outcomes, eleven DMD participants were fol-

lowed-up at a second visit after an interval of three months. We obtained eleven sets of paired

HR data and seven sets of paired SCR data, although one set of SCR data had to be excluded as

the participant was a ‘non-responder’ on both occasions (Fig 5). There was a strong positive

correlation in SCRuc between visit 1 and 2 (Spearman’s rho = .86, P = .01, n = 6), thus meeting

our pre-determined criteria for a correlation coefficient of�0.8. There was no difference in

mean SCRuc between visits 1 and 2 (mean difference 0.19 μS; 95% confidence interval -1.2,1.6;

t = .35, P = .73), or for the remainder of the CS+ and CS- trials in Visit 1 compared to Visit 2

on paired t-tests. Individual paired SCRuc data appeared relatively stable values for most partic-

ipants between visits (Fig 5B).

There was no difference in ΔHRuc between visits (mean difference -2.9 bpm; 95% confi-

dence interval -9.6, 3.9; t = -.95; P = .37) (Fig 5C), however, there was more individual variabil-

ity in this metric (demonstrated on paired data in Fig 5D), and only a moderate, non-

significant positive correlation within participants between visits (rho = .42, P = .20).

To further explore reliability, Bland-Altman Limits of Agreement (LOA) plots of difference

vs. mean were constructed for both data sets (Fig 5E and 5F). For both SCRuc and ΔHRuc all

data points were within the LOA boundaries, indicating agreement in both outcomes on test-
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Fig 5. Comparison of SCR and HR responses in DMD participants at initial and follow-up visits. Data for n = 11 DMD

participants who performed the fear-conditioning task at the initial visit (Visit 1)and at a second follow-up visit after 3 months

(Visit 2). Paired HR data available for n = 11 and paired SCR data available for n = 6. (A) Mean SCR by block for CS+ and CS-

trials over all task phases. Error bars show 95% confidence intervals. (B) Paired data for individual participants showing the SCR

for the first unconditioned response (SCRuc) in Visit 1 and Visit 2. (C) Mean absolute HR by trial in the first Acquisition block.

Error bars show 95% confidence intervals. (D) Paired data for individual participants showing the Change in HR (ΔHR) from

Acquisition trial 3+ to trial 4-, i.e. the unconditioned ΔHR response (ΔHRuc). (E) & (F). Bland-Altman Limits of Agreement plots

for: (E) Unconditioned skin conductance response (SCR; n = 6) and (F) Unconditioned change in heart rate (ΔHR; n = 11). Plots

show the mean difference (solid pink line) and upper and lower limits of agreement, LOA, in dashed purple lines. Data labels

indicate the values for upper LOA, mean difference and lower LOA (from top to bottom). All data points for both SCRuc and

ΔHRuc lie within these LOA boundaries, indicating there is agreement between the test-retest outcomes.

https://doi.org/10.1371/journal.pone.0264091.g005
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retest assessment. However, given the small sample sizes, further study should be done to con-

firm this.

Overall, these results show that SCRuc is a reliable outcome, showing a strong within-sub-

jects correlation at retest, agreement on LOA plot and less variance than ΔHRuc. ΔHRuc also

did not show significant test-retest correlation. Therefore, we conclude that SCRuc is the more

useful outcome measure for this task.

Discussion

This study presents the development and initial evaluation of a novel fear conditioning task in

both healthy volunteers and a clinical population of young males with Duchenne muscular

dystrophy and age-matched Control participants. We have shown that the task is effective,

have optimised the data processing and analysis methods and have determined physiological

startle response metrics which could be studied further as a potential outcome measures in

testing the emotion system in children and youth with DMD.

These results confirm that the experimental protocol is effective in eliciting physiological

unconditioned startle responses, with an increase in skin conductance response, SCR, and

decrease in heart rate, HR, following presentation of an aversive stimulus. The SCRs were suc-

cessfully conditioned to a neutral stimulus, and the conditioned SCRs subsequently extin-

guished with repeated presentation of the neutral stimulus alone. Thus, this experimental

paradigm meets the objectives of the task design.

After evaluating of physiological outcome measures, we found that the optimal outcome

measure in this paradigm is SCR amplitude. SCR area was effective, but its measurement was

prone to more errors and required more data processing and cleaning. By comparing two data

extraction methods, we determined the optimal processing pathway for SCR amplitude mea-

surement. We also showed that the unconditioned SCR (SCRuc) metric was reliable on test-

retest analysis and was much more precise than the unconditioned change in heart rate ΔHRuc

metric.

From the heart rate variables, absolute HR and change in HR (ΔHR), ΔHR was the pre-

ferred metric due to the group differences in baseline HR between DMD and Control groups.

The specific unconditioned ΔHR metric, ΔHRuc, was used to determine the presence of post-

threat bradycardia, which is a recognised parasympathetic nervous system response in fearful

situations, analogous to the ‘freeze’ response seen in animals [42]. However, this metric

showed greater variance than SCRuc and did not show significant correlation on test-retest

analysis. A further limitation of using heart rate metrics in this context is that DMD is associ-

ated with a resting sinus tachycardia from an early age, and decreased heart rate variability as

the condition progresses, thought to be related to dysautonomia [46, 66]. This may limit the

useful comparison of HR metrics between DMD and Control groups. However, HR may pro-

vide a useful within-subject outcome measure, as the task elicited a measurable unconditioned

response, and recent studies in humans have suggested it can provide a reliable outcome mea-

sure [42]. Further work using a larger data set should enable a more detailed analysis to deter-

mine the optimal HR metric.

The main limitations in this study were related to artefacts and data drop-out. The occur-

rence of physiological artefacts due to external noises may have been reduced if testing had

occurred in a soundproof room, which was not available to us for this study although we tried

to mitigate this with the use of headphones. Some participants who terminated both phases of

the task early (20% in acquisition, 25% in extinction), mostly DMD participants, which led to

reduced data especially in the Extinction phase. Feedback from participants indicated that the

task was too long, and a minority of participants (mostly in the DMD group) found the noise
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stimulus too aversive. Therefore, future versions of the task should incorporate modifications

to reduce the length of the task and incorporate modified stimuli that will balance aversiveness

with the ability to elicit physiological startle responses and produce successful conditioning.

In conclusion, this task development study has achieved its aims by confirming that this

novel fear-conditioning task is effective in eliciting unconditioned startle responses and suc-

cessful conditioning and establishing the optimal outcome measures and data processing pro-

cedures. These can be applied to future larger studies investigating group differences in startle

responses between DMD and Control participants.
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