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Abstract During a simple reaction time (RT) task, move-
ments can be initiated early and involuntarily through pres-
entation of a loud startling acoustic stimulus (SAS), a phe-
nomenon termed the StartReact effect. In order to infer that
activity in startle-related structures led to the early response
triggering, it is important to observe a concurrent startle
reflex in sternocleidomastoid. It is generally accepted that
to consistently elicit a startle reflex, the SAS must be both
intense and unpredictable. However, it remains unclear
what effect explicit foreknowledge of an impending SAS
has on the effectiveness of a SAS to elicit a startle reflex
when preparing a motor response. To test this, partici-
pants completed two separate blocks of a simple RT task
(counterbalanced order), where the control auditory go-
signal was replaced with a SAS on 20 % of trials. In an
unwarned block, knowledge of the trial type (SAS vs. con-
trol) was not provided in advance, while in a warned block,
the trial type was forewarned. Results revealed that while
foreknowledge of an impending SAS reduced the magni-
tude of the startle reflex, it did not affect the proportion of
startle reflexes elicited or the magnitude of the StartReact
effect. An increase in control trial RT was observed during
the unwarned block, but only when it was performed first.
These results indicate that preparation of a motor response
leads to sufficiently increased activation in startle-related
neural structures such that even with explicit knowledge of
an upcoming SAS, participants are unable to proactively
gate the upcoming sensory input.
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Introduction

In many real-life activities, upcoming actions can be pre-
pared in advance if the required action to be performed is
known beforehand. For example, when a sprinter is waiting
in the ready position for the starter’s pistol to fire, or when
one is expecting a traffic signal to change, the response can
prepared or “programmed” (Summers and Anson 2009)
in advance of the go-signal leading to a shorter reaction
time (RT). Several seminal studies have used instructed-
delay simple RT tasks to show that preparation of a known
action could be completed in advance of the imperative
go-signal (Donders 1969; Klapp et al. 1974; Wadman et al.
1979). Some more recent studies have also provided elec-
trophysiological evidence for movement-related prepara-
tory activity. For example, electroencephalography (EEG)
has been used to show neural activity build-up occurs in
motor cortical areas in advance of the go-signal during
both self-initiated (Shibasaki and Hallett 2006) as well as
instructed-delay paradigms (Leuthold et al. 2004). Addi-
tionally, TMS has been used to show that motor prepara-
tory activity increases early following a warning signal and
is held relatively consistent until the onset of the go-signal
(Kennefick et al. 2014). Recent data suggest that the initia-
tion of a response is a separate neural process and in some
cases may act independently of response preparation as it
was shown that response initiation could be forced even
when the response was not fully prepared (Haith et al.
2016). In this way, initiation has traditionally been mod-
elled as a sensory evidence accumulator (Carpenter and
Williams 1995). In contrast, urgency-gating models (Cisek
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et al. 2009) suggest that sensory signal combined with tem-
porally-dependent urgency signal results in a given state of
the initiation-related activation. Indeed, it has been argued
that the total level of neural activity may also be dependent
on the underlying preparatory state of the system (Wein-
berg 2016). However, in most simple RT tasks where the
response is prepared in advance, it is difficult to distin-
guish between these possibilities; but importantly, further
increases in motor cortical activity are associated with the
process of initiating and executing a prepared response
(Kennefick et al. 2014; Maslovat et al. 2015a).

Several studies over the past two decades have shown
that preplanned movements that are ready for initiation or
execution can be involuntarily triggered through presenta-
tion of a loud acoustic stimulus that is also capable of elic-
iting a classical startle reflex (Carlsen et al. 2004b, 2011,
Valls-Solé et al. 1995, 1999). Specifically, in simple RT
tasks it has been shown that presenting a startling acous-
tic stimulus (SAS) results in the early and involuntary
initiation of the planned response (Carlsen et al. 2004b;
Marinovic and Tresilian 2016; Valls-Solé et al. 1999), a
phenomenon that has been termed the “StartReact” effect.
However, the neural mechanism and pathways underlying
this effect are currently a matter of debate (Carlsen et al.
2012; Marinovic and Tresilian 2016; Nonnekes et al. 2014).
For example, Marinovic and Tresilian (2016) suggested
that the RT speeding seen in StartReact responses simply
represents a particularly strong instance of the well-known
impact of a more intense stimulus on RT (Kohfeld 1971;
Luce 1986) and involves the same neural pathways used
for volitional responses. Alternatively, others have argued
that due to the substantially faster reactions seen following
a SAS (typically <80 ms), coupled with the similar latency
of these responses to that of the startle reflex itself, that
StartReact responses may represent the involuntary trig-
gering of a motor plan that is stored subcortically in struc-
tures also associated with the startle reflex—such as reticu-
lar formation (Carlsen et al. 2004a; Nonnekes et al. 2014,
Valls-Solé et al. 1999). Finally, some studies have indicated
that StartReact responses are due to the early release of a
cortically stored motor plan, triggered via ascending brain-
stem activation associated with the startle reflex, bypassing
the normal volitional cortical response initiation pathway
(Alibiglou and MacKinnon 2012; Carlsen et al. 2012).
In the two latter cases, because the response in inextrica-
bly associated with activity in centres associated with the
startle reflex, it has been argued that startle reflex-related
activity should be observed in order to infer this alternate
pathway (Carlsen et al. 2007; Carlsen 2015). Irrespec-
tive of the putative neural mechanism involved, what does
appear consistent across experiments is that responses are
only involuntarily triggered by the SAS if they are suffi-
ciently prepared (Carlsen and MacKinnon 2010), allowing
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the StartReact effect to be used as a behavioural index of
response preparation. Consequently, a SAS has been used
to assess motor preparatory circuits in a variety of tasks and
populations, from targeted upper limb movements and sac-
cades in healthy participants (Carlsen et al. 2004b; Castel-
lote et al. 2004), to gait initiation and limb movement in
motor disordered populations such as patients with Parkin-
son’s disease (Alibiglou et al. 2012; Carlsen et al. 2013)
and hereditary spastic paraplegia (Nonnekes et al. 2014).

As noted above, due to its similar short latency, the Star-
tReact effect is typically associated with the appearance of
an overt startle reflex. Although several studies have been
published showing no RT differences between SAS trials
with or without an overt startle reflex (e.g., MacKinnon
et al. 2007; Marinovic et al. 2014; Maslovat et al. 2012;
Nonnekes et al. 2014; Reynolds and Day 2007; Valls-Solé
et al. 2005), these null effects should be carefully consid-
ered, particularly if a brainstem-mediated response trig-
gering mechanism is being inferred. In order to infer
strong activity in brainstem startle-related structures (i.e.,
pontomedullary reticular formation), the startle reflex is
typically evidenced by a short latency burst of activity in
sternocleidomastoid (SCM) (Brown et al. 1991). Indeed,
several studies have shown that faster RTs are observed in
the presence of an overt classical startle reflex in SCM com-
pared high intensity SAS trials where no startle response is
evoked (Carlsen et al. 2007; Carlsen 2015; Honeycutt and
Perreault 2012; Maslovat et al. 2015b; Tresch et al. 2014).
Requiring the elicitation of a startle reflex in order to imply
a StartReact response limits it use in certain situations, as
the startle reflex has been shown to habituate in participants
after as few as 2-5 repeated presentations of the unex-
pected and intense stimulus when sitting relaxed in a chair
(Brown et al. 1991). However, this habituation appears to
be greatly attenuated if the participant is actively prepar-
ing a voluntary motor response. This attenuation is believed
to be the result of increased excitability in both the corti-
cal and subcortical parts of the response pathway (Carlsen
et al. 2003; Siegmund et al. 2001; Valls-Solé et al. 1997).

It is generally accepted that in order to reliably elicit
a startle reflex in most individuals, the startling stimulus
must be unpredictable, in addition to being sufficiently
intense (Brown et al. 1991; Landis et al. 1939). Therefore,
to ensure the highest possible proportion of startle trials
where a startle reflex is observed, most studies only pre-
sent the SAS on a subset (e.g., 20 %) of total trials (Carlsen
et al. 2011). SAS trials are presented randomly, and thus
unpredictably (Carlsen et al. 2011), which is assumed to
increase the probability of eliciting a startle reflex. How-
ever, it remains unclear what effect explicit foreknowledge
of an impending SAS has on the effectiveness of a SAS to
elicit a startle reflex, particularly when the participant is
engaged in a motor task. Modulation of the startle reflex
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has been shown when a SAS is preceded by an antecedent
prepulse stimulus at short latency (30—500 ms), resulting in
an absence or minimization of the startle reflex (Abel et al.
1998; Acocella and Blumenthal 1990; Blumenthal 1996;
Ison and Hammond 1971). This “short latency prepulse
inhibition” of the startle reflex is thought to be the result of
involuntary sensory gating of the startle stimulus caused by
the preceding auditory stimulus (Abel et al. 1998). Of inter-
est was whether a visual warning stimulus that provides
explicit foreknowledge of an impending SAS might lead to
similar gating of the startle stimulus when participants were
engaged in a RT task. Therefore, the purpose of the current
study was to investigate whether providing a warning (i.e.,
foreknowledge) of an upcoming SAS would affect the pro-
portion and magnitude of startle reflex responses elicited,
and whether this warning would result in RT differences in
control and/or startle trials. It was hypothesized that when
given explicit foreknowledge of stimulus type (i.e., control
or SAS), the participant may be able to proactively gate the
incoming stimulus, leading to a diminished startle reflex
and reduced StartReact effect.

Methods
Participants

Twenty-one volunteers (13M/8F; mean age = 25.0 years,
SD = 8.2) with no known sensory or motor dysfunctions
participated in the study after being fully briefed and sign-
ing an informed consent. All participants self-reported to
be right handed or ambidextrous. As the primary research
question related to the proportion of startle responses
observed between two conditions for the same participants,
a power calculation was carried out using G*Power (ver.
3.1.9.2) for two dependent means. Previous studies have
indicated that the mean probability of observing a startle
reflex is typically >.7 (SD ~ .1) for unwarned startle stimuli
in simple RT tasks (Carlsen and MacKinnon 2010; Carlsen
et al. 2011); thus, the power calculation showed that in
order to detect a difference in startle reflex probability of
greater than .1 between conditions, a sample size of 10 par-
ticipants would be required. Furthermore, it was expected
that data from approximately 20 % of participants would be
discarded due to an unreliable SCM startle reflex (Brown
et al. 1991). Data from five participants were discarded due
to an unreliable startle reflex in response to a SAS (see Data
reduction section); thus, the primary data set presented here
is from 16 participants (9M/7F; mean age = 24.9 years,
SD = 7.2) which provides adequate statistical power. This
research was approved by the Research Ethics Board at the
University of Ottawa and conformed to the latest revision
of the Declaration of Helsinki.

Apparatus and task

Participants sat in a height adjustable chair with the right
shoulder abducted and flexed ~30 deg. The right forearm
rested parallel to the floor in a custom-made aluminium
manipulandum that fixed the forearm in place while ena-
bling free flexion/extension movement of the wrist in the
horizontal plane. The arm was secured in a semi-prone
position using Velcro straps, with the palm facing inward.
A 24" computer monitor was placed at eye level 1.5 m in
front of the participant. Participants performed a simple RT
task requiring a rapid 20 deg extension of the right wrist
from the neutral home position (wrist neither flexed nor
extended) in response to an auditory go-signal.

Procedure

Participants performed 20 familiarization RT trials, fol-
lowed by two blocks (counterbalanced order) of testing RT
trials. In one block of trials, the trial type (SAS vs. con-
trol) was not indicated by the precue (unwarned), while in
the other block, the trial type was provided via the precue
(warned). During the unwarned block, the precue con-
sisted of the words “Get Ready” presented on the computer
screen, while during the warned block, either “Get Ready
for Control” or “Get Ready for Startle” was presented
depending on upcoming trial type. The precue was shown
for 1 s, followed by a variable foreperiod (2000-2500 ms)
and then presentation of the imperative go-signal. In con-
trol trials, the imperative go-signal was a “beep” sound
(82 dB, 1000 Hz, 40 ms), whereas in SAS trials, the go-
signal was a broadband noise pulse (120 dB, white noise,
25 ms). Both stimulus types were generated using digital
to analog hardware (PCle-6321, National Instruments Inc.),
amplified, and presented via a loudspeaker (M54-H, MG
Electronics Inc.) placed 30 cm directly behind the par-
ticipant’s head. Stimulus intensity was confirmed using a
data logging sound level meter (Cirrus Research Optimus,
CR: 162C, A-weighted, impulse setting) which was placed
alongside a Styrofoam head form at a location correspond-
ing to the position of the right ear of the participant during
testing.

In the unwarned block, participants performed 50 RT
trials consisting of 40 control trials and 10 SAS trials. In
the warned block, 75 trials were completed consisting of
60 control trials and 12 SAS trials, as well as 3 trials where
a SAS was warned but the control go-signal was presented
(invalid warning). These trials were included to assess
whether simply providing a warning of an upcoming SAS
would have an impact on RT. In both blocks, the SAS tri-
als occurred pseudorandomly such that no two consecutive
trials included a SAS and a SAS did not occur in the first
three trials of a block. Participants were instructed to make
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a 20 deg wrist extension movement as quickly and accu-
rately as possible following the presentation of the acoustic
stimulus. Following a 2 s response window, feedback pro-
viding RT as well as movement accuracy with respect to
the target was presented on the computer screen for 3.5 s.
A points system was used whereby points were awarded
for achieving a displacement RT faster than 140 ms on any
given trial; a running total was provided along with RT and
accuracy feedback on each trial. These points had no mon-
etary value and were simply used to increase participant
motivation and to encourage fast RTs.

Recording equipment

Surface EMG was collected from the muscle bellies of
the right extensor carpi radialis (ECR) and the flexor carpi
radialis longus (FCR) as well as from the left sternocleido-
mastoid (SCM, to indicate the presence of a startle reflex)
using bipolar preamplified electrodes (DE-2.1, Delsys
Inc.) connected to an external amplifier (Delsys Bagnoli
8). Prior to electrode attachment, skin sites were lightly
cleaned using an abrasive gel (Nuprep) and alcohol wipes.
EMG Electrodes were oriented parallel to the length of the
muscle fibres and attached to the skin surface using dou-
ble-sided adhesive tape. A reference electrode (Dermatrode
HE-R) was placed over the right lateral epicondyle. Wrist
position was monitored using a linear potentiometer, pow-
ered by a low-noise 5 VDC source, attached to the pivot of
the manipulandum where the voltage change corresponded
to 0.0246 V/deg providing an angular resolution of .01 deg.
Raw band-passed (20—450 Hz) EMG as well as raw posi-
tion data was sampled at 4000 Hz for 3 s using an analog
to digital converter (PCle-6321 via BNC-2090A, National
Instruments Inc.). Data collection was initiated 1 s prior to
the go-signal in each trial using a custom LabVIEW pro-
gram (National Instruments, Austin, TX) and stored for
offline analysis.

Data reduction

Kinematic variables were calculated for displacement onset,
peak velocity, peak displacement, time to peak displace-
ment, and final position. Onset of angular displacement was
determined as the first time point at which displacement
changed more than 0.2 deg following the go-signal. Peak
velocity was the maximum angular velocity achieved prior
to reaching peak displacement. Peak displacement was the
maximum angular displacement observed between move-
ment onset and movement final position, and time to peak
displacement was the time between displacement onset and
this point. The final position of the movement was defined
as the first point at which angular velocity remained below
8 deg/s for at least 150 ms.
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EMG variables included time of EMG burst onsets in
each muscle measured, as well as integrated EMG ampli-
tudes. EMG signals were rectified and filtered using a
25 Hz low-pass elliptic filter and displayed on a computer
monitor using a customized LabVIEW program. A custom
computer program placed markers indicating EMG burst
onsets, positioned at the first point at which filtered EMG
activity first reached a value two standard deviations above
baseline (calculated as the mean of 100 ms of EMG activity
preceding the go-signal). EMG offset markers were posi-
tioned where EMG activity first fell below 80 % of peak
activity and remained below this value for at least 25 ms.
Activity between EMG onset and offset was defined as a
distinct burst. EMG markers were visually inspected and
manually adjusted if necessary to allow for correction
of errors due to the strictness of the computer algorithm
(Hodges and Bui 1996). Premotor RT was defined as the
time between the go-signal and EMG onset in the wrist
extensor. Integrated EMG (IEMG) was used to quantify
EMG burst magnitude by numerically integrating the raw
rectified EMG for 30 and 100 ms following burst onset. A
startle reflex was noted if a burst of EMG occurred in SCM
within 50-120 ms following the SAS. Example raw data
showing EMG bursts and associated kinematics in control
and SAS trials for similar tasks have been previously pub-
lished (see Carlsen et al. 2009, 2011).

Five of the original 21 participants did not exhibit a reli-
able startle reflex, defined as a short latency burst of EMG
in SCM in at least 40 % of SAS trials for at least one of
the blocks. Data from these low-responders were used in
the analysis of startle reflex incidence, but the data were
discarded from all further analyses, with two participants
removed due to low incidence of a startle reflex in the
warned block, one due to low response in the unwarned
block, and two due to low response in both blocks. In the
remaining participants, a startle reflex in SCM was not
observed on eight total trials (4.5 % of all SAS trials) and
these trials were discarded from further analysis after cal-
culation of startle reflex incidence. Finally, trials were
discarded if premotor RT was <50 ms (anticipation) or
greater than 350 ms (distraction). This led to the removal
of 58 trials (2.9 % of total) and 38 trials (1.9 % of total),
respectively. Thus, a total of 1895 of 2000 total trials were
included in the analysis (94.8 % inclusion rate).

Statistical analysis

Data were screened for normality using Shapiro—Wilk tests.
If a data set was found to be significantly non-normal, the
data were subjected to a Log transformation and normal-
ity was confirmed. This procedure led to the use of trans-
formed data for wrist extensor iEMG, SCM iEMG, peak
velocity, peak displacement, and final position. Proportion
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variables were subjected to an arcsine square root transform
prior to analysis (Howell 2010). Untransformed means
are presented along with 95 % Cls, corrected for within-
subject comparisons where appropriate (Cai et al. 2011;
Morey 2008). Dependent measures were analysed using
mixed-model analysis of variance (ANOVA) where Block-
Order (unwarned block first vs. warned block first) was
an independent factor and all other factors were repeated.
EMG and kinematic measures were analysed using 2
BlockOrder x 2 BlockType (unwarned block vs. warned
block) x 2 Stimulus (control vs. SAS) mixed-model ANO-
VAs. For premotor RT, a secondary analysis investigated
any potential order or learning effects by separating control
trials within each block type into quarters (i.e., first 25 %
of control trials in order, second, third, and fourth) and
comparing these using a 2 BlockOrder x 2 BlockType x 4
BlockQuarter mixed-model ANOVA. Incidence of startle
was analysed using a 2 BlockOrder x 2 BlockType mixed
ANOVA. Finally, any effect of the warning was analysed
using a 2 BlockOrder x 2 WarningValidity (valid warning
signal vs. invalid warning) mixed-model ANOVA. Green-
house-Geisser corrected degrees of freedom were used to
correct for violations of the assumption of sphericity if
necessary. Differences with a probability <.05 were con-
sidered to be significant, and Tukey’s honestly significant
difference post hoc tests were administered to determine
the locus of any significant differences. Effect sizes (r) are
reported for any main effects comparing only two means or
other direct contrasts.

Results
Startle reflex

Analysis of the proportion of trials where a burst of
EMG was detected in SCM showed no significant main
effects of BlockType (warned vs. unwarned), p = .662,
r = .010, or BlockOrder (warned vs. unwarned block first),
p = .976, r < .001, and no interaction between the fac-
tors, p = .467. Figure 1 shows the startle reflex data col-
lapsed across BlockOrder groups, including proportion
of SCM responses observed in SAS trials (A), and SCM
integrated EMG over 30 and 100 ms (B). SCM EMG inte-
grated over 100 ms showed no main effects of BlockType,
p = .601, r = .020, or BlockOrder, p = .199, r = .115,
and no interaction between the factors, p = .696. In con-
trast, when SCM EMG was integrated over the first 30 ms
of the burst (Fig. 1b, white bars), there was a significant
effect of BlockType, F(1,14) = 7.375, p = .017, r = .345,
indicating that the EMG burst was larger for the first 30 ms
in the unwarned block compared to the warned block
(Fig. 1b). However, there was no significant main effect of
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Fig.1 Mean proportion of startling acoustic stimulus trials in which
a startle reflex was observed in the sternocleidomastoid (SCM)
(a), and mean integrated EMG of the first 30 ms (white bars) or
30-100 ms (grey bars) of SCM startle reflex activity (b) as a func-
tion of block (unwarned or warned). Error bars represent 95 % Cls
correct for within-subject comparisons where applicable. *Significant
difference between unwarned and warned blocks

BlockOrder, p = .059, r = .232, and no significant interac-
tion between the factors, p = .137.

Response latency

Premotor RT is presented in Fig. 2, with means separated
based on block order and stimulus. Analysis of premo-
tor RT showed a significant main effect of BlockType,
F(1,14) = 9.664, p = .008, r = .408, as well as a main
effect of Stimulus, F(1,14) = 95.513, p < .001, r = .873,
but these were superseded by an interaction between
BlockType and BlockOrder, F(1,14) = 5.621, p = .033, as
well as an interaction between BlockType and Stimulus,
F(1,14) = 9.800, p = .007. Post hoc analysis of the Block-
Type x BlockOrder interaction showed that irrespective of
Stimulus type (control vs. SAS), premotor RT was signifi-
cantly shorter in the warned blocks, but only for the group
that performed the unwarned block first (control, 136.2 vs.
113.8 ms; startle, 81.4 vs. 76.0 ms; Fig. 2 black symbols)
as opposed to the group that performed the warned block
first (control, 120.6 vs. 116.4 ms; startle, 83.2 vs. 83.7 ms;
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Fig. 2 Mean premotor reaction time (RT) during control and startle
trial types as function of block (unwarned or warned) and block order
(unwarned or warned first). Circles represent data from the unwarned
block, whereas squares represent the warned block. Data shaded in
black indicate that the unwarned block was completed first, whereas
grey indicate that the warned block was first. Error bars represent
95 % Cls correct for within-subject comparisons where applicable

Fig. 2 grey symbols) (p < .05). Post hoc analysis of the
BlockType x Stimulus interaction showed that irrespective
of BlockOrder (unwarned first vs. warned first), premo-
tor RT was significantly shorter in SAS trials compared to
control trials whether they were warned or not (see Fig. 2
control vs. startle). In addition, for the control trials RT was
significantly shorter in the warned blocks (113.8, 116.4 ms,
Fig. 2, control squares) compared to the unwarned blocks
(136.2, 120.6 ms, Fig. 2, control circles) (p < .05). The
three-way interaction between the factors was not signifi-
cant, p = .096. The main effect of BlockOrder was not sig-
nificant, p = .885, r = .002, and there were no other sig-
nificant interaction effects.

A secondary analysis was performed on control tri-
als to determine whether any RT differences between
blocks may attributable to a learning effect. As in the
previous analysis, a significant main effect of Block-
Type was found, F(1,14) = 14.225, p = .002, r = .504,
as well as a significant BlockType by BlockOrder inter-
action, F(1,14) = 6.650, p = .022. This indicates that RT
during unwarned control trials was longer compared to
warned control trials, but only for the group performing
the unwarned block first (see above). However, there was
no main effect of BlockQuarter, F(3,42) = .963, p = .378,
no main effect of BlockOrder, F(1,14) = .478, p = .500,
r = .033, and no interactions involving BlockQuarter or
BlockOrder. All other main effects and interactions were
not significant.

A final analysis was performed on premotor RT in the
warned block comparing control trials (valid warning) to
trials where a SAS was warned, but the control stimulus
was presented (invalid warning). It should be noted that the
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opposite situation did not occur where a control trial was
warned but an unexpected SAS was presented. Analysis
showed that there was no main effect of WarningValidity,
p = .865, r =.002, no main effect of BlockOrder, p = .298,
r = .077, and no significant interaction between the factors.

Analysis of the integrated value from the initial 100 ms
of EMG burst iIEMG) from the wrist extensors showed
a significant main effect of Stimulus, F(1,14) = 19.050,
p = .001, r = .576, indicating that the iIEMG value was sig-
nificantly larger in SAS trials [14.5 mV ms, 95 % CI (13.9,
15.2)] compared to control [12.3 mV ms, 95 % CI (11.7,
13.0)].

Response kinematics

Mean values for kinematic variables are presented in Fig. 3.
For all of the kinematic variables, no significant main effect
of BlockOrder was found (all p values >.160), and no sig-
nificant interactions between BlockOrder and any other
factors were found (all p values >.164); thus, data were
collapsed across BlockOrder groups for graphical presen-
tation. In all kinematic variables, a main effect of Stimu-
lus was found (all F ratios >15.092, all p values <.002).
However, this was superseded by a significant interac-
tion between BlockType and Stimulus for peak velocity
(Fig. 3a), F(1,14) = 8.937, p = .010, peak displacement
(Fig. 3b), F(1,14) = 8.090, p = .013, and final position
(Fig. 3d), F(1,14) = 8.697, p = .011. No other main effects
or interactions were found to be significant for any of the
kinematic variables. For peak velocity (Fig. 3a), post hoc
analysis showed that in both the warned and unwarned
blocks, peak velocity was significantly larger in SAS trials
(p < .05). In addition, peak velocity was significantly larger
in the warned block for control trials, but not for SAS tri-
als. Peak displacement (Fig. 3b) was also larger in SAS
trials for both the warned and unwarned blocks (p < .05),
but there were no significant differences in peak displace-
ment between warned and unwarned blocks in response to
either the control stimulus or the SAS. A follow-up Stu-
dent’s ¢ test found a significant difference in the change
in peak displacement between control and startle trials for
the warned and unwarned blocks such that the increase in
peak displacement was significantly larger, #(15) = 2.58,
p = .021, r = .554, for the unwarned blocks [A peak dis-
placement = 6.42 deg, 95 % CI (5.66, 7.19)] compared to
the warned blocks [A peak displacement = 3.63 deg, 95 %
CI (2.86, 4.40)]. Finally, post hoc analysis showed that final
position (Fig. 3d) was significantly larger in SAS trials
for the unwarned blocks (p < .05) but not for the warned
blocks; furthermore, final position was significantly larger
in the warned block for control trials (p < .05), but not for
SAS trials.
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ing control and startle trial types as function of block (unwarned or
warned). Black circles represent data from the unwarned block, and
grey squares represent data from the warned block. Error bars rep-

Discussion

The purpose of the current study was to investigate whether
providing a warning (i.e., foreknowledge) of an upcom-
ing SAS during a simple RT task would affect the pro-
portion of startle reflexes elicited or the magnitude of the
startle reflex. Additionally, the study aimed to determine
whether warning participants of stimulus type would result
in RT differences in control or startle trials. Contrary to
our hypothesis, warning participants of the impending
SAS did not affect the proportion of startle reflexes elic-
ited compared to when the SAS was unwarned. Warning
participants did however result in a small but significant
reduction in the magnitude of the startle reflex observed
in SCM within 30 ms of onset GEMGs;). In addition, RT
results indicated that providing foreknowledge of trial type
had no influence on the RT speeding effect of startle (i.e.,
StartReact effect; Fig. 2), despite a small decrease in star-
tle reflex magnitude. Together, the SAS results suggest that
participants did not proactively gate the upcoming startle
stimulus when warned. In contrast, control trial RT was
modulated by providing knowledge of the upcoming type
of trial. However, this modulation was dependent on the
order in which the warned and unwarned blocks were com-
pleted. Specifically, premotor RT was significantly slower
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resent 95 % Cls correct for within-subject comparisons where appli-
cable. "Significant difference between warned and unwarned, *sig-
nificant difference between control and startle, *significantly different
change from control to startle between BlockTypes, Smain effect of
Stimulus

on control trials in the unwarned block, but only when the
unwarned block was completed first, and thus prior to the
warned block (Fig. 2).

The requirement to maximize the probability of elicit-
ing a startle reflex in experiments employing a SAS has
led researchers to present the SAS randomly and unexpect-
edly during the task. However, in the present study, warn-
ing the participant of an impending SAS, thereby making
the stimulus much less unpredictable, did not reduce the
probability of eliciting a startle reflex or alter the latency
of “voluntary” responses triggered early by the SAS (i.e.,
StartReact effect). Nevertheless, when a warning was not
provided, the magnitude of observed startle reflex in the
first 30 ms was moderately larger (Fig. 1b). It has been
suggested that the continued surprise resulting from ran-
dom startle stimuli can result in a fear-potentiated startle
reflex, which is likely mediated by input from the amygdala
(Lefebvre et al. 2012). The startle reflex has been shown
to be potentiated in numerous fear-related situations; in the
presence of threat (e.g., actual or possible shock) (Bradley
et al. 2008; Grillon et al. 1991), when viewing arousing
unpleasant pictures (e.g., scenes of human threat, animal
attack) (Lang 1995), and when viewing expressive faces
(e.g., angry faces) (Dunning et al. 2010; Hess et al. 2007;
Springer et al. 2007). In addition to fear, the unpredictable
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nature of the SAS may also potentiate the startle reflex via
increased anxiety. For example, when participants were
placed in a room where they received either unpredict-
able electric shock, predictable shock, or no shocks at all,
results showed that anxiety ratings were highest when in
the room with unpredictable shocks (Grillon et al. 1991).
Importantly however, the baseline startle reflex was also
largest in the unpredictable condition, providing evidence
for fear- and anxiety-mediated potentiation of the startle
reflex (Grillon et al. 1991). This is corroborated by reports
that participants can become “annoyed” and/or “upset” by
unexpected startle stimuli (Lin et al. 2012). Therefore, the
exhibited decrease in startle reflex magnitude in the current
experiment suggests that providing explicit foreknowledge
of an impending SAS may have led to a reduction in the
fear and anxiety related to the startling stimulus.

Even though the magnitude of the startle reflex was
somewhat reduced, providing foreknowledge of trial type
had no effect on the probability of eliciting a startle reflex
in SCM. Specifically, even though participants received
22 startling stimuli within the 1-h duration experiment, a
startle reflex was observed on 77 % of SAS trials irrespec-
tive of whether or not the SAS was forewarned (Fig. 1a).
Though the startle reflex has been shown to habituate
within 2—-6 presentations in participants sitting quietly
(Brown et al. 1991), it has been shown numerous times that
a startle reflex can be elicited indefinitely when participants
are engaged in a task requiring motor preparation (Carlsen
et al. 2003, 2011; Valls-Solé et al. 1997). Accordingly, it
is likely that in the present experiment, any diminishment
of the startle reflex excitability resulting from foreknowl-
edge of the stimulus was superseded by the additional acti-
vation provided to the startle reflex circuits due to motor
preparatory activity (Carlsen et al. 2003). Although it has
been suggested that the StartReact effect may be only indi-
rectly related to the presence of a startle reflex (Marinovic
and Tresilian 2016), no differences were seen in the amount
of RT facilitation following a SAS that were associated
with SCM burst magnitude. That is, RT was facilitated to a
similar extent (Fig. 2) and kinematics were similarly exag-
gerated (Fig. 3) whenever a startle reflex was observed in
SCM irrespective of its magnitude, a previously reported
phenomenon (e.g., Carlsen et al. 2003; Maslovat et al.
2014, 2015a).

One final result of interest was the difference observed
in control trial RT as a function of block order (warned
first vs. unwarned first). Specifically, control trial RT was
significantly longer when participants were not warned
of stimulus type; however, this delay in RT was only
observed in participants who completed the unwarned
block first (Fig. 2). Although the present experiment was
not designed to investigate the mechanism of this effect,
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it may be speculated that differences in anxiety associated
with knowledge of whether or not a startling stimulus was
upcoming may have played a role in these RT differences.
Given that increased control RT was only observed in the
unwarned block when it was performed first, an increased
level of fear and anxiety associated with the SAS may
have resulted in a delay in voluntary response initiation to
the control stimulus, similar to the effect seen on the star-
tle reflex itself. Even though faster RTs are often observed
in response to heightened arousal or anxiety (Coombes
et al. 2007; Ruegg and Eichenberger 1984; Welford 1980)
it has also been previously shown that the induction of
an anxious state can lead to increases in RT (Jones and
Hardy 1988; Pacheco-Unguetti et al. 2010). In particular,
increased anxiety is thought to impact attentional focus
and cognitive performance in tasks requiring advance
alerting and orienting (Pacheco-Unguetti et al. 2010). Per-
forming the unwarned block first in the current experiment
(prior to any experience with the SAS) may have led to a
similarly anxious state that affected RT only in that block
of trials, although this explanation is speculative since
anxiety was not measured. In contrast, SAS RT was not
affected by block order or foreknowledge. We suggest that
this result provides further evidence that the neural circuits
involved in the normal voluntary response pathway (which
can be affected by anxiety levels) were bypassed when
the response was triggered by startle. Similar effects were
seen in response kinematics, such that when knowledge of
trial type was provided, an increased “vigor” of response
was seen between block types, as evidenced by differences
in peak displacement.

Conclusion

In summary, providing explicit foreknowledge of an
impending SAS did not affect the proportion of startle
reflexes elicited compared to unwarned SAS trials, nor did
it affect the latency of responses triggered early by the SAS.
Consequently, in contrast to what is generally accepted, it
appears that a startling stimulus does not have to be unpre-
dictable in order to reliably elicit a startle reflex when pre-
paring a motor response. As such, foreknowledge of an
impending SAS does not affect the latency of the StartRe-
act responses. Unexpectedly, control RT was increased in
the unwarned block, but only when it was performed first.
We argue that it is plausible that a lack of experience with
the SAS gave rise to an anxious state, which led to delays
in voluntary response initiation processes.
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