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Startle-triggered responses
indicate reticulospinal drive

iIs larger for voluntary shoulder
versus finger movements

Dana Maslovat, Cassandra M. Santangelo & Anthony N. Carlsen®™

Recent primate studies have implicated a substantial role of reticulospinal pathways in the production
of various voluntary movements. A novel way to assess the relative reticulospinal contributions in
humans is through the use of a “StartReact” paradigm where a startling acoustic stimulus (SAS)

is presented during a simple reaction time (RT) task. The StartReact response is characterized by
short-latency triggering of a prepared response, which is attributed to increased reticulospinal drive
associated with startle reflex activation. The current study used a StartReact protocol to examine
differences in reticulospinal contributions between proximal and distal effectors by examining EMG
onset latencies in lateral deltoid and first dorsal interosseous during bilateral shoulder or finger
abduction. The magnitude of the StartReact effect, and thus relative reticulospinal drive, was
quantified as the difference in RT between startle trials in which startle-reflex related EMG activation
in the sternocleidomastoid (SCM) was present (SCM +) versus absent (SCM -). A significantly larger
StartReact effect was observed for bilateral shoulder abduction versus bimanual finger abduction and
a higher incidence of SCM + trials occurred in the proximal task. Additionally, both startle reflex and
response-related EMG measures were larger on SCM + trials for the shoulder versus finger task. These
results provide compelling novel evidence for increased reticulospinal activation in bilateral proximal
upper-limb movements.

Reticulospinal pathways are known to be involved in human movement, yet traditionally these brainstem struc-
tures have been thought to predominantly contribute to the generation of gross actions using proximal muscles
such as those used in locomotion and postural adjustments" However, it is becoming increasingly clear the
reticulospinal tract is likely involved in a greater number of actions than previously thought, and instead it may
be more useful to consider the relative degree of reticulospinal contribution, depending on the type of mus-
culature involved and how the response is initiated. Specifically, the presentation of a loud (> 120 dB) startling
acoustic stimulus (SAS) that elicits a startle reflex® in a simple reaction time (RT) task leads to a dramatically
shorter response latency in certain movement types (e.g. <80 ms for arm or wrist extension movements). This
RT reduction, known as the StartReact effect*’, has been attributed to increased activation in reticular structures
that mediate the startle reflex®” and thus an increased role of reticulospinal pathways in response initiation, which
has recently been directly confirmed in primate research?®.

The use of a StartReact protocol provides a relatively non-invasive approach to examine the reticulospinal
contributions to a particular response. Although response latency is decreased when reacting to a startling stimu-
lus versus the non-startling go signal, a key comparison examines the RT between SAS trials in which there is
detectable activation in a startle reflex indicator muscle such as sternocleidomastoid (SCM), versus that on SAS
trials in which there is no startle-related burst of activity. This ensures response latencies are compared between
trials that all involve a high intensity go signal, and thus shorter RT latencies cannot simply be attributable to the
well-known stimulus intensity effects whereby louder go signals result in shorter RT®. Instead, the only differ-
ence between these trial types is the confirmation of startle-related activation in the reticular formation, which
is thought to be involved in the StartReact effect. Most StartReact studies have found significantly shorter RT for
SCM + versus SCM- trials'®!!, although one notable exception is unimanual finger abduction movements, which
have repeatedly been shown to exhibit similar response latencies for SCM +/- trials'>"'%. The explanation given for
this lack of a StartReact effect in the finger is that movements of the intrinsic hand muscles rely almost exclusively
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on corticospinal tracts, and thus the increased reticulospinal drive associated with elicitation of the startle reflex
has little to no effect. However, individual finger responses can show a StartReact effect if modified in such a way
that reticulospinal activation for the movement is increased, such as providing extensive practice'®, pairing the
response with an arm flexion movement', or making the finger response bimanual rather than unimanual’*.

These previous studies have suggested that the presence of a StartReact effect, as indexed by a significant RT
difference between SCM +and SCM - trials, can be used to examine whether a specific response involves reticu-
lospinal drive during initiation. However, response production for most movements likely involves a combina-
tion of various pathways and it is unknown if the StartReact protocol can be used to assess the relative degree of
reticulospinal involvement. If a significant RT difference between SCM +/— trials is indicative of reticulospinal
involvement for a given response, the magnitude of this difference may reflect the degree to which these pathways
contribute to the movement. Being able to quantify the involvement of the reticulospinal pathway in an important
area of exploration to understand how movements are performed, and may also provide additional information
regarding its potential as a pathway to mediate functional recovery following stroke or spinal cord injury'”'8.

The purpose of the current study was to examine the relative magnitude of the StartReact effect for two
responses which are thought to involve different degrees of reticulospinal output. Although unimanual fin-
ger abduction does not show a StartReact effect'>"?, bimanual finger responses show a small but significant
(~ 10 ms) SCM +/- difference'* which has been attributed to increased reticulospinal input due to the bilateral
nature of the movement. Conversely, proximal upper limb muscles such as those used to bilaterally abduct the
shoulder are considered to be more strongly mediated by reticulospinal pathways'. Because these responses are
thought to involve substantial differences in reticulospinal drive, it was hypothesized that a bilateral shoulder
abduction movement would exhibit a larger RT difference between SCM +/— trials, as compared to a bimanual
finger abduction movement. If so, these results would provide additional support for differential reticulospinal
involvement for different types of movements as well as confirmation that a StartReact protocol can provide a
simple and non-invasive method to investigate the relative contributions of different neural pathways involved
in movement production. In addition to the expected RT differences, it was also of interest as to whether the
SAS would differentially affect the EMG characteristics of both the startle reflex and prepared response for finger
versus shoulder movements. Because activation of a finger response is assumed to interact less with reticulospi-
nal pathways relative to the shoulder movement, it is possible that the startle reflex response would also be less
frequently elicited, and potentially decreased in amplitude for this movement. Similarly, a difference in reticu-
lospinal contributions may affect the degree to which the SAS amplifies the agonist EMG activation, which has
been previously reported in StartReact studies'>*.

Results

Premotor RT. The analysis of premotor RT (n=890 data points) revealed a significant main effect of stimu-
lus, F(1, 881.6)=35.4, p<0.001 and task, F(1, 863.3) =32.0, p <0.001; however, these main effects were super-
seded by a significant interaction between the factors, F(1, 866.5)=4.7, p=0.031. Post-hoc analyses confirmed
that although the SCM +/- difference was significant for both the shoulder task (SCM + mean =88.7 ms, 95% CI
[79.1, 98.2]; SCM — mean=106.0 ms, 95% CI [95.5, 116.6]; p<0.001) and finger task (SCM mean=103.3 ms,
95% CI [93.6, 113.0]; SCM — mean=112.4 ms, 95% CI [102.3, 122.5]; p=0.006) the SCM +/— difference was
significantly larger for the bilateral shoulder task (17.4 ms, SE = 3.1 ms) than for the bimanual finger task (9.1 ms,
SE=2.8 ms) (Fig. 1).

Task-related EMG variables. The analysis of peak agonist amplitude (n=3793 data points) showed a main
effect for stimulus, F(2, 3763.3) =558.5, p<0.001 and task, F(1, 3771.3) =240.1, p <0.001, superseded by a signifi-
cant Stimulus x Task interaction effect, F(2, 3780.1) =160.5, p<0.001 (Fig. 2A). Post-hoc analyses confirmed all
pairwise comparisons were significantly different (all p-values <0.001) except for SCM +and SCM — conditions
for the finger task (p=0.523), and between normalized control conditions (p=1). Similar results were found for
agonist Q3o (n=3793 data points) with a significant main effect of stimulus, F(2, 3750.1) =440.3, p<0.001 and
task, F(1, 3772.3) =240.1, p < 0.001, but these effects were superseded by a significant Stimulus x Task interaction
effect, F(2, 3780.1) =160.5, p<0.001 (Fig. 2B). Post-hoc analyses confirmed all pairwise comparisons of inter-
est were significantly different (all p-values <0.016) except for SCM +and SCM — conditions for the finger task
(p=0.413), and between normalized control conditions (p=1).

Startle reflex-related EMG variables. The proportion of SAS trials that resulted in an observable startle
reflex (i.e. SCM + trials) are shown in Fig. 3A (n=25 participants). Analysis of these data showed a significant
difference between the tasks, t(24) =2.820, bootstrapped p=0.003, d=0.564, such that there was a larger pro-
portion of SAS trials that elicited a startle reflex for the shoulder (mean="79.2%, SD=23.5%) than the finger
(mean=63.6%, SD =35.1%). Mean difference = 15.6%, bootstrapped 95% CI [4.2, 27.1]. However, no significant
effect of task was found for SCM onset (n=554 data points; Fig. 3B), F(1, 550.2) =3.62, p=0.058, with simi-
lar latencies observed for the finger (mean=77.5 ms, 95% CI [70.7, 84.3]) and shoulder (mean=79.8 ms, 95%
CI [73.0, 86.6]). For the SCM + trials, there was a significant effect of task on both SCM peak amplitude, F(1,
548.9)=27.2, p<0.001, (n=554 data points; Fig. 3C) and SCM Qs, F(1, 549.0)=5.9, p=0.016, (n=554 data
points; Fig. 3D), whereby the startle-related EMG characteristics were larger for the shoulder (mean peak ampli-
tude=0.352 mV, 95% CI [0.143, 0.561]; mean Q;,=4.93 mV*ms, 95% CI [0.24, 9.62]) as compared to the finger
(mean peak amplitude=0.233 mV, 95% CI [0.023, 0.442]; mean Q;,=3.92,95% CI [- 1.19, 8.22]).
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Figure 1. Premotor reaction time (RT; ms) shown for control trials, and startle trials in which activation in the
sternocleidomastoid (SCM) was either absent (SCM —) or present (SCM +). Note the analysis only involved a
comparison of SCM +/— conditions (n=890 trials), whereby a significant interaction effect (p=0.031) was found
due to a larger decrease in RT for SCM + versus SCM - trials for the shoulder versus the finger response. Error
bars represent 95% CI.
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Figure 2. Task-related EMG variables (n=3793 data points), separated by control trials and startle trials in
which activation in the sternocleidomastoid (SCM) was either absent (SCM —) or present (SCM +). Panel (A)
shows peak agonist amplitude (normalized to control values) whereas panel (B) shows normalized agonist Qj,.
Significant interaction effects were found for both variables (p <0.001), due to significant differences between
all conditions except for SCM + versus SCM — for the finger task and between control conditions. Error bars
represent 95% CI.
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Figure 3. Startle-related EMG variables for trials in which sternocleidomastoid activation was present (SCM +)
for the shoulder and finger responses. Panel (A) shows the proportion of SCM + trials, which was significantly
higher for the shoulder task (p=0.003) (n =25 participants). Panel (B) shows the SCM onset latency in ms
(n=>554 data points), which was not significantly different between movement types (p=0.058). Panels (C) and
(D) (n=554 data points each) show SCM peak amplitude (mV) and SCM Qs, (mV*ms), which were both larger
for the shoulder versus the finger task (p <0.001 for peak amplitude, p=0.016 for Q). Error bars in panel (A)
represent SD and grey dots show individual participant means; for all other panels error bars represent 95% CIL.

Discussion
The purpose of the current study was to determine if the magnitude of the StartReact effect could be used as an
indicator of the relative amount of reticulospinal output for a given movement. A proximal bilateral shoulder
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abduction task, which is thought to more strongly depend on reticulospinal drive, was contrasted with a distal
bimanual finger abduction task, which is thought to have much weaker reticulospinal drive. Task-related and
startle-related EMG characteristics were compared on SAS trials in which reflexive startle activation did (SCM +)
or did not (SCM —) occur. These trials were selected as they both involved the high intensity go-signal, with the
only difference being whether or not there was confirmation of startle-related activation in reticular structures
following the SAS. As predicted, both tasks showed significantly shorter premotor RT latencies for SCM +as
compared to SCM - trials; however, this difference was significantly larger for the shoulder task as compared
to the finger task (Fig. 1). In addition, the influence of a startle on the amplitude of the task-related EMG
response was different between tasks, whereby the agonist peak amplitude and Q;, were significantly larger for
SCM + versus SCM - trials, but only for the more reticular-driven shoulder movement (Fig. 2). Lastly, task dif-
ferences were also found for the startle reflex-related EMG characteristics, whereby the requirement to produce
a bilateral shoulder response as compared to a finger response, resulted in a significantly higher proportion of
trials with an observed startle reflex in SCM. Furthermore, the SCM response seen in these trials was produced
with increased peak SCM amplitude and SCM Qj, (Fig. 3). Collectively, these results provide additional confir-
mation of differential reticulospinal involvement for proximal versus distal movements, and also indicate that
StartReact can be used as a novel and non-invasive indirect method of quantifying the relative contributions of
neural pathways involved in response initiation.

The use of a StartReact protocol has become a more common and useful method to investigate the processes
involved in response preparation and their associated timelines*. The most common explanation for the large
RT reduction seen on SAS trials is that increased activation in reticular structures associated with the startle
reflex results in a faster accumulation of initiation-related activation, which in turn leads to the response being
triggered at a much shorter latency?!. However, simply comparing response latencies on control and startle trials
does not fully allow for investigation of the StartReact effect as auditory trials can also be affected by intersensory
facilitation and stimulus intensity?>*. Instead, a comparison between SAS trials in which startle-related activa-
tion is present versus absent provides a more rigorous control for these confounding effects. Indeed, when a
loud acoustic stimulus also elicits a startle reflex (i.e. SCM +), which is an indication of activation in the reticular
formation, RT reduction and the incidence of response triggering are increased relative to when no startle reflex
is elicited (SCM —)?*-2¢. While this does not mean that SCM - trials are devoid of reticulospinal activation, these
previous results clearly show that the presence of SCM activation leads to a more robust StartReact effect that is
unbiased by stimulus intensity. The most parsimonious explanation for these effects is that greater reticulospi-
nal drive is present on SCM + trials and thus a comparison between SCM +/— trials can be used as a surrogate
measure of relative reticulospinal contributions to the response. This assertion is supported by studies examining
the magnitude of the StartReact effect for different responses. For example, unimanual finger movements do not
show differences between SCM +and SCM - trials'?'* and the explanation for this reduced impact of startle
is that intrinsic hand muscles are thought to be heavily dependent upon corticospinal drive, and as such any
impact of increased reticulospinal drive is minimal. Additionally, reticulospinal drive is thought to be increased
during bilateral responses*”?, which would be expected to manifest as a small SCM +/— difference for bimanual
finger responses, as has been shown previously', as well as in the current study. Similarly, proximal responses
involved in postural control are thought to involve greater reticulospinal drive than distal responses' and thus a
bilateral shoulder response would be expected to show a more substantial SCM +/— difference than a bimanual
finger response, also found in the current study (Fig. 1).

In addition to the differences in response latency, the current study also found differences in how the SAS
affected the task-related EMG amplitude. Some previous StartReact studies have reported increased agonist EMG
amplitude on startle trials, which has been attributed to additional motor output following a more intense go-
signal'®*". The current study allowed for a unique evaluation of whether these effects are due to stimulus intensity,
startle reflex activation, or both. As expected, presentation of the SAS resulted in increases in task-related EMG
amplitude (relative to control trials) on SCM +and SCM - trials for both movements (Fig. 2). However, only
the more reticular dependent shoulder movement showed an increase in task-related EMG amplitude between
SCM +and SCM - trials. Furthermore, this normalized increase in EMG amplitude on all SAS trials (SCM +and
SCM -) was much larger overall for the proximal shoulder task. This novel finding indicates that when a startle
reflex is elicited on SAS trials, the increased reticulospinal drive can result in a larger task-related EMG output.
Interestingly, this effect was only seen for the shoulder task, which supports the hypothesis that proximal mus-
cles receive greater reticulospinal input. In addition, a smaller increase in task-related EMG amplitude was seen
on SCM - trials, suggesting that a more intense stimulus can result in increased response output, even when
the startle reflex is not elicited. The ability to increase the strength of response output via the engagement of
reticular-mediated pathways has important implications. For example, a SAS may be used as a tool to improve
functional movement amplitude in individuals with stroke, leading to responses that are more similar to those
produced by unimpaired control participants®°.

While the present results supported the hypothesis that muscles presumed to receive increased reticulospinal
drive would show a larger StartReact effect and increased response output magnitude, the startle-reflex data
further suggest that this relationship may be bidirectional. Specifically, the proportion of trials in which SCM
activation was observed, as well as measures of startle-reflex amplitude, were larger in the shoulder versus finger
movement (Fig. 3). This result can be explained by hypothesizing that increased activation in reticular structures
occurs during preparation of a proximal versus distal task, thus making it more likely to elicit a startle reflex,
which would be larger in amplitude. On the other hand, the SCM onset was not affected by the type of task
(Fig. 3B), suggesting that if startle-related SCM activation is observed, it nevertheless occurs at a similar latency.

It is worthwhile to consider some alternative explanations for the current results. One alternative hypothesis
has attributed the RT difference between SCM +and SCM - trials to differences in response preparation levels,
such that SCM - is more likely to occur on trials where lower preparatory activation is achieved®, resulting in a
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longer RT latency, a decreased likelihood of eliciting a startle reflex, and a smaller EMG amplitude due to reduced
H-reflex gain. Although response preparation is known to affect response latency in a simple RT task, it does
not appear that preparation level differences systematically underlie the probability of obtaining SCM +/- trials.
Specifically, previous work has shown that motor preparation levels indexed by TMS-induced motor evoked
potentials are statistically equivalent between SCM +and SCM - trials, suggesting that RT differences between
SCM +/- trials are not a function of response preparation®?. The increase in EMG amplitude and shortening of
RT observed on SCM + trials could alternatively be attributed to superimposed startle-related and/or audiospi-
nal reflex-related activation onto the voluntary response, rather than early triggering of the prepared response
alone. This explanation has been extensively explored and rejected due to the preservation of the EMG timing
characteristics of the prepared response on startle trials”*. Lastly, the current data show between-task differ-
ences in control RT latencies (Fig. 1) that were not accounted for in the analysis. However, the key comparison
in the present research question involved an examination of how the different tasks led to differences in the
dependent measures between SCM +and SCM - trials, because these conditions both involved a high intensity
go-stimulus and thus the only difference was the presence/absence of startle reflex-related EMG activation. It
may be that nerve conduction time differences contributed to the observed results due to the longer distance to
reach the finger versus shoulder muscles, but if conduction time were the primary driver of this effect, it would
be expected to present across all trials including SCM - trials. As the more proximal muscle showed a greater
RT reduction on SCM + trials, as well as an increase in both agonist and SCM EMG measure, we believe these
task differences are best explained by an increase in the reticulospinal drive associated with the shoulder task.

Collectively, the results from the current study provide strong and novel evidence for differential contribu-
tions from reticulospinal structures to proximal versus distal effectors in humans. Understanding that the neural
pathways for specific voluntary movements involve different amounts of cortical and reticular drive may have
a wide variety of important applications ranging from stroke rehabilitation to prosthetic limb control. In addi-
tion, for the first time these results show a bidirectional relationship between task preparation and the startle
reflex. In this way, the startle reflex is more likely to be observed and with greater amplitude, when preparing a
proximal versus distal task.

Materials and methods

Participants. Twenty-five participants that self-reported as right-handed or ambidextrous, with normal or
corrected to normal vision and no neurological or motor impairments, participated in the study (15 M, 10F;
mean age 24.7 years, SD = 8.2). All volunteers provided written informed consent prior to taking part. The exper-
imental protocol was approved by and conducted in accordance with the ethical guidelines of the University
of Ottawa Health Sciences and Science Research Ethics Board (H04-16-01) and conformed to the most recent
revision of the Declaration of Helsinki.

Apparatus and task. Participants sat comfortably in a height adjustable chair with arms unrestricted
approximately 1.5 m away from a 24” LCD computer monitor (Asus VG248; 144 Hz refresh) and completed two
simple RT tasks presented in sequential blocks (task order counterbalanced across participants). The first task
involved a rapid simultaneous bimanual contraction of the first dorsal interosseous (FDI) muscles resulting in
abduction of only the index fingers (approximately 15°) while the hands were comfortably resting with palms
inward on the participant’s lap. The third, fourth, and fifth digits of each hand were relaxed but curled as if grasp-
ing an imaginary post, with the second digit extending directly forward resting on the third digit. In the second
task, participants held their arms along the sides of the body with the elbows flexed at 90° and palms inward,
and were required to perform a rapid simultaneous bilateral contraction of the lateral deltoid (LD) resulting in
upper arm abduction (approximately 30°). Participants were instructed to react by making the required bilateral
movement as quickly and accurately as possible following an acoustic go-signal, with the emphasis placed on
producing fast movements. Each type of task began with 10 practice trials (no SAS) to allow participants to
become familiar with the movement, followed by four blocks of 20 experimental trials. Feedback regarding RT
and limb position (accuracy) were provided on the computer screen at the end of each trial for 3.5 s. On each
trial, RT was provided and points were awarded for RTs faster than 140 ms (1 point per ms to a maximum of
25 points per trial). These points had no monetary significance and were simply used to increase participant
motivation to perform accurate movements initiated at short latency. If RT was shorter than 40 ms, a message
appeared following trial completion instructing the participant to wait for the go-signal. Testing lasted approxi-
mately 1 h and participants were given the option to rest after each block in order to minimize fatigue and to
maintain focus on the task.

Instrumentation and stimuli. In each trial, an acoustic warning signal (80 dB, 200 Hz, 100 ms) was fol-
lowed at variable latency (2000-2500 ms) by an auditory go-signal (82 dB, 1000 Hz, 40 ms). On 20% of experi-
mental trials, a SAS (120 dB, white noise, 25 ms) unexpectedly replaced the go-signal, such that each testing
block of 20 trials consisted of 16 non-startle and 4 SAS trials. Analog signals were generated using digital to
analog hardware (PCle-6321, National Instruments Inc., Austin, TX) and were amplified and presented via a
loudspeaker (M54-H, MG Electronics, Inc., Hauppauge, NY) placed 30 cm directly behind the participant’s
head. Stimulus intensity was confirmed using a precision sound level meter (Cirrus Research Optimus, CR:162C;
A-weighted, impulse setting) placed at the location of the participant’s left ear during testing. SAS trials were
pseudorandomized, such that no block began with a SAS trial and no two sequential trials involved a SAS.
Index finger displacement was calculated by double integrating acceleration data collected from a single axis
piezoelectric accelerometer (Type 4375, Briiel and Kjeer) attached to the lateral aspect of the right index finger
(distal to the first distal interphalangeal joint) using tape. The accelerometer was connected through an inline
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charge amplifier (Type 422, PCB Electronics) to a power supply and coupler (Model 5114, Kistler Inc.) with real-
time analog output. Shoulder joint angle was measured using an electrogoniometer (Biometrics B1707) with
one end secured to the lateral aspect of the right upper arm, and the other end secured to the posterior aspect
of the upper right trapezius using double sided tape. The goniometer was connected to a data acquisition unit
(DataLink DLK900, Biometrics Ltd., Gwent, UK) with real-time analog output. Surface EMG data were collected
bilaterally from the muscle bellies of the LD and FDI muscles (prime mover/agonist for each task, respectively),
as well as bilaterally from sternocleidomastoid (SCM) muscles (to confirm presence of startle reflex) using bipo-
lar preamplified surface electrodes (Delsys Bagnoli DE-3.1; Delsys Inc., Natick, MA) connected to an external
amplifier system (Delsys Bagnoli-8) via shielded cabling. EMG electrodes were placed parallel to the orientation
of the muscle fibres. Attachment sites were cleaned using abrasive gel and an alcohol swab in order to minimize
impedance, and electrodes were attached using two-sided adhesive tape. Detrended raw accelerometer and
goniometer output, as well as band-pass filtered (20-450 Hz) EMG signals were digitally sampled at 1000 Hz
(PClIe-6321, National Instruments Inc.) for 3 s starting 1 s prior to the go-signal on each trial.

Data reduction. EMG parameters were determined from the raw data using a custom LabVIEW analysis
program, in which EMG data for each trial were full-wave rectified and dual-pass filtered using a 25 Hz low-pass
second-order elliptic filter. EMG onset was initially determined as the first point where the rectified and filtered
EMG first reached a point greater than two standard deviations above the baseline noise (determined from a
window of 100 ms of activity preceding the go-signal) and remained elevated for at least 20 ms. EMG offset was
determined as the first point after peak EMG where EMG fell below 20% of the maximal value for the burst.
These points were then visually inspected and manually adjusted whenever necessary.

The primary dependent variable was premotor RT, which was defined as the time from the go-signal/SAS to
EMG onset in the prime mover. In addition, task-related EMG amplitude measures included Q;,****, which was
calculated as a numeric integration of the first 30 ms of rectified raw EMG following burst EMG onset, and peak
agonist amplitude which was calculated as the largest EMG amplitude recorded within an interval of 100 ms
following EMG burst onset (calculated from rectified and filtered EMG). Task-related EMG amplitude measures
for each trial were normalized as a proportion of each participant’s grand mean amplitude obtained from that
muscle in all control (non-SAS) trials. Movement kinematics were not analyzed as the accelerometer and goni-
ometer did not provide consistently reliable outputs, and therefore were primarily used to provide approximate
limb displacement feedback to the participant.

Startle trials were designated as SCM +if a burst of EMG activity in either the left or right SCM was observed
between 25 and 120 ms following the SAS, a time range where startle-related SCM EMG activity is likely to
occur; otherwise, SAS trials were classified as SCM —. Startle reflex-related EMG variables including SCM
onset latency, SCM Q;, and peak SCM amplitude (as described above for the agonist muscle) were examined to
determine if the characteristics of the startle reflex differed depending on the movement task for a given trial.

Practice trials were not included in the analysis, nor were trials with RT <50 ms (anticipation, 100 trials),
RT>400 ms (inattentiveness, 50 trials), trials where movement error occurred (e.g., single limb movement, 14
trials), or trials with an EMG onset asynchrony (>50 ms asynchrony, 43 trials). Overall, these procedures led to
the retention of 3793/4000 trials (94.8%).

Statistical analysis. Where appropriate, data were analyzed using linear mixed effects (LME) analyses, as
they allow all data points to be retained (i.e. multiple trials from any condition for the same participant can be
included in the analysis) without violating assumptions of independence®. All variables were analyzed from
the right side only, as asynchronous trials were excluded from analysis. For premotor RT, control trials were not
included in the analysis, as it was expected that stimulus intensity effects would result in a substantial reduction
in RT on startle trials, and the difference between SCM + versus SCM — trials was the critical comparison to
answer our research question. Furthermore, inclusion of control trial data and its associated variance (hetero-
scedasticity) could mask any small effects of SCM presence on the variables. Thus, premotor RT were analyzed
using an LME model whereby SCM presence (SCM +, SCM -) and Task (finger, shoulder) were specified as
interacting fixed factors, and intercepts for subjects were specified as a random effect (e.g. [model=premo-
tor RT~SCM * Task + (1| Subject)]). The task-related EMG amplitude measures (agonist Q,, and peak agonist
amplitude) were each analyzed using an LME model whereby Condition (control, SCM +, SCM -) and Task
(finger, shoulder) were specified as interacting fixed factors, and intercepts for subjects were specified as a ran-
dom effect. The proportion of SAS trials that led to an observed burst of EMG activity in SCM was analyzed
between the bimanual finger and bilateral shoulder task conditions using a bootstrapped paired samples t-test.
In addition, for SCM + trials only, the startle reflex EMG characteristics (SCM onset, SCM Qs and peak SCM
amplitude) were each analyzed using an LME model whereby Task (finger, shoulder) was specified as a fixed
factor, and intercepts for subjects were specified as a random effect.

The significance value for all statistical tests was set at p <0.05. Data used in LME models was examined
for homoscedasticity and approximate normal distribution of residuals as well as scanned for influential cases.
LME analyses were performed with R statistical software®® using the Ime4 package® along with the ImerTest
package®® to provide p-values. Planned pairwise contrasts were conducted in R using the emmeans package*!
with Tukey’s correction for multiple comparisons. Note that measures of variability for the LME analyses are
provided using 95% CI values, because this type of analysis does not provide variance estimates using standard
deviations, and thus “n” values represent the total number of data points analyzed across participants. Cohen’s
d values are provided as a measure of effect size for t-tests.

Scientific Reports |

(2023) 13:6532 | https://doi.org/10.1038/s41598-023-33493-5 nature portfolio



www.nature.com/scientificreports/

Data availability
The datasets generated during and analysed during the current study are available from the corresponding author
on reasonable request.
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