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Abstract
StartReact is the ability of the startle reflex to involuntarily release a planned movement in the presence of a loud acoustic 
stimulus resulting in muscle activity patterns and kinematics that are tightly regulated and scaled with the intended action. 
Previous studies demonstrated startReact’s robustness during simple single-joint reaching tasks and found no difference 
between startReact and voluntary movements for movement kinematics and muscle activation patterns. However, startReact 
has not been evaluated during multi-joint reaching movements with multiple degrees of freedom. It is unclear if startReact 
would evoke accurate and precise multi-joint reaching movements in an unrestricted workspace. Furthermore, if tested more 
rigorously, multi-joint startReact movement kinematics and muscle activation patterns might not be truly equivalent despite 
showing no difference through traditional ANOVAs. A previous study found multi-joint startReact was possible during 
unrestricted elbow and shoulder movement when reaching to a forward target. Therefore, we hypothesized that startReact 
would evoke similar multi-joint reaching movements for movement accuracy and muscle activation patterns when compared 
to voluntary movements in a multi-directional workspace. Expanding upon the previous study, our study uses a larger work-
space and fully evaluates movement kinematics and muscle activations patterns. Results confirmed our hypothesis and found 
startReact movements were readily evoked in all directions. StartReact responses presented stereotypically earlier muscle 
activation, but the relative timing of agonist/antagonist firing pairs between startReact and voluntary movements remained 
similar. Results demonstrate that startReact is robustly present and equivalent in multi-joint reaching tasks and has potential 
clinical use for evaluating healthy and impaired movement.
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Introduction

The ability of the startle reflex to involuntarily release a 
planned movement in humans has received much attention 
since its discovery (Valls-Solé et al. 1999). While the clas-
sic startle response results in brief, synchronous activity in 
the body, startReact responses are more sophisticated and 
release muscle activity patterns and kinematics that are 
tightly regulated and scaled with the intended action (Valls-
Solé et al. 1999; Carlsen et al. 2003, 2004a; Rothwell 2006). 
Because of these characteristics, the startReact phenomenon 
has been utilized to investigate movements extensively in 

both healthy and impaired populations (Carlsen et al. 2003, 
2004a, b, 2008, 2011, 2012; Maslovat et al. 2009, 2011; 
Honeycutt and Perreault 2012; MacKinnon et al. 2013; 
Fisher et al. 2013; Nonnekes et al. 2014, 2015; Tresch et al. 
2014; Honeycutt et al. 2015, 2017; Baker and Perez 2017).

One of the most provocative uses of startReact has been 
in clinical populations. startReact enhances movement in 
individuals following a stroke (Honeycutt and Perreault 
2012; Honeycutt et al. 2015), spinal cord injury (Baker and 
Perez 2017), or hereditary spastic paraplegia (Fisher et al. 
2013; Nonnekes et al. 2014). Additionally, it has been used 
to distinguish freezing of gait in the Parkinson’s popula-
tion (Nonnekes et al. 2015). These studies highlight the 
unique potential of startReact as a clinical tool across mul-
tiple populations for enhancing movement and inaccessi-
ble muscle activation. However, most reports to date have 
examined single-joint tasks (e.g., wrist extension) where all 
other joints are immobilized; thus, startReact has not been 
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evaluated during functional reaching movements requiring 
control of more than one joint (Carlsen et al. 2004a; Maslo-
vat et al. 2009, 2011, 2012a, b; Honeycutt and Perreault 
2012). Though previous work has found unrestricted star-
tReact to be possible for elbow extension (Castellote and 
Valls-Sole 2015), the analysis focused primarily on muscle 
activation patterns without full evaluation of movement kin-
ematics. Further analysis of both muscle activation patterns 
and movement kinematics during more functionally relevant 
and unrestricted movement is needed before startReact can 
be used more rigorously as an effective clinical tool.

While previous studies have demonstrated the robust-
ness of startReact during these simple single joint tasks, it is 
unclear if startReact would evoke accurate and precise multi-
joint reaching movements in an unrestricted environment. In 
prior studies, muscle activity patterns and kinematics are not 
different; however, startReact movements are often reported 
to be less precise (increased variability of endpoint target) 
than voluntary movements (Carlsen et al. 2004a, b). Results 
show that while startReact movements are not different in 
position accuracy when compared to voluntary movements, 
they are more variable even during simple, single-joint tasks. 
The variability in movement kinematics for single-joint tasks 
could be compounded during unrestricted, multi-joint move-
ments leading to deficits in accuracy along with precision. 
Finally, previous work has used traditional statistical mod-
els (t test, ANOVA) to test for differences not equivalence. 
These traditional testing methods have declared movement 
kinematics and muscle activation patterns between startRe-
act and voluntary movements to be “not different”; how-
ever, the lack of difference between startReact and voluntary 
movements opens the question: could movements be similar 
if tested for equivalence using appropriate statistical testing? 
The objective of this study was to evaluate the ability of star-
tReact to evoke unrestricted, multi-joint movements during 
two-dimensional reaching tasks that are equivalent to vol-
untary movements in all metrics except onset latency. Based 
on previous work showing that startReact was present dur-
ing multi-joint reaching in a single direction (Wright et al. 
2015), we hypothesized that startReact would evoke similar 
multi-joint reaching movements when compared to volun-
tary movements. We expand upon Wright, et al., by more 
extensively quantifying multi-joint reaching characteristics 
including movement accuracy and muscle activation patterns 
within a larger workspace. Furthermore, we use statistical 
tests of equivalence. Confirmation of our hypothesis would 
indicate that startReact is accessible during functionally rel-
evant reaching movements and make the use of startReact as 
a clinical tool a more realistic implementation.

Methods and materials

Subjects

Data was collected from 4 male and 6 female subjects (age: 
20.57 ±0.87). Subjects were required to have no prior head 
or neck injuries, no neurological disease or injury, and to 
be right-handed. Arizona State University’s Institutional 
Review Board (IRB) approved and oversaw all protocols 
(STUDY00002440). Risks and procedures of the study were 
provided to the subject and written consent was obtained 
prior to the experiment.

Equipment

Ag/Cl surface electrodes (MVAP Medical Supplies, New-
bury Park, CA) were used to record activity from the bra-
chioradialis (BR), biceps (BIC), triceps lateral head (TRI), 
pectoralis (PEC), anterior deltoid (AD), and posterior del-
toid (PD) muscles. Electrodes were also placed on the left 
(LSCM) and right (RSCM) sternocleidomastoid muscles. 
EMG signals were amplified by the Bortec AMT-8 system 
(Bortec Biomedical, Calgary, Alberta, Canada). This sys-
tem has a bandwidth of 10–1000 Hz, an input impedance 
of 10 GΩ, and a common mode rejection ratio of 113 dB at 
60 Hz. Electromyography (EMG) data were recorded at gain 
of 1500 and frequency of 3000 Hz by a 32-channel, 16-bit 
data acquisition system (NI USB-6363, National Instrumen-
tation, Austin, TX).

For this study, the InMotion2 Interactive Therapy Sys-
tem (Interactive Motion Technologies, Inc, Watertown, MA 
02472 USA) was used to record time, position, and accelera-
tion data for the reaching tasks performed by the subject at 
a sampling frequency of 1000 Hz. The InMotion2 system 
is a commercial version of the MIT-Manus and is designed 
for use in a clinical environment. A custom-made arm-rest 
was used to reduce arm fatigue and ensure correct elbow 
alignment (Fig. 1a).

Target and arm placement

A computer screen displayed six circles. The “Home” tar-
get was located centrally on the screen and placed to match 
the subjects’ resting arm position (shoulder flexion at 30°, 
shoulder abduction at 85°, and elbow extension angle at 
100°—Fig. 1b). Five surrounding Targets—abbreviated 
as TG1, TG2, TG3, TG4, and TG5—surrounded Home 
(Fig. 1c). Using a standard xy-coordinate plane (where x-axis 
is medio-lateral, and y-axis is posterior–anterior), TG1 was 
positioned at 110° and TG5 was positioned 180° away from 
it to match where arm stability is greatest (Hu et al. 2012). 
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TG2, TG3, and TG4 were spaced equally at 45° between 
TG1 and TG5 to define a functional workspace. Each of the 
five Targets was positioned 10 cm from Home.

Protocol

Subjects were seated in a chair placed in front of the 
InMotion2 system. Two straps were placed over the 

subject’s upper body and fastened to limit torso movement. 
(Fig. 1c). Subjects were instructed to wait in a relaxed 
position for a sequence of two, low-intensity auditory 
cues (60 dB). The first auditory cue (“Get Ready”) sig-
naled subjects to prepare to reach to the selected Target, 
which was highlighted as a red circle. The second audi-
tory cue (“Go”) instructed subjects to initiate the reaching 
movement. The “Get Ready” and “Go” cues were sepa-
rated randomly by 1.5–2.5 s to prevent task anticipation. 
The speaker was positioned directly behind the subject 
(Fig. 1a).

Subjects were trained to perform the movement until it 
was clear they understood and were performing the reach-
ing task at a consistent pace, which typically occurred 
after 20 trials. Following the completion of the training 
period for each Target, subjects performed three blocks of 
75 trials. Each block contained five sub-blocks—one sub-
block for each Target. The sub-blocks were randomized 
using a Matlab script so Target order was different within 
each block. Each sub-block was composed of 15 trials of 
the same Target. Within each sub-block, five trials of the 
15 trials were randomly selected to be Startle trials. Dur-
ing Startle trials, the “Go” cue was substituted with a star-
tling, high intensity acoustic stimulus (113 dB) emitted by 
a loudspeaker (TS-333S Siren Speaker, Chowsons Interna-
tional Inc., 8 Ohms, 30 Watts) positioned directly behind 
the subject’s head (15 cm). Startle protocols, specifically 
block order randomization and auditory cue sequence, fol-
low procedures used in previous reports (Honeycutt and 
Perreault 2012; Honeycutt et al. 2013).

Data analysis

EMG analysis

All EMG data were processed in Matlab (R2014b; Math-
works). Raw EMG data were rectified and filtered using a 
10 point moving average. A conservative custom Matlab 
code was used to detect onset latency, where the processed 
EMG signal remained above three times the standard 
deviation of the previous 500 ms for at least 5 ms. Each 
identified onset latency was visually evaluated to ensure 
accuracy by a reviewer trial type, target, and subject.

Activity in the SCMs is accepted as an indicator of 
startle (Carlsen et al. 2011). This study used a cut-off 
of 120 ms (Carlsen et al. 2011) and classified activity in 
either the LSCM or RSCM within 120 ms of the 113 dB 
acoustic stimulus “Go” cue as an Startle + trial. Trials 
with no SCM activity or SCM activity after 120 ms of 
the 113 dB acoustic stimulus cue were categorized as 
Startle- trials.

Fig. 1   Experimental setup. a Subjects used the InMotion2 system’s 
robot arm to move from the Home and Target positions. Auditory 
cues and acoustic stimuli were delivered through speakers behind the 
subject. b Subject’s arm placement in Home position. c Computer 
screen visual feedback for the subject. The cursor, all five Targets and 
Home position were displayed for each trial
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Movement kinematics

The two-dimensional coordinates of the InMotion2 robot 
arm’s end point were used to calculate kinematics, including 
average movement velocity, time to peak velocity, maximum 
linear deviation, movement start time, total movement time, 
and movement direction at 100 ms. Kinematic values were 
processed using a custom Matlab script. Movement start 
time was recorded as the time when the robot arm leaves 
the Home target (radius = 1 cm) and movement end time was 
recorded when the robot arm first enters the Target radius 
(radius = 1 cm; distance from Home target = 10 cm). Aver-
age velocity was calculated using the trajectory displace-
ment divided by the total movement time. Maximum linear 
deviation was defined for hand-path curvature, calculated 
as linear deviation =

major axis

minor axis
 (Sainburg et al. 1993; Bag-

esteiro and Sainburg 2002; Schaefer et al. 2009). Major axis 
was the straight-line path from Home to each Target and the 
minor axis was the largest perpendicular distance between 
major axis and the subject’s pathway. Movement direction 
at 100 ms was defined using the xy coordinate plane of the 
workspace to calculate the angle of the vector between the 
Home target (0,0) and the selected Target (x,y). The angle, 
measured in degrees and converted to radians, was found 
using the formula arctan(dy/dx).

Trials where subjects moved prior to the “Go” cue or 
did not fully reach the Target were excluded from statistical 
analysis (3.7% of trials excluded). Additionally, subjects that 
did not have at least one Startle+ and Startle− trial condition 
were excluded for that particular Target.

Statistical analysis

We hypothesized that startReact would evoke multi-joint 
reaching movements similar to voluntary movements as 
measured by muscle activation patterns, movement kinemat-
ics, and movement accuracy, but not in onset latencies. Com-
parisons between voluntary (low-intensity GO with no SCM 
activity), Startle- (high intensity GO with SCM activity after 
120 ms), and Startle+ (high intensity with SCM activity 
before 120 ms) were conducted. Comparisons between 
Startle+ and voluntary movements allow us to demonstrate 
that startReact is similar to voluntarily initiated movements, 
while comparisons between Startle+ and Startle- allow us 
to differentiate between intensity-dependent and startle-
dependent effects on muscle onset latency and movement 
start time. Faster onset latencies occur in the presence of a 
startle due to the startle-dependent effect (Valls-Solé et al. 
1999) and when the intensity of the “Go” cue is increased 
(intensity-dependent effect) (Kohfeld 1969). All statistics 
were computed using R and used a Type I error of 5%, or a 
95% confidence interval.

First, onset latency and movement start time were tested 
for statistical differences. We fit a linear mixed effects model 
(lmerTest package in R) with target, muscle, and trial condi-
tion (Voluntary, Startle+, or Startle−) as independent fac-
tors, and the subject as the random factor. By setting subject 
as a random factor, we account for within subject correla-
tions and avoid violating the assumptions of independence. 
Muscle onset latency and movement start time latency were 
used as dependent factors. We used a Satterthwaite approxi-
mation to account for the unequal variances in the sample 
data. Post hoc analyses were conducted using the emmeans 
package in R to obtain pairwise comparisons for each mus-
cle between the trial conditions (voluntary vs Startle+, Star-
tle− vs Startle+).

To test the kinematic equivalence between voluntary, 
Startle+, and Startle- trials, we computed similarity metrics 
between trials using methods previously described in the lit-
erature (Avella et al. 2003; Avella and Bizzi 2005). For this 
computation, each trial was represented by a vector of the 
kinematic measures consisting of total movement time, lin-
ear deviation, time to peak velocity, average velocity, move-
ment direction at 100 ms. Then, we calculated the cosine of 
the angle between the vectors representing the individual 
trials as a measure of similarity by computing the normal-
ized scalar dot product between the two trials (Avella et al. 
2003; Avella and Bizzi 2005). We computed similarities for 
trials within voluntary, Startle+, and Startle− conditions.

We used two one-sided Welch’s t tests (TOST) of the 
kinematic similarity measures for testing the kinematic 
equivalence of the voluntary vs Startle+ and Startle- versus 
Startle+ trials for each Target. We used Welch’s t test due 
to the unbalanced design with unequal variances. We used 
the TOSTER package in R to run these similarity tests. As is 
convention for TOST, we utilized a 90% confidence interval 
(5% for each side of the t tests). Given the repeated measures 
design, we used the 80th percentile from a one-sided Chi-
squared distribution (i.e., with γ = 0.2) as the estimate of 
measurement precision (Limentani et al. 2005). Matching 
this, we used the 80th percentile of distribution (i.e., 1.3 * 
smallest standard deviation) as the equivalence bounds for 
testing equivalence of the two distributions—voluntary vs 
Startle+ and Startle− vs Startle+ conditions.

The same methodology used for testing statistical equiva-
lence for kinematic measures was applied to determine if 
muscle activation patterns between voluntary, Startle+, and 
Startle− trials were statistically equivalent. The differences 
between onset muscle latencies were calculated between 
flexor–extensor pairs (BIC and TRI, AD and PD) at each 
Target, and were used to create a vector for each trial. Delta 
values between flexor–extensor pairs were used as a quan-
titative metric for TOST analysis to measure the qualitative 
muscle onset latency observed. Once again, the bounds for 
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the equivalence testing were set to 1.3 times the smallest 
standard deviation of the two distributions.

The TOST test described above is able to handle the hier-
archical nature of our experiment. However, it is more sus-
ceptible to outliers (being based on normal distributions). 
We, therefore, also utilized a Bayesian paired t test to test 
for equivalence of the voluntary vs Startle+ and Startle− vs 
Startle− conditions for the kinematic measures and muscle 
activation data collected. To lessen the impact of the outli-
ers, we used a Cauchy distribution as the prior. We averaged 
the similarity measure for each of the subjects under each 
of the conditions. We then used the Bayesian paired t test in 
JASP software to conduct the analysis (JASP Team 2018).

A Brown-Forsythe test was used to calculate variability 
between Startle+ and Startle− trials for linear deviation, 
movement direction at 100 ms, and muscle activation pat-
terns. Variability was analyzed by testing the difference in 
the standard deviations of the two distributions resulting 
from the similarity measures for linear deviation, move-
ment direction at 100 ms, and flexor–extensor pairs across 
all Targets.

Last, we tested the probability of eliciting a Startle+ 
response across all Targets. A linear mixed effects model 
using lmerTest in RStudio was used with Target direction 
as the independent factor. The percentage of Startle+ trials 
(

calculated as
number of Startle+ trials

number of trials with 113 dB “Go” cue

)

 was  t he 

dependent factor. Subjects were treated as the random 
factor.
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Fig. 2   a EMG for Startle+ (light gray), Startle- (black), and voluntary 
(dark gray) trials for representative subject. b Velocity trace compari-
son between Startle+ trial (light gray), Startle− trial (black), and vol-

untary (dark gray) trial. c All movement trajectories for Startle− (left) 
and Startle+ (right) trials to each of the five Targets for a representa-
tive subject. Grayscale shows velocity during reaching movement
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Results

StartReact was readily evoked in all five directions gen-
erating similar muscle activation patterns and movement 
kinematics between Startle+ and voluntary trials and Star-
tle+ and Startle− trials (Fig. 2). Startle+ trials presented 
stereotypically earlier muscle activation compared to both 
voluntary and Startle- trials as shown by a representative 
subject’s EMG activity (Fig. 2). The relative timing of ago-
nist/antagonist firing pairs also remained similar between 
Startle+ and voluntary trials and Startle+ and Startle− trials. 
Movement kinematics, trajectory, and velocity profiles also 

appear similar between voluntary and Startle+ and Startle+ 
and Startle− trials (Fig. 2b, c).

Group results confirmed earlier muscle activation (and 
movement start times) in Startle+ trials across all Targets 
and muscles. ANOVA results for muscle onset latency found 
a difference for both trial condition (F2,10076 = 2474.39, 
p < 0.0001) and muscle type (F5,10071 = 143.93, p < 0.001). 
The interaction between trial condition and muscle type also 
showed significance (F10,10070 = 2.37, p < 0.00863). Post hoc 
analysis for muscle onset latency found faster muscle onset 
latencies for Startle+ trials for all muscles (Table 1) when 
compared to both voluntary and Startle- trials (p < 0.0001). 
Correspondingly, movement start time was also faster in 
Startle+ trials (Table 1) based on ANOVA results for trial 
condition (F2,1796 = 412.28, p < 0.0001). No difference was 
found in movement start time for Target (F4,1794.5 = 1.90, 
p = 0.11), and the interaction between movement start time 
and Target was also not significant (F8,1792.8 = 0.82, p = 59). 
Post hoc analysis for both voluntary vs Startle+ and Star-
tle− vs. Startle+ at each Target showed Startle+ movement 
start times occurred faster (p < 0.05).

Despite the faster initiation, Startle+ trials were equiva-
lent in both kinematic measures (average velocity, linear 
deviation, total movement time, time to peak velocity, and 
movement direction at 100 ms) and muscle activation pat-
terns (flexor–extensor pairs) when compared to Startle- trials 
and voluntary trials. For each target, the confidence intervals 
for kinematic measures between Startle+ and Startle− and 
voluntary and Startle+ trials were well within the bounds, 
and therefore, statistically equivalent. The muscle activa-
tion patterns as measured by the time between the onset of 
the flexor–extensor pairs were also found to be equivalent. 
Tables 2 and 3 shows the results of both TOST analyses.

Results of the Bayesian paired samples t test also showed 
moderate evidence that both the voluntary vs Startle+ 

Table 1   Delta values for each muscle (Voluntary/Startle+ and Star-
tle−/Startle+ comparisons) and movement start time averaged across 
all of the Targets

Onset latency omnibus results

Voluntary vs Startle+ Startle− vs Startle+

Delta (ms) p value Delta (ms) p value

Muscle onset
 AD 95.56 < 0.001 39.33 < 0.001
 BIC 97.99 < 0.001 41.70 < 0.001
 BR 88.85 < 0.001 34.84 < 0.001
 PD 95.52 < 0.001 43.29 < 0.001
 PEC 105.61 < 0.001 50.86 < 0.001
 TRI 84.57 < 0.001 33.64 < 0.001

Movement start time
 TG1 83.83 < 0.001 34.70 0.0016
 TG2 93.07 < 0.001 39.66 0.0001
 TG3 88.00 < 0.001 31.51 0.0028
 TG4 99.53 < 0.001 58.30 < 0.0001
 TG5 89.21 < 0.001 32.99 0.0016

Table 2   Results of TOST 
for flexor–extensor muscle 
activation patterns

Muscle activation TOST test results γ = 0.2 and 1.3*SD (both 80th percentile)

Target Mean and 90% CI (5% for each of 
the 2 sides of the TOST)

Lower and upper 
equivalence bounds

Test statistics and p value

Muscle activation patterns (voluntary vs Startle+)
 TG1 0.072 (0.023, 0.121) (− 0.469, 0.469) t(201.564) = − 13.416; p < 0.0001
 TG2 0.066 (− 0.008, 0.141) (− 0.807, 0.807) t(327.367) = − 16.386; p < 0.0001
 TG3 0.071 (0.016, 0.126) (− 0.578, 0.578) t(271.874) = − 15.141; p < 0.0001
 TG4 0.148 (0.091, 0.205) (− 0.437, 0.437) t(313.793) = − 8.385; p < 0.0001
 TG5 − 0.027 (− 0.051, − 0.003) (− 0.29, 0.29) t(375.068) = 16.468; p < 0.0001

Muscle activation patterns (Startle− vs Startle+)
 TG1 0.148 (0.088, 0.207) (− 0.317, 0.317) t(279.419) = − 4.701; p < 0.0001
 TG2 0.09 (− 0.024, 0.203) (− 0.822, 0.822) t(313.513) = − 10.646; p < 0.0001
 TG3 − 0.044 (− 0.124, 0.036) (− 0.639, 0.639) t(502.938) = 12.225; p < 0.0001
 TG4 0.085 (0.016, 0.154) (− 0.515, 0.515) t(518.769) = − 10.306; p < 0.0001
 TG5 − 0.162 (− 0.224, − 0.1) (− 0.263, 0.263) t(285.365) = 2.701; p = 0.004
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trials (BF01 = 4.826) and Startle− versus Startle+ tri-
als (BF01 = 2.293) are equivalent in kinematic measures 
(Table 4) across all targets. These Bayes factors provide 
moderate evidence for the null hypothesis: kinematic meas-
ures (the same five metrics used for TOST analysis—average 
velocity, linear deviation, total movement time, time to peak 
velocity, and movement direction at 100 ms) are equivalent. 
We further separated this analysis by each target (Table 4). 
Targets 2 and 4, show a moderate evidence for the alter-
nate hypothesis that there is a difference between Voluntary 
and Startle+ measures. The Bayes Factor of 0.938 for Star-
tle− vs Startle+ for Target 5 indicates an ambivalent result. 
Despite these individual differences, the overall analysis 
across all targets indicates evidence in favor of the kinematic 

equivalence of the Voluntary vs Startle+ and Startle− vs 
Startle+ trials.

Results of the Bayesian paired samples t test also showed 
moderate evidence that both the voluntary vs Startle+ tri-
als (BF01 = 3.267) and Startle− versus Startle+ trials 
(BF01 = 5.226) are equivalent in muscle activation patterns 
(Table 5) across all targets. These Bayes factors provide 
moderate evidence for the null hypothesis—muscle activa-
tion patterns are equivalent.

Similar to previous reports for a single joint, Startle+ 
trials showed increased variability in linear deviation and 
muscle activation patterns when compared to voluntary and 
Startle− trials, but only for a subset of directions. Variabil-
ity tests found a difference between voluntary and Startle+ 

Table 3   Results of TOST for 
kinematic metrics

Kinematic metrics TOST test results γ = 0.2 and 1.3*SD (both 80th percentile)

Target Mean and 90% CI (5% for each of 
the 2 sides of the TOST)

Lower and upper 
equivalence bounds

Test statistics (all p < 0.001)

Kinematic metrics (voluntary vs Startle+)
 TG1 0.049 (0.014, 0.084) (− 0.266, 0.266) t(185.184) = − 10.379; p < 0.0001
 TG2 − 0.045 (− 0.062, − 0.027) (− 0.218, 0.218) t(380.477) = 16.265; p < 0.0001
 TG3 0.019 (− 0.006, 0.046) (− 0.274, 0.274) t(261.375) = − 15.782; p < 0.0001
 TG4 − 0.012 (− 0.036, 0.013) (− 0.316, 0.316) t(350.141) = 20.485; p < 0.0001
 TG5 − 0.053 (− 0.067, − 0.038) (− 0.168, 0.168) t(374.170) = 13.175; p < 0.0001

Kinematic metrics (Startle− vs Startle+)
 TG1 − 0.016 (− 0.061, 0.03) (− 0.314, 0.314) t(340.480) = 10.856; p < 0.0001
 TG2 − 0.014 (− 0.043, 0.014) (− 0.218, 0.218) t(403.123) = 11.889; p < 0.0001
 TG3 0.052 (0.022, 0.083) (− 0.212, 0.212) t(398.749) = − 8.623; p < 0.0001
 TG4 0.006 (− 0.028, 0.04) (− 0.318, 0.318) t(560.946) = − 15.093; p < 0.0001
 TG5 − 0.121 (− 0.152, − 0.09) (− 0.168, 0.168) t(368.164) = 2.469; p = 0.007

Table 4   Results of Bayesian paired samples t test for kinematic met-
rics

Results of the Bayesian paired samples t test of kinematic similarity 
showing evidence for equivalence between the comparisons across all 
targets

Comparison of kin-
ematic similarities

Target BF01 Error %

Voluntary vs Startle+ TG1 2.391 6.615e−4
TG2 0.366 1.115e−4
TG3 2.965 0.035
TG4 0.359 0.001
TG5 3.018 0.006
Across all targets 4.826 0.054

Startle− vs Startle+ TG1 2.475 5.612e−4
TG2 2.747 0.008
TG3 1.933 2.676e−4
TG4 1.5 0.004
TG5 0.938 0.003
Across all targets 2.293 0.013

Table 5   Results of the Bayesian paired samples t test for muscle acti-
vation patterns

Results of the Bayesian paired samples t test for muscle activations 
patterns showing evidence for equivalence between the comparisons 
across all targets

Comparison of muscle activa-
tions

Target BF01 Error %

Voluntary vs Startle+ TG1 2.178 7.275e−4
TG2 3.197 0.007
TG3 1.05 0.004
TG4 1.699 0.02
TG5 2.811 0.008
Across all targets 3.267 9.028e−6

Startle− vs Startle+ TG1 0.076 2.359e−4
TG2 3.046 0.006
TG3 2.96 0.035
TG4 2.787 1.434e−5
TG5 1.979 3.926e−4
Across All targets 5.226 9.060e−6
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trials for both linear deviation (F1,428 = 12.96, p = 0.0003) 
and muscle activation patterns (F1,1413 = 22.7, p < 0.0001). 
For Startle+ versus Startle−, variability tests did not show 
a difference for muscle activation (F1,2196 = 2.11, p = 0.146), 
but did for linear deviation (F1,601 = 8.346, p = 0.004). How-
ever, there were no statistically significant differences in the 
variability of movement direction at 100 ms. This was the 
case for both Voluntary vs Startle+ trials (F1,493 = 0.493, 
p = 0.483) and for Startle− vs Startle+ trials (F1,623 = 0.185, 
p = 0.667).

The ability of evoking startReact was found to be equally 
probable across the five directions in the workspace. The lin-
ear mixed effects model found that the probability of elicit-
ing startReact in each direction was not different across Tar-
gets (F4, 32=0.3176, p = 0.864) at approximately 50% at each 
(TG1 = 50.05%, TG2 = 52.7%, TG3 = 47.1%, TG4 = 51.5%, 
TG5 = 50.7%).

Discussion

Summary

We found that startReact is not only readily accessible dur-
ing unrestricted, multi-joint reaching movements, but that 
startReact evokes equivalent movement kinematics and 
muscle activation patterns compared to voluntary move-
ments. Previous studies have shown that startReact is robust 
across multiple individual joints, but startReact has also 
been shown to be more variable in kinematics such as mean 
peak displacement and peak angular velocity (Carlsen et al. 
2004a). Many previous studies restricted all joints not spe-
cifically related to the task (Carlsen et al. 2004a; Maslovat 
et al. 2011; Honeycutt and Perreault 2012, 2013) raising 
the question of whether startReact would be accurate dur-
ing unrestricted multi-joint movements that more closely 
resemble functional reaching movements in everyday envi-
ronments. Further, previous work to date (including our 
own) has primarily utilized statistical models that test for 
differences, not similarity, leaving in doubt if startReact 
movements were truly similar or simply “not different.” 
Our results show that multi-joint startReact movements are 
indeed equivalent to voluntarily-initiated movement dem-
onstrating that startReact evokes a sophisticated motor plan 
with tuned direction, force, and muscle activation patterns 
that can be involuntarily initiated. Though previous studies 
have demonstrated that startReact is more than a simplistic 
reflex (Valls-Solé et al. 1999; Carlsen et al. 2003, 2004a; 
Rothwell 2006), our results showcase that startReact can 
elicit spatially and temporarily tuned movement (Maslovat 
et al. 2011) in multiple directions and further strengthens 
startReact as a sophisticated tool that can be utilized to study 
and evaluate complex motor plans.

Movement variability

Though we hypothesized that multi-jointed reaching 
movements would be similar between Startle+ and vol-
untary movements, there was some reason to consider 
an alternative result. Many previous studies restricted all 
joints not specifically related to the task (Carlsen et al. 
2004a, b; Maslovat et al. 2011; Honeycutt and Perreault 
2012, 2013) raising the question of whether startReact 
would be accurate during unrestricted multi-joint move-
ments that more closely resemble functional reaching in 
everyday environments. Natural arm biomechanics, which 
demonstrate higher stability in certain directions (Hu et al. 
2012), might influence variability in movement trajectory 
accuracy during the reaching task. Moreover, previous 
studies have also shown that startReact movements are 
more variable (Carlsen et al. 2004a) particularly within 
the first 100 ms (Maslovat et  al. 2011). Carlsen et  al. 
(2004a) noted that reaching tasks under a startle condi-
tion appeared to have variability in standard deviation for 
mean peak displacement when compared to control trials. 
Similarly, results from Maslovat et al. (2011) also show 
qualitatively larger movement displacement between star-
tle condition trials and non-startle trials; however, neither 
study conducted statistical analysis to precisely quantify 
variability in peak displacement.

To more precisely quantify and understand the vari-
ability in movement trajectory in our results, we tested 
the differences in standard deviation for muscle activation 
patterns and linear deviation across all Targets. Though 
linear deviation does provide a slightly different measure 
of movement accuracy than total displacement, our meth-
ods capture how far a movement trajectory deviated from 
an expected Home to Target pathway. Interestingly, while 
we did find an increase in variability for linear deviation 
and muscle activation between Startle+ versus volun-
tary trials and Startle+ versus Startle− trials, our TOST 
equivalence measures for muscle activation patterns and 
movement kinematics demonstrate on average 2% or 10% 
differences (Tables 2, 3) indicating that the added variabil-
ity does not dramatically impact the movement as a whole. 
Furthermore, variability in movement direction at 100 ms 
showed no difference between both voluntary vs Startle+ 
and Startle+ versus Startle- trials which aligns with previ-
ous results showing that initial movement direction is not 
affected by startReact (Marinovic et al. 2017). In conclu-
sion, while we more precisely quantified and observed an 
increase in variability, an unrestricted workspace does not 
appear to have a large impact on the quality or accuracy of 
the movement. Our results highlight the robust nature of 
startReact to generate movement patterns that are tightly 
regulated and scaled to the intended action even when 
multiple joints are activated.
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Clinical ramifications

One of the most provocative uses of startReact has been 
in clinical populations. StartReact enhances movement in 
individuals following a stroke (Honeycutt and Perreault 
2012; Honeycutt et al. 2015), spinal cord injury (Baker and 
Perez 2017), or hereditary spastic paraplegia (Fisher et al. 
2013; Nonnekes et al. 2014). In the Parkinson’s population, 
startReact can help identify freezing of gait (Nonnekes 
et al. 2015). These studies highlight the unique potential 
of startReact as a clinical tool across multiple populations 
for enhancing movement and inaccessible muscle activa-
tion. While most of these studies show a simple decrease in 
onset latency, which may or may not be clinically significant, 
more recent work demonstrates that startReact also enhances 
muscle activation patterns (Honeycutt and Perreault 2012; 
Marinovic et al. 2016). StartReact at the elbow in stroke sur-
vivors are not statistically different from those of unimpaired 
individuals both in muscle coordination patterns and in onset 
timing. In other words, when a stroke survivor’s movement 
plan is released by startReact, we find that their movements 
are indistinguishable from those of unimpaired individuals 
(Honeycutt and Perreault 2012). This is particularly strik-
ing given the differences in voluntary movements of these 
two groups, and has been replicated (Marinovic et al. 2016) 
which highlights its robustness. Still, Honeycutt and Perrault 
(2012) evaluated restricted single-joint elbow movements 
and Marinovic, et al. (2016) immobilized the arm to pre-
vent active movement in the wrist and elbow as there was 
no precedent for more functionally relevant reaching tasks 
that allowed movement with multiple degrees of freedom. 
Our findings that startReact is fully accessible during unre-
stricted, multi-joint reaching allow a more serious discus-
sion about the utilization of startReact to facilitate functional 
movement patterns in stroke survivors. Because startReact 
can enhance the movements in the stroke survivor popu-
lation for simple, single-jointed tasks, our results indicate 
that startReact can evoke more complex movements. This 
opens the door to begin evaluating startReact’s potential to 
enhance and facilitate more complex multi-joint movements 
of stroke survivors. Although additional research should be 
conducted to further understand its robustness as a clinical 
diagnostic tool, startReact might offer a viable option for 
initiation of movement in severely paralyzed patients with 
little or no ability to move. Indeed, our preliminary work in 
this population shows just this: startReact can initiate mus-
cle activation in severe patients with little or no volitional 
activation (Rahimi and Honeycutt 2017).
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