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h i g h l i g h t s
 We found hand extension is susceptible to the startReact reﬂex (involuntary release of planned

movement by a startling stimulus) in stroke survivors.
 While voluntary movements were delayed in stroke subjects compared to age-matched unimpaired

subjects, startReact onset latencies were not different between the populations.
 Though previous reports demonstrated abnormal elbow movement trajectories during startReact

following stroke, these deﬁcits were not seen in the hand.

a b s t r a c t
Objective: A startling loud acoustic stimulus can involuntarily elicit planned movements, a phenomenon
referred to as startReact. Following stroke, startReact elbow ﬂexion in stroke survivors are improved from
voluntary movements. Speciﬁcally, startReact elbow ﬂexion in unimpaired individuals is not statistically
different from stroke survivors in terms of onset latency and muscle activation patterns. As hand
movements are particularly impacted by stroke, our objective was to determine if startReact was intact
in the hand following stroke.
Methods: Data were collected in 8 stroke survivors and 10 age-matched subjects performing hand
extension following two non-startling acoustic stimuli representing ‘‘get ready’’ and ‘‘go’’ respectively.
Randomly, the ‘‘go’’ was replaced with a startling acoustic stimulus. We hypothesized that (1) startReact
would be intact during hand extension in stroke survivors and that (2) the latency of movement would be
the same as in age-matched subjects.
Results: We found that startReact was intact in stroke subjects and further that the onset latency of these
movements was not different from age-matched subjects.
Conclusions: We conclude that startReact is intact in the hand following stroke.
Signiﬁcance: An intact startReact response indicates that this reﬂex may be an attractive therapeutic
target for initiating hand extension in stroke survivors.
Ó 2014 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights
reserved.

1. Introduction
Movement deﬁcits following stroke are particularly prevalent in
the hand leading to signiﬁcant reduction in independence and the
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ability to participate in daily functions (Latham, 1989). Therefore,
new therapies that target the hand are extremely valuable. Startle-elicited movements have recently been implicated as a possible
therapy target. The classic startle reﬂex that occurs during exposure to a startling stimulus, e.g. loud sound, results in the adoption
of a protective stance (ﬂexion of the upper joints). However, if the
subject is planning a movement when the startling stimulus
occurs, the subject involuntarily releases the planned movement
a phenomenon referred to as startReact (Valls-Sole et al., 1999).
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It was demonstrated that startReact elbow ﬂexion movements are
not statistically different between unimpaired individuals and
stroke survivors in onset latency and muscle activation patterns
(Honeycutt and Perreault, 2012) indicating that startReact may
be an attractive therapeutic target in stroke survivors. As hand
movements are particularly impacted by stroke, our objective
was to determine if startReact was intact in the hand following
stroke and to compare the responses to age-matched controls.
There is evidence that the startReact response may be more difﬁcult to achieve in the hand. First, the startReact response is likely
mediated in part via the reticulospinal tract (Davis et al., 1982;
Davis and Gendelman, 1977; Groves et al., 1974; Hammond,
1973; Rothwell, 2006). As movement of the hand relies heavily
on corticospinal control, it was unclear if startReact could be elicited in the hand. Still, there is evidence from primates (Riddle and
Baker, 2010) that reticulospinal projections extend to the muscles
of the hand, an observation that likely extends to humans
(Honeycutt et al., 2013). Furthermore, it has been suggested that
following a stroke individuals rely more heavily on reticulospinal
pathways for movement execution (Dewald et al., 1995). We
hypothesized that (1) startReact would be intact during hand
extension in stroke survivors and that (2) the latency of movement
would be the same as in age-matched, unimpaired subjects. If true,
it would suggest that startReact is an appropriate alternative
pathway to activate muscles of the hand.
2. Methods

their hand (Fig. 1A). The switch device was used during data processing to ensure that the task was executed correctly. Due to
decreased hand function, stroke subjects were asked to relax their
hand around a ball and then extend their grasp (Fig. 1B). An
electrogoniometer was ﬁxed on the right index ﬁnger in 6 of 8
stroke subjects to quantify hand extension.
Subjects were instructed to wait in a relaxed position for two
non-startling, low-intensity acoustic stimuli (80 dB). The ﬁrst
sound (WARNING) signaled the subject to get ready and prepare
the extension task. The second sound (GO) was the cue to initiate
the extension movement as fast as possible. The time between the
WARNING and the GO signal was variable (±2s) to avoid anticipation. WARNING and GO cues were delivered by a small speaker
located in front of the subject. Following training, participants performed six blocks of ﬁfteen trials. During each block 3–5 trials were
randomly selected to be startReact trials. During startReact trials,
the GO signal was replaced by a startling, high-intensity acoustic
stimulus (128 dB) emitted from a loud speaker located behind
the subject’s head. StartReact protocols are similar to those in previous reports (Honeycutt et al., 2013; Honeycutt and Perreault,
2012, 2013). Command signals for WARNING, GO, and the startling
acoustic stimulus were generated in MatLab and their analog signals recorded to ensure they were delivered at the appropriate
latency. Finally, we performed a linear regression at a conﬁdence
interval of 95% with impairment (Chedoke score) as the independent variable and the HI:SCM+ onset latency and probability of
SCM+ as the dependent variables.
2.3. Data analysis

2.1. Subjects
Data were collected from 8 chronic stroke subjects (age:
59 ± 11; Table 1) and 10 unimpaired, age-matched subjects (age:
66 ± 10). A two-sample, unpaired t-test conﬁrmed that no difference existed between the ages of each population (p = 0.18). Subjects had no self-reported hearing damage and were capable of
understanding the task and providing oral, informed consent. All
experiments were approved by Northwestern University Institutional Review Board IRB (STU9204).
Bipolar electromyography (EMG) electrodes recorded activity
from the right extensor digitorum communis (EDC) and the left
and right sternocleidomastoid muscles (SCM). EMG signals were
pre-ampliﬁed and ﬁltered with a band-pass ﬁlter of 10–1000 Hz.
The resulting signals were anti-alias ﬁltered by 5th order Bessel
ﬁlters with a 500 Hz cut-off frequency and sampled at 2500 Hz.
2.2. Protocol
Subjects were seated in a chair with the right elbow joint ﬂexed
at 90°. Subjects were asked to extend their right hand from a neutral, resting position with the palm oriented in the sagittal plane
and the thumb on the top. In unimpaired subjects, a switch device
was placed such that the switch was pressed when participants
were in a resting position and was released when they extended

Onset latency of the EDC and SCM muscles was determined for
all trials. EMG signals were rectiﬁed and ﬁltered with a 10-point
moving average ﬁlter. Onsets were identiﬁed with a MatLab
(R2011b, the MathWorks) automatic detection ﬁle. The latency of
muscle activity onset was calculated from the rectiﬁed EMG
recorded in each trial. The average background activity and standard deviation prior to the stimulus were calculated. Next an automated program identiﬁed the time at which the processed EMG
increased above 2.5 times the standard deviation of the background activity for a period of 15 ms (for EDC) or rose above the
maximum background activity for a period of 5 ms (for SCM). Following the automatic detection of EMG onset, all trials were visually inspected for accuracy and to exclude trials when the subjects
did not move or moved before the GO signal. Trial type was blinded
to the reviewer.
Next we assessed the presence of a startle during all trials. Right
or left SCM muscle onset latency within 120 ms of the GO signal
was used as an indicator of startle (Carlsen et al. , 2011). Trials
where a startle was detected were designated SCM+, while those
without were designated SCM .
To determine if a movement was susceptible to startReact, it
was ﬁrst necessary to differentiate between the intensity-dependent and startle-dependent effects on reaction time. Faster onset
latencies occur in the presence of a startle (startle-dependent

Table 1
Subject Characteristics.
Subject #

Sex

Age

Paretic limb

Dominant arm

Years since stroke

Chedoke hand

Multiple strokes

1
2
3
4
5
6
7
8

M
F
M
M
M
F
M
F

63
58
70
36
55
61
59
70

R
L&R
R
R
R
R
R
R

R
R
R
R
L
R
R
R

5
9
3
1
5
27
10
6

4
6
4
6
4
3
7
4

N
Y
N
N
N
N
N
N
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effect) (Valls-Sole et al., 1999) and when the intensity of the GO
stimulus is increased (intensity-dependent effect) (Kohfeld,
1969). To differentiate between these two factors, low-intensity
SCM trials are compared to high-intensity SCM trials to quantify the intensity-dependent effect and high-intensity SCM+ and
SCM trials are compared to determine if the response is susceptible to startReact (startle-dependent effect). This results in 3
important trial types: (1) Low-intensity SCM trials (LI SCM ),
(2) high-intensity SCM
trials (HI SCM ), (3) high-intensity
SCM+ trials (HI SCM+).
We hypothesized that (1) startReact would be intact during
hand extension in stroke survivors and that the latency of movement would be the same as in age-matched controls. If true, it
would suggest that startReact is an appropriate alternative pathway to activate muscles of the hand. An intact startReact response
would be indicated if muscle activity onset in HI SCM+ trials was
signiﬁcantly faster than HI SCM . This hypothesis was tested using
an ANOVA of a linear mixed-effect model with trial type (LI SCM ,
HI SCM+, HI SCM ) and impairment (stroke subjects, unimpaired
subjects) as the independent factors while onset latency was the
dependent factor. Subjects were treated as a random effect. Equal
variance was not assumed. All individual trials were included in
the analysis to decrease the probability of statistical errors by capturing all the variability of the data set (Hedeker, 2006). Tukey’s
Honestly Signiﬁcant Difference (TukeyHSD) was applied for all
post-hoc comparisons. The probability of eliciting a startReact
(SCM+) was compared between unimpaired and stroke subjects
using a two-sample, unpaired t-test. Electrogoniometer traces
were assessed for similarity between HI:SCM+ and LI:SCM trials
in stroke subjects utilizing cross-correlation. ANOVA statistical
analyzes were computed utilizing R (R Development Core Team,
2006) while t-tests and cross-correlations were performed utilizing
MatLab R2007b. Differences with a probability lower than 0.05
were considered to be signiﬁcant. All error bars in ﬁgures relate
to standard deviations.
3. Results
Hand extension was susceptible to startReact in both unimpaired and stroke subjects. In unimpaired subjects (Fig. 2B-solid
bars) and stroke subjects (Fig. 2A, B-dashed bars), EDC muscle
onset latencies were faster in HI SCM+ (unimpaired: 100 ± 12 ms;
stroke: 115 ± 45 ms) trials compared to HI SCM (unimpaired:
125 ± 39 ms; stroke: 172 ± 83 ms) and LI SCM trials (unimpaired:
179 ± 43 ms; stroke: 236 ± 60 ms). This result was conﬁrmed by
group results with latency signiﬁcantly inﬂuenced by trial type
(F2,1142 = 404.6; p < 0.0001) and impairment (F1,16 = 4.6; p = 0.04).
Post-hoc tests conﬁrmed that HI SCM+ trials were signiﬁcantly
faster than HI SCM and LI SCM trials (all: p  0) in both
unimpaired and stroke subjects.
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Fig. 2. Sample data and EDC onset latency. (A) Representative EMG from the EDC
muscle is shown for all trial types in stroke subjects. (B) Group results comparing
EDC onset latencies between trial types (HI SCM+, HI SCM , and LI SCM trial
types) and stroke (dashed) and unimpaired (solid) subjects. ⁄P < 0.05, ⁄⁄P < 0.01,
⁄⁄⁄
P < 0.001.
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Fig. 1. Task depiction. (A) In unimpaired, age-matched subjects a switch device was
placed such that the switch was pressed when participants were in a resting
position and was released when they extended their hand. (B) Stroke subjects
extended their hand from a neutral, resting position while holding a ball.
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Fig. 3. Relationship between SCM+ and SCM latencies. HI SCM+ EDC onset latency
is graphed as a function of HI SCM onset latency for stroke (black) and unimpaired
(gray) subjects. A unity line is presented in black. Stroke subjects # 6 and 8 are
identiﬁed on the ﬁgure.

While differences were found during SCM trials, SCM+ trials
were similar in both unimpaired and stroke subjects. Both SCM
conditions (HI: p = 0.02 and LI: p = 0.005) were signiﬁcantly
affected by impairment; however, HI:SCM+ EDC onset latency
was not affected by impairment (p = 0.44) (Fig. 2B). With the
exception of subject #8, the HI:SCM+ EDC onset latencies of stroke
subjects (Fig. 3-black) overlapped with those of unimpaired subjects (Fig. 3-gray). The probability of eliciting a SCM+ was also
not different between unimpaired (0.55 ± 0.26) and stroke subjects
(0.43 ± 0.26) (p = 0.33). Still, subject #6, who had the most signiﬁcant impairment (Chedoke 3), did not have an intact startReact
(stroke subject lying below the unity line in Fig. 3). Subject 6 did
show an increase in detectable muscle activity. During LI SCM trials, muscle activity was only detectable during 6% of trials compared to 31% of HI SCM+ trials. Despite this, no relationship was
found between impairment level (Chedoke score) and HI:SCM+
latency (p = 0.4) or the probability of eliciting SCM+ (p = 0.5).
While HI SCM+ trials showed faster onset latencies, the trajectory of these movements was unchanged from HI SCM trials
(Fig. 4). Indeed, even spastic movements exhibited during
HI SCM trials were exhibited during HI SCM+ trials (Fig. 4C).
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Fig. 4. Electrogoniometer. Representative goniometer data from HI SCM+ (black)
and HI SCM (gray) trials from stroke subjects with moderate (A: Chedoke = 4),
mild/moderate (B: Chedoke = 6), and mild (C: Chedoke = 7) impairment.

Cross-correlation results conﬁrmed this with HI:SCM+ trials showing an average 0.90 ± 0.08 correlation to LI:SCM trials across
stroke subjects. Consistent with EDC muscle activity, movement
was initiated faster.
4. Discussion
4.1. Summary
Our result that HI SCM+ EDC onset latency was signiﬁcantly faster than HI SCM and LI SCM trials indicates that startReact hand
extension is intact in stroke survivors. Movements were signiﬁcantly faster when a startle was detected compared to those where
startle was absent in both stroke and unimpaired subjects. While
voluntary (LI:SCM ) trials were slower in stroke subjects, startReact (HI:SCM+) trials were not different in latency between stroke
and unimpaired subjects. Despite this faster muscle activity onset
latency, the trajectory of movement was unchanged in stroke survivors between startReact and voluntary trials. Indeed, spastic
movements exhibited during voluntary movement were similarly
exhibited during startReact movements (Fig. 4C). StartReact did
not appear to be present in the most signiﬁcantly impaired subject
though this subject saw an increase in detectable muscle activity
during startReact trials. These results indicate that startReact is
intact in the hand of stroke subjects and can be utilized to decrease
movement onset but that the movement trajectory is not
improved.
4.2. Comparison between unimpaired and stroke
While voluntary trials were initiated slower in stroke subjects,
startReact movements were initiated at latencies that were not signiﬁcantly different (p = 0.4). This result is similar to a previous
report at the elbow demonstrating the same trend (Honeycutt
and Perreault, 2012). Still, the decrease in onset latency did not
lead to changes in the movement trajectory. Movement traces
were highly correlated (0.90) between voluntary and startReact
trials indicating few differences between these movements.
Previous reports at the elbow showed inappropriate ﬂexor
activity that lead to deviations away from stroke subject’s intended

target (Honeycutt and Perreault, 2012, 2013); however we did not
ﬁnd evidence of this in the hand indicated by a strong similarity
between voluntary and startReact movement traces. It was previously hypothesized that the inappropriate ﬂexor activity results
from an unsuppressed classic startle reﬂex - the adoption of a
crouched stance that is dominated by ﬂexor activity in the upper
limb (Honeycutt and Perreault, 2012). As the classic startle reﬂex
does not result in strong activation in the hand (Brown et al.,
1991), this could explain why we did not see inappropriate
activity. Further, we evaluated only moderately to mildly impaired
individuals. The inappropriate ﬂexor activity at the elbow is more
dominant in more severely impaired individuals (Honeycutt and
Perreault, 2013).
It was noted that the probability of eliciting startReact was less
in the hand (stroke: 0.42) than at the elbow (0.80); however lower
probability of startReact was seen in both stroke and unimpaired
groups indicating that the decrease is the result of the task and
not the stroke population. Further, the lower probability does not
likely relate to increased impairment as the population evaluated
here was less impaired than the population where elbow startReact was evaluated.
A diminished probability of startReact in the hand is not unexpected given that the startReact response is likely mediated in part
through the reticulospinal tract (Davis et al., 1982; Davis and
Gendelman, 1977; Groves et al., 1974; Hammond, 1973). While
this pathway has recently been shown to have connections to
the hand muscles in the primate (Riddle and Baker, 2010), an
observation that likely extends to humans (Honeycutt et al.,
2013), these connections are fewer and weaker than their expression at the elbow.
Though the speciﬁc neural mechanisms driving the startReact
response remain debated (Alibiglou and MacKinnon, 2012;
Honeycutt et al., 2013; MacKinnon et al., 2013; Marinovic et al.,
2014), numerous studies indicate the reticular formation is utilized
during the response. Speciﬁcally, the startle reﬂex is completely
blocked by lesions either of the caudal pontine reticular formation
or medullary reticular formation (Davis et al., 1982; Groves et al.,
1974; Hammond, 1973) but remains intact following lesion
(Davis et al., 1982) or removal (Davis and Gendelman, 1977) of
the cerebral cortices. Further in humans, individuated movements
of the hand that are expressed predominately through the corticospinal tract (Kuypers, 1981; Lawrence and Kuypers, 1968; Lemon
et al., 2012; Schieber, 2004, 2011) are not susceptible to startReact
(Carlsen et al. , 2009; Honeycutt et al., 2013). Finally, startReact is
intact in hereditary spastic paraplegic patients with selective corticospinal degradation indicating that these responses are mediated
via the reticulospinal tract (Nonnekes et al., 2014).
It is important to note that the cortex and the corticospinal tract
are known to modulate the startReact response though their
speciﬁc role in the response remains uncertain (Alibiglou and
MacKinnon, 2012; MacKinnon et al., 2013; Marinovic et al.,
2014). Therefore, the decreased probability of startReact could also
be due to an alternative mechanism such as a decreased proﬁciency at the task. StartReact is not intact when subjects cannot
prepare movement in advance (Carlsen et al., 2008). In the case
of stroke subject #6, who was only able to achieve muscle activation during 6% of voluntary trials, startReact was not intact. Similarly, hand extension is more challenging for stroke survivors
than elbow movement and therefore may be more difﬁcult to
prepare in advance.
4.3. Functional signiﬁcance
Still, the result that startReact hand extension exists in stroke
survivors indicates that the reticulospinal connections to the hand
remain intact following stroke and further that they are strong
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enough to elicit faster movement. The corticospinal tract, the dominant neural pathway mediating hand movement (Lemon, 2008), is
severely damaged following stroke (Zhu et al., 2010). Therefore, an
intact reticulospinal tract to the hand following stroke suggests
that the reticulospinal tract may serve as an appropriate alternative pathway for voluntary movement of the hand and should be
considered as a potential therapeutic target following stroke.
Though reticular neurons are strongly mediated during ﬁne ﬁnger
movements (Soteropoulos et al., 2012), startReact does not appear
to be intact during individuated movements of the ﬁngers
(Honeycutt et al., 2013) Therefore, the usefulness of the startReact
phenomenon may not extend to ﬁne ﬁnger control.
4.4. Limitations
Our report only evaluated mild to moderately impaired subjects, more experiments are required to ascertain whether startReact movements can be activated in more severely impaired
individuals and if startReact movements are improved compared
to voluntary movements in stroke survivors. Indeed, our most signiﬁcantly impaired subject did not appear to have an intact startReact (Fig. 3C). While subjects were asked to self-report hearing
loss, hearing deﬁcits were not quantiﬁed. StartReact responses
remained intact indicating that hearing loss was not a dominant
factor; however the probability of eliciting startReact was diminished which could be driven in part by less hearing sensitivity.
Finally, speciﬁc lesion data were not available for the subjects in
this study. This information could have provided additional information to inform the mechanisms driving startReact responses in
the hand.
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