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A B S T R A C T

Humans can react remarkably quickly to novel or displaced visual stimuli when time is of the essence. Such
movements are thought to be initiated by a subcortical fast visuomotor network, but it is unclear how this net-
work declines with age. Past work in the upper limb has detailed delayed reaching corrections to jumped visual
stimuli in aging, but the underlying mechanisms contributing to these changes of the fast visuomotor network are
poorly understood. Conversely, work in the lower limb has reported delayed muscle recruitment during obstacle
avoidance, but such findings may be confounded by age-related challenges in postural control. The output of the
fast visuomotor network can be quantified by measuring express visuomotor responses (EVRs), which are the
earliest and very short-latency bursts of muscle activity following visual target presentation. Here, we compare
EVR prevalence, latency, and magnitude in 16 elderly (58–80 years old, 8 female) and 22 younger (18–25 years
old, 15 female) participants performing visually-guided reaches. We also investigated the impact of postural sta-
bility by having participants reach either while seated on a stable chair, or on a wobble stool. Both elderly and
younger cohorts expressed EVRs, but EVRs in the elderly were comparatively less frequent, and had longer laten-
cies and smaller magnitudes. Postural instability had no effects on these outcomes. Our results suggest age-
related declines in the fast visuomotor network, potentially resulting from deterioration of underlying circuits
and a prioritization of stability over speed. This study serves as an important standard for future research investi-
gating clinical populations.

Introduction

The ability to interact with our dynamic environment is essential.
Rapid goal-directed movements towards visual stimuli are important
both in reaching, for example when catching a ball thrown towards us,
and in stepping, like when intercepting a ball while playing soccer. De-
clines in this ability with age may lead to an increased falling risk. Over
the years, evidence has accumulated in support of the idea that a sub-
cortical fast visuomotor network may initiate such rapid visuomotor
transformations. For example, studies where a visual target is displaced
during an ongoing movement have reported short-latency on-line reach
corrections that are thought to be initiated subcortically (Day & Brown,
2001; Day & Lyon, 2000; Fautrelle Ballay et al. (2010a), Fautrelle
Prablanc al. (2010b); Mekhaiel et al., 2025). One way of assessing the
output of this network, even for movements initiated from rest, is via

electromyographic measurement of Express Visuomotor Responses
(EVRs) (Corneil et al., 2004; Gu et al., 2016; Kozak et al., 2019;
Pruszynski et al., 2010), which are the first detectable changes in mus-
cle recruitment following presentation of a new or shifted visual target.
These short-latency (within less than 100 ms of target onset) bursts of
muscle activity facilitate movement toward the visual target, and are
thought to originate in mid-brain superior colliculus, from where they
are relayed to the motor periphery via the subcortical tecto-
reticulospinal tract (Corneil & Munoz, 2014; Glover & Baker, 2019;
Pruszynski et al., 2010).

Prominent in many studies on EVR expression is the hypothesis that,
while EVRs are reflexively triggered by the visual stimulus, higher cor-
tical areas can contextually modulate the amplitude of the network’s
output. Indeed, various cognitive factors have been shown to influence
EVR magnitudes, such as the predictability of the timing of the visual
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stimulus (Contemori et al., 2021; Wood et al., 2015) or the intention to
reach towards or away from the presented target (Gu et al., 2016). We
recently demonstrated that EVRs in the lower limb were readily ex-
pressed when stepping from a stable posture, but suppressed when step-
ping from an unstable posture (Billen et al 2023), indicating that the
perception of postural (in)stability may similarly modulate EVR expres-
sion.

Interestingly, in an ensuing study in older individuals with and
without Parkinson’s disease, the presence and magnitude of EVRs in the
lower limb appeared to be lower and reaction times longer (Billen et al.,
2025) compared to those previously observed in younger participants
(Billen et al., 2023; Giesbers et al., 2025). While a direct comparison
could not be made between young and elderly subjects due to method-
ological differences between the two studies, these observations suggest
potential age-related degradation of the subcortical visuomotor net-
work. Supporting this, muscle recruitment onsets are delayed in elderly
participants during obstacle avoidance tasks (Weerdesteyn et al., 2007;
Zhang et al., 2021), which is thought to involve the same visuomotor
network. However, the stepping tasks used in these and the abovemen-
tioned studies (Billen et al., 2023Billen et al., 2025) inherently involve
postural control, which also declines with age (Bugnariu & Sveistrup,
2006; Maki & McIlroy, 1996). It therefore cannot be excluded that
greater postural control difficulties in aging might have caused the at-
tenuation of the fast visuomotor network. Indeed, previous findings in
both healthy participants (Reynolds & Day, 2005) and, to a larger ex-
tent, in mildly affected stroke patients (Nonnekes et al., 2010) demon-
strated that rapid stepping adjustments were aborted if these adjust-
ments impacted balance, suggesting that the fast visuomotor network’s
output may be suppressed in order to safely complete the step.

Taken together, these findings indicate that the apparent age-
related attenuation of EVRs may arise from multiple, interacting fac-
tors: degradation of the fast visuomotor network itself, compromised
postural control, or a combination of both. To disentangle these influ-
ences, it is necessary to examine the visuomotor response in a context
that minimizes postural demands. Reaching movements from a stable
sitting posture provide such an opportunity, as they typically engage
the fast visuomotor network without substantially challenging balance.
Investigating age-related changes in EVRs during reaching therefore of-
fers a means to isolate network-specific effects from those related to
postural demands.

Previous studies on rapid goal-directed upper-limb movements have
provided some clues that the fast visuomotor network may indeed be
susceptible to age-related degradation. It was shown, for instance, that
elderly participants exhibit longer movement reaction times during on-
line reach corrections (Kimura et al., 2015; O’Rielly & Ma-Wyatt,
2020). However, while these movement-related parameters quantify
age-related changes in behavior, they do not provide a direct readout of
the fast visuomotor network. Furthermore, it is unclear whether the fast
visuomotor network is even engaged if latencies of corrective response
exceed 200 ms, as these RTs are in the realm of voluntary reactions
(Sarlegna, 2006). In contrast, EVRs, captured through surface EMG,
provide a more objective measure of these rapid visuomotor transfor-
mations, but, to date, no study has investigated the effects of aging on
the fast visuomotor network’s output in isolation. Therefore, we aim to
directly compare EVR expression in younger and elderly participants in
the upper limb during a seated reaching task. Increasing postural insta-
bility in separate blocks of trials allows us to distinguish between the ef-
fects of aging and postural control on EVR expression. We hypothesized
that reaching from a stable sitting posture would evoke robust EVRs in
both groups, but with larger magnitudes in the younger participants
compared to the elderly ones, which is in line with the indirect compar-
ison made based on lower body EVRs (Billen et al., 2023Billen et al.,
2025). When increasing the instability of the sitting posture, we ex-
pected a decrease in EVR expression (both in prevalence and magni-
tudes) in both groups, with a more pronounced decrease in the elderly

group. This would reflect the greater effort required to maintain bal-
ance, potentially reflecting prioritization of postural stability over rapid
motor responses.

Methods

Subjects

Young healthy subjects (15 females, 7 males; age range:
18–25 years (M = 18.9, SD = 2.2)) and 16 elderly healthy partici-
pants (8 females, 8 males; age range: 58–80 years (M = 68.8,
SD = 6.7)) participated in this study. The younger participants were
recruited through the Psychology research participant Pool. The elderly
participants were recruited through the MacDonald Lab volunteer data-
base at Western University. None of the participants self-reported any
visual, neurological, memory, psychiatric, or motor-related disorders
that could influence their performance in the study. We did not conduct
any assessments of frailty or cognition in the elderly cohort. The study
protocol was approved by the Health Sciences research Ethics Board of
the University of Western Ontario (London, Ontario, Canada) and the
study was conducted in accordance with the latest version of the Decla-
ration of Helsinki. All participants provided written informed consent
prior to participation and were free to withdraw from the study at any
time. Participants received 40CAD as a monetary reward. Three partici-
pants from the elderly group were excluded: two due to low-quality
EMG recordings and one because the experimental task proved too
challenging

Apparatus & experimental task

Participants performed the experiment using a KINARM End-Point
Lab (BKIN Technologies, Kingston, ON, Canada) and made reaching
movements with their right arm (Fig. 1A). Kinematic data were sam-
pled at 1 kHz by the KINARM platform. Visual stimuli were projected
onto an upward-facing mirror from a custom built-in projector
(PROPixx projector by VPixx, Saint-Bruno, QC, Canada; custom inte-
grated into the KINARM End-Point Lab). Direct vision of the hand was
obscured by a shield beneath the mirror, but hand position was repre-
sented on the monitor in real time via a real-time cursor projected onto
the screen. Surface EMG electrodes (Bagnoli-8 system, Delsys Inc.,
Boston, MA, USA) were used to record activity from the clavicular and
sternal heads of the right pectoralis major, sampled at 1000 Hz (Fig.
1C). In line with previous studies (Kozak et al., 2020), a constant load-
ing force of 5 N to the right and 2 N toward the participant was pro-
vided to increase the baseline activity of the muscle of interest, so that
the EVR could be expressed as either an increase or a decrease in mus-
cle activity following leftward or rightward target presentation, respec-
tively. This constant load is fairly small and was well tolerated even by
the elderly subjects.

We used a variant of the emerging target paradigm that was previ-
ously described in Kozak et al. (2020) (see Fig. 1D). Each trial started
with the appearance of a stationary visual stimulus (solid white circle
within a vertical channel), presented on a black background, that ap-
peared above an occluder. At the center point of base of the occluder, a
small rectangular instruction cue indicated whether participants were
to respond to stimulus emergence with a reaching movement towards
the stimulus (green rectangle, a ‘pro-reach’ trial) or away from the
stimulus (red rectangle, an ‘anti-reach’ trial). This instruction cue was
present throughout an entire trial but could vary in color from trial-to-
trial. It also served as the fixation point that subjects were to look at up
until stimulus emergence. When the stimulus appeared above the oc-
cluder, participants were required to move the real-time cursor to a cen-
tral start location. The stimulus then dropped down the vertical chan-
nel, disappeared behind the occluder, and then reappeared 1000 ms
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Fig. 1. Behavioral paradigm. A: Participant moved the manipulandum of a Kinarm End-point robot with their right hand (image obtained from Kinarm). B: Partici-
pants were either seated on a stable chair or on a wobble stool with a rounded base and with their feet placed on two tennis balls. C: Surface electromyographic
recordings were taken from the clavicular and sternal heads of right pectorals major, which in this posture contributes to leftward movements of the right arm. D:
We used a variant of the emerging target paradigm (Kozak et al., 2020). To start the trial, participants acquired the central start position (grey circle) and fixated a
small notch at the bottom of the occluder. The colour of the notch indicated whether a pro-reach (green) or anti-reach (red) movement was to be performed. This in-
struction was available for the entire trial, and for at least 1500 ms before target emergence. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

later in a continuous oblique-downward motion from the right or left
outlet.

The outlets were approximately 20 cm lateral to and slightly above
the central start location. Participants were instructed to initiate a rapid
goal-directed pro- or anti-reaching movement as soon as the stimulus
reappeared below the occluder. They were allowed to reach through
the stimulus, i.e. they did not have to stop at the location of the stimu-
lus. At the end of each trial, the following feedback was presented on
the screen the inter-trial interval:

“HIT” →when they correctly intercepted the stimulus on pro-reach
trials or correctly moved away from the stimulus on anti-reach trials.

“WRONG WAY” →when the movement went into the wrong direc-
tion relative to the given instruction

“MISS” →when the movement went into the correct direction but
the stimulus was not intercepted with sufficient accuracy.

After having completed the trial, the participant returned to the
starting position and the subsequent trial was initiated. Participants
completed 600 trials in total, divided into 6 separate blocks with 100
trials each. Stimulus location (left/right) and reaching instruction (pro/
anti) were randomized on each trial. Postural position (stable chair/
wobble stool) was counterbalanced across blocks. Thus, there were 75
repeats of each unique trial type (e.g., right pro-reaches from the stable
chair).

We manipulated postural demands as follows. In the low postural
demand condition, participants were seated on an office chair that was
locked in such a way that swiveling and rotation were not possible (Fig.
1B). Participants were instructed to place their feet on the ground wide
apart, which further increased postural stability. In the high postural
demand condition, participants were seated on a balance stool (Fig.
1B). This stool had a rounded base, which required continuous stabi-
lization to maintain an upright posture. In addition, participants placed
their feet at shoulder width and on top of two tennis balls. This was
done to further decrease the level of support that the feet provide, re-
quiring stronger activation of upper body muscles for stabilization. In
both postural positions, participants were instructed to not lean the
head forward against the headrest that is part of the KINARM platform,
not to lean back into the backrest, and not to hold onto the table with
the left hand. These instructions were given with the intention to keep
the general seating position as similar as possible between the two pos-
tures.

Setup typically took approximately 15 min, followed by about
45 min of data collection per participant.

Data processing and analysis

All analyses were completed using MATLAB (version R2019a, Math-
Works Inc., Natick, Massachusetts, United States of America). On each
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trial, a white stimulus that was placed under a photodiode and was un-
seen by the participant appeared simultaneously with stimulus emer-
gence below the occluder. All kinematic and EMG data were aligned to
diode onset.

Kinematic analyses
Inclusion and exclusion criteria for trials were determined using the

kinematic output from the KINARM manipulandum. Reaction time was
defined as the time between stimulus reappearance until reach initia-
tion. Reach initiation was identified as the moment at which the tan-
gential peak velocity of the hand surpassed 5 % of the peak velocity of
that trial. Peak reach velocity was derived from the reach-related maxi-
mum tangential velocity of the hand between movement onset and
movement offset, which is defined as the point at which the tangential
velocity reached zero following the movement. Trials were labelled as
‘wrong way’ and excluded from all kinematic and EMG analyses if at
any point following target onset the participant’s hand moved opposite
of the instructed reach direction (i.e. away from the target on pro-reach
trials, towards the target on anti-reach trials). Trials were labelled as
‘too fast’ and excluded if the participant’s reaction time was shorter
than 130 ms, indicating guesses or anticipatory movement. This is in
line with earlier research (Gilchrist et al., 2024). We also excluded trials
with reaction times that surpassed 500 ms, indicating distraction or
inattention. In addition, kinematic data from all trials were manually
checked via customized MATLAB GUIs that permitted the exclusion of
clearly atypical trials (e.g. anticipatory movements prior to stimulus
reappearance, or multi-step reaches).

We further investigated the variability of the KINARM’s handle po-
sition at baseline in the 200 ms prior to target onset. The purpose of this
analysis was to investigate if the unstable postural condition signifi-
cantly increased instability, which may be reflected in an increased
variability in handle position at baseline as participants may have used
the handle to stabilize their posture. Because visual inspection of the
variance revealed that the data was right-skewed, we used a median ab-
solute deviation (MAD) metric to determine differences in variability
between conditions, as, unlike the standard deviation, the MAD pro-
vides a more robust estimate of variability by relying on the median
rather than the mean. This reduces the impact of outliers and ensures a
more accurate representation of baseline variability. For each trial
within a postural condition (stable/unstable), we calculated the vari-
ance of the position data during the 200 ms before target onset, using
only ‘correct’ trials. We then determined the median variance across
trials for either postural condition. Next, we computed the MAD by cal-
culating the median of the absolute differences between each trial’s
variance and the median variance within that condition. A cutoff
threshold for potential outliers was defined as three times the MAD
around the median variance and any variance values exceeding this
threshold were removed. Finally, we averaged the remaining variances,
yielding a single variance metric for each postural condition per sub-
ject.

EMG analyses
Wherever possible, we used EMG data recorded from the sternal

head of the pectoralis muscle (Gilchrist et al., 2024). Recordings from
the clavicular head of pectoralis were used only if the sternal recording
was of low quality (e.g., the signal-to-noise ratio was clearly better on
the clavicular recording, or if the recording electrodes on the sternal
head became loose during the experiment). We used the sternal record-
ing in 95 % of the younger participants (21/22) and in 92 % of the el-
derly participants (12/13). EMG data were amplified by 1000, sampled
at 1 kHz, and bandpass filtered between 20 and 450 Hz by the Bagnoli-
8 system. Offline, EMG signals were full-wave rectified and a 3-point
smoothing function was applied. Comparisons of the magnitude of re-
cruitment for the younger versus elderly subjects required that we first
normalize EMG data to the level of recruitment in the 200 ms preceding

the stimulus emergence, when participants were holding their arms sta-
ble against the background load. We opted to normalize EMG activity to
this baseline interval rather than to peak EMG given our expectation of
lower peak recruitment magnitudes in the elderly.

EVR presence, latency, and magnitude
The detection of EVRs was performed using previously established

methodologies (Corneil et al., 2004; Pruszynski et al., 2010) that use a
time-series receiver operating characteristic (ROC) analysis. Indepen-
dent time-series ROC analyses were conducted for each task variant
(e.g., pro-reaches from the unstable condition). This approach assesses
the comparative distribution of muscle recruitment at each time point
from 100 ms before to 200 ms after stimulus onset for trials where the
stimulus appeared on the left versus the right, deriving the area-under-
the-curve (AUC) metric which represents the probability of correctly
distinguishing stimulus location based solely on EMG activity. An AUC
of 0.5 reflects chance-level discrimination, whereas values of 1.0 and
0.0 indicate fully accurate or fully inaccurate discrimination, respec-
tively. While previous studies determined the EVR to be present if the
AUC value crossed and stayed above a threshold of 0.6, determining the
discrimination latency in this way may be confounded by the vigor of
the EVR response, as stronger responses may climb to threshold more
rapidly than weaker responses; this may be particularly problematic
given past evidence that elderly subjects have slower and less vigorous
on-line corrections (Kimura et al., 2015; O’Rielly & Ma-Wyatt, 2020;
Sarlegna, 2006). Given this, we employed an alternative approach that
identifies the inflection point where the ROC curve first deviates from
chance toward the discrimination threshold (AUC = 0.6). This was
done by fitting a DogLeg regression to the ROC curve at each millisec-
ond from 50 ms before stimulus onset up to the EVR latency (as previ-
ously employed by Contemori et al., 2021; Goonetilleke et al., 2015).
The EVR onset latency was determined as the later of two candidate time
points: (1) the point minimizing the squared error between the ROC
curve and the regression fit, or (2) the final local minimum in the ROC
curve before the discrimination latency. The EVR latencies from both
methods will be reported in the Results section. The EVR magnitude
was calculated as the integral of the positive difference in mean EMG
activity between leftward and rightward stimulus emergence over the
30 ms after the discrimination latency in the stable posture.

As part of our investigation of age-related effects on EVR expression,
we were also interested in the ability to modulate EVR magnitudes de-
pending on the instruction to prepare for a Pro-reach vs. Anti-Reach
trial. We therefore derived a Modulation index (as previously reported
by Gilchrist et al., 2024), which was calculated as the difference in EVR
Magnitude on Pro-reach vs. Anti-reach trials, divided by the sum of the
magnitudes on Pro-reach and Anti-reach trials. The Modulation index
ranges from −1 to 1. A value of 1 indicates strong pro-reach EVRs and
weak anti-reach EVRs, a value of 0 means equal magnitude EVRs on
Pro-reach and Anti-reach trials, whereas a value of −1 indicates strong
EVRs on anti-reach trials but not on pro-reach trials.

Statistical analysis
Statistical analyses were performed using MATLAB (version

R2019a). The level of significance was set to p < 0.05 for all analyses.
Repeated Measures ANOVAs were used to investigate the effects of
group (Young vs. Elderly), posture (Stable vs. Unstable) and instruction
(Pro-reach vs. Anti-reach) on error rates, reaction times, maximum
reach velocities, and EVR magnitudes. To compare EVR prevalence be-
tween the HC and PD groups we used Fisher’s exact test. Because some
participants did not exhibit EVRs in certain conditions (e.g., anti-
reaches), we used linear mixed models to investigate EVR latencies. Un-
like ANOVAs, LMMs do not rely on list-wise deletion for missing data,
allowing us to maximize statistical power and minimize bias in our
analysis. We defined group, posture and instruction as fixed effects and
participant ID as a random effect.
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All data visualizations and figures were generated in MATLAB (ver-
sion R2019a) and subsequently refined for layout and clarity using
Inkscape (version 1.4, The Inkscape Project).

Results

Influence of postural manipulation on handle position prior to target
emergence

First, we examined whether our manipulation of postural demands
had the intended effect on postural instability, as inferred from the vari-
ability of the position of the KINARM handle prior to target emergence.
The overall variance of the position data did not differ significantly be-
tween young and elderly participants (t(23.21) = 1.86, p = 0.08), but
consistent with the rationale of our postural challenge both groups had
a significantly higher variability in the unstable condition compared to
the stable condition (elderly: t(12) = -7.47, p < 0.001; young: t
(21) = -3.7, p = 0.0012; Table 1).

Fewer errors, longer reaction times, and slower reach velocities in the elderly

Fig. 2 displays the results for the various behavioral measures of the
reaching movement in young and older participants. Generally, error
rates were low, with the overall proportion of reaches in the wrong di-
rection being less than ∼ 10–15 % (Fig. 2A and Table 1). Interestingly,
the elderly participants made significantly fewer errors compared to
younger participants (Group, F(1,269) = 40.23, p < 0.001), but pos-
tural demand did not have an effect on wrong-way error rates (Posture,
F(1,269) = 1.06, p = 0.30). As expected, fewer errors were made on
pro-reach trials compared to anti-reach (Instruction, F(1,269) = 48.71,
p < 0.001). There were no significant interaction effects on error rates.

In terms of reaction time (Fig. 2B and Table 1), the younger partici-
pants exhibited significantly shorter reaction times compared to the el-
derly participants (Group, F(1) = 389.24, p < 0.001), independent of
posture (Group x Posture, F(1,269) = 0.96, p = 0.33). As expected, re-
action times were significantly shorter on pro-reach trials compared to
anti-reach trials (Instruction, F(1,269) = 139.91, p < 0.001; Table 1).

Finally, we also analyzed the peak velocity of the reaching move-
ment (Fig. 2C), and found that younger participants achieved higher
reach velocities compared to the elderly group (Group (F
(1,269) = 85.49, p < 0.001). Somewhat surprisingly, reach velocities
on Pro-reach trials were significantly slower (M = .69 m/s,
SD = .25 m/s) compared to Anti-reach trials (M = .76 m/s,
SD = .26 m/s; Instruction, F(1,269) = 7.33, p = 0.007). Recall how-
ever that the emerging stimulus (or its imagined location on anti-reach
trials) moves in an oblique down-and-out direction upon emergence,
hence the longer reaction times on anti-reach trials are likely associated
with larger reaching movements, leading to higher peak velocities. In-
deed, movement amplitudes (i.e. the distance between starting position
and end position of the reach) were significantly larger on anti-reach
trials (M = 16 cm, SD = 2 cm) compared to pro-reach trials (M =
14 cm, SD = 1 cm; F(1,273) = 81.8, p < 0.001). There was no effect
of posture on peak velocities (p = 0.95).

Overall, this pattern of elderly participants having fewer errors,
longer reaction times and slower peak velocities compared to younger
participants points towards a potential speed-accuracy trade-off, with
the elderly participants erring more on the side of caution (i.e. prioritiz-
ing accuracy), independent of postural condition.

Muscle recruitment in two representative subjects during pro- and anti-
reaches

We now discuss the patterns of muscle recruitment following stimu-
lus presentation. Fig. 3 shows muscle recordings of the right pectoral
major from a younger (upper half) and elderly participant (lower half),
respectively. The data from these two subjects demonstrate some of the
key features of muscle recruitment.

The first two columns depict the mean EMG activity across trials on
pro-reach trials and on anti-reach trials for the stable (first row) and un-
stable posture (second row). The remaining columns show the trial-by-
trial data of muscle recruitment, aligned to stimulus emergence. Focus-
ing first on pro-reaches towards the left (purple), there was an initial
burst of muscle activity at ∼75 ms in both the stable and unstable pos-
tural condition, which is the express visuomotor response (the time
window is indicated by the two vertical lines).

Table 1
Descriptive statistics (Mean (SD)) for postural, behavioral, and EVR measures in young and elderly participants. Columns indicate postural (Stable vs Unstable) or
instruction conditions (Pro-Reach vs Anti-Reach) where applicable. The “Collapsed” column shows means averaged across conditions for each group.
Measure Group Stable Unstable Statistics

Group Posture Group x Posture

Postural control
Handle position variability

(m)
Y 6.3e-09 (8.8e-09) 7.0e-08 (8.8e-08) t(23.21) = 1.86, p = 0.08 t(21) = -3.7, p = 0.0012 −

E 3.3e-09 (2.0e-09) 3.3e-08 (1.6e-08) t(12) = -7.47, p < 0.001 −
Pro Anti Pro Anti

Behavioral measures
Error rate (%) Y 10.2 (6.6) 17.4 (8.5) 10.2 (7.0) 17.2 (9.0) F(1,269) = 40.23,

p < 0.001
F(1,269) = 1.06, p = 0.30 F(1,269) = 0.77, p = 0.38

E 5.3 (3.0) 11.8 (8.5) 3.8 (1.6) 9.7 (7.7)
Reaction time (ms) Y 214 (21) 249 (23) 217 (25) 248 (27) F(1) = 389.24, p < 0.001 F(1,269) = 2.0, p = 0.16 F(1,269) = 0.96, p = 0.33

E 271 (23) 319 (26) 279 (34) 327 (34)
Peak reach velocity (m/s) Y 0.78

(0.25)
0.84
(0.27)

0.79
(0.26)

0.85
(0.25)

F(1,269) = 85.49,
p < 0.001

F(1,269) = 0, p = 0.95 F(1,269) = 0.26, p = 0.61

E 0.52
(0.13)

0.62
(0.17)

0.51
(0.12)

0.59
(0.14)

EMG-related measures
EVR prevalence (%) Y 100 36 100 32 z-stat = -2.36, p = 0.02 z-stat = 0.35, p = 0.72 z-stat = -0.08, p = 0.93

E 77 31 77 23
EVR magnitude (a.u.) Y 43.2

(18.2)
4.6 (4.8) 43.6

(19.7)
4.9 (5.8) F(1,269) = 67.7, p < 0.001 F(1,269) = 0.006, p = 0.95 F(1,269) = 0.26, p = 0.61

E 13.0 (4.3) 4.7 (3.8) 13.6 (6.3) 2.9 (2.7)
EVR onset latency ( ms) Y 92 (6) 91 (6) 86 (8) 86 (8) β = 9.0, SE = 2.53,

p < 0.001
β = -0.5, SE = 1.99,
p = 0.25

β = -5.3, SE = 3.63,
p = 0.15E 98 (7) 95 (9) 95 (6) 89 (6)

Modulation index Y 0.8 (0.2) 0.8 (0.2) F(1,269) = 12.16,
p < 0.001

F(1,269) = 2.06, p = 0.16 F(1,269) = 2.22, p = 0.14
E 0.5 (0.3) 0.7 (0.2)
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Fig. 2. Behavioral results. The dots indicate individual data points of participants from the young (purple) and from the elderly (grey) group. The density plots in-
dicate the distribution of the data. Asterisks show significant group differences (p < 0.05). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

As is visible in the trial-by-trial data (colored heatmaps in third col-
umn), the EVR is more time-locked to stimulus presentation than reach
movement onset, but larger EVRs tend to precede shorter reaction
times, which is in line with previous findings (Pruszynski et al., 2010;
Wood et al., 2015). The general pattern of muscle recruitment is very
similar in our exemplar young and elderly participants, but both EVR
magnitudes and the subsequent muscle recruitment were much more
vigorous in the younger participant, which presumably relates to the
shorter reaction times in the younger participant (white dots). In both
participants, there are no clearly discernable differences between mus-
cle recruitment on pro-reaches from a stable versus an unstable posture.

On anti-reach trials, EVR expression was tied to the side of stimulus
emergence, with clear EVRs when targets were presented on the left,
even if the reaching movements itself were correctly made towards the
right (and vice versa). This is in line with prior research (Gu et al.,
2016; Kozak et al., 2020). Again, the general pattern of muscle recruit-
ment on anti-reach trials is similar across subjects, but EVR responses
seemed more vigorous in the younger subject. In both the young and el-
derly exemplar subject, the magnitude of the EVR is clearly muted on
anti- compared to pro-reach trials.

6
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Fig. 3. Muscle activity from two exemplar subjects. First two columns show averaged EMG data from right pectoralis across pro-reach trials (1st column) and anti-
reach trials (2nd column) from a stable (upper row) and unstable position (lower row), normalized to baseline activity. The EVR activity is highlighted by the ver-
tical solid lines. Note how EVRs increase following left target presentation, even if the instruction was to reach away from the target (on anti-reach trials).
Columns 3–6 show heatmaps of the single trial EMG data. Activity is aligned to target onset (vertical dashed white line), EVR activity is highlighted by the solid
white lines. Data is sorted by reaction times (white dots).

EVRs less prevalent in elderly participants

EVRs were robustly detected during pro reaches in both groups.
During pro-reach trials towards the left, all younger participants exhib-
ited EVRs (22/22; 100 %) in both postural conditions, whereas only 10
out of 13 (77 %) elderly participants had EVRs in either postural condi-
tion (9 of them with EVRs in both conditions). This difference in EVR
prevalence was significant between the two groups (p = 0.02). During
anti-reach trials in the stable condition, we identified EVRs in 8
younger participants (36 %) and 4 elderly participants (31 %). In the
unstable condition, these prevalences were 7 (32 %) and 3 (23 %) for
the two groups respectively. The difference between groups was not sig-
nificant (p = 0.58).

Weaker EVRs in elderly participants

In line with the observations from the two representative subjects
described above, normalized EVR magnitudes were smaller in the el-
derly participants compared to the younger participants (group, F
(1,269) = 67.7, p < 0.001); the difference between groups was larger
within pro-reach trials compared to anti-reach (group x instruction (F
(1,269) = 24.76, p < 0.001, see Fig. 4A and Table 1). Overall, EVR
magnitudes were significantly smaller on anti-reach trials compared to
pro-reach trials (instruction (F(1,269) = 54.26, p < 0.001). There was
no effect of posture on EVR magnitudes (p = 0.94).

Delayed EVRs in elderly participants

To determine EVR onset latency, we used a DogLeg regression (see
Methods), which detects the timepoint at which the time-series ROC be-
gins to increase. Younger participants had significantly earlier onset la-
tencies compared to the elderly participants (Group, β = 9.0, SE =
2.53, p < 0.001, 95 % CI [3.98 14.0]), independent of posture
(Group x Posture, β = -5.3, SE = 3.63, p = 0.15, 95 % CI [-12.5 1.9],
Fig. 4B, second panel). There was no effect of instruction on onset laten-
cies (β = 3.5, SE = 2.4, p = 0.15, 95 % CI [−1.3 8.4]).

Higher modulation index in younger participants

The modulation index was calculated to investigate the participant’s
ability to contextually modulate EVR magnitude depending on the in-
struction to reach towards or away from the target. Younger partici-
pants had a significantly higher modulation index compared to the el-
derly subjects (F(1,269) = 12.16, p < 0.001), but this effect seems to
be driven by the weaker pro-reach EVRs in the group of elderly partici-
pants (Fig. 4C). There were no main or interaction effects of posture
(p ≥ 0.14).

Discussion

We investigated express visuomotor responses (EVRs) in the upper
limbs of healthy young and elderly participants during goal-directed
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Fig. 4. EVR-related outcomes. The dots indicate individual data points of participants from the young (purple) and from the elderly (grey) group. The density plots
indicate the distribution of the data. Note the absence of a density plot for the Modulation index (C). The modulation index is capped between −1 and + 1 and a
density plot would not adequately reflect these bounds. Asterisks show significant effects (p < 0.05) of group (vertical lines), instruction (horizontal lines) and
group x instruction interaction (diagonal lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

reaches from a stable and an unstable sitting posture. Our two objec-
tives were to investigate age-related effects on EVR expression and to
investigate the interaction between postural control and EVR expres-
sion in the upper body. In younger participants, EVRs were robustly
present, with no significant differences in their prevalence, timing, or
magnitude across postural conditions. In comparison, elderly partici-
pants exhibited less frequent, delayed, and weaker EVRs, as well as
longer movement reaction times and slower peak velocities compared
to younger participants. As with younger participants, these measures
did not differ between postural conditions.

Age-related effects on EVR expression

This study is the first to directly compare the expression of EVRs be-
tween younger and elderly participants in the exact same behavioral
paradigm. Our findings revealed clear differences between the two
groups: although most elderly participants exhibited EVRs, their preva-
lence was overall lower, latencies were longer and magnitudes were
smaller. Importantly, our use of the dog-leg regression affirms that the
increased EVR latencies in the elderly are not just the result of decreas-

ing EVR magnitude, asEVRs started ∼7 ms later in the elderly with this
analytical approach. Behaviorally, elderly participants also had longer
reaction times and slower peak velocities compared to younger partici-
pants. The notable differences in performance between younger and el-
derly participants raise several important questions: Why are EVRs less
prevalent, weaker, and slower in the elderly? Are these differences
purely a result of age-related declines in neural pathways, or do they
also reflect changes in motivation or strategy?

The effect of aging we observed on the timing of the fast visuomotor
network is reminiscent of age-related increases in the reaction times of
express saccades, although these changes are moderate compared to the
latency increases for eye movements in more cognitively-demanding
tasks (Munoz et al., 1998; O’Rielly & Ma-Wyatt, 2020; Peltsch et al.,
2011). EVRs are proposed to be the skeleto-motor homologue of express
saccades (Corneil & Munoz, 2014), which rely on the integrity of the su-
perior colliculus (Schiller et al., 1987). Similarly during reaching, el-
derly participants initiate mid-reach corrections in response to sudden
target jumps later or not at all compared to younger subjects (Kimura et
al., 2015; O’Rielly & Ma-Wyatt, 2020). In the lower body, studies on ob-
stacle avoidance, which involve rapid step adjustments to the ongoing
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stepping movement in response to sudden obstacles, demonstrated
longer reaction times and longer muscle response onsets in elderly par-
ticipants (Weerdesteyn et al., 2005, 2007). Such delayed responses dur-
ing online corrections, both kinematically and on a muscular level, are
consistent with a delayed and muted EVR (Mekhaiel et al., 2025). Col-
lectively, these findings highlight age-related declines in rapid motor
responses across multiple domains.

What may be the cause of these age-related declines across various
behaviors that, just like EVRs, may all rely on the same underlying net-
work? One possible explanation is age-related changes in neural and
motor systems at various levels of the neuraxis. These changes can be-
gin as early as the eye, where common aging-related changes like
cataract, reduced pupil dilation, or presbyopia may affect how visual
information is registered and subsequently processed for input into the
fast visuomotor network. Since sensory properties of visual targets,
such as stimulus contrast or spatial frequency influence EVR expression
(Kozak et al., 2019; Kozak & Corneil, 2021), it is not surprising that
deficits in stimulus processing may lead to less frequent, weaker, and
delayed EVRs in elderly participants. Similarly, the subcortical tecto-
reticulospinal pathway that is thought to project EVRs from superior
colliculus to the motor periphery may also become less efficient with
age, leading to delayed and weakened outputs. Supporting this, recent
studies have demonstrated age-related decreases in the excitability of
the reticulospinal tract (Mooney & Celnik, 2025), as well as slower
overall conduction velocities to the motor periphery (Palve & Palve,
2018).

Another factor to consider is the potential difficulty in motivating
elderly participants to perform tasks requiring rapid, reflexive move-
ments. Unlike younger participants, and in line with previous research,
elderly individuals might prioritize caution and accuracy over speed,
particularly in tasks that could be perceived as posturally challenging
(Salthouse, 1979; Starns & Ratcliff, 2010). While such caution can be
adaptive when balance is genuinely challenged, the delayed and slower
movements observed in the stable postural condition suggest that older
adults may be overly cautious even when it is unnecessary. Consistent
with this interpretation, elderly participants in the current study exhib-
ited slower reaction times but also made fewer errors, further support-
ing the notion that they prioritized accuracy and stability over rapid re-
sponding. During the pilot phase of a previous study on EVRs in step-
ping (Billen et al., 2025), we also observed that elderly participants
found it harder to step fast as compared to younger participants (Billen
et al., 2023). This reluctance to step fast was partly overcome by further
emphasizing the importance of speed in our instructions, and repeating
this instruction frequently during the experiment, yet in the elderly par-
ticipants EVRs still appeared to be suppressed and RTs delayed (Billen
et al., 2025). A similar mechanism may be at play in the current study,
where elderly individuals might subconsciously prioritize stability and
avoid situations that require rapid movements. Such cognitive strate-
gies have generally been shown to affect EVR response vigor (i.e., the
magnitude of the response) rather than the timing of the EVR
(Contemori et al., 2021, 2022; Gu et al., 2016; Wood et al., 2015). Fu-
ture studies could help disentangle neural from motivational influences
by experimentally manipulating motivation. For instance, providing
real-time performance feedback has been shown to increase engage-
ment and response vigor (Anderson et al., 2020; Drueke et al., 2015).
Additionally, introducing social or competitive elements, or incorporat-
ing small rewards could increase engagement and clarify the contribu-
tion of motivational factors to age-related differences in EVR expres-
sion.

Together, impairments in visual processing, reduced efficiency of
the reticulospinal pathway, and a possible subconscious tendency to
prioritize safety over speed can all contribute to decreased adaptability
in our dynamic environments, which may have significant implications
for daily life. Such age-related changes may for example affect the abil-
ity to safely drive a car, which heavily relies on the ability to rapidly

transform visual information into appropriate motor commands both in
the upper body (e.g. for steering) and lower body (e.g. for braking).
Similarly, declines in the ability to rapidly and flexibly adjust stepping
movements may increase the risk of falls. Implementing interventions
to maintain some degree of flexibility may be crucial in the aging popu-
lation.

Postural challenge did not affect EVR expression in the upper limb in either
group

Our findings showed no significant effects of posture on any of the
main outcome variables. This result may partially stem from the charac-
teristics of the wobble stool used to introduce postural instability. Anec-
dotally, some participants experienced mild instability during the first
few trials as they acclimated to the wobble stool. However, this instabil-
ity appeared to diminish relatively quickly. While our kinematic results
indicate increased instability when using the wobble stool, this increase
in postural challenge may not have been sufficient to affect expression
of the fast visuomotor network. One limitation of our study is that we
did not obtain quantitative measures of postural sway or perceived in-
stability to confirm the effectiveness of this manipulation. Including
such measures would have allowed a more precise assessment of the
postural demands and their relation to EVR modulation, and should
therefore be considered in future work. Future studies could increase
postural challenge by having participants perform the reaching task
while standing, for example on a compliant surface or in tandem stance.
Such setups would place greater demands on balance and may more ef-
fectively reveal posture-related modulation of EVRs.

Moreover, the role of core muscles likely contributed to the lack of
observable effects. In the unstable condition, the core muscles were
probably more engaged to stabilize the torso, which might have helped
participants maintain a steady posture without restricting the activa-
tion of the pectoralis major involved in the reaching task. This raises an
interesting question for future research, though recording high-quality
surface EMG from core muscles presents challenges. Sitting compresses
the trunk, complicating accurate electrode placement and potentially
reducing signal quality. These issues may be further amplified in older
adults, who often have increased adipose tissue, which can further
lower the signal-to-noise ratio.

Additionally, the use of a handle as part of the KINARM setup may
have inadvertently provided participants with a source of stability, fur-
ther reducing the postural challenge. This is highlighted by the finding
that the variability of the handle position at baseline increased in the
unstable condition, indicating the while the wobble did induce more in-
stability, the handle was also used in order to stabilize. Future para-
digms could explore reaching tasks without added stability from a han-
dle, creating a more demanding postural environment while still in-
volving rapid goal-directed movements. This adjustment may better re-
veal the potential relationship between postural control and EVR ex-
pression in the upper body.

This study is the first to compare EVR expression between younger
and elderly participants, providing novel insights into age-related
changes in rapid visuomotor responses. While most elderly participants
still exhibited robust EVRs, they were weaker, less frequent, and de-
layed, indicating potential degradation of the fast visuomotor network
with increasing age. These findings serve as an important reference for
future research, particularly when considering elderly participants as a
control group in studies investigating clinical populations, such as indi-
viduals with Parkinson’s disease.

Although we did not establish a clear interaction between postural
control and EVR expression in the upper limbs, this does not preclude
its existence. Previous research has demonstrated this interaction in
stepping, and with adjustments to experimental design − such as in-
creasing postural demands and incorporating more precise measure-
ments of upper body stability − we may better capture its effects in up-
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per limb movements. Future studies should refine methodologies to fur-
ther explore how postural control influences rapid visuomotor re-
sponses in order to increase our understanding of rapid visuomotor
transformations in both healthy aging and clinical populations.
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