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Abstract

Voluntary movements are prepared before they are executed. Preparatory activity has been observed across
the CNS and recently documented in first-order neurons of the human PNS (i.e., in muscle spindles). Changes
seen in sensory organs suggest that independent modulation of stretch reflex gains may represent an impor-
tant component of movement preparation. The aim of the current study was to further investigate the prepara-
tory modulation of short-latency stretch reflex responses (SLRs) and long-latency stretch reflex responses
(LLRs) of the dominant upper limb of human subjects. Specifically, we investigated how different target pa-
rameters (target distance and direction) affect the preparatory tuning of stretch reflex gains in the context of
goal-directed reaching, and whether any such tuning depends on preparation duration and the direction of
background loads. We found that target distance produced only small variations in reflex gains. In contrast,
both SLR and LLR gains were strongly modulated as a function of target direction, in a manner that facili-
tated the upcoming voluntary movement. This goal-directed tuning of SLR and LLR gains was present or en-
hanced when the preparatory delay was sufficiently long (.250ms) and the homonymous muscle was
unloaded [i.e., when a background load was first applied in the direction of homonymous muscle action (as-
sistive loading)]. The results extend further support for a relatively slow-evolving process in reach prepara-
tion that functions to modulate reflexive muscle stiffness, likely via the independent control of fusimotor
neurons. Such control can augment voluntary goal-directed movement and is triggered or enhanced when
the homonymous muscle is unloaded.
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Significance Statement

It is well known that movement preparation improves motor performance. That is, briefly delaying the onset
of a goal-directed movement can significantly benefit the overall quality of movement. However, the mecha-
nisms underlying movement preparation remain unclear. In this study, we examined the preparatory modu-
lation of short-latency and long-latency stretch reflex responses in the dominant upper limb. We found that
goal-directed tuning of stretch reflex gains is consistently triggered or enhanced in cases where preparation
is sufficiently long (.250ms) and a background (“assistive”) load is first applied in the direction of homony-
mous muscle action. A better understanding of movement preparation will likely also benefit the develop-
ment of rehabilitation regimes and movement augmentation devices.
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Introduction
Voluntary movements undergo preparation before their

execution (Kutas and Donchin, 1974; Wise, 1985; Ghez et
al., 1997). That is, voluntary movement normally involves a
period of preparatory tuning where neural activity is func-
tionally adjusted before movement initiation. This prepara-
tory activity in the CNS correlates well with parameters
such as movement direction (Tanji and Evarts, 1976), reach
distance (Messier and Kalaska, 2000), movement speed
(Churchland et al., 2006), reach trajectory (Hocherman and
Wise, 1991), and visual target location (Batista et al., 2007).
Motor preparation has long been thought of as the assem-
bly of motor subroutines for later execution (Sternberg et
al., 1978) or underlying the computation of appropriate tim-
ing and force level in the muscles tasked with achieving the
motor goal (Brooks, 1979). Reaching movements involve
the formation of feedforward motor commands and as well
as feedback policy that modulates long-latency stretch re-
flex responses (LLRs) before movement onset (Todorov
and Jordan, 2002; Shadmehr and Krakauer, 2008; Wagner
and Smith, 2008; Ahmadi-Pajouh et al., 2012; Yeo et al.,
2016).
Stretching of muscles in the upper extremities produces

a short-latency reflex response (SLR) beginning ;20–
25ms after stretch onset, and an LLR beginning 50ms
after stimulus onset (Hammond, 1956; Marsden et al.,
1972). Both the SLR and the LLR are considered involun-
tary, with voluntary control of upper extremities beginning
;100ms after onset of the triggering sensory event (Yang
et al., 2011). It has long been known that stretch reflex re-
sponses can allow for effective resistance against un-
wanted postural perturbations (Nichols and Houk, 1976).
However, reflex responses can also be modulated sub-
consciously to accommodate the execution of voluntary
movements. For example, in tasks involving active reaching,
significant modulation of reflex responses have been ob-
served according to target shape (Nashed et al., 2012), ob-
stacles (Nashed et al., 2014), static and moving targets
(Cluff and Scott, 2015), and target cue direction (Pruszynski
et al., 2008; for review, see Scott, 2016).
In the upper extremities, the SLR is often characterized

by automatic gain scaling (i.e., a preload sensitivity),
whereas the LLR is found to be robustly task dependent
(Pruszynski et al., 2009; 2011a). More recently, the early
LLR (R2) has been shown to contain a stabilizing compo-
nent modulated independently of the voluntary action
planned in relation to a queued target, while the late LLR

(R3) displayed task dependency (Lee and Perreault, 2019).
Such studies reinforce the idea that at least certain compo-
nents of the LLR are highly adaptable and not strictly “re-
flex” in nature (Shemmell et al., 2010). As mentioned above,
goal-directed feedback controllers affecting LLRs are
thought to be already loaded during the reach preparation
phase (Ahmadi-Pajouh et al., 2012). However, it is still un-
clear what specific mechanism produces this tuned reflex
modulation before movement initiation.
It is currently believed that cortical preparatory activity

serves a dynamic system that defines the initial conditions
for the progression of goal-directed movement (Churchland
et al., 2010, 2012). However, exactly how cortical prepara-
tion manifests as improved motor performance is unclear.
Recent findings propose one more specific neural mecha-
nism in reach preparation. That is, movement preparation
appears to include the independent and goal-directed tun-
ing of muscle spindles, leading to a congruent modulation of
reflex gains (Papaioannou and Dimitriou, 2021). These find-
ings suggest that two independent output mechanisms are
involved in the preparation of voluntary reaching (i.e., one in-
volving the direct control of a motor neurons, and another
implicating independent g motor control; Dimitriou, 2021,
2022). By modulating the sensitivity of muscle spindles and
stretch reflexes during preparation, the nervous system can
adjust sensory feedback and reflex muscle stiffness inde-
pendently of any coinciding muscle force during prepara-
tion. Our previous work has shown that target direction
affects preparatory tuning of muscle spindles and stretch re-
flex gains in a manner that facilitates the upcoming voluntary
movement (Papaioannou and Dimitriou, 2021). In the current
study, we hypothesized that both target direction and target
distance may impact the preparatory tuning of stretch reflex
gains. In particular, here we examine whether the fundamen-
tal parameter of target distance affects preparatory tuning of
stretch reflex gains in the context of goal-directed reaching,
and how any such tuning is affected by background loads,
target direction, and preparation duration. We found that tar-
get distance produced only small variations in reflex gains,
but short-latency and long-latency reflexes were strongly
tuned according to target direction, in a manner that facili-
tated the upcoming voluntary reach. This goal-directed tun-
ing of stretch reflex gains was present or enhanced when
the preparatory delay was sufficiently long and the homony-
mous muscle was unloaded.

Materials and Methods
Subjects
A total of 16 right-handed, neurologically healthy partic-

ipants took part in the study; 8 who self-identified as male
(mean age, 24.46 4.4 years) and 8 who self-identified as
female (mean age, 25.36 6.5 years). All participants were
naive as to the specific purposes of the executed task. All
were financially compensated for their contribution and
gave informed, written consent before participating in the
study, per the Declaration of Helsinki. No power calcula-
tion was used to predetermine the number of participants
to include, but we used a similar or larger number of par-
ticipants than previous studies (Pruszynski et al., 2009;
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Yang et al., 2011; Dimitriou et al., 2012; Weiler et al.,
2021). Two of the 16 participants did not conform to the
experimental manipulations of the study (i.e., presented
excessive contraction in shoulder muscles in conditions
requiring muscle relaxation/unloading), and their data
were therefore not included in further analyses. The cur-
rent experiments were part of a research program ap-
proved by the local Ethics Committee.

The experimental setup
Participants sat upright in a customized adjustable chair

in front of the Kinarm robotic platform (Kinarm End-Point
Robot, BKIN Technologies). The participants used their right
hand to grasp the robotic manipulandum (Fig. 1A). The right
forearm was placed inside a customized foam structure,
resting on an airsled that allowed frictionless movement of
the arm in a 2D plane. To ensure a secure mechanical con-
nection, the forearm, foam-cushioned airsled, the Kinarm
handle, and the hand were secured using a leather fabric
with Velcro attachments. This attachment also fixated the
wrist in straight alignment with the forearm throughout the
experiment. The robotic platform measured kinematic
data regarding the position of the hand, and sensors in-
side the robotic handle recorded the forces exerted by
the participants’ right hand (six-axis force transducer;
Mini40-R, ATI Industrial Automation). Position and force
data were sampled at 1 kHz.

Experimental design
Participants viewed the content of a monitor through

the reflection of a one-way mirror that prevented a view of
the hand. The position of the right hand was represented
by a white dot (“cursor”; diameter, 1 cm) in the plane of
movement. The origin was represented by a circle of 1.3cm
diameter. Four visual targets in total were placed along the
y-axis (Fig. 1A). Specifically, two targets were placed in the
front-and-left direction (1Y), and two in the right-and-back
direction (–Y). The size of all targets was the same (diameter,
2.4cm). The center-to-center distance between the origin
and each “near” target was 3.5 cm, and there was 9 cm
between the origin and each “far” target (Fig. 1A). All po-
tential targets were continuously displayed as orange
circle outlines.
The participant begun each trial by moving the cursor/

hand inside the origin circle. There, they had to remain im-
mobile for a random wait period ranging from 1 to 1.5 s.
At this point, either no load was applied, or controlled
forces could then be applied in the form of a slow-rising 4
N load in either the 1Y or –Y direction (rise time, 800ms;
hold, 1200ms). After the hold phase, one of the four tar-
gets then became a red filled circle, representing the tar-
get cue. The participant had to remain at the origin for a
preparatory delay period of 250 or 750ms, also referred
to as the relatively “short” and “long” delay, respectively.
The two preparatory delays were chosen based on previous
results, using a similar setup (Dimitriou, 2018; Papaioannou
and Dimitriou, 2021). At the end of the preparatory period, a
position-controlled perturbation displaced the hand by
3.5 cm in either the 1Y or –Y direction (rise time, 150ms;

no hold). The cursor position was frozen at origin during
the 150ms perturbation. The haptic perturbations were
used to produce displacements with approximate bell-
shaped velocity profiles. The KINARM robot was able to
exert the appropriate stiffness (maximum, ;40,000 N/m),
regardless of load/force conditions, to ensure the desired
hand kinematics on every trial. Upon the end of the pertur-
bation, the cued target (red filled circle) turned green (rep-
resenting the “Go” signal), and the participants were
instructed to complete the movement to the target. In
other words, the Go signal to reach the target was al-
ways given on the end of the brief position perturbation.
Once the cursor/hand reached the target and remained

there for 300ms, the trial ended, and participants were
given visual feedback on their performance. The perform-
ance metric measured the time from the Go signal until the
target was reached. A time faster than 400ms resulted in a
“Too fast” message being shown on the monitor, a time of
400–1400ms resulted in a “Correct” message, and a time
.1400ms resulted in a “Too Slow” message. The chosen
feedback intervals motivated rapid goal-directed behavior
(Figs. 2, 3) but also allowed sufficient time for participants
to reach the goal regardless if the hand was first perturbed
in an incongruent direction. After receiving visual feedback
(lasting for 300ms), the participants returned the cursor

Figure 1. The robotic platform and experimental setup. A,
Participants manipulated the position of a robotic handle using
the right hand. The right forearm rested on an airsled that al-
lowed frictionless movement. All visual stimuli were projected
onto a one-way mirror. The participants could not view their
hand or the robotic handle, and the position of the hand was
represented by a visual cursor in the plane of movement. The
potential visual targets were placed along the y-axis (defined as
illustrated). Specifically, two near and two far targets were
used, placed at 3.5 and 9cm from the origin, respectively. B,
The task timeline. Each trial was initiated when the participant
kept the hand/cursor immobile at origin. Either no load was ap-
plied or a slow-rising 4 N load in either the 1Y (upper left direc-
tion) or –Y direction (lower right direction) was then applied.
Regardless of load, the participants had to keep their hand at
origin. A target was then cued by turning red and remained in
this state for either a relatively short (250ms) or long (750ms)
delay period. This preparatory delay was followed by a rapid
(150ms) perturbation of the hand by 3.5 cm in either the 1Y or
–Y direction. The cursor position was frozen during the 150ms
perturbation. At the end of the perturbation, the red target
turned green (Go signal), and the participants were instructed to
rapidly complete movement to the target. All trials were block
randomized, meaning that the direction of the kinematic pertur-
bation was unpredictable, even after experiencing a specific
load, target cue, and delay.
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inside the origin to start the next trial. After any trial, the
participant could move the cursor to the side of the work-
space and rest, although breaks were normally encour-
aged and requested after a substantial number of trials.
Breaks normally lasted for ,5min. The experiment con-
sisted of 48 unique trial types: four targets (1Y far, 1Y
near, –Y far, and –Y near) � three load conditions (4 N in
1Y direction, null-load, and 4 N in –Y direction) � two
delay durations (250 and 750ms)� two perturbation direc-
tions (1Y and –Y). The participants performed 15 repeti-
tions of each condition (i.e., the total number of trials in
each experiment was 720). The trials were presented in a
block-randomized order, where one “block” represented a
set of 48 unique trials. The delayed-reach task took ;1.5 h
to complete.

Electromyography
Surface electromyography (EMG) signals were re-

corded from (1) musculus (m.) brachioradialis, (2) m. bi-
ceps brachii, (3) m. triceps brachii caput laterale, (4) m.
triceps brachii caput longum, (5) m. deltoideus pars ante-
rior (6) m. deltoideus pars posterior, and (7) m. pectoralis
major. However, in line with previous findings, it was the
latter three muscles (i.e., shoulder actuators: pectoralis,
anterior, and posterior deltoid) that were primarily en-
gaged in the delayed reach task of our setup, hence only
these three muscles were used for statistical analyses.

We used surface EMG electrodes (Bagnoli DE-2.1, Delsys)
that have contact dimensions 10.0� 1.0 mm with 10 mm
interelectrode spacing. Before attaching the electrodes,
the skin was cleaned using alcohol swabs. The electrodes
were coated with conductive gel and placed on the peak of
the belly of the studied muscles in the direction of the mus-
cle fibers. All electrodes were attached with double-sided
tape and further secured using surgical tape. One ground
electrode (Dermatrode HE-R Reference Electrode type
00200–3400, American Imex), with a diameter of 5.08 cm,
was placed on the processus spinosus of the C7 region.
The EMG signals were analog bandpass filtered through
the EMG system (20-450Hz) and sampled at 1 kHz.

Data preprocessing
EMG data were high-pass filtered using a fifth-order,

zero phase-lag Butterworth filter with a 30Hz cutoff and
then rectified. For each trial, the onset of movement was
defined as the point where velocity first reached 5% of
peak velocity during movement. Normalization was applied
to allow EMG data from different muscles and participants
to be combined and/or compared. The raw data were nor-
malized (z-transformed) using a procedure that has been
described in more detail previously (Dimitriou, 2014, 2016).
Briefly, this involves concatenating all EMG data (here,
from all 15 blocks) and calculating a grand mean and grand
SD for each muscle separately. Normalized EMG data for

Figure 2. Goal-directed responses from the pectoralis of a single participant in the delayed reaching task. Throughout, blue and
purple traces represent trials where participants had to reach for the far and near targets in the 1Y direction, respectively (see also
schematics). Reaching these targets required shortening of the pectoralis. Orange and green traces represent trials where the par-
ticipant had to reach the far and near targets in the –Y direction, respectively. These trials require stretch of the pectoralis. All data
in this figure involved a long preparatory delay (i.e., 750ms) and are aligned on perturbation onset (time 0). A, A slow-rising load
(“preload”) was first applied in the 1Y direction before the visual target cue and subsequent haptic perturbation that stretched the
pectoralis. B, As in A, but no slow-rising load was applied. C, As in A, but the slow-rising load was applied in the –Y direction, load-
ing the pectoralis before the visual target cue and subsequent haptic perturbation.
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each muscle are obtained by subtracting the grand mean
and dividing it by the grand SD. An alternative normaliza-
tion strategy was applied to further evaluate the prepertur-
bation period. For each trial type and muscle/participant,
we produced the average (mean) unnormalized EMG trace
across repetitions (aligned on perturbation onset). For each
muscle, the maximal EMG value across all averaged traces
(i.e., across trial types) observed anytime 50ms after per-
turbation onset was used to normalize all data for that mus-
cle. In other words, we have used this maximal averaged
value as a proxy for maximal voluntary contraction and nor-
malized the EMG data as a proportion (percentage) of this
value.
The first five blocks of trials were viewed as familiariza-

tion trials and were not included in the analyses. The
focus of this study was on stretch reflex responses; there-
fore, we only analyzed data from stretching muscles. That
is, we analyzed specific combinations of muscle and
perturbation direction. To simplify analyses of individual
muscles, the median EMG signal of each muscle was
generated for each trial type (i.e., average for each load,
perturbation, preparatory delay, target direction, and dis-
tance) for each participant. Data preprocessing was per-
formed using MATLAB (version 2020b; MathWorks). For
plotting purposes only, the EMG signals were smoothed
using a 5msmoving window.

Statistics
Statistical analyses were performed on the z-normalized

EMG data [available at Mendeley Data, V1 (doi: 10.17632/
hnfp5yrght.1)]. To check normality, Shapiro–Wilk tests for
samples with ,50 datapoints and Lilliefors tests for larger
samples were used. For each muscle, the data used for
statistical analyses were the averages across the prepertur-
bation epoch (i.e., the period starting 20ms before perturba-
tion onset), the SLR epoch (25–50ms postperturbation
onset), and the LLR epoch (76–100ms postperturba-
tion onset). To analyze preperturbation and reflex EMG
responses, a repeated-measures ANOVA of the design
2 (preparatory delay) � 3 (load) � 2 (target direction)�
2 (target distance) was used. For the SLR, in particular,
the preloaded (“loaded”) muscle condition was analyzed
separately (i.e., 2 delay � 2 distance � 2 direction), as it is
well known that automatic gain scaling because of muscle
preloading tends to saturate the SLR, preventing its goal-
directed modulation, as occurred in our study (Figs. 2-6;
also see Results). Throughout, post hoc analyses were
performed using Tukey’s HSD test.
To estimate the onset of SLR reflex modulation, we

used the receiver operating characteristic (ROC) tech-
nique (Green and Swets, 1966). An ROC area of 1 and 0
signifies perfect discrimination while an ROC area of 0.5
signifies a discrimination performance equal to chance.

Figure 3. Goal-directed responses from the posterior deltoid of a single participant in the delayed reaching task. Throughout,
blue and purple traces represent trials where participants had to reach for the far and near targets in the 1Y direction, respec-
tively. Reaching these targets required stretch of the posterior deltoid. Orange and green traces represent trials where the partici-
pant had to reach the far and near targets in the –Y direction, respectively. These trials required shortening of the posterior
deltoid. All data in this figure involved a long preparatory delay (i.e., 750ms) and are aligned on perturbation onset (time 0). A, A
slow-rising load (preload) was first applied in the –Y direction before the visual target cue and subsequent haptic perturbation
that stretched the posterior deltoid. B, As in A, but no slow-rising load was applied. C, As in A, but the slow-rising load was ap-
plied in the 1Y direction, loading the posterior deltoid before the visual target cue and subsequent haptic perturbation.
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For this type of analysis, we only used data from trials
where the preparatory delay was long. Specifically, the
EMG curves of targets in the direction of homonymous
muscle stretch were contrasted to EMG responses ob-
served in trials where the cued target was in the direction
of muscle shortening. The obtained averages across target
distance were together viewed as representing the reflex
modulation in the population sample. Discrimination was
viewed as significant when the ROC area remained .0.75
for five consecutive samples (Corneil et al., 2004). To as-
sess the reflex modulation onset for each participant sepa-
rately, the same type of procedure was performed using
individual EMG responses across trials. All SLR modulation
onsets were confirmed by visual inspection, to eliminate
the risk of false positives. Data tabulation was performed
using MATLAB (version R2020b; MathWorks), and statisti-
cal analyses were performed using STATISTICA (StatSoft).

Results
Participants were asked to hold their right hand within a

starting position while one of three different loads was ap-
plied (�4, 0, or 4 N). One of four targets was then cued
(turned red), and after either a short or long delay the limb
was perturbed by 3.5 cm in one of two directions (1Y or
–Y; Fig. 1A). After the 150ms perturbation, the target
color was changed from red to green, indicating that the
participants should move the hand to this target. Here we
examine how the target location (direction and distance),
background load, and delay between the presentation of
the target and the perturbation effected the reflex re-
sponses before the movement of the participants.
Representative data from single participants are pre-

sented in Figures 2 and 3, for the pectoralis major and pos-
terior deltoid, respectively. Visual inspection of both figures
points to differences in EMG during the SLR epoch as a
function of target cue, particularly when the muscles were
unloaded (Figs. 2A, 3A). Specifically, the SLR appears to
be relatively suppressed when the cued target is in the di-
rection of muscle stretching (e.g., blue/purple vs green/
orange for the pectoralis; Fig. 2A). Relative suppression of
stretch reflexes—and therefore of muscle stiffness—would
facilitate the subsequent reaching movement. Clear goal-
directed differences in the LLR epoch can be seen
across all load conditions (Figs. 2, 3). As elaborated in
the Materials and Methods section, the modulation of
stretch reflex responses was analyzed using averaged
data across participants. Figure 4 shows the averaged
hand position and pectoralis EMG activity aligned on
perturbation onset (time 0), whereas Figure 5 displays
equivalent responses from the posterior deltoid.

The preperturbation epoch
To confirm the lack of goal-directed differences in the

preperturbation epoch (i.e., the 20ms period before per-
turbation onset), an ANOVA of the design 2 (preparatory
delay) � 3 (load)� 2 (target distance)� 2 (target direction)
was performed using averaged EMG data over this
epoch. As expected, for all investigated muscles, there
was a significant main effect of load condition on preper-
turbation EMG. Specifically, for the pectoralis, ANOVA

indicated a significant main effect of load (F(2,26) = 41.5,
p, 10�5, and h2

p = 0.76), whereas all other main and in-
teraction effects were not significant (all p. 0.065). The
Tukey’s HSD test showed that preperturbation EMG was
significantly higher only in the loaded condition (vs “no-
load” and “unloaded” conditions, all p, 0.0002; Fig. 4C,
F). As mentioned above, the plots point to a particularly
clear effect of target direction on reflex responses when
the homonymous muscle is unloaded (Fig. 4A); any equiv-
alent differences in preperturbation EMG in the unloaded
condition could possibly account for the enhanced SLR
effects because of gain scaling. However, a planned com-
parison test indicated no impact of target direction on
preperturbation EMG when the pectoralis was unloaded
(p=0.63). The same results were obtained for the anterior
deltoid. That is, the ANOVA produced a significant main
effect of load (F(2,26) = 5.3, p=0.012, and h2

p = 0.3),
whereas all other main and interaction effects were not
significant (all p. 0.11). The Tukey’s HSD test indicated
significantly higher preperturbation EMG only when the
muscle was loaded (vs unloaded, p=0.016; vs no load,
p=0.035). A planned comparison also indicated no spe-
cific effect of target direction on preperturbation EMG
when the anterior deltoid was unloaded (p=0.36).
For the posterior deltoid, an ANOVA again showed a

main effect of load (F(2,26) = 57.8, p, 10�5, and h2
p = 0.82)

as with the other two muscles (i.e., higher EMG in loaded
condition, all p, 0.0002). But there was also a main effect
of preparatory delay, with generally higher preperturba-
tion EMG observed when the preparatory delay was long
(F(1,13) = 18.4, p=0.0009, and h2

p = 0.59). ANOVA also in-
dicated significant interaction effects, such as among
delay, load condition, and target direction (F(2,26) = 6.1,
p=0.007, and h2

p = 0.32). However, as can be appreci-
ated by visually inspecting the preperturbation epochs in
Figure 5, differences in posterior deltoid EMG as a func-
tion of target parameters were apparent only when the
muscle was loaded. Indeed, performing the ANOVAs
without including the loaded condition eliminated all
effects involving target parameters (all p.0.05); only a
significant main effect of preparatory delay remained
(F(1,13) = 14.8, p = 0.002, and h2

p = 0.53), indicating
higher preperturbation activity in the posterior deltoid
following a long delay, regardless of target direction or dis-
tance. Furthermore, a planned comparison test indicated
no significant effect of target direction on preperturbation
EMG when the posterior deltoid was unloaded (p=0.59).
Importantly, there are no consistent target-dependent
differences in the preperturbation epoch for the posterior
deltoid, anterior deltoid, and pectoralis muscles of the
dominant upper limb.
Similarly, when the alternative normalization procedure

was used, there was no significant impact of target direc-
tion on the preperturbation EMG of the unloaded pectora-
lis (p=0.32) or on the preperturbation activity of the
unloaded anterior and posterior deltoids (p=0.55 and
p=0.5, respectively). In contrast to the case of the un-
loaded pectoralis, where target direction impacted SLRs
following either a long or short delay (Fig. 6A), target di-
rection modulated the SLR of the unloaded posterior and
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Figure 4. Goal-, load-, and delay-dependent stretch reflex responses of the pectoralis. Color coding is as in previous figures. A, The
top panel represents mean hand position across participants (N=14) for all trials where the pectoralis muscle was unloaded before
being stretched by the perturbation, following a long preparatory delay (750ms). The middle row displays mean pectoralis EMG ac-
tivity across participants for the subset of trials where one or the other near targets were cued for a long delay before pectoralis
stretch; the bottom panel represents the equivalent for far targets. B, As in A, but representing the no-load trials. C, As in A, but
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anterior deltoids only after a long preparatory delay (Fig.
6B,C). However, we again found no impact of target di-
rection on preperturbation activity when the above
planned comparisons were conducted only for trials
where the preparatory delay was long, with p=0.6 for the
anterior deltoid and p=0.62 for the posterior deltoid.

The SLR epoch
As the main aim of this study was to further investigate

the preparatory modulation of stretch reflex gains, we
focus the rest of the analysis on the specific responses
during muscle stretch. Specifically, all data originate from
trials where the hand was perturbed along the direction of
targets associated with stretch of the homonymous mus-
cle, regardless of voluntary movement intent. Moreover, it
is well known that automatic gain scaling because of pre-
loading of the muscle tends to saturate the SLR, limiting
its goal-directed modulation (Figs. 2-5). Therefore, SLRs
from the preloaded (loaded) homonymous muscles were
analyzed separately, using an ANOVA design of 2 (prepar-
atory delay) � 2 (target distance) � 2 (target direction).
Analysis of SLRs associated with the no-load and un-
loaded conditions was performed using an ANOVA design
of 2 (preparatory delay) � 2 (load) � 2 (target distance) �
2 (target direction). The following text focuses on and first
describes the results involving the unloaded and no-load
conditions. Throughout, differences in the stretch reflex
responses—at all latencies—represent differences in
stretch reflex gains, as both the initial position and kine-
matic perturbation of the hand are matched across rele-
vant experimental conditions.
For the pectoralis SLR (Fig. 6A), ANOVA indicated a sig-

nificant main effect of target direction (F(1,13) = 12.1,
p=0.004, and h2

p = 0.48), with stronger responses ob-
served when the target cue was placed along the direc-
tion of pectoralis shortening (i.e., the 1Y direction). There
was also a main effect of preparatory delay (F(1,13) = 5.3,
p=0.04, and h2

p = 0.29) and an interaction effect between
preparatory delay and target direction (F(1,13) = 8.5,
p=0.012, and h2

p = 0.4). The Tukey’s HSD test indicated
that the impact of target direction (blue/purple . orange/
green; Fig. 6A) was significant only following a long prepar-
atory delay (all p,0.008: mean blue/purple, �0.186 0.09
95% CI; vs mean orange/green, �0.296 0.09 95% CI).
However, a planned comparison analysis revealed an addi-
tional significant effect of target direction on the SLRs of the
unloaded muscle following a short preparatory delay (i.e.,
purple . green, p=0.036; mean purple, �0.2760.09 95%
CI vs mean green, �0.356 0.08 95% CI); but, this effect
was less pronounced than the equivalent following a long
delay (Fig. 4, compare A, D). There was also a main effect
of target distance on pectoralis SLR, with stronger overall
responses evident for far versus near targets (F(1,13) = 9.2,
p=0.0094, and h2

p = 0.42). The interaction effect between
preparatory delay and target distance failed to reach

significance (F(1,13) = 4.4, p=0.056, and h2
p = 0.25).

Interestingly, there was also a main effect of load condition
on pectoralis SLR, with stronger EMG responses in the no-
load versus unloaded condition (F(1,13) = 8, p=0.014, and
h2

p = 0.38).
Similar results were obtained with regard to the SLRs of

the anterior deltoid (Fig. 6B). Specifically, an ANOVA indi-
cated a significant main effect of target direction (F(1,13) =
11.6, p=0.005, and h2

p = 0.47), with stronger SLRs when
the target cue was placed along the direction of muscle
shortening. The ANOVA also revealed a main effect of
preparatory delay on anterior deltoid SLR, with the long
delay associated with higher responses (F(1,13) = 8.6,
p=0.012, and h2

p = 0.4). For the same muscle, there was
also a significant interaction effect between preparatory
delay and target direction (F(1,13) = 5.2, p=0.04, and h2

p =
0.27). The Tukey’s HSD test indicated significantly higher
SLRs in the long delay condition when the target cue was
in the direction associated with shortening of the anterior
deltoid (all p, 0.008). However, there was no main effect
or interaction effect involving target distance for this mus-
cle (all p. 0.5). Overall, for both the anterior deltoid and
pectoralis, there was a clear goal-directed modulation of
SLR gains in cases where a long enough time (.250ms)
was allowed for preparing a stretch of the homonymous
muscle (Fig. 6A,B, far left columns).
With regard to the SLRs of the posterior deltoid (Fig.

6C), an ANOVA indicated both a main effect of prepara-
tory delay (F(1,13) = 12.7, p=0.0034, and h2

p = 0.49) and
target direction (F(1,13) = 7.2, p=0.019, and h2

p = 0.36),
with higher SLR EMG for longer preparatory delays and
for target cues presented along the direction of muscle
shortening (i.e., –Y direction for the posterior deltoid).
There was also an interaction effect between load and tar-
get direction (F(1,13) = 5.4, p=0.037, and h2

p = 0.29), with
post hoc analyses indicating a significant impact of target
direction on posterior deltoid SLR only in the unloaded
condition (p=0.0048: mean orange/green, �0.286 0.05
95% CI; vs mean blue/purple, �0.346 0.02 95% CI). For
this muscle, there was also a significant interaction effect
between preparatory delay and target distance (F(1,13) =
8.4, p=0.012, and h2

p = 0.39), although the Tukey’s HSD
test indicated no differential impact of target distance as a
function of preparatory delay (Fisher’s test, on the other
hand, indicated a significant impact of target distance
when the delay was long; p=0.026). Overall, we again
find a clear target-related modulation of the SLR in the un-
loaded condition when sufficient preparation time is pro-
vided (Fig. 6C, far left column).
Figure 6D–F displays SLRs across participants when

the homonymous muscle was loaded. ANOVA analyses
(2 delay � 2 target distance � 2 target direction) indicated
no significant main effect (or interaction effect) of target
location on the SLRs of the three analyzed muscles (all
p. 0.28 for anterior deltoid; all p. 0.1 for pectoralis; all
p. 0.39 for posterior deltoid). For the loaded anterior

continued
representing trials where the pectoralis was loaded before the stretch perturbation. D–F, As in A–C, but representing trials where
the preparatory delay was short. See also schematics. Throughout, color shading represents 61 SEM.
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Figure 5. Goal-, load-, and delay-dependent stretch reflex responses of the posterior deltoid. Color coding is as in previous
figures. A, Top, Mean hand position across participants (N = 14) for all trials where the posterior deltoid was unloaded before
being stretched by the perturbation, following a long preparatory delay (750ms). Middle, The mean posterior deltoid EMG
activity across participants for the subset of trials where one or the other near targets were cued for a long delay before pos-
terior deltoid stretch. Bottom, The equivalent for far targets. B, As in A, but representing the no-load trials. C, As in A, but
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deltoid alone (Fig. 6E), there was a significant main effect
of preparatory delay on SLRs (long.short; F(1,13) = 7.95,
p=0.014, and h2

p = 0.38), whereas no such effect was ob-
served for the posterior deltoid and pectoralis (p=0.15
and p=0.14, respectively). The above analyses confirm
what can be visually appreciated by inspecting SLRs in
Figures 2-6: loading the homonymous muscle substan-
tially for the purposes of postural maintenance tends to
saturate the SLR, thwarting its preparatory modulation
according to task goals.
In summary, across the three analyzed muscles, ANOVA

yielded no consistent effect of target distance on SLRs.
That is, an effect of target distance on SLR (far . near tar-
gets) was evident only for the pectoralis, if the muscle was
not first loaded. In contrast, there was a consistent effect
of target direction. Specifically, all muscles produced goal-
directed SLRs, in the sense of displaying relatively weaker/
stronger reflex gains, when preparing to reach targets

requiring stretch/shortening of the homonymous mus-
cle. These response patterns were present or clearer
when the preparation time was sufficiently long and the
muscles were unloaded (i.e., when a background load
was first applied in the direction of muscle action; Fig. 6,
far left columns).
To further characterize the goal-directed modulation of

the SLR, ROC analysis was applied. Since ANOVA indi-
cated no consistent effect of target distance on SLRs, the
data were collapsed across target distance, to concen-
trate on the impact of target direction. The relevant differ-
ence signals were created by contrasting the EMG curve
observed when reaching for targets requiring muscle
stretch versus when reaching for targets requiring muscle
shortening. These were used to determine the time point
at which the signals could be discriminated by an ideal
observer. For the unloaded pectoralis (Fig. 7A), dog leg
fits indicated deviance at 19ms; for the no-load condition,

continued
representing trials where the posterior deltoid was loaded before the stretch perturbation. D–F, As in A–C, but representing
trials where the preparatory delay was short. See also schematics. Throughout, color shading represents 61 SEM.

Figure 6. Goal-directed modulation of short-latency reflex gains. A, The colored bars represent mean pectoralis SLR EMG (z) across
participants (N=14), and vertical lines represent 95% confidence intervals. Color coding is as in previous figures (see also sche-
matics). Data originate from trials where the homonymous muscle was unloaded and when there was no preload, as indicated. An
ANOVA confirmed a consistent effect of target direction on pectoralis SLR gains when the preparatory delay was long (left columns).
That is, SLR gains are relatively suppressed when allowed long enough time to prepare reaching a target along the direction of ho-
monymous muscle stretch (green/orange). B, As in A, but representing the anterior deltoid muscle. Similar SLR modulation patterns
were observed as for the pectoralis (see Results section for more details). C, As in A, but representing the posterior deltoid. D–F, As
in A–C but representing trials where the homonymous muscle was loaded.
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at 23ms; and for the loaded condition, at 34ms. For the
unloaded posterior deltoid (Fig. 7B), this occurred at
28ms; for the no-load condition, at 41ms; and for the
loaded condition, at 50ms. The onset times were also cal-
culated for each participant individually (Fig. 7A,B, small
red circles). The time point at which the ROC was .0.75
was also identified. For the unloaded pectoralis (Fig. 7A),
this occurred at 45ms; for the no-load condition, at
55ms; and for the loaded condition, at 57ms. For the un-
loaded posterior deltoid (Fig. 7B), this occurred at 52ms;
for the no-load condition, at 61ms; and for the loaded
condition, at 63ms (Fig. 7B, red vertical lines).

The LLR epoch
The modulation of LLR gains largely paralleled the ef-

fects seen at the SLR epoch, with an equivalently promi-
nent impact of target direction. As mentioned above, all
data in this section refer to stretch of the homonymous
muscle (i.e., all data originate from trials where the hand
was perturbed along the direction of targets associated
with stretch of the homonymous muscle, regardless of
voluntary movement intent). Moreover, for the purposes

of the LLR analyses, all load conditions were examined to-
gether. That is, because goal-directed modulation of LLR
gains is known to be robust against automatic gain scal-
ing, here we used the full ANOVA design of 2 (preparatory
delay) � 3 (load) � 2 (target distance) � 2 (target direc-
tion). As expected (Fig. 8), LLRs of all three muscles were
strongly modulated as a function of target direction, with
higher stretch reflex gains evident when preparing to
reach targets associated with shortening of the homon-
ymous muscle.
Specifically, for the pectoralis muscle (Fig. 8A), the

ANOVA indicated a significant main effect of target direc-
tion on LLRs (F(1,13) = 77.2, p,10�5, and h2

p = 0.86), a
significant main effect of preparatory delay (F(1,13) = 5.8,
p=0.032, and h2

p = 0.31), and a significant interaction be-
tween preparatory delay and target direction (F(1,13) = 8.4,
p=0.012, and h2

p = 0.4). The Tukey’s HSD test indicated
that all comparisons involving target direction and delay
were significantly different (all p, 0.009), with the ex-
ception of no significant effect of delay duration when
preparing to reach a target in the direction of pectoralis
lengthening (p = 0.99; Fig. 8A, green and orange bars).
In other words, delay duration played no role when the

Figure 7. The time onset of SLR modulation. A, The gray curve in each panel represents the area under the ROC, pertaining to pec-
toralis SLR modulation as a function of target direction, after experiencing one of the three load conditions (unloaded, no load, and
loaded) and a long preparatory delay (see Materials and Methods and Results for more details). Specifically, vertical axes represent
the probability that an ideal observer could discriminate between the EMG difference curves. Each solid red line represents a dog
leg fit, which was applied to determine the onset of significant SLR modulation as a function of target direction (see also larger red
circle at the bottom of each panel). The small red vertical line at the bottom of each panel represents the time point when the ROC
area remained .0.75 for five consecutive time points (i.e., five consecutive ms). The smaller red dots represent the ROC result for
each individual participant. B, As in A, but representing the posterior deltoid.
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imposed pectoralis stretch was congruent with the goal
of the intended movement. Instead, experiencing a long
delay was associated with even stronger LLRs when the
hand was subsequently perturbed in the direction op-
posite to that of the intended reach (Fig. 8A, blue and
purple bars). Furthermore, there is a significant interac-
tion effect between preparatory delay and load (F(2,26) =
11.4, p= 0.0003, and h2

p = 0.47), and a further interaction
effect among delay, load, and target direction (F(2,26) =
6.1, p= 0.007, and h2

p = 0.32; there is no main effect of
load: F(2,26) = 1.8, p= 0.36). Post hoc analyses revealed
that LLR EMG was highest when the pectoralis was un-
loaded, and the hand was perturbed in an incongruent
direction following a long preparatory delay (Fig. 8A, left-

most blue and purple bars; all p, 0.0017). Hence, paral-
leling the SLR tuning of this muscle, goal-directed tuning
of LLR was most prevalent when the unloaded pectoralis
was perturbed/stretched following a long enough pre-
paratory delay (.250ms). There is a significant but weak
effect of target direction on LLRs (F(1,13) = 5, p= 0.043,
and h2

p = 0.28) and a strong interaction effect between
target distance and target direction (F(1,13) = 10.2,
p= 0.007, and h2

p = 0.44). The Tukey’s HSD test indi-
cated significantly higher LLR EMG for far versus near
targets only when these were placed along the pectoralis
shortening direction (i.e., blue vs purple, p= 0.01; Fig.
8A, green vs orange targets, p= 0.91).
Similar results were obtained for the anterior deltoid (Fig.

8B). An ANOVA indicated a significant main effect of target
direction on LLRs (F(1,13) = 19.2, p=0.0008, and h2

p = 0.6),
a significant main effect of preparatory delay (F(1,13) = 12.3,
p=0.004, and h2

p = 0.49), and an interaction effect be-
tween preparatory delay and target direction (F(1,13) = 13.9,
p=0.0026, and h2

p = 0.52). The Tukey’s HSD test showed
that all comparisons involving target direction and delay
were significantly different (all p, 0.0016), with the ex-
ception of no significant effect of delay duration when
preparing to reach a target in the direction of pectoralis
lengthening (p= 0.98; Fig. 8B, green and orange bars).
Like the case of the pectoralis, preparing to voluntarily
shorten (vs lengthen) the homonymous muscle is associ-
ated with stronger anterior deltoid LLRs, and this en-
hancement of LLR gains is even stronger following a
long preparatory delay (Fig. 8B, blue and purple bars in
left panel vs right panel). Interestingly, like the case for
SLRs of this muscle, there is no significant impact of tar-
get distance on the LLRs of the anterior deltoid (p=0.064).
However, there is an interaction effect between prepara-
tory delay and target distance (F(1,13) = 7.4, p=0.018, and
h2

p = 0.36), with post hoc analysis showing that all relevant
comparisons were significantly different (all p, 0.003),
with the exception of no significant impact of target dis-
tance when the delay was short (p=0.099). There is also a
weak but significant main effect of load (F(2,26) = 3.7,
p, 0.04, and h2

p = 0.22), an interaction effect between
load and target distance (F(2,26) = 4.7, p, 0.018, and h2

p =
0.27), and a further interaction effect among load, target
distance, and direction distance (F(2,26) = 4.9, p=0.017,
and h2

p = 0.27). The Tukey’s HSD test indicated a signif-
icant difference (p = 0.00014) as a function of target
distance only when preparing muscle shortening in the
no-load condition (Fig. 8B, blue vs purple targets in the
no-load condition).
Equivalent results were obtained with regard to the pos-

terior deltoid (Fig. 8B). The ANOVA indicated a significant
main effect of target direction on posterior deltoid LLR
(F(1,13) = 78, p, 10�5, and h2

p = 0.86), again demonstrat-
ing that the preparation to move in one direction or anoth-
er sets up different feedback gains. There is an interaction
effect between target distance and direction (F(1,13) = 8.7,
p=0.012, and h2

p = 0.4). However, Tukey’s HSD only indi-
cated a significant impact of target direction (i.e., relative up-
regulation of LLR gains regardless whether the “shortening”
target was near or far; both p, 0.0003). There is a

Figure 8. Goal-directed modulation of long-latency reflex gains.
A, The colored bars represent the mean pectoralis LLR EMG (z)
across participants (N=14), and vertical lines represent 95%
confidence intervals. Color coding as in previous figures (see
also schematic in B). ANOVAs indicated a significant impact of
target direction on pectoralis LLR gains but, in contrast with the
SLR results (Fig. 6A), the impact of target direction was signifi-
cant on LLR gains also when the preparatory delay was short.
However, there was also an effect of preparatory delay on LLR
gains. B, As in A, but representing the anterior deltoid muscle.
Similar LLR modulation patterns were observed as for the pec-
toralis. C, As in A, but representing the posterior deltoid.
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weaker but significant main effect of load on posterior
deltoid LLRs (F(2,26) = 4.4, p = 0.023, and h2

p = 0.25)
and an interaction effect between load and prepara-
tory delay (F(2,26) = 5.9, p = 0.008, and h2

p = 0.21). The
Tukey’s HSD test indicated that a significant difference
in LLR as a function of delay (i.e., higher LLR with lon-
ger delay) materialized only when the posterior deltoid
was unloaded (p = 0.034). There is also an interaction
effect among load, preparatory delay, and target direc-
tion (F(2,26) = 3.9, p = 0.032, and h2

p = 0.23), with post
hoc analyses indicating that the aforementioned im-
pact of preparatory delay manifested only when pre-
paring to shorten the unloaded posterior deltoid
(p = 0.0036). Overall, therefore, there is a consistent
pattern of LLR goal-directed tuning: relatively weaker/
stronger reflex gains when preparing to reach targets
requiring stretch/shortening of the homonymous muscle,
with an amplification of this effect in the unloaded mus-
cle if a sufficiently long preparatory delay is allowed.

Discussion
The aim of our study was to investigate the goal-di-

rected tuning of stretch reflex gains in the context of de-
layed reaching, and to further examine how such tuning
depends on external loads and preparation duration.
Participants were presented with four different targets
(two directions and two distances) under three different
background loads. At two delays (short and long) after the
target was presented to the participants, a rapid position-
dependent perturbation was applied to the arm to test
whether stretch reflex gains were changed in preparation
for the upcoming reaching movement. Despite identical
background loads and perturbations to the dominant
upper limb, both the SLR and LLR showed strong goal-di-
rected modulation. Specifically, while target distance pro-
duced only small variations in the LLR gains, the direction
of the prepared movement produced profound scaling of
these responses. Moreover, as the delay between the tar-
get presentation and the perturbation increased, the LLRs
showed stronger changes according to the target direc-
tion, especially when the muscles were unloaded (i.e.,
when an external force was first applied in the direction of
homonymous muscle action). This long delay condi-
tion also revealed a consistent strong goal-directed
tuning of SLR gains, particularly in the unloaded condi-
tion. As with the LLR, we demonstrate that the SLR
shows a clear modulation according to the presented
target direction in all three analyzed muscles, increas-
ing in gain when the muscles will be shortened by the
upcoming movement, and decreasing when they are
expected to be lengthened. Overall, we show that pre-
paring to reach a target produces a congruent modula-
tion of the stretch reflex responses at both the SLR
and LLR epochs, suggesting the independent involve-
ment of the fusimotor system in movement prepara-
tion. A long enough preparation (.250ms) and muscle
unloading (assistive loading) appear to trigger or en-
hance this independent preparatory control of reflex
muscle stiffness (Figs. 6, 7).

SLRs
With the exception of long-term reward-based training

(Wolpaw, 1982), most previous research examining the
modulation of SLRs has shown little task-relevant modu-
lation of feedback gains. In particular, until recently, SLRs
were considered to mainly exhibit gain scaling or presyn-
aptic modulation according to tasks. Gain scaling is the
modulation of the feedback responses with the back-
ground activity or load (Matthews, 1986; Pruszynski et al.,
2009). In addition to gain scaling, several articles have
provided evidence using H-reflexes that presynaptic inhi-
bition on the Ia afferents can affect the SLR (Capaday and
Stein, 1987; Nielsen and Kagamihara, 1993; Stein, 1995;
Perez et al., 2005). In general, these studies have shown
modulation of the H-reflex for different tasks such as
standing or walking, or during cocontraction, independent
of the specific level of muscle activity. The modulation of
the H-reflex during such tasks suggested a descending
modulation of the SLR from presynaptic inhibition. More
recently, Weiler et al. (2019, 2021) have demonstrated
that wrist posture influences the SLRs at the elbow in a
task-relevant manner, suggesting that spinal circuits are
capable of integrating information from nearby joints. In
a similar manner, although gain scaling is normally de-
scribed within a single muscle or motor neuron pool, a
recent study has shown SLR modulation that depends
also on synergistic muscle activity across the shoulder
joint (Nicolozakes et al., 2022). This modulation of SLR
in the absence of movement or movement planning is
compatible with the antagonistic muscle balance hy-
pothesis (Dimitriou, 2014), which has been supported
independently (Villamar et al., 2023). Finally, it has also
been shown recently that, despite the same initial posture,
there is a goal-directed modulation of SLR gains when pre-
paring to reach with the dominant limb (Papaioannou and
Dimitriou, 2021). Specifically, when the perturbation stretch-
ing the homonymous muscle occurs in the direction of the
cued target, there is a smaller SLR than if the same pertur-
bation acts in the direction opposite to the target. Here we
confirm this initial finding, showing again that the SLR is
consistently modulated according to target direction.
In the absence of equivalent differences in preperturba-

tion muscle activity, the effect of target direction on SLR
suggests that movement preparation affects muscle spin-
dle tuning, changing the SLR feedback gain during prepa-
ration via the independent control of fusimotor neurons.
Indeed, SLR modulation across muscles relied on there
being sufficient time between the target presentation and
the perturbation, longer than the minimum time required
for shaping reflex responses via selective CNS processing
of sensory signals (Scott, 2016). In turn, this demonstrates
that the preparatory modulation of reflex muscle stiffness
requires sufficient time to completely unfold (.250ms),
which fits with the known slow-evolving nature of net fusi-
motor impact on spindle afferent responses (Crowe and
Matthews, 1964a, b). The proposal that independent fusi-
motor control is involved in movement preparation is also
compatible with the demonstrated preparatory changes
in the somatosensory cortex (Ariani et al., 2022) and the
notion that feedback controllers are loaded before move-
ment onset (Ahmadi-Pajouh et al., 2012).
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While we suggest that the goal-directed modulation of
the SLR in our movement preparation task occurs through
independent fusimotor control, there is still a possibility
that the observed changes occurred through presynaptic
inhibition. While this cannot be ruled out with the current
study, we believe that this is unlikely for several reasons.
First, presynaptic inhibition would be expected to provide
consistent modulation of the SLR regardless of the back-
ground activity of the muscle, whereas in our study this
did not occur when the muscle was directly loaded.
Second, there is already evidence for a goal-directed pre-
paratory modulation of muscle spindles in delayed reach
(Papaioannou and Dimitriou, 2021), and more importantly
this modulation matches the temporal evolution of the ob-
served SLR tuning, where stronger modulation is found
for delays .250ms. We therefore propose that the goal-di-
rected tuning of SLR gain arises primarily through changes
in g drive. The classic view that muscle spindle sensitivity
relates to a–g coactivation (Vallbo, 1970; Vallbo et al., 1979)
is changing to a more dynamic view where the fusimotor
system allows flexible signal processing at the periphery
(Dimitriou, 2022). We find stronger goal-directed modulation
of SLRs when the muscle is unloaded. We hypothesize that
this arises because antagonist loading is accompanied by
top-down reciprocal inhibition of lower motor neurons of the
muscle, including g motor neurons (Dimitriou, 2014). The
stronger goal-directed effects then arise as the independent
goal-directed control of dynamic g motor neurons occurs
on top of this blanket reciprocal inhibition of lower motor
neurons that accompanies muscle unloading.

LLRs
It is well known that LLRs can vary according to task

goals (Akazawa et al., 1983; Kimura et al., 2006; Pruszynski
et al., 2008; Nashed et al., 2012). Early work demonstrated
that simple commands to the participants such as to “relax”
or “resist” the perturbation produced large variations in re-
flex responses (Crago et al., 1976; Rothwell et al., 1980).
This was further refined by placing different targets either in
the direction of the perturbation or in the opposite direction
to see whether the stretch reflex responses would be modi-
fied by the location and distance of the target (Pruszynski et
al., 2008). The long-latency responses were shown to mod-
ulate strongly according to the target location, increasing
when the perturbation was in the opposite direction to the
target and decreasing when perturbed in the direction of the
target. Accordingly, it was recently shown that LLR gains
are modulated when preparing to reach toward a cued tar-
get (Papaioannou and Dimitriou, 2021). In the present study,
we examined how these responses are affected by move-
ment distance. Here, we found that the LLRs showed strong
modulation according to the direction of the planned future
movement. That is, if the perturbation was in the direction
opposite to the target of the upcoming movement, the
LLR gain was increased, but if the perturbation was
in the direction of the target, it was decreased (Fig. 7). When
the delay between the target presentation and the perturba-
tion was relatively short (250ms), there was little effect of
target distance or background load on the responses.
However, additional preparation time (i.e., the long delay)

was associated with stronger goal-directed modulation of
LLRs according to both target distance (especially for per-
turbations opposite to the target direction) and background
load.

Effect of preparatory delay
In our study, there are strong differences according to

the preparatory delay between target presentation and
perturbation, both in the SLR and LLR epochs. Goal-di-
rected differences at the SLR epoch were consistently ob-
served only following the relatively long preparatory delay
(Fig. 6). In the LLR epoch, for short preparatory delays we
find clear tuning of the reflex gains according to the target
direction, but there is little to no effect of target distance
or background load. In contrast, for longer delays we find
tuning of the feedback gains according to the target dis-
tance and modulation according to the background load,
and an even stronger impact of target direction (Fig. 7).
This goal-directed modulation of feedback gains is ap-
propriately tuned for the differences in the goals. That
is, targets that are further away require stronger feed-
back gains. The difference in responses for short-delay
and long-delay conditions suggests that sufficient time
is needed to determine how the feedback gains should
modulate for further targets and different environmental
dynamics. However, the current study only examined
the stretch reflex modulation for two different delays
(250 and 750ms); we cannot define the minimum time
required for the full expression of goal-directed tuning
of stretch reflexes. Further studies are needed to deter-
mine in more detail how such reflex modulation evolves
over preparatory time.
Overall, we find larger differences in the goal-directed

feedback gains for longer preparatory delays. However,
even more interesting is the difference between the LLR
and SLR tuning as a function of preparatory delay. Our re-
sults show that even the relatively short delay of 250ms
was sufficient to systematically evoke tuning of the LLRs
according to target direction. However, no consistent
modulation of the SLR was found for target direction or
distance at this short delay. Instead, only for the longer
delay did we find evidence of SLR modulation as a
function of target direction. The above, and the pres-
ence of a stronger effect of target direction on LLR
gains following a long delay, support the proposal that
a slower-evolving mechanism (i.e., the independent fu-
simotor control of spindles) is also involved in the pre-
paratory modulation of stretch reflex gains. Indeed, it
has been shown previously that muscle spindle Ia sig-
nals (and hence their fusimotor control) can affect
LLRs (Hunter et al., 1988; Fellows et al., 1993) that are likely
mediated by both spinal and supraspinal circuits (Cheney
and Fetz, 1984; Pruszynski et al., 2011b; Kurtzer, 2014;
Soteropoulos and Baker, 2020).

Effect of background loading
Many previous studies of stretch reflex modulation pre-

loaded the muscles before applying perturbations. That
is, they provide a background load to excite the muscle
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that they will stretch to elicit strong EMG responses.
However, it can be seen in our study that such preloading
to increase muscle activity also strongly affects the de-
gree of reflex modulation. Specifically, there was no goal-
directed modulation of SLR observed when the muscle
was heavily loaded. This is likely because of the automatic
gain-scaling feature, which tends to saturate the SLR
(Matthews, 1986; Pruszynski et al., 2009). However, in the
no-load or unloaded conditions we find goal-directed
modulation of the SLRs. These conditions reflect the
everyday case of reaching to grasp an object, where the
muscles are unloaded before the movement initiation.
In contrast, preloading a muscle increases the a motor
neuron drive, exciting the motoneuron pools, and ap-
pears to limit our ability to see such goal-directed mod-
ulation at the SLR epoch. We suggest that it is critical
for future studies to be performed under a range of
loaded and unloaded conditions to examine the true
range of feedback modulation. Moreover, the effects of
background loading are even apparent within the LLR
interval. In particular, we found the strongest goal-di-
rected modulation of LLR and SLRs to occur when the
muscle was unloaded i.e., in cases where a background
—“assistive”—load was applied in the direction of ho-
monymous muscle action. That goal-directed tuning of
reflex muscle stiffness is enhanced by muscle unload-
ing may partly account for the favorable impact of as-
sistive loading for the purposes of motor rehabilitation
(Wu et al., 2014).

Effect of target parameters
In the current study, we examine the goal-oriented

modulation of stretch reflex responses by examining
the effect of target distance. There is a long-standing
history of examining changes in muscle activation with
target distance (Buneo et al., 1994; Kaminski et al., 1995;
Tyler and Karst, 2004), with timing and intensity varying
as the distance increases. Scaling is also found for visuo-
motor responses, with variations in feedback gains to visual
perturbations of the cursor with distance (Dimitriou et al.,
2013) that can be explained by the time required to reach
the target (�Cesonis and Franklin, 2020, 2022). However,
there is very limited information regarding how target dis-
tance influences stretch reflex responses. In one study
(Pruszynski et al., 2008), target distance was used to con-
trol the degree of resistance to the perturbations, showing
a strong increase in LLR stretch gains with target distance
for elbowmovements.
Here we show similar goal-directed modulation of the

LLR reflexes, particularly when the muscles are stretched
against the direction of the target. However, we find that
there is little or no variation with target distance when
the homonymous muscle is lengthened in the direction
of the cued target. Interestingly, we also find evidence
for some target distance modulation of the SLR reflex
when the muscles are stretched after longer prepara-
tory periods. Nevertheless, the demonstrated impact of
target direction on SLR gains strongly suggests that
goal-directed tuning of spindles is a basic component
of reach preparation (Papaioannou and Dimitriou, 2021).

That is, reach preparation includes implementation of a
plan at the periphery (i.e., modification of spindle gains)
and does not only involve motor planning or otherwise
priming of the CNS. In terms of the effect of target direc-
tion on reflex gains (relative downregulation if the reach
involves stretch of the homonymous muscle), it was
more universal in our experimental results and is shown
in all three muscles. This result was rather easy to interpret
as facilitating goal-directed behavior, showing the compli-
ance along the desired movement direction. However, at
the same time we also found quite a robust effect of target
distance on the pectoralis major SLR, which showed higher
gains for far targets, but this effect was not consistent
across muscles.

Reflex modulation and stiffness
The stiffness or compliance of the body has long been

acknowledged as an important factor in motor control
(Hogan, 1984; McIntyre et al., 1995; Wolpert and Flanagan,
2010; Franklin and Wolpert, 2011), but most reaching stud-
ies examine changes because of cocontraction (Osu et al.,
2002; Franklin et al., 2007; Franklin and Franklin, 2021) or
changing posture (Trumbower et al., 2009; Lametti and
Ostry, 2010; Franklin et al., 2013). However, reflexes also
contribute significantly to the stiffness of the muscles and
limbs (Crago et al., 1976; Nichols and Houk, 1976; Hoffer
and Andreassen, 1981; Akazawa et al., 1983; Kearney et
al., 1997). While stiffness because of cocontraction or pos-
ture provides an instantaneous response to a perturbation,
reflexive contributions to stiffness act at a delay because of
neural transmission delays and electromechanical delays of
muscles (Ito et al., 2004). Because of this additional delay,
reflex modulation is often thought to contribute more to the
stiffness and stability in body posture tasks (Loram et al.,
2011) than in object manipulation (Morasso, 2011), although
both contribute (Franklin et al., 2007). Here we show evi-
dence that there can be independent control of stretch re-
flexes via the fusimotor system, meaning that there can be
task-dependent control of the rapid SLR for delayed reach-
ing. These responses can modulate the force responses to
perturbations quickly, as they do not have to wait for sen-
sory input to reach the brain, be selectively processed in the
brain, and then be passed back to the muscles. Indeed,
independent fusimotor control provides true online goal-
directed stiffness control, and with much lower energy
consumption than cocontraction. As exemplified by the
effect of preparatory delay in our study, such modulation
does require some time to prepare, due at least in part to
the slower nature of the g fusimotor system.

Summary
In the current study, we sought to examine the prepara-

tory modulation of short-latency and long-latency stretch re-
flex responses in the dominant upper limb. While target
distance was associated with relatively small variations in re-
flex gains, both short-latency and long-latency gains were
strongly modulated as a function of target direction, in a
manner that facilitated the upcoming voluntary movement.
This goal-directed tuning of reflex gains was triggered or
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enhanced when the preparatory delay was sufficiently long
(.250ms) and the homonymous muscle was unloaded (i.e.,
when a background load was first applied in the direction of
homonymous muscle action; assistive loading). The results
support the proposal that reach preparation also involves
the goal-directed modulation of reflexive stiffness, likely via
the independent control of fusimotor neurons.
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