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Perturbation of Macaque Supplementary Motor Area
Produces Context-Independent Changes in the Probability of
Movement Initiation
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The contribution of the supplementary motor area (SMA) to movement initiation remains unclear. SMA exhibits premovement activity
across a variety of contexts, including externally cued and self-initiated movements. Yet SMA lesions impair initiation primarily for
self-initiated movements. Does SMA influence initiation across contexts or does it play a more specialized role, perhaps contributing only
when initiation is less dependent on external cues? To address this question, we perturbed SMA activity via microstimulation at variable
times before movement onset. Experiments used two adult male rhesus monkeys trained on a reaching task. We used three contexts that
differed regarding how tightly movement initiation was linked to external cues. Movement kinematics were not altered by microstimu-
lation. Instead, microstimulation induced a variety of changes in the timing of movement initiation, with different effects dominating for
different contexts. Despite their diversity, these changes could be explained by a simple model where microstimulation has a stereotyped
impact on the probability of initiation. Surprisingly, a unified model accounted for effects across all three contexts, regardless of whether
initiation was determined more by external cues versus internal considerations. All effects were present for stimulation both contralat-
eral and ipsilateral to the moving arm. Thus, the probability of initiating a pending movement is altered by perturbation of SMA activity.
However, changes in initiation probability are independent of the balance of internal and external factors that establish the baseline
initiation probability.
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Introduction
The role of the supplementary motor area (SMA) in movement
initiation remains debated. SMA lesions impair self-initiated

movements in humans (Krainik et al., 2001) and monkeys
(Thaler et al., 1995) but not movements prompted by external
cues (Chen et al., 1995). These observations suggest that SMA
plays a specialized role, contributing primarily when initiation is
based on internal considerations. Yet physiological recordings do
not obviously support such specialization. Functional imaging in
humans has produced conflicting reports that SMA is more active
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Significance Statement

The role of the supplementary motor area (SMA) in initiating movement remains unclear. Lesion experiments suggest that SMA
makes a critical contribution only for self-initiated movements. Yet SMA is active before movements made under a range of
contexts, suggesting a less-specialized role in movement initiation. Here, we use microstimulation to probe the role of SMA across
a range of behavioral contexts that vary in the degree to which movement onset is influenced by external cues. We demonstrate that
microstimulation produces a temporally stereotyped change in the probability of initiation that is independent of context. These
results argue that SMA participates in the computations that lead to movement initiation and does so across a variety of contexts.
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(Jenkins et al., 2000) or similarly active (Cunnington et al., 2002;
Sakata et al., 2017) during self-initiated versus externally cued con-
texts. In monkeys performing externally cued reaches, SMA is no less
metabolically active than motor cortex (Picard and Strick, 2003).
Similarly, single-neuron recordings reveal that SMA is active during
both self-initiated and externally cued contexts (Romo and Schultz,
1987; Kurata and Wise, 1988; Thaler et al., 1988). Yet while the SMA
population as a whole is active across contexts, single SMA-neuron
responses show robust contextual dependence (Lara et al., 2018b).
Prior results therefore suggest three possibilities. First, SMA may
influence movement initiation primarily when initiation is deter-
mined by internal considerations. Second, SMA may influence
movement initiation in different ways for different contexts (e.g.,
promoting movement in some contexts and inhibiting it in others).
Third, although computations in SMA may be context-dependent,
they may share a final influence on initiation that is present and
consistent across contexts.

Here, we probe the role of SMA in movement initiation by
using microstimulation to perturb activity before movement on-
set. Prior work has established that perturbations of SMA activity
can impact initiation. Intrasurgical stimulation can cause an
“urge to move” (Fried et al., 1991), and SMA cooling increases
reaction times (RTs) (Tanji et al., 1985). Applying transcranial
direct current stimulation over SMA for a period of minutes
produces lasting poststimulation changes in both RT and the
ability to withhold a reach (Hayduk-Costa et al., 2013; Carlsen et
al., 2015). Additionally, intracranial stimulation of SMA can in-
crease RTs in patients (Moore et al., 2018). We wished to deter-
mine the impact of spatially and temporally localized SMA
microstimulation and to ask whether that impact varies depend-
ing on how tightly initiation is tied to external stimuli.

We examined the impact of SMA stimulation in monkeys
trained to perform center-out reaches under three contexts. In
the self-initiated context, monkeys were free to reach upon target
onset but received larger rewards if they chose to wait. In the cue-
initiated context, an explicit go cue prompted movement initiation.
In the quasi-automatic context, moving targets evoked intercepting
movements with short, narrowly distributed RTs. Thus, the three
contexts evoked initiation that was loosely, tightly, or very tightly
linked to sensory cues. We have previously shown that SMA activity,
but not motor cortex activity or muscle activity, covaries robustly
across these three contexts (Lara et al., 2018b).

We found that microstimulation, delivered shortly before the
typical time of movement initiation, increased RTs across all
three contexts. Notably, this was true even for the quasi-
automatic context, where initiation was reactive, low-latency,
and tightly linked to sensory cues. Yet the increase in RT was
smaller for the quasi-automatic context than for the other two
contexts. Furthermore, we observed an opposing effect that was
sizeable only for the self-initiated context: RTs became shorter
when microstimulation was delivered well in advance of typical
initiation times. Thus, analysis of RT initially appeared to support
the hypothesis that SMA stimulation has a context-dependent
effect on initiation. However, the RT produces ambiguities when
used as a measure of the tendency to initiate movement. A simple
change in the probability of initiation can yield different RT
effects, depending on the current and preceding baseline proba-
bilities of initiation. We therefore focused directly on the proba-
bility of initiation at each moment in time following stimulation.

Surprisingly, effects of microstimulation were well explained
by an entirely context-independent impact of microstimulation
on the probability of initiation. Specifically, we considered that
microstimulation might multiplicatively alter the odds of initia-

tion (e.g., doubling or halving those odds). Assessed from this
perspective, effects of stimulation were remarkably context-
independent. In all contexts, stimulation produced an immediate
reduction in the odds of initiation, followed by an elevation.
These context-independent changes in initiation probability nat-
urally produced the context-dependent changes in RT.

In summary, perturbation of SMA activity impacted the prob-
ability that a pending movement would be initiated. That impact
was surprisingly stereotyped and simple: it depended only on the
time after stimulation and was essentially independent of contex-
tual factors. In particular, the same model accounted for the
impact of stimulation regardless of whether initiation was deter-
mined by internal considerations related to reward (the self-
initiated context), by a standard go cue (the cue-initiated
context), or by a salient external cue that evoked short-latency,
reactive movements (the quasi-automatic context). These results
argue that SMA contributes to movement initiation across a
range of contexts.

Materials and Methods
Subjects and task. Subjects were 2 adult, male macaque monkeys (Macaca
mulatta), weighing 10 –13 kg. Daily fluid intake was regulated to main-
tain motivation to perform the task for juice reward. Animal protocols
were in accord with the National Institutes of Health guidelines and
approved by Columbia University Institutional Animal Care and Use
Committee (Protocol AC-AAAQ7409).

Subjects sat in a primate chair facing an LCD display (60 Hz refresh
rate) and performed a unimanual, center-out reaching task with the right
arm while the left arm and head were comfortably restrained. Hand
position was tracked optically via a reflective bead placed between the
third and fourth digits (Polaris, Northern Digital). The timing of dis-
played stimuli was monitored via photodetector (Thorlabs). The subject
initiated each trial by touching and holding a central touch-point.
Touch-point color indicated the context of the upcoming trial (blue
represents self-initiated; red represents cue-initiated; yellow represents
quasi-automatic). After the touch-point was held for 450 –550 ms (ran-
domized), a 10-mm-diameter circular target appeared in one of eight
possible locations arranged radially around the touch-point. Target color
matched touch-point color. Targets appeared 130 mm from the
touch-point for the self-initiated and cue-initiated contexts. For the
quasi-automatic context, targets appeared 40 mm from the touch-
point (as described below, subsequent target motion increased this
distance to �130 mm). Target directions and contexts were inter-
leaved and presented in random order within blocks. The subsequent
block began after all combinations of target direction and context
were successfully completed.

In the self-initiated context, the target slowly and linearly grew in size,
starting upon its appearance and ending when the reach began. Maxi-
mum target size of 30 mm was achieved 1200 ms after target appearance.
The reward for a successful reach grew exponentially, beginning with 1
drop and attaining a maximum of 8 drops after 1200 ms. Monkeys were
free to reach as soon as the target was displayed and were required to
begin their reach within 1500 ms. Reaches were required to be �500 ms
in duration and to land within an 18-mm-radius window centered on the
target. Reward was delivered if the target was held, with minimal further
hand motion, for 600 ms.

In the cue-initiated context, after a randomized delay period (0 –1000
ms), target size suddenly increased to 30 mm and the central touch-point
simultaneously disappeared. These events served as a go cue, and reaches
were required to be initiated within 500 ms. Requirements for movement
duration, accuracy, and the target hold period were the same as for the
self-initiated context.

In the quasi-automatic context, after a randomized delay period (0 –
1000 ms), the target suddenly began moving radially away from the cen-
tral touch-point at 25 cm/s. Target motion ceased if a reach landed on the
target mid-flight (16 mm � 20 mm radius acceptance ellipse; long axis
aligned with target motion). If successfully captured, the target grew to 30
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mm and reward was delivered after a 600 ms hold period (as above). If the
target was not intercepted (reach duration or RT was too long, or the
reach missed), the target continued moving until off the screen (which
occurred 630 ms after target-motion onset) and no reward was delivered.
Target starting position and speed were carefully selected during training
such that target-capture occurred �130 mm from the touch-point,
matching reach extent in the self-initiated and cue-initiated contexts.

Microstimulation. Cylindrical recording chambers (19 mm inner di-
ameter, Crist Instruments) were implanted above the skull to allow ac-
cess to SMA. Chamber positioning was guided by structural magnetic
resonance images taken before implantation. For each monkey, cham-
bers were moved mid-experiment to allow stimulation of the other hemi-
sphere. Electrodes were introduced via small holes drilled by hand in the
chamber, which then healed following experiments. Before stimulation,
neural recordings were performed to verify the presence of robust delay
period activity (Lara et al., 2018b). We observed such activity in both
hemispheres, confirming that SMA is active for both ipsilateral and con-
tralateral movements (Kermadi et al., 1998; Nakayama et al., 2015).

Microstimulation (333 Hz, 200 ms, biphasic pulses) was generated by
a programmable pulse generator and electrical stimulus generator
(neuro/Craft StimPulse Stimulator, FHC). Stimulation was delivered via
tungsten microelectrodes (�1–2 M�; FHC), lowered into position by a
motorized microdrive (Narishige). For each stimulation site, we esti-
mated the threshold current for evoking movement based on visual ob-
servation and/or manual palpation. We observed a broad range of
stimulation thresholds, from 10 to �150 �A. Stimulation was often per-
formed at multiple sites along each penetration; the above range will thus
include both deeper and superficial layers. The lower end of the observed
range is consistent with previous reports (Macpherson et al., 1982; Mitz
and Wise, 1987). Thresholds in the upper half of this range have not been
explicitly reported but can be inferred from prior work. For example, in
Mitz and Wise (1987), �40% of sites had thresholds �65 �A and were
not tested further. Similarly, in Macpherson et al. (1982), �60% of sites
had thresholds �30 �A and were not tested further. The broad range of
thresholds we observed in SMA is also consistent with the broad range of
thresholds previously observed in dorsal premotor cortex (Churchland
and Shenoy, 2007).

Microstimulation elicited movements of the distal and proximal arm,
including muscles of the shoulder girdle (e.g., deltoid and pectoralis).
When examining the impact of microstimulation on movement initia-
tion, we used currents set to 80%–90% of threshold. In a few cases, we
examined effects at sites where we were not able to directly elicit move-
ment but which were near microexcitable sites. In these cases, current
was set near the upper range of thresholds for those nearby sites.

A subset of trials (25%) were randomly chosen to be stimulation trials
(9854 trials and 4591 trials, Monkeys B and A). Microstimulation onset
was determined by a draw from a uniform distribution (0 –1000 ms)
starting with target onset. This broad distribution allowed us to probe the
effect of microstimulation at different times relative to when movement
initiation typically occurred and ensured that stimulation onset was not
predictive of the go cue. If the monkey began moving before the chosen
time of stimulation onset, stimulation was not delivered. Thus, on trials
where stimulation was delivered, it always began between target and
movement onset.

We were interested in the impact of microstimulation on the initiation
of a pending movement that was already instructed and known. For the
self-initiated context, this was naturally true given the monkeys’ behav-
ior: initiation essentially always occurred �500 ms after target onset.
Thus, the target was known well before initiation became likely. For the
cue-initiated and quasi-automatic contexts, this was not always true: the
delay period could be as short as 0 ms, and movement onset could occur
with low latency. We therefore analyzed only trials with delay periods
�200 ms. Shorter delays were still used to encourage early and consistent
preparation.

Detecting movement onset. For purposes of behavioral control and re-
ward, movement onset was detected online as the moment when hand
speed exceeded 20 mm/s (�2% of peak speed). All analyses used a more
accurate, offline estimate of movement onset. We found that a pure
threshold did not strike an optimal balance between estimating the very

first moment the hand began to move and being robust to slight trial-to-
trial differences in the early temporal profile of hand velocity. We thus
used the following procedure (Lara et al., 2018b). For each trial, we
estimated the moment of peak acceleration: tpeakAcc. This identified an
early feature of the response that occurred in a consistent fashion across
trials; aligning trials on tpeakAcc caused velocity profiles to be well aligned.
For each condition, we aligned all trials in that fashion and computed the
average speed. From the average speed profile, we found the time inter-
val, tcorr, between when speed crossed a low threshold (1% of its peak)
and the time of alignment, tpeakAcc. The RT for each trial was then tpeakAcc �
tcorr. This method estimated well the moment when hand velocity first
began to change while also ensuring that kinematic events (e.g., the bell-
shaped hand-velocity profile) were well aligned when trials were aligned
on movement onset. The location of the reach endpoint was calculated at
the time when hand speed first fell to �20 mm/s. Initial reach direction
was calculated when the hand reached peak speed.

Estimating P0(t) and Pstim(t,ts). We define P0(t) as the probability of
initiating a reach at time t given that a reach has not been initiated before
t. That is, P0(t) is the hazard rate of reach initiation. Because the proba-
bility of initiating a reach at any particular time t is infinitesimal, we
compute the probability of initiation within a 150 ms window as follows:

P0�t	 � P�Tm � 
t, t � 150� � Tm � t	

where Tm is the recorded time of movement onset. We estimated P0(t) by
taking all trials where movement was initiated after time t and computing
the proportion initiated within the interval [t, t � 150]. To obtain a
reliable estimate, P0(t) was estimated only for values of t where there were
at least 80 trials where initiation had not yet occurred by time t. The 150
ms interval was also helpful for accurately estimating P0(t), but intervals
as short as 50 ms yielded very similar overall results.

We define the probability of initiation following stimulation as fol-
lows:

Pstim(t,ts) � P�Tm � 
t, t � 150� � Tm � t, Ts � 
ts,ts � 150�	

Where Ts is the time of stimulation. P0(t) and Pstim(t, ts) were calculated
every 10 ms. Pstim(t,ts) was estimated only for values of t and ts that
yielded at least 20 observations. We define the change in the probability
of moving as follows:

Pstim(t, ts) � Pstim(t, ts) � P0�t	

Estimating the stimulation kernel. We used a multiplicative model that
attempts to predict Pstim(t,ts) given P0(t) and a kernel, k(t � ts), captur-
ing the impact of stimulation at time ts on the odds of initiating at time t.
The odds of initiation is the ratio of the probability of initiating to the
probability of not initiating as follows:

O0�t	 �
P0�t	

1 � P0�t	
.

The impact of stimulation is modeled as follows:

Ô�t,ts	 � O0�t	k�t � ts	,

where Ô�t,ts	 is the predicted odds of initiation at time t given stimulation
at time ts. Values of k � 1 increase the odds of initiation, whereas values
of k � 1 decrease the odds of initiation. The predicted probability of
initiation is then:

P̂stim(t,ts) �
Ô�t,ts	

1 � Ô�t,ts	
.

We fit k to minimize the objective function as follows:

�
t,ts

N,M

�P̂stim(t,ts	 � Pstim(t,ts))2 � � max
t �d2k

dt 2�2

.

The first term in the objective function encourages accuracy, whereas the
second term regularizes the solution by encouraging a kernel that
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changes smoothly with time. We enforced
k(t � ts) � 1 for t � ts, reflecting the assump-
tion that stimulation cannot have acausal ef-
fects. We enforced k(t � ts) � 1 for t � ts �
1000, reflecting both the assumption that stim-
ulation likely has negligible impact after 1 s and
the practical reality that we lack sufficient data
to meaningfully constrain a very long kernel. In
practice, fitting typically returned values of
k(0) and k(1000) near unity, even if not en-
forced. The constant � was set to NM/100,
where N and M are the number of values of t
and ts for which we measured Pstim(t,ts). In
practice, the value of � had a very modest im-
pact on the shape of the resulting kernel.

Statistical tests. Standard statistical tests,
most often paired t tests, are used when appro-
priate, as indicated in Results. The relevant de-
grees of freedom (number of trials, stimulation
sites, conditions) differs by comparison and is
given either as the test is described or when
documenting the numbers of stimulated sites
and stimulated trials. Bootstrap (resampling)
methods were used in a number of instances to
estimate the statistical reliability of estimated
quantities (see Evaluating fit quality).

Evaluating fit quality. Fit quality was quanti-
fied in terms of R 2: the proportion of variance
in Pstim(t,ts) accounted for by the model pre-
diction. We checked for overfitting by redraw-
ing data (across sites) 1000 times and verifying
that the resulting kernel remained similar. This
approach was used for analyses inquiring
about the statistical reliability of results across
stimulation sites and allowed plotting of SEs on
our estimate of the kernel.

We also used a bootstrap procedure to ask
what the range of kernels would look like, due
to sampling error across trials, if there were no
effect of stimulation. For each of 100 repeti-
tions, we replaced the initiation time on each
stimulated trial with the initiation time on a
randomly drawn unstimulated trial, selected to
have sufficient time after target (delay � RT)
that stimulation at the relevant time could have been delivered. We then
analyzed the data as usual and fit the model. The mean and SD of the
resulting kernels indicates the range of kernels expected by chance.

The above approaches address the issue of overfitting. The converse
concern is potentially larger: the measured R 2 may underestimate fit
quality given sampling error in the estimate of Pstim(t,ts). To estimate a
rough upper limit on how well a good model should fit, we asked how
well redrawn data would “fit” the original data. We generated surrogate
datasets by redrawing with replacement from all recorded trials, preserv-
ing the number of stimulated and nonstimulated trials. We then calcu-
lated the R 2 between the observed data and each of 1000 surrogate
datasets and calculated the mean and 95% CIs for the resulting distribu-
tion. For infinite trials, this approximate upper limit would be unity. For
the empirical data, the upper limit ranged from �0.8 to 0.95 depending
on the monkey and context.

Results
Task and behavior
Two monkeys (Monkeys Ba and Ax) executed radial reaches in
eight directions across three contexts. Contexts were cued by
target color and differed regarding the cues and task constraints
governing when movement should be initiated. SMA has been
proposed to contribute preferentially when initiation is prompted
more by internal considerations versus external cues (Jenkins et

al., 2000; Passingham et al., 2010). We note that goal-directed
voluntary movements are essentially never purely self-initiated;
initiation will almost always relate to some preceding instruction
or information. However, movements vary greatly in the degree
to which initiation timing is linked to external sensory cues. We
assessed the tightness of that link via the RT: the latency between
the cue indicating that movement is allowed and subsequent
reach initiation. Shorter/more-tightly distributed RTs were taken
to indicate a tighter link between external cues and movement
initiation.

In the self-initiated context (Fig. 1A, blue), monkeys were free
to reach upon target appearance, but waiting longer yielded in-
creased reward up to a maximum at 1200 ms. Growing reward
was mirrored by increasing target diameter, eliminating any need
to estimate elapsed time. RTs were long with broad SDs: 1069 �
142 ms (mean � SD) for Monkey Ba and 1023 � 106 ms for
Monkey Ax (Fig. 1B,C, blue line). The considerable RT variabil-
ity presumably reflects competition between internal factors (de-
sire for immediate reward versus desire for large reward) with
different factors dominating on different trials. Consistent with
this interpretation, the distribution of self-initiated RTs during
training was very sensitive to the reward schedule. The self-
initiated context does not provide a situation as unrestricted as in

Figure 1. Overview of task and stimulation. A, Overview of the three task contexts. Each context required the monkey to
complete a reach from a central position to one of eight targets, arranged radially as shown at right. In the self-initiated context, the
target was blue and grew steadily with time. In the cue-initiated context, the target was red and remained small until enlarging
suddenly, which provided the go cue. In the quasi-automatic context, the target was yellow and the go cue was the onset of target
motion. Left, Timing of key events. Gray bars represent times when stimulation could begin. Tan bars represent a variable-duration
delay period, present only for the cue-initiated and quasi-automatic contexts. Black bars represent times when movement initia-
tion was allowed. For the self-initiated context, initiation was allowed anytime from target onset until 300 ms after the target
stopped growing at 1200 ms. Thus, visual cues placed only broad constraints on when movement should be initiated. The more
important determinant was available reward, which grew as the target grew. For the cue-initiated context, initiation was allowed
only from 100 to 500 following the go cue (RTs � 100 ms were disallowed to discourage attempts to anticipate the go cue). These
requirements were the same for the quasi-automatic context, although in practice capturing the target mid-flight typically
necessitated RTs � �300 ms. B, C, Cumulative RT distributions for the three contexts in the absence of stimulation. Blue
represents self-initiated. Red represents cue-initiated. Yellow represents quasi-automatic. D, Targeted region of SMA for the left
(contralateral) hemisphere. Most stimulation sites lay within the medial wall. E, Distribution of stimulation currents used during
experiments.
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Thaler et al. (1995), where monkeys could go minutes between
self-initiated movements. Instead, the self-initiated context gives
monkeys considerable control over when to initiate while also
providing a well-defined temporal window upon which analysis
could concentrate.

The cue-initiated context (Fig. 1A, red) emulated the standard
instructed-delay paradigm: a variable delay period (0 –1000 ms)
separated target onset from a go cue, indicated by an instanta-
neous increase in target size and the simultaneous disappearance
of the central touch point. After the go cue, monkeys still had
modest leeway regarding the exact moment of initiation; RTs up
to 500 ms were allowed. Yet monkeys generally reached promptly
out of desire for immediate reward: RTs were 238 � 49 ms and
222 � 37 ms (mean � SD for Monkeys Ba and Ax; Fig. 1B,C, red
line). Thus, relative to the self-initiated context, initiation was
more tightly locked to an external cue. Initiation occurred closer
in time to the key cue (RTs were approximately one-fourth as
long) and was less temporally variable (SDs were approximately
one-third as wide).

The quasi-automatic context (Fig. 1C, yellow) was similar to
the cue-initiated context and also included a 0 –1000 ms delay.
However, the go cue was the onset of target motion along a radial
path toward the screen’s edge. Success required executing a reach
that intercepted the target mid-flight. Moving targets are known
to naturally produce reactive, short-RT, intercepting reaches
(Perfiliev et al., 2010; Wong et al., 2017; Lara et al., 2018a). In
keeping with that finding, RTs were 199 � 28 ms and 184 � 27 ms
(mean � SD for Monkeys Ba and Ax; Fig. 1B,C, yellow line).
Essentially no training was required to obtain short RTs; RTs
dropped immediately upon the introduction of moving targets.
Thus, the quasi-automatic context naturally evoked initiation
that was tightly locked to a very salient external cue. Initiation
occurred even closer in time to that cue than in the cue-initiated
context, with even lower temporal variability. Given sizeable
physiological delays (�130 ms including afferent, efferent, and
EMG-to-velocity delays), initiation in the quasi-automatic con-
text occurs with little or no time for internal deliberation. Thus, if
SMA plays a specialized role in internally initiated movements,
SMA would be expected to make little contribution to initiation
in the quasi-automatic context.

Monkeys successfully completed the majority of trials for all
three contexts: 94% and 99% of cue-initiated trials (Monkey Ba
and Monkey Ax, respectively), 92% and 96% of self-initiated
trials, and 86% and 87% of quasi-automatic trials. Reach trajec-
tories were similar across contexts; the primary difference was a
tendency for reach velocity to be slightly higher for quasi-
automatic reaches (Fig. 2E,F). We have previously shown that
these three contexts evoke similar patterns of muscle activity and
similar patterns of neural activity in primary motor and premo-
tor cortex (Lara et al., 2018b). In contrast, neural activity in SMA
(recorded from sites interspersed with those stimulated in the
present study) varies robustly across these three contexts (Lara et
al., 2018b). The presence of differential neural activity raises the
possibility that SMA could be making differential contributions
to initiation across contexts. On the other hand, the fact that SMA
is active for all contexts suggests that SMA might contribute to
initiation in all contexts.

Reach kinematics were largely unaffected by stimulation
We delivered microstimulation (200 ms train of 333 Hz biphasic
pulses) at 122 sites in SMA of 2 monkeys (Fig. 1D). Stimulation
sites lay within a region where, during separate recordings, we
observed robust preparatory and movement-related activity in

this task. Task-related activity was observed with approximately
equal magnitude both contralateral and ipsilateral to the reaching
hand. The impact of stimulation was thus examined for both
hemispheres (Monkey Ba: 66 contralateral and 11 ipsilateral sites;
Monkey Ax: 24 contralateral and 21 ipsilateral sites). For each
site, we first determined the threshold for directly eliciting move-
ment. Thresholds varied broadly (Fig. 1E), from 10 �A to above
the highest tested current (150 �A). During experiments, stimu-
lation current was set below threshold. Unless otherwise stated,
data are pooled across sites for statistical power. This yielded a
total of 9854 and 4591 stimulated trials (Monkeys Ba and Ax),
comprising 20% and 20% of all trials. Thresholds, and thus cur-
rents, tended to be higher for Monkey Ba. As will be described
below, the impact of microstimulation was qualitatively similar
for both monkeys, with some effects being larger in Monkey Ba
and others being larger in Monkey Ax. Thus, there was not an
obvious relationship between higher currents and larger effects.

We wished to assess the impact of stimulation on movement
initiation, independent of any impact on the reaches themselves.
Conveniently, stimulation had almost no impact on reach kine-
matics. Velocity profiles on stimulated trials were very similar to
those on nonstimulated trials. The correlation between the aver-
age velocity trajectories for stimulated and nonstimulated trials
was 0.998 and 0.995 (Monkeys Ba and Ax, mean across condi-
tions). The primary effect of stimulation on kinematics was a
small increase in reach-speed variability. Across monkeys/con-
texts, there was a 1.2%–9.9% increase in the SD of peak reach
speed. This effect was significant (p � 0.05 for each monkey,
paired t test, calculated across 77 and 45 stimulation sites) for the
cue-initiated and quasi-automatic contexts only. We also ob-
served small and inconsistent changes in reach angle variability.
For Monkey Ba, microstimulation in the self-initiated context
caused a small (1%) but significant (p � 0.001, paired t test)
tightening of the circular SD of reach angle, yet microstimulation
in the other two contexts caused a small increase (2% and 1%,
p � 0.001 for both, paired t test). For Monkey Ax, microstimu-
lation had no impact on reach variability in the self-initiated
context, caused a modest increase (10%, p � 0.001, paired t test)
in the cue-initiated context, and a small decrease (3%, p � 0.001,
paired t test) in the quasi-automatic context. Thus, the impact of
stimulation on reach kinematics was small and did not interfere
with the ability to assess changes in the time of reach initiation.

Microstimulation impacts RT
We grouped data into early-stimulation trials (stimulation deliv-
ered well before initiation would typically occur) and late-
stimulation trials (stimulation delivered close to when initiation
would typically occur). Because the distribution of initiation
times differed across contexts, we defined early versus late relative
to a common reference: the time when movement had begun on
10% of nonstimulated trials in that context. Early-stimulation
trials were those where microstimulation began 700 –550 ms be-
fore this reference, such that stimulation ended well before move-
ment initiation became likely. Late-stimulation trials were those
where microstimulation began 300 –150 ms before the reference,
such that stimulation occurred just when initiation was becom-
ing likely.

For Monkey Ba, early and late stimulation trials constituted
12% and 17% of stimulated trials (3% and 4% of all trials). There
were 1218 early stimulation trials: 353, 442, and 423, for the
self-initiated, cue-initiated, and quasi-automatic contexts. There
were 1647 late stimulation trials: 426, 631, and 590, for the self-
initiated, cue-initiated, and quasi-automatic contexts. For Mon-
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key Ax, early and late stimulation trials
constituted 13% and 16% of stimulated
trials (3% and 3% of all trials). There were
609 early stimulation trials: 161, 215, and
233, for the self-initiated, cue-initiated, and
quasi-automatic contexts. There were 738
late stimulation trials: 170, 318, and 250, for
the self-initiated, cue-initiated, and quasi-
automatic contexts.

Late stimulation delayed movement
initiation, increasing RT relative to non-
stimulated trials. This was true for both
monkeys and all three contexts (Fig.
2A–D; p � 0.001 for all, two-sample t
test). Notably, SMA stimulation increased
RT even for the quasi-automatic context,
despite initiation being tightly linked to
external cues. However, the RT increase
was smaller for the quasi-automatic con-
text than for the other two contexts,
suggesting some potential interaction
between context and the impact of
stimulation.

Early stimulation had the opposite ef-
fect on RT, and effects depended even
more strongly on context. For the self-
initiated context, early stimulation ad-
vanced movement initiation (p � 0.001
and p � 0.002 for Monkeys Ba and Ax,
two-sample t test). This RT reduction was
much smaller for the other two contexts:
ranging from 1 to 9 ms; p � 0.05 only for
the quasi-automatic context.

We wished to rule out the possibility
that changes in RT are secondary to
changes in reach kinematics (e.g., changes
in reach velocity might alter the estimate
of movement onset). This is unlikely: we
showed above that stimulation has little
average impact on kinematics. However,
it remains possible that early and late
stimulations have sizeable but opposing
effects that largely cancel out on average.
This was not the case (Fig. 2E,F). Move-
ment duration, initial reach direction, and
endpoint variability were not significantly
different between no-stimulation, early-
stimulation, and late-stimulation trials
(Fig. 2G). We did observe a small increase
in endpoint error following early stimula-
tion (data not shown): a 0.31 mm increase
in mean error in Monkey Ba and a 0.85
mm increase in Monkey Ax (Fig. 2G; p �
0.03 and p � 0.001, respectively, two-
sample t test). This increase in endpoint
error did not impact task performance:
the percentage of trials failed due to a
missed target was unchanged (remaining
at 1.4% for Monkey Ba and 0.3% for
Monkey Ax). We also did not observe any
interaction between reach direction and
the impact of stimulation on RT. For ex-
ample, the change in RT with stimulation

Figure 2. Microstimulation produces complex changes in RT, but not reach kinematics. A, B, Cumulative RT distributions for
trials with no stimulation (dashed gray traces), early stimulation (light colored traces), and late stimulation (dark colored traces).
C, D, Summary of the above effects in terms of changes in mean RT. Error bars indicate SEs. The mean � SE were computed across
trials. For all comparisons, the RT of nonstimulated trials was computed using only trials where the delay period length and RT
would have allowed stimulation to be delivered. This eliminates potential biases; for example, late stimulation might otherwise
appear to increase RT simply because late stimulation implies that movement has not yet been initiated. E, F, Mean speed profiles
for reaches to one representative target (target located rightward of central position) for the three contexts. Dashed gray repre-
sents no stimulation. Light colored traces represent early stimulation. Dark colored traces represent late stimulation. G, Movement
kinematics for trials with no, early, and late stimulation. Symbols plot mean values. Error bars indicate SEs, computed across
conditions. Initial reach direction was measured relative to target direction. Endpoint variability was measured as the SD of reach
endpoint within each condition.
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did not differ between ipsilateral and contralateral targets (p �
0.05 for both monkeys, all contexts, and both early and late stim-
ulation, two-sample t test, calculated across trials).

Thus, SMA microstimulation alters the timing of reach initi-
ation, with negligible impact on the reaches themselves. This is
consistent with SMA activity contributing, directly or indirectly,
to the computations determining when movement is triggered.
SMA stimulation had an effect on all three contexts, arguing that
the contribution of SMA to movement initiation is not limited to
situations where initiation is less tightly cue-locked. However,
the impact of SMA stimulation appears potentially context-
dependent. Late-stimulation-driven RT increases were smaller
for the quasi-automatic context, and early-stimulation-driven
RT decreases were sizeable only for the self-initiated context. Yet
as will be detailed below, strong conclusions should not be drawn
without first considering that RT may not be the only, or even the
most natural, way to measure changes in the tendency to initiate
movement.

Movement initiation as a probabilistic process
The central goal of this study is to characterize how perturbations
of SMA activity impact the tendency to initiate and to ask
whether that impact is context-dependent. We assume that, at
each time, underlying movement-initiating computations have
produced a particular neural state (Fig. 3, purple box). That neu-
ral state, or more precisely the distribution of such states across
trials, yields a probability of initiating at that time. As one exam-
ple, in a diffusion-to-bound model, initiation becomes probable
when the state tends to be close to the bound. We refer to the
baseline (without stimulation) probability of initiation at time
t as P0(t).

On a given trial, one does not directly observe P0(t). Instead,
one observes a stretch of time when movement was not initiated

(“0’s” in green box) and then a particular time (“1” in green box)
when movement was initiated. These observations are often sum-
marized as a single number: the RT. Yet with sufficient trials, one
can also estimate P0(t) at each time. To do so, one takes all trials
where movement has not yet occurred by time t and computes
the proportion where movement is initiated at time t. This value
is also referred to as the hazard rate.

P0(t) and the RT are intimately related: P�RT � t	
� P0�t	�	�1:t�1 � P0�t � 			. Note that P(RT � t), unlike
P0(t), reflects the entire history of initiation tendencies and thus
the entire history of neural states. This creates some interpreta-
tional complexities. Suppose that a perturbation alters the neural
state at time t and, in doing so, changes the probability of initia-
tion. The resulting change in mean RT is a function not only of
that change but of the initiation probabilities at all preceding
times. Furthermore, stimulation at time ts implies RT � ts, result-
ing in a longer mean RT even if stimulation has no effect. This can
be accounted for (as was done in the analyses in Fig. 2C,D), but
doing so adds a layer of complexity. Another complication is that,
to properly compare changes in RT, one has to match (across
contexts) the time of stimulation. We did so above by defining a
common reference time based on when initiation tended to nor-
mally occur. This is a reasonable choice, but other reasonable
choices are possible. Given these complexities when interpreting
changes in the RT, we found it desirable to directly assess changes in
the probability of initiation. Doing so allows one to simply inquire,
for a given baseline probability, whether one observes a context-
dependent change in that probability following stimulation.

Baseline probabilities of initiation
For each context, we estimated P0(t), the baseline (without stim-
ulation) probability that initiation occurs soon after time t, given
that it has not occurred before time t. We plot that probability as
a heat-map (Figs. 4,5, top left, bars). One challenge when assess-
ing P0(t) is a need for high trial counts. For large values of t, there
may be few trials where movement initiation has not yet oc-
curred, preventing a reasonable estimate of P0(t). Still, by pooling
across multiple sites, we were able to estimate P0(t) across a size-
able domain for every context (all non-gray values).

For the self-initiated context, P0(t) remains low for �600 ms
after target onset (Figs. 4A, 5A; Monkey Ba and Monkey Ax,
respectively). The optimal strategy in the self-initiated context is
to reach when the presently available reward exceeds the tempo-
rally discounted future reward. This idealized strategy would in-
volve selecting a particular time (or equivalently, a particular
target size) upon which to initiate, resulting in a step-like increase
in P0(t). Monkeys did not follow this strategy; P0(t) increased
more gradually, reaching values �0.9 only around the time of
maximal reward (1200 ms after target onset). Thus, at least from
an external perspective, monkeys behaved probabilistically: P0(t)
increased monotonically with the juice value of the target.

In the cue-initiated context, P0(t) increased rapidly soon after
the go cue (Figs. 4C, 5C). For the quasi-automatic context, P0(t)
evolved similarly, but the increase was more sudden, occurred
slightly earlier, and more swiftly reached values near unity (Figs.
4E, 5E). This underscores the degree to which initiation was
tightly locked to target-motion onset in the quasi-automatic con-
text: P0(t) was essentially unity shortly after motion onset.

The step-like increase in P0(t), especially for the quasi-
automatic context, carries potential implications regarding
whether perturbations of neural activity have behavioral conse-
quences. As one example, there may be floor/ceiling effects when
P0(t) is near zero/unity. Such considerations are a major motiva-

Figure 3. Framework relating the underlying neural state to behavioral measures of move-
ment initiation. The underlying neural state evolves over time (purple box). At each time, there
is a probability of initiation, P0 (yellow box), produced by that underlying state. (More generally,
at a particular time, there is a distribution of possible neural states which determine P0 at that
time.) The values of P0 are not directly observed on a single trial. Rather, one observes multiple
time points where initiation does not occur (0 in green box) and then a time when initiation
does occur (1 in green box). These observations are summarized as the RT: the time from when
movement was first allowed until it was initiated. Across many trials, one can compute the
mean RT, which then becomes a summary of the tendency to initiate. However, a more direct
summary can be produced by estimating P0 for each time where sufficient data are available.
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tion for considering P0(t) directly, rather
than relying only on RT measurements.
We will return to this point below. For
now, we simply stress that the temporal
epoch where movement initiation is likely
yet uncertain (red zones) has a different
duration for the three contexts.

Microstimulation alters
initiation probability
For each context, we estimated Pstim(t,ts):
the probability that initiation occurs soon
after time t, given that it has not occurred
before time t and given stimulation near
time ts. We first consider data for Monkey
Ba, beginning with the self-initiated con-
text (Fig. 4A). Each row of the bottom
heat plot shows Pstim(t,ts) for a particular
value of ts. Each such row resembles a
slightly altered version of P0(t); differ-
ences reflect the impact of stimulation.
Early stimulation increased the probabil-
ity of initiation (the red area extends
further leftward). In contrast, late stimu-
lation reduced the probability of initiation
(the red area extends further rightward).

To assess these effects, we computed
the change in the probability of initiation
due to microstimulation: Pstim(t,ts) �
Pstim(t,ts) � P0�t	. Pstim(t,ts) was not a
simple function (Fig. 4B). There were re-
gions where initiation became more likely
(red) and regions where it became less likely
(blue). For early stimulation during the self-
initiated context, Pstim(t,ts) was largely
positive (top rows). Conversely, for late
stimulation, Pstim(t,ts) was largely negative
(bottom rows). This structure agrees with the finding that self-
initiated RTs were advanced by early stimulation and delayed by late
stimulation.

For the cue-initiated context, late stimulation extended the
region where the probability of initiation was low (Fig. 4C, the
black trace indicating the 65th percentile bows to the right). This
resulted in negative values of Pstim(t,ts) (Fig. 4D, blue region).
This movement-inhibiting effect agrees with the finding that late
stimulation increased RT. Notably, early stimulation had the op-
posite effect and was movement-promoting (Fig. 4D, red region).
This movement-promoting effect is barely detectable at the level
of RTs (Fig. 2C) but becomes apparent when assessing Pstim(t,ts).
Notably, Pstim(t,ts) shared some features between the self-
initiated and cue-initiated contexts. In both contexts, early stim-
ulation was movement promoting and late stimulation was
movement inhibiting.

For the quasi-automatic context, Pstim(t,ts) appears by in-
spection to differ only slightly from P0(t). In both cases, the prob-
ability of initiating underwent a rapid increase, approaching
unity, shortly after the go cue (Fig. 4E). Yet examining Pstim(t,ts)
reveals that early stimulation was movement promoting (Fig. 4F,
red regions in top rows) and late stimulation was movement
inhibiting (blue regions in bottom rows). These changes are not
small, but they are restricted to a narrow temporal window.

For all three contexts, similar effects were observed for Mon-
key Ax (Fig. 5). One difference was the presence of fewer positive

values of Pstim(t,ts), especially for the self-initiated and cue-
initiated contexts. Thus, movement-promoting effects were less
strong in Monkey Ax, consistent with the more modest advance-
ment of self-initiated RTs by early stimulation. Nevertheless, for
both monkeys, Pstim(t,ts) shared basic features across contexts:
early stimulation was largely initiation-promoting and late stim-
ulation was largely initiation-inhibiting.

The above results thus reveal a commonality in Pstim across
contexts. However, all effects were more temporally restricted for
the cue-initiated and quasi-automatic contexts, relative to the
self-initiated context. A straightforward possibility is that this
occurs because only the self-initiated context produces a broad
range of times where P0 had intermediate values (i.e., neither zero
nor unity). Might stimulation have a common impact across
contexts, with that impact becoming patent only when the prob-
ability of initiation lies within a range amenable to modulation?
We explore this possibility below.

A simple model captures changes in initiation probability in
the self-initiated context
We considered a simple model where stimulation impacts the
odds of initiation. The odds of initiation is the ratio of the
probability of initiating to the probability of not initiating:

O0�t	 �
P0�t	

1 � P0�t	
. We model the impact of microstimula-

tion as follows:

Figure 4. Impact of microstimulation on initiation probability for Monkey Ba. A, Heat-plots of P0 (top) and Pstim (bottom) for the
self-initiated context. Time is plotted relative to target onset. For Pstim(t,ts), each row plots the probability of initiation, as a function
of time since target onset, for a particular time of stimulation. White line indicates the onset of microstimulation for each row. Gray
and black contour lines indicate P � 0.25 and P � 0.65, respectively. B, Pstim for the self-initiated context. C, D, P0, Pstim, and
Pstim for the cue-initiated context. Time is plotted relative to the go cue. E, F, P0, Pstim, and Pstim for the quasi-automatic
context. Time is plotted relative to the go cue.
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Ostim(t,ts) � O0�t	k�t � ts	.

The kernel k(t � ts) describes the impact of stimulation, delivered
at time ts, on the odds of initiating at time t. Under this model, the
impact of stimulation depends only on the elapsed time since
stimulation and not on the overall time within the trial. Using
odds provides a natural way of modeling the hypothesis that
microstimulation tilts the balance toward or against initiation.
The odds of an event can be doubled regardless of baseline prob-
ability. For example, for baseline initiation probabilities of 1%,
50%, and 98% (odds of 1/99, 1, and 49), doubling the odds would
result in poststimulation probabilities of �2%, 67%, and 99%
(odds of 2/99, 2, and 98). The central question is whether it is
possible for a single kernel to capture effects across all combina-
tions of t and ts. We first considered each context separately,
optimized the kernel, and examined the resulting fit.

Figure 6 illustrates model predictions for the self-initiated
context for Monkey Ba. Optimization resulted in a kernel with a
negative lobe followed by a positive lobe (orange trace at top). To
illustrate the impact of this kernel, we first consider the effect of
stimulation delivered 220 ms after target onset (Fig. 6A). Stimu-
lation caused a leftward shift in the empirical probability of ini-
tiation: Pstim (black trace) rises earlier than P0 (gray trace). This
effect is captured by the model (dashed orange trace). The pre-
dicted values, P̂stim exhibit a leftward shift because the positive
lobe of k occurs when P0 is �0 but not yet maximal. Conversely,
the negative lobe has little impact because P0 is essentially zero at
the relevant times. Stimulation 570 ms after target onset (Fig. 6B)

caused a mixed effect: an initial reduction
in initiation probability, followed by a
small elevation. The model captures this
mixed effect, due to the biphasic kernel.
Stimulation 740 ms after target onset
(Fig. 6C) caused a rightward shift in
Pstim. This is again captured by the mod-
el; the negative lobe of k aligns with
times when initiation probability is �0
but not unity. The fit of P̂stim to Pstim had
an R 2 � 0.98 for each of these 3 cases.
Thus, effects could be captured by a
model where stimulation had an imme-
diate movement-inhibiting effect (de-
creasing the odds of initiation) followed
by a movement-promoting effect (in-
creasing the odds of initiation).

Still focusing on the self-initiated con-
text, we next asked whether fits were sim-
ilarly good across all tested stimulation
times. To provide a more stringent test of
the model, we concentrated on the fit to
Pstim, rather than Pstim as above. Many
features of Pstim are simply inherited from
P0; the key question is how well one can
account for the differences. The model
provided a good fit to Pstim(t,ts) across
the full range of tested values of t and ts

(Figs. 7C, 8C; compare P̂stim in the mid-
dle subpanel with Pstim in the left sub-
panel). For both monkeys, R 2 (Figs. 7, 8C,
left blue bar) approached an upper bench-
mark based on the sampling error of the
data (gray line, computed via bootstrap;
see Materials and Methods). These results
confirm that, for the self-initiated context,

the impact of SMA microstimulation can be explained by an
initial suppression of initiation probability, followed by a weaker
facilitation.

Similar kernels explain the impact of stimulation
across contexts
Assessed in terms of RT, SMA stimulation had a context-
dependent effect. Is this also true when considering initiation
probability? Three results are possible. First, a similar kernel may
account for effects across all contexts. Second, the same model
may be successful across contexts but may require a different
kernel for each. Third, the model may provide a good fit for some
contexts but not others, regardless of the kernel used. We found
that the first possibility held.

We fit the kernel separately for each monkey and each context.

In all cases, the P̂stim produced by the model provided a good fit
to the empirical Pstim (Figs. 7, 8, compare middle and leftmost
heat-plots). R 2 ranged from 0.76 to 0.89 (Figs. 7, 8, bars at right)
and was always close to the upper benchmark. The kernels that
provided the optimal fit were similar across contexts (Figs. 7A,
8A), even though fitting was independent for each context. In all
cases, there was an initial negative phase followed by a shallow
positive phase. The correlation of kernel shape between contexts,
for a given monkey, ranged from 0.80 to 0.95. To estimate corre-
lations expected by chance, for each context, we fit kernels to
dummy-stimulation data drawn from nonstimulated trials (see

Figure 5. A–F, Impact of microstimulation on initiation probability for Monkey Ax. Same format as in Figure 3.
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Materials and Methods) and computed the percentage of repeti-
tions where correlations between the three contexts were as high
as the empirical values. For both monkeys, empirical correlations
were significant (p � 0.001).

Consistent with the above results, fit quality decreased only
slightly when the model was constrained to use an identical ker-
nel for all contexts (Figs. 7B, 8B, unified kernel). The rightmost

heat-plots show the predicted P̂stim using this kernel. Predic-
tions were very similar to those when using a different kernel for
each context (middle column). Fits were nearly as good when
using the unified kernel as when using context-specific kernels
(Figs. 7, 8, compare bars at right). The average reduction in R 2

was 7.8%. Thus, the same kernel, a negative initial lobe and a
subsequent shallow positive lobe, accounted for effects across all
contexts. The negative lobe of the kernel was more prominent,
but both lobes were important in accounting for effects. We used
the resampling procedure described above to ask whether the
area within each lobe was greater than expected by chance. This
was indeed the case (positive lobe: p � 0.001 and p � 0.001;
Monkeys Ba and Ax; negative lobe: p � 0.001 and p � 0.001).
Resampling also verifies that effects are due to stimulation itself
and not to interactions between behavioral tendencies and inci-
dental properties of stimulated trials (e.g., in the quasi-automatic
context, late stimulation implies a longer delay, which could have
made monkeys anxious to move).

In summary, effects across all contexts could be accounted for
by a simple model where the impact of stimulation depended
only on the time since stimulation was delivered. Put differently,
we saw no evidence for the hypothesis that perturbation of SMA
activity impacts initiation in different ways depending on how
tightly initiation is linked to external cues. For a given baseline
probability of initiation, the change in that probability due to
stimulation was similar regardless of context. This lack of context
dependence is potentially surprising. For example, the quasi-
automatic context produces highly reactive movements, a situa-
tion where initiation might have been expected to bypass any
influence of SMA. Put differently, the transition from low to
high initiation probability in the quasi-automatic context
might have been expected to be unaltered by stimulation. Yet
it was altered and in a manner that was captured by the same
model that captured effects in the other two contexts. Con-
versely, the self-initiated context engages internal consider-
ations more heavily, and perturbations of SMA activity might
thus have been expected to have a larger impact. Yet this was not the
case: changes in initiation probability were consistent with the same
model that captured effects in the other contexts.

That said, it certainly is true that a given change in the odds of
initiation can impact RT to a greater or lesser degree depending
on other factors. For example, the positive lobe of the kernel
(which produces an increase in the odds of initiation) will have a
larger impact on RT if there is a broad range of times when
initiation is possible but far from certain. There is thus no para-
dox in observing context-independent changes in initiation
probability but context-dependent changes in the RT. This is
explored quantitatively below.

Kernels that account for initiation probability predict
RT changes
As noted above, the probability of observing a particular RT can
be derived from the probability of initiating at each time. This
remains true after stimulation: P�RT � t � stimulation at ts	
� Pstim(t,ts)�	�1:t

�1 � Pstim(t � 	,ts	). We used this relation-

ship to obtain the predicted changes in RT given the values of
P̂stim(t,ts) produced by the model. To test whether a single kernel
could account for the diverse RT effects, we used the unified kernel
(Figs. 7B, 8B) and computed the predicted RT distribution. We then
computed the mean change in RT (relative to no stimulation) for
early and late stimulation. The model, although entirely context-
independent, reproduced the context-dependent impact of stimula-

Figure 6. A single, multiplicative kernel predicts Pstim for early, middle, and late stimulation
in the self-initiated context. A, Data and predictions for stimulation delivered starting 220 ms
after target onset. Gray trace represents P0(t), the baseline probability of initiation without
stimulation, for all values of t. Black trace represents Pstim(t,220): the probability of initiation
following stimulation starting 220 ms after target onset. Dashed orange trace represents
P̂stim(t,220), the predicted effect of stimulation at that time. This prediction is based on the
kernel, k, plotted at top (orange trace) aligned to stimulation onset. The log of the kernel is
shown, such that a doubling and halving of odds are plotted equidistant from 0, which indicates
no change in odds. B, Similar plot for stimulation starting 570 ms after target onset. The kernel
is thus shifted to begin at 570 ms. C, Similar plot for stimulation starting 740 ms after target
onset.
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tion on mean RT (Fig. 9). The variance in RT accounted for
(across the 6 cases for both monkeys) by the fit was 0.88.

The model captured the advancement of self-initiated RTs
following early stimulation. This can be understood in terms of
the stimulation-induced change in Pstim. The positive lobe of the
stimulation kernel occurs when initiation is gradually becoming
likely. A small increase in the odds of initiation during this ex-
tended period produces a sizeable change in mean RT. For the

other two contexts, the transition from low to high baseline ini-
tiation probability is more rapid. Even though these contexts also
involve a sizeable increase in initiation probability (e.g., Fig. 8E,
red regions), the impact on RT is small due to the restricted
temporal window where that effect matters.

The model also captured the increased RT following late
stimulation. For late stimulation, the negative lobe of the ker-
nel occurs when initiation is becoming likely. As for the em-

Figure 7. Model predictions of Pstim for Monkey Ba. A, Context-specific kernels, found when fitting to each context separately: self-initiated (blue), cue-initiated (red), and
quasi-automatic (yellow). As in Figure 6, the log of the kernel is plotted. Dashed line at 0 thus indicates no change in initiation odds. B, Unified kernel, found when fitting to all contexts
simultaneously. Shaded region represents 95% CIs of kernels fit to dummy stimulation data (see Materials and Methods). C, Empirical (left) and predicted changes in the probability of
initiation following stimulation in the self-initiated context. Predictions in the middle heat plot are based on the context-specific kernel (A, yellow kernel). Predictions in the right heat
plot are based on the unified kernel (B, black kernel). Prediction performance is quantified at right. A rough benchmark on the fit performance that could be provided by a good model
was estimated via bootstrap. Horizontal line and shaded region represent mean and 95% CIs of that estimate. D, Same as for C, but for the cue-initiated context. E, Same as for C, but for
the quasi-automatic context.

Zimnik, Lara et al. • Perturbation of Macaque Supplementary Motor Area J. Neurosci., April 24, 2019 • 39(17):3217–3233 • 3227



pirical data, the RT increase was less pronounced for the
quasi-automatic context. This is again a consequence of the
rapid increase in baseline initiation probability during the quasi-
automatic context.

Despite these successes, the model underestimated some ef-
fect sizes. This is unsurprising for two reasons. First, the model
reproduces the empirical Pstim well but not perfectly. Second,
the kernel was optimized to minimize mean-squared error be-

tween Pstim and P̂stim, rather than RT and RT̂. If the former
error is zero, the latter will also be zero, but in in general the
optimal kernel will differ slightly depending on which error is
minimized. We can reduce this second contribution by adding, to

the cost function, the error between RT and RT̂, producing a

kernel that minimizes both errors. Doing so resulted in small but
noticeable improvements in the model predictions of RT (R 2

increased to 0.96). For example, the predicted RT reduction in
the self-initiated context following early stimulation was 13 and
14 ms larger (Monkeys Ba and Ax) when using the revised cost
function, better matching the empirical magnitude.

Thus, a simple context-independent model reproduces the
diverse changes in RT. The direction of all effects was correctly
predicted, and effect magnitudes were reasonably well predicted.
The model assumes that changes in the probability of initiation
depend only on the time since stimulation and not on context or
the overall time since target onset. Because this parsimonious
explanation is naturally expressed in terms of the probability of
initiation, subsequent analyses focus on Pstim.

Figure 8. A–E, Model predictions of Pstim for Monkey Ax. Same format as in Figure 7.
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Initiation-promoting effects were more prominent for early
stimulation trials
The impact of microstimulation can fade with time (Churchland
and Shenoy, 2007). To explore the possibility that some effects
may be more prominent when a site is first stimulated, we sepa-
rately fit stimulation kernels to data for the first 25 stimulation
trials at each recorded site (Fig. 10A,E, black kernel). Kernels
changed only modestly following this restriction. However, one
subtle effect was present for both monkeys: the positive lobe was
slightly more prominent when considering only the first 25 trials.

Examination of the data revealed why the fitting procedure
used a more prominent positive lobe: positive values of Pstim,
corresponding to initiation-promoting effects, were more com-
mon when analyzing trials early at a stimulation site. This can be
seen by noting that bright red/orange regions are more promi-
nent in Figure 10 (where analysis is restricted to the first 25 stim-
ulation trials) than in Figures 7 and 8 (which consider all trials).
This effect was particularly noticeable for Monkey Ax in the self-
initiated and cue-initiated contexts.

The above results predict that the ability to advance RTs,
via stimulation early within self-initiated trials, should be en-
hanced for the first 25 stimulation trials. This was indeed the
case. We repeated the analysis in Figure 2C, D, restricted to the
first 25 trials at each site. RT advancement grew for both mon-
keys. This increased advancement was sizeable for Monkey Ax
(a 24 � 9 ms increase relative to the effect for all trials, p �
0.04, two-sample t test) and quite modest for Monkey Ba (a
6 � 13 ms increase, p � 0.75). Thus, the movement-
promoting impact of SMA stimulation tended to be modestly
stronger when a site was first stimulated.

Effects of SMA stimulation across hemispheres and sites
The kernels above were estimated after pooling data across stim-
ulation sites. Pooling was essential to provide sufficient trials so
that Pstim(t,ts) could be estimated for every combination of t and
ts. However, effects may potentially vary across sites. We first
considered that sites in one hemisphere might differ systemati-
cally from those in the other. This was not the case; kernels were
similar when fit separately to data from each hemisphere (Fig.
11A,B). The bilateral impact of stimulation presumably relates to

the fact that SMA is active for movements of both the contralat-
eral and ipsilateral arm (Kermadi et al., 1998; Nakayama et al.,
2015). However, we note that suprathreshold stimulation typi-
cally produced movement only of the contralateral arm. Thus,
the initiation-altering effects of stimulation are likely unrelated to
the more direct impact of suprathreshold stimulation.

We were also curious whether effects differed across sites
within each hemisphere yet found this impossible to address.
Trial counts for a single site were insufficient to provide robust
estimates of effects, making it unclear whether site-to-site vari-
ability was real or due to sampling error. Given this, we stress that
the kernels we report should be considered a summary of the
central tendency across all sites. Effects at individual sites may (or
may not) vary around this central tendency.

Importantly, site-to-site variability did not limit our ability to
estimate the central tendency. We resampled our stimulation
sites, with replacement, and recomputed the kernel (fitting a sin-
gle kernel to the data for all contexts). A similar kernel was con-
sistently found, as indicated by the 95% CIs in Figure 11C, D.

Discussion
SMA has long been thought to play a role in computations deter-
mining when and whether to move (Goldberg, 1985; Chen et al.,
1995; Thaler et al., 1995; see also Schurger et al., 2012; Murakami
et al., 2014; Carlsen et al., 2015; Wang et al., 2018). Our findings
validate a key prediction of that hypothesis: manipulation of
SMA activity alters the probability of movement initiation. These
results likely relate to the prior finding that transcranial stimula-
tion above SMA can, tens of minutes later, impact both RT and
the probability of false starts (Carlsen et al., 2015). The time-
scales involved are very different, yet both sets of results are con-
sistent with perturbation of a computation that influences the
likelihood of initiation. A notable feature of the present results is
that both increases and decreases in initiation probability were
observed depending on stimulation timing. Interestingly, micro-
stimulation of pre-SMA during a saccade task also had a mixed
effect: producing shorter RTs when delivered during a delay pe-
riod yet longer RTs when delivered after the go cue (Isoda, 2005).

It has been suggested that SMA plays a context-dependent role
in movement initiation, perhaps being more involved when
movements are less linked to external cues and more dependent
on internal decisions (Eccles, 1982; Goldberg, 1985; Thaler et al.,
1995; Passingham et al., 2010). We observed context-dependent
changes in RT, which initially seemed to support that hypothesis.
However, changes in the RT can be difficult to interpret for a
variety of reasons. As one example, a minimal RT change might
indicate that the perturbation had little intrinsic effect, that the
effect occurred when initiation was already near certain (a ceiling
effect), that the effect occurred when initiation was very unlikely
(a floor effect), or that the effect occurred after many trials had
already been initiated. The probability of initiation provides a
more readily interpretable measure and yielded a more parsimo-
nious summary of effects. Stimulation produced a time-varying
change in the odds of movement initiation that was similar across
contexts. Indeed, a simple context-independent change in the
odds of initiation explained the more complex changes in RT.
Thus, we saw no evidence that the impact of SMA stimulation
was context-dependent.

We found this lack of context dependence surprising. In par-
ticular, quasi-automatic movements were initiated at very low
latency, leaving little time for deliberation. For such highly reac-
tive movements, initiation might have been expected to be disso-
ciated from the more cognitive processing typically associated

Figure 9. Predicting RT from P̂stim. Predicted RT following early or late stimulation.
Predictions were made using the unified kernel (found by fitting simultaneously to all contexts).
To mirror the analysis in Figure 2, the values of ts used to predict the effect of early and late
stimulation were 700 and 300 ms, respectively, before the reference time: the time when
movement had begun on 10% of nonstimulated trials in that context. Because of the 150 ms
window used when originally estimating Pstim, this effectively produced stimulation win-
dows of 700 –550 ms and 300 –150 ms before the reference time, matching the windows used
in the original analysis.
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with SMA. Yet the same model that ac-
counted for effects in the self-initiated
context also accounted for effects in the
quasi-automatic context. The context-
independent effect of stimulation was also
surprising because SMA activity is strongly
context-dependent in this task. Below we
consider how this might be possible.

Context-independent stimulation
effects versus context-dependent activity
The finding that SMA stimulation im-
pacts initiation across contexts agrees
with the finding that SMA is active across
contexts. Thus, both stimulation and re-
cording results (Romo and Schultz, 1987;
Kurata and Wise, 1988; Thaler et al., 1988;
Picard and Strick, 2003; Hayduk-Costa et
al., 2013; Carlsen et al., 2015; Lara et al.,
2018b) argue that SMA contributes to ini-
tiation across a broad range of situations.
However, the context independence of
stimulation effects might appear to con-
flict with the well-established dependence
of SMA neural responses on contextual
factors (Tanji and Shima, 1994; Naka-
mura et al., 1998; Merchant and Georgo-
poulos, 2006; Merchant et al., 2011, 2013;
Nakajima et al., 2013; Merchant and
Averbeck, 2017; Lara et al., 2018b; Men-
doza et al., 2018; Wang et al., 2018).
Indeed, we have confirmed strongly
context-dependent responses in SMA
(but not motor cortex) in this very same
task, at recording sites interspersed among the stimulation
sites (Lara et al., 2018b). How could perturbations of context-
dependent activity yield context-independent changes in initiation
probability?

Although we can only speculate regarding underlying neural
events, our results are not paradoxical, as they might first appear.
Indeed, the key element, an impact of stimulation that depends
primarily on prestimulation initiation probability, emerges nat-
urally given two assumptions. The first assumption is that the
impact of stimulation on neural activity is small and not intrin-
sically context-dependent. This is plausible: stimulation was de-
livered below threshold, and the same stimulation parameters
were used for all contexts. The second assumption is that baseline
initiation probability is informative regarding the proportion of
trials where the underlying neural state is on the verge of produc-
ing initiation.

We assume that there is some “movement-initiating region”
of SMA neural state space. This might be the region past thresh-
old in a race model. More generally, it can be thought of as a
region where the net influence of SMA becomes strongly move-
ment promoting. At a given time during the task, taking all trials
where movement has yet to occur, there will be a distribution of
neural states relative to the initiating region. Two hypothetical
distributions, corresponding to two contexts, are shown in Figure
12A, B. Lighter colors represent baseline distributions. Because
distributions correspond to trials where initiation has not yet
occurred, they lie largely to the left of the initiating region (gray).

For illustration, distributions have been constructed to be dif-
ferent for the two contexts but to nevertheless have a similar

Figure 10. Movement-enhancing effects of microstimulation are strongest when a site is first stimulated. A–D, Results for
Monkey Ba. E–H, Results for Monkey Ax. Kernels were the “unified” kernel fit to all contexts simultaneously. A, Stimulation kernel
fit to first 25 stimulation trials at each site (black line) and all stimulation trials (gray line). B, Empirical (left) and predicted (right)
changes in the probability of initiation following stimulation in the self-initiated context, after restricting to the first 25 stimulation
trials at each site. C, Same as for B, but for the cue-initiated context. D, Same as for B, but for the quasi-automatic context. E–H,
Same as for A–D, but for Monkey Ax.

Figure 11. Analysis of potential heterogeneity of effects across sites. A, Stimulation kernels
for stimulation sites in contralateral (left subpanel) and ipsilateral (right subpanel) SMA. Ker-
nels were the “unified” kernel fit to all contexts simultaneously. Data are for Monkey Ba. B,
Same as for A, but for Monkey Ax. C, Reliability of stimulation kernel estimated by resampling
stimulation sites. Black trace represents the original stimulation kernel. Gray region represents
the 95% CI across resamplings. Data are for Monkey Ba. D, Same as for C, but for Monkey Ax.
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amount of mass near the movement-initiating region (gray).
Thus, both contexts have a similar proportion of trials on the
verge of initiation. If we assume that the effect of stimulation is
modest (e.g., a small rightward shift as shown), then the propor-
tion of states shifted into the initiating region will be similar in the
two contexts. Thus, similar prestimulation initiation probabili-
ties would imply similar poststimulation probabilities, regardless
of context. We have simulated a simple race model and con-
firmed that this is indeed what occurs. Furthermore, it was rela-
tively easy to parameterize that model so that it reproduced our
key findings: nearly context-independent changes in initiation
probability that produced context-dependent RT changes.

This simple framework is readily extended to multiple dimen-
sions (Fig. 12C). Purple and orange regions represent possible

distributions of neural states in two contexts. Thus, activity is
strongly context-dependent. However, both distributions have
similar mass near the movement-initiating region (gray), consis-
tent with both having similar probabilities of initiation at that
moment. If the stimulation-induced change in neural state (red
arrow) is small and similar across contexts, the proportion of
states driven into the initiating region will be similar. Thus, sim-
ilar baseline probabilities of initiation will result in similar post-
stimulation probabilities of initiation, regardless of context.

We stress that context dependence will not hold under all
assumptions. Context independence may be lost if the perturba-
tion is large, if the initiating region is curved, or if the impact of
the perturbation is not additive with the underlying state. It is
thus far from guaranteed that the impact of a perturbation will be
context-independent. However, this framework illustrates that there
is no intrinsic contradiction between context-dependent activity and
context-independent effects of subthreshold stimulation.

Caveats regarding context independence of effects
Our key analyses combine data across sites for statistical power.
Given practical limitations, it was not possible to accurately esti-
mate effect sizes for each context at each site. It thus remains
possible that some sites produced greater effects for some con-
texts, with such variability averaging out across sites. This again
underscores that our results should not be taken to rule out the
possibility of context-dependent processing in SMA. Rather, our
results reveal that perturbation of SMA activity does not, overall,
preferentially impact the probability of initiation in some con-
texts but not others.

Another caveat is that, while our task used contexts where
initiation was loosely (self-initiated) or very tightly (quasi-
automatic) tied to external cues, this does not span the full range
of possible behaviors. In the self-initiated context, monkeys chose
when to initiate yet did not have unlimited time. The impact of
SMA stimulation on initiation probability could potentially dif-
fer in more open-ended situations. At the other extreme, while
quasi-automatic reaches were very low-latency, even lower-
latency reaches can be elicited via the startle reflex (Valls-Solé et
al., 1995; Carlsen et al., 2004; Honeycutt and Perreault, 2012). It
remains unclear whether SMA stimulation would alter the prob-
ability of startle-evoked responses, although effects of cathodal
transcranial direct current stimulation suggest this is possible
(Carlsen et al., 2015). Thus, we cannot conclude that stimulation
never interacts with contextual factors. What can be concluded is
that the impact of stimulation is surprisingly similar across a
range of situations where initiation is either loosely or very tightly
linked to external stimuli.

Nature of computation being disrupted
SMA has been implicated in processes broadly described as
executive-control functions, including sequence learning and ex-
ecution (Tanji and Shima, 1994; Shima and Tanji, 2000; Tanji,
2001), stimulus–response association (Matsuzaka and Tanji,
1996; Hoshi and Tanji, 2004), and conditional response associa-
tion (Chen et al., 2010). Damage to SMA can produce a lack of
spontaneous movement (Laplane et al., 1977; Krainik et al.,
2001). Paradoxically, SMA lesions can also cause patients to ini-
tiate actions (e.g., don a pair of glasses or pour a glass of water)
when contextually inappropriate (the patient was already wear-
ing glasses or was instructed not to pour water) (Feinberg et al.,
1992; Boccardi et al., 2002). These findings suggest that SMA
plays a role in cognitive processing leading up to movement
initiation.

Figure 12. Schematic illustration of how the impact of stimulation may depend primarily on
the proportion of neural states near a movement-initiating region. A, Possible distribution of
neural states in one context. Gray region represents a “movement-initiating region” where
activity becomes strongly movement-promoting. Light blue represents a baseline (without
stimulation) distribution. A possible movement-promoting impact of stimulation, moving the
distribution slightly rightward, is illustrated (dark blue). B, Possible distribution of neural states
in another context. Although the baseline distribution differs from than in A, there are a similar
proportion of states near the movement-initiating region. Thus, the number of trials where the
state is “poised” to initiate movement is similar, yielding a similar probability of initiating in the
near future. Because the impact of microstimulation is a small rightward shift, the proportion of
states shifted into the movement-initiating region is also similar to that in A. C, Similar concep-
tion but extended to multiple dimensions. Activity is strongly context-dependent. Purple and
orange distributions of neural states represent two contexts. Yet the proportion of states shifted
into the movement-initiating region is similar in the two contexts.
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The present findings support that hypothesis, but the nature
of the computation impacted by stimulation remains unclear.
There exist multiple overlapping possibilities. Stimulation may
alter computations linking sensory cues with appropriate actions
(e.g., “a blue target means wait to obtain a large reward”) (Nachev
et al., 2008). Stimulation may disrupt motor preparation, as oc-
curs in premotor cortex (Churchland and Shenoy, 2007). Stim-
ulation may alter computations related to interval timing (Mita et
al., 2009; Merchant et al., 2013; Merchant and de Lafuente, 2014;
Cadena-Valencia et al., 2018) or time discrimination (Mendoza
et al., 2018). Producing appropriately timed movements, in dif-
ferent ways for the different contexts, is a key aspect of our task.

Alternatively, stimulation could directly impact signals that
prompt initiation. This possibility is suggested by the recent find-
ing that SMA and motor cortex share a movement- and context-
independent response component that undergoes a large change
just before movement onset (Kaufman et al., 2016; Lara et al.,
2018b), in agreement with theoretical predictions regarding how
a neural “trigger signal” might initiate movement generation
(Sussillo et al., 2015).

Any or all of the above processes could be altered by stimula-
tion. Perturbation of more than one process might explain the
biphasic impact of stimulation (decreasing and then increasing
the odds of initiation). Alternatively, the physiological impact of
stimulation may be intrinsically biphasic: an initial effect fol-
lowed by a rebound. In summary, the reasons why SMA stimu-
lation alters the probability of initiation remain unclear. What is
clear is that SMA computations influence movement initiation
and do so not only in situations where SMA is classically thought
to be necessary but across a broad range of contexts.
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