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Abstract

Background Research suggests that unconscious activity in the supplementary motor area (SMA) precedes not only certain
simple motor actions but also the point at which we become aware of our intention to perform such actions. The extent to which
these findings have implications for our understanding of the concepts of free will and personal responsibility has been subject of
intense debate during the latest four decades.

Methods This research is discussed in relation to effects of neurosurgical removal of the SMA in a narrative review.

Results Removal of the SMA typically causes a transient inability to perform non-stimulus-driven, voluntary actions. This
condition, known as the SMA syndrome, does not appear to be associated with a loss of sense of volition but with a profound
disruption of executive function/cognitive control.

Conclusions The role of the SMA may be to serve as a gateway between the corticospinal tract and systems for executive
function. Such systems are typically seen as tools for conscious decisions. What is known about effects of SMA resections
would thus seem to suggest a view that is compatible with concepts of personal responsibility. However, the philosophical

question whether free will exists cannot be definitely resolved on the basis of these observations.
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Intuitively, many of us tend to believe in what is often de-
scribed as the ideo-motor theory of behavior. According to
this view, at least some of our actions are governed by visions
of future outcomes that we have decided to pursue [21]. The
popular belief that the proximal cause of human behavior are
conscious choices and decisions for which we can be held
responsible is broadly consistent with views that have domi-
nated theological and scholarly thinking about the human con-
dition for thousands of years. So, for instance, according to the
ancient legend of the garden of Eden, the first humans were
expelled from an Earthly paradise as a consequence of a
choice to break with a command made by God. This legend,
which features prominently both in the Old Testament and the
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Qur’an, defines the human ability for free choice and the ca-
pacity for both good and evil that follow as a consequence as a
central theological problem [2, 15].

However, the idea that some human actions are governed by
free will is not as evidently valid and straightforward as one
might intuitively assume. Some early philosophers such as
Lucretius [34] and Aristotle [1] had considerable difficulties in
reconciling the existence of free will with their view of nature as
governed by chains of causes and effects. Since then, philoso-
phers, scientists, and theologians have continued to struggle with
issues such as whether the concept of free will is compatible with
our understanding of the deterministic laws of nature and/or
compatible with the belief in an almighty God [38].

During the latest decades of the twentieth century, this
theological/philosophical debate took an unexpected turn, as
hopes were raised that neuroscience was on the verge of pro-
viding definitive, empirically based resolutions of these is-
sues. The findings that inspired these hopes suggested that
unconscious neural activity in a brain region that can anatom-
ically be referred to as the dorsal medial frontal cortex (AIMFC)
or functionally, and more specifically, as the supplementary
(and pre-supplementary) motor areas (SMA) preceded both
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voluntary action but also the feeling of deciding to perform the
action. Observations that appeared to point in this direction
were made both in experiments registering activity in this area
and in studies where such activity was induced by direct cor-
tical stimulation. The timeline invited the interpretation that
dMFC/SMA activity was the cause of the feeling of wanting
and deciding to act [43]. A fairly typical example of this rea-
soning is given by Wegner [57]:

It seems that conscious wanting is not the beginning of the
process of making voluntary movement but rather is one of the
events in a cascade that eventually yields such movement. The
position of conscious will in the time line suggests perhaps
that the experience of will is a link in a causal chain leading to
action, but in fact it might not even be that. It might just be a
loose end—one of those things, like the action, that is caused
by prior brain and mental events.

During the latest 3—4 decades, and in the wake of these
initial findings, a host of research has continued to explore
the neurobiological basis of human volition and decision-
making [10, 11, 14, 16, 32, 39, 42]. However, considering
the initial findings regarding SMA function is still, as noted
by neurobiologist Robert Sapolsky [44], “virtually ordained
[in] any discussion of volition and biology.”

Focus of the present review

The present review concerns itself mainly with one particular
neurosurgical dimension of the neuro-philosophical debate
surrounding the relation between dMFC/SMA and conscious
free will. When the key findings on this issue were made
between 1983 and 1991 [11, 33], experiences from SMA re-
sections in humans had only been reported for approximately
six cases [27, 40]. However, today, such resections have be-
come relatively common. This makes it possible to examine
experiences from SMA resections in relation to current neuro-
philosophical theories on free will. The main purpose of the
present narrative review is thus to critically discuss this issue.

Fig. 1 Overview of the main
results of the so called Libet
experiment
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Voluntary, self-initiated movement often appears to be pre-
ceded by an electrical potential that can be most clearly ob-
served by electroencephaloeram (EEG) registration over the
dMFC/SMA area [25]. In a 1983 experiment by Benjamin
Libet et al. [33] that has come to be known as “the Libet
experiment,” the exact time at which this “readiness potential”
(RP) occurred in relation to a motor movement in the form ofa
flick of the wrist performed by participants (M) was recorded.
In addition, the participants were instructed to choose the ex-
act time at which to perform this action and to report the exact
time at which they decided that they wanted (W) to do so. In
order to help the participants report the time of their decisions
as accurately as possible, they got to watch a dot moving in a
circle on a screen with a frequency of one full lap every 2.56 s
and were asked to indicate the position of the dot when the
decision was made. Activity in the SMA preceded the subjec-
tive experience of making the decision to perform the action
with roughly 300 ms (Fig. 1). This was the finding that initi-
ated the debate on neuroscience and free will, and the general
timeline demonstrated in the original experiment has later
been replicated using several different techniques including
functional magnetic imaging and single cell recordings from
depth electrodes [12, 28].

A second seminal finding regarding the SMA and sense of
volition was reported in 1991 by Fried et al. [8], where the results
of direct cortical stimulation performed as part of epilepsy sur-
gery evaluations were presented. Here the authors reported that
low stimulation intensities over the SMA cause the patient to
experience a subjective urge to move contralateral body parts.
If the stimulation parameters are more intense, movement would
typically be initiated. This movement would be perceived by the
patient as voluntary. To many, these observations seemed to
provide further support for the notion that SMA activity, even
if artificially created, was a direct cause of an illusion that our
decisions are based on free unconstrained will.

W M

(Motor event (i.e
movement of

finger) as

ndicating recorded by
OMFC/SMA. EMG)
activity) |
ca-550 ca -200 0
msek msek msek

@ Springer



Acta Neurochir (2021) 163:1229-1237

1231

The main reason that these findings have continued to
generate such intense cross-disciplinary interest to this day
is of course the potential implications for the attribution of
blame and personal responsibility for self-initiated actions.
That is, most people appear to hold the opinion that in order
for a person to be accountable for an action, such as
punching another person in the face, the individual
performing the action must have made a conscious decision
to do so and be aware of what he or she is doing [45]. What
the results of the Libet experiment seems to imply is that
self-initiated actions start before we become consciously
aware of them. If we accept this pattern as a general model
for consequential decision-making, it would appear that no
one could ever be held responsible for initiating any actions
whatsoever. The consequences of this interpretation of
Libet’s findings are illustrated by Cashmore who compares
three theoretical models for human behavior (Fig. 2).
According to the two latter of these models, unconscious
SMA activity is seen as a cause of the experience of wanting
and deciding to perform the action but it is also seen as a
cause of the action itself, either in a direct (model C in Fig.
2) or indirect fashion (model B in Fig. 2).

The nature of SMA activity prior
to self-initiated movement

As described above, stimulation of the SMA, above a
certain threshold of intensity, can induce simple

a) The traditional
view of free will and
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movement in the contralateral part of the body that is
often perceived as more or less voluntary. Stimulation
on lower parameters appears to induce sensations that
have been described as an “urge to move” [11]. Others
have reported eliciting the response of the patient feeling
as moving without moving [41].

Results of inducing urges to move, or a feeling of
moving, have more lately also been described for stimu-
lation of parietal cortex [9]. In this area, increased stimu-
lation did not elicit movement whereas cortical stimula-
tion of the premotor cortex elicited movement that pa-
tients were unaware of. Furthermore, fMRI studies sug-
gest that the kind of activity that is associated with the
readiness potential in the SMA is preceded by several
seconds by activity in other brain regions, such as the
frontopolar, parietal, and singular cortices [28, 29, 52].

Simulations using patterns created by a leaky stochastic
accumulator appears to create the exact same patterns as the
readiness potential [46]. Taken together, this seems to sug-
gest that the SMA serves as a gateway through which other
areas of the brain initiates non-stimulus-driven action by
causing SMA activity above a certain threshold.
Regarding the issue whether the readiness potential pre-
cedes only consequential or only non-consequential ac-
tions, evidence seems to be conflicting. Report of an ab-
sence of the readiness potential for consequential decisions
about donating money has been reported [35]. However,
others have noted that the readiness potential precedes the
decision to jump during bungy jumping [36].
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c) A more “radical” interpretations of
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Fig. 2 Three models of human behavior in which free will plays different roles. The models B and C are inspired by hypotheses about unconscious

physiological activity in the SMA
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The ecological validity of the Libet
experiment as a model for human
decision-making

An important line of discussion and critique of the Libet ex-
periment concerns the question of its ecological validity for
the understanding of consequential decision-making [30, 47].
The kinds of decisions studied by Libet et al. concern simple
goal-directed motor movements that may be seen as pretty
similar to those many of us perform, for instance, in order to
get to our workplace in time (staying on track, while putting
one foot in front of the other, getting in and out of the car,
riding a bike, paying the bus fare, etc.). Such movements, and
actions, taking us closer to set future goals and subgoals, are
not always monitored in detail by consciousness [3, 13, 18]. If
someone would stop us on the way to the morning meeting,
pointing out to us the fact that we just recently put our left foot
in front of the right one while walking down the corridor,
asking us if that particular movement was voluntary, we
would probably answer in the affirmative. But if this inter-
viewer would go on and ask us to pinpoint the exact time at
which we made the decision to perform the movement, many
ofus might go further back than 200 ms before the movement.
“When I woke up this morning and decided not to call in
sick,” might be one possible reply. “When I decided to pursue
a neurosurgery residency despite knowing about the long on-
call hours” might be another. The point is that having made
the decision of which goal to pursue, going through the details
such as putting one foot in front or the other, or flicking a wrist
at a particular time, is reduced to execution, governed by a
system for cognitive control. The mind will go on to monitor
these actions to ascertain their adequacy. However, the kind of
conscious careful deliberation and weighing of pros and cons
that is typically associated with concepts such as “conscious
free will” may not be in play for every motor action involved
in every step you take.

The neuropsychological concept of executive function/
cognitive control is a well-established, albeit somewhat elu-
sive, concept within the field of scientific, cognitive psychol-
ogy. Lezak et al. [31] define it as involving volition, planning,
purposeful action, and effective performance. Braem et al. [7]
define it as a set of “higher order processes that are thought to
direct, correct, and redirect behavior in line with internal goals
and current context.” What is important for our purposes is
that theories of executive function implicitly presupposes and
rests on an assumption of the existence of consequential con-
scious decision-making.

If a system for executive function is what induces the read-
iness potential, SMA activity is useless as an argument against
the existence of free will. But if the readiness potential sig-
nifies a process during which physiological and biochemical
brain processes make consequential selections of future goals
for us independently and beyond the reach of conscious
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awareness, free will may be in jeopardy. If the former hypoth-
esis is right, human intuition seems to be fairly to the point,
and William James’ [21] ideo-motor theory may be fairly
accurate. If the latter assumption is right, then humankind
may have to thoroughly re-evaluate its perception of itself
and society, including a thorough re-evaluation of the founda-
tions for the criminal justice system.

Resections of the SMA and the SMA syndrome

The most important early modern functional description of the
SMA was presented by Penfield and Welch [41], who de-
scribed experiences of direct cortical stimulation of dIMFC in
a series of 24 patients in addition to effects of unilateral resec-
tion of the same area in two monkeys. A fairly consistent
finding here is that cortical stimulation elicits vocalization,
head turning, and movements. Penfield and Jasper [40] later
briefly presented experiences from three patients undergoing
resections in the SMA, all of which are described as postop-
eratively having developed a slowing of movement of extrem-
ities and a grasping reflex in the contralateral hand (similar to
what Penfield and Welch [41] observed in monkeys).
Eventually, however, most of the effects disappeared and only
the inability to perform rapidly alternating movements be-
tween extremities remained.

More recently, several case series of patients undergoing
surgical resection of this area, either as a treatment of gliomas
or as part of epilepsy surgery, have been presented [5, 24, 51,
54, 58]. Clinically, these patients are typically described as
undergoing a postoperative evolution of a series of symptoms,
most of which will eventually resolve, i.e., the so called SMA
syndrome. As described by Laplane et al. [27] in a series of 3
patients, the first stage of the syndrome is characterized by a
brief initial period of akinetic mutism, which appears to be
prolonged in patients with bilateral SMA damage [17]. The
second stage involves recovery of function but with persisting
reduction of spontaneous motor movement and speech. The
last stage is full recovery, with only remaining difficulties in
performing rapidly, alternating movements of the hand re-
maining. Zentner et al. [58], presenting experiences of surgery
in 28 patients, describes the mean time to stage three (i.e.,
resolution of all clinically significant symptoms) as 11 days
after surgery, although some patients were affected up to 3
months after the procedure.

The exact neurophysiological mechanisms by which reso-
lution of symptoms takes place are not fully understood.
However, case series presenting pre- and postoperative func-
tional magnetic resonance imaging of patients undergoing
surgical resections in this area suggests reorganization of func-
tional networks allowing compensation by the intact contra-
lateral SMA [26, 55].
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The SMA syndrome—Iloss of free will or loss
of executive function?

When discussing the implications of the SMA syndrome for
the relationship between this brain region and free will, it is
important to remember that the central issue here is not wheth-
er SMA activity, for instance in the form of a readiness poten-
tial, precedes the execution of moments. The central finding is
that this activity also precedes what subjects and patients de-
scribe as the sensation of becoming conscious of wanting and
deciding to perform the action. One interpretation of this find-
ing might be that the sensation of wanting and deciding to
perform a given simple motor action at a certain time signifies
a continuous self-monitoring [28, 29] performed by a system
for executive function in order to ascertain that the individual
keeps working in concordance with goals set during previous
conscious decisions and choices. The other would be that a
center in the SMA actually deceives the conscious self into
experiencing a sense of wanting to perform an action that the
SMA has already initiated.

If the former interpretation is accurate, a resection of the
SMA could be expected to have profound effects on executive
function, particularly with regard to the ability to voluntarily
initiate speech and contralateral motor actions. If the latter
would be true, we would expect profound effects primarily
on the ability to make strategic and important decisions and
on the ability to “want” to perform certain actions.

Based on the literature and neurosurgical experience, the
features of the SMA syndrome appear to be consistent mainly
with the first of these two hypotheses. That is, the inability of
the individual to use systems for cognitive control for the
executions of movement and speech during the SMA syn-
drome appears to be the central hallmark of the condition.
Furthermore, reports of the kind of profound apathy that a
dramatic loss of will power should reasonably produce are
conspicuously absent from the neurosurgical literature in
which SMA resections are described.

More recently, the state of the subjective sense of vo-
lition associated with the SMA syndrome was investigat-
ed by Stalnacke et al. [44] in a series of 9 brain tumor
patients. These patients all experienced different extents
of the SMA syndrome either after glioma surgery (8 pa-
tients) or resection of a meningioma (1 patient) in the left
hemisphere. Symptoms ranged in severity from a period
of akinetic mutism in one patient to discrete slowing of
speech. The patients were all explicitly asked whether
they felt that their impairments during the syndrome were
caused by a lack of volition. They were also asked to
grade their effort to comply with commands during the
neurological examinations as compared with the right
side. Five of the patients answered these questions while
they were under the influence of the SMA syndrome and
4 answered questions retrospectively.

Results were clear. In their replies, all patients denied feel-
ing a lack of a sense of volition as a reason for their difficul-
ties, and all estimated that they made a 100% effort to comply
with commands for all parts of the exam for both affected and
unaffected functions. Of course, self-reports such as these,
particularly those based on retrospective memories, are sub-
jective interpretations and constructions of reality that can
potentially be influenced by a host of cognitive and social
factors [50, 56]. Still, despite their limitations, self-reports
are also the most direct way to study the nature of such sub-
jective reconstructions of reality. Furthermore, the fact that all
answers given by the patients studied by Stalnacke et al. were
identical whereas there was variation with regard to at what
time the questions were asked in relation to the SMA syn-
drome may be taken to suggest that the answers convey a
subjective experience that is relatively stable across conditions
among patients.

In another recent study using an overlapping set of patients,
Sjoberg et al. [S51] investigated effects of resections in the
SMA on known psychological tests for executive function/
cognitive control. The first of three tests used was the Color-
Word interference test [53] that measures the ability of the
individual to describe the color of the letters used to write a
word signifying a color (i.e., the word RED written in green).
This test taxes the ability of the individual to focus his or her
attention on the color and not the word. The second test (the
forced left condition of the Bergen dichotic listening task)
investigated the ability of the individual to counter the spon-
taneous tendency of right-handed individuals to prioritize
sound heard in the right ear relative to the left [19, 20].
Finally, the relation between the ability to produce words
starting with a certain letter relative to the ability to produce
words belonging to a certain category was tested. These tests,
including some control conditions, were performed prior to
surgery, immediately after surgery while subjects were influ-
enced by the SMA syndrome and finally approximately 3
months after surgery. Results showed that while patients were
influenced by the SMA syndrome, all measures of executive
function/cognitive control were profoundly affected whereas
effects on control conditions (i.e., the non-forced condition of
the dichotic listening task) were very modest. At 3-month
follow-up, after the resolution of the SMA syndrome, effects
had disappeared.

Sjoberg et al. did not explicitly discuss the implications of
their findings in relation to the neuro-philosophical discussion
of the role of SMA resections for the experience of free will.
However, taken together with the findings by Stalnacke et al.,
these results must be seen as giving clear support to the notion
that SMA activity may be important in channeling commands
from systems for executive function/cognitive control regard-
ing more or less complex pre-planned behaviors. The results
also run counter to the notion that SMA activity is central for
the subjective experience of free will.

@ Springer



1234

Acta Neurochir (2021) 163:1229-1237

The reconstructive nature of the monitoring
of volition

As has already briefly been discussed, one of the most funda-
mental principles of cognitive science is that self-reports de-
scribing what we see, perceive, remember, feel, or do are
fundamentally reconstructive and interpretive. This often
serves us well, but there are also examples of situations where
illusions, misconceptions, and misunderstandings follow.
Examples of such instances range from dramatic events such
as the early modern European witch persecutions to more
mundane cognitive and perceptual illusions that are common-
place in introductory textbooks of cognitive psychology [6,
21-23, 37, 48, 49]. The fact that observations, such as those
made by Libet, are not immune to such effects have been
shown by Banks and Isham [4], who manipulated deceptive
feedback on their movements to subjects performing a Libet-
like task, thereby suggesting to them that their movement was
performed later than it actually was. This led subjects to delay
the time at which they reported “deciding” to perform the act.
This fact would be impossible to explain if an illusion of
making such a decision was purely a result of SMA activity
occurring 500 ms prior to the action. However, it fits very well
with the notion that these self-reports are interpretations that
can be manipulated by circumstances.

Fig. 3 Models for simple non-
stimulus-driven human motor
actions that appear consistent with
observations of patients after
resections of the SMA. (M1 =
primary motor cortex)
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One very simple and mundane explanation for the initial find-
ings of SMA activity preceding the experience of free will may
be that the experimental paradigms manipulated the ways sub-
jects and patients perceived the situation. Patients who were
stimulated on the SMA cortex may have perceived that their
inclination to perform certain movements emanated from a neu-
ral area that is typically directly under executive control.
Similarly, the fact that participants in the Libet experiment de-
scribe movements as caused by voluntary decisions may be
caused by the fact that this system is initiating the movements.
Based on these cues, these patients and participants honestly
describe their reconstructive interpretations of the situation as
consistent with the idea that their movements or urges to move
were grounded in free will and free choices.

Conclusions

So, what is the nature of the neural and behavioral system(s)
that will produce the readiness potential in the SMA?
Literature on the neural basis of volition, experiences from
neurosurgical resections of the SMA, and some basic tenets
and concepts of cognitive science may suggest something like
the following: human non-stimulus-driven motor behavior is
typically governed by reason and decision-making processes

Higher order,
typically conscious,
decision making

Brain centers and network involving systems for
executive function/cognitive control
(i.e. prefrontal cortex, parietal cortex,
cingulum)

SMA

M1 and
cortico-spinal
tract

v

Non stimulus driven movement
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regarding ultimate goals. The proximal cognitive processes
through which such decisions are made are often to a consid-
erable extent, conscious. The execution of these decisions is
however often monitored in a way that may not require unwa-
vering conscious attention [18]. One example of a decision
that may be the result of such conscious reasoning may be
the decision to take part as a subject in a Libet-like experiment
where you are required to flick your wrist at an unspecified
moment.

The exact timing, precision and nature of a motor behavior
that you have decided to perform, is in turn designed by neural
systems for executive function that may involve prefrontal and
parietal regions as well as part of the cingulum. Here the SMA
functions as a gateway by which activity from these systems is
channeled to the primary motor cortex and the corticospinal
tract. Through this route, SMA activity above a certain thresh-
old will produce motor movement.

Direct cortical stimulation of this gateway, i.e., SMA stim-
ulation, on awake patients may shortcut this system producing
a movement that is perceived as non-stimulus-driven (i.e.,
voluntary). Registration of activity in the SMA, i.e., through
EEG recordings, may reveal a readiness potential when im-
pulses for motor behavior are channeled through the SMA.
When subjects are asked when they perceived or “decided” on
the exact timing for such movements, they will report the time
at which they perceived the activity induced by the SMA.

Resections of the SMA will remove the gateway by which
non-stimulus-driven motor actions are initiated by activation
of the primary motor cortex. However, the neural systems
governing conscious, higher order decision-making will re-
main intact.

So, what does this model for SMA activity tell us about the
question whether human behavior is completely determined
and caused by lower order events, such as molecular processes
in the brain? Well, it is notable that the model that would seem
to be the most parsimonious explanation for the data reviewed
above rests on an assumption of the existence of free con-
scious choices. However, this does of course not settle the
debate from a purely philosophical point of view.

For many, the perhaps most tantalizing promise of the
Libet experiment lay in the idea that the definitive an-
swers to some of the most complex, abstract question in
the history of human ideas could lie in the empirical study
of a small piece of the brain. A part of the brain in which
depth electrodes can be inserted, electrical stimulation ap-
plied, and which can even be removed using ultrasonic
aspiration. The results of the neuroscientific study of,
and the neurosurgical physical interactions with, the
SMA during the latest half century have provided inter-
esting and useful insights, some of which I have
attempted to summarize above. However, the fundamental
question if and how a belief in an almighty God, or a
predetermined universe governed by laws of nature, can

be reconciled with the idea of humans as being in posses-
sion of conscious free will cannot be definitely answered
by models such as the one presented in Fig. 3.
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