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A hallmark of voluntary motor control is the ability to stop an ongoing move-

ment. Is voluntary motor inhibition a general neural mechanism that can be

focused on any movement, including involuntary movements, or is it mere ter-

mination of a positive voluntary motor command? The involuntary arm lift, or

‘floating arm trick’, is a distinctive long-lasting reflex of the deltoid muscle. We

investigated how a voluntary motor network inhibits this form of involuntary

motor control. Transcranial magnetic stimulation of the motor cortex during the

floating arm trick produced a silent period in the reflexively contracting deltoid

muscle, followed by a rebound of muscle activity. This pattern suggests a per-

sistent generator of involuntary motor commands. Instructions to bring the arm

down voluntarily reduced activity of deltoid muscle. When this voluntary

effort was withdrawn, the involuntary arm lift resumed. Further, voluntary

motor inhibition produced a strange illusion of physical resistance to bringing

the arm down, as if ongoing involuntarily generated commands were located in

a ‘sensory blind-spot’, inaccessible to conscious perception. Our results suggest

that voluntary motor inhibition may be a specific neural function, distinct from

absence of positive voluntary motor commands.
1. Introduction
Voluntary control of one’s actions is a key feature of human behavioural control.

Interestingly, the capacity to inhibit actions is considered an important element

of voluntary control [1,2]. The most obvious example of such inhibition comes

when we voluntarily decide to terminate a voluntary motor command. Several

studies confirm that voluntary termination involves similar cortical preparation

and programming to voluntary initiation of movement. For example, a readiness

potential may precede the voluntary termination of an isometric muscle contrac-

tion [3]. These studies suggest the existence of a functional ‘negative motor

command’, possibly related to the finding of negative motor areas where direct elec-

trical stimulation leads to slowing or cessation of ongoing voluntary movement [4].

However, the neuronal mechanism for intentional inhibition of involuntary

movement is not clear. In particular, it is not clear whether ongoing involuntary

movement can be suppressed at will, in the same way that one can voluntarily ter-

minate or withhold a voluntary action. The most relevant human data come from

patients with involuntary movements. Some involuntary movements, such as

Parkinsonian tremor and cerebellar tremor, appear to be immune from voluntary

control [5,6]. Here a range of very different inhibitory strategies is found, accord-

ing to the very different forms of involuntary movement that occur following

different forms of neural damage. Patients with frontal release signs such as anar-

chic hand have great difficulty in voluntarily suppressing movements that are

involuntarily triggered by environmental stimuli. Della Sala et al. [7] report a

patient who resorted to voluntary movements of the unaffected hand in order

to restrain the involuntary movements of their anarchic hand. Further, in ‘geste

antagoniste’, dystonia patients may learn voluntary actions that produce tremor

suppression as a by-product, because of sensory involvement in tremorgenic cir-

cuits [8]. Both these examples demonstrate a physical form of inhibition achieved

by a positive voluntary motor command. On the other hand, tic disorders, such as

Gilles de la Tourette’s syndrome, provide evidence of a central voluntary inhi-

bition of involuntary movements. Many patients are able to suppress their tics
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on demand [9]. The underlying mechanism is not well under-

stood, but most studies agree that a widespread frontal

network is involved in voluntary tic suppression [10].

Classic experimental models of involuntary movement are

brief, while inhibitory control processes are typically slow

[11,12]. For instance, the long latency stretch reflexes in the

arm last for only 100 ms [13]. Studies show that intentional

control presets the gain of these brief reflexes [13–15], but the

time scale of the individual reflexes makes it impossible to

test whether reflexes can be intentionally countermanded

after initiation.

A long-lasting involuntary movement provides a better

experimental model for investigating the voluntary inhibi-

tion of an ongoing involuntary movement. For instance, in

Kohnstamm’s manoeuvre, a sustained isometric voluntary

effort involving the deltoid muscle is followed by an involun-

tary contraction in the same muscle that can last for more

than half a minute [16]. The involuntary contraction results

in a slow arm lift, experienced as if a ‘hidden force’ were lift-

ing the arm. Interestingly, such long-lasting involuntary

contractions have been observed in the wrist, ankle, neck,

knee and the hip [17–19]. We know little about the functional

role of these contractions, but due to their larger amplitude in

the proximal versus distal muscles they presumably play a

role in maintaining body posture [20].

The extent of peripheral as opposed to central contri-

bution towards this movement remains contentious (see

[21] for review). In the periphery, the sustained voluntary

contraction used for the induction generates a barrage of

asymmetric proprioceptive inputs from antagonist and

agonist muscles that may contribute to the involuntary

movement [19,22]. Furthermore, such prolonged sensory acti-

vations or alterations in ‘muscle history’ are also associated

with after-effects such as in inaccurate conscious perception

of limb position [23]. Conceptually, a continuous flow of sen-

sory inputs from the altered peripheral receptors may

provide sufficient drive for motor neurons associated with

the involuntary arm lift. Still, the peripheral changes alone

cannot fully explain the involuntary movement production.

For instance, the involuntary movement may outlast the

estimated duration of the peripheral sensory alterations

induced by the voluntary contraction—by several minutes

to hours [21,24,25]. Furthermore, sustained voluntary

contraction in one muscle may trigger involuntary motor

after-effects in other muscles [21]. Perhaps the most remarka-

ble demonstration of a central contribution towards the

Kohnstamm movement comes from a report on how imagin-

ing the effort necessary for the voluntary contraction induces

a long-lasting involuntary arm lift [26]. In that case, the

same neuronal circuits responsible for the Kohnstamm were

presumably recruited by the motor imagery.

Non-invasive brain stimulation and imaging methods

have shed some light on brain structures involved in the

Kohnstamm phenomenon. Transcranial magnetic stimulation

(TMS) of the motor cortex results in larger motor evoked

potentials (MEPs) during the involuntary arm lift than at

rest [27]. This suggests that neurons of the corticospinal path-

way are involved in the involuntary movement production.

Furthermore, fMRI studies reveal a wide network of brain

structures associated with the Kohnstamm movement,

including the motor cortex [17,28]. Based on these studies,

it cannot be concluded that the generation is entirely central

as the activations may reflect the brain areas involved in
monitoring rather than producing the Kohnstamm movement.

Still, these studies do suggest that Kohnstamm movement

may interact with the products of higher brain function.

Indeed, behavioural studies have shown that the involuntary

Kohnstamm movement integrates with visual perception and

attention [19,29].

In summary, the Kohnstamm generator is either a ‘tono-

genic’ central network triggered by the peripheral inputs

and/or effort signals, or it is a collection of central neurons

that drive the involuntary movement based on persistent
peripheral inputs [30]. What is important for this report is

that long-lasting central motor outputs (cortical and/or

spinal) undoubtedly drive the Kohnstamm movement and

this permits new theoretical questions on how voluntary

inhibitory commands interact with ongoing involuntary

motor outputs.

In theory, intentional inhibition of an ongoing involun-

tary movement could be achieved in either of two ways.

First, the brain could send a voluntary motor command to

activate additional, antagonistic muscles to stop and over-

power the involuntary movement. Several studies confirm

voluntarily co-contraction to stabilize a joint or to stop an

ongoing action (e.g. [31]). Contracting the antagonist is effec-

tively similar to the physical form of inhibition used by some

movement disorder patients, as described above. Second,

intentional inhibition could switch off the agonist muscle

generating the involuntary movement. This possibility would

involve a ‘negative motor command’, either at the level of

spinal motor neurons or above. The concept of a ‘negative

motor command’ may seem paradoxical but is consistent

with several neurophysiological observations. Stimulating

the cortical motor areas can result in inhibition of ongoing

movement [4,32]. Negative motor commands might cut the

involuntary command at its source. Alternatively, they might

leave the involuntary generator intact, but add an additional

inhibitory command that sums with and overrides involun-

tary drive. Nevertheless, previous studies provide little

insight into which of these mechanisms is used to return

body movement to voluntary control during a reflex.

Previous studies have addressed how the Kohnstamm

movement integrates with locomotion, and how drugs, limb

position, visual inputs, weights and attention influence its

amplitude [20,33–36]. Interestingly, according to a previous

report the Kohnstamm movement and the corresponding del-

toid muscular contractions is entirely prevented when the arm

is voluntarily restrained prior to the involuntary arm lift, but

the report remained inconclusive on whether the voluntary

inhibition can act after the involuntary movement onset [37].

Here, we focused on the Kohnstamm manoeuvre to investigate

the interaction between the slow processes of intentional inhi-

bition and the involuntary movement. We examined whether

continued involuntary movement of the arm could be inten-

tionally inhibited, and consider the neural mechanisms and

subjective consequences of this voluntary–involuntary motor

interaction.
2. Material and methods
(a) Experimental volunteers
Male and female volunteers between the ages of 18 and 60 par-

ticipated in this study on the basis of written informed consent.

A total of 39 individuals were considered for this study.
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Twenty-six of them participated in the perceptual experiments

and five of them did not have a Kohnstamm. From nine of the

21 volunteers who did display a Kohnstamm, we recorded mus-

cular activity during voluntary inhibition of the Kohnstamm. In

eight additional volunteers, we addressed whether voluntary

inhibition of the Kohnstamm was long-lasting. Five volunteers

were recruited specifically for TMS experiments.
 publishing.org
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(b) Induction of the Kohnstamm
Volunteers stood to push against a wall for 40–60 s with 40–60%

of maximum voluntary force (forces measured using 12.7 mm

force-sensitive resistor; SparkFun Electronics, USA; for contrac-

tion measurements see below). During the push, the arm was

abducted with an angle of 158 at the shoulder joint. After the

push, they were instructed to step away from the wall and

‘relax’, and ‘not to interfere with any upwards or downwards

movement of the arm’. Volunteers were able to comfortably go

through all this for six Kohnstamm movements (three on the

right arm and three left) with a break of 5–10 min between

each trial. Half of the trials were randomly chosen to obey the

instruction ‘gently bring the arm back down and actively keep

it down’ and the instruction was delivered only after the Kohn-

stamm was induced (as indicated by the lift up). Upon return,

the arm was maintained at the rest angle between 58 and 128.
In the baseline voluntary up and down condition, the arm was

first abducted without pushing the wall, and this posture was

maintained for 40–60 s. The trials in this condition were ran-

domly presented along with the Kohnstamm trials.

For the experiments with multiple Kohnstamm movements,

after the initial Kohnstamm induction the volunteers were

asked to ‘gently bring the arm back down and actively keep it

down’ at the rest angle for 1–3 s.
(c) Muscular recordings, brain stimulation and
kinematics

Electromyography was recorded using two pairs of disposable

neonatal ECG electrodes placed over the deltoid and pectoralis

muscles. The signal was amplified with a gain of 1000� in the

presence of a 50 Hz notch filter (Cambridge Electronic Devices,

UK). The data were digitized at 2000 Hz (NI USB 6008 DAQ,

National Instruments, USA) and filtered off-line using a band-

pass filter between 10 and 950 Hz. The electrode placements

were functionally verified by instructing volunteers to ‘lift the

arm’ for the deltoid and to ‘bring it back down’, countering an

upward force from the experimenter for the pectoralis muscle.

TMS was applied over the motor hotspot for the deltoid

muscle using a figure-of-eight coil with an outer diameter of

70 mm (Magstim, UK). This area was located using exploratory

pulses while the subject voluntarily contracted the deltoid

muscle lifting the arm up to shoulder level. Next, the coil was

maintained over this spot and the stimulation threshold was

determined at the resting posture (i.e. the smallest stimulation

intensity at which MEPs of 1 mV were detected in at least three

of five consecutive pulses). To probe the motor cortex during

the Kohnstamm, we used single TMS pulses (300 ms) at 120%

of the resting threshold, and consecutive pulses were separated

by about 4 s. The data from the pulses when the Kohnstamm

reached its maximum were compared to a matched voluntary

lift of the arm in terms of signal amplitude and silent period.

We also compared the mean rectified EMG signals from two

100 ms bins—one before TMS and another 200 ms after TMS.

In each subject, the peak-to-peak amplitudes of the six MEPs,

the rectified signal amplitudes pre–post-TMS and the duration

of the six silent periods induced by TMS were averaged. Mean

values+ inter-subject s.e.m. will be presented.
In experiments involving the voluntary suppression of

Kohnstamm, the rectified EMG signals from the involuntary

movement onset to offset (threshold þ2 s.d. from baseline) were

quantified. We used integrated EMG to quantify the effectiveness

the inhibition (i.e. its net effect on the amplitude and duration of

the signal). Mean EMG was used to quantify the overall muscular

activity (i.e. to address whether the levels of the second involun-

tary contractions were altered after the inhibition of the first

Kohnstamm). Essentially, the latter allowed us to compare EMG

levels even though the duration of the involuntary contractions

were distinct by design.

To measure limb movements we used a pair of visible kin-

ematic markers (LEDs)—one placed on the shoulder joint and

the other above the elbow joint. The LEDs were placed on the

back such that they were invisible to the volunteer. The data

were recorded using a 60 fps camera (Toshiba Camileo, Japan)

and processed by using image-processing software (IMAGEJ,

USA). Angular displacement around the shoulder joint was esti-

mated by using an object tracker (SPOTTRACKER, Switzerland;

IMAGEJ plug-in) and custom written scripts (MATLAB, USA).

(d) Perceptual measurements
Volunteers verbally rated the perceived resistance and the

descriptors of resistance while bringing the arm back down on

1–50 and 1–5 scales, respectively, at the end of each trial. For

these experiments, volunteers were separated as Kohnstamm-

positive (who showed an involuntary arm lift; n ¼ 21) and

Kohnstamm-negative (who did not show an involuntarily lift

in identical conditions; n ¼ 5).

The measurements on the 21 Kohnstamm-positive volunteers

were conducted under three different conditions: (i) Kohnstamm

alone—where volunteers were instructed to remain relaxed after

pushing the wall. (ii) Kohnstamm followed by voluntary down—

where subjects brought their arm down against the involuntary

movement. (iii) Voluntary up and down—where subjects did

not push the wall, lifted their arm up on their own and then

brought it back down. In this condition, the amplitude and dur-

ation of the movement was matched to the Kohnstamm in

condition (i) as closely as possible. In addition to these conditions

10 of the 21 subjects were also instructed to elevate the arm to the

shoulder level and to maintain the posture for about a minute,

and then instructed to bring the arm down as in condition (ii)

and (iii). The data presented in the figure 2e– f are from the 21

participants who did express the Kohnstamm movement. Each

condition consisted of three trials, and the ratings were averaged

for each participant and condition. Mean values+ inter-subject

s.e.m. will be presented.

In the five volunteers who did not express a Kohnstamm

movement, after the push against the wall an experimenter

lifted the arm up and then the volunteer actively brought the

arm down. The volunteers reported the perceived resistances

while bringing the arm down. The data from these experi-

ments are mentioned in the text. This group of volunteers

without the Kohnstamm allowed us to directly address how

pushing the wall alone and the peripheral changes associated

with the push influences perception of external resistance

during the downward arm movement.

(e) Statistics
In the experiments using TMS, MEPs were compared bet-

ween voluntary and Kohnstamm conditions by using a paired

Wilcoxon signed-rank test (MATLAB). The same test was also

used to compare the silent periods between the two conditions.

Mean EMG levels before and after the TMS, in the voluntary and

Kohnstamm conditions, were tested by using the Kruskal–Wallis

non-parametric analysis of variance (MATLAB). In the experi-

ments involving the voluntary suppression of the Kohnstamm
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movement, the integrated EMG in the uninterrupted and sup-

pressed conditions was compared using the paired Wilcoxon

signed-rank test. The first and the second Kohnstamm post-

suppression were compared against the same baseline using

Kruskal–Wallis non-parametric analysis of variance followed by

paired Wilcoxon signed-rank tests. The same two-stage non-

parametric tests were used to test for the impact of Kohnstamm

on perceived resistance. The level of significance was set at

p , 0.05 for all the tests.
3. Results
(a) Transcranial magnetic stimulation of the motor

cortex during Kohnstamm
We used TMS to investigate the relationship between the neural

centres generating the Kohnstamm and the primary motor

cortex. The motor cortex sends voluntary motor commands to

the spinal cord but can also be involved in involuntary move-

ments [17,38–42]. We found that the motor cortical TMS had

similar effects during both the voluntary and Kohnstamm arm

lifts (figure 1c– f ). First, TMS produced MEP in the deltoid

muscle (peak to peak amplitudes: voluntary 4.8 mV +1.6

s.e.m. and Kohnstamm 5.2 mV +1.4 s.e.m., n ¼ 5, p¼ n.s.).

The MEP was followed by a period of reduced muscle activity

or ‘silent period’ (voluntary 114 ms+11 s.e.m. and Kohnstamm
143 ms +13 s.e.m., n ¼ 5, p ¼ n.s.). Interestingly, the Kohn-

stamm EMG rebounded to its previous level after the silent

period (pre-TMS mean rectified EMG 0.19 mV +0.05 s.e.m.,

200 ms post-TMS 0.19 mV +0.07 s.e.m., n ¼ 5, p ¼ n.s.). In

sum, artificially stimulating the motor cortex inhibited expression
of the Kohnstamm, yet the Kohnstamm generator was not reset,

but continued to work in the background.
(b) Intentional inhibition of the Kohnstamm
Next, we instructed volunteers to ‘bring the arm back down’

during the involuntary arm lift. In theory, this could be

done by activating antagonists, or by voluntarily inhibiting

the involuntary contraction of the deltoid, thus letting the

arm fall. Interestingly, we found no evidence for activa-

tion of the antagonist (pectoralis), and a clear reduction of

deltoid EMG, suggesting the latter mechanism was used

(figure 2a,b; pectoralis mean rectified EMG when going up

6.8 mV +0.6 s.e.m. and 6.6 mV +0.6 s.e.m. down, n ¼ 9,

p ¼ n.s.). Interestingly, intentional inhibition of the Kohn-

stamm was not achieved by physical resistance using the

antagonist, but by reducing the command finally emitted

from the spinal cord.

Since the Kohnstamm generator persisted through the

brief cortical silent period induced by motor cortical TMS,

we investigated whether its activity also persisted during
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voluntary inhibition. When we instructed volunteers to relax

after voluntarily bringing the floating arm down, the arm

began to involuntarily lift up again (figure 2c,d ). Thus, inten-

tional inhibition of the Kohnstamm could override the
involuntary arm lift, but did not suppress the Kohnstamm

generator itself.

Thus, voluntary inhibition had similar inhibitory effects

on the deltoid muscle to cortical stimulation.
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(c) Perceptual consequences of inhibiting the
Kohnstamm

The Kohnstamm generates a strange experience of automatic,

involuntary movement, quite different from normal agency.

Early reports suggested that the floating arm feels ‘lighter’

than the same arm during voluntary movement [16,43].

However, the subjective experience of voluntarily inhibiting
the Kohnstamm has not been studied systematically. We

found in pilot testing that people regularly perceived and

spontaneously reported a feeling of external physical resist-

ance when trying to voluntarily bring the arm down. We

tested this experience systematically in a perceptual exper-

iment (n ¼ 26). We could induce a Kohnstamm in 21 of

these participants, and the five Kohnstamm participants

who did not express the involuntary movement were ana-

lysed separately (see below). We asked the 21 participants

to rate the perceived external resistance they felt when

voluntarily bringing the arm down against the Kohnstamm

(figure 2e), during the arm drop as the Kohnstamm fades,

and in a baseline condition involving a voluntary downward

arm movement without any Kohnstamm. Numerical ratings

showed that strongest resistance was felt when voluntarily

bringing the arm down against the Kohnstamm. In addition,

participants rated eight descriptors of the external movement

environment, while voluntarily bringing the arm down

against the Kohnstamm. Sixteen of the 21 volunteers gave

strongest agreement to the feeling that the descending arm

was pressing against a soft air balloon (figure 2f ). By con-

trast, in the baseline condition involving fully voluntary up

and down arm movements in the absence of Kohnstamm,

no participant strongly agreed with this statement. Instead

they reported ‘no sensation’.

Interestingly, five of the 26 volunteers did not display a

Kohnstamm. We could compare data between the volunteers

with and without the Kohnstamm to investigate whether

the perceptual illusion is simply due to the history of

muscle contraction, or to the recruitment of a central

Kohnstamm generator. We asked the ‘Kohnstamm-negative’

participants to push against the wall, as before. We then

passively lifted their arm to a location characteristic of the

Kohnstamm in Kohnstamm-positive participants, and asked

them to voluntarily bring the arm down. This situation

is physically equivalent to the voluntary inhibition condi-

tion in a ‘Kohnstamm-positive’ participant. In this situation,

Kohnstamm-negative volunteers reported resistance values

(8+1 s.e.m., on the 1–50 scale) that were similar to their base-

line values (8+2 s.e.m.). Moreover, Kohnstamm-negative

participants gave their strongest agreement to ‘no sensation’

to describe bringing the arm down against resistance. There-

fore, the perceptual experiences reported by Kohnstamm-

positive participants depended critically on recruitment of a

central Kohnstamm generator, and not on any other aspect of

the task.

To further investigate whether muscle contraction alone

could produce illusions of resistance, we additionally

instructed 10 of the 21 Kohnstamm-positive volunteers to

voluntarily maintain the arm at the level of the shoulder for

60 s. When volunteers brought the arm down in a controlled

manner and were instructed to relax, no reflexive muscular

contraction could be detected. In other words, merely activat-

ing the muscle for a period of time did not induce a

Kohnstamm (data not shown). Importantly, none of these
10 volunteers experienced a sense of resistance when bring-

ing the arm down and they reported ‘no sensation’ to

describe bringing the arm down.
4. Discussion
Integration of voluntary and involuntary motor commands has

been a focus of recent neuroscientific interest [13], but remains

poorly understood. Here, we first induced an involuntary, excit-

atory motor command, using the Kohnstamm manoeuvre.

We then asked participants to voluntarily control the invo-

luntary movement, and ‘bring the arm down’. Instead of

inhibiting with a competing positive motor command, we

found that they were able to produce a voluntary ‘negative

motor command’ that reduced the Kohnstamm contraction in

the agonist. The voluntary reduction in involuntary agonist

activity was sufficient for gravity to bring the arm back down.

Thus, the Kohnstamm manoeuvre produced a long-lasting con-

traction of the deltoid. Deltoid contraction effectively ceased

when participants were instructed to voluntarily bring the float-

ing arm down, while the end of the voluntary inhibition

resulted in the rebound of the involuntary contraction.

The rebound demonstrates that the Kohnstamm motor

generator itself was not reset by voluntary inhibition of the

involuntary contraction. We also showed that the Kohn-

stamm generator continues to operate after a brief period of

muscular inactivity induced by the stimulation of the motor

cortex. The persistence of the Kohnstamm generator may be

due to either of the following two reasons, dependent on

the exact nature of the generator. If the generator were per-

ipherally driven, as mentioned in the Introduction, then the

persistence suggests that the voluntary commands did not

permanently alter the sensory-motor loop necessary for the

driving the generator. Alternatively, and in the more likely

case of an endogenous Kohnstamm motor generator, the per-

sistence suggests that the generator continued to operate in

the background in spite of voluntary countermanding. There-

fore, the voluntary inhibitory signals must converge with the

involuntary processes in the central nervous system to pre-

vent (by suppressing the sensory-motor loop) or cancel (by

suppressing the output of the endogenous motor generator)

the excitatory motor outputs.

The idea that the Kohnstamm movement is associated

with a persistent motor generator is not entirely new. For

instance, a previous theory designed to explain the Kohn-

stamm movement states that the movement arises due to

the resetting of the proprioceptive target [28,44]. Essentially,

the sustained voluntary contraction in the induction phase

creates a new sensory target or ‘default’ posture and after

the withdrawal of the voluntary contraction the involuntary

circuits operate to maintain the ‘default’ posture. Essentially,

this theory relies on a persistent Kohnstamm motor generator

for postural control [30]. Our results also suggest a persistent

generator in the sense that the generator remains operational

in spite of a period of voluntary inhibition. Apart from the

Kohnstamm, similarly persistent automatic processes have

been suggested for anticipated postural adjustments, and

this persistence may make it difficult to voluntarily control

multiple body parts at once [45].

A particularly intriguing result was the illusion of external

resistance when voluntarily moving the arm down against

the Kohnstamm upwards lift. This perceptual experience
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cannot readily be explained by changes in peripheral inputs.

Similar peripheral sensory inputs are activated by voluntary

inhibition of the Kohnstamm and by the voluntary arm-

lowering movement that we tested in Kohnstamm-negative

participants. Moreover, the change in muscle status, from

contracting and pushing against the wall to induce the

Kohnstamm, to subsequently relaxing again, cannot explain

our results. First, this sense of resistance was absent in a volun-

tary control condition where participants voluntarily lifted the

arm up for 60 s, and then relaxed. This condition neither

induced a Kohnstamm nor resulted in a sense of resistance

when bringing the arm down again. Second, the sense of resist-

ance was absent in the small number of our volunteers who

pushed against the wall but did not display a Kohnstamm

lift movement. We conclude that the illusion of resistance

during voluntary inhibition of the Kohnstamm is of central

rather than peripheral origin.

The illusion of resistance during the voluntary downward

movement is perhaps related to the feeling of ‘lightness’

experienced during the Kohnstamm arm lift. According to a

theory proposed by Gurfinkel et al., this light feeling is

explained by the absence of voluntary effort, converse to the

feeling of a heavy arm when the muscles are curarized [30].

In general, the experiences of voluntary action differ strongly

from those of similar passive body movements. Efferent corti-

cal motor commands are thought to underlie the distinctive

‘sense of agency’ that accompanies voluntary movement

[46]. Our data suggest that the sensory consequences of the

upward Kohnstamm lift are not perceived as self-generated

but are incorrectly attributed to external forces. Thus, when

an upward Kohnstamm lift is combined with a voluntary com-

mand to bring the arm down, the Kohnstamm generator

continues to contribute an excitatory motor drive, though the

muscular expression of this drive is suppressed by the over-

riding negative motor command. Nevertheless, the excitatory

drive from the persisting Kohnstamm generator means that

the arm moves down less readily than it otherwise would

during the period of voluntary inhibition. Our participants

perceived this lack of responsiveness as external resistance,

even though it was in fact due to the persistent operation of

the Kohnstamm generator. These externalizing attributions

are consistent with the hypothesis that the hypothetical Kohn-

stamm generator does not transmit an efference copy to the

neural centres that compute conscious awareness.

Efference copy signals are also involved in the sensory

attenuation that accompanies voluntary movement. Previous

TMS studies of sensory attenuation show that the relevant

efference copy arises upstream of the motor cortex [47,48].

One previous TMS study found that Kohnstamm contractions

and voluntary contractions produced similar facilitation of

corticospinal excitability [27]. Those authors assumed a subcor-

tical generator for the Kohnstamm contraction, and therefore

interpreted their data as evidence for a spinal locus for MEP

facilitation. However, both neuroimaging data [17,28] and our

own silent period results question their assumption, and

suggest a cortical involvement in the Kohnstamm phenomenon.
In particular, our TMS data revealed a silent period over

100 ms in the involuntarily contracting muscle. Silent periods

over 100 ms following TMS during voluntary contraction are

an established indicator of cortical inhibition of motor outputs

[49–51]. Silent periods during involuntary contraction have not

previously been reported, to our knowledge. Therefore, cau-

tion is required in applying the same logic as for voluntary

movements. The involuntary contraction rebounded after

the silent period, again similar to the rebound after voluntary

contraction. Therefore, we speculate that the Kohnstamm com-

mands, like voluntary motor commands, may arise upstream

of the motor cortex. Nevertheless, our perceptual data suggest

that the Kohnstamm generator does not generate efference

copy signals in the same way as voluntary motor commands.

Thus, by studying the time course of the respective motor com-

mands and their perceptual consequences, we showed that the

Kohnstamm generator and the voluntary command generator

are dissociable. We speculate that the two distinct drivers of

Kohnstamm excitation and voluntary inhibition may converge

in the motor cortex. While the former does not contribute an

efference copy signal for predicting the outcome of an action,

the latter does (figure 2g).

In conclusion, this report provides fresh evidence for

integration of voluntary and involuntary motor control,

complementing the growing body of work on the inten-

tional modulation of reflexes [15,52]. Unlike most reflexes,

the Kohnstamm lift is relatively slow and long-lasting.

These properties provided us with a unique opportunity to

study the voluntary inhibition of an ongoing involuntary

movement. We identified a form of interaction between

voluntary and involuntary movement control that seems to

go beyond the mere regulation of reflex gains studied pre-

viously. Using this model, we have provided two novel

insights into mechanistic motor control. First, the voluntary

inhibition of involuntary actions may take the form of a

‘negative motor command’, which summates with the invo-

luntary excitatory drive. Although not investigated here,

the same mechanism could potentially be used in voluntary

inhibition of other classes of action, including stimulus-

triggered movements. Second, the excitatory motor drive of

the Kohnstamm generator does not enter conscious aware-

ness. Taken together with the illusions, there is a perceptual

blind spot in the brain at the point where the involuntary pro-

cesses associated with the Kohnstamm have their effect.

However, these involuntary processes can be overridden by

voluntary commands to achieve motor control.
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