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Abstract 

Recent theories of motor control emphasize the role of sensory feedback in driving motor output 

and how feedback could be flexibly modulated to adapt to the behavioural requirements of a task. Here, 

we tested the merits of this theory by studying how sensory feedback is modulated by behavioural context 

and studied the possible neural circuitry underlying such task dependent processing. Mechanical 

perturbations were applied to the arms of our subjects (in humans or non-human primates) in different 

behavioural tasks to quantify task-dependent muscle responses. We also quantified cortical responses in 

non-human primates to explore the neural basis of this flexible feedback processing. Our first experiment 

(Chapter 2, human study) shows that introducing redundancy in a bimanual postural control task could 

rapidly change the magnitude of muscle responses to the perturbations in as little as 50ms. In our second 

experiment (Chapter 3, NHP study), we show that primary motor cortex (M1) responses to mechanical 

perturbations were rapidly modulated (in as little as 40ms), when the monkey was engaged or not in a 

postural control task (task-dependent response). Strikingly, the initial perturbation responses remained 

identical across tasks (task-independent response). We speculated that different sources of feedback, with 

different time delays and sensitivity to behavioural tasks, might be driving M1 activity; one driving the 

early task-independent response and the other driving the late task-dependent response. We therefore, 

studied perturbation responses in a range of sensory and motor cortices across 3 different behavioural 

contexts (Chapter 4, NHP study). We found sensory feedback to be rapidly transmitted to all these 

cortical regions within 25ms of limb disturbance. Furthermore, sensory feedback was differentially 

modulated across these areas, depending on the behavioural task. For instance, posterior parietal area 5 

was the first area to show response modulation with task engagement (same as experiment 2). Primary 

motor cortex, on the other hand, was the first area to show modulation in perturbation response with 

different spatial targets (i.e., target selection). These results suggest that a highly distributed neural 

substrate is involved in processing sensory feedback and each area plays a unique role in context-

dependent modulation of feedback responses.  
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Sensory Feedback and Motor Control 
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1.1 Motivations 

 

The motor system is capable of performing a wide variety of skillful movements, ranging 

from skiing on the snow to pouring hot tea into a cup. While the integrity of the motor system is 

necessary for performing these actions, access to sensory feedback is another essential element 

for the performance of agile movements. For example, sensory feedback can tell us whether the 

snow feels powdery or icy so that we can apply the correct amount of pressure when turning, or 

how much tea is left in the kettle to prevent over-pouring.   

The importance of sensory feedback for motor control is evident from the observation that 

pure sensory deficits can often cause devastating motor consequences, comparable in severity to 

those caused by defects in motor-related areas (e.g. stroke or cerebellar ataxia). Any damage to 

the integrity of the sensory feedback system inevitably causes motor deficits. For instance, as 

you might have experienced, it is extremely hard to whistle a tune after dental freezing; however, 

only the sensory branches of the trigeminal nerve are blocked through dental freezing, while the 

motor branches of the facial nerve are left intact. Loss of motor function following sensory 

deficit is commonly observed in patients with peripheral sensory neuropathy (e.g. Charcot-

Marie-Tooth disease), to the extent that it can cause coordination loss similar to that observed in 

cerebellar diseases (i.e., “Sensory Ataxia”, Riggins and England, 2012). Interestingly, in these 

patients, the motor symptoms are aggravated when the patients shut their eyes, and are improved 

when visual feedback about the state of their body and the world surrounding them is available. 

These examples highlight the significance of sensory feedback in conserving the agility of our 

movements. The question is: why does sensory feedback play such an important role in motor 

control? 
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This thesis seeks to answer this question by investigating the relationship between sensory 

feedback and motor output, and how sensory feedback processing can be flexibly altered in 

different behavioural contexts. In this introductory chapter, I will highlight some of the main 

reasons why sensory feedback is important for motor control, theoretical frameworks explaining 

the role of sensory feedback in motor control, and some behavioural evidence supporting these 

theories. I will then summarize the physiological and anatomical pathways of feedback delivery 

to the cerebral cortex. Finally, I will outline our experimental approach to the problem, and 

explain how each of the following chapters contributes to answering this question. 

1.2 Why do we need sensory feedback? 

 

The crucial reliance of motor output on sensory feedback is driven by two major factors: 

biological noise in our motor output/sensory input and a constantly changing environment 

with which we interact. 

Information in the nervous system is actively transferred using electrical impulses (i.e., action 

potentials), which are prone to being disrupted by noise. Noise in the nervous system can be 

introduced at multiple levels (Faisal et al., 2008). The transduction of peripheral stimuli to 

neural firing can be affected by the mechanical properties of the sensory receptors (Mitchinson et 

al., 2008; Lesniak et al., 2014), or the state of the ion channels in the small axons connected to 

these receptors (Faisal and Laughlin, 2007), which lead to variable activity in response to 

identical stimuli. Noise can also be introduced during signal conduction. While myelinated 

axons are for the most part immune to noise (Lass and Abeles, 1975), demyelinated nerve fibers 

are particularly prone to noise (Shrager, 1993), which can cause sensory-motor dysfunctions (e.g. 

Guillain Barre syndrome). Another source of noise in signal transmission is caused by the 
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passive cable properties of the dendritic tree (which leads to electrical signal decay) and their 

morphological characteristics (which decides which signal reaches the soma faster) (Bloomfield 

et al., 1987). But the biggest source of noise in the nervous system is caused by synaptic 

transmission, in which the amount of neurotransmitters released at the synaptic end plate and 

the post-synaptic potential depends on many different variables (e.g. presynaptic voltage, 

presynaptic calcium level, rate of cell activity) (Katz and Miledi, 1967; Katz, 1979). Synaptic 

transmission within the central nervous system (CNS) is especially prone to failure, with less 

than half the spikes at the pre-synaptic end able to evoke a post-synaptic response (Allen and 

Stevens, 1994). This high failure rate means that the representation of signals in the nervous 

system is inevitably noisy, whether that noise be in the sensory signal (Arabzadeh et al., 2006) or 

the motor command (Churchland et al., 2006; Chaisanguanthum et al., 2014).   

The inherent noisiness of information in the nervous system can cause problems both in 

sensory perception and in the performance of motor actions. Noise in the sensory signal means 

that objects might not be where we perceive them to be, whether that be an incoming baseball we 

are trying to catch, or a body part we are trying to touch with our eyes closed. Noise in the motor 

output means that our identical motor commands might not lead to their intended goals, like the 

variability in 20 throws of a dart despite aiming consistently for the bull’s eye. Such noise-

induced errors in sensory perception or motor actions necessitate constant monitoring of our 

input/output to ensure the accuracy of our estimates of the world around us and the outcome of 

the actions that interact with it. Consider reaching to a glass of water for instance. In order to 

plan an appropriate reaching action (e.g. reaching direction, reaching distance), you need to 

know the relative positions of your hand and the glass, which are both prone to noise. However, 

as discussed above, your planned action would inevitably fail to reach the glass due to the noise 
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in your commands or errors in your estimation of the position of the hand or the glass. In such a 

scenario, corrections to the initial commands are necessary to enable you to successfully reach 

the glass. In the absence of proper feedback monitoring, a pre-planned movement would be 

subject to extensive variability, particularly considering the cumulative effect of uncorrected 

noise throughout the course of a movement. This concept is nicely captured in the massive 

variability in the visually guided reaching movements of patients with no peripheral 

proprioceptive feedback (i.e., deafferented patients) compared with the movements of healthy 

participants (see Figures 5 and 6 in Sarlegna et al., 2006). 

Even if there were no noise in our estimation of the peripheral environment and in our motor 

output, we could not solely rely on pre-planned movements, as the environment is constantly, 

and often unpredictably, changing. Some changes happen over a longer period of time, like 

growth, muscle fatigue or changing into heavier/lighter outfits. Changes on such time scales can 

be accounted for by adapting the original motor commands to the new environments (Shadmehr 

and Mussa-Ivaldi, 1994). But some other changes happen unpredictably, affecting the planned 

course of action, and thus the system needs to rapidly change the motor output to cope with such 

a change in the environment. Consider walking on a windy day or in a crowded train station, 

where the course of our movement is constantly disrupted by external perturbations, like sudden 

changes in wind speed or direction, or being bumped by a passerby. In these scenarios we must 

constantly monitor sensory feedback to detect such external perturbations and to make changes 

in our movement course to counteract them. 

The interaction between these two factors (i.e., a constantly changing environment, and a 

noisy system that evaluates these unpredictable changes) has a much bigger effect on our 

movement than the sum of each separately. For instance, in the example with the deafferented 
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patient, successful but variable reaching movements are completely disrupted when the target 

position is suddenly changed during the movement (see Figures 5 & 6 in Sarlegna et al., 2006). 

While these patients were able to plan to reach to the visual target in the first place, why would 

they lose that ability mid-movement? The answer seems to be because, in a variable 

environment, it is not enough only to figure out how external perturbations affect the behaviour, 

but it is also crucial to have an accurate estimation of one’s current state so that the proper 

response can be generated (Nashed et al. 2014). In this example, the disarray seems to arise from 

the fact that these patients do not know where their hand actually is in the middle of the 

movement, so they are unable to make a new plan work. This example captures the ultimate 

significance of sensory feedback for the achievement of one’s goal in a variable environment. 

1.3 Context dependent feedback responses 

 

While sensory feedback is necessary for successful movement in a variable environment, our 

corrective responses to an identical perturbation often depend on the behaviour we are engaged 

in. Consider shaving your face with a razor, or carrying a few drinks across a busy bar. In both 

cases, you should be wary of any possible bumps and perturbations. However, your responses to 

someone bumping your arm would not be the same in the two situations. In the one case, you 

need to move away the razor as far as possible from your face to avoid cuts, but in the other case 

you need to pull your arms tighter to avoid dropping any of the drinks. 

Not only can our corrective responses change across different behavioral contexts, they can 

also change within the same behavioral context, demonstrating itself in the form of movement 

variability. This means that not all deviations in our actions from the original plan (whether 

caused by internal noise or external perturbations) are corrected to generate a stereotypical 
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course of action. In fact, variability is an inherent feature of our day-to-day actions. Think of 

your handwriting for instance: how you write slightly changes depending on what you write with 

(i.e., pencil vs. ball pen), what you write on (i.e., paper vs. blackboard), the size of your writing, 

and your writing posture (horizontal vs. vertical). However, despite the considerable variability 

in writing any single letter, your handwriting is generally unique to you (Ghali et al., 2013). 

Variability is present even in our most precise actions. For instance, it has been shown that joint 

configuration in professional pistol shooters varies on a trial-by-trial basis while their 

performance remains surprisingly unchanged (Scholz et al., 2000). 

1.4 Theoretical framework for task dependent feedback control 

 

The flexible use of sensory feedback in different behavioural contexts is captured by a 

promising theory of motor control named Optimal Feedback Control (OFC) (Todorov and 

Jordan, 2002). This model suggests that the best estimate of sensory feedback is used to generate 

motor output. This model has two important features: state estimation and task dependent 

feedback correction.  

State estimation is a process through which the controller combines a prediction of where, for 

instance, the arm is at each point in time (based on the outgoing motor command) and the actual 

noisy and delayed sensory feedback, to provide the best estimation of the hand position (Wolpert 

et al., 1995; Wolpert and Ghahramani, 2000). The controller also considers the reliability of each 

source of information based on the noisiness of the incoming sensory feedback and its 

experience of interacting with a specific environment (Körding and Wolpert, 2004; Wolpert, 

2007). 



 

 

8 

Based on the behavioural task in hand and the physical environment, this feedback is 

differentially used to drive the motor action (Todorov and Jordan, 2002). Thus, the task dictates 

what aspects of the feedback are selected, and how they are used to accomplish the goals of the 

task. Changes in limb motion that affect the goal of the task are tightly controlled, otherwise they 

are neglected. For instance, in the professional shooters example, the final position of the pistol’s 

barrel is relevant to the shooter’s goal, while the individual joint configuration through which 

that constant position is attained is irrelevant. This model can nicely explain the natural 

variability in our day-to-day behaviours by correcting errors only if they affect the goal of the 

task. Also, it can explain why our responses to identical sensory feedback can change based on 

the behavior we are engaged in (Scott, 2004). 

1.5 Experimental evidence for task-dependent feedback processing 

 

The best way to test a feedback controller, by definition, is to induce a sensory discrepancy 

(i.e., a mismatch between the current and desired states) and investigate its output. Inspired by 

this concept, many studies have tried to investigate the relationship between sensory feedback 

and motor output, using mechanical perturbations to push a participant’s limb away from a 

desired target, and investigate their motor response. Many of these studies have also changed the 

behavioural goal of the task and investigated how the participants’ muscular/neural responses 

changed across different behavioural contexts.  

Muscle responses to an abrupt mechanical perturbation exhibit different bursts of activity 

within the first 100 ms of the perturbation time. Typically this response can be divided into a 

short-latency component (aka the M1 response, observed around 15–20 ms in non-human 

primates and ~25 ms in humans), and a long-latency component (aka the M2 and M3 responses, 
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observed around 35 ms and 45 ms in non-human primates and humans respectively) which might 

itself have two peaks (Hammond, 1956; Marsden et al., 1972, 1973; Lee and Tatton, 1975). The 

timing of these responses suggests that the short-latency component is commensurate with a 

monosynaptic spinal reflex and that the long-latency responses have a supraspinal component 

(see Matthews, 1991 for a review). 

Seminal work by Hammond et al. (Hammond, 1956; Hammond et al., 1956) showed graded 

EMG responses to identical mechanical perturbations when prior instructions were changed in 

humans. They showed that the long latency muscle responses to the perturbation were bigger if 

the participant was instructed to ‘resist’ the perturbation compared with when they were 

instructed to ‘let go’; an observation verified by many other studies showing similar results 

(Evarts and Granit, 1976; Rothwell et al., 1980; Crammond et al., 1986; Weerdesteyn et al., 

2008; Shemmell et al., 2009). Pruszynski et al. (2008) expanded this concept to show that such 

modulations of long latency responses are not limited to categorical changes (like resisting or 

yielding), and can be scaled based on the metrics of the instructed movement, like its direction or 

distance.  

Extensive research focusing on muscle responses within different behavioural contexts has 

shown that the short-latency response is hardly influenced by behavioural context at all 

(Hammond, 1956, but see Wolpaw et al., 1986). In contrast, long-latency responses are highly 

sensitive to a wide range of behavioural complexities (see Shemmell et al., 2010; Pruszynski and 

Scott, 2012 for a review). Long-latency responses can be modified by the shape of the target 

(Nashed et al., 2012), the predictability of the perturbation features (Rothwell et al., 1986; 

Goodin and Aminoff, 1992; Bastiaanse et al., 2006), the physical properties of the loads applied 

(Kimura and Gomi, 2009; Ahmadi-Pajouh et al., 2012; Cluff and Scott, 2013), or the physical 
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properties of the environment (Shemmell et al., 2009) and also the relevance and urgency of the 

perturbation to task accomplishment (Bonnet, 1983; Franklin and Wolpert, 2008; Crevecoeur et 

al., 2013).  

The versatility of these corrective responses can be observed even in muscles not directly 

stretched by the perturbation (Marsden et al., 1976; Cole et al., 1984; Gielen et al., 1988; Ito et 

al., 2005), including those in the opposite limbs (Mutha and Sainburg, 2009; Dimitriou et al., 

2012). In a pioneering study, Marsden et al. (1981) showed that an unexpected pull on the left 

arm caused a contraction (at a latency of 85 ms) in the right triceps muscle that helped to 

stabilize the posture by pushing the arm against a supporting table. However, if participants held 

an unstable object in the right hand (such as a cup of tea), the same pull on the left arm now 

evoked a contraction of the right biceps that helped to stabilize the object.   

Such flexibility in bimanual responses is especially interesting, because bimanual tasks best 

represent situations in which the brain encounters redundancy when performing a task. Consider 

all the different ways that you can hold a ball between your two arms and all of the different 

muscle groups that need to be coordinated in each posture (Yedimenko and Perez, 2010). Would 

the feedback responses take advantage of such inherent redundancy in bimanual tasks? 

One of the first studies to formally employ OFC in evaluating the coordination between the 

two hands in a bimanual task was performed by Diedrichsen (2007). In this experiment, 

participants controlled a cursor using both hands (single-cursor task). The cursor was displayed 

at the average spatial position of the two hands and was supposed to be moved to a single target. 

In this condition, a mechanical perturbation to one hand led to corrective responses in both the 

perturbed and the unperturbed arms within 190 ms. In contrast, when each hand controlled its 

own cursor (double-cursor task), no feedback response was measured on the unperturbed side. 
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Using task instructions that emphasized the importance of keeping the distance between the two 

hands stable, the direction of the coordinative feedback response could even be reversed 

(Diedrichsen and Gush, 2009). These experiments demonstrate that the motor system can 

dynamically use sensory information from one limb to induce a directionally-specific feedback 

response in the other.  

While these experiments reveal great depth in the flexibility of feedback coordination in a 

bimanual setup, the exact timing of such feedback responses is not known, mainly because the 

perturbations in these studies were applied gradually (i.e., using a velocity-dependent force-

field). Therefore, it is difficult to determine the onset time of these inter-limb responses and to 

compare them with other studies suggesting the sophistication of the long-latency responses of 

stretched muscles. In our first experiment (Chapter 2), using an abrupt mechanical perturbation, 

we investigate this question: how quickly the directionally-specific information from the 

perturbation in one limb can be used by the other limb to accomplish the goal of a task.  

1.6 Neural implementation of flexible feedback modulation 

 

While overwhelming experimental evidence endorses the feedback-driven control of 

voluntary action hypothesis, its underlying neural substrate is less well known. Phillips (1969) 

was among the first researchers to suggest that the flexibility in feedback responses is in fact 

achieved by the contribution of a trans-cortical feedback loop with variable gain. In particular, he 

suggested that primary motor cortex (M1) is an integral part of this loop that contributes to rapid 

motor responses. For M1 to play such a role, it needs to (1) demonstrate response to peripheral 

feedback and (2) be able to change its response to an identical sensory event in different 

behavioural contexts.  
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Evarts (1968), was among the first researchers to show that the activity of the pyramidal tract 

neurons (PTNs) in primary motor cortex is correlated with the force exerted during voluntary 

movement. Evarts also showed that M1 neurons rapidly respond to a mechanical perturbation, 

with timings comparable to that of the primary somatosensory area (Evarts, 1973; Fromm and 

Evarts, 1982; Fromm et al., 1984), concluding that M1 neurons could function as part of the 

trans-cortical feedback loop (Wong et al., 1979). Using spike-triggered averaging, Cheney and 

Fetz (1984) showed that M1 neurons excited by mechanical perturbations contribute to the long-

latency responses of their target muscles. Many other studies have quantified how M1 response 

changes with the size (Bauswein et al., 1991), delivery speed (Flament and Hore, 1988) or 

pattern (Bedingham and Tatton, 1985) of perturbation during postural control or while grasping a 

slipping object (Picard and Smith, 1992; Boudreau and Smith, 2001). All these studies have 

found a close correlation between the pattern and magnitude of M1 responses and the physical 

attributes of the perturbation, suggesting that M1 activity plays an important role in preparing the 

appropriate response to these perturbations. Therefore, anatomically and physiologically, M1 

could be involved in the organization of rapid motor responses.     

The next important question is: does M1 activity show a similar level of flexibility observed 

in long latency muscle responses? In contrast with the wealth of studies investigating the 

flexibility of long latency muscle responses, there are very few studies dedicated to investigating 

this property in M1 activity. Evarts and Tanji (1976) examined this question by training a 

monkey to rapidly push or pull a handle following a mechanical perturbation that either pushed 

or pulled the limb, and thus assisted or resisted the instructed action. They found that the initial 

response (20–40 ms following perturbation onset) was tightly coupled to the applied 

perturbation, but that the later response at ~50 ms clearly reflected the instructed motor action. 
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Pruszynski and colleagues (2014) recently found a similar pattern of responses in M1 when 

monkeys responded to mechanical perturbations by quickly placing their hand into visually-

defined spatial targets: a relatively invariant initial response followed by a modulated (i.e., task-

dependent) later response (See also, Conrad et al., 1974; Wolpaw, 1980a, 1980b). 

In Chapter 3, we further explore the flexibility of M1 responses to mechanical perturbations 

by investigating these responses when the monkey was engaged (posture task) or not (movie 

task) in a postural control task. We were particularly interested to know whether the initial task-

independent response observed in the previous studies is a default sensory response, which is 

always present despite the behavioural task, or whether it reflects the use of sensory feedback in the 

ongoing postural control of the limb.  

1.7 Source of response flexibility in primary motor cortex 

Researchers interested in understanding the neural circuitry underlying flexible modulation 

of feedback responses have mainly focused on the role of primary somatosensory (S1) and motor 

cortices (Evarts, 1973; Fromm and Evarts, 1982; Fromm et al., 1984; Brinkman et al., 1985; 

Schmidt et al., 1992; Lin et al., 1993) and also cerebellar nuclei (Meyer-Lohmann et al., 1975; 

Vilis et al., 1976; Strick, 1983; Hore and Vilis, 1984) organizing these responses. The general 

consensus was that in response to a mechanical perturbation, peripheral feedback travels to 

primary somatosensory cortex, which causes the first wave of activity in M1 (20-50 ms post 

perturbation). This activity was stimulus locked and did not change across tasks (Evarts and 

Tanji, 1976). This activity was believed to drive the M2 muscle responses (Tatton et al., 1975). 

The second wave of activity (50-100 ms), on the other hand, was thought to be centrally 

controlled and mainly driven by the cerebellum (most importantly the dentate nucleus, Vilis et 
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al., 1976), which in turn drove the M3 muscle response (see Chapter 12 in Brooks, 1986 for a 

review). 

As discussed earlier, our rapid motor responses to mechanical perturbations (i.e., sensory 

driven motor outputs) share many attributes previously reserved for voluntary motor control (see 

Shemmell et al., 2010; Pruszynski and Scott, 2012 for a review). Given such extensive 

sophistication in these feedback responses, it is reasonable to assume that feedback responses are 

also processed in the same cortical (and subcortical) areas as are voluntary responses (Scott, 

2004, 2008, 2012). Given the extensive research on the role of different cortical areas in 

controlling reaching movements (Kalaska, 1996; Kalaska et al., 1997), it is hard to believe that 

all this sophistication in our rapid perturbation responses is solely rooted from cerebellar activity. 

Especially considering the fact that such assumption is mainly based on studies investigating the 

role of cerebellar nuclei in just one specific behavioural task (i.e., ‘resist’ and ‘let go’).  

It is important to remember that, in addition to S1, there are multiple feedback pathways 

involved in transferring sensory feedback to M1. This is supported by the observation that while 

S1 ablation reduces the size of sensory evoked responses in M1, it neither abolishes nor changes 

the latency of these responses (Asanuma et al., 1980). All these parallel pathways could 

potentially contribute to the flexibility of feedback responses in M1. Therefore, it is essential to 

evaluate other paths of sensory feedback to motor cortex and investigate role of cortical areas 

beyond primary somatosensory and motor cortices in motor control. 

There are multiple direct feedback pathways from the periphery to the sensory and motor 

cortices, and each of the pathways convey different modalities of sensory feedback. Sensory 

information about proprioception, touch and vibration is transferred from peripheral receptors, 

through large-diameter myelinated axons, to the dorsal root of the spinal cord. These fibers 
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ascend through the dorsal column towards higher sensory areas. The ventral posterior nucleus 

(VP) of the thalamus is the main target of these cutaneous afferents (Kaas, 2008). VP has a dense 

connection with primary somatosensory areas of the cortex (areas 3b and 1) (Jones and Powell, 

1970; Whitsel et al., 1978; Padberg et al., 2009). On the other hand, areas 3a and 2 of cortex 

mostly receive sensory information from muscle spindles through the ventral lateral nucleus 

(VLp) and the ventral posterior superior nucleus (VPs) respectively. VLp contains neurons that 

respond to muscle manipulation, joint rotations, and has dense projections to motor and premotor 

areas in addition to area 3a (Asanuma et al., 1979; Fang et al., 2006). VLp also receives 

cerebellar projections from the dentate and interpositus nuclei of the cerebellum (Sakai et al., 

1999; Stepniewska et al., 2003). VPs receives sensory information from muscle spindles and 

feeds projections to area 5 as well (Kaas, 2008).  

 In addition to these direct feedback pathways, there are ample recurrent connections 

between these cortical areas, which could act as indirect feedback pathways to M1. For instance, 

primary motor cortex (M1) provides the biggest contribution from cerebral cortex to descending 

motor pathways (Cheney, 1985) and receives abundant sensory input from the periphery 

(through VLp; Asanuma et al., 1979; Fang et al., 2006). M1 also receives information from 

primary (areas 3a, 1 and 2) and secondary (area 5) somatosensory areas (Lucier et al., 1975; 

Jones et al., 1978; Strick and Kim, 1978; Zarzecki et al., 1978; Kalaska, 1996), as well as deep 

cerebellar nuclei (Vilis et al., 1976; Strick, 1983). M1 also receives feedback from premotor 

areas (i.e., dorsal and ventral premotor areas (PMd and PMv) and the supplementary motor area 

(SMA)), which in turn receive input from the periphery through VLp, and posterior parietal 

cortex. Many of these areas respond to mechanical perturbation, like area 5 (Weber and He, 

2004) or premotor areas (Bauswein et al., 1991; Boudreau et al., 2001), and many of them also 
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change their activity across different behavioural states (Tanji et al., 1980; Chapman et al., 

1984). For instance, Chapman et al. (1984) showed that the intensity of the somesthetic 

responses of area 5 neurons, to a light tap, changed with the reaction time of the response and 

vanished when the task did not require the monkey to react. Therefore, it is logical to assume that 

these areas also contribute to the flexible responses of M1 to mechanical perturbations. 

In conclusion, there seems to be a distributed network contributing feedback to M1, and 

disrupting any of these areas could potentially disturb an aspect of M1’s response to peripheral 

feedback (Meyer-Lohmann et al., 1975; Vilis et al., 1976; Brinkman et al., 1985; Mackel, 1987). 

But how can we understand how each component of such a complicated and distributed network 

contributes to motor control?  

One way of investigating causal interactions between different brain areas is to study the 

timing of how an event is represented across different areas. If a response is reactionary to an 

event (e.g. movement initiation), it could be assumed it transpires feedback about that event. 

However, if it precedes the event, it cannot be a reactionary response and it might be causing that 

event. This approach has been widely used to study the role of different cortical areas in 

initiating voluntary movements (Lamarre and Chapman, 1986; Kalaska and Crammond, 1992).  

One major challenge with most of these previous studies is that they lacked a distinctive 

event to which activity of different areas could be compared. For instance, in a goal-directed 

reaching movement, while the activity of S1 cells lag arm movement and hence suggest a 

feedback response, the activity of area 5 cells precede the motion of a joint in their receptive 

field (see Kalaska, 1996 for a review). Motor areas also show similar preparatory activity, so 

how can we know whether M1 activity is being driven by area 5 responses or vice versa? Use of 

mechanical perturbations provides a unique opportunity to track the evolution of feedback 
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responses across different areas. The timing of the mechanical perturbation could be used as an 

explicit temporal event to study all the sensory and motor responses happening afterwards.  

In the third experiment, we investigated perturbation response in several cortical areas that 

are involved in voluntary motor control. These areas include primary somatosensory cortex, 

which was always believed to play a crucial role in movement control (Prud’homme and 

Kalaska, 1994; Prud’homme et al., 1994 but see Bioulac and Lamarre, 1979; Asanuma et al., 

1980), posterior parietal cortex (A5), which is believed to be involved with movement planning 

(Kalaska, 1988, 1996; Kalaska et al., 1990) and intention for movement control (Mountcastle et 

al., 1975) and the dorsal premotor area (PMd), which is believed to be involved in target 

selection (Shen and Alexander, 1997), movement planning to multiple targets (Cisek and 

Kalaska, 2002), and switching between plans (Pastor-Bernier et al., 2012). In addition, we tried 

to draw a probable causal link between activity of these areas and M1 using the temporal pattern 

of their activation across different behavioural tasks.   

1.8 Chapter summary 

 

The goal of this thesis is to investigate the relationship between sensory feedback and motor 

output, and how processing sensory feedback changes across different behavioural contexts. We 

were particularly interested to know how feedback response intensity changes across tasks and 

whether the timing of responses across different areas could provide any clue about the 

underlying neural structure. For that purpose, we used mechanical perturbations to perturb our 

participants’ limbs while they were engaged in different behavioural tasks. This paradigm gives 

us the opportunity to change physical attributes of the target goal (i.e., desired state), like its size 

or shape, and evaluate how these changes affect the output (Nashed et al., 2012; Crevecoeur et 
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al., 2013). Also, the mechanical perturbation provides an explicit temporal event to which the 

timing of responses across different brain areas can be compared.  

Starting with a behavioural experiment, in Chapter 2 we studied how introducing 

redundancy in a bimanual task changes our feedback responses. Our hypothesis was that rapid 

motor responses in one limb can be modulated based on online sensory feedback from other 

limbs. Furthermore, we speculated that the use of this feedback responses depended on the 

behavioural goals of the task. We used the paradigm introduced by Diedrichsen (2007), in which 

participants either controlled two separate cursors (double-cursor task) or a single cursor 

displayed at the spatial average position of the hands (single-cursor task). This paradigm 

provided the opportunity to exploit the inherent redundancy of bimanual tasks. The goal of the 

task was to correct for any abrupt movement of the cursor/s caused by mechanical perturbations 

applied to both hands. However, the perturbations were organized in such a way that the two 

hands were symmetrically perturbed outwards. Therefore, they moved the cursors out of their 

respective targets in the double-cursor task, but not in the single-cursor task, as the average hand 

position remained the same. Our basic finding was that long-latency muscle responses to 

identical perturbations were different across the two tasks (i.e., lower for the single-cursor task).  

Chapter 3 takes a closer look at the role of primary motor cortex in the flexible modulation 

of feedback responses across different behavioural contexts. Our goal was to investigate the 

flexibility of feedback responses in M1 in a bimanual task similar to that used in Chapter 2. 

However, because of technological limitations, we did not have the correct equipment to allow 

the same experiment to be performed in non-human primates (NHP). Therefore, we broadened 

this aspect of our question and asked what happens to these rapid responses when a monkey is 

engaged or not in a postural control task. Specifically, mechanical perturbations were applied to 
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the shoulder and/or elbow while the monkey maintained its hand at a central target (posture 

task), or when it was watching a movie and not required to respond to the perturbation (movie 

task). We recorded neural activity of neurons in caudal M1 in monkeys, in response to 

mechanical perturbations. We found that M1 population activity in the late perturbation epoch 

was significantly diminished when the monkey was not engaged in the postural control task. 

Strikingly, initial perturbation responses (<40 ms post-perturbation) remained the same across 

tasks, suggesting that the initial phase of M1 activity constitutes a task-independent response that 

is sensitive to the properties of the mechanical perturbation but not to the goal of the ongoing 

motor task. 

As discussed earlier, a distributed network of feedback pathways contributes to the activity of 

M1 in response to mechanical perturbations. We speculated that M1 activity might be driven by 

different sources of feedback, with different time delays and sensitivity to behavioural tasks. In 

Chapter 4 we investigate the activity of several sensori-motor cortices (primary somatosensory 

areas 1 and 3 (S1), primary somatosensory area 2 (A2), posterior parietal area 5 (A5), primary 

motor area (M1) and dorsal premotor area (PMd)) in response to identical joint perturbations 

across three different behavioural contexts. We evaluated how response properties in each area 

changed across different tasks, and more importantly studied the timing of these responses across 

areas. We found that sensory feedback was rapidly transmitted to many sensory and motor 

cortical regions within 25ms of a limb disturbance. More importantly, the ongoing behavioural 

task altered this pattern of cortical activity. When limb feedback was salient to an ongoing motor 

action (task engagement), responses in A5 were immediately increased; corresponding increases 

in activity in other cortical regions are only observed 15 to 40ms later. In contrast, motor actions 

to different target positions initiated by sensory feedback (target selection) altered neural 
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responses in primary motor cortex at ~65ms, with no effect in parietal cortical regions until 

150ms. 

Finally, in Chapter 5, we discuss how these results can help our understanding of the 

underlying neural structure controlling our movement using sensory feedback. We also discuss 

how these findings could fit an evolutionary framework of motor control and what questions 

remain to be further studied.  
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Chapter 2 

Rapid feedback corrections during a bimanual postural task 
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2.1 Abstract 

 

An important observation in motor physiology is that even the fastest feedback responses can 

be modified in a task-dependent manner. However, whether or not such responses in one limb 

can be modulated based on online sensory feedback from other limbs is still unknown. We tested 

this using a bimanual postural control task, in which the two hands either controlled two separate 

cursors (double-cursor task), or a single cursor displayed at the spatial average between the 

hands  (single-cursor task). In the first experiment, the two hands were symmetrically perturbed 

outwards, In the double-cursor task, the participants therefore had to return their hands to the 

targets, whereas in the single-cursor task no correction was necessary. Within 50 ms, the 

electromyographic activity showed significantly smaller responses in the single- compared to the 

double-cursor task. In the second experiment, the perturbation direction of the left hand 

(inward/outward) was randomized, such that participants could not preplan their response before 

perturbation onset. Results show that the behavior of the right arm in the one-cursor task 

depended on online feedback coming from the left arm: the muscular response was modulated 

within 75 ms based on directionally specific information of the left arm. These results suggest 

that sensory feedback from one limb can quickly modify the perturbation response of another 

limb in a task-dependent manner. 
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2.2 Introduction 

 

The motor system reacts to perturbations with fast feedback responses which have been  

assumed to be highly automatic (i.e., unconscious and not voluntarily controlled). During 

postural control tasks, mechanical perturbations to the limb elicit multiple peaks in the 

electromyographic (EMG) response (Hammond et al. 1956). The earliest of these occurs around 

20-45ms (R1) and is usually ascribed to spinal mechanisms. This early response is followed by 

two responses with longer latencies (R2 and R3, ~45 -100 ms) and finally a voluntary response 

(>100 ms). One key observation in motor physiology is that even fast feedback mechanisms are 

flexible and can be modified in a task-dependent manner. For example, instructing the 

participant to ‘intervene’ or ‘not to intervene’ results in changes in the EMG response as early as 

50 ms after the perturbation, with larger responses for the ‘intervene’ instruction. Studies over 

the years have demonstrated that rapid motor responses can be modified by different factors like 

verbal instructions (Shemmell et al. 2009; Weerdesteyn et al. 2008; Crammond et al. 1986; 

Rothwell et al. 1980; Crago et al. 1976; Evarts & Granit 1976; Hammond 1956), the spatial 

location and shape of a target (Nashed et al., 2012; Pruszynski et al. 2008), predictability of the 

perturbation features (Bastiaanse et al. 2006; Goodin & Aminoff 1992; Rothwell et al. 1986), the 

relevance of the perturbation to task accomplishment (Kimura & Gomi 2009; Bonnet 1983), and 

the dynamics and stability of the environment (Kimura et al. 2006; Akazawa et al. 1983). All 

these studies highlight that fast corrective motor actions can be flexibly modulated depending on 

the behavioral context. Such flexibility is predicted by recent theories of motor control that 

emphasize the importance of feedback control in the production of voluntary movements 

(Todorov and Jordan, 2002), and the common contribution of primary motor cortex both for the 
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production of voluntary action and long-latency responses (Pruszynski et al. 2011; Scott 2004; 

Cheney & Fetz 1984; Evartz & Tanji 1976; also see Matthews 1991 for a review). 

A dramatic example of the flexibility of feedback control comes from studies showing that 

perturbations to one part of the body can lead to fast and task-dependent reactions in muscles not 

directly affected by the stimuli to fulfill the goal of the task (Ito et al. 2005; Gielen et al. 1988; 

Cole et al. 1984; Marsden et al. 1976). In a seminal study, Marsden et al. (1981) showed that an 

unexpected pull of the left arm caused a contraction (at a latency of 85 ms) in the right triceps 

muscle that helped to prevent a postural perturbation by pushing the arm against a supporting 

table. However, if participants held an unstable object in the right hand (such as a cup of tea), the 

same pull of the left arm now evoked contraction of the right biceps that helped stabilize the 

object.   

Coordinated feedback responses have been recently studied during a bimanual task 

(Diedrichsen, 2007). In this experiment, participants controlled a cursor using both hands 

(single-cursor task). The cursor was displayed at the spatial average position of the two hands 

and had to be brought to a single target. In this condition, a mechanical perturbation to one hand 

led to corrective responses in both the perturbed and the unperturbed arm within 190 ms. In 

contrast, when each hand controlled its own cursor (double-cursor task), no feedback response 

was measured on the unperturbed side. Using task instructions that emphasized the importance of 

keeping the distance between the two hands stable, the direction of the coordinative feedback 

response could even be reversed (Diedrichsen & Gush 2009). These cases of flexible feedback 

control are especially interesting, as it is not merely an up- or down- regulation of an existing 

feedback response. Rather, the motor system needs to be able to dynamically use sensory 

information from one limb to induce a directionally specific feedback response in the other.  
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The exact timing of these flexible coordinative (cross-limb) feedback responses is not known 

as perturbations in the previous studies were applied gradually (i.e., velocity-dependent force-

field, Diedrichsen, 2007). Therefore, it is difficult to determine the onset time of these inter-limb 

responses. A recent study used the bimanual single/double cursor task to investigate the timing 

of inter-limb feedback  (Mutha & Sainburg 2009). By applying abrupt perturbations to one of the 

limbs against the direction of movement, these authors found that the response in the non-

perturbed limb can be elicited during the long-latency time period. This experiment illustrates 

that corrective responses could be elicited quickly during a bimanual task. However, as the 

direction of perturbation was constant in the task, the appropriate response could be pre-arranged 

prior to movement (Kimura & Gomi 2009; Matthews 1991) and then released upon arrival of the 

perturbation (see Shemmell et al. 2010 for a review).  

Our interest is to identify how quickly directional specific information of the perturbation 

can be used to modify the response in the other limb in a condition in which the appropriate 

response could not be pre-planned.  We used a postural task to determine the timing of a bilateral 

feedback response. Compared to voluntary reaching tasks, postural tasks have the advantage of 

permitting less variable quantification of the temporal aspects of rapid motor responses. For 

example, it has been shown that feedback gains change during the course of the reaching 

movement (Kimura & Gomi 2009; Kurtzer et al. 2009), whereas they are relatively stable in the 

postural condition. 

In the first experiment, we demonstrate that participants modulate early feedback 

responses (>50 ms) during a postural task, based on whether the two limbs control separate 

cursors or a shared cursor. In this case a pre-planning of the appropriate response is possible. We 

also show that the size of the feedback responses (along with the voluntary responses) is scaled 
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proportionally to the temporal constraint of the task. In the second experiment we randomized 

perturbations, such that no response could be preplanned. In this experiment we also withdrew 

visual information about the cursor at perturbation onset. The results show that the behavior of 

the right arm changes in a task-dependent manner within 75 ms based on online proprioceptive 

feedback coming from the left arm. 

 

2.3 Methods 

2.3.1 Participants 

 

A total of 24 individuals (23 males and 1 female, aged 17–38 years, 21 right-handed) 

participated in two experiments (8 participants for experiment 1 and 16 participants for 

experiment 2). All participants were neurologically unimpaired, had normal or corrected-to-

normal vision, and gave informed consent according to a protocol approved by the Queen’s 

University Research Ethics Board. 

2.3.2 Apparatus and experimental paradigm 

 

Participants performed the experiments with a robotic device (KINARM Exoskeleton, BKIN 

Technologies, Kingston, Ontario, Canada) that permitted combined flexion and extension 

movements of the shoulder and elbow to move the hand in the horizontal plane. The robot could 

also apply joint or hand-based loads (Pruszynski et al. 2008; Scott 1999). Targets and hand 

feedback (1 cm white circle) were presented to the participant in the horizontal plane via a 

display composed of an overhead projector and semitransparent mirror (Fig. 2.1A).  A metal 

barrier under the mirror occluded direct vision of the arm. 
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2.3.3 Experiment 1: Modification of rapid motor responses based on bimanual task 

 

All trials followed the same basic pattern: 

1. In the double-cursor task, the participant was first asked to bring the hand cursors into 

two targets (1.2 cm diameter, located based on shoulder angle = ~40deg & elbow angle = 

90deg) against background loads (7.3 N), which pushed the hands away from the midline. 

These background loads were applied to pre-activate the shoulder and elbow flexor muscles 

(Fig 2.1B, small arrows show the direction of background loads).  The Single-cursor task 

started the same as the double-cursor task. However, at the beginning of the hold phase the 

two individual cursors and target circles were replaced with a single cursor and a single target 

circle (Fig 2.1B).   

2. Following a variable hold time (1000 to 3000 ms), the two arms were perturbed laterally 

(1500 ms step loads with a 10 ms ramp onset, equal and opposite in direction), displacing the 

participants’ hands laterally. The size of the perturbation (7.5N to 13N) and its orientation was 

selected for each participant such that it generated 4-5 cm of hand motion along the X-axis and 

minimal motion in the Y-axis.  

3. The participants were instructed to return the cursor(s) to the target(s) within 300 ms and 

remain there for the rest of the trial (double-cursor, 2 cm acceptance window, single-cursor, 1 

cm). Target color after the perturbation signified if the cursor was in or out of the spatial 

target(s) (IN: solid green; OUT: solid red), and trial success was signified by displaying a 3 

cm target color at the end of the trial (Green: correct, Red: Failed).  Participants were asked to 

avoid co-contracting the muscles prior to the perturbations.  
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4. Participants had to perform 30 successful trials in separate blocks (order of blocks was 

random). Failed trials were repeated in the end of each block. Both failed and successful trials 

were recorded and included in the data analysis.  

We were interested to know whether changing the time limit to return influenced the feedback 

response for identical perturbations. Thus, in separate pairs of blocks, we repeated the single and 

double cursor tasks with time limits of 400 ms and 600 ms (random order for pairs of blocks, see 

Figure 2.1C for possible block orders). 
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Figure 2-1. Task apparatus and experimental paradigm. A: Participant sitting in the exoskeleton robot 
(KINARM) with their arms at the level of their shoulders. The targets and the cursors representing the 
index finger location are projected on a screen that is viewed through a mirror (Left: side view, Right: top 
view). B: The participant is required to hold the hands in the targets against some background load (Hand 
stabilization). In the double-cursor condition (top row), the hand is perturbed (Hand perturbation) and the 
participant is instructed to bring the cursors back to the targets (Re-stabilize targets). In the single-cursor 
condition (bottom row), following “Hand stabilization”, the two individual cursors and target circles are 
replaced with a single cursor and a target circle (Cursors merge). The hand is then perturbed and the 
participant is instructed to bring the cursor to the initial target. C: The blocks of trials completed in 
experiment 1 (left panel) and possible order of blocks across participant (right panel). 
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2.3.4 Experiment 2: Modification of rapid motor responses by proprioceptive feedback from 

contralateral limb 

 

Experiment 2 was designed to identify how quickly online feedback from one limb could 

influence motor responses in the other limb when the perturbation direction was not predictable 

and no visual information was either available instantly following the perturbation. Similar to the 

first experiment, trials were separated into single- or double-cursor blocks. The trial flow always 

followed the following basic pattern: 

1. As in experiment 1, the participant was first asked to bring the hands into two targets 

against background loads (6N). The background load pre-activated the flexor muscles of the 

right arm and the extensor muscles of the left arm. In the Single-cursor task, the two 

individual cursors and target circles were then replaced with a single cursor and a single target 

circle, respectively, at the beginning of the hold phase. 

2. In Mirror-Direction perturbation trials, following a variable hold time (1000 to 3000 

ms), the two arms were perturbed laterally (1500 ms step loads with a 10 ms ramp onset) 

(Figure 2.9 A&B; red lines). In Matching-Direction perturbation trials both limbs were 

perturbed to the right. The same perturbation magnitude (8N) was used for most subjects (i.e., 

14 of 16). The magnitude was selected in a way that generated 4-5 cm of hand motion along 

the X-axis in an average subject. Slight individual adjustments of perturbation orientation 

were made to cause the least Y-axis motion. In two subjects the perturbation magnitude was 

reduced (7N & 6N respectively) as they were not comfortable with the original (8N) 

perturbation magnitude.   
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3. As in experiment 1, the participants were instructed to return the cursor/s to the target/s 

within a fixed time (300 ms) and remain there for the rest of the trial (in this case, 3 cm 

acceptance window). In order to make sure the initial perturbation response was generated by 

using proprioceptive and not visual information, the cursor/s feedback was turned off for 200 

ms following the perturbation. Target color also did not change for the first 200ms following 

the perturbation. After this period, the cursor was shown again, and the target color signified if 

the cursor was in or out of the spatial target (IN: solid green; OUT: solid red). Trial success 

was signified by displaying a 3cm target color at the end of the trial (Green: correct, Red: 

Failed). Participants were asked to avoid co-contracting the muscles prior to the perturbations 

4.  The perturbation conditions were randomly interleaved so the participants could not 

predict the direction of the upcoming perturbation. In each block participants performed 30 

trials of each perturbation type (Mirror Vs. Matching). In order to make sure subjects 

considered the temporal constraint of the task, they were told that unsuccessful trials would be 

repeated at the end of the block.  However, missed trials were not actually repeated. As in 

experiment 1, both failed and successful trials were included in the data analysis. 

5. Each participant completed 4 blocks (two Single- & two Double-cursor blocks) in an 

experimental session. The two blocks for each task (Single- Vs. Double-cursor) were done 

consecutively but the order was randomized across different subjects.  

2.3.5 Muscle activity 

 

Electromyographic (EMG) activity of proximal limb muscles were recorded from both limbs 

in experiment 1 and and from the right limb in experiment 2. Specifically, we recorded activity 

from the brachioradialis (Br, monoarticular elbow flexor), biceps (Bi, biarticular flexor), 
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pectoralis major (PM, monoarticular shoulder flexor), triceps lateralis (TLat, monoarticular 

elbow extensor), triceps longus (TLo, biarticular extensor) and the posterior deltoid (DP, 

monoarticular shoulder extensor). Surface EMG electrodes (DE-2.1, Delsys, Boston, MA) were 

attached on the muscle belly using a standard protocol (see Pruszynski et al. 2008) and the 

reference electrode (Dermatrode, American Imex, Irvine, CA) was attached to the ankle. We 

performed a set of maneuvers that elicit high levels of activation for each muscle in the plane of 

the task in order to ensure of the quality of the acquired EMG signal. EMG signals were 

amplified (gain = 10K) and band-pass filtered (20–450 Hz) by a commercially available system 

(Bagnoli, Delsys) then digitally sampled at 1,000 Hz. 

2.3.6 Data analysis 

 

Filtering and normalization. Perturbation onset time was adjusted by 10 ms to compensate 

for the time difference from commanded torque to limb movement as calculated using an 

accelerometer attached to the limb (see Pruszynski et al. 2008). Joint and hand position were 

obtained directly from the KINARM at 1000 Hz sample rate and then low-pass filtered (25 Hz, 

two-pass, sixth-order Butterworth). EMG signals were band-pass filtered (10–150 Hz, two-pass, 

sixth-order Butterworth) and full-wave rectified. In Experiment 1, EMG of the agonist (loaded) 

muscles was normalized to the mean pre-perturbation activity in single-cursor trials with a 400 

ms time limit. These trials displayed minimal co-contraction between antagonist muscles (see 

Results). For the antagonist (unloaded) muscles we show the raw EMG signal (Figure 2.3 & 2.4), 

as they were pre-inhibited in the baseline period. In Experiment 2, EMG was normalized to the 

mean baseline activity of the muscle in the Mirror Direction perturbation in single-cursor trials.  
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Behaviour and kinematics.  We were interested to know at what point in time the hand 

motion deviated across different conditions (i.e., single- versus double-cursor, or 300 versus 400 

ms time limit). We therefore performed a receiver-operator characteristic (ROC) analysis at each 

time point. For each condition and at any time point, we determined the proportion of trials that 

exceeded a range of thresholds spanning the two distributions. The number of hits and false 

alarms were then plotted against each other for every threshold setting. The area under the curve 

provides a measure of how well the two distributions could be distinguished from each other 

(Metz 1978). Values of 0 and 1 indicate perfect discrimination (and thus complete separation 

between the two distributions), whereas a value of 0.5 indicates chance discrimination. Across all 

time points, we then found the time point (Tcriterion) where the ROC passes a criterion level (set at 

0.25 or 0.75). We calculated the time at which the ROC starts deviating from baseline levels by 

fitting a line (Fig 2.2E, the thick solid black line; using linear regression) to a 30 ms period of  

ROC curve, centered on the Tcriterion (Fig 2.2E, the two solid vertical gray lines). In our results, 

we report the interception point of the regression line with the baseline ROC value (Pruszynski et 

al. 2008). Note that changing the ROC criterion level did not qualitatively change the result of 

this analysis. In order to find the mean deviation time across participants, we performed this 

analysis on the mean ROC curve across participants (Fig 2.2E, thick solid red line). As an 

alternate approach, we identified the first point in time the hand paths were significantly different 

across conditions for 5 consecutive time points using a t-test.  

In order to evaluate interactions between the two limbs, at given time points following the 

perturbation, we calculated a Pearson correlation coefficient between the right and left hand 

positions across trials. To conform to the normality assumption of parametric tests, coefficients 

calculated for each subject was Fisher z-transformed before further statistical analysis. We then 
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compared the z-values, in either tasks with 0 using a one-sample t-test, or compared the two 

tasks against each other using a paired t-test. Group-average correlations were calculated by 

averaging the z-values and then applying the inverse Fisher transformation to the mean.   

Muscle activity. Three distinct temporal epochs of time were used to quantify the rapid motor 

responses to the perturbations up to 100 ms: Response 1 (R1, 20 to 45 ms), Response 2 (R2, 46 

to 74 ms) and Response 3 (R3, 75 to 100 ms). The rationale for choosing these specific time 

epochs is detailed elsewhere (Pruszynski et al. 2008), but generally these timelines closely match 

M1, M2 and M3 responses as proposed by Lee and Tatton (1975). The R1 epoch is classically 

referred to as the spinal reflex period, and R2 and R3 epochs are often referred to as long-latency 

responses. For statistical comparisons, we also defined two other activity epochs: Baseline 

activity (Base, -200-0 ms) and ‘Voluntary’ activity (Vol, 120-180 ms). In our analysis we use 

average muscle activity in each epoch to represent that epoch. For statistical comparison of 

EMGs, we use a non- parametric paired test (one-tailed Wilcoxon signed-rank test), which does 

not make any assumption about normality of the EMG signal. As each test is based on data from 

eight participants in experiment 1 and 16 subjects in experiment, the degrees of freedom are 7 

and 15 for each comparison respectively. For all the comparisons on the task effect, for each 

muscle we are doing 5 statistical comparisons (1 for each epoch). Bonferroni correction for 

multiple comparisons imposes reducing the significance level to 1 over the number of 

comparisons (i.e., 0.01 in our case). Therefore in every figure, we show the p values less than 

0.05 by one star and any values less than 0.01 by two stars.  Therefore, any epoch marked with 

two stars is significant after a Bonferroni correction. We also use analysis of variance (ANOVA, 

performed using SPSS software, IBM corporation) to explore interaction of different variables 

(e.g. EMG activity and time limit) through our task.  
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It is known that increases in pre-perturbation activity of muscles increases the magnitude of 

perturbation-related activity particularly for the R1 epoch (a phenomenon termed auto-gain 

scaling, Pruszynski et al., 2009). In the 300 ms time-limit task in experiment 1, the baseline 

activity sometimes changed across the single- and double-cursor trials (see Results). Therefore, 

in order to be able to compare the perturbation-related activity across the two tasks, we 

performed an extra analysis in which we only compared those trials with matched baseline 

activity (i.e., the average activity 200 ms prior to the perturbation). We sorted the baseline 

activity of different trials across the two perturbation types and selected pairs of trials with 

similar activity. We repeated all our EMG analysis with these subsets of trials (15-25 pairs for 

each participant) to make sure the effects we observe in our results is not due to co-contraction of 

muscles prior to the perturbation. To compensate for loss of trials due to resampling, we collapse 

similar muscles across limbs to increase statistical power. 

2.4 Results 

2.4.1 Experiment 1: Modification of rapid motor responses based on task 

 

The first experiment examined whether and when rapid motor responses of the two limbs are 

modified by task constraints when the perturbation was predictable. In the double-cursor task, 

where the hands worked independently, the two hands were perturbed laterally and the 

participants rapidly returned their hands to the targets in 300 ms (blue lines in Fig 2.2). The 

perturbation caused ~4 cm hand movement in the x-axis and minimal movement in the y-axis. In 

particular, motion of the two hands were tightly coupled so that their motion back to the initial 

hand positions occurred simultaneously (Figures 2.2B and 2.2C). Similar results were observed 
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across all of our participants (Fig 2.2D). There was a relatively low success rate (51%) for this 

double-cursor task, reflecting the difficulty of returning both hands to the targets within 300 ms. 

In the single-cursor task, the hands were perturbed laterally, but the cursor remained within 

the target (dashed lines in Fig 2.2, x-range=1 mm, SD= 0.6 mm, y-range=5 mm, SD=2 mm). 

This was due to the fact that the perturbations on the two limbs were symmetrically oriented (i.e., 

equal, opposite and oriented along the x-axis). The size of the corrective movements of the hand 

(red lines in Figure 2.2) varied from trial to trial, but was always smaller than observed for the 

double-cursor task (Fig. 2.2B and 2.2C). There was also considerable variability in corrective 

responses across participants, with some participants tending to correct only minimally and 

others displaying substantial corrections with both hands (Fig. 2.2D). We then correlated the left 

and right hand positions 450 ms after perturbation onset across trials within each participant 

separately, and found a strong negative correlation between hand positions (average r = -0.70, 

t(7)= -9.27, p<0.0001), which was significantly bigger than that of the double-cursor task (mean 

r= -0.37, t(7)= -5.37, p=0.001, paired t-test t(7)= -3.67, p=0.006). This indicates that the 

feedback responses were coordinated more tightly across the two hands in the single-cursor 

compared to the double-cursor task. The success rate was also high in the single-cursor task 

(89%). 
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Figure 2-2. Experiment 1: Kinematic results. A: Hand motion in the workspace for single trials 
(crosses mark the hand position at the end of each trial). B: Horizontal hand position (Solid) and cursor 
position (Dashed) of an individual participant through time (Red: single-cursor, Blue: double-cursor. Thin 
line: single trial, Thick line: Mean position). Shaded boxes demonstrate the acceptable target area for each 
condition. C: Right and left hand positions 450 ms following the perturbation (same participant in panel 
B). Thin lines depict five random hand paths in each condition and the thick line show 95% confidence 
ellipse. Note the spread of hand path in the single-cursor task and tight distribution in the double-cursor 
task. D: Mean horizontal hand paths and cursor position across all participants (Thin line: single 
participant, Thick line: Mean of all participants). E: Individual participant (thin gray) and group mean 
(Solid red) ROC curves between single- vs. double-cursor tasks. A line (solid black) is fitted to a 30 ms 
period of ROC curve around the time it passes the threshold (0.75, thin vertical grey lines depict the 
regression margins) and its interception with baseline (0.5) is determined as the time when behaviour 
deviates across tasks. 
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ROC analysis across participants demonstrated that the hands moved identically in both the 

single- and double-cursor tasks immediately following the perturbation, but hand positions 

diverged at ~140 ms after perturbation onset (Fig 2.2E, 132 ms using ROC analysis, 158 ms 

based on sequential t-tests). The timing of the separation of hand trajectories was similar for both 

the right and left hands (Right hand: mean=131ms, median=141ms, SD=28ms, Left hand: 

mean=127ms, median=139ms, SD=35ms).  

Shoulder and elbow flexor muscles displayed perturbation related activity in both tasks (Fig. 

2.3, same participant as in Figure 2.2B). As the shoulder and elbow extensors responded little to 

the perturbation, we focus our analysis on the mono-articular shoulder and elbow flexors (i.e., 

PM & Br respectively). Shoulder flexor muscles (PM) tended to show larger responses than 

elbow flexor muscles (Br) as the hand-based loads elicited larger torques at the shoulder as 

compared to the elbow. For the participant in Fig. 2.3, pre-perturbation and R1 activity in right 

PM were similar for the single- and double-cursor tasks (p= 0.26 & 0.55 respectively). However, 

muscle activities were significantly smaller in the single-cursor task in the R2, R3 and Vol 

epochs (p= 0.001 , <0.0001 & <0.0001 respectively). 
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Figure 2-3. Experiment 1: EMG activity. Muscular activity of the shoulder and elbow muscles of an 
individual participant in the single-cursor (Red) and double-cursor (Blue) tasks. As the baseline activity is 
biased in different directions in the agonists (pre-excited) and antagonists (pre-inhibited), the EMG is not 
normalized to the baseline activity to keep different muscle groups comparable. Dashed lines show each 
activity epoch used for EMG analysis. The shaded region denotes SEM of EMG activity in each muscle. 
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Figure 2.4 shows the average difference in the EMG activity in each muscle across tasks, and 

Figure 2.5 shows average activity in each epoch of different participants in each tasks. In 

general, EMG activity in the single-cursor task was lower compared to the double-cursor task (3-

way repeated measure ANOVA; EMG epoch*muscle*Cursor condition with Participant as a 

random factor, p<0.001, df=1, F=76). Further analysis showed that all EMG epochs were 

significantly different across the two tasks (Fig. 2.4&2.5; R1: p= 0.02 for right PM and p=0.07 

for right Br; p<0.01 in all other epochs across muscles and limbs). The task effect also showed a 

significant interaction with EMG epoch meaning that the effect was not the same across different 

epochs (p<0.001, df=4, F=19.6). Figure 2.5B shows that difference in response across tasks 

became more pronounced in later EMG epochs (e.g. ~20%, ~30%, ~40%  & 60% response 

change, respectively for R1, R2, R3 and Vol epochs or right PM).   
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Figure 2-4. Differential EMG activity across tasks. Differential EMG activity of each muscle between 
the two tasks averaged across all participants. Dashed lines show each activity epoch used for EMG 
analysis. The shaded region denotes SEM of EMG activity in each muscle. 
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Figure 2-5. Experiment 1: EMG activity across tasks. A: Group average EMG activity in different 
time epochs (i.e Baseline: 200 ms before perturbation, R1: 20-45 ms, R2: 46-74 ms, R3: 75-100 ms, Vol: 
120-180 ms post perturbation). Each thin line connects the EMG measurements of one participant across 
tasks (*: p<0.05, **: p<0.01). The triangles show mean epoch activity across all participants and the thick 
line shows the mean change across tasks. B: Normalized EMG difference across tasks [(double-cursors - 
single-cursor)/single cursor]. The difference gets bigger in later EMG epochs. Error bars indicate 
between-participant SEM. 
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In some cases, the muscle activity in the pre-perturbation baseline period was larger in the 

double-cursor task (Fig. 2.5A; p<0.05 in 4 participants for right PM, one-tailed Wilcoxon signed-

rank test). This difference in baseline activity suggests that these participants co-contracted their 

limb muscles in the more difficult, double-cursor task (Fig. 2.4 shows the differential activity of 

the antagonist muscles across tasks). This might suggest that the participants chose to increase 

the stiffness of the arm to oppose the large perturbations in the double-cursor task. However, the 

antagonist activity is rapidly inhibited in response to the perturbation (note the dip in EMG 

response starting around R2 in all antagonist muscles). Therefore, it is unlikely that subjects used 

a generalized stiffening strategy through co-contraction, to accomplish the task in the double-

cursor condition. 

Nevertheless, because pre-perturbation activity can modulate the size of the initial reflexive 

response (Pruszynski et al. 2009), it is essential to correct for this factor. As described in the 

methods, we re-sampled the data by matching pairs of trials (one for each task) with similar 

baseline activity. ANOVA showed a significant effect for both task condition and task condition 

combined with EMG epoch (p<0.001, df=1, F=18.8 & p<0.001, df=4, F=15.5 respectively). 

Further analysis showed that, in the corrected results, the baseline activities were not 

significantly different (p>0.3 in both muscles, See Fig. 2.6). For the Br muscle only the last three 

epochs showed significant task-related modulation (p=0.07 for R1 and p<0.05 for the other 

epochs). For PM, however, we still found significant changes in the activity for R1, R2, R3 and 

Vol epochs (all p<0.05). Thus, our results indicate some modulation of even the earliest phase of 

the fast feedback response for the bimanual task.  
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Figure 2-6. Experiment 1: Baseline resampled; Muscular activity after resampling, such that the 
baseline EMG activity is matched across tasks. (A) Mean EMG activity in different time epochs  (*: 
p<0.05, **: p<0.01), (B) Normalized EMG difference across tasks [(Double cursor-Single cursor)/Single 
cursor] in matched baseline trials. Right and left PM and Br muscle activities are pooled for this analysis.  
Error bars indicate standard errors across participants. 
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As the perturbation is applied at the end point, given the arm geometry of each subject, not 

all the muscles are equally loaded. Therefore, in some muscles (like Br) it is hard to see whether 

any muscle activity is evoked in response to the perturbation. We looked into each muscle’s 

activity in response to the perturbation in the double-cursor task and compared it to its baseline. 

R1 epoch was significantly larger than baseline in all subjects in all agonist (i.e., PM, Bi & Br) 

muscles (paired t-test for each subject; p<0.01 for all comparisons) except for 4 subjects in Right 

Br and 5 subjects in Left Br (p>0.1 in these subjects). R2 epoch was significantly larger than 

baseline in all subjects in all agonist muscles (p<0.01 for all comparisons) except for 2 subjects 

in the Left Br. At the population level a one-tailed Wilcoxon signed-rank test showed significant 

difference between baseline activity and R1 & R2 epochs in all muscles (p<0.05 for all muscles) 

except R1 epoch for left Br (p=0.6). The main goal of this experiment is to determine when (at 

the earliest) the EMG response is modulated by task knowledge or sensory information from the 

other limb, which is addressed by modulation of responses in the PM. Given the nature of 

perturbation, we have no control on the amount of motion of each individual joint in each 

individual subject. Therefore, it is not surprising that some muscles do not show the fastest spinal 

response which depends on joint motion. In fact even observing the task-dependent effects in the 

long latency response of the muscles which did not show the R1 response, only strengthens our 

discussion. 

2.4.2 Influence of time constraints on motor responses 

 

We also tested whether a variation of the timing constraints would influence feedback 

corrections. For the double-cursor task, we predicted that an increase in the time available to 

correct for the perturbation would diminish the magnitude of the rapid motor response.  As 
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expected, increasing the time limit to return the hands to the spatial targets made the task 

substantially easier, with success rates increasing from 51% for the 300 ms to 83% and 96% for 

the 400 ms and 600 ms time limits, respectively. Participants took more time to return the hands 

to the two targets as the time criteria increased from 300 to 600 ms (Fig. 2.7A). This effect can 

be seen by comparing the distribution of hand positions 300 ms after perturbation onset (Fig 

2.7A, distance from target across all participants (mean±SD): 1.5±1.4 cm for 300 ms, 2.4±1.5 cm 

for 400 ms & 3.5±1.7 cm for 600 ms). ROC analysis demonstrated that the hands moved 

identically in all three conditions immediately following the perturbation, but hand positions 

diverged ~135 ms post-perturbation (134 ms for 300 ms vs. 600 ms & 136 ms for 300 ms vs. 400 

ms). 
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Figure 2-7. Experiment 1: 
Effect of time limit. A: Top 
row: Mean horizontal hand 
position for each time limit 
and for all participants (Black: 
double-cursor condition, 
Grey: single-cursor 
condition). Bottom row: 
Hand-position distributions 
300 ms following perturbation 
onset for each time limit. 
While the distributions show a 
shift toward the target for the 
shortest time limit in the 
double-cursor task, the 
distributions do not shift for 
different time limits in the 
single-cursor task. B: PM 
EMG for the 300 and 600 ms 
time limits (Right and left 
panels for double- and single-
cursor tasks respectively).  
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Time constraint manipulation also altered the perturbation-related muscle activity in the 

double-cursor task. Figure 2.7B and 2.8A,C show decreases in EMG activity of the right PM 

when the time limit was increased from 300 to 600 ms (2-way repeated measure ANOVA; EMG 

epoch*Time limit with Participants as a random factor, p<0.001). The effect of changing time 

constraints was not the same across different EMG epochs as captured by significant interaction 

between EMG epochs and time limits (p=0.001). Figure 2.8C shows normalized EMG 

modulation across time limits for different subjects (each epoch was normalized to its value in 

the 300 ms time limit). This figure shows that later EMG epochs were modulated more by the 

time limit. When comparing the EMG response in 300 ms and 600 ms time limits, the baseline 

period decreased by 13%, R1 & R2 decreased 20%, R3 by 30%, and Vol by 40 (p=0.07, 0.01 & 

0.02 comparing response modulation across R2, R3 and Vol epochs with R1 response 

modulation, one-tailed Wilcoxon signed-rank test). Similar results were observed for the other 

muscles (see table 1 for the p values for each muscle). 
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Figure 2-8. Effect of time 
limit on EMG modulation. 
EMG epoch activity across 
different time limits in the 
double-cursor task (A) and 
single-cursor task (B). 
While in the double-cursor 
task, EMG activity in 
response to the perturbation 
decreases as the time limit 
increases, the activity 
remains comparable in the 
single-cursor condition. 
C,D: Normalized EMG 
modulation across time 
limits for different subjects 
(each epoch was normalized 
to its value in the 300 ms 
time limit). E: Across the 
two tasks (single- vs. 
Double cursor), the 
difference in the EMG 
activity also scales with the 
time limit. Note that this 
scaling happens across all 
epochs (in voluntary activity 
as well as RMRs) with a 
change in time limit 
(different activity epochs 
are minimally shifted 
horizontally to facilitate 
visualization of between-
participant SEM). Filled 
circles denote significant 
difference across the two 
conditions. 
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p value 

Time Time*EMG Epoch  

Cursor condition* 

Time*EMG Epoch 
Single 

Cursor 

Double 

Cursor 

Single 

Cursor 

Double 

Cursor 

Right PM 0.13 <0.001 0.67 0.001 <0.001 

Left PM 0.5 0.01 0.71 0.1 0.11 

Right Br 0.93 <0.001 0.9 <0.001 <0.001 

Left Br 0.56 0.002 0.99 <0.001 <0.001 

Table 2.1. p values for the effect of different variables (i.e., Time, EMG epoch and task) on muscle 
response to the perturbation (3-way repeated measure ANOVA). 
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In contrast, given the high success rate of the single-cursor task with a 300 ms time limit, we 

predicted little or no change in the feedback corrections when the time limit is increased.  Task 

success did improve slightly (from 89% success rate for 300 ms time limit to 90% & 97% for 

400 ms & 600 ms, respectively) but hand trajectories did not change substantially (Fig. 2.7A, 

hand position 300 ms following perturbation onset across all participants (mean±SD): 4.8±1.5 cm 

for 300 ms, 4.5±1.6 cm for 400 ms & 5±1.3 cm for 600 ms).  ROC curves (300 ms vs. 600 ms & 

300 ms vs. 400 ms) did not pass threshold (0.75), and small, late differences in hand position 

could only be identified using a t-test (divergence time = 263 ms for 300 ms vs. 600 ms & 255 

ms for 300 ms vs. 400 ms, p<0.05). Correspondingly, EMG activity for right PM did not show 

significant differences across different time limits or in interaction with different EMG epochs 

(Fig 2.7B & 2.8B,D; 2 way repeated measure ANOVA, p=0.13 & p=0.67 respectively). Neither 

of the other muscles showed a significant change when altering the time limit (see table 1 for the 

p values for each different muscle). As expected, there was a significant effect of cursor-

condition (Single- Vs. Double-cursor) on EMG response across time (3-way repeated measure 

ANOVA; EMG epoch*Time limit*Cursor condition with Participants as a random factor, 

p<0.001 for right PM, see table 1 for the p values of other muscles). 

Since increasing the time limit decreased the feedback response in the double-cursor task but 

not in the single-cursor task, it also impacted the differential perturbation response across tasks. 

As reported, there were significant differences in all EMG epochs in the 300 ms time limit. 

However, when the time limit was increased to 600 ms, differences in the right PM activity 

across tasks was reduced and only significant in the R3 and Vol epochs (Fig. 2.8E, p=0.027 & 

0.003 respectively). For the right Br, even the slight difference in the Vol epoch was not present 

(p value in all epochs > 0.1). 
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2.4.3 Experiment 2: Modification of rapid motor responses by proprioceptive feedback from 

contralateral limb 

 

In this experiment, we tested whether corrective responses in one limb are modulated by the 

direction of the perturbation applied to the other limb. The outward perturbation of the right limb 

was combined with either an inward (matching-direction condition) or an outward perturbation 

(mirror-direction condition) of the left limb. The two conditions were intermixed randomly 

within the same block of trials, such that the upcoming perturbation was not predictable for the 

participants. Importantly, we withdrew visual information of the cursor at perturbation onset, 

such that we could ascertain that the feedback responses were driven by proprioceptive feedback.  

In the single-cursor task, corrective responses with the right hand were only required for the 

matching-direction condition in order to return the (transiently unseen cursor) back to the central 

target. In this condition, both hands deviated ~3.5 cm to the right and corrections included 

simultaneous motion of both hands back to their pre-perturbation positions (Fig. 2.9A).  In the 

mirror-direction condition, corrective responses were not required and subjects tended to make 

smaller corrective responses (Fig. 2.9A). ROC analysis found that corrective responses with the 

right hand were different (i.e., smaller) across the two types of perturbations (mirror versus 

matching) just after 300ms (ROC, 335 ms +/- 80ms [mean +/-SD], Fig. 2.9C; sequential t-test, 

317ms). There was also a clear difference in the difficulty to make corrective responses for the 

two load conditions as the success rates for the mirror- and matching-perturbations was 98% and 

39%, respectively.  In the double-cursor task, subjects had to return both hands back to the start 

positions for both types of perturbations (Fig. 2.9B).  The success rate was lower for the 

matching- direction as compared to the mirror-direction perturbation (25% & 47% respectively).  

The corrections with the right hand were found to be similar for the two types of perturbations as 
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the ROC analysis did not pass threshold (Fig 2.9C). The kinematic data therefore shows that in 

the single-cursor task, the corrective response of the right limb is influenced by proprioceptive 

information from the left hand. In the double-cursor task we did not find such dependence.  

 
Figure 2-9. Experiment 2: Kinematic results. A: Mean horizontal hand paths and cursor positions 
across all participants in the single-cursor task (Red: Mirror-perturbation, Blue: Matching-perturbation. 
Thin line: single participant, Thick line: Mean of all participants). Shaded box demonstrate the acceptable 
target area for each task. B: Mean horizontal hand paths across all participants in the double-cursor task. 
C: Mean ROC curves across different conditions (Solid: single-cursor, Dashed: double-cursor). In the 
single-cursor task, a line (solid gray) is fitted to a 30 ms period of ROC curve around the time it passes 
the threshold (0.75, thin vertical grey lines depict the regression margins) and its interception with 
baseline (0.5) is determined as the time when behaviour deviates across tasks. The double-cursor ROC 
fails to pass the threshold.  
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To determine when at the earliest task-dependent coordinative feedback occur, we  examined 

the time course of the perturbation-related EMG of the right flexor muscles (PM, Br &Bi). 

Figure 2.10A displays the perturbation-related EMG for the matching and mirror perturbations in 

the single-cursor task,and Figure 2.10B displays the direct paired analysis across load conditions 

for each epoch. Importantly, some of the differences between the matching and mirror 

perturbations may be due to mechanical interactions between the arms through the trunk, or they 

maybe due to hardwired bilateral reflex loops. In this case we would expect the same difference 

between perturbation directions to be present in the double-cursor condition (shown in Fig. 

2.10C,D). To establish the existence of the task-dependent coordinative feedback responses, it is 

therefore important to investigate the perturbation x task interaction, displayed for each muscle 

in Figure 2.10E.  
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Figure 2-10. Experiment 2: EMG activity; (A) Muscular activity of the shoulder and elbow flexors of 
the right arm in the Mirror (Red) Vs. Matching (Blue) perturbation conditions, across all participants in 
the single cursor task. Dashed lines show each activity epoch used for EMG analysis. The shades depict 
SEM of EMG activity in each muscle. (B) Mean EMG activity in different time epochs. Each thin line 
connects one participant’s EMG activity across tasks (*: p<0.05, **: p<0.01). The triangles show mean 
epoch activity across all participants and the thick line shows the mean change across tasks. (C&D) 
Average muscle activity & mean epoch activity across conditions in the double-cursor task. (E) 
Differential muscle activity across conditions and across tasks ((Matching single-cursor - Mirror single-cursor) 
- (Matching double-cursor-Mirror double-cursor)) depicting perturbation x task interaction. Just for 
visualization purposes, each subject’s differential signal is smoothed using a 10 ms running average. 
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The EMG of the right arm muscles in the single cursor-task were not significantly different 

between the matching and mirror-perturbations for the baseline (p=0.09, =0.78 & =0.29 for PM, 

Br & Bi respectively) and R1 period (p=0.39, =0.1 & =0.23 for PM, Br & Bi respectively). For 

the PM muscle, significant differences emerged in the single cursor-task in the R2 (p=0.007) and 

R3 (p<0.001) periods. Importantly, for the double-cursor task, none of these difference were 

significant (p=0.5,  =0.058, =0.23, =0.91 for Base, R2, R3 & Vol respectively), except for R1 

which was significant in the opposite direction (i.e., the mirror was bigger than matching, 

p=0.02). The perturbation x task interaction was significant for the R3 period (p=0.02). The 

EMG of the right Br muscle was influenced in the single cursor-task by the direction of the 

perturbation of the left arm in the R3 and voluntary periods (p=0.004). However, the perturbation 

x task interaction failed to reach significance for these (p>0.09 in all epochs). Finally, the right 

Bi muscle was significantly influenced by the left perturbation in the R3 period in the single-

cursor (p=0.015), but not in the double cursor task (p=0.068). The perturbation x task interaction 

was also significant for the R3 period (p=0.03). Table 2 summarizes the p values for perturbation 

x task interactions across all time epochs in all 3 muscles. 

p value Base R1 R2 R3 Vol 

PM 0.56 0.27 0.45 0.02 0.29 

Br 0.85 0.83 0.67 0.16 0.09 

Bi 0.8 0.77 0.51 0.03 0.44 

Table 2.2. p values for the interaction effect of Task*Perturbation direction in a 2*2 repeated measure 
ANOVA. 
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2.5 Discussion 

 

The results of our experiments demonstrate that in a bimanual task, rapid motor responses 

within a limb could be modulated by the state of the other limb.  More importantly, these 

bimanual motor responses are not limited to situations in which participants can up- or down-

regulate existing responses prior to the onset of the perturbation. Rather feedback about the 

behaviour of one limb (i.e., perturbation direction) could be utilized (or not) to modify the other 

limb’s response to a perturbation within 75 ms in a task-dependent manner. 

Our first experiment replicated previous observations that bimanual tasks influence 

perturbation-related motor responses (Mutha & Sainburg 2009). As the perturbation was always 

the same in that experiment, participants could simply prepare the appropriate reaction (i.e., 

respond less in the single-cursor task, and respond more in the two-cursor task), and then release 

the pre-planned response upon arrival of the perturbation (Shemmell et al. 2010). This pre-

planned response is generally known as “change of functional set” (Klous et al. 2011; Matthews 

1991). In essence, therefore, the first experiment resembles the classical ‘intervene’ or ‘not to 

intervene’ manipulation studied extensively in the single limb (Evarts & Granit 1976; Phillips 

1969; Hammond et al. 1956). Nevertheless, unlike these studies in which the participants are 

instructed to resist or yield the perturbation, in our experiment the participants were not 

explicitly instructed to behave differently across the two tasks. Rather, they exploited the 

inherent redundancy in the single-cursor task by reducing their response to the perturbation. 

Furthermore, the high correlation between hand positions in the single-cursor task shows that the 

two hands responded to the perturbation in a coordinated fashion rather than launching a constant 

pre-planned response. 
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Our second experiment was designed to explicitly test whether afferent information from one 

limb could be used dynamically and in a task-dependent manner to modify motor responses in 

the other limb.  In this experiment, the perturbation direction of the left limb was not predictable 

to the participants and no visual feedback was provided for 200 ms following the perturbation. 

Therefore, the perturbation direction for the right limb and the visual input was identical across 

perturbation and task conditions. Despite this, our results show that the right response to the 

perturbation depended on proprioceptive information from the left hand in the single-, but not in 

the double-cursor task. Our results clearly show that responses in the right limb can be modified 

flexibly and appropriate for the task based on direction-related proprioceptive input from the 

opposite limb within 75ms.  

Our study extends the results of a recent study in which subjects had to stabilize a simulated 

tray with two hands (Dimitriou et al. 2011). As in our study, participants showed task-dependent 

modulation of the responses to unimanual or bimanual perturbations. In this study, the tray was 

simulated through the forces produced by the robots grasped in each hand, as well as through a 

visual simulation. In our situation, the physical situation was exactly identical across tasks and 

the two task only differed in the behavioural goal, which was signaled through the visual scene. 

Yet the task-dependent dependence between feedback responses of the two hands was still 

present, even for mechanical perturbations without vision. Thus, our results illustrate that once 

the behavioural control law is established using only vision, goal-directed corrections can be 

generated to mechanical perturbations that do not rely on visual feedback on that trial. 

The conditional and task-dependent nature of this inter-limb feedback response suggests that 

the motor system is equipped with the ability to flexibly “utilize” sensory feedback from one 

limb to support rapid motor responses in another limb.  The neural pathways through which these 
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flexible responses are implemented are still unknown. Most likely, the flexible feedback process 

occurs at the cortical level (Ivry et al. 2004; Oliveira and Ivry 2008). Transcallosal connections 

between the two hemispheres clearly modulate the response to each motor cortex (Duque et al. 

2008). For example, a recent study by Yedimenko & Perez (2010) demonstrates that while 

generating isometric forces with the right index finger, Motor Evoked Potentials (MEP) in the 

left index finger (evoked by TMS stimulation of the right primary motor cortex) were 

suppressed. Furthermore, the suppression was less strong when the direction of the force 

produced by both fingers was mirror-symmetric. Interestingly, by testing the right hand in 

different postures, the authors showed that it was the direction of force in external space rather 

than in muscle space that determined the amount of suppression. This finding suggests that the 

influence does not depend on hard-wired transcallosal pathways between homologous muscles, 

but rather that the feedback from the opposite limb is used in a flexible fashion, and varies with 

the spatial and functional parameters of the task. Whether these modulatory influences are 

caused by direct connections between the two primary motor cortices, or whether they involve 

secondary motor regions that may represent high-order aspects of the task (Diedrichsen et al. 

2010) is an important question to be addressed in future studies. 

Flexible dependency of single limb responses on bimanual information has also been 

demonstrated for the learning of feedforward control (Jackson & Miall 2008). These studies have 

used velocity-dependent force fields that perturb an arm movement perpendicular to the 

movement direction. Many studies have shown that it is very difficult to learn alternating 

opposing force fields within the same limb (Krakauer et al. 2006; Caithness et al. 2004; 

Krouchev & Kalaska 2003). However, the state of the other arm can strongly influence the motor 

system to learn two conflicting force fields (Nozaki & Scott 2009; Nozaki et al. 2006). For 
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example, the movement direction of the other hand (Howard et al. 2010) can modulate within-

limb force field learning. Similarly, whether the two hands hold a common object or whether 

they move alone can also serve as a cue for learning opposing force fields (Howard et al. 2008). 

Thus, like rapid motor responses, the learning of predictive feedforward control appears to be 

endowed with the flexibility to utilize the movement state of the other hand to modulate control. 

This similarity may reflect the intimate relationship between rapid motor responses and 

voluntary control (Scott 2004). 

One novel aspect of our results is that the temporal constraint of the task influenced the size 

of the rapid motor response (and early voluntary response) to the mechanical perturbation.  

Participants exhibited large initial motor responses when they had to return to the spatial target 

within 300 ms, and smaller responses if they were given 600 ms. These results suggest that if the 

behavioral goal is easy to achieve (as reflected by a change in the success rate), rapid motor 

responses are reduced overall. On the other hand, when the behavioral goal is hard to achieve 

(i.e., 300 ms time limit), even the R1 response could show task-dependent changes. Previous 

work has shown task dependent modulation of long-latency responses based on spatial location 

of the target (Pruszynski et al. 2008) or limb mechanics (Kurtzer et al. 2008-09), but the short 

latency responses were not modulated in either of these conditions. The low success rate in the 

300 ms condition (~50%), might have encouraged the participant to increase the gain of spinal 

reflexes to raise the participant’s success rate. It has been shown previously that R1 responses 

can change based on the behavioral goal of a task independently from the background activity of 

the muscle (Cheng & Loeb 2008). Yet it is not clear why such a strategy is not used even in the 

conditions with less strict temporal constraints. We speculate that delaying the response to later 

epochs may provide more time for the brain to appropriately assess the nature of the perturbation 
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before launching a motor response. We think the mechanism through which the R1 epoch 

response is modulated, is different than its later counterparts; with the former being affected at 

the spinal level (Granit 1975) and the latter predominantly at supraspinal levels (Scott, 2004; 

Pruszynski and Scott 2012, Matthews 1991). 

In summary, several studies have shown flexible task-dependent coupling of the two limbs in 

bimanual tasks. This flexibility can be observed in the feedforward control of the movement 

(Mechsner et al. 2001; Diedrichsen et al. 2001), and in the reactions to perturbations of each limb 

(Diedrichsen & Gush 2009; Ohki and Johansson 1999; Lum et al. 1993).  Such similarity is 

congruent with the idea that rapid motor responses utilize the same neural circuitry as voluntary 

control (Scott 2008; Scott 2004). In a broader sense, our results suggest that the CNS is capable 

of coupling any arbitrary sensory feedback with a motor output to fulfill the goal of a task 

(Radhakrishnan et al. 2008; Jeka & Lackner 1994). On the other hand, our finding has important 

implications for designing experiments to study task-dependency of rapid motor responses. 

Changes in the magnitude of rapid motor responses with regard to temporal constraints of the 

task implies that if the timing of the task is not appropriately set, it is less likely to observe 

changes in the earlier components of the response with regard to task constraints. 
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Chapter 3 

Perturbation-evoked responses in primary motor cortex are modulated by 
behavioral context 
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3.1 Abstract 

 

Corrective responses to external perturbations are sensitive to the behavioral task being 

performed. It is believed that primary motor cortex (M1) forms part of a transcortical pathway 

that contributes to this sensitivity. Previous work has identified two distinct phases in the 

perturbation response of M1 neurons, an initial response starting ~20ms after perturbation onset 

that does not depend on the intended motor action, and a task-dependent response that begins 

~40ms after perturbation onset. However, this invariant initial response may reflect ongoing 

postural control or a task-independent response to the perturbation. The present study tested 

these two possibilities by examining if being engaged in ongoing postural task prior to 

perturbation onset modulated the initial perturbation response in M1. Specifically, mechanical 

perturbations were applied to the shoulder and/or elbow while the monkey maintained its hand at 

a central target, or when it was watching a movie and not required to respond to the perturbation. 

As expected, corrective movements, muscle stretch responses and M1 population activity in the 

late perturbation epoch were all significantly diminished in the movie task.  Strikingly, initial 

perturbation responses (<40ms post-perturbation) remained the same across tasks, suggesting 

that the initial phase of M1 activity constitutes a task-independent response that is sensitive to 

the properties of the mechanical perturbation but not the goal of the ongoing motor task. 
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3.2 Introduction 

 

A corrective response to someone bumping our arm can vary from a minimal reaction if our 

arm is just resting on a table to a rapid and precise correction if we are holding a cup of coffee. 

The influence of behavioral context on such corrective responses has been studied extensively in 

human subjects (for recent reviews, see Pruszynski and Scott 2012; and Shemmel et al. 2010). 

Briefly, the earliest muscle activity called the short-latency stretch response (R1: ~20-50ms), is 

generated via a spinal circuit, and is generally not influenced by behavioral context. In contrast, 

the long-latency stretch response (R2/R3: ~50-100ms), which includes supra-spinal 

contributions, is highly sensitive to a wide range of behavioral contexts. 

Despite the wealth of knowledge on how behavioral context can influence long-latency 

responses, far less is known regarding the neural substrates underlying such task-dependent 

changes. Phillips (1969) suggested that primary motor cortex (M1) forms part of a transcortical 

pathway that contributes to the long-latency responses, and that its gain can be altered based on 

the behavioral task. Indeed, several studies have demonstrated that neural activity in monkey M1 

quickly responds to mechanical perturbations and that the timing of this response is consistent 

with it contributing to the long-latency stretch response of the muscles (Cheney and Fetz 1984; 

Evartz and Tanji 1976; Herter et al. 2009; Picard and Smith 1992; Pruszynski et al. 2011). It has 

also been shown that perturbation-related activity in M1 can be altered by behavioral context 

prior to concomitant changes in the long-latency stretch response (Conrad et al. 1974; Evarts and 

Tanji 1976; Pruszynski et al. 2014; Wolpaw 1980a,b).  

Of particular note is the seminal work of Evarts and Tanji (1976) in which monkeys were 

trained to rapidly push or pull a handle following a mechanical perturbation that either pushed or 

pulled the limb, and thus assisted or resisted the instructed action. They found that the initial 
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response (20-40ms following perturbation onset) was tightly coupled to the applied perturbation, 

but that the later response at ~50ms clearly reflected the instructed motor action. Pruszynski and 

colleagues (2014) recently found a similar pattern of responses in MI when monkeys responded 

to mechanical perturbations by quickly placing their hand into visually defined spatial targets: a 

relatively invariant initial response followed by a modulated (i.e., task-dependent) later response 

(See also, Conrad et al. 1974; Wolpaw 1980a,b). 

This invariant initial response may reflect a task-independent somatosensory signal 

transmitted to M1 neurons. It is well known that M1 responds to a range of different sensory 

stimuli including passive limb motion (Cheney and Fetz 1980; Fromm et al. 1984; 

Hummelsheim et al. 1988; Scott and Kalaska 1997; Suminski et al. 2009), tactile or cutaneous 

stimuli (Lemon 1981; Murray and Keller 2011; Picard and Smith, 1992) and electrical 

stimulation of peripheral nerves (Herman et al. 1985; Marple-Horvat and Armstrong 1999). 

Direct transmission of the sensory response to a perturbation into motor regions of the brain may 

assist in the appropriate selection of the motor response as it depends on both the motor 

instruction and the properties of the perturbation itself. Alternatively, the presence of an invariant 

initial response may reflect the use of sensory feedback for ongoing postural control of the limb. 

That is, the initial perturbation response may reflect a corrective response used to maintain the 

hand at the initial posture. In this case, the nervous system needs to disengage this postural 

control prior to specifying a motor response for the instructed action.  

Previous studies were not able to test between these two possibilities because the monkeys 

were always engaged in the same ongoing motor task before perturbation onset. In this study we 

explicitly changed the ongoing motor behavior and tested how this change altered the initial and 

late perturbation responses in M1. Specifically, we recorded behavioral, muscular and neural 
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responses to a mechanical perturbation applied randomly when: 1) the monkey was maintaining 

its hand at a spatial target and the monkey was rewarded for returning its hand to the spatial goal 

following the perturbation (posture task), and 2) when the monkey was quietly watching a movie 

and not required to maintain its hand at a spatial target, nor to respond to the perturbation in 

order to be rewarded (movie task). If the initial M1 response reflects a task-independent 

somatosensory response to the mechanical perturbation, then it should remain relatively similar 

across posture and movie tasks. In contrast, if the initial response reflects the use of sensory 

feedback for ongoing postural control then the initial M1 response should be substantially 

diminished in the movie task as compared to the posture task, as there is no ongoing postural 

control in the movie task, before the perturbation.  

As expected, behavioral, muscular and late M1 responses were generally reduced, but not 

eliminated in the movie task compared to the postural task, indicating that the monkeys 

modulated their motor responses across these behavioral contexts. Despite these changes, initial 

M1 responses were strikingly similar. Taken together, our results suggest that the initial 

perturbation response in M1 is not sensitive to the ongoing motor task but reflects a relatively 

task-independent sensory signal transmitted from the periphery. 

3.3 Methods 

3.3.1 Subjects and apparatus 

 

Three male rhesus monkeys (Macaca mulatta, 10-17 kg) were trained for 4-6 months to 

perform whole limb visuomotor tasks wearing an exoskeleton robot (KINARM, BKIN 

Technologies, Kingston, Ontario, Canada). The robot permitted combined flexion and extension 

movements of the shoulder and elbow in the horizontal plane and applied loads to the shoulder 
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and/or the elbow (Herter et al. 2009; Scott 1999). Targets and hand feedback were presented to 

the monkeys in the horizontal plane via a display composed of an overhead projector and 

semitransparent mirror. The position of the hand was represented by a white circle (5 mm 

diameter) positioned at the tip of the index finger. All procedures were approved by the Queen’s 

University Animal Care Committee. 

3.3.2 Behavioral tasks 

 

The experiment was composed of two different tasks: a posture task and a movie task (Figure 

3.1). The monkeys’ goal in the posture task was to maintain their hand at a visual target (12mm 

diameter). The target was displayed near the centre of the arm’s workspace (angles of 30
 
& 90

 

degrees at the shoulder and elbow, respectively), where passive viscoelastic forces of the limbs 

are relatively small (Graham et al. 2003). The monkey started each trial by placing the white 

circle (representing hand position) into the visual target, and maintaining it within the target’s 

acceptance window (16mm diameter). Following a random time (between 1000-1500ms) the 

limb was perturbed with one of 9 mechanical loads applied to the shoulder and/or elbow (Figure 

3.1A) including one unloaded “catch” trial in which no perturbation was applied. Each 

perturbation lasted 300ms and the size of the load varied to consider the size of each monkey 

(Monkey P & X, 0.24Nm and monkey A, 0.32Nm). Equal perturbation magnitudes in all 

directions cause different magnitudes of hand motion, with the biggest joint motions for shoulder 

flexor+elbow extensor and shoulder extensor+elbow flexor torque pairs (Herter et al. 2009). 

Therefore, we lowered the perturbation magnitude for these two pairs to compensate for this 

effect (0.04Nm less than other load conditions). The monkeys were trained to bring their hands 

back to the target window within 750ms and maintain it there for 1000ms to be rewarded with 
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water (Figure 3.1B). The 9 load conditions were presented randomly in each block and the 

monkeys were required to complete 10 blocks in each set.  

 

 
Figure 3-1. Task apparatus and experimental paradigm. A: Different combinations of shoulder and/or 
elbow loads applied to the arm in each trial. B: In the posture task, the monkey started each trial by 
placing the hand cursor and maintaining it within the target’s acceptable window (light grey circle). 
Following a random time interval (1-1.5 seconds) the limb was perturbed with one of the 9 mechanical 
loads depicted in A. The monkeys were trained to bring their hands back to the target window within 
750ms and maintain it there for 1000ms (Solid black line illustrates a sample hand path in response to the 
perturbation). C: In the movie task, all task related visual feedback (i.e., target position and hand position) 
was replaced by a movie. At the beginning of each trial, the robot moved the hand to the central position. 
Following a random time interval (1-2 seconds), the hand was perturbed using the same 9 load 
combinations as in the posture task. The “American Pie” picture is reproduced with permission from 
Universal Studios. 
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In the movie task, monkeys were not required to do anything in response to the perturbation. 

All task-related visual feedback (i.e., target position and hand position) was replaced by a movie 

and the monkeys were trained to quietly watch the movie. At the beginning of each trial, the 

robot moved the hand to the central target. Following a random time (between 1000-1500ms), 

the hand was perturbed using the same 9 load combinations as in the posture task (Figure 3.1C). 

The monkeys were rewarded regardless of their response to the perturbation.  

Our standard approach was to use a fixed order of tasks: first the posture task, then the movie 

task, followed by a repeat of the posture task. For cells isolated near the end of the recording 

session, a reduced version of the experiment was performed. In this case, the posture and movie 

tasks were performed once, in a random order. 

Hand motion following the perturbation was used to determine how much the monkeys 

changed their behavior between the posture and movie tasks. However, this hand motion reflects 

both active (e.g. voluntary response to perturbation) and passive (e.g. viscoelastic forces of the 

limb & inertia) mechanisms opposing limb motion. In order to estimate the contribution of the 

passive mechanical properties of the arm, we compared hand motion in each task with a task in 

which the monkey was anesthetized. For this control, monkey P was anesthetized using 

Ketamine (2 mg/kg) and Medetomidine (0.05 mg/kg) and identical perturbations as in the main 

tasks were applied to the limb. Electromyographic (EMG) recordings of shoulder and elbow 

muscles were monitored for any reflexive or voluntary muscle activity. Anesthetization was 

performed on monkey A as well. However, due to its size, we were not able to maintain its 

posture upright in the chair, so the arm motion was skewed and therefore the data were not 

usable. Such measures were not performed on monkey X due to complications. 
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3.3.3 Data collection 

 

After training, we recorded neural data from shoulder/elbow regions of M1 using standard 

extracellular recording techniques (Herter et al. 2007). The recording area included the bank of 

M1 to ~3mm rostral to the bank. Microelectrodes were advanced through M1 until neural 

activity was observed in response to active or passive movements of the shoulder and/or elbow 

(but not the wrist and/or fingers). Single neurons were then isolated and neural activity was 

recorded in the behavioral tasks. In some sessions, the recording location was verified using 

microstimulation, eliciting movement or muscle twitches in shoulder and/or elbow muscles (< 

30µA, Stoney et al. 1968). 

Electromyographic (EMG) activity of shoulder and elbow flexor and extensor muscles was 

recorded using standard percutaneous EMG techniques (Kurtzer et al 2006). EMG was obtained 

from pairs of single-strand wires that were percutaneously inserted within the muscle belly 

approximately 5mm apart (see Table 1 for a list of recorded muscles). Electrode placement was 

verified using microstimulation (stimulations < 2mA), ensuring that a contraction was isolated 

within the target muscle. We aimed to record from 3 to 6 muscles in each EMG session. Given 

the time consuming nature of electrode placement, EMG and neural recordings were performed 

in separate sessions. There were a few differences between the EMG and neural recording 

sessions. First, a variant of the posture task (Normalization task) was added in the EMG session, 

in which the perturbation lasted for 3000ms instead of 300ms. In addition, each task was 

repeated at least twice (i.e., 20 trials for each load combination) to have a better estimate of the 

muscle responses to the perturbations.   

All the neural, EMG and kinematic data were recorded using a Plexon data acquisition 

system (Plexon Inc, Dallas, USA). The neural data were sampled at 40kHz and the kinematic and 
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EMG data were sampled at 1kHz. The neural data were sorted online for single units and further 

examined using the Plexon offline sorter. Kinematic data (joint angles, velocities, and torques 

applied by the robot) were down sampled at 200Hz to reduce the size of each session’s data file. 

Cartesian hand positions and tangential hand velocity were calculated using joint angles, limb 

length and velocities. 

3.3.4 Data analysis  

 

M1 NEURONS. Spike times were extracted from the Plexon files into Matlab (Mathworks, 

Natick, USA). Spike density functions were then generated by convolving each spike time-stamp 

with an asymmetric double-exponential kernel, that roughly mimicked a postsynaptic potential 

(1ms rise- and 20ms fall-time, Thompson et al. 1996). Using such asymmetric spike density 

functions to smooth the data, rather than a Gaussian filter for instance, yields onset times without 

backward biasing. Each trial was aligned based on the perturbation onset and each neuron's rapid 

response to the transient load was evaluated (mean cell activity 50-100ms following the 

perturbation).  

The load combination with the largest response was selected as the neuron’s preferred-

torque combination (PTC). If the response was only inhibited by the perturbation, then the 

largest negative response was selected as the neuron’s PTC. The neuron’s activity in its PTC 

(mean cell activity 50-100ms following the perturbation) was compared to cell activity in the 

catch trial (no perturbation) using an independent sample t-test. The cell was classified as 

“perturbation responsive” if the comparison was significant (p<0.05). The cell’s response to its 

preferred combination of shoulder and elbow perturbations was then compared across tasks 

(independent sample t-test) to determine how many cells showed a significant change in activity 
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across tasks. We also determined if baseline activity (mean cell activity 100ms prior to the 

perturbation across all load conditions) was comparable across tasks for each cell (independent 

sample t-test). Mean population activity for each task was calculated by averaging the activity 

across cells. All cells with a significant perturbation response were included in the population 

signal.  

The PTC selected in the posture task might not necessarily be identical to that of the 

movie task, as changing the task could also change the cell’s sensitivity to the load combinations. 

In that case, modulation of the cell’s response across tasks in the preferred load combination 

extracted in the posture task would simply be an epiphenomenon of a rotating PTC. To address 

this possibility, we correlated the cell response in all different load combinations and magnitudes 

(using planar regression fit, see Kurtzer et al. 2005 for details) to devise a more quantified 

measure of the cell’s sensitivity to load. For this analysis, changes in neural activity in response 

to the perturbation (spikes/s) were correlated with the applied joint torques (Nm). Flexor torques 

were assigned positive values and extensor torques were assigned negative values. For 

visualization purposes, joint torques were organized in a Cartesian format with shoulder torques 

on the X axis and elbow torques on the Y axis. (i.e., ShoFlx = 0 degrees, ElbFlx = 90 degrees, 

ShoExt = 180 degrees, and ElbExt = 270 degrees). For each neuron with a significant planar fit 

(F-test, p<0.05), coefficients related to each variable (i.e., the shoulder (Sho) and elbow (Elb)) 

were used to calculate the preferred-torque direction (PTD). A cell that does not respond to the 

perturbation or has an equal response in all directions would not have a significant planar fit.  

The PTD was defined by the orientation of the plane in joint-torque space that denoted 

the angle associated with the greatest increase in activity (Figure 3.5B, see Herter et al. 2009 for 

details). We then compared the PTDs extracted in each task to test whether different tasks 
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changed the cell’s sensitivity to load combinations. We only used the cells with significant 

planar fits in both posture and movie tasks for this comparison. 

Given the order the two tasks were presented, many cells had more than one set of each 

task (e.g. two repeats of posture task). In these cells, one set was randomly chosen for analysis. 

Nevertheless, in order to make sure presentation order did not affect the perturbation response 

across tasks, we compared the neural activity across repeat sets of the same task. These repeated 

blocks provide an important control to investigate the significance of the changes observed 

across tasks (e.g. influence of change in the monkey’s motivation through time). We investigated 

whether the baseline activity and the perturbation responses changed across the repeated sets and 

compared the magnitude of these changes to that across tasks. 

We also examined the relationship between the cell’s initial evoked response (cell’s mean 

response 20-35ms minus baseline) and its baseline activity across tasks. This was done to 

investigate whether change in a cell’s baseline activity can change its response to the 

perturbation as well. For this analysis, we only used those cells that had significant perturbation 

responses between 15-40ms post-perturbation (to avoid missing cells, the range was 5ms longer 

on each side of the epoch of interest). We then correlated the change in baseline activity to the 

change in the cell’s evoked response. 

BEHAVIOR & KINEMATICS. Joint and hand positions and velocities were used to compare 

perturbation-induced motion of the limb. We used receiver-operator characteristic (ROC) 

analysis to determine at what time-point the joint/hand motion deviated between the two tasks 

(Omrani et al. 2013). Briefly, at each 5ms time-point, we determined the proportion of trials that 

exceeded a range of thresholds spanning the two distributions. The number of hits and false 

alarms were then plotted against each other for every threshold setting. In this analysis, the area 
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under the curve provides a measure of how well the two distributions could be distinguished 

from each other (Metz 1978). Values of 0 and 1 indicate perfect discrimination (and thus 

complete separation between the two distributions), whereas a value of 0.5 indicates chance 

discrimination. Across all time points, we then found the time point (Tcriterion) where the ROC 

passes a criterion level (set at 0.25 or 0.75). We calculated the time at which the ROC starts 

deviating from baseline levels by fitting a line (using linear regression) to a 30ms period of the 

ROC curve, centred on the Tcriterion. In our results, we report the interception point of the 

regression line with the baseline ROC value (“Knee” extraction technique, Pruszynski et al. 

2008). Note that changing the ROC criterion level does not qualitatively change the result of this 

analysis.  

MUSCLE ACTIVITY. Throughout the recording session, each muscle was qualitatively scored 

from 1 to 5 (based on recording quality, gain of the signal, signal-to-noise ratio, and whether the 

muscle looked active in the task). Muscles that scored 3 and higher were included in our 

analysis. EMG signals were band-pass filtered (10–150 Hz, two-pass, third-order Butterworth) 

and full-wave rectified. Each trial was aligned based on the perturbation onset. Just like neurons, 

the load combination with the largest response was selected as the muscle’s preferred-torque 

combination (PTC).  

The EMG in each trial was then normalized to the mean muscle activity in the last 2 

seconds of response in its PTC in the Normalization task. This period was chosen as the 

monkeys resisted the load at the central target (i.e., isometric response), hence providing a steady 

state assay of muscle tone against a defined load magnitude (see Pruszynski et al. 2008 for how 

we normalize EMG data in human subjects). Thus, units for muscle activity reflect a muscle’s 
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response ratio as compared to its steady state activity opposing the same load. Hence, a value of 

1 means the muscle’s response was equal to this steady state activity. 

We then verified if each muscle’s PTC matched its expected functional torque direction 

(Kurtzer et al. 2005), to confirm proper electrode placement (e.g. whether the posterior deltoid 

muscle responded to flexor or extensor loads). We removed any muscle with a PTC in the wrong 

quadrant of the torque space (1 muscle sample removed). 

We evaluated each muscle’s response to the perturbation in its PTC across tasks. We 

examined the EMG response in different time epochs (-300:0, 20:44, 45:74, 75:99, 100:200; 

correspondingly named Base, R1, R2, R3 & Vol epochs) and compared them across tasks. These 

specific time periods were chosen based on functional results obtained in our previous studies 

(see Pruszynski et al. 2014, 2011 & Herter et al. 2009), but generally these epochs are inspired 

by the response epochs (M1, M2 and M3 & Vol, ranging from 10-30, 31-50, 51-70 & 71-100ms 

respectively) proposed by Lee and Tatton (1975). The M1 epoch corresponds with the short-

latency muscle response and M2-M3 epochs correspond with the long-latency response, 

discussed earlier. The faster time epochs in Lee and Tatton (1975) likely reflect the use of larger 

loads (a 350g load assumed to be applied at the hand with force perpendicular to the elbow joint 

would generate approximately 0.8Nm compared to 0.24-0.32Nm in the present study) and faster 

load onset (3.2ms rise time versus 10ms sigmoid in the present study).   

ACTIVITY ONSET. We were interested in determining the onset time of each cell/muscle’s 

response to the perturbation, and the time their activity differentiated across the posture and 

movie tasks. For this purpose we found the first point when the activity passed a threshold that 

was 3 times larger than the standard deviation of cell/muscle’s baseline activity. Alternatively, 

we determined the first point in time population responses across the two tasks became 
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significant (p<0.05, running paired sample t-test performed at 1ms intervals), and remained 

significant for 20ms. 

Neurons in M1 display a range of onset times following a perturbation (Herter et al., 

2007). We were interested in identifying whether neurons recruited at different times showed 

consistent timing differences from perturbation onset to task-dependent modulation. We 

therefore, separated our cells into four groups based on their perturbation onset times (response 

initiation between 15-30, 31-40, 41-50, 51-100ms) and quantified population signals for each 

group. We then used a similar onset calculation technique for the average activity of each group 

and compared the perturbation onset and task-dependent modulation for each group. 

In order to estimate the variance in perturbation onset and task-modulation for each group 

of cells, we used a bootstrap technique (Altman and Goodman 1994). For this analysis, we 

resampled cells in each group 10000 times (with replacement) and calculated each measure for 

every sampled group.  

3.4 Results 

3.4.1 Comparison of kinematics & muscle responses across tasks 

 

KINEMATICS. In the posture task, mechanical perturbations applied to the upper limb 

generated 2 to 4cm of hand motion, with larger motions generated following multi-joint loads 

(Figure 3.2A). In response to the ShoExt+ ElbFlx perturbation (Figure 3.2C), shoulder and elbow 

motion peaked at ~300ms just before the load was removed, and returned to the target at ~500ms 

(hand distance from target 500ms post-perturbation: 0.9 ± 0.3cm [mean ± SD] for monkey P, 0.4 

± 0.1cm for monkey X and 0.8 ± 0.4cm for monkey A). In the movie task, perturbations 

generated patterns of hand motion that were initially similar to that observed in the posture task 
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(Figure 3.2B,C). However, the hand did not return to the spatial target when the load was 

removed (hand distance from the target centre 500ms after perturbation: 2.8 ± 1.3cm for monkey 

P, 2.2 ± 1.1cm for monkey X and 3.0 ± 1.6cm for monkey A). Prior to the next trial, the hand 

was successfully moved back in close proximity to the target centre by the robot (hand distance 

from the centre of target prior to the next perturbation: 0.23 ± 0.51cm for monkey P, 0.36 ± 

0.65cm for monkey X and 0.38 ± 0.33cm for monkey A). 

 

 
Figure 3-2. Hand motion across tasks. Hand motion in response to different combinations of 
perturbations in the posture (A) and movie (B) tasks. Green diamonds and circles denote the time the 
perturbation turned off (300ms) and hand position 500ms following the perturbation, respectively. C: 
Elbow (top panel) and shoulder (middle panel) joint angles for each task (in the load condition shown by 
the arrow in panels A & B) and the differential joint motion (bottom panel) across tasks. Solid lines 
represent average joint positions (blue: posture, red: movie & black: differential motion) and the shaded 
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areas denote 2 SEM (largely blocked by solid lines) of joint position across sessions (85 sessions in 
monkey P). Vertical dashed lines denote the time the perturbation turned on and off. The grey rectangles 
show the time period for analysis of neural activity. D: Hand motion in response to perturbation when the 
monkey was under anesthesia. Note that the scale is smaller than for panels A and B. E: Comparison of 
hand positions through time in response to the condition marked with the arrow in A, B & D (shoulder 
extension/elbow flexion). Each ellipse represents the 95% confidence interval of hand positions across 
sessions at 50ms intervals following the perturbation (blue and red ellipses for posture and movie task, 
respectively, cyan: passive task). Dashed lines connect average hand positions in the posture and movie 
tasks for 5 random sessions. 
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Hand distance from the target (at 500ms post-perturbation) was significantly smaller in 

the posture task compared to the movie task in all load combinations and for all monkeys (Figure 

3.3; paired t-test, p < 0.001& t > 6 in all conditions, df = 84 for monkey P; p < 0.001 & t > 5.6 in 

all conditions, df = 40 for monkey X; and p< 0.001 & t > 4 in all conditions except for elbow 

extensor load p = 0.2 & t = 1.2, df = 32 for monkey A). On average, the hand distance from the 

target was 75% smaller in the posture task as compared to the movie task (72% in monkey P, 

82% in monkey X and 74% in monkey A).  

 
Figure 3-3. Kinematics of perturbation response. Hand position and distance from target centre in each 
monkey across tasks. The top panel shows average hand position relative to the target (black cross 
indicates target and its acceptable spatial limits) 500ms following the perturbation for each of the 8 load 
combinations (blue: posture, red: movie & cyan: passive). The bottom panel shows corresponding 
distance from target in each load condition. Inset numbers show the number of recording sessions in each 
monkey. Error bars indicate standard errors across sessions. The passive data was obtained under 
anesthesia. 
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Using ROC analysis, we identified that shoulder and elbow angles were similar across the 

two tasks for the first 200ms and began to deviate around 225 and 245ms following the 

perturbation, respectively (Figure 3.2C). Across all load conditions, we identified differences in 

hand motion only after 100ms (ROC deviating from the baseline levels at 231± 93ms [mean ± 

SD] in monkey P, 123 ± 53ms in monkey X, and 129 ± 62ms in monkey A). Changes in the 

kinematics of the limb can also be observed in the 95% confidence interval ellipses of hand 

positions through time (Figure 3.2E, red and blue for movie and posture tasks, respectively). 

Note that the ellipses completely overlap throughout the first 200ms, and then begin to separate. 

However, there is still considerable overlap in hand positions 500ms post-perturbation across 

recording sessions. This could mean that there were sessions where the hand position in the 

movie task was closer to the target than in the posture task. However, within a given session, 

there was a consistent reduction in the behavioral response in the movie task as compared to the 

posture task (Figure 3.2E; dashed lines connect corresponding average hand positions in each 

task for 5 random sessions). In fact, in only 6 (of 129) sessions, the hand distance from the target 

(500ms post-perturbation) was bigger in the posture task than the movie task.   

  When monkey P was anaesthetized, virtually no perturbation-related activity was 

observed in the two limb muscles recorded during this procedure (data not shown). Hand motion 

during the perturbation was greater than that observed during the posture or movie tasks (Figure 

3.2D). Hand distance from the central target 500ms following the perturbation was 5 ± 1.8cm 

across load conditions (Figure 3.3). We quantified the distance between hand positions 500ms 

post-perturbation for the posture and movie tasks relative to the position observed in the 

anaesthetized state, which measured passive limb properties when there were no active 

corrective responses. For the load combination displayed in Figure 3.2E, the distance of the hand 
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at 500ms post-perturbation between the movie task and anaesthetized state was 30% smaller than 

the distance between the posture task and the anaesthetized state. Across all 8 load conditions, 

the average drop in this distance was 42% ± 24% [Mean ± SD] for the movie task compared to 

the posture task. 

MUSCLE ACTIVITY. We recorded EMG from 3 to 6 proximal limb muscles in 18 sessions. 

Thirty five samples were identified as good quality (score 3 or higher on subjective rating scale 

out of 5) and had significant perturbation responses (p<0.05, Table 1; 16, 15 & 4 muscles in 

monkey P, X and A, respectively). There was variability in each muscle’s response to the 

perturbation and how much it changed across the tasks. Some muscles displayed minimal 

decreases during the movie task, whereas others displayed virtually no activity following the 

perturbation in the movie task (Figure 3.4A). In fact, the majority of recorded muscles displayed 

a significant decrease in perturbation-related activity (45-100ms post-perturbation) in the movie 

task (Figure 3.4B,C). Twenty-seven muscles showed a significant change in perturbation activity 

across tasks (p<0.05). Of these, 25 showed a decrease and only 2 showed an increase in the 

movie task. On average, the perturbation evoked response (average activity 45-100ms post-

perturbation minus baseline activity) dropped 65% across the two tasks (paired t-test, p=0.002, 

df=34 & t=3.34). A similar reduction in perturbation-related muscle activity was observed for all 

3 monkeys (54% drop in monkey P, 72% drop in monkey X and 53% drop in monkey A, paired 

t-test, p<0.035 in all monkeys).  
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Figure 3-4. Muscle 
response to perturbation 
across tasks. A: Exemplar 
EMG activities in response 
to the preferred torque 
combination in the posture 
(blue) versus the movie (red) 
task. Grey lines denote the 
onset of the perturbation. 
These exemplar muscles 
highlight the range of 
responses from substantive 
to no change between tasks 
(Tlat: Triceps, Lateral head; 
Br: Brachioradialis). B: 
Average EMG response (45-
100ms following the 
perturbation) in the posture 
(horizontal axis) versus 
movie (vertical axis) task. 
Filled shapes denote muscle 
responses with a significant 
change across tasks. Each 
symbol represents a different 
monkey (circle, triangle and 
square, represent monkey P, 
X & A respectively). The 3 
exemplar muscles in A are 
represented by the colored 
symbols (orange: top panel, 
green: middle panel & cyan: 
bottom panel).  For 
visualization purposes, 4 
data points are not plotted 
(Response values for data 
points not shown are: 
posture task=5.75, 6.32, 

13.85 & 5.22 and movie task=3.5, 2.78, 2.4 & 0.46 respectively). C, D: Mean EMG response across all 
recorded muscles (n=35) in the posture and movie tasks (C) and their differential activity (D) across the 
two tasks (posture-movie). Solid lines represent average EMG response (blue: posture, red: movie & 
black: differential motion) and the shaded areas denote 2 SEM (blue and red shaded areas denote between 
muscle variability of perturbation response and the black represents within muscle variability of 
differential response). The black and the grey arrows represent the onset and the differential time of 
muscle activities respectively. 
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Muscle name # Quality>=3 # Significant 

Pert Resp 

Significant bigger 

posture 

Significant 

bigger movie 

Brachioradialis 5 5 5 0 

Brachialis 3 2 1 0 

Biceps (Short & Long 

heads) 

8 5 2 1 

Triceps (Lateral head) 7 6 4 1 

Triceps (Long head) 5 5 5 0 

Deltoid Posterior 6 5 4 0 

Deltoid Middle 5 3 2 0 

Deltoid Anterior 1 0 0 0 

Pectoralis major 4 2 1 0 

Supraspinatus 2 2 1 0 

  Sum 46 35 25 2 

Table 3.1. List of muscles recorded across tasks, number of samples recorded for each muscle, number of 
samples with subjective quality of 3 or higher, number of samples with a significant perturbation response 
(45-100ms post-perturbation), and number of samples with significant bigger perturbation response in 
each task 
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This variability in muscle response could reflect varying levels of a monkey’s 

engagement in response to the perturbation during the movie task.  However, we did not find any 

correlation between the reduction in EMG activity for the movie task and the magnitude of 

motor load required to move the hand to the target prior to the perturbation (Pearson correlation 

coefficient=0.05, p=0.77 and Pearson correlation coefficient=0.11, p=0.52 for torques applied 

on shoulder and elbow respectively), nor to the hand distance from the central target following 

the perturbation (Pearson correlation coefficient=-0.02, p=0.89). For the two sessions in which 

the EMG was significantly larger in the movie task, the hand distance was on average 2.5cm 

farther from the target 500ms post-perturbation in the movie task as compared to the posture 

task.  

Muscle activity across tasks was not significantly different in the baseline period (Figure 

3.4C; -300-0ms, p=0.81, df=34 & t=0.23) or the R1 period (20-45ms post-perturbation, p=0.31, 

df=34 & t=-1). The average muscle response to the perturbation only started 34ms post-

perturbation (black arrow, Figure 3.4C). The differentiation across tasks started 45ms post-

perturbation (grey arrow, Figure 3.4D) and all subsequent stretch response epochs (R2, R3 and 

Vol) were significantly different across the tasks (46-75ms, p=0.004, df=34 & t=3.04, 76-100ms, 

p=0.003, df=34 & t=3.13, and 100-200ms, p=0.02, df=34 & t=2.35 respectively). Response 

onsets in individual monkeys were 27, 38 & 60ms and response differentiation times were 43, 46 

& 80ms in monkey P, X & A respectively. Note that later response onset and differentiation 

observed for the latter monkey (A) likely reflects that there are only 4 muscle samples for this 

animal (i.e., bigger baseline variability, therefore a higher threshold).   

3.4.2 General neural findings 
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We recorded 161 neurons (86, 42 & 33 from monkey P, monkey X & monkey A 

respectively) in M1 of 3 monkeys while performing the posture and movie tasks. Of these, 129 

had a significant perturbation response in the posture task (50-100ms post-perturbation, two-

sample t-test, p<0.05). Figure 3.5A illustrates one exemplar neuron which displayed 

perturbation-related activity for all load conditions in both the movie and the posture tasks 

(except for ShoFlx in posture and movie & ShoFlx+ElbFlx in movie, p<0.01 for all other loads). 

The response was largest in the ShoExt+ElbFlx condition (p<0.001), and thus, this load response 

was selected as its preferred torque combination (PTC) for further analysis.  

 

 
Figure 3-5. Neural response to mechanical perturbation. A: An exemplar cell response to different 
mechanical loads (specified by the insets). Each tick represents one action potential and each row 
represents one trial (10 trials in each condition). Spike time-stamps are convolved with a double-
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exponential kernel (roughly mimicking postsynaptic potential) to generate a spike density function for 
each trial. The solid lines represent the average of these density functions across trials. Grey vertical lines 
denote the onset of the perturbation. B: A plane was fit to the average perturbation response (50-100ms 
following the perturbation) of each cell across trials and the applied torque in each condition. The heat 
plot (red denoting greater activity and blue denoting less activity) shows the corresponding cell activity in 
response to each load condition. Preferred-torque direction (PTD, solid arrows) was defined as the 
orientation of the plane in joint-torque space. C: Three individual cells highlighting the range of responses 
from substantive to no change between tasks. sp/s: spikes per second. 
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Figure 3.5B displays similar preferred torque directions of the exemplar cell for each task 

(arrows in Figure 3.5B, 134 degrees & 158 degrees in joint-torque space for posture and movie, 

respectively, p<0.001 for both). One hundred and nineteen neurons were identified as 

directionally tuned in joint-torque space during the posture task. Of these, 94 neurons were 

directionally tuned in the movie task as well. As shown previously (Cabel et al., 2001; Herter et 

al., 2009; Pruszynski et al., 2014), neurons tended to have preferred directions skewed towards 

shoulder flexor and elbow extensor loads or towards shoulder extensor or elbow flexor loads 

(Figure 3.6A displays the PTDs associated with the posture task). Figure 3.6B illustrates the 

difference in the PTD across tasks. The average absolute change in PTD was 24.9 degrees. 

However, we found no systematic change in PTDs for the posture and the movie tasks (average 

PTD rotation= -4.9 degrees, Rayleigh test=0.86, p<0.001).  

 

 
Figure 3-6. Distribution of Preferred torque direction (PTD) across tasks. A: PTD of each cell in 
response to mechanical perturbation in the posture task. The distribution is skewed towards 
ShoFlx+ElbExt loads or towards ShoExt+ElbFlx loads. The solid line shows the main axis of the 
distribution. B: Change in PTD across the two tasks. The main axis of this distribution is close to 0, 
suggesting that cell’s preference for torque direction does not change significantly across tasks. MVL: 
mean vector length. 
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The majority of neurons (75/129) displayed a significant change in pre-perturbation baseline 

activity between posture and movie tasks (Figure 3.7A; p<0.05, 39 and 36 higher in posture and 

movie tasks, respectively). In the exemplar neuron in Figure 3.5A, baseline activity 100ms prior 

to the perturbation was slightly lower in the movie compared to the posture task (18.1spikes/s 

versus 14.6spikes/s for posture and movie tasks, respectively; independent sample t-test, p=0.03, 

df=178, t = 2.1). The average absolute change in baseline activity was 5spikes/s between tasks, 

but there was no systematic shift in baseline activity across the population, (14.6spikes/s in the 

posture task and 14.1spikes/s in the movie task, paired t-test, p=0.38, df=128 & t=0.88), 

reflecting that a similar number of cells increased versus decreased their baseline activity from 

posture to movie task. 

In general, perturbation evoked responses (average activity 50-100ms post-perturbation 

minus baseline activity) were smaller in the movie task compared to the posture task (Figure 

3.7B; note the points lying beneath the unity line). In the exemplar cell in Figure 3.5A, the 

perturbation response was significantly bigger in the posture task as compared to the movie task 

(81.5spikes/s versus 37.9spikes/s for posture and movie tasks, respectively; independent sample 

t-test, p<0.01, df=9, t = 3.1). However, the perturbation response was not always reduced to the 

same magnitude across all cells. Figure 3.5C displays perturbation-related responses for three 

representative neurons, highlighting that some neurons display similar perturbation responses 

across the two tasks, whereas others lose all their response in the movie task. On average the 

perturbation response dropped 31% in the movie as compared to the posture task (from 

42.9spikes/s in the posture task to 29.5spikes/s in the movie task, paired t-test, p<0.001, df=128 

& t=8.77). Similar results were observed for all 3 monkeys (35% drop in monkey P, 23% drop in 

monkey X and 30% drop in monkey A, paired t-test, p<0.03 in all monkeys). Of the 70 neurons 
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that displayed a significant change in perturbation response across tasks (p<0.05), 63 displayed a 

decrease and 7 an increase in the movie as compared to the posture task.  

 

 
Figure 3-7. Individual cell activity across tasks. A: Average baseline activity (-100 - 0ms prior to the 
perturbation) of individual cells in the posture (horizontal axis) versus movie (vertical axis) task. Filled 
shapes indicate cells with significant difference in their baseline activity, Note that most data points lie 
around the unity line. The grey lines delineate ± 15spikes/s change from unity. B: Average perturbation 
response (50-100ms post-perturbation, with baseline activity removed) in individual cells in the posture 



 

 

106 

(horizontal axis) versus movie (vertical axis) task. Note that most data points lie beneath the unity line. 
Filled shapes denote cell responses with a significant change across tasks. Dashed line denotes the linear 
regression fit. One data point is not plotted for visualization purposes (Response values for the data point 
not shown is: posture task=216 and movie task=178 respectively) C: Average perturbation response (50-
100ms post-perturbation) in the posture task versus average change in perturbation response across tasks. 
The grey line represents the magnitude of the cell’s activity if it were reduced to its baseline level in the 
movie task. The dashed line represents the linear regression fit to the data. One data point is not plotted 
for visualization purposes (Response values for the data point not shown is: posture task=216 and 
Response change=-38 respectively). D: Average change in baseline activity versus change in perturbation 
response across tasks. Filled shapes denote those cells with significant activity change across tasks. Each 
symbol represents a different monkey (circle, triangle and square, represent monkey P, X & A 
respectively). sp/s: spikes per second. 
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The size of the reduction in cell response across tasks was not correlated to the difference in 

hand distance 500ms post-perturbation (Pearson correlation coefficient=-0.02, p=0.75). In fact, 

even in the six sessions in which the hand was closer in the movie as compared to the posture 

task, the neural activity decreased ~24spikes/s (ranging from 1.5 to 43.6spikes/s across these 

sessions).  

Figure 3.7C highlights that the magnitude of response modulation across tasks was correlated 

with the size of the perturbation response observed in the posture task (Pearson correlation 

coefficient=-0.45, p<0.001). However, this correlation partially reflects the fact that cell 

discharge cannot go below zero spikes/s, minimizing potential task changes for cells with smaller 

responses and low baseline activity. In some cases, cell activity decreased slightly from its 

baseline levels in the movie task even though it increased its activity during the posture task 

(data points below diagonal grey line). We found no correlation between changes in baseline 

activity and changes in perturbation response across tasks (Figure 3.7D, Pearson correlation 

coefficient=-0.13, p=0.14). In addition, we found no systematic relationship between the hand 

distance from centre before the perturbation in the movie task (as a measure of resistance against 

servoing of the hand) and the amount the perturbation response was reduced from the posture to 

the movie task (Pearson correlation coefficient=-0.1, p=0.25). In general, the load preference of 

individual neurons did not influence changes in their activity across tasks (data not shown).  

3.4.3 Task-independent and dependent neural responses 

 

RESPONSE TIMING. Perturbation responses averaged across the 3 monkeys were first 

observed at ~20ms (task-independent response, Figure 3.8A; black arrow) and, across tasks, 

were similar until 39ms (task-dependent response, Figure 3.8A; grey arrow, the time differential 
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signal surpassed baseline activity + 3SD). At this point, the population signal was greater for the 

posture task as compared to the movie task. The same pattern could be observed in each 

individual monkey (Figure 3.8B). For individual monkeys, population response initiation 

occurred at 20ms, 26ms & 26ms in monkey P, monkey X & monkey A, respectively (black 

arrows), and population differentiation occurred at 39ms, 52ms & 44ms (grey arrows). 

Population signals for the opposite load from the PTC displayed similar initial increases starting 

at 21ms. The population activity differentiated between the two tasks at a later time (46ms), 

though the differentiation was fairly small and did not remain above threshold for significance 

for very long (returning back to baseline ~55ms post-perturbation). Using an alternative 

technique (running t-test) to determine response timings, we found a similar pattern of results 

both for the population (response initiation = 24ms and response differentiation time= 45ms) and 

the individual monkeys (response initiation = 25ms, 42ms & 38ms and response differentiation 

time= 45ms 61ms & 48ms, for monkey P, X & A respectively).  



 

 

109 

 
Figure 3-8. Population activity across tasks. Mean population response in the posture and movie   tasks 
(blue & red lines respectively) across cells with a significant response to the perturbation, and their 
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differential activity (black line) across the two tasks. Population activity is calculated for all cells across 
all monkeys in their preferred torque combination and non-preferred torque combination (A), and for each 
monkey individually (B). Solid lines represent the average population response and the shaded areas 
denote 2 SEM (blue and red shaded areas denote between cell variability of perturbation response and the 
black represents within cell variability of differential response). Vertical grey lines represent the onset of 
the perturbation. The black and grey arrows represent the perturbation onset and differential response in 
the population signals, respectively. Inset numbers show the number of cells in each population. sp/s: 
spikes per second. 
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Population signals, described above, were based on simply averaging cell discharge rates. 

This approach means that cells with higher firing rates dominate the population signal. We 

therefore repeated the analysis by normalizing each cell’s activity to its maximum firing rate 

before calculating the population signal. Effectively, the same pattern of response was observed 

following this normalization, with the perturbation response starting at 24ms post-perturbation 

and differences in the response across tasks starting at 41ms. Similar patterns were observed for 

individual monkeys as well. Population response initiation occurred at 24ms, 28ms & 29ms in 

monkey P, monkey X & monkey A, respectively, and population differentiation occurred at 

40ms, 51ms & 45ms. 

We further examined the properties of the initial task-independent perturbation responses. 

Sixty-three cells showed a significant perturbation response within 15-40ms post-perturbation. 

The magnitudes of these initial perturbation evoked responses were highly correlated across the 

posture and movie tasks (Pearson correlation coefficient= 0.88, p<0.001). There was no 

correlation between the difference in the initial responses across tasks (cell’s mean response 20-

35ms - baseline) and the corresponding change in baseline activity (Pearson correlation 

coefficient= 0.07, p=0.57). We also did not find any significant correlation between the ratio of 

the baseline activity for movie versus posture tasks and the corresponding ratio of the initial 

perturbation response across tasks (Pearson correlation coefficient= -0.2, p=0.11).   

TASK-DEPENDENT SIGNAL AND CELL ONSET TIME. Cells were divided into 4 groups 

based on their perturbation onset times (Figure 3.9A; response initiation between 15-30, 31-40, 

41-50, 51-100ms). The population signals associated with the cells with the earliest onset times 

(15-30ms) displayed a phasic-tonic pattern of activity following the perturbation, whereas the 

response for cells recruited later did not display a strong phasic component (Herter et al. 2007; 
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Cheney and Fetz 1980). However, it is notable that the late tonic activity in the posture task 

(averaged over 100-120ms post-perturbation) was not significantly different across the four 

groups (p=0.37, df=3, one way ANOVA, mean activity 100-120ms post-perturbation, was 69, 

59.5, 52.7 & 57.2spikes/s for each group respectively). Nor was the change in the late tonic 

activity between posture and movie tasks (p=0.59, df=3, one way ANOVA, mean differential 

activity 100-120ms post-perturbation was 14, 15.8, 12 & 19.2spikes/s for each group 

respectively). 

We found an interesting relationship between the onset time of the perturbation response 

and the time of differentiation across different groups. By definition, onset times increased 

progressively across the four groups (20, 30, 36 & 51 post-perturbation, range=31ms). However, 

the timing of the task-dependent signal displayed smaller shifts across groups (38, 37, 45 & 54 

post-perturbation, range=16ms). It should be noted that as the individual baseline variability is 

higher for a single cell, the time its activity passes the threshold is later compared to when it is 

included in a group. Therefore, group response onset might effectively be faster than the mean of 

all its individual cell onsets (e.g. response onset time in 41-50ms group being 36ms). 

  The black box for the entire population of cells in Figure 3.9B, highlights that 

perturbation responses can be observed at ~20ms, whereas the task-dependent change occurs at 

~40ms, as shown in Figure 3.8A. The solid diagonal unity line demonstrates the hypothetical 

situation in which perturbation responses and task-dependent changes occurred at the same time. 

The group for neurons recruited late (50-100ms) is relatively close to this unity line denoting that 

task effects are observed as soon as these neurons respond to the perturbation. On the other hand, 

the earliest recruited group displays a ~20ms shift between the perturbation response onset and 

the task-dependent response. The two intermediary cell groups show effects between these two 
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extremes. Essentially the same results were observed if the perturbation responses were 

normalized (to the cell’s peak activity) before generating the population signals. 

Figure 3-9. Onset time clustering and the 
effect of differentiation time. A: Cells are 
divided into four groups based on their 
perturbation response times (15-30ms, 31-
40ms, 41-50ms, 51-100ms).  Red and blue 
lines denote population signals for each 
group for the movie and posture tasks, 
respectively. Black lines represent group 
differential activity across tasks. Black 
horizontal lines represent baseline activity in 
the population signals and the differential 
signals. Dashed lines represent the thresholds 
for response onset and differentiation onset 
calculations. B: Average onset time of 
perturbation response versus time of task-
dependent response differentiation for each 
time group (filled grey circles), for entire 
population of neurons (filled black circle), 
for population activity in non-PTC (empty 
black circle), and for muscle (filled red 
square). Thin lines within boxes represent 
median onset and differentiation times 
calculated using a bootstrap technique. Each 
box represents the 25th-75th percentile 
confidence intervals. The solid grey diagonal 
unity line demonstrates the hypothetical 
situation in which perturbation responses and 
task-dependent changes occurred at the same 
time. The dashed line represents the situation 
in which task-dependent changes cannot 
occur before a certain time (40ms in this 
case), but then differentiation is immediately 
present. sp/s: spikes per second. 
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3.4.4 Non-specific changes in perturbation response between repeated postural tasks 

 

In total, 126 cells were examined twice in the posture task, of which 106 had a significant 

perturbation response. The average absolute change in discharge rate during the baseline period 

was 3.5spikes/s across repeated blocks of trials (Figure 3.10A). Of these, 44 neurons showed a 

significant difference in their baseline activity, but there was no systematic shift in the 

population baseline activity across the repeated blocks (Figure 3.10A; average baseline activity 

for the 1st posture task=14.6spikes/s and the 2nd posture task=15.5spikes/s, paired t-test, p=0.09, 

df=105 & t=1.7). We found the absolute change in baseline activity between posture and movie 

tasks to be bigger than the absolute change between repeated posture tasks (Figure 3.10B; two-

sided Wilcoxon rank sum test, p=0.001). 
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Figure 3-10. Effect of set 
order on perturbation 
response. A: Average baseline 
activity (-100-0ms prior to the 
perturbation) of individual cells 
in the first versus the second 
posture tasks. Each symbol 
represents a different monkey 
(circle, triangle and square, 
represent monkey P, X & A 
respectively). Filled and open 
circles denote significant and 
non-significant changes in 
activity between sets.  Grey 
lines delineate ± 15spikes/s 
change from unity (black line). 
One data point is not plotted for 
visualization purposes 
(Response value for the data 
point not shown is: 1st set=30 
and 2nd set =58ms respectively) 
B: Cumulative probability 
distributions of change in 
baseline activity (-100-0ms) 
across the posture-movie tasks 
(blue) and repeated posture 
tasks (red). C: Average 
perturbation response in the 
first versus the second sets of 

the posture task. Filled shapes denote cell responses with a significant change across tasks. Two data 
points are not plotted for visualization purposes (Response values for data points not shown are: 1st 
set=138 & 179 and 2nd set=153 & 213 respectively) D: Mean population response across all recorded cells 
in the first and second posture sets (red and blue lines, respectively), and their differential activity (black 
line) across the two sets. Solid lines represent average population response and the shaded areas denote 
SEM of population activity across cells (blue and red shaded areas denote between cell variability of 
perturbation response and the black represents within cell variability of differential response). Vertical 
grey lines represent the onset of the perturbation. Pos:Posture, Mov:Movie,  sp/s: spikes per second. 
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Eighteen cells had significantly different perturbation responses across the repeated posture 

tasks (Figure 3.10C; p<0.05, mean activity 50-100ms minus baseline, bigger in 10 and 8 cells in 

set 1 and set 2, respectively). However, unlike comparisons between the posture and movie tasks, 

there was no systematic change in the perturbation response across the population in repeated 

posture tasks (Figure 3.10C,D; mean activity 50-100ms minus baseline =41.3spikes/s & 

=39.3spikes/s in the first and second posture tasks, respectively. Paired t-test, p=0.06, df=105 & 

t=1.89). 

We calculated cumulative distributions for changes in initial and late perturbation responses 

(20-35ms, Figure 3.11A, and 50-100ms, Figure 3.11B respectively) between posture and movie 

tasks, and repeated posture tasks. There were no differences in the distributions of the initial 

responses (K-S test, p=0.1). Further, the distribution of changes in the perturbation response 

observed in the initial epoch between posture and movie tasks was not significantly different 

than the distribution for differences immediately after the perturbation (K-S test, 0-15ms post-

perturbation, p=0.51), nor even the epoch right before the perturbation occurred (K-S test, -15-

0ms  pre-perturbation, p=0.11). In contrast, the distribution of changes in perturbation responses 

for the late epoch was significantly greater between the posture and movie tasks as compared to 

repeated posture tasks (Figure 3.11B; K-S test, p<0.001).  
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Figure 3-11. Cumulative probability distributions (CPD) of activity change for different time 
epochs. A: CPD of change in activity in the late baseline (-15-0ms, light green), immediately following 
the perturbation (0-15ms, dark green), early evoked response (20-35ms, blue) across posture-movie tasks 
and early evoked response (20-35ms, red) across repeated posture tasks. B: CPD of change in late 
perturbation response (50-100ms, blue) across posture-movie tasks and late perturbation response (50-
100ms, red) across repeated posture tasks. Note that the horizontal axis in A is half the size of the 
horizontal axis in B. Pos:Posture, Mov:Movie, PoP:Post-Perturbation, PrP:Pre-Perturbation 
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3.5 Discussion 

 

Previous studies have illustrated perturbation responses in primary motor cortex (M1) are 

influenced by the behavioral context, but that the initial response (20 to 40ms) to a mechanical 

perturbation in M1 is relatively fixed for a given perturbation  (Evarts and Tanji, 1976; 

Pruszynski et al., 2011, 2014; see also Strick 1980 for a review). This invariant initial response to 

mechanical perturbations may reflect a task-independent somatosensory signal transmitted to M1 

neurons that must then be converted into the appropriate motor response (in M1 or elsewhere in 

motor circuits). Alternatively, the presence of an invariant initial response may simply reflect 

that the monkeys were using sensory feedback for ongoing postural control. The methodologies 

used in previous studies could not separate these two alternatives. The present study examined 

how neural responses in M1 depend on whether or not the monkey was engaged in a limb motor 

action. Mechanical perturbations were applied to the limb when the monkey was actively 

engaged in maintaining its hand at a central target (posture task), and when it was not engaged in 

a limb motor task (movie task). Corrective movements and corresponding muscle stretch 

responses were both diminished in the latter task. In some neurons, perturbation responses in M1 

displayed no change between the two tasks, whereas other neurons entirely lost their perturbation 

response in the movie task. Overall, late M1 population activity in response to the mechanical 

perturbation (50-100ms post-perturbation) was reduced by ~30% in the movie task. However, 

the perturbation responses prior to 40ms remained insensitive to the ongoing motor behavior, 

suggesting that the initial response reflects relatively task-independent somatosensory feedback 

into M1. 
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3.5.1 Changing ongoing behavior to observe its influence on perturbation responses 

 

Our objective was to quantify perturbation responses when the monkeys were engaged or not 

in an ongoing motor behavior. One option would be to examine neural responses when the 

monkey was anaesthetized. However, anesthetics affect sensory processing (Fontanini and Katz 

2008) in a way which would limit our ability to compare neural responses when the monkey is 

engaged in a motor behavior versus not. Alternatively, we could have rewarded the monkeys to 

not respond to the perturbation. However, direct rewarding for not responding would in itself be 

a behavior that could confound the results in an unknown way (i.e., the monkeys could learn to 

actively suppress sensory feedback). 

Our approach was to compare perturbation responses when the monkeys had to maintain 

active postural control at a spatial target to receive a water reward (posture task) versus 

responses when the monkeys were not required to maintain their hand at a spatial target, nor 

respond to the perturbation to receive water reward (movie task). Our expectation was that the 

monkeys’ response to the perturbation would be reduced in the latter task. A movie was 

presented to distract the monkeys with an oculomotor task, with the objective of minimizing the 

monkeys’ interest to respond to the perturbation.  

Although we had no direct way of evaluating the level of the monkeys’ engagement in the 

movie task, changes in behavioral corrective responses suggest that we were at least partially 

successful in reducing motor responses to the perturbation. The monkeys returned their hand to 

the central target within 500-600ms following the perturbation in the posture task, whereas the 

hand remained outside the target in the movie task. At 500ms post-perturbation, the hand was 

~8mm and ~30mm away from the centre of the target for the posture and movie tasks, 



 

 

120 

respectively. Importantly, muscle perturbation responses between 45 and 100ms were ~65% less, 

on average, in the movie task as compared to those in the posture task. 

The amount of hand motion and the distance returned to the target 500ms post-perturbation 

varied substantially across load conditions (Figure 3.3). There are likely several factors that 

influence the size of these responses across load conditions. Most notably, the passive properties 

of the arm are anisotropic (including visco-elastic forces caused by the soft tissue and limb 

inertia, see McIntyre et al. 1996; Mussa-Ivaldi et al. 1985). This influences how far the arm is 

moved by the loads, how much it returns, and in some cases, generates curvatures in hand 

trajectories from loading to unloading. It is notable that the elbow loads have the least amount of 

curvature and may explain why the arm returns rapidly to the target in both tasks.   

Three factors could possibly contribute to the partial return of the hand following the 

perturbations during the movie task. First, the monkeys may still have voluntarily responded, to 

some degree, to the perturbation in the movie task. Second, the monkeys may not have 

responded voluntarily, but spinal and supraspinal reflexes may have remained active. Third, 

passive viscoelastic properties of the limb will tend to return the limb towards the central target 

when the load is removed (Graham et al. 2003).  

In order to explore the contributions from the first two neural factors, we repeated the movie 

task in monkey P when it was in an anesthetized state. No perturbation-related activity was 

observed in the limb muscles, suggesting that voluntary movements and spinal reflexes were not 

present. Even in this state, there was partial return of the limb towards the central target due to 

passive limb properties. For comparison sake, we will assume that the response observed in the 

anesthetized state reflects 0% effort and the response observed in the postural perturbation 

response reflects 100% effort. Relative to these, the behavioral response in the movie task would 
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represent 47% of the effort exerted during the postural perturbation task. Admittedly, hand 

motion in the anaesthetized state may have been influenced by changes in the body posture in the 

chair (as readily observed in monkey A) so some caution is required in these estimates of effort. 

Alternatively, EMG measures displayed a 68% drop in activity from posture to movie tasks. 

Thus, corrective responses to the perturbation appear to be reduced 50-70% during the movie 

task as compared to the posture task.  

One potential concern was that the perturbations would elicit different initial limb motions 

between the tasks and thus influence sensory input to the brain. However, we found hand and 

joint motions to be essentially identical for the first 100ms following the perturbation. This is 

probably because very little EMG activity was necessary to maintain the hand at the central 

target (Graham et al., 2003). Even if there was some small difference that we could not measure, 

small changes in muscle activity have a modest effect on initial limb motion following a 

perturbation (Pruszynski et al., 2009). 

3.5.2 Balanced change in baseline activity across tasks 

 

Several studies have found that activity in M1 during postural control before movement is 

influenced by factors related to ongoing control, such as limb geometry (Scott and Kalaska, 

1997) and load direction (Fromm 1983; Herter et al. 2007; Thach 1978), or preparing for future 

motor events such as the direction of an impending movement (Tanji and Evarts 1976) or its 

speed (Churchland et al. 2006). In our task, we also found that baseline activity prior to the 

perturbation was commonly altered between the two behavioral contexts, with increases in 

baseline activity almost as prevalent as decreases in the movie as compared to the postural task. 

Interestingly, the population activity before the perturbation was virtually the same across tasks. 
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Thus, engagement in a motor task does not necessarily generate an overall increase in motor 

cortex activity. Rather, engagement seems to cause a reorganization of the pattern of activity 

across the neural population (See Afshar et al. 2011). 

Not all changes in baseline activity may reflect task-dependent changes in neural processing. 

Some change in baseline activity could be observed even when repeating the same posture task. 

Of the 106 cells with repeated posture tasks and a significant perturbation response, 36 had 

significant changes in baseline activity (Figure 3.10A). The absolute change in baseline activity 

was 5spikes/s between posture and movie tasks, whereas it was 3.5spikes/s across repeated 

posture tasks. Changes in baseline activity between the two tasks (posture vs. movie) were 

statistically larger than that observed for repeated posture tasks. Scott and Kalaska (1997) found 

14% of neurons displayed changes in activity across repeated tasks, slightly less than the 

proportion identified in the present study. These temporal effects may reflect altered attention to 

the task during the recording session. On the other hand, changes in baseline activity might 

indicate different equilibrium points in the network activity, all generating the same network 

output (i.e., redundancy in network activity, Kaufman et al. 2013, 2014). 

3.5.3 Task-independent response in M1 to mechanical perturbations 

 

A key observation from Evarts and Tanji (1976) was that the initial perturbation response in 

M1 was largely fixed and not sensitive to the instruction to push or pull a lever following the 

perturbation (See also Pruszynski et al., 2011, 2014). The focus of our study was to identify 

whether this invariant initial response was related to the monkey being actively engaged in 

maintaining the hand at a location in space before the perturbation was applied. We tried to make 

sure the sensory feedback had no relevance for the ongoing behavior (watching a movie) and yet 
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this invariant response was still evident between ~20 to 40ms. We found some individual cells 

with significant differences in activity in this early epoch across tasks, but similar changes could 

also be observed in the late baseline activity (15ms prior to perturbation), and right after the 

perturbation when virtually no response should be observed (0-15ms, Figure 3.10A). Thus, the 

invariant initial response observed in our task appears to reflect a task-independent sensory 

response rather than ongoing control of behavior.  

In some ways it is surprising that sensory feedback in M1 would remain similar whether the 

monkey was engaged or not in a motor task, given the many levels where sensory signals could 

be altered from the periphery to M1. First, the feedback could change at the periphery based on 

the behavioral task (Loeb 1985). For instance, previous work has shown spindle activity and its 

sensitivity is altered when a cat switches from lying down and resting, to standing still, versus 

walking (Prochazka et al. 1977). Second, proprioceptive feedback could be altered centrally, 

notably in the cuneate nucleus or primary somatosensory cortex, the likely sources of initial 

sensory input to primary motor cortex. Perturbation responses arrive in M1 in just a few 

milliseconds after they arrive in primary somatosensory cortex (at ~20ms, Evarts 1973; Fromm 

and Evarts 1982). Therefore, any peripheral or central change in this sensory pathway should be 

reflected in the initial perturbation response. This does not mean that changes in gamma drive 

(Hammond 1956) or central processing could not happen across tasks, as previously suggested. 

Rather, it suggests that such alterations did not occur across our posture and movie tasks. 

Our observation of no interaction between changes in baseline activity of the cells and the 

initial perturbation response has implications for various hypotheses on integration of sensory 

feedback with ongoing neural processing. For instance, the evoked response could be scaled by 

the baseline activity; if the baseline was doubled in one task, the evoked response would double 
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as well (Polack et al. 2013). However, we found no significant correlation between the ratio of 

change in baseline activities and that of the evoked responses across tasks. A second possibility 

is that the evoked response could remove any influence of the previous baseline activity. Thus, 

the magnitude of the observed cell activity would always be identical, irrespective of the baseline 

activity (He 2013). Therefore, the absolute firing rate of the neurons would always be the same, 

falsely making the baseline activity and the evoked response anti-correlated; if the baseline gets 

bigger, the evoked response gets smaller, and vice versa. However, there was no correlation 

between the change in baseline activity and the change in initial perturbation response across 

tasks. Instead, our analysis did show that the size of the initial evoked responses was highly 

correlated across tasks highlighting that sensory input remains relatively constant (Azouz and 

Gray 1999).  

The EMG activity was also not initially altered across tasks (34-45ms post-perturbation). 

Given the fact that the fastest transduction time between M1 activity and muscle responses is 

~10ms (Bawa and Lemon 1993; Cheney and Fetz 1980, 1984), M1 could potentially contribute 

to EMG responses in as little as 30-35ms in our tasks. Such descending signals would initially 

contribute to the task-independent EMG response, and then later contribute to task-dependent 

EMG response starting at 45-50ms post-perturbation.  

Nevertheless, we observed initial perturbation responses for M1 neurons in the non-PTC 

direction (Figure 3.8A, lower panel), which is not observed for EMG responses in proximal limb 

muscles (for example, see Figure 3.8 in Herter et al., 2009). These increases in perturbation 

responses in both the PTC and non-PTC are particularly common for the earliest responding 

neurons (Herter et al. 2009). This co-activation of M1 neurons following perturbations may 

minimize their net effect on spinal processing during this early time period (Kaufman et al. 
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2014). Therefore, further examination is required to identify whether the early task-independent 

responses in the EMG reflect cortical as well as spinal processing. 

3.5.4 Task-dependent changes in perturbation responses in M1 

 

While perturbation responses in M1 dropped by 30% in the movie task, it is possible that 

these responses could be reduced even further. As discussed above, our analysis of motor 

responses compared to the anaesthetized state suggest that motor responses in the movie task 

were reduced ~50% relative to the posture task. The remaining 50% (i.e., the difference between 

the movie task versus the anaesthetized state) might indicate some degree of voluntary response 

even in the movie task. 

However, it is unlikely that the remaining motor response was due only to voluntary control. 

First, early spinal stretch responses are relatively fixed and might oppose the perturbation in the 

movie task in the absence of any voluntary reaction (Wolpaw et al. 1986). However, the 

contribution from spinal reflexes may be minimal; the short-latency spinal reflex, which is 

expected to begin at 15-20ms (Conrad et al. 1975; Lee and Tatton 1975), was effectively absent, 

probably due to the small background EMG activity before the perturbation (Pruszynski et al. 

2009). While it is easy to quantify the spinal contribution to the early EMG activity, it is more 

complicated to estimate its contribution in later epochs when transcortical responses likely have 

a substantial contribution. As well, transcortical feedback may still contribute to EMG activity 

even if the monkey is not voluntarily responding. We found a proportion of neurons that did not 

change their perturbation response between the posture and movie tasks. Thus, there may be an 

invariant transcortical response that begins at 20ms and continues beyond 40ms during the movie 
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task. This invariant response may be suppressed through voluntary control when behaviorally 

required, although likely only after 40ms. 

Our population signal included a task-independent response starting at 20ms followed by a 

task-dependent response at 40ms. We were interested to know if this basic pattern, task-

independent response followed by a delayed task-dependent response (dashed line in Figure 

3.9B), occurred in all neurons, or just in neurons that responded early to the perturbation. Figure 

3.9 shows that only neurons responding before 40ms tended to show an initial task-independent 

response. Neurons recruited after 40ms tend to immediately show task-dependent changes. 

It remains an open question as to how the task-dependent modulation is generated in the 

brain. It may be generated within M1, taking M1 20ms to process the sensory information to 

generate the task-dependent signal. Alternatively, there might be different sources of feedback to 

M1 with different time delays and summing in M1 to form its activity; one driving the task-

independent response and the other driving the task-dependent response. Most likely the initial 

task-independent response is produced by S1, given its rapid onset. If the task-dependent 

response is not generated in M1, there are a number of cortical (e.g. posterior parietal area; 

Kalaska 1996; Mountcastle et al. 1975) and sub-cortical (e.g. cerebellum; see Strick 1978 for a 

review) areas that may be the source of this response. The prediction is that the task-dependent 

signal would appear earlier than 40ms in this other brain region, a focus for future studies.  
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Chapter 4 

Distributed task-specific processing of somatosensory feedback for voluntary 

motor control 
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4.1 Abstract 

 

It is known that feed-forward planning and initiation of voluntary motor actions involve 

coordinated activity across many areas in frontal and parietal cortex (Kalaska et al., 1997; 

Andersen and Cui, 2009). Inspired by principles of stochastic optimal control (Todorov, 2004), 

recent studies highlight that feedback corrective responses during voluntary motor actions are 

surprisingly complex (Pruszynski and Scott, 2012; Nashed et al., 2014), sharing many features 

with feed-forward planning and movement initiation. This suggests that somatosensory feedback, 

assumed to involve only primary somatosensory (S1) and primary motor cortex (M1) (Phillips, 

1969; Tatton et al., 1975; Desmedt, 1977; Marsden et al., 1977a; Fromm et al., 1984) at the 

cortical level, may in fact involve much broader cortical circuits. Here we show that sensory 

feedback from a disturbance to the limb is rapidly transmitted to many sensory and motor 

cortical regions within 25ms. Importantly, the ongoing behavioural task alters the pattern of this 

perturbation-related activity across cortex. When limb feedback was salient to an ongoing motor 

action (task engagement), perturbation-related activity in parietal Area 5 (A5) was increased; 

initial responses in other cortical regions remained constant and only increased 15 to 40ms later. 

In contrast, initiation of a motor action generated by a limb disturbance (target selection) altered 

neural responses first in M1 at ~65ms, and then 30ms later in premotor cortex (PMd), with no 

effect in parietal cortical regions until 150ms. Our findings demonstrate task-dependent 

processing of somatosensory feedback across somatosensory and motor cortex.  This distributed 

processing of sensory feedback likely provides the neural substrate for goal-directed corrections, 

an essential aspect of highly skilled motor behaviors. 
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4.2 Introduction 

 

The motor system is capable of performing a wide range of skillful movements, from 

pouring tea in a cup to ice skating on a rink. The neural circuitry underlying such graceful 

control of the movement has been studied for more than a century, yet a better understanding 

seems ever more elusive (Scott, 2008). More specifically, physiological and theoretical studies, 

over the last 30 years, have focused on how voluntary movements are pre-planned (aka, feed-

forward control) and changed across trials (i.e. motor adaptation) (Lamarre et al., 1978; 

Georgopoulos et al., 1982; Flash and Hogan, 1985; Uno et al., 1989; Shadmehr and Mussa-

Ivaldi, 1994; Wolpert et al., 1995; Kalaska et al., 1997; Harris and Wolpert, 1998; Sabes, 2000; 

Wolpert and Ghahramani, 2000; Afshar et al., 2011; Churchland et al., 2012). However, the role 

of sensory feedback in movement control has been largely neglected or relegated to lower level 

mechanisms in these models, such as lower level spinal feedback corrections (Feldman, 1986; 

Flanagan et al., 1993; Raphael et al., 2010).  

  However, sensory feedback is an essential element for the performance of agile 

movements and any damage to the integrity of the sensory feedback system inevitably causes 

motor deficits (Sarlegna et al., 2006; Riggins and England, 2012). For instance, as you might 

have experienced, it is extremely hard to comprehensibly speak or whistle a tune after dental 

freezing. Interestingly, during dental freezing, only the sensory branches of the trigeminal nerve 

are blocked, while the motor branches of the facial nerve, which are necessary for these actions, 

are left intact. 

Recent theories of motor control, emphasize the role of sensory feedback in driving motor 

output and how feedback processing should change based on the goal of a task (Todorov and 

Jordan, 2002; Scott, 2004). Inspired by principles of stochastic optimal control theory (Todorov, 
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2004), multiple studies have highlighted that feedback corrective responses during voluntary 

motor actions are surprisingly complex (see Shemmell et al., 2010; Pruszynski and Scott, 2012 

for a review), sharing many features with feed-forward planning and movement initiation; like 

target selection (Pruszynski et al., 2008), decision making (Nashed et al., 2014), adaptation and 

learning(Ahmadi-Pajouh et al., 2012; Cluff and Scott, 2013; Crevecoeur and Scott, 2013), 

consideration of target properties and obstacles in the environment (Nashed et al., 2012; 

Crevecoeur et al., 2013), knowledge of the limb’s mechanics (Kurtzer et al., 2008, 2009) and 

interactions with the environment (Shemmell et al., 2010). These studies highlight that feedback 

responses share many if not all of the features of feed-forward voluntary responses. Thus,  it is 

reasonable to assume that these feedback responses are processed in the same cortical (and 

subcortical) areas that the voluntary feed-forward responses are (Scott, 2004, 2008, 2012). 

A large network of cortical and subcortical areas is believed to be involved in coordinating 

voluntary actions. More specifically, contribution of different frontal and parietal cortical areas 

has been extensively studied in feed-forward planning and initiation of voluntary motor actions 

(Kalaska et al., 1997; Andersen and Cui, 2009; Kandel et al., 2012). In contrast, processing of 

online feedback during voluntary motor tasks is assumed to involve a limited real state, including 

primary somatosensory (S1) and primary motor cortex (M1), at the cortical level (Phillips, 1969; 

Tatton et al., 1975; Desmedt, 1977; Marsden et al., 1977b; Fromm et al., 1984). Our hypothesis 

is that cortical circuits beyond M1 and S1 are also involved in generating rapid corrective 

responses. 

Transcortical feedback generates goal-dependent muscle responses when the limb is 

bumped starting in the long-latency (50-100ms) time period (Hammond et al., 1956; Phillips, 

1969; Evarts and Tanji, 1976; Rothwell et al., 1980; Cheney and Fetz, 1984; Matthews, 1991; 
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Pruszynski et al., 2011). If frontal and parietal cortical regions are involved in feed-forward 

control of movement are also involved in feedback processing, then perturbation-related activity 

should spread quickly throughout this network. There are sporadic observations of perturbation-

related activity in several sensory and motor cortical areas(Tanji et al., 1980; Chapman et al., 

1984; Crammond et al., 1986; Boudreau and Smith, 2001; Weber and He, 2004; London and 

Miller, 2012; Spieser et al., 2013), but no systematic examination to quantify the spatiotemporal 

pattern of activity across the network, nor examination of how feedback responses change with 

the goal of a task beyond primary motor cortex, as expected with feed-forward voluntary 

responses.   

We examined this hypothesis by recording neural activity across different frontal and parietal 

cortical areas, known to be involved in organizing voluntary movement, in response to 

mechanical perturbations across different behavioural tasks. Our results demonstrate that sensory 

feedback from a disturbance to the limb is rapidly transmitted to many sensory and motor 

cortical regions within 25ms. Importantly, the ongoing behavioural task alters the pattern of this 

perturbation-related activity across cortex. We suggest that activity of the motor cortex is a 

summation of multiple feedback responses, each differentially modulated across different tasks. 

We believe this approach provides a new perspective on how to study and understand the motor 

system. 

4.3 Results 

Our first experiment examined the timing and magnitude of neural responses in a number of 

frontal and parietal cortical regions elicited by mechanical loads applied to the forelimb as 

monkeys maintained their hands at a central target (Herter et al., 2007) (Posture Task, Fig. 4.1a). 

The activities of 611 neurons were recorded in 5 different cortical regions associated with 
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voluntary motor control (A5:posterior parietal area 5, A2:primary somatosensory area 2, 

S1:primary somatosensory area 1 & 3, M1:primary motor cortex and PMd:dorsal premotor 

cortex,  See Suppl. 1). We found many neurons in each cortical region responded <100ms after 

loads were applied (Fig. 4.1d, A5:87 out of 125 recorded neurons, A2:47/55, S1:33/40, 

M1:213/272 and PMd:64/119, two-sample t-test, p<0.05). The evoked response 50 to 100ms 

post-perturbation was largest in S1 and smallest in PMd and A5 (One way ANOVA, p<0.0001, 

F(df=4, error=439)=10.62, See Suppl. 2 for detailed stats). Fig. 4.1e displays population signals of the 

cells with a significant perturbation response, for each cortical region, highlighting that 

perturbation-related activity arrived quickly in all cortical regions (onset time, A5:21ms, 

A2:18ms, S1:17ms, M1:22ms, PMd:25ms, evoked response >3SD baseline activity, see Online 

Methods and Suppl. 3 for alternate technique). A bootstrap test (see Online Methods) revealed 

primary somatosensory cortex was the first to respond (ranking 1st S1:77%, A2:18%), premotor 

cortex was the last to respond (ranking last, 92%) and A5 and M1 in between these extremes 

(See Suppl. 4 for detailed stats). Thus, sensory feedback from the limb is rapidly transmitted 

throughout sensory and motor cortical regions. 
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Figure 4-1. Behavioural tasks and perturbation response across cortical areas - Each task varied in 
how the monkeys were instructed to respond to perturbations applied to the limb: correct for the 
disturbance in Posture Task (a), not required to respond in Movie Task (b), move to a spatial in the 
IN/OUT Task (c). d, Perturbation response in Posture Task of a neuron in A5 and in M1. Tick marks 
denote action potentials, each row representing a separate trial.  e, Population responses in each cortical 
area (Mean±2SEM). Arrows depict when population signal surpassed threshold (baseline + 3*SD) for 
>20ms. Baseline activity (-100:0ms pre-perturbation, horizontal insets) in each area is depicted. Scale 
bars denote 20 sp/s. The “American Pie” picture is reproduced with permission from Universal Studios.  
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We next examined whether perturbation responses were altered when the animal was not 

engaged in a limb motor task. Perturbation responses during the Posture Task were compared to 

those observed when the monkey was sitting quietly watching a movie and not required to 

respond to the perturbation(Omrani et al., 2014) (Movie Task, Fig. 4.1b). In this latter condition, 

the robot moved the monkey’s hand to the central target before the perturbation was applied. 

Hand and joint motions were similar across tasks for the first 100ms. Importantly, corrective 

movements and corresponding muscle stretch responses in the Movie Task were greatly 

diminished as compared to the Posture Task(Omrani et al., 2014). 

Activities of 416 neurons were recorded in this experiment (A5:87, A2:43, S1:26, M1:160 

and PMd:100). For cells with significant perturbation responses in the Posture Task (two-sample 

t-test, p<0.05), neural activity in the Movie Task (50-100ms post-perturbation) was commonly 

modulated (Fig. 4.2, A5:22/65, A2:4/36, S1:6/21, M1:74/129 and PMd:17/54, two-sample t-test, 

p<0.05) with the majority of the cells reducing their activity in the Movie Task compared to the 

Posture Task (See Suppl. 2). The perturbation response was significantly different across tasks 

and areas (Repeated measure ANOVA, p<0.0001, F(1,300)=62.7 for the main effect and p=0.04 & 

F(4,300)=2.5 for the intercept of task and area, See Suppl. 2 for details). The magnitude of the 

reduction was significant in A5, M1 and PMd (p<0.01, one sample t-test), and marginally not 

significant in S1 and A2 (p=0.086 & 0.052 respectively). Importantly, the population signal for 

A5 was reduced in the Movie as compared to the Posture Task at 23ms, effectively at the same 

time as the onset of the initial perturbation response (Fig. 4.2b,c). In contrast, other cortical areas 

only displayed a significant reduction in the population signal ~40ms or later (MI: 38ms, PMd: 

42ms, S1: 40 ms and A2: 70ms, differential signal >3SD of baseline, see Suppl. 3 for alternate 

technique). A bootstrap technique identified the most likely order of activity to be A5 (ranking 
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1st 89%, all other regions each less than 5%), then M1, PMd, S1 and then A2 (ranking last 73%, 

See extended Fig. 4.2).   

 

Figure 4-2. Perturbation responses compared across posture and movie tasks- a, Perturbation 
response across posture (green) and movie (red) tasks (same neurons as in Fig. 4.1d). b, Population signal 
and c, differential signal across tasks (posture - movie) in each cortical area. Each scale bar represents 20 
sp/s. 
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Somatosensory feedback also permits rapid transition from one motor task to 

another(Hammond et al., 1956; Rothwell et al., 1980; Johansson and Flanagan, 2009). Our last 

experiment quantified how perturbation responses were altered across sensory and motor cortices 

when the load instructed the monkey to move to a second spatial target. Loads in this target 

selection task either pushed the hand into the spatial target (IN) or away from it (OUT), eliciting 

a larger corrective response in the latter condition(Pruszynski et al., 2014) (Fig. 4.1c). 

Differences in muscle responses between the IN and OUT targets begin ~80ms after the applied 

load. 

Activities of 263 neurons were recorded in this experiment (A5:41, A2:25, S1:18, M1:92 

and PMd:87). Perturbation responses in M1 and PMd were commonly altered between the IN 

and OUT target (Fig. 4.3, M1:31/83, PMd:16/58). Altered responses were also observed in A5 

(9/35), but rarely in somatosensory cortex (A2:0/21, S1:2/18, See Suppl. 2 for details). The 

perturbation magnitude was not significantly different across targets but was significantly 

different across areas (Repeated measure ANOVA p=0.2, F(1,211)=1.64 for the main effect and 

p=0.005, F(4,211)=3.85 for the intercept of target and area, See Suppl. 2 for detailed stats). The 

magnitude of change was significant in M1 (p<0.001, one sample t-test) but not in any of the 

other areas (p=0.08 in PMd & and p>0.3 in A5, A2 and S1, but also see Suppl. 2 for absolute 

magnitude of change of activity across areas). Differences in the population signals for the IN 

and OUT targets were first observed in M1 66ms after perturbation onset and then in PMd at 

98ms (Fig. 4.3, see Suppl. 3 for details). In contrast, population signals in S1 and A5 did not 

show any difference across these two conditions until ~150 ms post-perturbation, and the 

differential signal in A2 never passed threshold in this task. A bootstrap technique identified the 

most likely order of activity to be M1 first (86%, all others regions each less than 5%, except for 
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A2 which was 8%), PMd second (58%), S1 and A5 third and fourth (similar ratio of 35%) and 

last A2 (55%) (See Suppl. 4).

 

Figure 4-3. Perturbation responses compared across different target positions- a, Perturbation 
response for the OUT (navy blue) versus IN (cyan) targets (same neurons as in Fig. 4.1d). b, Population 
signal and c, average differential signal across tasks (OUT-IN) in each cortical area. Each scale bar 
represents 20 sp/s. 
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We tried to tease out the activity for each particular task across different areas. First, we 

looked at the activity across these areas when the monkey is not required to be engaged in the 

task, which we call the “default response”. For that we looked at the activity of each area in the 

Movie task, and plotted each area’s activity side by side (Fig. 4.4, top panel). Here, there seems 

that S1 responds to the perturbation first and this activity progresses to the other areas. Next, we 

tried to extract the specific signal which appears when the monkey is engaged in the postural 

task, which we call “task engagement signal”. For that, we subtracted the default response in 

each area (i.e. their activity in the movie task) from their postural response. We also normalized 

each area’s differential signal with the max activity of that area in the posture task. In this 

condition, A5 seems to be the first area to change its response in the engaged state and then this 

activity progresses to M1 and PMd. There is hardly any change in the normalized signal across 

S1 and A2. Finally, we did a similar analysis for a extracting a “target selective signal” by 

subtracting the IN target activity from the OUT target activity in each area. The activation seems 

to start from M1 first and then PMd and does not show in the parietal areas for 100ms later. 
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Figure 4-4. Context-dependent patterns across sensorimotor cortex - Default response (top panel), is 
represented by activity patterns in Movie Task. Task engagement (middle panel), is represented by the 
differential signal between Movie and Posture Tasks. Target selection (bottom panel), is represented by 
differential signal between OUT and IN targets. Activity is plotted using a color map. In the default 
response, population response is capped at 70 sp/s. Differential signals normalized to its maximum 
response in Posture Task (au). 
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4.4 Discussion 

Here we show several frontal and parietal regions involved in the planning, selection and 

initiation of voluntary motor actions(Mountcastle et al., 1975; Kalaska et al., 1997; Andersen and 

Cui, 2009) also respond rapidly to limb disturbances in a task-dependent manner. The 

spatiotemporal pattern of activity across cortical territories suggests unique roles for each region 

in online control: when not engaged in a motor action, somatosensory feedback, generated when 

the limb is disturbed, arrives in primary somatosensory cortex and is then quickly transmitted to 

other sensory and motor cortical regions (Fig. 4.4). When engaged in a motor task, A5 increases 

this response, and this enhanced signal is then rapidly transmitted to other cortical regions. 

Finally, motor cortical regions (and sub-cortical structures) (Hore and Vilis, 1980; Strick, 1983; 

Pasquereau and Turner, 2013) specify the initiation of a new motor action, which is not observed 

in parietal cortical regions until ~150ms post-perturbation when differences in limb motion begin 

to emerge (Pruszynski et al., 2014). We believe, these results suggest that M1 activity is a 

summation of activity of multiple feedback pathways (cortical and sub-cortical), each sensitive 

to one aspect of the behavioural task.  

The functional connectivity map presented above provides an elegant explanation on how 

sensory feedback is processed across different behaviours and how they contribute to motor 

output. However, it is important to remember that such connectivity inferences are merely 

correlations. It is not clear whether all other areas beyond S1 are receiving their input from S1, as 

suggested above, or some areas receive of sensory feedback through other pathways. For 

instance, while S1 receives dense thalamo-cortical connections from the Ventral posterior 

nucleus (VP) of thalamus (Jones and Powell, 1970; Whitsel et al., 1978; Padberg et al., 2009), 

A5 only receives sparse projections from VP (Kaas, 2008). In turn, A5 receives major 
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somatosensory projections from another thalamic nucleus (i.e. Ventral posterior superior nucleus 

(VPs)), which has few projections to S1 (Schmahmann and Pandya, 1990; Cappe et al., 2007; 

Padberg et al., 2009). The modality of information carried in each pathway might not be similar 

as well. For instance, VP is the main target of cutaneous afferents (rapidly and slowly adapting 

mechanosensory receptors). VPs on the other hand, receives afferents from external cuneate 

nucleus containing sensory information from muscle spindles (Kaas, 2008). More detailed 

studies are required to identify how sensory information is transmitted to cortex and the type of 

information transmitted.  

Besides the possibility of having multiple feedback pathways from the periphery, it is not 

clear either whether each task specific signal actually starts in the area it is observed first. For 

example the target selection signal we first observed in M1 may actually be generated in the 

cerebellum (Hore and Vilis, 1980; Strick, 1983).  

Further rigorous intervention techniques, are necessary to answer these questions and to establish 

any causal relationship between these areas. Activation/deactivation techniques of activity 

intervention like TMS (Della-Maggiore et al., 2004; Premji et al., 2011; Spieser et al., 2013), 

cooling probes (Conrad et al., 1974; Hore and Vilis, 1980; Brinkman et al., 1985; Schmidt et al., 

1992), pharmacological agents (Sawamura et al., 2010), or more recent techniques like 

optogenetics (Kravitz et al., 2010; Kravitz and Kreitzer, 2011; Harrison et al., 2012) could be 

used to study such relationship across areas by selectively changing each area’s contribution. We 

believe the functional connectivity map we suggest here could provide a good framework for 

further causal investigations. 

The present study explored only two classes of long latency responses (i.e. task engagement 

and target selection) but as explained earlier, these feedback responses are influenced by many 
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other movement features like target properties (Nashed et al., 2012), presence of obstacles in the 

environment and selection of alternate goals (Nashed et al., 2014), or even motor adaptation 

(Cluff and Scott, 2013). We predict that distributed frontoparietal circuits (and cerebellum) 

provide the neural substrate to generate these complex corrective responses as well, a hallmark 

of highly skilled motor behaviour. The mechanical perturbation task gives us the opportunity to 

change physical attributes of the target goal (i.e. desired state), and evaluate how these changes 

affect the output (Nashed et al., 2012; Crevecoeur et al., 2013). Also, the mechanical 

perturbation provides an explicit temporal event to which the timing of responses across different 

brain areas can be compared. We believe this paradigm provides a great platform to study these 

complex responses and to generate similar functional connectivity maps. 

 

4.5 Methods Summary 

 

Three male non-human primates were trained to perform whole-limb visuomotor tasks 

wearing an exoskeleton robot (KINARM, BKIN Technologies, Canada) that could measure limb 

motion and apply different combinations of shoulder and/or elbow torques to the monkey’s arm 

(Herter et al., 2007). Virtual reality system displayed spatial targets and feedback of hand 

position in the horizontal workspace of the limb, when appropriate for each task. Queen’s 

University Animal Care Committee approved all experimental procedures. 

Neural data was recorded from shoulder/elbow regions of the primary somatosensory areas 

1&3 (S1), primary somatosensory area 2 (A2), posterior parietal area 5 (A5), primary motor 

cortex (M1) and dorsal premotor cortex (PMd), using standard single unit extracellular recording 

techniques (Herter et al., 2007). For each cell, the load combination with the largest increase in 
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activity from baseline was selected as the neuron’s preferred-torque direction (PTD) and used to 

generate population signals. 
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4.6 Extended Methods 

4.6.1 Subjects & Apparatus 

 

Three male non-human primates (Macaca mulatta, 10-17 kg) were trained to perform whole 

limb visuomotor tasks wearing an exoskeleton robot (KINARM, BKIN Technologies, Kingston, 

Ontario, Canada). The robot permitted combined flexion and extension movements of the 

shoulder and elbow in the horizontal plane and applied loads to the shoulder and/or the elbow 

independently. Two monkeys (Monkey X & A) used a right arm robot and one monkey (Monkey 

P) used a left arm robot. Targets and hand visual feedback were presented to the monkeys, in the 

horizontal plane, using an overhead monitor and a semitransparent mirror. Hand position was 

represented by a white circle (5 mm diameter) positioned at the tip of the index finger. Queen’s 

University Animal Care Committee approved all experimental procedures. 

4.6.2 Behavioural Tasks 

 

Throughout the experiment different combinations of shoulder and/or elbow torques were 

applied to the monkey’s arm. Three tasks were performed and varied in how the monkeys were 

required to respond to the perturbations. In the posture task (Herter et al., 2009), the monkey was 

instructed to maintain its hand at a central target (visual: 12 mm diameter, acceptable window: 

16 mm diameter). At a random time (1000-1500 ms), the limb was perturbed with one of nine 

combinations of loads applied to the shoulder and/or elbow (flexor, extensor or null), and the 

monkey had to return its its hand to the target within 750 ms of the perturbation time (Fig. 4.1a). 

Each perturbation lasted 300 ms and the size of the load varied with the size of each monkey 

(Monkey P & X, 0.24 Nm and monkey A, 0.32 Nm). Load magnitudes were adjusted in the bi-

articular load directions to compensate for larger hand motions induced in these directions 
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(Herter et al., 2009). Each load combination was presented randomly in a block of trials and the 

monkey was required to complete 10 blocks in a set. 

In the movie task (Omrani et al., 2014), monkeys were not required to do anything in 

response to the perturbation. Task-related visual feedback (i.e. target position and hand position) 

was replaced by a movie and the monkeys were trained to quietly watch the movie. The robot 

moved the hand to the central target at the beginning of each trial. The hand was then perturbed 

using the same 9 load combinations as in the posture task (Fig. 4.1b). The monkey was rewarded 

irrespective of its response to the perturbation. 

In the IN/OUT task (Pruszynski et al., 2014), the monkey started each trial by maintaining its 

hand at a central target (12mm diameter), and moved its hand to a second target (2.5cm radius) 

following a perturbation (the load remained on for 1500ms). The perturbation was the load 

combination from the posture task that elicited the largest response in the neuron/muscle 

presently being recorded. The location of the second target was strategically chosen such that the 

load either pushed the hand in (IN), away (OUT) from it (Fig. 4.1c; location of the second target 

could also remain aligned with the initial central target, but data not analyzed in this study). The 

monkey had to move to the second target within 750ms and remain in it for an additional 1 

second. IN and OUT target trials were randomly interleaved and 20 repeat trials were recorded 

for each target.  

Normally an experimental session was composed of a fixed order of tasks: first the posture 

task, then the movie task, followed by another repeat of the posture task and finally the In/Out 

task. A reduced version of the experiment was performed near the end of the recording session; 

in which one set of the posture and the movie tasks were randomly presented followed by one set 

of the In/Out task. 
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4.6.3 Data Collection 

 

Neural data was recorded from shoulder/elbow regions of the primary somatosensory areas 

1&3 (S1), primary somatosensory area 2 (A2), parietal area 5 (A5), primary motor cortex (M1) 

and dorsal premotor cortex (PMd), using standard extracellular recording techniques(Herter et 

al., 2007; Omrani et al., 2014; Pruszynski et al., 2014). Recording chamber and penetration sites 

were chosen using monkey atlas coordinates (Paxinos et al., 2008) and also MRI imaging (for 

Monkeys X & A). Single tungsten microelectrodes (FHC) were advanced in the cortex until 

neural activity was observed. We verified the location of shoulder and elbow areas of M1 by 

eliciting muscle twitches using microstimulation (Stoney et al., 1968) and the response of 

neurons to passive movement of the limb. In one monkey (P) we verified our recording areas 

post-mortem. Post mortem penetration locations have yet to be performed in the other monkeys.  

All the neural data, EMG activity (details explained elsewhere (Omrani et al., 2014; 

Pruszynski et al., 2014) and kinematic data were recorded simultaneously (Plexon Inc, Dallas, 

USA). The neural data was initially sorted online for single units, then confirmed and further 

examined offline using the Plexon offline sorter. 

4.6.4 Data Analysis 

 

Spike times were extracted from the Plexon files into Matlab (Mathworks, Natick, USA). 

Spike density functions were generated by convolving spike time-stamps with asymmetric 

double-exponential kernels (1 ms rise- and 20 ms fall-time)(Thompson et al., 1996). The load 

combination with the largest response (50 to 100ms post-perturbation) was then selected as the 

neuron’s preferred-torque direction (PTD). The neuron’s activity in its PTD was then compared 

to its activity in the null load condition (catch trial) using a two-sample t-test. If the comparison 
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was significant, the activity of the cell in its PTD was used for further analyses (SPSS, IBM, 

New York, USA).  

Single cell activity in each area was averaged to calculate the perturbation population 

response for each area. We determined the first point in time that the activity of a cell/population 

passed a defined threshold (baseline + 3 SD of baseline activity) and remained above this 

threshold for at least 20 ms (to avoid capturing random threshold passings). A similar approach 

was used to identify when population signals associated with different conditions (Posture versus 

Movie tasks, or IN and OUT targets) were significantly different (difference signals). We 

compared the onset times of perturbation responses and differential signals across cortical areas 

using a bootstrap technique, resampling (with replacement) cells in each population 10000 times, 

and then calculating the response onset for each iteration. We also rank ordered the onset across 

different areas in each iteration and calculated what percentage of times activity in one area 

preceded that of others. In calculating the percentages, we also included iterations where the 

population or difference signal did not pass 3SD. 
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4.7 Supplementary Note 1; Neural recordings and penetration locations in monkeys 

 

We recorded 611 neurons in 5 different cortical regions: 40 neurons in S1 (all from monkey 

P), 55 neurons in A2 (all from monkey A), 125 neurons in A5 (70 from monkey P and 55 from 

monkey A), 272 neurons in M1 (147 from monkey P, 90 from monkey X and 35 from monkey 

A) and 119 in PMd (50 from monkey P and 69 from monkey A). The location of the proximal 

forelimb region of M1 was verified using standard electrical stimulation techniques (<25 uA, 11 

pulses at 333Hz). Sensory receptive fields were examined to verify neurons were related to the 

proximal forelimb.  
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4.8 Supplementary Note 2; Response and modulation magnitude across tasks 

4.8.1 Perturbation Responses 

 

Posture task: Mean evoked responses in cells with significant perturbation response (50-100ms 

post perturbation minus baseline, A5:30.3sp/s ± 27.4sp/s [mean ± SD], A2:38.7sp/s ± 26.1sp/s, 

S1:68.5sp/s ± 50.1sp/s, M1:43.3sp/s ± 27sp/s, PMd:26.9sp/s ± 31.6) were significantly different 

across areas (One way ANOVA with area as fixed variable and cells as random variables, 

p<0.0001, df=4). A post-hoc analysis (Tukey's least significant difference procedure, aka LSD) 

revealed that the response in S1 was significantly bigger than the response in all other areas 

(p<0.001). M1 activity was also significantly bigger than that of A5 and PMd (p=0.002 and 

0.0009 respectively). Perturbation response was not significantly different across other areas 

(p>0.07 in all other comparisons). 

4.8.2 Response modulation across tasks 

 

Posture versus Movie Tasks. Cells with significant changes in activity (two-sample t-test, 

p<0.05) tended to be smaller for the movie as compared to the posture task (A5:20/22, A2:3/4, 

S1:5/6, M1:65/74, PMd:15/17). The perturbation magnitude was significantly different across 

tasks and areas (Repeated measure ANOVA with task as within-subject and area as between-

subject variables, p<0.0001, df=1 for the main effect and p=0.04 for the intercept of task and 

area, df=4, error=300). In order to be able to evaluate the task effect directly, we compared the 

differential signal across tasks (posture-movie 50-100ms post perturbation) using a One-way 

ANOVA (with area as fixed variable and cells as random variables, p=0.04, df=4, error=300). 

For each cortical area, decreases in activity across tasks were only significant in A5, M1 and 

PMd (differential activity in A5:11.2sp/s ± 12.8sp/s, A2:5.6sp/s ± 16.9sp/s, S1:8.2sp/s ± 
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20.8sp/s, M1:14.4sp/s ± 19sp/s, PMd:8.3sp/s ± 18.3sp/s, one sample t-test, p<0.0001 in A5 and 

M1, p=0.0016 in PMd and p=0.052 & 0.086 in A2 and S1 respectively). A post-hoc analysis 

(LSD) revealed that M1 differential response was significantly bigger than the differential 

response in A2 (p=0.009) and PMd (p=0.03). No other significant differences were found among 

other areas (p>0.13 in all other comparisons). We also quantified the relative change in the 

perturbation response in each area (i.e. evoked response in posture minus that in movie, divided 

by the evoked response in posture, A5:36%, A2:15%, S1:9%, M1:36%, PMd:40%) and found it 

to be significantly different across areas (One way ANOVA with area as fixed variable and cells 

as random variables, p=0.019, df=4, error=300). A post-hoc analysis (LSD) revealed that the 

relative changes in the perturbation response were significantly smaller in S1 and A2 than the 

change ratio in other areas (relative to A2, A5:p=0.036, M1:0.024 and PMd:0.016, and relative to 

S1, A5: p=0.025, M1:0.019, PMd:0.012). The change ratio was not significantly different 

between A5, M1 and PMd (relative to A5, M1:p=0.95, PMd:0.65, also p=0.57 in M1-PMd 

comparison) or between A2 and S1 (p=0.64). 

IN vs. OUT targets. Among the cells with significant changes in activity across the targets (two-

sample t-test, p<0.05), increases in activity in the OUT target were predominantly observed in 

M1 (24/31), but not in A5 and PMd (4/9 and 7/16 respectively). The perturbation magnitude was 

not significantly different across targets but was significant across areas (Repeated measure 

ANOVA with target as within-subject and area as between-subject variables, p=0.2, df=1 for the 

main effect and p=0.005 for the intercept of task and area, df=4, error=211). We also directly 

compared the differential signal across targets (OUT-IN 50-100ms post perturbation) using a 

One-way ANOVA (with area as the fixed variable and cells as random variables, p=0.005, df=4, 

error=211). M1 was the only area which had a significant difference in its activity across the two 
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targets in the 50-100ms period (differential activity in A5:-0.3sp/s ± 6.3sp/s, A2:-2.2sp/s ± 

10.2sp/s, S1:-1.1sp/s ± 6sp/s, M1:7.4sp/s ± 16.5sp/s, PMd:3.2sp/s ± 14.2sp/s one sample t-test, 

p=0.0001 in M1, p=0.08 in PMd and p>0.3 in A5, A2 and S1). A post-hoc analysis (LSD) 

revealed that revealed that M1 differential response between IN and OUT targets was 

significantly larger than in A5 (p=0.005), A2 (p=0.004) and S1 (p=0.017) but not different than 

that of PMd (p=0.08). The differential activity was not significantly different across other areas 

(p>0.1 in all other comparisons).  

We examined whether the absence of any significant target effect in A5 and PMd was due to 

the fact that half the cells were increasing and half decreasing their activity between IN and OUT 

targets. We therefore compared the absolute change in activity across targets (Fig. 4.5a, absolute 

activity change in A5:4.6sp/s ± 4.2sp/s, A2:5.4sp/s ± 8.9sp/s, S1:4.2sp/s ± 4.3sp/s, M1:12.8sp/s ± 

12.8sp/s, PMd:10sp/s ± 10.5sp/s). The absolute change magnitude was significantly different 

across areas (One way ANOVA, p<0.001, df=4, error=211). A post-hoc analysis (LSD) revealed 

that absolute activity change in M1 was significantly bigger than in A5 (p<0.001), A2 (p=0.004) 

and S1 (p=0.002) but not different than in PMd (p=0.13). The absolute change in activity was 

also bigger in PMd compared to the absolute change in A5 (p=0.016) and S1 (p=0.04). We also 

examined the cumulative distributions of change in activity for each area (Fig. 4.5b). A two-

sample Kolmogorov-Smirnov test revealed that the distribution was significantly different in M1 

compared to A5 (p<0.001), A2 (p=0.001), S1 (p=0.004), and in PMd compared to A5 (p=0.05). 

All other comparisons were not significant (p>0.1 across all areas). 
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Figure 4.5. 
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4.9 Supplementary Note 3; Alternate method of calculating the onset time of population 

and differential response 

 

Posture Task. Perturbation onset time for each cortical area was based on the time point when 

the population signal remained 3SD above baseline activity for at least 20 ms.  This technique is 

not sensitive to sample size, but assumes variance remains constant through time (See Online 

Methods). As an alternate method for calculating perturbation onset time, we used a one-sample 

running t-test to compare when the population signal was different from baseline activity (1ms 

steps). We identified the first point in time that the evoked population activity became 

significantly different from 0, and remained significant for at least 20ms (Fig. 4.1e, the first point 

in time the lower edge of the shaded area depicting 2SE rises above the baseline line). Response 

onset times, using this technique were similar to those observed using the 3SD technique 

(A5:25ms, A2:25ms, S1:19ms,  M1:24ms, PMd:34ms).  

Posture versus Movie Tasks. The running t-test was also used to identify when the population 

activity was different between posture and movie tasks. In the posture-movie comparison, we 

identified the first point in time that the differential signal (activity in posture – activity in movie) 

became significantly different from 0, and remained significant for at least 20ms (Fig. 4.2b, the 

first point in time the lower edge of the shaded area depicting 2SE rises above the baseline line). 

Response differentiation times were 25ms, 45ms and 52ms for A5, M1 and PMd, respectively. 

As shown in Fig. 4.2b, the 2SE shaded area never rises (and stays) above zero in S1 and A2, 

hence no response differentiation time was detected for these areas. The failure to identify these 

onset times likely reflects the influence of sample size on the running t-test. 

IN vs. OUT targets. For the IN-OUT target comparison, the baseline activity was already 

significantly different in M1 & PMd (M1:2.4sp/s ± 7.2sp/s, PMd:3.6sp/s ± 12.5sp/s, one sample 
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t-test, p=0.009 & 0.029 in M1 & PMd respectively). Thus, we compared the differential activity 

relative to the baseline difference rather than 0. We identified the first point in time the 

differential activity was significantly different from baseline, and remained significant for at 

least 20ms (Fig. 4.3b, the first point in time the lower edge of the shaded area depicting 2SE rises 

above the baseline line). Response differentiation times, using this technique, were 72ms, 180ms 

and 160ms for M1, PMd and A5 respectively. As could be observed, the 2SE shaded area never 

rises (and stays) above the zero line in S1 and A2, and hence no response differentiation time 

was detected for these areas.  

The fact that neurons could increase or decrease activity between the IN versus OUT target 

could impact the onset time for observing differences in the population signals associated with 

each target. To rule this out, we reversed the sign for cells that significantly decreased their 

activity in the OUT versus IN target when calculating the difference in the population signals. 

Differences in the population signals tended to be slightly earlier (3SD technique, M1:58ms, 

PMd:78ms, A5:157ms, S1:173ms and no differentiation time for A2), but the order of onset 

times remained the same with only M1 and PMd showing significant onset times before 100ms. 
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4.10 Supplementary Note 4; Bootstrap technique to identify order of perturbation 

responses across cortical regions 

 

We used a bootstrap technique to identify the likely order of onset times for perturbation 

responses and task-dependency across cortical areas. To do so, we resampled (with replacement) 

cells in each population 10000 times, and then calculated the response onset for each iteration. 

We ranked different areas based on their onset times and task differentiation times across these 

random iterations. We then calculated the proportion of times each area assumed a rank. Each 

panel of Fig. 4.6 shows the percentage of times activity/differentiation onset times in each area 

was ranked from 1st to 5th. The left panel shows the ranking order of areas for perturbation onset 

in the posture task. The middle panel shows the ranking order of areas for the differential signal 

between the posture-movie tasks. The right panel shows the ranking order of areas for the 

differential signal between IN vs. OUT targets. 

 

 

Figure 4.6 

 



 

 

162 

4.11 References 

 

Afshar A, Santhanam G, Yu BM, Ryu SI, Sahani M, Shenoy KV. Single-Trial Neural 

Correlates of Arm Movement Preparation. Neuron 71: 555–564, 2011. 

Ahmadi-Pajouh MA, Towhidkhah F, Shadmehr R. Preparing to reach: selecting an adaptive 

long-latency feedback controller. J Neurosci Off J Soc Neurosci 32: 9537–9545, 2012. 

Andersen RA, Cui H. Intention, Action Planning, and Decision Making in Parietal-Frontal 

Circuits. Neuron 63: 568–583, 2009. 

Boudreau MJ, Smith AM. Activity in rostral motor cortex in response to predictable force-

pulse perturbations in a precision grip task. J Neurophysiol 86: 1079–1085, 2001. 

Brinkman J, Colebatch JG, Porter R, York DH. Responses of precentral cells during cooling 

of post-central cortex in conscious monkeys. J Physiol 368: 611–625, 1985. 

Cappe C, Morel A, Rouiller EM. Thalamocortical and the dual pattern of corticothalamic 

projections of the posterior parietal cortex in macaque monkeys. Neuroscience 146: 

1371–1387, 2007. 

Chapman CE, Spidalieri G, Lamarre Y. Discharge properties of area 5 neurones during arm 

movements triggered by sensory stimuli in the monkey. Brain Res 309: 63–77, 1984. 

Cheney PD, Fetz EE. Corticomotoneuronal cells contribute to long-latency stretch reflexes in 

the rhesus monkey. J Physiol 349: 249, 1984. 

Churchland MM, Cunningham JP, Kaufman MT, Foster JD, Nuyujukian P, Ryu SI, 

Shenoy KV. Neural population dynamics during reaching. Nature 487: 51–56, 2012. 

Cluff T, Scott SH. Rapid feedback responses correlate with reach adaptation and properties of 

novel upper limb loads. J Neurosci Off J Soc Neurosci 33: 15903–15914, 2013. 

Conrad B, Matsunami K, Meyer-Lohmann J, Wiesendanger M, Brooks VB. Cortical load 

compensation during voluntary elbow movements. Brain Res 71: 507–514, 1974. 

Crammond DJ, MacKay WA, Murphy JT. Evoked potentials from passive elbow movements. 

II. Modification by motor intent. Electroencephalogr Clin Neurophysiol 64: 144–58, 

1986. 

Crevecoeur F, Kurtzer I, Bourke T, Scott SH. Feedback responses rapidly scale with the 

urgency to correct for external perturbations. J Neurophysiol 110: 1323–1332, 2013. 



 

 

163 

Crevecoeur F, Scott SH. Priors Engaged in Long-Latency Responses to Mechanical 

Perturbations Suggest a Rapid Update in State Estimation. PLoS Comput Biol 9: 

e1003177, 2013. 

Della-Maggiore V, Malfait N, Ostry DJ, Paus T. Stimulation of the posterior parietal cortex 

interferes with arm trajectory adjustments during the learning of new dynamics. J 

Neurosci Off J Soc Neurosci 24: 9971–9976, 2004. 

Desmedt JE, editor. Cerebral Motor Control in Man: Long Loop Mechanisms. 1St Edition 

edition. Basel  ; New York: S Karger Pub, 1977. 

Evarts EV, Tanji J. Reflex and intended responses in motor cortex pyramidal tract neurons of 

monkey. J Neurophysiol 39: 1069, 1976. 

Feldman AG. Once more on the equilibrium-point hypothesis (lambda model) for motor control. 

J Mot Behav 18: 17–54, 1986. 

Flanagan JR, Ostry DJ, Feldman AG. Control of Trajectory Modifications in Target-Directed 

Reaching. J Mot Behav 25: 140–152, 1993. 

Flash T, Hogan N. The coordination of arm movements: an experimentally confirmed 

mathematical model. J Neurosci 5: 1688–1703, 1985. 

Fromm C, Wise SP, Evarts EV. Sensory response properties of pyramidal tract neurons in the 

precentral motor cortex and postcentral gyrus of the rhesus monkey. Exp Brain Res Exp 

Hirnforsch Expérimentation Cérébrale 54: 177–185, 1984. 

Georgopoulos AP, Kalaska JF, Caminiti R, Massey JT. On the relations between the direction 

of two-dimensional arm movements and cell discharge in primate motor cortex. J 

Neurosci Off J Soc Neurosci 2: 1527–1537, 1982. 

Hammond PH, Merton PA, Sutton GG. Nervous gradation of muscular contraction. Br Med 

Bull 12: 214–218, 1956. 

Harris CM, Wolpert DM. Signal-dependent noise determines motor planning. Nature 394: 

780–784, 1998. 

Harrison TC, Ayling OGS, Murphy TH. Distinct cortical circuit mechanisms for complex 

forelimb movement and motor map topography. Neuron 74: 397–409, 2012. 

Herter TM, Korbel T, Scott SH. Comparison of neural responses in primary motor cortex to 

transient and continuous loads during posture. J Neurophysiol 101: 150–63, 2009. 



 

 

164 

Herter TM, Kurtzer I, Cabel DW, Haunts KA, Scott SH. Characterization of torque-related 

activity in primary motor cortex during a multijoint postural task. J Neurophysiol 97: 

2887–2899, 2007. 

Hore J, Vilis T. Arm movement performance during reversible basal ganglia lesions in the 

monkey. Exp Brain Res Exp Hirnforsch Expérimentation Cérébrale 39: 217–228, 1980. 

Johansson RS, Flanagan JR. Coding and use of tactile signals from the fingertips in object 

manipulation tasks. Nat Rev Neurosci 10: 345–359, 2009. 

Jones EG, Powell TP. Connexions of the somatic sensory cortex of the rhesus monkey. 3. 

Thalamic connexions. Brain J Neurol 93: 37–56, 1970. 

Kaas JH. The evolution of the complex sensory and motor systems of the human brain. Brain 

Res Bull 75: 384–390, 2008. 

Kalaska JF, Scott SH, Cisek P, Sergio LE. Cortical control of reaching movements. Curr Opin 

Neurobiol 7: 849–59, 1997. 

Kandel ER, Schwartz JH, Jessell TM, Siegelbaum SA, Hudspeth AJ. Principles of Neural 

Science, Fifth Edition. 5th edition. New York: McGraw-Hill Professional, 2012. 

Kravitz AV, Freeze BS, Parker PRL, Kay K, Thwin MT, Deisseroth K, Kreitzer AC. 

Regulation of parkinsonian motor behaviours by optogenetic control of basal ganglia 

circuitry. Nature 466: 622–626, 2010. 

Kravitz AV, Kreitzer AC. Optogenetic manipulation of neural circuitry in vivo. Curr Opin 

Neurobiol 21: 433–439, 2011. 

Kurtzer IL, Pruszynski JA, Scott SH. Long-Latency Reflexes of the Human Arm Reflect an 

Internal Model of Limb Dynamics. Curr Biol 18: 449–453, 2008. 

Kurtzer I, Pruszynski JA, Scott SH. Long-Latency Responses During Reaching Account for 

the Mechanical Interaction Between the Shoulder and Elbow Joints. J Neurophysiol 102: 

3004–3015, 2009. 

Lamarre Y, Bioulac B, Jacks B. Activity of pre-central neurones in conscious monkeys: effects 

of deafferentation and cerebellar ablation. J Physiol (Paris) 74: 253–264, 1978. 

London BM, Miller LE. Responses of somatosensory area 2 neurons to actively and passively 

generated limb movements. J. Neurophysiol. ( December 28, 2012). doi: 

10.1152/jn.00372.2012. 



 

 

165 

Marsden CD, Merton PA, Morton HB, Adam J. The Effect of Lesions of the Sensorimotor 

Cortex and the Capsular Pathways on Servo Responses from the Human Long Thumb 

Flexor. Brain 100: 503–526, 1977a. 

Marsden CD, Merton PA, Morton HB, Adam J. The effect of lesions of the sensorimotor 

cortex and the capsular pathways on servo responses from the human long thumb flexor. 

Brain J Neurol 100: 503–526, 1977b. 

Matthews PB. The human stretch reflex and the motor cortex. Trends Neurosci 14: 87–91, 1991. 

Mountcastle VB, Lynch JC, Georgopoulos A, Sakata H, Acuna C. Posterior parietal 

association cortex of the monkey: command functions for operations within extrapersonal 

space. J Neurophysiol 38: 871–908, 1975. 

Nashed JY, Crevecoeur F, Scott SH. Influence of the behavioral goal and environmental 

obstacles on rapid feedback responses. J Neurophysiol 108: 999–1009, 2012. 

Nashed JY, Crevecoeur F, Scott SH. Rapid Online Selection between Multiple Motor Plans. J 

Neurosci 34: 1769–1780, 2014. 

Omrani M, Pruszynski JA, Murnaghan CD, Scott SH. Perturbation-evoked responses in 

primary motor cortex are modulated by behavioral context. J. Neurophysiol. ( September 

10, 2014). doi: 10.1152/jn.00270.2014. 

Padberg J, Cerkevich C, Engle J, Rajan AT, Recanzone G, Kaas J, Krubitzer L. 

Thalamocortical connections of parietal somatosensory cortical fields in macaque 

monkeys are highly divergent and convergent. Cereb Cortex N Y N 1991 19: 2038–2064, 

2009. 

Pasquereau B, Turner RS. Primary motor cortex of the parkinsonian monkey: altered neuronal 

responses to muscle stretch. Front Syst Neurosci 7: 98, 2013. 

Paxinos G, Huang X-F, Petrides M, Toga AW. The rhesus monkey brain in stereotaxic 

coordinates. Academic, 2008. 

Phillips CG. The Ferrier Lecture, 1968: Motor apparatus of the baboon’s hand. Proc R Soc Lond 

B Biol Sci 173: 141–174, 1969. 

Premji A, Rai N, Nelson A. Area 5 influences excitability within the primary motor cortex in 

humans. PloS One 6: e20023, 2011. 



 

 

166 

Pruszynski JA, Kurtzer I, Nashed JY, Omrani M, Brouwer B, Scott SH. Primary motor 

cortex underlies multi-joint integration for fast feedback control. Nature 478: 387–390, 

2011. 

Pruszynski JA, Kurtzer I, Scott SH. Rapid motor responses are appropriately tuned to the 

metrics of a visuospatial task. J Neurophysiol 100: 224–238, 2008. 

Pruszynski JA, Omrani M, Scott SH. Goal-Dependent Modulation of Fast Feedback 

Responses in Primary Motor Cortex. J Neurosci 34: 4608–4617, 2014. 

Pruszynski JA, Scott SH. Optimal feedback control and the long-latency stretch response. Exp 

Brain Res Exp Hirnforsch Expérimentation Cérébrale 218: 341–359, 2012. 

Raphael G, Tsianos GA, Loeb GE. Spinal-Like Regulator Facilitates Control of a Two-Degree-

of-Freedom Wrist. J Neurosci 30: 9431–9444, 2010. 

Riggins S, England JD. Ataxias related to sensory neuropathies. Handb Clin Neurol 103: 605–

617, 2012. 

Rothwell JC, Traub MM, Marsden CD. Influence of voluntary intent on the human long-

latency stretch reflex. Nature 286: 496–498, 1980. 

Sabes PN. The planning and control of reaching movements. Curr Opin Neurobiol 10: 740–746, 

2000. 

Sarlegna FR, Gauthier GM, Bourdin C, Vercher J-L, Blouin J. Internally driven control of 

reaching movements: a study on a proprioceptively deafferented subject. Brain Res Bull 

69: 404–415, 2006. 

Sawamura H, Shima K, Tanji J. Deficits in action selection based on numerical information 

after inactivation of the posterior parietal cortex in monkeys. J Neurophysiol 104: 902–

910, 2010. 

Schmahmann JD, Pandya DN. Anatomical investigation of projections from thalamus to 

posterior parietal cortex in the rhesus monkey: a WGA-HRP and fluorescent tracer study. 

J Comp Neurol 295: 299–326, 1990. 

Schmidt EM, Porter R, McIntosh JS. The effects of cooling supplementary motor area and 

midline cerebral cortex on neuronal responses in area 4 of monkeys. Electroencephalogr 

Clin Neurophysiol 85: 61–71, 1992. 

Scott SH. Optimal feedback control and the neural basis of volitional motor control. Nat Rev 

Neurosci 5: 532–546, 2004. 



 

 

167 

Scott SH. Inconvenient truths about neural processing in primary motor cortex. J Physiol 586: 

1217–24, 2008. 

Scott SH. The computational and neural basis of voluntary motor control and planning. Trends 

Cogn Sci 16: 541–549, 2012. 

Shadmehr R, Mussa-Ivaldi FA. Adaptive representation of dynamics during learning of a 

motor task. J Neurosci 14: 3208–3224, 1994. 

Shemmell J, Krutky MA, Perreault EJ. Stretch sensitive reflexes as an adaptive mechanism 

for maintaining limb stability. Clin Neurophysiol 121: 1680–1689, 2010. 

Spieser L, Aubert S, Bonnard M. Involvement of SMAp in the intention-related long latency 

stretch reflex modulation: a TMS study. Neuroscience 246: 329–341, 2013. 

Stoney SD Jr, Thompson WD, Asanuma H. Excitation of pyramidal tract cells by intracortical 

microstimulation: effective extent of stimulating current. J Neurophysiol 31: 659–669, 

1968. 

Strick PL. The influence of motor preparation on the response of cerebellar neurons to limb 

displacements. J Neurosci 3: 2007–2020, 1983. 

Tanji J, Taniguchi K, Saga T. Supplementary motor area: neuronal response to motor 

instructions. J Neurophysiol 43: 60–68, 1980. 

Tatton WG, Forner SD, Gerstein GL, Chambers WW, Liu CN. The effect of postcentral 

cortical lesions on motor responses to sudden upper limb displacements in monkeys. 

Brain Res 96: 108–113, 1975. 

Thompson KG, Hanes DP, Bichot NP, Schall JD. Perceptual and motor processing stages 

identified in the activity of macaque frontal eye field neurons during visual search. J 

Neurophysiol 76: 4040, 1996. 

Todorov E. Optimality principles in sensorimotor control. Nat Neurosci 7: 907–915, 2004. 

Todorov E, Jordan MI. Optimal feedback control as a theory of motor coordination. Nat 

Neurosci 5: 1226–35, 2002. 

Uno Y, Kawato M, Suzuki R. Formation and control of optimal trajectory in human multijoint 

arm movement. Minimum torque-change model. Biol Cybern 61: 89–101, 1989. 

Weber DJ, He J. Adaptive behavior of cortical neurons during a perturbed arm-reaching 

movement in a nonhuman primate. Prog Brain Res 143: 477–90, 2004. 



 

 

168 

Whitsel BL, Rustioni A, Dreyer DA, Loe PR, Allen EE, Metz CB. Thalamic projections to S-I 

in macaque monkey. J Comp Neurol 178: 385–409, 1978. 

Wolpert DM, Ghahramani Z. Computational principles of movement neuroscience. Nat 

Neurosci 3 Suppl: 1212–1217, 2000. 

Wolpert DM, Ghahramani Z, Jordan MI. An internal model for sensorimotor integration. 

Science 269: 1880–1882, 1995. 

 

 
  



 

 

169 

 

Chapter 5 

General Discussion 

  



 

 

170 

5.1 Summary of findings 

 

Recent theories of motor control place emphasis on the role of sensory feedback in driving 

the motor output and how feedback processing should change with a change in the behavioural 

goal of a task (Todorov and Jordan, 2002; Scott, 2004). The application of mechanical 

perturbations and investigating the responses to these perturbations in different behavioural 

contexts has been a useful and informative way to investigate feedback-processing circuitry in 

the brain. Using this technique, researchers have found that rapid motor responses to mechanical 

perturbations (i.e., sensory-driven motor outputs) share attributes previously reserved for 

voluntary motor control, like target selection (Pruszynski et al., 2008), decision making (Nashed 

et al., 2014), adaptation and learning (Ahmadi-Pajouh et al., 2012; Cluff and Scott, 2013; 

Crevecoeur and Scott, 2013), consideration of target properties and obstacles in the way (Nashed 

et al., 2012), knowledge of the limb’s mechanics (Kurtzer et al., 2008, 2009) and its interaction 

with the environment (Shemmell et al., 2010),  and also knowledge about the gain scaling of 

muscle forces (Pruszynski et al., 2009). Given the extensive sophistication of these feedback 

responses, it is reasonable to assume that they are processed in the same cortical (and 

subcortical) areas that the voluntary responses are (Scott, 2004, 2008, 2012). Therefore, learning 

more about the underlying neural circuitry of feedback processing can also help us to better 

understand voluntary control in the brain. In this thesis, we tried to build upon previous 

knowledge and explore further attributes of feedback responses. We also tried to explore the 

underlying neural circuitry that can support such flexible feedback processing. 

1- In the first experiment (Chapter 2), we investigated how introducing redundancy into a 

bimanual task can change feedback processing (i.e., rapid motor responses). We 

showed that rapid motor responses took advantage of, and were modulated by, task 
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redundancy. We also showed that these responses were modulated with the urgency of 

the task; feedback responses were increased when there was less time available for 

posture stabilization. Lastly, our results clearly show that responses in the right limb 

can be modified flexibly and appropriately for the task within 75 ms based on 

direction-related proprioceptive input from the left limb. The conditional and task-

dependent nature of this interlimb feedback response suggests that the motor system is 

equipped with the ability to flexibly use sensory feedback from one limb to support 

rapid motor responses in another limb. 

2- In the second experiment (Chapter 3), we investigated the neural underpinning of such 

task-dependent feedback processing. Given the vast amount of evidence on the role of 

primary motor cortex in generating the long-latency muscle responses (Phillips, 1969; 

Evarts, 1973; Cheney and Fetz, 1984), we focused our investigation on M1 activity in 

response to perturbations within different behavioural contexts. More specifically, we 

asked what happens to these responses when the monkey is engaged (posture task) or 

not (movie task) in a postural control task. We found that, as expected, behavioral, 

muscular and late M1 responses were generally reduced, but not eliminated, in the 

movie task compared with the postural task. These results indicate that the monkeys 

modulated their motor responses across these behavioral contexts. However, despite 

these changes, initial M1 responses were strikingly similar. We therefore concluded 

that the initial perturbation response in M1 is not sensitive to the ongoing motor task, 

but reflects a relatively task-independent sensory signal transmitted from the periphery. 

We speculated that there might be different sources of feedback with different time 
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delays summing in M1 to form its activity: one driving the task-independent response 

and the other driving the task-dependent response. 

3- In the third experiment (Chapter 4), we tested whether other cortical regions, in 

addition to M1, respond to sensory feedback and whether they change their activity 

across different behavioural tasks. We found that sensory input from the limb is 

represented in a range of sensory and motor areas, though with different temporal 

delays. We also found that each area has a unique pattern of task-dependent sensory 

processing, with some areas like A5 being sensitive only to task engagement but not 

target selection, and others like S1 and A2 not showing sensitivity to the behavioural 

tasks at all. These differential task dependencies of the sensory and motor areas 

provide a highly distributed neural substrate to support complex corrective responses 

during motor actions. The patterns of activity in parietal and frontal regions related to 

motor engagement and selection parallel previous observations on the potential role of 

these regions that are largely observed during motor planning prior to motor execution 

(Mountcastle et al., 1975; Chapman et al., 1984; Cheney, 1985; Kalaska, 1996).  

In summary, our findings suggest an intimate relationship between sensory feedback and 

motor output. Sensory evoked responses could be as flexible as voluntary actions, blurring the 

distinction between sensory evoked responses and voluntary control. We believe our neural 

findings suggest multiple areas to be involved with flexible processing of sensory feedback, with 

all their output converging at a common motor output (e.g. primary motor cortex).  

5.2 Understanding the neural implementation of feedback-driven control 
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The field of neuroscience is rightfully dominated by great studies delineating the functional 

characteristics of a single sensory modality (Mountcastle et al., 1957; Hubel and Wiesel, 1959; 

Newsome and Pare, 1988; Romo et al., 1996). Driven by strong mathematical models like 

Bayes’ law and information theory (Shannon, 2001), the field is obsessed with different levels of 

coding and decoding of information. Therefore, finding of a variety of different variables 

represented in a single area (e.g. target position, direction of hand movement, hand speed, 

movement dynamics, … Todorov, 2000; Scott, 2004) is quite unsettling for scientists so used to 

the concept of modular coding and processing of data. While the coding strategy might have 

been fruitful in understanding perception, it surely has not been helpful in the field of motor 

control.  

The nervous system was evolved to generate and control motor output, and there are hardly 

any stationary animals with an evolved nervous system. Therefore, instead of using a sensory 

approach to understanding motor control (i.e., what is coded in the motor system), it might be 

more helpful to use a more evolutionary approach to understand the building blocks of the motor 

system, and a theoretical approach to how these blocks might work together to control movement 

and how this process can be disrupted. 

5.2.1 Evolutionary significance of sensory feedback in motor control 

 

The first form of movement in an organism is generated by the movement of cilia (or 

flagella), which both senses the stimulus (e.g. chemical or mechanical) and moves towards or 

away from it (Bloodgood, 2010). Even in these single-celled organisms, the coupling of more 

than one receptor system to cilia movement can lead to complex behaviours like three-

dimensional phototactic roaming in open water (i.e., moving towards the light source; Nordström 
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et al., 2003; Arendt et al., 2009). This behaviour can be achieved in the absence of any nervous 

system to integrate these multiple sources of information by the simple summation of individual 

reflective responses from each source at the output level (Jékely, 2009).  

Even with the specialization of sensory receptors and motor actuators in multicellular 

organisms, this intricate coupling of sensory input and motor output is preserved in the form of 

reflexes. However, the development of the nervous system helped to integrate sensory feedback 

from one receptor with the motor output across many different segments. For instance, a light 

touch on the tail of a sludge worm causes a rapid withdrawal response all across the body (Zoran 

and Drewes, 1988). But surviving in a physical world full of disruption necessitates mechanisms 

to control these reflexive responses. For instance, the escape response habituation in C. elegans 

changes in the absence or presence of food, a mechanism believed to be controlled by dopamine 

secreted by a few neurons in the worm’s nervous system (Kindt et al., 2007). In addition to 

structural parameters, like body posture (Currie and Carlsen, 1985), environmental parameters 

like the direction and size of a threatening stimulus (Bianco et al., 2011) or obstacles in the way 

of a reflexive responses (Eaton and Emberley, 1991) can also modify such responses. These 

factors not only can modulate these responses, but can also affect the development of these 

reflexes. For instance, escape reflexes in wild-type squids are not beneficial for the animal when 

they are trying to catch fast-moving and challenging prey items (copepods), and hence need to be 

suppressed. However, the ability to suppress such reflexive movements only develops in animals 

reared in an environment full of these kinds of fast-moving prey items and is absent in those fed 

only slow-moving, easy-to-capture prey items (Artemia salina) (Preuss and Gilly, 2000).  

Evidence mentioned above demonstrates how different reflexive responses can be integrated 

to generate more complex behaviors. A similar concept was in fact used by Sherrington to 
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explain the control of voluntary movement in humans. He believed that voluntary movement was 

generated through the integration and co-adjustment of simple reflexes throughout the whole 

nervous system (Sherrington, 1906).  

More sophisticated movements across species can be achieved by augmenting the neural 

circuitry controlling simple reflexes with an area that can overrule the basic network (Deliagina 

et al., 2008). Throughout the evolution of the mammalian brain, certain structures have been 

preserved (the primary and secondary sensory areas, and a small posterior parietal cortex), on top 

of which, with greater progression through the phylogenical tree, extra brain fields and 

connections are augmented (Krubitzer, 2009). It seems that higher animals gain extra motor 

functionality through such augmentation mechanisms, rather than through restructuring. For 

instance, Cebus monkeys have complex manual abilities, which their close relatives lack (e.g. 

Titi monkeys) (Krubitzer, 2009). Developmental comparison between these two species shows 

that Cebus monkeys have developed a cortical proprioceptive area (area 2) and an expanded 

posterior parietal cortical area 5, which seems to be responsible for the added functionality 

(Padberg et al., 2007). Considering such augmented modular structure (Guillery and Sherman, 

2011), it is not so strange that the motor cortex reflects multiple movement-related variables as 

mentioned above (Todorov, 2000; Scott, 2004). As different cortical (and subcortical) areas each 

specifically process different aspects of the sensory signal, their feedback to motor cortex might 

also reflect that specific information.  

5.2.2 Theoretical considerations 

 

While theoretical frameworks, like Optimal Feedback Control, inspired most of the 

experiments in this thesis, these results cannot be used as a proof for OFC. It is important to 
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remember that OFC is a nominal model, which can explain the behavior well but cannot make 

any predictions about the neural implementation of feedback-driven motor control. However, it 

is possible to test the principles upon which OFC is built. For instance, OFC emphasizes the role 

of feedback in motor control, which could essentially mean that sensory feedback would be 

widely represented, not only in the sensory areas, but also in the motor-related areas. But more 

importantly, the response to sensory feedback would change given the behavioural goal of the 

task and the importance of the feedback for task accomplishment; predictions which are 

supported by our currents results.  

On a separate note, in a nominal model like OFC, to explain how the model works, separate 

functions are compressed in nominal boxes. It is tempting to assume that the function 

represented in each box is in fact processed in a certain brain region (Shadmehr and Krakauer, 

2008). However, it is important to remember that there is no reason that one area of the brain is 

exclusively involved with one function or that one function is processed in a limited number of 

areas. There is a very good chance that each function is processed in a distributed fashion across 

different areas (Scott, 2012). Therefore, we cannot expect to find any specific area that shows all 

of the expected features for one function. 

For instance, state estimation (i.e., combining the sensory prediction of the output and the 

incoming feedback), a core concept in OFC, is thought to follow Bayes’ law: the information 

with higher certainty is weighted more heavily (Kalman Filter, Kalman, 1960). Various studies 

have tried to localize this process in the cerebellum, suggesting that the cerebellum is involved 

with the feed-forward prediction of the sensory consequences of an action (Bastian, 2006; Miall 

and King, 2008; Izawa et al., 2012; Huang et al., 2013). Specifically, it is suggested that the 

lateral cerebellum is sensitive to the discrepancy between the sensory prediction and the actual 
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sensory event (Blakemore et al., 2001; Blakemore and Sirigu, 2003; Miall et al., 2007). 

However, there is no reason to think this process should be localized to a specific area. There is 

evidence that sensory input and motor output interact at many different levels like spinal cord 

(Hantman and Jessell, 2010), thalamus (via cerebellar nuclei, Stepniewska et al., 2003) and 

posterior parietal area 5 (Bioulac and Lamarre, 1979; Seal et al., 1982), among others. 

Potentially, all these areas could combine the incoming sensory input with the outgoing motor 

output to generate an estimated state. For instance, it has been shown that disrupting the activity 

of cervical propriospinal neurons, which receive a corollary copy of the motor command as well 

as sensory feedback, perturbs reaching while leaving other elements of forelimb movement intact 

(Azim et al., 2014). In addition, if the information (either sensory or motor) is represented in a 

probabilistic manner in each of these areas, the integration of these two responses would 

generate an “optimal” state estimation (Ma et al., 2006; Pouget et al., 2013). Therefore, for 

understanding which different areas are involved with state estimation, it is helpful to investigate 

whether information about an identical sensory event is represented differently in that area given 

the probability of its occurrence and its predictability. 

5.2.3 Clinical considerations 

 

Studying the pathology of motor diseases can provide as much clues for understanding the 

neural circuitry of motor control, as theoretical approaches do. Disrupted activity in an area can 

provide information on how that area is contributing to movement control. For instance, in the 

case of the de-afferented patients discussed at the beginning of this thesis, the system loses its 

source of somatosensory feedback. These patients show certain patterns of movement disruption, 
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which can be explained by a control scheme with multiple feedback loops and different time 

delays. 

 For instance, these patients can start a ballistic movement with and without visual 

information; however, they show a pattern of cumulative variance throughout the movement and 

disrupted final accuracy compared to the controls (see Figures 5 and 6 in Sarlegna et al., 2006). 

They show higher movement direction, amplitude and velocity variance, and their movement is 

segmented. They also show patterns of dynamics adaptation in the presence of visual information 

(Bernier et al., 2006; Sarlegna et al., 2010). Even in the absence of vision, they seem to have an 

estimation of the hand position (Medina et al., 2010). These patients still show predictive 

adjustments in their postural and grip/load force during grasping behaviours (Forget and 

Lamarre, 1990; Hermsdörfer et al., 2004). However, their problems are accentuated when they 

change their normal reaching speed (Messier et al., 2003), start a movement following a changed 

hand position (Blouin et al., 1996), or when an external perturbation disrupts their movement 

(Bizzi et al., 1978; Forget and Lamarre, 1990). These patients have significantly compromised 

capacity for compensating for inter-segmental dynamics (Sainburg et al., 1993), and therefore 

prefer to use single-joint motions to reduce the amount of intersegmental interactions (Messier et 

al., 2003).  

 Now considering that the motor system receives multiple feedback information with 

different temporal delays (e.g. rapid proprioceptive information and slow visual information), we 

might be able to explain some of these symptoms using a control scheme, which can use 

predicted feedback (i.e., estimated state) to control the motor output. Losing peripheral sensory 

feedback in these patients means that activity in any area supposed to reflect actual (delayed) 

sensory feedback will likely be disrupted. Electrophysiological recordings in deafferented 
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monkeys during a reaching movement demonstrated that while S1 neurons did not show any 

activity at all, neurons in M1 and in the parietal association cortex (area 5) still modified their 

activity in relation to movement (Bioulac and Lamarre, 1979; Seal et al., 1982). This activity in 

M1 and A5 could represent a feedforward prediction based on the outgoing motor command 

(Lamarre et al., 1978; Sanes and Jennings, 1984; Sarlegna et al., 2006). Despite the absence of 

actual peripheral feedback, this information might be used for pre-planned reaching movements; 

however, it is not sufficient for perturbation compensation when the movement is randomly 

disrupted (Bizzi et al., 1978; Forget and Lamarre, 1990; Blouin et al., 1996). These patients still 

have access to visual feedback, which is significantly slower (at least 100 ms), but would allow 

slow adaptations to the changes in the environment (Bernier et al., 2006; Sarlegna et al., 2010). 

Patients could choose to slow and break down their movements so that the visual feedback 

would have enough time to correct for any disruptions (Messier et al., 2003). Nevertheless, in the 

absence of joint information, it would be difficult to calculate interaction torques. Hence, patients 

tend to resort to single-joint motions to minimize such interaction torques (Messier et al., 2003). 

Yet again, visual feedback could still be used to train the feedforward predictor of such 

interaction torques (Cheung et al., 2005), but in a limited capacity (Ghez and Sainburg, 1995).   

5.3 Future directions 

5.3.1 How much can behavioural evidence of OFC tell us about motor control? 

 

OFC appears to be a very strong model in terms of capturing behavior across many different 

contexts like reaching movements (Trommershäuser et al., 2005; Rigoux and Guigon, 2012), 

perturbation compensation (Crevecoeur and Scott, 2013), and whole-body postural control 

(Welch and Ting, 2008). However, as a nominal model, OFC can never be proved or disproved, 
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and can only provide some testable predictions based on the variables that we think might be 

controlled in a task. For instance, a general assumption in an OFC controller is that aside from 

caring about the goal of the task, it also tries to achieve the task with a minimum amount of 

energy expenditure (Todorov and Jordan, 2002): in other words, finding the solution with the 

lowest “cost”. However, in studies developed to directly test whether the nervous system 

specially cares about lowering energy expenditure during reaching movement control, 

participants’ behavior could not be predicted by an OFC controller which minimized a cost 

function comprising target position and energy cost (Kistemaker et al., 2010, 2014). Similarly, in 

the original bimanual study by Diedrichsen (2007), while the amount of hand motion induced by 

perturbation in the perturbed arm was on the order of few centimeters, the corrections in the 

unperturbed hand were on the order of a few millimeters. In the pilot studies we performed prior 

to Experiment 1, we realized that in the single cursor condition, if only one hand was perturbed, 

the unperturbed arm did not show any correction regardless of the size of the perturbation (data 

not shown). This result seems to occur because when correcting for errors, the nervous system 

does not only care about the solution with the least amount of energy expenditure, but also cares 

whether or not an error can be attributed to an actuator; a concept known as “error assignment” 

(White and Diedrichsen, 2010; Reichenbach et al., 2013). While these findings might look as if 

they contrast with OFC at first glance, they can help us better understand the cost functions that 

the nervous system might actually be considering before solving the control problem, which in 

turn could be helpful in better understanding the physiology of control.  

Another important question is whether, in a bimanual coordination task, all proprioceptive 

information about a perturbation in one limb is made available to the other limb in a short period 

of time. In another pilot study, we realized that while the hand movement of the right hand could 
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take advantage of the direction of the perturbation on the other hand, it could not implement 

knowledge about the perturbation magnitude in coordinating the proper response as quickly as 

the knowledge about the direction (data not shown). This finding could mean that the 

perturbation magnitude information did not travel as fast, so it might be processed in a different 

area that has limited access to contralateral cortex. It could also mean that the area processing 

response magnitude is not the same as the one controlling response direction (Hening et al., 

1988). All these questions need further experiments to elucidate what kind of information is 

available bilaterally in rapid coordination of bimanual tasks and what areas might be involved. 

5.3.2 Neural correlates of movement control, challenges and opportunities. 

 

There are many questions that need to be answered before we can truly understand the neural 

correlates of movement control. For instance, as mentioned earlier, there are multiple feedback 

pathways from the periphery to the cortex, and they are not necessarily carrying identical 

information. Depending on what kind of information each area receives and the processing 

happening in that area, its effect on the output can change. For instance, areas 3b and 1 receive 

cutaneous and proprioceptive information from the periphery. Since it seems that this 

information cannot be modulated by the behavioural task, one would expect the cutaneous 

information to be represented in M1 in a non-task specific fashion. If that is so, what is the 

significance of cutaneous information in motor control? Or, there are studies suggesting that 

primary and secondary muscle spindles reach motor cortex through different pathways, i.e., 

primary muscle spindle information goes through area 1, and secondary muscle spindle 

information goes through the cerebellum (Murphy et al., 1975). Does the type of information 

carried by each pathway (dynamic vs. static) have a functionally different role in motor control? 
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There are studies suggesting that the dynamic feedback response (e.g. arm acceleration or jerk) 

could actually provide a predictive control strategy as where the limb will be some time in the 

future (Bedingham and Tatton, 1985; Flament and Hore, 1988). This could be an important 

strategy given the delay in the sensory feedback (but see Crevecoeur and Scott, 2014 for a 

theoretical evaluation of this hypothesis). However, there are very few studies investigating these 

sorts of questions.  

Another potential question is that, in a bimanual scenario as in Chapter 2, what is the 

pathway that provides proprioceptive information to the ipsilateral motor cortex in such a short 

time? The primary somatosensory area mostly responds to the movement of one joint in one 

direction on the contralateral side of the body (Powell and Mountcastle, 1959), so it could not be 

the source of this information. On the other hand, area 5 neurons have more complex receptive 

fields and some have bilateral receptive fields (Duffy and Burchfiel, 1971). Our results suggest 

that feedback information through A5 is not available to motor cortex earlier than 40 ms post-

perturbation. If that is true, if A5 is the source of such feedback from the opposite arm, we 

expect perturbation responses from the ipsi-lateral arm to happen some time after 40 ms as well. 

A prediction that needs further exploration. 

However, it is important to remember that even if such temporal predictions happen to be 

verified using recording techniques, the connectivity inferences suggested by these temporal 

patterns (like those discussed in Chapter 4) are merely correlations. For instance, in our task, it is 

not clear if area 5 is the source of the gained signal when the monkey is engaged in a task, or if 

A5 simply receives it faster from another area, which also feeds this information to the rest of the 

brain. While disease models can help in testing such correlations, it should be remembered that 

patients living with a pathology for a long time might have established compensatory 
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mechanisms (e.g. plastic changes in other CNS areas) that might mask their primary deficiency 

(e.g. a patient with complete cerebellar agenesis (Yu et al., 2014)). More rigorous temporary 

intervention techniques are necessary for establishing any causal relationship. Different areas 

could be activated/deactivated using techniques like TMS (Della-Maggiore et al., 2004; Premji et 

al., 2011; Spieser et al., 2013), cooling probes (Conrad et al., 1974; Hore and Vilis, 1980; 

Brinkman et al., 1985; Schmidt et al., 1992), or pharmacological agents (Sawamura et al., 2010), 

to see their effects on movement control. However, such large-scale intervention techniques lack 

certain physiological properties, which confound the role that each area plays in the control 

process. For instance, cooling techniques lack temporal/spatial precision, and while stimulation 

techniques (e.g. TMS) can be temporally synced with an event, they lack any cell specificity. On 

the other hand, while pharmacological agents can have cell-specific effects, they lack the 

pulsatile nature of neurotransmitter release happening naturally. 

The development of more cell-specific, spatially and temporally precise techniques seems 

essential for a breakthrough in our understanding of motor function. Recent advances in the 

genetic techniques, like optogenetics, give us the ability to intervene with cell activity with high 

temporal precision (Han et al., 2009; Zhang et al., 2010; Diester et al., 2011). Combined with 

transgenic techniques, there have been great advancements in our understanding of the motor 

system in the short time since their development, in ways that were not possible just a few years 

ago. Some examples are the role of D1 and D2 dopamine receptors in movement execution 

(Kravitz et al., 2010), the role of different spinal interneurons in motor control (Kinoshita et al., 

2012; Bui et al., 2013; Azim et al., 2014, 2014; Pivetta et al., 2014), and more importantly the 

interaction of different cortical layers for motor control (Weiler et al., 2008; Harrison et al., 

2012; Huber et al., 2012; Tsubo et al., 2013). Using similar techniques could provide us a wealth 
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of information on how feedback pathways contribute to motor control. For instance, does the 

inactivation of primary and secondary muscle spindles have functionally different consequences? 

Or would the deactivation of peripheral feedback during a predictive vs. random schedule of 

mechanical perturbations be functionally different? These are types of question that are almost 

impossible to explore using conventional intervention techniques. 

5.4 Conclusions 

 

Recent theories of motor control suggest that sensory feedback is flexibly modulated across 

different behavioural tasks to generate motor outputs. We tested this hypothesis by perturbing the 

arms of humans and non-human primates across different behaviours and investigated whether 

their feedback responses were different across tasks. We also examined the underlying neural 

circuitry that could support such task-specific modulation of sensory feedback. We found that 

while many different sensory and motor areas were sensitive to somatosensory feedback, each 

area had a specific pattern of sensitivity to the motor task in hand. Interestingly, it seems that the 

activity of motor cortex reflects the activity of all these different areas, showing task-dependent 

(or –independent) activity with different temporal delays, depending on the behavioural task. We 

believe that these results might reflect multiple feedback pathways converging at a common 

motor output (e.g. primary motor cortex). Nevertheless, this is not in contrast with each area 

having a direct access to lower motor pathways or mean that the output is limited to M1. Such 

convergence could happen at multiple levels like the spinal cord or the brain stem.  
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