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Abstract

Adaptive motor behavior requires efficient error detection and correction. The posterior parietal 

cortex is critical for on-line control of reach-to-grasp movements. Here we show a causal 

relationship between disruption of cortical activity within the anterior intraparietal sulcus (aIPS) 

by transcranial magnetic stimulation (TMS) and disruption of goal-directed prehensile actions 

(either grip size or forearm rotation, depending on the task goal, with reaching preserved in either 

case). Deficits were elicited by applying TMS within 65 ms after object perturbation, which 

attributes a rapid control process on the basis of visual feedback to aIPS. No aperture deficits 

were produced when TMS was applied to a more caudal region within the intraparietal sulcus, 

to the parieto-occipital complex (putative V6, V6A) or to the hand area of primary motor cortex. 

We contend that aIPS is critical for dynamic error detection during goal-dependent reach-to-grasp 

action that is visually guided.

Everyday behaviors such as reaching for and grasping an object (reach-to-grasp movements) 

can be produced effortlessly despite a gauntlet of potential sources of error. Error may arise 

from uncompensated limb dynamics, from contextual changes in the extrinsic environment 

or from noise within the sensory and motor systems. The minimization of such error 

depends on a rapid on-line comparison between the issued motor command, current sensory 

information and the goal of the action. At present, little is known about the specific brain 

mechanisms participating in on-line adaptive control that minimize error during reach-to-

grasp movements. Here we define a neural correlate that is critical for adaptive control of the 

human hand when grasping a visual object that is undergoing unexpected perturbations in 

size or orientation.

Reaching and grasping seem to involve dissociable processes1. In macaques, the reach 

component is mediated by a parieto-frontal circuit comprised of the superior parietal lobule 

and the dorsal premotor cortex2. Grasp is controlled by a more ventral circuit that involves 

the anterior inferior parietal lobule and the inferior frontal cortex3. The present study 
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focused exclusively on the contribution of the anterior inferior parietal lobule to adaptive 

control of grasp.

Although the anatomy of the grasping circuit is well delineated in macaques4,5, an 

understanding of the functional contributions of nodes residing within this circuit is just 

beginning to emerge. In particular, electrophysiological recordings in nonhuman primates 

implicate a region along the anterior-lateral bank of the intraparietal sulcus (area AIP) 

in grasp-related control6–8. Neurons in AIP are recruited for visual and/or tactile object 

discrimination and are preferentially activated for various hand configurations during 

grasping of differently shaped objects7–11. Further, the causal involvement of AIP in grasp is 

demonstrated through pharmacological inactivation of this area with subsequent disruptions 

of hand preshaping during grasping12. Thus, it is postulated that AIP may furnish area 

F5 with visual signals of objects to aid in the selection of grasp configurations that are 

appropriate for their intrinsic attributes (shapes, sizes and orientations)7,8.

In humans, a grasp-specific region within the aIPS is proposed as the putative homolog to 

macaque area AIP. Patients with circumscribed lesions to the aIPS show marked deficits 

in hand preshaping during visually guided reach-to-grasp movements, whereas reaching 

remains relatively intact13. Several functional neuroimaging studies indicate that focal 

activation within the aIPS of the healthy brain occurs in association with visually guided 

grasping14–16. Together, these studies implicate aIPS in visually guided grasping but leave 

open the question of precisely what computations it implements.

One possibility is that the aIPS is involved in detecting and/or correcting errors in ongoing 

grasping movements on the basis of visual feedback in a manner similar to what more 

posterior parietal cortex does for reach-to-point movements. Indeed, patients with posterior 

parietal lesions are not able to readjust their hand path to a peri-saccade target jump, 

although they are able to reach-to-point to stationary targets perfectly well17,18. More 

direct evidence is provided by the application of TMS to a region just caudal to the aIPS, 

disrupting the ability to correct reach-to-point movements in response to abrupt changes 

in target location19. To test our hypothesis, subjects reached for and pincer-grasped a 

rectangular block whose long dimension was reoriented horizontally or vertically from an 

initial horizontal orientation by a motor (Fig. 1). In Experiment 1, subjects grasped the 

object under the constraint of always keeping the index finger and thumb oriented along an 

imaginary vertical axis (by appropriately scaling the aperture between the index finger and 

thumb). In Experiment 2, the subjects repeated the first experiment under the constraint of 

only grasping the narrow dimension (by appropriately rotating their forearm). This allowed 

us to investigate whether computations carried out within aIPS are exclusive to grasp alone 

or apply to other grasp-related processes, such as grasp orientation. Magnetic resonance 

imaging (MRI)-guided TMS was applied either early (at movement onset) or late (at the 

time of peak grip aperture) in the movement in an effort to disrupt neural activity either in 

the contralateral aIPS or in one of three control sites, while hand kinematics were recorded. 

We hypothesized that disruption of neural activity in the aIPS, but not in the other sites, 

would interfere selectively with adjustments of grasp that normally occur during perturbed 

trials—even on the first exposure to the perturbation.
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As predicted, TMS to the aIPS, but not to the other cortical sites, selectively disrupted 

adjustments in grasp only during those trials in which the object was perturbed. Notably, 

the deficits were specific to the goal of the task such that adjustment in aperture size 

was disrupted when that was the goal (Experiment 1) and adjustment in grip orientation 

was disrupted when that constituted the goal (Experiment 2). Finally, we show that this 

disruption can be elicited only by applying TMS over the aIPS within 65 ms after object 

perturbation, which indicates that it may be responsible for error-detection processes.

RESULTS

Experiment 1a

In support of our hypothesis, the effect of TMS was observed only during stimulation over 

aIPS but not when TMS was delivered to the other cortical sites (Fig. 2). Qualitatively, 

the aperture profiles of the early- and late-TMS conditions diverged from each other in 

the size-perturbed condition, but only when TMS was delivered to aIPS (Fig. 2). That this 

pattern is observed systematically in each of the nine subjects (remaining subjects shown 

in Fig. 3) underscores the critical role of the aIPS in correcting grasping movements in 

accordance with visual feedback. Stimulation of aIPS caused both enlargements (subject S2) 

and reductions (other subjects) of grip scaling in response to the object size perturbation, 

which is indicative of a general effect on planning aperture size.

The contribution of the aIPS to the adaptive control of hand posture was particularly 

susceptible to early versus late disruption. First, time to attain peak grip aperture (TPA) 

was affected differentially by early versus late TMS stimulation, but only when TMS was 

applied to aIPS (Fig. 4a; brain site × perturbation condition × TMS time interaction: F1,8 

= 13.4, P < 0.01, mean square error (m.s.e.) = 8.1; perturbation condition × TMS time 

interaction for aIPS: F1,8 = 17.5, P < 0.01, m.s.e. = 9.9; P > 0.05 for all other brain sites). 

More precisely, delivery of an early versus late TMS pulse to aIPS induced a significant 

(group mean, 88 ms) delay in TPA in the object-perturbed condition (t8 = 4.9, P < 0.01) 

and a nonsignificant (group mean, 1 ms) delay in the unperturbed condition (P = 0.351). 

Similarly, the variance of TPA was differentially affected (brain site × perturbation condition 

× TMS time interaction: F1,8 = 11.6, P < 0.01, m.s.e. = 11.9; perturbation condition × 

TMS time interaction for aIPS: F1,8 = 20, P < 0.01; P > 0.05 for all other brain sites). 

Specifically, the difference in TPA variance between the early and late TMS conditions in 

the object size–perturbed condition (Fig. 4b; group mean, 87 ms; t8 = 4.1; P < 0.01) was 

12 times greater than that in the size-unperturbed trials (group mean, 7 ms; P > 0.05). 

The time required to grasp the object (grasp movement time) was affected differentially 

by early versus late TMS stimulation, but only when TMS was applied to aIPS (Fig. 4c; 

brain site × perturbation condition × TMS time interaction: F1,8 = 23.3, P < 0.01, m.s.e. = 

13.6; perturbation condition × TMS time interaction for aIPS: F1,8 = 26.9, P < 0.001, m.s.e. 

= 12.3; P > 0.05 for all other brain sites). Delivery of an early versus late TMS pulse to 

aIPS significantly prolonged grasp movement time by a group mean of 146 ms in the object 

size–perturbed condition (t8 = 6.3; P < 0.001), although it had a nonsignificant effect in the 

size-unperturbed condition (difference between group means, 25 ms; P > 0.05). Notably, 

the time taken to transport the hand to the object (reach movement time; see Methods for 
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clarification between reach and grasp movement time) was not significantly affected (Fig. 

4d; brain site × object perturbation condition × TMS time interaction, P > 0.05). Early 

TMS to aIPS thus led to general errors in grip sizing and specific delays in the timing of 

grasp aperture formation but not to deficits in reach. Furthermore, the observed deficits were 

present only in trials in which the object size was perturbed.

We analyzed the reliability of the observed effects of TMS to aIPS by carrying out 

preplanned comparisons for grasp movement time on an individual subject-by-subject basis. 

In seven of nine subjects (78%), early relative to late TMS delivery led to statistically 

significant delays in grasp movement time but only in the size-perturbed condition (S1: t = 

4.9, P < 0.001; S2: P > 0.05; S3: t = 2.4, P = 0.02; S4: t = = 5.3, P < 0.0001; S5: t = 4.5, 

< 0.01; S6: P > 0.05; S7: t = 3.4, P < 0.01; S8: t = 2.2, P = 0.04; S9: t 2.4, P = 0.02). The 

frequency of TMS-induced effects in our study and in a previous study19 indicates that TMS 

may be an effective tool to investigate rapid adaptive behavior.

To summarize, we report a spatial and temporal specificity to the TMS-induced deficits. 

Specifically, only early TMS delivered to aIPS led to deficient adaptive responses in 

grip configuration in response to error arising from changes in context. These findings 

lend support to our hypothesis that aIPS is involved specifically in dynamic and context-

dependent updating of grasp (see Discussion).

Experiment 1b

Having established that early TMS to aIPS disrupts context-dependent updating of grasp, we 

attempted to localize the precise time window within which this effect is reproducible. We 

delivered TMS to the aIPS of three participants from Experiment 1 (S1, S3 and S8) at 30-, 

65-, 80- and 95-ms delays after completion of the object’s rotation. Significantly deleterious 

effects on grasp movement time could be produced only by TMS delivered 30 ms after 

object perturbation (Fig. 5; S1: t = 2.9, P = 0.02; S3: t = 2.6, P = 0.03; S8: t = 3.8, P < 0.01; 

P > 0.05 for all other conditions). This result implies that aIPS is capable of determining that 

visual cues necessitate a change in the action and of offloading any pertinent information to 

target brain sites in under 65 ms.

Experiment 2

We next asked whether the aforementioned deficits that are elicited with stimulation over 

aIPS are specific to the adjustment of grip size or more generally affect the aspect of 

the reach-to-grasp action that must be reprogrammed on the basis of sensory feedback to 

achieve the actor’s intended goal. To this end, eight of nine participants from Experiment 

1 were asked to reach-to-grasp the same rectangular object. In this experiment, however, 

they were told always to grasp its narrow dimension between the index finger and thumb 

by appropriately rotating the forearm (supinating the hand; Fig. 1). When this new goal was 

imposed, the trajectory profiles of forearm orientation differed notably between the early 

and late TMS conditions, but only in the object-perturbed case (Fig. 6a). Quantitatively, 

the time required to rotate the forearm accurately to the perturbed object orientation 

(rotation time) was significantly prolonged, but only when TMS was delivered early in the 

movement (mean ± s.d.: early TMS, 940 ± 70; late TMS, 780 ± 68 ms; Fig. 6b; perturbation 
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condition × TMS time interaction: F1,7 = 44.2, P < 0.01, m.s.e. = 15.5; orientation-perturbed 

early TMS versus late TMS: t7 = 8.5, P < 0.0001). Forearm rotation time did not differ 

significantly between early and late TMS conditions in trials with unperturbed objects (mean 

± s.d., 679 ± 58 versus 704 ± 65 ms, respectively; P > 0.05). Grasp movement time was 

also differentially affected across conditions. It was prolonged for early as compared to late 

TMS delivery, but only in the orientation-perturbed condition (mean ± s.d. of early versus 

late TMS: perturbed, 849 ± 77 versus 709 ± 78 ms; unperturbed, 710 ± 105 versus 717 ± 

122 ms; perturbation condition × TMS time interaction: F1,7 = 29.7, P < 0.01, m.s.e. = 14.5; 

object-perturbed early TMS versus late TMS: t7 = 7.2, P < 0.001; orientation unperturbed, 

P > 0.05). The observation that grasp movement time was affected along with rotation 

movement time did not surprise us because grasp of the object could not be achieved until 

the forearm was properly oriented. As in Experiment 1a, the reach movement time was not 

significantly affected across conditions (all main effects and interactions, P > 0.05). Taken 

together with the results of Experiment 1a, this experiment underscores the goal-dependent 

nature of processing within aIPS during reach-to-grasp movements.

DISCUSSION

Here we show that in the context of a visual perturbation of a target object, disruption 

of processing within human aIPS caused significant deficiencies in adaptive reach-to-grasp 

kinematics. Further, the elicited deficits were goal dependent such that aperture-related 

deficits were produced if adjustment of grip size was the goal and forearm-related deficits 

were produced if adjustment of forearm orientation was the goal. Notably, aperture deficits 

were only apparent after magnetic stimulation over aIPS within 65 ms of object perturbation. 

These findings indicate that aIPS is causally involved in rapid, goal-dependent updating of 

reach-to-grasp actions.

Our findings in human subjects elaborate on an animal model in which the putative 

homolog of aIPS (AIP in macaques) furnishes premotor area F5 with visual signals to 

aid in the selection of grasp configurations and F5 reciprocates with an efference copy of 

the commanded signal7,8. This model limits AIP predominantly to a preplanning role and 

to one that is effector specific (such as the muscles and joints of the hand). Instead, our 

findings in humans indicate that information that is relevant to the reach-to-grasp movement 

may be fed back to aIPS (the putative homolog of AIP) iteratively during the evolution 

of the grasping movement. In such a feedback circuit, aIPS may be conceived of as a 

node that is responsible for integrating the efference copy of the motor command with 

incoming sensory input, either for detecting or correcting errors between these signals. 

Because deficient grasp kinematics could be elicited only by TMS delivery within 65 

ms postperturbation, we contend that disruption of aIPS interfered with error detection 

as opposed to error correction. Consistent with the temporal specificity of our effect are 

electroencephalo-graphic recordings in humans20–22 and electrophysiological recordings 

in awake monkeys23 that show stimuli-elicited parietal activations with similar latencies, 

especially when attention to the task is maximized24. In this regard, it is notable that 

error correction for grasp is observable on a behavioral level after much longer latencies 

(>300 ms after object perturbation)25–28. Our results indicate, therefore, that error detection 

processes may be extremely rapid, and thus error correction processes may occupy the bulk 
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of the latencies that are observed in grasp-related compensatory responses. This error signal, 

which is potentially a gain representing the magnitude of incongruence between efferent 

and sensory signals, may be essential for computations carried out by downstream centers 

for the on-line adjustment of action in changing environments. With respect to this, tracing 

studies have shown basal ganglia and cerebellar inputs to monkey AIP29. Taken with recent 

behavioral data that implicate the basal ganglia in addition to the cerebellum in on-line 

control30–33, it may be that these structures use the error signal provided by aIPS for error 

correction processes.

A second implication of our results is that processing within aIPS is likely to be goal 

dependent rather than limited to a particular subcomponent of the reach-to-grasp action 

(such as aperture adjustment only). This conclusion is supported by our findings that TMS 

delivery to aIPS selectively disrupted the kinematics related to either grip size or grip 

orientation depending on the aspect of the task that had to be reprogrammed to achieve 

the intended action. Notably, other regions along the IPS have been implicated distinctly in 

the learning and adjustment of hand path during reach-to-point movements19,34, adjustment 

of aperture size35 and goal-dependent hand (forearm) orientation (ref. 36; also see ref. 1). 

Against this backdrop, our findings indicate that current goals related to reach-to-grasp 

and reach-to-point movements may both be represented within and/or near aIPS and that 

the generated error signal may additionally contain a diagnostic component that describes 

a context-specific source to the error (in our case, aperture adjustment versus forearm 

rotation). In support of this, neurophysiological recordings in adjacent IPS regions of 

nonhuman primates show that neurons can have dynamic representations that are modulated 

by behaviorally relevant cues. For example, despite modest neural responses to auditory or 

color stimuli within the lateral intraparietal area, neurons of this area can represent these 

stimuli if the stimuli are behaviorally related to the goal of an eye movement37.

Whether goal-directed processes within aIPS generalize to other aspects of grasping remains 

open to discussion. It remains to be determined whether disruption within aIPS would 

interfere with grip force selection when a subject is confronted with unpredictably perturbed 

object weight and/or size. Thus far, neurophysiological recordings have been obtained only 

from somatosensory, premotor and cerebellar cortices during predictable perturbations of 

weighted objects; it has primarily been the dorsal anterior interpositus nucleus of the 

cerebellum that has shown significant anticipatory-related changes in firing patterns38. 

Given the goal-dependent nature of processing and the conglomeration of both visual and 

somatosensory neurons within aIPS, it would be interesting to investigate whether the 

function of this region is limited to visually driven error detection processes, such as those 

required in our study, or whether it encompasses a more-general error detection function 

that is related to grasp and that includes proprioceptively driven error detection (as would be 

required to overcome unpredictable changes in object weight).

In summary, we show a causal relationship between aIPS and dynamic, goal-dependent 

updating of reach-to-grasp actions. In this regard, aIPS may iteratively carry out rapid 

comparisons between the current motor command and sensory input, in the context of a 

given goal, during the evolution of the movement, continuously providing a diagnostic error 

signal that may be used by downstream structures to implement corrective actions.
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METHODS

Subjects.

Nine healthy, right hand–dominant subjects (five females, four males; mean age ± s.d., 25 ± 

1.3 years old) participated after providing written informed consents.

Procedure.

Seated subjects reached to grasp a rectangular object (1 cm × 1 cm × 5 cm) mounted on the 

shaft of a motor (Kollmorgen model no. S6MH4) and positioned on a table at wrist length 

along a sagittal axis from the subject’s right shoulder. The object was oriented horizontally 

at the start of each trial. Each trial began with a tone (440 Hz, 400 ms) cueing the subject 

to initiate movement. Subsequently, the release of a start button that was held by the subject 

between trials triggered two devices at predefined delays: the motor that perturbed the 

object orientation and a transcranial magnetic stimulator (see below). The object was to be 

pincer-grasped either with the index finger and thumb oriented along a vertical dimension 

such that the object’s narrow side would be grasped if its long axis was oriented horizontally 

and the wider side would be grasped if the long axis was oriented vertically (Experiment 1) 

or such that the object was always grasped along its narrow side (Experiment 2; Fig. 1).

The experiment consisted of three blocks. From the first block (15 trials), we obtained a 

normative TPA value for that subject (mean of the last 10 trials) to be used in setting the 

timing of the late TMS pulse and the motor rotation (100% and 20% of TPA, respectively). 

The second block (30 trials) was included to familiarize the subjects with the ‘default’ 180° 

object rotation (time for motor to complete rotation: 50 ms). No TMS was administered in 

the first two blocks, and the resulting data were not analyzed because their only purpose 

was parameter specification and familiarization—the perturbed condition (see below) was 

not introduced until the third block. In the third block (60 trials), the motor was used to 

manipulate the size (Experiment 1) or orientation (Experiment 2) of the graspable dimension 

of the object. For two-thirds of pseudorandomly selected trials, the object was rotated 

180°, its final orientation remaining horizontal. For the remaining trials, the object was 

rapidly rotated 90° to a vertical orientation. This block was repeated for each brain site 

receiving TMS (counterbalanced across subjects; Experiment 1a only). Although the object 

was rotated both in 180° and 90° conditions, the task goal (size in Experiment 1; orientation 

in Experiment 2) was perturbed only in the 90° condition. Therefore, we refer to 180° 

rotations as ‘unperturbed’ trials and to 90° rotations as ‘perturbed’ trials.

Selection of control brain sites.

We chose three neural control sites to contrast against aIPS: (i) a region caudal to area 

aIPS near the apex of the IPS (cIPS), (ii) an extrastriate area that occupies the ventral 

part of the anterior bank of the parieto-occipital sulcus and the caudal part of the mesial 

precuneate cortex comprising areas V6 and V6A (parieto-occipital complex or POC) and 

(iii) the hand area of the primary motor cortex. Several studies using various methodological 

approaches (functional MRI, electrophysiological recordings and lesion studies) have linked 

the cIPS and POC sites to a variety of (mostly percept-based) functions related to grasping 

(cIPS9,10,39–42, POC43–46). Inclusion of these sites allowed us to rule out purely percept-
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based or motor deficits. Further, the spatial proximity between cIPS and aIPS serves as 

robust evidence for the specificity of TMS-induced effects. In Experiment 1, TMS was 

administered to primary motor cortex and aIPS in all nine subjects. These results are 

presented in the text. Additionally, six of the subjects received TMS to cIPS and POC. Given 

that these results remained consistent with those of the nine subjects, the results for the six 

subjects receiving TMS to cIPS and POC are presented in tabular form (Table 1). Because 

the specificity of the TMS-induced deficit was restricted to aIPS, Experiments 1a and 2 were 

conducted with TMS applied only to this cortical site.

Localization of brain sites and TMS.

A high-resolution three-dimensional volumetric structural MRI (General Electric Horizon 

whole-body 1.5T MRI scanner with a standard birdcage head coil) was obtained for each 

subject, and the cortical surface was displayed as a three-dimensional representation using 

Brainsite Frameless stereotaxic software (Rogue-Research). Each targeted cortical site was 

demarcated on the three-dimensional image using the same software. The position of 

the coil and the subject’s head were monitored using a Polaris Optical Tracking System 

(Northern Digital, Inc.). Positional data for both rigid bodies were registered in real time to a 

common frame of reference and were superimposed on the reconstructed three-dimensional 

MRI image of the subject using the Brainsite software. Thus, the center of the coil 

(stimulation locus) was continuously monitored to be over the site of interest. To minimize 

head movement, a chin rest supported the subject’s head.

A Neotonus PNS stimulator (model no. N-0233-A-110V) with an air-cooled iron-core 

butterfly-shaped coil was used to administer single-pulsed magnetic fields. Pulse duration 

for this stimulator and head coil is 180 μs (at 100% of operating power). The interstimulus 

(that is, intertrial interval) was about 10 s. The motor threshold of TMS was determined 

as the intensity required to produce a visible contraction of the intrinsic hand muscles 50% 

of the time with the coil positioned over the hand area of the primary motor cortex. The 

intensity used during the experiment was 110% of this threshold. The onset of stimulation 

was coincident with the button release (early TMS) or with the time at which peak aperture 

was reached (late TMS). Thus, on any given trial, the subject received one (either early or 

late) TMS pulse to the targeted site. Depending on whether the motor rotated 180° or 90°, 

the early and late TMS conditions had 20 or 10 trials, respectively. Early- and late-TMS 

trials, and motor rotation conditions were randomly assigned and counterbalanced over the 

course of a block (that is, brain site).

Analysis and statistics.

Kinematic data were obtained by localizing the three-dimensional position of infrared light–

emitting diodes taped to the index fingertip, thumb and the first metacarpophalangeal joint 

(m.c.p.; Optotrak 3020, Northern Digital, Inc.; sampling rate, 100 Hz). Off-line, missing 

samples were interpolated and the data were low-pass filtered (10 Hz) and were analyzed 

using custom-written Matlab (Mathworks) and Labview (National Instruments) software. 

Grasp aperture was defined as the three-dimensional distance between the index and thumb 

markers. Positional data for each marker, as well as the aperture, were differentiated to 

compute the index, thumb, m.c.p. and aperture velocity profiles. The onset of reach and 
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grasp movements was determined as the moment when the m.c.p. marker and the aperture 

velocities exceeded 5% of the respective peak velocity. Movement offset for the reach was 

defined as the point at which the tangential velocity of the m.c.p. marker fell and remained 

below 5% of peak velocity. Movement offset for the grasp was defined as the moment at 

which the object was grasped by both fingers (aperture velocity was zero). Movement time 

for the reach and grasp components, therefore, was obtained by subtracting the movement 

onset from the respective movement offset. To analyze forearm (hand) rotation (Experiment 

2), we computed the angle between the lateral direction and the frontal projection of the 

normal to a plane defined by the index, thumb and m.c.p. markers. From this, angular 

velocity was derived, movement onset and offset were identified based on a 5% peak 

threshold and the time required to rotate the forearm was computed by subtracting the onset 

from the offset.

Each dependent variable was subjected to either a three-way (factors: brain site, perturbation 

condition, TMS time) or a two-way (perturbation condition, TMS time) repeated-measures 

analysis of variance. Preplanned t-tests were used for subsequent analysis. The threshold 

for statistical significance was set at 0.05. For conciseness, only significant findings are 

reported.
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Figure 1. 
Reach-to-grasp adjustments required in Experiments 1 and 2. In most trials, the object 

rotated 180° (unperturbed), leaving the grasp aperture or grasp orientation unperturbed (left 

column). In a minority of trials, the object rotated 90° (perturbed), necessitating either an 

increase in grasp aperture (Experiment 1) or a change in grasp orientation (Experiment 2). 

Also shown are placements of the infrared light–emitting diodes, which allow tracking of 

hand position.
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Figure 2. 
Mean grasp aperture profiles for one subject in Experiment 1. Below each panel is the 

reconstructed three-dimensional image of the subject’s brain and the target site (white 

dot) over which the TMS coil was positioned. Profiles in the unperturbed and perturbed 

conditions are plotted as hatched and solid lines, respectively. Trials in which TMS was 

delivered early and late are plotted in blue and red, respectively. Vertical lines: T1 and T2, 

time of the early and late TMS pulse; M, time of the motor rotation. MC, primary motor 

cortex. POC, parieto-occipital complex. cIPS, caudal to aIPS near apex of IPS.
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Figure 3. 
Mean aperture profiles for the remaining eight subjects (shown only for aIPS). Insets 

show the respective subject’s reconstructed three-dimensional brain image and the target 

site (white dot) over which the TMS coil was positioned. Profiles in the unperturbed and 

perturbed conditions are plotted as hatched and solid lines, respectively. Trials in which 

TMS was delivered early and late are plotted in blue and red, respectively. Vertical lines: T1 

and T2, time of the early and late TMS pulse; M, time of the motor rotation.
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Figure 4. 
Group mean (± s.e.m.) for grasp- and reach-related kinematics. (a–d) Shown is (a) the time 

to peak aperture, (b) the variance (s.d.) of the time to peak aperture, (c) the grasp movement 

time and (d) the reach movement time. Perturbed and unperturbed conditions are indicated 

by vertical and horizontal object orientations, respectively. The time of TMS delivery is 

indicated as either early or late. MC, primary motor cortex.
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Figure 5. 
Mean (± s.d.) grasp movement times in Experiment 1a. Subjects S1, S3 and S8 received 

TMS to aIPS either 30, 65, 80 or 95 ms after the end of object rotation. Movement was 

significantly prolonged only when TMS was delivered at the 30 ms time point but not 

thereafter, suggesting that processing within aIPS may have been completed by 65 ms after 

object perturbation. Note the absence of this effect in the object–non-perturbed condition.
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Figure 6. 
Movement kinematics for Experiment 2. (a) Mean profiles of the forearm (hand) rotation 

angle for eight subjects. The starting orientation is approximately 0°. The targeted 

orientation either remains 0° (in the unperturbed condition) or changes to about 90° (in 

the perturbed condition). Profiles in the unperturbed and perturbed conditions are plotted as 

hatched and solid lines, respectively. Trials in which TMS was delivered early and late are 

plotted in blue and red, respectively. Vertical lines: T1 and T2, time of the early and late 

TMS pulse; M, time of the motor rotation. (b) The mean time ± s.e.m. (n = 8) to rotate the 

forearm from the starting orientation (~0°) to match the final object orientation (~0° in the 

unperturbed case and ~90° in the perturbed case).
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