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Seemingly effortless, we adjust our movements to continuously changing environments. After initiation of a
goal-directed movement, the motor command is under constant control of sensory feedback loops. The main
sensory signals contributing to movement control are vision and proprioception. Recent neuroimaging studies
have focused mainly on identifying the parts of the posterior parietal cortex (PPC) that contribute to visually
guided movements. We used event-related TMS and force perturbations of the reaching hand to test whether
the same sub-regions of the left PPC contribute to the processing of proprioceptive-only and of multi-sensory in-
formation about hand position when reaching for a visual target. TMS over two distinct stimulation sites elicited
differential effects: TMS applied over the posterior part of the medial intraparietal sulcus (mIPS) compromised
reaching accuracy when proprioception was the only sensory information available for correcting the reaching
error. When visual feedback of the hand was available, TMS over the anterior intraparietal sulcus (aIPS)
prolonged reaching time. Our results show for the first time the causal involvement of the posterior mIPS in pro-
cessing proprioceptive feedback for online reaching control, and demonstrate that distinct cortical areas process
proprioceptive-only and multi-sensory information for fast feedback corrections.
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Introduction

During goal-directed movements, sensory information is continu-
ously integrated into the motor plan in order to ensure and improve ex-
ecution success (Desmurget and Grafton, 2000; Shadmehr et al., 2010;
Wolpert et al.,, 1995). It is well established that the posterior parietal
cortex (PPC) plays a prominent role in processing sensory information
for motor control (Culham and Valyear, 2006; Filimon et al., 2009;
Heed et al., 2011; Shadmehr and Krakauer, 2008), but the functional
subdivisions within the human PPC are still highly debated.

Many neuroimaging studies on sensorimotor control have focused on
processing visual information sources (Culham et al., 2006; lacoboni,
2006), which provide information about the external world such as the
reaching target, and about the moving hand. However, behavioral
studies have shown that proprioception is nearly equally important for
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estimating the current hand position (Sarlegna et al., 2003, 2004). Fur-
thermore, it has been suggested that the ‘mode of control’ of reaching
movements to a visual target depends on whether only proprioceptive
information about the hand position can be used, or whether vision is
also available (Krakauer et al., 1999; Reichenbach et al., 2009). The latter
allows for directly relating visual target and hand position in a common
reference frame (Tagliabue and McIntyre, 2011), and different neural
circuits may be recruited dependent on the mode of control (Bernier
et al., 2009). Recent fMRI studies have assessed the relative contribution
of different PPC areas to the processing of visual and proprioceptive in-
formation during motor control, mainly by investigating brain activity
during the whole movement (Bernier and Grafton, 2010; Blangero
et al,, 2009; Filimon et al.,, 2009; Pellijeff et al., 2006), in which different
temporal stages of movement control can hardly be disentangled. TMS
studies have extended our current knowledge on this topic (Vesia and
Crawford, 2012) to the temporal domain by focusing on the movement
preparation phase (Vesia et al., 2008, 2010). As different mechanisms
have been suggested for planning vs. execution of a goal-directed move-
ment (Desmurget and Grafton, 2000; Glover, 2002; Sabes, 2000), their
neural implementation may also rely on distinct cortical regions.
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For specifically studying the execution phase of a movement, or more
specifically online control processes, random perturbations are intro-
duced during the movement (Goodale et al., 1986), resulting in extreme-
ly fast changes of the movement. These perturbation paradigms are
extensively used in behavioral research to investigate the integration of
visual and proprioceptive afferent information into the current move-
ment. On a cortical level, mainly the contribution of visual feedback to
online control of reaching (Desmurget et al., 1999; Diedrichsen et al.,
2005; Reichenbach et al.,, 2011) or grasping movements (Rice et al.,
2006, 2007; Tunik et al., 2005, 2007) has been investigated. The temporal
resolution of fMRI is sub-optimal for examining fast online control pro-
cesses, and due to its correlative nature, one cannot assess whether the
activated brain regions are crucial for those control processes. Thus, the
cortical regions necessary for processing proprioceptive information for
online reaching control remain elusive.

The goal of the current study was to delineate the parietal areas that
are crucial for processing only proprioceptive feedback information dur-
ing online control of goal-directed movements. Further, we aimed at
comparing these regions with those contributing to multimodal pro-
cessing of feedback information, i.e. vision and proprioception, again
specifically for the online control phase. We utilized a reaching para-
digm with force perturbations, which randomly pushed the reaching
hand perpendicular to the reaching direction after the movement had
started. Thus, participants could not anticipate the perturbation and
had to correct online in order to reach the goal of the movement suc-
cessfully. When visual feedback about the hand position was with-
drawn, participants could only correct for the perturbation using
proprioceptive information about their reaching hand position (propri-
oception-only). When visual feedback was available, they could use
visual and proprioceptive information for correcting the reaching
movement (proprioception + vision). Shortly after the force impulse,
we applied event-related TMS on different parietal sites to probe the
causal contribution of the underlying cortical areas to the corrective
movements. The good temporal resolution of event-related TMS
allowed us to interfere specifically with neural processing for the
corrective movement. Behavioral deficits after administering TMS dem-
onstrate a causal contribution of the stimulated cortical area to the
correction process. In order to enhance the spatial resolution of TMS,
we tested a whole grid of TMS stimulation sites (Busan et al.,, 2009,
2012; Reichenbach et al,, 2011; Striemer et al,, 2011) instead of only
stimulating one likely candidate area and an unrelated control site.

The results of this study demonstrate for the first time the causal in-
volvement of the posterior part of the medial intraparietal sulcus (mIPS)
in processing of proprioception specifically for online control of
reaching movements. The combined results of this and other studies
(Chib et al., 2009; Della-Maggiore et al., 2004; Vesia et al., 2010) identify
this region as a key area for processing proprioceptive information for
motor control. Furthermore, this region can be clearly distinguished
from an area around the anterior IPS, which is crucial for online senso-
rimotor processing in the presence of visual feedback about the hand
position.

Materials and methods
General procedure

Nine healthy, right-handed volunteers (ages 21-32 years, four fe-
males) including one of the authors participated in the study. Besides
the author, all participants were naive about the purpose of the study.
They had normal or corrected-to-normal vision and no history of neuro-
logical disorders. Written informed consent was obtained from each par-
ticipant prior to the first experiment. The study was conducted in
accordance with the Declaration of Helsinki, and approved by the local
ethics committee of the Medical Faculty of the University of Tiibingen.
Each participant attended several experimental sessions, in which he/
she was first familiarized with the overall procedure, then the pre-

experiments were conducted, and finally the TMS experiment was
performed in three sessions lasting ~2.5 h each, including setup. TMS ses-
sions were separated by one week or more. During the MRI scan and the
TMS experiments, participants wore earplugs to prevent hearing damage
and auditory influence on task performance.

The experiments were conducted in a virtual reality environment
with spatially matched visual and haptic scenes, where participants
performed reaching movements to a visual target with their right
hands holding onto a robot arm (Fig. 1A). During the movements, the
robot arm applied brief force perturbations to the reaching hand
(Fig. 1B) under two sensory feedback conditions. Proprioception-only:
Visual feedback about the hand position was not available, thus partici-
pants could only use proprioceptive information about the hand position
for guiding the movement, and for correcting trajectory deviations in-
duced by the force perturbation. Proprioception + vision: Participants
could use both visual and proprioceptive feedback about the hand
position for correcting the arm trajectory. We then tested whether the
participants' ability to correct for the perturbation was reduced when
event-related TMS was applied to nine distinct brain regions over the an-
terior part of the posterior parietal cortex (PPC). We chose the stimula-
tion sites such that they covered approximately equidistantly the left
PPC, including areas that are involved in online movement control or
the processing of proprioceptive information according to previous
studies (Table 1).

Pre-experiments

A T1-weighted structural image (MPRAGE, TR 1900 ms, TE 2.26 ms,
TI900 ms, flip angle 9°, 192 coronal slices, 1 mm iso-voxel resolution, 2
averages) was acquired on a Siemens 3T TIM Trio (Siemens, Erlangen,
Germany) for each participant. These images were later used to position
the TMS coil.

In a behavioral session prior to the TMS sessions, we determined the
individual force levels needed to equate the impact of the force pertur-
bation across participants. The goal was to match the resulting reaching
trajectories between participants by matching the maximal trajectory
deviation resulting from the force perturbation. Participants performed
the same task as in the main experiment (see below) without TMS stim-
ulation, but with force impulses of different strengths intermixed, rang-
ing from 0 to 25 N in steps of 5 N. The force level resulting in a maximal
trajectory deviation closest to 25 mm was used as individual force level.
This procedure yielded force levels of 10 N for two participants and
15 N for the remaining seven. Additionally, this session served to mini-
mize training effects in the TMS sessions.

Technical Setup

A mirror-setup with a top-mounted CRT monitor and shutter glasses
(StereoGraphics/REAL D, Beverly Hills, California, USA) was used to ren-
der the visual scene in 3D in congruence to the haptic scene (Fig. 1, Sup-
plementary material Figure S1). The latter was controlled by a robot arm
(DekiFeD, Technische Universitdit Miinchen, Germany; (Buss and
Schmidt, 1999)) used as manipulandum, which restricted the hand
movements to a horizontal plane with two degrees of freedom. Partici-
pants were comfortably seated on a chair, and a chin and forehead rest
supported their head in order to minimize head movements. They kept
a handle, which was mounted on top of the robot arm, grasped with
their right hand throughout the experimental blocks. Visual feedback
about the hand position (a red sphere) projected onto the mirror
corresponded spatially to the top of this handle, but the mirror
prevented direct vision on the hand itself. Thus, the visual scene provid-
ed veridical feedback about the physical hand position not requiring ad-
ditional coordinate transformations between visual and proprioceptive
hand feedback. The robot arm actively followed the hand movements to
minimize its inertia as felt by the participant. Visual scene presentation
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Fig. 1. Schematics of the experimental setup. A) lllustration of the visual and the matching haptic scene, with the latter being occluded by the mirror. The TMS coil position roughly cor-
responds to a stimulation site above the left PPC. Not shown: The participant was seated comfortably in a chair with his head supported by a chin and a forehead rest to minimized head
movements (cf. Supplementary material Figure S1). B) Illustration of the force perturbation.

robot arm

and acquisition of the kinematic data was performed at 120 Hz. For ad-
ditional technical details, please refer to Reichenbach et al. (2009).

Procedure and behavioral task

Each of the three TMS sessions proceeded in complete darkness, ex-
cept for the visual objects rendered on the CRT monitor on a black back-
ground. Each session consisted of 12 experimental blocks, plus one
initial training block to familiarize the participant with the task and to
minimize training effects throughout the experiment. An experimental
block lasted 10-15 min and contained 72 trials that covered three
repetitions of all possible combinations of the independent variables
(except for TMS stimulation site being constant for each block) to
equal proportions: Sensory feedback about the hand position (proprio-
ception-only/proprioception + vision), TMS (yes/no), target position
(15° to the left/15° to the right), and force perturbation (to the right/
to the left/none). The order of presentation was fully randomized in a
block to prevent any predictability or anticipation of the force

Table 1

TMS stimulation sites. The MNI coordinates used to plan the TMS stimulation sites are
specified, additionally to the corresponding references. The coordinates from the study
of Reichenbach et al. (2011) are all brain areas where the authors found significant
reach-related BOLD activity, or activity related to online corrections to visual perturba-
tions. Additionally, TMS over the sites alPS, SMGgyperior, and SMGyniqaie yielded significant
disturbance of the correction to visual perturbations in that study. mIPSp,serior Was includ-
ed because two TMS studies successfully used this stimulation site to interfere with the
processing of proprioceptive hand/arm information during a motor task (Chib et al.,
2009; Della-Maggiore et al., 2004). Finally, alPSyosterior and SMGipgerior Were included to
complement the grid. The tested sites constitute a compromise between feasibility of
the study with respect to the testing time and covering the portions of the PPC that
might be involved in online processing of sensory information about the reaching hand/
arm. We did not include more medial-posterior areas as they have mainly been associated
with processing information about the target of reach (Bernier and Grafton, 2010;
Diedrichsen et al., 2005; Gallivan et al., 2009; Vesia et al., 2010).

Stimulation MNI coordinates Derived from

Site X/y/z in [mm]

mIPSanerior  —36/—49/57 Stimulation site SPLg,,, (Reichenbach et al., 2011)
mIPSigae  —33/—56/55 Stimulation site reach (Reichenbach et al., 2011)
MIPSposterior  —36/—64/54 (Chib et al., 2009; Della-Maggiore et al., 2004)

alPS —44/—42/55 Stimulation site IPSgo,, (Reichenbach et al,, 2011)
alPSyosterior  —41/—49/53 Same vector from aIPS as mIPS ygqte from mIPScerior
SMGsyperior ~ —45/—40/45 Stimulation site SMGgroyp (Reichenbach et al., 2011)
SMGmiddie —53/—33/40 Stimulation site SMGingiy (Reichenbach et al., 2011)
SMGinferior —60/—27/36 Anterior-inferior to SMGiddie

alPS igne 44/—42/57 Stimulation site IPS,;g,c (Reichenbach et al,, 2011)

perturbation and the administration of TMS. Altogether, 12 repetitions
were recorded for each combination of independent variables (includ-
ing the TMS stimulation site), resulting in four experimental blocks
per TMS stimulation site. The order of the 36 blocks was pseudo-
randomized within and across sessions for each participant indepen-
dently to prevent putative training or fatigue effects from biasing the re-
sults. Pseudo-randomization in the respect that each set of stimulation
sites was tested in a fully randomized fashion before proceeding with
the next set of stimulation sites with the additional constraint that no
site was tested twice in a row. Post-experiment interviews confirmed
that the stimulation sites over the left PPC were undistinguishable for
the participants.

A trial started with the presentation of the starting position (magenta
sphere) with visual feedback about the hand position (red sphere)
present. The starting position was randomly jittered in a 2 x 2 cm area
located 10 cm in front of the participant about the body midline. After
the hand had been maintained in the starting position for about one sec-
ond, the target (another magenta sphere) appeared and the starting po-
sition disappeared. The target was displayed at a distance of 20 cm from
the starting position and its location was 15° on either side of the body
midline. The participant's task was to look at and reach for the target as
quickly and precisely as possible. In proprioception-only reaching trials,
the visual feedback about the hand position disappeared as soon as the
target appeared. The time at which the velocity of the hand dropped
below 1 cm/s again was defined as the end of the trial, after which the
visual scene disappeared for two seconds.

In force perturbation trials, the robot arm exerted a constant force on
the participants' hand over a reaching distance of 5 cm. The onset of the
force was randomized between 1 and 4 cm away from the starting posi-
tion, and the direction was perpendicular to the reaching direction to ei-
ther side. In TMS trials, four magnetic pulses were applied at a frequency
of 60 Hz. The first pulse was delivered 30 ms after onset of the force im-
pulse (Reichenbach et al., 2009, 2011). Since the first corrective re-
sponses to such perturbations can be observed with EMG within less
than 100 ms (Reichenbach et al., 2009), we covered with the TMS pulses
(ranging from 30 to 90 ms after the perturbation started) the whole pe-
riod in which the processing for initiating the correction occurred.

TMS stimulation

A grid of 8 TMS coil positions ranging from the inferior SMG to the
posterior part of the mIPS in the left hemisphere (Fig. 2), and one addi-
tional position on the contra-lateral hemisphere were derived from
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posterior

superior

inferior

Fig. 2. TMS stimulation sites, rendered on the reconstructed left hemisphere of an exemplarily participant. Adjacent stimulation sites were 0.5-1.5 cm apart. CS: central sulcus; PCS:
postcentral sulcus; IPS: intraparietal sulcus; mIPS: medial IPS; aIPS: anterior IPS; SMG: supramarginal gyrus.

previous TMS studies investigating online control or proprioceptive
processing during reaching (Chib et al., 2009; Della-Maggiore et al.,
2004; Reichenbach et al., 2011) (Table 1). With these sites, we covered
a broad region of the left PPC for which sensorimotor processing related
to our questions had been localized previously. The extra control site on
the right hemisphere was added to match unspecific side effects and the
discomfort of the most anterior stimulation site (aIPS), to which this
control site was mirrored. The distance between adjacent stimulation
sites ranged between 0.5 and 1.5 cm, dependent on the sites and the
participants' head size. This allowed dissociation between different
sub-regions of the PPC, and adjacent coil positions served as mutual
control sites. Individual coil positions were preplanned by transforming
the MNI coordinates of the grid from MNI space (Mazziotta et al., 2001)
to the space of the individual structural images using the linear registra-
tion (FLIRT) of FSL 4.0 (FMRIB, Oxford, UK; (Smith et al., 2004, 2005)).
The closest coil position on the skull of every participant was deter-
mined for each coil position using custom-written MATLAB routines
(The MathWorks, Natick, MA, USA) and the surface reconstruction of
the skull as obtained with BrainVoyager 2000 (Brain Innovation,
Maastricht, The Netherlands).

Biphasic TMS stimuli were applied with standard current direction
using a Medtronic MagPro X100 stimulator (MagVenture, Farum,
Denmark) with a MC-B70 butterfly coil. The coil position was monitored
using a neuronavigation system (BrainView, Fraunhofer IPA, Germany;
see Kammer et al. (2007) for a description of the system). The spatial ac-
curacy of the registration between the participant’s real head and his an-
atomical MR image in the neuronavigation system was established at the
beginning, and checked again at the end of each session using positions
of clearly visible landmarks (e.g., nasion and inion). A trained investiga-
tor held the coil manually, keeping the coil position in a range of 2 mm
to the pre-planned stimulation sites on the skull by constantly monitor-
ing the coil position on the display of the neuronavigation system that
also displayed the numerical distance between the planned and the actu-
al coil position in mm. Blocks were repeated (five blocks total) whenever
the distance of the coil to the planned stimulation site exceeded 2 mm.
The stimulation intensity was chosen to meet two competing goals: It

should be as high as possible to maximize the impact on the stimulation
site without eliciting direct effects on the primary motor cortex. For this
purpose, the coil was placed at the most anterior stimulation site at the
beginning of each session, and the intensity was gradually decreased
until no more motor responses were elicited in the finger muscles for
at least 10 consecutive trials (tested by recording surface EMG from the
relaxed first dorsal interosseus). To ensure no stimulation of the primary
motor cortex during the movements, 80% of this intensity was then used
as the individual stimulation intensity throughout the session. This pro-
cedure resulted in stimulation intensities of 32-61% of maximum stimu-
lator output. The coil was initially oriented parallel to the central sulcus
with the handle pointing downwards, and adjusted when necessary
(see Supplementary material Table S1 for details). The induced field di-
rection of the most effective flank was therefore directed from posteri-
or-lateral to anterior-medial, perpendicular to the central sulcus.

Behavioral measures and data analysis

The on- and offset of the movement for data analysis purposes were
defined as the time at which the velocity of the robot arm exceeded and
fell below 2 cmy/s, respectively. Trials were excluded as outliers from
further analysis if total time, total path length, or peak velocity were
outside the range of the participant's mean £ 3*SD. Thus, the subse-
quent data analyses included 98% of the recorded trials.

The impact of TMS on the online corrections to the force perturba-
tion was assessed by applying different measures to the kinematic
data. Endpoint error was defined as the distance of the final hand posi-
tion to the target and calculated separately for the component perpen-
dicular to the reaching direction towards the targets, and for the
component in direction of the reaching targets. For the force perturbed
trials, the error perpendicular to the reaching direction denoted the
amount of correction for the perturbation, and was thus coded with re-
spect to the perturbation (CorrX). Incomplete corrections for the force
impulse were coded with positive values, and overshooting corrections
would then be denoted with negative values. For unperturbed trials, the
error perpendicular to the reaching direction was the actual deviations
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from the target (ErrorX), with rightwards deviations coded with posi-
tive values. For the errors in direction of the reaching, overshooting
the target was coded as positive value (ErrorY), both for perturbed
and unperturbed movements. As the perturbation occurred perpendic-
ular to the reach, we did not expect a correction in the direction of the
reach. For both directional errors, we also assessed the variability
(VarX, VarY), which was defined as the within-subject standard devia-
tion of the endpoint measures. As an additional spatial measure, we
assessed for the perturbed trials the absolute value of the maximum de-
viation (MaxDev) between the recorded trajectory and an ‘ideal trajec-
tory’ (ie., a straight line between the starting point and the target).
This measure was mainly used to control for successful manipulation
of the trajectory by the force impulse. The overall reaching time
(ReachTime) was split up in acceleration (AccTime) and deceleration
(DecTime) time, separated by the time point when the maximal velocity
was reached. We conducted the main analyses for the trials with force
perturbations to assess the effect of TMS on the online corrections. To
control for general reaching related effects of TMS, most analyses were
also conducted for the trials without force perturbation. The interest
of this study focused on general effects of TMS on processing sensory
hand information for the online control of reaching movements inde-
pendent of the hemifield of the target or the direction of the correction.
Thus, we first confirmed with a detailed analysis on our main measure
of interest, CorrX, that TMS did not differentially influence the corrective
responses dependent on target or perturbation direction. Subsequently,
we collapsed the data across the factors of no interest target position
(15° to the left or to the right) and perturbation direction (to the left
or right) for all further analyses.

For each TMS stimulation site, we first compared trials with versus
without TMS using pre-planned paired t-tests separately for trials with
and without availability of the visual feedback about the hand position.
To correct for multiple comparisons, we used Bonferroni corrections for
the number of stimulation sites. Additionally, we conducted permutation
tests with 10000 repetitions in order to assess the p-values that would
yield at most 5% false positive accumulated over all stimulation sites
given our data (see Supplementary material S1 for a detailed description
of the method). In order to confirm any significant effects from this first-

Table 2

level analysis, we compared the TMS effects (TMS-no TMS) of these sites
to the average TMS effect of all other sites (Oliver et al., 2009). As next
step, to test for the spatial specificity of a stimulation site that showed
a significant effect, we compared the TMS effect for this site with its ad-
jacent stimulation sites (all sites closer than 1.5 cm). Finally, to test for
the functional specificity of this site, we compared the TMS effects be-
tween the two sensory feedback conditions for this site. Compared to a
standard omnibus ANOVA, this approach has a higher power to detect
significant effects that are localized to a single stimulation site when test-
ing a larger number of sites. Reported values are mean =+ SE across par-
ticipants, unless stated otherwise. Bonferroni-corrected t-tests and the
corresponding permutation tests converged to the same results. There-
fore, we only report the values for the permutation tests.

Control measurements

The individual force strengths led to a MaxDev around 25 mm and a
small inter-individual variance (Table 2). Thus, the experimental ma-
nipulation to equate the spatial deviation by using individual force
strengths was accomplished successfully. For none of the stimulation
sites did TMS affect MaxDev in any condition.

The force impulse started on average 99.5 ms after movement onset
with an intra-subject standard deviation of 25.5 ms. Post-hoc compari-
sons revealed that neither intra- nor inter-subjects differences in the
onset of the force impulse were present for the conditions with TMS ef-
fects. Thus, none of the effects reported can be attributed to differences
in onset of the force impulse between conditions.

Re-analysis of the data without the participating author did not
change any of the effects as reported in the Results section.

Results
Reaching behavior averaged across TMS stimulation sites
All participants showed fast responses to the force perturbations and

corrected appropriately (Fig. 3, Supplementary material Figure S2). The
force perturbation prolonged the overall reaching time from 599 to

Average values and general effects across stimulation sites for all conditions. Positive values of CorrX represent incomplete compensation for the force perturbation, negative values would
denote an over-compensation. For the unperturbed movements, positive ErrorX values denote a deviation to the right. Positive values of ErrorY denote an overshoot with respect to the
target. The mean (4= SE) across participants is given. The comparisons display the main effects for sensory feedback (proprioception-only vs. proprioception + vision) and TMS (TMS vs. no
TMS) of the measures directly above, separately for force-perturbed and unperturbed reaching. The main effect for the force perturbation compares the force-perturbed vs. unperturbed
trials. Statistical significant comparisons (p < .05) are emphasized bold. Note that CorrX and ErrorX have different meanings and can thus not be compared directly.

Force-perturbed

CorrX [mm)] VarX [mm)] ErrorY [mm] VarY [mm] Reach Time [ms] Max Dev [mm]
Proprioception-only T™MS 3.0(1.3) 12.3(1.1) 29.6 (6.0) 11.7 (1.0) 667.5 (32.4) 239 (1.1)
no TMS 22(1.8) 123 (1.0) 28.7 (5.4) 11.7 (1.0) 666.1 (32.1) 235(1.2)
Proprioception + vision TMS 0.3 (0.8) 6.8 (0.7) 0.7 (0.8) 6.7 (0.6) 671.2(232) 233(14)
no TMS 0.5 (0.8) 6.7 (0.7) 0.6 (0.9) 6.5 (0.7) 667.2 (24.5) 23.1(14)
Sensory feedback effect tg = 1.98 tg = 5.22 ts = 5.44 tg = 7.38 tg = 0.22
p>.05 p <.001 p <.001 p <.001 p>.8
TMS effect tg = 1.92 ts = 0.35 ts = 0.90 ts = 041 tg = 1.40
p>.05 p>.7 p>.3 p>.6 p>.2
Unperturbed
ErrorX [mm)] VarX [mm] ErrorY [mm] VarY [mm] Reach Time [ms]
Proprioception-only T™MS 6.0 (2.8) 10.8 (1.0) 30.6 (5.7) 122 (1.1) 605.9 (27.6)
no TMS 6.6 (3.0) 10.7 (1.1) 30.2 (5.4) 12.2(1.2) 600.6 (23.9)
Proprioception + vision T™MS —0.2(03) 5.8 (0.5) 3.7(1.5) 83(1.0) 595.6 (18.4)
no TMS —0.4(04) 5.8 (0.6) 33(14) 8.2 (1.0) 594.1 (18.9)
Sensory feedback effect tg = 2.12 ts = 6.28 tg = 5.65 tg = 6.29 ts = 0.56
p>.05 p <.001 p <.001 p <.001 p>.5
TMS effect ts = 0.88 ts = 0.01 ts = 0.81 ts = 0.12 ts = 1.18
p>.4 p>.9 p>.4 p>.9 p>.2
Force perturbation effect Not matched ts = 3.74 ts = 1.75 ts = 331 ts = 4.92
p<.01 p>.1 p<.01 p<.01
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Fig. 3. Group trajectories illustrating the TMS effects for stimulation sites mIPSposcerior and alPS. A) Proprioception-only force perturbed trajectories normalized over path for TMS stimula-
tion over mIPSposcerior FOr a description of the normalization procedure see Supplementary material S2. The trajectories are rotated into the plane of the reaching direction and plotted
relative to the force perturbation (the force perturbation is directed to the positive x-direction). The left panel illustrates the whole reaching trajectory, while the right panel is a zoomed
version to illustrate the TMS effect. Error bars denote standard error of the mean across participants at 10 equidistant sections of the trajectories. B) Proprioception + vision force
perturbed trajectories normalized over time for TMS stimulation over alPS. Conventions analogue to panel A. C) Trajectories over time averaged across all participants in the direction
perpendicular to the reaching direction for the stimulation sites mIPS,oscerior (left panel) and alPS (right panel). The traces are aligned to the onset of the force impulse (time point 0 on
the x-axis). The direction of the force impulse denotes positive values on the y-axis. Arrows illustrate the respective effects found in the group statistics (see also inset). The shaded
areas denote standard error of the mean across participants.

668 ms (ReachTime; see Table 2 for details and statistical comparisons). perturbed and Unperturbed) decreased the overshoot in the direction
Furthermore, it increased the endpoint variability (VarX) in direction of of the reaching movement (ErrorY), and decreased the variability both
the force from 8.3 to 9.5 mm, but decreased the variability in the direc- in direction of the force perturbation (VarX) and in direction of the
tion of the reaching movement (VarY) from 10.2 to 9.2 mm (force per- reaching movement (VarY). Applying TMS, however, yielded no general

turbation effect in Table 2). Having visual feedback about the hand effect across TMS stimulation sites on any of those measurements (TMS
position available (sensory feedback effect in Table 2 for both Force- effect in Table 2 for both Force-perturbed and Unperturbed).
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TMS over the posterior part of the mIPS (mIPSpesterior) reduced the extent of
corrective movements based on proprioception only

The main question addressed in the current study was whether any
PPC area is crucial for processing proprioceptive information for online
movement control. Comparing trials with vs. without TMS for
proprioception-only reaching revealed that administering TMS over
MIPSposterior Significantly diminished the amount of correction (CorrX;
ts = 3.69; p = .003; permutation test threshold = .007; Figs. 3A&C,
4A white boxes). No other stimulation sites showed significant TMS
effects (Fig. 4A white boxes and Supplementary material Table S2).
Moreover, the effect from administering TMS over mIPSposterior Was larger
than the averaged effect from all other sites (tg = 2.14; p < .05). Com-
paring the TMS effect for mIPSposterior With the effects for its adjacent
stimulation sites mIPSpqqe (ts = 1.74; p = .06; distance 8.1 +
0.05 mm), alPSposterior (ts = 1.57; p = .08; distance 14.9 4+ 0.10 mm),
and mIPSgpeerior (ts = 1.70; p =.06; distance 14.4 + 0.08 mm) suggest
that it its rather likely that the effect is specific for this cortical area.
Moreover, the effect over mIPSposerior is functionally specific, as the
TMS effect was significantly higher for proprioception-only than
proprioception + vision reaching (tg = 4.36; p = .001).

Administering TMS over any stimulation site did not change any
other reaching parameter, for neither force-perturbed nor unperturbed
reaches (CorrX, ErrorX, ErrorY, VarX, VarY, ReachTime, DecTime, AccTime;
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Fig. 4. Differences of end accuracy (CorrX, A) and deceleration time (DecelTime, B) for trials
with TMS-trials without TMS. The boxes range from the 25th to the 75th percentile of the
data, maximal whisker length is 1.5x box length (corresponds to approx. 99.3% if data is
normal distributed). Outliers are indicated by circles. * p < .05, corrected.

see Supplementary material Table S2 for details). Importantly, the accel-
eration period, the time in which the TMS pulses were administered,
was also independent of TMS administration. Thus, TMS over any stim-
ulation site did not alter the temporal movement dynamics during
administration.

In summary, administering TMS over mIPSposterior specifically dimin-
ished the corrective response to the force perturbation when propriocep-
tion was the only sensory feedback available for detecting and correcting
the perturbation. This became apparent through reduced endpoint cor-
rection in the direction of the perturbation (CorrX) exclusively when
we administered TMS over mIPSp,seerior- Moreover, the results suggest
that mIPSposterior Plays a functional specific role in proprioception-only
compared to proprioception + vision reaching.

TMS over the alPS prolonged the deceleration period for corrective
movements based on proprioception and vision

In contrast, TMS did not alter the endpoint accuracy when adminis-
tered over any stimulation site for proprioception + vision reaching
(see Fig. 4A grey boxes, Supplementary material Table S2 for details).
We expected a good reaching accuracy for this condition (Spijkers and
Lochner, 1994), and endpoint accuracy has already shown to be quite
robust to TMS interference over the PPC for reaching with visual feed-
back about the hand position present (Reichenbach et al., 2011). How-
ever, TMS administered over alPS significantly increased overall
movement time (ReachTime; tg = 3.33; p = .005, permutation test
threshold = .006), while there was no consistent effect of TMS on
movements time for any other stimulation site. Specifically, the acceler-
ation period, the time in which the TMS pulses were administered,
remained unaltered for all stimulation sites (see Supplementary mate-
rial Table S2 for details). The deceleration phase of the reaching move-
ment, however, was significantly increased by TMS over alPS
(DecTime; tg = 3.78; p = .003, permutation test threshold = .006;
Figs. 3B&C, 4B grey boxes). Furthermore, the increase in deceleration
time for TMS over alPS was significantly stronger than the average
time effect for all other sites (tg = 3.06; p <.01). Comparing the TMS
effect for alPS with the effects for its adjacent stimulation sites
alPSposterior (ts = 1.97; p <.05; distance 7.4 + 0.03 mm), SMGgyperior
(ts = 3.16; p <.01; distance 8.9 £ 0.09 mm), and mIPSguerior
(tg = 3.38; p < .01; distance 10.1 £ 0.08 mm) clearly shows that the
effect is specific for this cortical area. Yet, there is no functional
specificity for the anterior [IPS, as the effect for
proprioception + vision reaching was not significantly higher than the
effect for proprioception-only reaching (tg =0.95; p = .18). There was
no effect of TMS over any other stimulation site or for any other measure-
ment (CorrX, ErrorX, ErrorY, VarX, VarY, AccTime) for force-perturbed or
unperturbed reaching based on proprioception + vision (see Supple-
mentary material Table S2 for details).

In summary, administering TMS over alPS specifically prolonged the
deceleration phase (DecTime) of the movements perturbed with a force
impulse when proprioception and vision could be used for detecting
and correcting the perturbation. Moreover, our results suggest a good
spatial specificity for this cortical area. In contrast, the functional speci-
ficity for the type of sensory feedback provided seems to be less
pronounced.

Discussion

Our results show that TMS affects the correction for a force impulse
administered to the reaching hand differentially at distinct sites of the
left PPC, dependent on the availability of visual feedback about the
hand position. TMS over the posterior part of the medial IPS (mIPSposterior)
significantly disturbed endpoint accuracy in proprioception-only
reaching. Specifically, when only proprioceptive information was avail-
able to detect and correct for the reaching error, administering TMS
resulted in incomplete correction for the force perturbation. In contrast,
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TMS over the anterior IPS (alPS) significantly prolonged the deceleration
phase of the force-perturbed reaches in proprioception + vision
reaching, where proprioceptive and visual information was available
for estimating the current perturbed hand position. Importantly, the
effects of TMS were only observed at distinct sites, and adjacent sites
were not affected. Taken together, dissociable sub-regions of the left
PPC play different roles in the processing of proprioceptive vs. multi-
sensory information for online control of reaching.

The posterior part of the medial IPS is crucial for processing proprioceptive
information about the reaching hand during an ongoing movement

TMS over the posterior part of the mIPS (mIPSposterior) markedly affect-
ed the ability to fully correct for the force impulse when proprioception
was the only sensory information available for estimating the current
hand position. The isolated effect on the spatial component of the trajec-
tory in combination with its specificity for the proprioception-only condi-
tion strongly suggests that the TMS pulses over the posterior mIPS
temporarily disturbed updating of the proprioceptive representation of
the hand position. Consequentially, as re-calibration of proprioception
with the spatial more precise visual representation was not possible, the
internal representation of the actual hand position became increasingly
imprecise when the hand deviated from the planned and executed trajec-
tory due to the force impulse, leading to the observed endpoint error
(Miall et al., 2007). Alternatively, it is possible that this area is important
for processing a modality unspecific localization of the hand representa-
tion. In this case, TMS would not affect proprioception + vision reaching
because the representation formed by the combination of both sensory
modalities was more robust, or because visual information arriving after
the stimulation was able to compensate for the TMS perturbation. If
TMS had disturbed any other component of the sensorimotor processes,
then the effect would not be specific for proprioception-only reaching,
or the disruption would have rather caused a prolongation of the reach
time for compensating the brief disruption in cortical processing. In any
case, the posterior mIPS is critical for processing the hand position in
the absence of visual feedback about the moving hand during the
reach. This finding complements the studies based on which we included
MIPSposterior into the current study. Della-Maggiore et al. (2004) have
shown that TMS applied over this area also interferes with the learning
of novel dynamics induced by a force field, and Chib et al. (2009) have
demonstrated that this area is important for tracking the movement of
a manipulandum in the absence of visual feedback. In both studies, pro-
cessing of proprioceptive information was the key for successful task ex-
ecution as in our proprioception-only condition. Together, these studies
demonstrate that the human posterior mIPS is a key structure for
processing proprioceptive hand/arm information for goal-directed move-
ment control.

The TMS pulses were applied in a period from 30 to 90 ms after
onset of the force perturbation. Since the onset of responses to such per-
turbations can be observed in less than 100 ms in EMG (Reichenbach
et al,, 2009), our stimulation period covered the whole time in which
the parietal cortex could process information about the perturbation
leading to an adjustment of the motor command. We cannot pinpoint
though, at which time point exactly the posterior mIPS was crucial for
information processing. TMS studies in primary visual (Amassian
et al., 1989; Thielscher et al., 2010) and motor (Di Lazzaro et al., 1999;
Ferbert et al.,, 1992) areas, and TMS connectivity studies between higher
order and primary motor cortices (Koch et al., 2007; Mochizuki et al.,
2004) succeeded in narrowing down chronometry of neural processing
to time windows of few milliseconds. Those effects, however, are much
more robust than TMS effects due to virtual lesions of higher cortical
areas such as the posterior parietal cortex. Thus, we decided to sacrifice
some temporal resolution for stability in effects. Moreover, we cannot
exclude that some of the other areas might become more important
than the posterior mIPS in later phases of the reach towards ap-
proaching the target. Investigations on movement preparation have

revealed the temporal interplay between motor-related cortical areas
before the movement starts (Davare et al., 2006; Koch et al., 2008,
2010). Along this line, the temporal involvement of the sensorimotor
areas and their interaction throughout the evolving movement is an in-
teresting topic for future studies.

While most fMRI studies agree that the medial IPS is involved in pro-
prioceptive processing for motor control, the precise localization and na-
ture of the processes is largely inconsistent. Studies directly concerned
with processing of proprioceptive information during a movement re-
port BOLD activation around our mIPSpgsterior, Which extends more medi-
ally into the precuneus (Bernier and Grafton, 2010; Filimon et al., 2009;
Pellijeff et al., 2006). However, this region has also been linked to other
sensorimotor control processes (Blangero et al., 2009; Diedrichsen
et al,, 2005). All these studies utilized different experimental paradigms
and comparisons have to be made with caution. Moreover, since the
temporal resolution of fMRI is sub-optimal for studying fast online con-
trol processes, fMRI studies usually report BOLD activation resulting
from a temporal mixture of sensorimotor processes. Other studies ad-
ministering TMS over the mIPS to study reaching related processes
have applied TMS during the planning phase, before the actual move-
ment started (Busan et al., 2009, 2012; Davare et al., 2012; Vesia and
Crawford, 2012; Vesia et al., 2006, 2008, 2010). The only exception is a
study by Striemer et al. (2011). There, the authors contrasted a) the con-
tribution of two sites (subsumed as superior parietal lobe (SPL), corre-
sponding roughly to our anterior and posterior mIPS sites) to the
planning vs. the execution phase of a proprioception-only reaching
movement, and b) the contribution of the inferior parietal lobe vs. the
SPL for reach planning and execution. Their finding that TMS over SPL
only affects the planning but not the execution phase seems to contradict
our result. However, since they used unperturbed reaching movements
to a target extinguished at movement onset, participants probably relied
on their initially formed motor plan for movement execution. These find-
ings and another study investigating planning of a memory-guided
proprioception-only reach by administering TMS over the mIPS (Vesia
et al,, 2010) suggest in combination with our result that proprioceptive
information for planning and online control of reaching movements
might be processed in the same or close by parietal areas, which is com-
monly referred to as medial IPS. Interestingly, the authors of the latter
study suggest in a recent review (Vesia and Crawford, 2012) that the
mIPS might be specific for the visual calculation of the reach vector,
while the angular gyrus (AG) might be specific for the somatosensory
reach vector. This suggestion also seems to contradict our result. Howev-
er, it is based on an fMRI study investigating reaching after mirror-
reversal adaptation (Fernandez-Ruiz et al.,, 2007), and a similar TMS
study on the AG (Vesia et al., 2006). Both studies only investigated the
planning phase of the reach, and the TMS study did not include the
mIPS. While our data can neither shed light on the neural correlates of
reach planning nor on the contribution of the AG to this process, our re-
sult clearly shows the contribution of the posterior mIPS during online
control of reaching. We demonstrated for the first time unambiguously
the disruption of proprioceptive processing for the online control of
reaching movements when administering TMS over the posterior part
of the mIPS. However, we cannot exclude that the area processing this
information extends more medially and/or posteriorly as mIPSpgsierior
was the most posterior site tested. Taken together, all these studies and
our findings demonstrate that the posterior part of the mIPS, most prob-
ably extending medially to the precuneus according to the fMRI studies
cited above, is important for various processes involving proprioception
in motor control, including online control processes.

Relevance of the observed TMS effect

The reported spatial TMS effect (~10% decrease in final correction) is
smaller than e.g. the effect additional visual feedback has on the extent
of the reaches or their endpoint variability. However, in the context of
other parietal TMS studies in the field of motor control, it actually
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represents a substantial behavioral impairment. Studies demonstrating
the necessity of the anterior IPS in grasping (Rice et al., 2006, 2007;
Tunik et al., 2005, 2007) consistently report only changes in the tempo-
ral dynamics during the movement, but no spatial effects due to TMS.
The studies of Chib et al. (2009) and Reichenbach et al. (2011) report
spatial effects in the order of the effects reported here. The effects of
Della-Maggiore et al. (2004) seem to accumulate up to 30%. However,
this constitutes an adaptation effect accumulated over the whole time
course of the experiment, which started to manifest only after half of
the session. We therefore consider the consistent under-correction of
~10% due to TMS a severe impairment in the online control of
movement.

The anterior IPS is involved in more general sensorimotor processes during
voluntary movements

Administering TMS over the junction between the left postcentral and
intraparietal sulcus (alPS) significantly prolonged reaching time, in partic-
ular the deceleration phase, for force-perturbed proprioception + vision
reaching. In this condition, the sensorimotor system could use proprio-
ceptive and visual information to update the current hand position. TMS
over the right aIPS or any other stimulation site on the left PPC yielded
no effect. Providing visual feedback about the hand position yields rather
good reaching accuracy (Spijkers and Spellerberg, 1995; Spijkers and
Lochner, 1994). Given the transient effects of event-related TMS, the end-
point accuracy was not compromised by TMS as expected from a previous
TMS reaching study (Reichenbach et al., 2011). Even though the exten-
sion of the reaching time was specific for force-perturbed trials, it was
not functionally specific for reaching with visual information about the
hand position present. Thus, we propose that TMS temporarily disturbed
the integration of newly arriving sensory information (about the hand po-
sition) into the reaching plan, and catching up with the processing occu-
pied time that was added to the reach time towards the end of the
movement. Assuming that in this case vision was the main source of in-
formation for the corrective movement, this idea is in line with a previous
study where administering TMS over aIPS delayed the onset of corrective
movements to visual perturbations (Reichenbach et al,, 2011). Along the
same line, corrections in grasping movements to changes in target size or
orientation can be disturbed by administering TMS over the aIPS (Rice
et al., 2006, 2007; Tunik et al., 2005, 2007). Furthermore, Diedrichsen
et al. (2005) have shown activation around the alIPS for execution errors
during proprioception + vision reaching using a similar paradigm as in
our study.

Given the prominent role of aIPS in grasping (Culham et al., 2003;
Rice et al,, 2006; Tunik et al., 2005), it is possible that the nature of our
task, i.e. reaching movements while grasping a robotic manipulandum,
had influenced our results. Furthermore, it has been shown that the spa-
tiotemporal characteristics of free reaching movements vs. movements
with a manipulandum differ (Desmurget et al., 1997). However, utiliz-
ing robotic manipulanda for recording and manipulating movements
is quite common in reaching research (cf. references in Howard et al.
(2009)), and especially experimental manipulations such as the force
perturbation are not possible with free reaching. Since we only com-
pared movements executed with a manipulandum, we do not believe
that the spatial and temporal TMS effects observed stemmed from our
particular experimental setup. Moreover, since the handle of the robot
was grasped throughout the whole movement across all experimental
conditions and no adjustment of the grasp was required at any time, it
is unlikely that the TMS effects specific to the proprioception + vision
condition arose from the circumstance that we tested reaching move-
ments with a manipulandum.

Taken together, our finding adds to the notion of the left aIPS playing
a key role in the processing of sensory information for online motor con-
trol beyond grasping (Tunik et al., 2007), the function mostly associated
with the alIPS. Yet, the exact nature of the sensorimotor processing and a
probable parceling of the area have to be identified in further studies.

For instance, the internal estimates about the target and hand position
could be calculated here (Shadmehr and Krakauer, 2008), and the area
could be subdivided into visual and proprioceptive, or target and hand
sub-compartments.

TMS grid measure increases the spatial specificity of the results

Our results strongly suggest the existence of two functionally dis-
tinct, but neighboring parietal regions (anterior IPS and posterior part
of the medial IPS): TMS stimulation over sites located in between
these two areas yielded no effect on any of the reaching movements.
Preferentially, we would have based the localization of the TMS stimu-
lation sites on individual fMRI activations. However, due to the technical
challenges with force perturbations in MRI, we opted for a standard ap-
proach that assesses group statistics based on brain areas transformed
to the same MNI coordinates. In contrast to the majority of other TMS
studies, however, we measured the behavioral effects over a densely
spaced grid of TMS coil positions, which added some spatial specificity
to our results. We did not include more medial-posterior areas into
the grid as they have mainly been associated with processing informa-
tion about the target of reach (Bernier and Grafton, 2010; Diedrichsen
et al,, 2005; Gallivan et al., 2009; Vesia et al., 2010), which was out of
the scope of this study. A posteriori, this turned out to be a limitation
of the current study since we found the main effect on the most poste-
rior site tested. Thus, we can confine mIPSpqszerior ONly to more anterior
areas but not to more posterior ones. Another general limitation of
TMS, its restriction to localizing the anatomical areas of interest only
with 2D focus since stronger electrical fields are always induced in
more superficial areas, cannot be overcome with this approach. Howev-
er, measuring a grid provides additional information to control for this
problem. Demonstrating that optimal stimulation of adjacent, putative-
ly more superficial sites does not result in behavioral impairment helps
to rule out that the TMS caused a disruption of these areas rather than
the targeted area. For interpreting the anatomical localization of TMS ef-
fects, it has to be kept in mind though, that superficial areas experience
stronger electric fields than areas deep in sulci if both have the same 2D
distance from the TMS stimulation site. For our stimulation sites, this
means that stimulating mIPSpos¢erior probably induced the strongest elec-
trical field at the crown of the dorsal bank of the mIPS, and stimulating
alPS likely induced the strongest field at the crown of the ventral bank of
the aIPS in the majority of our participants. It remains to be tested
whether stimulating directly at these crowns also resulted in stronger
physiological effects: The orientation of the neural structures relative
to the induced field also differs between the different positions, which
is a further factor which has to be taken into account (Opitz et al., 2011).

Control for unspecific TMS effects

Using individually adjusted stimulation intensities, we carefully con-
trolled that TMS unlikely caused direct motor impairments that would
have biased our results. This was confirmed by the specificity of the ef-
fects: General motor impairment or any other unspecific effect would
have influenced all types of reaching to a similar extent, independent
of the sensory feedback provided. In addition, the absence of TMS effects
when stimulating adjacent sites with equal or closer proximity to the
primary motor cortex render the possibility of any unspecific TMS effect
very unlikely. The analysis of the acceleration-deceleration profiles
served as additional control. The acceleration phase, which included
the time period during which the TMS stimuli were delivered, was not
altered by TMS stimulation over any site, not even on the site where
the overall reaching time was prolonged (see Supplementary material
Table S2 for details). Direct TMS effects on the motor cortex (e.g. mus-
cle twitches and silent periods) have short latencies so that, in our
case, general motor impairments by TMS should preferably affect
the initial acceleration period (Desmurget et al., 1999). In general,
the close proximity of adjacent stimulation sites and the specificity
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of TMS effects render the possibility of any other side effect, e.g. dis-
ruption of eye movements (also tested for explicitly in a previous
study (Reichenbach et al., 2011)), very unlikely. To summarize, the
observed TMS effects above mIPSpserior and alPS demonstrate a spe-
cific disturbance of sensorimotor processing for the online correc-
tions of the reaching movements, and cannot stem from unspecific
TMS effects.

Conclusions

We demonstrated a causal contribution of two distinct sites in differ-
ent processes for the control of reaching movements to a visual target
using a grid of TMS coil positions over the anterior to middle part of
the left PPC. The posterior part of the medial IPS is a key region for pro-
cessing proprioceptive-only information during online motor control. In
contrast, the anterior IPS seems to be more generally involved in the
processing of sensory information for the control of movements.
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